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ABSTRACT

COONEY, John D., Carl W. GEHRS, and Dewey L. BUNTING, II. 1978.
The effects of varying food and density on reproduction in
Diaptomus clavipes Schacht. ORNL/TM-6330. 0Oak Ridge
National Laboratory, Oak Ridge, Tennessee. 132 pp.

Experiments were conducted to determine the effects of varying food
and density on the egg production of the ca]anqid copepod, Diaptomus
clavipes Schacht. These experiments were performed at both the popula-
tion and organismic level. An attempt was also made to evaluate the
feasibility of using a flow-through system to study the effects of vari-
ous environmental factors on egg production in copepods.

It was found that food supply was .an important factor determining
rate of clutch production, number of eggs per clutch, and size of indi-
vidual eggs. As food supply decreased, both the rate of clutch produc-
tion and the number of eggs per clutch decreasad, but the size of
individual eggs increased. During periods of extreme food shortage, not
only did egg production cease, but also the production of spermatophores
by males. When starved females were placed under optimum feeding condi-
tions, they produced eggs within a few days and were producing maximally
within two weeks.

Egg production'in the flow-through system was reduced, due pri-
marily to food shortage. The trout chow solution which was used as
food was inadequate because %t was not directly utilized by the cope-

pods.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW

The animal components of fresh waters constitute an extremely
diverse assemblage of species. The majority of these are planktonic
metazoans belonging to either the Rotifera .or the Crustacea, represented
mainly by the Cladocera in the subclass Branchiopoda and the Copepoda in
the subclass Maxillopoda (Hutchinson 1967). The zooplankton play an
important role in lake and pond ecosystems by occupying a position as an
intermediate link in grazing food chains. Evaluation of their func-
tional roles within aquatic systems requires analysis of their growth
and reproduction in response to changing environmental parameters.

The effects of environmental factors on the population dynamics of
zo&p]ahkton present complex problems which are inadequately understood
due primarily to lack of knowledge concerning their general biology,
environmental requirements, and interrelations within the ecosystem
(Hazelwood and Parker 1961, Armitagé et al., 1973). Past studies have
evaluated several of these factors in an attempt to determine the more
important factors affecting zooplankton populations. Temperature has
been shown to afféct longevity, growth, metabolism, and reproduction in
aquatic poikilotherms. The degree to which these biological processes
are affected is. dependent upon several factors, including range of
temperatures to which an organism is exposed, exposure time, develop-
mental stage in an organism's life history, and interaction of tempera-
ture with other environmental parameters which have profound effects on

biological processes (Bunting 1974). Edmondson (1964, 1965) using the



finite birth rate (B) to determine the reproductive rates of three spe-

cies of rotifer, Keratella cochlearis, Kellicottia longispina, and

Polyarthra vulgaris, collected over a four-year period in the English

Lake District, found that the reproductive rates were strongly related
to temperature and varied with the type of food depending on its impor-
tance to each species. Chlorella sp. gave a negative correlation due
presumably to its reputed antibiotic properties. Edmondson et al.
(1962) estimated the reproductive rates of the calanoid copepods,

Diaptomus ashlandi, D. hesperus, and D. sicilis in three lakes of vary-

ing 1imnological complexity in Washington and found that the rate at
which mature females lay eggs in nature was strongly related to the
abundance of phytoplankton, in that increases in phytoplankton density
tended to be accompanied by, or followed by, increases in rate of pro-
duction. Comita and Anderson (1959) studying a monocyclic population of

Diaptomus ashlandi in Lake Washington found that the number of eggs per

clutch was positively correlated with the chlorophyll data for the
epilimnion when the chlorophyll data were compared with the number of
eggs per clutch from the previous sampling date.

Gehrs (1972) analyzed reproduction in a natural population of

Diaptomus clavipes in Oklahoma by determining the specific birth rates

for adults in various seasons. He found that the birth rate increased
to its peak in early spring and then steadily declined for the remainder
of the year. Analysis of the three main factors which could affect the
specific birth rate (male to female ratio, proportion of ovigerous
females, and mean number of eggs per clutch) revealed that the mean

number of eggs per clutch was the most important. He found a highly



significant positive correlation between the mean number of eggs per
clutch and the chlorophyll data for early spring while a similar analy-
sis for the remainder of the year revealed a significant inverse corre-
lation; however, the quality of the food changed through the yea} with
filamentous and colonial algae predominating in the spring which may be
of no food value to diaptomids, so these correlations do not imply caus-
ation. Gehrs also found an inverse relationship between density during
Adeve]opment and mean number of eggs per clutch and concluded that
density may be the regulating factor in controlling clutch size, and
hence reproduction, as long as the temperature was within the range nec-
essary for reproduction in this population. |
Ravera (1955) found that the reproductive rate in four species of
pelagic copepods in Lake Maggiore increased with numerical depressions
oflthe population. Wright (1965) found that the largest mean number of
eggs per brood was found during periods of low density in populations of _

Daphnia schodleri from Canyon Ferry Reservoir in Montana. Whitehouse

and Lewis (1973), however, found that in laboratory populations of

Cyclops abyssorum, although female size decreased with increasing

density, clutch size, total number of clutches, and total egg production
per female increased with increasing density. Frank et al. (1957) found

in a laboratory study of Daphnia pulex that as density increased, survi-

vorship increased, birth rate decreased, and growth was lowered. They
also found that the same maximum population size was achieved but at
different rates; only at the highest density levels was stunting abso-

lute. They concluded that density may have certain significant



consequences before some Timiting factor, Tike food, was totally
exploited.

In a study to analyze the development of Daphnia magna populations

under controlled conditions, Pratt (1943) found that mean population
size at 18°C was about two and one-half times as great as at 25°C. He
stated that this was consistent with the common experience that popula-
tions reach greater densities in cold regions than in warm regions.
This referred to the equilibrium population rather than productivity in
terms of turnover rates. He also showed that isolated females had a
higher reproductive rate than crowded females and at low densities the
reproductive rate was higher at 25°C than it was at 18°C; at high den-
sity conditions, the reverse was true.

In a detailed case study, Slobodkin (1954) reported that popula-

‘tions of Daphnia obtusa were larger at 15°C than at 20°C. He felt that

this might be due to a greater expenditure of energy at 20°C since both
temperatures received a constant supply of food. He also found that
population size was linearly related to food supply and demonstrated the
absence of a direct density effect. He concluded that there was no
significant interaction between Daphnia in the population except in
their competition for food. He also interpreted Pratt's (1943) results
in terms of competition for food. At low densities, the limit to the
reproductive capacity was in part dependent upon the amount of food
which the animal could consume and was not particularly dependent upon
the amount of food available, thus an animal with a high filtering rate
would show a higher reproductive rate than an animal with a low filter-

ing rate. This difference in filtering rate could be induced by a



temperature difference. As the density of the animals increased, the
amount of food became more and more a limiting factor.

Egg size has also been observed to vary in response to changing
enyironmenta] factors. Wesenberg-Lund (1904, cited in Hutchinson 1951)
found that in three copepods which he studied not only did clutch size
decrease but egg size increased as the seasons progressed from spring to

summer. This relationship was also found in Eudiaptomus gracilis and E.

graciloides in several Polish lakes studied by Czeczuga (1959, 1960).

Comita (1964) studying the energy budget of Diaptomus siciloides found

that the energy involved in egg production fluctuated very little over
the year. The number of‘eggs per clutch varied from 2 to 19 during the
year; however, the size of individual eggs also varied during this
period being larger in smaller clutches thus accounting for the sma11
flﬁctuations in total volume. Agar (1914) showed in a monoclonal

population of Simocephalus exspinosus that when the size of the parent

was constant, the size of the eggs, as estimated by the size of the
developing young, varied inversely to their number. These measurements
were made on females in the first adult instar and the young liberated

by them. Slobodkin (1954) noticed that starved Daphnia obtusa produced

larger eggs than well-fed ones. Green (1956, 1964) found that lake
dwelling species of Daphnia produced fewer but larger eggs than pond
dwelling species of the same size. He believed that this tendency to
produce large eggs may have evolved in association with the lower avail-
ability of food in lakes compared with ponds. In Lake Seven, Pyatakov
(1956, cited in Green 1966) noted that when food was scarce, the number

of eggs produced by Daphnia fell to very low levels, but each egg was



large. The largest eggs were produced when a single egg was laid in
each brood and the ovaries functioned alternately. ~Agar (1913) found
that nutrition was not the only factor affecting egg size. He found

that by raising the temperature, the size of the young of Simocephalus

vetulus was reduced.

Many investigators have suggested that the number of eggs produced
per clutch by zooplankton is a function of the size of the adult female
which could be affected by various environmental factors. Deevey, in a
series of studies in north temperate waters (1960, 1964)‘and in south
temperate waters (1966) found two different patterns of copepod length
cycles. In one, noted in the coastal waters of the northeastern United
States where there was an exceptionally wide range of temperature of up
to 20°C or more, copepod size inversely followed the annual temperature
cycle. In the other, found in the waters of Great Britain, western
Europe, and New Zealand, where the temperature range was narrower, less
than 14°C, the length variations toliowed the annda]. phytoplankton
cycle, but temperature was also important. MclLaren (lY63) pointed out
that temperature and concentration of food were often not independent
variables in nature. He concluded from a réview of the literature that
the concentration of food had little direct effect on the length of
copepods, although it did influence their rate of development which in
turn determined the temperatures that the animals experienced during
growth and thereby affected length indirectly.

Cole (1966) found that calanoid copepods from temporary ponds in
Arizona were larger in size and produced larger clutches of eggs than

the same species in permanent waters. He believed that this could be



attributed to a better nutritional supply in ephemeral waters. Maly

(1973), studying populations of Diaptomus shoshone and D. coloradensis

from two high altitude lakes in Colorado, observed that larger indivi-
duals ‘with ‘larger clutches were found in lakes where the density of
developing individuals was low. Ravera and Tonelli (1956) showed a

positive correlation for Arctodiaptomus bacillifer and Acanthodiaptomus

denticornis between body size, clutch size, and rate of water renewal in
a number of high altitude lakes in the Alps. These authors suggested
that larger females which were potentially capable of carrying a larger
number of eggs, were selectively evolved in response to the need to
counterbalance high mortality caused by loss of individuals in the out-
flowing water by higher egg production. Bayly (1962) found a comparable
relationship but he rejected the idea of genetic selection because of
thé large seasonal variation which he observed in egg numbers between

different popu]atiohs of Boeckella propﬁnqua. Smyly (1968) found that

large adult female Diaptomus gracilis does not always lay the maximum

number of eggs which she is capable of laying since the number of eggs
per clutch change with age and availability of food. Brooks (1946)

reported that in natural populations of Daphnia retrocurva, the small-

est adults produced more eggs than the larger ones when they were
starved.

Although calanoid copepods, especially those from the genus
Diaptomus, comprise a major component of many freshwater communities,
few controlled laboratory studies have been carried out due to diffi-

culties in culturing (Robertson et al., 1974). Diaptomus clavipes

Schacht was chosen for this study since it was the first freshwater



calanoid copepod to be successfully maintained in culture (Robertson et
al., 1974) and a great deal was known about its 1ife history through
both laboratory and field studies (Cole 1966, Siefken and Armitage 1968,
Hardin 1972, Gehrs 1974, Gehrs and Hardin 1974, Gehrs and Robertson
1975).

The objectives of this study were twofold: (1) to determine the
effects of varying food and density on egg production, at both the popu-
lation and organismic Jevel, when temperature remained constant, and (2)
to evaluate the feasibility of using a flow-through system to study the

effects of various environmental factors on egg production in copepods.



CHAPTER II
MATERIALS AND METHODS
General Culture

Original stock cultures of Diaptomus clavipes were gathered in 1973

from a small man-made impoundment in Cleveland County, Oklahoma (See
Gehrs 1972 for description of impoundment). Self-propagating cultures
have since bgen maintained at Oak Ridge National Laboratory in
180-Titer-capacity glass aquaria. During the'present study, new cul-
tures were started in smaller, 38-liter capacity aquaria, and maintained
at 21°C + 1°C in a Percival controlled environment chamber. All animals
used in testing were removed from these aquaria.

The water uéed for culturing and testing was obtained from a spring
located on the Oak Ridge Reservation and pumped direct]j into the labor-
B atory.. Before entering the laboratory, the spring water passed thfough
a small sand filter which removed the large particulate matter. The
quality of the water remained relatively constant throughout the year
(see Table A-i). During this study, the pH ranged from 6.5 to 7.5 while
the‘dissolved oxygen varied from seven to niﬁe parts per million (bpm).
The temperature of the incsming water varied seasonally between 8°C and
18°C. At some times, algae, prjmari1y Scenedesmus sp.,‘passed through
the filter and feproduced, thus providing an unwanted food source for
the animals if stored for any length of time. During heavy rains, the

water became very turbid with sediment. A1l water was filtered through
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250-mesh stainless steel bolting cloth and allowed to equilibrate at the
desired temperature for 24 hours before it was used in testing.

The food material used in culturing and testing was a modification
of a mixture first developed by Biesinger and Christehsen (1972) for

Daphnia magna and used successfully by Robertson et al. (1974) for

Diaptomus clavipes. The food was prepared by mixing 10 grams (g) of

Purina trout chow (see Tables A-2 and A-3) with 250 milliliters (ml1) of
distilled water for five minutes at high speed in a Sears blender. The
entire mixture was strained through 250-mesh stainless steel bolting
cloth. The material retained on the bolting cloth was discarded and the
filtrate served as the feeding solution. This was kept in a stoppered
bottle in the refrigerator at 10°C when not in use so that bacterial
growth and other changes were retarded. If the food solution was not
used within a week, it was discarded and a new supply prepared. This
food has the advantage that it can be made up to the same specificatibns
each time it is produced, thus permitting control of the relative
amounts of food added to difterent cultures by changing the concentra-
tion of trout chow per unit volume of distilled water or by changing the
amount of food solution added to each culture.

In order to obtain large numbers of immature animals, a stock cul-
ture was filtered and early stage copepodids wére removed. These ani-
mals were isolated in 100 ml1 beakers containing 80 ml of spring water.
The beakers were covered with watch glasses to reduce evaporation and
then placed in the same controlled environment chamber where the stock

cultures were kept. The animals were fed daily 1 ml of food solution
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in a concentration of 2.5 g/liter. At the onset of sexual maturity,

copepodid stage six, the animals were used in testing.
Measurement Techniques and Calculations

During some experiments, ‘it was.necessary to measure ovigerous
females and a subsample of the eggs which they produced. A1l measure-
ments were made under a compound microscope with a’V1ckers A. E. T.
image-splitting eyepiece using either a magnification of 40X or 100X.
The eyepiece was calibrated with a stage micrometer. In order to deter-
mine the precision of the instrumént, numerous measurements were made of
a 0.1 millimeter (mm) section of a stage micrometer at the two magnifi-
cations. A1l measurements were within one vernier unit of each other.
At a magnification of 40X, one vernier unit equaled 2.5 x 10'3 ﬁm,
wh%]e at 100X, one vernier unit equaled 8.89 x 10'4 mm.

The length of the metasome excluding the wings was measured on all
ovigerous females at a magnification of 40X. This measurement was
chosen over the total length measurement, since the urosome may bend or
the segments telescope or contract when immobilized,.thus giving vari-
able measurements (Marshall and Orr 1955).

The eggs, after they had been removed from the sac, were covered
with water to prevent desiccation and then measured at a magnification
of 100X. The greatest and least diameters were measured. The depth of
the egg was assumed to be equal to the least diameter. This was veri-
fied by measuring the diameter in various positions on the egg. The

formula used in calculating egg volumes was:
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V= (1/6)k3 mab?
where:
V = egg volume in mm3
k =8.89 x 107 mm/vernier unit
a = greatest diameter in vernier units
b = least diameter in vernier units
m = 3.1416

A subsample of 25 eggs per clutch was originally measured to obtain
a mean egg volume for each clutch. The variation in egg volumes within
a clutch was found to be small, therefore, the size of the subsample was
reduced to 15 eggs. This was determined by calculating a weighted vari-
ance based on 25 clutches where all the eggs had been measured and
inserting this value into a formula used for the determination of sample

size (Snedecor and Cochran 1967) which is as follows:

2.2

22 tno.os
where:
52 = weighted sample varianre
t = t-value at 0.05 level for n-1 degrees of freedom
‘n = sample size
§ = population difference



13

It was found that for a sample size of 15 eggs, the population differ-

3 while increasing the sample size to 25 or 30

eggs reduced this difference by only 2 x 10'5 mm3.

ence was 6 x 10‘5 mm

The total clutch volume was determined by first calculating the
~mean individual egg volume from the subsample and then multiplying this
value by the number of eggs in the clutch. In several cases, the num-
ber of eggs in a subsample equaled the total number of eggs in the
clutch; thus, two possible estimates could be made for eaéh clutch, one
based on the method previously discussed, and one based on summing all
the individual egg volumes. The differences between the two estimates
were compared for a sample of 50 clutches using a t-test for paired com-
_ pafisons (Sokal and Rohl1f 1969). This test was not significant at the
0.05 level, thus indicating that the method based on mean egg volume

provided a reasonable estimate of total clutch volume.
Population Studies

Two experiments were conducted in order to monitor the changes
associated with the development and growth of laboratory populations of

Diaplomus clavipes. In monitoring expériment one, six glass aquaria

with stainless steel frames and a surface area of 1262 square centi-
meters (sz) were filled with 30 titers of spring water. This volume

- was maintained throughout the study by the addition of distilled water.
A clear plexiglass cover was placed over each aquarium to reduce evapor-
ation and the aquaria were then allowed to equilibrate to laboratory
conditions for a period of one week. The temperature conditions were

not strictly controlled and ranged from 20°C to 25°C, averaging 21°C,
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during the study period. The light intensity at the water's surface was
approximately 70 to 80 foot-candles with a photoperiod of 12 hours light
and 12 hours dark.

Adult animals were removed from stock cultures and isolated in
100 m1 beakers containing spring water to insure thatkinjured animals or
ovigerous females were not placed in the aquaria. After two days,
thirty males and thirty females were selected and placed in each aquar-
jum. At three- to four-day intervals, each aquarium received 3 ml of
food solution in a concentration of 40 g/liter.

At approximately weekly intervals, 24 samples were taken from each
aquarium with a clear plexiglass tube. After three weeks, the number of
samples was reduced to 10 per aquarium. A sample was obtained by
inserting the tube to the bottom of the aquarium, sealing it on the top
and bottom with rubber stoppers, and then removing it. This technique
effectively removed a complete column of wéter with very little disturb-
- ance. and has beenkused successfui]y with copepods by Robertson el al.
(1974). The contained animals were enumerated by general 1life stage,
and in adults, by sex, in the tube with the aid of a high intensity
light and then returned to the aquarium using the reverse procedure.

[f the sample was too large to count in the tube, it was emptied into a
beaker and then counted. When ovigerous females were present, they were
removed, immobilized in an ice bath, placed under a dissecling micro-
scope, and the number of eggs per clutch determined. This procedure
appeared to have little adverse effect on these animals. Each sample
was completely analyzed and returned to the aquarium before another

sample was removed, thus, each sample estimated the total population
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with no bias due to removal of animals. Samples were taken at time
intervals of at least 15 minutes to reduce behavior modification due to
possible disturbance caused by p§evious sampling.

During the first three sampling periods, a plexiglass tube having
an inside diameter of 3.1 cm was used. In later beriods, a larger tube
with an inside diameter of 4.1 cm was substituted for the smaller tube.
This tube was more efficient and the number of samples collected was
reduced from 24 to 10 per aquarium with very little loss in the volume
sampled which was approximately 14 percent of the total volume of the
aquarium,

During the first sampling period, samples were randomly collected
and only the adults enumerated. Upon examination of these samples, it
was apparent that more animals were collected along the sides of the
aqﬁarium than in the middle. This was verified by setting up two
aquaria, one with a density of 120 adults and the other with a density
of 240 adults. One hundred random samples were withdrawn from each
aquarium during the course of two days and the total number of adults
per sample was enumerated. The samples were sorted according to where
they had been collected, either along the sides or in the middle, and
then the data were subjectgd to a median test (Conover 1971). In both
aquaria, more adults were collected along the sides and this was signif-
icant at the 0.05 level for a density of 120 adults and at the 0.0l
level for a density of 240 adults. This indicates that a difference
does exist between the two areas and it becomes more pronounced as the
density increases, therefore, it was decided that a stratified sampling

procedure should be employed with one-half the samples being collected
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in each area. This was accomplished by placing a grid system over each
aquarium. The size of each grid was determined by the outside diameter
of the plexiglass tubes, thus, the number of grids in the system and
the total volume per area varied with the size of the plexiglass tube.
For each sampling period, grids from each area were randomly selected
for collection of’ samples. -

After nine weeks of sampling, monitoring experiment one was discon-
tinued while most of the populations were still increasing in size. It
was evident that most of the aquaria followed the same pattern and could
be considered as replicates, therefore a second monitoring experiment
was initiated using only two aquaria. These were set up in the same
manner ‘as in the previous experiment except that the initial density was
increased to 60 males and 60 females and they received 6 ml instead of
3 ml of food solution, twice weekly. The aquaria were monitored for a
period of 29 weeks using the large tube exclusively. In this experi-
ment, one of the five samples along the sides was always collected in a
corner. This was done because it was noted in the previous experiment
that when corner samples were collected, they consistently contained
more animals than the other samples. During the last five sampling
periods, only six samples were collected per aquarium.

Although sampling ceased after 29 weeks, the aquaria still received
food twice weekly. Visual observations showed that the populations
were remaining at low levels with no indications of increasing. A
series of supplementary experiments were run in order to attempt to
isolate factors which may have caused this phenomenon. Water was taken

from each of the two aquaria, filtered through a number 50 Whatman
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filter, and then placed in one liter beakers, five beakers for each
aquarium. Ten additional beakers contained spring water. Adults were
removed from stock cultures and placed iﬁ these beakers at a density of
three males and one female. They were observed daily for ten days and
the number of clutches and the number of eggs per clutch were recorded
for each female. Each beaker received 5 ml of food solution in a con-
centration of 2.5 g/liter. Water was changed at five day intervals.

Another'experiment lasting fifteen days was set up in the same man-
ner as fn the previous experiment. However, all the test water was
removed from the same aquarium and two different concentrations of food
were used. Five beakers of test water and five beakers of spring water
each received 5 ml of food solution in a concentration of 2.5 g/liter
while the other beakers received 0.2 mt of food solution in a concentra-
tibn of 40 g/liter which was thé same quantity de]ivefed to each aquar-
ium.

A final experiment was conducted using adults taken from the
aquaria used in the study. Ten ovigerous females were collected, and
their cjutches-removed and counted. Each female was placed with three
males in one liter beakers containing spring water and fed 5 m! of food
solution in a concentration of 2.5 g/liter, daily, for 21 days. The
number of clutches produced and the number of eggs per clutch were
recorded for each female.

Population estimates were computed based on the following formula:
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k. = proportion of total volume in the area along the sides

k_ = proportion of total volume in the area in the middle

X, = meanlnumber of animals per sample for the area along the
sides .

Xx_ = mean number of animals per sample for the middle area

¢ = volume of water in liters per sample

N = number of animals per liter

The values for the constants varied with the size of the p1éxig1ass tube
which was used. These values can be found in Table A-4. In the second
monitoring experiment, samples were collected in the corners during each
sampling period. These corner samples wefe compared with the samples
collected along the sides using a median test. There was no significant
difference among the samples at the 0.05 1eve1,‘so the corner samples
were combined with the other samples to obtain the mean for the area
a1ong the sides. |

The reproductive rate was calculated according to Edmondson (1960,

1962) using thé‘finite birth rate formula:

, _ E
5=p
where:
B = the number of eggs per female per day
E = the mean number of eggs per female
D = duration of egg development in days
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- The duration of egg development was considered to be two days. This was

the time determined by Hardin (1972) for Diaptomus clavipes at 21°C in a

laboratory experiment.
Static System

A series of four experiments was conducted in a static system in
order to determine if altering food and density levels influenced repro-
duction. Each experiment consisted of three fixed density levels, each
receiving the same feeding regime. One-liter beakers were used as the
experimental containers and these were filled to capacity with spring
water. Newly matured mﬁ]es and females in equal numbers were placed in
each container at densities of 2, 6, and 12 animals. The number of |
females per density level was constant, thus, for each container at a
deﬁsity level of 12 animals, two containers were used at a level of six
animals and six containers at a level of two animals. After the first
two experiments, the lowest density was increased to three animals per
container by the addition of an extra male. This was initiated due to
lack of reproduction in some of the containers at this level. The
usual number of containers for each expériment was 18, however in the
first experiment only nine containers were used. The duration of the
experiments was 21 days, except again in experiment one which was termi-
nated after 14 days. A1l containers were kept in a controlled environ-
ment chamber at 21°C *# 1°C. The light intensity at the level of the
containers was 500 foot-candles with a photoperiod of 12 hours light and
12 hours dark. Each container was examined daily and the following

noted: (1) presence of dead animals, (2) presence of ovigerous females,
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(3) condition of:the ovaries, (4) presence of -spermatophores on the
females, and.(5) general condition of the animals. During the first
two days, replacement animals were of the same sex as those which had
died; however, after this time, a]] dead animals were replaced with
males. This was necessary since individual females could not be recog-
nized at the higher density levels. This was important since replace-
ments were fed at different rates which might have affected their egg
production if used in the experiments and biased the results. All
females were removed and examined under a dissecting microscope. This
was accomplished by pipetting individuals from the containers and
placing them on a depression slide. By removing the excess water, the
females were immobilized. The condition of the ovaries was determined
using the criteria of Marshall and Orr (1952). The number of spermato-
phores present on each female was counted and when possible, the length
of time each was carried. When ovigerous females were present, their
egg clutches were removed with the aid of two camel-haired brushes. The
eggs were separated from the sac and then counted. The number of abnor-
mal eggs was noted for each clutch. The length of the females and the
diameters of a subsample of the eggs they produced were then measured.
After examination, the animals were transferred to beakers containing
clean spring water and then replaced in the controlled environment
chamber. When all the females in any one container had died, it was
removed from the experiment.

Four feeding regimes were used during this study. In experiment
one, the animals were not fed at all. During experiment two, the ani-

mals were not fed for seven days and then fed 10 ml of food solution in
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a concentration of 2.5 g/liter. In experiment three, the animals were
fed 10 ml1 of food solution in a concentration of 5 g/liter. 1In the

" final experiment, the animals were originally fed 10 m1 of food solution
in a concentration of 10 g/liter. This quantity of food proved exces-
sive, lowering the dissolved oxygen level to near anoxic conditions.
Although the animals were not killed, they appeared to be stressed,
since they produced very few clutches. This experiment was halted and
another experiment with new animals was initiated. The quantity of food
solution supplied to the animals was reduced to 5 ml, however the water
was changed on alternate days instead of daily.

Due to the changing sex ratios throughout the experiment, an.addi—
tional experiment was conducted to determine if sex ratio had any effect
on the number of clutches produced per female or the number of eggs per
c]ﬁtch. Twenty-five one-liter beakers were filled to capacity with
spring water. One female was placed in each beaker. These females had
been removed from stock cultures and then isolated for two days before
they were used. Males were then placed in all the beakers at five dif-
ferent sex ratios ranging from one to one to five to one. Five beakers
were maintained at each sex ratio. The beakers were examined daily for
15 days, and when ovigerous females were present, their clutches were
removed and the number of eggs per clutch was noted. Each beaker was
supplied with 5 ml of food solution in a concentration of 2.5 g/liter,
daily. The water was changéd at 5- to 7-day intervals, and all dead

animals were replaced with animals of the same sex.
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Flow-Through System

A series of four experiments was performed to examine the feasibil-
ity of using a flow-through system to detect differences in reproduction
among animals maintained at various density levels and feeding regimes.
The system was designed so that water would continuously flow through
the experimental containers and the duration of feeding could be pre-
cisely determined.

Three rectangular aquaria, each'with a capacity of 180 liters, were
used in the construction of the flow-through system. Two aquaria were
situated side by side while the third was positioned approximately one
meter above them and served as a reservoir for the spring water. The
spring water flowed at a rate of two liters per minute into a Dynoflo
filter containing activated charcoal and glass wool. Water from the
reservoir was siphoned into the filter and mixed with the incoming
spring water, and then pumped back into the reservoir at a rate of 8
1itefs per minute. This water was then héated to 21°C and maintained
at this level using two Y.S.I. Thermistemp Controllers. The temperature
usually remained within one degree of the desired temperature. The
heated water was circulated with the aid of the filter pump and by
aerating with a series of air stones situated along the bottom. The
reservoir aquarium contained a standpipe which reduced the maximum vol-
ume to 165 liter. A1l excess water flowed over this standpipe and was'
drained away, thus maintaining a constant volume in the reservoir when

there was a slight overflow. The Tight intensity ranged from 30 to 40
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foot-candles at the surface of the water with a photoperiod of 12 hours
light and 12 hours dark.

The two lower aquaria were equipped with a system of glass tubing
situated along the inside perimeter of each aquarium and interconnected
at regular intervals with 5 cm sections of Tygon tubing. The tubing had
an inside diameter of 5 mm and was supported 32 cm above the bottom by
stainless steel wire. In each aquarium, nine sections of Tygon tubing
were perforated and 15 cm sections of teflon tubing with an inside dia-
meter of 0.4 mm were inserted into each of these sections. Another sec-
tion of Tygon tubing was perforated allowing water to flow directly into
each aquarium.

The reservoir was connected to the two lower aquaria with glass
tubing and the water was conducted through this using a gravity feed
sibhon system. The rate of spring water input to each of the lower
aquaria was approximately 750 m1 per minute with an average of 30 ml of
water per minute flowing into each experimental container, while the
rest emptied directly into the aquaria. The excess water was removed
through a network of perforated tubing situated along the bottom of
each aquarium. The two lower aquaria were maintained at a volume of 100
liter each. Periodically, the drainage system had to be backflushed to
remove food particles which clogged the system. The input and output
rates could he adjusted by using hose clamps which constricted the Tygon
tubing and regulated the flow.

A styrofoam grid containing 18 blocks was constructed and placed in
each aquarium. Nine experimental containers were placed in each

aquarium in alternate grids, so that no two containers were next to each
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other. The containers were rotated daily to reduce the possible effect
of variable food and water flows.

The containers Were constructed of plexiglass with the same
approximate internal dimensions as a one liter beaker. Five 4.5-cm
holes were drilled in each container, one in the bottom and four in the
sides. These holes were covered with 250-mesh stainless steel bolting
cloth. After the first two experiments, the bolting cloth covering the
bottom was replaced with 58-mesh bolting cloth due to clogging of the
mesh with food resulting in occasional overflows. A styrofoam collar
was attached to each container which allowed it to float at a fixed
level in the water. The collar was 13.5 centimeters square and 2.5 cm
thick. This maintained a constant volume of one liter in the containers
even if the volume of the aguaria fluctuated. Four smaller holes were
drilled near the top of the containers to allow for the insertion of the
food and water hoses;

.The food solution was deljvered in a cnncentration of 5 g/liter.
This was prepared in a concentrated form and then diluted in a 26-1liter
capacity plastic bottle. This bottle was at the same height as the
reservoir and the food solution was magnetically stirred throughout the
duration of feeding to prevent settling of-+the mixture. Eighteen teflon
tubes and one glass tube were inserted into a series of rubber stoppers
and then placed into the bottle. The top rubber stopper provided an
airtight seal on the bottle and this was secured with a screw cap.

Small segments of flexible Tygon tubing were placed on the ends of thé
teflon tubing and then connected to the containers. The food input was

controlled using hose clamps.
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Initial siphoning of the food was accomplished by forcing com-
pressed air through the glass tube which pressurized the bottle. The
compressed air hose was then removed. As the food solution flowed out,
air came in through the glass tube keeping the interior pressure con-
stant during the feeding period. This kept the flow of food constant to.
each container. After each feeding, all containers were removed and
placed in the reservoir. This effectively removed most of the food
which was previously delivered.

Each container was placed in a stainless steel pan with spring
water, examined, and then cleaned. The observations were the same as in
the static system. The two lower aquaria were emptied, rinsed, and
refilled. The plastic food bottle was cleaned of any remaining food and
the hoses flushed with distilled water.

| Eighteen containers were used in each experiment, nine per aquar-
jum. The duration of the experiments was 14 days for experiments one
and four and 21 days for experiments two and three. In experiment one,
the adults were collected from stock cultures, isolated for two days,
and then placed in the containers at the same density levels as in the
static system. This was a preliminary experiment to establish baseline
data to determine if the animals could subsist and reproduce in the con-
tainers when no food was added. In the remaining experiments, newly
matured animals were used and the duration of feeding was altered, In
experiment two, the animals were fed for 1.5‘hours at a rate of 15 ml
per minute per container. On two occasions, the bolting cloth became
clogged with food and some containers oveff]owed with loss of animals.

In these cases, the containers were refilled with new animals. In
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experiments three and four, the duration of feeding was increased to
three hours and six hours, respectively, at a rate of 7 to 8 ml of food
per minute per container. In experiment four, this necessitated refill-
ing the plastic bottle.

Due to the reduced reproduction in the flow-through system, it was
decided to examine three variables which differed from the static
system. These were flow of water, light intensity, and administration
of food. In the first supplementary experiment, four containers were
placed in each aquarium. Newly matured adults were placed in each con-
tainer at a density of six animals, three ma1e§ and three females. One
aquarium was kept at the same light intensity as during the experiments
(30 to 40 foot-candles), while in the other aquarium two fluorescent
light fixtures were placed over the top, approximately 17 cm from the
water's surface. This increased the light intensity to 300 foot-
candles. Two containers in each aquarium were attached to the'water
f1ow.contihuous1y while the others were attached only during feeding.
Food, in a concentration of 5 g/liter, was administered for three hours
at a rate of 7 to 8 ml per minute per container.

The containers were examined daily for 14 days, and the number of
clutches produced per container and the size of each clutch was noted.
After this time, the remaining animals were removed and placed in pairs
in 100 m! beakers and fed 1 ml of food solution in a cuncentration of
2.5 g/liter daily, for an additional 14 days.

A final experiment was conducted to determine if the animals were
utilizing the trout chow solution or the microfauna which naturally

occur in the spring water and were enhanced by the addition of the food
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solution. Twenty 100 ml beakers were filled with 80 ml of spring water.
One half of these beakers contained spring water which had been heated
to 120°C in a Castle Sterilizer for one hour, while the others contained
natural spring water. Newly matured animals were placed in pairs in
each beaker. The food solution was in a concentration of 2.5 g/liter
and was prepafed in the same manner as in pfevious experiments ekcept
that one-half was removed and sterilized. One half of the beakers in
the spring water and in the sterile water received the regular food
solution while the other half received the sterilized fodd. The beakers.
were examined daily for ten days and the number of clutches produced and
the size of each clutch was noted. The water was éhanged at five-day
intervals. Dead animals were replaced; this, however, contaminated the
sterile water with Scenedesmus sp. which were egested by the animals in
a Viab]e state. This additional food source‘may have increased the

clutch production in some beakers.
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CHAPTER III
RESULTS
Population Studies

Population estimates and the following breeding parameters, propor- -
tion of ovigerous females, mean.number of eggs per clutch, finite birth
rate (B), and male to female ratios, were computed based on the data
compiled in the two monitoring experiments and‘presented in the form of
graphs (Figures 1-6). The means used in drawing these graphs are shown
in Tables A-5 to A-15. 1In monitoring experiment one, six populations
were sampled during a nine-week period and four of these exhibited simi-
lar behavior in their growth and development (Figures 1-4). The popula-
tion in aquarium three, however, showed little change in size during the
study period while the population in aquarium four declined to extingc-
Fion after five weeks. In the second monitoring experiment, two popu-
lations were sampled for twenty-nine weeks. These two populations were

similar in their growth and development but differed in their magnitudes

(Figures 5-6).

Temporal cycle

The composition of the populations in the different aquaria
exhibited similar patterns of variation during the study period. In the
first set of aquaria which were started wifh 60 adults each, initial
growth was rapid (Figures 1-4, Graphs A-D). During the nine-week sam-

pling period, the immature stages were predominant; at times, comprising

up to 97 percent of the total population (Table 1). The nauplier stages



NUMBER PER LITER

60

40

20

20

40

20

20

0]

T T T 71
— A TOTALS

o

Ll L
T T T 7 71

L . B ADULTS ]
1 L L
T T T T T T 77
- C COPE?ODIDS ]
|

T T T T T T 11
— D NAUPLII ]
L Y1 |
I B R
— E EGGS —
LT
O { 2 3 45 6 78 9 {0

WEEKS

29

MEAN

PROPORTION
OVIGEROUS FEMALES

CLUTCH

BIRTH RATE (B)

SEX RATIO

0.8

0.4

n
o O

SIZE

ORNL-DWG 77—-1775>5

R A R

L F

|
{

[
[

!
I

Fig. 1. Population estimates and breeding parameters for
aquarium one, monitoring experiment one.



60

40

20

20

NUMBER PER LITER

40

20

20

Fig. 2.

A TOTALS —]

B ADULTS

N R R
— C COPEPODIDS

1 H—Hm

0}'2345678910

WEEKS

two, monitoring experiment one.

30

0.8

PROPORTION
OVIGEROUS FEMALES

ME AN
CLUTCH
SIZE

FINITE
BIRTH RATE (B)
rn

0
4
o
=
i\
e 2
>
w
N
0

ORNL—-DWG 77—17754

IR

3 45 6 7 8 9 10
WEEKS

Population estimates and breeding parameters for aquarium



NUMBER- PER LITER

60

40

20

40

20

40

20

40

20

40

20

31

11T T T T
A TOTALS —

tr T T
B ADULTS —

0]

Fig. 3.

1 2 3 45 6 7 8 9 (0
WEEKS

PROPORTION
OVIGEROUS FEMALES

MEAN
CLUTCH SIZE

FINITE
BIRTH RATE (B)

SEX RATIO

o
o

o
>

40

20

ORNL-DWG 77-17755

T T
— F —

N I S |

T
6 —

01 2 3 45 6 78 910

WEEKS

Population estimates and breeding parameters for

aquarium five, monitoring experiment one.



32

ORNL—DOWG 77-47756

O rTT T T T T T T T T T T 111
| A TOTALS -1 wuv | F ]
w
>3
40 |— — ©0=08 |- —
vy
o9 B 7
20 | €804
o w
©
L __ >
(@]
o Ll L 1 1 11 11| o
w
O T T T T T T T 77 N T T T T T
[72)
| B ADULTS 4 @ e _
o
20 +H— —320»— —
(&)
- 2 n
Wy L LY | | w oo L)Y
J 40 _ 4
« @
w
o "
x -
gZO gEZ
3 “ e
zZz a
0 0
O rTT T T T T 40
— D NAUPLII -1 ©
'
20 — @ 20
>
W
— - w0
o LI 1 > L1 L] .
a0 3 5
l||||ll|| O {1 2 34 5 6 7 8 9 {0
: WEEKS
— E EGGS - EE
20 — —
o LleAT] | L1
O { 2 3 4 5 6 7 8 9 {0
WEEKS

Fig. 4. Population estimates and breeding parameters for aquarium
six, monitoring experiment one.



33

Figure 5. Population estimates and breeding parameters for aguarium
one, monitoring experiment two.

Graph A. Total number of animals per liter
Graph B. Number of adults per liter

Graph C. Number of copepodids per Tliter
Graph D. Number of nauplii per liter

Graph E. Number of eggs per Titer

Graph F. Proportion of ovigerous females
Graph G. Mean number of eggs per clutch
Graph H. Finite birth rate (B)

Graph I. Sex ratio (males/females)
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Figure 6. Population estimates and breeding parameters for aquarium
two, monitoring experiment two. '

Graph A. Total number of animals per liter
Graph B. Number of adults per liter

Graph C. Number of copepodids per liter
Graph D. Number of nauplii per liter

Graph E. Number of eggs per liter

Graph F. Proportion of ovigerous females
Graph G. Mean number of eggs per clutch
Graph H. Finite birth rate (B)

Graph I. Sex ratio (males/females)
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Table 1. Percent composition of experimental populations of
Diaptomus clavipes, monitoring experiment one

Day Adults Naupl1ii Copepodids Immatures
----- Aquarium 1-----
15 8.4 43.4 48.2 91.6
22 7.5 29.2 63.2 92.4
33 21.5 15.5 63.0 78.5
40 _ 21.8 9.4 68.8 78.2
47 24.0 15.8 60.2 76.0
54 30.9 5.9 63.2 69.1
61 35.7 9.0 55.3 64.3
68 33.6 15.1 51.3 66.4
----- Aquarium 2-----
15 14.2 53.4 32.4 85.8
22 7.4 26.8 65.8 92.6
33 5.8 19.4 74.8 94.2
40 20.4- 8.6 71.0 78.6
47 25.2 12.7 62.1 74.8
.54 25.1 11.9 63.0 74.9
61 37.0 13.1 49.9 63.0
68 27.9 16.2 55.5 72.1
----- Aquarium 5-----
10 10.8 55.5 33.7 89.2
17 8.2 23.3 68.5 91.8
28 35.3 24.0 40.7 64.7
35 46.0 15.5 38.5 54.0
42 40.0 23.0 37.0 60.0 .
49 37.9 10.1 52.0 62.1
56 41.6 10.9 47.5 58.4
63 38.5 20.2 41.3 61.5
----- Aquarium 6-----
10 16.0 44.6 39.4 84.0
17 3.4 23.6 73.0 96.9
28 9.7 3.9 86.4 90.3
35 27.9 1.3 70.8 72.1
42 9.2 18.4 72.4 90.8
49 24.6 20.9. 54.5 75.4
56 22.9 17.8 59.3 77.1
63 19.7 24.0 56.3 80.3
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were dominant during the first weeks, however, the cobepodid stages,
which were longer in duration, soon predominated. As the copepodid
stages matured, there was a gradual increase in the percent of adults.
This trend can be more clearly seen in the second monitoring experiment
(Table 2). The immature stages were predominant during the first 10 to
11 weeks, however, after this, the adults then became dominant. As the
populations declined, there was a gradual shift back to the immature
stages during the final weeks of the study.

The two sets of populations exhibited the same general growth pat-
terns and composition during the first nine weeks. The populations in
exper iment two, however, which were started at a density and feeding
regime twice as great as in experiment one, had population sizes that

averaged 1.5 times greater than those populations in experiment one.

The variation in the ratio of adult males to adult females is
shown in Figures 1-6 (Graph I). For the greater part of this study,
males were more numerous than females (quotient > 1). The sex ratio
for the populations in experiment one averaged 1.52, while the average
for the populations in experiment two was 1.33. There did not appear to
be any éssociation between sex ratio and any of the life stage estimates
in the first experiment. In the second experiment, however, there was
an association between sex ratio and the estimates for copepodids and
adults. When the sex ratio for a sampling period was compared to the
estimate of the number of copepodids per liter one week prior to that

date, it was apparent that depressions in the number of copepodids led



Table 2. Percent composition of experimental popu]at1ons of Diaptomus clavipes, monitoring
experiment two

Aquarium 1 , Aquarium 2
Day Adults Nauplii  Copepodids Immatures Adults Nauplii Copepodids Immatures
8 32.4 22.6 45.0 67.6 19.0 44.8 36.2 81.0
15 8.1 34.9 57.0 91.9 11.2 39.9 48.9 88.8
22 12.7 24.1 63.2 87.3 11.9 39.3 48.8 88.1
29 22.3 16.3 61.4 77.7 8.5 19.0 72.5 91.5
36 32.5 15.2 52.3 67.5 30.4 10.2 59.4 69.6
43 43.9 25.6 30.5 56.1 38.1 25.9 36.0 61.9
50 52.8 22.9 24.3 47.2 45.7 21.6 32.7 54.3
57 50.2 24.9 24.9 49.8 36.2 36.3 27.5 63.8
64 42.9 29.7 27.4 57.1 35.4 29.9 34.7 64.6
72 48.2 10.9 40.9 51.8 36.6 25.0 38.4 63.4
79 43.9 21.0 35.1 56.1 55.2 13.4 31.4 44.8
86 49.6 12.4 38.0 50.4 45.6 15.1 39.3 54.4
92 49.7 14.1 36.2 50.3 53.3 19.5 27.2 46.7
99 54.2 11.1 34.7 45.8 69.9 5.6 24.5 30.1
107 68.1 6.9 25.0 31.9 75.1 4.1 20.8 24.9
114 76.6 8.0 15.4 23.4 76.8 2.9 20.3 23.2
121 74.7 3.8 21.5 25.3 70.6 5.3 24.1 29.4
128 67.9 10.5 21.6 32.1 80.3 7.9 11.8 -19.7
134 65.4 17.0 17.6 34.6 64.7 28.6 6.7 35.3
141 64.7 22.3 13.0 35.3 76.7 20.9 2.4 23.3
148 81.3 13.2 5.5 18.7 49.7 48.3 2.0 50.3
155 80.5 16.1 3.4 19.5 70.7 22.6 6.7 29.3
162 80.6 19.4 0.0 19.4 47.6 17.7 34.7 52.4
169 76.5 20.4 3.1 23.5 49.4 22.6 28.0 50.6
176 76.5 23.5 0.0 23.5 48.6 20.3 31.1 51.4
183 54.0 28.0 18.0 46.0 58.2 17.6 24.2 41.8
190 77.5 7.8 14.7 22.5 59.7 29.8 10.5 40.3
197 49.9 41.5 8.6 50.1 57.1 18.2 24.7 42.9
205 28.3 43.4 28.3 7.7 49.8 17.9 32.3 50.2

6€
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to numerical dominance of males. When the sex ratio wgs compared to the
number of adults per liter for any one date, the population peaks and
depressions coincided with those of the sex ratio quotient during
periods of maximum density. During periods of low densities, males were

predominant.

Egg production

The temporal variations ih egg stock (number of eggs per liter),
proportion of ovigerous females, mean clutch size, and finite birth rate
(B), are shown in Figures 1-6 (Graphs E-H). The maximum in egg stock
occurred during the period of initial rapid growth (Figures 5-6, Graph
E). There was a lag of about 4 to 5 weeks before this increase which
coincided wifh the maturation of the initial generation. A second peak
in egg stock occurred near the end of the study when the populations as
a whole were declining. There was high mortality during this period
since no subsequent peaks in the nauplier or copepodid stages occurred.

“The proportion of ovigerous females present in the populations
shows a close association with the egg stock (Figures 5-6, Graph F).
There was a high proportion during the period of initial growth, almost
no ovigerous females after the initial peak in population size, and then
an increase when the populations were-at low densities.

The number of eggs per clutch varied from 2 to 27 during the study
period. The largest clutches were produced during the initial weeks
when the population densities were low,.as the density increased, clutch
size decreased. This can be more clearly seen in Figures 5-6 (Graph G)

where the broken line represents the grand mean (x = 9.09, SE = 0.26).
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The greatest departures above this line occurred during the first 10
weeks after an initial lag of 4 to 5 weeks which,'again, coincided with
the maturation of the initial generation.

The finite birth rate (B) averaged 1.82 and ranged from 0.06 to
5.00 during the course of the study (Figures 5-6, Graph H). The same
trend is shown in this graph as was previously described for'the eqg
stock, proportion of ovigerous females, and mean clutch size. Changes
in the finite birth rate appear to be more strongly influenced by the

proportion of ovigerous females, rather than mean clutch size.

Supplementary experiments

Supplementary experiments were conducted in an attempt to determine
why there was no repopulation of the aquaria in monitoring experiment
two after the initial decline in their populations. In the first sup-
plementary experiment which compared the number of eggs produced per
clutch in spring water and aquarium water, an analysis of variance
revealed a significant difference (P < 0.05) among the water types
(Table 3). The a posteriori comparison of the means revealed that those
clutches produced in aquarium water were significantly larger than those
produced in spring water (Table 4). The rate of clutch production was
not significantly different among the water types.

In the second experiment, egg production was compared in aquarium
water and spring water receiving two different feeding regﬁmes. In one
beaker, a female produced two sacs with egg material but no discernible
eggs and these were not included in the analysis. An analysis of vari-

ance showed no significant differences in clutch size among either the



Table 3. Anova calculations showing the differences among the number of eggs per clutch produced in

spring water and aquarium water

Source of variation ’ df Sum ¢f sqiares Mean squares F-value PR > F
Among water types 2 €.842¢2 3.£215 5.00 0.0106
Error 49 33.5407 0.€845

Total ’ 51 4Q.383¢

Square root transformation used in calculating analysis of variance.
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Table 4. A posteriori comparison of the mean number of eggs per clutch produced in spring water and
aquarium water using Duncan's new multiple range test

Water types Aquarium 1 Aquarium 2 Spring
Sample size 18 12 22
Means®*P 18.67 17.73 12.58

qMeans enclosed by the range of any one line are not significantly different at the 0.05 level.

bMeans transformed to original units.

ey
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water types or food levels, however, there was a significant difference
in the rate of clutch production among the water types (Table 5). The
a posteriori comparison, again, showed that more clutches were produced
in aquarium water than in spring water (Table 6). Food level had no
significant effect on clutch production, however, females which received
food in a concentration of 2.5 g/liter produced clutches at a slightly
higher rate than at a food level of 40 g/liter concentration.

In the final experiment, ovigerous females were removed from the
aquaria populations and maintained for 21 days under optimum feeding
conditions. The data on clutch size were subdivided into four time
intervals and compared using an analysis of variance which was highly
significant (P < 0.0001) (Table 7). The a posteriori comparison showed
that the mean for day O, which was the lowest, was significantly differ-
ent from all the other means (Table 8). The mean for the first week was
the next lowest and was significantly smaller than the mean for the
second week which was the largest. In the final week, there was a
slight decline in egg production, but it was not significantly different

from either the first or second week.
Static System

In the initial experiment, in which the animals received no food
for 14 days, a total of 20 clutches were produced among the three den-
sity levels. Of this total, 16 were produced during the first two days
and only four during the remaining 12 days. The mean clutch size for
the first two days calculated over the three density levels was 24.1§ *

1.75 eggs while the mean for the other four clutches was 7.50 * 1.66



Table 5. Anova calculations showing the differences among the number of clutches produced per female
in aquarium water and spring water at two different food levels '

Source of variationA df Sum of squares Mean squares F-value PR > F
Among water types 1 0.06193738 0.06193738 11.08 0.0046
Among food Tevels 1 0.00697942 0.00697942 ' 1.25 0.2814
Water x food 1 0.00002582 0.00002582 0.00 0.9467

Error 15 0.08385143 0.00559010°
Total 18 0.15279405 |
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Table 6. A posteriori comparison of the mean number of c utches aroduced per female in aquarium water
and sprimng water at two diffzrent food levels using Dunzan's new multiple range test

Water types Aquarium Aquarium Spring Spring
Food levels 2.5 g/liter 40 g/liter 2.5 g/liter 40 g/liter
Sample size . L 5 5 5
Means?P 0.3742 0.3333 0.2553 0.2190

%Means enclosed by the range of any one line are not signifizantly different at the 0.05 Tevel.

bMeans reported as number of clutchas per female per day.

9v



Table 7. Anova calculations showing the differences among the number of eggs per clutch at different

time intervals produced by females taken from aquarium water

Source of variation df Sum of squares Mean squares ‘F-value PR > F
Among time intervals 3 33.3081° 11.1027 11.43 0.0001
Error 66 64.0846 0.9710

Total 69 97.3927

a . . .
Square root transformation used in calculating analysis of variance.
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Table 8. A poste-~iori comparison of the mean number of eggs per clutch produced at different time
intervals by famales taken from aquarium water using Duncan's mew multiple range test

Time interval (davs) 8-14 15-21 1-7 0
Sample size 23 | 19 18 _ 10
Means*P 19.97 16.21 11.57 5.83

3Means enclosed by zhe range of any cne line are not significantly different at the 0.05 level.

b . . .
Means transformed o original units.

8P
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eggs. It is clear that the clutches produced during the first two days
were indicative of optimum feeding conditions prior to the onset of the
experiment. These clutches were also the first produced by the females
since they were kept isolated until they matured. These data were not
used when the various food and density levels were compared.

The rate of clutch production was determined for each container at
the three density and food levels for the three remaining experiments
based on the entire data set. No clutches were produced in three con-
tainers at the lowest density level, two in a food concentration of 2.5
g/liter and the third in a food concentration of 5 g/liter. An analysis
of variance comparing the rate of clutch production among the various
food and density ]evels,‘excluding these three containers, revealed no
significance at the 0.05 level. The mean rate of clutch production
along with the reproductive rates for each density level, food level
combination are presented in Table 9. Since the egg clutches were
removed before they hatched, the reproductive rate was calculated by
summing all the eggs produced in any one container and dividing by the
total number of days that females were present.

The means for the data compiled for the three density levels at
the remaining fodd levels were tabulated for the number of eggs per
clutch, total clutch volume, and individual egg volume (Tables 10-12).
The means were calculated over three time intervals.

A twd—way analysis of variance was computed for the number of eggs
per clutch produced during days 3 to 21, with the data transformed using
the square root transformation. The two fixed factors were density and

food level. The data for all containers within a cell were combined so
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Table 9. Mean rate of clutch production and reproductive rates
for the static system calculated for each density and
food level combination

Food Density Number of clutches per day Number ot eggs per day

level Tevel Mean SE@ n Mean SE n
3 0.1970 0.0373 10 3.16 0.64 10
2.5 g/liter 6 0.1715 (.0584 4 2.89 1.06 4
12 0.1665 0.0041 2 2.53 0.15 2
3 0.2703 0.0458 11 5.18 1.01 11
5 g/liter’ 6 0.1851 0.0289 4 3.47 0.56 4
12 0.3236 0.0313 2 6.14 0.57 2
3 0.2590 0.0331 12 7.43 1.09 12
10 g/liter 6 0.3318 0.0129 4 9.38 0.53 4
12 N.3118  0.0041 2 7.96 0.71 2

A$E = Standard error.
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Table 10. Mean number of eggs per clutch produced at three density
and food levels in a static system

Food Density Sample Standard
level level Days size Means error

1-2 8 20.63 3.14

3 3-21 27 14.93 1.30

1-21 35 16.23 1.27

1-2 8 23.38 2.18

2.5 g/liter 6 3-21 28 15.14 0.96

1-21 36 16.97 1.05

1-2 7 24.14 5.29

12 3-21 27 13.07 0.84

1-21 34 15.35 1.45

1-2 8 22.38 2.82

3 3-21 14 13.14 1.54

1-21 22 16.50 1.68

. 1-2 4 27.00 3.46

5 g/liter 6 3-21 26 17.38 1.27

1-21 30 18.67 1.32

1-2 6 : 25.83 4.61

12 3-21 24 17.29 0.93

1-21 30 19.00 1.30

1-2 9 33.78 3.52

3 3-21 34 26.62 1.22

1-21 43 28.12 1.27

1-2 8 41.88 4.30

10 g/liter 6 3-21- 56 26.29 1.23

4 1-21 64 28.23 1.35

1-2 10 24.30 3.00

12 . 3-21 42 26.10 1.64

: 1-21 52 25.75 1.43

Means calculated in original units.
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Table 11. Means for total clutch volume produced at three density -
and food levels in a static system

Food Density Sample Means Standard error
Tevel level Days size (x 10~*mm3) (x 10-3 mm®)
1-2 8 3.0549 3.3081
3 3-21 25 2.2110 1.7806
1-21 33 2.4156 1.6705
1-2 8 3.3371 2.1955
2.5 g/liter 6 3-21 28 2.2866 1.2865
1-21 36 2.5201 1.3237
1-2 7 3.1031 2.5962
12 3-21 26 1.9600 1.2439
1-21 33 2.2025 1.3795
1-2 6 3.0178 3.6795
3 3-21 9 2.0330 3.3654
1-21 15 2.4269 2.7350
1-2 3 3.3817 2.9458
5 g/liter 6 3-21 19 2.6616 1.8393
1-21 22 2.7598 1.7052
1-2 5 3.4088 2.7008
12 3-21 24 2.3552 1.2222
1-21 29 2.5368 1.3270
1-2 8 4.3980 6.6049
3 3-21 34 3.3871 1.4193
1-21 42 3.5796 1.7651
1-2 8 4.8869 6.1163
10 g/liter 6 3-21 55 3.2421 1.3671
1=21 63 3.4509 1.5625
1-2 9 3.4266 4.8513
12 3-21 41 3.0411 1.9075
1-21 50 3.1105 1.7810
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Table 12. Mean egg volumes for clutches produced at three density
and food levels in a static system

Food ~Density - Sample Means Standard error
Tevel level Days size (x 10~ 3mm?3) (x 10°"% mm3)
1-2 8 1.5454 1.1551
3 3-21 25 1.5932 0.7727
1-21 33 1.5816 0.6413
1-2 8 1.4566 0.7505
2.5 g/liter 6 3-21 28 1.5828 0.7952
1-21 36 1.5548 0.6421
-2 7 1.4557 1.6824
12 3-21 26 1.5013 0.4729
1-21 33 1.4916 - 0.5013
1-2 6 1.5007 1.5256
3 3-21 9 1.3352 0.4908
1-21 15 1.4014 0.6797
1-2 3 1.3510 1.8889
5 g/liter 6 3-21 19 1.4605 0.5768
1-21 22 1.4455 0.5471
1-2 5 1.3874 2.0220
12 3-21 24 1.3848 0.4703
1-21 29 1.3853 0.5011
1-2 ] 1.2308 - 0.8552
3 3-21 34 1.3086 0.3308
1-21 42 1.2938 0.3120
1-2 8  1.1657 0.5720
10 g/Tliter 6 3-21 55 1.2600 0.3311
1-21 63 1.2480 0.2994
1-2 9 1.4432 0.9457
12 3-21 41 1.1689 0.2798
1-21 50 1.2183 0.3183
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no within cell differences could be detected. There was a highly sig-
nificant difference (P < 0.0001) among the various food levels, but no
differences among the various density levels or in the interaction term
(Tab]e 13).

Table 14 shows the a posteriori comparison of the means for each
food and density level combination. The largest means were the three
density levels at the highest food level (10 g/liter). There were no
significant differences among these means; however this group was sig-
nificantly different from all the other means.

The analysis of variance testing for differences in total clutch
volume among the various food and density levels revealed similar
results (Table 15). There was a highly significant difference
(P < 0.0001) among the food levels but no difference among the density
levels or in the interaction term. Table 16 shows the a posteriori .
comparisons for the mean total clutch volume. Again, the largest means
were the three density levels at the highest food level (10 g/liter).
These were all similar and differed from all other means except for
density level six, food level 5 g/liter, which was similar to the
highest density level.

The analysis of variance for the mean individual egg volumes
showed a significant difference among the food levels (P < 0.0001) and
among the density levels (P < 0.05) (Table 17). There was no signifi-
cant interaction. The a posteriori comparisons showed that the largest
means were the three density levels at fond level 2.5 g/liter. These
were significantly larger than all other means at food level 10 g/liter,

but similar to density level six, food level 5 g/liter (Table 18). The



Table 13. Anova calculations showing the differences among the number of eggs per clutch produced
at three density and food levels in a static system

Source of variation cf Sum of squares Mean squares F-value PR > F
Among food levels 2 105.04582 52.0458 83.36 0.0001
Among density levels 2 0.4576 0.2288 - 0.36 0.6959
Food x density 4 4.2248 1.0562 1.68 0.1557
Error . 269 169.4976 ' 0.6301

Total 2377 279.2258

a . . . . .
Square rcot transformation used in calculating analysis of variance.
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Table 14. A posteriori comparison of the mean number of eggs per clutch produced at three density
and fopd Tevels using Duncan's new multiple range test

Food Tlevel 10 10 10 5 - 5 2.5 2.5 2.5 5

Density level . 3 6 12 12 6 b 3 12 3
Sample size 34 k6 42 24 26 23 27 27 14
Meansa’b 26.14 ¢5.48 25.22 17.01 16.81 14.67 14.19 12.75 12.57

Means enclosed by the range of any one line are not significantly different at the 0.05 level.

bMeans transformed to original units.
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Table 15. Anova calculations showing the differences among the total clutch volumes produced at
three density and food levels in a static system

Source of variation df Sum of squares Mean squares F-value PR > F
Among food levels 2 0.00621551 0.00310776 37.77 0.0001
Among density levels 2 0.00032383 0.00016192 1.97 0.1419
Food x density 4 0.00031551 0.00007888 . 0.96 0.4308
Error 252 0.02073574 0.00008228

Total 260 0.02759059
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Table 16. A posteriori comparison of the mean total clutch volumes produced at three density and
food levels using Duncan's new multiple range test in a static system

Food level 10 10 10 5 5 2.5 2.5 5 2.5
Density level 3 6 12 6 12 6 3 3 12
Sample size 34 5% 41 19 24 28 25 9 26
Means?>P 0.0339 C.0324 0.0304 0.0266 0.0236 0.0229 0.0221 0.0203 0.0196

Means enclosed by the range of any one line are not significently different at the 0.05 level.

bThe units for the meens are cubic nillimeters.
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Table 17. Anova calculations showing the differences among the mean egg volumes for each clutch
at three density and food levels in a static system

Source of variation df Sum of squares Mean squares F-value PR > F
Among food levels 2 0.00000495 0.00000248 34.46 0.0001_
Among density ievels 2 0.00000044 0.00000022 3.06 0.0487
Food x density 4 0.00000019 0.00000005 0.66 0.6174
Error 252 0.00001811 0.00000007

Total 260 0.00002369
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Table 18. A posteriori comparison of the mean egg volume for the clutches produced at three density
and food levels using Duncan's new multiple range test in a static system

Food level 2.5 2.5 2.5 5 5 5 10 10 10

Densiﬁy level 3 6 12 6 12 . 3 » -3 6 12

Sample size 25 28 26 19 24 9 34 55 41
a,b

Means 0.001593 0.001583 0.0015CT 0.C01460 0.001385 0.001335 0.001309 0.001260 0.001169

4Means enclosed by the range of any ane line are not significantly different at the 0.05>]eve].

bMeans reported in cubic millimeters.
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density effect was not evident in the a posteriori comparisons, except
that in the highest and Towest food levels, the densities were ranked

from low to high with the largest eggs being found at the lower densi-
ties.

The mean female metasoma1y1ength for each density and food level
combination was calculated and is shown in Table 19. There was some
evidence that body size and clutch size were positively associated.
Simple correlations were computed on the data for days 1 and 2. These
data were used to negate possible confounding effects of temperature,
age, and food on egg production since all the females were reared under
the same optimum temperature and feeding conditions and were producing
their first clutch of eggs. The correlation coefficient for female
length and number of eggs per clutch was 0.492, significant at the
0.0001 level. The correlation coefficient for female length and total
clutch volume was 0.552, also significant at the 0.0001 level.

The condition of the ovaries and the number of spermatophores
carried by each female was noted daily. In the first experiment in
which the animals were not fed, there was no evidence of egg material
in the ovaries or attached spermatophores after day six, and no further
egg production. In experiment two, where the animals were not fed for
seven days and then fed, a similar trend was noted; howeQer, the day
after feeding began, egg material appeared in the ovaries and eggs were
produced two days later.

Spermatophores appear to remain attached for less than 24 hours.
[t also appears that females with one spermatophore attached are more

susceptible to subsequent matings. Evidence for this comes from daily
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Table 19. Mean metasomal length of females at three density and
food levels in a static system
lfood level Density level  Sample sicze Means®  Standard error
2.5 g/liter 3 35 .51 0.01
2.5 g/liter 6 36 .49 0.01
2.5 g/liter 12 34 .47 0.01
5 g/liter 3 22 46 0.01
5 g/liter 6 30 .50 0.01
5 g/liter 12 30 .51 0.01
10 g/Titer 3 43 .61 0.01
10 g/liter 6 64 .57 0.01
10 g/Titer 12 52 .52 0.02

‘Metasomal lengths are in millimeters.
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observations of individual females. Females that initially had 1 to 3
spermatophores one day had up to 10 the next day. When multiple sperma-
tophores were present, only the one attached to the genital éperture was
found discharged. It was also noted that mating may injure_the males by
breaking off the right antenna at the geniculation or by breaking it off
completely, thus functionally removing these individuals from the repro-
ducing population.

There were several cases where sacs were produced with no eggs, or
with only a core of egg material and no discernible eggs. It was also
noted that abproximate]y 10 percent of all the clutches produced’con-
tained from one to three abnormal eggs. These were visibly different
from the other eggs by being larger with a core of egg material sur-
rounded by a raised membrane. In some cases, entire clutches were pro-
duced with this type of non-viable egg. These phenomena did not appear
to be associated with any specific food or density level.

The data compiled in the sex ratio experiment were tested using a
two-level nested analysis of variance with the top level, the five sex
ratios, and the second Tlevel, the five beakers within each sex ratio.
The observations were the number of eggs per clutch which weré trans-
formed using the square root transformation before calculating the
ana1ysfs of variance. There was no significant difference at the 0.05
level in egg production among the sex ratios or the females within each
sex ratjo. A one-way analysis of variance comparing the rate of clutch
production among the sex ratios also sHowed no significance at the 0.05

level.
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Flow-Through System

In the initial experiment in the flow-through system in which the
animals were not fed for 14 days, a total of seven clutches were pro-
duced. Since these animals were removed from stock cultures and not fed
for two days prior to initiation of the experiment there were no differ-
ences in clutch sizes during the 14 day period. The mean clutch size
was 8.57 + 1.00 eqggs, very similar to the results in the initial static
experiment.

The rate of clutch production was determined for each container at
the three density and food levels for the three remaining experiments
based on the entire data set. No clutches were produced in seven con-
tainers at the lowest density level; two containers at a feeding rate
of 1.5 hours and five at a rate of six hours. These containers were
not included in the analysis. Two clutches of resting eggs were pro-
duced during the study at the Towest feeding rate (1.5 hours), one at a
density of three animals and one at a density of twelve animals. These
also were not included in the ana1ysis. The mean rate of clutch produc-
tion along with the mean reproductive rate are presented in Table 20.
An‘ana1ysis of variance comparing the rate of clutch production at the
various food and density levels was not significant at the 0.05 level.
It was evident from Table 20 that egg production was reduced in the
flow-through system when compared with similar data for the stati;
system (Table 9, p. 50). The mean reproductive rates for the lowest
food level (2.5 g/liter) in the static system were greater than the

reproductive rates for most of the levels in the flow-through system.
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Table 20. Mean rate of clutch production and reproductive rates for
the flow-through system calculated for each density and
food Tevel combination

Number of clutches per day Number of eggs per day

Food _ Density

level ~ level - Mean SEa n Mean SE . n
3 0.0789 0.0098 10 1.87 0.32 10

1.5 6 0.1123 0.0263 4 1.77 0.50 4
12 0.1349 0.0081 2 2.14 0.31 2

3 0.1262 0.0126 12 2.90 0.28 12

3.0 6 0.1189 0.0241 4 2.61 0.66 4
12 0.0922 0.0896 2 2.48 1.45 2

3 0.1444 0.0197 7 2.41 0.50 7

6.0 6 0.0925 0.0086 4 2.06 0.19 4
12 0.0685 0.0018 2 1.74 0.22 2

aSE = Standard error.
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This was also evident in the data on rate of clutch production. Thus,
even though there was a four-fold increase in the duration of feeding,
there was very little increase in egg production.

The means for the data compiled for the three density levels at the
remaining three food levels were tabulated for number of eggs per
clutch, total clutch volume, and individual egg volmes (Tables 21-23).
The mean female metasomal lengths were also calculated and are presented
in Table 24.

Two-way analysis of variance was computed for the number of eggs
per clutch, total clutch volume, and individual egg volumes per clutch,
with the density and food levels, the two fixed factors. The data for
all the containers within a cell were combined in the analyses. There
were significant differences at the 0.01 level among the number of eggs
per clutch and individual egg volumes produced at the various food
levels. There were no significant differences among the density levels
or in the interaction terms (Tables 25-26). The analysis of variance
for total clutch volume indicated no significant differences among the
levels at the 0.05 feve].

Table 27 shows the a posteriori comparison of the mean number of
eggs per clutch for each food and density level combination. The three
largest means were the three densities at a feeding rate of six hours.
However, only the largest mean was significantly greater than the other
food levels. A1l other means were Very similar. The majority of these
means were lower than the means for the Towest food level (2.5 g/liter)

in the static system (Table 10, p. 51).
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Table 21. Mean number of eggs per clutch produced at three density
and food levels in a flow-through system -

Food Density Sample Standard

level level Days size Means error
1-2 9 31.56 5.37

3 3-21 4 12.75 3.30

1-21 13 25.77 4.52

1-2 8 22.38 3.09

1.5 6 3-21 - 13 11.38 0.57
1-21 21 15.57 1.68

1-2 6 23.00 3.15

12 3-21 1 13.64 2.26

1-21 17 16.94 2.10

1-2 13 30.38 2.52

3 - 3-21 12 13.42 0.85

1-21 25 22.24 2.19

1-2 12 26.33 2.78

3.0 6 3-21 7 10.14 1.06
1-21 19 20.37 2.55

1-2 9 26.33 4.84

12 3-21 7 10.14 1.27

- 1-21 16 20.37 3.25

1-2 3 23.00 1.73

3 -14 7 14.43 1.82

1-14 10 17.00 1.86

1-2 9 20.33 2.64

6.0 6 3-14 3 21.33 1.76
1-14 12 20.58 1.99

1-2 5 26.60 1.43

12 3-14 4 17.50 2.33

1-14 9 22.56 2.01

Means calculated in original units.
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Table 22. Means for total clutch volume produced at three density
and food levels in a flow-through system

Food Density Sample Means Standard error
level level Days size (x 10-2mm?) (x 107 3mm?3)

1-2 9 3.9069 5.4895

3 3-21 4 1.8610 -4.1110

1-21 13 3.2774 4.7580

1-2 8 2.9786 3.4672

1.5 6 3-21 12 1.9913 0.8197
1-21 20 2.3863 1.7990

1-2 6 2.9062 3.0891

12 3-21 11 2.1074 2.2751

1-21 17 2.3893 2.0141

1-2 13 4.1008 2.6708

3 3-21 12 2.4150 1.4197

1-21 25 3.2916 2.2921

1-2 12 3.3488 3.1815

3.0 6 3-21 7 1.7931 1.7676
1-21 19 2.7757 2.7238

1-2 9 3.3272 4.8350

12 3-21 7 1.8213 1.2613

1-21 16 2.6684 3.3185

1-2 3 3.2410 8.5085

3 3-14 6 2.0558 2.9290

1-14 Y 2.4509 3.5666

1-2 8 2.7964 2.7823

6.0 6 3-14 3 2.9113 4.4889
1-14 11 2.8277 2.2509

1-2 5 3.2672 4.3174

12 3-14 2.1413 1.9096

1-14 9 2.7668 3.1142
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Table 23. Mean egg volumes for clutches produced at three density
and food levels in a flow-through system

Food Density Sample Means Standard error
level Tevel Days size (x 10~3mm?3) (x 107 %mm?3)
1-2 9 1.2972 0.5637
3 3-21 4 1.5035 1.2547
1-21 13 1.3607 0.5859
1-2 8 1.3916 1.1335
1.5 6 3-21 12 1.7166 0.3941
1-21 20 1.5866 0.6137
1-2 6 2.6788 12.9472
12 3-21 11 1.7004 1.4859
1-21 17 2.0458 4,5550
1-2 13 1.4147 0.8990
3 - 3-21 12 1.8145 0.5191
1-21 25 1.6066 0.6600
1-2 12 1.3346 0.8297
3.0 6 3-21 7 1.7927 0.9277
1-21 19 1.5034 0.8017
1-2 9 1.3645 ' 1.2628
12 3-21 7 1.5569 1.4906
1-21 16 1.4486 0.9633
1-2 3 1.3757 2.6127
3 3-14 6 1.3848 1.3957
1-14 9 1.3818 1.1750
1-2 8 1.3526 1.2840
6.0 6 3-14 3 1.3795 2.1443
1-14 11 1.3599 1.0448
1-2 5 1.3190 1.5944
12 3-14 4 1.2699 1.6935
1-}4 9 1.2972 1.0916
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Table 24. Mean metasomal length of females at three density and
food levels in a flow-through system

Food level Density level Sample size Means® Standard error

1.5 3 13 1.54 0.01
1.5 6 21 : 1.52 0.01
1.5 12 17 1.52 0.01
3.0 3 25 1.58 0.02
3.0 6 19 1.55 0.02
3.0 12 16 1.57 0.02
6.0 3 10 1.61 0.02
6.0 6 | 12 1.59 0.02
6.0 12 9 1.59 0.01

qMetasomal lengths are in millimeters.



Table 25. Anova calculations showing the differences among the number of eggs per clutch produced
at three density and food levels in a flow-through system

Source of variation df Sum of squares Mean squares F-value | PR > F
Among food levels 2 3.7905° 1.8952 5.92 0.0045
Among density levels 2 0.3170 0.1585 0.50 0.6118
Food x density 4 2.6456 0.6614 2.07 0.0965
Error 59 18.8747 0.3199

Total ‘ 67 25.6278

a . . . . .
Square root transformation used in calculating analysis of variance.

1L



Table 26. Anova calculations showing the differences among the mean egg volumes for each clutch
at three density and food levels in a flow-through system

Source of variation df Sum of squares Mean squares F-value PR > F
Among focd levels 2 0.00000140 0.00000070 7.04 0.0019
Among dersity levels 2 0.00000013 0.00000007 0.65 0.5235
Food x density 4 0.00000037 0.00000009 0.93 0.4522
Error 57 0.00000568 0.00000010

Total - 55 ¢.00000758

A4



Table 27. A posteriori comparison of the mean number of eggs per clutch produced at three density'
' and food levels in a flow-through system using Duncan's new multiple range test

Food Tevel 6.0 6.0 6.0 3.0 1.5 1.5 3.0 1.5 3.0
Density level 6 12 3 3 12 3 12 6 6

Sample size . 3 4 7 12 1 4 7 13 7

Meansa;b

21.26 17.28 14.11 13.27 12.93 12.17 12.09 11.30 .9.97

dMeans enclosed by the range of any one line are not significantly different at the 0.05 leve].

bMeans transformed to original units.

€L
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The a posteriori comparisons for the mean egg volumes are shown in
Table 28. The highest feeding rate (six hours) which had the largest
clutches also had the smallest eggs. Most of the egg volumes were very
large; even larger than the egg volumes for the lowest food level in the
static experiments (Table 12, p. 53). Only the three densities at the

“highest feeding rate (six hours) were smaller.

Supp]emgntary experiments

In comparing the data on clutch size for the static and fluw-
through system, it was evident that egg production.in the flow-through
system was reduced. Three factors in the flow-through system which dif-
fered from the static system were light intensity, flow of water, and
administration of food. These variables were analyzed in two separate
experiments. In the first experiment, egg production was compared in
containers that were subjected to two different light intensities and
flow rates for 14 days. An analysis of variance showed no significant
differences in egg production amung the various levels. The animals
were then removed from the flow-through system and placed in uplimum
feeding conditions for an additional 14 days. The mean clutch sizes
for these sets of data are shown in Table 29. It is evident that the
stress imposed upon Lhe arimals was relieved when they were removed from
the flow-through system and placed under optimum feeding conditions.

The second experiment compared egg production in spring and sterile.
water receiving sterile and regular trout chow solution. Analysis of
variance was calculated for the ndmber of eggs per clutch and the rate

of clutch production, and both showed significaht differences among the



Table 28. A posteriori comparison of the mean egg volumes for clutches produced at three density and
food levels in a flow-through system using Duncan's new multiple range test

Food Tevel 3.0 3.0 1.5 1.5 3.0 1.5 . 6.0 6.0 6.0
Density level 3 6 6 12 12 3 3 6 12
Sample size 12 7 12 11 7 4 6 3 s
Means?*® 0.001814 0.007793 0.001717 0.001700 0.001557 0.001503 0.001385 0.001379 0.001270

qMeans enclosed by the range of any one line are not significantly different at the 0.05 level.

bMeans reported in cubic millimeters.

G/
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Table 29. Mean number of eggs per clutch for females in two
different lighting regimes and rates of water flow

Days Mean Standard arror Sample size

1-2 21.33 1.80 6

3-14 6.00 - 1
15-28 24.40 0.22 10

1-2 26.00 1.94 5
3-14 19.67 1.76 3
15-28 29.18 4.68 11

1-2 25.05 7.90 6

3-14 11.00 - 2

15-28 26.45 3.33 20
----- Increased light and reduced flow-----

1-2 18.80 3.97 5

3-14 14.80 1.77 5

15-28 24.43 3.25 14
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water types (Tables 30-31). The a posteriori comparison of the mean
number of eggs per clutch showed that the largest clutches were pro-
duced in spring water (Table 32). The clutches in the spring water
receiving the regular trout chow solution were significantly larger than
in the sterile water fed the regular trout chow. The large clutches
produced in the sterile water, sterile food containers, may have been
due to the contamination of the water with viable algae brought in when
dead animals were replaced.

The a posteriori comparisons for mean rate of clutch production
clearly shows that more clutches were produced in spring water than in
sterile water (Table 33). It is probable from the results obtained in
the supplementary experiments that the stress imposed upon the animals
was one of food shortage which resulted in small clutches with very
large eggs. The copepods do not appear to subsist on the trout chow
solution itself, but rather on the build-up in food organisms such as
protozoans whose populations were enhanced by the addition of the trout
chow. In the flow-through system, there was no chanée for build-up in
protozoan populations, thus a food shortage existed. The reduction in
egg production was not a permanent one, however, since stressed females
were producing maximally within two weeks when placed in optimum feeding

conditions.



Table 30. Anova calculations showing the differences among the number of eggs per clutch produced

in sterile water and spring water each receiving two different types of food

Source >f variation df Sum of squares Mear squares F-value PR > F
Among water types 1 10.20852 10.2085 7.37 0.0090
Among food types 1 0.3492 0.3492 0.25 0.6176
Water x food 1 3.7592 3.7592 2.72 0.1054
Error 52 71.9992 1.3846

Total 55 86.3161

aSquare root transformation used in calculating analysis of variance.

8L



Table 31. Anova calculations showing the differences among the number of clutches produced per
female in sterile water and spring water each receiving two different types of food

Source of variation df ~Sum of squares Mean squares F-value PR>F

Among water types 1. 0.11797368 0.11791813 34.35 0.0001
Among food types 1 0.00943791 0.00943791 2.75 0.1181
Water x food 1 0.01061765 0.01061765 3.09 0.0990
Error 15 0.05150000 0.00343333

Total 18 0.18947368

6L



Table 32. A posteriori comparison of the mean number of eggs per clutch produced in sterile water
and spring water each receiving two different types of food using Duncan's new multiple

range test
Water types Soring Spring Sterile Sterile
Food types Ragular Sterile Sterile Regular
Sample size 21 13 11 11
Means?>? 25.78 20.07 13.75 13.96

4Means enclosed by the range of any one line are not significantly different at the 0.05 level.

bMeans transformed to original units.

08



Table 33. A posteriori comparison of the mean number of clutches produced per female in sterile
water and spring water each receiving two different types of food using Duncan's new
multiple range test

Water types Spring Spring Sterile Sterile
Food types Regular Sterile Regular Sterile
Samp]e size 5 4 5 5

Meansa’b 0.4200 0.3250 0.2200 0.2200

dMeans enclosed by the range of any one line are not significantly different at the 0.05 level.

bMeans reported as number of clutches per female per day.

18
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CHAPTER IV
DISCUSSION
Population Studies

Analyses of the data accumulated during these studies revealed that
population density, to some degree, affected egg production. This
effect was indirect, however, related possibly to competition for food.
The quantity of food administered to the aquaria during each experiment
was kept constant throughout the experiment. Thus, as population den-
sity increased, the quantity of food per individual decreased, resulting
in lower egg production. As the populations declined, competition for
food decreased and egg production increased.

In monitoring experiment one, the initial densities were two adults
per liter and they received 3 ml of food solution, twice weekly. In
monitoring experiment two, the initial densities and quantity of food
were doubled. The population sizes in the two experiments were compared
during the first nine weeks while they were still rapidly growing and
were found to be 50 percent greater in experiment two. The mean number
of eggs per clutch and the proportion of ovigerous females were also
computed and found to be 60 percent higher in experiment two.

In expériment two, the largest egg stock (number of eggs per liter)
occurred during weeks 4 to 12, after an initial lag of four weeks
(Figures 5-6, Graph E., p. 33-36). This coincided with the initial
maturation of copepods in the aquaria. The largest clutches and the

highest proportion of ovigerous females were also associated with these
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young adult populations (Figures 5-6, Graphs F-G, p. 33-36). After this
period, although the number of adults continued to increase, egg produc-
tion decreased precipitously due to a reduction in both clutch size per
female and proportion of ovigerous females in the population. Ravera
(1955) noted that adult populations of copepods could not be considered
as simple numerical quantities, but as biological entities which undergo
periods of immaturity, youth, and age. Accordingly, the same number of
adults at different time periods does not mean the same reproductive
capacity. Robertson et al. (1974), -however, found that well-fed

Diaptomus clavipes showed no decline in egg production as they grew

older. This suggests that egg production was not strongly affected by
the aging adult copepods, but by a reduction in the amount of available
food due to increased density. |

This can be more clearly seen by examining the relationship between
the finite birth rate (B) (Figures 5-6, Graph H, p. 33-36) and adult
density (Figures 5-6, Graph B., p. 33-36). During the initial period of
low density, the birth vate was high; as adult density increased, birth
rate decreased to near zero values. During the decline in the adult
populations the birth rate again increased. Analyses of the two factors
which could affect the finite birth rate (number of eggs per clutch and
proportion of ovigerous females) revealed that the proportion of oviger-
ous females was most -important. This factor appeared to be more sensi-
tive to changes in the available food supply. During the period of
population decline, a relaxation in competition for food occurred
resulting in a rapid increase in the number of ovigerous females in the

population although most were carrying small clutches of eggs. During
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the following weeks, a gradual increase in mean clutch size occurred.

Gehrs (1972) found that in a natural population of Diaptomus c]avipés,

the number of eggs per clutch was the main factor affecting specific
birth rate (mx). The proportion of ovigerous females was greater
than 0.5 during most of the study indicating that severe food stress
was not a factor.

Food stress has also been shown to affect other aspects of life
history in both cladocerans and copepods. Coker (1934) cited experi-

ments that showed a prolonging of development in Cyclops vernalis to

four to six times the "normal" rate by starving the animals. Ingle et

al. (1937) found that Daphnia longispina maintained at 25°C and fed a

‘manure infusion which had been diluted by a factor of 36, lived consid-
erably longer than animals fed the undiluted medium, although their
reproductive capacity was severely reduced. MacArthur and Baillie

(1929, 1929a) suggested that mean longevity in Daphnia magna was an

inverse function of the metabolic rate, and metabolic rate as indicated
by the rate of heart beat was positively related to temperature and
inversely proportional to population density in the range of 1 to. 25
anima]s/cmS. They implied that the reduced metabo]ic rate evinced by
crowding may exert the same effect as a metabolism lowered by decreasing
the temperature. Comita (1968) found that in sévera] species of
Diaptomus respiration was 60 percent lower in unfed individuals which
led to a survival time 2.2 times longer than well-fed animals. Thus,
starvation of animals can affect.the population by depressing egg pro-

duction and by increasing the duration of the immature and adult stages.
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The supplementary experiments showed that.fema1es in aquarium water
produced larger clutches than females in spring water under the same
conditions (Table 4, p. 43), however, females removed from the aquaria
after the study were carrying small clutches indicative of a food stress
which was relieved when placed under optimum feeding conditions
(Table 8, p. 48). It is possible that bacteria and protozoans whose
populations were enhanced during the course of the study may have been
competing for food with the copepods in the aquaria, thus imposing a
food stress even though the copepod populations were low. It is also
possible that a build-up of metabolites inhibited egg production, a
phenomenon which has been noted in Daphnia populations by Banta and
Brown (1929) and Pratt (1943). Although there was an increase in egg
production toward the end of the study, there were no subsequent
increases in the immature stages. This could also be explained by
shortage of food. The quality of the food source may have changed
during the study, making it unsuitable for the immature stages, thus
increasing mortality. It is also possible that bacteria may infest the
slower moving nauplii contributing to the higher death rate. Thié has

also been noted by Pratt (1943) in cultures of Daphnia magna.

The sex ratio quotient showed that males were more numerous during
the study, especially during periods of low density (Figures 5-6, Graph
I, p. 33-36). Ravera (1955) found that males predominated during
periods of high density, whereas females predominated during periods of
low density, a characteristic common of copepods which can produce many

fertile clutches after one copulation. Heinle (1970) found that in

Eurytemora affinis, a calanoid which requires copulation before each
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clutch of eggs, males predominated at low densities, possibly as a means
to insure copulation during these periods. He also found that in

Acartia tonsa, a calanoid which can produce many fertile clutches after

one copulation, as population density increased the proportion of
females decreased. He suggested that some homeostatic mechanisms may be

at work, and that in Acartia tonsa, a portion of the genetic males

became phenotypic females during the course of their growth in response
to low population densites; the reverse may be true for Eurytemora

affinis. Diaptomus clavipes requires copulation before production of

each clutch (Robertson et al., 1974).

Some authors suggested that males mature earlier and have a shorter
life span than females and this could account for the variation in sex
ratio (Chapman 1969, Gehrs 1972). This is not evident in this study.
When the maximums in egg stock which occurred during the seventh and
eighth weeks of the study were compared to the sex ratio four weeks
later, which would be the expected time of maturation at the prevailing
temperature (Gehrs and Robertson 1975) the sex ratio was near unity.

A final possibility to exp]ain the preponderance of males in Tlabor-
atory studies was proposed by Battaglia (1958, 1959, 1963; cited in
Heinle 1970). He found that alterations in sex ratio in marine harp-
acticoid copepods, Tisbe sp., involved changes in the genetic ratio in
response to population density, temperature, and salinity. He suggested
that changes in sex ratio were caused by a polygenic effect, with an
increase in females when heterozygosity increased and an increase in
males with increased homozygosity. Low population densities and subse-

quent inbreeding in the laboratory lead to increased homozygosity and a
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high proportion of males. Natural populations which are generally out-
-breeding have a preponderance of females except during periods of Tow
population density. The average sex ratio for the wild population from
which this laboratory stock was collected was 1.28 (Gehrs 1972), very
similar to the average of 1.33 in this study, thus it is doubtful that
the preponderance of males was due strictly to inbreeding in the Tabor-

atory.
Static System

The data collected in these experiments indicate that food supply
was a major factor affecting egg production when temperature levels
remained constant. As the food supply was increased, egg production
increased. The density levels used in these experiments had little
effect. Marshall and Orr (1952) found that increasing the concentration
of food increased egg production in female Calanus up to a certain
level; above this level, no further increase in egg production was
noted. Hall (1964) found that the food levels that he used had no
effect on rate of clutch production (frequency of molting) but did
affect reproduction through the number of eggs per brood in baphnia

galeata mendotae.

There was an obvious positive correlation: between number of eggs
per clutch and total clutch volume- (r = 0.903, P < 0.0001); however,
there were differences in the groupings of the significant means in the
a posteriori comparisons (Tables 14 and 16, p. 56 and 58). For example,
the mean total clutch volumes for the three density levels at food level

5 g/Titer were all similar, but when the mean number of eggs per clutch
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were compared, the lowest density had a significantly smaller clutch
size than the other two densities. The reason for this can be explained
by examining the relationship between number of eggs per clutch and
individual egg volumes (Tab1es 10 and 12, p. 51 and 53): the greater
the number of eggs, the smaller the individual egg volumes. This phe-
nomenon has been cited in the literature on calanoid copepods by
Wesenberg-Lund (1904), Czeczuga (1959, 1960), Comita (1964), and in
¢ladocerans by Agar (1914), Slobodkin (1954), and Green (1954, 1956,
1966). Lack (1954) has also cited numerous ‘other examples of similar
relationships between egg number and egg size in hoth vertebrates and
invertebrates.

Thus, copepods may respond to food shortage by decreasing the total
number of eggs produced per clutch and by increasing the size of each
individual egg. A given food intake by an adult female can be utilized
to produce many small eggs or a few large eggs, thus a compromise must
have .evolved which leads to the Targest number of surviving offspring
(Lack 1954). This would have adaptive significance if the larger eggs
gave rise to larger nauplii. Wesenberg-Lung (1904) believed that the
larger eggs hatched out at a later stage than the first. Green (1954)
showed that larger eggs gave rise to larger ynung which became maturc

after fewer molts. At 22°C., young of Daphnia magna with an initial

length of 0.98 to 1.06 mm. became mature in the fifth instar while those
with an initial length of 0.78 to 0.84 mm became mature in the sixth
instar. Hutchinson (1951, 1967) suggested that this variation was not
merely a passive effect of low food intake and that part of the varia-

tion may prove to have some adaptive meaning.
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In the first two experiments, it was shown that under conditions
of severe food shortage egg production ceased. This has also been noted
in marine calanoid copepods by Marshall and Orr (1952) and McLaren
(1966). Females which had been subjected to these conditions had clear
ovaries, and no spermatophores were usually found on these females.

Katona (1975) found that male Eurytemora affinis copulated only with

females which were "ripe" (darkened ovaries). Watras (1977) reached
similar conclusions in four species of Diaptomus. - Thus, under condi-
tions of extreme food shortage, not only does egg production cease, but
also possibly mating activity which would reduce the wasting of effort
and gametes by males.

Several investigators have suggested that the number of eggs per
clutch was a function of the size of the adult female (Ravera and
Tonelli 1956, Bayly 1962,'Co1e 1966, Maly 1973). MclLaren (1965)
believed that the total clutch volume was correlated with body éize
since this volume may vary independently of egg number due to differ-
ences in individual egg volumes. This was found to be true for the
females in this study for both number of eggs per clutch and total
clutch volume when the effects of temperature, food, and age were con-
sidered constant during days 1 and 2.

It was not possible to determine if the size of the female contri-
buted to the increased egg production during the course of the study;
however, by comparing the mean clutch sizes for days 3 to 21 (Table 10,
p. 51) with the mean female metasomal lengths (Table 19, p. 62), there

appears to be no.relationship. This is especially true of the highest
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food level where the length ranged from 1.52 to 1.61 mm, the mean clutch
sizes varied by less than one eggq.

Brooks (1946) found that in natural populations of Daphnia
retrocurva the smallest adults produced more eggs than the larger ones
when the population was starved. Smyly (1968) also found this to be

true in Diaptdmus gracilis. During the first two experiments where the

animals were not fed tor varying lengths of time, the smallest
individuals produced the only clutches after the initial clutch
(experiment one) or the first clutches when they were fed (experiment
two).

The sex ratio experiment indicated that in well-fed copepods, a
five-fold increase in the number of males per females made no
significant difference in egg production. However, the sex ratio may
be important when food supply is reduced. Since males will only mate
with ripe females, the probability of a successful mating encounter
would be reduced if a high proportion of females were not ripe. A pre-
ponderance of males in this situation could increase the number of suc-

cessful mating encounters.
Flow-Through System

The results of the flow-through experiments clearly indicate that
the animals were stressed by shortage of food which resulted in the pro-
duction of small clutches of eggs. These smaller clutches also had the
largest individual egg volumes, some of which were twice as large as
eggs produced under optimum feeding conditions in the static system.

These results reinforce the conclusions in the static system section
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that changes in egg volumes were not random processes but were associ-
ated with the availability of food. |

Two clutches of resting eggs were produced during these experi-
ments. Both were.produced during the first feeding experiment (1.5
hours feeding duration). Gehrs and Hardin (1973) found that the produc- .

tion of resting eggs in Diaptomus clavipes was significantly correlated

with water temperature and adult density. This does not appear to be
the case in this instance since temperature was constant and the
clutches were produced at both high (12 animals) and low (3 animals)
densities. Bunner and Halcrow (1977) found that reducing the amount of
available food resulted in the production of sexual eggs in Daphnia
magna. This was also reported by Mortimer (1935, cited in Brunner and
Halcrow 1977). It is possible that food stress may result in the pro-
duction of resting eggs, however, more data needs to be collected in
this area before any firm conc]usiohs can be drawn.

No clutches were produced in seven of the containers at the lowest
density in two of the three feeding experiments. This lack of reproduc-
tion could have been caused by the dispersion of scent trails produced
by "ripe" females. Fleminger (1967) cited evidence that planktonic
calanoid copepods are likely to utilize chemoreception to ensure mating
encounters. In several species of calanoid copepods, distinctive sex
specific patterns of swimming have been observed in adult males which
appear to represent mating search or ritualistic premating behavior
evoked by chemical trail substances, sex pheromones, from recently
molted females (Roff 1972, Katona 1973, Kittredge et al. 1974, Griffiths

and Frost 1976). Watras (1977) presented evidence for four species of
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Diaptomus which suggested that sex pheromones were produced during the
oviducal cycle in order to synchronize mating activity since viable eggs
were produced only when the females were mated in the dark phase (ripe
in Katona's terminology, 1976). He also found that when females were
placed together, synchronization of the oviducal cycle occurred. The
flow of water may have dispersed the chemical paths, thus reducing the
changes of successful mating encounters since males will only copulate
with "ripe" females (Katona 1976, Watras 1977).

The feasibility of using this flow-through system to investigate
the possible effects of food supply on reproduction in Diaptomus
clavipes can be criticized at two levels. First, the food solution
which was used not directly utilized by the copepods as indicated by
the reduction in both number of eggs per clutch and rate of clutch pro-
duction in the sterile water (Tables 32-33, p. 80-8l). A change in food
supply to one which is directly utilized by copepods such as yeast or a
unialgal culture should produce better results. Secondly, the flow of
water may disrupt possible chemical trails produced by "ripe" females,
thus reducing the chances of successful mating encounters at Tow densi-
ties. Some evidence of this can be seen in Table 29 (p. 76) where two
flow rates were used. Although the overall relationship was not sig-
nificant, it is apparent that more clutches with larger mean clutch
sizes were produced at both light intensities when the water was con-
nected for only three hours during feeding (reduced flow). Robertson
et al. (1974) reported that calanoid copepods can be easily stressed,
thus, the flow of water itself may be enough to reduce egg production

without dispersing chemical trails. Further experiments should be done
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subjecting animals to various flow rates under optimum feeding condi-
tions to determine if disruption of chemical trails in a flow-through

system is a real possibility.
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CHAPTER V
SUMMARY AND CONCLUSIONS

It was found in both the population studies and sfatic experiments
that food supply was an important factor determining the proportion of
ovigerous females, number of eggs per clutch, and size of individual
eggs. As density increased in the population studies, egg production
decréased. This probably resulted from competition for food at the
higher densities since the densities used in the static experiments had
little effect on egg production at any of the feeding levels.

Food shortage also resulted in an increase in the individual egg
volumes. During periods of extreme food shortage, not only did egg
production cease but also the production of spermatophores by males.
When starved females were placed under optimum feeding conditions, they.
produced eggs within a few days and were producing maximally within two
weeks. Shortage of food may also result in the production of resting
eqqgs.

£gg production in the flow-through system was reduced, due pri-
marily to food shortage. The trout chow solution was inadequate because
it was not directly utilized by the copepods. A food solution such as

yeast or algae should produce better results.
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Table A-1. Analysis of spring water?

Determination Concentration Method
Potassium 660 ppbb Flame emission
Sodium 430 ppbb Atomic absorption
Calcium 26.6 ppm Atomic absorption
Magnesium 13.5 ppm Atomic absorption
Strontium 25 ppb Flame emission
Mangenese 5 ppb Atomic absorption
[ron (I1) . 20 ppb Atoimic absorption
Iron (total) 5 ppbb Atomic absorption
Silver 300 ppt Spark source mass spec.
Gold 300 ppt Spark source mass spec.
Barium 81 ppb Flame emission
Cadmium 100 ppt Atomic absorption
Chromium 3 ppb Atomic absorption
Copper 5 ppb Atomic absorption
Mercury 50 + 10 ppt Flameless atomic absorp.
Lead 1 ppb Atomic absorption
Zinc 19 ppb Atomic absorption
pH, from spring 6.2 pH meter

pH, after aeration 7.8 pH meter

Total alkalinity 100 ppm Volumetric
Carbonate 2 ppm Volumetric
Bicarbonate 10 ppm Volumetric
Hydroxide 2 ppm Volumetric

Sulfate 1 ppm Spectrophotometric
Phosphate 3 ppb Spectrophotometric
Flourine 100 ppb Spectrophotometric
Chlorine 500 ppb Spectrophotometric
DOC, spring water 0.1 - 0.4 ppm Infrared

DOC, ORNL distilled water 0.08 ppm Infrared

Total nitrogen 100 ppb Kjeldahl
Settleable solids 200 ppb Gravimetric

Total solids 126 ppm Gravimetric
Nonvolatile Solids 57 ppm Gravimetric

aSpring water analysis performed by members of the Analytical
Chemistry Division, ORNL, November 1972.

b
per million.

ppt = parts per trillion, ppb = parts per billion, ppm =

parts
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Table A-2. Guaranteed analysis of Purina trout chow (size four)
Ralston Purina Company

----- Analysis-----
Crude protein not less than--——------F ---------------- 40.0 percent
Crude fat not Tess than.......cooviiiiiiniiinnennnnn 2.5 percent
Crude fiber not Tess than......... e iiiiiiiiiienn. 5.5 percent
Ash not more than......... ...ttt 13.0 percent
Added minerals not more than........coviiiiiiiinenans 3.0 percent
----- Ingredients-----

Fish meal, soybean meal, ground wheat, corn gluten meal,
brewers' dried yeast, ground yellow corn, wheat middlings, dried
blood meal, dried whey, dicaccium phosphate, iodized salt, viiamin
A supplement, D activated animal sterol, metadione dimethy]pyﬁihid?
inol bisquite (source of vitamin K activity), vitamin E supplement,
vitamin B]2 supplement, ascorbic acid, chloring chloride, folic acid,
pyridoxine lyorochloride, thiamin, niacin, calcium pantothenate,
riboflavin supp]emeﬁt, copper sulfate, manganous oxide, zinc oxide,

calcium carbonate, cobalt carbonate.
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Table A-3. Semi-quantitative spectrographic analysis of Purina
trout chow (size four), Ralston Purina Company
Element Concentration
Aluminum 500 ppma
Antimony Less than detectable
Barium 20 ppm
Beryllium Less than detectable
Bismuth Less than detectable
Boron 10 ppm
Cadmium Less than detectable
Calc¢ium Major component
Cesium Less than detectable
Chromium Less than detectable
Cobalt Less than detectable
Copper 20 ppm
Gallium Less than detectable
Germanium Less than detectable
Gold Less than detectable
Indium Less than detectable
Iron 300 ppm
Lead Less than detectable
Lithium 5 ppm
Magnesium 2000 ppm
Manganese - 200 ppm
Mercury Less than detectable
Molybdenum Less than detectable
Nickel Less than detectable
Niobium Less than detectable
Platium Less than detectable
Potassium Major component
Rubidium 70 ppm
Silicon 500 ppm
Silver 10 ppm
Sodium Greater than 5000 ppm
Strontium l.ess than detectahle
lantalium Less than detectable
Tellurium Less than detectable
Tin Less than detectable
Titanium 20 ppm
Tungsten Less than detectable
Uranium Less than detectable
Vanadium Less than detectable
Zinc Less than detectable
Zirconium Less than detectable
a

ppm

= parts per million.
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Table A-4. Constants used in the calculation of the population
estimates for monitoring experiments one and two

Measurement Small tube Large tube
Inside diameter 3.1 cm 4.7 cm
Qutside diameter 3.8 ¢cm 5.1 cm
kS ~0.4064 0.5244
k 0.5936 0.4756

c 0.1781 liter 0.4094 liter




Table A-5.

Means used to calculate populaticn estimates for aquarium .one, experiment one

Adults Capepcdids Mauplii Totals
pay n X se@  *n s Xs s n SE s SE Xm SE X s Xm o SE-
15 12 0.17 0.11 0.17 0.11 0.67 0.26 1.17 0.39 .92 0.38  0.83 0.37 1.75 0.41 2.17 0.55
22 12 1.00 0.32 0.08 0.08 5.50 1.16  2.67 0.41 .67 0.33  1.83 0.79 8.17 1.20 4.58 1.03 -
33 5 2.801.39 2.20 0.73 8.80 1.11 5.80 1.32 .20 0.37 1.40 0.75  13.80 2.44 9.40 1.33
40 5 6.000.77 1.60 0.60 18.80 1.59 5.20 1.24 20 0.58  2.20 1.24 26.00 1.90 9.00 1.92
47 5 5.0 1.92 3.80 1.02  13.20 2.27 8.80 1.28 .20 0.20 2.60 0.93  21.40 3.49 15.20 2.06
54 5 10.40 5.12 2.60 1.08  19.60 7.47 7.20 1.28 .00 0.45 °1.60 0.60  31.00 12.3 11.40 2.36
61 5 9.60 1.63 3.60 1.21  15.80 3.40 4.60 1.08 .80 0.92 1.60 0.51  27.20 5.54 9.80 2.56
68 5 9.002.88 5.601.17  10.60 2.42 12.00 1.70 .80 1.33  2.80 0.97  23.40 4.89 20.40 2.38

aSE = Standa;d error.

801



Table A-6.

Means usec¢ to calculate

population estimates for aquarium two, experiment one

Adults Copepodids Nauplii Totals

Day n is sg? im SE is SE im SE is SE ;m SE s SE m SE

15 12 0.17 0.17 0.17 0.11. 0.330.19 .42 0.19 .33 0.14 0.83 0.27 0.83 0.37 1.42 0.51
22 12 0.500.23 0.08 0.08 1.67 0.43 .67 0.50 .42 0.42 0.58 0.23 3.58 0.60v 3.33 0.47
33 5 0.40 0.24 0.60 0.60 8.60 1.29 .80 1.39 .40 0.60 0.80 0.37 11.40 0.98 5.20 1.98
40 5 2.800.73 1.00 0.45 9.80 3.23 .40 1.33 .20 0.37 0.40 0.24 13.80 4.08 4.80 1.50
47 5 3.801.24 2.00 0.63 10.20 3.83 .00 1.14 .20 0.58 1.80 0.58 15.20 5.57 7.80 1.46
54 5 2.60 1.44 2.80 0.86 8.40 2.40 .00 0.55 .80 0.58 1.80 0.58 11.80 3.40 9.60' .75
61 5 7.202.40 4.001.18 9.20 1.07 .00 1.05 .20 0.37 1.80 0.49 18.60 2.29 11.80 1.56
68 5 6.601.63 2.60 0.51 9.60 1.33 .20 1.36 .20 0.66 2.20 0.73 19.40 2.48 14.00 1.70

3SE = Standard error.

601



Table A-7. Means used to calculate population estimates for aquarium -hree, expariment one

Adults Copepodids Nauplii Totals

Day n is Sg? im SE s SE im SE is SE im SE is SE im SE

15 12 0.42 0.19 0.17 0.1 0.08 0.08 0.50 0.19 0.75 0.35 0.33 0.19 1.25 0.45 1.00 0.21
22 12 0.330.19 ] - 1.33 0.28 1.08 0.23 1.00 0.35 0.42 0.19 2.67 0.40 1.50 0.45
33 5 0.20 0.20 J - 3.80 0.97 1.60 0.51 0 - 0 - 4.00 0.95 1.60 0.51
40 5 1.200.73 J - 3.80 2.06 0.60 0.24 0 - 0 - 5.00 2.76 0.60 0.24
47 5 2.001.05 0.40 0.24 2.80 0.66 1.00 0.32 0 - 0.40 0.24 4.80 1.36 1.80 0.58
54 5 1.20 0.73 0.60 0.40 1.40 0.93 2.20 0.73 0 - 0.20 0.20 2.60 1.63 3.00 1.05
61 5 3.801.11 0.40 0.40 2.80 1.39 1.40 0.51 0 - 0 - 6.60 2.18 1.80 0.58
68 5 2.20 0.49 2.00 0.77 1.60 0.24 0.40 0.40 0.80 0.37 1.00 0.45 4.60 0.40 3.40 1.12

a

SE = Standard error.

oLt



Table A-8. Means used to calculate population estimates for aquarium four, experiment one

Adults Copepodids Nauplii Totals

Day n . Xs SE®  *m SE s SE *m  SE s SE *m  SE s SE *m SE

10 12 0.67 0.36 0.80°0.08 0.42 0.19 0.92 0.26 0.83 0.30 0.50 0.19 1.92 0.43 1.50 0.45
17 12 0.330.26 0.330.19 0.67 0.22 0.67 0.26 0.50 6.15 0.33 0.19 1.50 0.45 1.33 0.43
28 5 0 - 0.40 0.24 0.40 0.24 0.20 0.20 0 - 0 - 0.40 0.24 0.60 0.24
35 5 0 - 0 - 0 - 0 - 0 - 0 - 0 - 0 -

aSE = Standard error.
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Table A-9. Means used zo calculate populatior. estimetes for aquarium five, experiment one

Adults Copepodids Nauplii Totals
bay n s SE*  “m SE X SE *m SE Xs  SE m  SE s s&e *m sE
10 12 O - 0.25 0.13 0.17 0.11 0.67 0.26 0.42 0.19 1.00 0.30 0.58 0.23 1.92 0.40

17 12 0.67 0.36 0.08 0.03 4.67 1.47 1.33 0.19 0.67 0.29 1.08 0.30 6.00 1.68 2.50 1.40
28 5 4.20 0.97 2.00 0.71 4.40 1.08 2.80 0.20 1.20 0.58 3.20 .07 9.80 1.46 8.00 4.33
35 5 5.00 1.05 3.40 0.63 4.40 0.9é 2.60 0.40 2.00 0.45 0.80 0.58 11.40 1.96 6.80 0.86
42 5 9.802.87 1.20 0.37 7.60 2.20 2.80 0.20 3.20 0.49 3.40 0.81 20.60 4.55 7.40 0.51
49 5 4.60 1.21 3.60 2.11 7.00 1.79 4.20 1.79 1.00 0.45 1.20 9.58 12.60 3.01 9.00 2.12
56 5 8.40 0.93 4.40 0.66 7.80 0.97 7.00 2.81 1.60 0.60 1.80 1.80 17.80 2.27 13.20 2.69
63 5 9.602.32 9.00 2.70 11.40 1.75 8.40 2.36 4.60 1.60 5.20 .58 25.60 3.56 22.60 4.91

aSE = Standard error.
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Table A-10.

Means usad to

calculate

population estimates for

aquarium six, experiment one

Adults Copepodids Nauplii Totals

by n Xs SE®  *n SE Xs s Xm o sE X5 sE Xm SE X st m o sE

10 12 0.67 0.28 0.25 0.13 0.58 0.26 1.33 0.51 0.92 0.29 1.33 0.31 2.17 0.37 2.92 0.56
17 12 0.250.18 0.17 0.12 5.00 1.00 3.83 0.81 2.08 0.42 0.92 0.34 7.33 1.40 4.92 0.96
28 5 2.500.40 1.200.73  21.40 3.92 10.80 2.50  1.40 0.51 0 - 25.20 4.33 12.00 2.81
3 5 6.204.08 1.40 0.40 15.20 6.42 4.20 0.73 0 - 0.40 0.24  21.40 10.4 6.00 1.05
42 5 1.40 0.24 1.20 0.73 9.80 2.11 10.80 1.59 2.80 0.92 2.40 1.29  14.00 2.45 14.40 1.36
49 5 2.40 0.81 5.20 1.16 7.80 2.56 8.80 2.03 2.80 0.86 3.60 0.98  13.00 3.58 17.60 3.50
56 5 4.20 0.37 3.40 0.66 7.80.1.71 12.20 1.02 2.20 0.20 3.80 0.92  14.20 1.85 19.40 1.63
63 0.51  12.20 1.69 9.80 1.85 4.80 1.16 4.60 1.16  22.20 2.91 16.80 3.25

5 5.201.16 2.40

a

SE = Standard error.
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Means used to calculate population estimates for aquarium one, experiment two

Table A-11.

Totals

Copepodids Nauplii

Adults
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aSE = Standard error.
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Table A-12.

Means used to calculate population estimates for aquarium two, experiment two

Copepodids Nauplii Totals

Adults
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Table A-13. "Breeding parameters for aquaria one through six,
experiment one

Clutch size Proportion Sex ratio Finite
3 ovigerous males birth No. eggs
Day Mean SE n females females rate (B) liter

15 7.50 0.50 2 0.50 Females 1.88 3.5
22 9.00 2.65 3 0.27 0.18 1.23 5.3
33 15.50 6.50 2 0.17 1.08 1.29 7.6
40 8.30 1.16 10 0.63 1.38 2.59 20.8
47 7.27 0.92 N 0.65 1.59 2.35 19.7
54 4.00 - 6 0.27 1.95 0.54 6.0
61 5.00 0.78 8 0.40 2.30 1.00 10.0
68 5.33 0.50 12 0.35 1.15 0.94 15.8
----- Aquarium two-----
15 7.00 - 1 0.50 1.00 1.75 1.7
22 - - 0 0 2.50 - -
33 6.50 0.50 2 0.67 0.67 2.17 3.1
40 6.00 - 1 0.17 2.17 0.50 1.5
47 11.20 1.71 5 0.56 2.22 3.11 13.9
54 6.83 1.56 6 0.55 1.45 1.86 10.0
61  5.22 0.66 9 0.50 2.1 1.30 11.6
68 5.50 0.96 6 0.30 1.30 0.82 8.2
----- Aquarium three-----
15 - - 0 0 0.75 - -
22 - - 0 0 1.00 - -
33 - - 0 0 Males = -
40 6.50 0.50 2 0.68 1.00 2.17 3.4
47 - .- 0 0 11.00 o -
54 - - 0 0 2.00 - -
61 - - 0 0 2.50 - -
68 6.40 0.68 5 0.83 2.50 2.67 7.8
----- Aquarium four-----
10 9.00 - 0.25 1.25 1.12 1.8
17 - - 1.00 - -

1
0 0

28 - - 0 0 Males - -
0 0 0 - -
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Table A-13. (continued)

Clutch size Proportion Sex ratio anite

3 ovigerous males birth No. eggs
Day Mean SE n females females rate (B) Titer

10 11.00 - 1 0.50 0.50 2.75 3.0
17 8.00 - 2 0.40 0.80 1.60 3.2
28 8.60 2.89 5 0.25 0.55 1.08 10.7
35 8.33 0.61 6 0.38 1.62 "~ 1.56 12.3
42 8.70 1.03 10 0.50 1.75 2.18 22.1
49 7.33 2.96 3 0.33 3.56 1.22. 5.4
56 7.00 0.85 13 0.50 1.46 1.75 22.6
63 6.93 0.69 15 0.48 2.00 1.68 25.4

10 12.50 4.50 2 0.20 1.75 3.12 2.1
17 - - 0 0 0.67 - -

28 11.00 - 1 0.08 0.50 0.46 . 8.8
35 12.00 - 1 0.07 1.53 0.40 3.0
42 7.00 - 1 0.33 3.33 1.17 1.7
49 5.29 0.70 6 0.50 2.17 1.54 7.6
56 6.70 1.04 10 0.50 0.90 1.68 16.5
63 5.56 0.58 9 0.45 0.90 1.25 12.4

aSE = Standard error.
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Table A-14. Breeding parameters for aquarium one, experiment two

Clutch size Proportion Sex ratio Finite
3 ovigerous males birth No. eggs
Day Mean SE n females female rate (B) Titer
8 6.89 0.56 9 1.00 1.33 3.44 15.5
15 8.75 0.75 4 (.00 1.0V 4.38 8.9
22 7.00 1.08 4 0.67 1.33 2.33 7.0
29 17.40 3.72 5 0.38 1.08 3.35 21.4
36 12.15 1.37 13 0.65 0.95 3.95 39.5
43 11.61 1.20 18 0.43 1.26 2.49 52.8
50 10.62 0.84 21 0.54 1.69 2.86 55.2
57 9.25 1.16 20 0.38 1.69 1.78 46.3
64 7.00 0.88 11 0.29 1.08 1.01 19.2
72 6.33 0.21 6 0.12 1.37 0.37 9.6
79 3.00 1.00 2 0.04 1.02 0.06 1.5
86 3.86 0.55 7 0.12 0.78 0.22 6.8
92 4.89 1.10 9 0.17 1.23 0.42 11.0
99 - - 0 0 0.85 - -
107 6.00 - 1 0.02 1.24 0.06 1.5
114 5.67 0.33 3 0.07 0.93 0.19 4.3
121 4.50 0.50 4 0.07 1.58 0.36 4.6
128 - 3.50 0.50 2 0.08 1.00 0.14 .8
134 4.50 0.96 4 0.09 1.07 0.21 4.6
141 6.75 1.89 4 0.21 1.10 0.71 6.9
148 10.00 - 1 0.08 1.31 0.38 2.5
155 7.92 0.56 13 0.59 1.18 2.34 26.0
162 9.92 1.21 13 0.72 1.28 3.58 40.2
169 7.20 0,73 5 0.63 1.75 2.25 12.0
176 11.00 1.00 3 0.75 2.25 4.12 13.8
183  10.00 1.00 2 0.50 2.75 2.50 R.4
190 8.00 1.00 2 0.50 1.50 2.00 6.8
197 10.00 2.81 5 1.00 0.20 5.00 20.7
205 10.00 - 1 0.50 Females 2.50 4.1

agg = Standard error.
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Table A-15. Breeding parameters for aquarium two, experiment two
Clutch size Proportion Sex ratio Finite
3 ovigerous males birth No. eggs
Day Mean SE n females females rate (B) liter
8 7.00 0.63 6 0.78 1.22 2.33 12.3
15 8.17 1.47 6 0.60 0.20 2.45 12.0
22 7.83 0.98 6 0.60 0.60 2.35 11.3
29 4.50 2.50 2 1.00 3.00 2.25 2.2
36 12.67 3.76 3 0.20 0.90 0.95 12.5
43 15.13 1.55 8 0.42 1.16 3.18 29.8
50 12.54 1.21 24 0.53 1.24 3.34 75.5
57 13.11 0.92 36 0.75 1.14 4.63 124.3
64 12.69 0.80 36 0.71 1.02 4.48 114.0
72 11.52 0.89 27 0.61 1.70 3.53 77.3
79 9.46 0.60 41 0.55 1.18 2.62 97.1
86 8.74 0.61 35 0.53 1.29 2.32 76.7
92 8.12 0.91 17 0.28 1.53 1.08 36.2
99 5.75 1.41 8 0.12 1.10 0.33 11.5
107 5.67 1.52 6 0.07 1.37 0.20 8.6
114 5.50 0.72 6 0.10 .2.05 0.28 8.3
121 6.00 1.41 4 0.08 1.68 0.23 6.0
128 6.29 0.64 7 0.10 1.12 0.32 10.9
134  3.91 0.09 11 0.18 1.43 0.35 10.6
141 6.57 0.57 21 0.37 1.77 1.21 34.8
148 5.00 0.79 7 0.16 1.80 0.40 8.8
155 6.15 0.46 26 0.67 1.15 2.05 39.7
162 5.52 0.39 23 0.61 1.32 1.67 31.7
169 6.22 0.22 9 0.38 1.38 1.17 14.0
176 - - 0 1.54 - -
183 6.00 - 1 0.09 2.27 0.27 2.5
190 - - 0 0 0.89 - -
197 7.60 0.93 5 0.29 1.53 1.12 16.0
205 - - 0 0. 1.33 - -

a

SE = Standard error.
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