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The effects of dieldrin (not less than 85 percent of an insecticide

ally active compound, 1, 2, 3, 4, 10, 10-hexachloro-6, 7- epoxy-1, 4, 4a, 5,

6, 7, 8, 8a-octahydro, 4 endo, exo-5, 8-dimethanonaphthalene, abbre-

viated HEOD) on the survival rates, age-specific fecundity, and

maturation rates of guppies were determined. These data were then

used to calculate the effects of dieldrin on the intrinsic rate of increase

of the guppy.

Three 160- to 230-day experiments were conducted. In each

experiment, a continuous-flow dilution system furnished water of

three dieldrin concentrations and control water. At each of these

treatment levels and control, the reproduction of 10 to 20 individual

pairs of fish was followed. All offspring produced by these pairs

were removed and counted, and the number of offspring and the age

of the females at time of reproduction were recorded for each brood,



Some of the offspring were reared for survival rate determinations.

First- and second-generation fish at their respective dieldrin concen-

trations were used in the second and third experiments to see if the

fish became resistant to dieldrin.

The results of the study showed that the post-natal survival of

guppies was not affected by the four levels of dieldrin tested, even

though the highest treatment level, 2. 5ppb HEOD, was about 50 per-

cent of the 96-hour TLm value for newborn guppies. Dieldrin levels

of 0. 05ppb and 0.2ppb HEOD slightly enhanced the intrinsic rate of in-

crease, r , of the guppy, whereas levels of 1ppb and 2. 5ppb lowered

the r . The reduction in r at 1ppb HEOD was due to a reduction in
m m

total reproduction, while at 2. 5ppb a reduction in total reproduction, an

increase in the number of aborted broods, and a delay in age at first

reproduction acted together to lower the rm. Exposure to 0.2 ppb,

1ppb, and 2. 5ppb HEOD caused an increase in the variance of such

test statistics as mean brood size, age at first reproduction, and rm.

This increase in variance was a more sensitive measure of guppy

response to dieldrin than were changes in the mean values of these

statistics. There were several indications that first- and second-

generation fish at 1ppb and 2. 5ppb HEOD were more tolerant of

dieldrin than fish that had not been exposed to dieldrin prior to birth.

The growth rate of guppies at O. 05ppb and 0.2ppb HEOD was slightly



higher than that of control fish, but growth rate was generally de-

pressed at 1ppb and 2. 5ppb. Several changes in guppy behavior re-

sulting from dieldrin exposure are discussed.



Effects of Dieldrin on the Intrinsic
Rate of Increase of the Guppy,

Poecilia reticulata Peters

by

Terry Dean Roelofs

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Doctor of Philosophy

June 1971



APPROVED:

Redacted for Privacy
Professor of Fisheries and Wildlife

in charge of major

Redacted for Privacy

Head of Department of Fisheries and Wildlife

Redacted for Privacy

Dean of Graduate School

Date thesis is presented August 20, 1970

Typed by Barbara Eby for Terry Dean Roelofs



ACKNOWLEDGMENTS

It is a pleasure to acknowledge the guidance, encouragement,

and stimulation provided by Dr. Charles E. Warren, my major pro-

fessor. My association with Dr. Warren has been the high point

my university experience.

This research would not have been possible without the assistance

and friendship of Mr. George Chadwick. I would also like to thank Dr.

Raymond Simon, Dr. Tames Hall, Dr. Lyle Calvin, and Dr. Hugo

Krueger for the counseling they provided on various aspects of the study.

Mr. David Skinner wrote the computer program used in calculating

intrinsic rate of increase.

No one completes a graduate program without the help of "the

women in the office. " I would like to thank all of the secretaries in

the Fisheries and Wildlife Department. Special thanks are expressed

to Mrs. Marge Jackson.

A Federal Water Pollution Control Administration Traineeship

(5T1-WP-208-01) and a Federal Water Pollution Control Administra-

tion Pre-doctoral Fellowship (1 -F1 -WP-26, 363-01) made my graduate

program and research possible. This support is sincerely appreciated.

Lastly, I thank my wife, Nancy, for her help in preparing the

thesis, for her patience and encouragement throughout many crucial

stages, but most of all, I thank her for the love that gave meaning to

everything.



TABLE OF CONTENTS

INTRODUCTION 1

METHODOLOGY 8

Experimental Animals 8

Experimental Conditions 8

Experimental Procedures 12
Dieldrin Analysis and Dilution System Maintenance 16
Intrinsic Rate of Increase Calculations 17

RESULTS AND INTERPRETATION 21

Survival 21

Total Reproduction 23
,Age at First Reproduction 28
Gestation Period 29
Intrinsic Rate of Increase 30

Growth Rates 38
Dieldrin Levels in Control and Treatment Guppies 44
Behavior Changes 44

DISCUSSION 47

CONCLUSIONS 59

BIBLIOGRAPHY 62

APPENDIX I 67

APPENDIX II 71

APPENDIX III 72



Figure

1

2

LIST OF FIGURES

Arrangement and design of experimental fish tanks.

Dilution apparatus and dieldrin-coated sand column
(upper right) used to provide continuous flow of
three dieldrin levels and control water.

3 Survivorship curve for the guppy based on the aver-
age survival of 541 male and female fish at the
three dieldrin levels and control.

4 Frequency distribution of intrinsic rate of increase
values, r , for individual pairs of guppies at four

. mdieldrin leyets (ppb HEOD) and control for three
experiments.

Page

9

11

22

34

5 Relationship between HEOD concentration in the
water and HEOD (based on wet weight) in guppies. 43

6 A comparison of the individual contribution to rm
made by an offspring born in week 10 with the
individual contribution of offspring produced in
subsequent weeks.

7 Relationship between percent contribution to r
and age at time of brood production for a singe
female guppy producing 10 broods (Chadwick, un-
published data).

51

53



LIST OF TABLES

Table

1 Summary of the effects of dieldrin on guppy repro-
duction.

2 Summary of the effects of dieldrin on the intrinsic
rate of increase of the guppy, rm

3 Two-way analysis of variance for intrinsic rate of
increase data from experiment I.

4 Mean final weight of experiment I females minus
eggs and unborn young.

5 Average growth rates in units of milligrams per
gram per day (mg/g/day) for experiment I females
after the age of 140 days.

Page

26

33

35

39

39

6 Average growth rates, including 95 percent confi-
dence limits, of experiment III females in units of
milligrams per gram per day (mg/g/day). 40

7 HEOD levels in guppies held in various levels of
dieldrin and control water, 42



EFFECTS OF DIELDRIN ON THE INTRINSIC
RATE OF INCREASE OF THE GUPPY,

Poecilia reticulata Peters

INTRODUCTION

The concept of intrinsic rate of increase is a fundamental point

of view in biology that reflects the ability of an organism to increase

its population size under given environmental conditions. Cole (1954)

discusses the historical development of this concept, beginning with

the early recognition by Linnaeus, Benjamin Franklin, Malthus, and

others that populations tend to increase in geometric progressions.

Lotka (1907, 1925), however, is usually credited with the develop-

ment of the concept, which he termed the "true", the "incipient",

the "inherent", or the "intrinsic rate of natural increase'', in relation

to an idealized population age structure which he called the "stable

age distribution. "

By intrinsic rate of natural increase Lotka (1925) meant the ex-

ponential rate of increase of a population having a stable age distri-

bution and growing in unlimited space. Andrewartha and Birch (1954,

p. 33) defined "the innate capacity for increase" of a population with a

stable age distribution as the "maximal rate of increase attained at any

particular combination of temperature, moisture, quality of food, and

so on, when the quantity of food, space, and other animals of the same
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kind are kept at an optimum and other organisms of different kinds

are excluded from the experiment, "

A distinction should be made between the intrinsic rate of in-

crease concept used by Lotka and the more restrictive concept used

by Andrewartha and Birch and others. Lotka defined intrinsic rate of

increase only in terms of a population with a stable age distribution

expanding in unlimited space. He was considering human populations

and was not concerned with the effects of particular environmental

factors such as temperature or food supply on the rate of increase.

Andrewartha and Birch (1954), defined "innate capacity for in-

crease" more precisely. They eliminate competition, predation, and

disease, and specify that the animals must be at an optimum density

for breeding. From this point of view, innate capacity for increase

becomes more of a physiological parameter, the value of which is de-

pendent upon existing environmental conditions.

I have used the concept in the same sense as Andrewartha and

Birch and define intrinsic rate of increase, r rrl
(equivalent to innate

capacity for increase) as the instantaneous rate of increase of a popu-

lation having a stable age distribution at an optimal density and ex-

panding in an unlimited environment. This can be expressed as

dN/dt = r mN
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or in its integrated form
rmt

Nt = N
0

e

where N
0

is the number of animals at time zero, Nt the number at

time, t the time, and r the intrinsic rate of increase.m

This equation is valid for intrinsic rate of increase only when

the population has a stable age distribution (i. e., a constant proportion

of individuals in every age class). Lotka (1907) showed that if a popu-

lation maintains a constant age-specific fecundity and mortality for a

sufficiently long time, a stable age distribution will develop. The

reason for this restriction is that unless every female in the popula-

tion has the same reproductive potential, the population rate of increase

will be dependent on the age distribution of the females. For example,

if the average age II female produces more offspring than age I and III

females, a population with a high proportion of age II females would

increase faster than populations comprised mainly of age I or age III

females, Therefore, the only time at which the rate of increase will

be constant from one generation to the next is when there is a stable

age distribution; this constant rate of increase is then the intrinsic

rate of increase.

Given a stable age distribution, the intrinsic rate of increase of

a population is controlled by three factors; mean survival, mean age-

specific fecundity, and mean age at first reproduction. Any alteration
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of environmental conditions that affects any or all of these responses

could change the intrinsic rate of increase.

It is apparent that the intrinsic rate of increase of an organism

can never be determined in nature, where there is competition for

food, space, and other resources, and death because of predation and

disease. Environmental conditions change daily and seasonally so that

constant age-specific fecundity and mortality are not realized, with the

result that stable age distributions rarely, if ever, occur in nature.

Clearly, they do not exist for long time periods for most organisms.

Several workers have established the usefulness of this concept

for measuring the effects of arrays of controlled environmental con-

ditions in the laboratory on a variety of animals (Birch, 1948 and 1953;

Stiven, 1962; and Tantawy, 1963). Other workers have studied the

effects of gamma radiation (Marshall, 1962) and x-rays (Tantawy, 1963;

and French and Kaaz, 1968) on intrinsic rate of increase. Animals

that have been studied include the vole (Leslie and Ranson, 1940),

the rat (Leslie, 1945), grain beetles (Birch, 1948, 1953), the human

louse (Evans and Smith, 1952), a pond snail (DeWitt, 1954), Daphnia

(Frank, Bail and Kelly, 1957), and a planarian (Root, 1960). DeWitt

(1954), Tantawy (1963), Birch et at. (1963), Ehling (1964), Dobzhansky,

Lewontin, and Pavlovsky (1963) and French and Kaaz (1968) have

studied the interaction of genetic strains and environmental conditions

in determining intrinsic rate of increase.
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Evans and Smith (1952) have postulated that the intrinsic rate of

increase of an organism may reflect the harshness of the environment

in which it lives. Animals with high reproductive potential live in

environments where they are subject to high mortality rates; animals

with low reproductive potential experience low mortality rates. Lotka

(1943), Cole (1954 and 1960) and Smith (1954) discuss the importance

of the intrinsic rate of increase concept in ecology and the effects of

life history phenomena on this parameter, and they theorize as to the

evolution of particular intrinsic rates of increase.

In the present study this statistic was used to measure the effects

of dieldrin on the guppy (Poecitia reticulata Peters).

There is no need to document the biological impact of persistent

pesticides in the world today. Hundreds of reports have been publish-

ed; a few of the many review articles can be cited here (Cope, 1966;

Eiger, 1966; Moore, 1957; Nicholson, 1967; and Rudd, 1964). Bio-

logical investigations on the effects of pesticides on non-target organ-

isms consider either lethal (acute) effects, or sublethal (chronic)

effects, such as changes in behavior, reproduction, and growth. In

discussing water quality standards required to protect aquatic life,

Mount (1967) states that long-term studies of pesticide effects on

growth and reproduction can best measure the potential hazards of

pesticides to fish populations.



6

There were several reasons why intrinsic rate of increase was

used as a parameter to measure the effects of dieldrin on the guppy.

First, this statistic integrates the effects of survival, maturation

rate, and reproduction, including reproductive behavior, and there-

fore, should be sensitive to changes resulting from exposure to dieldrin.

Second, effects on all stages of development are considered, not just

the effects on young or mature fish. Third, the concept of intrinsic

rate of increase can be used to determine quantitatively the effects of

a reduction in reproduction or delayed reproduction on a population.

Changes in intrinsic rate of increase can reflect fundamental physio-

logical responses of organisms to changes in their environment. A

knowledge of how this parameter is influenced by sublethal pesticide

levels is a necessary step in understanding how animals in nature are

affected by sublethal pesticide levels.

This research was conducted at the Pacific Cooperative Water

Pollution Laboratories of the Department of Fisheries and Wildlife,

Oregon State University, from March 1967 to December 1969.

The objectives of this study were

1. To determine the effects of sublethal dieldrin levels on the

survival, reproduction, and maturation of guppies.

2. To use these data to calculate the effects of different dieldrin

levels on the intrinsic rate of increase of the guppy.
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3. To determine if guppies build up a resistance to dieldrin over

several generations, and, if so, to determine the effect of

dieldrin level on the rate of resistance buildup.



METHODOLOGY

Experimental Animals

8

Guppies, Poecilia reticulata Peters, were used in this study be-

cause they reproduce rapidly, because large numbers can be reared

in a small space, and because they require a minimum of special

handling. Previous studies on the behavior, physiology, and toxicology

of the guppy provided useful information for the design and interpreta-

tion of the present study.

The guppies used in this study were taken from a laboratory

population that has been maintained at the Pacific Cooperative Water

Pollution Laboratories for about 15 years. These fish are extremely

prolific, adult females producing broods of over 100 offspring every

20 to 30 days.

Experimental Conditions

All experiments were conducted in a 27-28C constant tempera-

ture room. The guppies were raised in two tiers of plexiglass tanks

(Figure 1), 48 9-liter tanks on the upper level and 48 6-liter tanks

below. The upper tanks were used to hold individual pairs of guppies

(one male and one female), ten pairs at each of three dieldrin levels

and ten control pairs. Each of the lower tanks was used to hold the

young produced by a given pair in one of the upper tanks, so that the



Figure 1. Arrangement and design of experimental fish
tanks. Individual pairs of guppies were reared
in the upper 9-liter compartments (shown here
with plastic dividers that reduced their, size to
4. 5 liters). Offspring produced by individual
pairs were reared for survival rate determina-
tions in the lower 6-liter compartments.
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survival rates of the offspring could be measured. In experiment III

perforated plastic dividers were placed in the upper tanks, thus pro-

viding two compartments of 4.5 liters in each tank and allowing space

for 20 individual pairs at each level of dieldrin and 20 control pairs.

The perforations in these dividers allowed an exchange of water be-

tween compartments but did not permit passage of newborn fish. The

number of lower tanks was not doubled, because I did not believe it

was necessary to rear every brood of each pair in order to determine

survival rates adequately.

Plants (Ceratophyllum sp. ) and marbles were placed in the

tanks with the individual pairs to provide cover for newborn fish. The

tanks also contained snails and algae. Eight 40-watt fluorescent lights

suspended one meter above the upper holding tanks (Figure 1) pro-

vided 24-hour illumination.

Spring water, chemically described by Doudoroff, Leduc, and

Schneider (1966), was used in this experiment. After passing through

an ultraviolet sterilizing unit, the water was heated to 25C. A portion

of this water was used as the control water. A second portion was

passed through a glass column filled with dieldrin-coated sand (Chad-

wick and Kiigemagi, 1968). This water picked up 140-180 parts per

billion (ppb) dieldrin and served as the dieldrin source for the experi-

ment. This highly toxic water was then mixed with appropriate

amounts of control water in a simple dilution apparatus (Figure 2) to



11

Figure 2. Dilution apparatus and dieldrin-coated sand
column (upper right) used to provide continuous
flow of three dieldrin levels and control water.
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give the three desired dieldrin levels for the experiments. Either

control or treated water was siphoned into the individual 9-liter tanks

at a rate of about 40 mt per minute. A constant volume of water was

maintained in the tanks by standpipes, the overflow water being used to

provide exchange for the lower 6-liter tanks.

Experimental Procedures

Three experiments were conducted to determine the effects of

dieldrin on the intrinsic rate of increase of the guppy. Each experi-

ment tested three dieldrin levels and a control. The dieldrin concen-

tration in the water was the only experimental variable within a given

experiment, the water source, temperature, light, tank size, food,

rate of water exchange, and cover for young fish being the same for

all treatments and controls. Some modifications in experimental con-

ditions, however, were made between experiments in order to im-

prove the experimental design and to help answer questions raised by

the previous experiment. The basic procedures used in ail three ex-

periments as well as the modifications made are described below.

The guppies used in experiment I came from two broods (A and

B) which were produced by guppies that had never been exposed to

dieldrin. At age five days, both of these broods were divided into

four groups of equal size. Each of the eight groups was placed in a

separate 9-liter tank, one A and one B group at each of three dieldrin
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concentrations and one A and one B group in control water. The

three dieldrin levels were 0. 05, 0.2, and 1 ppb. These fish were fed

daily rations of tubificid worms and dry food, and occasionally supple-

mented with Daphnia.

At day 44, these fish were sorted, paired, and placed in separate

9-liter tanks. These pairs were of two types, the pairing proceeding

as follows. Again let A and B represent the original two broods.

Pair type I was made up of a female from brood A and a male from

brood B; pair type II, a female from brood B and a mate from brood

A. At each treatment and control, there were five pairs of each type,

or a total of ten pairs. These pairs became the parent (P) genera-

tion fish at their respective treatment levels and control.

These pairs were fed to repletion with tubificid worms daily.

Since these worms rapidly concentrate dieldrin, excess worms were

removed the following day in order to minimize the amount of dieldrin

ingested by the fish. Commercial tropical fish food, ground trout

pellets, and Daphnia were occasionally provided in order to supply

nutrients possibly missing in a diet composed only of tubificid worms.

Experiment I was conducted for 195 days. During this time,

the tanks were checked daily and the young produced by each pair

counted and removed. The number of young produced and the age of

the female at the time of reproduction were recorded for each brood.

Many of these broods were placed in the lower tanks and reared
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to determine survival rates of broods at their natal and prenatal

dieldrin concentrations. This information was necessary for calcula-

tion of intrinsic rate of increase.

Late in experiment I, a few females at each treatment and the

control were weighed after each brood to see if dieldrin was affecting

growth. Weight determinations were made immediately after brood

production to get an estimate of actual growth, since the weight of a

female increases during the 20- to 30-day gestation period.

The fish for experiment II came from some of the last broods

produced in each treatment and the control in experiment I. These

fish became the first-generation fish, designated F1 , at their re-

spective treatment levels and control. There was one exception to this.

The 0. 05ppb treatment was dropped and replaced with a 2. 5ppb treat-

ment. The fish at the new 2. 5ppb treatment were then F1 fish from

the previous 0. 05ppb treatment. Thus the new treatment levels con-

sisted of 0.2, 1 and 2. 5ppb dieldrin. Experiment II differed from ex-

periment I in another way. Immature females were paired with

mature males and two males instead of one were placed with each

female in the tanks. This was done to insure the earliest possible

fertilization of each female and continued fertilization throughout the

experiment. The second male, however, was removed part way

through the experiment. The reasons for these changes will be ex-

plained in the results and interpretation section.
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Experiment III differed from the two previous experiments in

three ways. First, plastic dividers were placed in the 9-liter individ-

ual-pair tanks. This reduced the compartment size from 9 to 4.5

liters and increased the number of pairs that could be held at each

treatment and control from 10 to 20. Second, the background and dis-

tribution of the fish were different from the previous experiments. Of

the 20 pairs held at each of the two levels 0. 2ppb and 1ppb, ten pairs

consisted of fish whose parents and grandparents were raised at that

treatment level, and the other ten pairs were the offspring of fish that

had not been exposed to dieldrin, i, e., control fish. The former ten

pairs were designated F2 fish and the latter "C" fish. In contrast

to this, at 2. 5ppb there were 10 F1 pairs and 10 "C" pairs, be-

cause no F2 fish were available from this treatment level. The con-

trol fish were the progeny of grandparents and parents that had never

been exposed to dieldrin, i, e., they were F2
controls. As in experi-

ment II, mature males were paired with immature females. But here

only one male instead of two was paired with each female, as in exper-

iment I. Third, several females in each treatment were weighed after

the birth of each brood to determine growth rates. Aside from these

three modifications, all other conditions and procedures used in ex-

periment III were the same as those used in experiments I and II.

This experimental design provided a replication of experiment I,

where no dieldrin-exposed fish were available, and a further
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investigation of the possibility of selection or buildup of resistance

to dieldrin.

Dieldrin Analysis and Dilution System Maintenance

Dieldrin levels in both the water and the fish from these experi-

ments were determined. The water samples were collected in 1-liter

amber bottles and on the same day were submitted for analysis to the

Department of Agricultural Chemistry, Oregon State University. Fish

to be analyzed were weighed wet, wrapped in plastic and foil, frozen

and then stored until analyzed. Analyses were performed using the

gas chromatographic (GLC) methods described by Chadwick and

Kiigemagi (1968). The dieldrin used in these experiments consisted

of not less than 85 percent of a compound 1, 2, 3, 4, 10, 10-hexachloro-

6, 7-epoxy-1, 4, 4a, 5, 6, 7, 8, 8a-octahydro, 4 endo, exo-5, 8-di-

methanonaphthalene, abbreviated HEOD, and not more than 15 per cent

of insecticidally active related compounds (Shell Chemical Company,

1959). The chromatographic methods used here measured only HEOD.

For this reason I will refer to the effects of dieldrin in general, since

more than one insecticidal compound was present, but actual concen-

tration measurements will be those of HEOD.

Water samples from the dieldrin-coated sand column were ana-

lyzed monthly to bimonthly. Since the dieldrin concentration in the

water leaving the column dropped very slowly (from 180 to 140ppb
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HEOD over the 22-month period of the study), more frequent analyses

were not required. As the HEOD concentration leaving the column

dropped, the flow rates of siphons in the dilution system were read-

justed to deliver water with the desired dieldrin concentration. These

siphons were checked every few days to make sure they were provid-

ing the proper dilutions. The system was very reliable and few ad-

justments were required.

Intrinsic Rate of Increase Calculations

The methods most commonly used to calculate intrinsic rate

of increase are presented in detail by Birch (1948). Two sets of data

are required. First, the probability of survival from birth to age x.

This is designated by lx , where 10 equals 1.0. Second, the age-

specific fecundity of females, mx , or the mean number of female

offspring produced per female in a given interval of time by females

having a pivotal age x in this time interval.

A population that maintains constant survival rates and age-

specific fecundities will eventually reach a stable age distribution.

Intrinsic rate of increase, r , is the logarithmic rate of increasem

(dN/dt = r N) when a stable age distribution exists. Lotka (1907,

1925) showed that under these conditions

co -r x
Se 1 m dx = 1 .

0

X X



Birch (1948) used the equation
-r x

El m e m
X X =1
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for finite time intervals as an approximation of the integral form used

by Lotka. This approximation is the standard method used to calculate

r . Trial values of r are substituted in the equation until a valuem m

is found such that
-r x

El m e m
X X

approaches 1. Birch (1948) points out that multiplying both sides of

the equation by a factor ek facilitates the use of the more complete

sections of tables of natural logarithms. For example, multiplying

both sides by e7 (k equals 7) so that

7 -r x
El me = 1 097 .X X

The trial and error solution for r was simplified in thism

study through the use of a FORTRAN IV computer program (Appendix

I). The values for 1 , m , and x (the mid-point of the eight day inter-
x x

vals) were put on data cards (sample input card in Appendix I), one

card for each value of x. The program then ran a convergence to

select the value of r which satisfied the equationm
-r xmEl m e = 1 .x x

(Sample print-out in Appendix I).
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Eight-day age-classes or intervals were used in this study, the

time, x, being the fourth day in each interval. For example, young

born in the interval 49 days to 56 days would be considered born on

day 52; those born in the interval 57 to 64 days, on day 60. Although

these pivotal ages are not the mid-points of the intervals, it was the

same for all treatments and control fish, and did not affect the re-

sults of the study. This will be discussed further in a later section.

Two methods were used to calculate the average intrinsic rate

of increase, r , for each treatment and the control. First, the
m

mean age-specific fecundity (mx
) was calculated for each eight-day

interval in an experiment by summing the total number of female off-

spring produced in the interval and dividing by the number of surviving

females. The r for each treatment and control was then computed.m

using these mx values. Second, the r for each individual pairm

was computed using the actual number of female offspring produced by

each female during the eight-day intervals. A second r for each

treatment and control was then computed by summing the individual

pair r values and dividing by the number of pairs. The second

r was calculated to get an unbiased estimate of the variance of them

r value based on mx .

The survival rates (1x) of offspring produced in each treatment

level and control were determined and used in calculating r . Asm

discussed in the following section, there was no effect of dieldrin on
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survival rates, so the same lx values were used in calculating the

r values of fish in all treatment levels and controls for all threem

experiments.



RESULTS AND INTERPRETATION

Survival.

21

There was no difference between the survival of control and

treatment fish in these experiments, even though the highest treatment

level (2. 5ppb HEOD) was about 50 percent of the 96-hour TLm of

HEOD for newborn guppies. The survival of newborn guppies was

also independent of the number being reared in the 6-liter brood tanks,

the survival rate of 20 fish being the same as that of 80 fish.

The mean survival of progeny in this study is presented in Fig-

ure 3, based on the mean survival of a total of 541 male and female

fish (Appendix II). Comfort (1964) reported no significant difference

between the survival of male and female guppies. The present sur-

vival studies were only carried out to day 170. Since none of the over

200 fish making up the individual parent pairs died in the interval 170

days to 220 days, survival from day 170 to 220 was assumed to be

100 percent. Even if this assumption is incorrect, the estimated

value of intrinsic rates of increase would be affected little, if at all,

Frank (1960) points out that the death rates of older animals can vary

considerably without affecting population growth rate, the survival of

young animals being more important.

Because there was no effect of dieldrin on survival, the same

survivorship values, 1 x , were used for all treatments and controls
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in calculating r . The decrease in 1 x from day 50 to day 220 was

from 0.959 to 0.948 (Appendix II). Since the survival was very high

and was the same for all treatments and the control, the values deter-

mined for r would have been little affected if survival had been
m

assumed to be 100 percent throughout the experiment.

Total Reproduction

The effects of dieldrin on the total number of female offspring

produced by female guppies in all three experiments are presented in

Table 1. The sex ratio was assumed to be 50:50, so that the total

reproduction by these females is simply twice the values presented in

Table 1.

In experiment I, nearly equal numbers of female offspring were

produced by the control pairs and those at 0. 05ppb and 0. 2ppb HEOD.

The pairs at 1ppb had fewer broods than the other treatment and con-

trol pairs (34 compared with 48 control broods), but the average

brood size was only slightly reduced.

Throughout the remainder of this thesis, it will be necessary

to mention that I do not consider certain of the results of experiment

II to be valid, because the total reproduction was lower than in exper-

iment I. Several possible reasons for this reduced reproduction will

be examined. The data do warrant presentation, however, as they

suggest some possible effects of dieldrin.
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In experiment II, the first-generation (F1) pairs at 1ppb HEOD

produced more and larger broods than did the other pairs, control or

treatment. The reproduction of the pairs at 1ppb, although higher

than that of the control pairs, was lower in experiment II than in

experiment I. The control reproduction in experiment II should have

been comparable to that of experiment I, but it was substantially low-

er. There are several possible reasons for this reduction in total

reproduction. The pairing of two males with each female may have

interrupted normal mating behavior, resulting in fewer or less

successful fertilization attempts. The control males were held in

all-male tanks prior to pairing with immature females and their sexual

behavior may have been altered. The water quality or food quality

during experiment II may have differed from those in experiment I,

and this could have contributed to the reduced reproduction. Such

differences in food or water quality are, however, unlikely. The

introduction of the second male in experiment II and consequent

alteration of male behavior are the most likely reasons for the ob-

served lower reproduction.

Although the effect of 1ppb HEOD in experiment II is obscured

by the reduced reproduction of control fish, some definite effects

were noted at 2. 5ppb HEOD. Five of the ten pairs at this treatment

failed to reproduce. This appears to be a significant dietdrin effect,

because only one of the 29 other treatment (0. 2 ppb and 1 ppb) and
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control pairs failed to reproduce. The fact that some pairs at 2. 5ppb

did reproduce indicates that not all of these fish were affected to the

same extent by dieldrin.

As described in the section on experimental procedures, there

were two types of pairs in all experiment III treatments: F
1

and F2

fish whose parental history included exposure to dieldrin; C fish whose

parents had not been exposed to dieldrin. Table 1 shows that the F2

and C pairs at 1ppb HEOD and the F
1

and C pairs at 2. 5ppb pro-

duced fewer female offspring and smaller mean brood sizes than did

the pairs at 0. 2ppb and the control pairs. The mean brood size was

smaller in experiment III than in experiment I at comparable treat-

ments and control. This was probably because of the reduction in

the individual pair tanks from 9 liters to 4. 5 liters.

Table 1 shows that the C pairs at 0. 2ppb HEOD had more

female offspring and larger average broods than the F2 pairs in this

treatment. Just the opposite was true at 1ppb HEOD, where the F2

pairs had more female offspring and larger broods than the C pairs.

If one disregards the exceptional reproduction by one C pair at

2. 5ppb (see Table 1, footnote 4), a similar effect can be noted in this

treatment; the F
1

pairs had a larger total reproduction and larger

average broods than the C pairs. Although none of these differences

between F2, F
1

and C pairs is statistically significant, there is



Table 1. Summary of the effects of dieldrin on guppy reproduction. See text for an explanation of pair types.

Experiment
Number

Treatment
(ppb HEOD)
& pair type

Number
Pairs

Number
Broods

Total
female

offspring

Mean
brood
size

Mean. age (days)
at 1st reproduction,
(Number observa-
tions, variance)

Mean gestation 1 2
(days) (Number
observations,
variance)

Number
abortions

control P 10 48 1131.0 23.6 77.7 + S. 4 25.7 + 0. 8
(10, 59. 6) (38, 5. 8)

O. 05ppb P 10 45 1159.0 25.8 82.6 + 6.5 24.6 + 0 8
(10, 56.4) (35, 5.6)

I

O. 2ppb P 10 4 7 1160.0 24.7 78. 1 + 13. 1 26. 1 + 1. 3
(10, 337. 7 **) (37, 15. 0)

1ppb P 10 34 754.5 22.2 79.4 + 18.9 25. 1 + 1. 0
(9, 606. 5 ***) (25, 5. 7)

control F
1

10 20 226.0 11. 3 75.0 + 11. 7 33. 1 + 2. 5 2

(9, 233.0) (11, 18. 3)

O. 2ppb F1 9 16 199.0 12.4 67. 0 + 6. 6 29. 2 + 10. 8 3
(9, 74. 0) (10, 228. 6)

II

1ppb F1 10 37 584. 5 15. 8 67. 7 + 4. 2 24. 0 + 2. 1 0
(10, 34. 0) (28, 29. 1)

2. 5ppb F1 10 143 173. 53 12. 43 75. 4 + 14. 4 30. 7 + 10. 8 4
at 0. 05ppb (5, 133. 8) (11, 263. 8)

continued on next page



Table 1 continued.

Experiment
Number

Treatment
(ppb HEOD)
& pair type

Number
Pairs

Number
Broods

Total
female

offspring

Mean
brood
size

Mean age (days)
at 1st reproduction)
(Number observa-
tions, variance)

Mean gestationi
(days) (Number '

observations,
variance)

Number
abortions

III

control F2

0. 2ppb F2

0. 2ppb C

1ppb F2

1ppb C

2. Sppb F1

2. 5ppb C

20 106 1839.0 17. 6 64. 7 + 3. 8 28. 3 +2. 5 12
(20, 234. 6) (98. 156. 5)

9 52 836.5 16.0 70.6 + 10. 1 27. 1 +2. 1 0
(9, 172. 0) (43, 47. 7)

10 62 1103.5 18. 0 63.0 + 3. 2 25. 9 +1. 7 0
(10, 33. 8) (52, 37. 8)

10 44 596. 5 13. SNS 65. 6 + 17. 6 26.0 + 2. 8 8
(9, 518. 1) (41, 75. 9)

10 50 514.0 10. 2** 71. 5 + 25. 1 30. 9 + 5. 1 0
(10, 1238. 6***) (40, 256.0)

10 26 313.5 12.0** 115.9 + 51.0 27. 5 + 3. 6 23
(8, 3720. 0***) (39, 126. 6)

8 30 462.54 15.44 101. 9 + 23. 1 29.2 + 5. 5 6
(7, 617. S*) (28, 198. 6)

NS - not significantly different from control
* - significantly different from control, p<0. 05

** - p< 0. 01
*** - p< 0.005
1. includes 95% confidence limits
2. gestation period includes abortions
3. five of ten pairs did not produce
4. one pair produced 202. 5 of the 462.5 female offspring_ produced by eight pairs
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an indication that F2 and F
1

pairs at 1ppb and 2. 5ppb HEOD tend to

exhibit higher reproduction than C pairs in the same treatment.

A significant effect of dieldrin in experiment III was to increase

the number of abortions by treatment pairs. The presence of oil.

droplets on the surface of the individual-pair tanks indicated that eggs

had been aborted. The ten F
1

pairs at 2. 5ppb HEOD produced 23

abortions, while all 20 pairs of control. fish aborted only 12 times. It

also appeared that the background of the fish might have influenced

the relationship between dieldrin and abortions: the C pairs at

Z. 5ppb had fewer abortions than the F1 pairs; the C pairs at 1ppb

HEOD had no abortions, while the F2 pairs had eight. None of the

20 pairs at 0. 2ppb aborted.

Age at First Reproduction

Age at first reproduction has a significant effect on intrinsic

rate of increase, because the first offspring born make a larger

individual contribution to the value of r than subsequent offspringm

(see discussion). In experiments I and II, there were significant

differences in age at first reproduction between treatment and control

pairs. The variance in age at first reproduction among the pairs at

0. 2ppb and 1ppb HEOD in experiment I was, however, significantly

greater than that of the control pairs. This may indicate that dieldrin

was affecting some pairs even though the mean age at first reproduction
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gives no indication of this.

In experiment III, the pairs at the highest dieldrin level, 2, 5ppb

HEOD, exhibited a significant delay in age at first reproduction. The

experiment II pairs at the same treatment level did not exhibit this

delay, but, as mentioned previously, only five of these ten pairs re-

produced. Table 1 shows also that in experiment III the variance in

age at first reproduction of C pairs at 1ppb HEOD and of both F1

and C pairs at 2. 5ppb was significantly greater than the variance of

control pairs, this suggesting an effect of dieldrin.

Table 1 shows that the experiment III pairs, with the exception

of those at 2. 5ppb, reproduced earlier than the experiment I pairs.

This was probably because of the pairing of mature males with

immature females in experiment III. In experiment I, the pairs were

formed from males and females of the same age, with the possible

result that the females were not fertilized at the earliest possible

time.

Gestation Period

Table 1 shows that there were no effects of dieldrin on the

average gestation period of the guppy. To compute the gestation

period, the number of days between successive broods or abortions

were counted and averaged. If only the times between broods were

averaged, a female producing a brood on day 80, an abortion on day
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105, and another brood on day 130, would have a gestation period of

50 days; when abortions are taken into account, the gestation period

is 25 days, a more realistic value. In addition, there was no indica-

tion that the time between abortions was any different than the time

between broods. Thus it seems that abortions should be considered

in computing gestation period.

There was a strong tendency for the gestation period of guppies to

increase with age throughout the 160- to 230-day duration of these three

experiments. Eighty-nine of 113 females (79 percent) that produced

more than two broods showed an increase in gestation period between

their first and last brood of at least one day, with the difference often being

seven to eight days. Females producing six and seven broods often

showed a stepwise increase of one or two days in gestation period be-

tween succeeding broods. This effect was not influenced by dieldrin

concentration. It could have been either a characteristic of the exper-

imental population or a result of experimental conditions, or both,

Intrinsic Rate of Increase

As discussed in the section on calculating intrinsic rate of in-

crease, two methods were used in computing the r for each treat-

ment and control. First, a value for r was computed using the

mean age-specific fecundities, m , of the females for eight-day

intervals. Using a 25-day interval for calculating mx resulted in an
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rm about 2 percent larger than the rm value estimated by using

eight-day intervals. Thus, although the 25-day interval comes closer

to the actual gestation period of the guppy, the resulting r was not
m

considered to be significantly different from the one based on the

eight-day interval used here.

The second estimate of r was based on the average of the
m

r values of individual pairs. This method of calculation does not
m

satisfy the definition of intrinsic rate of increase, because it is based

on the actual age-specific fecundity of each individual female rather

than on mean age-specific fecundity. This method assumes that all

of the female offspring of each female will have exactly the same age-

specific fecundity as the original female, an untenable assumption.

In spite of this weakness, the variance of the r value based on
m

individual pairs is an unbiased estimate of the variance of r basedm

on mx 1 and therefore the individual-pair rm values are reported.

Sample calculations were made to determine if the individual-pair

r values calculated by using the mid-point of the eight-day intervals

were significantly different from values based on the actual date of

reproduction. Since the values were found to differ by less than ± 2

percent.in all cases, the same eight-day intervals used to calculate

mx were also used to calculate the individual pair r values.m

1Persona.l communication from Dr. Lyle Calvin, Department of
Statistics, Oregon State University.
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The intrinsic rates of increase for all treatment and control fish

in the three experiments are presented in Table 2. Only the r

based on mx values will be considered in the following discussion°

In experiment I, rm was similar for the control and the two treat-

ments 0. 05ppb and 0. 2ppb HEOD, the latter treatment having a value

slightly higher than that of the control. Although the 7m of the pairs

at 1ppb HEOD was tower than the control value, this difference was

not statistically significant. This reduction in r at 1ppb resulted

entirely from a reduction in total reproduction, because the age at

first reproduction was essentially the same for control pairs and

those at 1ppb. Variance of the rm
at 1ppb was significantly greater

than variance of the control value because of the failure of a single

pair to reproduce (Figure 4).

As described in the section on experimental procedures, the

pairs in experiment I were of two types. Using analysis of variance

to compare the r values of these two pair types (Table 3) indicated

that one type may have had signficantly higher r values than the

other type, since there was a significant "group" effect. As no "treat-

ment effect" was indicated, this apparent difference between the two

pair types was not influenced by dieldrin. The use of analysis of

variance to compare these mean values of r is questionable, since

there was a significant difference between the variances of the two

groups (Table 2). The analysis is included, however, to point out the
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Table 2. Summary of the effects of dieldrin on the intrinsic rate of
increase of the guppy, r . (See text for explanation of pair
type.)

Treatment
Experiment (ppb HE OD)

Number & pair type
Number
Pairs

1/r m
2/rm

Variance

of r -2/m

control P 10 0. 0396 O. 0387 0. 00004

0. 05ppb P 10 0. 0396 O. 0391 0. 00002
I

0. 2ppb P 10 0. 041 3 0. 0405 0. 00003

1ppb P 10 O. 0371 O. 0350 0. 00018**

control Fl 10 0. 0320 0. 0252 0. 00024

0. 2ppb F1 10 0. 0379 0. 0391 0. 00005
II

1ppb F1 10 0. 0409 0. 0391 0. 00006

2. 5ppb
at 0. 05ppb

10 0. 0257 O. 0140 0. 00029

control F2 20 0. 0456 0. 0426 0. 00007

0. 2ppb F2 9 O. 0396 O. 0363 0. 00017 NS

0. 2ppb C 10 0. 0428 0. 0409 0. 00008 NS

III 1ppb F2 10 0. 0446 0. 0386 0. 00037**

1ppb C 10 0. 0399 O. 0352 0. 00021 **

2. 5ppb F1 10 0. 0295 0. 0222 0. 00025 ***

2. 5ppb C 8 0. 0307 0. 0248 0. 00020**

1/ Average intrinsic rate of increase
fecundity.

based on mean age-specific

2/ Average intrinsic rate of increase based on the average of individ-
ual. pair r values.

m

NS - not significantly different than control

** - significantly different than control (0. 025 > p > 0. 005)

*** - significantly different than control (p < 0. 005)
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Figure 4. Frequency distribution of intrinsic rate of increase values, r , for individual pairs
of guppies at four dieldrin levels (ppb HEOD) and control for three experiments.
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Table 3. Two-way analysis of variance for intrinsic rate of increase
data from experiment I. The four treatments consisted of
control, 0. 05ppb, 0. 2ppb, and 1 ppb HEOD. The groups
were two pair types used in the experiment (see text for
explanation). Values of rm were multiplied by 100 to
facilitate computations.

Source of
variation

Degrees
freedom

Sum of
squares

Mean
square

subgroups 7 7378.9 -

treatment 3 1616.6 538.9 0.98 NS

groups A9, Be 1 4140.9 4140.9 7.51 4,*
Bo 1; AT

interaction 3 1621.4 540.5 0.98 NS

error 32 17650.2 551.6

total 39 25029.1

NS - not significant

** - significant at the 97. 5% level
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possible importance of pair type in affecting r . These data suggest

that the influence of either the male or female may be important in

controlling the expression of r .

In experiment II, the first-generation, F1 pairs at I ppb HEOD

had the highest rm, 0. 0409 per day, compared to a control value of

0. 0320 per day. This comparison, however, would be more mean-

ingful if the control fish were reproducing normally. As discussed

previously, such normal reproduction is doubtful. Further evidence

for abnormal control reproduction was the fact that the variance of

for control pairs in experiment II was six times greater than in

experiment I.

The pairs at 2. 5ppb HEOD in experiment II had the lowest 7.m,

0. 0257, because five of the ten pairs did not reproduce. Figure 4

shows that the pairs that did reproduce had individual-pair r

values comparable to control values. Again, because of the low con-

trol reproduction in this experiment, this comparison may not be

meaningful.

The control fish in experiment III had the highest r values,

but this value was only slightly greater than those of the F2 and

C pairs at 0. 2 ppb and 1ppb HEOD. The T:m values of pairs at 2. 5

ppb HEOD were considerably less than the control value of 0. 0456

per day, since they were 0. 0295 for the F1 fish and 0. 0307 for the

C fish.
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Because the variance of these rm values were significantly

different, it was not advisable to use analysis of variance to compare

the mean values of r The r values at 2. 5ppb do appear to be

enough different than the control values to be considered significant.

The increase in the rm variance among the pairs at 1ppb and

2. 5ppb HEOD in experiment III may be evidence that at least some

pairs were being affected by these die.ldrin levels. Figure 4 shows

that some of the experiment III pairs at 1ppb HEOD had r values

similar to control values, whereas only one pair at 2. 5ppb had an

r in excess of 0. 0450 per day.

As discussed in the section on total reproduction, there were

some indications that the F2 pairs at 1ppb and the F
1

pairs at

2. 5ppb had higher reproduction than C pairs, those whose parents

had not been exposed to these dieldrin levels. At 1ppb, this difference

was reflected in the r values of the two pair types, the F2 having
m

an r of 0. 0446, compared to 0. 0399 for the C pairs. Table 1

shows that the F2 pairs at 1ppb had larger broods and reproduced

about six days earlier than the C pairs. At 2. 5ppb HEOD the C

pairs in experiment III had a slightly higher 7-In (0. 0307) than the F1

pairs (0. 0295), although these values are probably not significantly

different.

The fact that the rm of fish exposed to 1ppb HEOD increased

in succeeding generations (experiments I to III) is evidence for some
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buildup of resistance to dieldrin. A similar increase in r between
m

experiments II and III for fish at 2. 5ppb also suggests some resistance

buildup. Further evidence for a buildup of resistance is presented

later.

Growth Rates

Final weights of experiment I females minus eggs (Table 4)

indicated that the females at 1ppb were somewhat smaller than those

at 0. 05ppb, 0. 2ppb, and the controls. Toward the end of experiment

I, growth rates were determined for a limited number of females in

each treatment (Table 5). These data indicated that late in experi-

ment I the females at 0. 05ppb and 0. 2ppb HEOD were growing faster

than the control females, while the females at 1ppb were growing at

a rate about half that of the control fish.

More complete growth records were kept during experiment III,

some females being weighed after each brood or abortion (Table 6),

These growth rates are higher than those reported for experiment I

because the fish were observed at a younger age and growth is usually

more rapid in young fish, Differences between mean growth rates in

Table 6 suggest possible effects of dieldrin, but these differences were

not statistically significant. There was no apparent retardation of

growth at 1ppb among the F2 fish, while the C fish in this treatment

had a lower average growth rate than the control fish. This is in
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Table 4. Mean final weight of experiment I females minus eggs and
unborn young. Fish age was 195 days.

ave. weight
minus eggs

number of fish

variance

Dieldrin concentrations expressed in ppb HEOD

control O. 05 ppb O. 2ppb 1 ppb

1. 88g 1. 98g 2.16g 1. 61g

10 10 10 9

0.15 O. 23 O. 64 O. 38

Table 5. Average growth rates in units of milligrams per gram per
day (mg/g/day) for experiment I females after the age of
140 days.

Dieldrin concentrations expressed in ppb HEOD

control O. 05ppb O. 2ppb 1 ppb

2.26
(7 fish)

3. 95
(6 fish)

2. 98
(2 fish)

1. 03
(2 fish)



40

Table 6. Average growth rates, including 95 percent confidence limits,
of experiment III females in units of milligrams per gram
per day (mg/g/day).

Treatment
(ppb HEOD) &
fish history

Number of
growth rates

averaged
Average growth

rate
Variance

control F2 23 7.05 t 1.92 19.8

0,2ppb F2 22 7.19 ± 2.15 23.4

0.2ppb C 12 8.66 ± 4.44 49.2

1 ppb F2 9 10.87 ± 6.91 80.5

1 ppb C 7 4.49 ± 3.01 10.4

2. 5ppb F1 14 6.07 ± 2.57 20.2

2.5ppb C 18 4.94 ± 2.44 24.4
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agreement with experiment I in which the females at 1ppb HEOD did

not grow as fast as, or attain the size of, the control fish (Tables

4 and 5).

The fish at 2. 5ppb exhibited a similar relationship between the

growth rates of F
1

and C fish (Table 6), the F
1

fish having a high-

er average growth rate.

These data suggest that guppy growth may be slightly enhanced

at O. 05ppb and 0. 2ppb, and reduced at 1ppb and 2. 5ppb. Second

generation fish at 1ppb and F1 fish at 2, 5ppb seemed to grow better

than C fish, those whose parents had not been exposed to these

dieldrin levels. These data provide further evidence of a buildup of

resistance to dieldrin.

Dieldrin Levels in Control and Treatment Guppies

The relationship between the concentration of HEOD in the water

and the parts per million (ppm) HEOD in whole fish bodies on the basis

of wet weight is given in Table 7 and Figure 5. The control fish had

an average of 0. llppm HEOD (range 0. Olppm to 0. 19ppm). The

HEOD levels detected in control water throughout the study ranged

from 0. 003ppb to 0. 008ppb. It is therefore probable that the HEOD

found in the control fish came from either the tubificid worms or

from the dry food that they were fed,
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Table 7. HEOD levels in guppies held in various levels of dieldrin and
control water. Samples consisted of one to six fish, the con-
centration of HEOD being expressed in parts per million
based on wet weight.

Treatment
(ppb HE OD) &
fish history

Number
samples
analyzed

Mean
HEOD

level (ppm)
Range (ppm)

control

0. 05ppb C

0. 2ppb C

15

5

9

0.11

0. 81

5.28

0. 01 0.19

0. 37 - 1.76

1. 64 - 9.73

O. 2ppb Fi 1 6. 39 --

0. 2ppb F2 3 5. 00 4. 26 - 5. 59

1 ppb C 10 29. 54 19. 07 45. 80

1 ppb F
1

2 31.91 29. 10 - 34.72

1 ppb F2 2 26. 21 25. 98 - 26. 44

2. 5ppb C 3 81.81 78.51 -84.74

2, 5ppb F
at 0. 05ppb

1 103. 71

2.5ppbF1 2 56.66 51.81 - 61.51
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0.05 0.1 0.22

ppb HEOD in water

1.0 2.5

Figure 5. Relationship between HEOD concentration in the
water and HEOD (based on wet weight) in guppies.
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Figure 5 shows that HEOD concentration in guppies is an ex-

ponential function of the HEOD in the water. Of interest here is the

fact that the F
1

fish at 2. 5ppb in experiment III had an average HEOD

level of 56.1 ppm, while the C fish in the same treatment had an

average level of 81. 8ppm. A similar, but less pronounced effect,

was noted at 1ppb, where the F2 fish had an average HEOD level of

26. 2ppm, compared to 29. 5ppm for C pairs. These data show,

however, that F
1

fish at 1ppb in experiment II had an average HEOD

level of 31. 9ppm. These mean HEOD levels are based on a small

number of determinations. Nevertheless, it appears that first and

second generation fish having parents exposed to dieldrin may accum-

ulate less HEOD from the water than fish exposed to the same treat-

ment levels but whose parents were not exposed to dieldrin. There

may have been some selection for an increased ability to eliminate

dieldrin through, for example, an increase in the enzymes capable of

dieldrin degradation.

Behavior Changes

Throughout the experiment, several differences between the

behavior of control and treatment fish were noted. Although these

differences were not quantified, they may represent significant effects

of dieldrin on guppy behavior. First, an effect observed at all treat-

ment levels was a reduction in predation on newborn young by the
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females. Female guppies in the control tanks were observed chasing

and, on a few occasions, eating their young. Similar behavior was

never observed in the treatment tanks, even at the lowest levels of

dieldrin. Cairns, Foster, and Loos (1967) reported that dieldrin

tended to reduce the cannibalistic tendencies of female guppies.

Another difference noted between the control and treatment fish

was the ease with which newborn fish could be netted. It was relative-

ly simple to net and remove newborn fish from control tanks, but

young produced at 1ppb and 2. 5ppb HEOD were often difficult to cap-

ture because of their rapid-and erratic swimming. This difference

between control and treatment offspring may have contributed to the

reduction in predation by treatment females. These females may

have been less successful in catching their offspring and, as a result,

may have stopped trying. On the other hand, direct effects of the

dieldrin on the females may have been involved.

Some of the offspring produced by pairs at 2, 5ppb HEOD showed

symptoms of pesticide poisoning. These newborn fish had difficulty

swimming, often whirling or spinning in an uncontrolled manner.

This behavior differed from the net-avoiding behavior described above

by being much more severe. These fish could not avoid the net be-

cause they did not have the necessary control over their swimming

motions. Nevertheless, fish exhibiting this extreme response to

dieldrin appeared to survive at a rate similar to that of the other fish,
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In experiment I, none of the treatment fish showed any behavioral

reaction to dieldrin until after age 44 days, when the fish were netted,

sorted, and paired. On day 45 all of the fish at 0. 2ppb and 1ppb

HEOD showed symptoms of dieldrin poisoning; these fish were easily

frightened and remained motionless on the bottom of the tanks when

the glass tank covers were removed prior to feeding. Tapping the

sides of the tanks caused these fish to swim about in rapid, jerky

movements. Control fish did not display similar behavior. It appears

that the stresses associated with netting and handling these fish re-

sulted in their display of symptoms characteristic of pesticide poison-

ing. Although these symptoms were retained by the fish at 0. 2ppb

and 1ppb HEOD, they were not as severe in the weeks following the

original occurence.

Many of the fish at 1ppb and 2. 5ppb HEOD were very excitable

and jumped out of their tanks when the tanks were cleaned or when I

attempted to net them. In contrast to this, control fish were little

affected by foreign activity in their tanks.
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DISCUSSION

The main effects of dieldrin on the guppy in this study were on

total reproduction and age at first reproduction. A reduction in total

reproduction at 1ppb HEOD, and a similar reduction plus a detayed

age at first reproduction among fish at 2. 5ppb, caused a decline in

intrinsic rate of increase at these levels. There were also indications

that reproduction was enhanced at HEOD levels of 0, 05ppb and 0. 2ppb.

Macek (1968a) found that brook trout fed low levels of DDT had more

ova than control females, whereas those fed high doses had fewer ova

than control fish. No reasons are postulated for this apparent en-

hancement of reproduction at low pesticide levels.

Hubble and Reiff (1967) exposed male and female guppies to

50ppb dieldrin for two hours, and then paired these fish with control

fish to give four pair combinations; exposed males and exposed females,

control males and exposed females, exposed males and control fe-

males, and control males and control females. These pairs were

reared in dieldrin-free water and their reproduction recorded for 12

months, Hubble and Reiff found that the pairs of exposed fish pro-

duced more offspring than the control pairs and concluded that the

guppies experienced no harmful effects from a single exposure to

high dieldrin levels. They pointed out that some fish were killed dur-

ing the initial two hour exposure period, and that this may have
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"selected" for more robust and fecund fish.

Cairns, Foster, and Loos (1967) found that guppy populations ex-

posed to 1.8ppb, 5. 6ppb and lOppb dieldrin initially increased in num-

ber faster than control populations. They attributed this to reduced

predation on fry by adult fish in the exposed populations. A similar

reduction in predation was noted in the present study. Control fish

were observed chasing their young, but treatment females were never

seen attempting to eat their young. It is not known whether this was

due to an alteration of female behavior resulting from exposure to

dieldrin or whether the erratic swimming of the young in the treatment

tanks may have discouraged such behavior. The latter explanation

would not seem to account for a reduction of predation at 0. 05ppb and

0. 2ppb HEOD,where the young fish did not behave differently than

control young.

Cairns, Foster, and Loos (1967) reported a marked decline

through time in guppy reproduction by fish exposed to lOppb 2,
while

fish exposed to lower levels exhibited no such decline. In explanation

of this, the authors postulated a delayed effect of dieldrin on the re-

productive physiology of guppies.

2These experiments were run under static conditions, the
dieldrin solutions being renewed once a week. The authors point out
that due to adsorption of dieldrin on surfaces in the aquaria and ab-
sorption by the fish, the actual dieldrin levels in the water were
lower than the values reported in the experimental results.
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It is not known whether the dieldrin in the present study was acting

on males and females equally in reducing reproduction, or whether it

affected one sex more than the other. Hubble and Rieff (1967) con-

sidered this question, but came to no conclusion. Macek (1968a) re-

ported that sperm from brook trout fed DDT may have contributed to

fry mortality when used to fertilize control eggs. Stock and Cope

(1969) found that the insect chemosterilant TEPA (tris(1-aziridinyt)

phosphide oxide) affected the fertility of male guppies at levels having

no detectable effects on females.

Chadwick (unpublished data) has found that isolated (unfertilized)

female guppies abort eggs every 20 to 30 days just as though they were

producing normal broods. It is possible that the increase in abortions

at 2. 5ppb HEOD in the present experiment was caused either by infer-

tile sperm or by interruption of normal mating behavior with the re-

sult that the females were not fertilized. Or, it may have been the

result of abnormal development of embryos after fertilization. Since

some abortions were produced by control females, I believe the

abortions attributed to dieldrin were the result of the females not being

fertilized rather than abnormal development of embryos.

Rosenthal (1952) found that the average gestation period for the

guppy was 31.1 days, while Breder and Coates (1932) reported an

average of 28. 3 days. The average gestation period in this study was

close to 28 days, with a range of 24 to 33 days. No effect of dieldrin
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on gestation period was found. Hester (1964) found that guppy gesta-

tion period was not affected by the amount of food presented to female

guppies, but that the number of young produced was dependent on food

supply. These data suggest that the gestation period of guppies is

characteristic of particular strains or populations and is little affected

by environmental conditions.

Crandall and Goodnight (1962), using the presence of a recog-

nizable gonopodium to signify sexual maturity of male guppies, found

that lead, zinc, and sodium pentachlorophenate retarded the maturation

of guppies. Although age at first reproduction would seem to be a

more reliable measure of maturity, this study indicates that one effect

of a toxicant may sometimes be a delay in maturation.

The importance of a delay in age at first reproduction is obvious

when considered within the conceptual framework of intrinsic rate of

increase. Time, x, is part of a negative exponent in the expression
-r x

used to solve for r . As time increases, the value of e m de-m -r x
creases and the product of 1 m e m is likewise decreased.x x
Therefore, the first offspring produced make a larger individual con-

tribution to r than those born later. For example, Figure 6 showsm

that at r = 0. 040 per day every offspring born in week ten contri-
m

butes 1. 3 times as much to r as those born in week 11, and 10. 8
m

times as much as those born in week 19. Figure 6 also shows that

for lower values of r , the importance of early reproduction is
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reduced. The delay in age at first reproduction of guppies at 2. 5ppb

HEOD in the present study was a significant factor reducing the rm

of these fish.

Chadwick (unpublished data) removed and counted the offspring

produced by a single female guppy throughout her life. Thi s female

had ten broods and a total of 481 female offspring before dying at an

age of about 300 days. Based on her age-specific fecundity and using

the survival (1x) data from the present study, this female had an rm

of 0. 0490 per day. Of interest here is the pecentage contribution of

each brood to r (Figure 7). Her first brood at day 60 consisted of
m

four young that made nearly 20 percent of the total contribution to r

(Figure 7). By day 124 she had given birth to four broods having a

total of 139 female offspring (less than 30 percent of her total female

offspring) making 95 percent of the total contribution to r . This is

not to say, however, that the reproduction by older females is not

important. In rapidly expanding populations, young females contribute

more to population growth than older females (Laughin, 1965). When

the population is declining, however, the reproduction of older females

slows the rate of decline. Laughin (op. cit.) points out that older

females may have certain-selective advantages and that their normally

inconsequential contribution to population growth may be important

under unfavorable conditions.



100

90

0
80

0
70

60
0

j 50

40

r1

a.)

30

20
z
CJ 10

B
1

em.,49 el. Cr
B6 B7 B8 B9 B10

rm= O. 049

Bx = Brood number

0
60 76 92 108 124 140 156 172 188 204 220 236 252 268 284 300

Age (days) at time of reproduction

Figure 7. Relationship between percent contribution to r and age at time
of brood production for a' single female guppy producing 10 broods
(Chadwick, unpublished data).



54

It is of interest to consider growth rate in relation to age at

first reproduction, since maturation rate might, a priori, be expected

to be related to growth rate. Chadwick (unpublished data) has found

that guppies exposed to low levels of dieldrin in food and water grow

slightly faster and reproduce a few days earlier than control fish. Re-

sults in the present study indicate that guppies exposed to 0. 05ppb and

0. 2ppb HEOD may have grown somewhat faster than control fish, but

they did not reproduce any earlier. Cairns, Foster and Loos (1967)

found that guppies exposed to 1. 8ppb and 5. 6ppb (see footnote 2) grew

faster or reached a higher average weight than control fish or those

exposed to lOppb dieldrin. Macek (1968a) reported that brook trout

fed 2. Omg DDT/kg/week attained a larger size and weight (43. 2g±0.. 8g)

than did control fish (36. 6g11.1g). These authors, however, did not

consider the effects of the pesticide on maturation rate.

Selection for resistance to pesticides can occur when partial

fish kills result from pesticide use. The greater the portion of the

population killed (i. e., the greater the selective pressure), the faster

such resistance can be built up. Most of the documented field

studies of pesticide-resistant fish populations have been conducted in

Mississippi, where there are heavy applications of pesticides on

agricultural land each year.

Gulley and Ferguson (1969) summarized several papers by

Ferguson and associates in which evidence is presented that six fish
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species collected in agricultural regions of Mississippi were resistant

to over 20 pesticides, tolerances being from twice to fifteen hundred

times greater than those of fish from other regions. Boyd and Fergu-

son (1964) found that the first few generations of mosquito fish,

(Gambusia affinis), retained this resistance, even when reared in

insecticide-free environments. Ferguson and Bingham (1966) report

that yellow bullheads, (Ictalurus natalis), in one Mississippi region

were less tolerant of endrin than were golden shiners (Notemigonis

crysoleucas), bluegill (Lepomis macrochirus), and green sunfish

(Lepomis cyanellus). They suggest that the bullheads were subjected

to less selective pressure than were the other species.

Since adult guppies are two to three times more tolerant of

dieldrin than newborn fish, selection resulting from increasing die.l-

drin levels in the water would act on young fish first. Although even

the highest dieldrin level in my study (2. 5ppb HEOD) did not signifi-

cantly increase guppy mortality, there were signs that selective pres-

sure was experienced by some fish in the various treatments. The in-

crease in variance of age at first reproduction and individual-pair rm

values of fish exposed tp 1 ppb and 2.5 ppb indicated a range of individual

responses to dieldrin. The fact that there was a reduction in mean brood

size at 1 ppb and 2. 5ppb HEOD suggests that there may have been some

prenatal mortality. Increased abortions in the latter treatment could

also indicate the occurence of selection. At 1ppb HEOD, the
2
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fish in experiment III had a higher r value than the F
1

fish in

experiment II, and both of these groups had higher rm values than

the parent generation fish in experiment I. A similar trend was noted

at 2. 5ppb HEOD, where the F
1

fish had higher rm values than the

parent generation. There were also indications that the F2 pairs at

1ppb HEOD and the F
1

pairs at 2. 5ppb accumulated less dieldrin

than fish exposed to the same treatment but whose parents had not

been exposed to dieldrin. This suggests that, through selection, the

F
1

and F2 fish may have acquired a more efficient system for

eliminating dieldrin from the body. All of the preceeding facts support

the contention that some selection for increased resistance to dieldrin

was taking place.

In order to appreciate the possible effects of reduced intrinsic

rate of increase on a natural population, consider the concept of doub-

ling time, the length of time required for a population to double in size

under given conditions. In this experiment the control fish had an r

of around 0. 040, or an actual rate of increase, X (X =antilog r ), ofm

m

1. 04. This leads to a doubling time of 17. 3 days. The fish exposed

to 2. 5ppb dieldrin had an 7m around 0. 025 (X =1. 025) and a doubling

time of 27. 7 days. These fish were held at nearly an ideal tempera-

ture, fed excess food, and were not subjected to predation or disease.

Under more natural conditions where mortality from predation,

disease, and possibly starvation occurs, the fish stressed by dieldrin
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or other pollutants might not even be able to produce replacements

for the existing population.

Fish and other animals may be handicapped by pesticide poison-

ing in yet another manner. In addition to a reduction in reproductive

ability, changes in behavior caused by the pesticide may make them

less successful in finding food, and cause them to expend energy that

could otherwise be used for growth, maintenance, goal-oriented

motion, or reproduction. Abnormal behavior might make the animal s

more conspicuous to predators. Anderson and Prins (1970) found

that brook trout fed DDT could not learn the correct response to a

stimulus as quickly as control. fish.

A further adverse effect of sublethal pesticide levels on animals

can be to lower resistance to stresses produced by environmental

changes, periods of starvation, and forced movements such as migra-

tions. Macek (1968b) starved brook trout that had been fed a diet of

DDT, and found that the average trout treated with DDT died in 183

days. Under the same test conditions, 98. 7 percent of the control

fish survived at least 270 days. The author postulated that the treated

fish died more rapidly than control fish because they were less re-

sistant to the stresses of starvation, changes in water temperature,

and the physiological stresses associated with spawning activity.

In the sense that all of the effects just described can directly or

indirectly contribute to the death of an organism, the term "sublethal, "
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when applied to some pesticide levels, can be misleading. Before

outright deaths occur because of poisoning, changes in the organism's

reproduction, its ability to find and utilize food, its ability to acclimate

to stress, its ability to learn, and its ability to avoid predators may

lead to the death of the individual or a decline in population numbers.

As shown in this study, the intrinsic rate of increase can be significant-

ly towered by pesticides without killing either young or adult animals.
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CONCLUSIONS

1. The post-natal survival of guppies was not affected by the four

levels of dieldrin tested, although the highest treatment, 2. 5ppb

HEOD was about 50 percent of the 96-hour TLm value for newborn

fish.

2. Dieldrin concentrations of 1ppb and 2. 5ppb HEOD lowered the

intrinsic rate of increase, r , of laboratory guppy populations.

In comparison with control fish, those fish reared at 0. 05ppb and

0. 2ppb appeared to have a slightly enhanced r ; the one ex-

ception to this was in experiment III where the pairs at 0. 2ppb had

a lower r than the control fish.m

3. The reduction in r at 1ppb HEOD was due to a reduction in totalm

reproduction, while at 2. 5ppb both a reduction in total reproduction

and a delay in age at first reproduction acted to lower the r of

these fish.

4. The responses of individual fish to 0. 2ppb, 1ppb, and 2. 5ppb

HEOD were variable. This was indicated by an increase in the

variance of statistics such as age at first reproduction, total re-

production, and r based on individual-pair r values. Thism m

increase in variance of treatment fish, when compared to control

fish, proved to be a more sensitive indication of the responses of

guppies to dieldrin than did changes in mean brood size, age at



60

first reproduction, intrinsic rate of increase, and other test statistics.

5. There were indications that the first- and second-generation fish

at 1ppb and 2. 5ppb HEOD were more tolerant of dieldrin than fish

that had not been exposed to dieldrin prior to birth. The slight

increase in r for F
1

fish and again for F2 fish at 1ppb is

evidence for some buildup of resistance. A similar effect was

noted at 2. 5ppb, except that in experiment III, the C pairs had

a slightly higher rm than the F1 pairs at this treatment level.

In experiment II, only five of the ten pairs at 2, 5ppb reproduced,

while in experiment III eight of the ten F1 pairs at this, treat-

ment level reproduced.

6. The F2 fish at 1ppb HEOD, and the F
1

fish at 2. 5 ppb

accumulated less dieldrin than did fish having parents and grand-

parents not exposed to these dieldrin concentrations. This may

have been due to an increased ability by the F
1

and F2 fish to

break down or otherwise eliminate dieldrin, this ability helping

them maintain lower body levels of dieldrin,

7. Growth rates seemed to be slightly enhanced at 0. 05ppb and 0. 2ppb

HEOD and were generally reduced at 1ppb and 2. 5ppb.

8. Control females were often observed pursuing their young; similar

predatory behavior by treatment females was never observed.

This may have been due to the fact that treatment young were more

difficult to catch than control young, with the result that treatment
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females quit trying to catch them, or that the behavior of the adult

females was directly altered by the dieldrin,

9. Intrinsic rate of increase proved to be a useful test statistic in

evaluating the effects of dieldrin on the guppy. The concept helped

in the experimental design, and provided a basis for quantitatively

evaluating changes in guppy reproduction and maturation resulting

from exposure to different dieldrin levels.
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APPENDIX I

Fortran IV Program for determining intrinsic rate of increase given

age-specific fecundity, and probability of survival. See sample input

card on page 69 and sample of program print-out on page 70.

PROGRAM FISH
INTEGER TIME
DIMENSION TIME (50)
DIMENSION FEMOFF (50)
DIMENSION PROB (50)
INTEGER DAY
INTEGER WEEK (50)
INTEGER BROOD
REAL INCR
INTEGER EOFCR
INTEGER CR
INTEGER LP
INTEGER TRUE

TRUE = 1
CR = 6
LP= 61

READ (CR, 100) ID, DAY, RPROB, XM, BROOD
IF (E0F(CR1 ) CALL EXIT

85 LID = ID
I = 0
GO TO 125

50 IF ( I LE 50) GO TO 90
WRITE (LP, 65)

65 FORMAT ( TOO MANY BROOD CARDS FOR X A3)
GO TO 170

90 READ (CR, 100) ID, DAY, RPROB, XM, BROOD
100 FORMAT ( A3, 2X 13, 2X F5. 3, X F5. 2, 2X 12)

IF ( . NOT. EOF(CR) ) GO TO 115
EOFCR = TRUE
GO TO 185

115 IF (ID . NE. LID) GO TO 185
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125 CONTINUE
I = I + 1
PROB(I) = RPROB
TIME(I) = DAY
WEEK(I) = BROOD
FEMOFF(I) = XM
GO TO 50

170 LID = ID
175 READ (CR, 100) ID, DAY, RPROB, XM, BROOD

IF (EOF(CR) ) CALL EXIT
IF (ID. EQ LID) GO TO 175
GO TO 85

C START CALCULATIONS FOR CONVERGENCE

185 INCR = -. 01
PTEMP = -1. 0
R = 0. 0

190 R = R + INCR
SUM = 0. 0
DO 200 K = 1, I

200 SUM = SUM + PROB(K) * FEMOFF(K) EXP(R*TIME(K)
TEMP = 1. 0 - SUM
IF (ABS(TEMP) LT. . 000001) GO TO 400
IF (SIGN(1, 0, TEMP) . EQ. SIGN(1. 0, PTEMP) ) GO TO 190
INCR = -INCR/2. 0
PTEMP = TEMP
GO TO 190

400 WRITE (LP, 410) LID, R
410 FORMAT i0i 10X A3, 3X, F10. 7/)

DO 450 K=1, I
TEMP = PROB(K) =r FEMOFF(K) * EXP(R * TIME(K) )
WRITE (LP, 425) TEMP, WEEK(K)

425 FORMAT (15X, F10. 7, 5X 13)
450 CONTINUE

WRITE (LP, 425) SUM
IF (EOFCR) CALL EXIT
GO TO 85
END



Identification code

x , age in days

1
x

, probability of survival to age x

m
x

number of female offspring produced

Interval number or brood number

K13 084 0.959 25.00 11

Sample imput card for calculating intrinsic rate of increase using FORTRAN IV Computer Program.
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Sample of print-out from program for calculating intrinsic rate or

increase, rm .

C01
identification code

-O. 0395665
.0/111.

-rm
0022753 25

.0006412 24
0017217 23

.0164872 22

. 0121779 21

.0336568 19

m e
-r xm <

.0698426

.0758467
18
16

interval numbers

x x .1635664 15
.1565051 13
.1282490 12
.0760025 11

.2109760 10

N.-L.0520512
. 9 9 9 9 9 9 6

9 -r xmEl m ex x



APPENDIX II

Survival rates of guppies from birth to age 170 days calculated over ten-day intervals. The fractions shown for each brood represent the ratio of fish surviving to fish born.
In the case of some broods, the survival rate study was not continued through day 170. I assumed that the survival of these broods was similar to that of broods whose records
were still being kept. Fractions adjusted in this manner, rather than based on actual measurements, are shown in parenthesis. The values of average 1

x
shown in the final

row, were used in calculating r values in all three experiments for fish in all treatment levels and controls.
m

Treatment
(ppb HEOD)
and brood

parents

Days

50-60 61-70 71-80 81-90 91-100 101-110 111-120 121-130 131-140 141-150 151-160 161-170

Control F2 73/73 73/73 73/73 73/73 73/73 73/73 71/73 71/73 71/73 71/73 71/73 71/73
Control F 112/115 112/115 112/115 112/115 112/115 112/115 112/115 (111/115) (111/115) (111/115) (111/115) (111/115)
Control F2

2
24/26 24/26 24/26 24/26 24/26 24/26 24/26 23/26 23/26 23/26 23/26 23/26

Control F2 22/25 21/25 21/25 21/25 21/25 21/25 21/25 21/25 21/25 21/25 21/25 21/25
Control F 31/31 31/31 31/31 31/31 31/31 31/31 31/31 31/31 31/31 31/31 31/31 31/31

2
57 262/270 261/270 261/270 261/270 261/270 261/270 259/270 257/270 257/270 257/270 257/270 257/270

Ix
0. 970 0. 967 0. 967 0. 967 0. 967 0. 967 0. 959 0. 959 0. 959 0. 959 0. 959 0. 959

0. 2ppb F2 24/24 24/24 24/24 24/24 24/24 24/24 24/24 24/24 24/24 24/24 24/24 24/24
0. 2ppb F2 11/11 11/11 11/11 11/11 11/11 11/11 11/11 11/11 11/11 11/11 (11/11) (11/11)
0. 2ppb F2 24/26 24/26 24/26 24/26 24/26 24/26 24/26 24/26 24/26 (24/26) (24/26) (24/26)

E 59/61 59/61 59/61 59/61 59/61 59/61 59/61 59/61 59/61 59/61 59/61 59/61
1
x

0.967 0.967 0.967 0.967 0.967 0.967 0.967 0.967 0.967 0.967 0.967 0.967

1ppb F2 22/22 22/22 22/22 22/22 22/22 22/22 22/22 22/22 22/22 22/22 22/22 22/22
1ppb F2 21/23 21/23 21/23 21/23 21/23 21/23 21/23 20/23 20/23 20/23 20/23 (20/23)
1ppb F2 19/22 19/22 19/22 19/22 19/22 19/22 19/22 19/22 19/22 19/22 19/22 (19/22)
1ppb C 53/55 53/55 53/55 53/55 53/55 53/55 53/55 52/53 52/53 52/53 (52/53) (52/53)

E 115/122 115/122 115/122 115/122 115/122 115/122 115/122 114/122 113/122 113/122 113/122 113/122
1
x

0. 943 0. 943 0.943 0. 943 0.943 0. 943 0. 934 0. 926 0. 926 0.926 0. 926 0. 926

2. 5ppb Fi. 8/8 8/8 8/8 8/8 8/8 8/8 8/8 8/8 8/8 8/8 8/8 8/8
2. 5ppb Fi 11/12 11/12 11/12 11/12 11/12 11/12 11/12 11/12 11/12 11/12 11/12 11/12
2. 5ppb F1 25/28 25/28 25/28 25/28 24/28 24/28 24/28 24/28 (24/28) (24/28) (24/28) (24/28)
2. 5ppb C 40/40 40/40 40/40 40/40 40/40 39/40 39/40 39/40 39/40 39/40 (39/40) (39/40)

51; 84/88 84/88 84/88 84/88 83/88 82/88 82/88 82/88 82/88 82/88 82/88 82/88
1 0. 955 0. 955 0. 955 0.955 0. 943 0. 932 0. 932 0. 932 0. 932 0. 932 0. 932 0. 932

total for all
treatments
and control

avetLaja 1

x

520/541

0. 961

519/541

0. 959

519/541

0. 959

519/541

0. 959

518/541

0. 957

517/541

0. 956

516/541

0. 954

513/541

0. 948

513/541

0. 948

513/541

0. 948

513/541

0. 948

513/541

0. 948
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APPENDIX III

The age-specific fecundity (number of female offspring per eight-

day interval) of individual pairs of guppies at four dieldrin levels (ppb

HEOD) and control for three experiments. In the following tables, x

represents the mid-point of eight-day intervals, Ix the probability of

survival to age x, mx mean age-specific fecundity per surviving

female, and r the intrinsic rate of increase for a given treatmentm

or control group based on their mean age-specific fecundity. The first

number at the bottom of each column is the total number of female

offspring produced by a given pair. The second number is the r

value based on the age-specific fecundity of the individual pair.
m



Table 1. Control parent generation, Experiment I.

Pair Number C3 C5 C7 C9 C11 C13 C15 C17 C21 C23

1
x Wix

68 0.959 8.0 8.0 0.80
76 0.959 9.5 18.0 6.5 1.0 9.5 44.5 4.4S
84 0..959 22.0 22.0 2.20
92 0.958 8.5 28.0 4.5 10.0 51.0 5.10

100 0.957 21.0 28.5 19.5 1.0 15.5 85.5 8.55
108 0. 956 0.0 0.00
116 0.953 23.5 37.5 38.5 28.0 41.5 169.0 16.90
124 0.949 22.0 39.0 17.0 5.0 25.0 108.0 10.80
132 0. 948 0.0 0.0
140 0.948 29.5 45.0 48.0 29.0 36.0 187.5 18.75
148 0. 948 25.5 24.5 12.5 32.0 29. S 124.0 12. 40
156 0. 948 0.0 0, 0
164 0.948 4.0 45.5 35.0 84.5 8.45
172 0. 948 52.5 31.5 12.0 30.0 31.0 157.0 15. 70
180 0.948 25.5 25.5 2.55
188 0.948 11.5 11.5 1.15
196 0. 948 44.5 11.5 56.0 5. 60

E 100.5 79.0 181.0 175.0 141.5 67.5 50.5 108.0 117.5 110.5 1131.0

0.0403 0.0406 0.0381 0.0459 0.0506 0.0377 0.0270 0.0346 0.0378 0.0398 7 0.0396



Table 2. 0. OS ppb parent generation, Experiment I.

Pair Number IS L7 L9 L11 Li 3 L15 L17 L19 L21 L23

1
x x

76 0.959 12.0 10.5 8.5 31.0 3.10
84 0.959 23.0 23.0 2.30
92 0.958 2.5 22.0 12.5 1.0 18.0 24.0 12.5 93.0 9.30

100 0.957 28.0 17.0 45.0 4.50
108 0.956 39.5 39.0 78.5 7.85
116 0.953 30.0 28.5 24.5 45.0 29.5 26.0 183.5 18.35
124 0.949 32.0 24.5 56.5 5.65
132 0.948 39.5 39.5 3.95
140 0.948 49..0 6.5 23.0 17.S 96.0 9.60
148 0.948 33.0 44.0 20.5 43.0 34.0 174.5 17.45
156 0.948 0.0 0.0
164 0.948 46.5 26.5 25.0 98.0 9.80
172 0.948 1.0 42.5 39.5 15.0 98.0 9.80
180 0.948 23.0 28.0 25.5 76.5 7.65
188 0.948 0.0 0.0
196 0. 948 36.0 30.0 66.0 6. 60

T., 184.5 91.5 128.0 138.5 89.5 58.5 145.5 131.5 111.5 79.5 1159.0

r 0.0442 0.0372 0.0431 0.0396 0.0359 0.0304 0.0400 0.0398 0.0405 0.0401 -r" 0.0396



Table 3. 0. 2ppb parent generation, Experiment I.

Pair Number 15 17 19 Ii l 113 115 117 119 121 123

1
x S TIT

x

44 0.959 1.0 1.0 0.10
52 0.959 0.0 0.0
60 0.959 0.0 0.0
68 0.959 3.0 9.5 12.5 1.25
76 0.959 13.0 9.0 22.0 2.20
84 0.959 19.0 21.0 40.0 4.00
92 0.958 26.0 20.5 12.5 4.5 23.5 32.0 119.0 11.90

100 0.957 31.5 31.5 3.15
108 0.956 19.0 29.5 28.5 34.0 6.0 117.0 11.70
116 0.953 42.0 34.0 30.5 40.5 147.0 14.70
124 0.949 38.5 38.5 3.85
132 0.948 28.0 34.5 31.0 30.5 124.0 12.40
140 0.948 39.5 11.5 51.5 6.5 51.5 160.5 16.05
148 0.948 0.0 0.0
156 0.948 36.0 36.5 72.5 7.25
164 0.948 20.0 36.0 33.0 7.0 21.0 117.0 11.70
172 0.948 1.5 8.5 13.5 23.5 2.35
180 0.948 46.0 46.0 4.60
188 0.948 30.5 30.5 3.0S
196 0.948 20.5 37.5 58.0 5.80

72, 165.0 107.5 129.0 156.5 156.0 52.5 67.5 111.0 69.0 146.5 1160.5

rm 0.0442 0.0421 0.0434 0.0457 0.0429 0.0286 0.0371 0.0362 0.0387 0.0457 17
m

0.0413



Table 4. 1 ppb parent generation. Experiment I.

Pair Number H1 H3 H5 H7 H13 H15 H17 H19 H21 H23

x r
x

68 0.959 7.5 9.5 9.0 26.0 2.60
76 0.959 0.0 0.0
84 0.959 26.0 15.5 8.0 49.5 4.95
92 0.958 13.0 22.0 25.0 7.0 67.0 6.70

100 O. 957 0.0 0.0
108 0.956 36.0 23.0 41.0 9.0 109.0 10.90
116 0.953 28.5 33.5 62.0 6.20
124 0.949 21.0 21.0 2.33
132 0.948 42.0 17.0 19.0 53.0 131.0 14.56
140 0.948 25.5 25.5 2.83
148 0. 948 24. 5 1.5 26.0 2.89
156 0.948 33.0 8.0 44.0 85.0 9.50
164 0.948 3.5 22.0 25.5 2.83
172 0.948 38.5 25.5 64.0 7.11
180 0. 948 1.0 1.0 O. 11
188 0.948 35.0 35.0 3.87
196 0.948 27.0 27.0 3.00

73 69.5 106.5 100.5 59.0 91.0 17.0 0 64.0 115.0 132.0 754.5

rm 0. 0469 0.0416 0.0312 0. 0389 0. 0414 0.0375 0 0. 0442 0. 0357 0.0327 T 0.0371



Table S. Control F
1

Experiment II.

Pair Number C3 C5 C7 C9 C11 C13 C15 C17 C21 C23

1x

60 0. 959 9.5 8. 0 17.5 1.75
68 0.959 4.0 8.0 5.5 17.5 1.75
76 0.959 1.5 0.5 2.0 0.20
84 0.959 15.0 12.5 27.5 2.75
92 0.958 8.0 21.5 29.5 2.95

100 0. 957 0.0 0.0
108 0.956 0.0 0.0
116 0.953 14.0 38.5 52.5 5.25
124 0.949 15.5 15.5 1.55
132 0.948 8.5 8.5 0.85
140 0.948 abort 5.5 23.0 28.5 2.85
148 0. 948 22.0 1.0 abort 4.0 27.0 2.70
156 0.948 0.0 0.0
164 0.948 0.0 0.0
172 0.948 0.0 0.0

E 0 34.5 37.5 13.0 1.5 91.0 5.5 34.5 8.0 0.5 226.0

rm 0 0.0353 0.0262 0.0299 0.0048 0.0442 0.0244 0.0437 0.0340 0.0097 7 0.0320
m



Table 6. 0. 2ppb F1 , Experiment II.

Pair Number 107 109 I11 113 I15 117 119 121 123

1
x x

60 0.959 7.5 4.5 12.0 1.33
68 0.959 12.0 7.0 7.0 15.0 9.0 12.0 62.0 6.88
76 0. 959 14.5 14.5 1.61
84 0. 959 27.0 27.0 3.00
92 0.958 9.5 15.0 abort abort 24.5 2.72

100 0.957 19.5 19.5 2.17
108 0.956 0.0 0.0
116 0.953 5.S 5.5 0.61
124 0.949 23.5 23.5 2.61
132 0.948 0.0 0.0
140 0.948 10.5 abort 10.5 1.16

25.5 12.0 22.0 7.5 7.0 42.0 9.0 62.0 12.0 199.0

r 0.0288 0.0359 0.0372 0.0329 0.0280 0.0481 0.0317 0.0454 0.0359 T 0.0379m m



Table 7. 1ppb F
1

Experiment II.

Pair Number H01 H03 H05 H07 H13 H15 H17 H19 H21 H23

1
x Tfi

x

60 0.959 7.5 8.5 16.0 1.60
68 0.959 10.0 6.5 2.0 4.5 5.5 28.5 2.85
76 0.959 1.5 5.5 15.5 1.5 24.0 2.40
84 0.959 24.0 24.5 20.5 69.0 6.90
92 0.958 21.0 17.5 38.5 3.85

100 0.957 11.5 8.0 19.0 12.5 51.0 5.10
108 0.956 27.0 33.5 60.5 6. OS
116 0.953 8.5 1.5 24.5 25.0 59.5 5. 95
124 0.949 4.5 29.0 21.0 54.5 5.45
132 0. 948 29.5 34.0 29.0 92.5 9. 25
140 0.948 33.0 1.0 19.0 30.5 83.5 8.35
148 0.948 7.0 7.0 0.70

72.5 13.0 26.5 45.5 88.0 96.5 25.0 72.0 80.0 65.5 584.5

rm 0. 0434 0.0262 0.0380 0.0319 0.0481 0.0458 0.0310 0.0488 0.0438 0. 0344 T 0.0409
m



Table 8. 2. 5ppb F1 at O. 05ppb, Experiment II.

Pair Number E05 E07 E09 Eli E13 E15 E17 E19 E21 E23

x Tax

68 0.959 10.5 1.0 11.5 1.15
76 0.959 3.0 3.0 0.30
84 0.959 3.5 3.5 0.35
92 0.958 4.0 16.5 8.0 28.5 2.85

100 0.957 abort 0.0 0.0
108 0.956 11.0 11.0 1.10
116 0.953 33.0 19.5 52.5 5.25
124 0.949 abort abort 0.0 0.0
132 0.948 16.0 16.0 1.60
140 0.948 10.5 17.5 28.0 2.80
148 0.948 0.0 0.0
156 0.948 19. S 19.5 1.95

Z 0 3.5 54.0 0 0 4.0 56. S 55.5 0 0 173.5

rm 0 0.0144 0.0400 0 0 0.0146 0.0374 0.0336 0 0 Tm 0.0257



Table 9. Control F2 , Experiment III.

Pair Number C05 C06 C07 C08 C09 C10 C11 C12 C13 C14

1
x

52 0.959
60 0.959 13.0 11.0 11.5 5.5 8.5 7.0 2.5 3.0
68 0.9S 9 4.0
76 0.959 19.0 16.5
84 0.959 13.0 15.0 15.0 4.0 21.0
92 0. 958 21.5

100 0.957 abort 1.5 15.5
108 0.956 abort 22.0 23.5
116 0.953 24.5 18.0 abort
124 0. 949 6.0
132 0.948 8.0 13.0 24.0 25.0
140 0.948 16.0
148 0.948 3.5
156 0.948 6.0 2.0 13.0 32.0 29.5
164 0.948 16.5
172 0.948 17.0
180 0. 948 10.0 17.5 19.0 41.0
188 0.948 abort 21.0 26.0
196 0.948 12.5 3.5
204 0.948 abort 23.5 42.0
212 0.948 11.0 13.0 23.5 29.0
220 0.948

E 50.5 11.0 83.5 66.0 55.0 68.5 115.5 155.0 10.0 185.0

rm 0.0469 0.0383 0.0496 0.0404 0.0435 0.0308 0.0452 0.0454 0.0254 0.0442

continued on next page



Table 9 continued

Pair Number C15 C16 C17 C18 C19 C20 C21 C22 C23 C24

1 53
x

52 0.959 7.5 10.0 0.5 18.0 0.90
60 0.959 12. S abort 5.0 10.0 5.5 95.0 4.75
68 0.95 9 19.5 18.0 41.5 2.08
76 0.959 8.5 6.5 20.0 14.0 84.5 4.25
84 0.959 13.5 14.0 abort 18.0 113.5 5.68
92 0.958 23.0 44.5 2.23

100 0.957 16.0 12.0 45.0 2.25
108 0.956 27.5 4.5 12.0 18.0 107.5 5.38
116 0. 953 20.5 16.5 79.5 3.98
124 0.949 abort 21.5 18.5 46.0 2.30
132 0.948 38.0 14.5 26.5 21.0 7.5 177.5 8.88
140 0.948 38.5 54.5 2.73
148 0.948 12.0 15.5 0.78
156 0.948 41.5 28.5 27.0 15.0 194.5 9.73
164 0.948 15.5 42.0 1.0 75.0 3.75
172 0.948 abort abort 17.0 0.85
180 0.948 39.0 21.5 148.0 7.40
188 0.948 17.5 12.5 27.5 17.5 abort 122.0 6.10
196 0.948 16.5 29.0 61.5 3.08
204 0.948 37.0 abort 102.5 5.13
212 0.948 33.0 24.0 10.5 20.5 164.5 8.23
220 0.948 31.5 31.5 1.58

E 196.S 21.0 66.0 50.0 142.5 197.5 139.0 87.5 77.0 62.0 1839.0

r 0.0409 0.0461 0.0351 0.0258 0.0530 0.0571 0.0435 0.0379 0.0499 0.0450 T 0.0456



Table 10. 0. 2ppb F2 Experiment III.

Pair Number 104 109 I10 112 113 116 118 119 121 124

1x
x

60 0. 959 2.0 7.5 9.5 0. 95
68 0.959 3.5 12.0 0.5 8.0 24.0 2.40
76 0.959 24.0 21.5 45.5 4.55
84 0.959 6.0 16.S 7.0 25.0 54.5 5.45
92 0.958 9.0 9.0 0.90

100 0.957 2.0 14.5 25.0 41.5 4.15
108 0.956 28.0 18.5 30.5 0.5 77.5 7.75
116 O. 953 0.5 0.5 0.05
124 0.949 44.0 2.0 29.5 23.5 99.0 9. 90
132 0.948 25.5 20.5 13.5 59.5 5.95
140 0.948 6.5 6.5 0.65
148 0.948 2.0 36.5 38.5 3,85
156 0.948 30.5 45.0 3.5 29.0 0.5 123.5 12.35
164 0.948 5.5 15.5 21.0 2.10
172 0.948 1.5 49.5 51.0 5.10
180 0.948 48.5 4.0 52.5 5.25
188 0.948 34.5 5.5 7.5 47.5 4.75
196 0.948 5.0 5.0 0.50
204 0.948 9.0 1.0 3.0 47.0 20.5 80.5 8.05
212 0.948 5.0 5.0 0.50

72 25.5 135.0 152.0 0 116.0 15.0 86.5 179.5 13.5 113.5 836.5

rm 0.0293 0.0410 0.0391 0 0.0495 0.0186 0.0446 0.0407 0.0135 0.0504 0.0396



Table 11. 0. 2ppb C. Experiment III

Pair Number 103 107 108 I11 114 115 117 120 122 123

1 mx

60 0.959 8.0 3.0 11.0 13.0 35.0 3.50
68 0.959 7.5 8.0 5.5 9.0 6.5 36.5 3.6S
76 0.959 3.5 3.5 0.35
84 0.959 14.0 8.5 9.0 26.0 10.0 19.0 86.5 8.65
92 0.958 11.0 21.0 18.5 50.5 5.05

100 0.957 0.0 0.0
108 0.956 23.5 14.5 11.0 9.0 28.0 86.0 8.60
116 0.953 14.5 13.0 23.5 51. 0 5.10
124 0.949 18.0 19.0 37.0 3.70
132 0.948 35.5 0.5 13.0 15.0 37.5 101.5 10.15
140 0. 948 14.0 14.0 1.40
148 0.948 19.0 22.0 19.0 37.0 23.5 120.5 12.05
156 0.948 38.5 16.5 55.0 5.50
164 0.948 2.5 20.5 23.0 2.30
172 0.948 28.0 18.5 21.0 36.0 21.5 125.0 12.50
180 0.948 39.5 23.0 21.0 83.5 8.35
188 0.948 3.0 21.0 24.0 2.40
196 0.948 28.5 24.5 24.5 77.5 7.75
204 0.948 17.5 26.5 37.0 S.5 7.0 93.5 9.35

159.0 97.5 115.5 9.5 115.5 122.0 86.5 102.5 195.0 100.5 1103.5

rm 0.0465 0.0395 0.0392 0.0192 0.0407 0.0493 0.0394 0.0428 0.0512 0.0416 7 = 0.0428



Table 12. 1 ppb F2 , Experiment III

Pair Number H06 H09 F111 H13 H14 H15 H16 H2O H22 H24

x 72, m
x

52 0.959 9.0 1.0 9.0 19.0 1.90
60 0. 959 8.0 0.5 11.0 9.5 29.5 2.95
68 0.959 7.0 17.5 24.5 2.45
76 0.959 12.5 15.0 20.0 15.0 22.5 99.0 9.90
84 0.959 0.0 0.0
92 0.958 10.0 12.0 22.0 2.20

100 0.957 18.0 15.5 18.0 10.5 15.0 abort 77.0 7.70
108 0.956 22.5 22.5 2.25
116 0.953 abort 12.5 2.0 14.5 1.45
124 0.949 20.0 14.5 17.0 20.0 abort 71.5 7.15
132 0.948 2.5 15.0 17.5 1.75
140 0.948 19.0 19.0 1.90
148 0.948 28.0 18.0 3.0 abort 27.5 10.5 87.0 8.70
156 0.948 15.0 15.0 1.50
164 0.948 abort 0.0 0.0
172 0.948 33.5 3.5 7.5 44.5 4.45
180 0. 948 abort 0.0 0.0
188 0. 948 3.0 abort 3.0 0.30
196 0.948 24.0 abort 7.5 31.5 3.15

E 91.0 2.5 69.5 53.5 41.5 144.5 0 52.0 75.0 67.0 596.5

r 0.0479 0.0065 0.0507 0. 0418 0.0503 0.0491 0 0.0409 0.0441 0. 0546 T 0.0446m



Table 13. 1 ppb C Experiment III.

Pair Number H05 H07 H08 H10 H12 H17 H18 H19 H21 H23
1

x x

52 0.959 1.0 1.0 0.10
60 0.959 2.0 11.0 6.0 4.5 11.5 8.0 9.5 52.5 5.25
68 0.959 0.0 0.0
76 0.959 20.5 22.0 42.5 4.25
84 0.959 0.5 19.5 10.0 8.5 12.5 11.5 62.5 6.25
92 0.958 0.0 0.0

100 0.957 12.0 13.5 25.5 2.55
108 0.956 14.0 14.0 1.40
116 0.953 0.0 0.0
124 0.949 18.0 3.0 10.0 11.5 42.5 4.25
132 0.948 5.5 13.0 13.0 1.30
140 0.948 5.5 0.55
148 0.948 1.5 7.S 9.0 0.90
156 0.948 16.5 3.0 8.0` 9.5 7.5 44.5 4.45
164 0.948 23.0 3.5 23.0 2.30
172 0.948 5.0 3.5 9.0 12.0 1.20
180 0.948 11.5 12.0 9.0 41.5 4.15
188 0.948 13.5 20.0 14.5 48.0 4.80
196 0.948 5.5 3.0 8.5 0.85
204 0.948 9.0 21.0 3.0 12.5 45.5 4.55
212 0.948 23.0 23.0 2.30

72, 14.0 81.5 24.0 79.0 6.5 70.5 19.5 54.0 62.0 103.0 514.0

r 0.0189 0.0443 0.0175 0.0471 0.0100 0.0410 0.0346 0.0458 0.0423 0.0505 Ym:). 0399



Table 14. 2. 5ppb F
1

Experiment III.

Pair Number El 0 Ell E12 E15 E16 E18 E19 E20 E21 E24

1
x 3i1

x

60 0.959 6.0 4.0 10.0 1.00
68 0.959 9.5 abort 9.5 0.95
76 0.959 18.5 18.5 1.85
84 0.959 24.5 2.0 26.5 2.65
92 0.958 8.0 abort 8.0 0.80

100 0. 95 7 2.5 14.5 17.0 1.70
108 0. 95 6 abort abort 0.0 0.0
116 O. 953 0.0 0.0
124 0.949 abort 1.5 1 7. 5 19.0 1.90
132 0.948 abort abort 0.0 0.0
140 0.948 10.0 11.0 abort 21.0 2.10
148 0.948 24.0 24.0 2.40
156 0.948 13.0 abort abort 3.5 16.5 1.65
164 0.948 abort 15.0 15.0 1.50
172 0.948 abort abort abort 0.0 0.0
180 0.948 abort 27.0 13.0 24. 5 64.5 6.45
188 0.948 abort 0.5 abort 0.5 0.05
196 0.948 abort 0.0 0.0
204 0. 948 v died 19.0 abort 1.5 7.0 32.0 59.5 6.74
212 0.948 abort 0.0 0.0
220 0.948 4.0 4.0 0.67

17.5 27.0 42.0 26.5 0 4.0 0 28.5 33.0 135.0 313.5

rm 0.0369 0.0382 0.0222 0.0211 0 0.006 0 0.0182 0.0330 0.0461 Trn=0. 0295



Table 15. 2. Sppb C. Experiment III.

Pair Number E01 E02 E03 E04 E09 E13 E14 E17 E22 E23

1
x

mx

60 0.959 abort died 3.5 3.5 0.35
68 0. 959 ? died abort 0.0 0.0
76 0.959 0.0 0.0
84 0.959 15.5 15.5 1.94
92 0.958 0.5 21.5 22.0 2.75

100 0.957 abort abort 15.0 15.0 1.88
108 0.956 12.0 5.0 17.0 2.13
116 0.953 20.0 20.0 2.50
124 0.949 1.5 5.0 30.5 37.0 4.63
132 0.948 26.0 5.5 31.5 3.94
140 0.948 17.0 54.0 71.0 8.88
148 0.948 3.0 9.5 13.5 26.0 3.25
156 0.948 4.5 12.5 13.0 30.0 3.75
164 0.948 43.0 43.0 5.38
172 0.948 28.0 28.0 3.50
180 0.948 abort 2.5 0.5 9.0 12.0 1.50
188 0.948 60.0 60.0 7.50
196 0.948 16.5 4.0 20.5 2.56
204 0.948 abort 10.5 10.5 1.31

Z 0 7.5 61.5 9.5 30.0 96.0 202.5 S5.5 462.5

rm 0 0.0135 -- 0.0369 0.0160 0.0229 -- 0.0318 0.0376 0.0393 T =0. 0307
m


