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Simultaneous analysis of multiple steroid hormones from remotely obtained blubber biopsies has the potential to
concurrently provide information regarding stress and reproductive status from free-swimming cetaceans, while
also investigating correlations between hormone concentrations and other health biomarkers. In this study we

izli)rzgu:etéon measured blubber concentration profiles of eight reproductive and adrenal steroid hormones (17a-hydroxy-
Tesfost}e,rone progesterone, testosterone, androstenedione, progesterone, cortisol, 11-deoxy-corticosterone, oestrone, and
Cortisol oestradiol) together with body condition, as determined by the inverse Adipocyte Index, of 101 male humpback

whales. Whales were sampled randomly at two time points, while migrating to and from their northeast
Australian breeding grounds, allowing for intra- and inter-seasonal profile analysis. Testosterone, progesterone
and cortisol together with androstenedione 17a-hydroxyprogesterone, and oestrone concentrations (the latter
quantified for the first time in live biopsied male humpback whales) decreased between the northward and
southward migrations. Decreasing testosterone levels during the height of humpback whale conceptions suggests
asynchronicity between blubber testosterone levels and the expected peak of male fertility. Statistically signif-
icant relationships between levels of certain steroid analytes were observed and appeared to change between the
early and late breeding seasons. During the northward migration, testosterone, progesterone, androstenedione,
oestrone and 17a-hydroxyprogesterone levels were positively correlated. Cortisol concentrations correlated
positively with those of testosterone during the northward migration, but negatively during the southward
migration. Androstenedione and testosterone were positively correlated with adiposity during the late breeding
season. These hormone-hormone and hormone-adiposity correlations may be reflective of the activation of
certain steroid hormone synthesis pathways, or alternatively, of concomitant physiological stimuli. As steroid
hormones work in concert, information on multiple steroid hormones is needed to interpret endocrinological
status and understand the relationships between these compounds and ancillary health markers. This study
provides steroid hormone profiles of wild male humpback whales, as well as the first insight into seasonal male
endocrinology as a function of adiposity.

1. Introduction

Monitoring demographic changes and population health of large
whales is difficult due to the logistical challenges of working with large,
free-swimming cetaceans (Hunt et al., 2013). Assessing anthropogenic
stressors and threats to whales and their ecosystem is of increasing
importance in the context of rapid -climate-induced habitat

transformations (Atkinson et al., 2019) combined with increasing
anthropogenic activities (e.g., marine transport, fishing, oil and gas
drilling) (Cassoff et al., 2011; Clapham et al., 1999; Thomas et al., 2016).
Visual (Christiansen et al., 2016; Noad et al., 2011), biological (Apprill
et al.,, 2017), and chemical analysis (Bengtson Nash et al., 2018) ap-
proaches have all been employed as a means of non-lethal quantification
of health in wild whale populations. Among these, steroid hormone

Abbreviations: HW, humpback whale; SH, southern hemisphere; NH, northern hemisphere; NM, Northward Migration; SM, Southward Migration.
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analysis has been successfully applied to infer reproductive status (Pallin
et al., 2018a) and stress (Wasser et al., 2017) from live, free-swimming
whales.

Standardisation of the use of steroid hormone analysis as a moni-
toring technique requires an understanding of species-specific endocri-
nology and steroid hormone baselines (Boggs et al., 2019). In humpback
whales (HWs; Megaptera novaeangliae), steroid hormone research has
largely focused on female reproductive endocrinology (Clark et al.,
2016; Dalle Luche et al., 2020; Pallin et al., 2018a; Pallin et al., 2018b).
Female fertility, as determined through steroid hormone analysis, can be
used to estimate population growth in single-offspring cetaceans (Kellar
et al., 2013; Kellar et al., 2014), and is therefore an important tool for
conservation biology (Pallin et al., 2018a; Seyboth et al., 2016; Wasser
et al., 2017). By contrast, male HWs, as in most whale species, have
received comparatively little attention. Seasonal hormone baselines and
hormone changes to reproduction and stressors require understanding
and validation before steroid hormones alone can be used in a mean-
ingful manner for the evaluation of stress and reproductive status.

The study of male HW endocrinology has largely been centred on the
analysis of testosterone as a single marker of male fertility and repro-
ductive cycles. The role of testosterone in promoting spermatogenesis
has led to the identification of relatively high circulating testosterone
levels as a marker of sexual maturity in some cetacean species (Kjeld
et al., 1992; Robeck and Monfort, 2006). Longitudinal monitoring has
shown that testicular mass (Chittleborough, 1955; Mogoe et al., 2000),
sperm density (Schroeder and Keller, 1989), and circulating testosterone
levels in other cetaceans (Watanabe et al., 2004; Wells, 1984) fluctuate
not only through life history, but also seasonally in species that expe-
rience a seasonal reproductive cycle. Vu et al. (2015) found that in HW
blubber, testosterone concentrations were significantly higher during
the breeding season (autumn and winter) than during the feeding season
(summer). Cates et al. (2019) complemented these data by confirming a
significant difference in blubber testosterone concentrations between
the breeding and feeding seasons, as well as observing that blubber
testosterone concentrations peak prior to the breeding season. Addi-
tionally, the same study estimated that blubber testosterone levels are
elevated in male Northern Hemisphere (NH) HWs between the ages of 8
and 25 years, with the oldest individuals (25-30 years old) often
featuring lower levels than the juveniles. These studies suggest that
whilst blubber testosterone may be used as a biomarker of sexual
maturity, the relationship between blubber testosterone and sexual
maturity is not linear; the overall interpretation of blubber testosterone
concentrations may be more complex than expected due to the large
variability in blubber testosterone levels even within the same age
groups. Based on knowledge from other cetacean species, low levels do
not necessarily indicate sexual immaturity, as they can be due to
contingent factors (e.g., hypogonadism or stress exposure) (Champagne
et al., 2018; Kirby and Ridgway, 1984).

Levels of corticosteroids, specifically cortisol, are the most frequently
used measure of stress in cetaceans. Numerous studies have contributed
to our understanding of cortisol’s role in stress response in cetacean
species, either by measuring concentrations after exogenous hormone
challenge (e.g., hydrocortisone, adrenocorticotropic hormone, dexa-
methasone) (Hunt et al., 2004), or measuring concentrations after
exposure to a stressful stimulus or injuries, such as capture or exami-
nation (Champagne et al., 2018; Fair et al., 2014; Ortiz and Worthy,
2000), cold-exposure (Houser et al., 2011), entanglement (Hunt et al.,
2006), ship strike (Lemos et al., 2020), or noise (Rolland et al., 2012).
Although the prospect of using cortisol as a single biomarker of stress is
appealing, the generic nature of cortisol secretion in response to
different stress sources (e.g., boat traffic noise, physical disturbance by
maritime traffic, pollution, and intra- or inter-species competition) can
make interpreting cortisol values difficult. Free ranging cetaceans are
simultaneously exposed to multiple environmental stressors, which
makes evaluating the individual contribution of each extremely chal-
lenging (National Academies of Sciences, Engineering, and Medicine,
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2017). Furthermore, it is known that baseline cortisol levels (without the
induction of a stressor) regulate predictable life-history processes, thus
changing with season, as well as reproductive and nutritional states
(Kershaw and Hall, 2016; Robeck et al., 2017; Trana, 2014; Vera et al.,
2017). Corticosteroids’ permissive and preparative effects to stress
response (Sapolsky et al., 2000) indicate that their concentrations can
change before or without the presence of a stressor (Vera et al. 2017).
Although cortisol has been found to be generally higher in stranded HWs
carcasses than in live HWs, the interpretation of its seasonal and inter-
population variations remains inconclusive (Mingramm et al., 2020b).
In order to overcome the natural variability of cortisol occurrence in
free-ranging marine mammals, additional biomarkers and relevant
environmental and demographic information about individuals of in-
terest should be integrated into assessment (Atkinson et al., 2015).

Multiple-steroid-hormone data on male HWs are currently lacking
but can strengthen interpretations surrounding variable testosterone
levels (Dalle Luche et al., 2019). To advance understanding of male
humpback whale endocrinology and include multiple steroid bio-
markers into routine health monitoring, in this study blubber steroid
hormone profiles were measured in live-biopsied male Southern Hemi-
sphere (SH) HWs during the breeding season, coincident with the annual
migration of the population to the calving grounds. Mating in SHHWs is
expected to occur along the migration, which spans approximately 6
months, from May to November, with the peak of conception expected
in August (Chittleborough, 1958). Variations in blubber steroid profiles
were investigated by collecting samples at the same latitude, at two
different time-points, corresponding with the peaks of the respective
northward (“Northward Migration”, NM; June, July) and southward
(“Southward Migration”, SM; September, October) migrations.

During the migration, SHHWs rely primarily on energy accumulated
in the form of body lipids to support their energetic requirements
(Castrillon and Bengtson Nash 2020; Eisenmann et al., 2016). Fasting
during migration results in loss of up to 50% of the post-summer feeding
body mass of SHHWs (Bengtson Nash et al., 2013; Castrillon et al.,
2017). Between the same NM and SM sampling timepoints of the current
study, Bengtson Nash et al. detected dramatic decreases in body con-
dition proxy biomarkers including blubber lipid percentage, Persistent
Organic Pollutant (POP) burdens (Bengtson Nash et al. 2013), and the
Adipocyte Index (Al), a proxy for adipocyte volume and body condition
(Bengtson Nash et al., 2013). Some steroid hormones (e.g. corticoste-
roids) have metabolic roles (e.g. lipid remobilisation, protein synthesis)
in other mammal species (Kershaw and Hall, 2016; Ortiz et al., 2001).
Therefore, blubber steroid hormone concentration could change with
progression of the migratory fast, due to changing energetic and phys-
iological conditions.

In this study, eleven steroid hormones were targeted for quantitative
analysis (Dalle Luche et al., 2019), six of which (androstenedione, 17-
hydroxyprogesterone, oestrone, cortisone, 11-deoxycortisol, and 11-
deoxycorticosterone) have not been previously investigated in live-
biopsied male HWs. The inverse Adipocyte Index (AI'Y) (Castrillon
etal., 2017; Druskat et al., 2019) was used as a proxy for body condition
and measured alongside steroid hormone profiles. Correlations between
individual steroid hormone concentrations, between steroid hormones
and body condition, and the changes of these through the season were
investigated to provide insight into their interrelationships and possible
regulatory role during the male HW reproductive season.

2. Materials and methods
2.1. Samples

Biopsy samples of outer blubber layers (between 1 and 3 cm in
depth) were collected from free-swimming HWs of breeding stock E1 (as
designated by the International Whaling Commission) (IWC, 1999)
under scientific research permits (Moreton Bay Marine Park/Scientific
Purposes Permit #QS2014/CVL1397) and Animal Ethics Approval (GU
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Ref No: ENV/10/15/AEC). Blubber and skin samples (approximately
1000 mg) were collected through the use of a modified air rifle (Pax-
arms, New Zealand) and floating darts (0.8 mm to 0.9 mm diameter, 3
cm to 4 cm in length), as previously described (Bengtson Nash et al.,
2013; Dalle Luche et al., 2020). HW individuals were sampled in Mor-
eton Bay Marine Park, North Stradbroke Island, Queensland (27° 26 S,
153° 34 E) during their annual migration. A total of 101 male humpback
whales were sampled during the 2015, 2016, and 2017 through the
annual field campaigns of the Humpback Whale Sentinel Program
(HWSP). During these campaigns, samples were collected between 26th
June and 17th July (Julian days 178 to 198), from whales swimming
north towards the calving grounds (NM, n = 49), and between the 22nd
September and the 25th October (Julian days 265 to 299), from whales
returning to their Antarctic feeding grounds (SM, n = 52).

Sex was genetically determined by DNA analysis of a portion of the
skin (approximately 10 mg) obtained from each biopsy sample (Druskat
et al., 2019; Palsbgll et al., 1992). Random sampling was undertaken as
outlined in Druskat et al. (2019). Re-sampling of the same individual
during a given migratory phase was highly unlikely, as sampling
occurred on a migratory corridor, with the vessel moving against the
whales’ direction of travel (i.e. northward or southward), and avoiding
sampling in the same location on consecutive days (Brown and Cor-
keron, 1995). When multiple samples were taken from the same pod,
these were flagged as “potential re-samples” and the results of various
analysis (e.g., sex, hormones, AI"}, POPs, lipid and fatty acid profiles)
were compared to establish if a sample was a duplicate and therefore
needed to be excluded. During sampling, sighting information on pod
composition was collected with each biopsy sample. Specifically, male
HW individuals were classified as “calf” if identifiable as calves-of-the-
year (n = 2), as “singleton” (n = 7) or as “member of a pair” (n = 12),
if swimming alone or with another whale, respectively; those travelling
with a mother and a calf-of-the-year were classified as an “escort” (n =
12), while those sampled from all other pod combinations were classi-
fied as members of “non-competitive” (n = 42) or “competitive” (n = 26)
pods. Competitive pods were defined as a pod with n > 3 members (or n
> 4 members when a calf was present and counted as a member)
demonstrating high levels of surface activity or inter-individual
aggression at the time of sampling (Baker and Herman, 1984; Clap-
ham et al., 1992). Adult whales and juveniles (pre-pubescent or pu-
bescent whales) were not visually distinguished during sampling, hence
the samples are expected to represent a mixture of both.

2.2. Steroid hormone profile analysis

For each sample, steroid hormones were simultaneously extracted
from a portion of blubber (200 mg + 100 mg) by salt-assisted liquid
extraction, and analysed by LC-MS/MS. The analytical method used for
steroid hormone quantification of the eleven steroid hormone analytes
(i.e. testosterone, androstenedione, progesterone, 17a-hydrox-
yprogesterone, cortisol, cortisone, corticosterone, 11-deoxycortisol, 11-
deoxycorticosterone, oestrone, and oestradiol) was initially developed
for foetal bovine serum (Boggs et al., 2016), then adapted and validated
on bottlenose dolphin (Boggs et al., 2017) and subsequently on HW
blubber (Dalle Luche et al., 2019). Sample preparation, quantification,
and instrumental parameters have been previously detailed elsewhere
(Dalle Luche et al., 2019; Dalle Luche et al., 2020). Briefly, blubber
samples were frozen in liquid nitrogen upon collection and maintained
at —80 °C until the extraction. Samples were minced using scalpel and
tweezers while still frozen, and then homogenised with 1 ml of water in
2 ml bead mix tubes prefilled with garnet beads (MO-BIO; Qiagen,
Hilden, Germany) four times for 30 s each at 681 rad/s, cooled down on
dry ice every two beating cycles. Homogenised samples were then
extracted in 15 ml 2:1 acetonitrile: water using Agilent (Santa Clara, CA)
Bond Elut QUEChERS EN extraction salt packet (4 g MgSO4; 1 gNaCl; 1 g
sodium citrate; 0.5 g disodium citrate sesquihydrate). Samples were
centrifuged (2900 g, 4 °C for 5 min) and approximately 7 ml of the
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supernatant was transferred to a C18 dSPE vial (Agilent Bond Elut
QUuEChERS dispersive- SPE 15 ml tube, vortexed for 1 min and centri-
fuged (20 000 g 4 °C, for 3 min). The extraction mixture was dried under
gentle stream of nitrogen, reconstituted in water: acetonitrile 80:20 and
spin-filtered (12 000 g for 1 min) on a 0.22 pm cellulose acetate spin
filter. Samples were dried again under gentle stream of nitrogen and
reconstituted in 200 uL of methanol for the analysis. A portion of 50 uL
of sample was separated, added to 500 pL of acetone and 500 pL of 0.1
mol/L NaHCOg buffer and derivatized with 500 uL of a dansyl chloride
(Sigma Aldrich, St. Louis, MO) solution in acetone (1.28 mg/g) at 60 °C
for 3 min. The derivatized samples were dried under nitrogen and
reconstituted in 50 uL. of methanol.

Steroid hormone analyses were performed on an Agilent 1200 Series
LC liquid chromatography system coupled to an AB Sciex (Framingham,
MA) API 4000 QTRAP hybrid triple quadrupole/linear ion trap spec-
trometer. To achieve accurate separation of three classes of compounds
(androgens and progestogens, corticosteroids, and oestrogens) were
analysed separately, using different chromatographic parameters (Dalle
Luche et al., 2019). Androgens and progestogens, and oestrogens (with
the latter injected upon derivatization) were separated on an Ultra
Biphenyl column 5 pm, 250 mm x 4.6 mm (Restek; Bellefonte, Penn-
sylvania); corticosteroids were analysed using an Agilent Eclipse Plus
C18 column 5 pm, 150 mm x 21 mm. All steroids and internal standards,
IS were analysed in scheduled multiple-reaction monitoring (sMRM)
operating in positive mode (Dalle Luche et al., 2019). A mix of isoto-
pically labelled steroids (androstene—S,17—dione—2,3,4—13C3, testos-
terone—2,3,4—13C3, progesterone—13C3, cortisol-d4, dansylchloride-
oestradiol-2,3,4-13C3, 17(x-hydroxyprogesterone-2,3,4-13C3) was added
at the beginning of the extraction to evaluate the recovery of the pro-
cedure, with each steroid concentration being normalized to their ana-
logues as described in Dalle Luche et al. (2019).

Reporting limits (RLs; Table 1) for each steroid hormone in blubber
(wet weight) were identical to those previously employed in Dalle Luche
et al. (2020). Calibration curve coefficients of determination (R%) over
the tested concentration intervals were all above 0.992 (Supplementary
materials Table S1). Repeatability of the analysis and between sample
batches (percent relative standard deviation, RSD% <15%) was ensured
through the use of a National Institute of Standards and Technology
(NIST) Standard Reference Material (SRM) 1945, extracted in triplicate
during each analysis.

2.3. Histology and image processing for adipocyte index inverse (AT"%)
measurements

Upon sample collection, approximately 50 mg of blubber was sub-
sampled from each biopsy for histological analysis. Samples were
immediately frozen (-20 °C) prior to histological processing as previ-
ously described elsewhere (Castrillon et al., 2017; Parlee et al., 2014).
Image capture and digital manipulation followed Castrillon et al. (2017)
with a few variations. Digital images were recorded at 10x magnifica-
tion on an Olympus BX55 microscope coupled with an Olympus DP72
camera (Olympus DP2-BSW software). Since some samples can contain
fibrous sections or fragmented adipocytes, the most adipocyte-
dominated area of each sample was determined by inspection before
taking the image. This step ensures that samples are compared by their
adipocyte density and size, and not biased by individual sample pro-
cessing anomalies. In this current study, a standardised rectangular area
of 1200 pm by 1600 pm was selected as representative of each sample.
ImageJ 1.51 s (National Institute of Health, USA) was used for image
manipulation. Briefly, images were converted to 8-bit (shades of grey);
then, the light background was subtracted using a “rolling ball radius” of
50.0 pixels, and “sliding paraboloid” mode with noise “despeckled”.
Finally, the image threshold was adjusted to obtain an optimal separa-
tion between the adipocyte cell (negative, or white) and the inter-
vacuolar space, or other non-fat tissues (positive, or blue). The inverse
Adipocyte index is defined as:
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Table 1
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Blubber steroid hormone Reporting Limits (RLs) and concentrations (ng/g, wet weight) in 101 male humpback whales categorised by sampling season i.e. Northward
Migration (n = 49) and Southward Migration (n = 52). Calves (n = 2) sampled during the Southward Migration are considered separately from the other individuals.
Samples were also analysed for cortisone, corticosterone, and 11-deoxicortisol, although levels of these compounds were below their RLs (0.23 ng/g, 0.50 ng/g, and

0.53 ng/g, respectively).

RL (ng/ Northward Migration Southward Migration
& Adult and Juveniles (n = 49) Adult and Juveniles (n = 50) Calves (n =
2)
% of Median Range (ng/ % of Median Range (ng/ % of Median Range
detection (ng/g) g) detection (ng/g) g) detection (ng/g) (ng/g)
17a-Hydroxy- 0.26 78 0.9 0.30 to 4.3 28 0.48 0.28to 1.8 100 0.91 0.28 to 1.8
progesterone
Testosterone 0.15 86 3.4 0.16 to 12 98 0.92 0.18 to 4.4 0 - < 0.15
Androstenedione 0.028 100 14.0 0.0036 to 100 3.01 0.036 to 0 - < 0.15
88 11
Progesterone 0.065 100 0.31 0.065 to 12 100 0.22 0.065 to 100 0.31 0.07 to
0.66 0.66
Cortisol 0.24 98 0.87 0.24 to 2.6 100 0.30 0.30to 1.5 100 0.92 0.24to 1.5
11-Deoxy- 0.64 59 1.3 0.68 to 5.3 0 - < 0.64 100 1.34 0.72to 2.0
corticosterone
Oestrone 0.17 71 0.54 0.18t0 1.8 22 0.30 0.18 to 3.9 50 0.2 <0.17
Oestradiol 0.56 35 2.1 1.2t0 4.9 8 1.18 0.83t0 1.9 100 6.1 3.3t08.9
O adipocyte area (um?) a hereinafter in the text, as ng/g wet weight (ww). For most compounds,

intervacuolar space area (ym?)

and is positively related to the individual’s body condition (i.e.
increased fat storage corresponds to a higher AI"! value) (Druskat et al.,
2019).

2.4. Data analysis

Concentrations for steroid hormones falling under the RLs were
substituted with random values between zero and the RLs (Helsel,
2011). The significance level was set at 95 % (p < 0.05). Normality was
assessed with a Shapiro-Wilk test. Since all hormone concentrations and
AI"! measurements were non-normally distributed, non-parametric
statistical tests were used. Correlation between variables was assessed
by Spearman rank correlation (Spearman rho, r;) on all hormones
detected in more than 40 % of the samples. A Kruskal-Wallis test (chi
square, y2) followed by a Bonferroni-Dunn test was performed to assess
the significance of the differences among steroid hormone concentra-
tions by season and pod structure. Prior to Principal Component Anal-
ysis (PCA), hormone concentrations were log transformed and pareto
scaled. Missing 17a-hydroxyprogesteronOe values (lost due to inaccu-
rate setting of the ion acquisition window for this compound during the
analysis of nine samples) were replaced by values from use of the k-
nearest neighbours algorithm (k-NN). For all other tests, samples with
missing 17a-hydroxyprogesterone values or AI"! values (n = 14), not
obtained due to insufficient sample size, were not included in statistical
tests involving those variables. Statistical tests were performed and
graphs produced using MetaboAnalyst 4.0 (Xia Lab, McGill University,
Canada) (Chong and Xia, 2018) or in R (Version 3.3.2) (R Core Team,
2013) under the RStudio environment (Version 1.1.463; MA, USA) (R
Core Team, 2015). The R packages “dplyr” (Wickham et al., 2015),
“Imtest” (Zeileis and Hothorn, 2002),“ggplot2” (Wickham, 2016), and
“PMCMR” (Pohlert, 2014) were used.

3. Results and discussion
3.1. Steroid hormone detection percentages and concentration ranges

Blubber steroid hormone concentrations of testosterone, andro-
stenedione, progesterone, 17a-hydroxy-progesterone, cortisol, 11-
deoxy-corticosterone, oestrone, and oestradiol were measured in 101
live HW males, at each of the two time points of the breeding season
(Table 1, Fig. 1). Concentration values are reported in the Figures and

percentages of detection and concentration values were comparable to
those previously obtained in blubber samples from female SHHWsS,
sampled at the same times and location and analysed in parallel with the
same methodology, response factors, and RLs (Dalle Luche et al., 2020).
However, the overall detection frequencies of testosterone, andro-
stenedione, 17a-hydroxyprogesterone, and oestrone (90 %, 100 %, 56
%, and 47 % respectively) were approximately twice those in HW fe-
males (47 %, 67 %, 23 % and 28 % respectively) (Dalle Luche et al. 2020
and unpublished data). Greater detection frequencies paired with
generally significantly higher levels of androstenedione, testosterone,
17a-hydroxyprogesterone and oestrone in male individuals (p < 0.0001,
p < 0.0001, p < 0.001, and p < 0.05 respectively) suggest higher
baselines of these hormones in male SHHWs. Interestingly, there was no
evident difference in testosterone concentration ranges between male
and female whales (both < 0.15 ng/g to 12 ng/g). The previous study on
females included individuals hypothesised to be in the latest stage of
pregnancy, as indicated by elevated androgens (Dalle Luche et al.,
2020). By comparison, androstenedione showed a relatively wide con-
centration range (from 0.036 ng/g to 88 ng/g), with maximum con-
centrations approximately twice as high as those in female individuals
(from 0.036 ng/g to 40 ng/g) (Dalle Luche et al., 2020). The measured
testosterone range is greater than in reports on male NHHWs during the
equivalent reproductive season (approximately 0.50 ng/g to 2.5 ng/g)
(Cates et al., 2019; Vu et al., 2015) but overall similar to the values
obtained by an enzyme-linked immunoassay (EIA) method with the
same SH population and season (0.22 ng/g to 5.8 ng/g) (Mingramm
et al., 2020a). Higher testosterone concentrations determined in this
study could be a result of the different analytical methods, inter-
population differences between NHHWs and SHHWs, different time-
points of sampling during the reproductive season, or enhanced ste-
roid hormone perfusion in blubber induced by warmer water tempera-
tures (Champagne et al., 2018).

Considering data from all samples, cortisol concentrations ranged
from below the RL (0.24 ng/g) to 2.6 ng/g (n = 100, median = 0.48 ng/
g). Higher outer blubber cortisol values have previously been observed
in some stranded SHHW carcasses (median cortisol concentration =
5.15ng/g (n = 10) Dalle Luche et al., 2019; mean cortisol concentration
= 5.47 ng/g (n = 35) Mingramm et al. 2020b). Such marked differences
in concentration have been attributed to acute or chronic adrenal
stimulation before death in the case of the stranded individuals,
although effects of tissue decomposition (e.g., dehydration of the outer
blubber layers, increased tissue perfusion due to cytokine release,
degradation of precursor compounds) could have contributed to the
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Fig. 1. Steroid hormone concentrations (ng/
g) measured in free-swimming male southern
hemisphere humpback whale outer blubber
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higher values in the stranded samples (Dalle Luche et al., 2019; Mello
et al., 2017; Mingramm et al. 2020b). Analogous considerations can be
applied to other corticosteroids viz. cortisone, corticosterone, and 11-
deoxycortisol, which were previously measured in stranded humpback
whale blubber (Dalle Luche et al., 2019) but whose levels were below
respective RLs (i.e. 0.23, 0.87, and 0.64 ng/g) in all blubber samples
from presumed healthy whales analysed for that study. Cates et al.
(2020) quantified corticosterone in blubber collected from free-
swimming male humpback whales using an EIA method. Their cortico-
sterone concentrations were below or just above our RL. This discrep-
ancy could be due to our relatively low method sensitivity to this
hormone or their potentially inflated EIA values due to cross-reactivity
or a combination of both. The corticosterone EIA used by Cates et al.
has a declared cross-reactivity up to 12 % with 11-deoxycosticosterone,
another glucocorticoid measured in our study in relatively high con-
centrations compared to those of cortisol (cortisol and 11-deoxycosticos-
terone median values during the NM: 1.3 ng/g and 0.87 ng/g,
respectively). Our data from simultaneous quantification of corticoste-
roids in live and stranded humpback whale blubber by mass

spectrometry (Dalle Luche et al., 2019; Dalle Luche et al., 2020) do not
support Cates et al.’s assertion that corticosterone is the main gluco-
corticoid metabolite, in terms of concentration, expressed in male HW
blubber.

3.2. Inter-seasonal steroid hormone trends

All compounds quantified, with the exception of 11-deoxycorticos-
terone and oestradiol, presented concentration values significantly
higher during the NM season compared to the SM season (Kruskal Wallis
test; p < 0.05) (Fig. 1). It should be noted that this analysis was
completed using censored data (>RL). Although no decreasing trend
could be detected for 11-deoxycorticosterone and oestradiol, the per-
centage of detection of these two hormones decreased between NM and
SM (Table 1), which indicates that a higher proportion of samples had
data below the RL during the SM. Additional data (e.g., using a larger
dataset or a more sensitive analytical technique for steroid hormones)
may detect a decreasing trend for 11-deoxycorticosterone and oestradiol
through the reproductive season.
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3.3. Intra- and inter-seasonal trends of blubber testosterone

The median testosterone concentration during the early breeding
season, i.e. NM during June/July in the austral winter (3.4 ng/g), was
approximately four-fold higher than that from SM samples taken late in
the breeding season during September/October in the austral spring
(0.92 ng/g; Fig. 2). Blubber testosterone concentrations obtained in this
study complement previous measurements on seasonal variations in
male blubber testosterone obtained in NHHWs (Cates et al., 2019; Vu
et al., 2015) and match by location and timing the recent measurements
of blubber testosterone in SHHWs by Mingramm et al. (2020a). How-
ever, blubber testosterone levels may not reflect male HW fertility at all
times. The results of the current study, together with that of (Mingramm
et al., 2020a)Mingramm et al.’s recent work (2020a) combined with
information of seasonality of reproduction obtained during the whaling
period (Chittleborough, 1954; Chittleborough, 1955) present further
evidence for asynchronicity between blubber testosterone levels and
male fertility in HWs. Data for concentrations of male reproductive
steroid hormones during the breeding season for other baleen whales are
absent. Studies have been undertaken though on hunted whales but
these are typically harvested during the feeding season (Kjeld et al.,
1992; Kjeld et al., 2004; Kjeld et al., 2003). Evidence of asynchronicity
between the circulating testosterone levels in males and reproductive
peaks has also been collected for some odontocetes (Harrison and
Ridgway, 1971; Robeck and Monfort, 2006; Schroeder and Keller,
1989). In captive bottlenose dolphins (Tursiops truncatus) the highest
frequency of successful mating was recorded to occur between one and
two months after the highest peak of circulating testosterone concen-
trations (often during testosterone concentration minima) (Harrison and
Ridgway, 1971; Schroeder and Keller, 1989). Similarly, in captive Pa-
cific white-sided dolphins (Lagenorhynchus obliquidens), the peaks in
testis size and sperm density occur one and two months respectively
after the peak in serum testosterone (Robeck et al., 2009). Further, for
killer whales (Orcinus orca), a species which is not restricted to seasonal
reproduction, serum testosterone fluctuates throughout the year, while
sperm density does not change significantly, allowing breeding to occur
during times of both relatively low and high circulating testosterone
levels (Robeck and Monfort, 2006).
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Fig. 2. Blubber testosterone (blue triangles) and cortisol (red dots) concen-
trations (ng/g) measured in 101 live male southern hemisphere humpback
whales between June and November. The pink bar indicates Chittleborough’s
(1955) study period, during which HW testicular masses did not show signifi-
cant changes. The blue bar indicates the period where maximum frequency of
female humpback whale ovulation is expected to occur while the light blue bar
indicates a period when ovulation is less frequent but can still occur (Chittle-
borough, 1954).
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Several physiological mechanisms could explain or contribute to
understanding on how peaks in circulating testosterone levels and in
male fertility can be asynchronous. For seasonal species, it appears that a
higher androgenic input just before the breeding season is necessary for
activation of morphological and physiological seasonal changes, while
maintenance of the reproductive functions might not require the same
amount of hormonal stimulation (Boggs et al., 2019). Spermatogenesis is
a complex cycle which take around two months to complete in other
species (e.g. 61 days in bulls and 74 days in humans (Amann, 1970;
Amann, 2008). Therefore, it is possible that the onset of relatively high
circulating testosterone levels anticipate the peak of male fertility taking
into account the time necessary for the completion of the spermatogenic
cycle (Cates et al., 2019). Furthermore, other physiological mechanisms
could contribute to the lack of concordance between circulating
testosterone concentrations and fertility. For example, in bovine bulls, a
mechanism of counter current exchange of testosterone between the
testicular artery and testicular vein allows local recycling of the testos-
terone in the testicular veins, thus making peripheral testosterone con-
centration less important for sperm production (Britt et al., 1981). A
similar mechanism has been proposed in bottlenose dolphins (Tursiops
truncatus; (Schroeder and Keller, 1989) and could be applicable to HWs.
Behavioural explanations have also been proposed for the onset of
testosterone concentration increase before and early within the breeding
season. For example, Mingramm et al. (2020a) hypothesised that
testosterone-induced aggression may represent an advantage during
intra-sex competition to access fertile females, which in some seasonal
species occurs more frequently at the beginning of the breeding season
(Robeck and Monfort, 2006). However, this may not be true in HWs
since competitive pods are found throughout the breeding season
(Brown and Corkeron, 1995).

By targeting multiple hormones in this study, we observed that
decreasing steroid hormone blubber concentrations between the early
and late migration phases were not limited to testosterone only, but
rather were common to the majority of the analytes measured (Kruskal
Wallis test; p < 0.05). Correlation and covariance between steroid
concentrations (Figs. 3, 4, and 5), and possible explanations for trend
commonalities are examined below.

3.4. Decreasing blubber cortisol during the reproductive season

There was a significant reduction in blubber cortisol (p < 0.0001;
Table 1, Figs. 1 and 2) between the early (median 0.87 ng/g) and later
(median 0.30 ng/g) stages of the migration. This trend is in agreement
with previously published data for the same population and season
(Mingramm et al., 2020b). A generalised decrease in cortisol levels
among the male HW population has previously been attributed to a
decrease in reproduction-finalised competition following the peak in
conceptions (late-July and beginning of September; (Mingramm et al.,
2020b). Competing mature males may be exposed to adrenal stimulation
induced by agonistic male-male interactions, or by fast energy remobi-
lisation to support energetic competitive displays (Bengtson Nash et al.,
2013; Clapham et al., 1992). While this may be true to some extent, the
explanation is not completely satisfactory. Firstly, as discussed previ-
ously (Section 3.2.1.), competitive pods are observed throughout the
whole migration (Brown and Corkeron, 1995), thus raising doubts as to
how the same physical performances during competition would be
maintained during September and October, with a lower cortisol input.
Secondly, this generalised decrease is detected in a population which is
thought to include a relatively high number of juvenile males, that may
not engage directly in mating-finalised competition (Noad et al. 2011).
While individuals might feature increased or decreased levels of cortisol
dependent on their level of stress, or engagement in competition, the
overall decrease in cortisol levels within the population should be
considered as a baseline shift, possibly as an effect of or in preparation
for the migration effort.

Considering the broader functions of baseline cortisol levels in
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Fig. 3. Correlograms (Spearman rho, ry) for steroid hormone pairs for the whole sample set (A) and among samples categorised by seasonal cohort (Northward and
Southward migrations; B) considered separately. Correlation strength (r;) is expressed by colour tone and intensity as denoted in the legend. Only significant cor-
relations (p < 0.05) are reported, with the p values found in the respective cells.
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preparation for predictably demanding activities (Sapolsky et al., 2000;
Vera et al., 2017), higher circulating cortisol levels could be important
to modulate accumulation and release of energy before and during the
initial part of the migration, but less critical or detrimental towards the
end of it. A vast body of research on migratory birds shows that levels of
corticosterone, the major glucocorticoid in birds (Holmes and Phillips,
1976) increase at the beginning of the migration and decrease as
migration advances and fat reserves diminish (Holberton, 1999; Landys
et al., 2004; Landys et al., 2006; Vera et al., 2017). Elevated circulatory
corticosteroid baselines have both an orexigenic and lipid-mobilising
effect, thus increasing fattening when food is abundant and energy
remobilisation (fat loss) as locomotion demands sharply increase.
Furthermore, birds with high corticosterone baselines have a reduced or
absent increase in corticosterone when exposed to acute stress (e.g.,
capture), which may be a protective function to avoid excessive lipid
and muscular loss where environmental conditions are not critical
(Holberton 1999; Landys et al. 2006). Higher corticoids at the beginning
of the HW migration may favour consistent physical performances
during the first part of the migration and avoid allostatic load as loco-
motory and reproductive demands increase. On the other hand, as the
migration progresses, maintaining relatively low cortisol concentration

in outer blubber tissues could represent a strategy to limit peripheral
lipid metabolism, delay protein catabolism and, therefore, preserve
muscle mass and external blubber functions (e.g., thermoregulation,
buoyancy) (Crocker et al., 2014).

3.5. Correlations between steroid hormone concentrations

When steroid concentrations from the whole data set were examined
for correlations, values for all analytes were found to be significantly
positively correlated (Spearman, p < 0.05; Fig. 3A). This is at least partly
due to the majority of the measured steroid hormones sharing the same
seasonal trend (i.e., higher concentrations during the NM and lower
concentrations during the SM). In light of this, correlation analysis was
then repeated, but on the two migration cohorts separately (Fig. 3B).

Some steroid correlations appeared to be seasonal, while others were
consistent across the migration (Fig. 3A and B). In both SHHW migratory
cohorts, blubber testosterone concentrations correlated strongly with
those of androstenedione (rs Ny = 0.68, p < 0.0001; rg gv = 0.58, p <
0.0001) and moderately with progesterone levels (rs nv = 0.63p < 0.01;
s sy = 0.34, p < 0.05). Androstenedione is an androgen and a precursor
of testosterone. Progesterone is located upstream in the steroid
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Fig. 5. Blubber testosterone concentration (ng/g) was positively correlated (rs
= 0.52, p < 0.001) to body conditions, measured as inverse Adipocyte Index
(AI™Y), in migrating male Southern Hemisphere humpback whales during the
Southward Migration (SM; between the 22nd September and 25th October; n =
52) but not during the Northward Migration (NM; between the 26th June and
17th July; n = 49).

biosynthetic pathway of both reproductive steroids and corticosteroids
(Fig. 4), thus making the interpretation of this hormone measured in
isolation particularly hard to interpret (Boggs et al., 2019). As previ-
ously discussed, elevated progesterone concentrations correlated to
those of cortisol in the blubber of stranded HWs suggest adrenal secre-
tion of progesterone (Dalle Luche et al., 2019). By contrast, a correlation
between blubber progesterone and testosterone in male HWs observed
consistently during the breeding season could suggest an at least partial
gonadal origin for this hormone. A similar trend of correlation between
blubber progesterone and reproductive steroids (i.e. testosterone, an-
drostenedione, 17a-hydroxyprogesterone) was previously observed in
male bottlenose dolphins (Tursiops truncates) early in the peak breeding
season (spring) (Boggs et al., 2019). In male humans, progesterone in-
fluences testosterone biosynthesis in the Leydig cells and has recognised
regulatory roles in spermatogenesis (e.g. spermiogenesis, sperm-
capacitation) (Oettel and Mukhopadhyay, 2004). It is possible that
progesterone has similar reproductive roles in male HWs.

Overall, samples from the NM were characterized by significant
correlations between concentrations of testosterone and its precursors
(progesterone, 17a-hydroxyprogesterone, and androstenedione) sug-
gesting increased activation of androgen biosynthesis pathways. Spe-
cifically, 17a-hydroxyprogesterone levels were correlated with those of
testosterone (r; = 0.70, p < 0.0001) and androstenedione (rs = 0.75, p <
0.0001). Correlations between progesterone and 17a-hydrox-
yprogesterone (rs = 0.75, p < 0.0001) and progesterone and andro-
stenedione concentrations (rs = 0.60, p < 0.01) were only found in the
NM dataset. Similarly, levels of oestrone, an oestrogen synthesized from
androstenedione, were positively correlated with those of androstene-
dione (rs = 0.44, p < 0.001), testosterone (r; = 0.31, p < 0.05), and 17a-
hydroxyprogesterone (rs = 0.48, p < 0.01), possibly due to the direct and
indirect precursor-metabolite relationships shared by these hormones
(Fig. 4).

Interestingly, cortisol was significantly positively correlated with
testosterone (r; = 0.46, p < 0.001) among the NM samples, but less
strongly and negatively correlated (r; = -0.27, p < 0.05) with the SM
samples. A positive correlation between testosterone and cortisol levels
during the NM could suggests a physiological preparation for repro-
duction and competition among those individuals with the highest
circulating testosterone, presumably mature males (as previously dis-
cussed in Section 3.2.2). Among mammals, a correlation between
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cortisol and reproductive success, measured as harem-size, has been
documented in polygynous high-rank males of red deer (Cervus elaphus)
(Pavitt et al., 2015) and of rhesus macaques (Macaca mulatta) (Milich
et al., 2018). Similarly, cortisol could represent a biomarker of repro-
ductive investment in male HWs.

Conversely, high testosterone males from the NM may drive the
negative relationship between testosterone and cortisol in SM samples
due to decreasing cortisol concentrations over the course of the breeding
season, while testosterone concentrations are maintained or only
slightly decreased. It is also possible that individuals possessing lower
testosterone concentrations (possibly immature whales) have higher
cortisol concentrations at later stages of migration (i.e. during the SM).
Since juvenile whales are known to possess thinner blubber (Miller et al.,
2011), it is possible that they face scarcity of energetic resources towards
the end of the migration. Energy shortage can constitute a life-
threatening situation and stimulate the release of cortisol as a physio-
logical response (Landys et al. 2006). A secondary, morphological
explanation is based on the fact that cortisol concentrations increase
towards the most metabolically active innermost blubber layers in other
cetacean species (Kershaw et al., 2017; Trana et al., 2015). The observed
negative association between testosterone and cortisol could be
explained by noting that the sample depth targeted in this study repre-
sents the outer blubber layer of healthy adult SHHWSs but a deeper layer
for the juveniles. Therefore, if prolonged lipid usage during the migra-
tion prompted an increase in blubber cortisol concentration, this would
be most evident in young whales (Ortiz et al., 2001).

3.6. Correlations between steroid hormone concentrations and adiposity

Blubber testosterone concentrations (ng/g) were positively corre-
lated (rs = 0.22, p < 0.05) with Ar! among all samples (n = 101). When
samples were separated by seasonal cohort however, this correlation
was significant among SM samples (rs = 0.52, p < 0.001), but not pre-
sent (p greater than 0.05) among NM samples (Fig. 4). Similarly, blubber
androstenedione concentrations were positively correlated to AI™! (rs =
0.34, p < 0.05) only during the SM. These results suggest that the
androgen levels decrease more steeply with the progression of the fast
among individuals with inferior body condition. Relatively low testos-
terone and androstenedione concentrations among the least energeti-
cally fit male HWs could represent a trade-off between sexual
investment and conservation of body condition for survival. However,
the total amount of stored lipids in HWs is proportional to body size
(Chittleborough, 1965). Therefore, assuming a similar energetic
expenditure during the migration for mature whales and juveniles, the
former are expected to better preserve body conditions during the
migration. Since juvenile and immature whales were not separated
during this analysis, it is also possible that these categories might have
contributed to relatively low concentrations of androgens being asso-
ciated to poorer adiposity late in the migration. Further elucidation of
the relationship between body condition and steroid hormones would
benefit from analysing HW steroid hormones levels and body conditions
simultaneously with age, logistically possible now from a single biopsy
sample (Polanowski et al., 2014).

3.7. Steroid profiles and pod structure

Age and sexual maturity are expected to account for some of the
intra-season differences in steroid hormone levels among migrating
HWs. As mentioned earlier, previous studies found that HW blubber
testosterone concentrations are the highest in individuals between 8 and
25 years of age (Cates et al., 2019). Corticosterone levels are the highest
among calves (<5 years) and adults between 15 and 25 years of age
(Cates et al., 2020). Life history information of the HWs sampled in this
study was limited to sighting information on pod structure and calf
identification. HW aggregations during the migration appear to be
motivated by reproductive and social factors, such as competition for
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females and calf protection (Valsecchi et al., 2002). HW males are
known to engage in energetically expensive swimming and intrasexual
aggressions to access females (Baker and Herman, 1984; Clapham et al.,
1992). Association between mature individuals of opposite sex
(“escorting™) appears to be short-term (e.g., two weeks) and directed to
mate-guarding and mating (Ramp et al., 2010). Assuming that mature
HW males exhibit higher blubber concentrations of testosterone than
immature males, the steroid profiles obtained in this study were inves-
tigated in relation to pod structure (Fig. 6) to assess whether males in
apparently reproduction-finalised behaviours, such as being engaged in
competitive pods or in escorting positions, would exhibit higher
androgenic hormone levels.

No significant hormonal differences could be found between mem-
bers of competitive and non-competitive pods sampled during the NM;
in fact, during the SM, males in non-competitive pods exhibited slightly
higher testosterone (p < 0.05) than in competitive pods. Assuming a
correlation between sexual maturity and testosterone, this suggests that
males of different reproductive status are involved during the formation
and disaggregation of competitive and non-competitive pods. Further,
we found that male HWs swimming alone during the NM exhibited
lower testosterone concentrations (p < 0.05) when compared to in-
dividuals of all other pod types, as well as lower androstenedione (p <
0.05), 17a-hydroxyprogesterone (p < 0.01), and progesterone levels (p
< 0.01) - three steroid hormones correlated with testosterone in that
season. This finding provides some evidence that immature males, as
characterised by the relatively low androgen concentrations in these
samples (Cates et al., 2019), are more likely to travel alone during the
NM.

During the SM, escorts accompanying mothers with a calf, travelling
alone or in pods, are believed to offer protection to the pair with the
intent to mate with the mother if she becomes fertile during the same
season (Chittleborough, 1958; Mobley and Herman, 1985). However,
the steroid hormone profile data obtained in this study show that a
number of escorts feature baseline blubber testosterone values.
Considered as a group, escorts featured lower testosterone (p < 0.0001),
androstenedione (p < 0.05) and progesterone (p < 0.05) blubber con-
centrations than members of non-competitive pods during the SM. This
result suggests that some of these males accompanying mother and
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calves have not reached sexual maturity. It is possible that some mother-
calf-escort pods have been mis-classified, and that the mother-calf pairs
are accompanied by a weaned calf or yearling, a type of association
attributed to social learning through maternal bond (Barendse et al.,
2013).

4. Conclusions

In this study, LC-MS/MS analyses of multiple steroid hormones was
performed on remotely collected blubber biopsy samples from free-
swimming male SHHWs during the breeding season. Eight steroid hor-
mones from multiple classes including four compounds analysed for the
first time in free-ranging male HWs (i.e., 17a-hydroxy-progesterone,
androstenedione, 11-deoxy-corticosterone, oestrone) were successfully
quantified, providing baseline hormone profiles and allowing for intra-
and inter-seasonal profile analysis. Despite relative wide ranges within
the population, significant intra-seasonal changes in steroid hormone
concentrations were identified. We proposed new interpretations for the
decrease of blubber testosterone and cortisol baseline levels observed
between the beginning and end of the breeding season as well as for the
changing in their interrelationship. Correlation analysis suggests that
some of these variations in newly measured steroid hormones could be
driven by seasonal activation of different hormone biosynthetic path-
ways, such as those involved in the syntheses of testosterone and
cortisol. Blubber testosterone and androstenedione concentrations were
positively related to body conditions during the late breeding season but
not during the first leg of the migration, potentially indicating an en-
ergetic trade-off among males in poorer body condition. Overall, these
data suggest that season and sexual maturity of male HWs may signifi-
cantly influence male HW blubber steroid hormone concentrations. This
emphasizes the need to correlate physiological parameters with steroid
hormones when assessing stress and reproductive status in free-
swimming whales. Further benefit would be gained from evaluation of
vertical profiles of steroid hormones in HW blubber, as well as parallel
quantification of ancillary individual parameters such as age and life
history.
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Fig. 6. Principal component analysis (PCA) biplots of hormone profiles. “Northward Migration” (NM; A) and “Southward Migration” (SM; B) sample sets are
considered separately and individuals are classified by sighting information in relation to pod structure. Among the NM samples, singletons showed significantly
lower cortisol concentrations than all other groups. Escorts sampled during the SM season exhibited lower testosterone, androstenedione and progesterone levels than

members of non-competitive pods.
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