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FACTORS INFLUENCING SEX RATIO IN THE
ESTUARINE COPEPOD GENUS EURYTEMORA

INTRODUCTION

General Considerations

Investigations on the ecology of 'populations of Eurytemora spp.

(Copepoda, Calanoida) in Yaquina Bay, Oregon, indicate large fluc-

tuations in the sexratio (see Figure 1), Sexratios differing from

1:1 may occur in natural populations for a variety of reasons. Maly

(1970) suggests that sex-selective predation may alter the adult sex

ratio of copepods in cases where there is size dimorphism. Bogorov

(1939) gives early death of males as the reason for the predominance

of females in open ocean catches of copepods. Such differential

natural mortality of the two sexes has been documented for Calanus

by Raymont and Gross (1942). Cannibalism of males by females has

been observed for Macrocyclops albidus, M. fuscus, and Acantho-

cyclops viridis.(Smyly, 1965). Sex ratios are also directly affected

by environmental factors (Bacci, 1965) and by the genetic sex deter-

mination mechanism (Eshel, 1975).

This thesis reports an attempt to investigate which of these

factors were important influences on the sex ratio of Eurytemora spp.

During laboratory studies on this copepod over a two year period, I

observed no cannibalism on males, nor was there any evidence that
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Figure 1. Sex ratios of Eurytemora population at five stations in Yaquina estuary. Lndividual
points are all samples for which n > 30. Line connects means (0) over all samples
for which n > 6.
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males had shorter life spans than females.. Although there is a size

dimorphism between sexes in adults of all species of Eurytemora,

the sex-selective predation hypothesis could not be tested, since the

major predators of Eurytemora spp. are unknown. Therefore, I con-

ducted studies to determine whether the genetic sex determination

mechanism or environmental factors could influence the sex ratio in

Eurytemora spp.

All experiments were carried out using animals taken frora a

stock culture of Eurytemora spp. maintained in the laboratory sixce

April 3, 1974. At that time only Euryternora americana Williams

had been reported from Yaquina Bay (Frolander et., 1973). In

August 1975 Eurytemora affinis (Poppe) was found in some plankton

samples taken earlier. Examination of the stock culture yielded only

E. affinis. Re-examination of plankton samples from Yaquina Bay

has shown that E. affinjs is much less abundant than E. americana

(Joan Flynn, personal communication). Therefore, the stock culture

may have contained E. americana before August 1975. This possi-

bility must be taken into account in the interpretation of experiments

conducted between April 1974 andAugust 1975.

When the second Eurytemora sp. was first discovered in

Yaquina Bay, it was identified as E. hirundoides (C. B. Miller,

personal communication). Gurney (1931) discussed the taxonoxnic

confusion surrounding E. affinis and E. hirundoides. He found no
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justification for distinguishing E. hirundoi.des as a separate species

from E. affinis. Probably all North American records of

hirundoides are E. affinis (Wilson and Yeatman, 1959). Therefore,

until the taxonomic question is resolved I will refer to my organisms

as E. affinis.

Literature Review

The sex determination mechanism in most copepod groups has

not been determined. The problem has been approached by cytological

studies looking for sex chromosomes. A summary of this cytological

work is given by Beerman (1954). Despite the extensive work on

copepod chromosomes in the early 1900's (see for example raun,

1909; Matschek, 1910; Amxna, 1911; Kornhauser, 1915; Heberer,

1932), there is little that can be said about copepod sex chromosomes.

These workers did not do complete cytological studies on both sexes,

nor on all stages of gametogenesis and zygote formation. This

criticism also holds for Harding's (1963) suggestion of an XY sex

determination mechanism in Calanus.

Kornhauser (1915) interpreted his results on spermatogeneis

in Hersilia apodiformis (Caligu.lidae) as evidence for a male XY

heterogarnety. Beerxnan, however, points out that Kornhauser cUd

not adequately study ogeneis to determine whether the observations

on heterochromosomes might also hold for the female. A study of
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spermatogenesis in Centropages tpicusledHeberer (1932) to argue

for a male XO heterogamety in the Calanoida. However, he was not

able to duplicate his initial observation1,
that some sperm have one

less chromosome than qthers, in subsequent studies on the same

species. Beerman attributes this to the difficulty of working with

cut preparations as opposed to the squash technique.

Beernian (1954) found conclusive evidence for a chromosomal

XO heterogamety in female strenzkei. He cites the work

of Braun (1909) and Matschek (1910) on other members of the sub-

family Eucyclopinae as evidence that a female XO heterogamety is

general in this group. Beerman concludes that nothing can be said

with certainty about the chromosomal sex determination mechanisms

of the harpacticoid, calanoid or parasitic copepod groups because of

the lack of adequate cytological studies. In fact, he states that the

question of chromosomal sex determination is still open for sub-

families of the Cyclopoida other than Eucyclopinae (that is, the

Cyclopinae and Mesocyclopinae).

Beerman points to Matschek's (1910) study of ogenesis in

Diaptomus castor as possible evidence for a female XY heterogamety

in Calanoida. Matscheck found fourteen normal tetrads and one ring

composed of three conjoint tetrads during metaphase I. Heberer

(1932) however, established that this pairing configuration occurs

only in the meiosis of females, and only in populations from southern



Germany. The pairing configuration in females from northern and

central German populations is seventeen normal tetrads. Males

from all populations had seventeen normal tetrads. Beerman con-

cludes that the ring formation is evidence for sex chromosomes.

However, while the ring formation is sex linked, this does not make

it a sex chromosome, since the genes controlling ring formation may

be on chromosomes not found in the ring. This evidence for sex

determination by a female XY heterogarnety in Calanoida is not

strong, especially since this particular pairing configuration only

occursin certain populations of Diaptomus castor.

A word of caution in the interpretation of cytological evidence

for or against chromosomal sex determination mechanism comes

from Bacci (1965). He states that sex chromosomes may exist even

if no heterochromosomes are found cytologically. Similarly, heter-

ochromosomes are not proof that sex is determined solely, or at all,

by sex chromosomestT since autosornal sex control is found in some

organisms that may at times override the sex as determined by

heterocliromosornes.

The best confirmation of a particular mode of chromosomal sex

determination in a copepod comes from the work of Rdsch (1958) and

Metzler (1955, 1957). Rtisch cytologically determined that a female

XY heterogamety existed in Cyclops viridis (Mesocyclopinae).

Metzler carried out an extensive laboratory study on the influence of
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environmental factors on the sex ratio of this copepod. She found that

sex was determined shortly before egg laying. The sex ratio of a

clutch of eggs was irifl:uenced by environmental factors impinging on

the female only during the time of polar body formation. High temp-

eratures, ultraviolet radiation, changes in pH, and decreased food

rations all produced a higher proportion of males than did control

conditions, presumably because the Y chromosomes is passed more

frequently into a polar body. This environmental influence on chromo-

somal sex determination is similar to that found in the moth

Talaeporia tubulosa, In T. tubulosa the orientation of the sex chromo-

somes on the spindle is strongly influenced by temperature so that

high temperatures produce more females (61%) than low temperatures

(39%) (Seiler, 1920, cited in Bacci, 1965).

The sex determination mechanism in the cyclopoid forms that

have been studied appears to be of the advanced (Bacci, 1965) XO

or XY types with sex being determined in the egg. The same cannot

be said for the two genera which have been studied in the Harpacti-

coida (Tigriopus and Tisbe). Takeda (1950) investigated the effect of

factors speeding or slowing the development of Tigriopus japozucus.

He found that sex was not determined until the onset of the first

copepodite stage. The application of growth speeding factors (temper-

ature or chemicals) during the naupliar stages yielded a higher pro-

portion of males than did control conditions. These same factors had



no effect on the sex ratio when applied after the molt to first cope-

podite, Egami (1951) confirmed these results,

Vacquier and Belser (1965) subjected nauplii and copepodities

of Tigriopus calificornicus to increased hydrostatic pressure. They

were able to shift the sex ratio to a higher proportion of males at

hydrostatic pressures above atmospheric, As in Takeda's study on

T. japonicus, the effect on sex ratio could be obtained only if the

treatment was applied to the naupliar stages. The results on

Tigriopus spp. indicate that some enzyme mediated reaction may be

involved in sex determination in the genus.

Ar-Rushdi (1958) conducted inbreeding experiments, on

Tigriopus sp. and concluded that, since he was able to select for

family lines having a high proportion of males and for lines with a

high proportion of females, sex was determined by a polygenic

system. His work seems to have been stimulated by the observations

of Provasolietal. (1959) that extreme changes in sexratios occurred

in laboratory cultures of T. californicus but not in T. japonicus. Un-

fortunately Ar-Rushdi does not indicate which species he studied.

Battaglia (1958) found that while selection for a high proportion

of males in inbreeding studies on Tisbe gracilis was successful, he

could not select for family lines with a high proportion of females.

Inbreeding without selection always led to increased proportions of

males, He proposed a system. of polygenic sex determination involving



several factors for femaleness (F) which are dominant, and whose

expression is conditioned by the heterozygous state, andseveral

factors for maleness (m) which are recessive. These factors are

non-a1lelic and spread over several chromosomes so that sex is

determined by the degree of heterozygosity of the F and m loci.

Thus inbreeding leads to increased homozygosity and an increased

proportion of males (Battaglia, 1963). The rarity of intersexindivi-

duals indicates a very precise switch mechanism which allows the

appearance of normal male and female phenotypes even in cases of

near balance betwen the male and female determiners (Bacci, 1965).

According to Kosswig (1964) this is a common feature of polyfactorial

sex determination systems.

Various authors have commented on the possible influence of

environmental factors on the sex ratio of calanoid copepod. species

under laboratory and field conditions, but the mechanism or timing

of these factors has not been elucidated. Paffenhffer (1970) found

that Calanus heigolandicus raised from egg to adult on different algal

foods yielded different sex ratios, There was considerable mortality

in most instances, but it was not correlated with sex ratio. Heinle

(1970) determined that the sex ratio of Acartia tonsa was 1:1 in un-

exploited (high density) laboratory populations (with one exception),

and that there was no differential mortality of the sexes. Laboratory

exploitation experiments indicated that the proportion of adult females
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increased with an increase in the exploitation rate of cultures or with

the decrease in population density. He also suggests there is an in-

verse correlation between population density and sex ratio in his field

studies, Heinle suggests that genotypic males become phenotypic

females under these conditions, but the evidence is far from conclu-

sive due to the lack of control of other environmental factors. Lock

and McLaren (1970) found that stage III copepodites of Pseudocalanus

niinutus raised to adulthood in individual containers produced a higher

proportion of females (86%) than those raised at densities of 16-ZO

per container (49%). Conover (1965) noted similar results with

Calanus hyperboreus. This suggests that production of males may be

regulated by density or the presence of other copepods. Cognard

(1973) studied the effect of temperature on Eudiaptomusgracilis.

His results showed a mascu1inizationH of offspring at low tempera-

tures, but the mechanism is obscure due to the very poor survivorship

to the adult stage (as low as 6.6% at 4°C and 35% at 18°C). He also

found that males spent less time in the fourth copepodite stage than

females, and this may provide some insight into the mechanism.

Katona (1970) studied the effect of temperature and salinity on

the growth of two species of Eurytemora. The proportion of males

was directly correlated with temperature for E. affinis, but the

inverse relation held for E. herdmanni. Katona suggested that each

species produces more females under stress conditions in order to
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bring the population through hard times. However, there was no

measure of mortality in the cultures, and differential mortality may

account for the result. Woodhead and Riley (1959) found that males

of Calanus finmarchicus have a shorter development time in the fifth

copepodite stage than females, but their method of sexing immatures

has been questioned by Conover (1965). Moriatou-Apostolopoulou

(197Z) found a positive correlation between population density and

the proportion of males in field samples of Centropages typicus and

Temora ylifera. Bayly (1965) reported similar results for several

estuarine species (Pseudodjpmus spp., Sulcanus conflictus,

Gladioferens pectinatus, Boeckella propingua),

While a considerable amount of evidence has been accumulated

for the sex determination mechanisms of cyclopoid and harpacticoid

copepods, such evidence is lacking for the Calanoida. Conover (1965)

states that '1Although genetic sex determination may occur among

calanoid copepods, it is by no means proven.

The study of Egloff (1967) on Tigriopus californicus points out

problems in relating sex ratio to environmental conditions. He found

a positive correlation between sex ratio and temperature in the field,

but a negative correlation existed under laboratory conditions. Thus,

field correlations alone should not be used in discussions on the

causes of sex ratio fluctuations.
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Direction of the Present Work

The successful studies on the causes of sex ratio fluctuations in

copepods have been those that investigated the influence of physical

factors (Metzler, 1957; Takeda, 1950) or inbreeding (Battaglia,

1958; Ar-Rushdi, 1958) on sex determination. In my studies I

utilized the techniques of these successful authors to attempt to

determine those factors influencing the sex ratio in the calanoid cope-

pod, Eurytemora affinis. I conducted inbreeding experiments to in

vestigate the possibility of a polygenic sex determination mechanism

in this copepod. The majority of the experiments were designed to

determine whether, and in what stage of the life cycle, physical

factors influenced the sex ratio. By these studies I hoped to elucidate

the sex determination mechanism in a calanoici copepod and to investi-

gate the significance of environmental control of the sex ratio.
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MATERIALS AND METHODS

Preliminary Work

All copepods used in laboratory experiments were collected on

April 3, 19749 at two stations (Buoy 21 and Buoy 29) in the Yaquina

River estuary. The stock was maintained in a 9-liter glass serum

bottle in sea water diluted to 20%o with distilled water. Sea water was

taken from a sand-filtered sea water system at the Oregon State

University Marine Science Center at Newport, and was filtered in the

laboratory through a glass fiber filter immediately before use. The

stock culture was maintained in a constant temperature room at

16. S°C ± 0. 5°C in low light. Continuous aeration was provided ta

keep phytoplankton in suspension and to provide high oxygen levels.

The culture solution was changed every 2 to 3 weeks by pouring the

contents through a 52 m mesh net, and rinsing the contents of the

net into fresh culture solution. A food mixture of the diatom

Thalassiosirafluviatilis in a concentration of 5,000 cells/mi, the

flagellate Rhodomonas sp., 30, 000 cells/mi, and the chrysomonads

Isochrysis galbana, 40, 000 cells/mi and Pseudoisochrysis sp.,

50, 000 cells/ml was fed to the copepods at each culture transfer.

These initial concentrations were maintained by addition of food at

1-3 day intervals as needed. Phytoplankton cultures were maintained

using the technique described by Carillo (1974).
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The sex ratio of Euryten-iora spp. in the field was determined

by analysis of samples taken during the years 1967-1972. The

samples were part of a multi-year study on the zooplankton of the

Yaquina estuary. Sampling technique s and station locations are re-

ported in Frolander etal. (1973). C., B. Miller extracted from the

data set all samples for which the total ntimber of adult Eurytemora

was 6 or more and calculated the sex ratio for each sample.

Laboratory Experiments

All experiments were conducted as follows, except where

noted. 400-500 ml of culture medium was added to 600 ml beakers.

The culture solution was glass fiber filtered sea water diluted to

approximately 20% with distilled water. The standard culture solu-

tion included the same four algal species in the same density as was

fed to the stock culture. Total food concentration was varied propor-

tionately to the number and size of copepods in the beaker (from

50,000 to 150,000 cells/ml of the four species combined). Stock

copepods were screened from the culture as previously described,

rinsed into a Petri dish and emined under a dissecting microsope.

The desired stages and numbers of copepods were transferred by eye

dropper to each experimental container. When eggs were taken from

female egg sacs, tricaine methanesulfonate was used to anesthetize

the females. The beakers were covered with watchglass covers and
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placed on a shelf in the cold room. Light levels were low and uniform.

Standard temperature was 16.5 ± 0.5°C. Food was added as needed

every Z-4 days using the same technique as described for the stock

culture, Experimental beakers were never aerated.

The initial observation on the effect of salinity on sex ratio came

from a preliminary experiment on the salinity tolerance of Euryte-

mora, Five male and five female copepods were placed in experi-

mental beakers at seven salinities ranging from 4%o to 28%o on

May 6, 1974. These non-replicated beakers were censused on June

10 and June 18 for the number of males and females. By this time

healthy populations had been produced at each salinity. Mortality was

not measured in this experiment.

Several experiments were then conducted to determine whether

temperature, salinity, or animal density had any influence on the sex

ratio in Eurytemora, The first (FAG-i) was a 2x3x4 factorial design

in temperature (10°C, 16,5°C), animal density (1, 10, 100 eggs!

beaker) and salinity (8, 12, 16, 20%o). There were 3 replicates of

each treatment, Eggs were removed from stock culture females and

placed into experimental beakers on June 14. The 16. 5°C beakers

were terminated on July 15 and the 10°C beakers on Juiy2Z. The

purpose of this experiment was to test whether these factors had any

effect on sex once the eggs had been laid.

In order to test whether these same factors might affect sex
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determination before egg laying occurred (Metzler, 1957) a second

experiment (FAC.Z) was performed0 Adult Euytemora were treated

according to a 2x2x4 factorial design with 3 replicates in animal den-

sity, temperature and salinity. The salinity and temperature treat-

ments were the same as in the previous experiment0 The two density

treatments involved placing 5 breeding pairs into 200 ml or 1200 ml

cultures., 1500 ml beakers were used for the latter treatment. The

adults were placed into experimental beakers on September 19, 1974.

On September 26, nauplii were removed from these beakers and dis-

carded., Fifty eggs were collected from each adult experimental

beaker on September 28 and raised under standard conditions. These

adults were counted and sexed on October 28.

The third experiment (FAC-3) was designed to look at the sex

ratio of progeny when raised from the egg under the same or different

conditions than those at which they were laid. The experimental

variables were salinity and raising nauplii under the same or different

conditions the parents had experienced. Adult copepods were placed

into one of four salinity conditions (4, 12, 20, 28%o) on November 21,

1974. Eggs and nauplii were removed on November 26 and discarded.

Egg collection for the experiment began on November 30 and continued

until December 9, Six hundred eggs were taken from each salinity

treatment., Three hundred eggs were divided equally into 3 beakers

containing standard culture conditions, and the other 300 were divided
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equally into 3 beakers at the same salinity that the parents had .exper-

ienced. The eggs were raised to adult stage under these conditions,

and the number of males and females were counted on December 19,

A fourth experiment (FAC-4) on the effect of temperature and

salinity was conducted after the possible occurrence of two species of

Eurytemora in the early stock culture was discovered. This was a

2x3 factorial with 4 replicates at each temperature (1 0, 16. 5°C) and

salinity (4, 16, 28%o). On July 22, 1975, adult Eurytemora affinis

were separated into 2 beakers at the two experimental temperatures.

Eggs and nauplii were removed on July 26 and discarded. Stage Il-Ill

nauplii were collected from July 26 to August 4. Fifty nauplii were

placed into each replicate of each salinity at the same temperature at

which they were hatched. They were raised to adulthood, and were

counted and sexed on August 25 (16. 5°C part) or September 8 (10°C

part).

Two experiments were conducted to test whether water quality

had any effect on survivor ship or sex ratio of Eurytemora. Three

types of water treatment were applied: "scrubbing" with activated

charcoal, addition of a chelator (EDTA), and ozonization. In both

of the experiments the treatments were as follows. "Natural" sea

water (N) was glass fiber filtered. Charcoal filtered sea water (Cl)

was glass fiber filtered, then Darco G-60 activated charcoal was

added and allowed to remain for 2 days before removal by glass fiber
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filtration. Ozonized sea water (COG) was treated as CF water, then

bubbled with ozone for 40 minutes, Twenty-four hours later a second

portion of activated charcoal was added to scrub out residual ozone.

This water was then glass fiber filtered to remove thecharcoal 24

hours later, EDTA at a concentration of 37 mg/i (Neunes and Pongo-

lini, 1965) was added to half of each of the three treatments. This

gave 6 water treatments designated as N, CF, COG, NEDTA,

CFEDTA, COCEDTAO Twenty eggs from stock culture females were

added to each of 4 replicates of each treatment. The eggs were

raised to adult stage under the standard conditions of light, food,

temperature, and salinity. The first experiment (WQ-1) ran from

April 2, 1975 to April 28. The second (WQ-2) ran from April 22 to

May 16.

The possible effect of food on the sex ratio of Eurytemora

affinis was investigated by two types of experiments. The first

(FOOD-i) involved raising E. affinis from early nauplius (stage 11-111)

to adult on monoalgal foods. The four algal food types used in all

other experiments, Isochrysis galbana, Pseudoisochrysis sp.,

Rhodomonas sp. and Thalas siosira fiuviatilis were used individually

as the four treatments. Fifty nauplii from the stock culture were

placed in each of three replicates of each algal species on October 24,

1975. The adult survivors were counted and sexed on November 12.

The second type of food experiment involved different
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concentrations of all 4 algal species combined as the treatment van-

able, There were 3 experiments of this type (FOOD-2, FOOD-3,

and FOOD-4), In each experiment, whenever food was added, it was

in the same ratio at each feeding. However, the absolute amount fed

at any treatment level varied from one feeding to the next, Culture

volume was maintained at 400 ml in each beaker by removal of the

same volume of old medium as was added in food that day. FOOD-2

began on September 23, 1975, with 50 stock nauplii (stage 1V-V)

placed into each of 4 replicates of 4 food levels. The relative rations

in FOOD-2 were 4:3:2:1. All cultures were maintained at standard

conditions and fed at these levels until FOOD-2 was terminated on

October 7, FOOD-3 began on October 7 with 4 replicates of 4 food

levels (10:5:2,5:1). Fifty naupl.ii (stage Il-ItI) were taken from each

treatment beaker of FOOD-2 and placed in the corresponding food

level of FOOD-3. Thus, nauplii from level fl4 of FOOD-2 were

placed in level "10" of FOOD-3, and nauplii from level "3" of

FOOD-2 were placed in level 115H of FOOD-3. The three highest food

levels (10, 5, 2.5) were terminated on October 14, but the lowest

level (1) continued until October 28 due to slower growth at this food

level, FOOD-4 began on November 10 with 3 replicates of 3 food

levels (10:3:1), The adults raised in the 11511 and "2.5'11.evels of

FOOD-3 were placed into one large culture vessel with moderate food

levels, Fifty nauplii (stage III-V) were taken from this culture on
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November 10 and were placed into each treatment beaker of FOOD-4.

The two highest food levels (10, 3) were terminated on November 24,

but slow growth in the low food (1) beakers delayed these until

December 1.

Two inbreeding experiments were conducted to investigate

whether family lines could be produced that gave a high proportion of

one sex. The first experiment (INREED-1) was conducted at 22°C

in order to decrease the generation time. Whole eggsacs were taken

from 20 stock females on February 7, 1974, and placed into individual

beakers with standard culture medium. These were placed into a

22°C water bath, and the progeny (F1 generation) were counted and

sexed on February 20. Nineteen eggsacs were taken from females

produced in beakers in which the sex ratio deviated from 1:1. These

were placed in individual beakers under the same conditions as those

of the parental generation. Only 1 of these eggsacs produced progeny.

Eleven eggsacs taken for the F2 generation produced no hatching and

the experiment terminated.

In order to investigate the failure of hatching in INBREED-i, an

egg hatching experiment was set up at 22°C. One eggsac was placed

in each of 5 beakers (E1-E5), 2 breeding pairs in each of 5 beakers

(A1-A5), and 5 unsexed copepodites into each of 5 beakers (C1-05).

A total of two eggsacs were taken from adults raised in beakers E1

to E5, two eggsacs from F1 adults in beakers A1 to A5, and 13



21

eggsacs from F1 adults in beakers C1 to C5. This allowed examina-

tion of the hatching success of the F2 generation. The experiment

terminated on April 25 due to failure of the temperature control device.

The second inbreeding experiment (INBREED-2) was carried out

under standardculture conditions. Eggsacs were takenfrom 20 stock

culture females on April 3, 1975, from which the parental generation

was produced. Family lines were selected that producedsex ratios

varying from 1 :1 in an attempt to produce lines having a high propor-

tion of males or females. At least 20 eggsacs were chosen in each

generation by this criteria. By April 23, 1976, 15 generations of

brother/sister matings had been obtained from the single surviving

original family line Ø.

During the course of experiment INBREED-2, one of the family

lines (TIT?) produced intersex males having some female characteris-

tics, These inter sex individuals were isolated with virgin females on

two occasions, but were not observed to copulate with them andleft

no young. Similar attempts to cross the intersex with normal males

also failed,

An interbreeding experiment between Yaquina Bay Eurytemora

affinis and Young's Bay (Columbia River) E. affinis was conducted

from September 26, 1975 to October 17. These populations must be

almost completely isolated from each other genetically, since E.

affinis does not appear in the Oregon nearshore plankton (W. T.
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Peterson9 personal communication). Stage V males and females of

each type were isolated from stock cultures. Yaquina Bay males

were crossed with Young's Bay females, and Young's Bay males were

crossed with Yaquina Bay females. Both crosses produced a fertile

" generation.
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RESULTS

Field

The sex ratio of Euryteniora spp. in the Yacjuina estuary varies

from station to station (Figure 1). All samples for which at least 30

adult Eurytemora were found are represented by individual points.

There is a positive correlation between sex ratio and salinity (see

Figure 2), as might be expected from the upstream/downstream trend.

There is no apparent relation between sex ratio and temperature

(Figure 3). Samples from 1972 have been completely re-examined.

This showed that the population is predominantly Eurytemora

americana at all of the stations included in Figure 1.

Preliminary Observation

The initial laboratory observations on the relation between sex

ratio and salinity are given in Table 1. The rank-difference correla-

tion coefficient (Tate and Clelland, 1957) between salinity and per-

centage of males was -0.79 (N = 7, 95%o level), which suggests a

negative relationship between fraction of males produced and salinity.

This relation is opposite in direction to the field observation on

Eurytemora (Figure 2).
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TABLE 1. Preliminary Observation on the Effect of Salinity on the
sex ratio of Euryternora spp. Number of males and
females are results of a census of the single beaker at
each salinity. The temperature was 16. 5°C.

Salinity (%o) No. Males No, Females % Males

4 21 6 78

8 17 11 61

12 53 21 72

14 25 25 50

16 13 18 42

20 40 34 54

28 22 28 44
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Factorial Experiments

Experiment: FAC-1 examined the effects of slinity, tempera-.

ture, and animal density on sex ratio when applied to eggs and

developing copepods only after their production by the parental female.

The complete results are presented in Table 2, and the main effect

means are summarized in Table 3. There was no significant rela-

tionship between any of the treatments and sex ratio. The sex ratio

was unrelated to survival. The low survival (63%) of the high density

(100 eggs/beaker) treatments may have resulted from crowding.

There were large variations in the mean survival rates with salinity,

but they did not correlate with salinity in a regular way.

Experiment FAC-2 investigated the effect of these same

factors when applied to the parents prior to egg laying. The results

are presented in Table 4 and are summarized in Table 5. The pro-

portion of males produced at 17°C was significantly greater than at

10°C (proportion test, 99% level). This response of sex ratio to

temperature is consistent with Katona.' s (1970) findings on Eurytemora

affinis. The mean proportion of males produced at the to higher

salinities is greater than the mean proportion at the lower salinities

(proportion test, 94% level). Sex ratio was unaffected by animal den-

sity and uncorrelated with survivorship. These results suggest that

the salinity and temperature environment of the parents may influence



TABLE 2. Observed sex ratios and survival rates for individual repli-
cates of experiment FAC-1. Different temperatures (10°C,
16. 5°C), densities (1, 10, 100 eggs/beaker) and salinities
(8, 1 2, 1 6, 20%o) were applied over the full egg to adult
development. Parents experienced standard conditions
(16.5°C, 20%o).

Temperature 10°C *

# eggs/beaker 1 10 100

Salinity (%o) 8 12 16 20 8 12 16 20 8 12 16 20

epli.
%M 0 100 0 100 30 70 20 67 42 59 14 55

1 %S 100 100 100 100 100 100 100 90 7 76 7 95

Repli-.
%M 100 100 100 50 60 78 20 50 54 58 47 55cate

2 %S 100 100 100 100 100 90 100 100 28 92 17 77

Repli-
% M - 100 100 100 40 63 56 67 60 57 53 62cate

3 %S 0 100 100 100 100 80 90 90 25 88 79 90

Temperature 16. 5°C

# eggs/beaker 1 10 100

Salinity(%o) 8 12 16 20 8 12 16 20 8 12 1620

Repli-. %M 0 100 0 0 50 50 30 70 61 59 46 56
ca te

1 %S 100 100 100 100 100 100 100 100 51 90 76 88

Repli-
% M 100 100 100 100 67 67 42 60 55 62 52 57cate

a %S 100 100 100 100 90 90 70 100 76 82 50 53

Repli- %M 0 100 0 - 14 60 28 70 65 56 51 49cate
3 %S 100 100 100 0 70 100 70 100 62 72 77 80

% M = % Male % S = % Survival
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TABLE 3. Experiment FAC-1: Mm effectsonsex:ratio and survival
of Eurytemora when temperatures, density and salinity
treatments are applied over the fufl egg to adult treat-
ment. Parents experiencedstandard conditions (16.5°C,
20%o), Percent male and survival values areoverall
treatment means.

Temperature Males Females
°C Produced Produced %Males %Survival

10 448 358 56 61

17 535 442 55 73

Males Females
# eggs/beaker Produced Produced % Males % Survival

1 15 8 65 92

10 115 108 52 93

100 853 685 56 63

Salinity Males Females
Produced Produced % Males % Survival

8 170 140 55 46

12 333 239 58 86

16 171 158 52 50

20 309 238 56 82
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TABLE 4, Observed sex ratios and survival rates for individual repli-
cates of experiment FAC-2. Different temperatures (10°C,
16, 5°C), densities (5pairs/200 ml, 5pai.r.s/1ZOO ml) and
salinities (8, 12, 16, 20%o) were applied to parents before
egg laying0 Each replicate had 50 eggs taken from parental
beaker and raised to adulthood0

Temperature 10°C

#mlwith5
200 1200breeding pairs

Salinity (%o) 8 12 16 20 8 12 16 20

Replicate %Male 38 67 55 47 47 34 68 59

1 %Survival 64 42 88 38 60 88 68 68

Replicate % Male 70 43 69 57 39 19 72 61

2 %Survjval 60 42 26 74 76 74 72 56

Replicate % Male 53 94 7 0 40 62 46 55

3 %Surviva]. 68 32 92 44 70 42 48 88

Temperature 16. 5°C

# ml with 5
200 1200breeding pairs

Salinity (%o) 8 12 16 20 8 12 16 20

Replicate % Male 29 53 78 60 68 60 41 66

1 %Survival 68 86 82 94 50 50 68 76

Replicate % Male 56 60 38 57 60 70 57 63

2 %Survival 32 100 16 70 84 42 42 16

Replicate %Male 50 47 75 58 39 64 71 60

3 %Survival 44 38 48 38 46 50 42 100
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TABLE 5. Experiment FAC-2, Main effects on sex ratio and survi-
val rate of progeny when.salinity, temperature and
density treatments are applied only to parents, and the
progeny are reared under standard conditions (16. 5°C,
20%o) starting with 50 eggs/beaker. Percent male and
survival values are overall treatment means.

Temperature Males Females
Produced Produced %Males %Survival

10 354 386 48 62

17 399 292 58 57

Males Females
5 pairs/# ml Produced Produced % Males % Survival

200 359 334 52 58

1200 394 344 53 62

Salinity Males Females
Produced Produced %Males %Survival

8 175 186 48 60

12 178 165 52 57

16 190 156 55 58

20 210 171 55 64
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the sex ratio of their progeny. There may be an interaction between

the salinity and temperature effects that would confound the treatment

means. The variable mortality prevents testing for interaction. Care

must be taken in interpretation of these results. This is particularly

true of the salinity results, which also involve multiple testing.

The effect of salinity on sex ratio was further examinedin

experiment FAC-3 (Table 6). As in FAC-2, the proportion of males

is greater at higher salinities. The effect of salinity on sex ratio

must operate on the adult before egg-laying, since the trend holds

whether the progeny were raised in the same or different conditions

than the parents experienced (Table 7). Though survivorship was low

and variable, it was uncorrelated with sex ratio. The low survivor-

ship may have been caused by crowding resulting from the high (100

eggs/beaker) densities.

The early stock culture which provided animals for experiment

FAC-1 may have contained both E, affinis andE. americana. Thus

the lack of effect of salinity and temperature on sex ratio in this

experiment could be explained by a differential response of these two

species to the treatments, Katona (1970), for example, reported that

while the proportion of males produced in laboratory cultures of

Euryternora affinis increased with temperature, the opposite result

was found for E. herdmanni, For this reason experiment FAC-4 was

conducted with animals known to be E. affinis to examine this
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TABLE 6. Observed sex ratios and survival rates for individual
replicates of experiment FAC-3. Adult Euryternora
experienced one of four salinities (4, 12, 20, 28%o) prior
to and during egg-laying, Half of their progeny were
raised from egg to adult under the same conditions the
parents had experienced, and half of their progeny were
raised under the standard salinity of zo%o. Temperature
was constant at 16. 5°C. Each replicate contained 100
eggs.

Salinity (%)
experienced 4 12 20 28 4 12 20 28

by parents

Salinity (%o)

experienced 4 12 20 28 20 20 20 20

by progeny

Replicate
1

Replicate

2

% Male

% Survival

% Male

% Survival

21 50 - 56 62 0 53 59

14 28 0 36 39 1 58 39

40 60 100 59

10 65 2 37

Replicate % Male 46 46 50 68

3 %Survival 43 26 6 54

14 45 64 59

21 11 50 39

52 67 60 42

21 3 50 48
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Table 7. Experiment FAC-3. Main effects on sex ratio and survival
of progeny raised under the same or different conditions
experienced by their parents. There were 300 eggs/treat-
ment. Percent male and survival values are overall
treatment means.

Salinity (%o) Salinity (%o)
experienced experienced
by parents by progeny % Mles % Survival

28 28 62 39

28 20 56 42

20 20 63 3

20 20 55 53

12 12 55 40

12 20 47 5

4 4 40 22

4 20 47 27
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possibility. The results are presented in Table B and summarized in

Table 9. As in FAC-1, there is no evident effect of the treatments on

the sex ratio when applied solely to the young. Survival was high in

this experiment and not significantly related to sex ratio. The reason

for the variation in survival is obscure.

The effect of salinity treatments in the four factorial experiments

is summarized in Figures 4 and 5. While different salinities applied

to the young had no effect on sex ratio (Figure 4), there is a trend

toward an increased proportion of males at higher salinities when the

treatments were applied to the parents (Figure 5). This suggests

that sex in Eurytemora is determined before egg-laying, as Metzler

(1957) found for the cyclopoid copeppcl Cyclops viridis. This response

of sex ratio to salinity agrees with field data (Figure 2), bu is

opposite to the trend found in the initial observation (Table 1).

Water Quality and Food Type

The results of the water quality experiments are ambiguous.

The best survival in WQ-1 (Table 10) was found in the most 'tpurified

treatments (COG and COCEDTA), whereas the best survival in WQ-2

(Table 11) was found in the least treated water (N and NEDTA). The

relationship between treatment and sex ratio was also inconsistent

between the experiments. As in the previous experiments, survivor-

ship was uncorrelated with sex ratio.
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TABLE 8. Observed sex ratios and survival rates for replicates of
Experiment FAC-4. The temperature conditions at which
the young were raised (10°C or 16.5°C) are the same as
parental conditions. The salinity treaiment was applied
from early nauplius to adult. All parents experienced
ZO% salinity, and eggs were hatched at this salinity. Each
replicate contained 50 nauplii.

Temperature 10°C 16.5°C

Salinity (%o) 4 16 28 4 16 28
-----------------------------------------------------

Replicate % Male 38 44 46 64 52 52

1 %Survival 74 100 100 88 100 62

Replicate % Male 52 56 50 48 50 53

2 %Survival 84 100 100 92 100 60

Replicate % Male 60 46 58 57 54 50

3 % Survival 86 100 100 28 1.00 48

Replicate % Male 47 66 60 58 68 56

4 %Survival 92 100 100 86 100 28

%Male 50 53 54.5 56.5 56 53Totals
%Survjval 84 100 100 73.5 100 49
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TABLE 9. Experiment FAC-4. Main effects on sex ratio and survival
rate o Eurytemora. affinis when nauplii are raised to
adulthood under the same temperature, but different
salinity conditions than their parents experienced.
Per cent male and survival values are overall treatment
means.

Temperature Males Females
Produced Produced % Males % Survival

10 295 270 52.2 95

16.5 247 198 55.5 74

Salinity Males Females
%o Produced Produced %Males %Survival

4 165 147 52.8 79

16 218 182 54.5 100

28 159 139 53.4 74.5
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TABLE 10, Observed sexratios and survival rates for replicates of the six water quality
treatments in Experiment WQ-l. Each replicate contained 20 eggs from stock
culture females. Totals are overall treatment means of percent male and
survival. See the Methods section for description of the treatment.

Treatment N CF CCC NEDTA CFEDTA COCEDTA

Replicate 1 % Male 77 40 27 67 35 27

%Survival 65 100 75 60 90 75

%Male 57 7.1 19 67 60 45Replicate 2
%Survival 70 85 80 60 75 55

%Male 56 100 56 59 44 82Replicate 3
%Survival 80 40 80 85 80 85

% Male 50 60 59 53 25 45Replicate 4
%Survival 30 75 85 75 40 100

%Male 61 62 41 61 43 51
Total

%Survival 61 75 80 70 71 79

0



TABLE 11. Observed sex ratios and survival rates for replicates of the six water quality
treatments in Experiment WQ-2. Each replicate contained 20 eggs from stock
culture females, Totals are overall treatment means of percent male and
survival. See the Methods section for description of the treatment.

Treatment N CF COC NEDTA CFEDTA COCEDTA

%Male 61 55 50 35 42 40Replicate 1
%Survival 90 100 10 85 60 50

%Male 56 :58 71 39 59 8a
Replicate 2

%Survival 90 60 75 90 85 85

% Male 77 93 67 50 44 29
Replicate 3

%Survival 65 50 60 80 90 70

%Male 56 90 60 18 57 76
Replicate 4

%Survival 80 .50 75 55 35 85

% Male 62 72 65 37 50 60
Total

%Survival 81 71 55 78 68 73
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Experiment FOOD-i demonstrated that food type has a signifi-

cant effect on the survival of Eurytemora during development (Table

12). Pseudoisochrysis sp. was the best single food source and

Thalassiosira fluviatilis was the worst. The results may reflect the

food handling capabilities of Eurytemora nauplii since there was an

inverse relationship between food size and survival. However, food

type had no effect on sex ratio. Thus, as in the factorial experiments,

the developmental environment of the young does not appear to affect

the sex ratio.

Food Density

Experiment FOOD-2 (Table 13) produced an increased propor-

tion of females at high food levels. The same relationship holds for

experiment FOOD-4 (Table 1 5). Since survival was nearly perfect in

FOOD-4, an analysis of variance on the number of males produced

was performed. Food level was a significant factor at the 95% level

(F2
6

= 38. 9). The results of experiment FOOD-3 (Table 14) show

the same trend in sex ratio, but the values are not significantly diff-

erent from each other. The reason for the different results in experi-

ment FOOD-3 as compared.to FOOD-Z and FOOD-4 is obscure. Sex

ratio and survivorship were uncorrelatedin each of these experi-

ments, The overall results of the food density experiments suggest

that the sex ratio of Euryteniora can be influenced during development



TABLE 12. Observed sex ratios and survival rates of replicates of Experiment FOOD-i. Euryte-
mora affinis naupiii were raised to adulthood on monoalgal food types. Fifty nauplii
from the stock culture were placed in each replicate. Totals are overall treatment
means of percentmale and survival.

Treatment Food Pseudoisochrysis Is ochrysis Rhodomon3 s Thalassiosira
sp. galbana 8. fluviatilis

%Male 56 47 55 40Replicate
1 %Survival 100 72 4O 10

%Male 60 51 43 50Replicate
2 %Survival 100 82 28 8

%Male 55 52 62 40Replicate
3 %Survival 98 84 48 10

% Male 57 50 55 43
Total

% Survival 99 81 39 9
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TABLE 13. Observed sex ratios and survival rates of replicates of
Experiment FOOD-2. Eurytemora affinis nauplii were
raised to adulthood under one of four relative food
densities (4:3:2:1). Each replicate contained 50 nauplii
taken from stock culture females. Totals areoverall
treatment means of percent male and survival. The
missing value is due to a dropped beaker. See Methods

'fordetails of the food mixres.

Relative Food Level 4 3 2 1

%Male 44 48 59Replicate
1 % Survival - - 54 54 74

%Male 29 53 48 57Replicate
2 % Survival 82 98 58 60

%Male 39 31 48 42Replicate
3 %Survival 66 64 46 62

Replicate % Male 39 63 49 57

4 %Survival 66 54 86 60

%Male 35 48 48 52
Total %Survival 71 68 61 64



45

TABLE 14. Observed sex ratios and survival rates of replicates of
Experiment FOOD-3. Eurytemora affinis nauplii were
raised to adulthood under one of four relative food
densities (10:5:2. 5:1). Each replicate contained 50
nauplii taken from the corresponding relative food level
of FOOD-2. Totals are overall treatment means of
percent male and survival.

Relative Food Level 10 5 2. 5 1

%Male 46 34 42 53Replicate
1 %Survival 100 100 100 90

Replicate %Male 54 40 44 52

2 %Survival 100 100 100 88

Replicate %Male 52 54 38 4&

3 %Survival 100 100 100 98

Replicate %Male 34 50 54 51

4 %Survival 100 100 100 94

%Male 46.5 44.5 44.5 50
Total

% Survival 100 1 00 100 92. 5
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TABLE 15. Observed sex ratios and survival rates of replicates of
Experiment FOOD-4. Eurytemora affinis nauplii were
raised to adulthood uxder one of three relative food
densities (10:3:1). Each replicate contained 50 nauplii
taken from a pooled culture of the middle two food levels
(5, Z. 5) of FOOD-3). Totals are overall treatment
means of percent male and percent survival.

Relative Food Level 10 3 i

Replicate % Male 44 54 54

1 %Survival 100 100 100

Replicate % Male 50 50 60

2 %Survival 100 100 100

Replicate % Male 44 52 60

3 %Survival 100 9 100

% Male 46 52 58
Total %Survival 100 99 100
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by factors other than differential mortality. This result contradicts

the observations from the factorial experiments in which sex ratio

appeared to be fixed at the time of egg-laying.

Inbreeding

The first inbreeding experiment (INBREED-l) was conducted at

22°C0 Two of the twenty parental generation clutches produced sex

ratios significantly different from 1:1 (binomial test, 95% level).

Only one of the 19 clutches chosen for the F1 generation hatched. The

single clutch that did hatch did not maintain the sex ratio deviation of

the parental generation. There was no hatching in the 11 clutches

taken from F1 females to produce an F2 generation. The experiment

termina ted without significant res ults.

Since 29 of the 30 F1 and F2 clutches produced at 22°C in

INBREED-1 failed to hatch, a two generation egg hatching study was

conducted at this temperature. All but one of the F1 and F2 genera-

tion clutches hatched at this temperature, Thus, the hatching failure

in INBREED-1 cannot be attributed to the high temperature. The

successful hatching of F2 clutches indicates that the hatching failure

in INBREED-i was not due to inbreeding. This is confirmed by many

generations of inbreeding in experiment INBREED-2. It is possible

that the poor hatching in INBREED-i was due to unfertilized clutches

being chosen. This could occur if, in haste to start the next



generation, clutches were taken from unfertilized females.

Experiment INBREED-Z was conducted at the standard culture

temperature (16. 5 °C), since this was the temperature to which the

animals had been acclimated. At the time of writing, 15 generations

of brother/sister mating have occurred in the single remaining family

line (Ø'), The results shown are partial since the experiment is

still continuing. Table 16 presents the mean sex ratio over all

generations for each of the ZO family lines. The overall mean for

two lines (I, 0) shows a significant deviation from 1:1 (binomial test,

95% level), These lines are discussed in detail below. The mean

sex ratio over all family lines in each generation is shown in Figure

6. The numeral by each data point represents the total number of

adults produced in that generation in the family lines represented.

Line "Ø has been the most successful under the selection criteria,

and has produced the greatest number of significant deviations from a

1 l sex ratio (Table 16). Familylines and sub-lines were terminated

for a variety of reasons summarized in Table 17. There are no con-

sistent trends in factors causing termination of lines. Table 16

shows that a total of 51 clutches in INBREED-Z yielded a sex ratio

significantly different from 1:1 (binomial test, 95% level). Three

of these 51 clutches produced only one sex and thus terminated the

family sub-line. One sub-line of "N" ended in 19 males and no

females, and one sub-line of "E" ended in 10 males and no females.



TABLE 16. Results of Experiment INBREED-2. Family line
means overall generations.

No. Clutches
with Sex Ratio
Significantly

Family No. No. Adults Average Different from
Line Generations Produced % Male 1:1 (c/. = 0. 05)

A 1 2 50

B 5 106 46

C 1 1 100

D 4 71 54

E 5 117 56

F 13 496 52

G 1 1 100

H 5 113 49 1

I 12 837 61 7J-- -- --

K 1 1 0

L 1 2 0M-- -- --

N 4 81 56
*

2

0 16 2962 53
*

40P-- -- --

Q 1 3 33

R 4 108 53S-- -- --T-- -- --

* Includes one family subline ending in clutch producing sex ratio
significantly different from 1 :1 ( = 0. 05) and all adults of one
sex.
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TABLE 17. Results of Experiment INBREED-2. Reason for termination of family sublines
Generation I!PU is the parental, '1 is first generation of brother/sister mating.

Reason For Termination -----------------Total Clutch Total
number Noadu1ts Nomales Noferna1es Few sex ratio no. of
of from from from adults close to terminated

Generation clutches clutch clutch clutch produced 1:1 lines

P 20 5 2 2 1 10
1 20 1 1 2
2 30 6 1 3 2 12
3 43 9 2 5 2 1 19
4 47 12 5 5 9 4 35
5 20 2 4 1 1 1 9
6 22 2 1 1 1 2 7

7 26 3 1 2 5 1 12
8 25 3 3 2 2 10
9 32 7 2 4 2 15

10 25 7 4 1 12
11 21 3 2 4 9
12 23 2 1 1 3 3 10
13 21 1 5 1 1 1 9
14 20 2 2 1 1 2 8

15 20 8 1 9

Total 415 73 33 21 35 26 188
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One sub-line of U0?? ended in 11 females and no males (Figure 9).

An analysis was made of the 240 clutches producing 6 or more

adults (Table 18). Six was chosen since it is the smallest total

number of adults at which a statistically signifi.cant difference from a

1:1 sex ratio can occur (binomial test, 95% level). Of the 51 clutches

producing a significant deviation (Table 16), 36 produced an eccess of

males, and 15 produced an excess of females (Table 1 8), The pattern

of significant deviations is of interest. If the deviations occur ran-

dornly, then selection for a high proportion of one sex has been un-

successful. If clutches chosen for their deviation in a given direction

produce succeeding generations with significant deviations in the same

direction, then selection for a high proportion of one sex has been

successful.

Selection for a high proportion of one sex has been unsuccessful

in most family lines. Lines "I" and are possible exceptions to

this, and the results for those lines are presented in detail in Figures

7 through 14. In these figures the numerals following the family line

designation trace the sub-line genealogy. Figures 8 through 13 re-

present several sub-lines of 11Ø11 These sub-lines diverge at gen-

eration 7. Figure 8 presents the early generations of these sub-lines.

Only generations 7 through 15 are represented in Figures 9 through

13. In the first 8 generations of these lines selection for a high pro-

portion of one sex was unsuccessful. After this there is a trend



TABLE 18. Results of Experiment INBREED-2. Analysis of clutches producing 6 or more adults.
Generation 1TP" is parental, i is first generation of brother/sister mating.

Clutches Clutches
No. of with sex with sex
clutches Clutches Clutches Clutches ratio > 50% ratio <50%
with 6 or with 50% with > 50% with <50% sig. at 95% sig. at 95%

Generation more adults male male male level level

P 6 2 :3 1

1 18 1 8 9 2
2 16 3 9 4 4 1

3 26 2 18 6 2 1

4 16 5 7 4
5 9 1 6 2 2 1

6 17 2 13 2 3
7 16 2 10 4 1 1

8 15 2 7 6 2
9 19 1 14 4 4

10 11 1 7 3 3
11 15 2. 9 4 2 1

12 18 1 14 4 2
13 14 1 4 9 3 3

14 13 I 5 7 1 2
15 11 0 6 5 5 1

Total 240 27 140 73 36 15

u-I
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and numbers are adults produced in each clutch each generation. * marks
values significantly different from 1:1.
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observed sex ratios, and numbers are adults produced in each clutch each generation. °'.
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ti.on. * marks values significantly different from 1:1.
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toward a high proportion of males in 5 sub-lines (Figures 8 through

12) and toward a high proportion of females in one sub-line (Figure

13), Further inbreeding will, show whether these trends represent

successful selection for aberrant sex ratios. Similar results were

obtained from family 'I' (Figure 14). Selection was unsuccessful for

4 generations, after which significant deviations toward a higher pro-

portion of males appear. This sub-line was also characterized by

the appearance of several intersex individuals having a mixture of

male and female traits. The intersex will not be described here.



90

80

7-0

60

50

40
I)
C.)

0P30

20

10

0
0 1 2 3 4 5 6 7 8 9 10 11

Number of Generations of Brother/Sister Mating
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DISCUSSION

Sex Ratio Theory

Discussion of the effect of natural selection on sex ratio began

with Darwin0 He stated, "I formerly thought that when a tendency to

produce sexes in equal numbers was advantageous to the species, it

would follow from natural selection, but I now see that the whole

problem is so intricate that it is safer to leave its solution for the

future" (Darwin, 1871, cited in Fisher, 1930), "The future" began

with Fisher (1930). He argued that selection will favor an equilibrium

sex ratio at the end of the period of parental care. The mechanism is

as follows. Suppose that the parental expenditure on an individual

male is equal to that on an individual female, and that there are more

females than males in the population. Since, on a population-wide

basis, males and females contribute equally to the gene pool of the

next generation, the average contribution of a male would be greater

than that of a female, Therefore genes favoring the production of

males will be favored until the population reaches an equilibrium

value, in this case, of 1:1. In general, the equilibrium ratio of

males to females in the population would be the inverse of the relative

parental expenditure onindividual males compared to females,

Fisher's verbal arguments have been expressed in mathematical

models by many authors (for example MacArthur, 1965; Spieth, 1974;



Charnov, 1975). There have been two basic disagreements in this

literature0 The first began with Kolman (1960) who argued that, while

the mean sex ratio was under the influence of selection, the variance

was not0 Thus even a populationin which half of the breeding pairs

produced only males and the other half only females would be stable

against selection0 Verner (1965), however, showed that this argu-

ment depended on the occurrence of a statistically improbable event:

either there must be no further variation among individuals or their

offspring once a balance is achieved; or all variations must be

simultaneously compensated by variations in other individuals. Thus,

Verner argued that selection will, in fact, tend to reduce the variance

in sex ratio.,

The second disagreement concerns the effect of differential

mortality after the period of parental care. All of the above authors

agree with Leigh (1970) that such mortality cannot influence the pri-

mary sex ratio. The :exception is Ernlen (1968) who states that "it is

clear that mortality at all ages will affect the evolution of the primary

sex ratio," Intuitively, it seems Emlen may be correct since the sex

ratio at reproductive age should be a strong selective factor. For

emple, suppose a sufficient number of males die between the end

of parental care and reproductive age that there remain only a small

number of males to fecund3te all the females. Then genes favoring

production of more males would be favored by selection, and this
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could alter the primary sex ratio. This disagreement and confusion

about fundamental questions concerning the effect of selection on sex

ratio may have precipitated Emlen's (1973) statement that "It is not by

any means clear that sex ratio is a useful concept."

Sex Ratio and Sex Determination in Eurytemora affinis

Eshel (1975) stated that, "problems concerning sex ratio are

closely related to problems of sex determination." This was recogni-

zed by Kalmus and Smith (1960) for the problem of the evolution of

sexual differentiation as well. In the present study, the sex ratios

observed in experiment INBREED-2 provide insight into the sex

determination mechanism of Eurytemora affinis. An important con-

sideration in INBREED-Z is that Fisher's principle does not hold,

because inbreeding violates his assumption of population-wide corn-

petition for mates (Hamilton, 1967).

The first observation of interest in INBREED-2 is that the

frequency of clutches with sex ratios significantly different from 1:1

is higher than expected. Fifty-one out of the Z40 clutches presented

in Table 18 are significantly different from 1:1, compared to the

expected number of 12 (one out of 20). According to Shaw and

Mohier (1953) this is evidence for the existence of autosomal control

of sex determination, Thisimplies that the sex determination

mechanism in Eurytemora affinis may be polygenic.



Kosswig (1964) described some characteristics of polygenic sex

determination systems. He stated that "In cases of polymeric sex-

determination, any prediction of the sex ratio in a given cross is

highly doubtful. That this is clearly the case for E. affinis is

illustrated in Figure 8. While the sex ratio in the first generation of

brother/sister mating was significantly less than 1 ;1, it was signifi-

cantly higher than 1:1 in the second generation. The same unpre-

dictability holds for generations 7 and 8. A more extreme example

was produced in which, during the course of successful selection for

a high proportion of males, one clutch produced all females (Figure 9).

The unpredictability of a particu1ar cross makes proof of a

polygenic mechanism difficult. Accorthng to Kosswig (1964), "The

only way to prove the correctness in principle of the interpretation

lies in the possibility of producing lines rich in males and others rich

in females by selection continued over many generations. Figures 8

through 12, and 14 are evidence that lines rich in males are being

produced in E. affinis, and Figures 12 and 13 are evidence for

female-rich lines.

On the basis of the above evidence, it seems highly probable

that E. affinis has a polygenic sex determination system. This

appears to be the first documentation of the method of sex determina-

tion in a calanoid copepod. If these results hold for other calanoids,

they will join harpacticoid copepods in having polygenic sex
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determina Lion.

It is not possible at this time to elucidate detailed features of

the polygenic mechanism in E. affinis. The number of pairs of

alleles is probably large, since selection for a high proportion of one

sex was difficult (see Kosswig, 1964). Whether the male and female

determining genes are allelic in some or all cases, and what propor-

tion of each is necessary to produce one sexor the other cannot yet

be determined. It is possible that the proportion of male-determining

factors needed to produce a male is not constant. For example,

environmental factors may influence the expression of mie and fe-

male determiners in the zygote or later developmental stages.

Whatever the mechanism, the system must be characterized by a

switch mechanism that produces normal males and females instead

of intergrades. This is seen by the rarity of intersexindividuals,

and is a characteristic of polygenic sex determination (Kosswig, 1964).

Environmental influence on sex ratio modifier genes (Shaw,

1958) could explain the results of the food density, salinity and tamp-

erature effect on sex ratio, The food density experiments (FOOD-2,

FOOD-3, FOOD-4) indicated that the sex ratio of E. affinis can be

influenced during development (Tables 13 and 15). The factorial

experiments using salinity and temperature treatments on the

adults (FAC-Z and FAC-3) indicated that these factors may act on the

egg or early zygote to influence sex ratio. Evidently, these factors



alter the balance between the male and female determiners,, perhaps

by acting on the switch mechanism, to shift the sec ratio. In fact,

the switch mechanism may be totally under environmental control,

except for cases of extreme predominance of either male or female

determiners in an individual.

Thus, what has been Interpreted as environment3l influence on

sex determination may result from these factors acting on the corn-

ponents of a polygenic system of sex determination (Kosswig, 1964).

A polygenic mechanism could account for Conover's (1965) observa-

tion that male Calanus hyperboreus may be produced only when needed.

The presence of virgin females would lower the threshold ratio of

male/female determiners needed to produce a male. It could also

account for the production of phenotypic females from genotypic

males as proposed by Heinle (1970) for Acartia tonsa.

Ecological Significance of Copepod Sex Ratios

The ecological significance of the various sex ratios observed

for copepods has been discussed by several workers. Mednikov

(1961) ar gu.ed that there was a trend toward a higher proportion of

females in less productive environments. He stated that the prevalence

of females was an adaptation or increasing the fecundity of a popula-

tion having a restricted food supply. Heinle (1970) suggested that

genotypic males became phenotypic females at low population



densities to increase fecundity at these levels. Katona (1970) argued

that both species of Eurytemora, which he studied, produced more

females under stress conditions to carry the population through hard

times0 Conover (1965) has suggested that males of Calanus hyper-

boreus may be produced only when needed for fertilization of females.

On the other hand, populations of Tisbe and Tigriopus produce more

males under stress conditions, such as low food availability.

Ar-.Rushdi (1958) argues that this is adaptive since ferrxales are

energetically expensive to maintain compared to males. Battaglia

(1963) notes that the prevalence of males at low population densities

may be an adaptation to insure fertilization of all females. Thus,

while most authors argue about the adaptiveness of the sex ratio

under stress conditions, there is not agreement as to which 'strategy"

is adaptive.

Sex Ratio in the Present Study

Discussion about the ecological significance of sex ratio in

Euryten-iora in the present study is difficult. The field data pre-

dominantly concern E. americana, for which there are no laboratory

studies. The laboratory data are for E. affinis for which there are

inadequate field data (for reasons given in the Introduction). There

are several hypotheses to exp]ain the higher proportion of

americana females at upstream stations in Yaquina estuary (Figure 1).
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First, if sex ratio in E. americana has the same response to slinity

as in E. affinis, the field data might be explained as environmental

influence on sex ratio. The relationship between sex ratio and

salinity in the field (Figure 2) was in the same direction as the labor-

atory studies (Figure 5). The initial laboratory observation (Table 1)

was, for unknown reasons, in the opposite direction. A second hypo-

thesis is that salinity in the field only correlates with some other

factor, such as food availability, that directly influences sex ratio.

A third hypothesis is that the swimming behaviors of the two sexes

are causal distributional factors. In the laboratory, males of both

E. affinis and E. americana are more active than females. Females

spend more time resting on surfaces (see also Katona, 1973). The

observed downstream displacement of males relative to females

(Figure 1) may result from preferential physical displacement of one

sex due to the different amounts of time they spend in the water

column. A fourth hypothesis is that males and females have differ-

ential mortality rates along the stream axis. This could result from

different intensities of sex-selective predation (Maly, 197Q), made

possible by the size difference between the sexes of adult

Euytemora. It was not possible to determine, on the basis of the

study, which of these hypotheses, if any, is correct.

The same problems exist in interpretation of the laboratory

data on E. affinis. It is found rarely in the sampled area of Yaquina
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estuary, presumably because the bulk of the population resides up-

stream of the sample area. Since there were no field data to compare

with the laboratory observations, it is not easy to discuss the eco-

logical significance of the influence of environmental factors on sex

ratio in E. affinis. The results of the factorial experiments on

salinity and temperature indicate that these factors may affect sex

ratio in E. affinis. It may be that the salinity or temperature regime

of the parents acts as a long range predictor of conditions to which the

sex ratio of the progeny must be adapted. The food density experi-

ments (Tables 13 through 15) suggest that E. affinis may be able to

respond to high food levels by producing a high proportion of females

in order to increase population growth rates. Since food density in-

fluences the sex ratio of the progeny during their development, it may

be a more proximate indicator of conditions late in the life cycle than

salinity or temperature. How these factors interact in natural popula-

tions of E. affinis requires further study.

Conclusions

Inter pretation of the experimental results on Eurytemora affixiis

as evidence for polygenic sex determination is consistent with present

knowledge of such systems (see Kosswig, 1964). Polygenic sex deter-

mination can allow changes in the sex ratio of the population in response

to environmental cues, and therefore may be an advantage for
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organisms in the seasonal cycle of estuarine conditions. Natural

selection operating on the outbreeding natural population would act to

prevent extinction by favoring the increase of those genotypes which

favored the less numerous sex (Fisher, 1930). Thus, once a skewed

sex ratio had been established as an adaptive response to environ-

mental conditions, Fisher' s principle would act to restore balance

between the sexes in a few generations.
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