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ABSTRACT 

This thesis describes the novel use of multiple steroid hormone analysis to 

investigate and gain understanding of previously unknown aspects of the endocrinology 

and reproductive biology of the Southern Hemisphere humpback whale (Megaptera 

novaeangliae). Steroid hormones are a class of structurally related molecules that 

function as messengers in a variety of important physiological processes (e.g. salt 

homeostasis, immune system, sexual development and reproductive cycles). A number 

of endogenous steroid hormones have been identified as critical for reproduction (e.g. 

androgens, progestogens, oestrogens) and stress response (e.g. corticosteroids) in 

mammals. Understanding the species-specific roles and baseline levels of endogenous 

steroid hormones enable these compounds to be used as biomarkers of reproductive status 

and stress exposure. The use of steroid biomarkers for these purposes promises to be 

extremely advantageous in cetacean species, since other approaches often require 

increased time and resources. However, the collection and interpretation of steroid 

hormone data in the humpback whale is currently limited by methodological issues (e.g. 

challenging sampling, difficult comparison between sample types, analytical approach 

restricted to single hormone analysis), and by a general lack of detailed knowledge of the 

humpback whale endocrine system.  

Collection of biological samples from cetaceans is inherently difficult. In 

particular, free-swimming individuals of baleen whale species, including humpback 

whales, cannot be kept in captivity, nor they can be immobilised for sampling. 

Contemporary studies have demonstrated that steroid hormones analysis is viable in 

baleen species through the use of remotely collected tissues and fluids (i.e. faeces, blow, 

blubber). The seasonal migration of the humpback whales from the Antarctic feeding 

areas to the tropical breeding grounds, however, imposes further restrictions in regard to 

sample types and timing of collection. To date, blubber is the only matrix employed for 

steroid analysis in this specie and comprehensive seasonal steroid hormone changes have 

not being studied.  

Blubber is a lipid-rich tissue, able to sequester traces of steroid hormones from 

circulation. This is advantageous as multiple types of steroid hormones are likely to be 

present in this tissue. However, steroid hormones in blubber, particularly those at trace 
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levels, can only be quantified by using sensitive techniques that need to accommodate the 

presence of lipids in the matrix. Enzyme immunoassay (EIA) is typically used for steroid 

hormone analysis in complex matrices, as it requires minimal sample preparation. 

Although EIA provides high sensitivity, its precision can suffer due to the indirect nature 

of the measurements and by the possibility of cross-reactivity. A significant disadvantage 

of employing EIAs for the investigation of species-specific endocrinology is that each 

EIA quantifies only a single steroid hormone, or a single class of steroid metabolites in 

its ensemble. Single steroid hormone measurements can be misleading, as steroid 

hormones act in concert. The same steroid hormone can have different roles and increase 

or decrease in concentration to accommodate different biosynthetic pathways (e.g. acting 

as an active metabolite, or as a precursor to or degradation product from other steroids). 

Liquid chromatography coupled with tandem mass-spectrometry (LC-MS/MS) 

represents an alternative to EIAs, as it can provide accurate and precise quantification of 

multiple steroid hormones from the same sample portion. Major issues in LC-MS/MS 

methods include the coelution of multiple analytes or the interference of matrix 

components, which can sometimes be resolved only through a trade-off between analyte 

resolution and sensitivity. These challenges can however be identified prior to the 

analysis, and overcome, at least partially, by optimising the sample extraction and clean-

up. This thesis aimed to adapt and validate a LC-MS/MS method for extracts of humpback 

whale blubber, and to evaluate use of multiple steroid hormone measurements in relation 

to reproductive status and possible stress exposure from free-ranging individuals. 

Blubber samples from stranded humpback whale carcasses were initially 

employed to assess the applicability, scope, and repeatability of a LC-MS/MS method for 

the analysis of multiple steroid hormones (Chapter 2). The method, initially developed 

for bottlenose dolphin (Tursiops truncatus) blubber, proved to be applicable to the 

comparatively lipid-rich humpback whale outer blubber. Levels of five corticosteroids 

and six reproductive steroids (including androgens, progestagens and oestrogens) were 

determined in humpback whale blubber, and ten of these analytes could be quantified 

with high accuracy (error on amended samples < 15%) and repeatability (percent standard 

deviation < 15%). The multi-steroid hormone profiles obtained by the stranded carcasses 

were also investigated as potentially indicative of the endocrinological responses of some 

of the whales to stress exposure. 
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Subsequently, the LC-MS/MS method was applied to biopsy extracts from free-

swimming humpback whales collected at two time points of the whale breeding season 

over multiple years.  The application of this methodology to live biopsies resulted in a 

smaller number of analytes detected, predominantly as an effect of the corticosteroid 

analytes being lower in concentration or undetectable in these samples. The quantified 

steroid hormones provided, however, novel insights into endocrinology and reproductive 

biology of female (Chapter 3) and male (Chapter 4) humpback whales.  

In Chapter 3, we show how the use of a previously validated pregnancy 

concentration threshold for the single hormone progesterone failed to detect any pregnant 

females based on LC-MS/MS analysis of blubber extracts from 23 females sampled while 

approaching the breeding grounds. However, by considering multiple steroid profiles 

including androgens and cortisol, we suggest that relatively high blubber concentrations 

of androstenedione may distinguish pregnant individuals during the last month of 

gestation. This hypothesis is supported by reference to steroid hormone measurements 

through pregnancy in evolutionarily related mammal species, although further work (e.g 

combining photo identification) is required to provide conclusive evidence. In addition, 

the same previously validated progesterone threshold resulted in an unexpectedly low 

proportion of pregnant females (3%) from among 29 females departing the breeding 

grounds. This prompted the suggestion of a new lower progesterone concentration 

threshold for assignment of early pregnancy status. 

In Chapter 4, the seasonal variations in blubber steroid hormone concentration in 

males are examined through the breeding season. Lowering of testosterone during the 

expected peak in reproductive activity suggests asynchronicity between blubber 

testosterone levels and male fertility. Correlation analyses among multiple hormone 

couples are used to postulate the changes in biosynthetic pathways behind the large inter-

seasonal variations in steroid concentrations. These large intra-season variations in 

blubber androgens and a contrasting relationship with cortisol across the migration, 

encourages further investigation on the effects of age and sexual maturity on 

concentrations of these two hormones. This is necessary before they can be used as 

biomarkers for reproductive status or stress exposure. 
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An application of how some of the multi-hormone information can be used to 

improve humpback whale monitoring is provided in Chapter 5. Early and late pregnancy 

diagnoses as formulated in Chapter 3, are combined with body condition information 

simultaneously measured in the same female individuals. Superior body condition among 

late-pregnant female corroborated previous observations that females would increase 

their feeding opportunities before parturition in order to support, as capital breeders, the 

combined energetic cost of migration and lactation. In contrast, no relationship was found 

between whales identified as early pregnant and their body condition compared to the rest 

of the migrating females. These results suggest that body condition and fertility might not 

be directly related during the breeding season. Instead, annual winter-feeding efficiency 

might be more important than accumulated energy stores in guaranteeing the annual 

reproductive success in females of this species.  

Overall, by analysing for a larger suite of steroid compounds and focusing on a 

comparatively less studied period of the migration, this work revealed some limitations 

of the current methodology used to measure steroid hormones in humpback whales. These 

findings enhance our knowledge of the humpback whale endocrine system and provide 

new approaches for the diagnostic use of steroid hormones profiles in free-swimming 

humpback whales.  
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Chapter 1. Introduction  

 

 

This chapter contains an introduction to the humpback whale reproductive 

biology and to the use of steroid hormone analysis for monitoring wild cetacean 

populations. The aim of this chapter is to guide the reader towards 

understanding the potential advantage of using steroid hormone analysis to non-

lethally monitor free-swimming humpback whales, and the current outstanding 

limitations of this field of research. Finally, this thesis aims and structure are 

introduced. 
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1.1 Non-lethal whale research 

The impact of commercial whaling on whale populations has led to its prohibition 

in many industrialised countries, such as Australia (International Whaling Commission’s 

“Moratorium on commercial whaling”, 1978; (Rocha et al., 2014). The relatively rapid 

move from a post-war whaling industry to an international phase out (1985-1986) in most 

industrialised countries (IWC, 1983) can be considered one of the most effective 

campaigns of the 20th Century environmental movements. Legislative changes were 

primarily driven by the declining remuneration from the depleted whale stocks, 

alternatives to the use of whale products, and the economic trade-off with the growing 

ecotourism industry (Herrera and Hoagland, 2006; Higham et al., 2016; Suter, 1982). 

However, overwhelming and very visible public support was also highly influential in 

such political changes (Suter, 1982).  

This political and ideological shift has since been reflected in the scientific arena 

through a dramatic change in the modality and aims with which whale research is 

conducted. A continuing interest in animal welfare has resulted into an interdisciplinary 

commitment from the scientific community to develop new non-lethal and minimally 

invasive investigative tools to assist whale conservation (Waugh and Monamy, 2016). In 

practice, these considerations have required the field to adopt the most advanced 

technologies, resulting in a recent demonstrable increase in the quality and quantity of 

whale-related studies. Today, information on the sex (Morin et al., 2005), age 

(Polanowski et al., 2014), reproductive status (Trego et al., 2013), pollutant load and 

toxicological effects (Bengtson Nash et al., 2013; Burkard et al., 2015), as well as the 

overall health (Apprill et al., 2017; Geoghegan et al., 2018) of an individual can be 

obtained with minimal stress for the whale. While commercial hunting is no longer 

regarded as an acute threat to whale conservation, some Southern Hemisphere (SH) whale 

populations have not recovered to pre-whaling numbers (Clapham et al., 1999; Thomas 

et al., 2016). Growing anthropogenic pressure creates new global threats, such as habitat 

restriction, harvesting of prey stocks, pollution, ship strikes and climate change (Bengtson 

Nash et al., 2018; Morais et al., 2016; Seyboth et al., 2016; Wasser et al., 2017). The 

control and prevention of future population declines reinforce the necessity for innovation 

in research approaches and methods. 
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1.2 The Southern Hemisphere humpback whale (SHHW) 

Humpback whales (HWs, Megaptera novaeangliae) are large cetaceans of the 

parvorder Mysticete, comprising filter feeding whales. While breeding stocks in both 

hemispheres exhibit geographically and seasonally separate breeding and feeding 

behaviour, the Southern Hemisphere (SH) HW stocks typically undergo a longer and 

potentially more strenuous annual migration between the Antarctic feeding grounds and 

the tropical breeding grounds (covering distances of up to 10,000 km) (Stevick et al., 

2011; Zerbini et al., 2006). Such behaviour seems to have evolved to optimise energy 

intake and reproductive expenditure as well as increase calf survival by predator 

avoidance (Corkeron and Connor, 1999). Feeding is concentrated during the summer 

high-density blooms of Antarctic krill (Euphasia superba) in the southern polar region 

(latitudes 60°S to 65°S) (Andrews-Goff et al., 2018; IWC, 1999; Riekkola et al., 2018). 

Breeding in warm water during the austral winter allows the calves to be born with 

reduced insulation, and rapidly grow in size before moving to areas where predators (i.e. 

killer whales) are more abundant (Corkeron and Connor, 1999; Lockyer, 1984). High 

fidelity to specific feeding and breeding ground areas has allowed the identification of 

seven distinct breeding stocks of SHHWs (IWC, 1999). Two of these stocks migrate along 

the West and East coasts of Australia, namely populations D and E1 respectively 

(Dawbin, 1966; IWC, 1999). 

1.3 HW female breeding cycle 

The energetic capacity and nutritional condition of the mother are critical for calf 

survival in SHHWs (Lockyer, 1984).  In the middle of the of their migration journey 

(July-September), pregnant SHHWs give birth to a single calf that they deliver and nurse. 

As capital breeders, they rely only on their previously accumulated energy stores until 

their return to the Antarctica (Irvine et al., 2017; Waugh et al., 2012). Gestation is 

believed to last 11-12 months, with the mating occurring along the migration journey 

(Brown and Corkeron, 1995). The female inter-calving period is poorly understood due 

to the logistical challenges associated with accurately tracking reproductive history in 

individuals of this species, and the current impossibility of assessing ovulation non-

invasively. From anatomical observations of whales hunted during the whaling period, 
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Chittlebourgh (1958) describes three breeding intervals: 1) some females appear to 

suspend their ovulation during lactation (resulting in a two-year or more inter-calving 

period); 2) whales who lose their calf seem to enter oestrus during the same migration; 

and 3) some individuals seem to become pregnant while still nursing their calf-of-the-

year (meaning a one-year inter-calving period). A number of studies have estimated an 

inter-calving period in Northern Hemisphere (NH) HWs by counting the number of 

different calves sighted with the same females during a certain number of years (Baker et 

al., 1987; Clapham and Mayo, 1990; Glockner-Ferrari and Ferrari, 1990; Weinrich et al., 

1993). The inter-calving period for these re-sighted individuals ranged from one to four 

years, although with such observational methods, estimates are inevitably biased, as 

foetus loss would go unreported.  

1.4 Impact of body condition on female fecundity 

The variability of inter-calving periods between individuals may be explained in 

terms of reproductive capacity. In capital breeder species, female reproductive capacity 

is greatly influenced by age, size and nutritional condition. For example, whale 

populations which are still recovering towards pre-whaling numbers, are expected to be 

characterized by low-density and no competition for food resources, and consequently be 

able to support more pregnancies in a given number of years. For older and bigger 

females, reproduction represents a relatively smaller investment than for smaller or 

younger females (Irvine et al., 2017; Lockyer, 1986). The preferential association of 

males to larger females during the breeding season supports the assumption that bigger 

females might be more likely to ovulate than smaller females (and have shorter inter-

calving periods) (Pack et al., 2009). Therefore, females with a higher reproductive 

capacity would be able to take shorter or, possibly, no breaks between pregnancies, while 

those with a lower reproductive capacity may require longer inter-calving periods 

(Christiansen et al., 2016). 

1.5 Antarctic krill biomass and distribution 

Although logical from an energetic point of view, the strictly seasonal 

reproduction of SHHWs relies primarily on the abundance of a single prey species, 

Antarctic krill (Euphausia superba). Antarctic krill biomass and distribution are subject 



6 

  

to significant inter-annual variation as a consequence of climate cycles (Alexey et al., 

2017) and variation in sea ice conditions (Atkinson et al., 2019; Siegel and Loeb, 1995). 

Recently, weather-related phenomena (such as El Niño and La Niña events) have been 

directly linked to reduced krill density (Fielding et al., 2014; Flores et al., 2012), and 

indirectly to inferior annual body condition of large whales that prey on krill (Bengtson 

Nash et al., 2018; Seyboth et al., 2016). In HWs, years of reduced foraging success, as 

indicated by population body condition or ‘adiposity’, were followed by years of dietary 

diversification (Bengtson Nash et al., 2018). With a predicted increase in the frequency 

of extreme weather events through climate changes (Cai et al., 2014), the impact to 

Antarctic ecosystem productivity is uncertain. However, if krill density is negatively 

impacted, this is likely to affect HW body condition, female fecundity and population 

size (Seyboth et al., 2016). 

1.6 Why measure population fecundity in female HWs? 

The annual growth rate of a population is used to predict population recovery over 

time and this will vary greatly depending on the reproductive capacity of its individuals 

(i.e. the proportion of older females in the population, but also on the whale summer 

feeding efficacy in that year) (Pallin et al., 2018a; Riekkola et al., 2018). In order to 

measure the annual growth rate in whales, two empirical measurements have been used: 

(1) the calving rate, obtained through the observation of the number of calves born each 

year per mature female; and (2) the pregnancy rate, defined as the number of pregnant 

females relative to the total females per each reproductive season. The calving rate is a 

more direct measure, and might be more useful for calculating population dynamics, as it 

accounts for foetus reabsorption or loss, and for pre- and (partially) post-birth calf 

mortality. The pregnancy rate, the determination of which involves the ability to identify 

on-going pregnancy, has been proposed as a more accurate index of population fecundity 

(Pallin et al., 2018a). While on the one hand, the inability to account for unsuccessful 

pregnancies is a limitation in evaluating the final population increment, this measure 

might be more indicative of the effective reproductive capacity of a population at the time 

of the targeted reproductive season. Furthermore, since the pregnancy rate is calculated 

over the total number of females, it will accommodate the effect resulting from the 

proportion or immature and mature females in the population. 
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1.7 Do all SHHWs migrate? 

Both calving and pregnancy rates might be biased in this species by the fact that 

not all SHHW individuals may engage in the migration annually. Vocal and visual 

observations of HWs have been made in Antarctica through the austral winter (Thiele et 

al., 2004; Van Opzeeland et al., 2013). These observations are supported by the fact that, 

while the ratio at birth is almost equal between male (51.4%) and female (48.6%) HWs, 

males (74.6%) are more abundant than females (29.4%) on the on the East Australia 

migratory corridor (Brown et al., 1995; Chittleborough, 1958). It is plausible that a 

number of immature individuals remain in Antarctica to maximise their growth and 

energy intake (Brown et al., 1995) or that females may incorporate a rest year between 

pregnancies to replenish their energy reserves. Based on this hypothesis, Druskat et al. 

(In Press, 2019) recently proposed the utilization of sex ratio during the migration as a 

possible indirect indicator of population fecundity. However, due to the high temporal 

and geographic gender segregation that exists during the migration (Dawbin, 1966; 

Franklin et al., 2017), successful employment of this approach would require stringent 

temporal and geographical consistency.  

1.8 Potential of steroid hormone analysis for non-lethal investigation of 

whale physiology 

Endogenous steroids are a class of structurally related molecules which function 

as endocrine messengers (i.e. hormones) in the orchestration of a variety of physiological 

processes pivotal to reproduction, metabolism control and stress response (Makin, 1975). 

Steroid hormones are actively transported from their site of production (e.g. gonads, 

adrenal glands) through the bloodstream, and passively across cell membranes, making 

some of these compounds quantifiable in both target and non-target tissues (Dunn et al., 

1981). The broad spectrum of action of steroid hormones has been the basis for the 

historical popularity of steroid hormone analysis in human and wildlife diagnostics. 

However, the application of steroid hormones analysis to wild cetacean species is a 

relatively newer, though promising field. The recent validation of steroid biomarkers of 

reproductive status (i.e. testosterone and progesterone) (Pallin et al., 2018b) and of stress 

exposure (i.e. cortisol) (Champagne et al., 2018) in certain cetacean species, suggests that 
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steroid analysis can be used non-invasively to investigate pregnancy rates and 

disturbances in wild population of whales (Riekkola et al., 2018; Wasser et al., 2017). 

Despite an impressive expansion of the field occurring over the past ten years, a 

comprehensive understanding of cetacean endocrine physiology is still lacking (Atkinson 

et al., 2007). 

A great body of research on cetacean endocrinology has been conducted on 

individuals of species commonly held in captivity (e.g. killer whales, bottlenose dolphins, 

beluga whales) (Judd and Ridgway, 1977; Katsumata et al., 2006; Katsumata et al., 1994; 

Walker et al., 1988; Yoshioka et al., 1986). Initially, these kind of studies were motivated 

by the necessity to ensure the wellbeing of the segregated animals, or enhance their 

reproductive success in captivity (Atkinson et al., 1999; Robeck et al., 2005a). 

Nevertheless, these studies provided important input into the field by collecting the first 

species-specific steroid concentration baselines facilitating the successive interpretation 

of data from animals of the same species in the wild (Boggs et al., 2017). In comparison, 

cetacean species that cannot be kept in captivity are highly underrepresented in the 

literature. While evolutionarily related mammals can share many hormonal similarities, 

enough variation between species exists to preclude hormonal information being easily 

transferrable among species, until they are independently assessed and recognised as 

such. Another limitation of using hormonal information collected from whales and 

dolphins in captivity is that the type of sample collected from these specimens is not 

suitable for collection in individuals in the wild. Species- and tissue-specific steroid level 

baselines, as well individual variability, must be established and validated before steroid 

hormone analysis can become a substitute for more invasive or resource-consuming 

monitoring strategies. 

1.9 “Alternative” analytical matrices for free-ranging cetaceans 

Circulating hormones are traditionally measured directly by analysing blood or 

serum samples or indirectly by quantifying excreted metabolites in urine and faeces 

samples (Kellar et al., 2013; Rolland et al., 2005; Walker et al., 1988). Although these 

matrices are routinely employed in humans and in terrestrial animals, their non-lethal 

application in cetacean research is only feasible for certain species or for exclusive classes 
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of individuals. For example, the collection of blood and urine samples has only been 

performed on smaller cetaceans through capture and release of the live animal (Schwacke 

et al., 2013), during stranding events (Nomiyama et al., 2010), or on domesticated 

cetaceans specifically trained to assist in the sampling (Robeck and Monfort, 2006; 

Walker et al., 1988). Large whales, such as baleen whales, cannot be kept in captivity nor 

can they be momentarily restrained or sedated to allow sampling operations. Moreover, 

healthy adult baleen whales rarely strand. Those few individuals that strand annually have 

typically sought shallower protected waters due to illness or age and hence cannot provide 

data representative of the healthy broader population. In the rare cases that blood 

sampling does occur in the first few hours post-mortem (before coagulation of blood), 

measuring endocrine parameters in blood from stranded animals would only provide a 

snap-shot of an individual in a critical state of physiological stress, that cannot be taken 

as representative of the population as a whole (Carballeira et al., 1987; Ferreira et al., 

2014). The term “alternative matrices” is hereafter chosen to encompass all those sample 

types not commonly employed for hormone analysis in human medicine or in other 

wildlife studies (e.g. blubber, baleen plates, earplugs) (Hunt et al., 2014; Kellar et al., 

2006; Trumble et al., 2013) or those requiring the development of particular collection 

techniques to be applicable to whales (faeces, respiratory vapour) (Burgess et al., 2018; 

Hogg et al., 2005; Rolland et al., 2005).  

Hormone analysis of baleen plates and earplug secretions collected from stranded 

carcasses can provide retrospective long-term hormonal data regarding the life history of 

large filter feeding whales (Hunt et al., 2014; Trumble et al., 2013). Earwax accumulates 

in the auditory canal over the whale’s lifetime, and has been used on individual blue whale 

(Balaenoptera musculus) males to reconstruct twelve years of cortisol and testosterone 

data, with an estimated resolution of approximately 6 months (Trumble et al., 2013). 

Baleen plates grow incrementally with a turnover of 1-7 years, depending on the whale 

species and sample length (Eisenmann et al., 2016), and they can be stored for decades 

as specimens, potentially providing a window to investigate population dynamics (i.e. 

inter-calving interval, stress exposure) through time (Fernández Ajó et al., 2018; Hunt et 

al., 2016; Lysiak et al., 2018; Trumble et al., 2018). Although earplug samples and baleen 

are excellent matrices for historical reconstructions and to understand general 
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reproductive biology, their annual collection is unpredictable in number, making them 

unreliable for monitoring current population trends. 

The collection of faeces for hormonal analysis has been effectively applied to 

baleen whales species (Corkeron et al., 2017; Rolland et al., 2005). However, some 

migratory species, such as the SHHW, limit their feeding and faeces production to remote 

locations where the logistics of the collection of faeces provides additional challenges 

(e.g. Antarctic field work) (Constantine et al., 2014; Gales et al., 2009). 

Blubber (whale fat) and blow (respiratory vapour) samples can be systematically 

collected from cetaceans in the wild without capture and restraining of the animal, and 

for this reason they are the most popular matrices employed for steroid hormone analyses 

in baleen whales (de Mello and de Oliveira, 2016). The collection of these samples is 

logistically similar as it requires tracking of the whale and taking advantage of the time it 

spends at the ocean surface to breathe. Superficial blubber/skin biopsies are minimally-

invasive and are obtained by shooting biopsy darts (Bengtson Nash et al., 2013), while 

respiratory vapour is non-invasively sampled on an absorbing material positioned over 

the blowhole with the help of a pole or a flying drone (Acevedo‐Whitehouse et al., 2010; 

Hogg et al., 2009). Blow samples consist of a mixture of sea water and vapour exchanged 

between the external environment and the highly vascularised lung and nasal mucosa that 

is quickly exhaled by the whale before each breathe (Berta et al., 2005). Both blubber and 

blow samples’ steroid hormone concentrations mirror those in blood, although blubber 

seems to have a slower steroid hormone uptake and potentially longer signal retention in 

time than blow (Kellar et al., 2013; Richard et al., 2017). Measurements of steroid 

hormones in blow are affected by variability in sample volume and water content, which 

make them less accurate than blubber in mirroring hormone profiles in serum 

concentrations (Mingramm et al., 2018). Detailed information on the specific retention of 

steroid hormones in humpback whale blubber is unknown. Experiments conducted on 

bottlenose dolphins (Tursiops truncates) suggest that incorporation of cortisol in blubber 

during stress exposure is evident after one hour, and that blubber cortisol levels continue 

to increase during the following hour, if the stress is protracted (Champagne et al., 2018); 

where a stress response was stimulated through hydrocortisone ingestion, blubber cortisol 

remained significantly elevated from baseline 3 days after the hormone administration 
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and levels marginally higher than baseline could still be distinguished after 5 days 

(Champagne et al., 2017). Various factors, such as blubber thickness (absolute and 

relative to sampling depth)(Kershaw and Hall, 2016) and vascularisation and ambient 

temperature (Champagne et al., 2018) could affect steroid hormone concentrations in 

blubber. Considering that humpback whale blubber is significantly thicker than dolphin 

blubber, slower steroid hormone incorporation and longer retention times might be 

expected in this species (e.g. approximately a 3 hours and a week, respectively). 

1.10 Blubber as a matrix for steroid hormone analysis  

Blubber (Figure 1.1) is a special type of enlarged subcutaneous adipose tissue 

evolved by marine mammals to fulfil the need for positive buoyancy, thermal insulation 

and fat storage (Parry, 1949). As part of the fasting-adaptations of HWs, adult SHHWs 

develop a thick layer of blubber of between 13 and 18 cm in thickness (Waugh et al., 

2014). Fasting typically occurs in terrestrial mammals through three stages, each 

dominated by different biochemical processes (Noren and Mangel, 2004). In the first 

stage of fasting, hepatic glycogen reserves are consumed and ketone body production is 

initiated and protein catabolism is decreased (Castellini and Rea, 1992). When most of 

the glycogen reserves are exhausted, the metabolic rate decreases, lipid oxidation 

increases, and ketone bodies become the primary source of energy (second phase). Protein 

utilization for glucose production is limited during the second phase, while it increases 

significantly during the third phase of fasting, which, if prolonged, can lead to death 

(terminal starvation). Several marine mammal species, experience adaptive fasting during 

energy demanding life stages (e.g. development, reproduction, migration). This is made 

possible by a series of physiological and morphological evolutionary adaptations 

(Champagne et al., 2012). By accumulating large lipid reserves, marine mammals are able 

to extend the second phase of fasting while maintaining low rates of protein catabolism. 

The annual migration of SHHW individuals results in an estimated overall body mass 

loss between 25% and 50% (Bengtson Nash et al., 2013; Dawbin, 1966; Lockyer, 1981b). 

Progression of blubber lipid consumption can be tracked though decreasing adipocyte (fat 

cell) volume and reduction in lipid content (Bengtson Nash et al., 2013; Castrillon et al., 

2017). However, lipid consumption in blubber appears not to be linear with energy usage, 

as selective consumption of lipids from certain body regions is suspected to occur. For 
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example, the outer blubber layers may be preserved over visceral fat to avoid 

compromising the other fundamental functions of blubber (e.g. hydrodynamics and 

thermoregulation) (Bengtson Nash et al., 2013). 

Figure 1.1: Whale blubber (left) can be remotely sampled in the form of skin/blubber 

biopsies (right) to allow for a number of different analyses, including steroid hormone 

analysis; HW blubber is between 13 and 18 cm thick; standard biopsy darts (right) target 

the most external (between 2 cm and 4 cm) layers of this tissue. 

Blubber properties and ease of collection make it an ideal analytical matrix for 

different fields of cetacean research.  For example, blubber is commonly used to 

investigate lipophilic contaminant loads, foraging habits and metabolism, as well as body 

condition (Bengtson Nash et al., 2018; Koopman et al., 1996; Lockyer et al., 1985; Waugh 

et al., 2012). The skin collected with each blubber biopsy allows for isotope analysis with 

trophic level investigations, and for different enzyme and DNA analyses (Bengtson Nash 

et al., 2018; Eisenmann et al., 2017; Polanowski et al., 2014; Waugh et al., 2011). As 

might be anticipated, blubber has also been demonstrated to be a suitable matrix for 

steroid hormone analysis (Champagne et al., 2017; Mansour et al., 2002; Mello et al., 

2017; Trego et al., 2013). A single standard blubber biopsy sample therefore can allow 

multiple types of analyses on the same individual. This is not just logistically convenient, 

but can serve to combine information (e.g. sex and reproductive status, nutritional 
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condition and feeding habits, pollutants loads-endocrine functions) to obtain a deeper 

understanding of multiple-scale processes (Bengtson Nash et al., 2018; Trego et al., 

2018).  

It is thought that for steroid hormones, blubber burdens occur largely as a result 

of transfer from the circulatory system (Champagne et al., 2017; Mingramm et al., 2018). 

Endocrine steroid hormones are enzymatically synthesised from a common precursor, 

cholesterol, from which they derive the same four-ring “steroid” structure (Makin, 1975). 

While small changes in the position and type of the functional groups attached are 

responsible for the specific hormone binding to its designated receptor, the hydrocarbon 

core confers all steroids discrete lipophilic properties. For this reason, lipid-rich blubber 

appears to have a potential for accumulation of steroid concentrations with time (Kellar, 

2008). This also means that prolonged elevation of some steroid in blubber may not reflect 

short-lived or circadian oscillations of the same hormones in blood (Kellar et al., 2013). 

This implication can be a crucial advantage in the observation of, for example, hormonal 

seasonal changes, sex-related patterns or long-term trends in a wild population, especially 

where the sampling might itself cause short-term stress to the individual (Boggs et al., 

2017; Champagne et al., 2017; Kershaw and Hall, 2016). 

Despite blubber steroid hormone concentrations being passively influenced by the 

circulatory system, the levels of some particular steroid hormones, such as cortisol, 

cannot be considered to be quantitatively representative of blood concentrations 

(Champagne et al., 2017). Recent research has provided evidence that blubber, similarly 

to white adipose tissue (WAT), should be considered as an endocrine organ, capable of 

some peripheral hormone transformation (Galligan et al., 2018b; Kershaw et al., 2018). 

WAT is known to have a significant endocrine influence over human metabolism and 

hunger regulation through the production of adipokine hormones (Kershaw and Flier, 

2004; Trayhurn, 2005). Moreover, WAT has also been identified as a interconversion site 

for steroid hormones (sex steroids and glucocorticoids) (Deslypere et al., 1985). Locally 

transformed steroid hormones in human WAT have been associated with adipogenesis 

(oestrogens), central obesity (androgens), and fat redistribution (corticosteroids) (Ahima 

and Flier, 2000). Bottlenose dolphin blubber microsomes have been demonstrated to be 

capable of interconversion between cortisol and cortisone in-vitro (Galligan et al., 2018b). 
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The existence of active local processes in blubber can perhaps be rationalized by the 

necessity to improve control over lipid usage and accumulation in-situ through 

metabolically active steroid hormones. Therefore, interpretations of steroid analyses in 

this matrix should consider the possibility of contributions from locally induced hormonal 

changes. 

1.11 Liquid chromatography tandem mass spectrometry (LC-MS/MS) for the 

quantification of steroid hormones in cetacean samples 

Steroid hormones analysis through liquid chromatography tandem mass 

spectrometry (LC-MS/MS) is now mainstream in many environmental, forensic and 

clinical applications (Stanczyk and Clarke, 2010). Nevertheless, its application to 

cetacean research is only recently gaining momentum. The reason for this delay can be 

explained by considering the initial cost of the instrumentation and the necessity of trained 

personnel for running analyses. Further, sufficiently high reproducibility and accuracy of 

mass spectrometry depends on the elimination of interferents. For new, alternative 

matrices, this necessitates the development of tissue-specific analytical procedures 

including ad-hoc sample clean-up, together with relevant chromatographic and 

spectroscopic protocols. Therefore, the majority of the studies that have measured steroid 

hormones in cetacean have employed radioimmunoassays (RIA) or enzyme 

immunoassays (EIA). These techniques are limited by the capacity to measure one steroid 

hormone class at the time. The measurement of multiple hormones is crucial to the 

understanding of inter-hormonal relationships and hormonal pathways (Boggs et al., 

2017). In other words, the great expansion of the field towards the pioneer testing of new 

matrices and species using RIA and EIA has not facilitated the investigation of different 

steroid hormones in the interpretation of marine mammal endocrinology. 

Chromatography coupled to mass spectrometry offers an alternative quantitative 

technique to EIA and RIA with the potential for resolution and simultaneous 

measurement of more than one hormone class. As previously stated, while functionally 

diverse, steroid hormones are structurally related and share broadly similar polarities. 

Thus, they can be simultaneously extracted from samples and then separated according 

to their particular individual chemical-physical properties by varying the 
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chromatographic parameters. When unequivocal fragmentation patterns are identified, 

mass detection can be extremely selective and accurate (Boggs et al., 2016). Both gas and 

liquid chromatography coupled with mass spectrometry (GC- and LC-MS) efficiently 

separate and quantify different hormonal classes in biological matrices (Krone et al., 

2010; Shackleton, 2010). GC typically features longer run times, resulting in improved 

chromatographic definition. However, steroid hormones often require a further 

derivatization step of the hydroxyl and/or of the keto groups in order to attain appropriate 

volatility for this type of instrumentation. Although derivatization provides advantages in 

screening analysis, it may also detrimentally affect the quantitative measurement of those 

hormones with more than one oxygen-containing functional group, besides making the 

sample preparation more difficult and time consuming (Krone et al., 2010). Liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) typically has lower resolving 

power, but shorter runs making it preferable for non-screening, fast and accurate detection 

of selected multiple steroid hormones (Stanczyk and Clarke, 2010). 

Despite this, the use of chromatography coupled to mass spectrometry has been 

limited in the fast-growing field of steroid analysis in cetaceans (Bechshoft et al., 2015; 

Dunstan et al., 2012; Hogg et al., 2005; Yoshioka et al., 1994). Mass spectrometry is 

sometimes chosen for selective measurement of target metabolites that would not 

otherwise be singularly quantified by EIAs (Robeck et al., 2016; Steinman et al., 2016). 

However, as the utility of steroid hormone analysis in cetacean reproductive status and 

stress diagnostics becomes more widely recognized, the interest in chromatography mass 

spectrometry is also expected to increase, as manifested by the recent publication of the 

first multi-hormone methodologies applicable to cetacean samples (Boggs et al., 2017; 

Hayden et al., 2017; Hayden et al., 2018; Teerlink et al., 2018). 

1.12 Thesis aim and structure 

Despite HWs being found in all oceans and benefitting from intensive and 

multidisciplinary scientific interest, functional detail of their endocrine system is mostly 

unknown. This translates into a minimal amount of information obtainable from wild 

free-swimming individuals of this species through the current state of the art of hormonal 

analyses. Recent studies have relied on comparative endocrinology to target a relatively 
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narrow set of hormonal biomarkers in HWs (Pallin et al., 2018a; Riekkola et al., 2018; 

Vu et al., 2015). Such a top-down approach has been successful in uncovering some of 

the hormonal changes connected with reproduction (Pallin et al., 2018b; Vu et al., 2015). 

However, the data available do not account for seasonal changes throughout the whole 

year, and most importantly, result in a lack of baseline hormonal profiling, which is 

essential to accurately interpreting variation in single-hormone concentrations. Therefore, 

this thesis aims to investigate the utility of a larger steroid hormone suite by validating 

and evaluating the use of a LC-MS/MS method on HW blubber (Figure 1.2). By 

conducting a bottom-up approach, based on the analysis of steroid hormone profiles and 

subsequent identification of steroid hormone patterns in them, we aim to provide a better 

understanding of HW endocrinology and reproductive biology.  

Chapter 2 describes the work conducted to validate a LC-MS/MS method for the 

simultaneous measurement of eleven steroids in HW blubber. This section also details 

the first steroid profiles obtained by the application of the method on blubber from 

stranded HW carcasses.  

In Chapters 3 and 4, this same analytical method is then used to obtain blubber 

steroid hormone profiles from free-roaming HWs biopsied at different times of the 

breeding season. Specifically, in Chapter 3 the female reproductive cycle is considered. 

An attempt is made to identify the steroid hormones critical during late pregnancy and 

conception. Based on the observed hormonal profile clusters, a novel interpretation of 

reproductive status from blubber steroid content is advanced. Chapter 4 explores the 

seasonal variations in blubber steroid hormone concentrations in migrating male HWs 

and discusses the possible physiological reasons for these including expected 

reproductive and metabolic activity.  

In Chapter 5, the hormonal-based pregnancy diagnoses advanced in Chapter 3 is 

paired with histological body condition information obtained on the same individuals. 

The combination of these data are used in a preliminary investigation of the relationship 

between nutritional conditions and female reproductive investment in the SHHW.  
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Of the four main chapters of this thesis, one chapter is accepted for publication 

(Chapter 2), one is about to be submitted (Chapter 3), while the other two chapters are in 

the form of manuscripts (Chapter 4 and 5) intended for future publication.  

 

Figure 1.2: Conceptual map of the topics and research fields involved in this thesis.  
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Chapter 2. Liquid chromatography tandem mass spectrometry for the 
quantification of steroid hormone profiles in blubber from stranded 
humpback whales (Megaptera novaeangliae) 

 

 

This chapter reports the adaptation of a liquid chromatography tandem 

mass spectrometry (LC-MS/MS) method for the analysis of steroid hormones in 

humpback whale blubber. The method repeatability was evaluated by measuring 

the relative standard deviation percentage on multiple sample replicates, while 

the method accuracy was obtained by analysing sample spiked with known 

amounts of analytes. Finally, the method was field-validated on samples from 

ten stranded whale individuals. Up to ten steroid hormones were quantifiable in 

these samples. 

 

This chapter has been published in Conservation Physiology (Oxford 

University Press). Reproduced with permission from: 

-  Dalle Luche, G., Bengtson Nash, S., Kucklick, J.R., Mingramm, F., Boggs, 

A.S.P., 2019. Liquid chromatography tandem mass spectrometry for the 

quantification of steroid hormone profiles in blubber from stranded humpback 

whales (Megaptera novaeangliae). Conservation Physiology 7, coz030, 

https://doi.org/10.1093/conphys/coz030. 

 

 

The manuscript’s supplementary information is attached to this thesis as 

Appendix A1. 
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2.1 Abstract 

Marine mammal blubber is known to have quantifiable concentrations of steroid 

hormones and is increasingly chosen as a matrix for the detection of these reproductive 

and stress biomarkers. Steroid hormones act through complex cascades, often in concert, 

yet studies conducted on cetaceans have rarely measured more than two steroids 

simultaneously. Due to the role of steroid hormones in multiple physiological processes, 

and variability in concentration among individuals, data on single compounds are often 

difficult to interpret. Here a liquid chromatography tandem mass spectrometry (LC-

MS/MS) method for the simultaneous analyses of multiple steroid hormones in cetacean 

blubber was validated and applied to samples from 10 stranded humpback whales 

(Megaptera novaeangliae). Progesterone, 17α-hydroxyprogesterone, testosterone, 

androstenedione, oestrone, oestradiol, cortisone, cortisol, corticosterone, 11-

deoxycorticosterone were reliably (relative standard deviation on six replicates < 15%) 

and accurately (recovery of an amended sample between 70% and 120%) quantified, but 

not 11-deoxycortisol. With the exception of progesterone, testosterone, oestradiol and 

cortisol, these compounds were quantified for the first time in humpback whales. Given 

that blubber is frequently collected from free-swimming cetaceans in ongoing research 

programs, the techniques developed here could substantially strengthen understanding 

and monitoring of the physiological condition of these species. 
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2.2 Introduction  

Steroid hormones are now frequently used as biomarkers of stress, sexual 

maturity, and reproductive state in cetaceans. After baseline hormone values have been 

established for each species and tissue type, steroids can be used for studying wild 

population dynamics and health parameters in cetaceans, including large whales (Pallin 

et al., 2018a; Rolland et al., 2012; Trumble et al., 2018; Wasser et al., 2017). Several 

remotely accessible biological sample types, such as blubber (Mello et al., 2017; Vu et 

al., 2015), faeces (Rolland et al., 2005) and blow (Hogg et al., 2009) have been collected 

from live whales for hormone analysis. Non-lethal tissue sampling and non-invasive 

techniques, such as remote imaging (Bradford et al., 2012; Cuyler et al., 1992; Miller et 

al., 2012; Seyboth et al., 2016), are viable alternatives to the practice of ‘scientific 

whaling’ when studying whale physiology (Hunt et al., 2013). 

To date, only a limited selection of steroid hormones (e.g. progesterone, 

testosterone, cortisol and oestradiol) have been measured in free roaming cetacean 

populations, and most studies have focused only on a single compound (Kellar et al., 

2015; Kellar et al., 2009; Pallin et al., 2018b). As a consequence, the narrative 

surrounding steroid hormones in cetaceans is mainly dictated by consideration of one, or 

rarely two or three hormones. This translates to a knowledge gap in our understanding of 

marine mammal endocrinology. Some physiological states involve downstream 

endocrinological signals (e.g. spermatogenesis or pregnancy) that entail changes in the 

concentrations of multiple steroid hormones. Subsequently, information based upon 

multiple steroid hormones enhances the possibility of a more accurate physiological 

diagnosis. 

Incomplete steroid pathway analysis in wildlife studies can be partially explained 

by the common application of radioimmunoassays (RIA) and enzyme immunoassays 

(EIA). Both EIA and RIA are based on a hormone-specific antigen-antibody reaction, 

targeting an individual parent hormone or its metabolites. In particular, EIA techniques 

are widely employed for their high degree of sensitivity and technical simplicity. 

However, while the analytical cost of EIAs can be considered modest, the cost and labor 
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of the analysis increases with each additional hormone quantified. Moreover, as 

immunoassays rely on antigen-antibody interaction, their accuracy may be affected by 

interference from non-target chemicals (cross-reactivity) compared to direct 

measurement methods (Hansen et al., 2011). Recently, Boggs et al. (2017) developed a 

liquid chromatography tandem mass spectrometry (LC-MS/MS) analytical method for 

the measurement of multiple hormones in dolphin blubber to overcome some of the 

above-named limitations of immunoassays. LC-MS/MS instrumentation has a high 

installation cost and requires larger tissue portions than EIAs (Boggs et al., 2017; Mello 

et al., 2017). However, the possibility of using LC-MS/MS for simultaneous 

measurement of multiple steroid hormones from a single sample extraction diminishes 

both cost and relative sample amount per hormone included in the analysis. More 

importantly, LC-MS/MS has the capacity to separately quantify metabolites with 

different masses but similar immuno-reactivity, which is pivotal for mapping of 

endocrinological pathways (Galligan et al., 2018a; Robeck et al., 2016). 

Humpback whale blubber differs from dolphin blubber in thickness and 

composition, and can dramatically change in volume and lipid content as a function of 

the animal’s energetic state (Bengtson Nash et al., 2013; Castrillon et al., 2017; Cropp et 

al., 2014; Lockyer, 1987; Parry, 1949). Steroid hormone concentrations are usually 

normalised by a biomarker (i.e., creatinine, dissolved proteins) (Atkinson et al., 1999; 

Robeck et al., 2005b) when they are measured in biological matrices that have variable 

physical-chemical composition, such as saliva, urine and blow. By contrast, blubber 

hormonal concentrations are most commonly expressed in the literature on a wet weight 

basis (Kellar et al., 2006; Kershaw et al., 2017; Vu et al., 2015). Recently, lipid percentage 

has been proposed as a normalisation measure for cortisol concentration in bottlenose 

dolphin blubber (Champagne et al., 2017; Champagne et al., 2018). If variable 

proportions of water and oil in blubber influence diffusion and retention of the lipophilic 

steroid compounds in blubber (e.g. favour the passive transfer and retention of steroids 

from blood and result in an enhanced hormonal signal), expressing hormone 

concentrations on a lipid basis could help to reduce such bias.  

This study specifically sought to: 1) assess the performance (method linear range, 

repeatability, and limits of detection) of the previously detailed LC-MS/MS method 
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developed in bottlenose dolphin (Boggs et al. 2017) on humpback whale blubber; 2) field 

validate the method on humpback whale blubber from stranded individuals; 3) explore 

correlations between steroid concentrations and blubber lipid content.  

2.3 Materials and methods 

2.3.1 Samples 

The blubber of ten southern hemisphere (SH) humpback whales stranded along 

the east and west coasts of Australia (namely breeding stocks E1 and D, respectively, as 

identified by the International Whaling Commission, IWC (1999)) between 2006 to 2015 

were used to evaluate the performance of the analytical method. Blubber from adult 

individuals was preferentially selected in this study when available among biobanked 

tissues of the Southern Ocean Persistent Organic Pollutants Program (SOPOPP). As the 

great majority of humpback whale stranding events involve single calves and juveniles 

(Meynecke and Meager, 2016), adult females were, however, unavailable. As such, 

blubber from immature female individuals was employed for validation instead. 

Stranding information accompanying these animals (males = M1 through M5; females = 

F1 through F5) is included in Table 2.1. Full-depth blubber samples (skin to muscle) were 

excised within 3 days post-mortem from a standardized section of the ventral-dorsal 

region, slightly posterior to the dorsal fin after Lambertsen et al. (1994). All samples were 

stored at - 20 °C until subsampling. Due to the relatively long time in storage, any 

decomposition in our samples could be caused by the initial carcass exposure to the 

environment, as well as by the time in storage itself. For this reason, upon sub-sampling, 

a thin layer of blubber exposed to air was shaved off to avoid oxidized tissue. The colour 

of the samples were recorded as a proxy for the state of decomposition (Mello et al., 

2017). White or pink samples should be considered well-preserved, while yellow or beige 

blubber samples show signs of decomposition. Subsamples were obtained from the outer 

4 cm of blubber (with the skin removed), to target a blubber region similar to that 

accessible by conventional biopsy darts in free-swimming animals. The majority of E1 

population samples were obtained through the Southern Ocean Persistent Organic 

Pollutant Program (SOPOPP) environmental permits (Scientific Purposes Permit 

WISP04862307, WISP10018311, WISP07789610, and Moreton Bay Marine Park Permit 
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#QS2014/CVL1397). Three samples of individuals stranded in Tasmania were collected 

under permit by staff from the Tasmanian Department of Primary Industries, Parks, Water 

and Environment. West Australian samples were collected under Department of 

Environment (DEC) Scientific Purposes Licenses SF000007, SC000619, SC000941, and 

SC001255.  
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Table 2.1: List of humpback whale blubber specimens collected from whales stranded 
on Australian coasts. 

Code Sex Age Sample colour 
Date of 

collection 

Location of the 

stranding 

F1 Female Juvenile light pink 16/10/13 Hillarys, WA 

F2 Female Neonate light pink 17/8/11 Walpole, WA 

F3 Female Calf pink 23/7/15 Currumbin, QLD 

F4 Female Juvenile white 3/9/14 King Island, TAS 

F5 Female Calf pink 2/9/05 Nelson Bay, TAS 

M1 Male Adult beige 2007* Southport, QLD 

M2 Male Adult pink 1/10/11 
North Stradbroke 

Island, QLD 

M3 Male Adult white 2009* Moreton Island, QLD 

M4 Male Adult white 3/8/08 Southport, QLD 

M5 Male Juvenile white 10/11/12 Tomahawk, TAS 

* = Exact date unknown. 
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2.3.2 LC-MS/MS analysis 

2.3.2.1 Internal standards and control materials  

Reference materials for hormones in whale blubber were not available. Therefore, 

National Institute of Standards and Technology (NIST) Standard Reference Material 

(SRM) 1945 (Organics in Whale Blubber), a cryo-homogenized female pilot whale 

blubber sample certified for persistent organic pollutants, was used as a quality control 

material. Approximately 0.4 g of SRM 1945 was extracted in triplicate during each 

analysis to ensure repeatability (percent relative standard deviation, RSD% <15%). 

Isotopically labelled steroids were used as internal standards (IS). Briefly, a weighed 

quantity (approximately 80 mg) of a mixture in methanol was added to each sample prior 

to extraction. Assuming a similar recovery between the hormone analyte and its 

associated IS, the instrumental signal of each target steroid was adjusted by the recovery 

of the associated IS for each sample, thereby accounting for any loss of analyte during 

the extraction method. All IS were present in the mixture in similar concentrations 

(approximately 60 µg/g each; less than 15% difference between compounds). Each 

steroid concentration was normalised according to their analogous IS (where 

commercially available) or according to the most similar IS for molecular mass and 

chromatographic elution time (Supplementary data Table A1.S1). All IS except for 

progesterone-13C3, were purchased from Cerilliant (Round Rock, TX) and had a declared 

purity of 99.99%. Progesterone-13C3 was purchased from Cambridge Isotopes 

(Tewksbury, MA) at a declared purity of 98%. All calibration steroid standards were 

purchased from Sigma-Aldrich (St. Louis, MO), except for 11-deoxycortisol and 11-

deoxycorticosterone, which were manufactured by Steraloids (Newport, RI). Calibration 

standard purity was equal or superior to 98%, except for 17α-hydroxyprogesterone (≥ 

95%). 

2.3.2.2 Sample extraction and clean-up 

The sample preparation followed the work of Boggs et al. (2017) on dolphin 

blubber. Briefly, blubber samples (0.3 g to 0.8 g) were minced (< 1mm) with blade and 

forceps in a dry-ice-cooled beaker to provide as much homogeneity as possible without 
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compressing the tissue, which can result in the loss of oil. The minced blubber was then 

added to a bead homogenizer vial (approximately 2 mL) containing garnet beads (MO-

BIO; Qiagen, Hilden, Germany) and homogenized (four times for 30 s each at 681 rad/s). 

Sample clean-up was conducted using the Agilent (Santa Clara, CA) Bond Elut 

QuEChERS EN Extraction kit with a C18 dispersive solid phase (dSPE) extraction for 

lipid removal (Fu and Zhai, 2010). Specifically, the entire contents of the bead 

homogenizer vial were transferred into a 50 mL Falcon tube. The bead vial was then 

rinsed twice with water (approximately 2 mL each time) and three times with acetonitrile 

(ACN). The Falcon tube was vortexed for 10 s in between additions of the water and ACN 

rinses. The volume was brought up to 15 mL volume with ACN and shaken for 30 s. A 

QuEChERS EN extraction salt packet (4 g MgSO4; 1 g NaCl; 1 g sodium citrate; 0.5 g 

disodium citrate sesquihydrate) was then added to the sample, and the Falcon tube was 

again shaken vigorously for 1 min. Samples were then centrifuged at 2900g (4 °C) for 5 

min. About 7 mL of the supernatant was cleanly transferred to a C18 dSPE vial (Agilent 

Bond Elut QuEChERS dispersive-SPE 15 mL tube), vortexed for 1 min and then 

centrifuged at 20000g (4 °C) for 3 min. The supernatant was transferred to a clean glass 

test tube and the solvent was exchanged to 80:20 H2O:ACN (v:v), by drying under a 

gentle stream of nitrogen (N2), reconstituting in 2 mL of 80:20 H2O:ACN, vortexing 1 

min, and sonicating for 9 min. The solution was spin-filtered at 12000g for 1 min on 0.22 

μm cellulose acetate spin filter. Finally, the sample was evaporated under stream of N2 

and reconstituted in 200 µL of MeOH. The derivatization reagent dansyl chloride (5-

(dimethylamino)naphthalene-1-sulfonyl chloride; Sigma Aldrich, St. Louis, MO) was 

used to treat from 50 µL to 75 µL of the final extract for oestrogen analysis as previously 

described by Boggs et al. (2016). Briefly, 50 µL to 75 µL of sample extract was aliquoted 

into a culture tube with 500 µL of acetone and 500 µL of 0.1 mol/L NaHCO3 buffer. The 

contents of the culture tube were vortexed for 1 min, before 500 µL of freshly prepared 

dansyl chloride/acetone solution (1.28 mg/g) was added. The tube was vortexed again 

and incubated at 60 °C on a heating block for 3 min. Finally, the sample was evaporated 

at 40 °C under a gentle flow of N2, reconstituted in a volume of MeOH equivalent to that 

of the initial extract (50 µL to 75 µL), and transferred to a vial with insert avoiding 

undissolved salts. 
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2.3.2.3 Instrumental method 

The analysis of 11 steroid compounds and of the relevant IS was undertaken on 

an Agilent 1200 Series LC system equipped with a binary pump and autosampler, coupled 

to an AB Sciex (Framingham, MA) API 4000 QTRAP hybrid triple quadrupole/linear ion 

trap mass spectrometer. The HPLC system was interfaced to the triple quadrupole mass 

spectrometer through an electrospray ionization (ESI) source operating in positive mode. 

The voltage at the source was 5500 V, and the temperature 700 °C. The curtain gas (N2) 

was at a pressure of 207 kPa, and ion source gases 1 and 2 at 310 kPa and 414 kPa 

respectively. The quantification of all steroids and IS was obtained in scheduled multiple-

reaction monitoring (sMRM) acquisition mode. Data collection was conducted using 

Analyst (Version 1.5.1, AB Sciex, Framingham, MA). 

Two different chromatographic separations were used in order to achieve the 

optimal detection for the full compound suite. Each sample was injected three times, with 

each injection targeting a specific steroid compound class (androgens and progestogens, 

oestrogens, and corticosteroids). Androgens and progestogens (17α-

hydroxyprogesterone, progesterone, testosterone, and androstenedione), together with 

oestrogens (oestrone and oestradiol) were separated on a Restek (Bellefonte, 

Pennsylvania) Ultra Biphenyl column (5 μm, 250 mm x 4.6 mm) heated at 35 °C using 

two separate injections (oestrogens post derivatization) (Boggs et al., 2016). The extract 

for the analysis of corticosteroids (cortisone, cortisol, corticosterone, 11-deoxycortisol, 

11-deoxycorticosterone) was solvent exchanged to MeOH:H2O, 50:50% (v:v) (both 

containing 0.1% acetic acid) prior to injection on an Agilent Eclipse Plus C18 column (5 

μm, 150 mm x 21 mm). Chromatographic parameters and quantitative mass 

fragmentation patterns are summarized in the Supplementary data (Tables A1.S1. and 

A1.S2). The optimization of these parameters can be found in Boggs et al. (2016) 

(oestrogens only) and Boggs et al. (2017) (all compounds except oestrogens). 

2.3.2.4 Hormone quantification and validation 

Quantification was performed using an extract calibration curve with isotopically 

labelled IS, i.e., by preparing and analysing the calibrants according to identical extraction 

protocols with an isotopically labelled IS mixture used for the samples, calibrants, and 
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blanks. Blanks consisted of 0.5 mL of deionized water and IS mixture prepared 

analogously to blubber samples. The calibration curves were built by selecting the best-

fit linear regression of the calibrants, based on at least four calibration points. If necessary, 

different calibration curves were employed to optimize fitting of responses of the same 

analyte at different concentrations. Peak areas were quantified manually using Analyst 

1.6.2 (AB Sciex, Framingham, MA) or MultiQuant software (Version 3.0.2, AB Sciex, 

Framingham, MA). Repeatability of the measurement was evaluated by RSD% on six 

measurements of independently prepared samples analysed under a single operator and 

instrument. Initially, one female and one male whale sample (F1, M2) were randomly 

chosen and analysed in six replicates. After initial analysis, some steroids were not 

detected in these randomly selected samples. Therefore, an additional male sample (M3) 

was selected for repeatability of testosterone. The limit of detection (LOD) was defined 

as three times the standard deviation plus the mean of the extracted blanks for each 

analyte. The reporting limit (RL) was determined as the lowest calibration standard 

included within the regression with a minimal signal to noise ratio of three to one. These 

definitions have been used in previous studies (Boggs et al., 2016; Boggs et al., 2017; 

Galligan et al., 2018a; Keller et al., 2012; Ragland et al., 2011). In these analyses the RL 

was higher than the LOD per each compound, therefore the RL was chosen as the 

reporting threshold. The method accuracy of the procedure was evaluated by measuring 

steroid retrieval in a fortified sample. Sample M2 was divided into eight homogenous 

sub-samples (approximately 0.5 g each). Four sub-samples were analysed to determine 

the endogenous concentration. The remaining four subsamples were spiked with known 

amounts of a calibration standard (between 2 ng and 17 ng of each steroid) before 

extraction. 

2.3.3 Lipid determination 

Lipid determination of the blubber tissue of each animal was performed 

gravimetrically. Each sample (0.500 g to 1.00 g) was weighed, thawed at room 

temperature and homogenized with Na2SO4 by mortar and pestle. The sample was 

extracted on a cold column at atmospheric pressure with 100 mL of dichloromethane 

(DCM). The lipid content was determined as the mass of the desiccated oil extracted 

relative to the initial fresh sample mass. 
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2.3.4 Statistical analysis 

Data were censored at the RL, and hormone concentrations below the RL were 

inputted with the RL, except for 17α-hydroxyprogesterone and oestrone, as the detection 

frequency of these two compounds in our samples was below 50%. After substitution, we 

used conservative non-parametric tests on ranks (rs, Spearman rho) to test for pairwise 

correlations among all hormones, as suggested by Helsel (2011). Principal component 

analysis (PCA) by covariance was used as a dimensionality reduction technique to 

visualize multivariate relationships among hormones. In this case, data for each sample 

were normalised by the sum of hormone concentrations (i.e., all compounds) and pareto-

scaled. Data processing, PCA and correlation analysis were performed by MetaboAnalyst 

3.5. 

2.4 Results 

2.4.1 Peak quality 

Progesterone, 17α-hydroxyprogesterone, testosterone, androstenedione, oestrone, 

oestradiol, cortisone, cortisol, corticosterone, 11-deoxycortisol, 11-deoxycorticosterone 

were detected and quantified. Peaks were baseline resolved at different concentrations for 

all compounds except 11-deoxycorticosterone (Figure 2.1). As a consequence, the limits 

of detection and quantification for 11-deoxycorticosterone were notably higher than those 

of the other steroids, although no negative effect was observed on the repeatability and 

accuracy of this compound. 
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Figure 2.1: Examples of scheduled multiple reaction monitoring (sMRM) chromatograms of detectable endogenous steroids in the blubber from 
stranded humpback whales: A) corticosteroids in M1 adult male; B) reproductive steroids in M4 adult male; C) oestrogens in F3 female calf. 
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2.4.2 Method validation results 

The repeatability measured as RSD% between replicates ranged between 4.32% 

and 14.0%, with the exception of 11-deoxycortisol (RSD% for sample F1 = 17.4%), for 

which the repeatability exceeded the maximum acceptance bound of 15.0% (Figure 

2.2A). Reported concentrations for 11-deoxycortisol should therefore be considered 

semiquantitative. Replicates on the steroid residues in SRM 1945 yielded repeatability 

results similar to our samples (<15%), although testosterone, oestradiol and estrone were 

not quantifiable in this sample. Coefficients of determination (R2) of the calibration 

curves were all above 0.973). Different calibration curves were employed for cortisol 

(min = 0.614 ng/g; max = 85.1 ng/g) and progesterone (min = 0.159 ng/g; max = 35.4 

ng/g) quantification, and for measuring corticosteroids in spiked and unspiked samples 

(Supplementary data Tables A1.S3 through A1.S5). LODs and RLs and were in the mid-

to-high pg/g range for all hormones (Table 2.2). Method accuracy, measured as the 

recovery from a fortified sample, ranged from 83.8% (min recovery) to 112% (max 

recovery) (Figure 2.2B). Testosterone and oestradiol endogenous concentrations were 

below the LOD in the sample selected for this assessment (M2) and therefore were set to 

the RL for purposes of spike retrieval calculations. Since the spike recoveries met the 

acceptance criteria (recovery bounds: 70.0% to 120%) (Boggs et al., 2017; Galligan et 

al., 2018a) we concluded that all steroid hormones analyses described in this manuscript, 

except for 11-deoxycortisol, were accurate and precise over the concentration ranges 

found in blubb
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Figure 2.2: Validation of the LC-MS/MS measurement of steroid hormones in humpback 

whale blubber. (A) Percent relative standard deviation (RSD%) of steroid hormones 

based on six replicate measurements from independently prepared samples of a female 

(F1, black column) and two males (M2 and M3, grey and white columns, respectively). 

Concentrations of a particular compound under the reporting limit results in the lack of 

a relative standard deviation for relevant samples; the black dashed line represents the 

15% limit under which the RSD% is considered acceptable; (B) Recovery (%) measured 

in a fortified male humpback whale blubber sample (M2) through a spike solution 

containing 2 ng to 17 ng of each compound; the dashed line is set at 100% recovery, 

while the two dotted lines represent the upper and lower boundaries, 70% and 120% 

respectively, between which the recovery is considered acceptable.
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Table 2.2: Limits of detection (LODs) (ng/g wet weight) and reporting limits (RLs) (ng/g 

wet weight) of the liquid chromatography tandem mass spectrometry method (LC-

MS/MS). 

Target Compound LOD (ng/g) RL (ng/g) 

Progesterone 0.0282 0.0560 

Testosterone 0.0190 0.0627 

Androstenedione 0.00374 0.0482 

17α-Hydroxyprogesterone 0.0166 0.565 

Corticosterone 0.0224 0.399 

11-Deoxycortisol 0.00277 0.384 

11-Deoxycorticosterone 0.513 0.515 

Cortisone 0.00324 0.0435 

Cortisol 0.00337 0.0470 

Oestrone 0.00296 0.0136 

Oestradiol 0.0769 0.339 
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2.4.3 Steroid Profiles  

Steroid profiles varied greatly among the whale samples and not all steroids were 

detectable in every sample (Table 2.3). Cortisol was detected in nine out of ten samples. 

Cortisol concentrations (0.61 ng/g to 85 ng/g wet weight, ww) resulted in the widest range 

and highest median among the analysed steroid hormones in our dataset. Progesterone 

(0.159 ng/g to 35.4 ng/g ww) and cortisone (0.214 ng/g to 17.7 ng/g ww) possessed the 

next largest concentration ranges and were also frequently detected (in ten and nine out 

of ten samples, respectively). Significant correlations (rs, p < 0.05) between steroid 

hormone concentration pairs are summarized in Table 2.4. Male and female clusters 

occupied two different regions of the PCA scoring plot, although they were not separated 

at 95% probability (Figure 2.3).
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Table 2.3: Blubber steroid hormone profiles (ng/g, wet and lipid weight) and lipid content (%) of 10 stranded southern hemisphere humpback whales. 
Steroid F1 F2 F3 F4 F5 M1 M2 M3 M4 M5 Median 

Cortisone 1.69 ± 0.07 3.32 1.19 1.55 ± 0.00 17.7 ± 0.0 2.79 ± 0.01 1.71 ± 0.12 < 0.0435 2.30 ± 0.05 0.214 ± 0.00 1.70 

(3.00 ± 0.13) (7.67) (22.9) (2.15 ± 0.00) (1060 ± 0) (5.59 ± 0.02) (2.25 ± 0.16)   (3.29 ± 0.08) (0.285 ± 0.002)   

Cortisol 4.05 ± 0.21 6.09 4.16 3.43 ± 0.02 85.1 ± 0.8 13.6 ± 0.0 6.80 ± 0.45 < 0.0470 6.53 ± 0.02 0.614 ± 0.036 5.12 

(7.20 ± 0.38) (14.1) (79.7) (4.74 ± 0.03) (5120 ± 50) (27.3 ± 0.1) (8.94 ± 0.59)   (9.35 ± 0.02) (0.817 ± 0.049)   

Corticosterone 1.18 ± 0.10 < 0.399 0.93 < 0.399 6.14 ± 0.09 2.97 ± 0.07 0.894 ± 0.078 < 0.399 < 0.399 < 0.399 0.646 

(2.09 ± 0.18)   (17.9)   (369 ± 6) (5.96 ± 0.15) (1.17 ± 0.10)         

11-
Deoxycortisol 

1.45 ± 0.21 1.14 1.13 < 0.384 4.13 ± 0.15 1.52 ± 0.06 2.18 ± 0.19 < 0.384 3.55 ± 0.07 < 0.384 1.29 

(2.58 ± 0.37) (2.63) (21.7)   (249 ± 9) (3.05 ± 0.11) (2.86 ± 0.25)   (5.09 ± 0.11)     

11-Deoxy-
corticosterone 

< 0.515 < 0.515 < 0.515 2.27 ± 0.18 1.44 ± 0.02 1.42 ± 0.05 0.972 ± 0.109 1.10 ± 0.11 2.33 ± 0.30 < 0.515 1.03 

      (3.14 ± 0.25) (86.9 ± 1.1) (2.86 ± 0.10) (1.28 ± 0.14) (2.00 ± 0.20) (3.34 ± 0.44)     

17α-Hydroxy-
progesterone 

< 0.565 < 0.565 < 0.565 < 0.565 < 0.565 0.917 ± 0.026 1.30 ± 0.12 < 0.565 1.87 ± 0.07 < 0.565 0.565 

          (1.84 ± 0.05) (1.71 ± 0.16)   (2.68 ± 0.10)     

Testosterone < 0.0627 < 0.0627 0.591 < 0.0627 0.172 ± 0.006 < 0.0627 0.133 ± 0.009 1.19 ± 0.12 5.44 ± 0.00 < 0.0627 0.147 

        (10.4 ± 0.4)   (0.175 ± 0.012) (2.16 ± 0.21) (7.79 ± 0.01)     

Androstenedion
e 

< 0.0482 < 0.0482 < 0.0482 0.104 ± 0.001 0.495 ± 0.007 0.251 ± 0.002 0.475 ± 0.031 1.78 ± 0.06 12.7 ± 0.1 0.0697 ± 0.0013 0.177 

      (0.143 ± 0.002) (29.8 ± 0.4) (0.503 ± 0.003) (0.625 ± 0.041 (3.25 ± 0.12) (18.2 ± 0.1) (0.0927 ± 0.0018)   
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Progesterone 0.750 ± 0.081 2.38 0.208 0.500 ± 0.034 1.08 ± 0.01 35.4 ± 0.0 4.86 ± 0.28 0.159 ± 0.018 3.93 ± 0.08 0.392 ± 0.092 0.917 

(1.33 ± 0.14) (5.48) (3.99) (0.692 ± 0.047) (65.3 ± 0.8) (71.0 ± 0.1) (6.39 ± 0.37) (0.290 ± 0.033) (5.63 ± 0.11) (0.521 ± 0.121)   

Oestradiol < 0.339 < 0.339 0.704 < 0.339 < 0.339 < 0.339 < 0.339 < 0.339 < 0.339 < 0.339 0.339 

    (13.50)                 

Oestrone < 0.0136 < 0.0136 6.54 < 0.0136 1.29 ± 0.04 0.185 ± 0.010 0.172 ± 0.012 < 0.0136 0.359 ± 0.041 < 0.0136 0.0273 

    (125)   (77.9 ± 2.3) (0.372 ± 0.019) (0.226 ± 0.016)   (0.514 ± 0.058)     

Lipid (%) 56.2 43.3 5.21 72.2 1.7 49.8 76.1 54.9 69.8 75.2   

Notes: When replicates were available, mass fraction values are expressed as confidence intervals: arithmetic mean ± (student t) x (standard 

deviation)/(number of replicates)1/2. Values in parentheses, in italics, express the hormone concentrations as ng/g of lipid. Values below the reporting 

limit (RL) are indicated as “< respective RL”. 
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Table 2.4: Significant correlations (Spearman, rs; p < 0.05) between steroid hormone concentration pairs. 

  
Cortisol   Cortisone   Progesterone   Corticosterone   Oestrone   Testosterone   11-Deoxy-

corticosterone 
Androstenedione 

  p rs   p rs   p rs   p rs   p rs   p rs   p rs   p rs 
Cortisol -                                           

Cortisone 0.001 0.879   -                                     

Progesterone 0.005 0.806   0.008 0.782   -                               

Corticosterone 0.041 0.653               -                         

Oestrone 0.019 0.718               0.031 0.683   -                   

Testosterone                               -           

11-Deoxycorticosterone                                     -       

Androstenedione                             0.043 0.648   0.006 0.791   - 
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Figure 2.3: Principal component analysis (PCA) by covariance of the steroid hormones 

quantified in no less than 50% of analysed humpback whale blubber samples 

(concentrations normalised by the sum of all hormones and concentration values pareto-

scaled) (A). Principal component one (PC1) and principal component two (PC2) explain 

43.7% and 23.1% of the variance, respectively. Full red triangles denote female samples 

(F1-F5) while green crosses denote male samples (M1-M5). Purple and blue ellipses 

represent the confidence intervals (95%) of the score distribution for the male and female 

samples, respectively. 
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2.4.4 Lipid content 

No significant relationship (Spearman, p < 0.05) was observed between the 

blubber lipid content and any of the individual steroid hormones quantified, nor with the 

sum of all steroid hormone concentrations in each sample. 

2.5 Discussion 

The LC-MS/MS method presented here provides the first simultaneous 

quantification of eleven steroid hormones (progesterone, 17α-hydroxyprogesterone, 

testosterone, androstenedione, cortisone, cortisol, corticosterone, 11-deoxycortisol, 11-

deoxycorticosterone, oestrone, oestradiol) in humpback whale blubber. Compared to the 

commonly used EIA techniques, and to the recently published mass spectrometric method 

for steroids in blubber (Hayden et al., 2017), the number of analytes that can be measured, 

following a single extraction, is significantly increased by this method. We quantified two 

additional hormones, oestradiol and oestrone, to those measured in the first application 

of this technique in bottlenose dolphin blubber (Boggs et al., 2017). Androstenedione, 

17α-hydroxyprogesterone, cortisone, corticosterone, 11-deoxycortisol, 11-

deoxycorticosterone have not previously been measured in any baleen whale species. The 

method’s LODs and RLs were lower than the steroid hormone concentrations previously 

reported in literature for stranded and free-swimming humpback whales (Clark et al., 

2016; Mello et al., 2017; Vu et al., 2015) and adequate to quantify concentrations of 

compounds that had not been previously measured in humpback whales. The validation 

experiments described in this manuscript show that the method had good performance as 

evidenced by the recovery of amended steroids (spike recovery between 83.8% and 

112%) and the repeatability of the measurements (RSD% < 15% for all hormones but 11-

deoxycortisol). Further optimization of the chromatographic separation of the 

corticosteroids is required so as to obtain better baseline separation of 11-

deoxycorticosterone’s signal and a more reliable measurement of 11-deoxycortisol. The 

choice of using long (250 mm and 150 mm) HPLC columns was motivated by the 

challenge of separating structurally similar steroid congeners, present in the sample in 

trace concentrations. Unpublished efforts to adapt the procedure to shorter columns 

encountered difficulties in maintaining the same signal-to-noise ratio on reduced injected 



43 

  

volumes. Additionally, long runs were made necessary by the inclusion of a wash section 

in the elution, which avoided the build-up of a matrix effect. 

We found that cortisol was the most abundant steroid in concentration among the 

profiles of the analysed animals. Cortisol is a non-specific marker of stress secreted by 

marine mammals in response to a variety of different stimuli, such as capture or 

examination (Fair et al., 2014; Ortiz and Worthy, 2000), cold-exposure (Houser et al., 

2011), beaching (Champagne et al., 2018), or nutritional stress (Kershaw and Hall, 2016). 

Currently, little research has been conducted on how degradation, and post or ante-

mortem hormone metabolism, might affect hormone measurements in stored biological 

samples. Previous studies which have measured cortisol and progesterone degradation in 

marine mammal blubber using EIAs have found the degradation rate of steroids in 

biological matrices to be moderate (Kellar et al., 2015). Cortisol in frozen (-40 °C) 

archived samples is not substantially affected by the time in storage (Trana et al., 2015), 

while progesterone has been measured in samples stored (-20 °C) for up to 17 years in 

concentrations consistent with those more recently collected (Pallin et al., 2018b). 

Therefore, the endocrine profiles found here feasibly reflect the endocrine milieu in 

blubber at the time of an animal’s death (Beaulieu-McCoy et al., 2017; Kellar et al., 

2006).  

Progesterone was measured in all individuals, of both sexes (maximum M1 = 35.4 

ng/g ww, minimum F3 = 0.208 ng/g ww; Table 2.3). Elevated blubber progesterone is a 

pregnancy marker in humpback whales (Pallin et al., 2018b). As our sample set included 

males and immature females, we can exclude the possibility that elevated progesterone 

levels were related to pregnancy for some individuals. Given the correlations between 

progesterone, cortisol (p < 0.01) and cortisone (p < 0.01), another possibility is that 

elevated progesterone in some whales might reflect severe adrenal stimulation prior to 

death (Boggs et al., 2017; Kershaw and Hall, 2016). Progesterone is a precursor in 

corticosterogenesis (Figure 2.4). The secretion of this hormone could enhance the 

bioavailability of cortisol in circulation by competitively binding to corticosteroid binding 

protein (Brien, 1981). Interestingly, blubber cortisone and cortisol concentration were 

highly correlated (p < 0.001), which supports the hypothesis that conversion of these two 
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steroids may in part occur peripherally, in marine mammal adipose tissue (Galligan et al., 

2018b; Kershaw and Hall, 2016; Rask et al., 2002). 

The testosterone, progesterone, and cortisol concentrations found in this study 

were similar to those previously reported for humpback whale carcasses (Mello et al., 

2017). By contrast, oestradiol, which Mello et al. (2017) measured as ranging from 1.5 

ng/g to 2.5 ng/g ww in all age groups, was quantifiable in just one our samples - F3, a 

female calf. Interestingly, F3 also featured the highest concentration of oestrone (6.54 

ng/g ww). Oestrogens are known to have both anti-inflammatory and pro-inflammatory 

roles (Straub, 2007). Further, elevated oestrogen levels can occur when individuals 

experience tissue trauma or critical illness (Spratt et al., 2006). Together, this highlights 

the importance of including information on pathology when interpreting hormone levels 

in deceased animals. For example, accessing information on adrenal mass and 

histopathology appears crucial when interpreting steroid concentrations in stranded 

individuals and attributing them to chronic or acute stress. 

Significant correlations between the concentrations of hormonal precursors and 

their derivatives were detected in humpback whale blubber samples (Table 2.4). In the 

absence of baseline data for these hormones in healthy whales, these relationships may 

represent a natural state of endocrine homeostasis or indicate activation of a certain 

biosynthetic pathways (Figure 2.4). Similarly, correlations between ostensibly unrelated 

hormones (e.g. 11-deoxycorticosterone and androstenedione, or corticosterone and 

oestrone) could represent homeostasis or result from simultaneous activation of multiple 

hormone biosynthetic routes.  

Steroids from male and female samples had a tendency to separate with PCA 

(Figure 2.4). A similar pattern was obtained by repeating the analysis after excluding the 

androgens, androstenedione and testosterone, whose levels are expected to be higher in 

males. Unfortunately, the small sample size, and the type of samples, prevented us from 

determining whether this reflects true sex-related differences in endocrine profiles. 

Considering that all of the females were calves (or juveniles), it is possible that these 

differences represent an age class-driven, rather than sex-driven effect.  
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Figure 2.4: Steroid biosynthetic pathways (black arrows) in mammals. Steroid hormones 

detected in this study are in black font, while green boxes denote steroid hormones 

quantified in at least 50% of our samples. 
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Contrary to the expectation that blubber lipid content could influence the 

concentration of single or total steroid hormone concentrations in the samples, this study 

found no significant relationship between these variables. Beaulieu-McCoy et al. (2017) 

found that cortisol concentration and blubber percent lipid were significantly and 

negatively correlated in the blubber of stranded California sea lions. Humpback whale 

stranding in Australia is highly biased toward calves and juveniles and often associated 

with malnutrition (Holyoake et al., 2012), although other causes of death have been 

recognized (e.g. hypoxia, entanglement, ship strike, shark attack) (Meynecke and Meager, 

2016; Wiley et al., 1995). Extremely low blubber lipid content in samples F5 and F3 (F3 

= 5.21% F5 = 1.66%) are indicative of poor nutritional condition or poor long-term health 

(Holyoake et al., 2012). These conditions could explain the high concentrations of certain 

stress hormones, which are also involved in energy balance and lipid remobilization 

(Sapolsky et al., 2000). The removal of those samples did not produce any significant 

correlation between hormonal content and lipid percentage. Other factors that could have 

influenced our analysis are: 1) the inclusion of samples which might have undergone 

degradation (e.g. loss of water) (Mello et al., 2017); 2) changes in blubber blood vessel 

dilation (e.g. through exposure of the samples to different ambient temperatures) which 

could potentially affect steroid hormone diffusion prior to sampling (Champagne et al., 

2018); as well as 3) the presence of individuals of different ages. For example, cortisol 

concentration has been shown to increase with blubber depth in other cetacean species 

(Kershaw et al., 2017; Trana et al., 2015). Since calves are equipped with thinner and less 

lipid-rich blubber compared to adults (Miller et al., 2011), it is possible that the same 

blubber depth represents a more inner and possibly more metabolically active layer for 

calves. Therefore, although results suggest that lipid percentage does not influence steroid 

hormone content, further investigations with a larger sample set, particularly of live 

whales, is necessary before any potential advantage of normalising hormone content on 

lipid percentage can be confirmed. 

The sample mass used in this study can be systematically collected from free-

swimming whales through standard biopsy darts. Hence, multiple hormones could be 

quantified reliably in live humpback whales to study their reproductive and adrenal 

physiology. The profile we collected from stranded whales demonstrate that a much larger 

suite of steroid hormones than those previously, analysed (i.e., testosterone, progesterone, 
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cortisol, and oestradiol) can be present in the blubber of humpback whales. Multiple 

hormones can potentially be used, through correlation and multivariate analysis as shown 

here, to aid the interpretation of endocrine status in whales in the wild. Consequently, this 

method constitutes an important contribution in furthering the understanding of 

humpback whale physiology and endocrinology. 
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Chapter 3. Androstenedione and testosterone but not progesterone are 
potential biomarkers of pregnancy in Humpback Whale (Megaptera 

novaeangliae) approaching parturition 

 

In this chapter the liquid chromatography tandem mass spectrometry (LC-

MS/MS) method validated in Chapter 2 was applied to blubber samples from free-

swimming, female humpback whales. Individuals were sampled on the East 

Australian migratory corridor (27 °S) during two different seasons, 

corresponding to the peak of migration from and to the breeding grounds, 

respectively. Characteristically different steroid hormones profiles were observed 

during and across the sampled breeding season. Sampling season, single-

hormone concentration ranks and multi-variate analysis of the hormonal profiles 

were used to propose an interpretation of the reproductive status of the sampled 

individuals. 

This chapter has been accepted for publication Scientific Reports (Nature 

Publishing Group) and it is herein reproduced from: 

- Dalle Luche, G., Boggs, A.S.P., Kucklick, J.R., Groß, J., Hawker, D.W., Bengtson 

Nash, S., 2020. “Androstenedione and testosterone but not progesterone are 

potential biomarkers of pregnancy in Humpback Whales (Megaptera 

novaeangliae) approaching parturition”. Scientific Reports 10, 2954, 

https://doi.org/10.1038/s41598-020-58933-4. 

. This article is licensed under a Creative Commons Attribution 4.0 

International License, which permits use, sharing, adaptation, distribution and 

reproduction in any medium or format, as long as you give appropriate credit to 

the original author(s) and the source, provide a link to the Creative Commons 
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license(http://creativecommons.org/licenses/by/4.0/), and indicate if changes 

were made. 

The manuscript’s supplementary information is attached to this thesis as 

Appendix A2. 
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3.1 Abstract 

The blubber steroid hormone profiles of 52 female humpback whales migrating 

along the east coast of Australia were investigated for seasonal endocrine changes 

associated with reproduction. Individuals were randomly sampled in southeast 

Queensland during two stages of the annual migration: before reaching the breeding 

grounds (northward migration; June/July), and after departing from the breeding grounds 

(southward migration; September/October). Assignment of reproductive status of the 

sampled individuals was based on season, single-hormone ranks and multi-variate 

analysis of the hormonal profiles. High concentrations of progesterone (> 19 ng/g, wet 

weight), recognised as an indicator of pregnancy in this species, were only detected in 

one sample. However, the androgens, testosterone and androstenedione were measured 

in unusually high concentrations (1.6 - 12 and 7.8 - 40 ng/g wet weight, respectively) in 

36% of the females approaching the breeding grounds. The absence of a strong 

accompanying progesterone signal in these animals raises the possibility of progesterone 

withdrawal prior to labour. As seen with other cetacean species, testosterone and 

androstenedione could be markers of near-term pregnancy in humpback whales. 

Confirmation of these androgens as biomarkers of near-term pregnancy would facilitate 

more accurate monitoring of the annual fecundity of these populations via non-lethal and 

minimally invasive methods. 
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3.2 Introduction 

Steroid hormones are the principal mediators of reproduction and stress response 

in mammals. As such, they have been increasingly used as health biomarkers in terrestrial 

and aquatic wildlife, including cetaceans(Atkinson et al., 2007). In cetaceans, endogenous 

steroids have been measured both in traditional (blood, saliva) and in remotely accessible 

biological samples (blubber biopsies, faeces, and respiratory vapour/blow(Corkeron et 

al., 2017; Hogg et al., 2009; Kellar et al., 2006)) which has extended the application of 

these biomarkers to free-swimming individuals with minimal disturbance to them. 

Diagnostic hormonal techniques based on remote sampling allow monitoring of 

fecundity(Wasser et al., 2017) and stress exposure(Rolland et al., 2012) in wild cetacean 

populations. This is particularly relevant for large, filter-feeding (baleen) whales for 

which longitudinal sampling of individuals in the wild is logistically challenging(Hunt et 

al., 2013).  

Use of hormonal biomarkers in the absence of life history information requires 

comprehensive understanding of species-specific endocrinology(Boggs et al., 2019). 

However, comparatively few endocrine investigations have been undertaken on 

humpback whales (HW; Megaptera novaeangliae). Lack of hormonal baselines can result 

in suboptimal or misleading interpretation of the role of steroid hormone biomarkers in 

this species. Previous investigations of HW endocrinology in free-swimming individuals 

have primarily focused on the determination of female reproductive status for pregnancy 

rate calculation, by measurement of the single steroid hormone, progesterone(Clark et al., 

2016; Pallin et al., 2018a; Pallin et al., 2018b; Riekkola et al., 2018). Progesterone is a 

fundamental hormone that establishes and sustains pregnancy in the majority of 

mammals(Pepe and Albrecht, 1995). Circulating progesterone in pregnant females is 

generally higher than in non-pregnant females by orders of magnitude(Sawyer-Steffan et 

al., 1983). Such acute differences in concentration have enabled blubber progesterone to 

be validated as a biomarker of pregnancy in various cetacean species(Kellar et al., 2014; 

Kellar et al., 2006), including HWs(Pallin et al., 2018b). Traditionally, the non-invasive 

verification of pregnancy in large whales has required the collection of life history 

information through calf sightings(Clapham and Mayo, 1987; Gabriele et al., 2017). 

Pallin et al.(2018b) combined this traditional approach with blubber progesterone 
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analysis by biopsying female HWs two to nine months after the peak of the breeding 

season. This study showed that female HWs with blubber progesterone concentrations 

>54 ng/g (wet weight, ww) were accompanied by a calf the following year. These data 

were then used to build a model assessing pregnancy probability on the basis of blubber 

progesterone concentration alone. Pallin et al.’s study(2018b) represents the most 

advanced method validation presented to date, although it still does not provide any 

information on progesterone concentrations during the final three months of HW 

gestation.  

For samples collected outside of the validated gestation interval, the same 

progesterone concentration threshold is not guaranteed to produce reliable pregnancy 

predictions. In some cetacean species, such as bottlenose dolphins and killer whales, 

circulating progesterone concentrations have been shown to decrease through 

pregnancy(Bergfelt et al., 2011; Duffield et al., 1995; Robeck et al., 2016). It cannot be 

excluded that a similar mechanism might occur in HWs. By using pregnancy assignment 

through progesterone concentration, Clark et al.(2016) measured pregnancy rates in HWs 

through two consecutive sampling periods within the same year: three to four and eight 

to nine months after the peak of conceptions, respectively. Observed pregnancy rates 

dropped from 64% to 11%, with the lower pregnancy rates observed among females at a 

more advanced stage of gestation. Shifting the time of sampling for steroid hormone 

analysis may affect the pregnancy rate calculations in multiple ways. For example, 

shifting the sampling towards the end of the gestation period inherently excludes 

pregnancies terminated early. However, in the absence of comprehensive longitudinal 

observations of progesterone in the HW, it is possible that assay of this hormone alone 

might not be sufficient to accurately determine pregnancy.  

Due to uncertainties surrounding progesterone concentrations throughout 

gestation, other steroid hormones involved in reproduction may provide an additional 

dimension to the evaluation of individual reproductive status. For example, androgens 

have also been shown to increase during cetacean pregnancy, as observed in individuals 

of both toothed(Richard et al., 2017; Robeck et al., 2017; Steinman et al., 2016; Wasser 

et al., 2017) and baleen whales(Corkeron et al., 2017). Studies that allowed longitudinal 

monitoring of testosterone and androstenedione in pregnant individuals observed a 
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monotonic temporal increase in these hormones through three quarters of the gestation 

period. Multiple steroid hormone analysis could augment and provide a more robust 

indicator of reproductive status compared to progesterone assays. 

Recently, Dalle Luche et al.(2019) validated a liquid chromatography tandem 

mass spectrometry (LC-MS/MS) method for the simultaneous analysis of 11 steroid 

hormones in HW blubber. Measuring a suite of steroid hormones from a single blubber 

sample, instead of a single hormone, can provide more specific information on the 

physiology of an individual(Boggs et al., 2017). Multiple hormones in concert control the 

majority of physiological processes. Therefore, by considering a suite of steroid 

hormones, interpretation and assignment of a given endocrine status is more thorough 

than measuring individual hormone signals(Boggs et al., 2017; Corkeron et al., 2017). 

In addition to allowing the simultaneous measurement of multiple steroid 

hormones, the use of LC-MS/MS also carries some technical advantages over the 

generally used immunoassays. By directly measuring the target steroid hormone on the 

basis of its physico-chemical properties, rather than its biological reactivity with an 

antibody, LC-MS/MS enables higher accuracy and selectivity among certain classes of 

metabolites that may share similar reactivity. The application of a LC-MS/MS multi-

hormone method on blubber collected from free-roaming HWs during the breeding 

season has the potential to provide new insights into the endocrinology of this species. 

In this study we simultaneously analysed 11 steroid hormones in blubber biopsies 

collected from female Southern Hemisphere HWs travelling along the East Australian 

migration corridor at two phases of their annual migration viz. to and from the breeding 

grounds. In HWs, breeding is known to occur during the migration, with birth expected 

upon arrival at the calving grounds the following year(Chittleborough, 1958). Non-

pregnant, ovulating, early-pregnant and near-term pregnant females are known to co-

occur during the migration. By targeting individual females at two time points during the 

breeding season, we provide novel insight into female HW endocrinology at various 

reproductive stages during a season which has not been addressed by previous studies. 

We investigate the general and seasonal structures of the obtained endocrine profiles of 

each whale, the relationship between steroid content and sample lipid percentage, and 
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propose reproductive categories based on past steroid hormone research conducted on 

HWs as well as other related species. 

3.3 Materials and methods 

3.3.1 Samples 

Humpback whales from the east coast of Australia (stock E1 as classified by the 

International Whaling Commission)(IWC, 1999) were sampled in Moreton Bay Marine 

Park, North Stradbroke Island, Queensland (approximately 27° 26 S, 153° 34 E). Samples 

were collected between 26th June and 17th July (Julian days 178 to 198, n = 22) through 

2016 and 2017, and between the 27th September and the 25th October (Julian days 270 to 

299, n = 30) in 2015, 2016 and 2017. At our sampling latitudes, these dates in June and 

July coincide with the peak of frequency of encounters with HWs swimming from the 

polar feeding grounds to the warmer tropical waters to breed (“Northward Migration”, 

NM)(Brown et al., 1995). In August, HW adults and their nursing new-born calves start 

to be found swimming from the breeding grounds towards Antarctica (“Southward 

Migration”, SM). The inversion of frequency between the two migration routes happens 

in August, although individuals swimming in both directions can be observed on the 

migratory corridor until October(Brown et al., 1995). In this study, only one sample, 

S15.4 collected on September the 14th, during the peak of the SM season, was observed 

to be swimming northward and was therefore reclassified as taking part in the NM. 

HW calving are known to occur during the Northward migration and HW 

gestation duration has been estimated at around 12 months(Chittleborough, 1958). 

Therefore, conceptions that occur during migration will result in the birth of a calf on 

arrival at the calving grounds the following year. The sampling location of the current 

study in relation to the population’s calving grounds on the Great Barrier Reef(Smith et 

al., 2012) dictates that exclusively near-term pregnant females should be present among 

females sampled during the NM, while early-pregnant females can be present during both 

seasons (NM and SM). The Southern Hemisphere HW endures the migration in a state of 

fasting, which induces a rapid reduction in blubber lipids between our sampling 

seasons(Bengtson Nash et al., 2013). On the basis of these known seasonal characteristics 

our analyses were conducted considering NM and SM samples separately. 
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HW sampling was conducted under approved scientific research permits 

(Moreton Bay Marine Park/Permit #QS2014/CVL1397) and Animal Ethics Approval 

(Griffith University, Ref No: ENV/10/15/AEC). Outer blubber samples (between 1 cm 

and 4 cm depth from the dorsoventral region of the whale) were randomly collected from 

live, free-roaming HWs by remote biopsy darts (0.8 mm to 0.9 mm Ø, approximately 3 

cm to 4 cm length) as previously described by Bengtson Nash et al.(2013). A portion (0.1 

- 0.4 g) of blubber tissue was subsampled from each biopsy for the hormone analysis and 

stored at -78 °C until extraction. Female individuals were identified by DNA-sexing of 

the matching skin sample collected with each biopsy according to Palsbøll et al.(1992). 

Information regarding age and sexual maturity of the sampled individuals was not 

available in this study. Samples from sexually immature juvenile female whales were 

therefore expected to be among those collected. One individual (S15.55) was identified 

during field operations as a calf-of-the-year (i.e. less than four months old) and therefore 

removed from the statistical analysis. Sampled individuals were recorded as a recent 

mother only when they were sighted alone with a calf-of-the-year due to the lack of 

photoidentification records or of complete pod sexing. 

3.3.2 Lipid determination 

Lipid percentage was calculated for each sample from the ratio of Total Lipid 

Extract (TLE) mass and the initial sample mass. The TLE was extracted from 

approximately 0.03 g of blubber using a modified Bligh and Dyer (1959) methanol–

dichloromethane–water extraction as described by Ericson et al. (2018). 

3.3.3 Steroid hormone analysis 

Steroid hormone analysis in the blubber biopsy was performed on an Agilent 1200 

Series HPLC liquid chromatography system coupled to an AB Sciex API 4000 QTRAP 

hybrid triple quadrupole/linear ion trap mass spectrometer. Sample preparation, 

instrumental parameters, and quantification criteria have been previously validated and 

described in detail(Dalle Luche et al., 2019). Briefly, blubber samples were mechanically 

homogenized with the addition of water and then steroids were extracted in acetonitrile 

using an Agilent (Santa Clara, California) Bond Elut QuEChERS EN extraction kit 
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followed by cleanup with a QuECheERS C18 dispersive solid phase extraction (dSPE) 

tube (15 mL). 

LC-MS/MS measurement was conducted using the methods described in Dalle 

Luche et al.(2019). Testosterone, androstenedione, progesterone and 17-

hydroxyprogesterone were separated using a gradient of acetonitrile and methanol (both 

containing 0.1% formic acid) on a Restek (Bellefonte, Pennsylvania) Ultra Biphenyl 

column (5 μm, 250 mm x 4.6 mm) heated to 35 °C. The initial acetonitrile/methanol 

eluent composition changed from 80% methanol to 55 % methanol over 30 minutes, then 

to 20% methanol over one minute. After holding at 20% methanol for four minutes, the 

methanol content increased to 80% over 0.1 minutes, and this was held for 9.9 

minutes(Boggs et al., 2016). Using a separate portion of extract, oestradiol and oestrone 

were first derivatised with dansyl chloride and injected onto the same column with the 

same mobile phase solvents as above, on an initial gradient of 20% methanol held for 20 

minutes, then increased to 100% methanol over one minute, held for five minutes, 

decreased to 20% over 0.1 minutes, and held over 9.9 minutes. Cortisone, cortisol, 

corticosterone, 11-deoxycortisol, and 11-deoxycorticosterone were separated in methanol 

and water (both containing 0.1% acetic acid) on an Agilent Eclipse Plus C18 column (5 

μm x 150 mm x 21 mm). The elution gradient started with 46% methanol held for 20 

minutes, then increased in a minute to 100%, held for three minutes, decreased to 46% 

over 0.1 minutes, and held at 46% for 9.9 minutes. The chromatographic system was 

interfaced to the mass spectrometer by electrospray ionization operating in positive mode. 

For each compound a quantitative fragment ion and a qualitative fragment ion (for 

identity confirmation) were measured in selected multiple reaction monitoring 

mode(Boggs et al., 2016). 

Standard solutions of steroids in methanol at different concentrations (calibration 

standards; Supplementary Information Table A1.S1) and blanks (water) were prepared 

simultaneously with the samples. The concentration in the sample extracts was calculated 

by regression of the mass-adjusted signals obtained from the calibration standards. 

Isotopically labelled steroid standards were used to normalize variances in extraction and 

injection (Supplementary Information Table A1.S1). The limit of detection (LOD) was 

calculated as three times the standard deviation plus the mean of the extracted blanks for 
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each analyte. The reporting limit (RL) was chosen as the lowest calibration standard used 

within the regression with a minimum signal to noise ratio of three to one. The method 

limits of detections and reporting limits ranged over an order of magnitude among the 

analysed steroid suite (Supplementary Information Table A1.S2). Most steroids reporting 

limits were between 0.028 ng/g ww and 0.24 ng/g. Corticosterone, 11-deoxycortisol, and 

11-deoxycorticosterone showed higher reporting limits (between 0.50 ng/g ww and 0.64 

ng/g ww) due to less efficient chromatographic resolution(Dalle Luche et al., 2019). 

Coefficients of determination of the calibration standard regression were all above 0.992  

(Supplementary Files Table A2.S1). 

3.3.4 Statistical Analysis 

Data were censored at the highest RL. Values below the RL were inputted with 

the RL and treated with non-parametric statistical tools(Helsel, 2011). Single-hormone 

comparisons between sample groups were performed by the Kruskal-Wallis rank test (χ2, 

chi-squared) in RStudio (Version 1.0.136). Correlations between steroid pairs were 

investigated by Spearman rank (rs, Spearman rho). Steroids detected in less than 50% of 

the samples were excluded by the correlation analysis. Correlations between steroid 

concentrations and between steroid concentrations and lipid percentages were 

investigated considering the whole sample set (n = 52). When a significant correlation 

was found between a pair of variables, the correlation was also investigated separately in 

the NM and SM subsets (NM, n = 23; SM, n = 29) to better understand whether this was 

influenced by seasonal factors. Intra-seasonal correlations among hormonal couples not 

correlated in the whole data set were not reported, due to the smaller sample size, and 

weak statistical power of the non-parametric rank comparison. To perform PCA, values 

below the RL were instead inputted with a random number from between 0 and the RL. 

Missing 17α-hydroxyprogesterone values (not acquired due to technical issues during a 

relatively small number of analyses) were inputted by using the k-nearest neighbour 

algorithm (k-NN). The profiles were then normalised by the sum of all hormones and 

mean-centred. The Kruskal-Wallis rank test was performed in using R (Version 3.3.2)(R 

Core Team, 2013) under RStudio environment (Version 1.1.463; MA, USA)(R Core 

Team, 2015). R packages "dplyr"(Wickham et al., 2015) and “ggplot2”(Wickham, 2016) 

were used. Spearman rank and Principal Component Analyses (PCA) by covariance were 
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performed in MetaboAnalyst 4.0 (Xia Lab, McGill Univeristy, Canada). A confidence 

level of 95% (p = 0.05) was employed throughout the statistical analyses. 

3.4 Results 

3.4.1 Steroid profiles 

The blubber steroid profiles obtained from the analysis of 52 female humpback 

whales are expressed herein as ng/g ww (Table 3.1). Steroid detection frequency was not 

homogenous in the sample set. Progesterone was quantified in almost all of the samples 

(94%), followed by androstenedione (82%), cortisol (72%), and testosterone (53%). By 

contrast, some steroid hormones were only quantifiable in a relatively limited number of 

samples (e.g. oestrone, 29%; 17-hydroxyprogesterone, 23%; and 11-deoxycorticosterone, 

22%). The remaining compounds investigated (i.e. cortisone, corticosterone, 11-

deoxycortisol and oestradiol) could not be quantified in any of the biopsies and are 

therefore not discussed further.
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Table 3.1: Sample information and steroid profiles (ng/g, ww). 
Sample 

ID 

Season Sighting 

information 

17-Hydroxy-

progesterone 

Testosterone Androstenedione Progesterone Cortisol 11-Deoxy-

corticosterone 

Oestrone 

N16.01 NM   < 0.26 0.21 0.97 0.42 2.1 < 0.64 < 0.17 

N16.04 NM   < 0.26 0.15 0.87 0.11 0.71 < 0.64 < 0.17 

N16.07 NM   < 0.26 < 0.15 < 0.028 0.15 0.67 < 0.64 < 0.17 

N16.15 NM   < 0.26 0.19 1.8 0.25 < 0.24 2.0 < 0.17 

N16.17 NM   < 0.26 < 0.15 0.02 0.10 0.27 < 0.64 < 0.17 

N16.19 NM   < 0.26 2.4 7.8 0.11 0.25 < 0.64 0.44 

N16.21 NM   < 0.26 < 0.15 < 0.028 <0.065 < 0.24 < 0.64 < 0.17 

N16.22 NM   < 0.26 0.25 1.7 0.38 0.4 1.6 < 0.17 

N16.23 NM   0.93 4.3 8.6 0.33 0.82 0.38 0.17 

N16.28 NM   < 0.26 < 0.15 0.030 0.15 0.37 < 0.64 < 0.17 

N16.32 NM   < 0.26 < 0.15 0.030 0.11 0.87 < 0.64 < 0.17 

N16.33 NM   < 0.26 < 0.15 < 0.028 0.11 1.0 < 0.64 < 0.17 
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N16.37 NM   0.43 5.9 24 0.23 0.87 0.66 0.45 

N16.48 NM   < 0.26 < 0.15 < 0.028 <0.065 0.34 < 0.64 < 0.17 

N16.52 NM   < 0.26 < 0.15 < 0.028 0.10 0.27 < 0.64 0.15 

N16.53 NM   1.6 11.9 17 0.64 1.3 1.6 0.59 

N16.58 NM   1.7 8.8 32 1.0 1.3 1.6 0.76 

N16.61 NM   2.2 11 11 1.3 0.86 2.3 0.38 

N17.20 NM   < 0.26 < 0.15 < 0.028 <0.065 0.56 2.3 0.60 

N17.25 NM   < 0.26 < 0.15 0.060 0.070 < 0.24 < 0.64 < 0.17 

N17.29 NM   < 0.26 < 0.15 0.050 0.090 < 0.24 < 0.64 < 0.17 

N17.31 NM   1.0 8.1 40 0.32 < 0.24 5.5 0.45 

S15.04 NM   1.1 1.6 24 0.48 0.58 7.4 < 0.17 

S15.08 SM   0.49 1.59 5.6 0.49 0.45 < 0.64 0.65 

S15.11 SM   < 0.26 2.29 3.7 0.25 < 0.24 < 0.64 0.13 

S15.12 SM   0.45 0.68 3.2 0.21 < 0.24 < 0.64 0.25 
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S15.19 SM   < 0.26 < 0.15 0.040 2.6 0.24 0.74 < 0.17 

S15.22 SM   < 0.26 0.6 2.9 0.07 < 0.24 0.31 < 0.17 

S15.24 SM Recent mother  < 0.26 0.22 0.070 0.19 0.28 < 0.64 < 0.17 

S15.27 SM   < 0.26 < 0.15 0.050 0.07 0.63 < 0.64 0.63 

S15.30 SM   < 0.26 0.83 3.2 0.12 < 0.24 < 0.64 < 0.17 

S15.31 SM   < 0.26 < 0.15 < 0.028 6.2 0.24 < 0.64 < 0.17 

S15.32 SM   < 0.26 0.35 0.050 2.0 < 0.24 < 0.64 < 0.17 

S15.35a SM Recent mother 0.88 0.27 0.030 22 0.27 0.44 < 0.17 

S15.35b SM Recent mother < 0.26 0.25 0.040 0.13 0.4 0.25 < 0.17 

S15.37 SM Recent mother < 0.26 < 0.15 0.030 0.15 < 0.24 < 0.64 0.21 

S15.50 SM Recent mother < 0.26 0.21 0.030 1.5 0.32 0.25 < 0.17 

S15.51 SM   < 0.26 0.94 2.74 0.2 < 0.24 < 0.64 < 0.17 

S15.54 SM   0.85 < 0.15 0.030 8.8 0.26 0.35 < 0.17 

S15.55 SM Calf-of-the-year  < 0.26 0.29 0.030 <0.065 0.38 < 0.64 < 0.17 
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S15.59 SM   < 0.26 0.17 1.0 0.08 < 0.24 0.33 < 0.17 

S15.62 SM Recent mother < 0.26 0.18 0.030 0.18 0.25 < 0.64 0.12 

S15.64 SM   < 0.26 2.0 6.4 0.25 < 0.24 < 0.64 < 0.17 

S15.67 SM Recent mother < 0.26 < 0.15 0.050 0.11 0.31 < 0.64 0.12 

S16.02 SM   NA < 0.15 0.030 0.65 0.35 < 0.64 < 0.17 

S16.06 SM   NA < 0.15 < 0.028 0.13 0.87 < 0.64 < 0.17 

S16.12 SM   NA < 0.15 < 0.028 4.0 1.0 < 0.64 < 0.17 

S16.15 SM   NA < 0.15 0.030 12 0.63 < 0.64 < 0.17 

S17.03 SM   < 0.26 < 0.15 0.060 17 1.1 < 0.64 < 0.17 

S17.08 SM Recent mother < 0.26 < 0.15 0.040 0.16 0.85 0.66 0.19 

S17.11_ SM   < 0.26 < 0.15 < 0.028 13 1.5 < 0.64 0.23 

S17.12 SM Recent mother < 0.26 < 0.15 < 0.028 10 0.94 < 0.64 0.20 

Notes: “NA” indicates that the concentration could not be recorded due to other contingent reasons. Samples are classified according to their 

sampling time, or swimming direction, as “northward migration” (NM) or “southward migration” (SM); 
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3.4.2 Correlation analysis 

Androstenedione and testosterone were strongly positively correlated when 

migration time points, NM (rs = 0.930, p < 0.001) and SM (rs = 0.868, p < 0.001), were 

considered separately, as well as when the entire cohort was considered. Cortisol was 

found to be moderately positively correlated with lipid percentage (rs = 0.259, p = 0.043), 

although this correlation did not persist when the two sample cohorts were divided.   

3.4.3 Single-hormone and lipid percentage  inter-season differences  

Progesterone concentrations were significantly different (χ2 = 4.89, p < 0.027) 

between NM and SM samples (median NM = 0.148 ng/g; median SM = 0.245 ng/g). As 

expected and as previously shown(Dobson and Smith, 2000), lipid percentages were also 

higher (median NM = 57.2%, median SM = 45.7%) in the NM samples (χ2 = 10.3, p = 

0.001). Despite the low percentage of detection, 11-deoxycorticosterone also resulted in 

significantly higher levels in the NM samples (χ2= 8.72, p < 0.003). The remaining steroid 

hormones did not show any significant differences in median levels between NM and SM 

samples. 

3.4.4 Concentration patterns and ranks 

Despite the lack of an overall seasonal trend, single hormone concentrations 

showed wide ranges with gaps in these ranges among individuals sampled during the 

same season. Figure 3.1 shows how androstenedione and progesterone concentrations 

were distributed among samples across the migration. For the NM samples, 

androstenedione concentrations spanned from undetectable (< 0.028 ng/g) to a maximum 

concentration of 40 ng/g, with two gaps in concentrations between 0.27 ng/g and 0.87 

ng/g, and between 1.8 ng/g and 7.8 ng/g. Clustering of androstenedione concentrations in 

the SM samples exhibited a gap in concentration between 0.070 ng/g and 1.0 ng/g, similar 

to the gap between 0.27 ng/g to 0.87 ng/g observed among NM samples. Progesterone 

concentrations ranged between non-detectable (< 0.065 ng/g) to a maximum of 22 ng/g. 

Progesterone levels were typically less than about 1.5 ng/g, and the only ones that were 

greater all came from the SM data set.
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Figure 3.1: Blubber androstenedione (A) and progesterone (B) concentrations (ng/g, 

ww) of female Southern Hemisphere humpback whales, plotted according to the 

sampling day and migration stream (“Northward Migration”, NM, ●; “Southward 

Migration”, SM, ▲). The vertical purple line represents the estimated time for peak 

frequency of conceptions and births in this species (Chittleborough, 1958). 
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3.4.5 Intra-season clusters  

The gaps in hormone distributions identified by sample rankings were used to 

separate the sample into intra-seasonal clusters (Figures 3.2 and 3.3). Among the NM 

samples, androstenedione concentrations were used to discriminate between the three 

concentration clusters found in the data set. Androstenedione was chosen over 

testosterone as a discriminant biomarker amongst the NM and SM samples for its higher 

percentage of detection in the samples, and because it showed higher concentrations and 

wider concentration gaps. Samples featuring androstenedione concentrations greater than 

or equal to 7.8 ng/g all originated from the NM cohort and were denoted as “High 

androstenedione”, while those samples with androstenedione concentration below 7.8 

ng/g but above 0.87 ng/g, were categorised as “Medium androstenedione”. Samples with 

progesterone concentration equal to or above 4 ng/g, exclusively present in the SM data 

set, were separated in the into a cluster denoted “High progesterone”. Remaining NM and 

SM samples were categorized as “Low steroid hormones” as they were generally lower 

in all steroid concentrations compared to the other clusters.
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Figure 3.2: Ranking of blubber androstenedione (A) and progesterone concentrations (B) 

in migrating female humpback whales (“Northward Migration”, NM, ●; “Southward 

Migration”, SM, ▲). Dashed lines denote concentration thresholds that have been 

chosen as discriminants for sample clustering. Cluster labels are reported in the Figure 

between quotation marks..
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Figure 3.3: Measured concentrations of testosterone, androstenedione, progesterone, 

and cortisol (ng/g wet weight) in humpback whale samples. Samples are clustered  

by season (“Northward Migration”, A or “Southward Migration”, B) and steroid 

hormone profile characteristics. Northward migration samples are classified as “High 

androstenedione” (androstenedione > 7.8 ng/g), “Medium androstenedione” (0.87 ng/g 

> androstenedione > 7.8 ng/g) and “Low steroids” (androstenedione <0.87 ng/g). 

Southward migration samples are classified as “High progesterone” (progesterone > 4.0 
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ng/g), “Medium androstenedione” (0.87 ng/g > androstenedione > 7.8 ng/g) and “Low 

steroids” (androstenedione <0.87 ng/g). The boxplot centre represents the median value 

of each hormone, while the lower and upper hinges extend to the first and third quantiles, 

respectively.  
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3.4.6 Principal component analysis (PCA) results 

Sample data were investigated by PCA to assess whether considering multi-

hormone sample profiles validated the clusters identified by single-hormone rank. NM 

sample clusters were highly redundant with the first two principal components (PC1 and 

PC2) explaining 90.3% of the total variance (Figure 3.4A). Among these, “Low steroid 

hormones” profiles were completely independent, while “High androstenedione” and 

“Medium androstenedione” clusters were not separated at 95% confidence, largely due 

to androstenedione being dominant in the profiles of both populations. Similarly, almost 

all of the variance (93.6%) in the SM data set was explained by the first two components 

of PCA (Figure 3.4B). Here the “Medium androstenedione” cluster formed a compact 

cluster isolated at 95% confidence from the “Low steroid hormones” and “High 

progesterone” clusters, which instead were overlapping each other. Sample S16.12 

(progesterone = 4.0 ng/g) appeared to be responsible for the lack of separation between 

the “Low steroid hormones” and “High progesterone” clusters. Repeating the analysis by 

re-classifying this sample into the “Low steroid hormones” cluster did not result in 

separation between the two clusters..
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Figure 3.4: Principal component analysis biplots of (A) the “Northward Migration” (NM) and (B) “Southward Migration” (SM) sample 

sets. NM samples were classified as “High androstenedione”, ●, “Medium androstenedione” ●, and “Low steroid hormones”, ●,. SM data 

set features samples classified as “High progesterone” , ●, “Medium androstenedione” ●, and “Low steroid hormones”, ●. Colored ellipses 

represent 95% confidence regions for each cluster. 
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3.5 Discussion 

Near-term pregnant females of Southern Hemisphere HWs are found along the 

coasts of Australia between June and October during their movement from Antarctica to 

the breeding grounds, where parturition occurs(Chittleborough, 1958; Dawbin, 1966). 

Current understanding of HW female reproductive endocrinology assumes that 

pregnancy is characterised by a prolonged period of elevated circulating progesterone 

levels, which results in high levels of this hormone in blubber(Pallin et al., 2018b). The 

present study failed to find elevated blubber progesterone concentrations (> 19 ng/g from 

Pallin’s pregnancy model) in any of the 23 northward travelling females biopsied during 

a 16-day sampling campaign (26 June-11 July). A recent population study has estimated 

an 11% annual increase among the East Australia HW population(Noad et al., 2019). 

Such an increment would approximately correspond to a pregnancy rate of 22%, or 

higher, considering the high rates of HW calf mortality(Gabriele et al., 2001). A 

pregnancy rate of >22% would correspond to at least five near-term pregnant females in 

our sample size of 23 individuals.Whilst random sampling may have omitted some 

pregnant individuals, the probability of complete exclusion in a rapidly recovering 

population seems unlikely(Noad et al., 2011; Noad et al., 2019). 

The complete absence of females with high levels of blubber progesterone in our 

northward migrating cohort warranted further investigation into the dynamics of 

progesterone trends during mammalian gestation. A decline in circulating progesterone 

close to parturition appears to be common in mammal species (Comline et al., 1974; 

Garland et al., 1987; Scholtz et al., 2014). Progesterone maintains uterine quiescence 

through pregnancy(Robeck et al., 2012). A rapid fall in progesterone is necessary to 

initiate contractions in humans and it has been recorded to occur in humans and in other 

mammals 2 to 7 days before birth(Pepe and Albrecht, 1995; Rawlings and Ward, 1977). 

The location of the current study (27°S) places our whale population within 12 to 24 days 

travel from the typical calving grounds, extending between 21° and 15° S(Smith et al., 

2012). However, both east and west Australian HW births have been shown to occur over 

a wider latitudinal range than previously identified(Irvine et al., 2018; Torre-Williams et 

al., 2019). The recent recognition of South-East Queensland as a suitable calving ground 

for HWs, suggests that the current study might include females rapidly approaching 
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parturition. Thus, a fall in progesterone to prepare for imminent birth could explain the 

absence of high progesterone levels in any of the females represented in the NM cohort. 

Compared to humans, a relatively earlier decline in circulating progesterone has 

been recently characterized in bottlenose dolphins and killer whales (three and twelve 

month before parturition, respectively)(Bergfelt et al., 2011; Duffield et al., 1995; Robeck 

et al., 2016). The decrease in progesterone is induced by the transition from ovary-

synthesised progesterone to placental progesterone metabolites. Some of these 

progesterone metabolites, such as 5α-dihydroprogesterone have a demonstrated agonist 

role towards progesterone binding sites, which allows the maintenance of pregnancy in 

absence of progesterone(Legacki et al., 2016; Scholtz et al., 2014). It cannot be excluded 

that a similar hormonal transition occurs during HW pregnancy. 

The unexpected absence of any pregnant females among the NM cohort, as 

ascertained from progesterone levels alone, together with the detection of a unique cluster 

of females with similar blubber steroid profiles, namely the NM cluster of females 

identified as “High androstenedione”, lead us to propose that near-term pregnant whales 

may be better recognized by elevated levels of androgens. A link between androgens and 

pregnancy has previously been observed in cetacean species. Corkeron et al.(2017) 

measured faecal concentrations of testosterone in North Atlantic right whales and found 

levels of this hormone in pregnant females to be higher than in all other reproductive 

classes, including mature males. Further, testosterone measured in the respiratory vapour 

of right whales showed some of the highest values detected in confirmed pregnant 

females(Burgess et al., 2018). In a longitudinal study on bottlenose dolphins, testosterone 

concentration starts to rise, regardless of foetal sex, at four months post-conception, and 

keeps increasing until three months before birth(Steinman et al., 2016). Similarly, in a 

longitudinal study on killer whales, testosterone concentration starts to increase 

significantly in the luteal phase at five months post-conception, to reach a maximum nine 

months later (the killer whale gestation period is 18 months). Killer whale serum 

androstenedione also followed testosterone’s trends in concentrations approximately 30-

fold higher(Robeck et al., 2017). High androstenedione and testosterone levels during 

advanced pregnancy have been detected in other mammalian species(Gaiani et al., 1984), 

including humans(Albrecht and Pepe, 1990; O'Leary et al., 1991). In humans and goats, 
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circulating maternal androstenedione and testosterone can be converted into oestrone and 

oestradiol, respectively by the aromatase enzyme CYP19A1(Ainsworth and Ryan, 1970; 

Albrecht and Pepe, 1990). Thus, a similar mechanism might explain high concentrations 

of these two hormones in cetaceans at the final stages of gestation. 

The discrimination of near-term pregnant females from the rest of the migratory 

cohort proposed here is based upon clustering of androstenedione concentration; 

however, the concentration of testosterone, progesterone and cortisol also lend support to 

this categorization. Although the relatively low sample number in this work prevents a 

more detailed statistical comparison, “High androstenedione” females, as a group, 

exhibited the highest progesterone (median = 0.41 ng/g) and cortisol (0.84 ng/g) 

concentrations among all sample clusters from the NM season. Evidence for increased 

maternal circulating cortisol concentration close to parturition exists for other 

cetaceans(Corkeron et al., 2017; Hunt et al., 2017; Robeck et al., 2017). Since cortisol 

appears to increase in other species around 10 days before birth(Robeck et al., 2017), high 

cortisol among “High androstenedione” samples corroborates the hypothesis that these 

individuals might be pregnant and rapidly approaching parturition. Oestrone, 11-

deoxycorticosterone and 17-hydroxyprogesterone, were present in detectable levels only 

in a few samples, almost exclusively belonging to the “High androstenedione” cluster, 

suggesting that these three compounds might also be higher in these samples than in 

samples from other clusters.  

Assuming that near-term pregnant females have been correctly identified as the 

“High androstenedione” cluster, our analysis would yield an average pregnancy rate of 

36% for the 2015, 2016, and 2017 NM seasons. Despite the small sample number, this 

proportion matches Chittleborough’s(1965) calculated average pregnancy rate for the D 

population (37.2%), and it is reasonably similar to the pregnancy rate extrapolated from 

Noad et al.’s most recent  population estimate (>22%)(Noad et al., 2019). Furthermore, 

among our data set, “High androstenedione” samples were found with increasing 

probability as time advanced during the NM sampling period, in agreement with the 

tendency of late pregnant females to delay the departure from the feeding grounds and 

join the migration at a later time than other whales(Dawbin, 1966). 
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By applying a previously validated progesterone threshold for the detection of 

pregnancy (19 ng/g)(Pallin et al., 2018a), only one HW would be classified as pregnant. 

In Southern Hemisphere HWs, ovulation occurs between June and October, with the 

highest frequency of conception recorded between the end of July and 

September(Chittleborough, 1954). Therefore, in this study we expected to be able to 

detect a larger number of individuals in the early stage of pregnancy, especially in samples 

obtained during the SM. It is possible that a number of conceptions could have occurred 

later in the season, at latitudes more southerly than our sampling area. In addition, recent 

successful conceptions may not be recognized due to a delay between conception and 

changes in circulating progesterone concentration (maternal recognition of pregnancy). 

However, even accounting for these factors, a resulting pregnancy rate of 3.45% (one in 

29 samples) during the SM at our sampling time is extremely unusual. 

The pregnancy criterion suggested by Pallin et al.(2018b) was developed based 

on enzyme immunoassays measurement of progesterone in blubber biopsies taken at least 

two and a half months after the peak of the breeding season. Since our samples were 

obtained during the breeding season and analysed by LC-MS/MS instead, three non-

exclusive explanations could justify the absence of early-pregnant females based on 

Pallin’s threshold. Firstly, it is possible that other immunoreactive progesterone 

metabolites, indistinguishable from progesterone by the most commonly used enzyme-

based immunoassays, contributed to the higher progesterone concentrations quantified in 

the previous studies. Secondly, the earliest stages of pregnancy may not yet be identifiable 

in our samples because the sampling occurred before the maternal recognition of 

pregnancy, with a further delay expected between circulating hormone levels and a 

concomitant rise in blubber levels. Lastly, a lower progesterone threshold could be 

indicative of the earliest stages of pregnancy.  

A confounding factor in recognising early pregnancy through progesterone 

concentrations during the breeding season is the coexistence of ovulating females and 

those in the early stages of pregnancy. As elegantly shown in killer whales by Robeck et 

al.(2016), serum progesterone in conceptive cycles only starts to significantly differ from 

that of non-conceptive cycles after the third week post-conception. This delay could be 

enhanced by analysing progesterone in external blubber layers. While changes in 
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circulating hormones have been demonstrated to be reflected within hours in dolphin 

blubber (Champagne et al., 2018), higher concentrations may take longer to build 

up(Kellar et al., 2006). This factor may be especially significant when sampling the most 

external section of HW blubber, which is typically between 10 and 20 cm in thickness. 

Previous studies, which measured blubber progesterone in female HWs, identified 

a gap of approximately one order of magnitude between the blubber progesterone levels 

of apparently or confirmed pregnant individuals, and those of apparently or confirmed 

non-pregnant ones (Table 3.2). The possibility of a lower progesterone threshold for 

attribution of early-pregnancy status was explored based on the seasonal variations of 

concentrations of this steroid in our samples and on the relationship between our values 

and previously published baselines of blubber progesterone.  
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Table 3.2: HW Blubber progesterone intervals associated with reproductive status or 

for inferring reproductive status in the literature. 
Authors and year Validation process Maximum value 

for non-pregnant 
individuals 

 ng/g 

Minimum value for 
pregnant individuals 

 ng/g 

Clark et al. (2016) Assumed reproductive status 1.29 21.92 

Pallin et al. (2018b) Confirmed reproductive status 4.09 54.97 

Pallin et al. (2018a) Adopted Pallin et al.’s  (2018b) model 4.86 19.28 

Riekkola et al. (2018) Adopted Pallin et al.’s  (2018b) model 5.26 25.81 

 

In our samples, the highest concentrations of progesterone (> 4.04 ng/g) were 

found exclusively in the SM data set. If the progesterone measured was luteal in origin, 

then none of the females sampled during the NM had experienced ovulation for that 

season at the time of sampling. This does not correspond with the previously reported 

proportion of females ovulating before the first half of July of approximately 

20%(Chittleborough, 1954). Further, the distribution of progesterone concentrations in 

our samples (Figure 3.2B) was relatively continuous. The maximum gap in progesterone 

concentrations was 4.52 ng/g, within a range between 0.0651 ng/g and 21.9 ng/g. Most 

of the higher values of progesterone measured in this study are in the gaps reported by 

previous literature to distinguish non-pregnant from pregnant whales. Since a rapid 

increase in progesterone concentration values was observed at approximately 2 ng/g in 

our data set (Figure 3.2B), an arbitrary pregnancy criterion threshold of 4.04 ng/g was 

adopted in this study.  

A number of females within both the NM and SM sample sets were distributed in 

the “Medium androstenedione” clusters, which were categorized as such on the basis their 

relatively moderately elevated androstenedione concentrations. In killer whales, 

circulating testosterone and androstenedione concentrations during the luteal phase are 

higher than at baseline(Robeck et al., 2017). Therefore, the individuals classified as 

“Medium androstenedione” could be approaching or experiencing ovulation, although 

why their progesterone levels are basal is not explained.  
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Lipid percentages of the blubber samples were also quantified in this study, 

without finding any significant trend with the measured steroid hormone concentrations, 

except for cortisol. This corresponds with previous findings within stranded HWs(Dalle 

Luche et al., 2019) and live biopsied bottlenose dolphins(Galligan et al., 2019). This 

suggests that the observed hormonal changes result from a combination of possibly 

unrelated seasonal effects, driven by reproductive, environmental, or metabolic changes 

not directly related to the individual’s lipid percentage.  

In conclusion, using the current validated progesterone concentration threshold 

for pregnancy attribution, only one of the 52 migrating female HWs analysed in this study 

could be classified as pregnant. Such a low pregnancy incidence is unlikely considering 

the current estimated rapid recovery of this whale population(Noad et al., 2019). Analysis 

of steroid hormone profiles did however, identify a clear cluster of females in the NM 

cohort based upon androstenedione and testosterone, thus suggesting two potential 

additional steroid hormone biomarkers of pregnancy. Use of androgens as indicators of 

late-pregnancy has been reported for cetaceans and other mammals. Additionally, the 

distribution of blubber progesterone concentrations at low but above-basal concentrations 

observed in SM females suggests that a new threshold (4.0 ng/g) should be considered to 

allow attribution of the earliest stages of pregnancy. The inconsistencies between 

previously observed elevated concentrations of progesterone and our data emphasise the 

importance of timing of blubber biopsy across the breeding cycle of HWs and encourages 

the development of mass spectrometric methods to measure other progestin metabolites 

which may be elevated during HW pregnancy. The large estimated HW population 

(20,000 - 30,000 individuals)(Noad et al., 2019) combined with the dynamics of 

migration makes validating assigned reproductive categories extremely difficult, even 

with life-history observations. Nevertheless, the hormonal profiles obtained show discrete 

patterns that provide an important platform for future non-invasive research on this 

species. 
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Chapter 4. Endocrinology of migrating male humpback whales 
(Megaptera novaeangliae) 

 

In this chapter the liquid chromatography tandem mass spectrometry 

(LC-MS/MS) method for the analysis of multiple steroid hormones in blubber 

validated in Chapter 2 and applied to live female humpback whales in Chapter 

3, was applied to male individuals of the same population during the breeding 

season. Significant seasonal changes in the multiple steroid hormone 

concentrations and their inter-relations within the breeding season were 

detected and discussed. 

The manuscript’s supplementary information is attached to this thesis as 

Appendix A3 

This chapter is pending submission as a manuscript to a peer-review 

journal. 
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4.1 Abstract 

Collection of steroid hormone information has advanced our understanding of the 

humpback whale endocrine system, and our diagnostic capability for individuals of this 

species in the wild. Simultaneous analysis of multiple steroid hormones from remotely 

obtained blubber biopsies is a powerful tool that can be used to concurrently obtain stress 

and reproductive status information from free-swimming individuals. In this study we 

investigated steroid hormone profiles of 81 male humpback whales migrating to and from 

their North-east Australian breeding grounds. Testosterone, androstenedione, 

progesterone, 17α-hydroxyprogesterone, and cortisol concentrations decreased through 

the migration. Decreasing blubber testosterone during the expected peak in humpback 

whale conceptions indicates asynchronicity between outer blubber testosterone levels and 

male fertility. Statistically significant relationships between levels of particular steroid 

analytes were observed and appeared to change between the early and late breeding 

seasons. For example, during the Northward migration, testosterone, progesterone, 

androstenedione, and 17α-hydroxyprogesterone were strongly correlated. Cortisol 

concentrations correlated positively with those of testosterone during the Northward 

Migration, but negatively during the Southward migration. We discuss the possibility that 

these inter-hormone correlations could be reflective of the activation of certain steroid 

hormone synthesis pathways, or alternatively, of concomitant physiological stimuli. 

Levels of steroid hormones and their inter-relationships are important in gaining insight 

into male humpback whale endocrinology and may function as biomarkers for stress and 

reproductive status in free-swimming individuals. 
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4.2 Introduction  

Monitoring demographic changes and population health of large whales has 

historically been difficult due to the logistical challenges of working with large, free-

swimming cetaceans (Hunt et al., 2013). Assessing anthropogenic stressors and threats to 

whales and their ecosystem is however, of increasing importance in the context of rapid 

climate-induced habitat transformations (Atkinson et al., 2019) and increasing 

anthropogenic activities (e.g., marine transport, fishing, oil and gas drilling) (Cassoff et 

al., 2011; Clapham et al., 1999; Thomas et al., 2016). Visual (Christiansen et al., 2016; 

Noad et al., 2011), biological (Apprill et al., 2017), and chemical analyses (Bengtson 

Nash et al., 2018) approaches have all been evaluated as a means of non-lethal 

quantification of health conditions in wild whale populations. Among these, steroid 

hormone analysis has been successfully applied to obtain reproductive status (Pallin et 

al., 2018a) and health information (Wasser et al., 2017) from live, free-swimming 

individuals. 

Standardisation of the use of steroid hormone analysis as a monitoring technique 

requires an understanding of species-specific endocrinology, and in practice, of steroid 

hormone baselines. In humpback whales (HWs; Megaptera novaeangliae), steroid 

hormone research has predominantly focused on female reproductive endocrinology 

(Clark et al., 2016; Dalle Luche et al., 2020; Pallin et al., 2018a; Pallin et al., 2018b). 

Female fecundity for example, as determined through steroid hormone analysis, can be 

used to evaluate population growth in single-offspring cetaceans (Kellar et al., 2013; 

Kellar et al., 2014), and is therefore an important tool for conservation biology (Pallin et 

al., 2018a; Seyboth et al., 2016; Wasser et al., 2017). By contrast, male endocrinology in 

HWs, as in most whale species, has received comparatively little attention despite the 

potential that male-specific endocrinology holds for the evaluation of stress response and 

reproduction. 

Levels of corticosteroids, specifically cortisol, have been the most frequently used 

measure of adrenal stress in cetaceans. Numerous studies have contributed to our 

understanding of the role of cortisol in stress response in cetacean species, either by 

measuring concentrations after exogenous hormone challenge (e.g., hydrocortisone, 

adrenocorticotropic hormone, dexamethasone) (Hunt et al., 2004), or measuring 
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concentrations after exposure to a stressful stimulus, such as capture or examination 

(Champagne et al., 2018; Fair et al., 2014; Ortiz and Worthy, 2000), cold-exposure 

(Houser et al., 2011), or noise (Rolland et al., 2012). Although the prospect of using 

cortisol as a single biomarker of stress is appealing, and has been applied successfully in 

some instances (Rolland et al., 2012), other factors can influence the concentration of this 

hormone (e.g., season, reproductive state, nutritional state) (Kershaw and Hall, 2016; 

Robeck et al., 2017; Trana, 2014). Thus, additional biomarkers and relevant information 

about individuals of interest (environment, season, reproductive state) need to be 

integrated into assessment in order to overcome the natural variability of cortisol 

occurrence in free-ranging marine mammals (Atkinson et al., 2015). 

Recently, Dalle Luche et al. (2020) documented a series of distinct endocrine 

profiles in female HW individuals during the breeding season, possibly due to differences 

in sexual maturity, pregnancy or oestrus. These data suggest that levels of multiple steroid 

hormones, including androgens and corticosteroids, fluctuate significantly in 

orchestrating the physiological changes necessary for reproduction. However, 

confounding reproduction-associated changes in female steroid hormone profiles may 

make it difficult to assess stress responses through endocrine markers (e.g., 

corticosteroids). By contrast, without the variability in steroid hormone profiles driven by 

the different female reproductive stages (e.g., pregnancy, ovulation, rest between 

pregnancies, or sexual immaturity), male individuals may offer a better model for the 

assessment of stress through such markers. 

Multiple-steroid-hormone data on male HWs are currently lacking. Among the 

few examples, Mello et al. (2017) and Teerlink et al. (2018) determined blubber 

concentrations of analytes such as testosterone, progesterone, oestradiol, and cortisol in 

live-biopsied HWs. However, the meta-data concentrations available from these 

publications are averaged without discrimination between gender precluding further 

interrogation and comparison. Dalle Luche et al. (2019) investigated multiple hormones 

and their correlations in stranded HW carcasses, but values reported in this study may 

have been affected by confounding factors such as sample degradation or by the hormonal 

responses caused by the circumstances surrounding death (e.g., illness, age or the 

stranding itself in the case of live strandings). Seasonal data on hormone levels are also 

lacking. Vu et al. (2015) measured blubber testosterone concentrations in a limited 
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number of blubber samples (n = 35) collected from male Northern Hemisphere (NH) 

HWs throughout the year, providing the first seasonal data of this type in HWs. Very 

recently, a larger study has investigated the seasonal changes in blubber testosterone and 

their relationship with age in male NHHWs, through combining steroid hormone analysis 

with photo identification and multi-year resighting (Cates et al., 2019).  

The key role of testosterone in promoting spermatogenesis has led to the 

identification of relatively high circulating testosterone levels as a marker of attainment 

of sexual maturity in some cetacean species (Kjeld et al., 1992; Robeck and Monfort, 

2006). Longitudinal monitoring has shown that testicular mass (Chittleborough, 1955; 

Mogoe et al., 2000), sperm density (Schroeder and Keller, 1989), and circulating 

testosterone levels in other cetaceans (Watanabe et al., 2004; Wells, 1984) fluctuate not 

only through life history, but also seasonally in species that experience a seasonal 

reproductive cycle. Despite small sample size and high variability among the individuals 

for each season (percent standard deviation ranged 25 % to 71 %), Vu et al.’s study (2015) 

found that in HW blubber, testosterone concentrations were significantly higher during 

the breeding season (fall and winter) than during the feeding season (summer). Cates et 

al. (2019) complemented Vu et al.’s data, by confirming a significant difference in 

blubber testosterone between the breeding and feeding seasons, as well as substantiating 

the finding that a peak in blubber testosterone concentrations occurs before the breeding 

season. Additionally, the same study estimated that blubber testosterone levels peak in 

male NHHWs between the ages of 8 and 22 years, with the oldest individuals (25-30 

years old) often featuring lowers levels than the juveniles. This information confirmed 

some of the expected potential for blubber testosterone as a biomarker of sexual maturity 

while also suggesting than the relationship between blubber testosterone and sexual 

maturity is not be linear, and overall more complex than expected to interpret due to the 

large variability in blubber testosterone levels within the same age groups. This result 

alone should discourage the diagnostic use of the single hormone testosterone to track 

male reproductive cycles in the absence of life history information. 

Furthermore, it is known from other cetacean species that whilst sexually mature 

male cetaceans generally present significantly higher blubber testosterone levels than 

female or immature individuals, low levels do not necessarily indicate sexual immaturity, 

as they can be due to contingent factors (e.g., hypogonadism or stress exposure) 
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(Champagne et al., 2018; Kirby and Ridgway, 1984). Therefore, when testosterone is 

analysed alongside other endocrine stress markers, low concentrations of this hormone, 

with respect to age group and season, can strengthen a conclusion of stress being 

responsible (Dalle Luche et al., 2019). 

To address the lack of baseline hormone data for multiple steroids in male HWs, 

in this study blubber steroid hormone profiles were measured in live biopsied individuals 

of Southern Hemisphere (SH) HWs during the breeding season, coincident with the 

annual migration to the calving grounds. Mating in SHHW is expected to occur along the 

migration, which spans approximately 6 months, from May to November, with the peak 

of conception expected in August. Variations in blubber steroid profile within the 

breeding season were investigated by collecting samples at the same latitude, at two 

different time-points, coincident with the peaks of the respective northward (June, July) 

and the southward (September, October) migrations. In order to elucidate the 

endocrinology of male migrating HWs, the quantification of eleven steroid hormones was 

attempted, seven of which (androstenedione, 17-hydroxiprogesterone, oestrone, 

cortisone, corticosterone, 11-deoxycortisol and 11-deoxycorticosterone) have not been 

previously analysed in live biopsied male HWs. Correlations between hormones, and the 

changes of these through the season, were explored to investigate the possible 

interrelations and regulatory role of these steroid hormones in HWs.  

4.3 Materials and methods 

4.3.1  Samples 

Biopsy samples of the outer blubber layers (between 1 and 3 cm in depth) were 

collected from free-swimming HWs of breeding stock E1 (as designated by the 

International Whaling Commission) (IWC, 1999) under scientific research permits 

(Moreton Bay Marine Park/Permit #QS2014/CVL1397) and Animal Ethics Approval 

(GU Ref No: ENV/10/15/AEC). HW individuals were sampled in Moreton Bay Marine 

Park, North Stradbroke Island, Queensland (27° 26 S, 153° 34 E) during their annual 

migration as previously described (Bengtson Nash et al., 2013; Dalle Luche et al., 2020). 

A total of 81 male humpback whales were sampled during the 2015, 2016, and 2017 

Southern Ocean Persistent Organic Pollutant Program (SOPOPP) sampling campaigns. 

During these campaigns, samples were collected between 26th June and 17th July (Julian 
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days 178 to 198), from whales swimming towards the calving grounds (“Northward 

Migration”, NM, n = 29), and between the 22nd September and the 25th October (Julian 

days 265 to 299), from whales returning to their Antarctic feeding grounds (“Southward 

Migration”, SM, n = 52). 

Sex was genetically determined by DNA analysis of a portion of the skin 

(approximately 10 mg) obtained from each biopsy sample (Druskat et al., In Press, 2019; 

Palsbøll et al., 1992). Photo-identification of the sampled individuals was not undertaken, 

but since the sampling occurred on a migratory corridor, re-sampling of the same 

individual during a given migratory phase was highly unlikely (Brown and Corkeron, 

1995). During sampling, whales individuals identifiable as calves-of-the-year (n = 2), 

were noted. Juvenile and adult whales were not visually distinguished during sampling; 

hence the samples are expected to represent a mixture of both.  

4.3.2 Steroid hormone profile analysis 

For each sample, eleven steroid hormones (i.e. testosterone, androstenedione, 

progesterone, 17α-hydroxyprogesterone, cortisol, cortisone, corticosterone, 11-

deoxycortisol, 11-deoxycorticosterone, oestrone, and oestradiol) were extracted from a 

portion of blubber (200 ± 100 mg) by liquid extraction followed by LC-MS/MS analysis. 

The analytical method used for steroid hormone quantification was initially developed 

for foetal bovine serum (Boggs et al., 2016) and then adapted and validated on bottlenose 

dolphin (Boggs et al., 2017) and subsequently on HW blubber (Dalle Luche et al., 2019). 

Sample preparation, quantification and instrumental parameters have been detailed 

elsewhere (Dalle Luche et al., 2019; Dalle Luche et al., 2020). The analyses were 

performed on an Agilent 1200 Series LC liquid chromatography system coupled to an 

AB Sciex API 4000 QTRAP hybrid triple quadrupole/linear ion trap spectrometer. 

Reporting limits (RLs; Table 4.1) for each steroid hormone in blubber (wet weight) were 

identical to those previously employed in Dalle Luche et al. (2020). Calibration curve 

coefficients of determination (R2) over the tested concentration intervals were all above 

0.997 (Supplementary Files Table A3.S1). 
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4.3.3 Data analysis 

Concentrations for steroid hormones quantified in less than 50 % of the samples 

are reported for information purposes but excluded from the statistical analysis due to 

their weak statistical weight. For the other compounds, values falling under the RLs were 

substituted with the respective RLs for statistical analysis. Significance level was set at 

95% (p < 0.05). Normality was assessed with a Shapiro-Wilk test. Since all hormone 

concentrations were non-normally distributed, non-parametric statistical tests were 

adopted. Correlation between variables was assessed by Spearman rank correlation 

(Spearman rho, rs), after replacement of missing 17α-hydroxyprogesterone values (not 

acquired due to technical issues during a relatively small number of analyses) by values 

from use of the k-nearest neighbors algorithm (k-NN). A Kruskal-Wallis test (chi square, 

χ2), followed by a Bonferroni-Dunn’s test were performed to test the significance of the 

differences among steroid hormone concentrations by season. Statistical tests were 

performed and graphs were produced using MetaboAnalyst 4.0 (Xia Lab, McGill 

University, Canada) (Chong and Xia, 2018) or in R (Version 3.3.2)(R Core Team, 2013) 

under RStudio environment (Version 1.1.463; MA, USA) (R Core Team, 2015). The R 

packages "dplyr"(Wickham et al., 2015), “lmtest” (Zeileis and Hothorn, 2002),“ggplot2” 

(Wickham, 2016), and “PMCMR” (Pohlert, 2014) were used. 

4.4 Results and discussion 

4.4.1  Steroid hormone detection percentages and concentration ranges 

Blubber single steroid hormone concentrations measured in 81 live HW males, at 

two time points of the breeding season, are depicted in Figure 4.1, summarised in Table 

4.1 and detailed in the supplementary files (Table A3.S2). Concentration values are 

reported in the figures and hereinafter in the text, as ng/g wet weight (ww). For most 

compounds, percentages of detection and concentration values were comparable to those 

previously obtained in blubber samples from live female HWs, sampled at the same times 

and location and analysed with the same methodology (Dalle Luche et al., 2019). 

However, the frequencies of androstenedione, testosterone, and 17α-

hydroxyprogesterone detections were 22 %, 44 % and 54% higher respectively for males. 

Greater detection frequencies, paired with generally significantly higher levels of 

androstenedione, testosterone, and 17α-hydroxyprogesterone in male individuals (p < 
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0.01, p < 0.01, and p < 0.05, respectively), suggest generally higher baselines of these 

hormones in male HWs. Interestingly, however a difference in testosterone 

concentrations between the two groups was not evident when considering concentration 

ranges only (< 0.15 ng/g to 11.5 ng/g), which instead overlapped with the concentration 

ranges observed in females analysed in the previous study. By comparison, 

androstenedione, quantified in this study for the first time in live biopsied male HWs, 

showed a relatively wide concentration range (from 0.06 ng/g to 72.3 ng/g), with 

maximum concentrations (40.24 ng/g) approximately twice as high as those in female 

individuals (Dalle Luche et al., 2020). The testosterone concentration range appeared to 

be greater than in previous reports on male NHHWs during the same reproductive season 

(concentrations range from approximately 0.5 to 2.5 ng/g) (Cates et al., 2019; Vu et al., 

2015). Higher testosterone concentrations determined in this study could be a result of 

the different analytical methods employed in the two studies, different time-points of 

sampling during the reproductive season, inter-population differences between Northern 

and Southern Hemisphere HWs, or enhanced steroid hormone perfusion in blubber 

induced by warmer water temperatures (Champagne et al., 2018).
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Table 4.1: Blubber steroid hormone Reporting Limits (RLs) and concentrations (ng/g, 
wet weight) in 81 male humpback whales summarised by sampling season as 
Northward Migration (n=29) or as Southward Migration (n=52) 

 
RL 
(ng/g) 

 North Migration (n=29)  South Migration (n=52) 

    

% of 
detection 

Median 
(ng/g) 

Range 
(ng/g)    % of 

detection 
Median 
(ng/g) 

Range 
(ng/g)  

17α-Hydroxy-
progesterone 0.26 

  
83 0.895 0.3-2   28 0.48 0.28-1.8 

Testosterone 0.15   100 3.3 0.16-11   94 0.92 0.18-4.4 

Androstenedione 0.028 
  

100 14 0.5-72   100 3.15 0.06-11 

Progesterone 0.065   97 0.38 0.11-0.97   98 0.22 0.07-
0.66 

Cortisol 0.24   93 1.1 0.27-1.9   62 0.46 0.24-1.5 
11-Deoxy-
corticosterone 0.64 

  
48 1.1 0.68-2.2   4 -   

Oestrone 0.17   76 0.505 0.18-1.1   21 0.305 0.18-1.4 
Oestradiol 0.56   14 1.44 0.47-2.1   13 1.17 0.32-1.9 

 

Cortisol concentrations ranged from below the reporting limit (0.24 ng/g) to 1.94 

ng/g. Higher blubber cortisol values were previously observed in some stranded HW 

carcasses (n = 10, median cortisol concentration = 5.15 ng/g) (Dalle Luche et al., 2019). 

Such marked differences in concentration might be caused by prolonged adrenal 

stimulation before death in the case of the stranded individuals, although due to the nature 

of the samples, effects of decomposition in the carcasses cannot be excluded (Dalle Luche 

et al., 2019; Mello et al., 2017). Similar considerations can be applied to progesterone 

concentrations, which in this study were found to be relatively low (< 0.0651 ng/g to 

0.965 ng/g) compared to published ranges in blubber for stranded individuals of the same 

sex (0.16 ng/g to 35 ng/g) (Dalle Luche et al., 2019; Mello et al., 2017). Since the samples 

in our study are taken from presumed healthy individuals, this observation corroborates 

the previous hypothesis that prolonged adrenal stimulation may be responsible for higher 

concentration values of this hormones detected in some of the stranded HW carcasses 

(Dalle Luche et al., 2019; Mello et al., 2017). In humans and in other terrestrial mammals, 

the gonads represent the principal source of progesterone, although adrenal glands are 

also recognised as a source of progesterone in individuals of both sexes (Resko, 1969). 

High values of progesterone (>19 ng/g) have been considered as indicative of pregnancy 

in female HWs (Pallin et al., 2018b). However, the role of progesterone in male cetacean 

endocrinology is poorly studied. Preliminary data on progesterone concentrations in 
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bottlenose dolphin found no increase in circulating progesterone in individuals exposed 

to short term-stress (2 hours) (Champagne et al., 2018). By contrast, an investigation of 

stress endocrinology in bycaught and stranded California sea lions (Zalophus 

californianus) found a positive relationship between blubber cortisol and progesterone 

(Beaulieu-McCoy et al., 2017). In this context, the current comparison between healthy 

individuals and previous data derived from stranded HWs suggests that release of adrenal 

progesterone into circulation could be occurring during stress exposure in this species.  
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Figure 4.1: Steroid hormones concentrations (ng/g) measured in the outer blubber of 81 

free-swimming male humpback whales with median and first and third quantiles depicted 

for each distribution. Samples are classified according to sampling season as Northward 

Migration (NM) sampled between the 26th June and 17th July over three separate years; 

black dots, or as Southward Migration (SM) sampled between the 22nd September and 

25th October over two separate years; grey dots). Asterisks and relative p values indicate 

significant inter-seasonal differences. 
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4.4.2 Variations in steroid hormone concentrations between NM and SM 

All compounds, with the exception of 11-deoxycorticosterone, oestrone, and 

oestradiol, presented concentration values significantly higher during the NM season 

compared to the SM season (Kruskal Wallis test; p < 0.05) (Figure 4.1).  

4.4.3  Blubber testosterone variations during the migrations 

The median testosterone concentration during the early breeding season i.e. NM 

during June/July in the austral winter (3.33 ng/g,) was approximately 4-fold higher than 

that from SM samples taken late in the breeding season during September/October in the 

austral spring (0.892 ng/g). With a sample size of 81 individuals targeted over an interval 

of approximately 4 months, blubber testosterone concentrations obtained in this study 

provide the first data of this type in the SHHW and complement previous measurements 

on seasonal variations in male blubber testosterone obtained in NHHWs (Cates et al., 

2019; Vu et al., 2015). Taken together, Vu et al. (2015) and Cates et al.’s (2019) data 

covered blubber testosterone concentration across the whole year. The lowest and highest 

peaks in testosterone concentrations were detected approximately between May and July 

(boreal spring and summer) and between November and March (boreal autumn and 

winter) respectively. Onset of higher circulating testosterone concentrations in autumn 

and winter compared to summer, matches seasonal variations in testicle size between the 

feeding and breeding season, previously observed in HWs harvested in Antarctica and in 

subtropical waters (Chittleborough, 1955; Omura, 1953). Since testicle size correlates 

with testicular function (e.g., seminiferous tubules diameter, total sperm count) 

(Chittleborough, 1955; Takihara et al., 1987), higher circulating testosterone levels are 

believed to govern the physiological changes behind seasonality in mating. However, 

with a higher sample number than Vu et al. (2015), Cates et al. (2019) were able to 

document a significant decrease in testosterone concentrations between the shoulder 

season preceding the breeding season and the breeding season itself. Without detailed 

knowledge on the peak of mating frequently in the studied population, Cates et al. 

hypothesise that higher testosterone concentrations before the breeding season can favour 

early spermatogenesis, and in turn provide a reproductive advantage by enhancing the 

chances to mate early in the breeding season. 
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However, the results of the current study combined with information of 

seasonality of reproduction obtained during the whaling period (Chittleborough, 1954, 

1955) raise some uncertainty as to whether blubber testosterone reflects testicular size 

and fertility at all times. Assuming a similar reproductive seasonality between migrating 

HW populations on the east and west coasts of Australia, the majority of the females are 

expected to ovulate between the end of July and September, although late ovulations 

could occur until November (Chittleborough, 1954). Chittleborough (1955) was unable 

to detect any seasonal variation in testicle weight and diameter of seminiferous tubes in 

migrating mature male SHHWs between June and early October. In the same study, 

Chittleborough also noted that average number of spermatozoa per testis tubule section 

and the density of sperm in the vas deferens (two parameters affecting sperm density and 

fertility) were relatively low in June and early-July and peak between late-July and 

September, coincident with expected peak in mating opportunities. Since our data has a 

two-month gap between late-July and mid-September, it is possible that blubber 

testosterone concentration increases during those two months (late-July and August) to 

facilitate conception during the expected peak of mating. However, such a trend would 

entail a sharp decrease in testosterone concentration occurs during the month of 

September, where mating is still expected to occur. Another plausible explanation is that 

availability of conceptive females as well as fertility does not correlate exactly with the 

observed trend in blubber testosterone in HW males. 
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Figure 4.2: Blubber testosterone concentration (ng/g) in 81 live male HW males, 

sampled between June and November (black dots). The blue bar indicates 

Chittleborough’s (1955) study period, during which HW testicular masses did not show 

significant changes. The red bar indicates the period where maximum frequency of female 

humpback whale ovulation is expected to occur (Chittleborough, 1954) while the yellow 

bar indicates a period when ovulation is less frequent but can still occur (Chittleborough, 

1954). 

Data for concentrations of male reproductive steroid hormones during the 

breeding season for other baleen whales are absent. Studies have been undertaken though 

on hunted whales but these are typically harvested during the feeding season (Kjeld et al., 

1992; Kjeld et al., 2004; Kjeld et al., 2003). Evidence of asynchronicity between the 

circulating testosterone levels in males and reproductive peaks has however been 

collected for some toothed whale species (Harrison and Ridgway, 1971; Robeck and 

Monfort, 2006; Schroeder and Keller, 1989). In addition, with captive bottlenose dolphins 

(Tursiops truncatus), the highest frequency of successful mating has been recorded to 
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occur between one and two months after the highest peak of circulating testosterone 

concentrations (often during testosterone concentration minima) (Harrison and Ridgway, 

1971; Schroeder and Keller, 1989). Similarly, in captive Pacific white-sided dolphins 

(Lagenorhynchus obliquidens), the peak in testis size and sperm density occur one and 

two months respectively after the peak in serum testosterone (Robeck et al., 2009). In 

contrast, for killer whales (Orcinus orca), a species which is not restricted to seasonal 

reproduction, serum testosterone fluctuates throughout the year, while sperm density does 

not change significantly, allowing conception to occur during times of both relatively low 

and high circulating testosterone levels. 

Both physiological and behavioural explanations have been proposed for non-

concordance between testosterone concentration and male fertility. Testosterone-induced 

aggression may represent an advantage during intra-sex competition to access fertile 

females, which in some seasonal species occurs more frequently at the beginning of the 

breeding season (Robeck and Monfort, 2006). However, this may not be true in HWs 

since competitive pods are found throughout the whole season (Brown and Corkeron, 

1995). Instead, it is possible that a higher androgenic input just before the breeding season 

is necessary for activation of the morphological and physiological seasonal changes, 

while maintenance of the reproductive functions might not require the same amount of 

hormonal stimulation. In bulls, a mechanism of counter current exchange of testosterone 

between the testicular artery and testicular vein allows local recycling of the testosterone 

in the testicular veins, thus making peripheral testosterone concentration less important 

for sperm production (Britt et al., 1981). A similar mechanism has been hypothesized for 

male cetaceans that present lack of concordance between circulating testosterone 

concentrations and fertility (Schroeder and Keller, 1989) and could be applicable to HWs. 

By targeting multiple hormones in this study, we observed that decreasing steroid 

hormone blubber concentrations between the early and late migration phases were not 

limited to testosterone only, but rather were common to the majority of the analytes. 

Correlation between steroid concentrations, and possible explanations for trend 

commonalities are examined below (Kruskal Wallis test; p < 0.05) (Figure 4.1). 
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4.4.4 Correlations between steroid hormones 

When steroid concentrations from the whole data set were examined for 

correlations, values for all analytes were found to be significantly positively correlated 

(Spearman, p < 0.05; Figure 4.5A). This is at least partly due to the majority of the 

measured steroid hormones sharing the same seasonal trend (i.e., higher concentrations 

during the NM and lower concentrations during the SM). In light of this, correlation 

analysis was then repeated, but on the two migration cohorts separately (Figure 4.5B).
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Figure 4.3: Correlograms (Spearman rho, rs) for steroid hormones pairs investigated among compounds detected at least 50% of the 

samples, for the whole sample set (A) and among samples separated by seasonal cohort (Northward and Southward migrations; B). Correlation 

strength (rs) is expressed by colour tone and intensity as by legend. Only significant correlations (p<0.05) are reported. 

 A B 
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Figure 4.4: Steroid hormone biosynthetic pathways (black arrows) in mammals. 

Hormones analysed for correlations in this study are highlighted in black. 
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Some correlations appeared to be seasonal, while others were consistent across 

the migration (Figure 4.5A and B). Testosterone blubber concentrations correlated 

strongly with those of androstenedione (rs NM = 0.673, p < 0.0001; rs SM = 0.593, p < 

0.0001) and moderately with progesterone levels (rs NM = 0.446, p < 0.01; rs SM = 0.321, p 

< 0.05) in both HW migratory cohorts. Androstenedione is an androgen and a precursor 

of testosterone. Progesterone is potentially also a precursor of testosterone, although 

located earlier than androstenedione in the mammalian biosynthetic pathway (Figure 4.6). 

Progesterone levels were also correlated with those of 17α-hydroxyprogesterone in both 

migrations (rs NM = 0.745, p < 0.0001; rs SM = 0.447, p < 0.001), possibly due to a direct 

precursor-metabolite relationship.  

Overall, samples from the NM were characterized by strong correlations between 

concentrations of testosterone and its precursors (progesterone, 17α-

hydroxyprogesterone, and androstenedione) suggesting increased activation of androgen 

synthetic pathways. Specifically, 17α-hydroxyprogesterone levels were correlated with 

those of testosterone (rs = 0.736, p < 0.0001) and androstenedione (rs = 0.745, p < 0.0001). 

Correlations between progesterone and androstenedione concentrations (rs = 0.586, p < 

0.001) were only found in the NM dataset.  

Interestingly, cortisol was significantly positively correlated with testosterone (rs 

= 0.488, p < 0.01) among the NM samples, but less strongly and negatively correlated (rs 

= -0.294, p < 0.05) with the SM samples. A positive correlation between testosterone and 

cortisol levels during the NM suggests stress exposure among those individuals with the 

highest circulating testosterone (i.e. presumably mature males). It may be hypothesised 

that competing mature males would be exposed to adrenal stimulation induced by 

agonistic male-male interactions, or by fast energy remobilisation to support energetic 

swimming, fighting or physical displays. A correlation between cortisol and reproductive 

success, measured as harem-size, has been documented in polygynous high-rank males 

of red deer (Cervus elaphus) (Pavitt et al., 2015) and of rhesus macaques (Macaca 

mulatta) (Milich et al., 2018). Similarly, cortisol could represent a biomarker of 

reproductive investment in male HWs.  
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Conversely, a negative relationship between testosterone and cortisol from SM 

samples could result if cortisol concentrations in individuals with relatively high 

testosterone levels found during the NM reduce during further migration or individuals 

possessing lower testosterone concentrations (possibly immature whales) also have 

higher cortisol concentrations. If the first scenario is valid, lowering of cortisol values 

during the advanced breeding season raises doubts as to how the same physical 

performances would be maintained with a lower glucocorticoid input. Instead, higher 

circulating cortisol is plausible considering the potential role of peripheral cortisol in 

remobilising fats as the fasting progresses.  

SHHWs rely primarily on energy accumulated in the form of body lipids to 

support the energetic requirements of the migration (Eisenmann et al., 2016). Fasting 

leads to an approximate 30% reduction in the external blubber lipid percentages between 

the NM and SM cohorts at the same sampling latitude of this study (Bengtson Nash et al., 

2013; Dalle Luche et al., 2020). Since some steroid hormones (e.g., cortisol) have a 

metabolic role in lipid remobilisation in other mammals, it might be expected that a 

change in concentration would be observed with progression of the migratory fast, due to 

changing physiological conditions (Kershaw and Hall, 2016; Ortiz et al., 2001). However, 

the author team previously investigated this in free-swimming female HWs of the same 

population. No significant relationships between blubber lipid percentage and blubber 

cortisol concentrations, nor any significant seasonal variations in cortisol concentrations 

were found in those samples (Dalle Luche et al., 2020). Maintaining relatively low 

cortisol concentration in outer blubber tissues might represent a strategy to limit 

peripheral lipid metabolism, delay protein catabolism and, therefore, preserve external 

blubber functions (e.g., thermoregulation, buoyancy) (Crocker et al., 2014). However, 

cortisol concentrations have been shown to increase towards the most metabolically 

active innermost blubber layers in other cetacean species (Kershaw et al., 2017; Trana et 

al., 2015). Furthermore, the analysis of cortisol in an emaciated stranded HW calf (2% 

blubber lipid) has provided the highest concentration of blubber cortisol ever recorded in 

HWs (85 ng/g) (Dalle Luche et al., 2019). Since juvenile whales are known to possess a 

thinner blubber (Miller et al., 2011), the observed negative association between 

testosterone and cortisol could be explained by considering that the sample depth targeted 

in this study represents the outer blubber layer of healthy adult HWs but a deeper layer 

for the juveniles. Therefore, if prolonged lipid usage during the migration prompted an 
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increase in blubber cortisol concentration, this would be most evident in young whales 

(Ortiz et al., 2001). Further elucidation of the reason for the inverse relationship between 

testosterone and cortisol would benefit from analysing HW steroid hormones levels 

simultaneously with body conditions (Castrillon et al., 2017) and age (Polanowski et al., 

2014), logistically possible now from a single biopsy sample. 

4.5 Conclusions 

In this study LC-MS/MS quantification was applied to remotely collected blubber 

biopsy samples, providing multi-steroid-hormone profiles of free-swimming male 

SHHWs during the breeding season. Eight reproductive and adrenal steroid hormones 

were successfully quantified. Of these, 17α-hydroxyprogesterone, progesterone, 

testosterone, androstenedione, and cortisol concentrations were measured in more than 

50 % of the samples, allowing for intra- and inter-seasonal profile analysis. Despite 

relative wide hormone ranges within the population, intra-seasonal variations in steroid 

hormone concentrations were identified. Correlation analysis suggests that some of these 

seasonal variations could be driven by activation of different hormone biosynthetic 

pathways, such as those involved in the syntheses of testosterone and cortisol. The 

contrasting positive and negative correlations observed between testosterone and cortisol 

for the early and late breeding season samples warrants future research into the vertical 

distribution of steroid hormones in HW blubber, and any effects of age on this. Overall, 

these data show that season and possibly sexual maturity of males HWs can be highly 

influential factors on blubber steroid hormone concentrations, and that these should be 

taken into account when assessing stress and reproductive status in free-swimming 

individuals. 

Acknowledgments 

Declarations of interest: none. This work was in part supported by an Ocean 

Foundation grant and the National Institute of Standards and Technology (NIST). G. 

Dalle Luche acknowledges receipt of Griffith University post-graduate (GUPRS) and 

international (GUIPRS) scholarships. The authors acknowledge Dr. Ruma Ghosh and Ms. 

Alison Druskat for performance of in-house genetic sexing of individual animals. Teri 

Rowles, Amanda Moors, and the NIST Marine Environmental Specimen Group are 

acknowledged for their help with international shipment of samples. Commercial 



 107 

equipment, instruments, or materials are identified to adequately specify the experimental 

procedure. Such identification does not imply recommendation or endorsement by the 

National Institute of Standards and Technology, nor does it imply that the materials or 

equipment identified are necessarily the best available for the purpose. 

  



 108 

 

  



 109 

 

Chapter 5.  Capital breeder or “credit breeder”? Relationship between 
female humpback whale (Megaptera novaeangliae) fertility and body 
condition 

 

The reproductive status interpretation proposed in Chapter 3, was utilised 

in this chapter to investigate the relationship between conception chances and 

ability to bring a pregnancy to ter. m Body condition and blubber lipid percentage 

among non-pregnant and pregnant humpback whales at different stages of their 

migration were compared. The potential consequences of these results on the 

measurements of pregnancy rates in this species were discussed. 
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5.1 Abstract 

Humpback whale (Megaptera novaeangliae) reproduction is known to follow the 

capital breeding model in which female reproduction is sustained through accumulated 

energy reserves. While maternal body condition is thought to govern reproductive success 

in females of this species, the mechanism by which energy stores influence conception 

likelihood and the ability to sustain gestation is unclear. This current work combined 

pregnancy status assignment from blubber steroid hormonal profile analysis with lipid 

determination and histological measurements of the blubber adipocyte area (adipocyte 

index) of 51 free-swimming females humpback whales en route to and from their winter 

breeding grounds. The aim was to undertake a preliminary investigation of whether the 

ability to conceive and carry a pregnancy to term correlates with individual body 

condition as determined at time points within the northward and southwards legs of the 

annual migration. Consistent with previous observations, females identified as near-term 

pregnant (n = 7) exhibited significantly enhanced body condition compared with the rest 

of the female individuals approaching the breeding grounds (n = 11). In contrast, the body 

condition of females categorized as early pregnant (n = 7) was not significantly different 

from that of non-pregnant females departing from the breeding grounds (n = 19). Analysis 

of the outer blubber lipid content did not reveal any trend between sample lipid 

percentages and assigned reproductive status. These initial results suggest that successful 

conception may not be as dependent upon accumulation of adequate energy stores, as the 

capacity to support the later stages of gestation in humpback whales. Further work is 

necessary to confirm these results, which may carry important implications for the design 

of population monitoring plans based on pregnancy rates. 
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5.2 Introduction 

Understanding how species fulfil the energetic cost of reproduction is critical to 

predict their resilience to detrimental changes in the availability of environmental 

resources. In capital breeders, the energy necessary for reproduction by females is 

accumulated in advance of offspring production, in the form of body mass and lipid 

stores. This is in contrast to income breeding species, where a constant intake of food is 

maintained from birth to weaning of the offspring (Jönsson, 1997). Capital breeding 

behaviour aims to guarantee reproductive success in particular scenarios of prey 

availability, and evolved concomitantly with specialised physiology and behaviours 

designed to optimise energy intake and allocation in such conditions (e.g. food 

recruitment, energy storage and transfer, offspring growth rate) (Houston et al., 2006; 

Videsen et al., 2017). 

Female humpback whales (HWs, Megaptera novaeangliae) exemplify capital 

breeding behaviour (Lockyer, 1984). As an evolutionary response to the significant 

annual variation in primary productivity of the polar regions, baleen whales such as HWs 

have developed geographically- and seasonally-separate feeding and breeding strategies 

(Clapham, 2001; Corkeron and Connor, 1999). Southern Hemisphere (SH) HWs forage 

on the relatively dense swarms of Antarctic krill (Euphasia superba) during the Austral 

spring and summer, and during autumn and winter suspend their feeding to migrate in a 

state of fasting to tropical latitudes to breed. After reaching the tropical calving grounds, 

females give birth to a single calf. Calves are typically nursed for eleven and a half 

months. For approximately two months of this period, the females have little or no food 

intake while lactating (Chittleborough, 1958). 

 Lactation has been identified as the most energetically expensive part of 

reproduction in female capital breeders of marine mammal species (Costa et al., 1986; 

Lockyer, 1981a). The energetic demands of lactations are met by pregnant HW females 

by storing substantially more lipids than non-pregnant females and males prior to 

parturition (Irvine et al., 2017). Maternal body condition at birth has been positively 

correlated with newborn calf dimensions (Pack et al., 2009) and with its subsequent 

growth rate (Christiansen et al., 2018), which in turn influences calf survival through the 

first year of life (Lockyer, 1981a). Enhanced body condition is obtained by pregnant 
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females by prolonging their feeding time in Antarctica and embarking on the migration 

at a relatively later time than most of the other individuals, including non-pregnant 

females, for which the migration represents primarily an opportunity to mate (Dawbin, 

1966).  

The female HW inter-calving period varies between one and four years, as 

assessed by consecutive resighting of mature individuals accompanied by different 

newborn calves over time (Glockner-Ferrari and Ferrari, 1990). Since HW gestation lasts 

around a year, a one-year inter-calving period is possible through the occurrence of birth, 

post-partum ovulation, and conception during the same migration (Chittleborough, 1954, 

1958; Glockner-Ferrari and Ferrari, 1990). Longer inter-calving periods include one or 

more years of rest, which are justified by the mother’s need to replenish her body 

condition after parturition and lactation (Lockyer, 1984). As a result, the average inter-

calving period appears to be shortened in females of baleen whale populations during 

times of decreased competition for resources, such as in low density populations 

recovering from whaling exploitation (Lockyer, 1984, 1986). Increased food availability 

also fosters faster growth and earlier sexual development in female baleen whales 

(Lockyer, 1981a). Other population demographic parameters, including age composition, 

can affect the average inter-calving period at the population scale. Since older and larger 

females are able to store more energy than smaller or younger females, reproduction 

constitutes a relatively smaller investment of energy for the former group. Therefore, 

larger and older females are expected to recover more quickly from pregnancy and 

lactation, favouring a larger number of pregnancies during the same interval of time 

(Clapham, 2001; Irvine et al., 2017; Pack et al., 2009). Further, it has been hypothesized 

that some female HW, especially younger ones, would remain in Antarctica through 

autumn and winter as a strategy to maximise growth and recovery between pregnancies, 

as suggested by the dominant proportion of males on the migratory corridors, and by the 

recording of HW calls in Antarctica during the breeding season (Brown et al., 1995; Van 

Opzeeland et al., 2013). Given that krill abundance and HW feeding efficiency can vary 

annually (Bengtson Nash et al., 2018; Chittleborough, 1965), the proportion of females 

participating in the migrations (Druskat et al., In Press, 2019) and their fecundity is also 

expected to vary annually, influencing the annual population growth (Seyboth et al., 

2016). 
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Population growth rate is obtained by considering both annual population 

recruitment and mortality. Calving-rates are calculated as the number of calves per mature 

whale, and provide the most accurate estimate of the annual population recruitment in 

large whales (Noad et al., 2007). On the other hand, calving-rates can only be calculated 

through collection of life-history information, which can be both time- and resource-

consuming to obtain. Photo-identification or tagging can be logistically prohibitive, 

especially in large whale populations (e.g. >20,000 individuals) (Noad et al., 2011) which 

undergo migration to extremely remote areas. Recently, steroid hormone analysis of 

remotely collected blubber tissues has been shown to be suitable for systematic pregnancy 

detection in wild baleen whales, including in humpback whales (Pallin et al., 2018b). This 

technique can be used to obtain pregnancy rates, calculated as the ratio of pregnant 

females to all sampled females, including immature animals. Pregnancy rates do not 

require life-history information, but do not account for perinatal loss (e.g. foetus 

reabsorption or miscarriage), which ultimately affects calf recruitment. For these reasons, 

pregnancy rates and calving-rates are two separate measures that cannot easily be 

compared (Pallin et al., 2018a; Riekkola et al., 2018). 

Although less accurate than calving-rates in quantifying calf recruitment, the 

value of measuring pregnancy rates is partly based on the premise that female fertility is 

dependent on the capacity to achieve and sustain pregnancy. Under this premise, 

pregnancy rates, a measure of population fecundity, could be suggestive of whether the 

annual feeding has been sufficient to guarantee the energy necessary for reproduction in 

a certain proportion of females. However, there is currently little or no research on the 

relationship between environmental factors (e.g. adiposity, population density, stress 

exposure), conception rates, and perinatal death in the HWs.  

This study aimed to undertake a preliminary investigation of the relationship 

between female body condition and pregnancy in SHHWs. Females from the east coast 

of Australia (breeding stock E1, as classified by the International Whaling Commission) 

(IWC, 1999) were studied by sampling individuals in proximity to the calving grounds 

(situated between  21° and 15° S) (Paterson and Paterson, 1984; Smith et al., 2012) during 

two separate seasons within the annual migration. Steroid hormone analysis on outer 

blubber biopsy samples (Dalle Luche et al., 2020) was used to identify near-term pregnant 

females among HWs sampled on their way to the calving grounds. Early pregnant females 
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among females departing for the calving grounds two months later were distinguished by 

the same technique. Body condition, quantified by outer blubber lipid percentage and 

inverse adipose index (AI-1) (Castrillon et al., 2017) was obtained by lipid analysis and 

histological analysis of the outer blubber adipocytes  respectively. Reproductive status 

and body condition information were used to: 1) test the hypothesis that females identified 

as early and late pregnant would be characterized by more favourable body condition than 

non-pregnant females sampled during the early and late breeding seasons respectively; 

and 2) determine the minimum adiposity threshold under which conception or near-term 

pregnancy did not occur. 

5.3 Materials and methods 

5.3.1 Samples 

Female humpback whale from breeding stock E1 were sampled in Moreton Bay 

Marine Park (approximately 27°23¢ S 153°34' E). Sampling occurred during two separate 

time periods (between the 26th of June and 14th of July and from the 13th of September to 

the 25th of October) over a 3-year span, with these intra-year time intervals corresponding 

with the highest frequency of passage of whales from and to the calving ground 

respectively. Since HW individuals from the same population depart from Antarctica at 

different times and travel with different speeds (Dawbin, 1966), whales can be found 

swimming in opposite directions during the same season. Samples were therefore 

classified according to swimming direction: HWs swimming northward towards the 

breeding ground were classified as belonging to the “Northward Migration”, “NM”; 

individuals swimming southward towards the Antarctic feeding grounds, were classified 

as “Southward Migration”, “SM”. Blubber/skin biopsies were collected by biopsy dart as 

previously detailed elsewhere (Bengtson Nash et al., 2013; Dalle Luche et al., 2020; 

Waugh et al., 2012). The samples were collected during the 3-year duration of the work 

between 2015 and 2017 under Southern Ocean Persistent Organic Pollutants Program 

(SOPOPP) research permits (Moreton Bay Marine Park/Permit #QS2014/CVL1397) and 

Animal Ethics Approval (GU Ref No: ENV/10/15/AEC). 

 A total of 51 samples were obtained for this study, although not all samples could 

be analysed for both lipid percentage and AI analyses due to insufficient sample size. 

Lipid percentage and AI were measured in 49 and 40 samples, respectively. Samples 
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accidentally collected from the highest-dorsal region in proximity to the dorsal fin, were 

removed from all analyses. Sex was determined through DNA analysis of the portion of 

skin collected with each biopsy sample (Druskat et al., In Press, 2019; Palsbøll et al., 

1992). Those individual females able to be identified as being accompanied by a 

particular newborn calf (<1 year) were classified as the mother of the calf (n = 6). Such 

classification was not possible in larger pods, where calves could not be uniquely 

attributed to mothers in the absence of photo identification or longitudinal monitoring. 

5.3.2 Pregnancy status assignment 

Pregnancy status was putatively assigned on the basis of blubber steroid hormone 

profiles as previously described in Chapter 3 (Dalle Luche et al., 2020). Briefly, steroid 

hormone concentrations in the outer blubber (1 to 4 cm depth) were determined by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). Near-term pregnant-female 

samples were separated from remaining NM samples according their blubber 

androstenedione concentration (> 7.8 ng/g wet weight). Female samples with 

progesterone levels equal to or greater than 4 ng/g wet weight were classified as early 

pregnant. Although pregnant females HWs can be expected throughout the whole 

migration period, early pregnant females were only detected within the SM cohort. All 

other females were classified as non-pregnant. Steroid hormone data used for pregnancy 

attribution are reported in the supplementary information (Table A4.S1). 

5.3.3 Histology and image processing 

Upon sample collection, approximately 50 mg of blubber was subsampled from 

each biopsy for histological analysis. Samples were immediately stored refrigerated (-10 

°C) and fixed in a 10% buffered neutral formalin solution. Histology processing has been 

previously described elsewhere (Castrillon et al., 2017; Parlee et al., 2014). Image capture 

and digital manipulation followed Castrillon et al. (2017) with a few variations. Digital 

images were recorded at 10 × magnification on an Olympus BX55 microscope coupled 

with an Olympus DP72 camera (Olympus DP2-BSW software). The most adipocyte-

dominated area of each sample was determined by inspection before taking the image. In 

this current study, a standardised rectangular area of 1200 μm by 1600 μm was selected 

as representative of each sample. ImageJ 1.51s (National Institute of Health, USA) was 

used for image manipulation. Briefly, images were converted to 8-bit (shades of grey); 
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then, the light background was subtracted using a “rolling ball radius” of 50.0 pixels, and 

“sliding paraboloid” mode with noise “despeckled”. Finally, the image threshold was 

adjusted to obtain an optimal separation between the adipocyte cell (negative, or white) 

and the inter-vacuolar space, or other non-fat tissues (positive, or blue). The percentage 

of the image above the threshold, corresponding to the percentage of the image covered 

by inter-vacuolar space area over the percentage of the image covered by the adipocyte 

area was termed the Adipocyte Index (AI) by Castrillon et al. (2017):  

																																			AI	 = %&'()*+,-./+)	01+,(	+)(+
+2%1.,3'(	+)(+	                                              (I) 

In this manuscript, the Adipocyte Index inverse, AI-1 was employed: 

                                             AI-1= +2%1.,3'(	+)(+
%&'()*+,-./+)	01+,(	+)(+                                            (II) 

AI-1 was chosen over AI as a measure of adiposity since the former is positively related 

to the individual’s body condition (i.e. increased fat storage corresponds to a higher AI-1 

value).  

5.3.4 Lipid determination 

Sample lipid content was obtained as the ratio of Total Lipid Extract (TLE) mass 

and the initial sample mass. TLEs were obtained from approximately 10 mg of blubber 

following a modified Bligh and Dyer (1959) methanol–chloroform–water extraction as 

previously described in Chapter 3 (Dalle Luche et al., 2020; Ericson et al., 2018).  

5.3.5 Statistical analysis reproductive status 

The threshold for statistical significance was set at 95%. Both lipid percentage 

and AI-1 data from samples were normally distributed (Shapiro Wilk test). Differences 

between reproductive classes were investigated by t-test. Statistical tests and graphical 

representations were carried out and made in R (Version 3.3.2)(R Core Team, 2013) 

under RStudio environment (Version 1.1.463; MA, USA) (R Core Team, 2015). The R 

packages "dplyr"(Wickham et al., 2015) and “ggplot2” (Wickham, 2016) were used.  
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5.4 Results  

5.4.1 Adipocyte index and reproductive status 

Figure 5.1A depicts the AI-1 values obtained for different reproductive classes and 

migration phases. During the NM, near-term pregnant HW female AI-1 values (n = 7; 

range: 3.37 to 6.10) were significantly higher (p = 0.013) than those in non-pregnant 

females (n = 11; range: 1.10 to 5.67). In contrast however, AI-1 values in early pregnant 

HWs (n = 7; range: 2.02 to 6.10) were not significantly different from AI-1 values 

measured in non-pregnant individuals (n = 15; range: 0.36 to 5.47) sampled during the 

SM. Complete results by sample can be found in the supplementary information (Table 

A4.S2). 

5.4.2 Blubber lipid percentage and reproductive status 

No significant difference in blubber lipid percentage was observed between pregnant 

(near-term pregnant, n = 8; early pregnant, n = 8) and non-pregnant (NM, n = 14; SM, n 

= 19) whales during any of the migratory phases (Figure 5.1B). Lack of differences in 

lipid percentages among individuals which are expected to carry substantially different 

energy reserves (i.e. near-term pregnant vs non-pregnant) might be due to the reduced 

effectiveness of lipid percentage as compared to AI, in characterising body condition 

differences (Castrillon et al., 2017). 
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Figure 5.1: Distribution of inverse Adipocyte Index (AI-1) and blubber lipid percentage (B) 

among female SHHWs classified according to migratory phase (NM = “Northward 

Migration”; SM = “Southward Migration”) and reproductive class. Triangular markers 

indicate samples from females that have been sighted alone with a calf and could therefore 

be identified as having given birth during the sampled migration. The red dashed line and 

asterisk indicate a significant difference between two groups of samples. 



 119 

5.5 Discussion 

The relationship between body condition as measured by AI-1 and reproductive 

status obtained non-lethally through blubber steroid hormone analysis produced results 

that inform on HW reproductive biology. In NM samples, results on the energetic reserves 

measured micro-invasively in female HWs through outer blubber histology are consistent 

with those previously obtained through post-mortem processing of total body lipid 

extracted from harvested whales (Chittleborough, 1965; Irvine et al., 2017). Near-term 

pregnant HW females accumulate appreciably greater fat reserves than non-pregnant HW 

females (i.e. immature, lactating or resting) prior to participating in the migration, and 

their body condition during the NM is as a result, appreciably greater than those of non-

pregnant individuals (Chittleborough, 1965; Irvine et al., 2017). Additionally, these data 

showed that females identified as early pregnant and sampled during the SM do not 

exhibit better nutritional condition than non-pregnant females sampled during the same 

migratory phase. This suggests that accumulated reserves could have little relevance in 

determining ovulation and conception success. 

 In baleen whale species the energy required during the initial phase of pregnancy 

(i.e. during the earliest stages of embryo development) is “negligible” comparatively to 

the energetic investment required by later stages of pregnancy and lactation (Lockyer, 

1981a), or simply by the migration itself. In the instance of females having one-year inter-

calving period, they may conceive and gestate while simultaneously lactating a newborn 

calf. It is understandable then that ovulation and conception may not occur exclusively in 

individuals possessing superior nutritional characteristics. Consequently, these results 

suggest that HW feeding efficiency during the spring and summer following conception 

could likely be more relevant to ultimate reproductive success than accumulated energy 

reserves prior to conception. In this sense, HW female reproductive cycle could start with 

a “credit” (“credit breeding” vs capital breeding) towards the upcoming feeding season, 

rather than with an initial energetic capital.  

These preliminary results suggest that successful conception can occur in whales 

exhibiting a range of different nutritional conditions. In relation to humpback whale 

population monitoring, this highlights the importance of further investigating the rate of 

reproductive failure through perinatal loss (e.g. foetus reabsorption, miscarriage) (Pallin 
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et al., 2018a; Riekkola et al., 2018). According to the Reproductive Suppression Model, 

some mammals suppress reproduction in times of adverse environmental conditions in 

order to maximise their lifetime reproductive success (Wasser and Barash, 1983). 

Antarctic krill, the principal prey species of SHHWs, undergo multiple-year cycles in 

biomass abundance as a consequence of both biological cycles and climatic factors and 

events (Alexey et al., 2017). There is a natural variability in krill occurrence and 

availability and the HW reproductive cycle is highly reliant on seasonal feeding. It is 

therefore plausible that a mechanism of reproductive suppression could have evolved in 

the HW to ensure reproduction resilience after years of difficult krill recruitment.  

 Some of the pregnancies detected during the breeding season could be interrupted 

at a later stage of foetal development if conditions (e.g. food abundance during that 

summer, accumulated energy reserves) are unfavourable for reproductive success 

(Wasser and Barash, 1983). It follows then that pregnancy rates measured in HW females 

during the breeding season (early pregnancy), at the feeding grounds (mid pregnancy), or 

approaching the breeding grounds (near-term pregnancy) would provide different and 

nuanced indications of the whales’ nutritional condition and/or their interaction with the 

environment. If indeed a “credit” breeding strategy exists among SHHWs, then feeding 

success during the preceding summer may carry little bearing on pregnancy rates 

measured in late winter (early pregnancy). Rather, if reproductive suppression during the 

feeding season varies inter-annually synchronously with feeding success, then pregnancy 

rates measured later in the gestation may reflect the feeding efficiency in the feeding 

season following conception and provide more accurate information in relation to 

population health and predicted population growth. 

As a caveat though, this study targeted a limited number of HW individuals in the 

absence of life-history information, except for sighting notes during sampling. Further 

work investigating whether these results are replicated with a larger group of HW females 

would be beneficial. For example, does the minimal measure of AI-1 observed among 

early pregnant identified whales (2.02) represent a real and reproducible threshold under 

which conception does not occur, or are whales identified as non-pregnant and with the 

least favourable body condition simply immature whales.  
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Finally, this is the first application of reproductive status assignment in HW by 

LC-MS analysis of blubber steroid hormone profile as described in Chapter 3 (Dalle 

Luche et al., 2020). Following multiple-steroid hormone analysis (Dalle Luche et al., 

2019), the concentration thresholds of the single hormones androstenedione (> 7.40 ng/g) 

and progesterone (> 4.00 ng/g) were selected as biomarkers of near-term and early 

pregnancy, respectively. Attribution of steroid hormones profiles dominated by high 

concentrations of androstenedione to females in an advanced stage of pregnancy was 

supported by the time and percentage distribution of these profiles in our HW population, 

and by inter-species comparison (Robeck et al., 2017). The use of a progesterone 

threshold lower than that previously validated for pregnancy assignment in the HW (19 

ng/g) (Pallin et al., 2018b) was justified by the differences in sampling time and 

instrumentation between our and Pallin’s studies (Dalle Luche et al., 2020). Briefly, our 

sampling encompassed the earliest stages of pregnancies which had not been included in 

Pallin et al.’s model (2018b). These stages might be characterized by lower blubber 

progesterone concentrations. Furthermore, Pallin et al.’s study employed enzyme 

immunoassay (EIA), which, unlike LC-MS/MS, may quantify multiple progesterone 

metabolites structurally different from progesterone (Dalle Luche et al., 2020). Although 

the use of these novel thresholds of reproductive status combined with body condition 

information produced feasible results, we acknowledge that these endocrine thresholds 

should be validated and revisited as larger data sets become available. 
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Chapter 6.  Conclusions and outlook 
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6.1 Conclusions 

This thesis investigated the use of multiple steroid hormone analysis of non-

lethally collected blubber tissue samples to advance our capacity to monitor aspects of 

hormone mediated reproduction and stress response in the Southern Hemisphere (SH) 

humpback whale, HW (Megaptera novaeangliae). Prior to this work, knowledge of HW 

endocrinology was limited to a restricted selection of steroid hormones (i.e. testosterone, 

progesterone, cortisol, and oestradiol), mostly separately quantified by enzyme 

immunoassays (EIAs). Furthermore, those steroid hormone data that were available from 

live HWs had been collected predominantly from Northern Hemisphere (NH) HW 

populations, during fragmented sampling seasons. These data were insufficient to 

characterise the annual seasonal changes in steroid hormones, or the complete 

reproductive cycle of HW individuals. The lack of comprehensive knowledge and 

understanding of HW physiological processes regulated by steroid hormones limits our 

capacity to obtain information relevant to HW monitoring from methods such as non-

lethal steroid hormone analysis. 

Unlike the commonly used EIAs, liquid chromatography tandem mass 

spectrometry (LC-MS/MS) can allows accurate and simultaneous measurement of 

multiple classes of steroid hormones from a single sample. In this work, a LC-MS/MS 

method for the analysis of multiple steroid hormones in blubber was adapted and 

validated in both stranded and live-biopsied SHHWs. This provides a useful and practical 

tool that potentially enables a deeper and more complete understanding of HW 

endocrinology.  

The main results of this thesis are: 

1. A LC-MS/MS method for the simultaneous analysis of up to 10 steroid 

hormones in HW blubber was adapted and validated; 

2. A novel method of assignment of HW female reproductive status, based on 

multiple steroid hormone concentrations in blubber during the breeding the 

season, was proposed;  
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3. Changes and distribution patterns of multiple steroid hormones in blubber in 

free-swimming male SHHWs during the mating season were described; 

4. Using multi-steroid hormone data, the relationship between pregnancy and body 

conditions was studied in female HWs at the breeding grounds. The latest stages 

of pregnancies were associated with better body condition in female HWs, while 

conception appeared to occur unrelated to body condition; 

 Conclusions arising from each of these principal findings are reviewed in this 

chapter, together with the limitations of findings and opportunities for further research 

identified during the research process. A schematic overview of the thesis structure and 

the findings by chapter is provided in Figure 6.1.  
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Figure 6.1: Thesis structure and main findings by chapter. 
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6.1.1 Adaptation and validation of a LC-MS/MS method for the 

simultaneous analysis of up to 10 steroid hormones in HW blubber; 

To adapt and validate a LC-MS/MS method on HW blubber tissue, samples from 

stranded HWs were sourced from the Southern Ocean Persistent Organic Pollutants 

(SOPOPP) sample archive. In order to analyse the same blubber region generally 

collected from free-swimming individuals through the use of biopsy darts, the outer 4 cm 

of blubber (skin excluded) were subsampled from full depth blubber sections from the 

dorso/ventral region of the whale. Simultaneously analysis of multiple steroid hormones 

in blubber requires extracting different classes of steroid hormones using various solvents 

in response to the relatively wide range of polarities represented, and subsequently 

separating the analytes from the high proportions of lipids present in the matrix (Boggs 

et al., 2017). The sample extraction previously developed by Boggs et al. (2017) on 

bottlenose dolphin (Tursiops truncatus) proved to be robust in regard to the higher lipid 

percentages (up to 76% in our samples), present in HW blubber. Ten steroid hormones 

(i.e. progesterone, 17α-hydroxyprogesterone, testosterone, androstenedione, cortisone, 

cortisol, corticosterone, 11-deoxycorticosterone, oestrone, oestradiol) could be reliably 

(relative standard deviation percentage, RSD%, on six replicates < 15%) and accurately 

(recovery of an amended sample between 70% and 120%) quantified in blubber from ten 

stranded HW whales (Chapter 2). 11-Deoxycortisol also appeared to be quantifiable in 

HW blubber, but analytical results were not sufficiently repeatable for this compound 

(RSD% > 15%).  

The method reporting limits (RLs) were comparable to those of commercially 

available EIAs for most compounds (around 10 μg/g, wet weight), except for oestradiol, 

hydroxyprogesterone, corticosterone and 11-dexycorticosterone, for which RLs ranged 

up to an order of magnitude higher. Application of this LC-MS/MS method to samples 

from stranded (Chapter 2) and free-swimming (Chapters 3 and 4) HWs resulted in 

different rates of detection of the target steroid analytes between the two sample groups. 

Some reproductive steroids (i.e. androstenedione, testosterone and 17-

hydroxyprogesterone) were detected at higher frequencies among live individuals, while 

all corticosteroids, except for cortisol and 11-deoxycorticosterone, were measured 

exclusively in samples from stranded individuals and not in live individuals. It is possible 

that the divergences in steroid hormone profiles observed between the stranded and the 

free-swimming, presumably healthy, HWs might reflect the endocrinological states of the 

two groups (e.g. declined heath or stress responses for the stranded HWs), and that the 
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ability (or inability) to determine the concentration of certain steroid hormones at the 

achieved RLs is sufficient to characterise these differences. However, until lower RLs are 

achieved (especially in the case of corticosteroids, whose RLs were among the highest) it 

remains plausible that these compounds could be present and carry a biologically relevant 

signal in samples of both types. For these reasons, further methodological improvements 

should consider optimising the elution of corticosteroids to improve the chromatographic 

resolution of 11-deoxycorticosterone, the repeatability of 11-deoxycortisol, and in 

general, corticosteroid RLs.  

Whether quantification of steroid hormones in blubber by LC-MS/MS and by EIA 

yields comparable concentration results remains an important and unresolved 

methodological question. During the work described in this thesis, five samples from 

stranded HWs were analysed in parallel for testosterone, progesterone, cortisol, and 

oestradiol by LC-MS/MS and by EIA (unpublished data). The data obtained during this 

experiment were however not considered meaningful due to the unfortunate combination 

of reduced sample size and low detection rates of the targeted compounds. Without the 

time and resources to analyse a larger sample set, this research question is still 

unanswered.  

Using this LC-MS/MS method, in this thesis, oestrone for example was quantified 

for the first time in a baleen species with detection rates ranging 30% to 50%. By contrast, 

oestradiol, which had been previously quantified by EIA in HW blubber (Mello et al., 

2017) with high frequency and in concentrations superior to our RL, was quantified by 

LC-MS/MS only in a few individuals (i.e. a stranded calf and in some free-swimming 

mature males) out of a total of 143 HWs analysed (Chapters 2 to 4). This potential 

anomaly may be explained if oestradiol quantification by LC-MS/MS was less sensitive 

than expected at relatively low analyte concentrations, or if interferences from some 

blubber components or steroid metabolites, such as oestrone, influenced the previously 

published EIA measurements. Notably, the EIA kit used by Mello et al. (2017) to quantify 

oestradiol had a declared 17.4% cross-reactivity with oestrone. Evaluation of EIA cross-

reactivities can often be made difficult by the fact that the cross-reactivity measurements 

provided by the manufacturer are evaluated on analytical matrices with different 

properties and composition from whale blubber. 

Later in the thesis (Chapter 3), we reported that the LC-MS/MS analysis of 

blubber steroid hormones in female HWs approaching the breeding grounds, including 
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pregnant individuals in their final month of gestation, revealed a pattern of generalised 

relatively low concentrations of progesterone. This result was in contrast with the 

expectations that gestating individuals would feature high blubber concentrations of this 

hormone, as validated by measuring progesterone by EIA in confirmed pregnant 

individuals (Pallin et al., 2018b). Given that blubber progesterone had never before been 

measured in female HWs during the final month of gestation, the possibility that blubber 

progesterone levels might decrease towards the end of gestation was considered the most 

plausible explanation. Lowering of ovarian progesterone during advanced pregnancy has 

been observed in other marine mammals (Robeck et al., 2016) and in some terrestrial 

ungulates (Scholtz et al., 2014), associated with the relative increase through pregnancy 

of placentally synthesized progestogens, such as 5α-dihydroprogesterone (5α-DHP) and 

pregnanediol (Legacki et al., 2016; Scholtz et al., 2014). If a similar transition from 

ovarian progesterone to placental progesterone metabolites also occurs in the HW, it is 

possible that multiple progestogens, structurally different but agonist to progesterone, 

might have enhanced the previous measurements of blubber progesterone by EIA (Pallin 

et al., 2018b). Overall, these results underline the urgency of understanding any 

methodological biases produced by using LC-MS/MS or EIA when evaluating endocrine 

changes in marine mammal blubber. 

Future methodological improvements should also evaluate the possibility and 

advantage of including additional steroid hormones. Oestriol, dihydrotestosterone (DHT), 

and dehydroepiandrosterone (DHEA) could not be detected in HW blubber through the 

employed extraction (Boggs et al., 2017) and instrumental conditions (Boggs et al., 2016). 

Since further optimisation was not undertaken with these compounds, their presence in 

in HW blubber and their potential for diagnostic use cannot be excluded. For example, 

DHEA has been observed to increase significantly in female killer whale (Orcinus orca) 

serum during the final months of gestation (Robeck et al., 2017), making it a potential 

biomarker of reproductive status. Similarly, the inclusion of progesterone metabolites 

(e.g. 5α-DHP and pregnanediol) in the suite of investigated steroid hormones could clarify 

whether the hypothesized shift in site of progestogen production through pregnancy does 

occur in the HWs, and possibly provide further biomarkers for strengthening on 

assignment of advanced pregnancy. 

In Chapters 2 and 3, the relationship between steroid hormone concentrations and 

sample lipid content was also investigated. In both female free-swimming HWs and in 
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stranded HWs of both sexes, no correlation (p = 0.05) between these variables was 

observed. These results match parallel data collected by Boggs et al. in bottlenose dolphin 

(2019) and suggest that, in contrast to the recent suggestion by Champagne et al. (2016), 

no particular advantage is realized by normalizing steroid hormone concentrations by 

lipid content. 

Finally, method application on stranded and live HWs revealed the need to gain 

better understanding of the steroid hormone distribution in blubber and the effect of post-

mortem metabolism on steroid hormone degradation. For example, steroid hormone 

variation through blubber depth, and possible influence of the individual’s age on this (an 

information useful to Chapter 4 data interpretation), may be investigated by analysing full 

depth blubber samples of stranded HWs. As a caveat for the results arising from Chapter 

2, the lack of information regarding the exact time and cause of death of the individuals 

makes it difficult to assess the significance of the steroid hormone profiles derived, their 

inter-hormone correlations, as well as some apparent age-sex related patterns. A larger 

number of samples, possibly association with an autopsy of the sampled individuals, 

could aid the interpretation of those steroid hormone profiles and eventually produce 

more useful knowledge to assist future HW monitoring. 

6.1.2 Proposal of a novel method of assignment of HW female 

reproductive status based on multiple steroid hormone 

concentrations in blubber  

In Chapter 3, the validated LC-MS/MS method was used to profile blubber 

hormones in migrating female HW. The annual HW migration from the Antarctic feeding 

grounds to the tropical breeding grounds (between 21° and 15° S) (Paterson and Paterson, 

1984; Smith et al., 2012) appears to take place primarily to allow pregnant females to 

deliver and nurse their calf in warm waters (Clapham, 2001). However, since gestation 

lasts approximately 12 months, the migration also constitutes an opportunity for all 

females, including those that delivered a calf during the same migration, to mate 

(Chittleborough, 1958). Immature and resting (not ovulating) females also take part to the 

migration. Therefore, collecting biopsies along the migratory corridors from individuals 

swimming to and from the breeding grounds makes it possible to sample non-pregnant, 

ovulating, early pregnant, and near-term pregnant females during the same reproductive 

season. The expectation that different reproductive statuses could be distinguished by 

steroid hormone analysis of blubber biopsies was explored through the application of the 
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LC-MS/MS method. By investigating multiple steroid hormones, some of which had 

never before been quantified in live HWs, during a sampling period where limited 

endocrine data had been previously collected, novel data on the seasonal concentrations 

of these compounds were provided. These data prompted the formulation of some 

hypotheses on HW reproductive endocrinology. 

As previously outlined in this chapter (Section 6.1), blubber progesterone was 

measured at near-baseline concentration levels (< 4 ng/g, wet weight) in females 

approaching the breeding grounds. Considering that near-term pregnant females were 

expected to be present among these samples, the absence of any individual with blubber 

progesterone concentrations above the previously nominated concentration threshold 

associated with pregnancy (>19 ng/g, wet weight) (Pallin et al., 2018b) lead to the 

hypothesis that blubber concentrations of this hormone may decrease in the HW during 

the final month of gestation.  

A second hypothesis was advanced on the possible biomarker role during near-

term pregnancy of relatively high androstenedione and testosterone levels (> 7.8 ng/g, 

wet weight, and > 2.4 ng/g, wet weight, respectively). These were detected exclusively in 

samples from HWs approaching the breeding grounds. As in the case of the low 

progesterone concentrations, the hypothesis that relatively high androstenedione and 

testosterone concentrations could be indicative of near-term pregnancy in the HW was 

supported by longitudinal studies on related marine mammal species. High androgen 

concentrations had been previously measured in various matrices (i.e. faeces, serum, 

blow) among cetacean individuals confirmed as pregnant (Burgess et al., 2018; Corkeron 

et al., 2017; Robeck et al., 2017).  

Finally, a group of samples with concentrations of progesterone higher (> 4 ng/g, 

wet weight) than the rest of the samples, but generally below the threshold for pregnancy 

as recently assigned by Pallin et al. (2018b), were identified exclusively among 

individuals departing from the breeding grounds. Given that the earliest stages of 

pregnancy (1 to 2 months) were not considered during the formulation of Pallin’s 

threshold, we postulate that the initial stages of pregnancy could be characterised by lower 

progesterone concentrations than previously expected. 

Based on these considerations, the blubber concentrations of progesterone and 

androstenedione were chosen to propose a classification of the female HW sample 
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reproductive status (i.e. near-term, early pregnant, non-pregnant). Notably, a group of 

female HWs, including individuals approaching and departing from the breeding grounds, 

was isolated from our sample as featuring intermediate concentrations of 

androstenedione. A definitive assignment of their reproductive status was not formulated 

for individuals of this group, which were instead incorporated among the non-pregnant 

females (Chapter 5). 

The impossibility of confirming the reproductive status of the categorized 

individuals and the consequently high reliance of our considerations on inter-species 

comparisons constituted a major limitation of this study. Given that there can be 

significant variability among endocrine mechanism of signalling in different species, and 

that the steroid hormone concentration thresholds used for reproductive status 

categorisation are typically arbitrarily set, both the biological meaning and blubber 

concentration thresholds of progesterone and androstenedione in relation to HW 

pregnancy require confirmation or possible revision. Future research efforts in this 

direction should consider applying this method to HW individuals of verified 

reproductive status (by e.g. longitudinal sampling or subsequent re-sighting of photo-

identified or tagged individuals).  

6.1.3 Changes and distribution patterns of multiple steroid hormones 

in blubber free-swimming male SHHWs during the mating season  

Prior to this work, the only steroid hormone information available for live male HW 

was limited to measurements of the annual variations and inter-population distribution of 

blubber testosterone in the NHHWs (Cates et al., 2019; Vu et al., 2015). Given that 

testosterone has a key role in controlling spermatogenesis, concentrations of the single 

steroid hormone testosterone have been used to characterize attainment of sexual maturity 

and seasonal onset of fertility in male cetaceans (Kellar et al., 2009; Robeck and Monfort, 

2006). However, when combined with life history information, based on subsequent 

annual re-sighting (e.g. known or estimated age), testosterone concentrations in HW 

blubber show a wide variability not easily explained by age and/or by the expected peak 

in fertility (Cates et al., 2019).  

In Chapter 4, the validated LC-MS/MS method was applied to 81 male SHHWs, 

live-biopsied during two sampling periods within the mating season (between June and 

July and between September and October). Eight steroid hormones, including 
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reproductive hormones and corticosteroids, were simultaneously quantified and their 

concentration examined. Median concentrations of most steroid hormone declined 

significantly between the early and late breeding seasons. Similarly, correlations between 

steroid hormone concentrations also appeared to change between the two sampling 

periods, suggesting a relatively rapid change in signalling through the season. The 

possible reasons for the apparent lack of temporal concordance between blubber 

testosterone concentration and the expected peak in mating as well as the ambivalent 

correlation with cortisol concentrations between the early and late breeding season were 

discussed.  

6.1.4 Investigation of, the relationship between pregnancy and body 

conditions in female HWs at the breeding grounds 

Body condition is known to be highly influential to reproductive success in 

females of baleen whale species. Yet, the relationship between conception chances and 

ability to bring a pregnancy to term has never been examined in the HW. In order to 

undertake a preliminary investigation of this aspect of the HW reproduction, female 

SHHW body condition and reproductive status data were paired in this thesis (Chapter 

5). Reproductive status was assigned through the use of multiple steroid hormones as 

delineated in Chapter 3. 

HW body conditions, evaluated by inverse adipocyte index (AI-1) (Castrillon et 

al., 2017; Druskat et al., In Press, 2019) were significantly higher in near-term pregnant 

females comparatively to those individuals classified as non-pregnant classified 

individuals sampled during the same season. By contrast, among females sampled 

swimming towards the feeding grounds there was no difference in AI-1 distribution 

between individuals identified as early pregnant and non-pregnant. Lipid percentages of 

the samples was also considered as an index of nutritional condition, although no 

significant differences in its distribution were observed among non-pregnant and pregnant 

females at any phase of the gestation. These initial results may suggest that conception 

rates in female HWs are not closely related to nutritional condition during the migration, 

and that instead the ensuing season’s feeding might be more relevant for the maintenance 

of pregnancy. These data are relevant for HW monitoring and should constitute a valuable 

resource for a larger study where reproductive status classification is verified.  
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The use of steroid hormone analysis for the determination of pregnancy in wild 

cetaceans often finds application in the estimation of pregnancy rates (Kellar et al., 2014). 

Pregnancy rates are used to evaluate the population size trends, as well as an index of 

population health (Wasser et al., 2017). The implication that fertility and population 

health are correlated is based on the notion that reproduction is interrupted in hostile 

environments or during times of scarcity of resources (Wasser and Barash, 1983). 

However, whether reproduction is interrupted by stopping ovulation and conception or 

later during pregnancy can change the value and meaning of pregnancy rates. 

The recent measurement of remarkably high pregnancy rates among recovering 

HW populations has raised speculation that a number of conceptions might be interrupted 

later in the pregnancy (Pallin et al., 2018a; Riekkola et al., 2018). These considerations, 

together with the preliminary results of this study prompt the urgency of understanding if 

a reproductive suppression mechanism occurs among pregnant females where energy 

acquisition in the feeding season following conception is reduced. In the meantime, 

measuring pregnancy rates among females at the latest stages of pregnancy may represent 

a more conservative measure to estimate population health and growth. 

6.2 Outlook 

This PhD employed a new methodology to measure steroid hormones in the 

SHHWs and validated its utility by providing important new data on this species’ 

endocrinology and reproductive biology. Although some of these results will require 

further validation and revision in future, the work outlined in this thesis contributes a new 

approach for understanding stress- and reproduction-induced steroid signalling. This 

thesis also demonstrated that a larger number of biomarkers could enable a strengthening 

of our understanding and characterisation of endocrine status in wild cetaceans. Overall, 

this work makes a valuable contribution to facilitating non-lethal monitoring of free-

ranging HWs’ reproductive status, health and, in turn, their population size dynamics. 
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Table A1.S1: Internal Standard and quantitative fragmentation patterns. 

Target compound Associated internal standard 
compound 

Precursor 
ion Fragment ion 

Androstenedione Androstene-3,17-dione-2,3,4-13C3 287.2 97.2 
Testosterone Testosterone-2,3,4-13C3 289.1 97.2 
Androstene-3,17-dione-2,3,4-
13C3 290.6 100.2 

Testosterone-2,3,4-13C3 292.6 112.2 

Progesterone Progesterone-13C3 315.1 97.2 

Progesterone-13C3 318.4 112.2 

17α-Hydroxyprogesterone 17α-Hydroxyprogesterone-2,3,4-13C3 331.2 97.2 

11-Deoxycorticosterone 17α-Hydroxyprogesterone-2,3,4-13C3 331.7 109.3 
17α-Hydroxyprogesterone-
2,3,4-13C3 334.6 100.1 

Corticosterone 17α-Hydroxyprogesterone-2,3,4-13C3 347.2 121.1 

11-Deoxycortisol 17α-Hydroxyprogesterone-2,3,4-13C3 347.3 97.1 

Cortisone Cortisol-d4 361.4 163.3 

Cortisol Cortisol-d4  363.1 121.1 

Cortisol-d4 367.4 121.3 

Dansylchloride-Oestrone Dansylchloride-Oestradiol-2,3,4-13C3 504.3 171.2 

Dansylchloride-Oestradiol Dansylchloride-Oestradiol-2,3,4-13C3 506.4 171.5 
Dansylchloride-Oestradiol-
2,3,4-13C3 509.3 171.3 
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Table A1.S2: Chromatographic parameters. 

Target compound Column Program 

17α -OH-Progesterone 
Progesterone 
Testosterone 
Androstenedione 
Testosterone-2,3,4-13C3 
4-Androstene-3,17-dione-- 2,3,4-13C3

Progesterone-2,3,4-13C3 
17α-Hydroxyprogesterone-2,3,4-13C3 

Restek Ultra 
Biphenyl 
(5μm, 250x 4.6mm) 

MeOH/AcN (both containing 0.1% formic acid): 
• 0-30 min, MeOH 80 to 55 %
• 30-31 min, MeOH 55 to 20 %
• 31-35 min, MeOH 20 %
• 35-35.1 min, MeOH to 80 %
• 35.1-45 min, MeOH 80 %

Oestrone 
Oestradiol 
17β-Oestradiol-2,3,4-13C3 

Restek Ultra 
Biphenyl 
(5μm, 250x 4.6mm) 

MeOH/AcN (both containing 0.1% formic acid): 
• 0-20 min, MeOH 20 %
• 20-21 min, MeOH 20 to 100 %
• 21-26 min, MeOH 100%
• 26-26.1 min, MeOH 100 to 20 %
• 26.1-36 min, MeOH 20 %

Cortisone 
Cortisol 
Corticosterone 
11-Deoxycortisol
11-Deoxycorticosterone
17α-Hydroxyprogesterone-2,3,4-13C3 
Cortisol-9,11,12,12-d4 

Agilent Eclipse 
Plus C18 
 (5 μm X 150 mm 
X 21 mm) 

MeOH/H2O (both containing 0.1 % acetic acid): 
• 20 min, MeOH 46 %
• 20-21 min, MeOH 46 to 100 %
• 21-34 min, MeOH 100 %
• 34-34.1 min, MeOH 100 to 46%
• 34.1-44 min, MeOH 46 %
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Table A1.S3: Spike experiment calibration curves. 

Analyte Associated Standard Determination Range 

Coefficient (R2) (ng/g) 

Oestradiol 17β-Oestradiol-2,3,4-13C3 1.00 0.0443 - 8.87 

Oestrone 17β-Oestradiol-2,3,4-13C3 1.00 0.0136 - 14.6 

Testosterone Testosterone-2,3,4-13C3 1.00 0.0627 - 67.3 
17α-
Hydroxyprogesterone 17α -Hydroxyprogesterone-2,3,4-13C3 0.994 0.565 - 147 

Androstenedione 4-Androstene-3,17-dione-2,3,4-13C3 1.00 0.0133 - 132 

Progesterone Progesterone-2,3,4-13C3 1.00 0.112 - 30.3 

Non-spiked samples 

Cortisone Cortisol-9,11,12,12- d4 0.996 0.0435 - 21.7 

Cortisol Cortisol-9,11,12,12- d4 0.998 0.0470 - 2070 

Corticosterone 17α -Hydroxyprogesterone-2,3,4-13C3 0.973 0.399 - 20.9 

11-Deoxycortisol 17α -Hydroxyprogesterone-2,3,4-13C3 0.995 0.384 - 285 
11-
Deoxycorticosterone 17α -Hydroxyprogesterone-2,3,4-13C3 0.998 0.513 - 285 

Spiked samples 

Cortisone Cortisol-9,11,12,12- d4 0.996 0.0435 - 107 

Cortisol Cortisol-9,11,12,12-d4 0.999 0.0470 - 116 

Corticosterone 17α -Hydroxyprogesterone-2,3,413C3 1.00 0.399 - 104 

11-Deoxycortisol 17α -Hydroxyprogesterone-2,3,4-13C3 0.974 0.384 - 285 

11-Deoxicorticosterone 17α -Hydroxyprogesterone-2,3,4-13C3 0.998 0.513 - 133 
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Table A1.S4: Batch 1, 2016 calibration curves. 

Analyte Associated Standard Determination Range 

Coefficient (R2) (ng/g) 

Oestradiol 17β-Oestradiol-2,3,4-13C3 1.00 0.339 - 33.2 

Oestrone 17β-Oestradiol-2,3,4-13C3 0.989 0.0577 - 2.68 

Cortisone Cortisol-9,11,12,12- d4 1.00 0.830 - 21.9 

Cortisol Cortisol-9,11,12,12- d4 1.00 0.874 - 23.7 

Corticosterone 17α -Hydroxyprogesterone-2,3,4-13C3 0.999 0.0830 - 21.2 

11-Deoxycortisol 17α -Hydroxyprogesterone-2,3,4-13C3 1.00 1.03 - 27.3 

11-Deoxycorticosterone 17α -Hydroxyprogesterone-2,3,4-13C3 0.997 0.772 - 20.4 

17α-Hydroxyprogesterone 17α -Hydroxyprogesterone-2,3,4-13C3 1.00 0.115 - 111 

Testosterone Testosterone-2,3,4-13C3 1.00 0.124 - 252 

Androstenedione 4-Androstene-3,17-dione-2,3,4-13C3 0.980 0.0967 - 9.47 
Progesterone (RL to 11.9 
ng/g) Progesterone-2,3,4-13C3 0.998 0.117 - 2.23 
Progesterone (> 11.9 ng/g) Progesterone-2,3,4-13C3 0.996  2.23 - 113 
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Table A1.S5: Batch 1, 2017 calibration curves. 
Analyte Associated Standard Determination Range 

Coefficient (R2) (ng/g) 

Testosterone Testosterone-2,3,4- 13C3 0.999 0.135 - 67.3 

Androstenedione 4-Androstene-3,17-dione-2,3,4-13C3 1.00 0.0482 - 132 

Progesterone Progesterone-2,3,4-13C3 1.00 0.0282 - 1110 

17α-Hydroxyprogesterone 17α -Hydroxyprogesterone-2,3,4-13C3 0.996 0.0595 - 6.69 

Oestradiol 17β-Oestradiol-2,3,4-13C3 0.999 0.169 - 8.87 

Oestrone 17β-Oestradiol-2,3,4-13C3 1.00 0.0292 - 14.6 

Corticosterone 17α -Hydroxyprogesterone-2,3,4-13C3 0.999 0.0420 - 1080 

11-Deoxycortisol 17α -Hydroxyprogesterone-2,3,4-113C3 0.995 0.0422 - 20.2 

11-Deoxycorticosterone 17α -Hydroxyprogesterone-2,3,4-13C3 1.00 0.0286 - 285 

Cortisone Cortisol-9,11,12,12- d4 0.996 0.0435 - 21.7 

Cortisol (RL to 50 ng/g) Cortisol-9,11,12,12- d4 1.00 0.0470 - 2070 
Cortisol (> 50 ng/g) Cortisol-9,11,12,12- d4 1.00 0.446 - 2070 
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Table A2.S1: Calibration standard regressions. 

Analyte Associated Standard Determination 
Coefficient 

Calibration range 

(R2) (ng/g) 

Batch 1 

Testosterone Testosterone-2,3,4- 13C3 1 0.15 to 60 
17-Hydroxy-
progesterone 17 α -Hydroxyprogesterone-2,3,4-13C3 0.995 0.13 to 140 

Androstenedione 4-Androstene-3,17-dione-2,3,4-13C3 0.999 0.011 to 12 

Progesterone Progesterone-2,3,4-13C3 1 0.030 to 600 

Cortisone Cortisol-9,11,12,12- d4 0.997 0.22 to 44 

Cortisol Cortisol-9,11,12,12- d4 0.998 0.10 to 47 

Corticosterone 17 α -Hydroxyprogesterone-2,3,4-13C3 0.994 0.50 to 42 

11-Deoxycortisol 17 α -Hydroxyprogesterone-2,3,4-113C3 1 0.48 to 54 
11-Deoxy-
corticosterone 17 α -Hydroxyprogesterone-2,3,4-13C3 0.999 0.64 to 41 

Oestradiol 17β-Oestradiol-2,3,4-13C3 0.999 0.20 to 10 

Oestrone 17β-Oestradiol-2,3,4-13C3 1 0.11 to 17 

Batch 2 

Testosterone Testosterone-2,3,4- 13C3 0.999 0.25 to 150 
17-Hydroxy-
progesterone 17 α -Hydroxyprogesterone-2,3,4-13C3 1 0.063 to 67 

Androstenedione 4-Androstene-3,17-dione-2,3,4-13C3 1 0.022 to 130 

Progesterone Progesterone-2,3,4-13C3 1 0.028 to 1100 

Cortisone Cortisol-9,11,12,12- d4 1 0.19 to 490 

Cortisol Cortisol-9,11,12,12- d4 0.999 0.21 to 2100 

Corticosterone 17 α -Hydroxyprogesterone-2,3,4-13C3 0.999 0.18 to 21 

11-Deoxycortisol 17 α -Hydroxyprogesterone-2,3,4-113C3 1 0.53 to 20 
11-Deoxy-
corticosterone 17 α -Hydroxyprogesterone-2,3,4-13C3 0.994 0.23 to 27 

Oestradiol 17β-Oestradiol-2,3,4-13C3 0.992 0.17 to 10 

Oestrone 17β-Oestradiol-2,3,4-13C3 0.999 0.03 to 72 

Batch 3 

Testosterone Testosterone-2,3,4- 13C3 1.00 0.14 to 39 
17-Hydroxy-
progesterone 

17 α -Hydroxyprogesterone-2,3,4-13C3 0.996 0.11 to 31 

Androstenedione 4-Androstene-3,17-dione-2,3,4-13C3 1.00 0.028 to 100 

Progesterone Progesterone-2,3,4-13C3 1.00 0.07 to 31 

Cortisone Cortisol-9,11,12,12- d4 0.999 0.10 to 53 

Cortisol Cortisol-9,11,12,12- d4 1.00 0.18 to 97 
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Corticosterone 17 α -Hydroxyprogesterone-2,3,4-13C3 0.999 0.26 to 62 

11-Deoxycortisol 17 α -Hydroxyprogesterone-2,3,4-113C3 1.00 0.53 to 46 
11-Deoxy-
corticosterone 17 α -Hydroxyprogesterone-2,3,4-13C3 1.00 0.47 to 200 

Oestradiol 17β-Oestradiol-2,3,4-13C3 0.999 0.29 to 69 

Oestrone 17β-Oestradiol-2,3,4-13C3 0.996 0.17 to 80 
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Table A2.S2: Limits of detections (LODs) and reporting limits (RL). 

Steroid compound LOD (ng/g) RL (ng/g) 

Testosterone 0.034 0.15 

17-Hydroxyprogesterone 0.14 0.26 

Androstenedione 0.013 0.028 

Progesterone 0.027 0.065 

Cortisone 0.064 0.23 

Cortisol 0.19 0.24 

Corticosterone 0.015 0.5 

11-Deoxycortisol 0.074 0.53 

11-Deoxycorticosterone 0.13 0.64 

Oestradiol 0.56 0.56 

Oestrone 0.11 0.17 
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Table A3.S1: Calibration standard regressions. 

Batch 1 Isotopically labelled standard R2 Concentration Range 

(ng/g) 

Testosterone Testosterone-2,3,4- 13C3 1 0.145 - 59.6 

17α-
Hydroxyprogesterone 

17α-Hydroxyprogesterone-2,3,4-
13C3 

0.995 0.129 - 135 

Androstenedione 4-Androstene-3,17-dione-2,3,4-
13C3 

0.999 0.011 - 11.9 

Progesterone Progesterone-2,3,4-13C3 1 0.0295 - 599 

Cortisone Cortisol-9,11,12,12- d4 0.997 0.223 - 43.6 

Cortisol Cortisol-9,11,12,12- d4 0.998 0.102 - 47.1 

Corticosterone 17α-Hydroxyprogesterone-2,3,4-
13C3 

0.994 0.498 - 42.1 

11-Deoxycortisol 17α-Hydroxyprogesterone-2,3,4-
113C3 

1 0.48 - 54.2 

11-
Deoxycorticosterone 

17α-Hydroxyprogesterone-2,3,4-
13C3 

0.999 0.641 - 40.6 

Oestradiol 17β-Oestradiol-2,3,4-13C3 0.999 0.202 - 10.3 

Oestrone 17β-Oestradiol-2,3,4-13C3 1 0.114 - 16.9 

Batch 2 

Testosterone Testosterone-2,3,4- 13C3 0.999 0.255 - 147 

17α-
Hydroxyprogesterone 

17α-Hydroxyprogesterone-2,3,4-
13C3 

1 0.0627 - 67.3 

Androstenedione 4-Androstene-3,17-dione-2,3,4-
13C3 

1 0.022 - 132 

Progesterone Progesterone-2,3,4-13C3 1 0.0282 - 1110 

Cortisone Cortisol-9,11,12,12- d4 1 0.189 - 486 

Cortisol Cortisol-9,11,12,12- d4 0.999 0.208 - 2070 

Corticosterone 17α-Hydroxyprogesterone-2,3,4-
13C3 

0.999 0.182 - 20.9 

11-Deoxycortisol 17α-Hydroxyprogesterone-2,3,4-
113C3 

1 0.526 - 20.2 

11-
Deoxycorticosterone 

17α-Hydroxyprogesterone-2,3,4-
13C3 

0.994 0.234 - 26.9 

Oestradiol 17β-Oestradiol-2,3,4-13C3 0.992 0.169 - 10.3 

Oestrone 17β-Oestradiol-2,3,4-13C3 0.999 0.025 - 72.1 

Batch 3 

Testosterone Testosterone-2,3,4- 13C3 1 0.137 - 39.5 

17α-
Hydroxyprogesterone 

17α-Hydroxyprogesterone-2,3,4-
13C3 

0.996 0.11 - 31.5 

Androstenedione 4-Androstene-3,17-dione-2,3,4-
13C3 

1 0.0277 - 100 

Progesterone Progesterone-2,3,4-13C3 1 0.0651 - 31.3 

Cortisone Cortisol-9,11,12,12- d4 0.999 0.1 - 53.4 

Cortisol Cortisol-9,11,12,12- d4 1 0.181 - 97.2 

Corticosterone 17α-Hydroxyprogesterone-2,3,4-
13C3 

0.999 0.261 - 61.5 

11-Deoxycortisol 17α-Hydroxyprogesterone-2,3,4-
113C3 

1 0.526 - 46.2 

11-
Deoxycorticosterone 

17α-Hydroxyprogesterone-2,3,4-
13C3 

1 0.467 - 198 
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Oestradiol 17β-Oestradiol-2,3,4-13C3 0.999 0.289 - 68.7 

Oestrone 17β-Oestradiol-2,3,4-13C3 0.996 0.167 - 80.5 
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Table A3.S2: Steroid hormone profiles (ng/g ww) and sample information. 

ID Seas
on 

Additio
nal 

informat
ion 

Date 17α-
Hydroxy

-
progester

one 

Testoster
one 

Androstene
dione 

Progester
one 

Corti
sol 

11-
Deoxy-

corticoste
rone 

Oestr
one 

Oestra
diol 

(Juli
an 

day) 
N16.05 NM 178 0.38 2.9 14 0.11 0.73 < 0.64 0.67 < 0.56 

N16.08 NM 182 0.67 0.42 1.3 0.53 1.1 0.69 < 0.17 < 0.56 

N16.09 NM 182 0.62 2.8 16 0.39 0.99 < 0.64 0.35 < 0.56 

N16.10 NM 182 0.44 1.9 11 0.44 1.2 < 0.64 0.36 < 0.56 

N16.13 NM 182 0.88 7.8 21 0.31 0.64 < 0.64 0.59 < 0.56 

N16.14 NM 183 1.2 11 22 0.5 1.5 0.86 0.76 < 0.56 

N16.16 NM 183 < 0.26 0.19 1.8 0.24 0.27 < 0.64 < 0.17 < 0.56 

N16.25 NM 184 2 7.9 12 0.67 1.4 1.5 0.86 < 0.56 

N16.27 NM 185 0.42 2 8.8 0.24 0.98 < 0.64 0.2 < 0.56 

N16.29 NM 185 < 0.26 0.3 0.6 0.22 0.84 < 0.64 < 0.17 < 0.56 

N16.30 NM 185 1.8 8.7 43 0.75 1.2 2.2 0.7 < 0.56 

N16.31 NM 185 1.1 5.1 17 0.53 0.76 1.1 0.7 < 0.56 

N16.34 NM 186 0.6 4.5 35 0.3 1.3 < 0.64 1.1 < 0.56 

N16.35 NM 186 < 0.26 0.16 0.5 0.25 1.1 < 0.64 0.18 < 0.56 

N16.36 NM 186 1.2 8.8 16 0.58 1.1 1.6 0.44 < 0.56 

N16.39 NM 186 1.6 10.38 19 0.49 1.1 1.9 0.49 < 0.56 

N16.40 NM 186 0.3 0.61 10 0.56 0.89 < 0.64 0.72 < 0.56 

N16.49 NM 190 0.5 6.2 8.2 0.17 1.4 < 0.64 < 0.17 < 0.56 

N16.50 NM 190 < 0.26 2.1 5.9 0.14 0.49 < 0.64 < 0.17 < 0.56 

N16.54 NM 190 0.62 0.56 9 0.23 0.76 < 0.64 < 0.17 < 0.56 

N16.55 NM 190 1.1 1.8 19 0.66 1.6 1 0.38 < 0.56 

N16.56 NM 193 1.1 7.9 26 0.49 1.2 0.99 0.52 < 0.56 

N16.59 NM 193 0.91 9.3 13 0.46 1.8 0.9 0.49 < 0.56 

N16.60 NM 193 0.65 5 14 0.29 1.9 0.68 0.4 < 0.56 

N16.62 NM 193 < 0.26 0.33 2.9 0.29 0.28 < 0.64 < 0.17 < 0.56 

N17.26 NM 195 0.66 0.6 3.7 0.29 < 
0.24 

< 0.64 0.98 1.24 

N17.27 NM 195 1.8 4.3 70 0.97 0.5 1.1 0.36 1.64 

N17.30 NM 195 1.5 3.3 72 0.37 1.1 1.2 1 2.1 

N17.32 NM 198 1.1 3.6 33 NA < 
0.24 

1.6 0.37 0.47 

S15.02 SM 265 1.2 0.34 0.08 0.22 0.89 < 0.64 0.32 < 0.56 

S15.03 SM 265 < 0.26 0.92 1.5 0.26 0.59 < 0.64 < 0.17 < 0.56 

S15.05 SM 270 < 0.26 1.5 4.2 0.35 0.24 < 0.64 0.18 < 0.56 

S15.06 SM 270 < 0.26 1.97 5.5 0.16 < 
0.24 

< 0.64 0.37 < 0.56 

S15.09 SM 272 < 0.26 0.37 0.08 0.18 0.26 < 0.64 0.35 < 0.56 

S15.10 SM 272 0.31 0.4 1.5 0.24 < 
0.24 

< 0.64 NA < 0.56 

S15.13 SM 274 0.42 2 6.6 0.36 < 
0.24 

< 0.64 0.29 < 0.56 
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S15.14 SM 274 < 0.26 3.5 5.4 0.27 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.15 SM 274 < 0.26 1.7 3 0.16 0.33 < 0.64 < 0.17 < 0.56 

S15.16 SM 274 < 0.26 0.18 0.07 0.07 0.41 < 0.64 < 0.17 < 0.56 

S15.17 SM 274 0.28 0.87 1.8 0.36 0.29 < 0.64 1.4 < 0.56 

S15.18 SM 274 < 0.26 1.6 3.3 0.22 0.48 < 0.64 < 0.17 < 0.56 

S15.20 SM 274 < 0.26 1.1 2 0.16 0.3 < 0.64 < 0.17 < 0.56 

S15.25 SM 275 < 0.26 1.6 7.7 0.14 0.38 < 0.64 < 0.17 < 0.56 

S15.26 SM 275 < 0.26 1.4 6.7 0.18 0.45 < 0.64 < 0.17 < 0.56 

S15.28 SM 277 < 0.26 4.4 3.3 0.36 < 
0.24 

< 0.64 < 0.17 < 0.56 

s15.29 SM 277 0.54 1.9 2.4 0.29 < 
0.24 

< 0.64 0.42 < 0.56 

S15.33 SM 277 < 0.26 1.5 5.9 0.08 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.34 SM 277 < 0.26 1.5 3 0.26 0.9 < 0.64 < 0.17 0.32 

S15.38 SM 278 < 0.26 0.56 4.9 0.11 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.40 SM 278 < 0.26 1 3.8 0.18 0.43 < 0.64 0.2 0.35 

S15.41 SM 278 < 0.26 0.89 1.7 0.23 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.42 SM 278 < 0.26 0.88 2.3 0.26 0.27 < 0.64 < 0.17 < 0.56 

S15.43 SM 278 < 0.26 0.7 1.2 0.13 0.33 < 0.64 < 0.17 < 0.56 

S15.44 SM 278 < 0.26 0.98 3.2 0.1 0.29 < 0.64 < 0.17 < 0.56 

S15.45 SM 279 < 0.26 0.45 0.63 < 0.065 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.46 SM 279 < 0.26 0.9 6.3 0.12 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.47 SM 279 < 0.26 1.1 3.6 0.17 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.48 SM 279 < 0.26 0.66 3.5 0.15 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.52 SM 279 0.3 0.82 1.7 0.32 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.56 SM 280 < 0.26 0.18 1.1 0.13 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.58 SM 280 < 0.26 1.5 2.5 0.24 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.60 SM 280 < 0.26 0.85 3 0.23 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.61 SM 280 < 0.26 0.44 1 0.21 0.41 < 0.64 < 0.17 < 0.56 

S15.63 SM 280 < 0.26 1.3 3.7 0.17 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.65 SM 280 < 0.26 1 2.8 0.24 < 
0.24 

< 0.64 < 0.17 < 0.56 

S15.66 SM 280 < 0.26 0.52 0.75 0.17 0.27 < 0.64 < 0.17 < 0.56 

S16.01 SM 272 NA 1.6 9.9 0.45 < 
0.24 

< 0.64 < 0.17 < 0.56 

S16.03 SM 272 NA < 0.15 0.96 0.1 0.84 < 0.64 < 0.17 < 0.56 

S16.04 SM 272 NA 0.37 2.7 0.31 1.5 < 0.64 < 0.17 < 0.56 

S16.05 SM 272 NA 0.54 6.7 0.23 0.37 < 0.64 < 0.17 < 0.56 

S16.07 SM 272 NA 1.6 3.1 0.23 0.69 < 0.64 < 0.17 < 0.56 

S16.10 SM 272 NA 0.95 3.5 0.19 1 < 0.64 < 0.17 < 0.56 

S16.13 SM 299 NA 3.7 6.9 0.33 0.77 < 0.64 < 0.17 < 0.56 

S16.14 SM 299 NA 0.89 4.5 0.19 0.47 < 0.64 < 0.17 < 0.56 

S16.16 SM 299 NA 0.26 1.6 0.13 0.66 < 0.64 < 0.17 < 0.56 

S17.02 SM 272 1.8 2.1 11 0.66 0.63 < 0.64 < 0.17 1.5 
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S17.04 SM 
 

272 0.38 0.21 3.4 0.09 1.1 < 0.64 0.2 0.84 

S17.06 SM 
 

278 0.71 0.19 9.9 0.25 0.61 < 0.64 < 0.17 1.9 

S17.07 SM Calf of 
the year 

278 1.5 < 0.15 0.06 0.32 1 2 < 0.17 NA 

S17.10 SM Calf of 
the year 

278 0.32 < 0.15 0.48 0.29 0.82 0.71 0.2 3.3 

S17.15 SM 
 

281 0.66 0.72 11 0.31 0.72 < 0.64 0.18 1.7 

 

Samples are classified according to sampling season as Northward Migration, “NM” 

(sampled from the 26th June to the 17th July), or as “Southward Migration”,”SM” 

(sampled from the 22nd September to the 25th October). Values indicated as “NA” were 

not acquired due to accidental issues occurred during the analysis. 
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Table A4.S1: Steroid hormone data for pregnancy attribution. 

Sample Androstenedione Progesterone Pregnancy status 

S15.31 0.0 6.2 Early pregnant 

S15.35a 0.0 21.9 Early pregnant 

S15.54 0.0 8.8 Early pregnant 

S16.12 0.0 4.0 Early pregnant 

S16.15 0.0 11.7 Early pregnant 

S17.03 0.1 17.5 Early pregnant 

S17.11 0.0 12.9 Early pregnant 

S17.12 0.0 10.1 Early pregnant 

N16.19 7.8 0.1 
Near-term 
pregnant 

N16.23 8.6 0.3 
Near-term 
pregnant 

N16.37 24.0 0.2 
Near-term 
pregnant 

N16.53 16.5 0.6 
Near-term 
pregnant 

N16.58 31.8 1.0 
Near-term 
pregnant 

N16.61 10.6 1.3 
Near-term 
pregnant 

N17.31 40.2 0.3 
Near-term 
pregnant 

S15.04 24.3 0.5 
Near-term 
pregnant 

N16.01 1.0 0.4 Non pregnant 

N16.04 0.9 0.1 Non pregnant 

N16.07 0.0 0.1 Non pregnant 

N16.15 1.8 0.2 Non pregnant 

N16.17 0.0 0.1 Non pregnant 

N16.21 0.0 0.1 Non pregnant 
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N16.22 1.7 0.4 Non pregnant 

N16.28 0.0 0.1 Non pregnant 

N16.32 0.0 0.1 Non pregnant 

N16.33 0.0 0.1 Non pregnant 

N16.48 0.0 0.0 Non pregnant 

N16.52 0.0 0.1 Non pregnant 

N17.20 0.0 0.0 Non pregnant 

N17.25 0.1 0.1 Non pregnant 

N17.29 0.1 0.1 Non pregnant 

S15.08 5.6 0.5 Non pregnant 

S15.11 3.7 0.2 Non pregnant 

S15.12 3.2 0.2 Non pregnant 

S15.19 0.0 2.6 Non pregnant 

S15.22 2.9 0.1 Non pregnant 

S15.24 0.1 0.2 Non pregnant 

S15.27 0.1 0.1 Non pregnant 

S15.30 3.2 0.1 Non pregnant 

S15.32 0.0 2.0 Non pregnant 

S15.35b 0.0 0.1 Non pregnant 

S15.37 0.0 0.1 Non pregnant 

S15.50 0.0 1.5 Non pregnant 

S15.51 2.7 0.2 Non pregnant 

S15.55 0.0 0.0 Non pregnant 

S15.59 1.0 0.1 Non pregnant 

S15.62 0.0 0.2 Non pregnant 

S15.64 6.4 0.2 Non pregnant 

S15.67 0.1 0.1 Non pregnant 

S16.02 0.0 0.7 Non pregnant 

S16.06 0.0 0.1 Non pregnant 
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S17.08 0.0 0.2 Non pregnant 
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Table A4.S2: Lipid percentage and Inverse Adipocyte index AI-1 results by sample: 

Sample Migration Pregnancy status AI-1 Lipid 
percentage 

Sighting 
information 

N16.01 northward  migration Non pregnant   56.49 
 

N16.04 northward  migration Non pregnant 1.79 46.59 
 

N16.07 northward  migration Non pregnant   35.23 
 

N16.15 northward  migration Non pregnant 2.73 68.95 
 

N16.17 northward  migration Non pregnant 2.86 77.18 
 

N16.19 northward  migration Near-term pregnant 3.37 77.47 Recent mother 
N16.21 northward  migration Non pregnant 2.76 65.32 

 

N16.22 northward  migration Non pregnant   47.93 
 

N16.23 northward  migration Near-term pregnant   61.93 
 

N16.28 northward  migration Non pregnant   53.79 
 

N16.32 northward  migration Non pregnant 4.01 75.30 
 

N16.33 northward  migration Non pregnant 3.07 73.71 
 

N16.37 northward  migration Near-term pregnant 4.58 72.72 
 

N16.48 northward  migration Non pregnant 1.87 46.65 
 

N16.52 northward  migration Non pregnant 2.47 NA 
 

N16.53 northward  migration Near-term pregnant 5.04 75.80 
 

N16.58 northward  migration Near-term pregnant 3.76 65.99 
 

N16.61 northward  migration Near-term pregnant 3.78 47.65 
 

N17.20 northward  migration Non pregnant 1.10 26.21 
 

N17.25 northward  migration Non pregnant 5.67 50.55 
 

N17.29 northward  migration Non pregnant 3.27 57.92 
 

N17.31 northward  migration Near-term pregnant 3.60 53.24 
 

S15.04 northward  migration Near-term pregnant 4.56 37.19 
 

S15.08 southward  migration Non pregnant 2.55 32.22 
 

S15.11 southward  migration Non pregnant   20.71 
 

S15.12 southward  migration Non pregnant 3.67 29.10 
 

S15.19 southward  migration Non pregnant 2.11 37.55 
 

S15.22 southward  migration Non pregnant 2.85 37.31 
 

S15.24 southward  migration Non pregnant 5.47 71.86 Recent mother 
S15.27 southward  migration Non pregnant 2.69 65.26 

 

S15.30 southward  migration Non pregnant   25.40 
 

S15.31 southward  migration Early pregnant 3.28 51.42 
 

S15.32 southward  migration Non pregnant 2.01 43.41 
 

S15.35a southward  migration Early pregnant 2.94 29.57 Recent mother 
S15.35b southward  migration Non pregnant 1.71 54.25 Recent mother 
S15.37 southward  migration Non pregnant 2.95 21.00 Recent mother 
S15.50 southward  migration Non pregnant 2.84 53.62 Recent mother 
S15.51 southward  migration Non pregnant   35.14 
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S15.54 southward  migration Early pregnant 6.10 48.70 
 

S15.55 southward  migration Non pregnant 0.36   
 

S15.59 southward  migration Non pregnant 2.62 49.95 Recent mother 
S15.62 southward  migration Non pregnant 3.11 49.16 

 

S15.67 southward  migration Non pregnant   2.82 Recent mother 
S16.02 southward  migration Non pregnant 3.01 53.65 

 

S16.06 southward  migration Non pregnant 2.41 45.71 
 

S16.12 southward  migration Early pregnant   36.87 
 

S16.15 southward  migration Early pregnant 2.02 48.73 
 

S17.03 southward  migration Early pregnant 2.26 54.38 
 

S17.08 southward  migration Non pregnant   49.68 
 

S17.11 southward  migration Early pregnant 3.40 34.81 
 

S17.12 southward  migration Early pregnant 2.59 52.75 
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