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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.

1. 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
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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
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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.
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 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

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.
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 freeranging, 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 2 h of a 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 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 GC’s in humpback whales
from feces, blubber and blow spray showing that GC’s are present in
2
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(Fig. 1). Blubber and skin biopsy samples were collected from two locales: 1) Southeast Alaska, including Sitka Sound (57.0˚N 135.5 W˚),
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 (21.14˚N 157.03˚W), Lana’i (20.83˚N 156.91˚W)
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).

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.

2.2. Sample collection
2.2.1. 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. Materials and methods
2.1. Study areas

2.2.2. 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

Male humpback whales of the Hawaii DPS that exhibit feeding site
ﬁdelity to Southeast Alaska (SEAK) were examined in the present study

Fig. 1. Blubber and skin biopsy samples were collected from two locales; 1) Southeast Alaska, including Sitka Sound (57.0˚N 135.5 W˚), 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 (21.14˚N 157.03˚W), Lana’i (20.83˚N 156.91˚W) 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).
3
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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 < 25% of samples are substituted and there is
only one LD (Croghan and Egeghy, 2003; LaFleur et al., 2011; EPA,
2000).

(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. Data collected about each whale
2.3.1. 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).

2.6. Statistical analyses
All statistical analyses were con1ducted 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:

2.3.2. 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 from 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.

gam(corticosterone jul: grounds + s(testosterone, k = 3) + s(age, k
= 3) + year, data = cort_, method = "ML")
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 corticosterone concentrations using a Welch’s t-test, a two-sample KolmogorovSmirnov 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. 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.

3. Results
A total of 247 tissue samples (238 male non-calves, 9 male calves)
were analyzed for corticosterone (Table 1). Four individually identiﬁed

2.5. Enzyme immunoassay (EIA)

Table 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 16June 15), and summer (June 16-September 15).

Hormone extraction methods were conducted as described in Cates
et al. (2019). Corticosterone was chosen to analyze male humpback
whale stress response as it is the main blubber glucocorticoid metabolite expressed (Atkinson et al. 2020, unpublished data). Extracted
hormone was 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 < 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
4

Alaska

Spring

Summer

Fall

Winter

Total

2004
2005

2
2[3]

33[2]
14[2]

21
1

0
0
Alaska Total

56[2]
17[5]
73[7]

Hawaii
2004
2005
2006

19
13
9

0
0
0

1
2
4[1]

43[1]
39
35
Hawaii Total

63[1]
54
48[1]
165[2]
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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).

3.1. 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 Julian
day, season, month, location, year, grounds, age and testosterone
concentration where hypothesized to explain observed variation in
corticosterone concentration. Due to the inherent collinearity of Julian
day, 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 Julian day, 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 Julian day and grounds (p < 0.05 for AK and
HI) were the two most important variables in predicting corticosterone
concentration. When model specifying Julian day as a linear or nonlinear smoothed eﬀect (approximated as a thin plate spline), a linear
relationship was preferred (edf = 1). For the reduced dataset, where
the available variables were Julian day, 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 Julian day (model 2, delta-AIC = 1) and age (model 3, deltaAIC = 3) as important variables in predicting corticosterone concentration (Table 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).

Fig. 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).

3.2. 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 (Kruskal-Wallis, p < 0.05) was found, with 2004
being statistically diﬀerent from 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 (Fig. 2).
Mean ( ± stdv) 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, Fig. 3). There were no signiﬁcant diﬀerences (Kruskal Wallis,
p = 0.07) between 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). Spring
and Fall were the only two seasons during which biopsies were collected from whales in both Alaska and Hawaii. The median dates of

Table 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

df

R2

logLik

AIC

Δ AIC

jul:grounds + year
jul:grounds + testosterone + year
testosterone + year
year
testosterone

6.00
7.82
5.00
3.00
2.00

0.20
0.20
0.16
0.15
0.01

76.70
78.10
70.40
68.80
47.60

−141.47
−140.57
−130.88
−129.52
−89.19

0.00
0.90
10.59
11.95
52.28

Reduced Dataset Models

df

R2

logLik

AIC

Δ AIC

testosterone + year
jul:grounds + testosterone + year
jul:grounds + testosterone + year +
age
year
jul:grounds + year

4.61
6.75
7.98

0.24
0.25
0.24

23.40
25.00
25.40

−35.10
−34.10
–32.10

0.00
1.00
3.00

6.37
2.00

0.16
0.17

21.80
15.00

−28.40
−24.10

6.70
11.00

Fig. 3. Corticosterone concentrations were examined between Hawaii and
Alaska with no signiﬁcant diﬀerence in mean corticosterone concentration
detected between locations.
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Fig. 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).

Fig. 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 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).

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).

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) (Fig. 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 Julian day.
When Julian day 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). However, when 2004 data
points were removed, the strength of the correlation between Julian
day 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).

3.4. 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 (Fig. 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, Fig. 7).
3.5. 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 T-Test, 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).

3.3. Corticosterone by age
Age information for 64 individual whales (exact age or minimum
age) was available and pooled for analysis (Exact age: mean age = 5yrs,
min = 0yrs, max = 24yrs; Minimum age: mean age = 16yrs,
min = 3yrs, max = 28yrs). 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 3rd order polynomial was found
to best represent this relationship (r2 = 0.26, Fig. 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 corticosterone concentrations are initially high at
birth then taper oﬀ and remain relatively low until sexual maturity is
reached around age 8–10 year. Corticosterone concentration appears to

3.6. 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
6
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Fig. 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.

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, Julian day and grounds (i.e. feeding or
breeding location), and to a lesser extent testosterone and age (Table 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
(Fig. 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

Alaska, respectively)

4. 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

Fig. 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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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.
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 illadvised 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 (Figs. 3 & 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 (Fig. 6) and whales who were biopsied twice in the same season
did not consistently increase or decrease in corticosterone levels
(Fig. 7).
Overall, these results are somewhat surprising as one might expect
biologically taxing periods like breeding where 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, 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, where 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;

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 herring 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 and
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 evidenced 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 (Fig. 2). 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 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 spread of these values was much greater for whales located in
Hawaii (Fig. 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 and
25 years of age (Fig. 5). This mimics a similar trend seen in testosterone
concentrations (Cates et al., 2019) where testosterone appears to peak
between 8 and 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
8
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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 to compare to 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 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 from 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.

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 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 Bérubé, 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 socalled “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 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 season 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 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
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