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Abstract
Identification of biomarkers that reflect physiological status is fundamental for assessing 

population health, as well as providing more accurate estimates of life history parameters. Blue 

(Balaenoptera musculus) and gray (Eschrichtius robustus) whale populations feed on lower 

trophic levels and migrate between the eastern Tropical and the eastern North Pacific Ocean. With 

increasing disturbances (e.g., changing environment and human activities), understanding the 

stress response, resultant coping mechanisms, and the subsequent effects on reproduction, is of 

growing importance. While extensive knowledge is available on photo-identification and ecology 

of these two species, information on physiology is limited and what exists is outdated. This 

dissertation validated and measured a suite of steroid hormones in blubber tissue using an enzyme 

immunoassay technique to develop physiological biomarkers for reproduction and metabolism in 

these two species. Coupled with sighting history data, progesterone and testosterone were 

validated as biomarkers for reproductive physiology. In both species, progesterone concentrations 

were higher in pregnant females and mixture models were developed to estimate reproductive 

status for whales of unknown status. Testosterone showed greater variability in adult males and 

concentrations were higher in samples collected during fall, suggesting physiological preparation 

for mating. Additionally, progesterone concentrations in gray whales were higher in calves of both 

sexes, indicating maternal transfer through lactation, while in blue whales, testosterone was 

detectable only in males and in pregnant whales, suggesting its biosynthesis or metabolism is 

altered during gestation. Biomarkers for stress response were developed through analytical and 

biological validation of three corticosteroid hormones: cortisol, corticosterone and aldosterone. 

First, analytical validations (i.e., parallelism and accuracy tests) were used to determine 

detectability and measurement accuracy of these hormones using commercially available kits. 

Hormone concentrations were tested for any relationships with life history parameters (e.g., age 

and reproductive state) as well as with area and time of sampling within presumably “healthy” 

(biopsies) whales and “stressed” (stranded) whales. “Stressed” whales, especially those that 

perished due to trauma and/or nutritional stress, had higher concentrations of all three 

corticosteroid hormones than “healthy” whales, suggesting ongoing alteration of metabolic status 

due to a stress response. In female “healthy” whales, reproductive status appeared to be a major 

factor influencing corticosterone concentrations in blue whales and for cortisol in gray whales. 

Overall, cortisol was determined to be a valid marker for body conditions in both species. These 
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results set a milestone for assisting to better understand the impact of a changing environment on 

the physiology of these species and can be used to develop more accurate reproductive and survival 

rates to use in population dynamics models for management of subsistence resources and for 

conservation of endangered species.
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General introduction
Changes in the marine ecosystem can have immediate and substantial effects on the 

recruitment of commercially important species, like shellfish or fish species, as well as species 

upon which ecosystem health is dependent, such as phytoplankton and zooplankton. Some species 

of large marine vertebrates (e.g., large whales) are the ultimate recipient of a bottom-up driven 

system, and their high site fidelity, abundance, and coastal presence, position them to be excellent 

sentinels of change in the marine ecosystem. Shifts in population dynamics of large whales could 

be the result of a number of factors including climate perturbations, density-dependent influences, 

or changes in prey abundance and availability (Calambokidis et al., 2009; Demaster, 1984; Moore, 

2008).

Life history parameters (e.g., reproductive rates) of large whales are often estimated from 

population dynamics models that incorporate information about population structure and are fit to 

abundance estimates derived from mark-recapture, line-transect or other methods. These models 

can benefit from physiological studies that may provide accurate information on processes such as 

reproduction, causes of mortality, and metabolism. This dissertation focuses on establishing 

biomarkers for reproduction and metabolic status, as a proxy for body condition or general 

metabolic well-being, for two populations of large whales in the eastern North Pacific (ENP) 

Ocean, the blue (Balaenoptera musculus) and gray (Eschrichtius robustus) whale.

Both ENP blue and gray whale populations were severely depleted by commercial whaling, 

warranting protection and regulations to prevent extinction. These species are managed through 

the International Whaling Commission (IWC) and in the United States (US), under the Marine 

Mammal Protection Act (MMPA) of 1972 (16 U.S.C. §§1361-1383b, 1401-1406, 1411-1421h) 

and the Endangered Species Act (ESA) of 1973 (16 U.S.C. §§1531-1544). The IWC is an 

intergovernmental body responsible for conservation of whales and responsible management of 

whaling, it approves catch quotas for commercial and subsistence whaling and addresses issues 

(e.g., bycatch, entanglement, noise) that may affect whale populations. The MMPA was enacted 

to prevent marine mammal species and populations from declining beyond the point where they 

cease to be significant functioning elements of the ecosystems of which they are a part. The act 

prohibits the “take” of marine mammals in the US, defining take as the hunt, capture, kill or 

harassment of any marine mammals, and it regulates the import/export of marine mammals, marine 

mammal parts and products. In the US, National Oceanic and Atmospheric Administration 
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(NOAA)'s National Marine Fisheries Service (NMFS) has the responsibility for implementing the 

mandates of the MMPA and ESA for cetacean and pinnipeds, except walrus (Odobenus rosmarus). 

Both the IWC and NMFS frame their management strategies on scientific studies, particularly 

survey results and modelling of population estimates and growth. Updates on the status of whale 

stocks and recommendations regarding management are produced by the IWC Scientific 

Committee and NMFS.

The blue whale, as a species, has been listed as endangered on the International Union for 

Conservation of Nature (IUCN) Red List since 1965 (Reilly, 2008) and under the Endangered 

Species Conservation Act of 1969, then the ESA of 1973. Commercial whaling for this species 

has been prohibited since 1966 by the IWC. Abundance estimates have shown variability due to 

the method applied (line-transect, mark-recapture) (Carretta et al., 2020), with the most recent 

estimate of 1,496 whales based on line-transect surveys (Carretta et al., 2020). Mark-recapture 

estimates indicated that population size has remained relatively stable since the 1990s 

(Calambokidis and Barlow, 2004), supporting the hypothesis that the population has reached or is 

close to reaching its carrying capacity (Monnahan et al., 2015).

The ENP population of gray whales was removed from the U.S. endangered species list in 

1994 and abundance estimates indicated the population has reached carrying capacity at 20,000 - 

22,000 individuals (Swartz, 2018), and the most up-to-date estimate is approximately 27,000 

individuals (Durban et al., 2017). Nevertheless, numbers have fluctuated due to Unusual Mortality 

Events (UME) in 1999 - 2000 and may trend downward. Gray whales have been hunted for 

subsistence by the Chukotkan Inuit of the Russian far east and by the Makah Tribe of the Olympic 

Peninsula, in Washington (WA). The latter secured their rights to hunt with the Treaty of Neah 

Bay in 1855 and hunted gray whales until the 1920s when the Tribe ceased harvesting to allow the 

population to recover from commercial whaling. To date, the IWC has issued catch limits for 124 

gray whales per year to be shared between the US and Russia since 1998. However, to hunt gray 

whales in US waters, a waiver to the moratorium on takes under the MMPA is required. NMFS 

drafted the latest request for such a waiver in 2015 and in 2019 it announced a proposed waiver 

and hunting regulations; nonetheless, regulations have yet to be implemented1.

1 https://www.fisheries.noaa.gov/west-coast/makah-tribal-whale-hunt-chronology , accessed 10/17/2020
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Blue and gray whales from the ENP have been extensively studied over the past three 

decades. However, most post-whaling studies have focused on photo-identification and population 

abundance, habitat, migration and behavior (Calambokidis et al., 2019, 2009, 1990; Calambokidis 

and Barlow, 2013; Calambokidis and Perez, 2017; Lang et al., 2014; Pike, 1962). The bulk of 

research on reproduction of blue and gray whales was conducted during commercial whaling 

(Mackintosh and Wheeler, 1929; Rice and Wolman, 1971), and updated with a few studies in the 

past decade (Atkinson et al., 2019; Trumble et al., 2013; Valenzuela-Molina et al., 2018). For ENP 

blue whales, age of first parturition is calculated to occur between 9 and 10 years old, setting the 

age of sexual maturity between 8 and 9 years old (Atkinson et al., 2019; Sears et al., 2013; 

Valenzuela-Molina et al., 2018). Atkinson et al. (2019) calculated a pregnancy rate of 0.34 based 

on a calving interval estimate of about three years (Sears et al., 2013). For males, estimates of age 

of sexual maturity range between 5 and 10 years old (Lockyer, 1981), based on counts of laminae 

of ear plugs, which are deposited at consistent rates during a whale's lifetime (Trumble et al., 2013; 

Yochem and Leatherwood, 1985). Gray whales, both females and males, reach sexual maturity 

between 5 and 11 years, with an average of 8 years (Bradford et al., 2010; Rice and Wolman, 1971) 

and have on average a 2-year reproductive cycle (Jones, 1990), with a gestation period of 13 

months and calves weaned 6 - 7 months postpartum (Rice and Wolman, 1971). Comprehensive 

and updated knowledge on reproductive physiology is necessary to better understand interactions 

with other physiological processes such as the stress response, which could be related to density

dependent mechanisms as a population approaches its carrying capacity, or to anthropogenic 

effects.

Both species feed on lower trophic levels, therefore, are likely affected by changes in prey 

composition driven by climate or oceanographic perturbations. For instance, studies have shown 

that migration and abundance of these two species is affected by the Pacific Decadal Oscillation, 

El Nino-La Nina oscillations, and sea ice (Moore et al., 2007, 2003; Perryman et al., 2002; Urban 

et al., 2003). In addition, both populations are exposed to a variety of anthropogenic sources of 

disturbance along their migration route, including contaminants (Gulland et al., 2005; Krahn et al., 

2001; Metcalfe et al., 2004; Tilbury et al., 2002; Trumble et al., 2013), underwater noise 

(Goldbogen et al., 2013; Moore and Clarke, 2002), fishing operations and ship collisions (Baird et 

al., 2002; Berman-Kowalewski et al., 2010; Carretta et al., 2013; Douglas et al., 2008). These 

disturbances or stressors can be detrimental to an organism's health, particularly affecting their 
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reproductive capacity (Tilbrook et al., 2000; Wasser et al., 2017). Without benchmark or baseline 

data on reproductive and stress-related endocrine profiles, it is difficult to determine and monitor 

change over time.

There is a paucity of published research on physiological processes in large whales and 

specifically on endocrine profiles. Steroids are a class of compounds involved in both reproductive 

and metabolic processes. Specifically, testosterone and progesterone are secreted by the gonads 

and have been successfully used to describe marine mammals' reproductive cycles (Atkinson, 

1997; Atkinson and Yoshioka, 2007; Robeck et al., 2018). In males, testosterone stimulates 

spermatogenesis, is responsible for the onset of sexual maturity and is involved in development of 

both primary and secondary sexual characteristics (Atkinson and Yoshioka, 2007). In females, 

progesterone sustains mammalian gestation and therefore can often be used as a pregnancy 

indicator (Atkinson et al., 2017; Atkinson and Yoshioka, 2007). Cortisol and corticosterone are 

secreted by the adrenal glands and are involved in maintaining metabolic homeostasis, including 

the stress response, with their main function being stimulation of gluconeogenesis to sustain the 

energetic requirements (Atkinson et al., 2015; Peckett et al., 2011; Tanaka et al., 2017). 

Aldosterone is another adrenal hormone and is primarily regulated by the rennin-angiotensin 

system. It mainly acts to regulate electrolyte balance, water retention and blood pressure 

(Kubzansky and Adler, 2010). When secreted excessively or over a prolonged period of time, these 

hormones can have detrimental effects on skeletal muscle and on the reproductive and 

cardiovascular systems.

Steroid hormones have been measured in a variety of tissues in multiple wildlife species. 

When available, blood serum, and feces are the matrices of choice for investigating endocrine 

response to very recent events (minutes to hours) (Atkinson et al., 2015, 1999; Burgess et al., 2017; 

Champagne et al., 2017; Hunt et al., 2006; Keogh and Atkinson, 2015; Robeck et al., 2017; Rolland 

et al., 2019, 2012, 2005; Steinman et al., 2016; Valenzuela-Molina et al., 2018), whereas for life

long endocrine profiles, steroid hormones have been extracted and measured in earplug and baleen 

plates (Hunt et al., 2018, 2017, 2014; Trumble et al., 2018, 2013). All these matrices come with 

limitations: baleen and earplug can only be collected from deceased animals, blood serum can only 

be obtained from live stranding or marine mammals under human care, and feces collections are 

highly opportunistic or problematic to associate with an identified animal when multiple 

individuals are present in the area. An increased number of studies have focused on blubber, as 
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samples can be obtained with minimally invasive techniques and reflect close-to-recent 

physiological processes (Atkinson et al., 2019; Cates et al., 2020, 2019; Champagne et al., 2018; 

Kellar et al., 2015; Mingramm et al., 2020; Trana et al., 2015). Blubber is common to most marine 

mammals, and it consists of a vascularized layer of fat and connective tissue beneath the skin 

(Iverson and Koopman, 2019). Energy storage is the main function for this tissue; however, it also 

serves as a thermal insulator and aids buoyancy and hydrodynamics (Iverson and Koopman, 2019). 

Being a dynamic tissue, blubber changes in response to reproductive status, nutritional status, and 

age (Iverson and Koopman, 2019). Steroid hormones are synthesized from cholesterol and because 

of their lipophilic nature, blubber is a suitable tissue for endocrine analysis. Additionally, recent 

studies have shown that accumulation of steroids in this tissue occurs within hours from their 

secretion in blood (Champagne et al., 2018, 2017), suggesting that blubber can be used to describe 

recent physiological events.

Generally, steroid extraction from blubber tissue follows a stepwise protocol adapted from 

Mansour et al. (2002) and Kellar et al. (2006) that involves an initial manual maceration of the 

tissue in ethanol followed by the extraction using a series of solvent- supernatant transfers, with 

multiple organic solvents (ethanol, acetone, ether, acetonitrile and hexane). In this dissertation, 

hormone concentrations were measured using an enzyme immunoassay technique (EIA), with 

commercially purchased kits from Arbor Assay (Ann Arbor, Michigan (MI)). EIA techniques are 

based on competitive inhibition of antigen-antibody binding with a colorimetric measurement in 

the form of optical density of absorbance (Gan and Patel, 2013). The hormone to be measured is 

the “unknown antigen” that has to compete with a known antigen for binding sites on the antibody. 

An enzyme substrate is then added, and if binding occurs, the result is a color change. A 

spectrophotometric plate reader is used to measure sample absorbance and calculate 

concentrations, based on a standard curve developed from known concentrations of hormone. Prior 

to this step, each assay (progesterone, testosterone, cortisol, corticosterone and aldosterone) needs 

to be validated, for each species and for each sex. A pool of extracts was made from female and 

male, blue and gray whales, and tested for parallelism and accuracy, for each steroid hormone. For 

parallelism, a set of serial dilutions were tested for parallel displacement to the standard curve of 

each assay to determine whether the assay antibody can reliably bind to the hormone it is developed 

for; for the accuracy check, each pool was spiked with a known quantity of each of the standards 

and the recovered mass was graphed against the added mass and tested for linearity. The accuracy 
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test evaluates whether any other compounds in the extract are interfering with the antibody, testing 

how well the measured concentrations correspond to added concentrations of each hormone. Once 

satisfied with the validation process, hormone concentrations were measured for each sample. 

Samples were run in duplicates, and the raw data obtained in pg/ml were corrected for dilution 

factor and weight, and were expressed as ng/g of blubber tissue. As quality assurance, quality 

control (QA/QC), intra-assay and inter-assay variation were calculated as follows: the first was 

based on the coefficient of variation (CV) between each duplicate for each sample; the second on 

the CV of specific internal controls (ICs) analyzed in all assays for each hormone.

The overarching goal of this project was to provide baseline concentrations on reproductive 

and stress response endocrine profiles in populations of gray and blue whales from the ENP. In 

the first chapter, two reproductive hormones (progesterone and testosterone) were measured in 

blubber of blue whales collected from two migratory grounds. Similarly, Chapter 2 focuses on 

reproductive hormones in blubber biopsies from gray whales. Finally, in Chapter 3, analytical and 

biological validations were conducted for three corticosteroids as biomarkers for stress response 

in the two species.

In Chapter 1, progesterone and testosterone concentrations were validated and measured 

in blubber samples of blue whales collected from two known migratory grounds for this 

population, the Gulf of California and the United States West Coast (USWC). Collaborating 

organizations for this study were Cascadia Research Collective, Centro Interdisciplinario de 

Ciencias Marinas (CICIMAR) and NMFS Southwest Fisheries Science Center (SWFSC). 

Testosterone concentrations were elevated in males sampled off the USWC, suggesting 

physiological preparation for mating. The female dataset included individuals of known (pregnant, 

lactating and juvenile) and unknown reproductive states. Progesterone was confirmed as an 

indicator of pregnancy and concentrations of this hormone were analyzed using mixture models to 

develop a pregnancy threshold and assign a reproductive status to females of unknown status. 

Results from this chapter will support estimating pregnancy rates and the timing of the 

reproductive cycle for stock assessments and management-related decisions.

In the second chapter, progesterone and testosterone were validated and measured in 

blubber samples from live gray whales, collected along the USWC. This study was performed in 

collaboration with Cascadia Research Collective, the Makah Tribe, and NMFS SWFSC. 

Testosterone concentrations in males significantly increased with age and were highly variable in 
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adult animals. Further analysis indicated that the observed variability reflected significant seasonal 

differences with males sampled in the fall having higher concentrations than those sampled in 

summer. As for blue whales (Chapter 1), this indicates physiological preparation for mating. 

Progesterone was confirmed as an indicator of pregnancy, and it was also found to be elevated in 

calves of either sex, suggesting maternal offload through lactation. Results from this study provide 

insightful information on the reproductive physiology of this population and, particularly for 

females, are used to develop models to estimate pregnancy probability. Overall, this study can help 

federal and tribal entities to better manage this population, through a more comprehensive 

understanding of recruitment (e.g., how does recruitment vary with abundance).

In Chapter 3, analytical and biological validations were provided for three stress-related 

steroid hormones in both blue and gray whales. The sample pool for this chapter consisted of 

biopsies from presumably “healthy” whales and blubber from stranded “stressed” whales. For each 

species and sex, corticosterone, cortisol and aldosterone were analyzed for parallelism and 

accuracy (analytical validation) and for differences between healthy and stressed groups 

(biological validation). Pools of extracts from blue whales were used for the analytical validations 

for all three hormones, but due to the limited sample size of stranded blue whales (n= 3), analysis 

for the biological validation was not carried out. In contrast, gray whale blubber samples were 

validated analytically for all hormones and met the predictions of higher concentrations in stressed 

whales than in healthy ones, although differences were not statistically significant for aldosterone. 

The analysis further indicated cause of death to be a significant factor influencing hormone 

concentrations. In “healthy” females, reproductive status appeared to be a major explanatory factor 

for corticosterone concentrations in blue whales and for cortisol in gray whales. Specifically, 

lactating and pregnant (confirmed and presumed) blue whales had significantly higher 

corticosterone concentrations than immature whales; in gray whales, cortisol levels were 

significantly elevated in lactating compared to pregnant (confirmed and presumed) females. 

Results from this chapter demonstrated that corticosteroids can be used as an indicator of stress, 

and in particular, cortisol appears to be a biomarker for body condition. This study suggests that 

analysis of multiple hormones may provide a more comprehensive understanding of physiological 

processes involved in the stress response.

This dissertation presents benchmark information on two main physiological processes in 

two species of large whales. The biomarkers for reproduction and body condition can be used to 
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improve the estimation of life history parameters (e.g., reproductive and survival rates) in 

population models to determine the impact of removals or other anthropogenic effects. 

Specifically, progesterone profiles may help in estimating pregnancy (Atkinson et al., 2019), and 

birth rates (Pallin et al., 2018a), or can be used to assess reproductive failure (Pallin et al., 2018b; 

Valenzuela-Molina et al., 2018; Wasser et al., 2017). Corticosteroids can provide insights into 

temporal changes in body condition and nutritional status, that in turn may help in predicting the 

occurrence of future UMEs, or develop indices for survival and growth rates.
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Chapter 1: Blubber endocrine profiles provide insights on reproductive biology in blue
2

whales from the eastern North Pacific Ocean.

1.1 Abstract
The goal of this chapter was to investigate temporal and spatial profiles of sex steroid hormones 

(e.g., testosterone and progesterone) to better understand reproductive patterns in blue whales from 

the eastern North Pacific Ocean. While extensive work has been conducted using photo

identification and tagging to estimate population abundance and movements, studies on 

reproductive physiology for this population remain limited. Physiological parameters regarding 

reproduction are fundamental for describing population dynamics and defining growth. In this 

study, blubber tissue stored frozen or in dimethyl sulfoxide (DMSO) was validated for testosterone 

and progesterone assays and hormone concentrations were measured in 77 (39 males and 38 

females) blubber samples collected from two main locations for this population, the Gulf of 

California (GoC) and off the United States West Coast (USWC) during the months of January 

through November between 1996 and 2016. Results were combined with sighting histories as a 

tool to determine or confirm reproductive status of individual whales. Testosterone concentrations 

in male blue whales were significantly higher (p <0.05) in adult whales sampled off the USWC 

between the months of June and November compared to those sampled in the GoC between 

January and May. Elevated testosterone concentrations likely indicate physiological preparation 

for reproductive activity while the animals are present off the USWC. This study confirmed 

progesterone as an indicator of pregnancy in blue whales and developed a pregnancy threshold 

concentration applicable to adult females with unknown sighting histories. Testosterone in females 

was detected and measured only in pregnant females suggesting its biosynthesis or metabolism is 

altered during gestation. These results provide updated and new information on the reproductive 

cycle of blue whales in the eastern North Pacific, posing new milestones to better estimate the 

timing of the mating season for this endangered population.

2 A modified version of this chapter has been submitted to General and Comparative Endocrinology.
Melica V, Atkinson S, Gendron D, Calambokidis J and Mueter FJ. Blubber endocrine profiles provide insights on 
reproductive biology in blue whales from the eastern North Pacific Ocean. General and Comparative Endocrinology 
(In review)
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1.2 Introduction
Blue whales (Balaenoptera musculus) occur worldwide and are separated into unique 

populations by ocean basins (Jefferson et al., 2015). In the northern hemisphere a single subspecies 

of blue whale, B. m. musculus, has been classified (Rice, 1998), with two acoustically identified 

populations in the North Pacific Ocean, the eastern and the western North Pacific populations 

(Stafford, 2003). Both populations were severely depleted by commercial whaling, and the species 

is currently listed as endangered under the US Endangered Species Act (ESA) of 1973. The eastern 

North Pacific (ENP) population is considered to be the most recovered of all blue whale 

populations (Rankin et al., 2006; Thomas et al., 2015) and the most studied; however despite the 

long term study efforts, the taxonomy is still uncertain, with recent identification of two different 

morphotypes (Gilpatrick and Perryman, 2008; Ortega-Ortiz et al., 2018). Abundance estimates and 

migration patterns for the ENP blue whales have been investigated since the 1980s using photo

identification (Calambokidis et al., 1990; Gendron and Ugalde de la Cruz, 2012). Currently, the 

population is estimated to consist of about 2,000 individuals (Calambokidis and Barlow, 2013; 

Carretta et al., 2020) within a habitat range that extends as far south as the Costa Rica Thermal 

Dome and as far north as the Gulf of Alaska (Calambokidis et al., 2009; Mate et al., 1999; Reilly 

and Thayer, 1990). During the summer months, large aggregations of blue whales have been 

sighted feeding off the US West Coast (USWC). However, recent data show an increasing 

occurrence of blue whales off British Columbia and in the Gulf of Alaska, suggesting a potential 

northward shift in feeding habitat (Calambokidis et al., 2009). Less known are the reproductive 

grounds, where the Gulf of California (GoC) is the only studied reproductive area for this 

population, with about 300 whales annually present between January and April (Gendron, 2002). 

Confirmation that these whales are part of the ENP population came from photo-identification 

(photo-ID) matches (Calambokidis et al., 1990), satellite tags (Bailey et al., 2009), genetics (Costa- 

Urrutia et al., 2013), acoustics (Paniagua-Mendoza et al., 2017; Stafford et al., 2001) and stable 

isotope analyses (Busquets-Vass et al., 2017).

To better understand population dynamics, biomarkers that describe key physiological 

processes like reproduction can be useful in determining demographic parameters such as sexual 

maturity, pregnancy and parturition rates, and calving intervals. There are relatively few studies 

on reproductive physiology for ENP blue whales, with three published papers in the past decade 

(Atkinson et al., 2019; Trumble et al., 2013; Valenzuela-Molina et al., 2018), updating studies on 
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reproductive parameters conducted during commercial whaling. Age of first parturition is 

estimated between 9 and 10 years old, setting the age of sexual maturity between 8 and 9 years old 

(Atkinson et al., 2019; Sears et al., 2013; Valenzuela-Molina et al., 2018). This estimate is in line 

with former studies on this population (Rice, 1963) and other subspecies, such as Antarctic blue 

whales (B. m. brevicauda) (Ichihara, 1966; Ohsumi, 1979). Atkinson et al. (2019) calculated a 

pregnancy rate of 0.34 considering a calving interval estimate of about three years (Sears et al., 

2013). However, results from the study from Atkinson et al. (2019) are based exclusively on 

animals from the GoC, and therefore might not be reflective of the overall population. For males, 

population-specific reproductive parameters have not yet been defined. In Antarctic blue whales, 

estimates of the age of sexual maturity for males range between 5 and 10 years old (Lockyer, 

1981), based on counts of laminae of ear plugs (Yochem and Leatherwood, 1985). These estimates 

were supported by Trumble et al. (2013) who observed a peak in testosterone concentration, an 

indicator of sexual maturity, in the ear plug of one ENP blue whale when the animal was about 10 

years.

Hormones are effective tools for understanding reproductive physiology in wildlife, as they 

are structurally conserved among taxa and can be measured with commercially available and 

relatively inexpensive immunoassay kits. Sex steroids are a class of hormones synthesized from 

cholesterol, mainly in the gonads and includes compounds such as testosterone and progesterone. 

Because of their lipophilic nature, progesterone and testosterone can be detected and have been 

increasingly measured in blubber tissues of cetaceans (e.g., Carone et al., 2019; Kellar et al., 2006; 

Mansour et al., 2002). Furthermore, recent studies on bottlenose dolphins (Tursiops truncatus) 

have shown that hormones are detectable in blubber within hours of their secretion into the blood 

(Champagne et al., 2018, 2017).

Testosterone is the main androgen in mammals, it is secreted by the testes and the adrenal 

glands and stimulates spermatogenesis. Its action also affects behavior, development of both 

primary and secondary sexual characteristics, and onset of sexual maturity (Atkinson and 

Yoshioka, 2007). In some mammals, testosterone and androgen concentrations regulate aggressive 

behavior, territoriality and social ranking in both males and females (Beehner et al., 2006; 

Bouissou, 1983; Bryan et al., 2014, 2013; Negro et al., 2010). In seasonal breeders, testosterone is 

conventionally thought to show a cyclic trend, peaking before mating, then dropping after breeding 

has occurred (Schroeder and Keller, 1989). Annual cyclicity in testosterone concentrations have 
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been observed in baleen plates of bowhead (Balaena mysticetus), right (Eubalaena glacialis) and 

possibly blue whales, although the sample size was limited (Hunt et al., 2018). In male humpback 

whales (Megaptera novaeangliae), testosterone showed seasonal trends with higher concentrations 

in blubber during the winter months, while they were in their wintering grounds in Hawaii (Cates 

et al., 2019). However, Vu et al. (2015) also found unexpectedly high testosterone during fall, 

which is considered a shoulder season between the winter breeding and summer feeding times for 

humpback whales, suggesting physiological preparation for reproduction. Similar testosterone 

trends were observed in blubber of male fin whales (Balaenoptera physalus) (Carone et al., 2019). 

In females of some mammal species, androgens (including testosterone) appear to be an indicator 

of parturition, with increased concentrations observed in serum of killer whales (Orcinus orca) 

(Robeck et al., 2017), bottlenose dolphins (Steinman et al., 2016) and in blubber of humpback 

whales (Dalle Luche et al., 2020) in the late stages of gestation. To date, no research on profiles of 

blubber testosterone in blue whales has been published.

Progesterone is secreted by corpora lutea in the ovaries during the estrous cycle, and is the 

predominant hormone responsible for sustaining pregnancy (Atkinson et al., 2017; Atkinson and 

Yoshioka, 2007). For example, progesterone in blubber has been applied as a biomarker for 

pregnancy in minke whales (Balaenoptera acurostrata) (Mansour et al., 2002), bowhead whales 

(Kellar et al., 2014), humpback whales (Clark et al., 2016; Pallin et al., 2018), fin whales (Carone 

et al., 2019) and blue whales (Atkinson et al., 2019).

The present study validated and measured testosterone and progesterone in blubber of blue 

whales from two geographic areas during different seasons. To date, only one published study has 

measured hormones in blubber of blue whales from the North Pacific, specifically progesterone 

and cortisol (Atkinson et al., 2019). That study validated progesterone as a biomarker for 

pregnancy and established preliminary baseline concentrations for cortisol in ENP blue whales. 

Nonetheless, the individuals used were all sampled in the GoC, limiting the conclusion to a specific 

migration stage of the ENP population. The present study complements those data by including 

individuals from the same population, but sampled in multiple seasons, thereby evaluating effects 

of seasonality on testosterone and progesterone profiles.

In the present study, enzyme immunoassay (EIA) techniques were used to measure 

testosterone and progesterone in blubber of 77 individual blue whales (39 males and 38 females), 

sampled over two decades from two ecologically important grounds for this population, the 
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feeding grounds along the USWC and reproductive grounds in the GoC. The great majority of 

samples were stored frozen at -80°C, but a small number (n=8) were stored in dimethyl sulfoxide 

(DMSO) at -20°C. These samples were collected between 1996 and 2003 and were originally 

intended and used for genetic analysis. A pilot experiment was conducted to determine the 

feasibility of this storage method for endocrine analysis. DMSO is an organosulfur compound, a 

polar aprotic solvent able to dissolve both polar and nonpolar compounds. DMSO has been used 

for storage purposes because of its cryoprotective property (Szmant, 1975). Furthermore, DMSO 

is used as a topical penetration enhancer for medications because it can easily penetrate tissues and 

membranes, increasing percutaneous penetration of lipophilic and hydrophilic compounds (Jacob 

and Wood, 1967; Marren, 2011). Salt saturated (20%) DMSO solution is one of the most common 

methods for preservation of tissue for genetic analysis (Amos, 1997; Michaud and Foran, 2011; 

Robertson et al., 2013). Suitability of blubber samples stored in 20% DMSO for endocrine analysis 

was demonstrated in minke whales, showing progesterone concentrations to be comparable to 

those measured in frozen blubber (Sheridan, 2004). In the present study a similar experiment was 

carried out to compare values of progesterone in blubber from the same individual that were stored 

in DMSO and frozen. The specific research questions were:

- Does testosterone vary across age classes, and between the two areas of sampling (GoC 

and USWC)?

- Do progesterone concentrations in sexually mature non-lactating whales have a temporal 

trend and differ between the two areas of sampling (GoC and USWC)?

- Can testosterone be detected and measured in blubber of female blue whales? If so, is there 

any relationship between testosterone and reproductive state?

- Is blubber stored in DMSO suitable for endocrine analysis?

Elevated concentrations of progesterone and testosterone are expected in pregnant females, 

i.e. females sighted with a calf the year after the sample was collected, and testosterone 

concentrations are predicted to vary between seasons and age in males. Storage medium (DMSO 

vs. FROZEN) is not expected to significantly affect hormone concentrations.
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1.3 Methods

1.3.1 Sample collection and sighting history

Blubber samples (n= 38 females and n= 39 males) were collected both from live and dead 

blue whales. Specifically, 51 blubber biopsies were collected using biopsy darts and crossbow in 

the GoC by Centro Interdisciplinario de Ciencias Marinas (CICIMAR) between 2002 and 2016, 

frozen at sea and then stored in liquid nitrogen per previously described protocols (Costa-Urrutia 

et al., 2013). Another group of 23 biopsies was collected by the Cascadia Research Collective 

(CRC) using biopsy darts and crossbow between 1996 and 2013, frozen in liquid nitrogen at sea 

and then stored at NMFS Southwest Fisheries Science Center's (SWFSC) Marine Mammal and 

Sea Turtle Research Collection at -80°C (n= 15), and in salt-saturated DMSO at -20°C (n= 8) 

(Table S1.1). Additionally, blubber samples from three dead whales (1 female, 2 males) were 

obtained from SWFSC and Oregon State University. Based on the NOAA Marine Mammal Health 

and Stranding Response Program (MMHSRP) reports (Level A), one male (HMSC15-11-01-Bm) 

was found stranded in Ophir, Oregon on November 3, 2015 and classified in advanced 

decomposition; the second male (LACMNH-DSJ2231) was reported floating in Long Beach 

Harbor, California (CA), on September 11, 2007, in severe decomposition (Berman-Kowalewski 

et al., 2010); the carcass of the female whale (TMMC-C-337-F) was found in an advanced state of 

the decomposition, in the San Mateo county, CA and examined on October 2, 2010 by the Marine 

Mammal Center.

Samples were first categorized in two groups based on their area of collection: the USWC, 

with samples collected by CRC and the MMHSRP (Latitude 32.59°N and 42.54°N; Longitude 

124.62°W and 117.40°W; Fig. 1.1A) and the GoC, including all samples collected by CICIMAR 

(Latitude 24.33°N and 30.84°N; Longitude 114.09°W and 109.51°W; Fig. 1.1B). All samples from 

the GoC were collected between January and April, and those from the USWC were all collected 

between June and November and since there was no temporal overlap in sampling, the area of 

collection also reflected seasonality. However, to identify possible seasonal trends within each 

area, seasons were determined as bins of 2 - 3 months: winter (Jan - Feb), spring (Mar - Apr), 

summer (Jun - Aug) and fall (Sept - Nov). Sighting history information including sex, year of 

birth or first sighting, and reproductive status (i.e., presence of calves) were obtained from CRC 

and CICIMAR blue whale catalogues (Calambokidis et al., 1990; Gendron and Ugalde de la Cruz, 

2012) as well as from stranding reports.
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The comprehensive male dataset consisted of 39 total individual whales, from biopsies 

collected in the GoC (n=27) and the USWC (n=10), and from stranded individuals (n=2) (Table 

1.1). One individual was sampled twice five years apart. In order to ensure statistical independence, 

only the first biopsy was included in the analysis. Minimum age was estimated for 33 males based 

on length of sighting history (LSH), while four were of known age (i.e., with known year of birth), 

since they were photographed as calves. The youngest animal was sighted as a calf (<1-year-old), 

while the oldest was at least 27 years old. Age classes were defined as such: calf/juvenile (n= 3) 

males with known age of less than 8 years (Lockyer, 1981); adults (n= 22) males with known age 

or with LSH of at least 8 years; unknown (n= 14) individuals males that could not be classified as 

adult or calf/juvenile (Table 1.1). For the two stranded male blue whales, the age class was 

assigned based on body length. Length at sexual maturity for blue whale is reported at 22.6 - 23.8 

m (Ichihara, 1966; Mackintosh and Wheeler, 1929; Yochem and Leatherwood, 1985). 

Specifically, HMSC15-11-01-Bm was 21.3 m long and thus categorized as calf/juvenile (Level A 

Stranding Report), and LACM-DSJ-2231 was reported to be 24.0 m long in and thus categorized 

in the adult group (Berman-Kowalewski et al., 2010).

The female dataset was based on LSH, or known age into the following categories: 

calf/juvenile (n= 6) females seen as calf or of known age less than 8 years old (Valenzuela-Molina 

et al., 2018); adult (n= 32) females with LSH or known age of at least 8 years or females seen with 

a calf prior to, at the time of, or in the year after sampling. Adult females were further divided into 

reproductive groups: pregnant (n= 5) if seen accompanied by a calf the year after sampling; 

lactating (n= 9) if seen with a calf at the time of sampling; unknown (n= 18) if not seen 

accompanied by a calf in the year of or the year after sampling, or not sighted the year after 

sampling. Based on age of sexual maturity and calving rate (Atkinson et al., 2019; Sears et al., 

2013; Valenzuela-Molina et al., 2018), females in the calf/juvenile and lactating groups were 

considered non-pregnant. The pregnant group included TMMC-C-337-F, that was found stranded 

with an aborted fetus, and estimated to be at 8-month gestational stage. Reproductive states were 

assigned to 38 samples from female whales (Table 1.2), of which 24 were sampled in the GoC and 

14 off the USWC. For females that were sampled multiple times (n= 5), only the first collected 

sample was included in the analysis, with the exception of one whale, for which the sample stored 

frozen was used over the one preserved in DMSO.
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1.3.2 Steroid hormones extraction and measurement

Blubber samples ranged in weight between 0.02 and 0.30 g (mean ± standard deviation= 

0.11 ± 0.04 g) and were extracted following the methodology described in Atkinson et al. (2019). 

Briefly, samples were manually macerated with a Teflon tip homogenizer in 1 ml ethanol, then 

extracted in 2 ml of 4:1 ethanol-acetone, 1 ml ether and 2 ml acetonitrile-hexane combination. A 

final extraction volume of 1 ml was dried under forced air, sealed and stored frozen. Before 

hormone analysis, extracts were reconstituted in methanol, and then aliquoted for the appropriate 

dilution.

Progesterone and testosterone assays were validated for female and male blue whales using 

EIA (Arbor Assay Kit # K025 and K032, Ann Arbor, MI). The validation consisted of testing for 

parallelism and accuracy a pool of sample extracts, 20 females and 6 males for progesterone and 

testosterone. For validating testosterone in females, two pools were created, one for pregnant and 

one for non-pregnant females. Parallelism was used to test if the assay antibody can reliably bind 

to the hormone it is developed for and to determine dilution at 50% binding; accuracy was used to 

evaluate how well the measured concentrations corresponded to added concentrations of each 

hormone, thus excluding interference from other compounds in the extracts. Each pool was serially 

diluted (1:1, 1:2, 1:4, 1:8, 1:16, 1:32) and tested for parallelism with each hormone's standard 

curve. For assessing parallelism, the difference in slope was assessed statistically using a t-test and 

lack of significance was considered evidence of parallelism. For assessing assay accuracy, the 

assay standards were spiked with an equal volume of sample pool. The measured mass was then 

plotted against the added standard mass and tested for linearity. For testosterone, the dilutions 

disposing at 50% was measured at 1:1 for both males and females, while for progesterone assay, 

50% binding were 1:10 and 1:4 for females and males respectively. Samples for progesterone were 

run at 1:10 dilution, while samples for testosterone were run at 1:1 or concentrated and assayed at 

2:1. Raw data obtained in pg/ml were corrected for dilution factor, extracted blubber mass, and 

expressed as ng/g. Each assay was run with standard curve concentrations ranging from 50 pg/ml 

to 3,200 pg/ml for progesterone and from 40.96 pg/ml to 10,000 pg/ml for testosterone. All 

samples, standards, and zero-standards were assayed in duplicate.

For progesterone assays, the intra-assay coefficient of variation (CV) was <10%, any 

sample with a CV >10% was re-diluted accordingly and re-assayed. To determine inter-assay 

variation, the average of two internal controls was calculated for each of five progesterone assays.
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CVs for the two internal controls were 8.7% and 10.1%, respectively. For testosterone, inter-assay 

variation was based on three assays, and the CVs for three internal controls were 4.7%, 8.2% and 

7.5%.

The limit of detection (LOD) is the lowest concentration of statistical significance, 

calculated as the difference between the zero standard and the lowest non- zero standard, and then 

the value was interpolated from the standard curve. For progesterone assays the LOD was 25 

pg/ml, whereas for testosterone 5.53 pg/ml. If samples with concentrations below LOD had at least 

250 μl extract volume remaining, they were concentrated and reassayed. If the extracts volume 

was insufficient, values below LOD were substituted with a proxy value corresponding to the 

LOD∕√2 (Croghan and Egeghy, 2003). This was applied to 5 out of 38 values for progesterone and 

9 out of 39 values for testosterone, these quantities being less than 25% of the total sample size for 

each dataset, according to Croghan and Egeghy (2003).

A pilot study and separate validations were carried out for assessing suitability of samples 

stored in DMSO for endocrine analysis and reported as supplemental information (Supplemental 

information 1.10).

1.3.3 Statistical analysis

All statistical and graphical analyses were conducted using the software R v. 3.5.2 (R Core 

Team, 2020). Testosterone concentrations were graphed over day of the year (Fig. 1.2). The effects 

of season and area were difficult to separate because all animals were sampled in the GoC in the 

winter and spring (February to April) and off California in the summer and fall (June to 

November). No samples used in this study were collected in the months of January, May or 

December. Therefore, samples from the two locations were tested separately using generalized 

linear models (GLM), with testosterone concentrations as a response to categorical factors: age 

class (adult, calf/juvenile or unknown), season (winter, spring, summer or fall) and sample type 

(stranded, biopsy frozen, or biopsy in DMSO) (Table 1.1) in all possible combinations, using the 

dredge function (Barton, 2019) for automated model selection. The most parsimonious model was 

identified based on the lowest Akaike's Information Criterion with correction for small sample 

size (AICc). The difference in concentrations between the two migratory grounds was tested only 

in adult animals. All analyses were also performed excluding samples stored in DMSO (n= 8).
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Progesterone concentrations from females and males of known reproductive state were first 

transformed on a natural-logarithmic scale and then compared across reproductive states, using an 

ANOVA test followed by a post-hoc Tukey test. A GML was then applied to only females of 

known reproductive status to determine which other factors affect progesterone concentrations 

(e.g., reproductive status, area, season, and sample type). The lowest AICc was used to identify 

the most parsimonious model. To define pregnancy status of females in the unknown group, a 

pregnancy threshold in progesterone concentrations was determined, using a similar approach 

applied by Carone et al. (2019) for fin whales. Exploratory analysis showed natural log- 

transformed progesterone from all females to have a bimodal distribution, potentially reflecting 

two clusters of non-pregnant and pregnant animals. Two normal distributions were fitted to the 

data using the Expectation-Maximization (EM) algorithm in the R package “mixtools” (Benaglia 

et al., 2009). The EM algorithm is an iterative method used to find maximum likelihood of the 

parameters in a statistical model, adding latent variables to the observed data, assumed to be 

incomplete (Benaglia et al., 2009). To understand regional trends, progesterone concentrations in 

adult non-lactating females were tested using a t-test for differences between the two sampling 

areas.

The testosterone assay was validated only for pregnant females, and concentrations were 

further measured in females (n= 7) confirmed or presumed pregnant based on the progesterone 

threshold defined above. Because this small dataset did not meet conditions to use a parametric 

statistical test, a Wilcoxon Ranked Sum Test (Wilcoxon, 1945) was used to compare testosterone 

concentrations between areas of sampling.

1.4 Results

1.4.1 Validation

The testosterone assay validated in males and pregnant females, with serial dilutions of 

pooled samples exhibiting parallel displacement to the standard curve (p= 0.1 and p= 0.9) and the 

spiked standards showing linear relationships with the standards (y= 0.8x - 25.9; R2= 0.99 and y= 

0.8 + 116.5; R2= 0.98, respectively). Lack of parallel displacement of the serial dilutions of the 

pool of non-pregnant whales in the testosterone assay indicated that the concentrations of this 

hormone were not high enough to be detected by the assay. The progesterone assay validated for 

both females and males, with serial dilutions of pooled samples displacing parallel to the standard 
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curve (p= 0.7 and p= 0.2 respectively) and the spiked standards showing linear relationships with 

the standards (y= 0.9x - 62.8; R2= 0.99 and y= 0.9x - 32.4; R2= 0.99, respectively).

1.4.2 Males
Testosterone concentrations ranged between 0.02 and 2.96 ng/g, with the highest 

concentration measured in a stranded adult male. Because of the confounding effect of sampling 

area and season (Fig. 1.2), samples from USWC and GoC were analyzed as separate subsets using 

linear models and the AICc. For the GoC subset, the most parsimonious model identified was the 

intercept-only model (AICc= -34.2, Weight= 0.63), the second best included season (AICc= -31.8, 

Weight= 0.19), and the third age class (AICc= -31.4, Weight= 0.15). However, season nor age class 

were significant factors (p= 0.7 and p= 0.1 respectively). For the USWC, the intercept-only model 

had lowest AICc with strong support for being the best model (AICc= 39.9, Weight= 0.8). The 

second best model included season (AICc= 43.5, Weight= 0.1), but this factor was not significant 

(p= 0.8).

To further evaluate spatial differences between the GoC and USWC, as well as seasonal 

trends in testosterone, only biopsy samples of adult animals were tested, and testosterone 

concentrations were transformed on a natural-log scale for analysis. The mean testosterone for 

animals sampled in the USWC was significantly higher (t = -7.0, df = 16.8, p <0.001) than those 

for whales from the GoC (Fig. 1.3). When samples stored in DMSO were excluded and the analysis 

repeated, this difference remained significant (t= -5.2, df= 6.9, p <0.01).

Progesterone concentrations were measured in eight males (calf/juvenile (n= 3) and adult 

(n= 5)), and ranged between 1.05 and 4.60 ng/g. Differences in hormone concentrations were 

significant between males of either age class and pregnant females (p <0.001) but not between 

males and non-pregnant females, and between male calf/juveniles and adults (p >0.05) (Fig. S1.3).

1.4.3 Females

Progesterone concentrations ranged between 0.2 and 184.5 ng/g biopsy stored frozen and 

between 6.6 and 34.9 ng/g in biopsy stored in DMSO. Whales in the pregnant group (i.e., sighted 

with calf the year after sampling or found with fetus at the time of stranding, n= 5) had a mean 

(range) progesterone concentration of 70.2 (25.2 - 111.8) ng/g whales in the lactating group (i.e., 

sighted with a calf at the time of sampling; n= 9) a mean (range) of 3.0 (1.2 - 6.6) ng/g and whales 
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in the calf/juvenile group (i.e., less than 8 years old, n= 6) a mean (range) 1.9 (0.2 - 4.4) ng/g 

(Table 1.2). Log-transformed progesterone concentrations were significantly different among 

reproductive states (ANOVA F= 27.9, df= 4, p <0.001) in whales of known status. Based on a 

post-hoc Tukey HSD test, pregnant whales had significantly higher progesterone concentrations 

than lactating (p <0.001), and calf/juvenile (p <0.001) whales. No significant difference was found 

between lactating and calf/juvenile whales (p= 0.4). These results did not change when DMSO 

stored samples were excluded (ANOVA F= 29.3, df= 21, p<0.001). Reproductive status was the 

most significant factor based on the GLM (AICc= 52.2, Weight =0.6).

To assign reproductive status to whales in the category unknown, the EM algorithm 

returned two normal distributions fitting the above hypothesized clusters (Fig. 1.4). The first 

represented the cluster of animals with lower progesterone (mean (95% CI): 2.5 (0.4 - 15.7) ng/g), 

while the second represented the cluster with higher progesterone (mean (95% CI): 48.3 (12.4 - 

191.7) ng/g). The fitted curves showed a 3.6% overlap. Based on the probability of cluster 

membership, a pregnancy threshold of 14.3 ng/g progesterone was determined and applied to the 

group of unknown to assign each animal a most probable pregnancy status. The unknown group 

was therefore divided in two subgroups: presumed pregnant (pres p) (n= 10), which included all 

whales with a progesterone concentration higher than 14.3 ng/g and presumed non-pregnant (pres 

np) (n= 8), which included all whales with progesterone below the threshold (Fig. 1.5). As 

additional support to this pregnancy threshold, none of the five whales from the pregnant group 

showed concentrations below threshold, as well as none of the confirmed non-pregnant (lactating 

and calf/juvenile groups) had progesterone concentrations above the threshold (Fig. 1.4).

Out of the ten whales in the pres p group, seven (CRC ID # 39, 1575, 581 and 636, and 

CICIMAR ID # 23, 379 and 536) were not sighted the following year, therefore confirmation of 

successful pregnancy was not possible based on a subsequent calf sighting. The remaining three 

(CICIMAR ID # 65, 141 and 282) were sighted the following year, but not accompanied by a calf. 

One of them (CICIMAR ID # 141) had the lowest concentration of progesterone for the pres p 

group (15.5 ng/g). Among the eight whales in the pres np group, four were not sighted the year 

after sampling and four were sighted the year after sampling without calves. One of the resighted 

(CRC ID # 544) had the highest concentration of progesterone for the pres np group (11.3 ng/g) 

and was observed in the year after sampling in an aggregation of 10 individuals including one calf, 
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however, no whale was confirmed as the mother. When excluding samples in DMSO (n= 4), the 

pregnancy threshold was 22.4 ng/g.

Regional and seasonal differences of log-transformed progesterone were evaluated in adult 

non-lactating females, including whales from the pregnant, pres p and pres np groups. No statistical 

difference was found between areas (t = -0.02, df = 19.2, p= 0.9) and season (ANOVA F= 1.3, df= 

3, p= 0.3). The difference between areas was further tested for pres np group, and it was also not 

significant (t = -0.7, df = 3.6, p= 0.5).

Concentrations of testosterone were measured in two out of five pregnant whales and in 

five out of eight whales in the pres p group, with a mean (range) of 1.2 (0.1 - 5.4) ng/g. Of these 

7 samples, two were animals sampled off the USWC, with one being the stranded animal found 

with the expelled fetus in October and the other being CRC # 636 sampled in June and categorized 

as PRES P. Of the five sampled in the GoC, one belonged to the pregnant group and was sampled 

in February, the remaining four classified as pres p, were sampled in March. The mean (range) 

testosterone by area was 0.5 (0.1 - 1.1) ng/g and 2.8 (0.3 - 5.4) ng/g for the GoC and USWC, 

respectively and was not statistically significant (W= 2, p= 0.4).

1.5 Discussion
The goal of the present study was to describe trends in reproductive hormone profiles in 

male and female blue whales, sampled across habitats and seasons in the eastern North Pacific 

Ocean. Results on progesterone and testosterone concentrations provide new and unique 

information on the reproductive cycle of the species. Testosterone in males suggests 

spermatogenesis is occurring and the onset of breeding may start in late summer/ early fall, when 

the animals are still off the USWC. Progesterone values in females can be used to develop a 

pregnancy threshold and aid in definition of reproductive parameters.

This study is the most recent to address the suitability of samples stored in DMSO for 

hormone analysis. While these results provide encouraging preliminary evidence, caution and a 

thorough validation are advised before using DMSO-stored tissue in any hormone assay. To 

further ensure that the use of DMSO stored samples was not affecting the overall conclusions 

reported for the reproductive biology of this species, all statistical analyses were also performed 

excluding DMSO samples and the results did not differ. However, when DMSO stored samples
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were excluded the calculated progesterone pregnancy threshold was higher, potentially due to a 

tighter range of the cluster of high progesterone whales.

1.5.1 Males

Elevated testosterone concentrations in the blubber of adult male blue whales sampled 

between June and November (Fig. 1.3) were unexpected, since the GoC is considered part of their 

reproductive grounds (Costa-Urrutia et al., 2013; Gendron, 2002; Valenzuela-Molina et al., 2018). 

Nevertheless, few courtship events have been observed (Gendron, 2002), likely due to the short 

time duration of this behavior (Gendron data unpublished).

Testosterone is the main androgen in mammals, and it is secreted by the Leydig cells in the 

testes. This hormone triggers spermatogenesis as well as development of primary and secondary 

sexual characters (e.g., muscle mass) and can be used as indicator of the onset of sexual maturity 

(Atkinson and Yoshioka, 2007; Sharpe et al., 1992). In the present study, elevated testosterone 

concentrations were measured in animals sampled between June and November, while on their 

feeding grounds, suggesting the males were physiologically preparing for the upcoming breeding 

season. In parallel, the low testosterone concentrations in animals sampled in the GoC suggests 

that mating has likely occurred by late winter/early spring. These conclusions are in agreement 

with data from whaling in the Southern Ocean, where spermatozoa proliferation was observed to 

increase in blue whale testes between the months of April and May and pairing from presumed 

mating was estimated to occur between June and August, the southern winter (Mackintosh and 

Wheeler, 1929). Physiological preparation for mating based on testosterone concentrations has 

also been documented for North Atlantic fin whales and humpback whales (Kjeld et al., 2006, 

2004; Vu et al., 2015). Additional biopsy collection, specifically targeting the monthly interval 

from November to February and the whole coast of the Baja California Peninsula would greatly 

refine testosterone profiles, and potentially lead to a better delineation of mating grounds for this 

population.

In terrestrial mammals, high testosterone concentrations have been related to other 

behaviors beside reproduction, such as aggression (Bouissou, 1983), dominance (Beehner et al., 

2006), and territoriality (Negro et al., 2010), as well as competition for food sources (Bryan et al., 

2013). Male competition for access to breeding females is a known behavior in cetaceans (Connor 

et al., 2000) and elevated testosterone concentrations have been measured in the GoC fin whales 
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while a female with high progesterone was present (Carone et al., 2019). However, no relationship 

with behavior and hormone profiles has been published for blue whales. In the present study, 

corresponding temporal trends of elevated progesterone and testosterone were not observed.

Additional uncertainty derives from the choice of tissue. The lag-time between the 

hormone secretion in blood and the accumulation in blubber remains unknown for mysticetes. 

Recent studies on blubber of bottlenose dolphins, suggest a lag time of one to two hours for steroid 

hormones (Champagne et al., 2018). The blue whale blubber layer is likely thicker than any 

odontocete species, and this lag time may be predicted to be longer. Regardless, hormone 

concentrations in blubber are likely to be reflective of ongoing or very recent (days) physiological 

events.

No evidence was found that testosterone concentrations varied across age class, but the 

sample size was limited, as it included only three individuals that could be categorized as 

calf/juveniles based on known ages of those whales. The categorization based on age class was 

very conservative and it is possible the individuals with LSH less than 8 years but without a 

confirmed year of birth were mistakenly placed in the unknown group. With the increase use of 

unmanned aerial vehicle and aerial photogrammetry, future studies may be able to better determine 

age class based on body length, thus provide fine-tuned information on any age-related changes in 

testosterone concentrations.

Progesterone concentrations in males were not different from those of females in non

pregnant groups such as lactating and calf/juvenile (Fig. 1.5). Furthermore, progesterone 

concentrations were not different between adult and calf/juvenile males, suggesting accumulation 

of this hormone is not affected by age, rather by specific events in the reproductive cycle (ovulation 

and pregnancy). In gray whales (Eschrichtius robustus), progesterone concentrations were 

elevated in calves (animal <1 year of age) when compared to adult males (Melica et al., in review) 

likely as a result of maternal offload. Due to the small sample size, no evidence of maternal 

discharge was found in male blue whales.

1.5.2 Females

Progesterone was confirmed as an indicator of pregnancy in female blue whales, with 

concentrations significantly higher in pregnant whales than lactating or juvenile females, 

supporting the previous studies on blue whales (Atkinson et al., 2019; Valenzuela-Molina et al., 
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2018) and other mysticete species (Carone et al., 2019; Clark et al., 2016; Kellar et al., 2014; 

Mansour et al., 2002). Results from this study complement what was previously published for blue 

whales in two ways: first, the added samples were collected from another significant migratory 

area for this population, the USWC, and thus provide a more complete geographic framework. 

Second, with samples collected across seasons, this study evaluates temporal patterns in secretion 

of reproductive steroids, providing unique insights on blue whale reproductive physiology.

Differently from Atkinson et al. (2019), which used the upper range of progesterone 

concentrations in lactating females as a pregnancy threshold (5.8 ng/g), the threshold developed in 

the present study was almost three times higher (14.3 ng/g progesterone) and it was determined as 

the breakpoint between two normal distributions fitted to whales with low and high progesterone, 

likely reflective of their reproductive status, non-pregnant vs pregnant (Fig. 1.4). In support of this 

threshold, progesterone concentrations for all confirmed pregnant (n= 5) females were higher than 

such threshold, while values for non-pregnant (lactating and calf/juvenile; n= 15) were all lower 

(Fig. 1.4). Furthermore, determination of reproductive status based on a developed progesterone 

threshold was used for another mysticete species, fin whales from the Gulf of California (Carone 

et al., 2019). While the threshold developed by Atkinson et al. (2019) is of a lower concentrations 

and more conservative, it is less likely to overlook whales at the very beginning of gestation. The 

current study includes five confirmed pregnant whales, providing insights on the range of 

concentrations that are likely to be expressed. If the threshold from Atkinson et al. (2019) was 

applied to the dataset from the present study, one individual would have been categorized as 

lactating and presumed pregnant at the same time. While this is known to occur in other mysticete 

species (e.g., humpback whales), it is very unlikely for blue whales, for which the calving interval 

is estimated to be 2 - 3 years (Atkinson et al., 2019; Sears et al., 2013).

The threshold developed and applied in the present study led to the identification of ten 

presumed pregnant (pres p) whales, in addition to the five confirmed pregnant whales. Seven of 

the whales pres p were not seen the year following sampling, in either of the two areas, coinciding 

with the previous studies showing low individual resighting rates (Atkinson et al., 2019; 

Valenzuela-Molina et al., 2018). The remaining three were sighted the year following sampling, 

in the GoC, not accompanied by calf, also coinciding with previous studies. High progesterone 

may be the result of ovulation, pseudopregnancy, a failed pregnancy, or unobserved perinatal 

death. Fluctuations of progesterone were detected in plasma of mature false killer whales and other 
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odontocetes in correspondence to spontaneous ovarian activity (Atkinson et al., 1999; Atkinson 

and Yoshioka, 2007). However, it is still uncertain whether or not endocrine biomarkers for 

ovulation can be detected in blubber tissue.

Recurring pseudopregnancy in cetaceans has been observed to occur in females without 

access to males (Robeck et al., 2018). Another explanation for whales with high progesterone but 

not seen with a calf the following year, is potential reproductive failure, through either the loss of 

a calf post-parturition or the loss of the fetus, also referred as spontaneous abortion (Atkinson et 

al., 1999; West et al., 2000). One blue whale in the present study is of particular concern, as it has 

been seen every two to three years in the GoC since 1994, but was never sighted with a calf. 

Valenzuela-Molina et al. (2018) reported that progesterone concentrations in feces of the same 

whale decreased substantially between replicates collected three days apart. These details are 

evidence that could suggest pregnancy failure for this individual, an event that would have little 

chance of being detected visually. Finally, it is possible that calves are already weaned by the time 

they reach the USWC, as Sears et al. (2013) report females accompanied by calves that were 

sighted in the GoC, that were seen unaccompanied along the USWC during the same year. 

Nevertheless, this is an unlikely explanation for the presumed pregnant whales resighted in the 

GoC, as it would suggest a weaning time of 2 - 4 months, instead of 6 - 8 months known for this 

species (Sears and Perrin, 2018).

The inclusion of DMSO-stored samples (n= 4), one of which was a confirmed pregnant 

whale, could have affected the calculated progesterone threshold. The same analysis performed 

excluding these samples led to a higher threshold (22.4 ng/g). The application of additional 

samples with elevated progesterone concentrations using the pregnancy threshold from this effort, 

may lead to false negatives overlooking pregnant whales in the early or late stages of pregnancy. 

While a previous study on humpback indicates that progesterone concentrations tend to be stable 

in the early/middle stages of pregnancy (Clark et al., 2016), a rapid decline is known to occur 

during the later stages of gestation prior to parturition (Dalle Luche et al., 2020). Similarly, rapid 

increases in progesterone concentrations in serum at the beginning of pregnancy have been 

observed in many cetacean species (Robeck et al., 2018), although this was not confirmed in 

blubber. A positive correlation was found between progesterone concentrations in blubber and 

fetal girth measurements in minke whales killed early in the pregnancy (Mansour et al., 2002), 

suggesting this hormone increases at the beginning of gestation. Further monitoring efforts and 
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additional biopsy samples are needed to better model reproductive parameters, like progesterone 

threshold concentrations, and pregnancy and parturition rate.

To assess progesterone cycles in adult non-lactating females, progesterone concentrations 

were tested in response to area and season, but no statistical difference was found. In this analysis 

each group that was analyzed for season contained at least one whale confirmed pregnant, 

confirming progesterone to remain high during pregnancy. Similar results were observed by Clark 

et al. (2016), which did not find any temporal pattern in progesterone concentrations in non

pregnant and in pregnant humpback whales, sampled off California between May and December. 

This analysis was also performed on whales from the pres np group, but results did not differ, 

indicating a lack of difference in progesterone throughout the duration of gestation.

Progesterone in blubber has been demonstrated to be a valid and useful biomarker for 

pregnancy in blue whales, however it appears not to be a useful tool for determining lactation (Fig. 

1.5). Lactating whales analyzed in the present study had concentrations of progesterone 

significantly lower than those from pregnant whales, but not statistically different from those 

detected in whales from the calf/juvenile and pres np groups. These results further confirm 

previous studies that did not find any difference in progesterone concentrations in blubber and in 

feces among groups of non-pregnant blue whales (Atkinson et al., 2019; Valenzuela-Molina et al., 

2018). In North Atlantic right whales (Eubalaena glacialis), lactating animals were found to have 

high estrogen and androgen concentrations compared to resting and juvenile females (Rolland et 

al., 2005), suggesting these compounds may be better indicators of lactation. Estrogen is yet to be 

validated in blubber of blue whales. Future studies should focus on validation of both estrogen and 

testosterone in female blubber, possibly using more sensitive assays, such as radioimmunoassay.

The present study is the first to validate androgen in the blubber of female blue whales. 

Testosterone concentrations were measurable only in pregnant whales, indicating that either its 

biosynthesis or metabolism is altered during gestation. However, results suggest no temporal or 

seasonal trend in testosterone in whales categorized as pregnant or pres p, although the sample size 

was low.

In female odontocetes, testosterone was shown to be an indicator of different gestation 

stages and potentially to be related to fetal health. Specifically, testosterone has been measured in 

serum of bottlenose dolphins and killer whales and exhibited increased concentrations from mid 

to late pregnancy (Robeck et al., 2017; Steinman et al., 2016). In baleen whales, androgens were 
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found to be significantly higher in fecal samples from pregnant than from non-pregnant North 

Atlantic right whales but the longitudinal profile across pregnancy is unknown (Rolland et al., 

2005). Dalle Luche et al. (2020) suggested that androgens in blubber may be better biomarkers for 

near-term pregnancy humpback whales.

In the present study, the highest testosterone concentration was measured in the stranded 

female (TMMC-C-337-F) from the USWC at the beginning of October with a male fetus of 5.25 

m. Considering that the size of a blue whale at birth is estimated to be between 7 and 8 m (Mizroch 

et al., 1984; Reidenberg and Laitman, 2008; Roston et al., 2013), and using the equation developed 

by Roston et al. (2013), the fetus was about 37 weeks or about 9 months prenatal age. Assuming 

the gestation period of 11 to 12 months (Lockyer, 1981), the fetus should have been born around 

December and January. This coincides with the estimated birth period from late fall to early winter 

(Brueggeman et al., 1985; Tomlin, 1967), indicating that this sample likely reflected a mid to late 

stage of pregnancy. However, it is also possible that the high testosterone concentration is 

somehow a result of the decomposition process, which was advanced for this whale. Blubber from 

stranded whales is widely used in hormone studies and often compared to blubber from live 

animals (Mingramm et al., 2020), suggesting the concentrations measured to be reliable. The other 

confirmed pregnant whale (CICIMAR # 477) was sampled in the GoC in the month of February 

and resighted with a calf the following year. Testosterone concentrations in this whale were five 

times lower than the above, potentially reflecting early gestation, as observed in other species 

(Robeck et al., 2017; Steinman et al., 2016).

Concurrent analysis of progesterone and testosterone in a bigger sample size may help to 

better understand the profile of sex steroids during pregnancy, and aid in the development of more 

accurate reproductive parameters, including a more precise pregnancy threshold. Reproductive 

physiology is very challenging to study in free-ranging mammals the size of blue whales. 

Collection of blubber is a minimally invasive technique and analyses on these tissues have been 

proven valid and valuable to provide information on reproductive physiology in many cetacean 

species (Atkinson and Yoshioka, 2007; Champagne et al., 2018, 2017). The present study 

represents an important milestone in understanding reproductive physiology of blue whales, as 

well as providing insights on their reproductive timing. In addition to confirming progesterone as 

indicator of pregnancy, this work provides important insights on the temporal and spatial patterns 

of the reproductive cycle of this population, posing new questions regarding the mating season and 
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habitat for this endangered population. This knowledge is fundamental to develop more accurate 

reproductive parameters, as well as to predict how change in environmental conditions may affect 

the population dynamics and the ecology of this species.
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1.8 Figures

Figure 1.1: Study area for collection of blue whale samples. Blue whale blubber samples were 

collected from two known grounds for this population: (A) United States West Coast (USWC) and 

(B) the Gulf of California (GoC). Whale locations were known precisely (white triangles) or 

estimated (black tringles).
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Figure 1.2: Testosterone concentrations (ng/g) in individual male blue whales. Samples were 

collected from February to November and divided by area: Gulf of California (GoC) and United 

States West Coast (USWC). Shapes of points represent sample type and storage: biopsy stored 

frozen (black triangles), biopsy stored in DMSO (black circles) and blubber from stranded animals 

(black squares). Time and sampling locations are confounding variables, therefore the effects of 

each of them cannot be differentiated.
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Figure 1.3: Log-transformed testosterone concentrations (ng/g) measured in biopsies of adult male

blue whales. Samples were collected in the two areas Gulf of California (GoC; n= 12) and United 

West Coast (USWC; n= 9), and stored frozen (n= 17; black triangles) or DMSO (n= 4; black 

circles). The mean values are indicated by the stars. In the GoC, blue whales were seen and 

sampled in the spring (Feb - Apr), while they migrated to the USWC during summer/fall (Jun - 

Nov). Boxplots denote median (thick line), upper (75%) and lower (25) quartile (boxes) and largest 

and smallest value within 1.5 times interquartile range below 25% and above 75% (whiskers).
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Figure 1.4: Normal distributions fitted to log-transformed progesterone concentrations of female 

blue whales using mixture models. The first (solid line) represents the cluster of animals with lower 

progesterone (mean (95% CI): 2.5 (0.4 - 15.7) ng/g), while the second (dashed line) represents the 

cluster with higher progesterone (mean (95% CI): 48.3 (12.4 - 191.7) ng/g). Individual whales of 

known status are represented in the graph: (pregnant (black stars) or non-pregnant (lactating and 

calf/juvenile) (open circles)). The intersection of the two distributions was used as the pregnancy 

threshold of 14.3 ng/g progesterone concentrations. The fitted curves showed a 3.6% overlap.
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Figure 1.5: Log-transformed progesterone concentrations (ng/g) for female blue whales grouped 

by reproductive states. Pregnancy threshold in log-scale is represented by the dotted line. The pres 

p group including all adult whales of unknown reproductive status, with progesterone 

concentrations higher than the estimated pregnancy threshold of 14.3 ng/g; pres np whales are all 

adult whales of unknown reproductive status, with progesterone concentrations lower than the 

estimated pregnancy threshold of 14.3 ng/g. Shapes of points represent sample type and storage: 

biopsy stored frozen (gray triangles), biopsy stored in DMSO (gray circles) and blubber from the 

stranded animal (gray square). Boxplots denote median (thick line), upper (75%) and lower (25) 

quartile (boxes) and largest and smallest value within 1.5 times interquartile range below 25% and 

above 75% (whiskers). Outside values are shown as filled circles.
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1.9 Tables
Table 1.1: Summary of sample size of male blue whales. A total of 39 were categorized per sample 

type, season and age class, and divided by area: Gulf of California (GoC) and United States West 

Coast (USWC)

GoC USWC

Sample type

Stranded n= 2

Biopsy- DMSO n= 4

Biopsy- FROZEN n= 27 n= 6

Season

Fall n= 7

Summer n= 5

Spring n= 17

Winter n= 10

Age Class

Unknown n= 13 n= 1

Calf/juvenile n= 2 n= 1

Adult n= 12 n= 10
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Table 1.2: Mean (range) of progesterone concentrations in female and male blue whales from 

different reproductive states. The pres p group includes all adult female whales of unknown 

reproductive status, with progesterone concentrations higher than the estimated pregnancy 

threshold of 14.3 ng/g; pres np whales are all adult female whales of unknown reproductive status, 

with progesterone concentrations lower than the estimated pregnancy threshold of 14.3 ng/g. 

Males were divided in two groups base of age class.

Reproductive states Group size Progesterone (ng/g) (range)

Calf/juvenile n= 6 1.9 (0.2 - 4.4)

Lactating n= 9 3.0 (1.2 - 6.6)

Pregnant n= 5 70.2 (25.2 - 111.8)

Pres np n= 8 4.6 (0.6 - 11.3)

Pres p n= 10 54.6 (15.5 - 184.5)

Males calf/juvenile n= 3 1.3 (1.1 - 1.4)

Males adult n= 5 2.0 (1.1 - 4.6)
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1.10 Supplemental information
To validate and assess the feasibility of blue whale blubber samples stored in DMSO for 

endocrine analysis in the present study, the following pilot experiment was conducted: six blubber 

pieces were subsampled from a 5 x 5 cm blubber sample from the stranded pregnant whale 

(TMMC-C-337-F) mentioned above. The replicates were placed in 500 μl salt-saturated 20% 

DMSO for two (n= 2), four (n= 2) and eight (n= 2) weeks. These time periods were arbitrarily 

chosen, with the intention to reflect short, medium and long-term storage. Both blubber and liquid 

DMSO were concurrently weighed extracted, validated and analyzed for progesterone with the 

same methodology described above. Blubber weights ranged between 0.09 and 1.13 g (mean: 0.11 

g), whereas DMSO aliquots weighted between 0.20 and 0.53 g (mean: 0.4 2g). Since no difference 

was observed in progesterone concentrations between blubber stored for 8-weeks in DMSO and 

frozen, it was concluded that long term storage in DMSO is unlikely to have effects on hormone 

concentrations in blubber. Therefore, progesterone concentrations were measured in four blubber 

samples stored in DMSO for more than a decade (Fig. S1.1).

For testosterone, a pool of extracts was made from blubber samples of four adult males 

stored in DMSO and used to test for parallelism and accuracy. Testosterone was then measured in 

each individual. To further test whether there was a significant difference between storage 

methods, log-transformed testosterone concentrations from the four samples stored in DMSO were 

compared using a t-test to concentrations from four males of same age class (adult) that were 
sampled from a similar time frame and area (between June 1st and September 30th, between 

Latitude 32.7°N to 38.1°N and Longitude 123.4°W to 117.4°W).

Blubber stored in DMSO validated for the testosterone assay, with the serial dilutions 

displacing parallel to the standard curve (p= 1.0) and the spiked standard showing linear 

relationship with standards (y= 1.0x + 85.9, R2= 0.97). As a follow up test, no significant difference 

was found in log-transformed testosterone concentrations of the selected males between the two 

storage methods (t= 1.1, d = 5.7, p= 0.33).

Blubber in DMSO displaced parallel to the progesterone standard curve (p= 0.2), and the 

spiked standards showed a linear relationship with the standards (y= 0.8x + 0.2; R2= 0.99). 

Parallelism of liquid DMSO was assessed visually but not corroborated statistically (p= 0.03). 

However, liquid DMSO passed the accuracy check (y= 1.0x - 38.5; R2= 0.99) (Fig. S1.2). Liquid 

DMSO was not used for any analyses in this study.
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1.11 Supplemental figures

Figure S1.1: Female blue whale progesterone concentrations (ng/g) in blubber and liquid DMSO, 

extracted after 2-, 4- and 8-weeks and compared to blubber stored frozen.
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Figure S1.2: Validation of female blue whale progesterone assay blubber and liquid DMSO. A) 

Blubber (triangle) and liquid DMSO (cross) showed parallelism to the standard curve (circle), but 

only blubber passed the statistic tests; B) accuracy check for blubber and liquid DMSO (y= 0.8x + 

0.2; R2 = 0.99; y= 1.0x - 38.5; R2= 0.99).
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Figure S1.3: Log-transformed blue whale progesterone concentrations among reproductive state

for both males and females. The mean values are indicated by the stars. Boxplots denote median 

(thick line), upper (75%) and lower (25) quartile (boxes) and largest and smallest value within 1.5 

times interquartile range below 25% and above 75% (whiskers). Outside values are shown as filled 

circles.
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1.12 Supplemental tables
Table S1.1: List of samples stored in the SWFSC's Marine Mammal and Sea Turtle 

Research Collection. Archived samples used in this study were stored at -80°C (FROZEN) and - 

20°C (DMSO).

T_ID LAB_ID SEX DATE OF SAMPLING STORAGE

24191 24019 M 6/21/2001 DMSO

56911 51948 M 09/27/2005 FROZEN

56863 51900 M 07/06/2005 FROZEN

56883 51920 M 08/08/2005 FROZEN

56917 51954 M 09/29/2005 FROZEN

29393 28258 M 6/30/2002 DMSO

6297 6148 M 09/05/1996 DMSO

12942 12698 M 08/03/1998 DMSO

56918 51955 M 09/29/2005 FROZEN

6299 6150 F 09/05/1996 DMSO

24187 24015 F 06/20/2001 DMSO

38933 37599 F 08/31/2003 DMSO

56898 51935 F 09/09/2005 FROZEN

56927 51964 F 11/18/2005 FROZEN

106362 78856 F 06/10/2008 FROZEN

106365 78859 F 06/14/2008 FROZEN

116455 17135 F 08/22/2000 DMSO

132176 101108 F 08/17/2010 FROZEN

145741 133109 F 08/02/2011 FROZEN

145746 133114 F 07/30/2011 FROZEN

145747 133115 F 08/01/2011 FROZEN

145773 133141 F 08/06/2011 FROZEN
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Chapter 2 The use of endocrine biomarkers to update information on gray whale
3

reproductive physiology

2.1 Abstract
The Eastern North Pacific population of gray whales consists of approximately 27,000 individuals 

and migrates annually from the waters off the Baja Peninsula, to the Bering and Chukchi seas. 

Gray whales have a two-year reproductive cycle, with a gestation of 13 months and weaning of 

calves after 6 - 7 months. While extensive, knowledge on reproductive biology of gray whales 

dates back to commercial whaling. The goal of this study was to provide updated insights on 

reproductive endocrinology of gray whales, using sex steroids (e.g., progesterone and testosterone) 

as biomarkers. Hormone concentrations were measured using enzyme immunoassay (EIA) 

techniques in blubber biopsies collected from 106 individual whales between the months of March 

and November over a span of 12 years (2004 - 2016). Testosterone concentrations in males (n= 

40) were found to increase significantly with age (p <0.05) and to vary across seasons. Adult males 

showed significantly elevated testosterone levels when sampled in the fall compared to the summer 

(p <0.05). As observed for other mysticete species, this likely indicates preparation for mating. In 

females (n= 66), no significant difference was found in testosterone concentrations between 

younger individuals (calf and immature) and animals considered adults. Progesterone 

concentrations were significantly higher in pregnant females compared to non-pregnant groups 

and adult males (ANOVA p <0.05), indicating this hormone as a biomarker for pregnancy. Both 

female and male individuals identified as calves had elevated progesterone concentrations, 

suggesting maternal offload via lactation. A mixture of two normal distributions was fit to 

progesterone data and used to calculate the probability of being pregnant for whales of unknown 

reproductive states. Further analysis of tissue samples collected throughout the whole migratory 

route are necessary to provide a more comprehensive assessment of reproductive endocrine 

profiles.

3A modified version of this chapter is planned to be submitted to Conservation Physiology
Melica V, Atkinson S, Calambokidis J, Lang A, Scordino J and Mueter FJ. The use of endocrine biomarkers to 
update information on gray whale reproductive physiology.
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2.2 Introduction
Gray whales (Eschrichtius robustus) occur exclusively in the Pacific Ocean (Rice et al., 

1984) and two populations are recognized, the Western North Pacific (WNP) and Eastern North 

Pacific (ENP) populations, with overlapping feeding grounds in the ENP (Mate et al., 2011). Both 

populations were driven close to extinction by commercial whaling, and to date the WNP 

population is still considered critically endangered. The ENP population was removed from the 

U.S. endangered species list in 1994 (Swartz, 2018) and currently consists of approximately 27,000 

individuals (Durban et al., 2017). In 1999 - 2000, this population experienced an unusual mortality 

event (UME) with more than 600 dead whales, most of which were adult individuals (Gulland et 

al., 2005). While a common discrete cause was not identified, most of the carcasses showed signs 

of starvation (Gulland et al., 2005). Similarly, an UME was declared in 2019, in response to the 

stranding of more than 200 whales from Mexico to Alaska4.

4 https://www.fisheries.noaa.gov/national/marine-life-distress/2019-2020-gray-whale-unusual-mortality-event-  
along-west-coast-and ; accessed 10/17/2020

The majority of ENP gray whales migrate annually between wintering grounds located in 

the lagoons and coastal waters of the Baja Peninsula, Mexico, and feeding grounds located on the 

continental shelves of the Bering and Chukchi seas. Among them, a group of a few dozen 

individuals is known to detour their spring migratory route to the North Puget Sound (NPS) to feed 

on ghost shrimps, before continuing northward. A more distinguished ENP subgroup is noted as 

the Pacific Coast Feeding Group (PCFG), a group of gray whales that terminate their migration 

further south to forage primarily between southeastern Alaska and northern California from spring 

to fall (Calambokidis et al., 2012). Photo-identification studies of the PCFG started in the 1970s 

(Calambokidis et al., 2002, 1987; Darling, 1984; Sumich, 1984), with more detailed knowledge 

accrued over the last couple of decades. According to the definition of the International Whaling 

Commission's Scientific Committee (IWC, 2012), PCFG are gray whales that are seen in the 

waters between northern California and British Columbia (41°N-52°N; excluding whales observed 

in Puget Sound) in more than one year between June 1 and November 30. However, photo-ID 

matches have shown that the feeding habitat of some PCFG whales extends further north, with 

whales frequently present around Kodiak Island, Alaska (Calambokidis et al., 2012; IWC, 2012). 

The results of nuclear DNA analysis suggest that PCFG whales interbreed with the ENP whales 

that feed further north (D'Intino et al., 2014; Lang et al., 2014), therefore PCFG are not considered 
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a separate population. Both genetic (based on mitochondrial DNA) and photo-ID studies indicate 

that matrilineal fidelity to the PCFG occurs (Calambokidis et al., 2019; Calambokidis and Perez, 

2017; Frasier et al., 2011; Lang et al., 2014). The most recent abundance estimate is of 232 PCFG 

whales (Calambokidis et al., 2019).

Knowledge on reproductive biology in gray whales is extensive, although much of it is 

based on scientific permit whaling conducted off the coast of central California between 1959 and 

1969 (Rice and Wolman, 1971). Mean age of sexual maturity is estimated at 8 years old (with a 

range from 5 to 11 years) based on studies on ear plug growth layers and gonads (Bradford et al., 

2010; Rice and Wolman, 1971). This species has on average a 2-year reproductive cycle (Jones, 

1990), with a gestation period of 13 months and calves weaned 6 - 7 months postpartum (Rice and 

Wolman, 1971). The gray whale's migration is staggered in time based on age and reproductive 

state, with pregnant females being the first to reach and last to leave the breeding grounds in the 

ENP (Rice and Wolman, 1971). For instance, during the southward migration from the feeding 

grounds, females in late pregnancy migrate first, followed by adult non-pregnant females and 

males, and then immature males. Non-pregnant females ovulate during the months of November 

and December (Rice and Wolman, 1971), suggesting that mating occurs during the southbound 

migration (Jones, 1990). Wintering grounds known for this population include coastal California 

and the west coast of the Baja California Peninsula with calving areas in the Laguna Ojo de Liebre 

(Scammon's lagoon) and Laguna San Ignacio (Rice and Wolman, 1971). Historical breeding 

grounds also include areas in the Gulf of California (e.g., Bahia Santa Maria), but no mother-calf 

pairs have been sighted in these sites since the mid-1980s, indicating abandonment associated with 

human-induced disturbances (Findley and Vidal, 2002). Although some calves are born during the 

southbound migration (Shelden et al., 2004), most females give birth on the calving grounds by 

late December or early January (Rice and Wolman, 1971). By late January the first phase of 

northward migration has begun, led by newly pregnant females followed by adult males and 

juveniles (Swartz, 2018). The second phase occurs in April through May and consists primarily of 

lactating females with their calves. By summer, the vast majority of gray whales are on their 

feeding grounds (Pike, 1962; Rice and Wolman, 1971).

Knowledge on reproductive endocrinology in this species is still limited with very few 

recent studies, mainly validating steroid hormones in blubber and baleen (Hayden et al., 2017; 

Hunt et al., 2017). Collection of blubber is a minimally invasive technique and analyses on this 
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tissue have been proven valid and valuable to provide information on reproductive physiology in 

many odontocete (Atkinson and Yoshioka, 2007; Champagne et al., 2018, 2017) and mysticete 

species (Atkinson et al., 2019; Carone et al., 2019). While the lag-time between the hormone 

secretion in blood and the accumulation in blubber remains unknown for mysticetes, a recent study 

on bottlenose dolphins (Tursiops truncatus), indicates hormone concentrations in blubber likely 

reflect ongoing or very recent physiological events (Champagne et al., 2018). Sampling efforts of 

blubber biopsies of gray whales have been carried out over the past two decades along the Pacific 

West Coast (Lang et al., 2014; Weller et al., 2017).

Sex hormones, such as testosterone and progesterone can be used as biomarkers for 

reproduction. These steroid hormones are synthesized from cholesterol, mainly in the gonads, and 

because of their lipophilic nature they can be detected and have been increasingly measured in 

blubber tissues of cetaceans (Atkinson et al., 2019; Carone et al., 2019; Kellar et al., 2006; Mansour 

et al., 2002; Melica et al., in review). Progesterone is the predominant hormone in pregnancy, 

during which it is exhibited in elevated concentrations (Atkinson et al., 2017; Atkinson and 

Yoshioka, 2007). Its concentrations in blubber have been used to detect pregnancy in minke whales 

(Balaenoptera acurostrata) (Mansour et al., 2002), bowhead whales (Balaena mysticetus) (Kellar 

et al., 2014), humpback whales (Megaptera novaeangliae) (Clark et al., 2016; Pallin et al., 2018), 

fin whales (Balaenoptera physalus) (Carone et al., 2019) and blue whales (Balaenoptera 

musculus) (Atkinson et al., 2019; Melica et al., in review). Testosterone is secreted by the gonads 

and the adrenal glands, and it is the main androgen in mammals. Besides stimulating 

spermatogenesis, testosterone is responsible for the onset of sexual maturity and involved in 

development of both primary and secondary sexual characteristics (Atkinson and Yoshioka, 2007). 

As most mysticetes are seasonal breeders, testosterone concentrations are likely to be expressed in 

cycles, peaking before mating, then decreasing after breeding has occurred (Schroeder and Keller, 

1989). Annual cyclicity in testosterone was observed in baleen plates of bowhead, right 

(Eubalaena glacialis) and possibly blue whales (Hunt et al., 2018), and in blubber of fin (Carone 

et al., 2019) and humpback whales (Cates et al., 2019; Vu et al., 2015). Specifically, these studies 

have found testosterone concentrations to be indicative of physiological preparation for 

reproduction, as they were higher during shoulder seasons, the time between winter breeding and 

summer feeding in fin, blue and humpback whales (Carone et al., 2019; Melica et al., in review; 

Vu et al., 2015).
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The present study validates and measures testosterone and progesterone in blubber of gray 

whales sampled over 12-year period, between California and southeastern Alaska, with most of 

whales sampled considered part of the PCFG. Previous studies have validated steroid hormones in 

baleen tissue using enzyme immunoassays technique (EIA) or in blubber using Nanospray liquid 

chromatography/tandem mass spectrometry (nanoLC/MS/MS) (Hayden et al., 2017; Hunt et al., 

2017). The specific research questions for this project were:

- Can progesterone and testosterone be validated and measured in blubber of gray whales?

- Is progesterone an indicator of pregnancy in female gray whales and can it be used to 

estimate reproductive status for unknown whales?

- Do progesterone and testosterone show variation in response to the age of the individual, 

time of year, and geographic location of sampling?

Elevated concentrations of progesterone are expected in pregnant females, i.e., females 

sighted with a calf the year after the sample was collected, and testosterone concentrations are 

predicted to vary between samples collected in summer and fall and between animals of different 

age classes.

2.3 Methods
2.3.1 Sample collection and sighting history

Archived biopsies (n=119) of gray whale blubber stored frozen at -80°C at NOAA 

Fisheries Southwest Fisheries Science Center (SWFSC) Marine Mammal and Sea Turtle Research 

Collection were accessed for this analysis. These biopsies were collected over a span of 12 years 

(2004 - 2016) between the months of March and November through fieldwork efforts carried out 

by the Marine Mammal Program of the Makah Tribe, Cascadia Research Collective (CRC) and 

NOAA SWFSC (Lang et al., 2014; Scordino et al., 2019; Weller et al., 2017). The set included 

data from 106 samples from unique individuals, for which biopsies were matched to photo

identified whales. Thirteen individuals were sampled more than once, with repeated samples from 

different years, areas and seasons. Matches of these samples were confirmed photographically and 

genetically. To ensure independence, only the sample for which age class or reproductive state 

could be determined, was included in the analysis. If neither age class nor reproductive state was 

available or the repeated sample had the same classification, the biopsy collected first was used.
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Of the 106 uniquely identified individuals, 89 were whales from the PCFG. Two individuals are 

also known to be part of the NPS gray whale group.

The area of sampling extended as far south as Bodega Bay, CA (Latitude: 38.28°N, 

Longitude: -122.15°W) north to Kodiak Island, AK (Latitude: 57.36°N, Longitude: -152.42°W). 

Most of the samples were collected between the months of June and October, thus representing 

summer and fall, while the whales were in their feeding grounds. One sample was collected in the 

month of November and three between March and May, two of these were from the same 

individual. Given the limited sample size, the current study only investigated differences between 

summer and fall, with summer defined as mid-June to mid-September and fall as mid-September 

to mid-November. Sampling locations were grouped as California (CA, n= 2), Oregon (OR, n= 6), 

Washington (WA, n= 71), British Columbia (BC, n= 22) and Alaska (AK, n= 5) (Fig. 2.1).

The sexes of all samples were genetically determined as described in Lang et al. (2014) 

and the CRC gray whale catalogue was accessed to gather life history information, such as year of 

birth or first sighting, and reproductive status. Age class and reproductive status were assigned 

using the general criteria used in similar studies (Atkinson et al., 2019; Carone et al., 2019; Melica 

et al., in review; Rolland et al., 2005; Valenzuela-Molina et al., 2018), with a few modifications. 

Briefly, age class was assigned based on length of sighting history (LSH) as a proxy for minimum 

age and, based on known age for individuals which were first seen as calves. Mean age of sexual 

maturity for gray whales is estimated to be 8 years, based on histological examinations of gonads 

and lamina of ear plugs (Bradford et al., 2010; Rice and Wolman, 1971). Therefore, all individuals, 

males and females, with at least 8 years of sighting history or known age, were classified as adult. 

Individuals categorized as calves were identified as whales smaller in size and sighted in close 

association with a specific adult female (Weller et al., 1999), whereas all animals of known age 

less than 8 years were categorized as immature (Table 2.1 and 2.2). Female gray whales were also 

categorized based on their reproductive state using the same criteria used in Melica et al. (in 

review) (Table 2.2). Briefly, females sighted with a calf the year after sampling were considered 

pregnant; females sighted with calf in the year of sampling were categorized as lactating; females 

with known age less than 8 years old were grouped as immature, and those sighted as a calf were 

categorized as such. Females from the calf, immature, and lactating groups were considered non

pregnant. Females with at least 8 years of LSH but with no known reproductive state assigned 

were classified as adult unknown, whereas females that could not be categorized in any of the age 
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class (i.e., not first identified as calves and with LSH <8 yrs) or reproductive state categories were 

grouped as unknown. Age class and reproductive state were assigned to a total of 40 samples from 

males (Table 2.1) and 66 samples from females (Table 2.2).

Given the unique opportunity to evaluate trends in hormone concentrations in multiple 

samples from the same animals, repeated samples were analyzed separately. Repeated samples 

were collected from 8 females and 5 males of various age classes, at different time of the year and 

were used to test seasonal differences in hormone concentrations.

2.3.2 Assay validation and steroid hormones measurements

Steroid hormones were extracted from blubber tissue with weight ranging between 0.03 

and 0.19 g (mean ± standard deviation= 0.11 ± 0.03 ng/g), using the same protocol as Atkinson et 

al. (2019). Samples from stranded and biopsied animals (22 females and 9 males) were used to 

validate the progesterone and testosterone EIA kits (Arbor Assay Kit # K025 and K032, Ann 

Arbor, MI), testing for parallelism and accuracy. Parallelism was used to test if the assay antibody 

can reliably bind to the hormone it is developed for and to determine dilution at 50% binding; the 

accuracy check evaluates whether any other compounds in the extract are interfering with the 

antibody, testing how well the measured concentrations corresponded to added concentrations of 

each hormone. Briefly, the pool of extracts was serially diluted (1:1, 1:2, 1:4, 1:8 and 1:16) and 

tested for parallelism to the standard curve of each assay. Parallelism was assessed both visually 

and using a t-test to determine statistical differences in slopes, with lack of significance considered 

support for parallelism. For the accuracy test, an equal volume of extracts pool was used to spike 

each standard, and the recovered mass was graphed against the added mass and tested for linearity. 

To validate testosterone in females, two separate pools of pregnant and non-pregnant females were 

used for parallelism, but due to limited extracts volume a combined pool of females was used for 

the accuracy test. For progesterone, the dilutions disposing at 50% binding were 1:1 for the pool 

of male extracts and 1:4 for the pool of female extracts. For testosterone, the dilution at 50% 

binding was 1:1 for all three tested pools (males, pregnant and non-pregnant females). All samples 

were run at those dilutions, in duplicates. Raw data obtained in pg/ml were corrected for dilution 

factor, weight, and expressed as ng/g. The intra-assay percentage coefficient of variation (CV) was 

<10%, for both hormones. If any sample had a CV >10%, it was re-diluted accordingly and re

assayed. Inter-assay validation was determined using two internal controls for progesterone and 
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testosterone respectively. Inter-assay CVs for the two controls were 6.5% and 11.3% for 

progesterone, and 11.1% and 14.3% for testosterone.

2.3.3 Statistical analysis

All statistical and graphical analyses were conducted using the software R v. 3.5.2 (R Core 

Team, 2020). Progesterone and testosterone concentrations were log-transformed to meet 

statistical requirements of independence, assessed using “Shapiro test” and “qqnorm” functions. 

A linear model was applied to determine any relationship between hormone concentrations and 

blubber weight. To determine if there was a significant difference in progesterone concentrations 

among whales of known sex (male and female), age class (calf, immature, adult) and reproductive 

states (calf, immature, lactating and pregnant) an ANOVA test followed by a Tukey post-hoc test 

was used.

Log-transformed progesterone concentrations from all non-calf females had a bimodal 

distribution potentially reflecting two clusters of low (non-pregnant) and high (pregnant animals) 

progesterone. The Expectation-Maximization (EM) algorithm in the R package mixtools (Benaglia 

et al., 2009) was used to fit two normal distributions to these data and calculate a probability of 

being pregnant (Pp) for each whale of unknown reproductive status.

A subset of males that could be classified either in the calf, immature, or adult groups was 

used to determine if there is any relationship between testosterone and minimum age. Quantile 

regression and linear regression using a generalized least square fit were applied to log- 

transformed testosterone as a response to minimum age using the function “rq” (Package: 

quantreg) and “gls” (Package: nlme). The first tested the relationship between the median 

testosterone concentration and LSH, while the second accounted for the increase in variance as 

mean testosterone concentrations increased.

In females, testosterone concentrations were tested for differences among reproductive 

states using an ANOVA test, followed by a Tukey post-hoc test. Hormone concentrations were 

also analyzed for seasonal differences for the dataset of independent samples using a t-test for 

equal variance, and for the dataset of repeated (non-independent) samples using a paired t-test.
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2.4 Results

2.4.1 Validation

The progesterone assay validated for both females and males with serial dilutions 

exhibiting parallel displacement to the standard curve (p= 0.2 and p= 0.6, respectively) and the 

spiked standards showing linear relationships with the added standard mass (female: y= 1.0x-20.6; 

R2= 0.99 and male: y= 1.0x-63.6; R2= 0.99). The testosterone assay validated for males, passing 

the parallelism (p= 0.3) and accuracy (y= 1.2x-44.5; R2= 0.99) tests. For females with serial 

dilutions from both pools (pregnant and non-pregnant), the testosterone assay displayed curves 

parallel to the standard curve (p= 0.1 and 0.2). The combined female pool (both pregnant and non

pregnant) was tested for accuracy and the spiked standards showed linear relationships with the 

standards (y= 1.2x-186.3; R2= 0.98).

2.4.2 Testosterone

Testosterone concentrations were measured in blubber of 40 male gray whales, with a 

minimum age ranging from young of the year with four individuals categorized as calves to 22 

years of LSH, and ranged from 0.1 to 9.8 ng/g. Mean (range) of hormone concentrations for each 

age class are reported in Table 2.1. The quantile regression showed that there was a significant 

increase in the 95th percentile of testosterone concentrations (p= 0.0001), but not in the 5th 

percentile (p= 0.9), meaning that the highest levels of this hormone increase with age, but the lower 

values do not. The overall increase in median testosterone concentrations against LSH was not 

significant, but the linear regression assuming unequal variance indicated a significant increase of 

testosterone concentrations in response to LSH (Fig. 2.2). Testosterone concentrations in adult 

whales from the group showed high variability ranging from a minimum of 0.1 ng/g to a maximum 

of 9.8 ng. Adult males had a significantly higher mean testosterone concentration in the fall (3.9 

ng/g, n= 6) than in the summer (0.73 ng/g, n= 10) (t= -2.9, df= 14 p= 0.01) (Fig. 2.3).

In females, testosterone concentrations were measured in whales from the pregnant (n=4), 

lactating (n= 3), immature (n= 6), calf (n= 4) and adult unknown (n= 2) groups (Table 2.2). In 

whales from the calf and immature groups, the mean testosterone concentration was 0.8 ng/g and 

0.8 ng/g, respectively, whereas in adult whales it was 0.4 ng/g for the lactating group, 0.2 ng/g for 

whales considered pregnant and 0.2 ng/g for females of unknown reproductive status (Fig. 2.4).
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There was no statistical difference in testosterone concentrations among reproductive groups 

(ANOVA: F=1.9, df=4, p=0.2).

2.4.3 Progesterone

Progesterone was measured in a total of 66 females, with minimum age from young of the 

year to 32 years of LSH. Hormone concentrations ranged from 0.6 ng/g to 61.7 ng/g (Table 2.2). 

No significant correlation was found between progesterone concentrations and blubber weight (r= 

0.09, p= 0.4). An ANOVA followed by a Tukey post-hoc test was applied only to animals of 

known reproductive state, indicating that progesterone was significantly different among 

reproductive states (ANOVA: F= 6.4, df= 3, p= 0.005). Specifically, females in the pregnant group 

had significantly higher concentrations than whales from the lactating (p= 0.009) and immature 

(p= 0.007), but not calf (p= 0.3) groups (Fig. 2.5). Progesterone concentrations did not vary 

significantly among the non-pregnant groups (p >0.05).

The mixture model based on the EM algorithm fitted two normal distributions to 

progesterone concentrations from all non-calf females: the first distribution identified a cluster of 

whales with low progesterone (mean= 2.0 ng/g (95% CI: 0.6 - 6.3 ng/g) and included all whales 

known to be non-pregnant (e.g., lactating and immature) and the second a cluster of whales with 

high progesterone (mean= 16.9 ng/g (95% CI: 4.8 - 59.6 ng/g), and included all females confirmed 

pregnant. Based on these distributions, Pp was assigned to all non-calf females (Table 2.3), with 

50% Pp corresponding to a concentration of progesterone of 6.5 ng/g. All known pregnant females 

(n= 4) had a Pp higher than 95%, while all non-pregnant (e.g., lactating and immature; n= 12) had 

Pp lower than 5%. Adult whales of unknown reproductive status (Adult unknown; n= 26) had a 

Pp between 0.1 and 100% and whales of unknown age class and reproductive status (unknown; n= 

20) between 0 and 100%.

In males, progesterone concentrations were measured in nine individuals, of which four 

were categorized as calf, one as immature and four as adult (Table 2.1). The ANOVA followed by 

a Tukey test indicated progesterone concentrations in adult males to be significantly lower than 

those of any female reproductive groups (pregnant p <0.0001; lactating p <0.01; immature p <0.01 

and calf p <0.001) and from the male calf group (p <0.001) (Fig.2.5).
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2.4.4 Repeated samples

Seasonal variation was also analyzed between samples from the same individuals collected 

in different seasons or in different years. Eight females were sampled both in the summer and in 

the fall and the mean progesterone concentrations was 3.7 (range 0.2 - 14.8) ng/g for samples 

collected in the summer months and 6.8 (range 0.7 - 19.71) ng/g for those collected in the fall 

(Fig. 2.6). No significant difference was found in progesterone concentrations over seasons (paired 

t-test: t= -1.1 df= 7, p= 0.31). Five individual males had repeated samples, collected in summer 

and fall. The mean (range) testosterone concentrations was 0.4 (0.2 - 1.0) ng/g for samples 

representing the summer and 2.9 (0.2 - 9.9) ng/g for samples collected in the fall (Fig. 2.7). No 

statistical difference was found between the two seasons (paired t-test: t= -1.5, df= 4, p= 0.2).

2.5 Discussion
The present study validated and measured sex steroids in 119 blubber samples of gray 

whales in order to provide information on the potential use of these steroids as biomarkers for 

reproduction in this species. The observed increase in testosterone secretion in male gray whales 

from age 0 to 8 years old (age at sexual maturity) suggests that the development of male sexual 

characteristics is a function of age, consistent with other studies. For example, Rice and Wolman 

(1971) observed that the weight of testes from gray whales from central California generally 

increased with body length, but with different rates and trends between southbound and 

northbound animals. In other mysticete species, lower concentrations of testosterone have been 

observed in immature compared to mature humpback and fin whales (Cates et al., 2019; Kjeld et 

al., 2006), with increased variability observed mainly in adult animals suggesting other variables 

(e.g., season) likely affect concentrations of this hormone.

Cyclicity or seasonal trends in testosterone concentrations from a variety of tissue types 

have been reported for humpback, blue, fin and North Atlantic right whales (Carone et al., 2019; 

Cates et al., 2019; Hunt et al., 2018; Kjeld et al., 2006; Melica et al., in review; Vu et al., 2015), 

with elevated concentrations in the months approaching the breeding season, indicating 

physiological preparation to mate. The present study found blubber testosterone concentrations 

had higher variability in adult males (range 0.1 - 9.8 ng/g), leading to the hypothesis of a seasonal 

trend. Statistical analysis indicated testosterone concentrations to be significantly higher in animals 

sampled in the fall compared to samples collected in the summer (Fig. 2.3), supporting seasonality 
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as the main explanatory factor. All adult males analyzed for seasonal changes in testosterone were 

identified as part of the PCFG, and sampled between June and October, while in their feeding 

grounds. Increased testosterone concentrations over time likely indicate preparation for mating as 

the timing of migration approaches. Repeated samples from two adult males were in support of 

these results, as both animals had at least 10 times higher testosterone concentrations in blubber 

collected in the fall (Fig. 2.7) compared to their respective samples from the summer. However, 

the overall sample size was too small to detect a statistically significant difference. Increased 

sample size and analysis of samples collected between December and May while the animals are 

in the migratory flow is necessary to have a more complete understanding of testosterone annual 

cycle.

Testosterone was also measured in 18 females with different reproductive statuses and no 

significant difference was found; however, testosterone concentrations were twice as high in 

lactating compared to pregnant animals. This is supportive of recent findings from Dalle Luche et 

al. (2020) in which androgens (i.e., testosterone) were elevated in female humpback whales in the 

late gestational stage. Relatively elevated concentrations in lactating animals is likely a result of a 

spike around parturition, and high values in calves and younger animals are potentially due to 

maternal transfer in milk. Lactation is the greatest reproductive cost with pregnant gray whales 

increasing their weight during the feeding season 25 - 30% more than whales in other reproductive 

states (Rice and Wolman, 1971; Swartz, 2018) and gray whale's milk having the highest fat content 

(53%) among cetaceans (Oftedal, 1997; Zenkovich, 1938). During migration and lactation, the 

accumulated body fat and blubber are used as energy sources and transferred to the calf. Maternal 

offloading of contaminants and trace metals has been documented for this species (Hayes, 2018) 

and other whales (e.g., fin whales (Aguilar and Borrell, 1994)), suggesting that steroid hormones 

are likely also transferred.

Progesterone concentrations were measured in 66 individual females and nine individual 

males with minimum age ranging from young of the year (animals sighted as calf) to 32 years of 

LSH. Significantly elevated concentrations were found in females confirmed as pregnant (Fig. 2.5) 

compared to other reproductive states, while adult males had statistically lower values than any 

female groups and males classified as calves. The range of progesterone concentrations overlapped 

between the pregnant and some of the non-pregnant groups (Fig. 2.5). Specifically, the overlap 

between whales in the pregnant and calf groups is likely due to maternal transfer via lactation. This 
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hypothesis found further support in the fact that progesterone concentrations were not different 

between male and female calves, and that male calves had significantly higher progesterone than 

adult males.

In order to estimate reproductive status for whales in the adult-unknown and unknown 

groups, a mixture of two normal distributions was fit to progesterone data from all non-calf females 

and applied to calculate the Pp based on hormone concentrations (Table 2.3). Using the Pp of 

whales with known reproductive status, it is reasonable to conclude that all whales with Pp higher 

than 95% are likely pregnant, while all whales with Pp lower than 5% are likely non-pregnant. Out 

of 46 whales of unknown reproductive status (both in the adult and unknown age class), 11 were 

likely pregnant and 25 likely non pregnant. Of the likely pregnant whales, four were sighted the 

year after sampling not accompanied by a calf in late summer or fall and it is possible that the 

calves had already been weaned, given that lactation is known to last for about 6 - 7 months (Jones, 

1990). However, whales in the lactating group were sampled between July and October, suggesting 

that calves tend to stay close by their mothers in the feeding ground (Rice and Wolman, 1971; 

Zenkovich, 1937). Most of the likely pregnant whales were part of the PCFG, and it is possible 

that the cows might feed in locations that are outside the photo-ID study area. Progesterone 

concentrations therefore could be a valuable tool to complement photo-ID effort to determine 

reproductive parameters (i.e., pregnancy rates).

High probability of pregnancy but no sighted calves might also be a result of reproductive 

failure, through either the loss of a calf post-parturition or the loss of the fetus, also referred as a 

spontaneous abortion (Atkinson et al., 1999; West et al., 2000). Calf mortality in gray whales has 

been reported to be high. Specifically, Swartz and Jones (1983) suggested a 31% decrease in 

number of calves between the Mexican lagoons and Central California. Accordingly, the first year 

class of gray whales was reported to account for 60% of mortality south of 49°N (Sumich and 

Harvey, 1986), with deaths mainly attributed to entanglement and killer whale predation. Elevated 

progesterone may also be the result of ovulation; however, few studies have reported that 

endocrine biomarkers for ovulation can be detected in blubber tissue (Inoue et al., 2019). In minke 

whales, no significant difference was found between blubber progesterone in ovulating and 

pregnant females (Inoue et al., 2019).

Ten whales had estimates of Pp between 6 and 90%. Medium to high progesterone may 

reflect different stages of the ovulatory cycle. Rice and Wolman (1971) estimated females to 
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ovulate between late November and early December, with potentially later ovulations in case of 

failure in conception. The samples mentioned above were collected between the months of July 

and October, indicating their progesterone concentrations to unlikely be a reflection of ovulation. 

More than half of the whales with unknown reproductive status had a Pp lower that 5% (25 out of 

46), with about half sighted the year after sampling not accompanied by calf. Of the remaining, 

three were sighted two years after the year of sampling, one 6 years later and 8 had no resighting 

recorded. Low progesterone concentrations and absence of calf might be indicative of females in 

a resting status or that haven't reached sexual maturity. Fecal progesterone in resting whales were 

similar to those categorized as lactating, for blue whales (Valenzuela-Molina et al., 2018) and 

north Atlantic right whales (Rolland et al., 2005). Furthermore, a recent study found no significant 

difference in blubber progesterone concentrations between resting, ovulating and pregnant minke 

whale females (Inoue et al., 2019). The same study, however, found significantly lower 

progesterone concentrations in immature whales, indicating this biomarker can be used to 

differentiate between immature and mature females (Inoue et al., 2019). In the present study, the 

applied age of sexual maturity is based on Rice and Wolman (1971), which estimated mean age of 

sexual maturity 8 years old (with a range from 5 to 11 years) based on ear plug growth layers and 

gonads; however, it is possible that this parameter has changed over the past 50 years and it is in 

need of reanalysis and clarification (Bradford et al., 2010), especially if applied to a distinct group 

such as the PCFG. Age of sexual maturity is density-dependent (Kato, 1987), and it is assumed to 

increase in high density populations (Demaster, 1984). Both the ENP gray whale population and 

the PCFG have increased over the last several decades (Calambokidis and Perez, 2017; Carretta et 

al., 2020), and it is possible that age of sexual maturity has shifted. Updated estimates of this 

parameter are necessary for more precise and accurate analysis of whales in different reproductive 

status.

Results from the present study confirmed progesterone can be used as an indicator of 

pregnancy, as demonstrated for other mysticete species (Atkinson et al., 2019; Carone et al., 2019; 

Clark et al., 2016; Kellar et al., 2014; Mansour et al., 2002; Melica et al., in review). Despite the 

complexity in clearly categorizing each individual, it is noteworthy that the female dataset in the 

present study reflects multiple reproductive states, with progesterone clusters not limited to high 

and low. The mixture model applied in this study indicated a 4.5% overlap the two distributions, 

confirmed also by overlapping of CIs. This is a bigger overlap than observed in similar studies in 
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which a gap or minimal overlap was found between groups with low and high concentrations 

(Carone et al., 2019; Pallin et al., 2018; Melica et al., in review). The animals were sampled while 

in their feeding grounds limiting these profiles to one phase of the migration. Additional samples 

from the breeding areas will likely fine tune this model approach and refine the description of 

progesterone profiles.

The present study provides new fundamental information on concentrations of 

reproductive hormones in blubber of gray whales. The results for male gray whales align with 

results found in other species, suggesting a seasonal cycle in testosterone concentrations in adult 

males detectable in blubber tissue (Carone et al., 2019; Kjeld et al., 2004; Melica et al., in review). 

Elevated testosterone concentrations were found in animals sampled between late September and 

October, likely indicating preparation for mating. Furthermore, since all sampled adult males were 

part of the PCFG, this study suggests physiological preparation for reproduction to begin while in 

their feeding grounds. For female gray whales the present study highlights the complexity of 

physiological reproductive profiles, however, the results presented here are innovative in 

developing a model to calculate the probability of being pregnant based on progesterone 

concentrations. With most samples collected from individuals in the PCFG, these data set a 

milestone in better understanding reproductive profiles and thus estimating more accurate 

reproductive parameters.
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2.8 Figures

Figure 2.1: Map of the Pacific West Coast with sampling locations of gray whales color-coded by 

season. Blubber biopsy samples were collected off the United States coasts of California (CA, n= 

2), Oregon (OR, n= 6), Washington (WA, n= 71) and Alaska (AK, n= 5), and in Canadian waters 

off British Columbia (BC, n= 22), during spring, summer and fall.
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Figure 2.2: Median and mean log-transformed testosterone of gray whale males against length of 

sighting history (LSH). Top graph: quantile regression indicated significant increase in the 95th 

percentile (p <0.001; solid line), but not in the 5th percentile (p >0.5; dashed line); overall, median 

testosterone did not significantly increase with LSH (p <0.05). Bottom graph: linear regression 

with unequal variance indicated a significant increase of mean testosterone concentrations in 

response to LSH (p= 0.03).
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Figure 2.3: Log-transformed testosterone in adult gray whale males. Concentrations were

significantly higher in whales sampled during the fall (t-test: p <0.05). Boxplots denote median 

(thick line), upper (75%) and lower (25) quartile (boxes) and largest and smallest value within 1.5 

times interquartile range below 25% and above 75% (whiskers).
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Figure 2.4: Log-transformed testosterone concentrations in gray whale females of different 

reproductive status. Differences in concentrations were not statistically different among groups 

(ANOVA F=1.9, df=4, p=0.2). Boxplots denote median (thick line), upper (75%) and lower (25) 

quartile (boxes) and largest and smallest value within 1.5 times interquartile range below 25% and 

above 75% (whiskers). Outside values are shown as filled circles.
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Figure 2.5: Log-transformed progesterone concentrations in female gray whales of known 

reproductive state and male gray whales of known age class. Progesterone concentrations were 

significantly higher in pregnant females compared to calves (t-test: p <0.05), immature (p <0.05) 

and lactating (p <0.05) whales. Adult males had significantly lower concentrations of progesterone 

compared to males classified as calf (p <0.001). Boxplots denote median (thick line), upper (75%) 

and lower (25) quartile (boxes) and largest and smallest value within 1.5 times interquartile range 

below 25% and above 75% (whiskers).
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Figure 2.6: Log-transformed progesterone concentrations for repeated samples from eight gray 

whale females collected in summer and fall. Shapes of points represent reproductive status: 

immature (black circles), lactating (black triangles), pregnant (black squares), adult-unknown 

(crosses), unknown (crossed squares). Mean concentrations are indicated by the stars. Boxplots 

denote median (thick line), upper (75%) and lower (25) quartile (boxes) and largest and smallest 

value within 1.5 times interquartile range below 25% and above 75% (whiskers).
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Figure 2.7: Log-transformed testosterone concentrations from five gray whale males sampled in 

summer and fall. Shape of points represents age class: calf (black triangles), immature (black 

squares), adult (black circles) and unknown (crosses). Mean concentrations are indicated by the 

stars. Boxplots denote median (thick line), upper (75%) and lower (25) quartile (boxes) and largest 

and smallest value within 1.5 times interquartile range below 25% and above 75% (whiskers).
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2.9 Tables
Table 2.1: Testosterone and progesterone concentrations in male gray whales. Description and 

mean (range) of testosterone and progesterone concentration are reported for each age class for 

male gray whales.

Age class Description Mean testosterone 

concentrations (range) ng/g
Mean progesterone 

concentrations (range) ng/g

Adult (n= 16) Males with LSH of 8 or

more years

1.9 (0.2 - 9.8) 0.45 (0.31 - 0.61)*

* Data based on measurements on 

four animals

Immature (n= 6) Males with known year of 

birth and known age of 

less than 8 years

0.4 (0.1 - 0.9) 0.6**

** measured only in one sample 

from this category

Calf (n= 4) Males sighted as calf the 

year of sampling

0.4 (0.3 - 0.5) 2.6 (1.76 - 4.01)

Unknown (n= 14) Males that do not fit in 

any other categories

0.6 (0.1-2.6) N/A
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Table 2.2: Progesterone and testosterone concentration in female gray whales. Description and 

mean (range) of progesterone and testosterone concentration are summarized for each reproductive 

state and age class for female gray whales.

Reproductive state Description Mean progesterone 

concentrations (range) 

ng/g

Mean testosterone 

concentrations (range) 

ng/g

Calf (n= 4) If sighted as calf on 

the year of sampling

4.7 (1.5 - 11.0) 0.8 (0.4 - 1.2) *

* Data based on 

measurements on three

animals

Immature (n= 6) If with known age of 

less than 8 years at the 

time of sampling

2.2 (0.7 - 3.5) 0.8 (0.1 - 2.1)

Lactating (n= 6) If seen with calf the 

year of sampling

2.1 (1.5 - 3.6) 0.4 (0.1-0 - 8) ** 

**Data based on 

measurements on three 

animals

Pregnant (n= 4) If seen with calf the 

year after sampling

19.5 (11.2 - 30.8) 0.2 (0.2 - 0.3)

Adult-Unknown (n=

26)

Adult whales either 

not seen or seen not 

accompanied by calf

7.9 (0.7 - 48.9) 0.2 (0.1 - 0.4)*** 

*** Data based on 

measurements on two 

animals

Unknown (n= 20) Whales not seen or 

seen not accompanied 

by calf and with no 

sufficient LSH to 

determine Age class

9.2 (0.6 - 61.7) N/A
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Table 2.3: Probability of being pregnant assigned to each female gray whale of known and 

unknown reproductive status. The probability was calculated based on each single progesterone 

concentration, using the two distributions identified via mixture model. Additional information 

included are feeding group, age class, the year and month of sampling and the year of subsequent 

sighting.

CRC
ID

Feeding

group
Age class

Reproductive 

status
Progesterone

ng/g

Probability 
of being 

pregnant

Year of 
sampling

Month of 
sampling

Year seen after 

year of sampling

860 PCFG Immature Immature 3.54 3.43 2004 September 2005

1512 PCFG Immature Immature 2 0.17 2013 October 2014

1559 PCFG Immature Immature 2.3 0.35 2015 October 2016

1622 PCFG Immature Immature 0.71 0.00 2015 October 2016

1736 PCFG Immature Immature 2.74 0.89 2015 October 2016

1822 PCFG Immature Immature 1.7 0.07 2015 October 2016

67 PCFG Adult Lactating 3.63 3.91 2004 August 2005

178 PCFG Adult Lactating 3.33 2.48 2013 July 2014

372 PCFG Adult Lactating 1.65 0.06 2015 August 2016

525 PCFG Adult Lactating 1.95 0.15 2015 October N/A

719 PCFG Adult Lactating 1.54 0.04 2015 October 2016

827 PCFG Adult Lactating 1.52 0.04 2015 September 2018

92 PCFG Adult Pregnant 14.76 99.17 2012 August 2013

193 PCFG Adult Pregnant 21.15 99.90 2015 October 2016

196 PCFG Adult Pregnant 11.16 95.82 2015 October 2016

280 PCFG Adult Pregnant 30.81 99.99 2015 October 2016

30 PCFG Adult Unknown 17.3 99.68 2015 October 2016

94 PCFG Adult Unknown 1.48 0.04 2010 October 2011

127 PCFG Adult Unknown 0.67 0.00 2010 September 2011

141 PCFG Adult Unknown 9.08 87.37 2005 July 2006

80



Table 2.3 continued

CRC
ID

Feeding

group
Age class

Reproductive 

status
Progesterone

ng/g

Probability 

of being 

pregnant

Year of 
sampling

Month of 
sampling

Year seen after 

year of sampling

143 PCFG Adult Unknown 7.51 69.97 2015 October 2016

192 PCFG Adult Unknown 20.77 99.89 2011 August 2012

204 PCFG Adult Unknown 0.82 0.00 2010 July 2011

231 PCFG Adult Unknown 3.52 3.33 2014 September 2017

238 PCFG Adult Unknown 1.32 0.02 2015 October 2017

242 PCFG Adult Unknown 27.33 99.98 2015 September 2018

302 PCFG Adult Unknown 0.93 0.00 2010 September 2011

396
PCFG-

NPS
Adult Unknown 0.9

0.00
2010 September 2011

531 NPS Adult Unknown 20.44 99.88 2016 March 2018

532 PCFG Adult Unknown 5.77 34.44 2012 July 2013

554 PCFG Adult Unknown 4.43 10.79 2015 October 2016

629 PCFG Adult Unknown 1.88 0.12 2015 October N/A

637 PCFG Adult Unknown 48.9 100.00 2013 August 2018

657 PCFG Adult Unknown 1.24 0.01 2015 October 2016

659 PCFG Adult Unknown 1.82 0.10 2012 July 2014

668 PCFG Adult Unknown 2.67 0.77 2012 July 2014

698 PCFG Adult Unknown 8.54 82.94 2015 September 2016

759 PCFG Adult Unknown 2.24 0.31 2015 October N/A

760 PCFG Adult Unknown 2.99 1.41 2015 September N/A

826 PCFG Unknown Unknown 0.83 0.00 2010 September 2016

842 PCFG Unknown Unknown 2.72 0.85 2004 September 2005

872 PCFG Adult Unknown 4.75 15.10 2013 August 2015
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Table 2.3 continued

CRC
ID

Feeding

group
Age class

Reproductive 

status
Progesterone

ng/g

Probability 

of being 

pregnant

Year of 
sampling

Month of 
sampling

Year seen after 

year of sampling

900 PCFG Adult Unknown 11.4 96.29 2015 October 2018

1053 PCFG Unknown Unknown 19.71 99.85 2008 October 2012

1059 PCFG Unknown Unknown 61.7 100.00 2008 October 2009

1067 PCFG Adult Unknown 1.56 0.05 2015 September N/A

1118 PCFG Unknown Unknown 3.08 1.65 2015 September 2016

1172 PCFG Unknown Unknown 2.19 0.27 2012 August 2013

1201 PCFG Unknown Unknown 0.63 0.00 2012 July 2013

1551 PCFG Unknown Unknown 1.73 0.08 2012 August 2013

1597 ENP Unknown Unknown 2.46 0.50 2013 October N/A

1598 ENP Unknown Unknown 29.09 99.99 2013 October 2014

1600 ENP Unknown Unknown 12.18 97.45 2013 September N/A

1602 ENP Unknown Unknown 8.41 81.66 2013 September N/A

1646 PCFG Unknown Unknown 1.69 0.07 2015 October N/A

1681 PCFG Unknown Unknown 21.31 99.91 2014 September N/A

1868 PCFG Unknown Unknown 1.06 0.01 2015 September 2016

1870 ENP Unknown Unknown 5.08 20.51 2015 July N/A

1872 ENP Unknown Unknown 4.06 6.97 2015 August N/A

1881 ENP Unknown Unknown 4.2 8.28 2015 August N/A

1890 ENP Unknown Unknown 1.31 0.02 2015 September N/A

1899 ENP Unknown Unknown 1.43 0.03 2015 October N/A
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2.10 Supplemental figures

Fig. S2.1 : Mixture models fitted to log-transformed progesterone and calculated probability of 

individual female grey whales being pregnant based on progesterone concentrations. A) The solid 

line represents the cluster of animals with lower progesterone (mean= 2.0 ng/g (95% CI: 0.6 - 6.3 

ng/g) and included all whales known to be non-pregnant (e.g., lactating and immature, open 

circles), and the second a cluster of whales with higher progesterone (mean=16.9 ng/g (95% CI:

4.8 - 59.6 ng/g), including of known pregnant whales (stars). B) Probability of being pregnant 

based on progesterone concentrations (Pp). Pp was calculated for all non-calf females (open 

triangles).
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Chapter 3 Corticosteroid hormones as biomarkers for stress response in blubber of blue 

and gray whales5

5 A modified version of this chapter will be submitted for publication.
Melica V, Atkinson S, Gendron D, Calambokidis J, Lang A, Scordino J. Corticosteroid hormones as biomarkers for 
stress response in blubber of blue and gray whales.

3.1 Abstract
Increased wildlife-human interactions as well as rapid changes in environmental conditions have 

warranted the need to search for biomarkers for animal health, specifically for prolonged or 

excessive exposure to stressors. Corticosteroids (CC) (cortisol, corticosterone and aldosterone) are 

a class of steroid hormones involved in the mammalian physiological stress response. The present 

study includes a comprehensive analytical and biological validation of CCs in blubber of blue and 

gray whales from the Eastern North Pacific to assess each CC hormone as a biomarker of a 

physiological stress response. Blubber samples from 84 blue and 156 gray whales were extracted 

and analyzed for cortisol, corticosterone and aldosterone using enzyme immunoassays. Analytical 

validations (i.e., parallelism and accuracy tests) were used to determine detectability and 

measurement accuracy of these hormones using commercially available kits. Hormone 

concentrations were first tested for any relationships with sampling area and time, or with life 

history parameters (e.g., age and reproductive status) within presumably “healthy” (biopsies) 

whales, and then compared with those of “stressed” (stranded) whales. All CC passed the 

analytical validation. In “healthy” blue whales, corticosterone was significantly lower in immature 

female whales than in pregnant and lactating (p <0.05) and in “healthy” gray whales, pregnant 

females had significantly lower cortisol than lactating whales (p <0.05). For both species, 

“stressed” whales had generally higher concentrations of CC, with significant differences for 

corticosterone in blue whales and for cortisol and corticosterone in gray whales (p <0.05). In gray 

whales, cortisol and corticosterone concentrations were significantly affected by cause of death. 

Cortisol was found to be a valid marker for body conditions in both species. This study provides 

evidence that endocrine biomarkers are likely sex- and species-specific in large whales. With the 

increasing interest in developing markers for monitoring wildlife stress response, the analysis of 

multiple hormones over just a single one may provide a more comprehensive understanding of the 

physiological processes involved.
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3.2 Introduction
Increased wildlife-human interactions as well as rapid changes in environmental conditions 

have warranted the need to search for biomarkers for animal health, in response to stressors. 

“Chronic stress”, i.e., prolonged or excessive exposure to stressors, is a key concern for endangered 

wildlife population, as its long-term repercussions to an organism's health may include a 

compromised immune system (Webster Marketon and Glaser, 2008) or reproductive failure 

(Tilbrook et al., 2000; Wasser et al., 2017). For threatened or endangered populations, this may 

lead to population declines (Wasser et al., 2017).

Corticosteroids (CC) are a class of steroid hormones produced in the adrenal cortex and 

involved in the physiological response to stress in terrestrial and aquatic mammals (Atkinson et 

al., 2015). This hormone class is further divided into two main groups: glucocorticoids (GCs: 

cortisol and corticosterone) and mineralocorticoids (aldosterone). While they are both regulated 

by the hypothalamus-pituitary-adrenal (HPA) axis, these two groups differ in their physiological 

outcomes. The function of GCs is to increase the level of glucose in blood by stimulating 

gluconeogenesis, a biochemical pathway that produces glucose from non-carbohydrate substrates. 

In vertebrates, this process mainly takes place in the liver. When this process is triggered over a 

long period of time, GCs have a catabolic action on both skeletal muscle and adipose tissue (e.g., 

blubber) in order to provide a supply of compounds (e.g., amino acids or glycerol) for 

gluconeogenesis (Peckett et al., 2011; Tanaka et al., 2017). Elevated or chronic production of GCs 

can result in poor body condition and can have negative effects on reproduction. For instance, in 

domestic ungulates and primates, cortisol can suppress gonadotrophin secretion (e.g., luteinizing 

hormone) (Tilbrook et al., 2000) that drives gonadal development. Mineralocorticoids, with 

aldosterone as a major hormone, are primarily regulated by the renin-angiotensin system; however, 

their secretion is secondarily activated by the HPA during stress response (Kubzansky and Adler, 

2010). Kidneys are their target organs and they act to regulate electrolyte balance, water retention 

and blood pressure (Kubzansky and Adler, 2010). During the stress response when the 

cardiovascular ionic and osmotic balance is altered by the catabolic effect of glucocorticoids, 

mineralocorticoids likely function to restore osmotic homeostasis as well as to stabilize blood 

pressure (Burgess et al., 2017). However, when secreted in abundance and over a long period of 

time, mineralocorticoids may have detrimental effects on the cardiovascular system such as
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causing a rise in arterial pressure, excessive extracellular fluid volume, fatigue, and hypokalemia 

(Guyton and Hall, 2000).

Corticosteroid hormones have been studied in a wide range of tissues and mammal species, 

as indicators of physiological stress. Over the past two decades, pinnipeds or cetaceans under 

human care, from which samples could be easily obtained, have been the study species of pioneer 

projects aimed at investigating stress response to acute stimuli (Champagne et al., 2017; Keogh 

and Atkinson, 2015; Mashburn and Atkinson, 2007, 2004; Robeck et al., 2017; Steinman et al., 

2016). However, information on endocrine patterns and long-term detrimental effects are still 

limited for free ranging populations. Stress hormone profiles, mainly GCs, have been described in 

a handful of mysticete species, using a variety of matrices: baleen, feces and blubber (Atkinson et 

al., 2019; Burgess et al., 2017; Cates et al., 2020; Hunt et al., 2014a, 2014b; Kellar et al., 2015; 

Rolland et al., 2012, 2019; Trumble et al., 2018; Valenzuela-Molina et al., 2018). Feces can be 

collected non-invasively and have been used to monitor stress in North Atlantic right whales 

(Eubalaena glacialis). In this population, a decrease in GCs levels was detected in response to 

decreased ship traffic (and thus noise) following the events of September 11, 2001 (Rolland et al., 

2012). Higher concentrations of these hormones were found in whales that were entangled in 

fishing gear indicating chronic stress, than whales that were quickly killed by vessels, indicating 

acute stress (Rolland et al., 2017). Burgess et al. (2017) found that fecal aldosterone metabolites 

were positively correlated to glucocorticoids in right whales and the two classes of CC followed 

similar patterns across the different life history states. In blue whales (Balaenoptera musculus), 

glucocorticoids have been detected and measured in fecal, blubber, baleen and earplug samples 

(Atkinson et al., 2019; Hunt et al., 2018, 2017b, 2017c; Trumble et al., 2018, 2013; Valenzuela- 

Molina et al., 2018). Corticosterone and mainly cortisol in baleen and earplug showed “peaks” 

during the life of the individuals, sometimes in synchrony with testosterone peaks (Hunt et al., 

2017b; Trumble et al., 2013). In female blue whales, fecal corticosterone was found as the primary 

glucocorticoid and concentrations were elevated in pregnant females (Valenzuela-Molina et al., 

2018).

Nevertheless, because collection of feces, earplug or baleen is highly opportunistic and 

somewhat limited, blubber has become a prominent tissue for endocrine studies in cetaceans, 

especially mysticetes, over the past two decades (Atkinson et al., 2019; Cates et al., 2019; 

Champagne et al., 2018; Kellar et al., 2015; Mingramm et al., 2020; Trana et al., 2015). Blubber 
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reflects recent and chronic exposure to stressors, since hormones accumulate through passive 

diffusion reflecting events that happened very recently (Champagne et al., 2017). Furthermore, 

blubber can be collected from live whales, using remote biopsy technique, a minimally invasive 

approach (Noren and Mocklin, 2012). In baleen whales, blubber CC have been studied in two 

populations of humpback whales (Cates et al., 2020; Mingramm et al., 2020), and in North Pacific 

blue (Atkinson et al., 2019) and gray whales (Eschrichtius robustus) (Hayden et al., 2017). 

However, these studies are limited to the detection of one specific hormone, (e.g., cortisol for blue 

whales (Atkinson et al., 2019) and Australian humpback whales (Mingramm et al., 2020), 

corticosterone for North Pacific humpback whales (Cates et al., 2020) and hydrocortisone in gray 

whales (Hayden et al., 2017), thus overlooking the interaction or the suitability of other CC as 

possible biomarkers for stress.

The goal of the present study was to construct a thorough validation of three corticosteroids 

(cortisol, corticosterone and aldosterone) in blubber of two whale species from the eastern North 

Pacific Ocean, blue and gray whales. These species have largely been studied over the past two 

decades, and are mostly recovered after being severely exploited from commercial whaling 

(Rankin et al., 2006; Thomas et al., 2015). The migratory corridors of both species overlap 

geographically, with blue whales migrating between the Gulf of California (GoC) and Costa Rica 

Dome to the United States West Coast (USWC) and the Gulf of Alaska (Calambokidis et al., 2009; 

Carretta et al., 2020). The majority of ENP gray whales migrate annually between the lagoons of 

the Baja Peninsula, their breeding grounds, and the continental shelves of the Bering and Chukchi 

seas to feed. An exception is the Pacific Coast Feeding Group (PCFG), a small group that forages 

primarily between southeastern Alaska and Northern California (Calambokidis et al., 2012; IWC, 

2012).

Blue and gray whales can be indicators of changes in ecosystem dynamics, mainly because 

of their feeding on lower trophic levels. For instance, a shift to more northerly waters in blue whale 

numbers was reflected in historical whaling data and seemed to be associated with variations in 

the Pacific Decadal Oscillation (PDO) (Calambokidis et al., 2009), a decadal oceanographic 

pattern, known to influence biota of the North Pacific (Francis et al., 1998; Kilduff et al., 2015). 

Overall catches in the Canadian and Alaskan waters appeared to peak during “cool” PDO 

conditions and decrease during “warm” PDO conditions. Consequently, large numbers of whales 

were killed off of California and Mexico during “warm” PDO regimes (Calambokidis et al., 2009).
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The coincidence of shifts in blue whale sightings and PDO regimes has also been confirmed by 

examining NOAA's Platforms of Opportunity database from 1959 to 2006. A positive PDO is 

known to cause downwelling, which reduces the nutrient supply to shelf areas of the Gulf of Alaska 

with a subsequent decrease in primary production for the ecosystem (Mundy and Spies, 2005). In 

contrast, a negative PDO allows for longer-lasting phytoplankton blooms, so that primary 

production is higher on the shelf (Mundy and Spies, 2005). A combination of depletion from 

whaling and prey shifts might have favored migration to more northern areas over time 

(Calambokidis et al., 2009).

Because of their feeding habit as suction feeders on benthic organisms (Moore et al., 2003; 

Nerini, 1984) and their seasonal occurrence in Arctic waters, gray whales have been described as 

an example of a sentinel species for assessing responses to climate change, supported by multiple 

studies (Moore, 2008). For example, a shift in timing of migration has been linked to 

oceanographic conditions, specifically to the PDO (Rugh et al., 2001). Rugh et al. (2001) report 

delays in southbound migration timing of gray whales as a response to the 1970s PDO “regime 

shift”. Furthermore, longer ice-free periods on the feeding grounds have been positively correlated 

with calf production, as pregnant females may have benefitted from longer access to feeding niches 

(Perryman et al., 2002). Lower numbers of mother-calf pairs and higher mortality rates were 

observed in the breeding grounds during El Nino (Urban et al., 2003). These oceanographic 

changes and the consequent changes in benthic prey distribution have likely led to a decreasing 

numbers of gray whales feeding in the Chirikov basin (Moore et al., 2003), their year-round 

occurrence off of Kodiak Island, Alaska (Moore et al., 2007), and their presence in the Beaufort 

Sea during the winter as detected by passive acoustics (Stafford et al., 2007). In 1999 - 2000, this 

population experienced an Unusual Mortality Event (UME) during which more than 600 carcasses 

were reported, with starvation as a contributing factor to mortality (Gulland et al., 2005). In 2019, 

more than 200 animals were found stranded across Mexico, the United States, and Canada, and in 

response, NOAA issued a second UME6. While no common cause of death has been identified, 

many carcasses were found in poor body conditions. In addition to environmental change, blue 

and gray whales are exposed to a variety of anthropogenic sources of disturbance along their 

6 https://www.fisheries.noaa.gov/national/marine-life-distress/2019-gray-whale-unusual-mortality-event-along- 
west-coast ; assessed 10/17/2020
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migration route, including contaminants (Gulland et al., 2005; Krahn et al., 2001; Metcalfe et al., 

2004; Tilbury et al., 2002; Trumble et al., 2013), underwater noise (Goldbogen et al., 2013; Moore 

and Clarke, 2002), fishing operations and ship collisions (Baird et al., 2002; Berman-Kowalewski 

et al., 2010; Carretta et al., 2013; Douglas et al., 2008).

Because of their feeding ecology and their occurrence in areas with high levels of 

anthropogenic activities, whales are exposed to these disturbances for a prolonged period and may 

experience chronic stress, with consequences for multiple physiological processes, e.g., 

reproduction and metabolism (Atkinson et al., 2015; Atkinson and Dierauf, 2018). However, 

without a complete understanding of their physiological processes and, especially, without tested 

biomarkers for a stress response, it is difficult to quantify the extent of the consequences of both 

anthropogenic and environmental stressors on the population health.

The goal of this project is to provide a comprehensive validation of cortisol, corticosterone 

and aldosterone in blubber of blue and gray whales and to determine the suitability of each 

hormone as a biomarker for physiological stress in blubber of two whale species. The specific 

research questions are:

- Can corticosteroid hormones be validated in blubber of blue and gray whales?

- Do corticosteroid hormones concentrations change across life history factors such as sex, 

age class, and reproductive state, and among areas of sampling?

- Can concentrations of corticosteroid hormones be an indicator of physiological stress?

To answer these questions analytical and biological validations were carried out. First, 

established protocols were used to determine detectability and measurement accuracy of these 

hormones using commercially available enzyme immunoassay (EIA) kits; second, hormone 

concentrations were compared between blubber biopsies from presumably ”healthy” whales and 

samples from stranded “stressed” animals, with the expectation that hormone levels will be higher 

in the latter group; finally, in “healthy” whales, CC concentrations were also tested for any 

relationships with life history parameters (e.g., age, sex, reproductive state) as well as time and 

area of sampling.
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3.3 Methods

3.3.1 Biopsy collection and life history data

Blubber samples of 81 blue whales (46 females and 35 males) and 108 gray whales (68 

females, 40 males) were collected from live animals (Table 3.1 and S3.1). For blue whales, 62 

biopsies were collected in the Gulf of California (GoC) (Latitude: 24.33°N - 30.84°N; Longitude: 

114.09°W - 109.09°W) by the Centro Interdisciplinario de Ciencias Marinas (CICIMAR) between 

2002 and 2016, stored in liquid nitrogen at sea and transferred at CICIMAR as previously 

described in protocols (Costa-Urrutia et al., 2013); 19 biopsies were collected along the United 

States West Coast (USWC) (Latitude: 32.77°N - 40.82°N, Longitude: 124.62°W - 117.4°W ) 

using biopsy darts and crossbow by the Cascadia Research Collective (CRC) between 2005 and 

2015, frozen in liquid nitrogen at sea and then stored at the NMFS Southwest Fisheries Science 

Center's (SWFSC) Marine Mammal and Sea Turtle Research Collection in -80°C. Male blue 

whales were categorized in different age classes based on length of sighting history (LSH), and 

females were divided based on age class and reproductive status (Table 3.1 for descriptions). Life 

history information regarding LSH and reproductive state were obtained from the CICIMAR and 

the CRC photo ID catalogs for each biopsy.

For gray whales, 107 biopsies were collected using a crossbow and biopsy darts from the 

Makah Tribe Marine Mammal Program, CRC, NOAA SWEFSC, and stored at -80°C. The 

sampling efforts occurred between Northern California (Latitude: 38.3°N, Longitude: 122.2°W) 

and Kodiak Is. AK, (Latitude: 57.4°N, Longitude:152.4°W) between 2004 and 2016. An additional 

sample was collected off the coast of Sitka, Alaska. Similar to blue whales, samples were divided 

based on age class and reproductive status, using life history information from the CRC Photo ID 

catalog and categories described in Table 3.1.

3.3.2 Blubber samples from stranded animals

Blubber samples were obtained from three stranded blue whales, one female and two 

males, by NOAA SWFSC and Oregon State University. Based on the NOAA Marine Mammal 

Health and Stranding Response Program (MMHSRP) reports (Level A) and personal comments, 

one male (HMSC15-11-01-Bm) was found stranded in Ophir, OR on November 3, 2015; the 

second male (LACMNH-DSJ2231) was reported floating in Long Beach Harbor, CA, on 

September 11, 2007, (Berman-Kowalewski et al., 2010); finally, the carcass of the female whale 
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(TMMC-C-337-F) was found in San Mateo County, CA and examined on October 2, 2010 by the 

Marine Mammal Center. Additional blubber samples from 47 gray whale carcasses were obtained 

through the MMHSRP. These samples came from whales that were found and examined between 

2003 and 2019, along the U.S. Continental West Coast and Alaska. Out of 47 individuals, 19 were 

part of the 2019 UME. Information on sex, reproductive state, age class and likely cause of death 

was obtained from the MMHSRP Level A forms, personal comments and other publications 

(Berman-Kowalewski et al., 2010) (Table S3.1). The cause of death was determined as: trauma 

(n= 6), when signs of accidents were present on the carcass, including collision with vessels, 

nutritional stress (n= 5), when the animal was found severely emaciated, entanglement (n= 2), 

when found entangled in fishing line (one of the animals was a live stranding) or hunt (n= 3), when 

the animal was killed by predators. Two of the latter whales were killed by killer whales and one 

was harvested illegally. All but one of the carcasses from 2019 were found in poor body condition 

and counted in the UME.

3.3.3 Sample preparation and hormone extraction

Blubber samples were subsampled at their storage location (e.g., NMFS SWFSC, 

CICIMAR, UAS) and transferred to the University of Alaska Fairbanks facility in Juneau AK, 

where they were stored at -80°C until extraction. Sample weights ranged between 0.02 and 0.29 g 

(mean ± standard deviation= 0.1 ± 0.04 g) for blue whales and between 0.03 and 0.26 g (mean ± 

standard deviation= 0.12 ± 0.04 g) for gray whales. For stranded animals, only samples from the 

first 3 - 4 cm of blubber depth were used for this analysis, for a more consistent comparison with 

blubber from biopsies, that is usually collected from the surface layers. Hormone extraction was 

performed following the step-wise process described in Atkinson et al. (2019) adapted from Kellar 

et al., (2006) and Mansour et al., (2002). Briefly, samples were first macerated manually using a 

Teflon tip homogenizer in 1 ml of ethanol, then extracted using a series of solvent-supernatant 

transfers, with multiple organic solvents (ethanol, acetone, ether, acetonitrile and hexane). Extracts 

were diluted in 1 ml of methanol before being aliquoted for each assay. Hormone concentrations 

were measured using EIA kits from Arbor Assay (Ann Harbor, MI) for cortisol (kit # K003), 

corticosterone (kit # K014) and aldosterone (kit # K052), following the manufacturer's protocols.
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3.3.4 Analytical Validation

Each EIA kit was tested for parallelism and accuracy using pools of extracts from males 

and females of each species. For blue whales, blubber pools were created from extracts of both 

biopsies and stranded animals (10 females and 10 males) and used for validating the corticosterone, 

cortisol, and aldosterone assays. For gray whales, two sets of blubber pools were made from 

extracts of only stranded animals: the first set included extracts from four males and 10 females 

and was used for validating the corticosterone and the cortisol assay; the second set was made of 

extracts from eight stranded males and eight stranded females and used for validating the 

aldosterone assay. To test for parallelism, each pool was serially diluted (1:1, 1:2, 1:4, 1:8, 1:16 

and 1:32) and tested for parallel displacement with the standard curve for each hormone. This step 

is used to confirm that the assay antibody can reliably bind the antigen throughout the range of the 

standard curve. It also indicates at what dilution hormone concentration shows to 50% binding. 

Parallelism was assessed both visually and using a t-test to determine statistical differences in 

slopes, with lack of significance supporting parallelism. The accuracy test is used to determine if 

any other compounds in the extracts are interfering with the antigen-antibody binding of the assay, 

testing how well the measured concentrations corresponded to added concentrations of each 

hormone. For this step, an equal volume of each pool was spiked with each standard, the recovered 

mass was graphed against the added mass and it was tested for linearity. Linearity is met when a 

linear slope close to 1.0 (acceptable range: 0.7 - 1.3) is achieved (Hunt et al., 2017b). Samples 

were run in duplicate, at dilutions displacing around the 50% binding based on parallelism test. 

Raw data obtained in pg/ml were corrected for dilution factor and weight, and were expressed as 

ng/g.

3.3.5 Biological validations

In order to test for biological evidence that concentrations of CC can be used as indicators 

of a stress response, hormone concentrations were transformed using a natural logarithmic scale 

and compared between blubber samples from alive and stranded animals. For the purpose of this 

part of the study biopsied animals were considered presumably “healthy,” while deceased 

individuals were considered “stressed.” All statistical and graphical analyses were conducted using 

the software R v.3.5.2 (R Core Team, 2020). Exploratory data analysis was performed using 

“qqnorm” function, and Bartlett and Levene's tests. For blue whales, natural log-transformed 
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hormone concentrations of “healthy” and “stressed” whales met the requirements of normality and 

homogeneity of variances. For gray whales, concentrations of all three hormones met normality 

requirements when transformed on natural logarithmic scale. Variance between “healthy” and 

“stressed” whales were homogenous for aldosterone, but not for cortisol and corticosterone.

First, in order to assess whether CCs may be indicators of naturally occurring physiological 

stress, hormone concentrations were tested in presumably “healthy” whales, in relation to life 

history factors such as sex, age and reproductive state (for female only), as well as time and area 

of sampling using generalized linear models (GLM). For blue whales, log-transformed cortisol 

concentrations were modeled as a function of sex (male/female), age class (immature, adult) and 

area (GoC, USWC). Cortisol and corticosterone concentrations in females were also compared 

among different reproductive states (immature, lactating, pregnant) using ANOVA followed by a 

Tukey post-hoc test. For gray whales, log-transformed cortisol and corticosterone were modeled 

as a function of sex (male/female), age class (calf, immature, adult) and month of sampling (March 

to November). For females, differences in cortisol and corticosterone were also tested among 

reproductive status using ANOVA followed by Tukey post-hoc tests.

Second, CC concentrations were compared between “healthy” and “stressed” whales. In 

blue whales, due to small size of the “stressed” group (n= 3), a one-sided t-test assuming equal 

variances was applied to natural log-transformed concentrations of cortisol and corticosterone, to 

test for differences between “healthy” and “stressed” whales. Aldosterone concentrations were 

measured only in two stranded individuals, therefore no statistical comparison between “healthy” 

and “stressed” whales was performed. For gray whales, a two-way ANOVA followed by a Tukey 

post-hoc test was used to compare CC concentrations between “healthy” and “stressed” whales, 

between females and males and considering the interactions of sex and condition (“healthy” or 

“stressed”). In addition, hormone concentrations were also compared among all “healthy” and 

“stressed” whales with different causes of death (COD) using a one-way ANOVA followed by a 

Tukey post-hoc test. Finally, pairwise correlations between the different hormone concentrations 

were calculated for each species using the Pearson's correlation.
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3.4 Results

3.4.1 Analytical validation

Results on the analytical validation of blue and gray whale blubber for the cortisol, 

corticosterone and aldosterone assays are summarized in Table 3.2. For cortisol, serial dilutions 

from both species and both sexes showed parallelism to the standard curve (Fig. 3.1A; all p >0.05); 

70% binding was detected at 1:1 dilution for female blue whales, and 2:1 for male blue whales. 

For gray whale pools, 50% binding fell at 1:2 for females and 40% binding at a 1:4 dilution for 

males. The accuracy check showed a linear relationship between the standard mass added and the 

mass recovered, with slopes ranging from 0.7 to 1.0 (Table 3.2).

For corticosterone, serial dilutions resulted in parallel displacement to the standard curve 

of the assay (p >0.05 for all species-sex combinations (Table 3.2)). While differences in slopes 

were not statistically significant (p= 0.4), dilutions from the blue whale male pool decreased much 

more slowly than the standard curve (Fig. 3.1B). Conversely, the dilutions from the pool of female 

blue whales visually showed parallel displacement (Fig. 3.1B) to the corticosterone standard curve, 

and statistically it was non-significant (p= 0.08). The pooled sample from female blue whales 

showed binding at 43% at a 1:1 dilution, while the one for male blue whales bound at 85% at a 1:1 

dilution. For gray whales, the female pool exhibited 42% binding at 1:1 dilution, while the male 

pool showed 66% binding at 1:1 dilution. The slopes of the linear regressions for the accuracy 

check ranged between 0.9 and 1.2 (Table 3.2).

For the aldosterone assay, parallelism was confirmed visually and statistically for both 

species and sexes (p >0.05) (Table 3.2; Fig. 3.1C); for the accuracy check the standard mass 

recovered showed linear relationships with the mass added for both species and sexes, with slopes 

ranging from 1.0 to 1.3 (Table 3.2). The serial dilutions from the blue whale blubber exhibited 

50% binding at 1:1 and 2:1, for female and male pools respectively, while those from the gray 

whale blubber showed 50% binding at 1:1 and 4:1, for females and males respectively.

The intra-assay percentage coefficient of variation (CV) was <10%, for all hormones. If 

any sample had a CV >10%, it was re-diluted accordingly and re-assayed. Inter-assay validation 

was determined using two internal controls for each hormone. For the corticosterone assay, the 

CVs (%) of the internal controls used were 16.9% and 10.9%; for cortisol, 12.2% and 15.6%; for 

aldosterone, 11.5% and 11.2%.
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3.4.2 Biological validations

The Pearson correlation coefficient was calculated for each hormone pair. Cortisol showed 

positive correlation with corticosterone in both blue (r= 0.20) and gray whales (r= 0.45) and with 

aldosterone in gray whales (r= 0.32). Aldosterone showed no correlation with cortisol in blue 

whales (r= -0.008), whereas it had a strong positive correlation with corticosterone in gray whales 

(r= 0.7).

For blue whales, the GLM did not indicate any significant relationship between cortisol 

concentration and any of the life history parameters (sex: p= 0.4, age class: p= 0. 4) or between 

hormone concentrations and area of sampling (p= 0.9). In males, the two individuals categorized 

as immature had elevated concentrations of cortisol (1.1 and 0.9 ng/g) compared to the mean of 

the adult group (0.6 ng/g; range 0.2-2.48 ng/g), but the values overlapped in range between the 

two age classes. In female blue whales, cortisol concentrations did not significantly differ among 

reproductive status (ANOVA: F =1.3, df=2, p= 0.3) (Fig. 3.2). Corticosterone concentrations in 

female blue whales were significantly different among reproductive states (ANOVA: F= 12.6, df= 

2, p <0.001) with females from the immature group having significantly lower concentrations 

compared to pregnant (Tukey post-hoc: p= 0.001) and lactating (Tukey post-hoc: p= 0.005), but 

no significant difference was present between the lactating and pregnant groups (p= 0.9) (Fig. 3.2). 

No significant difference between the two areas of sampling (GoC and USWC) was found for 

corticosterone concentrations (t = 0.2, df = 15, p= 0.8).

For gray whales, the GLM indicated that none of the life history parameters considered 

(age class, month and sex) was significant in predicting cortisol levels, whereas the model 

indicated sex and age class to be significant explanatory factors for corticosterone concentrations. 

Females had significantly higher corticosterone concentrations than males (t = 3.0, df = 106, p= 

0.003) and calves showed significantly elevated levels, compared to adult (p= 0.05) and immature 

(p= 0.008) gray whales. Reproductive status was found to be a significant factor in determining 

cortisol concentrations in females of known state (i.e., immature, lactating and pregnant) 

(ANOVA: F= 5.1, df= 2, p= 0.02), with pregnant having lower concentrations than lactating 

whales (p= 0.01). In contrast, no significant difference was found in corticosterone concentrations 

among females of known reproductive states (ANOVA: F= 0.2, df= 2, p= 0.9) (Fig. 3.2).

To assess whether CC can be biomarkers for stress, concentrations were compared between 

“healthy” and “stressed” whales. For blue whales, cortisol concentrations were measured in 
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biopsies from 78 healthy individuals (43 females and 35 males) and in blubber samples from three 

stranded animals (one female, two males), with mean (range) of 0.7 (0.1 - 2.5) ng/g and 1.4 (0.2

- 2.4) ng/g, respectively. “Healthy” whales did not have significantly lower cortisol concentrations 

than “stressed” whales (t= -1.4, df= 78, p= 0.07) (Fig. 3.3). Corticosterone concentrations were 

measured in 52 healthy blue whales, 46 females and six males and in three stranded animals. In 

the stranded group, hormone concentrations were 0.4 and 2.77 ng/g for the two males, while the 

female, who was pregnant, had the highest concentration of 15.5 ng/g. Based on the t-test, the 

“stressed” animals had significantly higher corticosterone concentrations (t= -3.0, df= 53, p= 

0.002) than “healthy” whales, which was likely driven by the concentration of the one stranded 

female (Fig. 3.3). In “healthy” whales, mean (range) corticosterone concentrations were 0.53 (0.02

- 2.5) ng/g for females and 0.63 (0.2 -1 .4) ng/g for males. Aldosterone concentrations were 

measured in blubber from seven males, five from “healthy” whales, and two samples from 

“stressed” animals. Mean (range) of the two groups were 0.2 (0.04 - 0.5) ng/g and 0.4 (0.3 - 0.5) 

ng/g, respectively.

In gray whales, cortisol concentrations were measured in biopsies from 106 healthy 

animals (66 females, 40 males) and in blubber from 36 dead whales (24 females and 12 males). 

The two-way ANOVA indicated that cortisol concentrations were significantly different between 

sex and “stressed” and “healthy” whales. Specifically, females (mean (range) = 3.6 (0.1 - 34.7) 

ng/g) had slightly higher concentrations than males (mean (range)= 1.4 (0.1 - 10.3) ng/g) 

(ANOVA: F= 3.9, df= 1, p= 0.05) and “stressed” whales (mean (range)= 9.3 (0.1 - 34.7) ng/g) had 

significantly elevated cortisol levels compared to “healthy” (mean (range)= 0.7 (0.1 - 3.9) ng/g) 
(ANOVA: F= 139.8, df= 1, p= 2x10-16). However, the test indicated that the interaction of both 

factors was not significant (ANOVA: F= 3.0, df= 1, p= 0.08). Corticosterone concentrations were 

detected in 108 samples from “healthy” animals (68 females and 40 males) and in 37 samples from 

stranded whales (24 females and 13 males). The two-way ANOVA results showed a significant 

difference in concentrations between “healthy” and “stressed” whales (ANOVA: F= 20.5, df= 1, 
p= 1.27x10-5) and between females and males (ANOVA: F= 9.9, df= 1, p= 0.002), but the 

interaction of both factors was not significant (ANOVA: F = 0.01, df= 1, p= 0.96). “Healthy” 

whales (mean (range)= 0.6 (0.02 - 2.7) ng/g) had significantly lower corticosterone concentrations 

than “stressed” whales (mean (range) = 2.1 (0.1 - 21.7) ng/g) (p <0.0001) and females (mean 

(range)= 1.2 (0.02 - 21.7) ng/g) had significantly higher corticosterone than males (mean (range)= 
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0.6 (0.03 - 3.6) ng/g) (p= 0.002). Finally, aldosterone concentrations were measured in 17 (10 

females and 7 males) healthy whales and in 35 (23 females and 12 males) stranded animals. 

Concentrations were not statistically significant between the two groups (t= 0.2, df= 50, p= 0.8), 

with mean (range) equal to 0.4 (0.02 - 2.2) ng/g in biopsies from healthy animals and 0.7 (0.03 - 

14.5) ng/g in stranded whales.

Corticosteroid concentrations were also graphed to compare presumably “healthy” animals 

and carcasses with different COD (Fig. 3.4) using one-way ANOVA followed by a Tukey post- 

hoc test. Cortisol concentrations were statistically different between healthy and animals that 

perished from nutritional stress (p= 0.0), trauma (p= 0.0), and UME (p= 0.0), but not between 

healthy whales and whales that died in entanglement (p= 0.1) or hunt (p= 0.38) events. Significant 

differences were also found within the stranded animals, based on COD. Specifically, cortisol 

concentrations were significantly higher in animals that died due trauma than those that that were 

hunted (p= 0.0005), or perished in the UME (p= 0.0001), and in carcasses showing signs of 

nutritional stress compared to hunted animals (p= 0.007) or UME mortalities (p= 0.009). Similarly, 

corticosterone concentrations were significantly lower in healthy animals compared to whales that 

perished due to trauma (p= 0.003) or nutritional stress (p= 0.004), but not different from 

concentrations of animals that stranded during the UME (p= 0.18) or that died due to entanglement 

(p= 0.63) or hunt (p= 0.98). Among the COD groups for stranded animals, corticosterone 

concentrations were slightly lower in animals that were hunted compared to those that perished 

due to nutritional stress (p= 0.05) and trauma (p= 0.05) (Fig. 3.4).

3.5 Discussion
The present study reported analytical and biological validations of three corticosteroid 

hormones in blubber tissue of blue and gray whales from the ENP. The main goal of this research 

was to test differences in hormone concentrations in presumably “healthy” and “stressed” whales, 

providing insightful information on the use of such compounds as indicators of a physiological 

stress response.

The first question addressed the analytical validation of cortisol, corticosterone and 

aldosterone in blubber tissue of two whale species. While endocrine patterns are generally 

conserved across taxonomic groups, the use of new matrices requires thorough validation, for 

choosing the most accurate assay and discerning the most appropriate compound. The analytical 
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validation performed in the present study tested for parallelism and accuracy, using pooled blubber 

samples from female and male whales for each species. Serial dilutions of each pool were tested 

for parallelism to the assay standard curve, to confirm that the assay antibody can reliably bind the 

antigen throughout the range of the standard curve, and to ascertain the proper dilutions for sample 

analysis. Then, each pool was spiked with the same aliquot of each standard and the mass 

recovered was tested for linearity with the standard mass added. This is known as an accuracy test 

and allows to determine if there are any compounds in the matrix that may interfere with assay 

binding. All hormone-pool combinations proposed in the current study passed the accuracy check 

with slopes of linear regression ranging between 0.7 and 1.3 (Table 3.2) (Hunt et al., 2017b). While 

the accuracy is relatively easy to test statistically, requiring the fitting of a linear regression, 

different approaches are used to confirm parallelism (Rodbard, 1974). Still widely assessed 

visually (Atkinson et al., 2019; Cates et al., 2020; Valenzuela-Molina et al., 2018), more recent 

publications have included additional statistical tests. A common method is comparing the slopes 

of the linear portions of the standard curve and the serial dilutions from extracts using a F-test 

(e.g., Burgess et al., 2017; Hunt et al., 2014a, 2017a). In the present study, a t-test was performed 

to statistically determine differences between the slope of each standard curve and serial dilutions, 

with the lack of significance supporting parallelism (Table 3.2). However, dilutions from some of 

the pools (i.e., blue whale males) did not dispose along the linear section of the standard curve, 

rather between 70% and 100% binding. This potentially reflects generally low hormone 

concentrations at the dilutions tested or in the overall pool. For these cases, parallelism was also 

assessed by visually establishing whether the two groups (serial dilutions and standard curve) 

appeared to be parallel (Fig. 3.1). Conclusions from each approach were in agreement for 11 out 

of 12 hormone-pool combinations. However, future studies should repeat this analysis, with a pool 

made up of a larger number of extracts ( >10) and starting serial dilution at more concentrated ratio 

(8:1).

The analytical validation in the present study highlighted that detectability of CC is sex 

and species dependent, suggesting species and sex specific metabolic pathways for this class of 

hormones in blubber. It also indicates that there might be multiple markers for physiological stress, 

and that comparisons should be hormone and sex specific. Liquid chromatography/tandem mass 

spectrometry (LC/MS) may be a better approach to compare a suite of hormones measured 
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simultaneously in all samples, where the absolute concentrations are less important than the 

relative comparison of CC concentrations.

Blubber is a dynamic tissue and lipids get mobilized during specific life stages (e.g., 

lactation) or as an energy source (Iverson and Koopman, 2019). The extent of such mobilization 

and most importantly the metabolic transformations that stored compounds undergo when 

accumulated or eliminated as by-products remain largely unknown. Most of the extracts included 

in pools came from stranded animals, where the carcasses were often in an advanced state of 

decomposition. It is possible that because of lipid leakage or other catabolic processes, the pools 

were biased towards higher concentrations of CC. Further validation comparing pools between 

live and stranded animals and between females and males may provide a better understanding of 

post-mortem effects on these compounds. Similarly, the use of high performance liquid 

chromatography (HPLC) may help to identify the hormone metabolite present in each pool, and to 

understand how decomposition affects the chemistry of such compounds.

To determine whether CCs could be used as biomarkers of stress response in blue and gray 

whale, a two-step biological validation was carried out: first, concentrations of cortisol, 

corticosterone and aldosterone were tested for relationships with life history parameters in 

“healthy” whales, and then were compared between “healthy” (biopsies) and “stressed” (stranded) 

animals. In blue whales, no significant differences in cortisol concentrations were found among 

age groups or between the sexes. Reproductive status in females was the only life history 

parameters considered for analysis of both cortisol and corticosterone. Interestingly, the immature 

group showed the largest variability in cortisol concentrations, with value ranging between 0.2 

ng/g and 1.4 ng/g; however, no significant difference was found in cortisol concentrations across 

reproductive groups, in agreement with results from Atkinson et al. (2019). With corticosterone, 

the group of immature females had significantly lower concentrations compared to either 

reproductive groups of adult whales, although still showing large variability (0.02 to 0.32 ng/g). 

Evidence that corticosterone may be affected by reproductive status was shown also by 

Valenzuela-Molina et al. (2018), which found corticosterone to be significantly higher in feces 

from pregnant females compared to lactating blue whales. Elevated fecal glucocorticoid 

concentrations were also found in feces of pregnant North Atlantic right whales (Hunt et al., 2006). 

Nevertheless, the present study indicated no significant difference in corticosterone concentrations 

between pregnant and lactating whales. Only two samples from immature males were available 
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for this study, however, both individuals showed high concentrations of cortisol compared to the 

mean value, but within the range for males in the adult group, similar previous results (Atkinson 

et al., 2019).

In gray whales, the present study found corticosterone concentrations to be significantly 

elevated in whales of either sex categorized as calves. This is in agreement with previous studies 

in other species, specifically the Pacific humpback whales where corticosterone was elevated in 

calves (Cates et al., 2020). These findings suggest that endocrine profiles might be affected by age 

and further analysis with a larger sample size, especially for blue whales, is needed. Females in 

the pregnant group had significantly lower cortisol concentrations than any other reproductive 

group (Fig. 3.2). This was expected as pregnant gray whales maximize their time in the feeding 

grounds, being the first to arrive (Jones et al., 1984; Rice and Wolman, 1971). Low concentrations 

of blubber cortisol can be an indication of good nutritional status. As further evidence, lactating 

females were found to have elevated mean cortisol, suggesting this group to be in the worst 

nutritional status. Given the metabolic costs of lactation (Rice and Wolman, 1971; Swartz, 2018) 

and the fact that lactating gray whales do not feed while in their breeding ground, it is expected 

for them to be in poorer body condition (Christiansen et al., 2016). Based on these results cortisol 

appears to be a valid indicator for metabolic status, in contrast to Australian humpback whales 

(Mingramm et al., 2020), for which no difference in cortisol concentrations was found among 

reproductive states. However, only one pregnant animal was included in the analysis from 

Mingramm et al. (2020).The same study found cortisol levels elevated in animals sampled during 

the migration towards breeding grounds, potentially due to competition or other pressures 

associated with breeding (Mingramm et al., 2020). In the present study, CC concentrations in blue 

whales were expected to vary based on their sampling locations, GoC and USWC, as these areas 

are important reproductive and feeding grounds, respectively, but no difference was found. 

Different from other baleen species, blue whales have been observed to actively feed in their 

reproductive grounds in the GoC (Gendron, 2002), therefore the metabolic stress deriving from 

reproductive pressures may be lessened.

For gray whales, cortisol and corticosterone concentrations were tested for seasonal trends 

and animals sampled later in the year were expected to have lower concentrations of CC, but no 

evidence of any significant changes over time was found. The samples included here were 

collected between March and November, with the majority collected between June and October. 
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The sample set used in this study likely reflects only one stage of the migration and with all samples 

collected in feeding grounds, nutritional stress may not have been the main driver for variation in 

concentrations of CC. Additional samples from their breeding grounds are needed for a more 

comprehensive analysis of seasonal changes.

The second step of the biological validation compared concentrations of CC between 

“healthy” and “stressed” whales, with additional consideration of COD as an influencing factor 

(for gray whales). For blue whales, the sample size of stranded whales was limited to three animals, 

resulting in low statistical power to detect differences between “healthy” and “stressed” whales, 

therefore results from the present study are extremely preliminary. Mean cortisol concentrations 

were twice as high in stranded animals (Fig. 3.3) and corticosterone levels were generally higher 

in stranded animals, with the highest concentration measured in a stranded pregnant whale (15.55 

ng/g) followed by one of the two stranded males (2.77 ng/g). For both GCs, there was overlap 

between the two groups, with highly variable hormone concentrations in “healthy” animals (range: 

0.13 - 2.85 ng/g for cortisol and 0.02 - 2.46 ng/g for corticosterone). Aldosterone was measured 

only in male blue whales, therefore the sample size for stranded animals was limited to two 

individuals. The concentrations in these individuals were higher than the mean for the healthy 

animals but still overlapping in range with levels from healthy males (Fig. 3.3). A bigger sample 

size of stranded blue whales is needed to build a more robust comparison. Nevertheless, a couple 

conclusions can be drawn. First, all three whales were killed by vessel strikes and had relatively 

elevated hormone concentrations, potentially indicating they lingered before dying. In contrast, 

Rolland et al. (2017) found that concentrations of fecal glucocorticoids were not different between 

ship-strike stranded animals and healthy whales, indicating that the ship struck whales in their 

study were likely to have died fairly quickly. The female blue whale (TMMC-C-337-F) included 

in the present study was found pregnant, with the fetus expelled. It is possible that pregnancy 

and/or the loss of the calf might have synergistically contributed to the stress response, thus 

increasing hormone concentrations.

The biological validations for gray whales followed the predictions made a priori, with 

stranded “stressed” animals exhibiting significantly elevated hormone concentrations compared to 

biopsied “healthy” whales. The results were as expected for both corticosterone and cortisol, with 

significantly higher concentrations in stranded animals, but not for aldosterone. Further analysis 

indicated that concentrations of CC in “stressed” whales differed significantly by COD, with 
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carcasses with trauma or nutritional stress as the primary COD showing higher concentrations of 

cortisol, compared to other COD. This was somewhat unexpected: trauma may be considered an 

example of acute stress (Rolland et al., 2017), while entanglement reflects chronic stress. The 

entanglement group was limited to two individuals, both non-adult, one animal live-stranded. 

These animals were in good body condition at the time of stranding, suggesting that they might 

not have been entangled long enough for large amounts of CCs to accumulate in the blubber; on 

the other hand, in whales hit and eventually killed by source of trauma (ship strike) who may have 

lingered before stranding, body condition might have slowly deteriorated, and CCs accumulated 

in a thinner layer of blubber. This would be in agreement with the fact that hormone concentrations 

were similar between CODs nutritional stress and trauma (Fig. 3.4).

The comparison between hormone profiles from live and stranded animals has been applied 

to determine whether specific compounds could be used as biomarkers for physiological stress in 

other whale species, specifically North Atlantic right whales (Rolland et al., 2017) and in blubber 

in the Australian population of humpback whales (Mingramm et al., 2020). The present study 

validated this approach for two additional species of large whales, blue and gray whales, and it 

further showed that the biosynthesis, metabolism and accumulation of each hormone may be 

species-, sex- or, situation-specific, therefore a holistic approach with validation and measurement 

for all three CCs, comprising a suite of biomarkers, could be more informative than if analyzed 

singularly.

The present study conducted a thorough analytical and biological validation for 

corticosteroids in blubber tissue from two species of baleen whales. In addition, corticosteroids 

were examined for their feasibility as indicators of physiological stress. Cortisol appears to be the 

most reliable compound in blue and gray whales for assessing physiological stress. However, the 

present study highlights the utility in considering additional hormones, especially corticosterone, 

to provide a suite of biomarkers that can indicate a physiological response to potential stressors. 

The application of techniques like LC/MS (Dalle Luche et al., 2020; Hayden et al., 2017) or HPLC 

can simultaneously measure multiple hormones in the same sample, possibly enhancing the 

amount of information that can be gleaned from a single small sample. Furthermore, coupled with 

photogrammetry or any visual assessment of body condition, endocrine biomarkers can provide a 

valid tool to assess and monitor stress. The present study also offers benchmark concentrations of 
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CC in presumably healthy animals, providing insightful information for monitoring efforts, or in 

response to deaths of unknown cause or possible UMEs.
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3.8 Figures

Figure 3.1: Parallelism graphs for corticosteroid hormones in blue and gray whales. Cortisol (A), 

Corticosterone (B) and Aldosterone (C) parallelism to each hormone's standard curve (filled 

circles and solid lines) for serial dilutions of pools of gray whale females (filled square), gray 

whale males (filled triangles), blue whale females (open squares) and blue whale males (open 

triangles). The y-axis represents the percent binding relative to each dose, the x-axis the relative 

dose of hormone concentration. Standard and serial dilutions curves are offset by an arbitrarily 

chosen constant (+2) for better visual comparison.
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Figure 3.2: Cortisol and corticosterone concentrations in biopsies from blue (top) and gray 

(bottom) female whales, based on reproductive status. Corticosterone concentrations were 

significantly different between immature and lactating (p= 0.02) and, barely significant between 

immature and pregnant (p= 0.07) blue whales, whereas cortisol concentrations were significantly 

different between lactating and pregnant (p= 0.007). Boxplots denote median (thick line), upper 

(75%) and lower (25) quartile (boxes) and largest and smallest value within 1.5 times interquartile 

range below 25% and above 75% (whiskers).
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Figure 3.3: Mean cortisol (A), corticosterone (B) and aldosterone (C) concentrations in biopsies 

from healthy blue whales and in blubber samples from stranded individuals. Shapes of points 

represent females (black circles) and males (black triangles). No significant difference was found 

(p >0.05) for cortisol and aldosterone. Mean corticosterone concentrations were significantly 

higher in stranded animals than in healthy ones (p <0.01). Boxplots denote median (thick line), 

upper (75%) and lower (25) quartile (boxes) and largest and smallest value within 1.5 times 

interquartile range below 25% and above 75% (whiskers).
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Figure 3.4: Corticosteroid concentrations in “healthy” and “stressed” gray whales. From top, log- 

transformed concentrations of corticosterone, cortisol and aldosterone in “healthy” (n=108) and 

“stranded” gray whales with different cause of death (COD): entanglement (n=2), trauma (n=6), 

nutritional stress (n=5), unknown/UME (n=17), hunt (n=3). Boxplots denote median (thick line), 

upper (75%) and lower (25) quartile (boxes) and largest and smallest value within 1.5 times 

interquartile range below 25% and above 75% (whiskers). Outside values are shown as filled 

circles.
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3.9 Tables
Table 3.1: Life history categories applied to “healthy” individual blue or gray whales. Parameters 

considered are age class for males and reproductive state for females of both species. Numbers in 

parenthesis indicate the number of calves, within the immature group.

Age class Description E.robustus B.musculus

Adult Males with LSH of 8 or more years 16 22

Immature (calf)

Males sighted as a calf the year of sampling or with

known year of birth and known age of less than 8 

years

10 (4) 2 (1)

Unknown Males that do not fit in any other categories 14 13

Reproductive state Description E.robustus B.musculus

Immature (calf)

Females sighted as calf on the year of sampling or 

with known age of less than 8 years at the time of 

sampling

10 (4)
6(1)

Lactating Females seen with a calf the year of sampling 6 8

Pregnant Females seen with a calf the year after sampling 4 3

Adult-unknown
Adult females either not seen or seen not 

accompanied by a calf
27 19

Unknown
Whales not seen or seen not accompanied by a calf 

and with no sufficient LSH to determine Age class
21 10
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Table 3.2: Analytical validation for each hormone-species combination for blue and gray whales. 

Parallelism was tested using a t-test to compare the distribution of the slope of the standard curve 

and serial dilutions for each hormone-pool combination. The lack of significance is evidence of 

parallelism. Accuracy was statistically tested fitting a linear regression to the standard mass 

recovered vs. standard mass added.

Balaenoptera musculus

Female Male

Parallelism Accuracy Parallelism Accuracy

Cortisol p= 0.7
y= 0.7x+31.9;

R2= 0.99
p= 0.8

y= 0.9x-20.3;
R2= 0.99

Corticosterone p= 0.08
y= 0.9x+22.2;

R2= 0.99
p= 0.4

y= 0.9x-21.9
R2= 0.98

Aldosterone p= 0.5

y= 1.3x-9.5;
R2= 0.99 p= 0.6

y= 1.2x-6.1;
R2= 0.99

Eschrichtius robustus

Female Male

Parallelism Accuracy Parallelism Accuracy

Cortisol
p= 0.9

y=

1.0x+144.6;
R2= 0.95

p= 0.9
y= 1.0x+16.1;

R2= 0.97

Corticosterone p= 0.9
y= 1.0x-15.7;

R2= 0.99
p= 0.6

y= 1.2x-144.2;
R2= 0.99

Aldosterone p= 0.9
y= 1.2x+1.5;

R2= 0.99
p= 0.5

y= 1.0x+1.9;
R2= 0.99
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3.10 Supplemental tables
Table S3.1: Biological information about stranded blue and gray whales. Data were summarized 

from NOAA Marine Mammal Health and Stranding Response Program (MMHSRP) Level A 

reports and personal communications.

FIELD ID SPECIES DATE SEX AGE CLASS LOCATION CAUSE OF DEATH (COD)

CRC-1665 E. robustus 28-Jun-18 F IMMATURE Ocean Shores, WA TRAUMA

CRC-1652 E. robustus 8-May-18 F ADULT Queets, WA NUTRITIONAL STRESS*

CRC-1650 E. robustus 20-Apr-18 F ADULT Taholah, WA NUTRITIONAL STRESS*

PSU18-04-

13 Er

E. robustus 15-Apr-18 M YEARLING Oysterville, WA ENTANGLEMENT

CRC-1593 E. robustus 19-Jul-17 F YEARLING Kalaloch, WA TRAUMA

CRC-1587 E. robustus 24-May-

17

F IMMATURE Westport, WA TRAUMA

CRC-1585 E. robustus 10-May-
17

F ADULT Bellingham, WA NUTRITIONAL STRESS*

WDFW2017

-030

E. robustus 2-May-17 M CALF Seaview, WA ENTANGLEMENT

CRC-1524 E. robustus 30-Apr-16 F IMMATURE Seattle, WA TRAUMA

CRC-1429 E. robustus 20-Aug-14 F YEARLING Ocean City, WA TRAUMA*

CRC-1278 E. robustus 30-Jul-13 F ADULT Grayland, WA TRAUMA

CRC-1149 E. robustus 20-Apr-11 F ADULT Pacific Beach, WA NUTRITIONAL STRESS

CRC-1035 E. robustus 14-Apr-10 M ADULT Seattle, WA NUTRITIONAL STRESS
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Table S3.1 continued

FIELD ID SPECIES DATE SEX AGE CLASS LOCATION CAUSE OF DEATH (COD)

WDFW2019

-017

E. robustus 23-Feb-19 F IMMATURE Longbranch, WA UME 2019

CRC-1712 E. robustus 14-Apr-19 M ADULT Seattle, WA UME 2019

CRC-1714 E. robustus 18-Apr-19 F IMMATURE Ocean Shores, WA UME 2019

PSU19-04-

02-Er

E. robustus 2-Apr-19 F ADULT Leadbetter Pt, WA UME 2019

PSU19-04-

17-Er

E. robustus 17-Apr-19 F ADULT Leadbetter Pt, WA UME 2019

PSU19-04-

30

E. robustus 30-Apr-19 F ADULT Long Beach, WA UME 2019

SKMMR201

9-5-Er

E. robustus 5-May-19 F ADULT Everett, WA UME 2019

CRC-1720 E. robustus 9-May-19 M IMMATURE Ocean Shores, WA UME 2019

CRC-1723 E. robustus 15-May-

19

F IMMATURE Ocean Shores, WA UME 2019

CRC-1724 E. robustus 16-May-

19

F ADULT Westport, WA UME 2019

CRC-1727 E. robustus 26-May-
19

M ADULT Pt Ludlow, WA UME 2019

CRC-1732 E. robustus 1-Jun-19 M ADULT Westport, WA UME 2019

WDFW2019

-047

E. robustus 3-Jun-19 M IMMATURE Bay Center, WA UME 2019

CRC-1740 E. robustus 6-Jul-19 M ADULT Olympia, WA UME 2019
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Table S3.1 continued

FIELD ID SPECIES DATE SEX AGE CLASS LOCATION CAUSE OF DEATH (COD)

2017109 E. robustus 28-Jul-17 F UNK Bethel, AK HUNT (ILLEGAL

HARVEST)

2018088 E. robustus 28-Jun-18 F ADULT Pasagshak Bay, AK UNDETERMINED

2018158 E. robustus 2-Aug-18 F UNK Pasagshak Bay, AK HUNT (KILLER WHALE)

2019031 E. robustus 14-May-

19

F ADULT Cordova, AK UME 2019

2019100 E. robustus 16-Jun-19 M IMMATURE Wrangell Is, AK UME 2019

2019018 E. robustus 9-May-19 M ADULT Turnagain Arm, AK UME 2019

2019198 E. robustus 9-May-19 M IMMATURE Surfers beach, AK HUNT (KILLER WHALE)

ER-200301-

PR

E. robustus 17-Jun-03 M UNK Arden Pt, AK UNKNOWN

TMMC-C-

337

B. musculus 20-Oct-10 F ADULT San Mateo, CA SHIP STRIKE

HMSC 15

11-01

B. musculus 1-Nov-11 M IMMATURE Ophir, OR SHIP STRIKE

LACM.0709

08.01

B. musculus 8-Sep-07 M ADULT Long Beach, CA SHIP STRIKE

* indicated as secondary subcategory of COD

120



121



General conclusion
The speed and intensity of climate and oceanographic changes in marine ecosystems, and 

the increase of anthropogenic activities have warranted the need to develop indicators for 

ecosystem health. The “One Health” approach has steered the way to collaborative and 

interdisciplinary research to achieve optimal health, recognizing the interconnection among 

humans, wildlife, and environments7. Large whales, and in general marine megafauna are 

considered ecosystem sentinels (Bossart, 2011; Hazen et al., 2019; Moore, 2008) and fit in the One 

Health concept as a model organism: feeding on invertebrates and forage fishes, they respond to 

environmental and trophic changes that may affect commercially harvested species (Fleming et 

al., 2016; Moore et al., 2007, 2003); they shape ocean food webs through nutrients transfer and 

carbon sequestration (Estes et al., 2016; Roman et al., 2014); and are sensitive to anthropogenic 

disturbances, such as noise, vessels and pollutants (Di Iorio and Clark, 2010; Eaton and Farant, 

1982; Gulland et al., 2005; Krahn et al., 2009; Martineau, 2007; Metcalfe et al., 2004; Rolland et 

al., 2012; Ylitalo et al., 2001). Some large whale species are also part of the traditional diet of 

Native people along the Pacific Rim. For instance, gray whales have been hunted for subsistence 

by the Chukotkan Inuit of the Russian far-east and by the Makah Tribe from the Olympic Peninsula 

(WA). For 1000s of years, the Makah People have relied on resources from the ocean (e.g., fishes 

and marine mammals), specifically gray and humpback whales, harbor seals and salmon, for 

subsistence, culture and economy. The strong and tight connection with resources from the sea has 

led to the Treaty of Neah Bay: a unique agreement from 1855 with the United States, that secures 

the right to hunt whales and seals, and to fish (IWC, 2018).

7 https://www.cdc.gov/onehealth/basics/index.html

Because commercial whaling in the 20th century almost led to extinction of the ENP gray 

whale population, the Makah ceased whaling in the 1920s. With the approval of the IWC, the 

hunting of gray whales by the Makah was resumed in the late 1990s and the first whale was landed 

in 1999 (IWC, 2018), although legal issues have prevented any additional legal whaling since then. 

The IWC has issued catch limits for 124 gray whales per year to be shared between the United 

States and Russia since 1998 and in 2019, NOAA announced a proposed waiver to the MMPA 

moratorium to hunt in US waters. As whales tend to bioaccumulate pollutants and heavy metals 
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through the food chain (Bolton et al., 2020; Hayes, 2018; Metcalfe et al., 2004), health assessment 

are crucial for food safety and security, as well as for the health of individual whales.

To understand and develop refined biomarkers for wildlife health, it is necessary to have a 

more comprehensive and detailed knowledge of important physiological processes. This 

dissertation offers insightful evidence on endocrine profiles that reflect reproductive processes and 

the stress response in blue and gray whale populations from the ENP, identifying steroid hormones 

as biomarkers. A good biomarker is a measurable indicator of a biological state or condition, that 

can indicate an organism's response to perturbation (de Lafontaine et al., 2000). Such compounds 

need to meet requirements of sensitivity, accuracy, reproducibility and practicality (Aizpurua- 

Olaizola et al., 2018). In this dissertation, a range of five steroid hormones was analytically and 

biologically validated in blubber tissue of blue and gray whales, and hormone concentrations were 

measured in individual whales to frame endocrine profiles for reproduction and the stress response. 

These data may help refine important life history parameters for population dynamics models that 

are developed by international and federal agencies for management and conservation.

Reproductive endocrine profiles

Progesterone and testosterone are the two main steroid hormones involved in mammalian 

reproduction. The use of progesterone and testosterone as biomarkers for reproduction in large 

whales has rapidly increased, particularly using blubber as a matrix (Atkinson et al., 2019; Carone 

et al., 2019; Cates et al., 2019; Mansour et al., 2002; Pallin et al., 2018b). This tissue has been 

demonstrated to be reliable for accumulation of reproductive steroids in response to recent 

physiological events (e.g., pregnancy) and also reflects seasonal changes. In this dissertation 

steroid hormones were extracted from blubber biopsies collected almost 30 years prior and, in 

some cases, stored in different media (DMSO). Progesterone and testosterone were successfully 

validated, and even older samples provided expected biological information. In Chapter 1, a pilot 

project was conducted on blubber biopsies stored in DMSO and showed that the storage medium 

likely did not affect hormone concentrations.

In Chapters 1 and 2, progesterone concentrations were validated as pregnancy biomarkers 

in blubber of blue and gray whales, and results supported the hypothesis that concentrations would 

be elevated in gestating females, compared to whales in other reproductive states. For blue and 

gray whales, progesterone concentrations were used in mixture models to identify a progesterone 
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threshold that was applied to whales of unknown status to determine their likelihood of being 

pregnant. In gray whales, progesterone concentrations were also found to be elevated in both 

female and male calves, suggesting maternal offload via lactation.

Testosterone was validated for each sex for both species. In female blue whales, 

testosterone was detectable and measurable only in pregnant individuals, suggesting its 

biosynthesis or metabolism is altered during gestation, as observed for other species (Dalle Luche 

et al., 2020). In gray whales, testosterone was found to significantly increase with age; however, 

adult whales showed increased variability, suggesting other explanatory factors such as seasonal 

variability. In blue whales, given the limited sample size of immature males, it was not possible to 

test for any relationship between testosterone and age; however, high variability was observed 

among adult individuals. Further tests limited to adult males for both species indicated spatio

temporal trends in testosterone, suggesting its secretion to indicate physiological preparation for 

mating as observed in other species (Carone et al., 2019; Vu et al., 2015).

Stressors and the stress response

Increased wildlife-human interactions as well as rapid changes in environmental conditions 

warrant the need to search for biomarkers for assessing the physiological response to stress. 

Prolonged exposure and stimulation of an endocrine stress response may be detrimental to 

reproduction (Tilbrook et al., 2000; Wasser et al., 2017) and immune system function (Webster 

Marketon and Glaser, 2008), potentially leading to population decline (Wasser et al., 2017). 

Corticosteroids are involved in the physiological response to stress in terrestrial and aquatic 

mammals (Atkinson et al., 2015); however, baseline endocrine profiles are not fully described for 

many free-ranging marine species. The third chapter of this dissertation presents a comprehensive 

validation of cortisol, corticosterone and aldosterone in blubber tissue of blue and gray whales. 

First, the analytical validation confirmed that commercially available enzyme immunoassay kits 

can be reliably used for this tissue and these species, passing the parallelism and accuracy tests. 

The validation was carried out separately for pools of males and females, yielding slightly different 

conclusions: for instance, corticosterone appeared to be a better indicator for female blue whales 

than for males. This is different from what was observed in humpback whales (Cates et al., 2020), 

suggesting that the metabolic pathways and accumulation in blubber varies among species.
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Analytical validations alone have very little meaning without biological validations, in 

which endocrine profiles are tested in response to known factors such as reproductive state, age or 

acute stressors. Often these types of validation are carried out by an adrenocorticotropic hormone 

(ACTH) challenge, where adrenocortical activity and subsequent secretion of corticosteroid is 

experimentally stimulated. These studies are feasible for pinnipeds (Keogh and Atkinson, 2015; 

Mashburn and Atkinson, 2004) and dolphins (Champagne et al., 2017) under human care, but not 

free-ranging whales. For North Atlantic right whales, changes to corticosteroid concentrations 

were measured in response to unique punctual stimuli, such as decreased vessel traffic after the 

events of September 11, 2001 (Rolland et al., 2012). Most commonly, biological validation is 

based on comparison of hormone levels between live “healthy” and stranded “stressed” whales 

(Kellar et al., 2015; Mingramm et al., 2020; Rolland et al., 2019) or, in fewer cases, on analysis 

among different reproductive states (Atkinson et al., 2019; Cates et al., 2020; Hunt et al., 2006; 

Valenzuela-Molina et al., 2018). However, only a handful of these studies used blubber as a matrix 

(Atkinson et al., 2019; Cates et al., 2020; Kellar et al., 2015; Mingramm et al., 2020).

In Chapter 3, a two-step biological validation was performed, in which corticosteroid 

profiles were first described using biopsies from “healthy” whales in response to life history 

parameters, and secondly, compared profiles between “healthy” and stranded “stressed” animals. 

The results support reproductive state and age class as significant factors for cortisol and 

corticosterone concentrations in both species. Corticosterone was found to be a better indicator for 

blue whales with immature females, showing significantly lower concentrations than pregnant and 

lactating whales, differently from previous studies on other species and tissues (Atkinson et al., 

2019; Hunt et al., 2006; Valenzuela-Molina et al., 2018). Blubber of gray whales showed similar 

results: low cortisol concentrations in pregnant whales are potentially a result of improved body 

conditions, since this reproductive group is known to maximize their time in their feeding grounds 

(Rice and Wolman, 1971) and samples were mostly collected during the southbound migration. 

Conversely, cortisol was elevated in females accompanied by calves, which are likely to be in 

worse body condition due to lactation, but they are also in a physiological state of protecting their 

offspring. These results support cortisol as biomarker for body condition. Age was an important 

factor regulating corticosteroids in gray whales, with calves generally having elevated 

concentrations of cortisol and corticosterone, as observed in other species (Atkinson et al., 2019; 

Cates et al., 2020).
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Second, biological validation compared corticosteroid concentrations between biopsies 

from “healthy” and blubber from stranded “stressed” whales. Generally, hormone concentrations 

were elevated in “stressed” animals, as expected. Interestingly, concentrations varied among 

different causes of death, specifically they were higher in whales killed by trauma or nutritional 

stress, groups in which body conditions might have deteriorated over time. This study highlights 

the importance of performing a thorough validation for each species and tissue and suggests that 

the use of multiple hormones may provide a more comprehensive picture than using a single one.

Future directions

This dissertation developed biomarkers for reproduction and stress response in two large 

whale populations from the North Pacific Ocean, setting a milestone for more informed 

understanding of the impact of a changing environment on the physiology of these species. In order 

to build on monitoring efforts, international collaboration is encouraged and somewhat necessary 

to cover the entire migration corridor for each species. Samples collected in different seasons 

and/or locations will support a more comprehensive understanding of the reproductive cycle, as 

they will likely include females in different reproductive stages. Additionally, results from 

multiple studies suggest a seasonal cycle in corticosteroid hormones, although it was not confirmed 

for blue and gray whales due to type of samples analyzed in this project.

Endocrine analysis and the physiological status indicated by endocrine results can be of 

great benefit for obtaining more precise life history parameters such as reproductive rates 

(Atkinson et al., 2019; Pallin et al., 2018a). Results from the present study can be of aid in 

developing population dynamics models for management of subsistence resources and for 

conservation of endangered species.

Marine megafauna, and particularly mammals, can be excellent sentinel species for 

understanding impacts of environmental changes. Together with contaminants accumulations, 

stable isotopes and immune systems markers, endocrine profiles form a suite of biomarkers for 

wildlife health that can directly inform the well-being of the overall ecosystem and help predict 

the impact of environmental or anthropogenic disturbances to coastal communities and marine 

ecosystems.
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