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ABSTRACT

Steller sea lions (Eumetopias jubatus) have experienced a drastic population 

decline in the past several decades. Among hypotheses for the decline and failure of the 

population to recover is decreased reproductive success. Harsh environmental conditions 

within the species range and the large body size of the animals can limit sampling efforts 

to investigate these hypotheses. Three captive Steller sea lions were used as models to 

validate the use of fecal steroid analysis for this species. Their annual endocrine 

fluctuations were monitored over four years to gain a better understanding of their 

reproductive endocrinology and overcome sampling challenges typically associated with 

hormonal studies of large mammals. Radioimmunoassays (RIA) and enzyme 

immunoassays (EIA) reliably measured testosterone, total estrogens, and progesterone 

extracted from Steller sea lion feces. Lack of refrigeration for five days and freezing 

(-20°C) for 8 weeks did not alter concentrations of fecal testosterone and total estrogens 

measured. The stability of fecal progesterone in the absence of cold storage was 

compromised by 4.5 days; however, it remained stable while frozen (-20°C) for 8 weeks. 

Thus, for field research, there are two primary implications. Firstly, samples of freshly 

voided scat collected from rookeries and haulouts can reliably reflect hormone 

concentrations for < 4.5 days and secondly, these samples can be stored for later analysis 

for at least 8 weeks. Long-term serial sampling demonstrated fecal progesterone may be 

more useful in providing information on reproductive function than fecal estrogens. 

Annual endocrine profiles suggest the females are seasonally monoestrus, supporting the 

general assumption for the species, and the male has a strong seasonal cycle in 

testosterone with maximum concentrations measured just prior to the natural breeding 

season. These data also suggest fecal testosterone reflects changes in testicular activity 

despite breeding status and proximity to females. Collectively, these data suggest this 

non-invasive endocrine monitoring technique has potential to provide a useful alternative 

method of sample collection.
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GENERAL INTRODUCTION

General biology and status of Steller sea lions. The Steller sea lion 

(Eumetopias jubatus) is the largest member of the Otariidae family, within the suborder 

Pinnipedia, and exhibits marked sexual dimorphism. Males weigh up to 1,100 kg and 

reach 3.3 meters in length. Females are substantially smaller than their male 

counterparts, weighing up to 350 kg and reaching 2.9 meters in length. The Steller sea 

lion range extends from northern California, along the southern coast of Alaska, through 

the Aleutian Islands and central Bering Sea to several sites in the Russian Far East.

Steller sea lions are not known to migrate, but disperse widely at times of the year other 

than the breeding season.

Steller sea lions are seasonal breeders that breed and give birth between mid-May 

and mid-July throughout the range (Pitcher and Calkins, 1981; Thorsteinson and Lensink, 

1962). Both mating and birthing occur at terrestrial rookery sites. Considered to be a 

polygynous species, males are the first to arrive at rookeries in mid-May and establish 

territories where females will come shortly thereafter to birth a single pup from the 

previous mating season and then breed again. Outside of the breeding season, Steller sea 

lions utilize haul-out sites to either rest or nurse offspring.

Between 1976 and 1990, the population of Steller sea lions in Alaska was 

estimated to have declined by 80%. In the mid 1970’s, surveys of the Steller sea lion 

population in the eastern Aleutian Islands counted 50% fewer animals than in previous 

decades (Braham et al., 1980). Concern over this decline prompted surveys to be 

conducted throughout southwestern Alaska in the mid-1980’s, which revealed a similar 

drop in animal numbers (Merrick et al., 1987). By the early 1980’s, declines were also 

reported in the central and western Gulf of Alaska. In response to the population 

declines, the National Marine Fisheries Service (NMFS) listed the species under the U.S. 

Endangered Species Act (ESA) as threatened range-wide in 1990. Based on differences 

in mitochondrial DNA (Bickham et al., 1996), NMFS divided the population within U.S. 

waters into two stocks; the western and eastern stock. The stocks were divided at 144° W
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longitude, or Cape Suckling, east of Prince William Sound. The western stock continued 

to decline in Alaska and was up-listed to an endangered status under the ESA by 1997. 

Recent evidence based on mitochondrial DNA suggests that the western stock is further 

partitioned at the Russian Commander Islands to include an Asian stock (Baker et al.,

2005). Although the cause of the decline is not known, several hypotheses have been 

established and include environmental change, fisheries competition, predation, 

anthropogenic effects, disease and contaminants (Atkinson et al., 2008). There is no 

single factor that can account for all aspects of the decline and it is likely that the cause of 

the decline is multifactorial. However, despite causative factors driving the decline, 

changes in the population had to occur through a decrease in the rate of reproduction, 

survivorship, or a combination of both.

Several studies have investigated various factors affecting reproductive success 

during different periods of the decline. Pitcher et al. (1998) reported a significant 

decrease in pregnancy rates between early and late gestation. The drop from early to late 

gestation appeared to be greater in the 1980’s (-40%) compared to the 1970’s (-33%); 

however, there was no statistical difference between the two decades. The study 

suggested reduced body mass of females during the 1980’s compared to the 1970’s was a 

contributing factor to the lower pregnancy rate (Calkins et al., 1998). Another study has 

suggested that the population decline differentially affected females (Pendleton et al.,

2006). Despite the factor or combination of factors leading to lower reproductive success 

of Steller sea lions, a better understanding of the reproductive physiology of these 

animals will provide insight into the factors contributing to the decline and the potential 

recovery of the species.

Female reproductive biology. Female Steller sea lions reach sexual maturity at 

3-5 years of age. Although there is a report of a known aged animal breeding at 2 years 

of age and birthing the subsequent year, the average age of first pregnancy is 4.9 ± 1.2 

years (Pitcher and Calkins, 1981). Similar to other pinniped species, the reproductive



cycle of female Steller sea lions has three distinct phases: estrus, embryonic diapause 

and gestation (Boyd et al., 1999).

Within a few days of their arrival at the rookery, females give birth to a single 

pup. Twinning is considered a rare occurrence (Spotte, 1982). For 6 to 16 days 

following birth, termed the perinatal period, females remain with their pups providing 

constant care. Towards the end of the perinatal period, females enter estrus. Estrus is a 

period of sexual receptivity preceding ovulation and copulation occurs during this time. 

After copulation, females begin short foraging trips, returning to the rookery to nurse 

their pups from the previous mating season.

The fertilized egg resulting from a successful copulation undergoes cell division 

until it reaches the blastocyst stage, at which point it ceases further growth and 

development. The embryo remains in diapause for approximately 10 weeks (Pitcher and 

Calkins, 1981), after which the embryo implants in the uterine lining and resumes normal 

growth and development for approximately 8 months, the duration of post-implantation 

gestation. The signal triggering the end of embryonic diapause remains unknown. The 

period of embryonic diapause allows parturition to occur annually in the spring, when 

environmental conditions are thought to be optimal for the survival of offspring.

Similar to other otariids, female Steller sea lion females are typically pregnant 

while nursing their pup from the previous breeding season. Lactation usually lasts for 

less than one year, with weaning occurring during late gestation and prior to the 

subsequent breeding season. However, there are observations of subadults (1-3 years) 

suckling females (Pitcher and Calkins, 1981), with at least one report of two 4 year old 

animals still nursing (Mamaev and Burkanov, 2004).

Female reproductive anatomy and morphology. The reproductive tract of 

female pinnipeds is consistent with terrestrial mammals (Atkinson, 1997). The uterus is 

bicornuate and both horns join just above the cervix. Each uterine horn tapers toward the 

uterotubal junction and leads to the oviduct. The oviduct terminates in the fimbria, an 

aperature that guides the egg to the oviduct after ovulation. Ovaries are of equal size and
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attached to the uterus by the ovarian ligament. At sexual maturity, oocytes within the 

ovarian cortex formed during fetal development continue development congruent with 

the annual reproductive cycle (Boyd et al., 1999). Oocytes, surrounded by granulosa and 

theca cells, form primoridial follicles and are present within pinniped ovaries in great 

numbers. Few primordial follicles will grow to reach the maturation stage of a 

secondary, or antral, follicle. Follicles that reach the stage of secondary development 

form a fluid-filled vacuole, or antrum, which expands while the oocyte that remains is 

surrounded by a cluster of granulosa cells. Only one follicle becomes dominant and 

reaches the next stage of maturation. The dominant follicle is the ovulating structure that 

ruptures, releasing the oocyte and follicular fluid out of the ovary and into the oviduct 

where fertilization typically occurs. After ovulation, granulosa cells from the dominant 

follicle luteinize and develop into a corpus luteum. A functional corpus luteum can have 

a suppressive effect on follicular development in the ipsilateral ovary in pinnipeds; thus 

ovulation generally alternates between ovaries every year (Bester, 1995; Craig, 1964; 

Enders et al., 1946; Yoshida et al., 1978), although this has not been demonstrated in 

Steller sea lions.

Endocrine regulation of female reproduction. Due to the lack of information 

on reproductive physiology for any one pinniped species, gross generalizations have been 

compiled from studies of various species including grey seals (Halichoerus grypus); 

(Boyd, 1983; Hobson and Boyd, 1984), Hawaiian monk seals (Monachus schauinslandi); 

(Iwasa and Atkinson, 1996; Pietraszek and Atkinson, 1994), harbor seals (Phoca 

vitulina); (Raeside and Ronald, 1981; Reijnders, 1990), Northern fur seals (Callorhinus 

ursinus); (Daniel, 1975) and Antarctic fur seals (Arctocephalus gazella); (Boyd, 1991a) to 

provide a basic understanding in this area. Although little is known about pinniped 

reproductive physiology, the hormones involved tend to be conserved across mammalian 

species. Anatomical and physiological changes of the reproductive tract are regulated by 

hormonal feedback mechanisms of the hypothalamic-pituitary-gonadal (HPG) axis. The 

hypothalamus integrates internal and external messages it receives and delivers an
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appropriate response through neural secretions of hypophysiotropic hormones into the 

anterior pituitary via the hypophyseal portal system. One of these hormones is 

gonadotropin-releasing hormone (GnRH) and it is of primary importance in regulating 

reproduction. Binding of GnRH to its receptors in the anterior pituitary stimulates the 

synthesis and release of lutenizing hormone (LH) and follicle stimulating hormone (FSH) 

into circulation. An increase in FSH in circulation and subsequent binding at the 

receptors of the ovaries stimulates follicular recruitment and growth. Primary follicles 

are recruited to become secondary follicles and, as they continue to grow and expand, 

estrogen is produced by the granulosa cells of the maturing follicles. FSH and estrogen 

synergistically induce an upregulation of LH receptors within the follicle. As a follicle 

reaches the preovulatory stage, estrogen reaches a maximum production and stimulates a 

surge of LH. Once LH receptors have been acquired, the dominant follicle is capable of 

responding to an LH surge, resulting in ovulation and subsequent luteinization to form 

into a corpus luteum (CL). The principal endocrine change that accompanies 

luteinization is a switch from the ovarian production of estrogen during the follicular 

phase to the production of progesterone during the luteal phase. Progesterone produced 

by the CL inhibits the release of FSH and LH by decreasing the pulsatile release of 

GnRH from the anterior pituitary.

The major secretory products of the growing follicles and subsequent corpus 

luteum are the steroid hormones estrogen and progesterone, respectively. The primary 

function of estrogen is cellular proliferation and cellular hydration. In a reproductively 

mature mammal, estrogen facilitates ovulation through follicular maturation.

Progesterone helps prepare and maintain the condition of the uterus to support pregnancy 

and supports the secretory function of the mammary glands during lactation. Peaks in 

estrogen, followed by subsequent rises in progesterone have been reported for several 

pinniped species including Antarctic fur seals (Boyd, 1991a), grey seals (Boyd, 1983), 

harbor seals (Reijnders, 1990), and Hawaiian monk seals (Pietraszek and Atkinson,



1994). This pattern suggests preovulatory follicular maturation followed by the 

formation of a corpus luteum, a pattern indicative of ovulation.

Levels of progesterone increase as gestation progresses followed by a sharp 

decline at parturition (Boyd, 1984; Reijnders, 1990). The importance of the fetal- 

placental unit to the production of circulating steroids in late gestation has been suggested 

(Boyd, 1991b; Hobson and Boyd, 1984); however, current evidence based on 

immunohistochemical methods suggest the corpora lutea of spotted seals, ribbon seals 

and Steller sea lions are the principal source of progesterone during gestation (Ishinazaka, 

et al., 2001; Ishinazaka et al., 2002).

Male reproductive biology. Male Steller sea lions begin to develop secondary 

sex characteristics such as thick pelage, muscular neck and sagittal crest by four years of 

age. Although sexual maturity is reached between 3 and 7 years of age, the time when 

the testes are capable of spermatogenesis, males typically do not reach physical maturity 

until 10 years of age (Pitcher and Calkins, 1981). Ninety percent of males holding 

breeding territories are between the ages of 9 and 13 (Thorsteinson and Lensink, 1962). 

The delay between sexual maturity and breeding is likely due to the importance of body 

size in competition for access to females. Competition among males is thought to drive 

the selection for sexual dimorphism exhibited by many pinniped species (Ralls and 

Mesnick, 2002). Male sexual readiness is achieved prior to the arrival of females at the 

rookery and fertility continues for the duration of the breeding season.

Male reproductive anatomy and morphology. The anatomy of the male 

pinniped reproductive tract is consistent with a general mammalian carnivore pattern 

(Boyd et al., 1999). Similar to other carnivores including a few canid and felid species, 

male pinnipeds have a baculum, or penis bone. It functions as a mechanical aid to 

intromission (Miller et al., 2000). In otariids, the testes are held in a scrotal sac. 

Attachment of the scrotal sac to muscle may allow for thermoregulatory control optimal 

for spermatogenesis, as well as provide protection to the testes when moving on land 

(Atkinson, 1997).
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Spermatogenesis occurs within the testes. Spermatogonia, the primitive germ 

cells, develop into primary and secondary spermatocytes along the walls of the 

seminiferous tubules within the testes over several weeks. Development is supported by 

Sertoli cells, also located along the walls of the tubules. Sertoli cells not only secrete 

substances necessary for spermatogenesis, but also serve as a blood-testis barrier to 

maintain an optimal environment within the lumen of the tubules facilitating maturation 

of spermatocytes into spermatozoa. The Sertoli cells are assisted by adjacent Leydig 

cells, whose primary function is to synthesize and secrete the testosterone necessary for 

spermatogenesis. From the seminiferous tubules, sperm pass into the epididymis where 

they will reach final maturation and be stored. Prior to ejaculation, sperm are transported 

from the caudal epididymis to the vas deferens, which loops over the ureters before 

reaching the prostate gland. At the prostate gland, the ureters merge into the urethra at 

the base of the bladder. The prostate provides the secretory fluid in which sperm are 

transported at ejaculation. This secretion provides the metabolic fuel, glucose, to the 

sperm and maintains the sperm at the correct pH (Boyd et al., 1999).

A strong annual cyclicity in the development and regression of the testes has been 

shown in numerous pinniped species including sub-Antarctic fur seals (Arctocephalus 

tropicalis); (Bester, 1990), Cape fur seals (Arctocephaluspusilluspusillus); (Stewardson 

et al., 1998), harp seals (Pagophilus groenlandicus); (Miller et al., 1998), as well as 

Steller sea lions (Harmon, 2001; Thorsteinson and Lensink, 1962). In these studies, 

testicular mass and spermatogenesis increased prior to the onset of the breeding season 

and peaked during the breeding season. Increased size and mass of the testes results from 

increased diameter of the seminiferous tubules and epididymides. Mature male Steller 

sea lions collected during the breeding season had abundant sperm present in the 

epididymides (Pitcher and Calkins, 1981; Thorsteinson and Lensink, 1962).

Endocrine regulation of male reproduction. The annual cycle of testicular 

development and regression is controlled by physiological mechanisms regulated by the 

endocrine system. Similar to females, anatomical changes in the reproductive tract of
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males are regulated by hormonal feedback mechanisms of the HPG axis. Secretion of 

GnRH from the hypothalamus stimulates the synthesis and release of FSH and LH from 

the anterior pituitary. The sole target of FSH in males is the Sertoli cell, stimulating the 

release of androgen binding protein (ABP) into the lumen of the seminiferous tubules. 

Testicular receptors for LH are localized to the Leydig cells where binding at the receptor 

stimulates production and release of testosterone into the seminiferous tubules where it 

can be taken up by Sertoli cells. Within the Sertoli cells, testosterone is bound by 

androgen binding protein (ABP). ABP provides a mechanism to maintain locally high 

concentrations of testosterone, a requisite for spermatocyte maturation.

Understanding of reproductive endocrinology of male pinnipeds has also been 

compiled from studies of various species including hooded seals (Cystophora cristata); 

(Noonan et al., 1991), Hawaiian monk seals (Atkinson and Gilmartin, 1992), Weddell 

seals (Leptonychotes weddelli); (Bartsh et al., 1992) and harbor seals (Gardiner et al., 

1999). Plasma testosterone concentrations are typically higher prior to and during the 

breeding season than the low to undetectable levels measured outside of the breeding 

season. In species with abbreviated breeding seasons, testosterone concentrations begin 

to increase 1-3 months prior to the start of the season (Bartsh et al., 1992; Bester, 1990; 

Noonan et al., 1991). In a study of a captive male Steller sea lion, plasma testosterone 

concentration increased approximately one month prior to the expected breeding season 

(Harmon, 2001). By increasing testosterone prior to the breeding season, males would be 

primed for spermatogenesis and prepared for copulation when females enter estrus.

Fecal steroid analysis. The lack of reproductive data for any one particular 

species of pinniped is due, in part, to the inherent challenges of monitoring endocrine 

changes in large, free-ranging marine mammals. Serial blood sampling from known 

individuals in the wild can be exceedingly difficult and handling stress is known to 

disrupt the reproductive events being investigated (Touma and Palme, 2005). These 

challenges are not exclusive to marine mammals and over the past decade, alternate



methods have been developed in a variety of free-ranging terrestrial species to gather 

endocrine data.

Studies using fecal monitoring techniques have provided researchers with a non- 

invasive and relatively accessible means of studying changes in steroid concentrations of 

free-ranging animals (Schwarzenberger et al., 1996). In mammals, the major 

reproductive steroid hormones are secreted into the bloodstream and metabolized in the 

liver by hydroxylation or conjugation with sulfate or glucuronide side-groups. These 

hormones and their metabolites are excreted in urine and/or bile. Excretion into the bile 

ultimately leads these hormones through the gastrointestinal tract where they are voided 

in feces. Monitoring of fecal and urinary hormone concentrations provides an approach 

that avoids the need for repeated blood sampling and permits long-term assessment of an 

animal’s reproductive status. However, urinary hormone monitoring may be impractical 

for an aquatic species, because its collection requires that animals be highly trained or 

housed on non-absorbent substrates, void of potential sources of water.

Use of fecal steroids in endocrine studies have enabled researchers to collect 

hormonal profiles related to reproduction from a variety of large, terrestrial mammalian 

species including African elephants (LoxodontaAfricana); (Wasser et al., 1996), sable 

antelope (Hippotragus niger); (Thompson et al., 1998), Hokkaido brown bears (Urus 

arctosyesoensis); (Ishikawa et al., 2003), elk (Cervus canadensis); (Cook et al., 2002) 

and spotted hyenas (Crocuta crocuta); (Dloniak et al., 2004). Recently, this method was 

successfully applied to marine mammals including North Atlantic right whales 

(Eubalaena glacialis); (Rolland et al., 2005), sea otters (Enhydra lutris); (Larson et al., 

2003) and Florida manatees (Trichechus mantus latirostris); (Larkin et al., 2005). Not 

only were researchers able to gather endocrine data related to the animal’s reproductive 

physiology, but in the case of the right whale, was the first time reproductive hormones 

were measured for the species.

The Alaska SeaLife Center (ASLC) has the unique ability to validate the use of 

fecal steroid analysis to monitor reproductive function in Steller sea lions. ASLC
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currently houses three adult resident sea lions, one male and two females. The use of 

captive animals allows serial sampling of known individuals with known reproductive 

histories to provide a longitudinal study of hormones associated with reproduction. Once 

validated for the species, fecal steroid analysis can serve as a valuable non-invasive tool 

to monitor reproductive function and success in both captive and free-ranging 

populations. It has the potential to address both longitudinal and population level 

questions about the reproductive endocrinology of Steller sea lions without the danger 

and stress of handling animals. The objectives of this study were as follows:

1. Validate the efficacy of commercially available testosterone, total estrogens, and 

progesterone radioimmunoassays (RIA) and enzyme-linked immunosorbent 

assays (EIA) for Steller sea lion feces.

2. Determine the influence of storage methods on Steller sea lion fecal steroid 

concentrations.

3. Provide a longitudinal profile of sex steroids (testosterone, estrogen and 

progesterone) in the three resident Steller sea lions at ASLC.
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CHAPTER 1:

Characterization of the reproductive cycle in Steller sea lions as assessed by fecal steroid

analysis

ABSTRACT

To gain a better understanding of Steller sea lion reproductive physiology that can 

be applied to captive breeding programs and studies of the wild population, the use of 

fecal steroid analysis was validated to monitor endocrine fluctuations in samples 

collected from two captive female Steller sea lions from January 2002 to December 2005. 

Radioimmunoassay (RIA) and enzyme-linked immunoassay (EIA) techniques were 

shown to reliably measure total estrogens and progesterone metabolites, respectively, in 

Steller sea lion feces. These measures were used to characterize reproductive cycling in 

the study animals over a four year period. Elution profiles of estradiol, estrone and 

progesterone were analyzed using high-performance liquid chromatography (HPLC) to 

determine the extent of immunoreactivity in fecal steroids that could be measured by 

either RIA or EIA. A significant relationship was found between progesterone measured 

in the serum and extracted from feces (p = 0.002), whereas no significant relationship 

was found in total estrogens measured (p =0.092). Annual profiles of fecal progesterone 

sampled one to two times per week exhibited a similar pattern throughout the years of the 

study; however, there was a lack of consistency in fecal estrogen profiles among the 

years. Storage regimens were examined to establish any potential impact of both the 

duration samples were stored frozen prior to analysis and latency prior to collection on 

fecal estrogen and progesterone concentrations. Fecal estrogen and progesterone 

concentrations remained stable following freezing of samples at -20°C for 8 weeks. At 

room temperature, fecal estrogen concentrations were stable at least 5 days and fecal 

progesterone maintained its stability for 4.5 days. Collectively, these data suggest fecal 

progesterone may be more useful in providing information on reproductive function than 

fecal estrogens as a non-invasive endocrine monitoring technique. The ability of fecal
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progesterone concentrations to remain stable for up to 4.5 days increases the potential to 

provide a useful alternative method of sample analysis from samples collected in the 

field.
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INTRODUCTION

Several Alaskan pinniped populations, such as Steller sea lions, have experienced 

drastic population declines in the last forty years, including the western stock of Steller 

sea lions which is estimated to have declined by 80%. Among factors hypothesized to 

have contributed to the decline, reduced reproductive success has become a matter of 

concern. Several studies have reported a decrease in reproductive success caused by 

reduced pupping rates and reproductive failure in females that were likely to have been 

nutritionally compromised (Pendleton et al., 2006; Pitcher et al., 1998). Even more 

recently, there have been a growing number of studies investigating stress physiology of 

Steller sea lions, with implications of chronic stress disrupting normal endocrine profiles 

associated with reproduction (Mashburn and Atkinson, 2004; Mashburn and Atkinson, 

2007; Petrauskas and Atkinson, 2006). However, it is difficult to link effects of stress and 

reproductive patterns without information on endocrine profiles associated with the 

reproductive cycle in Steller sea lions. Such studies bring to light the need for research 

projects focused on filling this gap in knowledge.

Reproductive events are highly synchronized in Steller sea lions, with major 

reproductive events, such as birthing and breeding, occurring between mid-May and mid- 

July throughout the range (Pitcher and Calkins, 1981; Thorsteinson and Lensink, 1962). 

Similar to other pinniped species, the reproductive cycle of female Steller sea lions has 

three distinct phases: estrus, embryonic diapause and gestation (Boyd et al., 1999). After 

fertilization, embyronic development enters a period of diapause at the blastocyst stage 

for approximately 10 weeks. At the end of embryonic diapause, the conceptus implants in 

the uterine lining and resume normal growth and development for approximately 8 

months. The signal triggering the end of embryonic diapause remains unknown, although 

the role of androgens has been suggested for Northern fur seals (Browne et al., 2006).

The period of embryonic diapause and delayed implantation allows parturition to occur in 

the spring, when environmental conditions are thought to be optimal for survival of 

offspring.
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Two basic methods can be used to monitor reproductive cyclicity of females; 

tracking fluctuations in estrogen indicative of folliculogenesis and ovulation, and 

measuring luteal function through cyclic fluctuations in progesterone. These methods 

have provided insight on pregnancy rates, lactation, reproductive failure, changes in 

ovarian activity and age of first reproduction in a variety of other pinniped species 

including Hawaiian monk seals (Monachus schauinslandi); (Pietraszek and Atkinson, 

1994), harbor seals(Phoca vitulina); (Gardiner et al., 1999), Northern fur seals, 

(Callorhinus ursinus);(Daniel, 1975), New Zealand fur seals (Arctocephalus forsteri); 

(McKenzie et al., 2005), and Antarctic fur seals (Arctocephalus gazelle);(Boyd, 1991). 

Typically, endocrine patterns are studied for brief periods of the reproductive cycle when 

animals are onshore for breeding purposes. Similar to other pinniped species, mating, 

birthing and early lactation occur at terrestrial rookery sites. Steller sea lions are not 

known to migrate, but disperse widely at times of the year other than the breeding season. 

Difficulty in obtaining serial measurements from individuals and inaccessibility to the 

animals throughout most of the year often limits sampling frequency and data collection, 

as is typically the case for Steller sea lions along the Alaskan coastline. However, the 

ability to measure hormone levels throughout the year is essential to determine 

reproductive status and the physiological dynamics that underlie ovulation, implantation 

and pregnancy.

The use of captive animals to develop alternate methods of data collection and 

create baseline endocrine profiles for their free-ranging counterparts has proven 

successful in a wide variety of species (del Castillo et al., 2005; Graham et al., 2002; 

Graham et al., 2006; Schwarzenberger et al., 1998; Schwarzenberger et al., 2000; Wasser 

et al., 1991; Wasser et al., 1996). These studies utilized fecal hormone monitoring to 

provide a longitudinal approach that avoids the need for repeated blood sampling and 

immobilization. Additional advantages to fecal hormone monitoring are that samples can 

be collected with relative ease and the method is readily transferable to investigation of 

free-ranging animals.
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The objectives of this study were to: 1) validate the efficacy of a commercially 

available total estrogens radioimmunoassay (RIA) and a progesterone enzyme-linked 

immunosorbent assay (EIA) for Steller sea lion feces, 2) determine the influence of 

storage methods on Steller sea lion fecal steroid degradation and 3) characterize the 

reproductive cycle through longitudinal monitoring of fecal estrogens and progesterone in 

captive female Steller sea lions.

MATERIALS AND METHODS

Study animals and sample collection. Fecal samples were collected 

opportunistically from two adult female Steller sea lions permanently housed at the 

Alaska SeaLife Center from January 2002 through December 2005. Both females were 

approximately 9 years of age at the start of the study. Use of captive animals provided 

long-term repeated sampling for monitoring fluctuations in hormone concentrations from 

known individuals on a stable diet in a controlled environment. Fecal samples were 

collected opportunistically in plastic resealable storage bags and placed in a -20°C freezer 

until extracted for hormone analysis. Archived serum samples collected from routine 

veterinary health assessments from October 2002 to March 2004 and stored frozen at 

-80°C were used to measure circulating concentrations of estrogen and progesterone.

Sample preparation and extraction. Frozen fecal samples were thawed, 

homogenized, loaded onto a rotary evaporator (Speedvac Plus; Savant Instruments, 

Holbrook, NY) and dried without heat. Dried feces were pulverized and 25mg of 

powdered feces was weighed and extracted using methods described in previous studies 

(Mashburn and Atkinson, 2004; Monfort et al., 1996). Extraction efficiency was assessed 

by the addition of 5,000cpm [3H]-estradiol and [3H]-progesterone to subsets of dried and 

weighed feces prior to extraction. Tritiated samples were counted on a liquid scintillation 

counter (LS 6500, Beckman Coulter, Fullerton, CA). Methanol fractions (1 ml) were 

aliquoted into polypropylene tubes, dried under forced air and placed in the freezer 

(-20°C) until assayed. Estrogen and progesterone concentrations were not adjusted for



recoveries, due to the consistently high extraction efficiency (93.4% ± 2.7 and 88.1% ± 

1.9, respectively).

Total estrogens radioimmunoassay (RIA). A double antibody 

radioimmunoassay (ICN Biomedicals, Costa Mesa, CA) for total estrogens was validated 

for use with extracted feces. The assay had been previously validated for use with Steller 

sea lion serum (K.Mashburn, unpublished data). The manufacturer’s protocol for the 

estrogen assay was followed, with all volumes halved. Manufacturer cross-reactivity 

data are as follows: 17P-estradiol (100%), estrone (100%), estriol (9%), 17a-estradiol 

(7%), and <0.01% for all other steroids tested.

Validation included tests of parallelism and accuracy. Parallelism was 

demonstrated between serial dilutions of a fecal extract pool and the standard curve. 

Parallel slopes of the linear portion of both curves indicated the antibody’s ability to bind 

to the steroid metabolites over a range of concentrations. Accuracy was demonstrated by 

the addition of diluted fecal extract, using the dilution level closest to 50% bound in the 

parallelism test, to known amounts of standard hormone. The “spiked” standards were 

assayed along with the “unspiked standards.” Results were plotted as known standard 

concentration vs. measured concentration. A regression line through the plotted points 

resulted in a given slope. The measured slope of the regression line indicated the assay’s 

ability to accurately measure the hormone, with a slope of 1.0 being ideal. Interassay 

coefficients of variation, as calculated by two separate assay controls measured in each 

assay, were 13.3% and 10.6%. Intraassay coefficients were calculated from samples run 

in duplicate and variation were <10%. Values from the RIA were corrected for dilution, 

weight of fecal material extracted and expressed as ng/g dry weight ± standard error of 

the mean (SEM).

Progesterone enzyme-linked immunoassay (EIA). Fecal progesterone 

concentrations were quantified using a progesterone EIA. The EIA utilized a polyclonal 

progesterone antibody (1:10,000; R4859) and horseradish peroxidase-conjugated 

progesterone label provided by C. Munro at University of California, Davis. Flat-bottom,
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96-well microtitre plates (Nunc maxisorb, ThermoFisher Scientific, Waltham, MA) were 

coated with 50pl of antibody dissolved in coating buffer (0.015 M Na2 CO3 , 0.035 

MNaHCO3; pH 9.6) and incubated overnight at 8°C. After overnight incubation, the 

plates were washed five times with wash solution (1.5 M NaCl containing 0.05% Tween 

20) using a Dynatech Ultrawash Plus (Dynatech Laboratories, Inc, Chantilly, VA) to 

remove unbound antibody. Diluted samples, standards and controls were dispensed 

according to plate setup, followed immediately by addition of 50 pl of HRP (working 

dilution 1:40,000). Plates were then incubated at room temperature for two hours, 

washed five times, and 100 pl of substrate solution (1.6 mM hydrogen peroxide, 125 pl 

0.4 mM azino-bis[3-ethylbenzthiazoline-6-sulfonic acid] in 0.05 M citrate buffer, pH 4.0) 

was added to each well. Plates were incubated at room temperature for a maximum of 

one hour. Plates were read on a Dynatech MRX Revelation microplate reader (Dynatech 

Laboratories, Inc, Chantilly, VA) at 405 nm.

The progesterone EIA was validated for Steller sea lion feces by the same tests 

described for the validation of fecal estrogens, including demonstration of accuracy and 

parallelism. Interassay coefficients of variation, as calculated by two separate assay 

controls measured for every plate, were 14.5% and 12.5%. Intraassay coefficients of 

variation calculated from samples run in duplicate were <10%. All progesterone values 

were corrected for dilution, weight of fecal material extracted and expressed as ng/g dry 

weight ± SEM.

High performance liquid chromatography (HPLC). HPLC (Varian ProStar, 

Carian, Walnut Creek, CA) was used to identify the immunoreactivity of estrogen and 

progesterone metabolites in feces. Ten fecal extracts were selected at random and used 

to create a 3 ml pools. Dried fecal pools were reconstituted in 500 pl phosphate-buffered 

saline (PBS, pH=5) and the first pool was spiked with ~8,000 cpm of [3H]-estradiol and 

[3H]-estrone. Each reconstituted pool was eluted through a C-18 matrix column 

(SpiceCartridge, Analtech) with 3 ml of methanol to remove contaminants. The pool was 

dried under forced air, rinsed again with methanol, and dried to ensure the majority of
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pool was washed to the bottom of the tube. The pool was reconstituted in a final volume 

of 300 ^l methanol and 55 ^l was injected onto the column. Progesterone standard was 

injected onto the column, instead of tritiated progesterone, in a separate run for reference. 

Fecal estrogen and progesterone metabolites were separated using a stepwise gradient of 

acetonitrile:water over 80 minutes for estrogen and 120 minutes for progesterone. 

Resultant immunoreactivity and radioactivity profiles were obtained from analysis of 

collected eluates and expressed per 1 ml fraction collected at approximately one minute 

intervals.

Effects of storage variation on fecal estrogen and progesterone 

concentrations. To assess the effects of freezer storage and the absence of cold storage 

on fecal estrogen and progesterone concentrations, five fecal samples were collected from 

the study animals. Each fecal sample was fully homogenized and duplicate subsamples 

were immediately dried (<30 minutes post-defecation = Time 0) on the rotary evaporator, 

extracted and placed in a -20°C freezer until assayed. Sixteen subsamples (~5g) were 

taken from each fecal sample, placed in tubes, and stored at -20°C. Duplicate subsamples 

were removed weekly from the freezer, dried without heat, crushed and extracted for a 

total of 8 weeks. The remainder of the freshly voided scat was left at room temperature 

(approximately 19°C) and subsampled in duplicate every hour for the first four hours, 

every 2 hours for the next four hours, and then every six hours until 120 hours post Time 

0 was reached.

Statistical analysis. Data were log transformed where necessary to meet the 

assumption of normality. For progesterone data in the fecal storage experiment, a one

way analysis of variance (ANOVA) for repeated measures, followed by Holm-Sidak 

method for all pairwise comparisons, was performed for each storage method to 

determine if any significant differences were present between the mean hormone 

concentrations of the various sampling intervals and Time 0. To meet the assumption of 

normality, a one-way ANOVA for repeated measures on ranks was performed on the 

estrogen data. Linear regression was used to assess the relationship between hormone
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secreted in circulation and excreted in the feces. To provide a mathematical definition for 

the identification of baseline and peak concentrations measured in fecal estrogen and 

progesterone an iterative process was utilized (Bradshaw, et al., 2004; Graham et al.,

2002; Graham et al., 2006). Average hormone concentration of samples from the 

individual for each year were calculated and values greater than the average plus 1.75 

standard deviations (SD) were considered significant elevations and temporarily removed 

from the data set. The average was recalculated and the removal process repeated until 

no values exceeded the means plus 1.75 SD. Remaining fecal estrogen and progesterone 

values were reported as baseline. Calculatedp  values <0.05 were considered significant 

for all tests conducted. The statistical procedures were performed with the software 

program SigmaStat Version 3.11 (Systat Software, Inc, Chicago, IL.).

RESULTS

Assay validation. Parallelism and accuracy studies demonstrated the ability of 

the RIA and EIA to reliably measure fecal estrogens and progesterone, respectively, 

across a range of concentrations. Serial dilution of a female fecal extract pool (neat to 

1:16) yielded a displacement curve parallel to the standard curve for both hormones 

(Figures 1.1 and 1.2). Hormone standards spiked with female fecal extract produced 

accurate results for estrogen and progesterone (r2 = 0.99, y  = 1.02x + 0.02 and r2= 0.95, y  

= 0.98x -  2.60, respectively) indicating no substances in the fecal extract interfered with 

antibody binding (Figures 1.3 and 1.4).

High performance liquid chromatography. HPLC analyses of female fecal 

estrogen revealed 16% of the total mass measured in collected fractions co-eluted with 

estradiol tracer and 15% co-eluted with estrone tracer (Figure 1.5). For progesterone,

40% of the total immunoreactivity measured in the fractions collected eluted in the same 

fractions as the progesterone standard used for reference in a separate run, with one 

additional immunoreactive peak, representing 20% of the total mass, eluting in fractions 

not associated with the tracer (Figure 1.6).
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Storage regime experiment. Duplicate subsamples from five scats exhibited 

fecal estrogen concentrations no different than those measured at Time 0 in the absence 

of cold storage for five days or frozen at -20°C for 8 weeks. Mean estrogen 

concentrations were 1.8 ± 0.8 ng/g dry weight at Time 0, 2.5 ± 1.7 ng/g dry weight under 

ambient conditions at the end of five days (p = 0.137) and 0.9 ± 1.2 ng/g dry weight in 

week 8 at -20°C (p = 0.251). Significant differences were measured in fecal progesterone 

concentrations by 4.5 days in the absence of cold storage (p <0.001), but were not 

detected in samples frozen at -20°C for 8 weeks (p = 0.434). Mean fecal progesterone 

concentrations were 17.4 ± 3.7 ng/g dry weight at Time 0, 107.1 ± 43.7 ng/g dry weight 

under ambient conditions by 4.5 days and 60.7 ± 22.5 ng/g dry weight in week 8.

Reproductive cyclicity of fecal estrogen and progesterone. A clear and 

consistent pattern in fecal progesterone was observed during the years of the study for 

both females (Figure 1.7). Fecal progesterone concentration began to rise in September 

and remained elevated until February. Baseline concentrations ranged from 2.0 ± 0.1 ng/ 

g dry weight to 11.3 ± 1.5 ng/g dry weight. Elevated, or luteal phase, concentrations 

ranged from 15.8 ± 1.7 ng/g dry weight to 46.2 ± 6.7 ng/g dry weight (Table 1.1). Fecal 

estrogens exhibited no consistent pattern from year to year, although increases in estrogen 

concentration were observed in April and May (Figure 1.8), coincident with the breeding 

season of the wild population. Fecal and serum concentrations of progesterone exhibited 

similar temporal trends (Figure 1.9) and a linear regression analysis indicated a 

significant relationship between progesterone extracted from feces and measured in 

serum (p = 0.002). No similarity in temporal trends was observed in fecal and serum 

total estrogens (Figure 1.10). A significant relationship was not found in a linear 

regression analysis of circulating and excreted estrogens (p = 0.092).
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DISCUSSION

Fecal steroid monitoring detected changes in excreted progesterone relevant to the 

reproductive biology of this species, but not in excreted estrogens. Measurements of 

fecal progesterone indicated a prolonged luteal cycle, a typical occurrence for species 

with embryonic diapause as a part of their reproductive strategy (Boyd, 1991). 

Additionally, the significant relationship found between circulating and excreted 

progesterone suggests that fecal concentrations accurately reflect circulating levels. 

Results from the storage experiments indicate the utility of fecal sex steroid monitoring to 

field research.

Fecal progesterone profiles of the study animals suggest a luteal phase duration of 

approximately 6 months. The finding of a prolonged luteal cycle in nonconceptive cycles 

is consistent with previous studies monitoring serum and fecal progesterone in other 

mammalian species that experience embryonic diapause and delayed implantation (Boyd, 

1991; Hinds and Tyndale-Biscoe, 1982; Larson et al., 2003; Reijnders, 1990). A recent 

study of California sea lions (Zalophus californianus), a surrogate species for Steller sea 

lion research, detected no measurable differences in circulating progesterone 

concentrations between unfertilized and gravid females until February, the month where 

fecal progesterone concentrations measured in the non-gravid female Steller sea lions 

began to decline (Greig et al., 2007).

Peaks in circulating estrogen, followed by subsequent rises in progesterone have 

been reported for several pinniped species including Antarctic fur seals, grey seals, harbor 

seals, and Hawaiian monk seals (Boyd, 1983; 1991; Pietraszek and Atkinson, 1994; 

Reijnders, 1990). This pattern suggests preovulatory follicular maturation followed by 

the formation of a corpus luteum; a pattern indicative of ovulation. Characterization of 

expected seasonal changes in estrogen concentration was not possible due to the lack of 

consistency found in the pattern of excreted fecal estrogen. However, it should not be 

considered a reflection of the utility of fecal monitoring of sex steroids in this species. 

Rather, the variable fluctuations in fecal estrogen may indicate a more specific assay is
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required or a more rigorous sample collection is needed, as explained by the timing of 

reproductive events during the breeding season. From mid-May to mid-July, female 

Steller sea lions give birth to a single pup and then ovulate approximately 10 days later 

(Pitcher and Calkins, 1981). Since the time of expected follicular development is short 

relative to the luteal phase, capturing the preovulatory increase in estrogen may only be 

accomplished if samples are collected daily, rather than opportunistically. This finding is 

not uncommon among fecal steroid monitoring studies. In many other species, 

fluctuations in fecal estrogen have not proven useful for characterizing estrous cycles or 

determining the time of ovulation. Rather, the monitoring of luteal function, indicative of 

ovulation, via fecal progesterone has proven to be a more useful method 

(Schwarzenberger et al., 1996; Thompson et al., 1998; Wasser et al., 1991).

Alternatively, it is possible that samples collected on a daily basis may not clearly 

implicate estrogens as a signal of follicular maturation and ovulation. In captive Asian 

elephants (Elephas maximus), no consistent patterns in circulating estrogen relative to 

progesterone were found in samples collected on a daily basis (Hess et al., 1983). In 

seasonally breeding mammals, the reproductive axis is sensitive to environmental cues 

such as photoperiod, food availability and changes in energy requirements (Boyd et al., 

1999; Bronson, 1998; Gilmore and Cook, 1981) to indicate appropriate timing of 

reproductive events. The physiological response to these cues may be absent for animals 

in a captive setting where environmental conditions tend to be relatively consistent. It is 

not uncommon among captive studies to result in some degree of discrepancy between 

cycles reported for captive animals and the expected patterns associated with their free- 

ranging counterparts (Graham et al., 2002; Mueller and Sadleir, 1979).

Storage experiments indicated fecal steroid concentrations remained stable in the 

absence of cold storage for a period of several days. Given the challenge of sample 

storage experienced by many field researchers, this result has the potential to greatly 

assist in the transferability of this technique to field applications. Days may pass before 

samples can be transported from study sites of the free-ranging population, where



refrigeration may not be available, to freezers located at the research laboratory. In 

addition, fecal estrogen and progesterone remained stable at a freezer temperature of 

-20°C for at least 8 weeks, the maximum duration samples remained in cold storage until 

processed.

Reproductive cycles can be monitored by measuring endocrine fluctuations in 

longitudinal samples of feces. This method has recently been successfully applied to 

marine mammals including North Atlantic right whales (Eubalaena glacialis), sea otters 

(Enhydra lutris) and Florida manatees (Trichechus manatus latirostris) (Larson et al., 

2003; Larkin et al., 2005; Rolland et al., 2005). Not only were researchers able to gather 

endocrine data related to the animal’s reproductive physiology, but in the case of the right 

whale, fecal steroid analysis represents the first time reproductive hormones were 

measured for the species. The current study not only validated assays to reliably detect 

fecal estrogen and progesterone in Steller sea lions, but also had the unique opportunity 

to characterize the reproductive cycle with fecal progesterone concentrations in captive 

female Steller sea lions, including times of year that are rarely studied in free-ranging 

animals.

While future research should include longitudinal monitoring of fecal steroids in 

pregnant Steller sea lions to examine the differences between conceptive and non- 

conceptive cycles, the current study provides an important base for studying reproduction 

in both captive and free-ranging Steller sea lions. The development of alternative 

methods, such as the type of information presented in this study, can facilitate an 

integrative approach to the investigation of the decline and failure of this species to 

recover. The implication of chronic stress or plane of nutrition disrupting major 

reproductive events made by recent studies (Mashburn and Atkinson, 2004; Mashburn 

and Atkinson, 2007; Petrauskas and Atkinson, 2006) can now be directly addressed with 

the use of a non-invasive approach. Fecal samples can provide crucial information on 

fertility for captive breeding programs, as well as aid in the measurement of reproductive 

potential of failing areas of the free-ranging population.
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Figure 1.1. Fecal total estrogens parallelism. Serially diluted female extract pool (-o-, y  
= -35.94x + 103.1, r2 = 0.964) yielded a curve parallel to the standard curve (-•-, y  = 
-39.72x + 107.6, r2 = 0.964) when measuring total estrogens (t = -0.460, p = 0.656).
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Figure 1.2. Fecal progesterone parallelism. Serially diluted female fecal extract pool (- 
o-, y  = -0.158x + 0.319, r2 = 0.97) yielded a curve parallel to the standard curve (-•-, y  = 
-0.151x + 0.262, r2 = 0.96) when measuring progesterone (t = 0.330, p = 0.749).
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Figure 1.3. Fecal total estrogens accuracy. Linear regression analysis of the amount of 
estrogen measured compared to the amount added, after subtraction of endogenous 
hormone, yielded a correlation coefficient of 0.99 and linear equation y  = 1.03x + 0.02.
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Figure 1.4. Fecal progesterone accuracy. Linear regression analysis of the amount of 
progesterone measured compared to the amount added, after subtraction of endogenous 
hormone, yielded a correlation coefficient of 0.95 and linear equation y  = 0.98x -  2.6.
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Figure 1.5. Fecal estrogens HPLC. Elution profiles for immunoreactivity (-0 -) and 
radioactivity (-•-) of pooled fecal extracts from two female Steller sea lions. [3H]- 
estradiol and [3H]-estrone were added to the pooled extracts prior to HPLC for reference. 
The first arrow indicates the elution point of estradiol and the second arrow indicates the 
elution point of estrone.
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Figure 1.6. Fecal progesterone HPLC. Elution profile for immunoreactivity (-0 -) of 
pooled fecal extract from two female Steller sea lions. Progesterone standard (-•-) was 
eluted through the column in a separate run for reference. The arrow indicates the 
common elution point of progesterone for pooled fecal extract and standard.
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Month

Figure 1.7. Female fecal progesterone profile. Longitudinal measures in fecal 
progesterone for 2002 (-•-), 2003 (-▲-), 2004 (-o-) and 2005 (-□-). Data are presented 
as monthly means ± SEM.
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Month

Figure 1.8. Female fecal total estrogens profile. Longitudinal measures in fecal estrogen 
for 2002 (-•-), 2003 (-▲-), 2004 (-o-) and 2005 (-□-). Data are presented as monthly 
means ± SEM.
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Figure 1.9. Female fecal (n = 8 per month) and serum progesterone (n = 2 per month) 
profiles. Longitudinal measures in progesterone extracted from feces (-o-) and measured 
in serum (-•-) from October 2002 to March 2004. Data are presented as monthly means 
± SEM.
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Figure 1.10. Female fecal (n = 8 per month) and serum (n = 2 per month) total estrogens 
profiles. Longitudinal measures in total estrogens extracted from feces (-o-) and 
measured in serum (-•-) from October 2002 to March 2004. Data are presented as 
monthly means ± SEM.



Table 1.1. Summary of baseline and luteal phase fecal progesterone concentrations (ng/g; 

mean ± SEM) from 2002 to 2005.

xli

Year Baseline Luteal Phase

2002 2.06 ± 0.12 15.79 ± 1.27

2003 2.04 ± 0.12 15.78 ± 1.68

2004 3.71 ± 0.38 23.01 ± 2.16

2005 11.32 ± 1.54 46.24 ± 6.65
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CHAPTER 2:

Longitudinal monitoring of testosterone through fecal analysis in a male Steller sea lion 

ABSTRACT

The objective of this study was to analytically and biologically validate the use of 

fecal steroid analysis by monitoring testosterone (T) concentrations in a male Steller sea 

lion. Fecal analyses provide a non-invasive alternative to existing sample collection 

techniques that require handling and immobilization. Fecal samples (n = 292) were 

collected opportunistically from a captive adult male Steller sea lion from 2002 through 

2005. A commercially available radioimmunoassay (RIA) for testosterone was shown to 

reliably measure T extracted from Steller sea lion feces. An elution profile of T was 

analyzed using high-performance liquid chromatography (HPLC) to determine the extent 

that immunoreactivity of fecal T could be measured by the RIA. Annual profiles of fecal 

T measured at a frequency of one to two times per week throughout the year were similar 

in pattern to those measured in serum of other pinniped species. Significant differences 

were found in T concentrations measured between breeding and non-breeding seasons for 

all years (2002, p  <0.001; 2004, p  = 0.018; 2005, p  <0.001), with the exception of 2003 

(p  = 0.078). The seasonal difference in fecal T was mirrored in serum testosterone (p = 

0.004). Storage regimens were examined to establish any potential impact of freezing 

and the absence thereof on fecal T concentrations. Neither freezing at -20°C for 8 weeks 

nor a lack of cold storage (19°C) for 5 days impacted fecal T concentrations. Significant 

increases in fecal T concentrations at the age of adulthood suggest we were able to detect 

functional puberty in the study animal. Exposure to female Steller sea lions did not alter 

fecal T excretion by the male. Collectively, these data suggest that this non-invasive 

endocrine monitoring technique can detect changes in fecal T in a Steller sea lion and 

provide a useful alternative method of evaluating T excretion. Thus, measurement of



fecal steroids can help evaluate the reproductive status of animals in the field without 

requiring immobilization in order to obtain samples.
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INTRODUCTION

The western stock of Steller sea lions declined by approximately 80% between 

1970 and 1990 across their range (Cape Suckling, Alaska to the Sea of Okhostk, Japan; 

(Braham et al., 1980; Merrick et al., 1987). In response to the decline, the population was 

listed as threatened range-wide in 1990 and a continued drop in census counts within the 

western portion of the range resulted in increased protection of the western stock of 

Steller sea lions under the Endangered Species Act in 1997. Although several hypotheses 

have been established, no single factor has been identified as the cause of the decline 

(Atkinson et al., 2008b). Previous studies have focused primarily on nutritional stress 

manifested through changes in body condition driven by changes in prey availability, or 

abundance, and increased metabolic demands (Atkinson et al., 2008a; Calkins et al.,

1998; Kumagai et al., 2006; Rosen and Trites, 1999; 2002; 2005). The mechanisms by 

which these factors signal and alter the physiological state of the animal is not well- 

studied, namely the endocrine system.

Contamination by man-made chemicals has also been hypothesized as a 

contributing factor to the decline. The mode of action by many contaminants is 

endocrine disruption. Disruption of normal endocrine patterns can create imbalances in 

growth and development, immune function, and reproduction. The ability to detect 

hormonal imbalances has potential to elucidate reasons for the decline and failure to 

recover, ultimately providing mangers with options for mitigation or intervention efforts.

Challenges in handling large free-ranging mammals can hamper sampling efforts 

and lead to gaps in our knowledge of “normal” endocrine patterns. For nearly 20 years, 

fecal steroid analysis has offered an appealing alternative to repeated blood sampling and 

served a variety of disciplines including conservation biology, biomedicine, and 

reproduction (Millspaugh and Washburn, 2004; Schwarzenberger et al., 1996; Wasser et 

al., 2000). Fecal samples for endocrine studies offer the advantage of relatively easy 

collection without physical disturbance to the study species, making it a powerful tool in 

field research. However, because hormone metabolites and their excretion can vary
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among hormones and species, this non-invasive method must first be validated before it 

can be applied to the study species and steroids of interest (Touma and Palme, 2005).

This tool has been validated and proven to effectively detect changes in adrenal response 

to stressors in Steller sea lions (Mashburn and Atkinson, 2004; Mashburn and Atkinson, 

2007; Petrauskas and Atkinson, 2006). These studies suggest significantly elevated 

glucocorticoid concentrations measured in adult male Steller sea lion feces during the 

breeding season are tied to reproductive physiology. However, little else is known of 

endocrine profiles associated with reproduction for this species. Previous work has 

correlated serum and salivary testosterone with testicular volume in a captive male Steller 

sea lion (Harmon, 2001), but the application of this sample collection method to the free- 

ranging population is of limited utility. The collection of feces for this application would 

serve as a more practical tool to assist researchers in the field.

Fecal androgens have been validated and proven useful in monitoring testicular 

activity in numerous wild mammals including Iberian lynx (Lynxpardinus); (Jewgenow 

et al., 2006), spotted hyenas (Crocuta crocuta); (Dloniak et al., 2004) and Florida 

manatees (Trichechus manatus litirostris); (Larkin et al., 2005), but the efficacy of fecal 

steroid analysis in monitoring longitudinal changes in testosterone in Steller sea lions 

remains unknown. Validation of the use of fecal steroids should include a hormonal 

challenge, such as the administration of exogenous hormone to elicit a physiological 

response. A hormonal challenge is not always feasible and under this constraint it is 

recommended a biological validation be performed such as collection of samples from 

different reproductive stages (Palme, 2005; Touma and Palme, 2005). Previous work to 

utilize this validation method has shown that fecal androgens reflect biologically relevant 

events such as male reproductive seasonality in Eurasian lynx (Lynx pardinus); 

(Jewgenow et al., 2006), Pampas deer (Ozotoceros bezoarticus bezoarticus); (Pereira et 

al., 2005) and maned wolves (Chrysocyon brachyurus); (Velloso et al., 1998). Pinnipeds 

are thought to experience alternating periods of fertility and infertility as a function of 

their reproductive seasonality (Boyd, 1991). Thus, this type of validation is feasible for
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Steller sea lions. If fecal androgens serve as biological indicators for this species, a 

pattern similar to the reproductive cycle should be exhibited in the feces.

Due to remoteness and harsh environmental conditions of much of the 

geographical distribution of the western stock of Steller sea lions, collection of samples 

throughout the year to determine biological relevance of fecal testosterone may be 

difficult to obtain. However, the use of captive animals allows for samples to be easily 

collected throughout the year from known individuals and provides a platform for 

establishing baselines for this species. The current study utilized one of the only two 

intact adult male Steller sea lions held in captivity within the U.S. to obtain routine 

samples over multiple consecutive years. Longitudinal fecal collection allows for a 

qualitative description of hormonal fluctuations within an individual that may indicate 

seasonal patterns.

The objectives of this study were to validate a commercially available 

testosterone radioimmunoassay (RIA) for use in Steller sea lions, determine 

immunoreactive androgen components in the feces and assess the relevance of fecal 

testosterone as a biological indicator of reproductive status. To enhance the applicability 

of this tool for field research where refrigeration may not be available and sample 

collection occurs during extended cruises, we further examined storage effects as 

potential sources of data error as has been detected for several other mammalian species 

(Hunt and Wasser, 2003; Khan et al., 2002; Lynch et al., 2003; Palme, 2005).

MATERIALS AND METHODS

Study animal and sample collection. Samples were collected from January 

2002 through December 2005 from an intact adult male Steller sea lion permanently 

housed at the Alaska SeaLife Center. This study animal was wild-caught in 1993 and was 

estimated to be 9 years old at the onset of the study. The use of a captive animal provided 

long-term repeated samples for monitoring fluctuations in hormone concentrations from a



known individual on a stable diet in a controlled environment. Fecal samples were 

collected opportunistically in plastic resealable storage bags and placed in a -20°C freezer 

until extracted. Serum samples collected from routine veterinary health assessments and 

stored frozen at -80°C were used to measure circulating concentrations of testosterone.

Sample preparation and extraction. Frozen fecal samples were thawed, 

homogenized, aliquoted, loaded onto a rotary evaporator (Speedvac Plus; Savant 

Instruments, Holbrook, NY) and dried without heat. Dried fecal samples were pulverized 

and ~0.025 g of powdered feces was weighed and extracted using methods described in 

previous studies (Mashburn and Atkinson, 2004; Monfort et al., 1996). Extraction 

efficiency was assessed by the addition of 5,000 cpm [3H]-testosterone to subsets of dried 

and weighed feces prior to extraction. Tritiated samples were counted on a liquid 

scintillation counter (LS 6500, Beckman Coulter, Fullerton, CA). Methanol extractant (1 

ml) was aliquoted into polypropylene tubes, dried under forced air and placed in a -20°C 

freezer until assayed.

Testosterone radioimmunoassay (RIA). A double antibody radioimmunoassay 

(ICN Biomedicals, Costa Mesa, CA) for testosterone was validated for use with extracted 

feces. The assay had been previously validated for use with Steller sea lion serum 

(Christen et al., 2003). Manufacturer protocol for the assay was modified such that all 

volumes were halved and an additional standard was included in the curve (one half of 

the lowest standard) to increase sensitivity. Assay sensitivity was 0.04 ng/ml.

Manufacturer cross-reactivity data are as follows: testosterone (100%), 5a- 

dihydrotestosterone (3.4%), 5a-androstane-3p, 17P-diol (2.2%), 11-oxotestosterone 

(2.0%), 6P-hydroxytestosterone (0.95%), 5P-androstane-3p, 17P-diol (0.71%), 5P- 

dihydrotestosterone (0.63%), androstenedione (0.56%), epiandrosterone (0.2%) and 

<0.01% for all other steroids tested.

Assay validation included tests of parallelism and accuracy. Parallelism was 

demonstrated between serial dilutions of a fecal extract pool and the standard curve.

Samples selected at random were used to create a fecal extract pool. Parallel slopes of
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the linear portion of both curves indicated the antibody’s ability to bind to the steroid 

metabolites over a range of concentrations. Accuracy was demonstrated by the addition 

of diluted fecal extract, using the dilution level closest to 50% bound in the parallelism 

test, to known amounts of standard hormone. The “spiked” standards were assayed along 

with the “unspiked standards.” Results were plotted as known standard concentration vs. 

measured concentration. A regression line through the plotted points resulted in a given 

slope. The measured slope of the regression line indicated the ability of the assay to 

accurately measure the hormone, with a slope of 1.0 being ideal. Interassay coefficients 

of variation for two separate assay controls were 10.4% and 8.4%. Intraassay coefficients 

of variation were <10%. Values from the RIA were corrected for dilution, weight of fecal 

material extracted and expressed as ng/g dry weight. Hormone concentrations were not 

adjusted for recoveries, due to the consistently high extraction efficiency (104% ± 9.3).

High performance liquid chromatography (HPLC). HPLC (Varian ProStar,

Carian, Walnut Creek, CA) was used to identify the immunoreactivity of androgen 

metabolites in feces. Ten fecal extracts were selected at random and used to create a 3 ml 

pool. The dried fecal pool was reconstituted in 500 pl phosphate-buffered saline (PBS) 

buffer (pH=5), spiked with ~8,000 cpm of [3H]-testosterone and eluted through a C-18 

matrix column (SpiceCartridge, Analtech) with 3 ml of methanol to remove 

contaminants. The filtered pool was dried under forced air, rinsed with methanol, and 

dried to ensure the majority of pool was washed to the bottom of the tube. The pool was 

reconstituted in a final volume of 300 pl methanol and 55 pl was injected onto the 

column. Fecal androgen metabolites were separated using an isocratic gradient of 

45-55% acetonitrile over 60 minutes. Resultant immunoreactivity and radioactivity 

profiles were obtained from analysis of collected eluate fractions and expressed per 1 ml 

fraction collected at approximately one minute intervals.

Effects of storage variation on fecal testosterone concentration. To assess the 

effects of freezer storage and the absence of cold storage on fecal testosterone
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concentration, five fecal samples were collected from the study animal. Each fecal 

sample was fully homogenized and duplicate subsamples were immediately dried (within 

30 minutes post-defecation = Time 0) on the rotary evaporator, extracted and placed in a 

-20°C freezer until assayed. Sixteen subsamples (~5g) were taken from each fecal 

sample, placed in tubes, and stored at -20°C. Duplicate subsamples were then removed 

weekly from the freezer, dried without heat, crushed and extracted for a total of 8 weeks.

The remainder of the freshly voided fecal samples was left at room temperature. The 

exposed fecal sample was subsampled in duplicate every hour for the first four hours, 

every 2 hours for the next four hours, and then every six hours until 120 hours post Time 

0 was reached.

Biological relevance of fecal testosterone. To test the biological relevance of 

fecal testosterone in the male Steller sea lion, fecal samples collected from longitudinal 

sampling were compared between breeding and non-breeding season. Breeding typically 

occurs from May through July in the wild population. For the purpose of this study, the 

breeding season was defined as March through August based on reports of male 

pinnipeds that exhibited an increase in testosterone up to 3 months prior to the onset of 

the breeding season and returned to baseline values after the end of the season (Atkinson, 

1997; Bester, 1990; Harmon, 2001). Non-breeding season was defined as the remaining 

6 months of the year. For comparison, serum samples collected on a monthly basis from 

May 2002 to April 2003 were used for a similar analysis. This time frame was selected 

for analysis as it was the only year where blood samples were collected for 12 

consecutive months.

Previous work demonstrating plasma and salivary testosterone increases in this 

male during early autumn suggested up-modulation of testosterone may be due to the 

social conditions (Harmon, 2001). To test whether the fluctuations in fecal testosterone 

were due to annual rhythms and not an artifact of proximity to females, the study animal 

underwent a 32 day isolation period, void of any visual or olfactory stimulation from the 

two females. Following the isolation period, the male was placed in a period of equal



duration where visual and olfactory stimuli were available. During both the isolation and 

contact periods, fecal samples were collected approximately once every 3 days. The 

experiment was conducted at the end of the natural breeding period in 2005 from July 16 

to August 16 for the isolation period, followed by an equivalent contact period from 

August 17 to September 17. In 2006, the experiment was performed during the peak of 

the natural breeding season. During this year, the male was isolated from April 26 to 

May 27 and then was allowed contact with the females from May 28 to June 28.

Statistical analysis. Data were log transformed where necessary to meet the 

assumption of normality. Samples collected from 2002-2005 were tested for effects of 

both year and seasonal status (breeding or non-breeding season) with a two-way analysis 

of variance (ANOVA), followed by the Holm-Sidak method for all pairwise multiple 

comparisons to isolate which groups were significantly different. A t-test was used for 

the 2002 serum data to determine a difference in circulating seasonal testosterone 

concentrations. A one-way analysis of variance (ANOVA) adjusted for repeated 

measures, followed by Tukey pairwise comparisons, was performed for each storage 

method to determine if any significant differences were present between the mean 

hormone concentrations of the various sampling intervals and Time 0. Assay parallelism 

was assessed with a Student’s t test for slope comparison. Calculatedp  values <0.05 

were considered significant for all tests conducted. The statistical procedures were 

performed with SigmaStat Version 3.11 (Systat Software, Inc.). All results are presented 

as means ± standard error (SEM).

RESULTS

Assay validation. Parallelism and accuracy studies demonstrated the ability of 

the RIA to reliably measure fecal testosterone across a range of concentrations. Serial 

dilution of a male fecal extract pool (1:1 to 1:16) yielded a displacement curve parallel to 

the standard curve (Figure 2.1). Hormone standards “spiked” with male fecal extract
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produced accurate results (r2 = 0.98, y  = 1.01x + 0.08) indicating no substances in the 

fecal extract interfered with antibody binding (Figure 2.2).

High performance liquid chromatography. HPLC separated fractions of male 

fecal testosterone showed an immunoreactive peak at fractions 32-34 that co-eluted with 

added [3H]-testosterone tracer, accounting for 55% of the total immunoreactivity (Figure 

2.3). An additional immunoreactive peak accounting for 43% of the total 

immunoreactivity was observed between fractions 55 and 58. Although the second peak 

did not co-elute with the added tracer, it may represent an androgen metabolite with cross 

reactivity to the RIA antibody.

Storage regime experiment. Duplicate subsamples from five scats exhibited 

fecal testosterone concentrations no different than those measured at Time 0 in the 

absence of cold storage for five days or frozen at -20°C for 8 weeks. Mean concentration 

values were 23.3 ± 2.4 ng/g dry weight at Time 0, 23.3 ± 2.1 ng/g dry weight under 

ambient conditions at the end of five days (p = 0.173) and 23.1 ± 2.9 ng/g dry weight in 

week 8 at -20°C (p = 0.395).

Biological relevance of fecal testosterone. Mean testosterone concentrations 

significantly differed between years of the study (p < 0.001), except for 2002 and 2003 (p 

= 0.428; Figure 2.4). For each year, the rise in fecal testosterone first occurred in March 

until a peak was reached at approximately the natural breeding season. Shortly thereafter, 

fecal testosterone concentrations fell to non-breeding season values. A subsequent rise 

was observed in the fall, corresponding with animal husbandry notes of the individual 

beginning to molt. The only exception was in 2003 where there was no distinguishable 

pattern. Testosterone concentrations were significantly higher in samples collected in the 

breeding season than non-breeding season for all years (2002, p  <0.001; 2004, p  = 0.018; 

2005, p  <0.001), with the exception of 2003 (p = 0.078). Similarly, serum testosterone 

from blood samples collected for 12 consecutive months during 2002 was significantly 

greater in the breeding season than non-breeding season (p = 0.004). Mean fecal 

testosterone concentrations ranged from 10.7 ± 2.0 ng/g dry weight to 103.8 ± 19.5 ng/g
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dry weight during the breeding season over the period of the study, while non-breeding 

values ranged from 2.7 ± 0.8 ng/g dry weight to 28.2 ± 5.3 ng/g dry weight (Table 2-1). 

No statistically significant interaction was found between year and season (p = 0.158), 

thus the effect of year did not depend on seasonal status.

Female influence on male fecal testosterone excretion. Changes in testosterone 

concentration occurred regardless of proximity to females. No significant changes in 

testosterone secretion were detected between isolation and contact periods (2005; p  = 

0.80, 2006; p  = 0.89, Figure 2.5).

DISCUSSION

The ability to collect samples from a known individual over a span of 4 years 

provided an excellent opportunity to test the feasibility of a non-invasive method to 

monitor testosterone excretion in an endangered species in the absence of a physiological 

challenge. Results of the present study suggest fecal testosterone can detect 

physiologically significant changes in testicular testosterone production. Throughout the 

study, testosterone measured in the feces exhibited similar temporal patterns that were 

relevant to the natural breeding cycle for the species. The significant increase in 

testosterone measured in 2004 and 2005, as compared to 2002 and 2003, suggest an 

effect of age on testosterone secretion. During these years, the study animal was 

approximately 10 years of age. This corresponds with the age males of this species are 

reported to reach full adulthood, capable of establishing and maintaining breeding 

territories (Pitcher and Calkins, 1981). Functional puberty is a characteristic of 

reproduction in pinnipeds and allows individuals sufficient time to gain experience and 

reach adequate size to maximize their reproductive success. Sub-Antarctic fur seals 

(Arctocephalus tropicalis) are also estimated to reach full adulthood at 10-11 years of 

age, based on the peak mean testis and prostate weights, as well as mean baculum length 

(Bester, 1990). The significant increase in fecal testosterone concentration at this age 

suggests the study period may have captured the end of delayed puberty and transition



into functional adulthood. Fecal androgen analysis may serve as a quantifiable guideline 

to distinguish between adult and pubertal males, as was found with Weddell seals using 

the more invasive methodology of blood sampling (Bartsh et al., 1992). For field 

applications, this translates to the ability of the collection at both breeding and haulout 

sites to correlate reproductive physiology and reproductive success or potential with 

minimal disturbance to the free-ranging population.

A seasonal cycle in fecal testosterone from the male Steller sea lion in the present 

study was observed in 2002 where testosterone began to increase several months prior to 

and peak before the onset of the natural breeding season, which would allow for 

sufficient maturation of the testis such that spermatogenesis would be at a maximum at 

the start of breeding. Similar profiles in serum testosterone have been found in other 

pinniped species including Weddell seals, sub-Antarctic fur seals, Southern elephant seals 

and hooded seals (Bartsh et al., 1992; Bester, 1990; Griffiths, 1984; Noonan et al., 1991).

The lack of significant seasonality observed in 2003 may represent a transitional year 

from delayed puberty to functional adulthood. By 2004, a more predictable pattern was 

again seen, although in significantly greater concentrations. The gonadostat hypothesis 

suggests young mammals go through similar seasonal cycles as adults, including active 

and inactive phases (Karsch and Foster, 1981). As the animal transitions through puberty, 

sensitivity to the negative feedback of the sex steroids on the secretion of gonadotropins 

decreases. The seasonal fluctuations from active to inactive phases in the reproductive 

axis mediated by altered sensitivity of the HPG axis has been suggested in pinnipeds 

(Boyd, 1991). The alternation of fertile and infertile periods experienced in a seasonal 

fashion is not novel information for a pinniped species; however, the ability to detect 

these biologically meaningful alterations with the use of a non-invasive methodology has 

tremendous potential to better assist the collection of endocrine data in the field.

Prior work (Harmon, 2001) suggests that female contact influences male salivary 

testosterone concentrations based on an observed increase in concentration during the 

fall. Our study found no significant change in fecal testosterone excretion in the presence
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or absence of females, for which there are several possible explanations. The 

measurement of testosterone in feces may lack the sensitivity to detect small changes in 

testosterone secretion within the context of the long-term endogenous rhythm. Our study 

examined the influence of females on male testosterone excretion. However, social 

conditions such as male-male interactions may have more of an effect on testosterone 

secretion as found with territorial males of other mammalian species (Bartsh et al., 1992; 

Buck and Barnes, 2003). An alternate explanation is fecal concentration of testosterone 

is controlled by other environmental stimuli. Changes in photoperiod have been 

suggested to serve as cues to entrain the high synchronicity of reproduction found in 

many pinniped species. Breeding of California sea lions and northern fur seals at 

different latitudes has been shown to respond to a photoperiod of 11.5-12.5 hours (Temte, 

1985; Temte and Temte, 1993), although it is not known whether the animals are 

responsive to daylength or the presence of light during photosensitive periods of the day. 

Daylength effects on mammalian reproduction are mediated by melatonin (Reiter, 1980). 

Although it has not been measured in Steller sea lions, seasonal variation of melatonin 

concentrations have been detected in several other pinniped species including southern 

elephant seals and northern fur seals, as well as diurnal fluctuations in harp seals, grey 

seals and hooded seals (Elden et al., 1971; Griffiths et al., 1979; Stokkan et al., 1995). 

Furthermore, rises in fecal testosterone observed in the fall during the present study 

corresponded with the annual molt of this individual. It is possible increased testosterone 

may be responsible for hair growth since copious amounts of hair are being shed and 

regenerated at this time.

Fecal steroid profiles can often appear “noisy” with high variation around a mean 

value when compared to serum profiles. The “noise” is, in part, due to the variable water 

content between fecal samples moving through the gastrointestinal tract before being 

excreted (Schwarzenberger et al., 1996). Another potential source of variability in fecal 

profiles can be the change in hormone concentration associated with sample storage 

conditions. In this study, lack of refrigeration and freezing storage did not significantly
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alter concentrations of fecal testosterone measured by RIA. The changes in fecal 

testosterone measured long-term reflect biologically meaningful alterations for the study 

animal and are not an artifact of sample storage conditions.

Results from the present study suggest fecal testosterone concentrations reflect an 

endogenous rhythm relevant to the reproductive biology of the species. The fact that 

testosterone can be reliably measured in feces has important implications for future 

studies. Fecal samples can be collected with ease and provide information on 

reproductive status. Data such as these can be combined with previously validated fecal 

glucocorticoid studies to better understand how physiological disruptions can alter 

normal reproductive processes for this endangered species. If monitoring of fecal 

testosterone is to be further applied to this species, it is recommended a hormonal 

challenge be conducted to complete the validation of this method and elucidate the 

relationship of circulating and excreted testosterone. As unique of opportunity captive 

animals provide in collecting samples from known individuals, the controlled 

environment of captivity and small sample sizes limit the implications to wild 

populations. Future research should also include samples from free-ranging males from 

multiple age classes and breeding status, in order to broaden the scope of capability this 

methodology can provide.
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Log Standard Concentration (ng/m l)

Figure 2.1. Fecal testosterone parallelism. Serially diluted male fecal extract pool (-o-, y  
= -30.01x + 48.46, r2 = 0.997) yielded a curve parallel to the standard curve (-•-, y  = 
-31.35x + 42.34, r2 = 0.997) when measuring testosterone (Student’s t test = -0.739, p  = 
0.475).
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Figure. 2.2. Fecal testosterone accuracy. Linear regression analysis of the amount of 
testosterone measured compared to the amount added, after subtraction of endogenous 
hormone, yielded a correlation coefficient of 0.98 and linear equation y  = 1.01x + 0.08.
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Figure. 2.3. Fecal testosterone HPLC. Elution profiles for immunoreactivity (-0 -) and 
radioactivity (-•-) in pooled fecal extract from a male Steller sea lion. [3H]-testosterone 
was added to the pooled extract prior to HPLC for reference. All units are expressed per 
1ml fraction.
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Sampling Month

Figure. 2.4. Longitudinal sampling of fecal testosterone. Monthly mean testosterone 
concentrations ± SEM measured in feces of an adult male Steller sea lion from 2002 to 
2005. No significant difference was detected in mean testosterone concentration between 
2002 and 2003 (p = 0.428), thus were combined.
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Figure 2.5. Female influence on male fecal testosterone. Mean fecal testosterone 
concentrations ± SEM in complete isolation from female Steller sea lions and in 
protected contact. In 2005, the experiment was conducted at the end of the natural 
breeding season and the 2006 experiment was performed at the peak of the breeding 
season. No statistically significant difference was found between the experimental 
periods in either year (2005; p  = 0.80, 2006; p  = 0.89).
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Table 2-1. Summary of fecal testosterone concentrations (ng/g; mean ± SEM) between 

breeding and non-breeding seasons from 2002 to 2005.

Seasonal Average

Breeding Non-Breeding

Year Mar 1 -  Aug 31 Sept 1 -  Feb 28 t value Significance

2002 10.7 ± 2.0 2.7 ± 0.8 4.221 p < 0.001

2003 6.6 ± 1.3 3.5 ± 0.9 1.775 p = 0.078

2004 33.0 ± 5.4 13.8 ± 2.0 2.339 p = 0.018

2005 103.8 ± 19.5 28.2 ± 5.3 3.882 p < 0.001
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GENERAL CONCLUSIONS

The use of captive animals allowed for fecal steroids to be examined for 

longitudinal fluctuations in testosterone, total estrogens and progesterone. Despite being 

maintained in an environment that lacks some natural cues, the fluctuations measured in 

the sex steroids provided biologically meaningful information relevant to the expected 

reproductive cyclicity of Steller sea lions. In addition, the results were consistent with 

previous reports of other pinniped species using more invasive methodologies. 

Testosterone measured in male fecal extracts and serum reflected an annual increase prior 

to the start of the natural breeding season. Non-invasive monitoring of progesterone 

yielded an expected hormonal profile for a species with delayed implantation and 

embryonic diapause incorporated in its life history strategy. The lack of a consistent 

pattern exhibited by fecal estrogens was not an uncommon finding for a reproductive 

study using either serum or fecal collection methods. The extended luteal cycle of Steller 

sea lions relative to the short duration of ovulation, may have attributed to the observed 

consistency of fecal progesterone profiles given the sample collection frequency of this 

study. Fecal collection is an appealing alternative to traditional methods of gathering 

endocrine data. The ease of sample collection provides an opportunity for a great 

quantity of samples to be collected in both captive and field settings. The stability of 

fecal sex steroids under various types of storage conditions, as demonstrated in this study, 

make this method an attractive option for field research.

In field research, the utility of fecal steroid analysis in monitoring reproductive 

hormones will enhance our ability to study reproductive endocrinology in both the 

threatened and endangered populations of Steller sea lions. Fecal steroid analysis can be 

used to provide an integrative approach to answering questions specific to the decline and 

failure to recover of Steller sea lions, such as reproductive information can be integrated 

with other fecal studies of Steller sea lions, including stress and its effect on typical 

endocrine profiles associated with reproduction. Overall reproductive health from 

various areas within the range can be compared to determine if areas failing to recover



are in poor reproductive condition. Studies such as the Chiswell Remote Video 

Monitoring Project at the Alaska SeaLife Center would greatly benefit from fecal steroid 

analysis. This project has been able to track individual females through their annual 

return to the Chiswell rookery and record birthing site fidelity. With minimal 

disturbance, fecal samples can be collected from the study rookery and haulout.

Combining data from this long-term project with fecal steroid analysis, the fecal 

measures of reproductive endocrine function can be associated with individual free- 

ranging females with a known reproductive history.

The ability of fecal steroid analysis to reflect the reproductive cycle of Steller sea 

lions has important implications for captive management, as well. Fecal samples can be 

collected with minimal effort and can provide important information on reproductive 

status for potential captive breeding programs or animal relocation. In addition to the 

ability to examine multiple steroid hormones in fecal material, fecal steroid analysis can 

be easily incorporated with a variety of other methodologies widening the scope of 

research projects. For example, the use of fecal steroid analysis would provide a 

powerful tool in fertility studies using technology such as ultrasonography. Integrating 

an endocrine profile associated with the ultrasonographic characterization of reproductive 

anatomy would enable researches to associate hormonal and anatomical changes related 

to fertilization, pregnancy and lactation.

Although the concentration of fecal steroids is an indirect measure of their 

circulating concentrations, an individual fecal sample is representative of a pooled plasma 

fraction and may provide a more integrative measure of hormonal status. However, to 

elucidate the relationship between circulating hormones and those measured in the feces, 

a hormone challenge is needed to determine the lag-time between steroid secretion in the 

blood and excretion in the feces. This would establish the latency between occurrence of 

the reproductive event and its detection in the feces, especially important for a species 

where the timing of birth and estrus are close in proximity. Furthermore, a hormone 

challenge would provide confirmation of the meaning of the values measured in feces to
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the circulating values they reflect. Future research should also include longitudinal 

monitoring of fecal steroids in pregnant Steller sea lions to examine the differences in 

hormones excreted in the feces between conceptive and non-conceptive cycles and to 

characterize endocrine profiles associated with pregnancy, parturition and lactation. The 

inclusion of pregnant animals will also assist in determining critical periods during 

reproduction when reproductive failure is most likely to occur. Research focused on the 

identification of these critical periods should include females of varying body size, 

nutritional states, contaminant levels and other stressors to address the existing 

hypotheses for the factors contributing to reduced reproductive success for this species.
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