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Abstract

Alaskan marine ecosystems are undergoing unprecedented change and species are facing

increasingly variable and potentially inhospitable habitats. As top predators, marine mammals serve an
important role as sentinels of ecosystem health. With their high site fidelity, abundant numbers, coastal
presence and role as a top predator, humpback whales (Megaptera novaeangliae) provide a meaningful

view into current ecosystem conditions and processes. In order to tap into their usefulness as bioindicators
the basic physiology of humpback whales needs to be understood. Physiological indices can provide

valuable information about fecundity, survival, health and population age structuring which is

fundamental to cetacean research and population management. However, such information is often
difficult to obtain from wild cetaceans as they surface infrequently and often live in remote or logistically

challenging locations. As such, few methods currently exist for the assessment of physiological

parameters of free ranging, large cetaceans. This dissertation paired existing methods of physiological
examination with novel approaches in order to better understand the basic physiology and overall health
of humpback whales. Specifically, six enzyme immunoassays were validated for use in humpback whales

for progesterone, testosterone, cortisol, corticosterone, aldosterone and DHEA-S, an algorithm termed
“Morphometer” was developed to automate the process of measuring and analyzing morphometric

measurements, and hormones and body condition metrics were paired to determine whether pregnancy
status can be detected from aerial photographs. This project seeks to lay the groundwork for long term

monitoring of humpback whales that can provide critical information to managers. By using baseline

physiological indices and tools to rapidly analyze these metrics that I developed here, managers and
researchers will be able to analyze current and future samples within a longitudinal context and make
management decisions based on more accurate biological information for these populations.
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General Introduction

Humpback whales (Megaptera novaeangliae) are heralded as a conservation success story. Of the
14 distinct population segments (DPS) worldwide, nine were delisted from the Endangered Species Act

(ESA) in 2016 (81 FR 62260, September 8, 2016). While this is good news for humpback whales, the
implications of a top predator population returning to carrying capacity are unknown. This is especially true
in light of the unprecedented environmental anomalies occurring around the world. For instance, nine of
the ten warmest years have occurred since 2005, with 2013-2018 comprising the five hottest air temperature

years on record (NOAA, 2019a). In the North Pacific, due to a “perfect cocktail” of environmental
conditions (e.g. negative Pacific Decadal Oscillation (PDO), a North Pacific marine heatwave, and a strong

El Nino), normal climatic conditions for humpbacks and other marine species in the eastern North Pacific
from 2014-2016 were drastically altered. Shifts in the distribution and range of species were widespread

and widescale mortality events of several species, such as common murres (Uria aalge), crested auklets

(Aethia cristatella) and California sea lions (Zalophus californianus), occurred (Cornwall, 2019; NMFS,
2019; NPS, 2019). It is likely that residual effects from this heatwave also impacted gray whale

(Eschrichtius robustus), and ice-associated seal populations (ringed (Pusa hispida), spotted (Phoca largha)
and bearded (Erignathus barbatus) seals), resulting in declarations of unusual mortality events (UMEs) in
2019 for each of these species (NMFS, 2021).
Humpback whales also exhibited unusual behavior, with a severe decline in reproductive rates, an

increase in the amount of emaciated or skinny whales seen on the feeding grounds, an increase in skin
abnormalities and an unusual number of whales whose residence time on the feeding grounds increased

(Cartwright et al., 2019; Neilson et al., 2017; Straley et al., 2018). While the best available data at the time
supported delisting several DPS of humpback whales from the ESA, the data relied upon for accurate

abundance and distribution estimates were ten years old at the time of delisting (Barlow et al., 2011). This
is often the case for large scale coordinated studies of large whales as they are costly and logistically
1

challenging. While smaller scale studies can and are filling in some of our data gaps, researchers and
mangers are in need of more tools to fully understand the health of humpback whale populations. Currently,
tools to rapidly and unobtrusively assess the basic physiology of humpback whales are limited in this

toolkit.

Studying the physiology of an animal is one way to better understand the behavior of that animal

and its interactions with its natural environment. Of the mysticete species, the humpback whale is arguably
the best studied. Yet, compared to other life history parameters such as abundance, migratory trends,

behavior and communication (Baker et al., 1985; Baker and Herman, 1984; Barlow et al., 2011;
Chittleborough, 1965; Clapham et al., 1992; Clapham and Mayo, 1990; Craig et al., 2003, 2002; Dawbin,

1966; Gabriele et al., 2007; Helweg and Herman, 1994; Herman and Antinoja, 1977; Tyack and Whitehead,

1983), relatively little is known about the basic physiology of this species. With their high site fidelity,
abundant numbers, coastal presence and role as a top predator, humpback whales can serve as important

marine bioindicators, providing a lens into ecosystem conditions and processes as they are unequivocally

linked to the food resources on which they depend. With their high fat content and a preference for lower

trophic species, such as forage fishes and euphausiids, any stressors affecting humpback whales at the

population level could be cause for concern for both important commercial fish stocks and the marine

ecosystem as a whole. Shifts in the physiology of humpbacks could be indicative of any number of factors
including climate change, density dependent processes, shifts in prey abundance and availability, or

reproductive potential. However, in order to detect changes at a population level, baselines need to be
established, especially in regards to physiological parameters.

Physiological parameters such as steroid hormones, which can provide information about
reproduction and stress, are essential to an animal's ability to adapt to fluctuations in its environment and
are thus important in understanding an animal's behavior (Fair and Becker, 2000). Primarily secreted by
the adrenal cortex, testes, and ovaries, all steroid hormones are derived from cholesterol. Transported

through the bloodstream to the cells of various target organs, steroid hormones act as chemical messengers
2

in the body (Norman and Litwack, 1997). As such, hormones are an essential element in the functioning of

any organism and an excellent place to begin to examine the health of an individual. Steroid hormones are
generally grouped into two classes: corticosteroids which are primarily produced in the adrenal cortex, and
sex steroids which are primarily produced in gonads (Norman and Litwack, 1997). Of the hormones

produced in each of these two classes, cortisol, testosterone, progesterone and estrogen are the main

hormones examined when investigating trends in reproduction and stress (Atkinson et al., 2019, 2015; Cates
et al., 2019; Fair and Becker, 2000; Hunt et al., 2013; Mansour et al., 2002).
Understanding reproductive trends is an essential component in monitoring the overall health of a

species. Reproductive capacity is what ensures the long-term success and continued replacement of a

sustainable population. For recovering populations this metric is even more valuable as managers need a
consistent metric from which to calculate recovery and from which to establish management thresholds
such as Potential Biological Removal (PBR) (NOAA, 2019b). Likewise, the broad variability in the

mammalian stress response highlights the need for targeted studies that examine natural variability within

individual marine mammal species due to changes in season, life history or individual sensitivities
(Atkinson et al., 2015; Boonstra, 2004). Not only is such information essential for an appreciation of how

individual marine mammal species respond to stressors during natural activities such as fasting, pregnancy,
migration, and competing for mates, but it is also essential for understanding the impacts of anthropogenic
activities (Burek et al., 2008; Rolland et al., 2012; Wright et al., 2007), as well as changes in the marine

ecosystem from shifts in climate (Henson et al., 2017; Huntington et al., 2017; Wernberg et al., 2016).

Moreover, to fully appreciate the stress response of a marine mammal species to anthropogenic activities

and to significant shifts in climate that affect marine ecosystems, it is essential to establish a baseline profile
of ‘normal' concentrations of steroid hormones during natural activities with which to compare. With an

emerging catalog of baseline concentrations for steroid hormones in humpback whales, we are increasing
our ability and efficacy in documenting and addressing changes in humpback whale physiology.

3

Humpback whales, however, are particularly difficult to sample in the wild, with few methods

existing for assessment of physiological parameters (Amaral, 2010; Hunt et al., 2014). Blood is the primary

medium used for analysis of steroid hormones in humans and for terrestrial and captive animals
(Champagne et al., 2017; Derocher et al., 1992; Norman and Litwack, 1997). As it is impossible to restrain

a humpback whale to obtain a blood sample and darting through a thick blubber layer to obtain a blood

sample is likely to wound an individual, non-traditional alternatives for examining steroid hormones have
been considered. Examples of alternative biological media include blubber, feces, baleen, earplugs and

respiratory vapor, and techniques have been developed for their use in hormone assays (Atkinson et al.,
1999, 2015; Cates et al., 2020, 2019; Hunt et al., 2014, 2013; Kellar et al., 2006; Mansour et al., 2002;
Mashburn and Atkinson, 2007, 2004; Pietraszek and Atkinson, 1994). Approaches such as these are some

of the ways in which researchers are overcoming challenges often faced when collecting samples from

living, free-ranging cetaceans.

Another approach in assessing cetacean physiology is by examining body condition using
morphometric techniques. Morphometric analyses are the measurement of shape and size of an individual

and can be used to examine species differentiation, body condition, sexual dimorphism and reproductive
status, among other metrics (Adams et al., 2013; Rohlf, 1990). For cetaceans, morphometric analyses are
an excellent way to examine the body condition of individuals and populations across time and space

(Christiansen et al., 2018; Gilpatrick and Perryman, 2008). Body condition is directly tied to the energy
reserves that fuel the many costs associated with survival of aquatic organisms in the marine realm. For

cetaceans, those that maintain a more robust body condition typically exhibit a higher overall fitness and
are able to outcompete those of poorer condition (Crocker et al., 2012; Spitz et al., 2002). Examination of
the robustness or body condition of individuals and populations is a growing and ever more influential area

of research in wild populations. As marine predators, cetaceans are highly sensitive to changes in food

availability and therefore examination of their body condition can provide early indications of fluctuations

in prey availability, environmental stressors, and overall marine environmental health. Due to the wealth of

4

information that can be gleaned from the body condition of cetaceans, researchers have conducted
numerous morphometric studies utilizing various methodologies (Christiansen et al., 2016; Durban et al.,
2015; Perryman and Lynn, 2002). Historically, the most precise morphometric measurements of cetaceans
came from manual measurements of animals killed in commercial whaling (Chittleborough, 1955a;

Lockyer et al., 1985; Nishiwaki, 1960). Today, with the moratorium on whaling, researchers have turned

to aerial photography and most recently to aerial photographs collected with Unmanned Aerial Systems

(UAS) in order to conduct morphometric studies on cetaceans. With the advent of affordable small UAS,
researchers are collecting an increasing amount of marine mammal aerial imagery in order to investigate
questions about body morphometrics. Morphometric measurements can provide valuable information about
fecundity, health, age, survival, and physiology (Christiansen et al., 2020, 2016; Gilpatrick and Perryman,

2008; Lockyer et al., 1985; Nishiwaki, 1960; Perryman and Lynn, 2002).

While researchers have many questions that can be answered using morphometric data, the tools

with which to analyze such data are lacking. Analyzing video footage is done frame by frame and body
condition measurements are done image by image with a researcher selecting landmarks of interest
(Christiansen et al., 2018, 2016). This is a labor-intensive process and prohibits many researchers from

collecting sufficient data to answer meaningful questions. This method is also subject to human error in
first selecting the best image from which to calculate body condition and then in the correct selection of
reference points in those images. Computer scientists already have Deep Learning (DL) models that can be

adapted to vastly reduce the amount of labor that goes into processing aerial imagery and that would provide
a platform to streamline and standardize marine mammal aerial photogrammetry research (Hong et al.,

2019; Maire et al., 2015). DL, a subset of Machine Learning (an application of artificial intelligence that

learns and improves from experience), works using Artificial Neural Networks (ANN). An ANN is a system
loosely based on how neurons in the brains connect and function - the “neurons” are arranged in layers

proceeding from input, though several “hidden” layers, and ending in an output layer. DL has been applied
to fields including computer vision, speech recognition, natural language processing, audio recognition,

5

social network filtering, bioinformatics and drug design where it has produced results comparable to and in

some cases superior to human experts. Yet use of DL algorithms in cetacean studies is scarce. Research

groups that have incorporated DL into their studies are seeing excellent results, as well as revolutionizing
the types of questions they can ask (Maire et al., 2015; Shiu et al., 2020). In addition, the outputs from such

models would be comparable across datasets, would allow researchers to increase sample sizes and would

provide a better foundation for long-term population assessments of health based on body condition.
This dissertation seeks to pair existing methods of physiological examination with novel
approaches in order to better understand the basic physiology and overall health of humpback whales. In

Chapters 1 and 2 endocrine baselines are established for reproductive and stress hormones and compared

to life history characteristics of individually identified humpback whales (Cates et al., 2020, 2019). In
Chapter 3, a novel morphometric algorithm was developed in order to rapidly analyze the body condition
of large whales and lastly, Chapter 4 sought to combine the basic techniques learned in Chapters 1—3 in
order to examine how body condition changes with reproductive state. With the aid of the tools (i.e.,

endocrine markers, life history data, and body condition morphometrics) proposed for development and
used in this dissertation a basic picture of whale health or physiology can be determined. Without extensive
knowledge of an animal's physiology, it is difficult to discriminate between normal physiology and the

impacts that anthropogenic, climatic or density dependent factors may have on an animal's ability to
reproduce and maintain homeostasis; information which is critical in order to make informed management

decisions. This project seeks to lay the groundwork for long term monitoring of humpback whales that can

lend critical information to managers. By creating baseline physiological indices against which to compare
future measurements, managers and researchers will be able to analyze current and future samples within a
longitudinal context and make management decisions based on more accurate population trends.
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Chapter 1 - Testosterone Trends Within and Across Seasons in Male Humpback Whales (Megaptera
novaeangliae) from Hawaii and Alaska1

1.1 Abstract
Understanding reproductive profiles and timing of reproductive events is essential in the
management and conservation of humpback whales (Megaptera novaeangliae). Yet compared to other

parameters and life history traits, such as abundance, migratory trends, reproductive rates, behavior and

communication, relatively little is known about variations in reproductive physiology, especially in males.
Here, an enzyme immunoassay (EIA) for testosterone was validated for use in biopsy samples from male
humpback whales. Analyses were conducted on 277 North Pacific male humpback whale blubber

samples, including 268 non-calves and nine calves that were collected in the Hawaiian breeding grounds

and the Southeast Alaskan feeding grounds from 2004 to 2006. Testosterone concentrations (ng/g) were

significantly different between non-calves sampled in Hawaii (n=182) and Alaska (n=86, p<0.05) with

peak testosterone concentrations occurring in the winter (January—March) and the lowest concentrations
occurring in the summer (June—September). Fall and spring showed increasing and decreasing trends in
testosterone concentrations, respectively. Blubber testosterone concentrations in non-calves and calves

sampled in Alaska were not significantly different. Blubber and skin from the same individual biopsies
(n=37) were also compared, with blubber having significantly higher testosterone concentrations (p<0.05)
than skin samples. We found variability in testosterone concentration with age, suggesting that male
humpbacks reach peak lifetime testosterone concentrations in the breeding grounds around ages 8—25

years. The testosterone profile of male humpback whales follows a predictable pattern for capital

breeders, in which testosterone begins to increase prior to the breeding season, stimulating the onset of

spermatogenesis. Incorporation of reproductive hormonal profiles into our overall understanding of

K. A., Atkinson, S., Gabriele, C. M., Pack, A. A., Straley, J. M., & Yin, S. (2019). Testosterone trends
within and across seasons in male humpback whales (Megaptera novaeangliae) from Hawaii and Alaska. General
and Comparative Endocrinology, 279, 164-173.
1Cates,
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humpback whale physiology will shed additional light on the timing of reproduction and overall health of
the recently delisted Hawaii distinct population segment.

1.2 Introduction
Understanding reproductive trends is an essential component in long-term monitoring of any

species. Knowledge of the temporal and spatial nuances surrounding reproductive events is critical for
assessing population growth rates and allows managers to create effective strategies for mitigation of
anthropogenic disturbances during these reproductively sensitive times. In addition, significant

deviations from the reproductive timeline of a healthy, growing population could be indicative of wider
marine ecosystem changes. Of the mysticete species, the humpback whale (Megaptera novaeangliae) is

arguably the most extensively studied (Clapham, 1996; Gabriele et al., 2017; Pack et al., 2017). Yet,

compared to other parameters and life history traits, such as abundance, migratory trends, reproductive
rates, behavior and communication (Baker et al., 1985; Barlow et al., 2011; Chittleborough, 1965;

Clapham et al., 1992; Clapham and Mayo, 1990; Craig et al., 2003, 2002; Gabriele et al., 2007; Helweg

and Herman, 1994; Tyack and Whitehead, 1983), relatively little is known about variations in

reproductive physiology, especially in males (Chittleborough, 1955; Vu et al., 2015).
Age at sexual maturity for humpback whales is known to vary by population. On the US east
coast, humpback whale males and females attain sexual maturity at approximately five years of age, with
the age at first calving occurring between 5—7 years (Chittleborough, 1965; Clapham et al., 1992). In the

North Pacific, female sexual maturity is thought to be attained later, where the mean age of first calving is

~11.8 years (Gabriele et al., 2010, 2007). It is unknown whether males in the North Pacific age at sexual
maturity is the same as is reported in whaling literature, yet one known aged male (8 years) has been
observed singing in Glacier Bay National Park (C. Gabriele personal communication, 2018).

Reproduction in all but the Arabian Sea population of humpback whales (Mikhalev, 1997) is

based around an annual migration from high latitude nutritionally productive feeding grounds to low
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latitude warm breeding grounds on which all but calves-of-the-year fast (Baker et al., 1985;
Chittleborough, 1965; Katona and Beard, 1990), although occasional feeding on some breeding grounds

has been observed (Gendron, 1993). Humpback whales of both sexes and all age classes migrate between

feeding and breeding grounds with migratory timing a function of sex, age class, and reproductive and

nutritional condition (Chittleborough, 1965; Craig et al., 2003; Straley et al., 1994). The exact triggers for
the initiation of migration from the feeding grounds to the breeding grounds are still debated and may

involve several interacting factors such as photoperiod, hormonal state, body condition and food
availability (Baker et al., 1985; Craig et al., 2003). While still on the feeding grounds, humpback whale
males begin to exhibit aggressive behavior toward conspecifics and have been heard singing in late fall to
early winter (Gabriele and Frankel, 2002; Straley et al., 1994). On the breeding grounds, male humpback

whales, presumably prospecting for mating opportunities, often singly escort lone females, as well as
those with a calf (Craig et al., 2002; Mobley and Herman, 1985). When two or more escorts are present,
they typically compete with each other through physical displays and aggression for spatial proximity,

and presumably mating access to the female, (Clapham et al., 1992; Herman et al., 2007; Tyack and
Whitehead, 1983) with larger males tending to attain the role of principal escort (i.e., the male defending
the position closest in proximity to the female) (Pack et al., 2012; Spitz et al., 2002). Also on the breeding

grounds, lone male humpbacks and occasionally those accompanying mother-calf pairs produce a

complex, ordered and hierarchically organized series of vocalizations termed “song” (Payne and McVay,

1971), that may be repeated for hours (Helweg and Herman, 1994). Individual males within a breeding

area sing asynchronously (Au et al., 2006). Although portions of a song may change within and between
a breeding season, all males on the same breeding area tend to converge on the same rendition of song

(Garland et al., 2011; Payne and Payne, 1985). Cultural transmission of song may also occur across
breeding areas (Noad et al., 2000).
While the absolute functions of song are still debated (Herman, 2017), it has been proposed that
singing may be stimulated by male hormonal changes (Clark and Clapham, 2004; Herman, 2017; Straley
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et al., 1994), as occurs in birds singing seasonally (Marler et al., 1988; Nottebohm et al., 1987).

Likewise, even though the act of successful male-female copulation has yet to be witnessed (Herman et
al., 2007; Pack et al., 2002), the types of associations involving male humpbacks and their behavior in the

breeding grounds (Clapham, 1996; Clapham and Mayo, 1990; Craig et al., 2003, 2002; Pack et al., 2012,
2009; Spitz et al., 2002) are likely to be associated with hormonal changes. Morphological studies of male

gonads and examination of sperm count and fertility in male humpbacks reported that male humpback
whales taken by whalers on breeding grounds had higher sperm counts than males on the feeding grounds

(Chittleborough, 1955). However, a complete understanding on how reproductive hormone levels vary
within and between breeding and feeding grounds is lacking.
Testosterone is one of the main androgens in mammals. Released by the Leydig cells in the testes

and to a lesser extent from the adrenal glands, testosterone triggers spermatogenesis, can alter behavior,
affects both primary and secondary sexual development such as muscle mass and sex drive, and indicates
the onset of sexual maturity (Atkinson and Yoshioka, 2007; Sharpe et al., 1992). As such, testosterone

levels have a direct effect on reproductive success in males (Kita et al., 1999). Higher testosterone levels
have been linked to increased aggression in male mammals (Bouissou, 1983), the ability for males to

move upward in social hierarchies (Beehner et al., 2006) and altered behavior in the breeding season,
such as roving (Burgess et al., 2012). Conventional thinking holds that in seasonal breeders, serum

testosterone concentrations exhibit a cyclical trend, reaching a peak before mating begins, and then falling
post-mating season (Schroeder and Keller, 1989). This seasonal trend holds true for three previously
studied cetacean species. In the Indo-Pacific bottlenose dolphin (Tursiops aduncus) testicular endocrine
function increases in the spring (i.e., the onset of breeding season), before testosterone concentrations
reach a maximum in the summer (Funasaka et al., 2011). Similarly, in the North Atlantic fin whale

(Balaenoptera physalus) and North Atlantic minke whale (Balaenoptera acutorostrata), increasing

testosterone concentrations were observed prior to the breeding season (Kjeld et al., 2006, 2004). Thus
far, only one published paper has examined seasonal trends of testosterone in male humpback whales.
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Focused on the Mexico distinct population segment (DPS; a DPS is a vertebrate population or group of

populations that is discrete and significant in relation to the entire species), which exhibits feeding fidelity
in California and Washington, a recent study found that testosterone exhibits a yearly parabolic trend with
the highest concentrations occurring in the breeding season (Vu et al., 2015). To date, no study has

examined testosterone concentrations or trends for the Hawaii DPS of male humpback whales, despite
this being the primary breeding grounds of North Pacific humpback whales (Barlow et al., 2011).
The purpose of the present study is to compare concentrations of testosterone in male humpback

whales in both the breeding grounds of Hawaii and the feeding grounds of Southeast Alaska, which

contains large numbers of this species migrating to and from Hawaii (Barlow et al., 2011; Calambokidis
et al., 2008), in order to test the assumption that testosterone concentrations are higher during the

breeding season than the feeding season. Blubber is the current gold standard for understanding hormonal

trends in free-ranging large, cetaceans and is thought to be a good approximation of current circulating

hormones in blood serum (Champagne et al., 2017). Specific objectives of this project are to determine
from blubber 1) if testosterone concentrations are spatially and temporally dependent, 2) if age class

correlates with testosterone concentration, and 3) if testosterone concentrations vary between blubber and
skin samples.

1.3 Materials and Methods

1.3.1 Study Areas
Humpback whale males of the Hawaii DPS that exhibit feeding fidelity to Southeast Alaska

(SEAK) were examined in this study (Figure 1.1). Blubber and skin biopsy samples were collected from

two locales: 1) Southeast Alaska, including Sitka Sound (57.0°N 135.5W°), Chatham Strait (56.95°N
134.62°W), Frederick Sound (57.13°N 134.10°W), Lynn Canal (58.4°N 134.8°W) and waters west of
Prince of Wales (55.95°N 132.48°W), and 2) the Hawaiian islands, specifically the Au'au, Kalohi and

Pailolo channels between Maui, Moloka'i, Lana'i and Kaho'olawe (20.89°N 156.68°W) and off the North

Kohala Coast of Hawai'i Island (19.98°N 155.87°W).
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1.3.2 Biopsy Sampling

Samples were collected during Structure of Populations, Levels of Abundance, and Status of
Humpbacks (SPLASH) project (Calambokidis et al., 2008). SPLASH was an international collaborative
study of humpback whales across different North Pacific feeding and breeding grounds including Hawaii

and Southeast Alaska from 2004 to 2006. Following SPLASH protocols, tissue samples of humpback
whales were obtained using a hollow stainless-steel-tipped retrievable floating dart fired from either a

crossbow or modified pneumatic rifle while paralleling the whale from a small vessel usually at a distance
of 10-20 m. Tissue samples were retrieved and removed from the dart tip with sterile tweezers and placed
in 1.5 ml cryovials or the whole tip was placed in a sterile container for later processing. The sample was

kept cool while in the field and, once extracted from the biopsy tip, the samples were frozen at -20° or 80°C in each researcher's respective lab and eventually archived at the National Marine Fisheries Service
(NMFS) Southwest Fisheries Science Center (SWFSC) Marine Mammal and Turtle Division.

1.3.3 Sample Selection
Samples used in this study (n=277) were randomly selected from the pool of samples collected
during SPLASH in Hawaii and Alaska when humpback whales were present in these waters to capture the

cyclical variation in physiological parameters throughout the migration of this species. Samples were
classified according to the sample type (skin or blubber), location where the biopsy was obtained (Alaska
or Hawaii), date of collection (day, season). Seasons were defined as follows: fall (September 16-January

15), winter (January 16-March 15), spring (March 16-June 15), and summer (June 16-September 15).

1.3.4 Photographic Identification Using Natural Markings
Identification photographs (photo-id) of the tail flukes of tissue-sampled humpback whales were

collected either prior to or after the biopsy was obtained. Humpback whales can be identified by the

unique black and white pigmentation patterns on the ventral surface of their flukes along with the
distinctive trailing edge (Katona et al., 1979). To verify and link the biopsy to a specific whale, dorsal fin
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photos were also collected during the fluke id and biopsy processes. Whales with a photograph were

matched to regional catalogs and to the SPLASH catalog. Consequently, an individual whale may have
multiple identifying numbers but the unifying number across both areas is the SPLASH ID.

1.3.5 Determining Age-Class and Reproductive Status for an Individual Whale
Age-class of whales was determined from field notes that accompanied the samples. Calves were

designated based on their small size (ca. < 5 m) (Pack et al., 2017, 2009) and close spatial association

with an adult-sized whale (i.e., its mother) that displayed nurturant behavior (e.g., shielding the small

sized whale with its pectoral fin) (Gabriele et al., 2017; Glockner-Ferrari and Ferrari, 1985). All other
whales were considered non-calves. Sighting histories from regional databases of individual humpback
whales with a regional identification number that was matched to an individual SPLASH ID were used to

determine whales of known age or a minimum age for whales whose exact age was unknown. Whales of
known age were first sighted as calves. The minimum age of a whale who was photographed prior to the

SPLASH project as an adult was calculated as the number of years from the earliest sighting to the most
recent sighting plus two years (to account for the individual's year as a calf and year as a yearling). For

example, the known age of a whale photographed during the study in 2006 who was originally
photographed in 1994 as a calf would be 12 years, whereas the minimum age of a whale photographed in

2006 who was originally photographed as a non-calf in 1994 would be 14 years. Minimum age thus
represents a conservative estimate of age.

1.3.6 Sex and Genetic Identification
Oregon State University Cetacean Conservation and Genomics Laboratory conducted genetic

analyses and sex determination on the samples as part of the post-collection aims of the SPLASH effort
(Baker et al., 2013). Each whale was given a unique genetic ID which was used to match whales under

one SPLASH ID when photographs were of too poor quality to do so.
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1.3.7 Hormone Extraction
Hormone extraction methods were modified from those described in Mansour et al. (2002) and

Kellar et al. (2006). Sub-samples contained only one type of pure tissue (i.e., either blubber or skin) from
a single biopsy. Blubber and skin samples were weighed and recorded weights were between 0.12 g and

0.20 g. Samples were homogenized using a Teflon hand tool in 500 μl of 100% ethanol. They were then

processed at 3,000 rcf in a refrigerated centrifuge for 15 minutes and 500 ul of supernatant was poured
into sterile 12 x 75 mm borosilicate disposable glass culture tubes. This step was repeated to obtain 1,000

μl of collected supernatant. Supernatants were evaporated under compressed air. Two ml of
ethanol:acetone (4:1) were added to the residue, vortexed, and centrifuged (15 min). The supernatant was
transferred to a new glass culture tube and evaporated. To this new residue, 1 ml diethyl ether was added

and the samples were again vortexed, centrifuged, transferred to clean glass tubes, and evaporated.
Acetonitrile (1 ml) was added and samples were vortexed before 1 ml of hexane was added and vortexed.

Samples were centrifuged (15 min) and the solvents formed two immiscible layers with hexane on top.
The acetonitrile layer was collected and re-extracted with 1 ml hexane, centrifuged (15 min), and the final

acetonitrile layer was aspirated and evaporated.

1.3.8 Enzyme Immunoassay (EIA)
Testosterone concentrations were measured using Enzo Life Science kit (ADI-900-065) and
procedures were performed according to the manufacturer's protocol. Assay plates were read by a plate

reader (Chromate, Awareness Technologies) at 405 nm. Manufacturer cross-reactivity with other steroids
was as follows: 19-hydroxytestosterone (14.64%), androstenedione (7.20%), dehydroepiandrosterone

(0.72%), estradiol (0.40%) and less than 0.001% for all other steroids analyzed. Assay parallelism and
accuracy tests were performed in order to validate use of humpback whale blubber for measuring
testosterone in EIA. A pooled blubber sample for male humpback whales was created to validate the
testosterone assay. Serial dilutions (neat to 1:16) of the pool exhibited displacement parallel to that of the

standard curve and proved accurate (y=3.40 + 0.90x, r2=0.99) in the amount of testosterone measured.
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Inter-assay coefficient of variation for three assay controls were 16%, 8%, and 9%, respectively and intra

assay coefficient of variation fell below 10%. The lower limit of detection (LD) was 3.9 pg/ml with 62

out of 277 samples (22%) falling below this threshold. Substitution in the form of LD/√2 was performed
for these 62 samples, a process that is accepted if less than 25% of samples are substituted and there is
only one LD (Croghan and Egeghy, 2003; LaFleur et al., 2011; US EPA, 2000).

1.3.9 Statistical Analyses

Temporal and spatial differences in blubber testosterone concentrations were analyzed using a
Welch's t-test or a one-way ANOVA in the programming language Python (Python Software Foundation.

Python Language Reference, version 3.6.6. Available at http://www.python.org ). If a significant result

(p<0.05) was found in the ANOVA test, a Tukey's Honestly Significant Difference (HSD) test was
performed to determine which groups differed significantly from each other. The spatial and temporal

range of variation in testosterone concentration was depicted by boxplots which show the mean and

nominal range of the data inferred from the upper and lower quartiles, as well as outliers in the data. T-

tests (Welch's t-test and paired t-test), ANOVA, Tukey's HSD test and boxplot analyses were also
performed to examine any difference between calves and non-calves and between blubber and skin

sample types. Additionally, a Pearson Correlation Test was conducted to determine any potential

relationships between blubber and skin testosterone concentrations.

1.4 Results
A total of 277 tissue samples (268 male non-calves, 9 male calves) were analyzed for
testosterone. Ten individually identified whales were sampled in consecutive years in both Alaska and
Hawaii.

1.4.1 Testosterone Concentration by Location and Season
Testosterone concentration in blubber samples from non-calf humpback whales was significantly
different between whales sampled in Hawaii (n=182, 0.96 ± 0.70 ng/g (mean ± standard deviation)) and
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those sampled in Alaska (n=86, 0.15 ± 0.40 ng/g) (Welch's t-test, p<0.05, Figure 1.2). When binned by

season, the concentrations of testosterone from highest to lowest were winter (n=128, 1.10 ± 0.74 ng/g),
spring (n=53, 0.65 ± 0.52 ng/g), fall (n=31, 0.44 ± 0.64 ng/g), and summer (n=57, 0.07 ± 0.08 ng/g)

(Figure 1.3). Testosterone concentrations were not significantly different between fall and spring,

whereas all other pairings of seasons were significantly different (n=268, p<0.05, ANOVA and Tukey's
HSD test).

Spring was the only season during which biopsies were collected from whales in both Alaska and

Hawaii. The median date of collection for whales biopsied in the spring in Alaska was June 2nd, whereas
the median date of collection in Hawaii was March 31st. Humpback whales in spring located in Alaska

(n=4, 0.06 ± 0.02 ng/g) had significantly different testosterone concentrations than whales that were
located in Hawaii (n=48, 0.70 ± 0.51 ng/g, p<0.05, Welch's t-test, Figure 1.4).

When examined on a monthly time scale (combining data from Hawaii and Alaska), testosterone

concentrations showed a parabolic relationship, peaking in January and February, declining to the lowest
levels in June and July, and increasing as fall progressed (n=268, Figure 1.5). When only Hawaii samples

were considered, a peak testosterone concentration occurred in January followed by a decrease over the

course of the breeding season (Figure 1.6). Furthermore, the testosterone concentrations of four whales
who were biopsied twice during the same breeding season in Hawaii all decreased from the earlier to the

later sample (i.e. as the breeding season progressed) (Figure 1.7).

1.4.2 Testosterone Concentration from Individual Whales Biopsied in Both Hawaii and Alaska
Tissue samples were obtained for 10 individually identified whales in both Hawaii and Alaska in

consecutive years with three individuals (470736, 474074, 474110) having replicate samples in one or
more sampling locations for a total of 24 blubber samples (Table 1.1). For all but one individual,

testosterone was higher in Hawaii (12 biopsies, 0.73 ± 0.43 ng/g) than Alaska (12 biopsies, 0.09 ± 0.09
ng/g). The exception was whale 470452 who showed higher testosterone when located in Alaska, rather
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than Hawaii. Examination of the accompanying field notes did not provide any indication as to why this

might be, other than this sample was the latest collected (on Oct 25th) for the 10 whales biopsied in
Alaska.

1.4.3 Testosterone Concentration in Blubber and Skin

Blubber and skin samples from the same whales (n=37) were compared, with blubber samples
having significantly different testosterone concentrations than skin samples (paired t-test, p<0.05). When

blubber and skin samples were also binned by geographic location, testosterone concentration was
significantly different only for Hawaii blubber samples (n=20, 0.88 ± 0.48 ng/g) versus Hawaii skin
(n=20, 0.35 ± 0.38 ng/g), with no significant difference detected between Alaska blubber (n=17, 0.14 ±
0.26 ng/g), Alaska skin (n=17, 0.07 ± 0.02 ng/g), and Hawaii skin (p<0.05, Figure 1.8).

1.4.4 Testosterone by Age
While there were not enough data to conduct a robust statistical analysis of difference in calves

from Alaska (n=7) and Hawaii (n=2), it appears from plotting the data that testosterone concentrations
were similar in each location. There was sufficient data to determine that testosterone concentrations in

non-calves and calves from Alaska were not significantly different (p=0.14, Figure 1.9).
The exact age was available from long term sighting data for 17 of the sampled whales (i.e.,

because they were first sighted as calves) and minimum age was calculated for 56 sampled whales.
Whales who were first sighted as adults during the SPLASH effort were not included in analyses as there

were no data from which to calculate a minimum age. Figure 1.10a depicts whales whose exact age was

known, and Figure 1.10b depicts whales whose minimum age was determined from multiple sightings.
For each graph, a second order parabolic curve best fit the data (Minimum Age R2 = 0.29 and 0.03 for

Hawaii and Alaska, respectively; Exact Age R2= 0.09 and 0.20 for Hawaii and Alaska, respectively) and

indicates that male humpbacks retain a relatively low testosterone concentration throughout their lives

during the feeding season, but reach the highest levels of testosterone concentrations from age 8 to 25,
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peaking around age 15. This preliminary finding was reached without controlling for sighting date within
each season due to small samples sizes.

1.5 Discussion

Male humpback whales exhibited higher testosterone concentrations in the Hawaiian breeding
grounds than in the Alaskan feeding grounds; a trend that was observed at both the group level and within

individuals sampled in both locations (Table 1.1, Figure 1.2). This finding supports previous
morphological studies of humpback whale testes in the Southern Hemisphere, which found increased
sperm counts in male whales killed in commercial whaling on the breeding grounds when compared with
those killed on feeding grounds (Chittleborough, 1955a). It is also consistent with and expands upon an

earlier study of testosterone concentration based on 35 blubber samples of the Mexican DPS of humpback
whales that found that testosterone levels were at their lowest during June-September and highest during
October-April, with peak testosterone occurring January-February (Vu et al., 2015).

For male humpback whales in the present study, testosterone concentrations were at their lowest
during the feeding season and began to increase toward the end of the feeding season in Alaska prior to

beginning their migration to Hawaii (Figures 1.3 & 1.5). Chittleborough (1955) found that fewer sperm

were present earlier in the breeding season (season = June-October, Southern Hemisphere) and that
sperm presence began to increase toward the end of the season (July and August). Our results
complement Chittleborough's findings and suggest that male humpback whales begin spermatogenesis
prior to leaving the feeding grounds (Figure 1.5). This makes reproductive sense, so that humpback whale
males are equipped with the gametes needed for a successful breeding season when they reach the

breeding grounds or locations where they may breed en route to these grounds (Craig and Herman, 1997).

Increasing testosterone concentrations before the onset of the breeding season has been observed across
other mammalian species (Blottner et al., 1996; Funasaka et al., 2011; Kjeld et al., 2006, 2004; Tsubota et
al., 1997). Testosterone is required for spermatogenesis (Weinbauer and Nieschlag, 1990), which is
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known to take 61 days in dairy cattle bulls (Bos taurus) (Amann, 1970) and 74 days in humans (Amann,
2008).

The increase in testosterone towards the end of the feeding season (Figure 1.5) may stimulate or

cue the start of male singing, which in the breeding grounds is clearly an important component of the
humpback whale mating system (Herman, 2017). Singing has also been recorded toward the end of the

feeding season in Alaskan waters and on feeding grounds or during migration in other populations

(Chariff et al. 2001; Clark and Clapham, 2004; Gabriele and Frankel, 2002a; Straley et al., 1994). Clark

and Clapham (2004) go so far as to suggest the “breeding area” encompasses the feeding area, migratory
route and breeding grounds as based on the prevalence of song. In addition, Tyack (1981) using
Nishiwaki (1962) whaling data, compared singing bout lengths in males and ovulation of female

humpbacks and concluded that singing is likely related to reproductive behavior as singing bouts were at
their lowest when ovulation was at its highest (i.e., males spent less time singing/searching for mates).

However, direct studies on the relationship between hormone concentrations and singing in humpback
whales has not been examined. Given the variation in testosterone concentrations of males shown in the

present study as well as variability in song production on the feeding grounds and breeding grounds (Au
et al., 2000), future studies should examine how hormones vary with the timing of singing in male

singers.
No significant difference was found in testosterone concentrations between non-calves and calves
in Alaska (Figure 1.9). Calves in both locations had relatively low testosterone concentrations, with the

exception of one of the two calves in Hawaii who had a testosterone concentration of 1.05 ng/g (the other

calf had a concentration of 0.03 ng/g). This outlier, however, is not surprising as most mammalian young
exhibit high levels of reproductive hormones at birth, which immediately begin to taper off and remain

low until sexual maturity is reached (Challis et al., 2001; Dhakal et al., 2011).
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Our findings on the variability of testosterone concentrations and age (Figure 1.10) suggest that

male humpbacks reach peak lifetime testosterone concentrations in the breeding grounds between the
ages of 8 and 25 years. However, this does not imply that males are not fertile beyond this age. For

example, while other mammals may undergo senescence (Beehner et al., 2009; Nussey et al., 2013), male
humpbacks have been observed in reproductive roles (singing and escorting) over periods of 20 years

(Herman et al., 2013). It is unclear whether reproductive senescence occurs. However, Chittleborough
(1955) found no evidence of any decline in testis weight or spermatogenetic activity in physically mature
males, suggesting that the oldest/biggest whales still had the gametes necessary for breeding. In the

present study, age data on 73 individual whales was obtained. From males of known and minimum
estimated age, it appears that testosterone concentration during the breeding season reaches a maximum

around 8—25 years of age and then begins to decline, reaching levels similar to those found on the feeding
grounds when the whales are >30 years of age (Figure 10a,10b). This suggests that humpback whale
males reach peak reproductive capacity around 10 to 20 years of age and that fertility may decline as
whales age. It is important to note that the estimated whale ages are based on a minimum age, and that the

actual ages of individuals may be far older. In order to more fully understand how hormone
concentrations vary between age classes, additional samples of known aged calves, juveniles (age 2—5

years) and male humpbacks older than 30 years of age are needed.

We found that testosterone concentrations were significantly higher in blubber than in skin with
only a weak positive correlation between tissue types. This indicates that testosterone concentrations were

not consistent between types of tissue thus, testosterone concentrations in skin tissue should not be
compared to testosterone concentrations in blubber. It should also be noted that from examination of

captive bottlenose dolphins (Tursiops truncatus), hormones in blubber can be used as a proxy for
circulating hormones in the blood serum (Champagne et al., 2017). As such we recommend that future
studies continue to use blubber in hormonal analysis of free ranging cetaceans.
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Male mammals often exhibit aggression toward competitors in order to access mates (Campagna
et al., 1988; Herman et al., 2007; Tyack and Whitehead, 1983), yet aggressive behavior and its

relationship to testosterone has not been examined in humpback whales. Increased male aggression in
mammalian species is often accompanied by an increase in testosterone (Bouissou, 1983), with the most

successful animals often having the highest testosterone (Beehner et al., 2006). During the humpback
whale breeding season, individual fecund females are often the focus of competing males within so called
“competitive groups” (Clapham et al., 1992; Tyack and Whitehead, 1983). Mature male humpbacks have

relatively long residency periods on the breeding grounds (Craig et al., 2001) allowing them to compete
over extended periods of time.

In the current study peak testosterone concentrations occurred between January and February
(Figure 1.5) which would suggest that peak reproductive potential (i.e., greatest concentration of gametes)
in males occurs during March and April based on the timeline of spermatogenesis in other species

(Amann, 2008, 1970). Males who undergo spermatogenesis earlier in the season, perhaps while still on
the feeding grounds are at a mating advantage as they are able to breed with early arriving females on the

breeding grounds. Our data alone cannot resolve the exact timing of peak breeding, but it suggests a

trade-off between physical fitness and reproductive fitness, as males who leave the feeding grounds

earlier may have better mating success, but may also be in poorer nutritional condition. In order to
properly understand the role that testosterone plays in group dynamics on the breeding grounds,

additional blubber samples are needed from individual males of varying ages who participate in specific
behavioral groups (e.g., competitive versus non-competitive) and different behavioral roles (e.g., principal
vs secondary escorts).

Trends in migratory timing have been well documented (Baker et al., 1985; Craig et al., 2003;
Gabriele et al., 1996; Mann et al., 2000), but the impetus to leave the feeding grounds remains unclear.

Some researchers have proposed that nutritional state, body condition and food availability (Brodie,
1975), photoperiod (Baker, 1978), or hormonal levels are responsible for timing of migration, whereas
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others postulate that it is likely a combination of all of these factors (Craig et al., 2003). The present study

indicates that testosterone may play a role in the motivation to commence migration, as found in other
mammalian species (Stern, 2009), or is a correlate of one or more of the factors noted above. In order to
definitively answer these questions, increased sampling effort in Alaska in the late fall and spring is

needed. This would include sampling in Alaska during the winter to measure hormones in whales who

fail to migrate, in both spring and fall to understand if the migration timing of humpbacks is shifting, and

in years of anomalous environmental occurrences, such as the Northeast Pacific marine heatwave of
2013—2015 (Peterson et al., 2015).

Capturing natural variation within a species is important in its own right, but access to long-term
datasets is essential in management decisions. For example, an established long-term monitoring program

for North Atlantic right whales (Eubalaena glacialis) documented a decline (and subsequent increase) in
stress-related fecal hormone metabolites (Rolland et al., 2012) in the aftermath of the September 9th, 2001
terrorist attack due to a mandatory reduction in shipping traffic. As a result, slower shipping speeds and

alternative shipping routes have since gone into effect to better protect these whales (Laist et al.,

2014).These datasets allow managers to see if changes in a certain metrics are anomalous or are part of
natural variation. While several DPSs of humpback whales in the North Pacific, including the Hawaii

DPS were recently delisted from an endangered status (under the Endangered Species Act, NMFS 2016)

events over the last few years have some researchers questioning the health of the population. Glacier Bay
National Park biologists have consistently monitored humpbacks whales in Glacier Bay and Icy Strait
since 1985 and have documented a decline in the local abundance of humpbacks beginning in 2014 to

present day, as well as a decrease in the overall crude birthing rate (CBR), with the lowest CBR ever
recorded over the 33-year monitoring program occurring in 2016 (Neilson et al., 2017). In addition, over

the last few years, an increasing number of humpback whales have been present on the feeding grounds of
Sitka, AK in winter and spring, perhaps suggesting a delayed or absent southern migration (Straley et al.,

2018). There are also fewer whales present off west Maui and Hawaii Island (HMMC 2018; Kugler et al.,
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2017) and an increasing number of ‘skinny' whales returning to the feeding grounds (Neilson et al., 2017;
Straley et al., 2018). Reported strandings of humpbacks in Alaska for 2016 were higher than the previous

16-year average and unusual mortality events (UME) were declared for Alaska and British Columbia
large whales in 2015 and Atlantic humpback whales in 2017 (NMFS, 2017), suggesting that

environmental conditions may be changing or global humpback whale populations may be reaching
carrying capacity.
The present study represents a key step in creating additional tools for monitoring physiological

changes in humpback whales across time. The results of this study collectively suggest that males i) begin

to undergo spermatogenesis before they reach the Hawaiian breeding grounds, ii) experience peak
testosterone concentrations during January and February on the breeding season, iii) show decreased
testosterone concentrations coinciding with the end of the breeding season and migration to feeding
grounds, and iv) are at their peak fertility at 8 to 25 years of age.

This study is another demonstration of how non-lethal techniques in combination with long-term

life history data can aid in our better understanding of the physiology and behavior of humpback whales.
With their high site fidelity, abundant numbers, coastal presence and role as a top predator, humpback

whales can serve as important marine sentinels, providing a lens into ecosystem conditions and processes

as they are unequivocally linked to the marine resources on which they depend. With their high lipid
content and preference for lower trophic species, such as forage fishes and euphausiids, any fluctuations
shown at the humpback whale population level could be cause for concern in both important commercial
fish stocks and humans (Bossart, 2011). A baseline dataset of hormonal biomarkers creates the

opportunity for long term monitoring of humpback whale physiology. Shifts in the physiology of
humpbacks could be indicative of any number of factors including: climate change, density dependent

influences, shifts in prey abundance, quality and availability, or anthropogenic disturbances (Burek et al.,
2008; Learmonth et al., 2006; Rolland et al., 2012; Straley et al., 2018). Regardless of cause, behavioral

and longitudinal data of individually identified humpbacks combined with endocrine markers, provide a
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powerful tool in the assessment of physiology and life history states for responsible management and
conservation of humpback whales.
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1.7 Figures

Figure 1. 1 - Blubber and skin biopsy samples were collected from two locales; A)
throughout Southeast Alaska (n=86), including Sitka Sound (57.0°N 135.5W°), Chatham
Strait (56.95°N 134.62°W), Frederick Sound (57.13°N 134.10oW), Lynn Canal (58.4°N
134.8°W) and waters west of Prince of Wales (55.95°N 132.48°W), and B) in the Hawaiian
islands (n=182), specifically the Au'au, Kalohi and Pailolo channels between Maui,
Moloka'i, Lana'i and Kaho'olawe and off the North Kohala Coast of Hawai'i Island (20.89oN
156.68oW and 19.98oN 155.87oW, respectively.
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Figure 1. 2 - Testosterone concentrations (ng/g) by geographic location. Testosterone
concentrations were significantly (p<0.05) higher when male humpbacks were in Hawaii
(HI) than in Alaska (AK).
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Figure 1. 3 - Testosterone concentrations binned by season, regardless of location. All seasons, except
fall were significantly different from each other (p<0.05). Fall was not significantly different than spring
but was significantly different than summer and winter (p<0.05).
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Figure 1. 4 - Spring testosterone concentrations binned by location. Spring was the only season in which
biopsy collection efforts obtained samples from both locations. Whales sampled in Hawaii (HI) during the
spring had significantly higher testosterone than whales sampled in Alaska (AK) in the spring (p<0.05).
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Figure 1. 5 - Mean monthly testosterone concentrations (ng/g). No samples were available for May, all
other months have the sample size provided. Peak testosterone concentrations occurred on the breeding
grounds between Jan—Mar, whereas the lowest concentrations were observed on the feeding grounds from
Jun-Sep
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Figure 1. 6 - Testosterone concentrations of all non-calf biopsies (n=182) collected in Hawaii by month
during the breeding season. Concentrations of testosterone decreased as the season progressed.
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Figure 1. 7 - Blubber testosterone concentrations of individual whales that were biopsied twice during the
same Hawaiian breeding season. Blubber testosterone concentrations decreased as the season progressed
in all individual whales. Black bars represent the first biopsy collected; grey bars represent the biopsy
collected later in the same breeding season
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Figure 1. 8 - Testosterone concentrations in blubber (B) and skin (S). Mean testosterone concentrations
were significantly higher in blubber than in skin for animals located in Hawaii (p<0.05). Animals in
Alaska had very low testosterone concentrations and no difference between blubber and skin was detected
(Tukey's HSD test). Labels are as follows: HI-B = Hawaii blubber, HI-S = Hawaii skin, AK-B = Alaska
blubber, AK-S = Alaska skin. Sample sizes for each tissue type and location are provided in the figure.
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Figure 1. 9 - Testosterone concentrations of calves and non-calves in Alaska. No significant difference
was found between the two age classes (p=0.14) Labels are as follows: AK-C = Alaska calf and AK-A =
Alaska non-calf. Sample sizes for each age class are provided in the figure.
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Figure 1. 10 - Testosterone concentration plotted against exact or estimated age of 74 whales. Paired age
and testosterone concentration data suggest that testosterone levels remain consistently low on the feeding
grounds and that humpback whale males may experience peak testosterone concentrations from 8-25
years of age on the breeding grounds. Whales were split by location into Hawaii (black circles, dotted
line) or Alaska (open circles, grey line) grounds based on where each biopsy was collected. A) Exact age
of 17 whales (Hawaii=5, Alaska=12) who were first seen as calves, were compared to testosterone
concentrations. A 2nd order parabolic curve best fit the data of each group (R2= 0.09, 0.20 for HI and
AK, respectively); B) Minimum age of 56 whales (Hawaii = 19, Alaska=37 individuals) were compared
to testosterone concentrations. As these whales were first seen as full adults, two years were added to the
year they were first seen to account for a year as a calf and a year as a yearling. A 2nd order parabolic
curve best fit the data of each group (R2 = 0.29, 0.03 for HI and AK, respectively).
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1.8 Tables
Table 1. 1 - Seasonal differences in testosterone concentrations of individuals (n=10) who were biopsied
in both Hawaii and Alaska. Testosterone was higher when whales were in Hawaii (0.73 ± 0.43 ng/g) than
in Alaska (0.09 ± 0.09 ng/g), with the exception of whale 470452. Field notes could not identify why
whale 470452 had higher testosterone other than this sample was the latest collected (Oct 25th) for the 10
whales biopsied in Alaska.

Splash ID
430109
430148
430228
430349
470452
470736

Date
4/10/05
4/21/04
1/22/05
2/25/05
1/7/05
2/7/06

Hawaii
0.10
0.34
1.24
0.56
0.13
0.63

474070

2/3/05
2/23/06
2/7/05
1/24/05
2/9/05
2/12/04

0.90
1.54
0.89
1.24
0.42
0.73

474074
474110

430404

10/25/04
10/20/04
7/7/04
8/10/04

Alaska
0.01
0.02
0.14
0.02
0.25
0.16
0.01
0.04

7/23/04
6/30/04
10/15/05
10/23/04

0.04
0.06
0.09
0.25

Date
7/24/04
8/9/05
7/7/04
7/8/04
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Chapter 2 - Corticosterone in Central North Pacific Male Humpback Whales (Megaptera
novaeangliae): Pairing Sighting Histories with Endocrine Markers to Assess Stress2

2.1 Abstract
Developing a better understanding of the stress response is critical to ensuring the health and
sustainability of marine mammal populations. However, accurately measuring and interpreting a stress
response in free-ranging, large cetaceans is a nascent field. Here, an enzyme immunoassay for

corticosterone was validated for use in biopsy samples from male humpback whales (Megaptera
novaeangliae). Analyses were conducted on 247 male North Pacific humpback whale blubber samples,

including 238 non-calves and 9 calves that were collected on the Hawaiian breeding and Southeast

Alaskan feeding grounds from 2004 to 2006. Significant relationships were found when corticosterone
concentrations were examined by year, age class and distribution between locations. When examined by
year, corticosterone concentrations for male humpback whales were higher in Hawaii in 2004 than in

2005 and 2006 (p<0.05). Corticosterone concentration also varied by age class with initially high

concentrations at birth which subsequently tapered off and remained relatively low until sexual maturity
was reached around age 8-10 years. Corticosterone concentrations appeared to peak in male humpback
whales around 15-25 years of age. Blubber biopsies from Alaska and Hawaii had similar mean

corticosterone concentrations, yet the variability in these samples was much greater for whales located in

Hawaii. It is clear that much work remains to be done in order to accurately define or monitor a stress
response in male humpback whales and that specific attention is required when looking at age, sex, and

yearly trends. Our results suggest that a stress response may be most impacted by age and yearly
oceanographic conditions and needs to be initially examined at the individual level.

K. A., Atkinson, S., Pack, A. A., Straley, J. M., Gabriele, C. M., & Yin, S. (2020). Corticosterone in central
North Pacific male humpback whales (Megaptera novaeangliae): Pairing sighting histories with endocrine markers
to assess stress. General and Comparative Endocrinology, 296, 113540.
2Cates,
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2.2 Introduction
The increasing use of the marine environment for various anthropogenic activities has prompted

recent research efforts to better understand the stress response in marine mammals to these events as well

as to establish baseline response levels of the natural stressors in their lives (Atkinson et al., 2015;
Champagne et al., 2018; Houser et al., 2016; Hunt et al., 2019; Rolland et al., 2012). In all mammals,

glucocorticoids (GCs), such as cortisol and corticosterone, are produced in response to a stressor and are
frequently used as an index of an individual's overall well-being (Atkinson et al., 2015). GCs have been
shown to vary by species, age, sex, time of day, location, body condition and social status. Generally,

GCs increase with age, peak during breeding seasons, and are elevated in females, especially those that
are pregnant and lactating, although there is species-specific variation in all of these biological

classifications (Atkinson et al., 2015; Champagne et al., 2018; Wingfield, 2013). However, broad
variability in the mammalian stress response highlights the need for targeted studies that examine natural
variability within individual marine mammal species due to changes in season, life history or individual

sensitivities (Atkinson et al., 2015; Boonstra, 2004). Not only is such information essential for an

appreciation of how individual marine mammal species respond to stressors during natural activities such

as fasting, pregnancy, migration, and competing for mates, but it is also essential for understanding the
impacts of anthropogenic activities (Burek et al., 2008; Rolland et al., 2012; Wright et al., 2007), as well

as changes in the marine ecosystem from shifts in climate (Henson et al., 2017; Huntington et al., 2017;
Wernberg et al., 2016). Moreover, to fully appreciate the stress response of a marine mammal species to
anthropogenic activities and to significant shifts in climate that affect marine ecosystems, it is essential to

establish a baseline profile of ‘normal' concentrations of GCs during natural activities with which to

compare. In recognition of this, detailed studies to examine how marine mammals respond to certain

environmental stressors and the costs of these stressors at the individual level have been the subjects of
several recent large scale research initiatives (ONR, 2009; Wartzok et al., 2005). The present study

examines the variability in GC concentrations during natural activities in the central breeding and feeding
areas of North Pacific humpback whales.
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Most GC studies on marine mammals have focused on pinnipeds and captive or by-caught
cetaceans. These studies have established that GCs can be examined in a variety of sample matrices and

that there are indeed age, time of day, season, location, social and reproductive state differences (Di Poi et
al., 2015; Gulland et al., 2018; Houser et al., 2016, 2011; Hunt et al., 2014; Mashburn and Atkinson,
2004; Oki and Atkinson, 2004; Petrauskas et al., 2008; Rolland et al., 2012). In contrast, few studies have

examined stress in free ranging cetaceans, especially in mysticetes, due to their difficulty in detection

and/or capture. Where capture is not possible, the most successful studies have examined a suite of steroid
hormones in feces, respiratory vapor, and blubber (Atkinson et al., 2019; Burgess et al., 2016; Cates et al.,
2019; Rolland et al., 2012; Valenzuela-Molina et al., 2018; Wasser et al., 2000). Out of these sample

matrices, blubber is the most studied and dependable sample matrix for understanding hormonal trends in

free-ranging, large cetaceans. From studies on small, captive cetaceans, blubber is thought to be a good

proxy of current circulating hormones in blood serum (Champagne et al., 2017). In fact, due to the
lipophilic nature of steroid hormones, they tend to accumulate in blubber and do not turn over as quickly
as hormones present in blood (Norman and Litwack, 1997). In captive bottlenose dolphins (Tursiops

truncatus), circulating hormones in the blood were documented as showing up in the blubber layer within
two hours of a adrenocorticotropic hormone (ACTH) stress challenge (Champagne et al., 2018). Given
the slower metabolism (Ball et al., 2017; Williams et al., 2001) and thicker blubber layer of mysticetes

compared to odontocetes (Gaspar et al., 2000; Lockyer, 1986) it is reasonable to assume that the
deposition of hormones in blubber from circulating blood would occur on the order of days rather than

hours in mysticetes. As such, studies of hormones in the blubber layer of mysticetes should provide a
broad scale index of health and is not likely affected by any stress-related effects of biopsy sample
acquisition.

Humpback whales (Megaptera novaeangliae) are arguably the most extensively studied of the

mysticetes (see summaries in Clapham, 2000, 1996; Gabriele et al., 2017; Herman, 2017; Herman et al.,

2011). Yet, relatively little is known about variations in humpback whale stress physiology as compared
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to other parameters and life history traits, such as abundance, migratory trends, reproduction, behavior
and communication (Allen et al., 2018; Baker et al., 1985; Barlow et al., 2011; Cartwright and Sullivan,
2009; Cates et al., 2019; Chittleborough, 1965; Cholewiak et al., 2018; Christiansen et al., 2016; Clapham

et al., 1992; Clapham and Mayo, 1990; Craig et al., 2003, 2002; Darling et al., 2006; Gabriele et al., 2007;

Helweg and Herman, 1994; Pack et al., 2017; Tyack and Whitehead, 1983). Indeed, studies of humpback

whale responses to anthropogenic activities have historically been conducted using behavioral responses
as a measure of impact without considering physiological measures of the stress response (Blair et al.,

2016; Cerchio et al., 2014; Dunlop et al., 2015).

Recently, several studies have examined GCs in humpback whales from feces, blubber and blow
spray showing that GCs are present in these sample matrices and that they are able to be measured using

standard endocrinology techniques (Dalle Luche et al., 2019; Hunt et al., 2019; Mingramm et al., 2020;
Teerlink et al., 2018). Dalle Luche et al. (2019) validated the use of liquid chromatography tandem mass

spectrometry for the assessment of multiple hormones from humpback whale blubber simultaneously,
while Hunt et al. (2019) validated the use of feces from humpback whales in the assessment of
reproduction and stress by comparison to known life history traits and found that progesterone and
glucocorticoids were elevated in pregnant females. Teerlink et al. (2018) examined the relationship
between cortisol and whale watching vessels finding regional differences in cortisol concentrations but no

overall correlation to the amount of tourism traffic present; while Mingramm et al. (2020) examined
blubber cortisol levels from live and dead humpback whales, finding that blubber from deceased whales
exhibited much higher cortisol concentrations than samples from live animals. While these studies

contribute to the growing field of mysticete endocrine assessment, it bears mention that particular care

should be given to GC metabolite expression by sex, sample matrix and the source of the sample matrix
(e.g., blubber from stranded vs. live animals) as early investigations have shown that metabolite
expression is likely to vary by these criteria (Atkinson et al., 2020). To date, no study has conducted a
temporal and spatial assessment of stress by sex in live, free ranging North Pacific humpback whales.
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As GCs are closely linked with reproductive cycles (Burgess et al., 2013) and female humpback

whales exhibit different reproductive costs than males (Christiansen et al., 2016), the present study

focused exclusively on the range of variability in GCs in male humpback whales in varying temporal,
spatial, social and ecological contexts. Humpback whales typically undergo relatively long migrations of

several thousand kilometers between high latitude feeding grounds and low latitude breeding grounds

(Barlow et al., 2011; Chittleborough, 1965; Dawbin, 1966; Katona and Beard, 1990). On the breeding
grounds all but suckling calves fast, and activities are largely devoted to calving, calf rearing, and mating,
as well as to behaviors related to these activities. While on the breeding grounds, males produce long

elaborate repeated vocal sequences termed “song” (reviewed in Herman, 2017) and also escort single
females or single mother-calf pairs (Craig et al., 2002). When two or more males escort a female, the
males compete for physical proximity (and presumably mating access) to that female (Clapham, 1996;
Tyack and Whitehead, 1983). Contest competition between males can range in aggressiveness from

physical displays, to blocking behavior, to chases and body strikes (Baker and Herman, 1984; Herman et

al., 2007). While both singing and competing require energy, the latter is likely more energetically costly

and consequently a greater stressor than the former. Nonetheless, fasting over an extended period should
in theory provide the most persistent source of stress on a male humpback during the breeding season.

Residency duration for male humpback whales on the breeding grounds may extend 13 weeks or longer

depending on an individual's body resources and age class (Craig et al., 2001). Over this period,
individuals must rely on metabolized fat stores for energy. Consequently, over the course of a breeding
season, males incur a loss in the thickness of their blubber (Christiansen et al., 2016; Nishiwaki, 1960).

Thus, at any moment on the breeding grounds, a variety of natural factors may contribute to the diversity
of stress levels found within the matrix of male humpback whales including the length of time a male has
already been present on the breeding grounds, and whether a male actively participates in competitive

groups or avoids these types of associations. Arguably, male humpback whales should demonstrate less

diversity in stress levels on the feeding grounds than on the breeding grounds inasmuch as the whales are
no longer fasting and are no longer competing physically for mates, although the extent to which food
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resources are readily available to all individuals and the degree to which they have gone without food
may complicate the picture. Nonetheless, it would appear that male humpbacks would experience on

average greater stress during the breeding season compared to pre- and post-breeding periods, as has been
shown in some terrestrial vertebrates (Romero, 2002).

In the current study, we compared corticosterone concentrations in the Hawaii Distinct
Population Segment (DPS) of humpback whales, specifically those that feed in Southeast Alaska and
breed in Hawaii (Barlow et al., 2011; Calambokidis et al., 2008). Since male humpback whales fast on the

breeding grounds, have variable residency durations depending on age class and body resources, and
engage in variable energetically demanding behaviors, we predicted that corticosterone concentrations
would be more variable on the breeding grounds versus the feeding grounds with the highest observed

corticosterone concentrations occurring during the breeding season and that corticosterone concentrations
would be positively correlated with age. We also tested the assumption that corticosterone concentrations
would differ between blubber and skin tissue collected from the same individual and lastly, that individual

corticosterone concentrations should show an increased stress response from initial to final sampling on
the breeding grounds and should show a decreased stress response from the initial to the final sampling in

Alaska.

2.3 Materials and Methods
2.3.1 Study Areas
Male humpback whales of the Hawaii DPS that exhibit feeding site fidelity to Southeast Alaska

(SEAK) were examined in the present study (Figure 2.1). Blubber and skin biopsy samples were collected
from two locales: 1) Southeast Alaska, including Sitka Sound (57.0°N 135.5W°), Chatham Strait

(56.95°N 134.62°W), Frederick Sound (57.13°N 134.10oW), Lynn Canal (58.4°N 134.8°W) and waters
west of Prince of Wales (55.95°N 132.48°W), and 2) the main Hawaiian islands, specifically the Au'au,
Kalohi and Pailolo channels between Maui (20.89oN 156.68oW), Moloka'i (21.14oN 157.03oW), Lana'i
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(20.83oN 156.91oW) and Kaho'olawe (20.55oN 156.60oW) and waters off the North Kohala Coast of
Hawai'i Island (19.98oN 155.87oW).

2.3.2 Biopsy Sampling
Samples were collected from four research groups. Two were based in Hawaii during 2004—2006

and two were based in Southeast Alaska during 2004—2005. All samples were collected during an

international, collaborative study of humpback whales across the North Pacific called Structure of

Populations, Levels of Abundance, and Status of Humpbacks (SPLASH) (Calambokidis et al., 2008).
Samples were collected following SPLASH protocols and are described in Cates et al. (2019).

2.3.3 Sample Selection
Samples used in this study were randomly selected by month from available humpback whale

blubber samples archived at National Marine Fisheries Service's (NMFS) Southwest Fisheries Science
Center (SWFSC) in order to capture the cyclical variation in physiology. Samples were classified

according to the sample type (skin or blubber), location where the biopsy was obtained (Alaska or
Hawaii) and date of collection. Following Cates et al. (2019), seasons were defined as follows: fall
(September 16—January 15), winter (January 16—March 15), spring (March 16—June 15), and summer
(June 16—September 15).

2.3.4 Photographic Identification Using Natural Markings
Humpback whales can be identified by the unique black and white pigmentation patterns on the
ventral surface of their flukes, along with the distinctive trailing edge (Katona and Whitehead, 1981).
Identification photographs (photo-id) of the tail flukes of tissue-sampled humpback whales were collected

either prior to or after the biopsy was obtained and were matched to tissue samples following the protocol
outlined in Cates et al. (2019).
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2.3.5 Determining Age-class and Reproductive Status for an Individual Whale
The age-class of whales was determined from field notes that accompanied the samples. Calves

were designated based on their small size (ca. < 5 m) (Pack et al., 2017, 2009) and close spatial

association with an adult-sized whale (i.e., its mother) that displayed nurturant behavior (e.g., shielding
the small-sized whale with its pectoral fin) (Gabriele et al., 2017; Glockner-Ferrari and Ferrari, 1985). All

other whales were considered non-calves. Sighting histories in the southeast Alaska collaborative
databases (maintained by co-authors Straley and Gabriele) were used to determine whales of known age
or a minimum age for whales whose exact age was unknown. Whales of known age were first sighted as

calves. The minimum age of a whale which was photographed prior to the SPLASH project as an adult
was calculated as the number of years from the earliest sighting to the most recent sighting plus two years

to account for the individual's year as a calf and year as a yearling when it would have appeared notably
smaller than an adult-sized whale. For example, the known age of a whale photographed during the study

in 2006 that was originally photographed in 1994 as a calf would be 12 years, whereas the calculated
minimum age of a whale photographed in 2006 that was originally photographed as a non-calf in 1994
would be 14 years. Minimum age thus represents a conservative estimate of age.

2.3.6 Sex and Genetic Identification
Oregon State University's Cetacean Conservation and Genomics Laboratory conducted genetic
analyses and sex determination on the samples as part of the post-collection aims of the SPLASH effort

(Baker et al., 2013). Each whale was given a unique genetic ID which was used in conjunction with

photo-IDs to match whales under one SPLASH ID where necessary.

2.3.7 Enzyme Immunoassay (EIA)
Hormone extraction methods were conducted as described in Cates et al. (2019). Corticosterone

was chosen as an indicator of male humpback whale stress response as it is the main blubber

glucocorticoid metabolite expressed (Atkinson et al. 2020, unpublished data). Extracted hormone was
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analyzed using Arbor Assay kit K014-H1 for corticosterone and procedures were performed according to
the manufacturer's protocol. Manufacturer cross-reactivity with other steroids was as follows:

desoxycorticosterone (12.3%), tetrahydrocorticosterone (0.76%), aldosterone (0.62%), cortisol (0.38%),

progesterone (0.24%), dexamethasone (0.12%), corticosterone-21-hemisucciante (<0.1%) and less than

0.008% for all other steroids analyzed. Assay parallelism and accuracy tests were performed in order to
validate use of humpback whale blubber for measuring corticosterone in EIA using a pooled blubber
sample for male humpback whales. Serial dilutions (neat to 1:8) of the pool exhibited displacement
parallel to that of the standard curve and proved accurate (y=7.62 + 0.95x, r2=0.99) in the amount of

corticosterone measured. Inter-assay coefficient of variation for one assay control was 11.68% and intra
assay coefficient of variation was below 10%. The lower limit of detection (LD) was 4.88 pg/ml with 40

out of 247 samples (16%) falling below this threshold. Substitution in the form of LD∕√2 was performed
for these 40 samples, a process that is accepted if less than 25% of samples are substituted and there is
only one LD (Croghan and Egeghy, 2003; LaFleur et al., 2011; US EPA, 2000).

2.3.8 Statistical Analyses
All statistical analyses were conducted in the program R (R Core Team, 2018, version 3.5.1.
Available at https://www.R-project.org). Hormone concentration data were first examined for normality

and variance. Finding that the data were left skewed a Box Cox analysis was performed to determine a
suitable transformation. A fourth root transformation was deemed the most appropriate transformation

and was applied to the corticosterone data. General additive models (GAM) (Hastie and Tibshirani, 1986)

were then constructed with the most parsimonious model determined as that with the lowest Akaike
information criterion (AIC) value. The full GAM model was of the form:

corticosterone ~ jul:grounds + testosterone + age + year
where testosterone and age were smoothed effects and year and Julian day were treated as linear effects.
The transformed data were then used to examine the temporal and spatial differences in blubber
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corticosterone concentrations using a Welch's t-test, a two-sample Kolmogorov-Smirnov test, or a one
way ANOVA. If a significant result (p<0.05) was found in the ANOVA test, a Dunn's test was performed
to determine which groups differed significantly from each other. The spatial and temporal range of

variation in corticosterone concentration were depicted by boxplots which show the mean and nominal
range of the data inferred from the upper and lower quartiles, as well as outliers in the data. T-tests
(Welch's t-test and paired t-test), ANOVA, Dunn's test and boxplot analyses were also performed to

examine any difference between calves and non-calves and between blubber and skin sample types.
Additionally, a Pearson Correlation Test was conducted to determine any potential relationships between

blubber and skin corticosterone concentrations, as well as testosterone and corticosterone concentrations.

2.4 Results
A total of 247 tissue samples (238 male non-calves, 9 male calves) were analyzed for
corticosterone (Table 2.1). Four individually identified whales were sampled in consecutive years in
Alaska and Hawaii and ten were sampled twice during the same season (six in AK during the feeding

season and four in Hawaii during the breeding season).

2.4.1 Corticosterone Models

Generalized additive models were constructed and model selection used to determine what
variables would best predict corticosterone concentration in male humpback whales. Variables including

day of year, season, month, location, year, grounds, age and testosterone concentration were hypothesized
to explain observed variation in corticosterone concentration. Due to the inherent collinearity of day of

year, season and month, season and month were removed as candidate predictor variables from model
selection. Values for candidate predictor variables were not available for all response variable (i.e.

corticosterone concentration) samples. Therefore, models were fit to two subsets of the data: (1) the full

dataset with a limited number of variables, and (2) a reduced dataset that incorporated all the available
variables, as age information was not available for all samples. Models fit to the full dataset included day
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of year, year, grounds, and testosterone as predictor variables. AIC-based model selection and visual
inspection of the output from the GAMs suggests that year (p< 0.05 for all years) and an interaction
between day of year and grounds (p< 0.05 for AK and HI) were the two most important variables in

predicting corticosterone concentration. When model specifying day of year as a linear or non-linear

smoothed effect (approximated as a thin plate spline), a linear relationship was preferred (edf=1). For the
reduced dataset, when the available variables were day of year, year, grounds, testosterone, and age,
model selection among competing GAMs suggests that year (p<0.05 for all years) and testosterone

(p=0.05) were the two most important variables in predicting corticosterone concentration. However, the
next two models showed a marginal difference in AIC and included day of year (model 2, delta-AIC=1)

and age (model 3, delta-AIC=3) as important variables in predicting corticosterone concentration (Table

2.2). When model specifying testosterone as a linear or non-linear smoothed effect in the reduced dataset
(approximated as a thin plate spline), a non-linear relationship was preferred (edf=1.61).

2.4.2 Spatial and Temporal Corticosterone Concentration Trends
Corticosterone concentrations in blubber samples from non-calf humpback whales were
examined by location (Alaska and Hawaii), year (2004-2006), season (Spring, Summer, Fall and Winter)

and Julian day. When corticosterone concentrations were compared by year, a significant result (KruskalWallis, p<0.05) was found, with 2004 being statistically greater than 2005 and 2006. When binned by
location, a significant difference between years was not found for Alaska samples (Welch's Two Sample

T-Test, p=0.29 (no data for 2006)), but was found for Hawaii samples (Kruskal-Wallis, p<0.05) with
2004 having significantly greater corticosterone concentrations than 2005 and 2006 (Figure 2.2).

Mean (± SD) corticosterone concentrations were not significantly different between Alaska
(n=73, 0.62 ± 0.17 ng/g) and Hawaii (n=165, 0.61 ± 0.20 ng/g), yet Hawaii had a significantly greater
distribution than Alaska (Two-sample Kolmogorov-Smirnov test, p=0.02, Figure 2.3). There were no

significant differences (Kruskal Wallis, p=0.07) among the four seasons; spring (n=45, 0.56 ± 0.20 ng/g),
summer (n=47, 0.61± 0.17 ng/g), fall (n=29, 0.57± 0.18 ng/g) and winter (n=117, 0.64± 0.20 ng/g).
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Spring and fall were the only two seasons during which biopsies were collected from whales in both

Alaska and Hawaii. The median dates of collection for whales biopsied in the spring and fall in Alaska
were June 2nd and October 21st, respectively, whereas the median dates of collection in Hawaii were
March 31st and January 7th. Whales in spring (n=45) located in Alaska (n=4, 0.74 ± 0.16 ng/g) and

Hawaii (n=41, 0.54 ± 0.19 ng/g), did not have significantly different corticosterone concentrations

(Welch's t-test, p=0.07). Likewise, whales in fall (n=29) did not have significantly different

corticosterone concentrations between locations (Alaska, n=22, 0.59 ± 0.18 ng/g; Hawaii, n=7, 0.49 ±
0.19 ng/g; Welch's t-test, p=0.23) (Figure 2.4). However, due to the small sample size in some of the

locations (i.e., Alaska in spring and Hawaii in fall), the relative power of these tests is low and caution

should be exercised when using these data in physiological assessments.
Lastly, corticosterone concentrations were examined by day of year. When day of year was

compared to corticosterone concentration for each location a weak, non-significant correlation was
observed (r=-0.03 & -0.10 for HI and AK, respectively, Pearson Correlation). However, when 2004 data
points were removed, the strength of the correlation between day of year and corticosterone concentration

increased (r=-0.32 & -0.62 for HI and AK, respectively) providing a significant result (p=0.001 & 0.002

for HI and AK, respectively).

2.4.3 Corticosterone by Age
Age information for 64 individual whales (exact age or minimum age) was available and pooled

for analysis (exact age mean = 5 yrs, range = 0 -24yrs; minimum age mean = 16yrs, range = 3 - 28 yrs).
A significant, weak relationship between age and corticosterone concertation was found (Pearson
Correlation, r =-0.36, p<0.05), however, when calves (n=9) were removed from the dataset no correlation
was found (Pearson Correlation, r =-0.03, p=0.83). From model fitting, a third order polynomial was

found to best represent this relationship (r2=0.26, Figure 2.5) capturing more of the data than 1st and 2nd

order polynomials and as much data as a 4th order polynomial (ANOVA, p=0.007, 0.004, 0.06 for 1st
(order model) vs 3rd, 2nd vs 3rd, and 3rd vs 4th, respectively). The general trend suggests that
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corticosterone concentrations are initially high at birth then taper off and remain relatively low until
sexual maturity is reached around ages 8-10. Corticosterone concentration appears to peak in adult
humpback whales around 15-25 years of age. Calves exhibit the highest concentrations of corticosterone

(n=9, 0.93 ± 0.13 ng/g) and were significantly greater than non-calves (n=238, 0.61 ± 0.19 ng/g, Welch's

t-test, p< 0.05).

2.4.4 Corticosterone Concentration from Individual Whales Biopsied in both Hawaii and Alaska
Four whales were biopsied within the same year in Alaska and Hawaii and while no consistent

trend was observed, three out of the four whales showed higher corticosterone concentrations in Alaska
than when in Hawaii (Figure 2.6). In addition, ten whales were biopsied during the same season in the
same location. Mean duration between sampling events was 42 ± 20 days in Alaska and 20 ± 7 days in

Hawaii. Comparison of these paired biopsies did not yield a clear trend and instead showed a variable

trend with some whales exhibiting higher corticosterone concentrations in the first biopsy (n=3) and some
in the second (n=7, Figure 2.7).

2.4.5 Corticosterone Concentration in Blubber and Skin
There was no significant difference in corticosterone concentration between blubber and skin
matrices from the same individuals (n=36 blubber and 36 skin samples, Paired T-Test, p=0.38). When

samples were further binned by geographic collection location, no significant result was found (Paired TTest, p=0.33 and p=0.80 for Alaska and Hawaii samples, respectively). A Pearson Correlation test

showed that these two tissue matrices are correlated (n=36 pairs, r=0.56, p<0.05) and when binned by

location, Alaska samples were not significantly correlated (n=16 pairs, r=0.48, p=0.06), whereas Hawaii
samples were significantly correlated (p=20 pairs, r=0.61, p<0.05).
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2.4.6 Corticosterone and Testosterone Concentrations
Testosterone and corticosterone concentrations from the same blubber biopsies were compared
with testosterone concentrations obtained from Cates et al. (2019). There was no significant correlation
between corticosterone and testosterone concentrations (Pearson correlation test, r=0.07, p=0.31). When

split by location, the result was still non-significant (r=0.07 & 0.17, p=0.35 & 0.13 for Hawaii and
Alaska, respectively).

2.5 Discussion
Our findings present a complex picture of stress in the central North Pacific population of
humpback whales. We tested the hypotheses that corticosterone concentrations would be more variable on

the breeding grounds versus the feeding grounds, positively correlated with age, would differ between

blubber and skin tissue and lastly, that concentrations should increase from initial to final sampling on the
breeding grounds and should decrease from the initial to the final sampling in Alaska. While we did find

that corticosterone concentrations were more variable on the breeding grounds than on the feeding
grounds, our other hypotheses were not supported, suggesting that the relationship between corticosterone
level and other biologically important factors in humpback whale ecology may be more nuanced than
previously thought.

Modeling suggested that the most influential variables on corticosterone concentration were year,
day of year and grounds (i.e. feeding or breeding location), and to a lesser extent testosterone and age
(Table 2.2). However, when these variables were examined independent of other variables only year and

age were found to have significant results. For example, when corticosterone concentrations were
compared to year, 2004 had significantly higher corticosterone levels than 2005 and 2006 (Figure 2.2).
These differences may be a result of increases in anthropogenic activities, abiotic influences, fluctuations

in suitable prey, disease, body condition or any number of other factors (Atkinson et al., 2015; Burek et
al., 2008; Christiansen et al., 2016; Henson et al., 2017; Rolland et al., 2012; Wernberg et al., 2016). Sea

surface temperature (SST) did differ between years in this study, with a warmer average sea surface
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temperature experienced in Hawaii in 2004 than in 2005 and 2006 (PacIOOS, 2019). However, 2003 SST
temperatures in Alaska (the feeding season immediately preceding the 2004 breeding season) were not

significantly warmer than 2004 or 2005 (CoastWatch, 2020) and 2003 Pacific herring (Clupea pallasii)
spawning biomass in southeast Alaska was not significantly lower than spawning biomass in 2004 and
2005 (Hebert, 2017). In addition, the Glacier Bay National Park recorded crude birth rate (6.1%), while

lower than 2004 (11.6%) and 2005 (6.9%), was well within the documented range of values (3.4—17.9%
between 1984—2006) for this extremely variable parameter (Neilson and Gabriele, 2003, 2006).

Moreover, despite the annual difference in corticosterone concentration and SST in Hawaii, the whales
showed an estimated annual increase of 6% (Calambokidis et al. 2008). Thus, the factors underlying
significantly higher corticosterone concentrations in Hawaii in 2004 remain unclear. Corticosterone
concentration as a function of year may be impacted by prevalent oceanographic conditions (Cartwright et
al., 2019), yet to better understand the role that SST may play as a stressor to humpback whales,

additional biopsies are needed across spatial, temporal and temperature gradients.

We also found a significant relationship when corticosterone was examined by age class which
was driven largely by calves exhibiting higher corticosterone concentrations than non-calves. This
parallels findings which found that when human infants are first born their reproductive and stress

hormone levels begin relatively high and gradually decrease, remaining low until they near puberty
(Forest et al., 1973; Quigley, 2002). In Hawaii, calves may range from neonates to those seven or more
weeks old (Craig et al., 2001; Pack et al., 2017). Mothers often segregate themselves and their calves into

shallow water to avoid energetically costly associations with males prospecting for mating opportunities
and engaging in competition with other males (Craig et al., 2014). However, as calves grow and age,

mother-calf pairs may be found in deeper waters where these energetically stressful encounters may occur

more often (Pack et al., 2017). Calves in Alaska are older and spend more time separated from their
mothers (Szabo and Duffus, 2008) than in Hawaii, thus having to be more vigilant for potential predators
or other potential threats. In both locations, calves experience a suite of additional challenges such as the
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cost of locomotion, impacts of close approaches by tourism vessels and meeting the nutrient demands of

rapid growth. It is perhaps not surprising that they have relatively higher stress levels than non-calves.
Age class may also play a role in the greater variation of corticosterone concentrations seen in
whales located in Hawaii versus Alaska. While these two locations had similar mean corticosterone

concentrations, the range of these values was much greater for whales located in Hawaii (Figure 2.3). To
the degree that there is an equivalent opportunity among males in Alaska to locate and secure food

resources (i.e., low levels of competition for these resources), it is likely that most males on the feeding
grounds experience similar levels of nutritional stress as they are all searching for prey and seeking to
replenish fat stores. In contrast, in Hawaii differences in individual male stress may reflect differences in

fasting period as well as differences in engagement in social activities associated with stress. For
example, as noted earlier, depending on their body resources, males may vary their residency on the
breeding grounds with longer residencies in theory being more stressful than those that are shorter. In

addition, corticosterone concentrations appear to peak in male humpback whales between 15-25 years of
age (Figure 2.5). This mimics a similar trend seen in testosterone concentrations (Cates et al., 2019)
where testosterone appears to peak between 8-25 years of age. This makes biological sense as sexually
mature males are likely to experience higher levels of physical competition as a consequence of activities

related to mating whereas sexually immature males, although present in some competitive groups (Spitz

et al., 2002) may be less likely to physically engage in contest competition that may cause injury. Indeed,
Pack et al. (2012) documented size assortative pairing in humpback whales in Hawaiian waters showing
that immature males tend to associate with immature females without calves rather than mature females

without calves. Factors such as these could contribute to the greater variability in corticosterone

concentrations observed in Hawaii compared with Alaska. However more information on corticosterone
as a function of male residency and role is needed to test this hypothesis.
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Examination of the relationship between corticosterone in blubber and skin from the same

individuals showed that these two matrices are similar in concentration, whereas for testosterone, blubber
and skin concentrations were significantly different (Cates et al., 2019). In light of the similarity between

blubber and skin corticosterone concentrations, it could be argued that skin could be used as proxy for
blubber corticosterone concentrations. However, this substitution is likely ill-advised as the similarity
between blubber and skin is not consistent and varies by location, with a greater similarity occurring in

Hawaii than in Alaska. This could be the result of any number of influences including warmer water

temperatures or differences in metabolic rates between Hawaii and Alaska which would affect the

diffusion rate of steroid hormones moving into and through the lipophilic blubber layer (Campbell et al.,
2008; Purves et al., 2003). As such, our study does not support using skin as a substitute for blubber in the

analysis of steroid hormones.
There was no significant difference in mean corticosterone concentrations between Alaska and
Hawaii, and likewise, there was no overall trend by season (Figures 2.3 & 2.4). These findings were

further supported at the individual level; individually identified whales who were biopsied in both Alaska
and Hawaii did not yield a clear trend in higher corticosterone concentrations favoring one area over
another as individuals who were biopsied in different locations did not yield a clear trend (Figure 2.6) and

whales who were biopsied twice in the same season did not consistently increase or decrease in

corticosterone levels (Figure 2.7).
Overall, these results are somewhat surprising as one might expect biologically taxing periods

like breeding when males are fasting, declining in body condition, and physically competing for mates to
result in greater levels of stress than would occur while feeding. For example, male Northern elephant

seals (Mirounga angustirostris) also fast during the breeding season and engage is seasonal migration.

They provide evidence for oxidative stress as a physiological cost of reproduction, where both sexes
strongly up-regulate antioxidant defenses during breeding (Sharick et al., 2015). During the winter fast,
polar bears (Ursus maritimus) initially experience low levels of GCs, but once fat stores are depleted,
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protein stores become the main energy source and GCs increase markedly (Boonstra, 2004; Stirling et al.,

1999). However, at the population level, it appears that male humpback whales experience a consistent

mean concentration of corticosterone throughout the year whether they are feeding or breeding. One
factor that may contribute to this finding is that the collection of males at any one time on the feeding or
breeding grounds is likely to include individuals that have been present for some time and others that are
newly arrived (Craig et al., 2003). On the feeding grounds, this equates to males in various stages of

replenishing their fat stores and on the breeding grounds to males in various stages of fasting (Straley,

1990). To the extent that body condition is related to stress, measures of stress across males in an area or
between areas may thus show large variability but no overall differences.

Based on the 14 individual humpback whales who were sampled twice in the same season or
between locations in the same year, our results suggest that stress is better studied at the individual level

rather than at the population level as individuals encounter external stressors at different rates, times,

frequencies and intensities. Unlike reproductive cycles, during which hormones increase and decrease
cyclically throughout the year (Cates et al., 2019), stress is more likely to vary at an individual level and

may be either acute or chronic. Individual variation could be the result of nutritional condition, breeding

pressures, climatic shifts, disease, reproductive state and/or anthropogenic stressors such as fishing gear
entanglement (Atkinson et al., 2015; Burek et al., 2008; Henson et al., 2017; Huntington et al., 2017;

Rolland et al., 2012; Wernberg et al., 2016). For example, on the feeding grounds, humpback whales
search for prey alone, in pairs, or in coordinated groups, each with their associated benefits and costs

(Clapham, 2009). Coordinated foraging may increase the likelihood of prey detection or capture thus
increasing fat stores and theoretically decreasing stress levels. Conversely, coordinated feeding groups are
also a primary target for whale watching tourism and may attract tourism vessels and thus an additional
stressor. On the breeding grounds, non-calf humpback whale males may be observed in a variety of

different behavioral roles that in theory would likely contribute to variations in energy expenditure,

metabolic well-being or general stress levels (Cartwright and Sullivan, 2009; Herman et al., 2011; Spitz et
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al., 2002). These include singly escorting a mother-calf pair or a single female without calf (Mobley and

Herman, 1985; Pack et al., 2012). Males can also be observed singing, often alone but sometimes while
escorting a mother-calf pair, lone female, or being joined by another male (Darling et al., 2006; Darling
and Berube, 2001; Herman et al., 2013), and physically competing with other males for access to female
within competitive groups (Tyack and Whitehead, 1983). Within competitive groups which may number
from 2 to 15+ males, the so-called “principal escort” actively defends the position closest to the female
from challengers through displays, chases and body strikes while other secondary escorts adopt a non

challenging tactic (Baker and Herman, 1984; Clapham et al., 1992; Pack et al., 2009; Spitz et al., 2002).

Thus, whether a male humpback whale is on the feeding or breeding grounds, undergoing migration or

experiencing some other external pressure, it seems that humpback whales encounter different types of
potential stressors on a nearly daily basis and that when these experiences are grouped together may

equate to similar mean corticosterone concentrations across spatial and temporal boundaries.
Measuring stress response in any organism is complicated. It may be that accurate assessment of
the stressor may need to involve several metrics and that blubber may not be the best matrix with which
to analyze stress. Steroid hormones are lipophilic and accumulate in adipose tissue (i.e., blubber),

however the degree to which they accumulate and the length that they reside in the tissue is dependent on
several factors including metabolic rate (Kershaw and Flier, 2004). For humpback whales, which as
mysticetes, have relatively slow metabolic rates (Ball et al., 2017), this means that studies of hormones

found in blubber represent health over a longer time frame than the snapshot of condition that blood
would provide. As such, blubber is a good medium for analyzing chronic stress but examination of acute
stress may require additional biological metrics. Examination of the stress response in humpback whales

would benefit from a coordinated study on behavior, body condition and steroid hormones with a focus

on resightings of individuals within and across seasons in order to determine the impact of potential

stressors. It may also require the examination of additional hormones. While GCs are generally thought of
as good indicators of a stress response, other hormones such as aldosterone, DHEA-S and thyroid
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hormones may also play a role in the regulation of stress (Atkinson et al., 2015). For the most part,

endocrine systems in marine mammals follow the basic organization and chemical characteristics of other
mammals, yet due to the pressures imposed by an aquatic lifestyle they have adapted in numerous ways.
Aldosterone is the major mineralocorticoid and is primarily responsible for increasing sodium
reabsorption from the renal tubules. It may also play several other important roles in marine mammals,

including regulation of water retention during extended natural fasts (Ortiz et al., 2006). Aldosterone
secretion is typically elevated coincident with cortisol increases in a variety of situations, including cold
water exposure (Houser et al., 2011), restraint and handling (Champagne et al., 2012), and with an ACTH

challenge (Champagne et al., 2018; Keogh and Atkinson, 2015). Thus, aldosterone appears to serve a role
in the stress response in marine mammals (Gulland et al., 2018) and may be a very useful indicator of the
stress response, particularly in regard to salt balance. It also bears mentioning that studies focusing on

evaluating stress in female humpbacks should concentrate their efforts of examination of cortisol, as
preliminary studies have found a sex-based difference in the primary glucocorticoid metabolite expressed
(Atkinson et al., 2020). It is likely that non-pregnant females will mimic the trends in stress expression

observed in male humpbacks, yet stress levels are likely to increase with pregnant females (Hunt et al.,
2019).

Regardless of how the stress response is measured, it is critical to ensuring the health and
sustainability of marine mammal populations. Should some event disrupt the normal physiology of
humpback whales, it would be advantageous to have a baseline against which to compare and identify the

root cause of these changes. Such an event did occur recently in the Hawaii DPS. In 2016, the Hawaii

DPS was delisted from an endangered status under the United States Endangered Species Act as a result

of this population reaching estimated pre-commercial whaling levels of abundance in conjunction with an

annual healthy population growth rate of approximately 6% (Calambokidis et al. 2008). Observed rates of
whale sightings including calves, however, began to decrease significantly beginning in 2014 (Cartwright

et al., 2019; NOAA, 2019). Due to a “perfect cocktail” of environmental conditions (e.g., negative Pacific
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Decadal Oscillation (PDO), a North Pacific Heatwave and a strong El Nino), normal climatic conditions

for humpbacks, and the rest of the species in the eastern North Pacific, altered. Shifts in the distribution
and range of species were widespread and widescale mortality events of several species, such as Common

Murres (Uria aalge), Crested Auklets (Aethia cristatella) and California sea lions (Zalophus

californianus), occurred (Cornwall, 2019; NMFS, 2019; NPS, 2019). Humpback whales also exhibited
unusual behavior, with a severe decline in reproductive rates documented, an increase in the amount of
emaciated or skinny whales seen on the feeding grounds, an increase in skin abnormalities and an unusual

number of whales whose residence time on the feeding grounds increased (Cartwright et al., 2019;
Neilson et al., 2017; Straley et al., 2018). In order to understand the root cause of these physiological and

behavioral changes, baseline indices of health are needed against which to compare.

Endocrine markers in combination with behavioral and longitudinal data on individually
identified humpback whales provide a powerful tool in the assessment of physiology and life history

states for responsible management and conservation of humpback whales. As the chemical messengers in
the body, hormones are an essential element in the smooth functioning of any organism and an excellent

place to begin to examine the health of an individual. With an emerging catalog of baseline
concentrations for steroid hormones in humpback whales, we are increasing our ability and efficacy in

documenting, calculating, and addressing changes in normal humpback whale physiology. Not only is
such information essential for an appreciation of how individual marine mammal species respond to

natural stressors, but it is also essential for understanding the impacts of anthropogenic activities and
climatic shifts on humpback whales.
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2.7 Figures

0.1 Figure 2. 1 - Blubber and skin biopsy samples were collected from two locales; 1) Southeast Alaska,
including Sitka Sound (57.0°N 135.5W°), Chatham Strait (56.95°N 134.62°W), Frederick Sound (57.13°N
134.10°W), Lynn Canal (58.4°N 134.8°W) and waters west of Prince of Wales (55.95°N 132.48°W), and
2) the main Hawaiian islands, specifically the Au'au, Kalohi and Pailolo channels between Maui (20.89°N
156.68°W), Moloka'i (21.14oN 157.03°W), Lana'i (20.83°N 156.91oW) and Kaho'olawe (20.55°N
156.60°W) and waters off the North Kohala Coast of Hawai'i Island (19.98°N 155.87°W). Map used with
permission from Cates et al. (2019).
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Figure 2. 2 - Corticosterone concentrations (ng/g) across Julian day. Data is color coded by year and
shape represents location. Julian day influences the spatial location of humpback whales and
corticosterone concentrations were significantly higher in Hawaii (HI) in 2004 than in 2005 or 2006
(p<0.05).
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Figure 2. 3 - Corticosterone concentrations were examined between Hawaii and Alaska with no
significant difference in mean corticosterone concentration detected between locations.
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Figure 2. 4 - Spring and fall were the only two seasons during which biopsies were collected from whales
in both Alaska and Hawaii. Whales in spring (n=45) located in Alaska (n=4, 0.74 ± 0.16 ng/g) and Hawaii
(n=41, 0.54 ± 0.19 ng/g), did not have significantly different corticosterone concentrations (Welch's ttest, p=0.07). Likewise, whales in fall (n=29) did not have significantly different corticosterone
concentrations between locations (Alaska, n=22, 0.59 ± 0.18 ng/g; Hawaii, n=7, 0.49 ± 0.19 ng/g;
Welch's t-test, p=0.23).

67

Figure 2. 5 - Corticosterone concentration plotted against age for 64 whales. Paired age and
corticosterone concentration data suggest that corticosterone concentrations are initially high at birth then
taper off and remain relatively low until sexual maturity is reached around age 8-10. Corticosterone
concentration appears to peak in humpback whales around 15-25 years. A 3rd order parabolic curve best
fit the data (r2 = 0.26).
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Figure 2. 6 - Four whales were biopsied within the same year in Alaska and
Hawaii. No consistent trend was observed in corticosterone concentrations,
yet three out of the four whales showed higher corticosterone concentrations
in Alaska than when in Hawaii. Date of collection of samples are provided
in figure.
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Figure 2. 7- Ten whales were biopsied during the same year in the same location. Comparison of
these paired biopsies did not yield a clear trend and instead showed a variable trend with some
whales exhibiting higher corticosterone concentrations in the first biopsy (n=3) and some in the
second (n=7). Samples collected in Alaska are to the left of the black bar and Hawaii samples are
to the right.
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2.8 Tables

1 Table 2. 1 - Distribution of humpback whale blubber samples by year, location and season. Bracketed
numbers indicate calves. No samples, as a part of the SPLASH effort, were collected in 2006 in Alaska.
Seasons were defined as follows: fall (September 16-January 15), winter (January 16-March 15), spring
(March 16-June 15), and summer (June 16-September 15).
Alaska

Spring

Summer

Fall

Winter

Total

2004

2

33[2]

21

0

56[2]

2005

2[3]

14[2]

1

0

17[5]

Alaska Total

73[7]

Hawaii
2004

19

0

1

43[1]

63[1]

2005

13

0

2

39

54

2006

9

0

4[1]

35

48[1]

Hawaii Total

165[2]
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2 Table 2. 2 - General additive models for two datasets, 1) a full dataset with a subset of variables and 2)
a reduced dataset with all available variables. Available variables for the full dataset (n=248) were Julian
day, grounds, year, and testosterone. Available variables for the reduced dataset (n=64) were Julian day,
grounds, year, testosterone and age. The best and most parsimonious model for predicting corticosterone
concentrations using the full dataset (AIC=-141.47) was year and an interaction between Julian day and
grounds. The best and most parsimonious model for predicting corticosterone concentrations using the
reduced dataset (AIC= -35.10) was testosterone and year. The top 5 models (based on AIC) constructed
for each dataset are presented below.

Full Dataset Models
jul:grounds + year
jul:grounds + testosterone + year
testosterone + year
year
testosterone

df
6.00
7.82
5.00
3.00
2.00

R2
0.20
0.20
0.16
0.15
0.01

logLik
76.70
78.10
70.40
68.80
47.60

AIC
-141.47
-140.57
-130.88
-129.52
-89.19

Δ AIC
0.00
0.90
10.59
11.95
52.28

Reduced Dataset Models
testosterone + year
jul:grounds + testosterone + year
jul:grounds + testosterone + year + age
year
jul:grounds + year

df
4.61
6.75
7.98
6.37
2.00

R2
0.24
0.25
0.24
0.16
0.17

logLik
23.40
25.00
25.40
21.80
15.00

AIC
-35.10
-34.10
-32.10
-28.40
-24.10

Δ AIC
0.00
1.00
3.00
6.70
11.00
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Chapter 3 - Automated Pixel-Based Tool for Morphometric Assessment of Large Whale
Populations3

3.1 Abstract
Examination of the robustness or body condition of populations and individuals is a

growing and ever more influential area of research in marine mammal studies. Accurate morphometric

measurements of cetaceans are fundamental to their conservation and population management, as these
measurements can provide insights into fecundity, age class, stress state (i.e., change in body condition
over time), projected survival, and overall physiology. Due to the wealth of information that can be
gleaned from the body condition, researchers have conducted numerous morphometric studies utilizing

various methodologies. Most recently, researchers have begun to conduct these studies with the aid of
Unoccupied Aerial Systems (UAS; drones), which has allowed for increased sample sizes and repeated

sampling of individuals. However, with these increased sample sizes comes increased data processing,
creating a bottleneck in the progress of morphometric studies. This project developed a novel approach

toward data processing in aerial morphometric studies by employing the use of deep learning technology,
with the resulting algorithm termed Morphometer. Morphometer was created and tested on aerial images

of Southern right whales (Eubalaena australis) and is a pixel-based approach to measuring morphometric
indices. The collection of photos used to test Morphometer were previously analyzed in Christiansen et al.

(2018), in which photographic images of individual whales were hand-measured using computer drawing
software. These measurements were used to train and served as the basis of comparison to determine the

accuracy of Morphometer. A dataset of 2,114 images was available for algorithm development. Of these
2,114 images, 350 made it through our quality control stage with an average relative percent error (RPE)

rate for measurements as compared to the control measurements of 41%. Morphometer performed the

best on body length measurements with an RPE of 12% and the worst at the 90% width increment from

K., Keller, B., Wilke, T., Christiansen, F., Bejder, F., Atkinson, S. 2021. Automated pixel-based tool for
morphometric assessment of large whale populations. For Submission to Frontiers in Marine Science.
3Cates,
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the rostrum with a RPE of 120%. Morphometer is the first attempt at complete automation for calculating

morphometric indices for large whales and the first to take a pixel-based, segmentation approach toward
the problem. Such a tool has the ability to speed up post-image collection processing and would allow for

marine mammologists to shift their focus back to the biology of large whales rather than on time

consuming data processing.

3.2 Introduction
Energy reserves fuel the many costs associated with survival of aquatic organisms in the marine

realm. For cetaceans, those that maintain a more robust body condition, typically exhibit a higher overall

fitness and are able to outcompete those of poorer condition (Crocker et al., 2012; Pack et al., 2012; Testa
and Adams, 1998). Examination of the robustness or body condition of populations and individuals is a
growing and ever more influential area of research in wild populations (Durban et al., 2015; Fearnbach et
al., 2015; Pitcher et al., 2000; Lemos et al., 2020). Accurate morphometric measurements of cetaceans are

fundamental to their conservation and population management, as these measurements can provide

insights into fecundity, age class, stress state (i.e., change in body condition over time), projected
survival, and overall physiology (Christiansen et al., 2018, 2016, 2013; Gilpatrick and Perryman, 2008;

Lockyer et al., 1985; Nishiwaki, 1960; Perryman and Lynn, 2002). As marine predators, cetaceans are

highly sensitive to changes in food availability and therefore examination of their body condition can
provide early indications of fluctuations in prey availability, environmental stressors, and overall marine
environmental health (Moore, 2008).
Due to the wealth of information that can be gleaned from the body condition of cetaceans,

researchers have conducted numerous morphometric studies utilizing various methodologies. Historically,
the most precise morphometric measurements of cetaceans came from manual measurements of animals

killed in commercial whaling (Chittleborough, 1955; Lockyer et al., 1985; Nishiwaki, 1960). Today, with
the a moratorium on most commercial whaling, researchers have turned to aerial photography and most

recently to aerial photographs collected with Unmanned Aerial Systems (UAS; drones) in order to collect
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morphometric data on cetaceans (Burnett et al., 2019; Pastene et al., 2020). In addition, many of the
historical problems associated with cetacean morphometric studies, such as locating, following, and
capture (Geoghegan et al., 2018; Schofield et al., 2019) have been resolved by utilizing UAS technology.

UAS technology has allowed for increased sample sizes and repeated sampling of individuals (Cates et al.

In Prep; Christiansen et al., 2018; Durban et al., 2015; van Aswegen et al. In Prep). With these increased

sample sizes come increased data processing needs, creating a bottleneck in the progress of morphometric

studies. However, there are avenues by which these data processing backlogs can be resolved.
While researchers have many questions that require morphometric data, the tools for analyzing
such data are lagging behind in innovation. This has naturally led to a bottleneck in data processing,

extending the completion timeline of projects. This is problematic, especially for projects that have time
sensitive management and conservation concerns. Analyzing video footage is done frame-by-frame and
body condition measurements are done image-by-image with a researcher selecting points of interest,
such as specific width or length measurements (Christiansen et al., 2018, 2016). This process is labor

intensive and is prone to human error, first in selecting the best image from which to calculate body
condition and then in the correct selection of points from those images. Computer scientists already have
deep learning models that can be adapted to vastly reduce the amount of labor that goes into processing

aerial imagery and that would provide a platform to streamline and standardize marine mammal aerial
photogrammetry research (Hong et al., 2019; Maire et al., 2015). The outputs from such models would be

comparable across datasets, could standardize morphometric reference points, would allow researchers to

increase samples sizes and would provide a better foundation for long-term population assessments of
health based on body condition.
Deep Learning (DL) (LeCun et al., 2015), a subset of Machine Learning, an application of

artificial intelligence that learns and improves from experience, works using Artificial Neural Networks

(ANN) (Hopfield, 1988). An ANN is a system loosely based on how neurons in the brains connect and
function - the “neurons” are arranged in layers proceeding from input, though several “hidden” layers,
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and ending in an output layer. Each neuron may have weighted connections to neurons in the previous or
subsequent layers. The network learns a nonlinear function of its inputs through training, in which we

present it with many examples chosen to represent the problem space, asking it to calculate a response to
the inputs, and then update the weights of the connections between neurons in order to improve

performance in the task (Schmidhuber, 2015). DL has been applied to fields including computer vision,

facial recognition, speech recognition, dietary assessment, audio recognition, and drug design where they
have produced results comparable to and in some cases superior to human experts (Deng and Platt, 2014;

Hong et al., 2019; Mezgec and Korousic Seljak, 2017; Noda et al., 2015; Ranjan et al., 2018; Wong et al.,
2017). Yet use of deep learning algorithms in cetacean studies is scarce. Research groups who have
incorporated DL into their studies are seeing excellent results, as well as revolutionizing the types of
questions they can ask. For example, researchers in Australia have turned to Deep Convolutional Neural

Networks (CNNs) to identify dugongs (Dugong dugon) from aerial images, vastly reducing the number of

frames that researchers need to examine post field collection (Maire et al., 2015), while researchers from
Cornell University used deep-learning architectures to detect and classify north Atlantic right whale

(Eubalaena glacialis) calls, finding that their algorithm was capable of producing false-positive rates that
are orders of magnitude lower than alternative algorithms while substantially increasing the ability to

detect calls (Shiu et al., 2020). With these early examples of successful implementation of DL into marine
mammal research there are direct avenues in which DL could be altered to serve future marine mammal
studies, especially those that are focused on time-critical conservation needs.

In this project we utilized DL technology to create an algorithm termed “Morphometer.”
Morphometer was created and tested on aerial images of Southern right whales (Eubalaena australis) and

is a pixel-based approach to standardized morphometric indices. The collection of photos used to test
Morphometer were previously analyzed in Christiansen et al. (2018) where photographic images of

individual whales were hand-measured using computer drawing software (Dawson et al., 2017). To test
the accuracy of Morphometer we compared body condition metrics calculated by Morphometer with
84

hand-measured metrics calculated by Christiansen et al. (2018), where measurement errors in the body
length of individual females (mean = 1.2%, upper 95% posterior density interval = 3.5%, max. = 7.3%)

were accounted for by fixing the body length of each female to her own mean. The body width
measurements were then recalculated based on the new body length measurements (Christiansen et al.,

2018). The present study thus made the assumption that these measurements were accurate reference
measurements that reflected the actual morphometric measurements of individuals whales. We predict
that measurements computed by Morphometer will be comparable to those calculated by Christiansen et

al. (2018), that our data processing time will be less than a day, and that our model will allow for a finer

resolution of examining morphometric measurements.
3.3 Methods
3.3.1 Data Source
Southern right whale images were provided by Christiansen et al. (2018), who captured aerial

images off the southern coast of Australia. Mother and calf pairs were targeted and 1118 images were

deemed of high enough quality to use for analyses (Christiansen et al. 2018). As some images contained a
mother and calf, these photos were duplicated to represent one photo for the mother and one photo for the
calf, for a total of 2,144 images. Each photograph was accompanied by associated metadata which

included several field measurements and post-field morphometric measurements. Pertinent field
measurements included altitude (accuracy of 0.1 m) at which the photograph was taken, as well as

resolution of the images (4608 × 3456 pixels), camera sensor size (17.3 x 13.00 mm) and focal length (25
mm) used. Per the methodology of Christiansen et al. (2016), 19 morphometric measurements (Figure

3.1) were calculated for each whale in each image and included in the metadata.

3.3.2 Data Preparation

Raw images (n=2,114) were received in a resolution of 4608 × 3456 pixels. This is a relatively
high resolution and the power necessary to process such images with DL is beyond the capabilities of
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most standard laptops. In order to speed up the process we took a multi-pass approach: first Morphometer
scans a scaled-down image (360 x 240) to locate whale(s), then Morphometer maps the whale-region

back to the original image (4608 x 3456). Next, Morphometer extracts the whale region of the original
image and scales it to 360 x 240. These resulting images are then the starting point for Morphometer to

begin computing morphometric measurements.

3.3.3 Algorithm Development
Algorithm development was done in PyCharm (JetBrains. PyCharm version 2020.1. Available at
jetbrains.com/pycharm) using the Python programming language (Python Software Foundation. Python

Language Reference, version 3.6.5. Available at http://www.python.org ). A deep learning model called

One-Shot Visual Object Segmentation (OSVOS) (Caelles et al., 2017) that is able to segment a specific
object from the background in a video was modified for our purposes. ImageNet is a publicly available
image dataset (Deng et al., 2009) that researchers used to create OSVOS. OSVOS takes a base network

trained in object detection with ImageNet and repurposes it via transfer learning where knowledge is
stored while solving one problem and then applied to a different but related problem into a parent network

trained in image segmentation from the training set of DAVIS (a publicly available image segmentation

dataset) (Perazzi et al., 2016). This parent network was then modified to recognize still images of
Southern right whales by retraining it on images of whales. This modified network serves as the basis of
Morphometer. Morphometer was then modified to our new data organization and trained to find a whale

based on pixels. Morphometer has three primary steps in order to successfully execute morphometric
measurements of whales which we termed Segment, Locator, and Analysis (Figure 3.2).

3.3.3.1 Segment
The process of segmentation assigns a label to every pixel in an image such that pixels with the
same label share certain characteristics. This is the basic principle on which the Segment module of
Morphometer operates. Segment takes raw images of southern right whales and defines the boundary
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between a whale and water (Figure 3.3). This is the part of the system that utilizes DL, because the task of

object segmentation, especially in difficult circumstances such as with rippling water and sea foam

obscuring the whale, is a problem that is not well solved with traditional techniques (Babbitt et al., 2019;
Li et al., 2020). The output of this phase is an image with a black and white outline (a mask), the same

size as the input image, with white pixels where the network thinks the whale is, and black everywhere
else.

3.3.3.2 Locator
Locator uses more traditional computer vision techniques to first refine the mask via erosion
(removes pixels on object boundaries) and dilation (adds pixels on object boundaries) to smooth the rough
edges and eliminate irregularities. Then it finds a minimum bounding box for the whale to establish which

is the long axis of the whale, and heuristically searches the edge of the shape of the mask for the points
closest to the tip of the rostrum and the notch of the fluke (hereafter referred to as “head” and “tail”

points) (Figure 3.4). These are the key points that are needed for the analysis phase to begin.

3.3.3.3 Analysis
Based on coordinates provided by Locator for head and tail points, Analysis rotates each whale
onto a horizontal axis so that each whale is positioned lengthwise across an image. Analysis then draws a
straight line down the center axis of the whale, which represents the length, in pixels, of the whale which

extends from the tip of the rostrum to the notch of the fluke (Figure 3.1). Analysis then counts at every
row along the length axis how many pixels extend from the center axis to the edge of the whale for the
left and the right side. The summation of the left and right side equals the pixel width for a whale. As the

flukes are not meaningful indicators of body condition (i.e. they do not provide stored metabolic energy),
the flukes of each whale are then removed from each image. Analysis then moves into a quality control
step. Analysis moves through each row comparing the left and right widths. If one side is greater than 10

pixels different from the other side, the image is removed from the dataset. Finally, metadata associated
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with each image is then loaded into Analysis. For each image the camera sensor, focal length and image
resolution are the same while each altitude measurement is unique to each image. Analysis takes these

inputs and using the methodology outlined in Christiansen et al. (2016), converts pixels into meter
measurements. Analysis now has stored pixel and meter measurements for each pixel row along the
length of the body axis. In order to compare to the measurements calculated by Christiansen et al. (2018),
the widths at 5% intervals along the body axis were obtained and using the frame name of each image,

5% width intervals from Analysis were compared to Christiansen et al. (2018) measurements in both
pixels and meters. Paired t-tests were used to analyze whether Morphometer produced similar
morphometric results as to that of computer aided, hand drawn measurements. Paired t-tests were run for

total length and 19 width measurements. Lastly, Analysis can also export pixel and meter measurements
to a .CSV file if additional statistical analyses are desired.

3.4 Results
Of the 2,114 images of Southern right whales, 350 made it through our quality control step, with

1,764 images removed from the dataset due to half-widths that differed by more than 10 pixels. For all
measurements (n=20), the null hypothesis that computer-aided and hand drawn measurements were the

same, was rejected (p < 0.05, Table 2.1). From examination of the relative percent error (RPE),

Morphometer consistently overestimates measurements compared to the assumed true values from the
Christiansen dataset, but performed best at measuring the mid-region of an individual whale (widths 20%

to 65%, mean RPE = 34%, Figure 3.5). With raw images (n=2,114) populated into the input folder,

Morphometer took 6 hours (Windows Surface Pro 4, Intel Core i5, 64-bit, 4GB RAM) to process data and
return measurements for individual whales.

3.5 Discussion
The overall goal of this project was to create an algorithm that could automate the tedious process

of hand measuring various morphometric measurements for southern right whales from numerous still
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images. To determine the accuracy of Morphometer, measurement outputs were compared to a control
study that had previously measured the same images using computer aided hand measurements
(Christiansen et al., 2018). As seen from the relative percent error for each measurement analyzed (Figure

3.5), Morphometer consistently overestimated measurements. However, this does not mean that
Morphometer was a pointless endeavor, nor does it mean that it can't be improved. Morphometer was

based on the idea of measuring ellipses, a shape that it measures quite well. When asked to measure black
and white images, in which there is a white ellipse and a black surrounding, Morphometer performs

almost perfectly at outputting the length and the widths of the ellipse at every width along the length axis.
This is primarily what the Analysis portion of Morphometer does; that is, it takes masks of whales (i.e.

black and white pictures) and measures the length and widths. However, the major difference between the
images on which Analysis was built versus the real images of whales on which Analysis was trained and
asked to analyze is natural variation. The training ellipses have clear, defined edges between each white

ellipse and black background. Similar to the ellipses, the idea was that for images of whales a mask would
be created with a white whale and black water. However, due to factors beyond the control of the
photographer, such as wave action and movement of whales, the distinction between water and whale was
often blurred. As the input photos were not all perfect images (i.e., photos of whales that were lying flat

and straight at the surface with little to no wave action) the resulting masks included a lot of noise that
was not part of the whales' bodies. As a result of noisy masks, the subsequent steps of Morphometer

(Locator and Analysis) encountered difficulties and compounded errors, ultimately resulting in
overestimation of measurements.

Segment took raw images of southern right whales and distinguished the body of the whale from
its surrounding water utilizing DL techniques. The output of this phase is an image with a black and white

outline (a mask), the same size as the input image, with white pixels where the network thinks the whale

is, and black everywhere else. However, Segment did not create perfect masks with whale images (Figure
3.2). The base network from which Morphometer was adapted is based on terrestrial subjects and is not
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trained or familiar with a water environment (Caelles et al., 2017). As a result, despite training the

network on hand segmented images of whales, Segment struggles to correctly identify the boundary of the
whale from the surrounding water, especially in turbid situations. It should also be noted that depending

on light and water conditions a human may also struggle with perfect segmentation.
The masks from Segment were run through Locator where the rough edges and discontinuous
lines were smoothed. However, if given a lumpy, jagged, imperfect mask with which to start, Locator

only smoothed to such a degree so as to not alter the fundamental shape of the input mask. Ultimately,
this means that Locator only fixed small imperfections and not the large issues caused by water obscuring
parts of a whale. In addition, Locator often struggled to correctly find head and tail points, with 30% of

images having head and tail points incorrectly placed. In images where there was one whale, Locator

performed well at correctly locating these points, with a success rate of 90% (Figure 3.3a). However,

when there was more than one whale in an image, Locator had more difficulty in establishing which head
and tail points belonged to different individuals with a success rate of 68% (Figure 3.3c). Lastly, Locator
chose head and tail points by locating the points at the edges of the longest axis. If a whale was several

cm to meters below the surface, these edges were not clearly defined and Locator could not correctly label
the true head and tail points (Figure 3.3b).

These final masks and the head and tail points were then fed into Analysis. As stated earlier,
Analysis is good at measuring objects given a perfect mask (i.e., an ellipse). However, many of the masks

and head and tail points that Analysis received were not perfect. As we were aware of the limitations of

Segment and Locator, a quality control step was built into Analysis (Figure 3.4). This step was
specifically aimed at ensuring that large chunks of whale were not missing and to confirm that whales

were roughly symmetrical in measurements. Only 350 images from our input set of 2,114 images made it
through our quality control safeguard and yet, the measurements that resulted from these masks were not
as accurate as we had hoped (Table 3.1, Figure 3.5). As it stands, Morphometer is not accurate enough to

replace hand drawn measurements, yet there are many areas in which Morphometer can be improved to
90

become an operational platform for analysis. First and foremost, we can improve the types of images that

we ask Morphometer to analyze. Ideal datasets would be images that contain a single whale, where
whales are lying flat and straight at the surface, with little to no surface chop. At the beginning of this

project, the dataset provided by Christiansen et al. (2018) was the only dataset of large whales that
contained enough quality images to attempt this endeavor. Now, with many researchers collecting aerial

imagery, it is possible that this dataset could be supplemented with additional images of Southern right
whales or that a new dataset of a different species of whale could be used.

In general, DL algorithms have thousands, if not tens of thousands of datapoints from which to
train and analyze (Ranjan et al., 2018; Wong et al., 2017). While 2,144 images provided an impressive
amount of data for a large whale study, it is relatively small in the world of deep learning algorithms.

Ideally an open benchmark dataset focused on cetaceans, similar to ImageNet, would be created to which
researchers would submit images suitable for training not only for Morphometer, but for future systems as
well. Such a dataset would have lasting value far beyond that of any specific tool trained with it. A larger

dataset would provide more photos with which to train Segment, thus improving the overall segmentation
power of Segment. The improved segmentation and increased quality of masks would then allow Locator

to increase its accuracy in selecting head and tail points. The increased accuracy of both Segment and
Locator would then provide Analysis better input metrics from which to measure.

In addition, other quality control metrics could be introduced to Analysis to prevent images from
being removed from the dataset. One such measure could be to flag images marked for removal based on

asymmetry from which a user could then apply landmarks by hand. This combined DL and userreferenced method could lead to greater consistency, while also significantly reducing the time needed for
users to landmark all reference locations by hand. Another potential quality control step could examine

every pixel row on the left and right axis of a whale. If a row was more than 5 pixels different from the

preceding anterior row, the row in question would be replaced with its mirror row on the other axis.
Analysis would then run through its current quality control safeguard and see whether the left and right
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row widths are different, either throwing out those that are more than 10 pixels different or flagging for
the user to hand landmark. Alternatively, instead of using the mirror image to replace the row in question,

row widths that differed by more than 5 pixels from its neighboring rows could be flagged for the user to

determine if hand landmarks would be more appropriate. Lastly, as DL technology is advancing every
day, it is possible that a DL object segmentation network has been developed that would greatly enhance
the performance of Morphometer, especially since the base network used in this project was released in

2017 (Caelles et al., 2017) and would prove more adept at determining object-water interfaces. Updating
the DL base network would also likely reduce the computing power needed to run Morphometer, which

would allow larger resolution images to be analyzed. However, at this point in time working with
Morphometer on a workstation with a recent graphics processing unit (GPU) is the easiest option to allow

use of higher resolution images.

This project sought to automate the process of calculating various morphometric indices for

southern right whales. While this stage of Morphometer was not as accurate in its measurements as

hoped, this project did set many milestones. Morphometer is the first attempt at the complete automation

of calculating morphometric indices for large whales. A recent study has automated portions in the
process of obtaining large whale morphometrics (Gray et al., 2019), but to date complete automation has

not been achieved. This is also the first project that has successfully automated the process of segmenting
and creating masks of whales; masks that while not perfect still look whale-like in shape. Perhaps the

greatest accomplishment of Morphometer is the pixel-based approach it takes to measuring whales.

Rather than measuring at specified body locations (Figure 3.1), Morphometer measures at every width
along the length axis. This allows flexibility in what body measurements researchers can examine and it
also opens the door to creating body condition distributions, which could be compared to other
populations or to the same population across time. Morphometer is not ready for public release as of yet,

but with additional data and advances in object detection technology Morphometer could be a viable tool
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allowing marine mammologists to shift their focus back to the biology of large whales rather than on time
consuming data processing.
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3.7 Figures

Figure 3. 1 - (A) Example aerial photograph of a Southern right whale used to measure body volume.
Only photographs in which the whale was lying flat at the surface were used in the analysis. (B) Positions
of measurement sites used in the study. Figure used with permission from Christiansen et al. (2018).
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Figure 3. 2 - Schematic of the three stages of Morphometer; Segment, Locator and Analysis. Data is first
prepared for input by re-sizing to a smaller resolution. Segment then creates a mask of the input image.
Locator takes the mask, smooths out rough inconsistencies and marks the tip of the rostrum and fluke
notch locations. Analysis establishes the length axis and then calculates widths measurements at every
pixel along the length axis. The measurements are then run through a quality control check to ensure that
there are not radical differences in mirror width measurements. Finally, metadata associated with each
image is used to convert pixel measurements into meter measurements which can then be used to conduct
any statistical analysis a user wishes or in the case of our study can be compared at specific widths to a
previous study (Christiansen et al., 2018).
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Figure 3. 3 - Input photos and their Morphometer produced mask. A) an example of a relatively good
mask, wave action is mostly above the adult Southern right whale and not picked up by mask. B) an
example of a medium mask, some wave action around the whale is picked up by mask. C) an example of
a poor mask, input photo has a lot of wave action and mask picks up on most of it.
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Figure 3. 4 - Outputs from Locator which rotates individual Southern right whales to a horizontal plane
and locates head and tail points at the tip of the rostrum and notch of the flukes, respectively. Photograph
A) depicts a case in which Locator correctly placed the head and tail points. Photograph B) depicts a
situation in which Locator was unable to correctly locate the head and tail locations. Photograph C)
depicts a scenario in which Locator correctly identified a head and a tail location, but on two different
individuals.
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Figure 3. 5 - The calculated relative percent error (RPE) between Morphometer and computer aided hand
measurements (Christiansen et al., 2018) for every width and length measurement for 350 Southern right
whale images. The RPE was generally less in the anterior half of southern right whales, whereas the
posterior half had generally greater RPE. The RPE was lowest for total length among all measurements
analyzed.
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3.8 Tables
3 Table 3. 1 - Summary table of paired t-test results of Morphometer derived measurements versus
computer aided hand measurements for the total length (TL) and at 5% increments down the length of a
Southern right whale. From examination of the relative percent error (RPE), Morphometer consistently over
estimates measurements as compared to Christiansen et al. (2018) dataset, but performed best at measuring
the mid-region of an individual whale (widths 20% to 65%, mean RPE = 34%). Mean difference was
calculated as the mean difference between Christensen et al. (2018) measurements (m) minus Morphometer
measurements (m).

Width

T-statistic

P-value

Mean
Difference

TL

-2.75

0.006

-0.35

12.94

5

-17.97

2.20E-16

-0.27

34.67

10

-14.14

2.20E-16

-0.26

28.67

15

-12.71

2.20E-16

-0.29

27.71

20

-13.07

2.20E-16

-0.29

22.33

25

-9.38

2.20E-16

-0.26

23.56

30

-13.56

2.20E-16

-0.43

29.21

35

-13.15

2.20E-16

-0.42

29.63

40

-11.42

2.20E-16

-0.34

60.84

45

-44.41

2.20E-16

-1.29

23.84

50

-12.32

2.20E-16

-0.32

58.93

55

-12.52

2.20E-16

-0.33

25.66

60

-13.39

2.20E-16

-0.31

32.62

65

-14.68

2.20E-16

-0.32

33.70

70

-14.33

2.20E-16

-0.29

33.80

75

-14.37

2.20E-16

-0.26

43.77

80

-16.44

2.20E-16

-0.25

59.07

85

-18.98

2.20E-16

-0.25

69.10

90

-36.03

2.20E-16

-0.63

120.95

95

-37.88

2.20E-16

-0.87

53.52
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Relative %
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Chapter 4 - Aerial Sonogram: Pairing Endocrine Markers with Morphometrics to Detect
Reproductive State in Humpback Whales (Megaptera novaeangliae)4

4.1 Abstract
Unprecedented marine heat waves are affecting the North Pacific, with the frequency and

intensity of these heat waves increasing over recent years. These events are particularly problematic for

recovering populations as heat waves could adversely affect their recovery. In addition, these events are

problematic for managers as heat waves may drastically alter the distribution and abundance of marine
species that are infrequently surveyed. These surveys are critical for understanding basic population

trends, such as reproductive capacity, yet as they are costly and require large scale coordination, they

rarely occur. Therefore, tools that could reduce the cost and time needed to collect information on
reproductive capacity would not only be beneficial to the understanding of the species in question but
would shed light on the ecosystem as a whole. Determining pregnancy status in live baleen whales is

historically difficult with the most accurate assessments of pregnancy coming from hormone analyses of
blubber progesterone. Here we demonstrate the potential for complementing existing techniques for

assessing pregnancy in humpback whales (Megaptera novaeangliae) by incorporating information on

body shape obtained from Unoccupied Aerial Systems (UAS) and additional hormones of interest in the
assessment of pregnancy in humpback whales. Enzyme immunoassays were validated for progesterone,

cortisol, aldosterone and DHEA-S in biopsy samples from female humpback whales. Analyses were

conducted on 41 female North Pacific humpback whale blubber samples, including three calves, that were
collected on Southeast Alaska feeding grounds in 2019. A pregnancy threshold of 4.5 ng/g was

established, with a pregnancy rate of 63% calculated for this population of whales. The width area of the
body that proved most influential in predicting pregnancy was the region 45—65% along the length axis
from the rostrum. Notably, an aging method was developed to aid in the aging of whales who do not have

long-term sighting histories, but who did have length measurements. Determining pregnancy by using

K., Atkinson, S., Van Aswegen, M., Straley, J., Szabo, A., Mueter, F., Cunningham, C., Bejder, L., Gabriele,
C., Neilson, J. 2021. For Submission to Frontiers in Marine Science.
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UAS is a promising method. With continued development and the use of complementary data such as
sighting histories for age and confirmed pregnancy, and hormonal indicators of pregnancy, UAS

technology has the potential to improve researchers' ability to rapidly and non-invasively assess
pregnancy status of humpback whales.

4.2 Introduction
Understanding reproductive trends is an essential component in monitoring the overall health of
a species and will contribute to improvements in evaluating their conservation status (Hunt et al., 2013;

Valenzuela-Molina et al., 2018). At appropriate levels reproductive capacity, or the rate at which a
population can produce young, ensures the long-term success and continued replacement of a sustainable
population. For populations recovering from historic whaling operations this metric is useful as managers

need accurate indices for estimating recovery and from which to establish various management thresholds
such as Potential Biological Removal, which is the maximum number of whales that could be

sustainability removed from a given stock in a given year (Wade, 1998). In addition, significant

deviations from reproductive trends of a healthy and growing population could be indicative of wider
marine ecosystem changes (Huntington et al., 2017; Moore, 2008).

Calculating reproductive capacity is a nuanced science and varies among species. For humpback
whales (Megaptera novaeangliae) calculating reproductive capacity is exceptionally challenging due to

their broad spatial distribution, migratory patterns, and minimal time spent at the surface. As a result,

researchers have attempted to calculate reproductive capacity for humpback whales using several
alternative approaches. One of the most consistent and longest time series on reproductive capacity for
humpback whales comes from Crude Birth Rate (CBR), which has been calculated by Glacier Bay

National Park (GBNP) personnel for whales primarily of the Hawaiian Distinct Population Segment

(DPS) (Gabriele et al., 2017, 2010, 2007; Zador et al., 2019). CBR is the number of calves per adult
whale sighted and has been calculated since 1985 by GBNP personnel for humpback whales who return
to Alaska for the summer feeding season (Gabriele and Neilson, 2019). In 2018 and 2019, CBR was
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anomalously low (<2.0%) as compared with the mean CBR from 1985 to 2013 (9.3%) (Gabriele and

Neilson, 2019) resulting in concerns that this recently delisted population was not as stable as previously
thought. For this same population, another study examined calving rates, or the number of calves born per

female per year to determine reproductive trends. Gabriele et al. (2017) estimated that the calving rate for
humpback whales in Southeast Alaska from 1985 to 2014 was 0.32 calves/female/year based on 9,485

encounters with 662 individuals.
More recent studies have focused their attention on pregnancy rates or the ratio of pregnant to

non-pregnant females in a population to determine the reproductive trend of humpback whales. Pregnancy
rate provides information that is missed when only calving rates are considered, such as early life survival

of calves and terminated pregnancies, information which is essential to studies of mammalian population
dynamics (Cheney et al., 2019; Testa, 1999). The ability to detect pregnancy in a species allows
evaluation of critical life history parameters including age at sexual maturity, inter-calving interval,
frequency of pregnancy, gestation period, seasonality of reproduction and perinatal mortality estimates,

all of which influence population viability (Best, 2011; Chittleborough, 1955a; Dawbin, 1966; Gabriele et
al., 2007; Whitten et al., 1992). Recent studies investigating pregnancy rate have employed the use of

endocrine techniques in order to better understand reproductive trends (Atkinson et al., 2019; Carone et
al., 2019; Clark et al., 2016; Dalle Luche et al., 2020; Melica et al., 2021; Pallin et al., 2018a, 2018b).

Blubber samples, obtained through biopsies, have been used to examine a suite of hormones in order to
better understand pregnancy rates. Progesterone, known colloquially as the “Pregnancy Hormone,” is one

of the primary hormones secreted by the healthy mammalian ovary, and in some mammals by the
placenta, and is a fundamental hormone that establishes and sustains pregnancy in mammals (Norman and

Litwack, 1997; Atkinson and Yoshioka, 2007). Blubber progesterone in pregnant females is higher than
in non-pregnant females by 1 to 2 orders of magnitude, however, other hormones such as androstenedione

and testosterone have also been examined at key times during gestation, such as the start of parturition
(Clark et al., 2016; Dalle Luche et al., 2020; Norman and Litwack, 1997). Clark et al. (2016) examined
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progesterone and pregnancy rates in humpback whales from Monterey Bay, California, finding that
pregnancy rate varied by year and was 48.4% in 2011 and 18.5% in 2012. Similarly, Pallin et al. (2018a)

used progesterone extracted from blubber biopsies paired with sighting histories to calculate pregnancy

rate. They calculated a mean pregnancy rate of 63.5% from 2010 to 2014 for female humpback whales

around the western Antarctic Peninsula. Dalle Luche et al. (2020) noticed a sharp decline in the observed
progesterone concentrations in female humpback whales along the east coast of Australia immediately
preceding parturition and made the argument that androstenedione and testosterone are better indicators

of pregnancy at this terminal stage of pregnancy. Based on elevated levels of androstenedione and
testosterone, a pregnancy rate of 36% was calculated, which is similar to the rate calculated for this stock

based on whales killed in fisheries during the 1940s and 50s (37.2%) (Chittleborough, 1958; Dalle Luche
et al., 2020). While progesterone is clearly the best place to start when examining pregnancy, there is

evidence from human-based research that examination of additional hormones, such as cortisol,
aldosterone and DHEA-S, may add additional context on pregnancy in marine mammals (Hunt et al.,
2014; Lumbers and Pringle, 2014; Nepomnaschy et al., 2006; Wiser et al., 2010).

Recent studies have demonstrated the efficacy of using hormones as a proxy for pregnancy.
However, while minimally invasive, obtaining biopsies still requires contact with a whale resulting in

some level of disturbance, as well as the time and skill needed to obtain enough biopsies to create a robust
sample size. An alternative method that can estimate pregnancy rates, is non-invasive, provides robust
sample sizes, and reduces the time spent gathering samples from individual whales would be preferred.

Morphometrics, or the analysis of size and shape, has also been gaining traction as an effective tool in the
study of physiological indices for large whales (Christiansen et al., 2018; Durban et al., 2015; Perryman

and Lynn, 2002). Aerial images of whales have long been used for estimation of abundance (Bannister,

1968; Hay, 1982) and migration timing (Perryman and Lynn, 2002), but advances in Unoccupied Aerial
System (UAS) technology have facilitated research that previously proved logistically challenging;

including estimates of size (Durban et al., 2015), reproductive status (Fearnbach et al., 2015), maternal
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energetic investment in offspring (Christiansen et al., 2018, 2016) and, most recently, the relationships
between body condition and blubber lipid concentration (Christiansen et al., 2020). In addition,

measurements from whales taken in fisheries of body girth, blubber thickness, and the lipid content of

blubber, muscle, and visceral fat of Icelandic fin whales (Balaenoptera physalus) showed a consistent

pattern of body fat by sex, with pregnant and estrous females being fattest (Lockyer, 1986). We propose
to continue to advance the field of aerial morphometrics by combining existing methods for determining

pregnancy (i.e., hormones) with an innovative, noninvasive morphometric method of determining
reproductive condition in large whales.
The overall goals of the present study were to assess the feasibility of using morphometric

measurements as a tool for detecting pregnancy in humpback whales and to estimate annual pregnancy
rates for humpback whales in Southeast Alaska. Specifically, our objectives were to: (1) determine if

external body morphometrics could be used to accurately differentiate pregnant from non-pregnant

females, 2) to calculate a reproductive rate for Southeast Alaska humpback whales, and 3) to examine
relationships between progesterone concentrations, age, length, cortisol, aldosterone, and DHEA-S, and
how progesterone concentrations change across the feeding season. The expected outcomes are that the

morphometric aspect of the project will result in a complementary tool for the study of humpback whales,

and that the application will refine the existing pregnancy rate estimates used in humpback whale

population assessments. These advances may be especially important in light of recent major
oceanographic and climatic changes influencing the marine environment.

4.3 Methods
4.3.1 Study Area
Humpback whales exhibit a high degree of site fidelity to both breeding and foraging areas.

Humpbacks of the Hawaii DPS have particular fidelity to their Hawaiian breeding and Alaskan feeding

grounds (Calambokidis et al., 2008). Samples used in this study were primarily from the Hawaii DPS of
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humpback whales as they most closely matched haplotypes commonly found for that population of
humpback whales (Baker et al., 2013). Specifically, samples were collected from Sitka Sound (57.0oN
135.5Wo), Chatham Strait (56.95oN 134.62oW), Frederick Sound (57.13oN 134.10oW), Stephens Passage

(57.30 oN 133.43 oW) and Lynn Canal (58.4oN 134.8oW) (Figure 4.1).

4.3.2 Sample Design
Samples were collected from small vessels (<8 m) from March to November of 2019. A complete

sample required that a single whale had three biological observations collected during the same sampling
event. These components were a fluke identification photograph (photo-ID), aerial UAS footage and a
tissue biopsy. Humpback whales can be identified by the unique black and white pigmentation patterns on
the ventral surface of their flukes, along with the distinctive trailing edge (Jurasz and Jurasz, 1979;

Katona and Whitehead, 1981). Photo-ID of the tail flukes of humpback whales were collected prior to
UAS or tissue sampling. Once a photo-ID had been collected, a DJI Inspire 2 was launched from the

vessel in order to collect body condition imagery. Video was continuously collected during a sampling
event and was manually controlled by the UAS pilot onboard the vessel. Once acceptable footage had

been obtained a tissue biopsy was collected using a hollow stainless-steel-tipped retrievable floating bolt

(custom made by F. Larsen) fired from a crossbow (Barnett Crossbows) while paralleling the whale from
a small vessel (5—8 m) usually at a distance of 8—15 m. Tissue samples were retrieved and removed from
the bolt tip with sterile tweezers and placed in 1.5 ml cryovials. Samples were kept chilled while in the
field and were stored at -80oC in lab until further processing.

4.3.3 UAS Aerial Photogrammetry

A DJI Inspire 2 Pro UAS equipped with a Zenmuse X5S camera (25 mm lens) was launched and
retrieved from a small research vessel (<8 m). The UAS hovered over surfacing humpback whales at
altitudes from 22.2 m to 65.4 m (mean = 32.3 m, SD = 7.5 m), with high resolution videos captured with
the camera pointing straight down. UAS altitude was determined using a Lightware SF11/C laser range
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finder (Lightware Optoelectronics, Dawson et al. 2017) which measured height (accuracy of 0.1 m with a
resolution of 1 cm) above sea level through a 15 mW laser in nadir position (20 Hz frequency). Still

images were subsequently captured when whales were positioned close to flat at the water surface while

exhibiting minimal roll, pitch and arching (Figure 4.2). Image quality was quantified following the
grading system developed by Christiansen et al. (2018). This included assigning numerical scores 1

(good), 2 (medium) and 3 (poor) to six attributes including camera focus, body roll, body pitch, body
arch, body length measurability and body width measurability.
All measurements were made in units of pixels using a custom-developed Graphical User
Interface (GUI; Dawson et al. 2017). Following methods described in Christiansen et al. (2018; 2020),
total body length was measured from the anterior point of the rostrum to the fluke notch and body width
measured in 5% increments perpendicular to body length, totaling 19 width measurements (Figure 4.2).

Relative measurements (pixels) were converted into absolute values (meters) using the known altitude of
the UAS (linked via GPS timestamp), camera focal length (25 mm), camera sensor (17.3 x 13.0 mm) and
image resolution (3840 x 2160 pixels). The equation to find pixels per meter (Pm) for each photo was:

where R is the resolution width of the image, in pixels, S is the sensor width, in meters, H is the altitude

of the UAS above the waterline, in meters, and f is the focal length of the camera lens, in meters.

4.3.4 Sex ID, Genetic ID and Assigning Age-Class
Oregon State University Cetacean Conservation and Genomics Laboratory conducted genetic
analyses and sex determination on the samples. Each whale was given a unique genetic ID which was
used to aid and verify in matching of whales to their unique Southeast Alaska identification number

(SEAK ID). The age-class of individual whales was determined using total length measurements and
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where applicable accompanying field notes (i.e., calves were designated based on their small size and
close spatial association with an adult-sized whale (i.e., its mother) that displayed nurturant behavior (e.g.,
shielding the small-sized whale with its pectoral fin) (Gabriele et al., 2017; Glockner-Ferrari and Ferrari,

1985). Individuals were grouped into one of four age-classes based on their lengths: Calf, Juvenile,
Sexually Mature, Physically Mature. These four categories were chosen as they best represent the four

main reproductive phases for humpback whales (Craig et al., 2003). Calves are those individuals that are
completely reliant on a mother for caloric intake and have not yet learned to forage. The juvenile stage is

when humpbacks are weaned and grow the fastest, but have not yet begun to release or produce the
gametes necessary for reproduction. Whales are classified as sexually mature when females begin to
ovulate and when males begin spermatogenesis, but have not yet begun fusion of vertebral epiphyses (i.e.,

they are still growing) (Chittleborough, 1955a, 1955b; Moran et al., 2015). Physical maturity occurs once
vertebral epiphyses begin to fuse (Moran et al., 2015). Length categories were determined by examination

of previous research that used whaling data to estimate age-classes based off of length measurements

(Chittleborough, 1955b, 1955a; Nishiwaki, 1960) and studies that estimated the age of sexual maturity for
humpbacks (Clapham, 1992; Gabriele et al., 2007). Nishiwaki (1960) used earplug laminations to

estimate age based on length, finding that weaning occurs at age 2 and 8.5 m in length, sexual maturity
occurs at age 12 and 10 m in length and physical maturity occurs at age 30 and 12 m in length (Nishiwaki,

1960). Nishiwaki's (1960) work was based on the assumption that each earplug lamination was
equivalent to two years. However, we know today that each lamination is equal to one year (Best, 2011;

Gabriele et al., 2010), so dividing Nishiwaki's work by two provides a corrected age at length curve when
weaning occurs at age 1 (8.5 m), sexual maturity occurs at age 6 (10 m) and physical maturity occurs at

age 15 (12 m). From histological examination of testes from humpback whales from western Australia

(breeding stock D), Chittleborough (1955a) reported that the length of males at sexual maturity ranged
from 10.15 to 12.44 m with a mean length of 11.20 m. From examinations of females captured during

their first estrous cycle, Chittleborough (1955b) demonstrated that females at sexual maturity ranged in

size from 10.73 to 13.26 m, with a mean length of 11.73 m. In addition, more recent studies using
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sighting histories have concluded that age at first calving is known to vary by population, but is generally

thought to occur between the ages of 5 and11 years (Clapham, 1992; Gabriele et al., 2010, 2007). Pooling
the knowledge gleaned from these studies a Length/Age-Class table was constructed (Table 4.1)

(Chittleborough, 1955a, 1955b; Clapham, 1992; Gabriele et al., 2010, 2007; Nishiwaki, 1960).

4.3.5 Assigning Age
Sighting histories cataloged in the Southeast Alaska collaborative databases (maintained by co
authors Straley, Gabriele, and Neilson) were used to determine whales of known age or a minimum age

for whales whose exact age was unknown. Whales of known age were first sighted as calves (n=6).
Minimum age was calculated for whales that had sighting histories of at least 15 years (n=23). For these
whales minimum age was calculated as the number of years from the earliest sighting to the most recent

sighting plus two years (to account for the individual's year as a calf and year as a yearling when it would
have appeared notably smaller than an adult-sized whale). For example, the known age of a whale first
photographed in 1994 as a calf and sampled in 2019 would be 25 years, whereas the calculated minimum

age of a whale first photographed in 1994 as a non-calf and sampled in 2019 would be 27 years.
Minimum age thus represents a conservative estimate of age. For whales whose sighting history was less
than 15 years (i.e., average age at physical maturity), age was interpolated based on the age to length

relationships described in Table 4.1, which were used unless the sighting history indicated that the whale
was older. For example, a whale of length 10.7 m first sighted as an adult in 2011 and sampled in 2019
would be assigned an age of 8 years based on Table 4.1, but would be assigned an age of 10 based on its

sighting history ((2019-2011)+2=10). In this case, the sighting history age would be used. Hereafter,

discussion of age will refer to both known age and inferred age of whales.

4.3.6 Assigning Reproductive State
Reproductive states were assigned to female whales. Each female was assigned to one of the

following reproductive categories: Calf, Lactating, Pregnant or Resting. Calves were designated based on
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the above-mentioned criteria and adult females were determined to be lactating by their close and

constant spatial association with a calf. An individual female whale was designated as pregnant if she had

progesterone values above a predetermined pregnancy threshold (discussed further in the statistical
analysis and results sections). Any whale who did not meet the above criteria was determined to be a
resting whale which would include juvenile whales who have not yet reached sexual maturity.

4.3.7 Enzyme Immunoassay (EIA)
Hormone extraction was conducted following the methods described in Cates et al. (2019).
Progesterone was chosen to determine female humpback whale reproductive status as it is generally
considered to be representative of pregnancy in mammals and has previously been validated in humpback
whales (Clark et al., 2016; Dalle Luche et al., 2019; Pallin et al., 2018b). Extracted hormone was analyzed

using an Enzo Life Science kit (ADI-900-011) for progesterone and procedures were performed

according to the manufacturer's protocol. Manufacturer cross-reactivity with other steroids was as
follows: 17-OH-Progesterone (3.46%), 5-Pregnen-3β-o1-20-one (1.43%), Corticosterone (0.77%), 4Androstene-3,17-dione (0.28%), Deoxycorticosterone (0.056%), DHEA (0.013%) and less than 0.001%

for all other steroids analyzed. Assay parallelism and accuracy tests were performed in order to validate
use of humpback whale blubber for measuring progesterone in EIA using a pooled blubber sample for

female humpback whales. Serial dilutions (1:32 to 1:512) of the pool exhibited displacement parallel to
that of the standard curve and proved accurate (y=0.97x +3.97, r2=0.99) in the amount of progesterone
measured. Inter-assay coefficients of variation for two assay controls were less than 5% and the intra

assay coefficient of variation was below 10%. The lower limit of detection (LD) was 6.19 pg/ml with all
samples falling above this threshold.

In addition, cortisol, aldosterone and DHEA-S were also analyzed with respect to pregnancy
status. Extracted hormone was analyzed using Arbor Assay kits for cortisol (K003-H1W), aldosterone

(K052-H1) and DHEA-S (K054-H1) and procedures were performed according to the manufacturer's

protocol. Manufacturer cross-reactivity with other steroids for cortisol was as follows: Dexamethasone
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18.8%, Prednisolone (1-Dehydrocortisol) 7.8%, Corticosterone 1.2%, Cortisone 1.2% and less than 0.1%

for all other hormones analyzed. Manufacturer cross-reactivity with other steroids for aldosterone was as
follows: Corticosterone 0.047%, Desoxycorticosterone 0.019% and less than 0.016% for all other

hormones analyzed. Manufacturer cross-reactivity with other steroids for DHEA-S was as follows:
DHEA 162.0%, Epiandrosterone 44.5%, Androsterone 28.4%, Androstenedione 15.2%, DHT 0.5%,

Adrenosterone 0.4%, Testosterone 0.4%, Desoxycorticosterone 0.2%, Progesterone 0.2 % and less than

0.1% for all other hormones analyzed. For cortisol, serial dilutions (4:1 to 1:4) of the pool exhibited
displacement parallel to that of the standard curve and proved accurate (y = 0.87x - 33.885, r2=0.99) in the
amount of cortisol measured. Inter-assay coefficients of variation for two assay controls were less than

2% and the intra-assay coefficient of variation was below 10%. The lower limit of detection (LD) was

18.43 pg/ml with 9 out of 39 samples (23%) falling below this threshold. Substitution in the form of
LD/√2 was performed for these nine samples, a process that is accepted if less than 25% of samples are
substituted and there is only one LD (Croghan and Egeghy, 2003; LaFleur et al., 2011; US EPA, 2000).
For aldosterone, serial dilutions (2:1 to 1:16) of the pool exhibited displacement parallel to that of the
standard curve and proved accurate (y =1.6148x - 57.48, r2=0.99) in the amount of aldosterone measured.

Inter-assay coefficients of variation for two assay controls were less than 4% and intra-assay coefficient

of variation was below 10%. The lower limit of detection (LD) was 1.95 pg/ml with zero samples falling

below this threshold. Lastly, for DHEA-S, serial dilutions (2:1 to 1:16) of the pool exhibited displacement
parallel to that of the standard curve and proved accurate (y = 1.4395x + 835.5, r2=0.99) in the amount of

DHEA-S measured. Inter-assay coefficients of variation for two assay controls were less than 10% and
the intra-assay coefficient of variation was below 10%. The lower limit of detection (LD) was 38.79
pg/ml with substitution for four samples that fell below this threshold performed (Croghan and Egeghy,

2003, 2016; LaFleur et al., 2011; US EPA, 2000).
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4.3.8 Statistical Analyses
To address objective 1, we examined and quantified relationships between morphometric

measurements and reproductive status. To determine reproductive status for females whose condition was

unknown, a pregnancy threshold based on progesterone values was set. From preliminary analysis, we
observed that log transformed progesterone values clustered into two groups. Similar to Melica et al.

(2021), two normal distributions were fitted to the data using an expectation-maximization (EM)
algorithm (Benaglia et al., 2009). The EM algorithm was then used to determine a pregnancy threshold

based on the assumption that progesterone concentrations of pregnant animals correspond to the cluster
with the highest mean progesterone concentrations. Next, in order to compare morphometrics between

whales that differ in size, we removed the effect of size on shape. A least squares regression technique

was used that is effective in removing the effect of size in morphometric studies (Atchley et al., 1976;

Reist, 1985). A linear regression of each width parameter on length was performed and the resulting
residuals from these regressions were used as size-corrected response variables in subsequent analyses.
These size-corrected response variables were then visualized in a boxplot by reproductive status. We
visualized patterns in morphometric measurements and hormonal concentrations using a Principal

Components Analyses (PCA). A Multivariate analysis of variance (MANOVA) test was performed to
statistically test for overall differences in width measurements between pregnant and non-pregnant female

whales. Based on results from the MANOVA test, width residuals 45-65% along the length axis were
chosen to further investigate the relationships between specific width residuals and pregnancy status by
using a logistic regression to model the probability of being pregnant as a function of the width residuals.
The analysis was run with two different datasets for width residuals 45-65% along the length axis; the

first dataset included all pregnant whales and the second dataset included all pregnant whales except those
sampled in April and May. Spring sampled whales were removed in the second dataset as it is likely that
these individuals were not far enough along in gestation to visibly show a pregnancy.
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To address objective 2, we first determined reproductive status as described above, then
calculated the proportion of all mature females (i.e., greater than 4 years of age) that were pregnant. To

address objective 3, we computed pairwise correlations among all variables of interest and then
performed a MANOVA test to statistically test for overall differences in variables of interest between

pregnant and non-pregnant female whales. Next, linear regression models were used to further examine
the relationship between progesterone concentrations of pregnant and non-pregnant whales and variables

of interest such as day of year, age, and length. Lastly, principal components regression models were
constructed in order to ascertain which variables would best predict progesterone concentration with the

most parsimonious model determined as that with the lowest Akaike information criterion (AIC) value.
Principal components (PC) 1 and 2 from our previously conducted PCA analysis were used as

explanatory variables as they encompass the pertinent information from our highly correlated variables of

interest (i.e., age and length and width residuals). All statistical analyses were conducted in the program R
(R Core Team, 2018, version 4.1.0 Available at https://www.R-project.org ).

4.4 Results
From examination of our EM algorithm output, progesterone concentrations showed a
clear bimodal distribution that was well approximated by two normal distributions, with the first mode

including values of 0.21 - 4.24 ng/g, and a second mode including values of 12.01 - 150.56 ng/g (Figure
4.3). Based on previous studies (Clark et al., 2016; Pallin et al., 2018a) and our re-sighting data, when
several individuals (n=3) biopsied in 2019 with progesterone concentrations of 12.4-104.3 ng/g were

later re-sighted with a calf in 2020, we infer that these two clusters represent non-pregnant (i.e., juvenile,

resting or lactating) and pregnant female humpback whales, respectively. We chose a threshold of 4.5
ng/g based on where the two normal distributions intersected (Figure 4.3) to distinguish between non

pregnant and pregnant whales. Based on this threshold we visualized the difference between pregnant and

non-pregnant width residuals at 5% intervals along the length axis. While greater variability was observed
in pregnant whale width regression residuals for many of the intervals, specifically residuals 45 to 65%,
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there were no significant differences between pregnant and resting whales for any of the regression
residuals examined (p > 0.05 for all comparisons, Welch's t-test, Figure 4.4). This may suggest residuals
45-65% along the length axis could be indicative of pregnancy but that confounding factors may be
involved. The PCA without hormones suggests that morphometric measurements vary primarily along

two dimensions that explain approximately 61% of the overall variation in the measurements (Figure
4.5a). PC1 (48%) primarily reflects variation in width residuals near the mid-section of the whale (high
positive loadings for widths at 45-65%), whereas PC2 (13%) primarily reflects overall length and age
(positive loadings) and day of year (negative loadings). The PCA with the four hormones included
yielded very similar results with PC1 (48%) reflecting width and PC2 (16%) primarily reflecting total
length, age and day of year (Figure 4.5b). The four hormones varied primarily along PC2.

The MANOVA showed a significant overall difference in width residuals between reproductive

states (p = 0.04) and from visual inspection the width residuals 45-65% along the length axis were the

most likely widths influencing this difference. Logistic regressions using either the full or later stage
datasets showed no significant relationship between pregnancy status and width residuals at any given
body length (45-65%), although the probability of being pregnant showed an apparent increase with
increasing width residuals when early pregnancy whales were excluded from analysis (Figure 4.6).

The estimated overall pregnancy rate, based on a progesterone threshold of 4.5 ng/g for female
whales analyzed in this study was 63%. We also examined pregnancy rates by age class and found that
pregnancy rates were highest for the 31-40 year age class (Table 4.2). Of the four hormones analyzed,

only progesterone differed significantly among reproductive states, with significantly higher
concentrations in pregnant females compared to all other reproductive states (Kruskal-Wallis test: p <
0.05, Figure 4.7). Progesterone concentrations were 0.21-150.56 ng/g with a mean of μ=38.60 ng/g,

cortisol ranged from 0.03 to 2.11 ng/g (μ=0.30 ng/g), aldosterone ranged from 0.02 to 0.47 ng/g (μ=0.15

ng/g), and DHEA-S ranged from 0.10 to 4.96 ng/g (μ=1.21 ng/g). In addition, progesterone
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concentrations were not significantly related to any of the other hormones (Pearson correlations, range:
p=0.37-0.85). When considering the full suite of explanatory variables available to compare against

progesterone concentrations, preliminary correlation analysis suggested that there were relationships with
day of year, age, length and several of the width residuals (45-65%). We found a significant increase in

progesterone concentrations with Julian day for pregnant females (n=23, r = 0.53, p=0.005) and a non
significant decrease over time for non-pregnant females (n=15, r =-0.19, p=0.55) (Figure 4.8).

Progesterone concentrations decreased significantly with age (r=-0.42, p=0.04) and for pregnant whales,

decreased non-significantly with length (r=-0.32, p=0.13) for pregnant whales and increased nonsignificantly with age (r=21, p=0.52) and length (r=0.51, p=0.12) for non-pregnant whales (Figure 4.9).
Lastly, AIC-based model selection and visual inspection of the output from the linear models suggests
that PC2 was the most important variable in predicting progesterone concentration although PC2 was

non-significant (AIC= 363, p > 0.05, r2=0.003, Table 4.3) and the null model (intercept only) had the
same AIC value. The full linear model was of the form:

progesterone ~ pc1 + pc2
As PC2 primarily represents the age, length and day of year variables analyzed in our PCA, this suggests

that age/length and day of the year are the most influential variables in predicting progesterone

concentration. However, it should be noted that there was not a large difference in model performance
between the model that included only PC1 (primarily reflecting width measurements, AIC =365) and the

model that included both PC1 and PC2 (AIC = 365).

4.5 Discussion
Our findings present an attempt at determining pregnancy from aerial photogrammetry. We

examined the relationships between progesterone concentration by day of year, age, length, and
reproductive status, as well as between body morphometrics (i.e., length and widths) and reproductive
status. Analysis suggests that the most influential variables in determining pregnancy (i.e. progesterone

concentration) were body width residuals from 45-65% along the length axis, day of year, age and length
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(Figures 4.8, 4.9 & Table 4.3). Secondary goals of this study were to examine reproductive rates of

female humpback whales in Southeast Alaska and the relationship between three other hormones and
progesterone concentration. We anticipated that the results of this study would provide an improved
understanding of the basic physiology of reproduction and would potentially provide a new tool with
which to make a rapid, external assessment of pregnancy in humpback whales. However, it is clear from

our results that prediction of pregnancy from external measurements alone is highly uncertain and that
refinement of data collection is needed to truly understand if this technique has a viable future.

Understanding reproductive trends is an essential component in monitoring the overall health of a
species and can aid in the better understanding of how the wider ecosystem is functioning (Hunt et al.,

2013; Moore, 2008). In the aftermath of the North Pacific marine heat wave humpback whales in
southeast Alaska had the longest sustained low CBR of any time during the 30+ year time series
maintained by Glacier Bay National Park personnel, with less than five calves seen in any year from 2015

to 2018 and 0 calves seen in 2016 (Gabriele and Neilson, 2019). Previous studies of reproduction in
humpback whales in southeast Alaska have focused on the use of sighting histories to come up with

reproductive rates. While this is essential information in understanding the rate of increase of the
population, it does not inform sexual maturity, inter-calving interval, frequency of pregnancy, gestation

period, seasonality of reproduction and perinatal mortality (Best, 2011; Chittleborough, 1955a; Dawbin,
1966; Gabriele et al., 2007; Whitten et al., 1992). Similar to the table created by Dalle Luche et al. (2020),
a table summarizing pregnancy rates and thresholds was created (Table 4.4) and serves to illustrate the

differences and similarities between populations in various states of recovery from commercial whaling.

Clark et al. (2016) used 21.92 ng/g as the pregnancy threshold for whales from the Monterey Bay, CA
area, with individuals falling above this threshold categorized as pregnant and individuals falling below as

resting or lactating. Similarly, Pallin et al. (2018a) used progesterone extracted from blubber biopsies

paired with sighting histories to calculate a mean pregnancy rate of 63.5% from 2010 to 2014 for female
humpback whales around the western Antarctic Peninsula and a pregnancy threshold of 54.97 ng/g (Pallin
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et al., 2018a). Dalle Luche et al. (2020) calculated a pregnancy rate of 36% for humpback whales of the

east coast of Australia based on elevated levels of androstenedione and testosterone, which is similar to
the rate calculated for this population based on whales killed in fisheries during the 1940s and 50s

(37.2%) (Chittleborough, 1958; Dalle Luche et al., 2020). Our findings for whales from southeast Alaska
are similar to other studies yet there are marked differences. Our pregnancy threshold of 4.5 ng/g is a

relatively low threshold for pregnancy and was inferred from bimodality in progesterone concentrations
from whales inferred to be pregnant and not pregnant (Figure 4.3). Due to the Covid-19 pandemic of

2020, we were unable to gather the resighting information we had hoped to collect and thus had only one
resight of a whale sampled in the early season (April) who was later confirmed pregnant. While our
threshold should be used with caution, it is not outside the realm of thresholds established for other

populations of humpback whales, especially since samples were collected one month earlier than in

comparative studies (Clark et al., 2016). Our calculated reproductive rate, 63%, falls within the range
established by previous studies and, in light of the four previous years of low reproductive success in

southeast Alaska, it makes intuitive sense that pregnancy rates would be relatively high (Table 4.2).
The potential for aerial morphometric measurements to complement other methods of

determining pregnancy may only be appropriate during a narrow window in gestation. Our operating
assumption was that pregnant whales would be fatter at various widths along the body axis as compared
to non-pregnant whales, yet the overall difference in width measurement between pregnant and non

pregnant whales were not obviously different. From our preliminary visual inspection of width

regressions in relation to progesterone concentrations the widths 45-65% along the length axis appeared
to be the most influential at predicting progesterone concentration, yet when modeled, day of year, age

and length were more influential in predicting pregnancy than widths (Figure 4.5 & Table 4.3). Similarly,

when the widths 45-65% along the length axis were examined alone in relation to reproductive status a
consistent, clear trend was not immediately discernable (Figure 4.6 left column). However, when early
pregnancy whales (i.e., samples from March-May) were removed from the analysis a clearer, yet still
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highly uncertain, trend of increasing widths with increasing progesterone emerged (Figure 4.6 right
column). This suggests that differentiating pregnant from non-pregnant whales at the end of the breeding

season and during migration is likely not possible, but examination of whales later in the feeding season
and further along in gestation may prove more useful. It should also be noted that the investigation of

pregnancy from width measurements is further complicated by the overall increase in body condition on
the feeding grounds. Humpback whales migrate from lower latitudes to more productive higher latitudes

in order to replenish fat stores (Straley et al., 2018). A recent study reported that an individual whale had

2/3 less body mass (as based on width) when observed on the breeding grounds as opposed to when it was
observed on the feeding grounds (Van Aswegen, Pers. Comm. 2021). This radical fluctuation in body
condition makes external assessment of pregnancy challenging as both pregnant and non-pregnant whales
would have increasing body condition as the feeding season progressed. However, it has been

demonstrated that reproductive status can be assessed in smaller cetaceans, such as killer whales
(Fearnbach et al., 2015), and it is likely that while the overall body condition of both pregnant and non

pregnant humpback whales increases over the season that a few specific widths would increase more in
pregnant individuals. We believe these specific widths to be from 45-65% along the length axis (Figures
4.4, 4.5 & 4.6).

The role that three other hormones, cortisol, aldosterone, DHEA-S play in pregnancy were also
examined. Cortisol, aldosterone and DHEA-S are primarily produced in the adrenal cortex (Norman and

Litwack, 1997). Cortisol is generally thought of as the main glucocorticoid (GC) in mammals (Atkinson
et al., 2015). The primary action of GCs is to alter behavior, increase blood glucose levels, inhibit growth

and reproduction, and suppress the immune system (Romero, 2004). When the hypothalamus-pituitary-

adrenal axis perceives a stressor, it signals the pituitary gland to affect hormone production. Under stress,
the brain down-regulates reproduction by reducing follicle stimulating hormone and luteinizing hormone,

both of which are critical for a normal cycle, ovulation and enhanced progesterone production (Whirledge

and Cidlowski, 2010). Aldosterone is the major mineralocorticoid and is primarily responsible for
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increasing sodium reabsorption from the renal tubules. It may also play several other important roles in
marine mammals, including regulation of water retention during extended natural fasts (Ortiz et al.,

2006). Aldosterone secretion is typically elevated coincident with cortisol increases in a variety of
situations, including cold water exposure (Houser et al., 2011), restraint and handling (Champagne et al.,

2017), and with an ACTH challenge (Champagne et al., 2018; Keogh and Atkinson, 2015). Thus,

aldosterone appears to serve a role in the stress response in marine mammals and may be a very useful
indicator of the stress response, particularly in regard to salt balance, and in excess quantities could be
detrimental to sustained, successful pregnancies (Gulland et al., 2018). As for DHEA-S, not much is
known about its function in marine mammals, but in humans DHEA and DHEA-S are the two most
abundant circulating steroids in the body and have been found to be intermediate products in the pathway

for the synthesis of both testosterone and estrogen. DHEA-S is a metabolite of DHEA and while it is
water-soluble and may be more readily excreted by the kidneys, it is 100x more prevalent in the human
body than DHEA, has a longer half-life and its levels are more stable in circulation, with less diurnal

variation (Harris and Bouloux, 2014; Longcope, 1995). In addition, to being a potential precursor to
estrogen and testosterone, DHEA-S is also intimately linked to cortisol and can be used as more stable
index of adrenocortical activity and stress accumulated over time (Nussey and Whitehead, 2001). DHEA-

S has also been associated with fertility, with higher levels reflecting successful in vitro fertilization
attempts (Whitham et al., 2020; Wiser et al., 2010). Thus, measurements of DHEA-S can provide

additional context to studies looking at reproduction, especially when the hormones in question have low
concentrations. We did not find any significant relationships between reproductive status and

concentrations of cortisol, aldosterone and DHEA-S.
Age and length were also analyzed in relation to progesterone concentration. Sighting histories of

humpback whales date back to the 1970s for Southeast Alaska, one of the longest catalogs of humpback
whales in the world (Gabriele et al., 2017). As such, with the aid of fluke images, some of the whales in
this study (n=6) could be assigned an exact age and 26 whales had sighting histories of 15 years or longer.
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Age is an incredibly important part in understanding basic physiology and especially reproductive

physiology. Age at sexually maturity varies by cetacean species and is likely to have slight variations
from population to population (Best, 2011; Clapham, 1992; Gabriele et al., 2007). In addition, the overall

age structure of a population can shed light on the recovery of depleted populations and for many is
density dependent. For example, a population with many healthy younger individuals would be indicative

of a recovering population whereas a population with an absence of young and many older individuals
could signal a population in jeopardy or decline such as the Southern resident killer whale or the North

Pacific right whale (Pace III et al., 2017; Wasser et al., 2017). Therefore, knowing the age of an
individual is an essential element in the accurate analysis of a population. While many of the whales in
this study were previously observed whales (n=34), there were whales that had not previously been

observed (n=7). As such we developed a method to age whales that did not have a sighting history or had
one that was less than 15 years using their length and age to length information from whaling data (Table

4.1). We then looked at the relationship between progesterone concentration and age and length data,

finding that, for whales that had reached sexual maturity, older and longer whales generally had lower
progesterone concentrations (Figure 4.9). This was not simply a feature of a greater proportion of older
whales being sampled earlier in the season and younger whales sampled later as when we normalized

progesterone concentration by day of year the trend persisted. This also does not seem to indicate
senescence in older whales, but rather slightly lower progesterone concentrations for older whales while

pregnant. We see the opposite trend for non-pregnant animals, where progesterone concentration
increases with age, although this is likely due to the presence of calves in the analysis. We also examined
pregnancy rate by age class, finding that the age class with the highest percent of pregnant whales was the

31-40 year age class, however the other three age classes composed of sexually mature and physically
mature individuals (5-14, 15-20 and 21-30 years) were similar in number and all had pregnancy

percentages of 60% or above. Two whales in the 0-4 year age class were classified as pregnant based on
their progesterone values (84.4 and 150 ng/g), which seems unlikely given their inferred ages (2 and 3).
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However, length data was not available for the two-year-old as it was a previously unknown whale, thus it
was assigned an age of 2. Similarly, the three-year-old had a length of 9 m, was a previously unknown
whale and so based on Table 4.1, was assigned an age of 3. This is a potential pitfall of our aging table; in

that it may be too conservative in assigning age to whales who are shorter in length. It is likely that in
reality these two pregnant whales are older. It would also be interesting to test this table against more
whales of known age, as there were no known aged whales (other than calves) in the youngest age class

and only two in the 5-14 age class (ages 12 and 14). This test, would help ground truth the efficacy of
this table, which could provide researchers a valuable way to age whales in the field without long-term
sighting histories.
This study provides a first step in assessing the feasibility of using morphometric measurements
as a tool for detecting pregnancy in humpback whales, as well as to estimate a pregnancy rate for

humpback whales in Southeast Alaska. We believe that there is merit in continuing the development of

this methodology with a focus on later term pregnancies and with a larger samples size. For Southeast

Alaska, we recommend a sampling season that extends to January, with a focused effort beginning in

August and if possible, a similar study that takes place as whales are arriving on the breeding grounds. As
it currently stands, determining pregnancy from aerial photography is an unreliable tool in deducing

reproductive status. However, this tool is in its infancy and with methodological refinement may yet
prove to be an effective tool for estimating late term pregnancy, which would aid in studies on population
dynamics. In a marine ecosystem where climatic anomalies are becoming more frequent, having tools that

allow for the rapid assessment of critical conservation elements is essential. UAS technology, paired with
sighting histories and physiological parameters derived from blubber biopsies is just one example of how
such a tool can be developed. A tool like the one developed in this study, while arguably in its infancy

and in need of additional refinement, has the potential to produce valuable conservation data to managers
in order to help make prudent management decisions in the face of major oceanographic and climate

changes influencing the marine environment.
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4.7 Figures

Figure 4. 1 - Blubber biopsies were collected from Southeast Alaska, including Sitka Sound (57.0°N
135.5W°), Chatham Strait (56.95°N 134.62°W), Frederick Sound (57.13°N 134.10°W), Stephens Passage
(57.30 °N 133.43 °W) and Lynn Canal (58.4°N 134.8°W).
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Figure 4. 2 - A) An example of a desired measurement image of a humpback whale lying flat at the
surface with minimal body roll, pitch and arching. B) Depiction of all locations used to measure body
width (W) in 5% increments from the rostrum to tail fork (total length) (image used with permission from
M. Van Aswegen).
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Figure 4. 3 - The output of an expectation-maximization (EM) algorithm depicting two distinct groups
within our progesterone dataset, with a break between our lower and higher values at 1.75 on the log scale
or 4.5 ng/g. Paired with our re-sighting data, where an individual with progesterone levels of 12.34 ng/g
was re-sighted a year later with a calf, we infer that these two clusters represent non-pregnant (i.e.,
sexually immature, resting or lactating) and pregnant female humpback whales.
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Figure 4. 4 - Regression residuals for each 5% interval along the length axis (rostrum is at the left end of
the plot and the fluke notch is at the right end). While there was observed greater spread in pregnant
whale regression residuals, there were no significant differences between pregnant and resting whales for
any of the regression residuals examined.
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Figure 4. 5 - Biplots for principal component (PC) analyses A) without hormones and B) with hormones.
The proportion of overall variability captured by each PC is noted in the axis labels. Black dots represent
individual data points and the dashed circle represents a unit circle.

129

Figure 4. 6 - Logistic regressions of progesterone values with 95% confidence bands for, left) pregnant
female humpback whales from all months sampled on width residuals 45, 50, 55, 60 and 65 (n=34) and
right) pregnant female humpback whales from June, July and August (n=17) on width residuals 45, 50,
55, 60 and 65. Logistic regressions from all months (left) showed no obvious consistent trend between
width residuals, whereas logistic regression plots with data from June, July and August (right) showed an
increased probability of being pregnant with increasing width residuals. However, there were no
significant trends for either left or right plots.
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Figure 4. 7 - Hormone concentrations for each of four hormones analyzed for female humpback whales
(n=41) and color coded by reproductive state. Pregnant individuals were significantly different than all
other reproductive states for progesterone (p < 0.05) whereas there were no significant differences
between reproductive states for aldosterone, cortisol or DHEA-S (p > 0.05).
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Figure 4. 8 - Progesterone concentrations (points, ng/g) for humpback whales against Julian day with
fitted linear regression lines and 95% confidence bands by reproductive status.
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Figure 4. 9 - Progesterone concentration (ng/g) compared to A) age and B) length with fitted linear
regression lines and 95% confidence bands by reproductive status and Julian day (color) and reproductive
status (shape) overlaid. For both age and length, progesterone concentration decreased as age and length
increased for pregnant whales and increased slightly for non-pregnant whales. For non-pregnant whales,
age and length were not significantly correlated to progesterone concentrations (r=0.34 & 0.18 and
p=0.16 & 0.52, respectively), whereas age and length for pregnant whales were negatively, significantly
correlated with progesterone concentrations (r=-0.60 & -0.46, p=0.005 & 0.048, respectively).

133

4.8 Tables
Table 4. 1 - Age class of humpback whales based on total length measurements by using historical
whaling length to age data (Chittleborough, 1955a, 1955b; Clapham, 1992; Gabriele et al., 2010, 2007;
Nishiwaki, 1960).
Length (Meters)

Age (Years)

Class

0-8.5

0

Calf

8.6-10

1-4

Juvenile

10.1-12

5-14

Sexually Mature

>12

>15

Physically Mature
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Table 4. 2 - Pregnancy rates by age class assuming a pregnancy threshold of 4.5 ng/g for progesterone.
Pregnancy rates were the highest for the 31-40 age class and were the lowest for the youngest humpback
whales in the 0-4 age class. Pregnancy rates for each age class were determined as number of pregnant
whales divided by all whales in age class.

Number of Pregnant

Age

Age

Age

Age

Age

All

0-4

5-14

15-20

21-30

31-40

Whales

21

5

6

6

7

26

6

7

10

9

9

41

33%

71%

60%

67%

78%

63%

Whales
Total Whales in Age

Class
% Pregnant

1 By definition juveniles cannot bear offspring, however as age for whales in this category was estimated based on
Table 4.1, the inferred age is likely a conservative estimate and whales are likely older.
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Table 4. 3 - Linear models for understanding which Principal Component (PC) variables are best at
predicting progesterone concentrations for humpback whales. The first two PCs from PC analysis were
used as they summarize most of the variability in our set of highly correlated explanatory variables. PC1
primarily reflects the “girth” explanatory variables and PC2 primarily reflects age, overall size and day of
year. The best and most parsimonious model for predicting progesterone concentrations was the intercept
only model (Akaike information criterion (AIC)=336).
#
1
2
3
4

Models

intercept
PC2
PC1
PC1 +PC2

df

R2

IogLik

BIC

AIC

Δ AIC

na
1
1
2

0
0.003
0.06
0.06

-179
-178
-179
-178

366
367
369
371

363
363
365
365

0
0
2
2
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Table 4. 4 - Comparison of pregnancy rates in humpback whales as determined by progesterone
concentrations. Pregnancy determination was calculated based on a threshold or minimum concentration
used to differentiate pregnant from non-pregnant whales (Threshold), Confirmed Pregnancy used sighting
histories to confirm that a suspected pregnant female was seen the following year with a calf, and Model
was when an established model was used to determine pregnancy (Pallin et al., 2018a).

Study

Pregnancy
Determination

Pregnancy
Threshold

Pregnancy
Rate

Season

Progesterone
Samples

Location

Clark et al., 2016

Threshold

21.92 ng/g

48.4% (2011)
18.5% (2012)

AprilNovember

58

Monterey
Bay, CA

Pallin et al., 2018a

Model

19.28 ng/g

36%-86%
(63.5%)

January**
June

264

Western
Antarctic
Peninsula

Pallin et al., 2018b

Threshold/Confirmed
Pregnancy

54.97 ng/g

Not Stated

AprilNovember

29

Gulf of
*Maine

Riekkola et al., 2018

Model

25.81 ng/g

57%

September/
**
October

31

Western
Antarctic
Peninsula

Dalle Luche et al.,
2020

Threshold

4.04 ng/g

36%

June/July &
September/
**
October

48

East Coast
Australia

This Study

Threshold/Confirmed
Pregnancy

4.5 ng/g

63%

MarchNovember

36

Southeast,
AK

*Model created on Gulf of Maine female humpback whales (n=29), model tested on Western Antarctic Peninsula female humpbacks (n=11)
**Austral
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General Conclusion

The Alaskan marine ecosystem is undergoing unprecedented change and its species are facing

increasingly variable and potentially inhospitable habitats (Barbeaux et al., 2020; Cornwall, 2019). Due to
a “perfect cocktail” of environmental conditions (e.g. negative Pacific Decadal Oscillation (PDO), a

North Pacific heat wave and a strong El Nino), normal climatic conditions for humpback whales
(Megaptera novaeangliae), and the rest of the species in the eastern North Pacific, were altered

(Cartwright et al., 2019; Gabriele and Neilson, 2019; Peterson et al., 2015). Shifts in the distribution and

range of species were widespread and widescale mortality events of several species, such as Common
Murres (Uria aalge), Crested Auklets (Aethia cristatella) and California sea lions (Zalophus

californianus), occurred (Cornwall, 2019; NMFS, 2019; NPS, 2019). Humpback whales also exhibited
unusual behavior, with a severe decline in reproductive rates documented, an increase in the amount of
emaciated or skinny whales seen on the feeding grounds, an increase in skin abnormalities and an unusual

number of whales whose residence time on the feeding grounds increased (Cartwright et al., 2019;
Neilson et al., 2017; Straley et al., 2018). As top predators, marine mammals serve an important role as

sentinels of ecosystem health (Moore, 2008). With their high site fidelity, abundant numbers, coastal
presence and role as a top predator, humpback whales provide a meaningful gauge of current ecosystem
conditions and processes (Bossart, 2011; Calambokidis et al., 2008; Clapham, 2009). In order to tap into
their usefulness as bioindicators the basic physiology of humpback whales needs to be understood.
Physiological indices can provide valuable information about fecundity, survival, health and population

age structuring (Christiansen et al., 2018; Fearnbach et al., 2015; Perryman and Lynn, 2002; Petrauskas et
al., 2008; Valenzuela-Molina et al., 2018) which is fundamental to cetacean research and population

management. However, such information is often difficult to obtain from wild cetaceans as they surface
infrequently and often live in remote or logistically challenging locations. As such, few methods currently

exist for the assessment of physiological parameters of free ranging, large cetaceans. This dissertation
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paired existing methods of physiological examination with new and novel approaches in cetacean health
assessments in order to better understand the basic physiology and overall health of humpback whales.

In Chapter 1, testosterone concentrations were examined from blubber samples taken from male
humpback whales while they were on their Alaskan feeding and Hawaiian breeding grounds. This was the

first time that testosterone was validated for humpback whales from the Hawaii DPS and the second study
that examined testosterone concentrations from blubber collected from humpback whales (Cates et al.,

2019; Vu et al., 2015). Testosterone concentrations from 277 North Pacific male humpback whale

blubber samples, including 268 non-calves and 9 calves from 2004 to 2006 were analyzed. Testosterone
concentrations (ng/g) were significantly different between non-calves sampled in Hawaii (n=182) and
Alaska (n=86, p<0.05) with peak testosterone concentrations occurring in the winter (January to March)

and the lowest concentrations occurring in the summer (June to September). Fall and spring showed

increasing and decreasing trends in testosterone concentrations, respectively. Blubber testosterone
concentrations in non-calves and calves sampled in Alaska were not significantly different. Blubber and
skin from the same individual biopsies (n=37) were also compared, with blubber having significantly

higher testosterone concentrations (p<0.05) than skin samples. We found variability in testosterone
concentration with age, suggesting that male humpbacks reach peak lifetime testosterone concentrations
in the breeding grounds around age 8-25 years. The testosterone profile of male humpback whales

follows a predictable pattern for capital breeders, when testosterone begins to increase prior to the
breeding season, stimulating the onset of spermatogenesis. Incorporation of reproductive hormonal

profiles into our overall understanding of humpback whale physiology will shed additional light on the

timing of reproduction and overall health of the recently delisted Hawaii distinct population segment
(DPS).

In Chapter 2, a similar study was conducted, although this time with the intention of better
understanding regional and temporal variations in the stress response of humpback whales (Cates et al.,
2020). An enzyme immunoassay for corticosterone was validated for use in blubber samples from male
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humpback whales. Analyses were conducted on 247 male North Pacific humpback whale blubber
samples, including 238 non-calves and 9 calves that were collected on the Hawaiian breeding and
Southeast Alaskan feeding grounds from 2004 to 2006. Significant relationships were found between
corticosterone concentrations and year, age class, and location. When examined by year, corticosterone
concentrations for male humpback whales were higher in Hawaii in 2004 than in 2005 and 2006 (p<0.05).

Corticosterone concentration also varied by age class with initially high concentrations at birth which
subsequently tapered off and remained relatively low until sexual maturity was reached around age 8-10
years. Corticosterone concentrations appeared to peak in male humpback whales around 15-25 years of

age. Blubber biopsies from Alaska and Hawaii had similar mean corticosterone concentrations, yet the

variability in these samples was much greater for whales located in Hawaii. Much work remains to
accurately define or monitor a stress response in male humpback whales. Our results suggest that the
stress response may be most impacted by age and yearly oceanographic conditions and is best, at least

initially, examined at the individual level.
For Chapter 3, the emphasis on using hormones to understand basic physiology was put aside and
the development of a new tool which had the potential to rapidly explore and quantify body condition was

undertaken. Examination of the robustness or body condition of populations and individuals is a growing
and ever more influential area of research in marine mammal studies (Christiansen et al., 2018, 2016;
Durban et al., 2015; Fearnbach et al., 2015; Perryman and Lynn, 2002). As such, Chapter 3, sought to

develop a novel approach for data processing in aerial morphometric studies by employing the use of
deep learning technology, with the resulting algorithm termed ‘Morphometer.' Morphometer was created

and tested on aerial images of Southern right whales (Eubalaena australis) and is a pixel-based approach

to measuring morphometric indices. The collection of photos used to test Morphometer were previously

analyzed in Christiansen et al. (2018) in which photographic images of individual whales were handmeasured using computer aided drawing software. These measurements were used to train Morphometer

and served as the basis of comparison to determine the accuracy of this method. A dataset of 2,114
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images was available for algorithm development. Of these 2,114 images, 350 made it through our quality

control stage with an average relative percent error (RPE) for measurements as compared to the control
measurements of 41% with a consistent positive bias in measurements. Morphometer performed the best
on body length measurements with an RPE of 12% and the worst at the 90% width increment from the

rostrum with a RPE of 120%. Morphometer is the first attempt at complete automation for calculating
morphometric indices for large whales and the first to take a pixel-based, segmentation approach toward
the problem. Morphometer is not ready for public release as of yet, but with additional data and advances

in object detection technology Morphometer could be a viable tool allowing marine mammologists to

shift their focus back to the biology of large whales rather than on time consuming data processing.
Chapters 1-3 explored basic hormonal trends, how to pair sighting histories with endocrine data,
the importance of age in understanding hormonal trends and the development of new ways to examine

physiology by automating morphometric analysis. Chapter 4 took these lessons, merged them and applied

them toward a better understanding of pregnancy status in humpback whales. Determining pregnancy
status in live baleen whales is historically difficult with the most accurate assessments of pregnancy

coming from hormonal work done from blubber samples. In Chapter 4 we demonstrated the potential for
complimenting existing techniques for assessing pregnancy in humpback whales by incorporating
Unoccupied Aerial Systems (UAS) and additional hormones of interest in the assessment of pregnancy in
humpback whales. Enzyme immunoassays were validated for progesterone, cortisol, aldosterone and

DHEA-S use in biopsy samples from female humpback whales. Analyses were conducted on 41 female
North Pacific humpback whale blubber samples, including three calves, that were collected on the

Southeast Alaskan feeding grounds in 2019. A pregnancy threshold of 4.5 ng/g was used, with a
pregnancy rate of 63% calculated for this population of whales. The area of the body that proved most

influential in predicting pregnancy was the region 45-65% along the length axis from the rostrum.
Additionally, while influential in modeling, no clear trend was observed in relation to pregnancy for

cortisol, aldosterone or DHEA-S. Notably, an aging method was developed to aid in the aging of whales
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who do not have long-term sighting histories, but that did have length measurements. Determining
pregnancy by using UAS is a promising method, albeit in its infancy. With continued development and

the use of complementary data such as sighting histories for age and confirmed pregnancy, and hormonal

indicators of pregnancy, UAS technology has the potential for the rapid, non-invasive assessment of
pregnancy.

Summary and Recommendations for Future Studies
Endocrine markers and the automated assessment of body condition in combination with
behavioral and longitudinal data on individually identified humpback whales provide a powerful toolset
in the assessment of physiology and life history states for the responsible management and conservation

of humpback whales. As the chemical messengers in the body, hormones are an essential element in the

smooth functioning of any organism and an excellent place to begin to examine the health of an
individual. With an emerging catalog of baseline concentrations for steroid hormones in humpback

whales, we are increasing our ability and efficacy in documenting, calculating, and addressing changes in

normal humpback whale physiology. As researchers continue to employ and diversify the ways in which
we collect data from free ranging cetaceans, we will need tools like Morphometer with which to analyze
these data, preventing a back-log of data and standardizing analysis techniques across research teams.

While not a specific research aim of this dissertation, this project benefitted hugely from long-term
sighting catalogs. Taken collectively, emerging catalogs of baseline concentrations of steroid hormones,

tools with which to rapidly assess morphometrics and the continued collection of data for long-term
sighting records are the beginnings of an effort to create holistic “health screenings” for individual

humpback whales. These “screenings” are not only information essential for an appreciation of how
individuals are responding to marine ecosystem shifts, but are also essential for understanding the impacts
of anthropogenic activities and climatic shifts on humpback whales.

There are several avenues for improvement of the study techniques developed as part of this

dissertation. In regards to hormonal work, testosterone concentrations exhibited trends that made intuitive
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sense. Concentrations increased right before the breeding season, likely stimulating spermatogenesis and

then decreased as the breeding season progressed. A valuable area of future research may be to quantify

how testosterone varies across social standing among males (i.e., principal escorts, secondary escorts,

singers, male dyads, etc.) and with older age (whales greater than 30 years of age). As for corticosterone
concentrations, analysis of stress is complicated in controlled settings, let alone from free ranging

animals. Preliminary work also suggests that this matter is further complicated by sex-based differences
in the primary glucocorticoid expressed in the blubber between male and female whales, with

corticosterone primarily expressed for males and cortisol primarily expressed for females (Mashburn and

Atkinson, 2017). In addition, understanding the stress response in any species requires a baseline
understanding of normal glucocorticoid concentrations (Atkinson et al., 2015). Chapter 2 primarily sought
to provide this baseline for male humpback whales between the feeding and breeding season. However, as

no significant difference was detected in corticosterone concentrations between the feeding and breeding

season, although there was greater variance on the breeding grounds, it is clear that much work remains to
be done in order to accurately define or monitor a stress response in male humpback whales and that

specific attention is required when looking at age, sex, and yearly trends. Our results suggest that a stress
response may be most impacted by age and yearly oceanographic conditions, and that studies would

benefit from being able to define additional field conditions such a social standing and any external

stimuli in the area.
Several lessons were learned through this attempt to automate morphometric analyses for whales,

and suggestions for improving Morphometer which was developed as part of chapter 3. These items are
discussed more in depth in Chapter 3, but the largest take away is that Morphometer's ability to determine
a whale's body shape from the surrounding water needs improvement. This likely is an issue that will be

resolved soon and is dependent on a base network that focuses on object detection in a water landscape.
Lastly, using morphometrics to determine physiological states is a promising field of research, yet caution

needs to be exercised when thinking about what types of samples should be collected to ask the
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appropriate scientific question at hand. Future studies using morphometrics to determine pregnancy
would do well to continue to pair aerial photographs with blubber biopsies, but should also ensure that

whales are sampled late into the feeding season and upon arrival to the breeding grounds. In addition, a
focus on resights on these sampled whales to determine whether they returned to the feeding grounds with
a calf would provide important information supporting the calculation of pregnancy rates, calving rates,

and neonatal survival.

In Chapters 1 and 2 endocrine baselines were established for reproductive and stress hormones
and compared to life history characteristics of individually identified humpback whales (Cates et al.,

2020, 2019). In Chapter 3, a novel morphometric algorithm was developed in order to rapidly analyze the
body condition of large whales. Lastly, Chapter 4 sought to combine the basic techniques learned in

Chapters 1-3 in order to examine how body condition alters with reproductive state. With the aid of these
tools a basic picture of normal whale health or physiology can be determined. Without extensive
knowledge of an animal's physiology, it is difficult to discriminate between normal physiology and the
impacts that anthropogenic, climatic, disease, or density dependent factors may have on an animal's
ability to reproduce and maintain homeostasis; information which is critical in order to make informed

management decisions. This project sought to lay the groundwork for long term monitoring of humpback
whales that can lend critical information to managers. By creating baseline physiological indices to which

to compare across time and the development of tools to rapidly analyze these metrics, managers and
researchers will be able to analyze current and future samples within a longitudinal context and inform

management decisions based on accurate population trends.
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