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Abstract

The decline of western Alaskan Steller sea lions (SSLs) may be related to changes 

in reproductive rates. However, our understanding of SSL reproductive biology is poor. 

My objectives were to determine if saliva samples are a valid alternative to plasma 

samples for measurements of peripheral progesterone and testosterone, to describe annual 

cycles of steroid concentrations, and to provide anatomical verification of reproductive 

endocrinology. Samples were collected from adult, captive and wild SSLs. Progesterone 

and testosterone concentrations in paired plasma and saliva samples were highly 

correlated (96% and 84%, respectively). Captive SSLs had seasonal variations in these 

steroids that did not follow typical pinniped patterns, suggesting that reproductive activity 

is be sensitive to social cues. The wild SSLs exhibited steroid patterns similar to other 

seasonal breeders. Vaginal cytology could not be evaluated for detecting estrus because 

no samples were obtained during estrus. Testes volume was correlated to plasma 

testosterone concentrations (71%).
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Chapter 1. Introduction

1.1 General Biology and Status of Steller Sea Lion Populations

The Pinnipeds are marine mammals of the Otariidae and Phocidae families. The 

otariids are the sea lions and fur seals. Members of this family have external ears and 

long foreflippers, and can walk with great agility on land. The phocids, the true seals, 

have internal ears, and short foreflippers, and move awkwardly on land.

The Steller sea lion (SSL) (Eumetopias jubatus) is the largest otariid species with 

adult male and female weights averaging 566 and 264 kg (Calkins and Pitcher 1982). 

They are found along the northwest coast of North America and populations extend to the 

eastern Russian and Japanese coasts. The Steller sea lion is a gregarious, polygynous 

species with an annual, seasonal reproductive cycle. They form large rookeries during 

late spring on isolated islands and rocky shorelines throughout their range. Male SSLs 

arrive at rookeries in May to establish and aggressively defend territories, with the largest 

bulls typically controlling the prime territories. Females arrive at rookeries soon after the 

males and give birth to a single pup within a few days (Pitcher and Calkins 1981). The 

majority of pupping occurs between mid-May and mid-July and breeding occurs 

approximately 10 days post-partum (Pitcher and Calkins 1981). Pups usually remain with 

their mothers for less than one year (Pitcher and Calkins 1981).

In 1990, SSLs in U.S. waters were classified as threatened under the U.S. 

Endangered Species Act. For management purposes, the National Marine Fisheries 

Service divided the U.S. SSL population into the western and eastern U.S. stocks. This 

division was primarily based on genetic information (Bickham et al. 1996). The western
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U.S. stock has declined by more than 80% over the past three decades and was classified 

as endangered under the U.S. Endangered Species Act (US Federal Register 62:24345- 

24355) in 1997. Although the eastern U.S. stock has increased by about 25% over the 

past 30 years, it remains classified as threatened.

The ultimate cause for the continued decline in the western U.S. SSL stock is not 

known. Considerable research in the 1990s examined the following areas as possible 

causes for the decline: direct conflict with humans, changes in food quality or quantity 

and changes in behavior or energetic physiology. Recently, interest in reproductive 

biology as an area of investigation has increased because of a decline in reproductive 

rates between the 1970s and 1980s (Pitcher et al. 1998). However, because traditional 

methods for determining reproductive rates for SSLs involve sacrificing individuals to 

study uterine and ovarian morphology and are no longer feasible, current rates are not 

known.

Concentrations of estrogen, progesterone and testosterone differ between periods 

of reproductive activity and non-activity; these differences can be used to determine 

reproductive status. Samples containing these steroids (blood, saliva, urine/feces) are 

logistically difficult to obtain from wild SSLs and concentration ranges peripheral 

estrogen, progesterone and testosterone concentrations during different reproductive 

stages are lacking. Peripheral steroids are steroids in the general circulation, as opposed 

to those in blood or tissues near the source of production.

The availability of three, mature, highly trained research SSLs at the Alaska 

SeaLife Center, Seward, Alaska USA provided an excellent opportunity to document
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seasonal changes in progesterone and testosterone concentrations and reproductive 

anatomy in this species. The animals were originally captured off of Vancouver Island, 

British Columbia Canada in the summer of 1993, when they were approximately two 

weeks of age. They were captured for use in investigations of nutritional physiology and 

were housed at the Vancouver Aquarium in Vancouver, British Columbia Canada. In 

April 1998, they were moved to the Alaska SeaLife Center. Because the animals had 

been involved in research projects at the Vancouver Aquarium, they were accustomed to 

daily handling and training sessions. Archived peripheral blood samples collected from 

wild SSLs in the field by personnel of the Alaska Department of Fish and Game were 

also analyzed.

Existing information on SSL reproductive biology is based on field observations 

and studies of animals collected between 1959 and 1978. A total of 535 SSLs were 

collected. Perlov (1971) collected 115 animals (sex ratio unknown) and of the remaining 

420, 138 were female and 282 were male (Thorsteinson and Lensink 1962; Pitcher and 

Calkins 1981). To understand the rationale for my study, it is important to realize that 

knowledge of the reproductive biology of SSLs is limited. Therefore, some comparative 

data from other mammalian species are useful and are described in the following 

background sections:

1.2 Female Reproductive Biology

1.2.1 Annual Reproductive Cycle

Steller sea lions have a seasonally synchronous, annual pupping and breeding 

cycle and are believed to be monoestrous (Pitcher and Calkins 1981). Based on ovarian

17



morphological data, the average age at first ovulation is 4.6 ± 0.8 years (range: 3 -8  

years) (Perlov 1971; Pitcher and Calkins 1981) and it is assumed that following puberty 

females ovulate each year (Pitcher and Calkins 1981). Steller sea lions go through a 

period of embryonic diapause, during which the blastocyst remains in a state of 

suspended development. Embryonic diapause lasts for three to five months, with 

implantation occurring in late September or October (Pitcher and Calkins 1981). The 

blastocyst implants in the gravid uterus, where division and normal growth resume for the 

approximately eight-month gestation. Because the length of gestation is set, embryonic 

diapause enables parturition to occur the following spring, when environmental 

conditions are presumably optimal for an offspring’s survival. Thus, parturition and 

mating occur close together in time and space. Twinning is rare.

Although lactation usually lasts for less than one year, a female SSL may nurse an 

offspring for up to three years (Pitcher and Calkins 1981). Since lactation overlaps 

gestation, female SSLs must continue to forage throughout lactation. Additionally, SSLs 

less than 10 years old are still growing. In addition to maintaining herself, a current 

offspring and a pregnancy, a young female must also meet the energetic demands of 

growth (Calkins et al. 1998).

As the offspring grows and gestation progresses, the energetic demands on the 

female increase. Pregnancy rates in SSL decline between early and late gestation. These 

factors suggest that abortion of a fetus may allow the energetically expensive activity of 

nursing to continue when all energy requirements cannot be met (Pitcher et al. 1998).
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Evidence from other species of pinnipeds suggests that undemutrition may result 

in lowered reproductive rates (Robinson 1996). Variations in pregnancy rates are 

correlated with variations in food availability for the South American fur seal 

{Arctocephalus australis) (Lima and Paez 1995). Pregnancy status in the Antarctic fur 

seal ( Arctocephalus gazella) is related to available food in the winter (Boyd et al. 1995), 

and pupping rates are higher in years when food is abundant (Lunn et al. 1994; Boyd 

1996).

During both the 1970s and 1980s, SSL pregnancy rates decreased between early 

(October-November) and late (April-May) gestation. However, losses were greater 

during the 1980s (Pitcher et al. 1998). Additionally, the body size of female SSLs 

declined between the 1970s and 1980s (Calkins et al. 1998). These trends may reflect a 

decline in the nutritional status of female SSLs. Although abortions that occur between 

early and late gestation may be a normal part of some pinniped reproductive strategies 

(Testa 1987), it is questionable whether a drop in pregnancy rates of 33% (1970s) and 

42% (1980s) can be considered normal or if other factors, such as nutritional stress, were 

involved.

1.2.2 Endocrinology

Because of difficulties in collecting serial samples from an individual, 

information on pinniped reproductive endocrinology is limited. Our general 

understanding of mammalian reproduction indicates that the hypothalamus is likely the 

controlling factor in pinniped reproductive cycles, through the release of gonadotropin 

releasing hormones (Boyd 1991b). Gonadotropin releasing hormones act on the anterior
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pituitary to regulate the production and release of luteinizing hormone (LH) and follicle- 

stimulating hormone (FSH), gonadotropins that are responsible for development of the 

gonads and for gametogenesis. Estrogens, progesterone and testosterone are steroids 

produced by the gonads, whose primary function is to maintain the reproductive organs, 

elicit reproductive behavior, and physiologically prepare an animal for mating and 

pregnancy. Gonadotropins and steroid hormones interact to regulate reproductive events. 

After breeding, a female pinniped goes through a period of reproductive inactivity, which 

coincides with embryonic diapause/pseudopregnancy.

The post-partum estrus cycle is characterized by a series of behavioral and 

physiological events regulated by gonadotropins and ovarian steroids. Between 

parturition and the onset of estrus, behavioral and physiological events are usually 

associated with an increasing concentration of estrogen. Typically, many small ovarian 

follicles grow during this time, but eventually atrophy. Only one developed follicle 

(Graafian follicle) remains in the ovary by the time of ovulation. Ovulation is followed 

by the formation of a corpus luteum, a transient endocrine gland responsible for 

progesterone production. In many species, progesterone production by the corpus luteum 

continues until implantation because progesterone is necessary to maintain an appropriate 

uterine environment for implantation.

Pinnipeds are normally monoestrous (Boyd 1991b). However, some species are 

polyestrous in situations where mating and/or fertilization have not occurred. Additional 

ovulations may increase the chance of fertilization. Harbor seals ( are

normally monoestrous, but may ovulate a second time in three to five weeks if not mated
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during their first estrus (Bigg 1973). Southern elephant seals (Mirounga may

ovulate again within a few weeks in the absence of a bull during the first estrus (Laws 

1956). A captive Hawaiian monk seal ( Monachus ) was determined to be

polyestrous in the absence of an adult male (Pietraszek and Atkinson 1994).

In many pinnipeds, if a female does not conceive, a period of pseudopregnancy 

may occur in which the corpus luteum produces progesterone for a length of time roughly 

equivalent to embryonic diapause (hooded seals ( cristata): Noonan and

Ronald 1989; harbor seals: Reijnders 1990; harp seals ( Renouf et

al. 1994). Once the time for implantation has passed, the corpus luteum of the non

pregnant female regresses and progesterone production decreases.

The endocrine signal for implantation is not clearly understood although the event 

has been associated with a reactivation of the hypothalamo-pituitary-gonadal axis (Boyd 

1991b). Gonadotropin releasing hormones may stimulate a release of FSH, resulting in 

ovarian follicular growth. This situation occurred in Northern fur seals ( 

ursinus), where follicular growth resumed after implantation, many months before the 

normal time of increased FSH concentrations associated with estrus (Craig 1964). A 

similar pattern occurs in grey seals ( Halichoerusgrypus) (Boyd 1982). Developing 

follicles may be a source of estrogen, possibly resulting in estrus-like behavior. Northern 

fur seals have a peak in estrogen associated with the termination of embryonic diapause 

(Daniel 1974), which is likely associated with the resumed follicular growth observed by 

Craig (1974). A false estrus, indicating elevated estrogen concentrations, near the end of 

diapause was observed by Gentry in this species (1981). The results of these studies
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imply a complex endocrine signal for implantation and highlight a particularly sensitive 

phase in the female reproductive cycle.

1.2.3 Vaginal Cytology

The vaginal epithelium is lined primarily by stratified squamous epithelial cells. 

They typically develop from parabasal to intermediate, superficial and sometimes to 

comified cell stages. Typically during anestrus, vaginal epithelial cells are non-comified, 

i.e., nucleated (parabasal, intermediate and superficial) with a smooth edge and round 

appearance.

As estrus approaches the developing follicle(s) secrete increasing amounts of 

estrogen, which elicits reproductive behavior. Estrogen production by the Graafian 

follicle is maximal during estrus. After ovulation, estrogen production declines as the 

corpus luteum develops and the cells that previously produced estrogen now produce 

progesterone. However, waves of follicular development with estrogen production may 

occur, especially when progesterone production declines, such as the time between the 

end of pseudopregnancy and the next estms cycle in a non-pregnant pinniped. Follicles 

rarely develop to the pre-ovulatory state during this time.

Elevated estrogen concentrations prior to estms may cause the vaginal epithelial 

cells to proliferate, resulting in a thickening of the vaginal epithelium, which affords the 

female some protection during copulation (Noakes 1979). In addition, high estrogen 

concentrations cause the vaginal epithelial cells to enlarge and their edges become 

angular or jagged, their nuclei to condense and sometimes disappear (Asa et al. 1992) and 

they accumulate keratin and comify. Thus, as estms approaches, the percent of comified
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cells (anuclear, with a jagged, angular outline, darkly staining) increases. During estrus 

nearly all vaginal epithelial cells are comified. These conditions regress once estrogen 

concentrations decrease after estrus.

Changes in vaginal cytology, specifically the percent comification, are used as 

indicators of estms in a number of species (Southern elephant seals: Laws 1956; dogs and 

cats: Coles 1986; woodchucks (. Marmotamonax): SinhaHikim 1991; cheetahs ( 

jubatus): Asa et al. (1992); Hawaiian monk seals: Pietraszek and Atkinson 1994). Thus, 

the relationship between percent comification and estrogen is well known.

Vaginal cytology has limited use in defining reproductive stages other than estms. 

The post-estms vaginal epithelium of female Southern elephant seals, in both embryonic 

diapause and pseudopregnancy, is characterized as being in various stages of activity 

with no predictive cell type (Laws 1956). In captive woodchucks, a female can only be 

deemed as either in estms or anestms and the different stages of the estms cycle can not 

be individually determined (Sinha Hikim 1991). In the Friesian cow, changes in vaginal 

cytology do not reflect changes in peripheral ovarian steroids, except during estms, and 

comified cells are found in all stages of the estms cycle with no apparent pattern of 

occurrence (Miroud and Noakes 1990). In other species, vaginal cytology is not useful in 

predicting any reproductive stage, even estms (black rhinoceros ( bicornis): Kock

et al. 1991). In addition, the number and proportions of vaginal epithelial cells can vary 

between and within individuals (Friesian cows: Miroud and Noakes 1990). Because the 

basic controlling mechanisms of the estms cycle are the same in most mammalian
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species, I presumed that SSLs would exhibit increased estrogen and percent comification 

during estms.

1.3 Male Reproductive Biology

1.3.1 Annual Reproductive Cycle

Based on observations of collected animals, male SSLs become sexually mature 

between five and seven years of age (Perlov 1971), but probably are not able to maintain 

a territory until they are older and larger as most territorial bulls are between nine and 13 

years of age (Thorsteinson and Lensink 1962). The reproductive physiology of male 

SSLs has not been thoroughly studied. However, they presumably do not maintain 

reproductive activity all year, since they must fast while defending their territory. In 

addition, most females are either pregnant or not in breeding condition during the winter.

1.3.2 Annual Development and Regression of Testes

In the majority of seasonally breeding mammalian species, testosterone and sperm 

producing functions of the testes alternates between periods of maximal and minimal 

development (Lincoln 1981; Boyd 1991b). The testes produce maximal concentrations of 

testosterone and sperm during the breeding season. During the non-breeding season, the 

testes are regressed. The degree of development and regression varies among species 

(Lincoln 1981). Typically, male sexual readiness is achieved prior to the availability of 

receptive females and fertility continues over the period when mating is possible.

Spermatogenesis in pinnipeds generally follows normal mammalian patterns 

(Boyd 1991b). Maturation of the testis can take up to three months in mammals (Setchell 

1978). Hence, testicular mass, seminiferous tubule dimensions, and the rate of

24



spermatogenesis increase in advance of, and peak during, the breeding season (Boyd 

1991b). Abundant sperm were found in the epididymides of 169 adult, male SSLs 

collected during the breeding season (April to August) (Thorsteinson and Lensink 1962; 

Pitcher and Calkins 1981). Sperm production begins one month before the breeding 

season in Southern elephant seals. However, the seminiferous tubules never fully regress 

and early spermatocytes are found even during the non-breeding season (Griffiths 1984). 

An annual pattern of testicular development and regression has been described in harbor 

seals (Boulva and McLaren 1979).

Hypothalamic and pituitary activity regulate seasonal testicular recrudescence, 

typically in response to some environmental cue, i.e., daylength. A change in both the 

frequency and amplitude of pulsatile LH production over the year is primarily responsible 

for regulating seasonal testosterone production. For many species, the cells believed to 

secrete LH increase in number and size during the period of maximal production (Lincoln 

1981). Luteinizing hormone acts on the Leydig cells of the testes. Thus, testosterone 

production follows a similar production profile as LH.

Two aspects of LH production are important: the frequency at which the pulses of 

production occur, and the amplitude, or relative amount released in each pulse. When 

secretion is maximal, both the frequency and amplitude are maximal. The opposite is true 

for the period of minimal production (Lincoln 1981).

1.3.3 Endocrinology

Since testosterone production is stimulated by LH it is also produced in a pulsatile 

manner, with a similar profile. Responsiveness to LH changes seasonally; near the
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breeding season, in seasonally breeding mammals, a small amount of LH has greater 

stimulatory effects on testosterone than the same amount would during the non-breeding 

season.

Testosterone is responsible for spermatogenesis and for stimulating the aggressive 

behavior necessary for territory establishment and maintenance. Peripheral plasma 

testosterone concentrations may be used to evaluate sexual maturity and to identify the 

onset of the breeding season (Atkinson and Gilmartin 1992; Bartsh et al. 1992). Although 

the concentrations are lower, the timing and production profiles are similar between 

captive male grey seals and their wild counterparts (Seely and Ronald 1991). In captive 

hooded seals, testosterone concentrations increase near the beginning of the breeding 

season (Noonan et al. 1991). In the Southern elephant seal, testicular testosterone 

concentrations are elevated for two months before and during the first month of the 

breeding season. However, in the same species, plasma testosterone concentrations are 

elevated only during the first month of the breeding season (Griffiths 1984). Bartsh et al. 

(1992) found that testosterone concentrations decrease as the breeding season comes to 

an end in the Weddell seal (Leptonychotes weddellii). The majority of the information on 

testosterone concentrations in pinnipeds is from studies on phocids, but there is little 

reason to believe that the patterns in otariids are very different.

1.4 Objectives

The research for this thesis had three major objectives, all of which relate to the 

primary goal of describing the reproductive biology of the SSL.
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1.4.1 Determine if Saliva can be used Instead of Plasma for Measuring Progesterone and 

Testosterone Concentrations

This work was the focus of Chapter 3. To follow the reproductive status of male 

and female SSLs, samples must be collected frequently enough throughout the year to 

detect temporal changes in progesterone and testosterone concentrations. The SSLs at the 

Alaska SeaLife Center were handled frequently, but blood samples were only collected 

once per month due to both permit and animal behavior reasons. Therefore, a method for 

collecting an alternative sample for progesterone and testosterone analysis was needed. 

Fecal and urine samples may be used for analysis, but their collection is labor intensive 

and impractical over the long term.

The recent use of saliva to follow reproductive status in pinnipeds (Pietraszek and 

Atkinson 1994; Atkinson 1998) provided an effective and easily manageable alternative 

that would allow frequent sampling. Salivary steroid concentrations are closely correlated 

with plasma steroid concentrations in humans (Poteczin et al. 1981; Wang et al. 1981; 

Vining and McGinley 1986).

The rate of transfer of small steroids from blood to saliva is thought to be rapid 

(Riad-Fahmy et al. 1987). Steroids such as progesterone and testosterone enter saliva by 

diffusion through the junctions between the acinar cells of the salivary gland. Only small, 

i.e., unconjugated, molecules are typically able to pass through the junctions between the 

acinar cells. Therefore, results of steroid analysis of saliva are less likely to be skewed by 

interference from metabolites found in plasma. Lipophilic molecules, such as 

progesterone and testosterone, are also able to pass through the lipid membranes of the
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acinar cells into saliva (Riad-Fahmy et al. 1987). Thus, salivary concentrations represent 

the biologically active (unconjugated) fraction of the total blood steroid concentration 

(Vining and McGinley 1986).

Steroid concentrations in parotid salivary gland fluid and whole, mixed saliva are 

identical (Riad-Fahmy et al. 1987). No significant difference in steroid concentration 

occurs when samples are stored at -20°C for six to nine months or at 4°C for seven days 

(Riad-Fahmy et al. 1987). In addition, little, if any, change occurs in steroid 

concentrations when samples are kept at room temperature for many days (Riad-Fahmy 

et al. 1987). The small amount of metabolic activity reported to occur in oral bacteria 

(Korman and Loesche 1980) and gingival crevicular fluid (El Attar et al. 1973) does not 

appear to cause any significant changes in steroid concentrations (Riad-Fahmy et al.

1987) and any further metabolism after collection can be prevented by refrigeration. 

These factors make saliva an attractive alternative to plasma for determining 

progesterone or testosterone concentrations in serial samples.

Progesterone and testosterone concentrations were followed using both plasma 

and saliva samples from the captive SSLs. Additionally, concentrations were statistically 

compared for paired plasma and salvia samples. Seasonal changes in steroid 

concentrations were investigated.

1.4.2 Correlate Anatomical Changes with Reproductive Endocrinology

Chapter 4 focused on alternative methods of determining estrus in the captive, 

female SSLs and on comparing testes volume to testosterone concentrations in the
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captive, male SSL. Vaginal cytology, specifically the percent comification of the vaginal 

epithelium, and seasonal changes in testes volume were investigated.

1.4.3 Determine Progesterone, Estradiol-170, Luteinizing Hormone and Testosterone

Concentration Ranges for Wild Steller Sea Lions During the Breeding and Non-breeding 

Seasons

This work was the focus of Chapter 5. The Alaska Department of Fish and Game 

and the Castellini laboratory at the University of Alaska Fairbanks have extensive 

collections of archived blood samples collected from wild, adult, female and male SSLs 

from the western and eastern U.S. stocks between 1977 and 1997. Samples from females 

were collected during early and late gestation, the post-partum/pre-estrus period, 

proestrus/estrus and embryonic diapause/pseudopregnancy. Samples from males were 

categorized as from either the breeding or non-breeding season. All of the females, 

except one, were categorized as sexually mature, based on the presence of a fetus or 

nursing pup. The males were also categorized as sexually mature based on age, which 

was determined from body size and a sectioned tooth. The reproductive history of these 

animals was not known. The goal of this chapter was to determine relative ranges of 

progesterone, estradiol-17P, LH and testosterone concentrations during different 

reproductive stages, as determined from a combination of the sample date, reproductive 

status of the animal and steroid concentrations.
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1.5 Other Work

1.5.1 Luteinizing Hormone Analysis

This work was the focus of Appendix 1. Luteinizing hormone is secreted by the 

anterior pituitary in a pulsatile manner and promotes the production and release of 

estrogen and testosterone from the gonads. The primary goal of this work was to 

determine if the frequency of the pulses or the amplitude (amount produced in each 

pulse) changed between seasons of reproductive activity and non-activity. Luteinizing 

hormone assays and the necessary validations were subcontracted to a laboratory 

routinely running LH assays. However, LH production was not thoroughly studied due to 

a limited number of samples.

1.5.2 Determine the Primary Estrogen in Steller Sea Lion Plasma and Saliva using High- 

performance Liquid Chromatography and Radioimmunoassay

My original goal for Appendix 2 was to describe estrogen production during 

estrus. However, first, the dominant estrogen in SSL plasma and saliva needed to be 

established. High-performance liquid chromatography (HPLC) and radioimmunoassay 

(RIA) of SSL plasma and saliva were subcontracted to an outside laboratory to determine 

the various forms of estrogen. Estrogen production during estrus was not described 

because samples were not collected during this period.
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Chapter 2. Methods for Progesterone and Testosterone Assays

2.1 Assay Procedures

Progesterone and testosterone, in SSL plasma and saliva, was measured using 

commercially available, human-based RIA kits (Coat-A-Count Progesterone and Coat-A- 

Count Total Testosterone, Diagnostic Products Corporation, Los Angeles, CA 90045).

The procedures were both solid-phase RIAs, where a fixed volume and concentration of

125 I-labeled steroid and a fixed volume of sample (SSL plasma or saliva) are added to an 

antibody coated polypropylene tube. The 125I-labeled steroids and the native steroids in 

the sample compete for, and bind to, the antibodies, which are specific for progesterone 

or testosterone, during a three-hour incubation. After the incubation, the fluid is decanted 

allowing the antibody-bound steroid to remain attached to the tube. The amount of bound

125I-labeled steroid is counted with a gamma counter. A measure of the native steroid 

concentration is determined using a calibration curve (standard curve), which is created 

from the calibrated assay kit standards. The procedure does not require the steroids to be 

extracted from samples. Extraction procedures essentially concentrate the steroids in a 

sample so that the remaining fluid, containing substances that may interfere with an 

assay, can be removed. The steroids are then resuspended in a buffer solution.

2.2 Assay Validations

The assay kits required species validation before being used for SSL plasma and 

saliva because they were originally designed for use with human serum or plasma. There 

may be properties or interfering substances in SSL plasma and/or saliva that could impair
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the assay results. Therefore, a series of validations was completed to determine if these 

assays could reliably measure progesterone and testosterone in SSL plasma and saliva.

2.2.1 Steller Sea Lion Plasma and Saliva Pools for Assay Validations

Pools of SSL plasma and saliva, containing native steroids, were created for the 

validations using samples collected from the captive SSLs. Pools from females were used 

in the progesterone assay, while pools from the male were used in the testosterone assay. 

To reserve the limited plasma volume from the captive females (“captive”) some of the 

progesterone assay validations used plasma pools created from wild, immature, female 

SSLs (“immature”). Single pools of plasma (1.2 ng ml'1 testosterone) and saliva (0.7 ng 

ml testosterone), from the male (“male”), were used for all of the testosterone assay 

validations. The type and source of the pool used for each validation will be addressed 

individually in Chapter 3.

2.2.2 Parallelism

The first validation procedure compared the assay kit standard curve to the 

standard curve produced when an equal volume of sample (pooled SSL plasma or saliva) 

was added to each of the standards comprising the standard curve. The objective was to 

determine if the two curves were parallel, which would indicate that the assay could 

reliably measure steroids in the sample over the entire range of assay kit standards.

Additionally, a volume of a solution containing a known concentration of steroid 

(standard) was added to an equal volume of sample. This process, termed spiking, is 

meant to increase the sample’s concentration. The spiked sample was then serially diluted 

with additional sample. The objective was to produce a series of samples, with differing
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concentrations of steroids. If the samples produced a curve that was parallel to the assay

kit standard curve then it could be assumed that there were no interfering substances in

the SSL samples that would negatively affect the reliability of the assay to measure 

steroids.

2.2.3 Spike Recovery

Aliquots of pooled sample were spiked with standards of varying concentrations. 

The samples were assayed, along with an aliquot of unspiked sample (blank) to determine 

the native steroid concentration. Using the concentration of the standard and the blank, 

which were known, an expected concentration was determined for the spiked sample. 

Once the spiked sample was assayed a comparison was made between the expected and 

observed concentrations. If the two values were similar, it can be assumed that there are 

no substantially interfering substances in the sample.

2.3 Interpretation of Assay Validations

Because the RIA kits were designed for use with human serum or plasma, the

results were not expected to be exact when used for SSL samples. Thus, the results of the

validation procedures were expressed as % Observed/Expected and results within 15%

indicated that the assay could be reliably used with SSL samples. Individual results

outside these limits occasionally occur, and, by themselves, are not indicative of an assay

problem. We were looking for large deviations from expected or a decreasing/increasing 

trend away from expected.
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Chapter 3. Plasma and Salivary Progesterone and Testosterone in Captive Steller 

Sea Lions

3.1 Abstract

The objectives were to validate commercially available, human-based RIA kits 

for measuring SSL plasma and salivary progesterone and testosterone, and to determine if 

saliva could be used instead of plasma to measure peripheral progesterone and 

testosterone concentrations. Seasonal patterns in progesterone and testosterone 

concentrations in the three captive SSLs were followed in both plasma and saliva. The 

resulting endocrine profiles describe the annual reproductive cycle in three captive SSLs 

(5.5 years of age, one male and two females). Voluntary saliva samples were collected 

opportunistically from September 1998 until December 1998 and two to three times per 

week from December 1998 until early July 2000. Blood samples were collected 

opportunistically from June 1998 until December 1998 and monthly from January 1999 

until early July 2000, when the animals were either under physical restraint or gas 

anesthesia. Progesterone and testosterone concentrations in paired plasma and saliva 

samples were compared by linear regression analysis and were highly correlated (r =

0.96, P < 0.001 and r = 0.84, P < 0.001, respectively). This indicates that saliva is useful 

for determining progesterone and testosterone concentrations in this species. The two 

females ovulated the first autumn and each maintained a six-month pseudopregnancy, 

after which they remained anovular for the duration of the study. The male had elevated
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testosterone concentrations from May to July, the normal breeding season in wild SSLs, 

in both 1999 and 2000. However, testosterone also increased in the non-breeding season 

during periods of increased social interaction with the two females.

3.2 Introduction

Steller sea lion populations have been declining for two decades. Although the 

cause for the continued decline is not known, declining reproductive rates, documented 

between the 1970s and the 1980s (Pitcher et al. 1998), have focused attention on 

reproductive biology as an area of investigation. To investigate SSL reproductive 

biology, logistically practical methods for sample collection are needed. Progesterone and 

testosterone concentrations are frequently used to describe reproductive activity in many 

mammals. However, data regarding the seasonal concentrations of these steroids are 

lacking for SSLs.

Steroid concentrations are usually measured in serum or plasma, but blood 

samples are difficult to collect with sufficient frequency in this species. Alternatively, 

saliva is relatively easy to collect from trained SSLs, making saliva a more feasible 

medium for monitoring steroids. Salivary and plasma steroid concentrations in humans 

(Poteczin et al. 1981; Wang et al. 1981; Vining and McGinley 1986) and in the Hawaiian 

monk seal (Pietraszek and Atkinson 1994; Atkinson 1998) were highly correlated. Thus, 

salivary steroids may be used indirectly to determine ranges of steroids in peripheral 

plasma during different reproductive stages.

The SSLs in this study were research trained and accustomed to frequent 

handling. Thus, using serially collected saliva samples to follow progesterone and
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testosterone concentrations was feasible. The objectives of this study were to validate 

commercially available, human-based RIA kits for measuring SSL plasma and salivary 

progesterone and testosterone, and to determine if saliva could be used instead of plasma 

to measure peripheral progesterone and testosterone concentrations. Seasonal patterns in 

progesterone and testosterone concentrations in the three captive SSLs were followed in 

both plasma and saliva.

3.3 Methods

3.3.1 Animals

Three captive SSLs were used in this 1.5-year study. The animals were 5.5 years 

of age when the study began. Two females, Kiska and Sugar, and one male, Woody, were 

captured west of Vancouver Island, British Columbia, Canada, in 1993 at approximately 

two weeks of age and were housed at the Vancouver Aquarium. In April 1998, they were 

moved to the Alaska SeaLife Center, in Seward, Alaska (latitude: 60°6’N; longitude: 

149°27’W).

The SSLs were kept in one of five pools. The five pools were separated into two 

groups. Three outdoor holding pools used for research (“research pools”) were adjacent 

to each other, but separated by a chain-link fence. The remaining two pools were on the 

opposite side of the facility and were used for public display and training (“habitat 

pools”). One of the habitat pools was a simulated natural, outdoor habitat for public 

display, the other, an indoor holding pool. Auditory, olfactory and visual contact was 

possible among the research pools and between the habitat pools, but was restricted
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between the research and habitat pools. All five pools had filtered natural seawater and 

associated dry haul-out space.

The shortest day in winter at Seward provided 5.5 hours of natural light. The 

facility was lit from 07:30 until 18:00. Thus, the animals experienced peripheral, artificial 

light from adjacent areas when day length was less than 10.5 hours.

The captive SSLs were moved among pools. To prevent mating, no physical 

contact was allowed between the females and the male SSL from April to September 

each year. During this time the females and the male were housed alternately in either the 

research or habitat pools. Occasional limited contact occurred as they were moved across 

the facility and during simultaneous training sessions. Therefore, physical separation did 

not preclude intermittent visual, olfactory or auditory contact. However, attempts were 

made to restrict this contact and to avoid housing females on the same side of the facility 

as the male. The re-socialization of the females with the male began in September each 

year. From September to April the females were kept in the same pool as the male or 

within sensory contact.

The three SSLs were simultaneously involved in a controlled feeding project 

investigating the effects of three different diets on blubber quantity and quality, condition 

indices, and changes in metabolism. Each SSL was fed a predetermined amount of fish 

per day, based on its weight and individual diet regime.

3.3.2 Blood Sampling and Processing Procedures

This study began in January 1999 and blood samples were collected monthly until 

early July 2000. Additional opportunistic samples were collected in May, August,
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November and December 1998. Blood samples were typically collected in the morning. 

The male was always under gas anesthesia during blood sampling. Isoflurane (Aerrane, 

Fort Dodge Animal Health, Fort Dodge, LA 50501 or Aerrane, Baxter Pharmaceutical 

Products, Inc., Deerfield, IL 60015) was used at 5% for induction of gas anesthesia and at 

3A to 2% for maintenance. Before anesthesia induction, either Atropine (Phoenix 

Scientific Inc., St. Josephs, MO, USA 64506) (0.54 mg ml'1) and Telazol (Tiletamine 

Hcl/Zolazepam, Fort Dodge Animal Health, Fort Dodge, IA 50501) (1.0 mg ml'1) or 

Telazol alone were used. Samples from females were primarily collected under physical 

restraint alone; however, occasional samples were collected under gas anesthesia (Table 

1).

Blood samples were collected from the caudal gluteal vein using an 18 gauge, 3.5 

inch spinal needle. The blood was drawn into a heparinized vacutainer, centrifuged 

within 30 minutes of collection, and the plasma frozen at -80°C until assayed.

3.3.3 Saliva Sampling and Processing Procedures

From September to December 1998, saliva samples were collected 

opportunistically from the females, averaging once per week. Samples were generally 

collected two or three times per week from all three animals from January 1999 until 

early July 2000. Approximately 80% of the samples were collected in the morning. The 

others were collected between 12:00 and 16:00. Saliva was collected voluntarily during 

routine training sessions from the back of the mouth and the base of the tongue. It was 

absorbed with a 12 X 2-inch piece of sterile cotton gauze. The material was swabbed 

around the mouth until saturated (30 seconds to two minutes) and was placed into a tube
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Table 1. Blood sampling dates for the two captive, female Steller sea lions, Kiska and 
Sugar. Blood samples were collected while the females were under gas anesthesia (A) or 
physical restraint (R). Some months had multiple samples collected where either gas 
anesthesia or physical restraint (A/R) were used.

Kiska Sugar
1998 1999 2000 1998 1999 2000

January R R
February R R R R
March R R R R
April R A R R
May R A R R A A/R
June R R A R R
July R R A A
August A R A A/R
September R R R R
October R R R R
November A A A R
December R R A



and frozen at —80°C for a minimum of 24 hours to reduce viscosity of the saliva by 

precipitating out the proteins and mucopolysaccharides. The sample was thawed and 

centrifuged at 2,500 rpm at 4°C for 10 minutes using a barrier to keep the gauze and 

saliva separate. The sample was stored at -80°C until assayed. No stimulants were used to 

enhance saliva flow and samples were taken before feeding to reduce contamination of 

the saliva with blood from food. Initial samples contaminated by fish used as a training 

reward have not been included in the analysis.

3.3.4 Progesterone and Testosterone Assays

Progesterone and testosterone concentrations in plasma and saliva were measured 

using solid-phase, single antibody, 125I RIA kits (Coat-A-Count Progesterone and Coat- 

A-Count Total Testosterone, Diagnostic Products Corporation, Los Angeles, CA 90045). 

Both RIA kits measured steroids directly in plasma and saliva. Progesterone was 

measured in 100 pi aliquots. Because testosterone concentrations were low, 200 pi of 

plasma and 100 pi of saliva were used in the testosterone assay. All samples were

assayed in duplicate and assays consisted of both plasma and saliva samples arranged by 

the date of collection.

The assay kits provide a sensitivity of 0.02 ng m l1 progesterone and 0.04 ng ml"1 

testosterone. The primary cross-reactants in the progesterone assay are 5a-pregnan-3,20- 

dione (9.0%), 17a-hydroxyprogesterone (3.4%), 5p-pregnan-3,20-dione (3.2%) and 11- 

deoxycorticosterone (2.2%). The primary cross-reactants in the testosterone assay are 19- 

nortestosterone (20.0%), 4-estren-17-ol-3-one (20.0%), 11-ketotestosterone (16.0%), 5a- 

dihydrotestosterone (3.3%), 19-hydroxyandrostenedione (2.0%), methyltestosterone
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(1.7%), 11 P-hydroxytestosterone (1.2%) and 4-estren-7oc-methyl-17p-ol-3-one (1.1%).

All other hormones have a cross-reaction of less than 1.0%.

Pools of plasma and saliva were made using samples collected from the captive 

SSLs during the first six-months of this study. The pooled samples from the females had 

native concentrations of 7.8 ng m l'1 plasma progesterone and 0.3 ng ml'1 salivary 

progesterone. The pooled samples from the male had native concentrations of 3.3 ng ml'1 

plasma testosterone and 0.3 ng ml'1 salivary testosterone. Aliquots of pooled samples and 

standardized controls (CON6, Diagnostic Products Corporation, Los Angeles, CA 90045) 

with high, medium and low concentrations of progesterone (24.1, 2.4 and 1.7 ng ml'1) 

and testosterone (6.83, 3.53 and 0.7 ng ml'1) were used as quality controls in each assay 

to determine the interassay and intraassay coefficients of variation (CVs) over a range of 

concentrations.

3.3.5 Progesterone and Testosterone Assay Validations

Separate plasma and saliva pools with native steroids were made for the 

validations using samples collected from the captive SSLs. Pools from the females were 

used for the progesterone assay validations, while pools from the male were used for the 

testosterone assay validations. Because there was a limited volume of plasma from the 

adult females (“captive”), some of the progesterone assay validations used plasma pools 

from wild, immature, female SSLs (“immature”). A single pool of saliva from the captive 

females SSLs was used (“captive”). Single pools of plasma (1.2 ng ml'1 testosterone) and 

saliva (0.7 ng m ltestosterone) from the male (“male”) were used for all testosterone 

assay validations.
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3.3.5.1 Parallelism

Aliquots (100 jxl) of immature plasma and captive saliva from adult SSLs, with

native progesterone concentrations of 1.3 and 1.1 ng ml"*, respectively, were added to

each of seven progesterone assay kit standards (0.0 to 40.0 ng ml'1). Aliquots (50 pi) of

male plasma and saliva were added to each of six testosterone assay kit standards (0.0 to

16.0 ng ml *). The results were plotted and the curves compared to the respective standard 

curve from the kit.

An aliquot of immature plasma, with 0.8 ng ml’* of native progesterone, was 

spiked with an equal volume of a standardized control (24.1 ng ml'*). The spiked sample 

was serially diluted with additional immature plasma to produce a range of 

concentrations from 12.5 to 2.3 ng ml * progesterone. This procedure was not repeated for 

saliva due to insufficient volume of pooled saliva. Aliquots of male plasma and saliva 

were spiked with equal volumes of a testosterone control (14.7 ng ml'*). The spiked 

samples were serially diluted with additional male sample. Concentrations ranging from 

7.9 to 1.2 ng ml'* were produced for plasma; while a range of 7.7 to 0.8 ng ml'* was 

produced for saliva. Results are expressed as % Observed/Expected.

3.3.5.2 Spike Recovery

Aliquots of immature plasma, with 0.8 ng ml * of native progesterone, were spiked 

with an equal volume of medium (2.4 ng ml'1 progesterone) or high (24.1 ng ml'1 

progesterone) standardized control. This procedure was not repeated for saliva due to 

insufficient volume of pooled saliva. Similarly, aliquots of male sample were spiked with 

an equal volume of low (0.7 ng ml'* testosterone) or high (6.8 ng m l'1 testosterone)
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standardized control or with a 0.2, 4.0 or 8.0 ng m l'1 testosterone standard. Results are 

expressed as % Observed/Expected.

3.3.5.3 Outside Validations

Selected duplicate plasma samples, which were previously assayed and spanned a 

range of low to high concentrations, were assayed for progesterone (n = 22) or 

testosterone (n = 19) by the Animal Reproduction and Biotechnology Laboratory at 

Colorado State University, Fort Collins, CO 80523, following procedures outlined in 

Niswender 1973 (progesterone) and Bemdtson et al. 1974 (testosterone). Results were 

compared with those produced by the assay kits.

3.3.6 Statistics

Linear regression analysis was used to compare the resulting data sets from 

progesterone and testosterone analysis of paired plasma and saliva samples. Correlation 

coefficients were used to describe the relationship between plasma and salivary 

progesterone and testosterone concentrations.

3.4 Results

3.4.1 Progesterone and Testosterone Assays

Mean non-specific binding of the progesterone and testosterone assays was 0.8% 

and 0.9%, respectively. In the progesterone assay the interassay CVs for standardized 

controls were: high: 5.0%, medium: 9.9% and low: 3.5%. For the pooled plasma and 

saliva they were 4.9 and 22.6%, respectively. The intraassay CVs for standardized 

controls were: high: 3.4%, medium: 5.0% and low: 6.0%. For the pooled plasma and 

saliva they were 2.9% and 11.6%, respectively. There was a strong correlation between

43



paired plasma and saliva samples collected within 48 hours of each other (r = 0.96, P < 

0.001) (Figure 1). When plasma progesterone concentrations were below 1.0 ng ml"1 the 

saliva:plasma ratio averaged 0.5:1 (n = 38). When plasma progesterone concentrations 

were elevated above 1.0 ng ml"1 the saliva:plasma ratio averaged 0.3:1 (n = 13).

In the testosterone assay the interassay CVs for standardized controls was: high: 

4.1%, medium: 4.5% and low: 8.7%. For the pooled plasma and saliva they were 5.9 and 

10.7%, respectively. The intraassay CVs for standardized controls were: high: 7.3%, 

medium: 3.2% and low: 18.3%. For the pooled plasma and saliva they were 2.2 and 

8.9%, respectively. There was a strong correlation between paired plasma and saliva 

samples collected within 48 hours of each other (r = 0.84, P < 0.001) (Figure 2). When 

plasma testosterone concentrations were above 0.4 ng ml"1 the saliva:plasma ratio 

averaged 0.9:1 (n = 6). When plasma testosterone concentrations were below 0.4 ng ml'1 

the saliva:plasma ratio averaged 1.7:1 (n = 6).

3.4.2 Progesterone and Testosterone Assay Validations

3.4.2.1 Parallelism

When samples were added to the standards from the progesterone and 

testosterone assay kits the curves produced were parallel to the curves from the assay kit 

standards alone (Figure 3 (a) and (b)). % Observed/Expected from the serial dilutions of 

spiked samples ranged from 89.1 to 124.0% in the assays. Seventeen of the twenty 

samples were within 15% (Table 2).

3.4.2.2 Spike Recovery

Recovery of the steroid concentration in the standardized control or the assay kit
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Figure 1. Linear regression analysis of paired plasma and salivary progesterone 
concentrations in samples collected from captive, adult, female Steller sea lions. 
Samples were collected within 48 hours of each other.



Figure 2. Linear regression analysis of paired plasma and salivary testosterone 
concentrations in samples collected from a captive, adult, male Steller sea lion. 
Samples were collected within 48 hours of each other.
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(a)

Log concentration progesterone ng ml'1

(b)

Figure 3. Parallel curves for progesterone and testosterone assays. Curves were produced 
by adding either Steller sea lion plasma (— □— ) or saliva (— •— ) to the assay kit 
standards. The resulting curves were compared the curve produced from the assay kit 
standards alone (— ■— ) for the (a) progesterone and (b) testosterone assays.
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Table 2. Results from spiked and serially diluted aliquots of Steller sea lion plasma or 
saliva assayed for progesterone or testosterone, results are expressed as % 
Observed/Expected (% O/E).

Progesterone (% O/E) Testosterone (% O/E) 
Dilution__________  Plasma Plasma Saliva
1 1 94.4 89.9 102.6
1 2 104.5 89.1 111.9
1 4 102.7 89.7 124.0
1 8 100.0 90.0 118.8
1 16 106.3 118.2
1 32 100.0 111.1
1 64 92.3 112.5
1 128 91.7 112.5



standards, which were added to samples and assayed, were within 15% in all but one 

sample. The sample not within 15% had a low testosterone concentration, which was near 

the assay’s detection limit (Table 3).

Results from the parallelism validation procedures show that progesterone and 

testosterone can be reliably measured over the range of steroid concentrations within the 

assay kits. Additionally, steroid recovery was generally within 15% of expected. These 

results are considered acceptable.

3.4.1.3 Outside Validations

Concentrations of both progesterone and testosterone as measured by the assay 

kits were positively correlated with concentrations measured by the independent 

laboratory (r = 0.99, P < 0.001 and r = 0.91, P < 0.001, respectively) (Table 4). While the 

two assays were correlated, the assay kit produced lower results. The progesterone assay 

kit results averaged 58% of those from the outside laboratory, while the testosterone 

assay kit provided results that averaged 60% of those from the outside laboratory.

3.4.3 Female Reproductive Pattern

Progesterone concentrations under 1.0 ng ml'1 indicate a lack of luteal activity in 

mammals and are referred to as baseline (Cornell et al. 1987; Kirby 1990; Bowen and 

Barrell 1996). Plasma and salivary progesterone concentrations were at baseline in both 

females throughout this study, except for one period of elevated progesterone, from 

September 1998 through March/April 1999.

From September 1998 to March 1999, progesterone concentrations for Kiska 

averaged 14.4 ± 3.1 ng m l1 (mean ± SE) (range: 7.1 to 23.5 ng ml"1) in plasma and
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Table 3. Spike recovery from pooled Steller sea lion plasma and saliva when assayed for 
progesterone or testosterone, results are expressed as % Observed/Expected (% O/E).

P4 Standard 
(ng ml'1)

Progesterone (% O/El 
Plasma

T Standard 
(ng ml'1)

Testosterone (% O/El 
Plasma Saliva

2.4 115.4 0.2 93.8 80.6
24.1 99.7 0.7 89.3 99.3

4.0 96.3 107.9
6.8 100.4 103.9
8.0 96.3 101.1

>

I
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Table 4. A comparison of progesterone and testosterone concentrations from the captive, 
adult, female and male Steller sea lions as measured by the Animal Reproduction and 
Biotechnology Laboratory, Colorado State University and this study.

Progesterone (ng ml'1) Testosterone (ng m l1!
Colorado State University of Colorado State University of

University_______Alaska Fairbanks_______ University Alaska Fairbanks
0.3 0.1 1.4 1.2
5.2 2.6 0.9 1.0
0.5 0.2 0.8 0.6
0.6 0.3 0.5 0.2
3.8 1.7 0.5 0.3
0.2 0.1 1.8 1.4
0.2 0.1 0.9 0.4
5.0 2.7 0.3 0.01
15.4 8.6 0.3 0.01
0.4 0.1 0.2 0.0
10.4 6.1 0.1 0.0
0.4 0.1 1.6 0.9
0.4 0.1 0.3 0.02
8.8 4.8 1.7 0.9
0.4 0.2 1.7 0.6
0.2 0.2 1.8 0.8
0.3 0.3 1.6 0.6
5.6 4.2 2.7 1.7
24. 16.4 2.1 1.4
0.8 0.4
19.9 16.1
0.5 0.7



averaged 5.7 ± 0.7 ng m l1 (range: 1.2 to 13.8 ng ml'1) in saliva (Figure 4 (a)). From 

September 1998 to April 1999, progesterone concentrations for Sugar averaged 14.0 ±

3.2 ng m l1 (range: 2.2 to 32.7 ng ml'1) in plasma and averaged 7.0 ± 0.8 ng ml'1 (range:

1.0 to 17.8 ng m l'1) in saliva. One plasma sample (Sugar) collected in October 1998, had 

baseline progesterone (0.3 ng ml'1). Plasma and salivary progesterone concentrations in 

samples collected before and after this point were elevated. Sugar also had slightly 

elevated progesterone (1.3 and 1.6 ng ml'1) in plasma samples collected in June 1999 and 

May 2000, respectively) (Figure 4 (b)).

3.4.4 Male Reproductive Pattern

Plasma testosterone began to increase near the beginning of the expected breeding 

season (late April) in both years and returned to low concentrations by the end of the 

breeding season (early August) in 1999. Samples were not collected after June 2000. 

Plasma testosterone was also elevated during the winter 1999-2000 when exposure to the 

two captive female SSLs was increased. Salivary testosterone demonstrated a pulsatile 

pattern throughout all seasons with maximum concentrations observed during the 

breeding seasons and minimum concentrations observed from late October 1999 to late 

April 2000. However, even during the non-breeding season salivary testosterone 

concentrations were elevated (Figure 5).

In the 1999 breeding season plasma testosterone concentrations were maximal in 

June and early July (0.9 ± 0.1 ng m l'1). Salivary testosterone increased for 6 weeks before 

reaching a maximum range in concentrations (0.3 to 1.2 ng ml ^  during the breeding 

season. Salivary testosterone concentrations during the breeding season averaged 0.7 ±
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Figure 4(a). Plasma and salivary progesterone profile for a captive, adult, female Steller sea lion, Kiska. Inset
bold lines define the breeding season of wild Steller sea lions. Inset double-striped lines define the period of
implantation in wild Steller sea lions.



Figure 4(b). Plasma and salivary progesterone profile for a captive, adult, female Steller sea lion, Sugar. Inset
bold lines define the breeding season of wild Steller sea lions. Inset double-striped lines define the period of
implantation in wild Steller sea lions.



Figure 5. Plasma and salivary testosterone profile for a captive, adult, male Steller sea lion, Woody. Inset
bold lines define the period of reproductive activity in wild, adult, male Steller sea lions.



0.1 ng ml . Concentrations from the end of the breeding season (early August) until the 

following breeding season (late April) generally showed a decrease in the range of 

salivary testosterone (0.1 to 1.0 ng ml'1) and averaged 0.4 ± 0.02 ng ml'1.

Plasma testosterone concentrations were also elevated in October 1999, December 

1999 and January 2000 (0.9, 0.6 and 0.8 ng ml'1, respectively). These time periods 

coincide with increased exposure to the two females. Salivary testosterone concentrations 

during this time were sporadically elevated above the non-breeding season average (early 

August to late April), with a sample reaching a concentration of 0.9 ng ml'1. In the 2000 

breeding season mean plasma testosterone concentrations were maximal in May and 

early June (0.6 ±0.1 ng m l '). Concentrations of salivary testosterone increased in range 

during the breeding season (0.2 to 1.4 ng m l1) and averaged 0.8 ±0.1 ng m l1.

3.5 Discussion

The Progesterone and Total Testosterone Coat-A-Count RIA kits can be reliably 

used to measure these steroids in SSL plasma and saliva. The kits are easy to use and 

provide all the necessary reagents. The strong positive correlation between plasma and 

saliva indicates that saliva may be reliably used for progesterone and testosterone 

analysis, providing an effective, less invasive alternative to blood. There are numerous 

advantages to using SSL saliva. It is relatively easy to collect, can be serially collected at 

a high sampling frequency without risk of trauma, is easy to process and store, and does 

not require drugs or stimulants for collection. Salivary steroids are relatively stable once 

frozen.
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In humans, salivary steroid concentrations are generally lower than plasma 

concentrations. Reported saliva:plasma ratios are higher during the follicular phase, when 

progesterone concentrations are low (0.023:1: Walker et al. 1981; 0.051:1: Zorn et al. 

1984) than during the luteal phase, when progesterone concentrations are elevated 

(0.012:1: Walker et al. 1981; 0.006:1: Butt 1984; 0.010: Tallon et al. 1984; 0.010:1: Zorn 

et al.). In the Hawaiian monk seal somewhat opposite results are found. Salivary 

progesterone concentrations are similar to plasma concentrations during periods of low 

progesterone and slightly higher during periods of elevated progesterone (Pietraszek and 

Atkinson 1994). In this study of SSLs the ratios between salivary and plasma 

progesterone and testosterone followed qualitatively similar patterns as those found for 

humans. However, the ratios for SSLs were several times higher than those reported for 

humans, especially for testosterone.

These results suggest that the transfer of steroids from plasma to saliva is greater 

in SSLs than in humans. However, many factors need to be considered when interpreting 

these data. Testosterone production is known to be pulsatile and steroid concentrations in 

samples collected at one point in time will likely be different from those collected at 

another. Consequently, the exact time when the sample was collected may have an effect 

on the ratio of salivary and plasma testosterone, since both concentrations may vary. 

Since pulsatile testosterone production has not been characterized in this species, the 

effects of sample collection times are unclear. Furthermore, the volume of sample 

assayed was altered from the assay kit procedures and although the assays used were 

shown to be appropriate for SSL samples, the quantitative results may have been
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affected. However, since I was primarily concerned with relative changes in testosterone 

production and consistent volumes of saliva and plasma were assayed, the effect of 

sample volume cannot be evaluated here.

Finally, the progesterone and the testosterone assay kits were designed for human 

samples and produced results that were lower than those found by an outside laboratory 

(58 and 60%, respectively). Again, the goal of this study was to describe relative changes 

in progesterone and testosterone concentrations, using a repeatable assay, so this 

quantitative discrepancy has not been addressed. Despite the above factors, the elevated 

saliva:plasma ratio makes the use of saliva for monitoring steroids an attractive option.

In this study the two females were being fed different diets, yet they exhibited 

very similar patterns in progesterone production. In spite of being fed a different diet in 

each of the two years of this study the male had seasonally elevated testosterone 

concentrations in synchrony with the wild breeding season. Therefore, I consider the 

effect of diet on progesterone and testosterone production to be minimal.

Conflicting reports have been made regarding the effect of anesthetics on LH and 

testosterone production (Matzen et al. 1987; Faber and Hughes 1993). Anesthetics were 

used occasionally for both females. However, very similar progesterone concentrations 

were found directly before and after anesthesia. This suggests that the anesthetic had little 

immediate effect on progesterone production. Anesthetics were used consistently with the 

male. Thus, it is possible that the low plasma testosterone concentrations obtained here 

are partly explained by the use of anesthetics. However, since anesthetics were used 

consistently any effects are likely to also be consistent.
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The two captive females experienced a period of elevated progesterone, during 

which saliva samples were collected frequently. It was clear that progesterone production 

was pulsatile and that the difference between minimum and maximum salivary 

progesterone concentrations was greater than that of the subsequent period of low 

progesterone. Pseudopregnancy was expected of the two captive females, based on 

studies of other non-pregnant, captive pinnipeds (harp seals: Renouf et al. 1994; hooded 

seals: Noonan and Ronald 1989; and harbor seals: Reijnders 1990). However, the timing 

of this event (autumn 1998) was not typical of ovulation in wild SSLs.

In a review of cetacean reproductive endocrinology, Kirby (1990) states that 

polyestrous species may exhibit three to four week episodic fluctuations of progesterone, 

but that progesterone concentrations return to baseline between ovulations following 

regression of the corpus luteum. In this study progesterone concentrations never fell 

below baseline during the period of elevated progesterone. This implies, first, that the 

corpus luteum was maintained (pseudopregnancy), and second, that the captive SSLs 

were monoestrous. After this single ovulatory event, they remained anovular throughout 

the rest of this study (17 months).

Ovulation in the fall was not expected from these animals, since in the wild this 

event occurs in June. Factors such as neuroendocrine reactivation, age, stress and altered 

spatial and social environments may have contributed to the altered seasonal activity. 

Boyd (1991b) suggests that a reactivation or increased sensitivity of the hypothalamo- 

pituitary axis occurs in some pinnipeds near the end of embryonic diapause or 

implantation and is likely regulated by photoperiod. Renewed follicular growth due to
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gonadotropin production, such as reported in the Northern fur seal during this period 

(Craig 1964), is a possible result. Periods of “false estrus” have been observed near this 

period in Northern fur seals (Gentry 1981), harbor seals (Venables and Venables 1959) 

and walruses (Fay 1981), suggesting that estrogen concentrations are elevated in 

association with renewed follicular development. If the captive SSLs experienced 

increased gonadotropin production or renewed follicular growth in the autumn, these 

events may have contributed to the observed ovulation.

A female pinniped’s age may influence the timing of ovulation. In nulliparous, 

pubertal female Northern fur seals, the first ovulation occurs later in the year than those 

of parous females (Craig 1964). Mean age at first ovulation for wild SSLs is 4.6 ± 0.8 

years (Pitcher and Calkins 1981). When this study began the females were 5.5 years of 

age and the pseudopregnancies may have followed their first ovulations. In such a case 

delayed ovulation is plausible.

The estrus cycle is under neuroendocrine control, and is especially sensitive to 

outside stresses. Stress has been shown to be associated with disruption of the estrus 

cycle in several domestic and laboratory animals (Moberg 1985). The captive SSLs were 

moved to Alaska in April 1998, during the normal time of follicular development. The 

change in climate, daylight hours, habitat and social environment may have had an 

inhibitory effect on any existing follicular development, thus delaying ovulation.

When there are abnormal spatial or temporal variations in living conditions, 

environmental cues such as photoperiod may only provide a rough guide for timing 

reproduction. Factors such as climate, food availability, body condition and social
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situations may be equally important for many mammalian and avian species (Drent and 

Daan 1980; Moberg 1985; Boyd 1991b; Berger 1992; Ben-David 1997). Based on 

ovarian morphology, Laws (1956) states that one, adult Southern elephant seal had 

ovulated outside of the breeding season, while four others “had possibly ovulated outside 

the breeding season”, for unknown reasons. A mass deviation from the normal time of 

ovulation occurred in a group of captive female Black Sea bottlenosed dolphins 

(Ozharovskaya 1990). The suggested reason was “sensitivity to unfavorable factors of 

their surroundings.” These studies provide evidence from other species that alterations or 

disruptions of an animal’s immediate environment may have consequences on 

reproductive timing.

Some species have developed specific systems for priming certain reproductive 

processes that use social cues, such as pheromonal, tactile or auditory stimulus, from 

other members of the population (Bronson 1985). This arises from a need to time 

individual reproductive readiness with that of the rest of the population (Bronson 1985). 

Wild SSLs separate into territories in very close proximity on rookeries in the spring and 

summer. Although both sexes of SSLs share space on haul-outs in the winter, the social 

dynamics (inter-male competition for territories by dominant, aggressive males, and close 

contact) present on rookeries in the spring are absent since males are not in breeding 

condition and most mature females are already pregnant (Pitcher and Calkins 1981). In 

this study the temporal social situation was essentially reversed. To inhibit breeding the 

male and females were physically separated in the spring and consequently, were not 

provided with the social cues typically associated with reproductive activity. The animals
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were reunited in the autumn, after the assumed time of breeding, to allow re-socialization 

of the male. The artificial social situation created in the autumn mimicked the social 

dynamics of a rookery and coincided with the ovulations and pseudopregnancies 

experienced by the females. It is probable that the altered social dynamics and lack of 

social stimulation in the spring contributed to the altered pattern of ovarian activity.

After the pseudopregnancies, the two females remained anovular for the rest of 

this study (17 months). Although the females were re-socialized with the male in the 

autumn of 1999 they did not respond as in the previous year. This extended anovular 

period may be due to a combination of the factors discussed above.

The captive male exhibited both similarities and differences to the testosterone 

concentration patterns found in other male pinnipeds. Testosterone is responsible for 

stimulating the aggressive behavior necessary for territory establishment and 

maintenance. Increasing concentrations may be an indicator of sexual maturity and of the 

onset of seasonal breeding (Atkinson and Gilmartin 1992; Bartsh et al. 1992). The 

seasonally elevated plasma and salivary testosterone concentrations reported here for the 

captive male SSL are consistent with patterns from other male pinnipeds (Southern 

elephant seals: Griffiths 1984; captive hooded seals: Noonan et al. 1991; captive grey 

seals: Seely and Ronald 1991; Weddell seals: Bartsh et al. 1992) and indicate that this 

male was sexually mature.

Testosterone was also elevated in the non-breeding season during the autumn of 

1999 and the winter of 1999-2000, which was not expected. As stated previously, the 

social conditions experienced by the captive male during this time were similar to those
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on a rookery where dominant males have exclusive access to sexually mature, non

pregnant female SSLs. Unlike a wild, territorial male, the captive male did not have to 

defend a territory or fast while doing so. In the absence of competing males, plasma 

testosterone in subordinate males can increase in response to reproductively active 

females (Moberg 1985). It is probable that the artificial social situation, coupled with the 

fact that he is the only male present, provided stimulus for elevated testosterone 

production in what would typically be the non-breeding season and may have contributed 

to the male’s failure to experience a complete seasonal regression of testosterone 

production.

Testosterone values reported here for the period corresponding to the breeding 

season are lower than, but comparable to, those of wild, adult, male SSLs (approximately

1.5 ng ml ’, n = 2) (Chapter 5). Because the captive male lacked inter-male competition, 

which is known to stimulate or enhance testosterone production, concentrations may not 

have reached those attained by wild, male SSLs. Testosterone concentrations increase 

with body size in other pinnipeds (Bartsh et al. 1992); the captive male was not 

physically mature and his testosterone concentrations are expected to increase with age. 

Additionally, each blood sample collection was preceded by anesthesia. The effects of the 

anesthetic on gonadotropin secretion may have played a role in diminishing testosterone 

production during sampling by suppressing LH concentrations. However, this aspect has 

not been thoroughly investigated. Finally, because plasma samples were collected 

monthly, and only represent a single point in the pulsatile curve of testosterone
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production, it is possible that testosterone concentrations were sometimes higher, but 

these maxima were not sampled.

In seasonally breeding male mammals, the frequency of the testosterone pulses 

and the concentration of testosterone released in each, increases during the breeding 

season. Thus, during the breeding season, the range of concentrations produced in the 

pulses is higher than during the non-breeding season. In monthly plasma sampling during 

the breeding season, an elevated testosterone concentration indicates reproductive 

activity, but a low concentration does not rule it out.

3.6 Conclusions

Saliva is an appropriate medium for describing the pulsatile production of 

reproductive steroids in SSLs. Sampling may be done on an intensive schedule (15 

minute samples) to monitor rapid changes, or on a longer schedule (two to three days) to 

monitor seasonal changes. The use of saliva to monitor steroids would allow detailed 

investigations of the effects of anesthesia, stress, social dynamics, etc., on animals.

The results of this study suggest that the social and/or environmental conditions 

for SSLs at the Alaska SeaLife Center did not reproduce the conditions found within the 

natural environment. Consequently, certain aspects of reproduction, specifically timing, 

were altered. It remains unclear whether ovulation is induced in SSLs since different 

endocrine patterns were produced in each of two years when the female’s environments 

were similar. Neither female was allowed to become pregnant, which is not normal for 

adult SSLs and may have additional effects on their reproductive ability in the future.
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The methods and the data from this project may be used to better schedule studies 

or alter aspects of the captive SSL’s social and/or environmental situation to more closely 

simulate a natural condition. This may allow the animals to follow temporal patterns 

similar to their wild counterparts and provide more representative steroid data.
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’Chapter 4. Seasonal Changes in Vaginal Cytology and Testes Volume in Captive 

Steller Sea Lions

4.1 Abstract

The objectives were to evaluate seasonal changes in vaginal cytology as a means 

of determining estrus in female SSLs and to investigate the relationship between testes 

volume and peripheral plasma testosterone in male SSLs. Percent comification of the 

vaginal epithelium was high (> 80%) in several samples collected near the end of, or 

after, the six-month pseudopregnancies, when progesterone concentrations were low. 

Testes volume was positively correlated to plasma testosterone concentrations in paired 

samples from the male (r = 0.71, P = 0.01).

4.2 Introduction

In seasonally breeding mammals steroid concentrations are often used to detect 

reproductive activity. Changes in vaginal cytology may also be used in some species to 

detect estms. A non-invasive tool for detecting estms would be useful for SSLs involved 

in captive breeding programs or for routine monitoring of an individual’s reproductive 

status. In trained animals, vaginal swabs can be easily collected making vaginal cytology 

an attractive tool for this purpose. Unfortunately, in this study, swabs were not collected 

until after estms, thus the relationship between vaginal cytology and estms could not be 

evaluated. Consequently, I examined vaginal cytology, specifically the percent
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comification, in relation to other endocrine events in the captive females and to 

testosterone production in the captive male.

Several mammalian species are known to have an annual pattern of testicular 

recrudescence and regression. In these species testes mass, seminiferous tubule 

dimensions and the rate of spermatogenesis increase in association with the breeding 

season (harbor seals: Boulva and McLaren 1979; Southern elephant seals: Griffiths 1984; 

black {Ursus americanus) and polar (Ursus maritimus) bears: Palmer et al. 1988; harp

seals: Miller et al. 1998). Testis size is impacted by testosterone production and changes 

are primarily a consequence of hypertrophy and hyperplasia of the seminiferous tubules. 

In association with testicular recrudescence pinnipeds have elevated testosterone 

concentrations (Southern elephant seal: Griffiths 1984; hooded seals: Noonan et al. 1991; 

grey seals: Seely and Ronald 1991; Hawaiian monk seals: Atkinson and Gilmartin 1992) 

during the breeding season.

A positive correlation between testis size and peripheral testosterone has been 

shown in a number of mammalian species (Tsubota et al. 1997). Because male SSLs are 

assumed to follow patterns similar to those of other seasonally breeding pinnipeds, it is 

presumed that testes size and testosterone concentrations will increase during the 

breeding season and decrease during the non-breeding season.

Testes size is used as an indicator of fertility in domestic species, where the 

relationships between testes size, spermatogenesis, steroidogenesis and peripheral 

testosterone concentrations have been thoroughly described. This study determined the 

relationships between SSL testes size, represented here as testes volume, and testosterone
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concentrations. These data were used to better understand the seasonal patterns in 

testosterone production, as discussed in Chapter 3.

4.3 Methods

4.3.1 Animals

The animals used for this study were the same three, captive SSLs used for work 

described in Chapter 3.

4.3.2 Blood and Saliva Sampling and Processing Procedures

The plasma and saliva samples used in Chapter 3 were also used here to relate 

vaginal cytology and testes volume to steroid levels. The procedures were previously 

detailed in Chapter 3.

4.3.3 Vaginal Cytology

Samples for vaginal cytology were collected weekly from February to May 1999 

and two to three times weekly from May 1999 to July 2000. A sterile swab, moistened 

with saline, was inserted six-inches into the vagina, approximately two to three inches 

from the cervix, and rotated gently along the vaginal wall. The swab was removed and 

rolled onto two clean microscope slides. The slides were air dried and stained with 

Hemacolor Stain Set (EM Science, Gibbstown, NJ 08027).

Each slide was viewed under a microscope at 100X power. Cells were counted in 

each of four fields, having at least 20 cells each. The number of each cell type was 

recorded as its relative percentage compared to the total number of cells. Only distinct 

cells, not those found in inseparable clusters, were counted. The percent comification of
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the vaginal epithelium was determined by dividing the number of comified cells by the 

total number of cells counted. The cell types were classified as follows:

Parabasal cells'. The cells are small and round or oval, with smooth edges. The 

nucleus is prominent, centrally located and round. The nucleus to cytoplasm ratio is high 

(Figure 6).

Intermediate cells: The cells are round or oval with smooth edges. They don’t 

stain as darkly as parabasal cells. The nucleus is prominent and round. The nucleus to 

cytoplasm ratio is low (Figure 7).

Superficial cells: The cells are large and round or oval and they may appear 

flattened. The edge may be smooth, irregular, jagged or folded. Depending on the degree 

of comification the cells stain pale pink to very dark blue. The nucleus may be 

prominent, a remnant shadow, or pyknotic. The nucleus to cytoplasm ratio is very low 

(Figure 8 and Figure 9).

Comified cells'. The cells are large, round or oval and may appear flattened. The 

edge is angular, jagged, folded, rolled or irregular. Depending on the stage of 

degeneration, the cells stain very dark blue to pale blue or purple. The nucleus may be a 

shadow, pyknotic or absent. The nucleus to cytoplasm ratio is very low (Figure 9 and 

Figure 10).

Polymorphonuclear leukocytes'. These cells were not individually counted since 

they were often found in clusters, and sometimes in large numbers, throughout a slide. 

They were scored on a scale of 1 -  3 (1: less than 50 cells per field; 2: 50 to 150 cells per 

field; 3: more than 150 cells per field) (Figure 11).
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Figure 6. Parabasal vaginal epithelial cell surrounded by 
polymorphonuclear leukocytes from a captive, adult Steller sea lion.



75

Figure 7. Intermediate vaginal epithelial cells from a captive, adult 
Steller sea lion, (a) Single intermediate cell, (b) Group of intermediate 
cells, with a superficial cell on the far right.
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(b)

Figure 8. Superficial vaginal epithelial cells from a captive, adult Steller 
sea lion, (a) Folded superficial cell with a comified cell on the left, (b) 
Superficial cell with intermediate cells on the upper left and right.



Figure 9. Superficial and comified vaginal epithelial cells from a 
captive, adult Steller sea lion.
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Figure 10. Comified vaginal epithelial cells from a captive, adult Steller 
sea lion.



Figure 11. Polymorphonuclear leukocytes in vaginal swabs collected 
from a captive, adult Steller sea lion, (a) Clusters of polymorphonuclear 
leukocytes, intermixed with intermediate vaginal epithelial cells, (b) 
Three polymorphonuclear leukocytes, surrounded by parabasal vaginal 
epithelial cells.



4.3.4 Testes Volume

For consistency, I collected all testis measurements. The relative size of both 

testis were determined monthly from March 1999 until July 2000. However, 

measurements were not collected in August, September or December of 1999 or January 

2000. Measurements were taken in metric scale with a measuring tape and with calipers 

(Figure 12). Testes size was expressed as testes volume (cm3) and was described as the 

volume of an ellipsoid body to take into account the three-dimensional nature of the 

testes. The formula used was the standard geometric equation for the volume of an 

ellipsoid body (V = (4/3) n  a b c), where a is half the maximum standard length of the 

testes, and b and c are half the maximum diameters measured through the center of the 

testes. Since the testes were dorso-ventrally flattened, b and c were typically different 

diameters.

4.4 Results

4.4.1 Vaginal Cytology

Both captive females exhibited > 80% comification in some samples collected 

near the end of their pseudopregnancies and during the subsequent anovular period. One 

female, Kiska, exhibited a high percent comification in some samples collected near the 

end of (February: 90% and March: 90%) and immediately after (March: 100%) 

pseudopregnancy in 1999. She also exhibited maximal comification in some samples 

collected during the anovular period (June: 95%, July: 95%, August: 90, 85 and 100% 

and September: 90% 1999 and February: 90%, April: 95% and June: 90% 2000) (Figure
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(a)

(b)

(c)

Figure 12. Testes size being measured in a captive, adult Steller sea lion 
using (a) a measuring tape and (b and c) calipers.
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13 (a)). The samples collected in June and July 1999 and June 2000 were from the 

normal breeding season.

The other female, Sugar, exhibited a high percent comification in some samples 

collected near the end of (March: 90%) and immediately after (April: 85%) 

pseudopregnancy in 1999. Some samples collected during the anovular period also 

exhibited high percent comification (March: 80% and July 2000: 90%) (Figure 13 (b)). 

The July 2000 sample was collected from the normal breeding season.

4.4.2 Testes Volume

The testes of the male were generally oval in shape with the anterior-posterior 

axis being the longest. They were dorso-ventrally flattened so that the width, from left to 

right, was greater than the height from the dorsal to ventral sides. The scrotum was thin 

and the testes were descended under gas anesthesia.

Testes volume was positively correlated to plasma testosterone concentrations (r = 

0-^1, P = 0.01) (Figure 14). Plasma testosterone concentrations were elevated in the late 

spring and summer during 1999 and 2000 (Chapter 3), which coincides with the normal 

breeding season of wild SSL s. In addition, testosterone concentrations were elevated in 

the winter of 1999-2000. In paired, monthly samples collected during both periods, testes 

volume and plasma testosterone concentrations were elevated simultaneously. During 

periods of elevated plasma testosterone concentrations, testes volume averaged 709 cm3 

(range: 611-851 cm3). During periods of baseline plasma testosterone concentrations, 

testes volume averaged 588 cm3 (range: 540 - 626 cm3) (Figure 15). The correlation 

between salivary testosterone and testes volume was not significant (r = 0.57, P = 0.08).
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Figure 13(a). Progesterone results and vaginal cytology samples with percent cornification in excess of 80% from a 
captive, adult, female Steller sea lion, Kiska. Inset bold lines define the breeding season of wild Steller sea lions. Inset 
double-striped lines define the period of implantation in wild Steller sea lions.



Figure 13(b). Progesterone results and vaginal cytology samples with percent cornification in excess of 80%, from a 
captive, adult, female Steller sea lion, Sugar. Inset bold lines define the breeding season of wild Steller sea lions. Inset 
double-striped lines define the period of implantation in wild Steller sea lions.
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Figure 14. Linear regression analysis of testes volume and plasma testosterone for 
a captive, adult, male Steller sea lion, Woody.



Figure 15. Testes volume and plasma testosterone concentrations for a captive, adult, male Steller sea lion, 
Woody.
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4.5 Discussion

4.5.1 Vaginal Cytology

Based on age, the two female SSLs in this study were assumed to be sexually 

mature and were expected to come into estrus and ovulate in June, the normal breeding 

season for wild SSLs. However, the females apparently ovulated and sustained six-month 

pseudopregnancies from autumn 1998 to spring 1999, prior to the initiation of the study

on vaginal cytology (Chapter 3).

Developing follicles are a major source of estrogen (Johnson and Everitt 1995), 

which is known to cause an increase in the percent comification of the vaginal 

epithelium. However, progesterone suppresses gonadotropin secretion and follicular 

development. Therefore, I expected to see an inverse relationship between progesterone 

and percent comification. The data from this study support this theory.

Generally, samples collected during the period of pseudopregnancy did not 

exhibit a high percent comification. However, comification exceeded 80% in both 

females near the end of pseudopregnancy when progesterone concentrations were 

declining. During this period follicular activity may have been initiated resulting in 

follicular estrogen secretion and increased vaginal epithelial comification.

During the anovular period, when progesterone concentrations were low, estrogen 

concentrations may have been fluctuating, due to increased follicular activity and/or 

social stimulation. Comification was > 80% in 11 samples collected during this period 

and four of these were within the normal breeding season for wild SSLs. It is plausible 

that the captive females were experiencing follicular activity initiated by environmental



cues, but because of their captive situation, were not given the correct social stimulation 

to trigger complete follicular development and ovulation. Additionally, comification was 

greater than 80% in five samples that coincided with elevated salivary testosterone in the 

male. It is possible that the male was, in some way, able to detect follicular activity in the 

females, thus producing elevated concentrations of testosterone. The increased 

testosterone production may have caused a change in the male’s behavior, possibly 

inciting additional follicular activity in the females. This may be a factor in the 

continuous exhibition of elevated vaginal epithelial cell comification in both females.

4.5.2 Testes Volume

Seasonally breeding species respond to specific environmental cues, in particular 

daylength, to regulate hypothalamic activity and consequently, testicular recrudescence 

and testosterone production (Lincoln 1981). Because the male was assumed to be 

sexually mature, he was expected to exhibit a typical seasonal elevation in plasma 

testosterone concentrations and increased testes volume during the breeding season. This 

pattern was observed suggesting that he responded appropriately to environmental cues. 

However, it also appeared that the presence of mature females was an important factor in 

stimulating sustained testosterone production.

Testosterone concentrations and testes volume were positively correlated, 

suggesting that testes volume reflects plasma testosterone concentrations. In this study 

the male had a seasonal increase in both testes volume and testosterone concentrations, 

yet the testes apparently never fully regressed during the non-breeding season. This may 

have been a result of continuous exposure to the two, non-pregnant adult, female SSLs.
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The testes volume data provided secondary evidence that the elevated testosterone 

concentrations during the non-breeding season were not an artifact and that the 

interpretation that the male demonstrated some sort of reproductive activity during the 

non-breeding season was correct.

Spermatocytes are found in the seminiferous tubules, albeit in small numbers, 

during the non-breeding season in some species (Southern elephant seals: Griffiths 1984; 

black bears: Tsubota et al. 1997). These studies suggest that it is not uncommon for 

seasonal breeders to be in a “ready state”, should they have the opportunity to mate. 

Further, Moberg (1985) suggests that spermatogenesis is a continuous process and that 

males of even seasonally breeding species are always receptive to estrous females.

Although salivary testosterone generally followed a pattern similar to plasma 

testosterone, the correlation between testes volumes and salivary testosterone was not 

significant (r = 0.57, P = 0.08). This discrepancy may have been because there were 

twelve testes volume-plasma testosterone data pairs, whereas there were only ten for 

saliva. When analyzing small sample sizes even small discrepancies between data sets 

may have large impacts.

4.6 Conclusions

As expected, vaginal comification was inversely related to progesterone. 

Although it was not possible to demonstrate a clear association between percent 

comification of the vaginal epithelium and estrus, the pattern of vaginal comification 

observed in this study suggests further work is warranted. Future investigations of this 

technique in SSLs should focus on obtaining cytological samples from animals that are
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known to be in estms by other methods, such as steroid concentrations, characteristic 

reproductive behaviors or other reproductive signals. The ease of sample collection, 

processing, analysis and interpretation make this technique a very attractive tool for 

detecting estms, especially in a captive situation where other methods are more difficult.

In the captive male, testes volume and plasma testosterone concentrations were 

correlated. However, these studies should be continued to determine if testes volume is a 

useful indicator of reproductive activity. This tool would be very useful in a captive- 

breeding situation, where stress from either restraint or anesthetic needs to be limited so 

that reproductive ability is not impaired. However, using this technique without restraint 

or anesthesia would obviously require a highly trained animal.

To investigate the use of testes volume to infer reproductive activity, a thorough 

knowledge of testosterone production and its effects on spermatogenesis and testicular 

morphology needs to be gained. This can only be accomplished by first determining the 

effects of gonadotropins on testosterone production. Additionally, testes size changes 

with body size, dominance rank, and testosterone production. These relationships must 

also be fully understood before testes volume can be used to determine reproductive 

activity, as it is in other species.
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’Chapter 5. Progesterone, Estradiol-17[3, LH and Testosterone Concentrations 

During Different Reproductive Stages in Wild Steller Sea Lions

5.1 Abstract

The objectives were to determine relative progesterone, estradiol-17(3 and LH 

concentrations in wild, adult, female SSLs and testosterone in wild, adult, male SSLs. 

Blood samples were collected between 1977 and 1997, primarily during the breeding 

season. Little peripheral data were collected. The animals were categorized into 

reproductive stages based on pupping status, behavioral observations, ovarian and uterine 

morphology, lactation status and endocrine results. Progesterone concentrations were 

elevated during early and late gestation in animals known to be pregnant. After pupping, 

females had a period of low progesterone, estradiol-17(3 and LH concentrations; this 

period was categorized as pre-estrus. There were a number of females exhibiting low 

progesterone and LH, but elevated estradiol-17P concentrations; these animals were 

categorized as proestrous/estrous. Animals with elevated progesterone and LH, but low 

estradiol-17p concentrations were categorized as in embryonic diapause/ 

pseudopregnancy. As was expected, males were shown to have elevated testosterone 

concentrations during the breeding season and non-detectable levels during the non

breeding season.
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5.2 Introduction

Archived blood samples collected from wild, adult, female and male SSLs 

between 1977 and 1997 were analyzed for progesterone, estradiol-17(3, LH and 

testosterone. Samples were collected from females in April, May, June and July, 

encompassing late gestation, post-partum/pre-estrus, proestrus/estrus and embryonic 

diapause/ pseudopregnancy. Additional samples were collected in October and November 

around the time of implantation and early gestation. Samples collected from males were 

either from the breeding season (June) or the non-breeding season (November) (Pitcher 

and Calkins 1981: Pitcher et al. 1998). The goal was to begin developing a seasonal 

profile of progesterone, estradiol-17(3, LH and testosterone concentrations in adult SSLs.

Male SSLs begin to arrive at rookeries in May to establish territories before the 

breeding season begins. Many male pinnipeds have elevated testosterone concentrations 

before the breeding season (sub-Antarctic fur seal ( ): Bester

1990; Weddell seals: Bartsh et al. 1992), which stimulates the aggressive behavior 

necessary for territory establishment and initiates spermatogenesis. In a study of SSLs, 

abundant epididymal spermatozoa were found in samples collected as early as April 20 

(Pitcher and Calkins 1981). This provides evidence that testosterone production begins 

well before the breeding season in SSLs. Male SSLs were assumed to follow similar 

patterns as other pinnipeds, and were expected to have low testosterone concentrations 

during the remainder of the year.

Female SSLs begin to arrive at rookeries within a few weeks after the males and 

give birth to a single pup within a few days. The majority of pupping occurs during the
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beginning of June, but ranges from mid-May to mid-July (Pitcher and Calkins 1981). 

During the subsequent post-partum period, female SSLs, like other otariid pinnipeds, stay 

onshore and nurse their pups for one to two weeks.

Generally, pituitary and ovarian hormones regulate the short otariid post-partum 

estrus cycle. Between parturition and the onset of estrus, estrogens and progesterone are 

generally low due to the absence of a pre-ovulatory follicle or an active corpus luteum 

(Boyd 1991b). Estrous behavior is normally exhibited just before females take their first 

post-partum foraging trip (Boyd 1991b). Behavioral and physiological events associated 

with estrus are dependent on increasing concentrations of estrogen, secreted by 

developing ovarian follicles under the stimulation of LH. Maximum estrogen values in 

pinnipeds coincide with estrous behavior. Estrogen works in a positive feedback system 

with LH and eventually elicits a surge of LH, which is essential for ovulation (Johnson 

and Everitt 1995). The LH surge occurs quickly and post-ovulatory concentrations 

decline rapidly. However, lower levels may be required for maintenance of the corpus 

luteum (Johnson and Everitt 1995). Ovulation is followed by the formation of a corpus 

luteum, which produces progesterone and is coupled with a decline in estrogen 

concentrations.

The period between parturition (mid-May to mid-July) and breeding is 

approximately ten days for SSLs (Pitcher and Calkins 1981). Because lactation in SSLs is 

protracted they must make foraging trips to restore energy reserves for nursing. Like 

other pinnipeds, SSLs experience embryonic diapause and they implant in September or 

October. In many pinniped species, progesterone remains elevated above baseline until
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implantation (Northern fur seal: Daniel 1975; harbor seal: Reijnders 1990; Antarctic fur 

seal: Boyd 1991a; harp seals: Renouf et al. 1994).

Steller sea lions have an approximate eight-month gestation period. There are no 

data which describe the changes in steroid concentrations over gestation. However, 

another otariid, the Antarctic fur seal, (Boyd 1991a) has high progesterone concentrations 

in early gestation, which decline toward parturition. In other pinnipeds, progesterone 

concentrations increase as gestation proceeds, declining just before parturition in some 

(Northern fur seal: Daniel 1975; harbor seal: Reijnders 1990; harp seals: Renouf 1994).

5.3 Methods

5.3.1 Animals

Animals sampled before 1990 were collected by shooting and necropsies were 

performed (Pitcher and Calkins 1981; Pitcher et al. 1998). Lactation and pregnancy status 

were positively determined from mammary gland secretions and uterine morphology 

(placental scars) (Pitcher and Calkins 1981: Pitcher et al. 1998). The ovaries were 

sectioned and checked for developing follicles, corpus lutea and corpus albacantia 

(regressing corpus lutea). Ovarian structures were measured and described (Pitcher and 

Calkins 1981: Pitcher et al. 1998). None of these animals were observed with pups, but 

females forage after pupping and it is possible that a female may have been shot while 

away from her pup. Additionally, failure to observe a female with a pup did not preclude 

that she was post-partum.

All samples collected after 1990 were from animals that were immobilized by 

darting on rookeries (May, June and July). Blood was drawn and visual observations
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were made. The samples used for this study were obtained opportunistically, as they were 

originally collected for other studies. Females who had newborn pups, were lactating and 

had not yet made their first foraging trip were used for the studies. Thus, all females 

sampled were assumed to be approximately one week to ten days post-partum. Whenever 

possible, the pup was also captured and sampled. Some females were recaptured and 

sampled 5 - 1 0  days later.

Many individuals had a premolar extracted and sectioned to estimate age. 

However, all animals were assumed to be adult based on the presence of a nursing pup, 

body size, status as a territorial bull, etc.

5.3.2 Blood Sampling and Processing Procedures

Blood sampling procedures were previously detailed in Chapter 3. Blood samples 

collected from animals before 1990 were taken from individuals who had been shot and 

necropsied. Blood was collected from the bullet wound or by venipuncture or heart 

puncture. After 1990, animals were immobilized by darting with Telazol (2.0 mg kg'1), 

then anesthetized for sampling using Isoflurane (Aerrane, Anaquest, Madison WI 53713). 

The amount of Telazol injected was based on a visual estimation of body weight.

5.3.3 Blood Samples for Luteinizing Hormone Analysis

The blood samples used for LH analysis were from animals examined in 1997 

who either had a single sample or a set of serial samples (average: 5; range: 4 - 6 )  

collected. When serial blood samples were collected the animal was kept under 

anesthesia for an extended period of time over which the samples were collected. The 

time interval between sampling was not consistent (average: 36 minutes; range: 6 - 1 1 4
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minutes). When serial samples were available from an animal they were all analyzed for 

LH and an average was calculated for each animal (Tables 5 and 6).

5.3.4 Progesterone and Testosterone Assays

Progesterone and testosterone were measured by a solid-phase, single antibody,

125I RIA (Coat-A-Count Progesterone and Coat-A-Count Total Testosterone, Diagnostic 

Products Corporation, Los Angeles, CA 90045) (Chapter 3). All samples were analyzed 

in a single progesterone or testosterone assay.

The sensitivity of the progesterone assay was 0.02 ng ml'1, while that of the 

testosterone assay was 0.04 ng ml'1. Interassay CVs for the progesterone and testosterone 

assays were calculated using the same standardized controls as in Chapter 3. For the 

progesterone assay they were: high: 5.8%, medium: 4.4% and low: 1.8% and for the 

testosterone assay they were: high: 3.1%, medium: 1.4% and low: 8.4%.

5.3.5 Estradiol-17(3 Assay

A limited number of the samples, collected during the spring and summer when 

estradiol-17 (3 was anticipated to be elevated, were also assayed. These samples were sent 

to the Animal Reproduction and Biotechnology Laboratory, Colorado State University, 

Fort Collins, CO 80523 and assayed following procedures outlined in England and 

Niswender 1974. The sensitivity of the assay was 0.43 pg m l'1. The interassay CV ranged 

from 7 to 10%, while the intraassay CV was 0.92%.
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Identification

Number

Sample

Date

m Age

(years)

Lactating

(yes/no)

Observed 

with Pup

Pregnancy

Status

P4 
(ng m f1)

e 2
(pg ml'1)

LH 

(ng ml'1)

Late Gestation
SL 197 78 4/12/78 N 8 no implanted 13.95

SL 198 78 4/19/78 N 7 yes implanted 8.76

SL 199 78 4/19/78 N 7 yes implanted 4.99

Post-pa rtu m/Pre-estrus
SSL-34-93 5/28/93 I yes yes 0.92 0.90

95SSL WI-4 6/7/95 I 14-16 yes yes 0.40 0.00

AF 134 * 6/7/97 I yes yes 0.11 0.00 0.29

AF 152 * 6/8/97 I yes yes 0.13 0.00 0.16

AF2r 801 6/10/97 I yes yes 0.00

AF 142 6/10/97 I yes yes 0.09 0.00 0.23

SSL-802-97 6/11/97 I yes yes 0.10 0.00

SSL-803-97 * 6/11/97 I yes yes 0.18 0.00

AF 143 * 6/11/97 I yes yes 0.09 0.00 0.23

AF 147 * 6/13/97 I yes yes 0.07 0.00 0.27

AF 154 6/17/97 I yes yes 0.18 0.00 0.18

AF 150 6/20/97 I yes yes 0.08 0.00 0.26

Table 5. Animal identification number (*recaptured 5 - 1 0  days later), sample date, collection method (N: necropsied 
or I: immobilized), age, lactation and pregnancy status, observed with a pup (less than 10 days old on first 
observation) and progesterone (P4), estradiol (E2) and luteinizing hormone (LH) concentrations from wild, adult, female 
Steller sea lions sampled by personnel of the Alaska Department of Fish and Game, from various locations in Alaska, 
between 1977 and 1997. Spaces were left blank if no data were available.



Proestrus/Estrus
95 SSL WI-1 6/5/95 I 8-10 yes yes 0.21 2.23

95SSL WI-2 6/6/95 I yes yes 0.05 1.71

SSL-64-94 6/7/94 I 9-12 yes yes 0.12 2.84

95SSL WI-5 6/8/95 I 9-12 yes yes 0.17 5.29

AF 138 6/8/97 I yes yes 0.19 12.52 0.17

afr517 6/8/97 I yes yes 10.11

AF 140 * 6/9/97 I yes yes 0.32 29.88 0.22

SSL-66-94 6/15/94 I 12-13 yes yes 0.07 1.83

SSL-68-94 6/17/94 I 7-8 yes yes 0.31 3.45

SSL-69-94 6/22/94 I 7-8 yes yes 0.10 5.08

SSL-73-94 6/22/94 I 5-6 yes yes 0.20 4.08

SSL-122-94 6/25/94 I 3-5 yes yes 0.18 1.25

93 SSL 61 6/30/93 I 11-12 yes yes 0.40 11.06

Embryonic Diaoause/PseudoDreenancv
SSL-35-93 5/29/93 I yes yes 6.55

AF 145 6/12/97 I yes yes 8.58 0.00 2.00

SSL-67-94 6/16/94 I 12-14 yes yes 3.69

AF 134 6/16/97 I yes yes 2.55 0.00 2.88

AF 804 6/16/97 I yes yes 4.23 0.00

AF 152 6/18/97 I yes yes 4.80 0.82

SSL-71-94 6/19/94 I 10-13 yes yes 6.32

AF 140 6/19/97 I yes yes 1.68 0.00 0.52

SSL-72-94 6/20/94 I 6-8 yes yes 4.75



AF 143 6/21/97 I yes yes 2.72 0.00 1.76

AF 147 6/21/97 I yes yes 6.10 0.00 0.47

SSL-74-94 6/23/94 I 4-5 yes yes 11.62
SSL-123-94 6/25/94 I 5-6 yes yes 3.85

93 SSL 23 6/26/93 I 4-6 yes yes 13.06

93 SSL 24 6/28/93 I 10-11 yes yes 1.58

93 SSL 62 7/2/93 I 9-10 yes yes 7.14

Earlv Gestation
SL 482 85 10/22/85 N 16 yes implanted 16.85

SL 488 85 10/24/85 N 11 yes implanted 18.05

SL 494 85 10/25/85 N 7 yes implanted 14.80

SL 588 89 10/26/89 N yes implanted 15.26

SL 589 89 10/28/89 N 5 no implanted 11.26

SL 158 77 11/13/77 N 11 yes implanted 7.60

SL 160 77 11/14/77 N 14 yes implanted 11.03

Post-Partum. Estrus Stace Unknown
AF 803 6/16/97 I yes yes 0.31

Aborted
SL 196 78 4/12/78 N 11 yes aborted 0.42

Immature
SL 154 77 11/13/77 N 5 no no no 0.41
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Table 6. Results from luteinizing hormone (LH) analysis of blood samples collected 
from wild, adult, female Steller sea lions during the reproductive stages of post-partum 
pre-estrus, proestrus/estrus and embryonic diapause/pseudopregnancy (categorized in 
Chapter 5). Animal identification number, sample date, sample time, time interval 
between serial samples and LH concentrations for serial samples and averages from 
serial samples for each individual. The sensitivity of the LH assay was 0.12 ng ml'1.

LH (ng m l ' )
Identification Sample Serial Animal
Number Date Time Interval Samples Average
Post-partum/Pre-•estrus
afl34 6/7/97 17:30 0.34 0.29

18:04 0:34 0.25
18:54 0:50 0.28
19:19 0:25 0.29
19:46 0:27 0.31

afl52 6/8/97 12:37 0.18 0.16
13:18 0:41 0.10
13:43 0:25 0.10
14:18 0:35 0.22
14:58 0:40 0.21
16:52 1:54 0.14

afl42 6/10/97 11:40 0.17 0.23
12:27 0:47 0.25
12:53 0:26 0.27
13:25 0:32 0.20
13:56 0:31 0.26

afl43 6/11/97 13:03 0.25 0.23
13:43 0:40 0.36
14:21 0:38 0.19
14:42 0:21 0.15
15:21 0:39 0.22

af!47 6/13/97 11:54 0.24 0.27
12:36 0:42 0.24
13:00 0:24 0.23
13:25 0:25 0.45
14:10 0:45 0.18



afl54 6/17/97 12:08 0.20 0.18
12:38 0:30 0.19
13:10 0:32 0.22
13:45 0:35 0.15
14:15 0:30 0.13

afl50 6/20/97 12:55 0.22 0.26
13:30 0:35 0.27
14:01 0:31 0.29
14:31 0:30 0.23
15:12 0:41 0.28

Proestrus/Estrus
AF 138 6/8/97 16:12 0.20 0.17

17:30 1:18 0.16
18:01 0:31 0.14
18:33 0:32 0.18

afl40 6/9/97 9:43 0.28 0.22
10:30 0:47 0.31
10:59 0:29 0.18
11:26 0:27 0.20
12:00 0:34 0.08
12:06 0:06 0.25

Embryonic Diapause/Pseudopreenancv
afl45 6/12/97 10:53 2.70 2.00

11:23 0:30 2.10
11:54 0:31 1.78
12:23 0:29 1.98
13:11 0:48 1.69

afl34 6/16/97 2.88 2.88
afl52 6/18/97 0.82 0.82
afl40 6/19/97 0.52 0.52
afl43 6/21/97 1.76 1.76
afl47 6/21/97 0.47 0.47



5.3.6 Luteinizing Hormone Analysis

Luteinizing hormone is produced in the pituitary and is a species-specific protein 

hormone. Therefore, SSL pituitary extracts were used to validate the LH assay. The 

pituitaries were collected from SSLs that had been subsistence harvested in Alaska, by 

Alaska Natives and whose heads were archived at the University of Alaska Museum, 

Fairbanks, Alaska. The heads were kept frozen until the pituitary was removed. 

Remaining pituitary and pineal glands, which were collected but not used for this study, 

were re-frozen and remain archived at -80°C at the University of Alaska Museum,

Marine Mammal Collection. These glands are available for use by other researchers for 

future studies (Table 7).

Samples were sent to the Animal Reproduction and Biotechnology Laboratory, 

Colorado State University, Fort Collins, CO USA 80523 and were assayed for LH 

following established procedures (Niswender et al. 1968). The sensitivity of the assay 

was 0.12 ng m l'1. The intraassay CV was 3.9 %.

5.4 Results and Discussion

5.4.1 Progesterone, Estradiol-17p and Luteinizing Hormone Concentrations

There was not enough data to thoroughly characterize pulsatile LH production in 

this study. Therefore, when serial samples were collected, LH data were represented as 

the average of serial samples collected from each female (Table 5 and 6). Females were 

classified into reproductive stages based on pupping status, behavioral observations, 

ovarian and uterine morphology, lactation status and endocrine results.

Progesterone concentrations below 1.0 ng ml'1 indicated a lack of luteal activity,
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Table 7. Steller sea lion and Northern fur seal pituitary and pineal glands archived frozen 
at the University of Alaska Museum.

Species and Harvest Data Number Pituitary Pineal
Steller sea lion ( Eumetopiasjubatus)
SP 08 9 EJ X X
SP 10 98 EJ X X
SNP 14 98 X X
SP 18 98 EJ X X
98-05 X X
98-06 X X
STG 98003 X X
STG 98004 X X
STG-02-99 EJ X X
SNP-07-98 EJ X X
STG-03099 EJ X X
AF 28772 X
AF 28769 X

Northern fur seal (Callorhinus ursinus)
SP 15 98 CU X
SP 16 98 CU X X
SP 17 98 CU X X
SP 20 98 CU X
SP-05-99 CU X X



while those above 1.0 ng ml'1 indicated luteal activity. Post-partum estradiol-17P 

concentrations that were detectable indicate some follicular activity. However, relative 

ranges are not known for SSLs, and are generally poorly characterized in pinnipeds 

during estrus.

The female SSLs collected animals before 1990 in April, October and November 

were easily categorized from existing data, as all females were pregnant. Additional 

ovarian morphology data exists for these females. The one male collected during the non

breeding season used for this study had no epididymal spermatozoa, as compared to 

samples collected from males during the breeding season (Pitcher and Calkins 1981).

This male was assumed to have low testosterone concentrations.

The female SSLs sampled after 1990 in May, June and July were all known to 

have newborn pups between 5 and 10 days old. This was based on the presumption that 

female SSLs do not take their first forage trip for approximately one week. Post-partum 

females were observed to determine whether they had already taken their first foraging 

trip, and only those not yet foraging were sampled. These data are presented in Table 5.

5.4.1.1 Late Gestation

Three females collected in mid-April were pregnant. They each had a large corpus 

lutea (average: 27 cm; range: 24 -  30 cm) in one ovary and a small corpus albacantia 

(average: 8 cm; range: 6 - 1 1  cm) in the opposite ovary. Two of the three were lactating 

and none were observed with a pup. It is not known whether they were lactating in 

association with a current pup, or with the current pregnancy, although it was assumed to 

be in association with a current pup. Lactation was assumed to be associated with a
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previous pup. All three were considered to be multiparous based on placental scarring 

and corpus albacantia. All had elevated progesterone concentrations (9.2 ± 2.6 ng ml'1) 

(Table 5; Figure 16(a)). The median date of sample collection was April 19 (range: April 

12-19).

5.4.1.2 Post-partum/Pre-estrus

Twelve animals sampled in late May and June were all lactating and observed 

nursing pups. In general, progesterone concentrations were low (0.2 ± 0.8 ng ml'1) and 

estradiol-17(3 was non-detectable (Table 5; Figure 16(b)). The one exception to this was 

an individual (SSL-34-93) who had 0.9 ng ml'1 progesterone and 0.9 pg ml'1 estradiol- 

17 p. It is conceivable that this female had given birth very recently, and the steroids had 

not yet been metabolized and cleared from her system. However, this sample was 

collected based on the premise that her pup was a few days old, i.e. no umbilicus. Further 

interpretation of this individual can not be made with the existing data. Luteinizing 

hormone, analyzed for seven of the twelve animals, was low (average: 0.2 ng ml'1; range: 

0.2 -  0.3 ng m l'1) (Table 5). The median date of sample collection was June 10 (range: 

May 28 -  June 20).

5.4.1.3 Proestrus/Estrus

The 13 animals classified in this category were all lactating and nursing pups.

This group was also characterized by low progesterone concentrations (0.2 ± 0.3 ng ml'1), 

but estradiol-17p was elevated (7.0 ± 2.2 ng ml'1) in all individuals (Table 5; Figure 

16(c)). One individual (AF 140) had an extremely high estradiol-17p concentration 

(29.88 pg m l'1) relative to the other animals in this group. Luteinizing hormone
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Figure 16. Average progesterone (solid black bar) and estradiol-17B (black and white checked bar) concentrations 
from wild, adult, female Steller sea lions during different reproductive stages: (a) late gestation, (b) post-partum/ 
pre-estrus, (c) proestrus/estrus, (d) embryonic diapause/pseudopregnancy and (e) early gestation. The Y axis 
represents progesterone (P4) and estradiol (E2) concentrations. NA: not available. ND: not detectable.



concentrations in five serial samples collected from this female were all low and 

averaged 0.2 ng m l'1. While we do not know what pre-ovulatory estradiol-17(5 

concentrations are in SSLs, it is reasonable to consider a concentration of 29.88 pg ml'1 to 

be within the pre-ovulatory range. However, it is equally possible that she had ovulated 

very recently and her estrogen concentrations were still elevated. Based on the available 

data, no further conclusions can be made regarding this individual’s reproductive stage. 

Luteinizing hormone, measured for two of the thirteen animals in this group, was low 

(average: 0.2 ng ml ’) (Table 5). We anticipated elevated LH concentrations during 

phase. However, increasing LH concentrations leading to the ovulatory surge occurs very 

quickly (Johnson and Everitt 1995) and it is probable that the extended sampling interval 

was not adequate to detect the LH surge. Additionally, it is possible that LH

concentrations had not yet reached peak levels. The median date of sample collection was 

June 9 (June 5 -  30).

5.4.1.4 Embryonic Diapause/Pseudopregnancy

Sixteen animals in this category were lactating and nursing pups. All had elevated 

progesterone concentrations (5.5 ± 0.9 ng ml'1). Where estradiol-17p data were available, 

it was non-detectable (Table 5; Figure 16(d)). One animal (SSL-35-93) had a 

progesterone concentration within the average range (6.6 ng m l'1). However, the sample 

was collected two weeks earlier than the closest other individual in this group. This 

animal was observed with a pup, as were all animals sampled in this group, and it is 

possible that the pup was younger than was originally believed. Steller sea lions give 

birth, have a short estrus period and breed within an average of ten days. Thus, the
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endocrine changes occurring in females during this period are complex. It is possible that 

this individual had very recently given birth and that the steroids had not yet been 

metabolized and cleared from her system. Thus, she may not have been in embryonic 

diapause/pseudopregnancy. There are no supporting LH data for this individual.

However, LH was assayed for six of the sixteen animals and was elevated (average: 1.4 

ng ml'1; range: 0.5 -  2.9 ng ml'1) (Table 5). The high LH concentrations may represent 

those necessary for early corpus luteum maintenance. Additionally, they could have been 

a consequence of the sample collection time, as samples might have been collected very 

soon after ovulation, when it is possible that concentrations were still elevated. The 

median date of sample collection was June 19 (May 29 -  July 2).

5.4.1.5 Early Gestation

Of seven animals collected in October and November, six were lactating.

Although they were assumed to have pups, they were never observed with pups. 

Progesterone concentrations were elevated (13.6 ± 1.4 ng ml'1) in all animals (Table 5; 

Figure 16(e)). No estradiol-17p or LH data are available. Four of the animals were 

determined to be multiparous. A fetus was collected from all seven animals in this group. 

The median date of sampling was October 26 (October 22 -  November 14).

The endocrine results suggest that SSLs follow patterns similar to those of another 

otariid, the Antarctic fur seal (Boyd 1991a), where progesterone is high in early gestation 

and declines towards parturition. Since estradiol-17P data is not available for either early 

or late gestation it is impossible to know how progesterone and estradiol- 17P interact 

during pregnancy in SSLs.
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5.4.1.6 Post-partum, Estrus Stage Unknown

An animal sampled on June 16 (AF 803) was lactating and nursing a pup. She had 

a progesterone concentration of 0.3 ng ml'1 (Table 5). No estradiol-17 (3 or LH data is 

available and it is impossible to determine whether she was pre-estrous or in 

proestrus/estrus.

5.4.1.7 Aborted

One female collected on April 12 (SL 196 78) had a low progesterone 

concentration (0.4 ng ml'1), a regressing corpus luteum and a recent placental scar (Table 

5). She also had a corpus albacantia in each ovary, with the smaller of the two in the same 

ovary as the corpus luteum. This individual was determined to be multiparous by the 

presence of placental scars and corpus albacantia. She was lactating, most likely in 

association with the previous year’s offspring. No estradiol-17(3 or LH data is available. 

Collectively, these data suggested a recent abortion. It is possible that she aborted the 

fetus because she couldn’t support both a nursing offspring and a pregnancy.

5.4.1.8 Immature

An animal collected on November 13 (SL 164 77) had a low progesterone 

concentration (0.4 ng m l'1) (Table 5). No estradiol-17(3 or LH data is available. She was 

five years of age, was not lactating or observed with a pup and was determined to be 

immature based on the lack of adult uterine and ovarian structures.

5.4.2 Testosterone Concentrations

The two adult males immobilized and sampled during the breeding season, on 

June 11 and 27, had elevated testosterone concentrations (1.4 and 1.7 ng m l'1,
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respectively). The one adult male necropsied and sampled outside the breeding season, on 

November 13, had a non-detectable testosterone concentration.

5.5 Conclusions

This study revealed that wild SSLs, follow the expected seasonal pattern of 

progesterone, estradiol-17(3 and testosterone. When relative steroid concentrations are 

used in conjunction with other data, such as, lactation status, presence and age of a pup, 

abundant epididymal spermatozoa and behavior, the reproductive stage can be 

determined quite reliably.

This study represents the first step in establishing a seasonal progesterone, 

estradiol-17p, LH and testosterone profile for healthy, wild, adult SSLs. More 

information regarding steroid concentrations, reproductive and lactation status, body 

condition, presence or absence of a pup, accurate ages and sizes for pups and whether the 

female has taken her first foraging trip need to be collected. These data could be 

integrated into a monitoring program for SSLs to document changes in reproductive rates 

and to more thoroughly investigate tools for determining reproductive status in SSLs, 

such as vaginal cytology and the use of steroid concentration profiles.
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Appendix 1. Luteinizing Hormone Data in Serially Collected Samples from Wild 

Steller sea lions

6.1 Introduction

Luteinizing hormone was measured in samples collected from SSLs who were 

immobilized on rookeries in June 1997. Samples were originally collected for use in 

other studies. However, they were analyzed here for LH (Table 6). The details of the 

sample collection and LH analysis may be found in Chapter 5.

Luteinizing hormone is species specific and the LH producing gland, the pituitary, 

was needed to validate the LH assay. Steller sea lion heads, from animals harvested by 

Alaska Natives, were stored frozen at the University of Alaska Museum, Fairbanks, 

Alaska. The pituitary and pineal glands were removed from the brains of these animals, 

which were primarily juvenile males from the western U.S. stock. Only 5 pituitaries were 

needed for the LH assay validations and the remaining glands are archived frozen at the 

University of Alaska Museum (Table 7).

Because a limited number of samples were collected, LH production was not

thoroughly investigated. The data provided here are the results of an LH assay of serially

collected samples from wild, adult, female SSLs. Future studies of seasonal changes in

LH production should use a larger number of animals and should focus on using animals 

of known reproductive status.



Appendix 2. An Initial Determination of the Dominant Estrogens in Steller Sea Lion 

Plasma and Saliva using High-performance Liquid Chromatography and 

Radioimmunoassay

7.1 Introduction

Studies of pinniped reproduction have indicated that the fundamental 

physiological processes involved in controlling the estrus cycle are similar to well- 

established mammalian processes (Laws 1956; Harrison 1960; Craig 1964). In general, 

pinnipeds experience a period of follicular growth before estrus characterized by elevated 

estrogen levels (Boyd 1991b), which promotes estrus behavior. Elevated estrogen 

concentrations may be used to detect estrus in some species. Steller sea lions are assumed 

to exhibit a similar pattern of elevated estrogen during estrus.

The original objective was to leam how estrogen concentrations changed during 

estrus so that relative concentrations could be determined and used to detect estrus. 

Initially, I measured estrone by RIA in SSL plasma and saliva. However, the results were 

not useful and I questioned whether this steroid was the dominant estrogen, and hence the 

best estrogen to measure. I also tested a double antibody estradiol RIA (Double Antibody 

Estradiol, Diagnostic Products Corporation, Los Angeles, CA 90045). Several 

unsuccessful attempts were made to validate this assay for use with SSL plasma and 

saliva. Regardless of the methods used (faster centrifuge speed, longer time in centrifuge, 

etc.) I was not able to produce the desired solid pellet for counting. The problem may 

have been related to my use of SSL plasma and saliva, since the assay calls for human 

serum. Plasma contains binding proteins and other cellular debris not found in serum.



Additionally, due to differences in diet, SSL plasma and saliva likely has a higher amount 

of lipid than human fluids, which may have impaired the ability of the solids to pellet. 

Therefore, HPLC and RIA were subcontracted to an outside laboratory to determine what 

the primary estrogens were in SSL saliva and plasma.

7.2 Methods

7.2.1 Animals

The animals used for this study were the same three captive SSLs used for the 

research described in Chapter 3.

7.2.2 Blood and Saliva Sampling and Processing Procedures

These procedures were previously detailed in Chapter 3.

7.2.3 Steller sea lion Plasma and Saliva Pools Used for High-performance Liquid 

Chromatography

I created three pools, two of plasma and one of saliva, using samples from the 

captive, adult, female SSLs. Using existing progesterone data, I created a pool of high 

and low estrogen concentration for plasma, and a pool of high concentration for saliva. I 

did not have enough volume to make a saliva pool with a low estrogen concentration.

One of the plasma pools and the saliva pool were produced from samples 

collected during a period of low progesterone, which occurred after the 

pseudopregnancies experienced by the two captive females. Elevated estrogen was more 

likely during this period because the suppressing effect of progesterone was lifted when 

the corpus luteum regressed (Chapter 3). The second plasma pool was created using
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samples collected when progesterone concentrations were elevated during the 

pseudopregnancies, when estrogens were likely to be low due to elevated progesterone. 

7.2.4 High-performance Liquid Chromatography and Radioimmunoassay

The HPLC procedure produced 90 fractions from each plasma or saliva pool, 

which were subsequently assayed for total-estrogens and estradiol-17P by the Center for 

Conservation Biology, Department of Zoology, University of Washington, Seattle WA 

98195. All assay kit standards were assayed in duplicate and "zero tubes" (blanks) were 

assayed in quadruplicate. Fractions were not assayed in duplicate due to limited volume.

7.2.4.5 Total-estrogens Assay

The total-estrogens assay was a double-antibody 125I RIA kit (catalog # 07- 

140202, ICN Pharmaceuticals Costa Mesa CA), which primarily cross-reacted with 

estradiol-17(3 (100%) and estrone (100%).

7.2.4.6 Estradiol-17(3 Assays

The estradiol-17p assay was a double-antibody 125I RIA kit (catalog # 07-138102, 

ICN Pharmaceuticals Costa Mesa CA), which primarily cross-reacted with 17P-estradiol 

(100%) and estrone (20%). A second estradiol-17p assay kit (catalog #07-238102, ICN 

Pharmaceuticals Costa Mesa CA) had an antibody very specific for estradiol- 17p.

7.3 Results

7.3.1 Total-estrogens assay

The initial assay showed suggestive peaks at fraction 33-34 (most likely estradiol- 

17P) and several other fractions, but results were near the limits of the assay’s sensitivity. 

Therefore, a second assay was done using all the remaining fraction volume. The second
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assay confirmed the presence of an estrogen at fraction 33-34 in both the plasma and 

saliva pools. In addition there were several unidentified estrogens, particularly one at 

fraction 54.

7.3.2 Estradiol-17(3 Assays

Fractions showing significant peaks in the first total-estrogens assay were 

assayed. All results were below assay sensitivity, with near 100% binding of radioactive 

hormone. No useful data were obtained. However, this assay was a coated-tube assay, a 

type that is often sensitive to subtle deviations in sample type, and was designed for use 

with human plasma only.

7.4 Discussion

Although the data are limited, the dominant estrogen in both SSL plasma and 

saliva appears to be estradiol-17(3. Future studies should focus on estradiol-17p and 

should collect serial samples whenever possible. The usefulness of saliva as an 

alternative to plasma for determining estradiol-17(3 concentrations should be investigated 

in the future. Steller sea lion saliva was found to be an easy medium in which to measure 

other steroids. In addition, the measurement of small, unconjugated steroids, such as 

estradiol-17p, is possible, whereas measuring conjugated steroids poses difficulties due to 

problems associated with crossing the salivary gland epithelial cells. The necessity of 

serial sampling to describe the brief period of estrus and the ease of collecting saliva 

samples make saliva an attractive alternative to plasma.
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Conclusions

The positive results of the validation procedures suggested that the human-based 

RIAs used here can accurately measure progesterone and testosterone in SSL plasma and 

saliva. A strong positive correlation between plasma and salivary concentrations of 

progesterone (r = 0.96) and testosterone (r = 0.84) show that saliva is a useful alternative 

to plasma for determining relative concentrations of these steroids. Using plasma and 

saliva, seasonal patterns of progesterone and testosterone were described for the two 

captive females and the one captive male SSL.

The unmated females ovulated in the autumn of 1998 and experienced six-month 

pseudopregnancies characterized by elevated progesterone concentrations. After the 

spring of 1999 both females remained anovular for the remainder of this study. If the 

females had followed temporal patterns like those of wild SSLs, they would have entered 

estrus and ovulated in the spring. This phenomenon can possibly be explained by the 

combination of several unnatural situations arising from their captive environment.

Because sample collection did not begin until after estrus, which preceded the 

pseudopregnancies, the use of vaginal cytology to detect estrus could not be evaluated. 

However, for both females, the percent comification of the vaginal epithelium exhibited 

expected patterns, with high percent comification only in samples collected during 

periods when progesterone was low and estrogens were more likely to be elevated. 

Because percent comification typically responds to elevated estrogen concentrations, it is 

assumed that estrogen was elevated when the percent comification was maximal. 

However, estrogen data for verification is lacking.
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The male exhibited elevated concentrations of testosterone and increased testes 

volume during the breeding season and during periods of increased exposure to the two 

females. Testes volume was correlated with peripheral plasma testosterone concentrations 

(r = 0.71). Elevated testosterone concentrations were not expected to occur during the 

non-breeding season. However, the male’s captive environment, and his social situation 

with the two captive females, may have mimicked the social dynamics of those found on 

a rookery and may have stimulated testosterone production.

The samples from wild SSLs showed that changes in relative steroid 

concentrations were similar to those found in other seasonally breeding mammals. The 

reproductive history of these animals was not known. The stage of reproduction was 

determined from a combination of the sample date, reproductive status of the animal and 

steroid concentrations. Progesterone concentrations were elevated in both early and late 

gestation. Immediately after parturition some of the females exhibited low progesterone, 

estradiol-17(3 and LH concentrations, indicating that they had not yet entered 

proestrus/estrus. A number of females exhibited low progesterone and LH concentrations 

and high estradiol-17(3 concentrations and were assumed to have been in proestrus/estrus. 

Typically, LH is elevated during estrus, prior to ovulation, however, in this study it was 

low in samples from proestrus/estrus. The peak of LH associated with ovulation occurs 

quickly, and the samples used may not have been collected during this short period. 

Embryonic diapause/pseudopregnancy followed estrus and was a period of low estradiol- 

17(3 and high progesterone concentrations due to the activity of the newly developed 

corpus luteum; many of the sampled females were in this category. Luteinizing hormone
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concentrations were also elevated in samples from this category. The elevated LH 

concentrations found during embryonic diapause/pseudopregnancy may have been 

associated with very recent ovulations in females whose peripheral LH concentrations 

had not yet fallen. Wild male SSLs had elevated testosterone concentrations during the 

breeding season and low testosterone concentrations during the non-breeding season.

Luteinizing hormone concentrations were measured in serially collected samples 

from wild, adult, female SSLs. Seasonal changes in frequency and amplitude of LH 

pulses occur in many species. However, this was an initial investigation and few samples 

were analyzed. Thus, LH concentrations in serial samples from each animal, and the 

average LH concentration of serial samples were determined.

Because, estrus unexpectedly occurred during the autumn of 1998 and sample 

collection did not begin until January 1999, estrogen production during estrus could not 

be described. However, the dominant estrogens in SSL plasma and saliva needed to be 

determined so future studies could focus on biologically important estrogens during 

estrus. High-performance liquid chromatography and RIA of SSL plasma and saliva were 

subcontracted to an outside laboratory to determine the various forms of estrogen. 

Estradiol-17p was found to be the dominant estrogen.

This study represents the first investigations of methods for determining 

reproductive status in SSLs and describes seasonal patterns of reproductive steroids. 

Several techniques for determining the reproductive status of individuals, and 

reproductive rates of populations are available. However, little is known of the 

reproductive biology of SSLs, due to the difficulties of sample collection. Thus, the
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primary objectives were to investigate the reproductive biology of SSLs and methods for 

determining reproductive status in SSLs, and consequently, reproductive rates for 

populations. Commonly used tools and techniques for monitoring reproductive status 

were investigated, i.e., plasma and salivary concentrations of progesterone and 

testosterone, vaginal cytology and testes volume. These findings may be used to further 

investigate the reproductive biology of SSLs.
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