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Understanding reproductive proﬁles and timing of reproductive events is essential in the management and
conservation of humpback whales (Megaptera novaeangliae).
Yet compared to other parameters and life history traits, such as abundance, migratory trends, reproductive
rates, behavior and communication, relatively little is known about variations in reproductive physiology,
especially in males. Here, an enzyme immunoassay (EIA) for testosterone was validated for use in biopsy samples
from male humpback whales. Analyses were conducted on 277 North Paciﬁc male humpback whale blubber
samples, including 268 non-calves and 9 calves that were collected in the Hawaiian breeding grounds and the
Southeast Alaskan feeding grounds from 2004 to 2006. Testosterone concentrations (ng/g) were signiﬁcantly
diﬀerent between non-calves sampled in Hawaii (n = 182) and Alaska (n = 86, p < 0.05) with peak testosterone concentrations occurring in the winter (January–March) and the lowest concentrations occurring in the
summer (June–September). Fall and spring showed increasing and decreasing trends in testosterone concentrations, respectively. Blubber testosterone concentrations in non-calves and calves sampled in Alaska were
not signiﬁcantly diﬀerent. Blubber and skin from the same individual biopsies (n = 37) were also compared,
with blubber having signiﬁcantly higher testosterone concentrations (p < 0.05) than skin samples. We found
variability in testosterone concentration with age, suggesting that male humpbacks reach peak lifetime testosterone concentrations in the breeding grounds around age 8–25 years. The testosterone proﬁle of male humpback whales follows a predictable pattern for capital breeders, where testosterone begins to increase prior to the
breeding season, stimulating the onset of spermatogenesis. Incorporation of reproductive hormonal proﬁles into
our overall understanding of humpback whale physiology will shed additional light on the timing of reproduction and overall health of the recently delisted Hawaii distinct population segment (DPS).

1. Introduction
Understanding reproductive trends is an essential component in
long-term monitoring of any species. Knowledge of the temporal and
spatial nuances surrounding reproductive events is critical for assessing
population growth rates and allows managers to create eﬀective strategies for mitigation of anthropogenic disturbances during these reproductively sensitive times. In addition, signiﬁcant deviations from the
reproductive timeline of a healthy, growing population could be

⁎

indicative of wider marine ecosystem changes. Of the mysticete species,
the humpback whale (Megaptera novaeangliae) is arguably the most
extensively studied (Clapham, 1996; Gabriele et al., 2017; Pack et al.,
2017). Yet, compared to other parameters and life history traits, such as
abundance, migratory trends, reproductive rates, behavior and communication (Baker et al., 1985; Barlow et al., 2011; Chittleborough,
1965; Clapham et al., 1992; Clapham and Mayo, 1990; Craig et al.,
2003, 2002; Gabriele et al., 2007; Helweg and Herman, 1994; Tyack
and Whitehead, 1983), relatively little is known about variations in
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the Leydig cells in the testes and to a lesser extent from the adrenal
glands, testosterone triggers spermatogenesis, can alter behavior, affects both primary and secondary sexual development such as muscle
mass and sex drive, and indicates the onset of sexual maturity (Atkinson
and Yoshioka, 2007; Sharpe et al., 1992). As such, testosterone levels
have a direct eﬀect on reproductive success in males (Kita et al., 1999).
Higher testosterone levels have been linked to increased aggression in
male mammals (Bouissou, 1983), the ability for males to move upward
in social hierarchies (Beehner et al., 2006) and altered behavior in the
breeding season, such as roving (Burgess et al., 2012). Conventional
thinking holds that in seasonal breeders, serum testosterone concentrations exhibit a cyclical trend, reaching a peak before mating begins, and then falling post-mating season (Schroeder and Keller, 1989).
This seasonal trend holds true for three previously studied cetacean
species. In the Indo-Paciﬁc bottlenose dolphin (Tursiops aduncus) testicular endocrine function increases in the spring (i.e., the onset of
breeding season), before testosterone concentrations reach a maximum
in the summer (Funasaka et al., 2011). Similarly, in the North Atlantic
ﬁn whale (Balaenoptera physalus) and North Atlantic minke whale
(Balaenoptera acutorostrata), increasing testosterone concentrations
were observed prior to the breeding season (Kjeld et al., 2006, 2004).
Thus far, only one published paper has examined seasonal trends of
testosterone in male humpback whales. Focused on the Mexico distinct
population segment (DPS; a DPS is a vertebrate population or group of
populations that is discrete and signiﬁcant in relation to the entire
species), which exhibits feeding ﬁdelity in California and Washington, a
recent study found that testosterone exhibits a yearly parabolic trend
with the highest concentrations occurring in the breeding season (Vu
et al., 2015). To date, no study has examined testosterone concentrations or trends for the Hawaii DPS of male humpback whales, despite
this being the primary breeding grounds of North Paciﬁc humpback
whales (Barlow et al., 2011).
The purpose of the present study was to compare concentrations of
testosterone in male humpback whales in both the breeding grounds of
Hawaii and the feeding grounds of Southeast Alaska (which contain
large numbers of whales migrating to and from Hawaii) (Barlow et al.,
2011; Calambokidis et al., 2008), in order to test the assumption that
testosterone concentrations are higher during the breeding season than
the feeding season. Blubber is the current gold standard for understanding hormonal trends in free-ranging large, cetaceans and is
thought to be a good approximation of current circulating hormones in
blood serum (Champagne et al., 2017). Speciﬁc objectives of this project were to determine from blubber 1) if testosterone concentrations
are spatially and temporally dependent, 2) if age class correlates with
testosterone concentration, and 3) if testosterone concentrations vary
between blubber and skin samples.

reproductive physiology, especially in males (Chittleborough, 1955; Vu
et al., 2015).
Age at sexual maturity for humpback whales is known to vary by
population. On the US east coast humpback whale males and females
attain sexual maturity at approximately 5 years of age, with the age at
ﬁrst calving occurring between 5 and 7 years (Chittleborough, 1965;
Clapham et al., 1992). In the North Paciﬁc, female sexual maturity is
thought to be attained later, where the mean age of ﬁrst calving is
∼11.8 years (Best, 2011; Gabriele et al., 2010, 2007). It is unknown
whether males in the North Paciﬁc age at sexual maturity is the same as
is reported in whaling literature, yet one known aged male (8 years) has
been observed singing in Glacier Bay National Park (Gabriele personal
communication, 2018).
Reproduction in all but the Arabian Sea population of humpback
whales (Mikhalev, 1997) is based around an annual migration from
high latitude nutritionally productive feeding grounds to low latitude
warm breeding grounds on which all but calves-of-the-year fast (Baker
et al., 1985; Chittleborough, 1965; Katona and Beard, 1990), although
occasional feeding on some breeding grounds has been observed
(Gendron, 1993). Humpback whales of both sexes and all age classes
migrate between feeding and breeding grounds with migratory timing a
function of sex, age class, and reproductive and nutritional condition
(Chittleborough, 1965; Craig et al., 2003; Straley et al., 1994). The
exact triggers for the initiation of migration from the feeding grounds to
the breeding grounds are still debated and may involve several interacting factors such as photoperiod, hormonal state, body condition and
food availability (Baker et al., 1985; Craig et al., 2003). While still on
the feeding grounds, humpback whale males begin to exhibit aggressive
behavior toward conspeciﬁcs and have been heard singing in late fall to
early winter (Gabriele and Frankel, 2002; Straley et al., 1994). On the
breeding grounds, male humpback whales, presumably prospecting for
mating opportunities, often singly escort lone females, as well as those
with a calf (Craig et al., 2002; Mobley and Herman, 1985). When two or
more escorts are present, they typically compete with each other
through physical displays and aggression for spatial proximity, and
presumably mating access to the female, (Clapham et al., 1992; Herman
et al., 2007; Tyack and Whitehead, 1983) with larger males tending to
attain the role of principal escort (i.e. the male defending the position
closest in proximity to the female) (Pack et al., 2012; Spitz et al., 2002).
Also on the breeding grounds, lone male humpbacks and occasionally
those accompanying mother-calf pairs produce a complex, ordered and
hierarchically organized series of vocalizations termed “song” (Payne
and McVay, 1971), that may be repeated for hours (Helweg and
Herman, 1994). Individual males within a breeding area sing asynchronously (Au et al., 2006). Although portions of a song may change
within and between a breeding season, all males on the same breeding
area tend to converge on the same rendition of song (Garland et al.,
2011; Payne and Payne, 1985). Cultural transmission of song may also
occur across breeding areas (Noad et al., 2000).
While the absolute functions of song are still debated (Herman,
2017), it has been proposed that singing may be stimulated by male
hormonal changes (Clark and Clapham, 2004; Herman, 2017; Straley
et al., 1994), as occurs in birds singing seasonally (Marler et al., 1988;
Nottebohm et al., 1987). Likewise, even though the act of successful
male-female copulation has yet to be witnessed (Herman et al., 2007;
Pack et al., 2002), the types of associations involving male humpbacks
and their behavior in the breeding grounds (Clapham, 1996; Clapham
and Mayo, 1990; Craig et al., 2003, 2002; Pack et al., 2012, 2009; Spitz
et al., 2002) are likely to be associated with hormonal changes. Morphological studies of male gonads and examination of sperm count and
fertility in male humpbacks reported that male humpback whales taken
by whalers on breeding grounds had higher sperm counts than males on
the feeding grounds (Chittleborough, 1955). However, a complete understanding on how reproductive hormone levels vary within and between breeding and feeding grounds is lacking.
Testosterone is one of the main androgens in mammals. Released by

2. Materials and methods
2.1. Study areas
Humpback whale males of the Hawaii DPS that exhibit feeding ﬁdelity to Southeast Alaska (SEAK) were examined in this 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 Hawaiian islands, speciﬁcally the Au’au, Kalohi
and Pailolo channels between Maui, Moloka’i, Lana’i and Kaho'olawe
(20.89°N 156.68°W) and oﬀ the North Kohala Coast of Hawai'i Island
(19.98°N 155.87°W).
2.2. Sample collection
2.2.1. Biopsy sampling
Samples were collected during Structure of Populations, Levels of
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Fig. 1. Blubber and skin biopsy samples were collected from two locales; A) throughout Southeast Alaska (n = 86), 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 B) in the Hawaiian islands (n = 182), speciﬁcally the Au’au, Kalohi and Pailolo channels between Maui, Moloka’i, Lana’i and Kaho'olawe and oﬀ the North
Kohala Coast of Hawai'i Island (20.89°N 156.68°W and 19.98°N 155.87°W, respectively.

Hawaii), date of collection (day, season). Seasons were deﬁned as follows: fall (September 16–January 15), winter (January 16–March 15),
spring (March 16–June 15), and summer (June 16–September 15).

Abundance, and Status of Humpbacks (SPLASH) project (Calambokidis
et al., 2008). SPLASH was an international collaborative study of
humpback whales across diﬀerent North Paciﬁc feeding and breeding
grounds including Hawaii and Southeast Alaska from 2004 to 2006.
Following SPLASH protocols, tissue samples of humpback whales were
obtained using a hollow stainless-steel-tipped retrievable ﬂoating dart
ﬁred from either a crossbow or modiﬁed pneumatic riﬂe while paralleling the whale from a small vessel usually at a distance of 10–20 m.
Tissue samples were retrieved and removed from the dart tip with
sterile tweezers and placed in 1.5 ml cryovials or the whole tip was
placed in a sterile container for later processing. The sample was kept
cool while in the ﬁeld and, once extracted from the biopsy tip, the
samples were frozen at −20° or −80 °C in each researcher’s respective
lab and eventually archived at the National Marine Fisheries Service
(NMFS) Southwest Fisheries Science Center (SWFSC) Marine Mammal
and Turtle Division.

2.3. Data collected about each whale
2.3.1. Photographic identiﬁcation using natural markings
Identiﬁcation photographs (photo-id) of the tail ﬂukes of tissuesampled humpback whales were collected either prior to or after the
biopsy was obtained. Humpback whales can be identiﬁed by the unique
black and white pigmentation patterns on the ventral surface of their
ﬂukes along with the distinctive trailing edge (Katona et al., 1979). To
verify and link the biopsy to a speciﬁc whale, dorsal ﬁn photos were
also collected during the ﬂuke id and biopsy processes. Whales with a
photograph were matched to regional catalogs and to the SPLASH
catalog. Consequently, an individual whale may have multiple identifying numbers but the unifying number across both areas is the SPLASH
ID.

2.2.2. Sample selection
Samples used in this study (n = 277) were randomly selected from
the pool of samples collected during SPLASH in Hawaii and Alaska
when whales were present in these waters to capture the cyclical variation in physiological parameters of humpback whales throughout
their migration. Samples were classiﬁed according to the sample type
(skin or blubber), location where the biopsy was obtained (Alaska or

2.3.2. Determining age-class and reproductive status for an individual
whale
Age-class of whales was determined from ﬁeld notes that accompanied the samples. Calves were designated based on their small size
(ca. < 5 m) (Pack et al., 2017, 2009) and close spatial association with
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controls were 16%, 8%, and 9%, respectively and intra-assay coeﬃcient
of variation fell below 10%. The lower limit of detection (LD) was
3.9 pg/ml with 62 out of 277 samples (22%) falling below this
threshold. Substitution in the form of LD/√ 2 was performed for these
62 samples, a process that is accepted if less than 25% of samples are
substituted and there is only one LD (Croghan and Egeghy, 2003;
LaFleur et al., 2011; US EPA, 2000).

an adult-sized whale (i.e. its mother) that displayed nurturant behavior
(e.g. shielding the small-sized whale with its pectoral ﬁn) (Gabriele
et al., 2017; Glockner-Ferrari and Ferrari, 1985). All other whales were
considered non-calves. Sighting histories from regional databases of
individual humpback whales with a regional identiﬁcation number that
was matched to an individual SPLASH ID were used to determine
whales of known age or a minimum age for whales whose exact age was
unknown. Whales of known age were ﬁrst sighted as calves. The
minimum age of a whale who was photographed prior to the SPLASH
project as an adult was calculated as the number of years from the
earliest sighting to the most recent sighting plus two years (to account
for the individual’s year as a calf and year as a yearling). For example,
the known age of a whale photographed during the study in 2006 who
was originally photographed in 1994 as a calf would be 12 years,
whereas the minimum age of a whale photographed in 2006 who was
originally photographed as an non-calf in 1994 would calculate as
14 years. Minimum age thus represents a conservative estimate of age.

2.7. Statistical analyses
Temporal and spatial diﬀerences in blubber testosterone concentrations were analyzed using a Welch’s t-test or a one-way ANOVA
in the programming language Python (Python Software Foundation.
Python Language Reference, version 3.6.6. Available at http://www.
python.org). If a signiﬁcant result (p < 0.05) was found in the ANOVA
test, a Tukey’s Honestly Signiﬁcant Diﬀerence (HSD) test was performed to determine which groups diﬀered signiﬁcantly from each
other. The spatial and temporal range of variation in testosterone
concentration was depicted by boxplots which show the mean and
nominal range of the data inferred from the upper and lower quartiles,
as well as outliers in the data. T-tests (Welch’s t-test and paired t-test),
ANOVA, Tukey’s HSD test and boxplot analyses were also performed to
examine any diﬀerence between calves and non-calves and between
blubber and skin sample types. Additionally, a Pearson Correlation Test
was conducted to determine any potential relationships between
blubber and skin testosterone concentrations.

2.4. Sex and genetic identiﬁcation
Oregon State University Cetacean Conservation and Genomics
Laboratory conducted genetic analyses and sex determination on the
samples as part of the post-collection aims of the SPLASH eﬀort (Baker
et al., 2013). Each whale was given a unique genetic ID which was used
to match whales under one SPLASH ID when photographs were of too
poor quality to do so.
2.5. Hormone extraction

3. Results

Hormone extraction methods were modiﬁed from those described in
Mansour et al. (2002) and Kellar et al. (2006). Sub-samples contained
only one type of pure tissue (i.e. either blubber or skin) from a single
biopsy. Blubber and skin samples were weighed and recorded weights
were between 0.12 g and 0.20 g. Samples were homogenized using a
Teﬂon hand tool in 500 µl of 100% ethanol. They were then processed
at 3000 rcf in a refrigerated centrifuge for 15 min and 500 µl of supernatant was poured into sterile 12 × 75 mm borosilicate disposable glass
culture tubes. This step was repeated to obtain 1000 µl of collected
supernatant. Supernatants were evaporated under compressed air. Two
ml of ethanol:acetone (4:1) were added to the residue, vortexed, and
centrifuged (15 min). The supernatant was transferred to a new glass
culture tube and evaporated. To this new residue, 1 ml diethyl ether
was added and the samples were again vortexed, centrifuged, transferred to clean glass tubes, and evaporated. Acetonitrile (1 ml) was
added and samples were vortexed before 1 ml of hexane was added and
vortexed. Samples were centrifuged (15 min) and the solvents formed
two immiscible layers with hexane on top. The acetonitrile layer was
collected and re-extracted with 1 ml hexane, centrifuged (15 min), and
the ﬁnal acetonitrile layer was aspirated and evaporated.

A total of 277 tissue samples (268 male non-calves, 9 male calves)
were analyzed for testosterone. Ten individually identiﬁed whales were
sampled in consecutive years in both Alaska and Hawaii.
3.1. Testosterone concentration by location and season
Testosterone concentration in blubber samples from non-calf
humpback whales was signiﬁcantly diﬀerent from whales sampled in
Hawaii (n = 182, 0.96 ± 0.70 ng/g (mean ± standard deviation))
than those sampled in Alaska (n = 86, 0.15 ± 0.40 ng/g) (Welch’s ttest, p < 0.05, Fig. 2). When binned by season, the concentrations of
testosterone from highest to lowest were winter (n = 128,
1.10 ± 0.74 ng/g), spring (n = 53, 0.65 ± 0.52 ng/g), fall (n = 31,
0.44 ± 0.64 ng/g), and summer (n = 57, 0.07 ± 0.08 ng/g) (Fig. 3).

2.6. Enzyme immunoassay (EIA)
Testosterone concentrations were measured using Enzo Life Science
kit (ADI-900-065) and procedures were performed according to the
manufacturer’s protocol. Assay plates were read by a plate reader
(Chromate, Awareness Technologies) at 405 nm. Manufacturer crossreactivity with other steroids was as follows: 19-hydroxytestosterone
(14.64%), androstenedione (7.20%), dehydroepiandrosterone (0.72%),
estradiol (0.40%) and less than 0.001% for all other steroids analyzed.
Assay parallelism and accuracy tests were performed in order to validate use of humpback whale blubber for measuring testosterone in EIA.
A pooled blubber sample for male humpback whales was created to
validate the testosterone assay. Serial dilutions (neat to 1:16) of the
pool exhibited displacement parallel to that of the standard curve and
proved accurate (y = 3.40 + 0.90x, r2 = 0.99) in the amount of testosterone measured. Inter-assay coeﬃcient of variation for three assay

Fig. 2. Testosterone concentrations (ng/g) by geographic location. Testosterone
concentrations were signiﬁcantly (p < 0.05) higher when male humpbacks
were in Hawaii (HI) than in Alaska (AK).
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from the earlier to the later sample (i.e. as the breeding season progressed) (Fig. 7).
3.2. Testosterone concentration from individual whales biopsied in both
Hawaii and Alaska
Tissue samples were obtained for 10 individually identiﬁed whales
in both Hawaii and Alaska in consecutive years with three individuals
(470736, 474074, 474110) having replicate samples in one or more
sampling locations for a total of 24 blubber samples (Table 1). For all
but one individual, testosterone was higher in Hawaii (12 biopsies,
0.73 ± 0.43 ng/g) than Alaska (12 biopsies, 0.09 ± 0.09 ng/g). The
exception was whale 470452 who showed higher testosterone when
located in Alaska, rather than Hawaii. Examination of the accompanying ﬁeld notes did not provide any indication as to why this might
be, other than this sample was the latest collected (on Oct 25th) for the
10 whales biopsied in Alaska.
Fig. 3. Testosterone concentrations binned by season, regardless of location. All
seasons, except fall were signiﬁcantly diﬀerent from each other (p < 0.05).
Fall was not signiﬁcantly diﬀerent than spring but was signiﬁcantly diﬀerent
than summer and winter (p < 0.05).

3.3. Testosterone concentration in blubber and skin
Blubber and skin samples from the same whales (n = 37) were
compared, with blubber samples having signiﬁcantly diﬀerent testosterone concentrations than skin samples (paired t-test, p < 0.05).
When blubber and skin samples were also binned by geographic location, testosterone concentration was signiﬁcantly diﬀerent only for
Hawaii blubber samples (n = 20, 0.88 ± 0.48 ng/g) versus Hawaii
skin (n = 20, 0.35 ± 0.38 ng/g), with no signiﬁcant diﬀerence detected between Alaska blubber (n = 17, 0.14 ± 0.26 ng/g), Alaska
skin (n = 17, 0.07 ± 0.02 ng/g), and Hawaii skin (p < 0.05, Fig. 8).

Testosterone concentrations were not signiﬁcantly diﬀerent between
fall and spring, whereas all other pairings of seasons were signiﬁcantly
diﬀerent (n = 268, p < 0.05, ANOVA and Tukey’s HSD test).
Spring was the only season during which biopsies were collected
from whales in both Alaska and Hawaii. The median date of collection
for whales biopsied in the spring in Alaska was June 2nd, whereas the
median date of collection in Hawaii was March 31st. Whales in spring
(n = 52) located in Alaska (n = 4, 0.06 ± 0.02 ng/g) had signiﬁcantly
diﬀerent testosterone concentrations than whales that were located in
Hawaii (n = 48, 0.70 ± 0.51 ng/g, p < 0.05, Welch’s t-test, Fig. 4).
When examined on a monthly time scale (combining data from
Hawaii and Alaska), testosterone concentrations showed a parabolic
relationship, peaking in January and February, declining to the lowest
levels in June and July, and increasing as fall progressed (n = 268,
Fig. 5). When only Hawaii samples were considered, a peak testosterone
concentration occurred in January followed by a decrease in testosterone concentration over the course of the breeding season (Fig. 6).
Furthermore, the testosterone concentrations of four whales who were
biopsied twice during the same breeding season in Hawaii all decreased

3.4. Testosterone by age
While there were not enough data to conduct a robust statistical
analysis of diﬀerence in calves from Alaska (n = 7) and Hawaii (n = 2),
it appears from plotting the data that testosterone concentrations were
similar in each location. There was enough data to determine that
testosterone concentrations in non-calves and calves from Alaska were
not signiﬁcantly diﬀerent (p = 0.14, Fig. 9).
The exact age was available from long term sighting data for 17 of
the sampled whales (i.e. because they were ﬁrst sighted as calves) and
minimum age was calculated for 56 sampled whales. Whales who were
ﬁrst sighted as adults during the SPLASH eﬀort were not included in
analyses as there were no data from which to calculate a minimum age.
Fig. 10a depicts whales whose exact age was known, and Fig. 10b depicts whales whose minimum age was determined from multiple
sightings. For each graph, a 2nd order parabolic curve best ﬁt the data
(Minimum Age R2 = 0.29 and 0.03 for Hawaii and Alaska, respectively;
Exact Age R2 = 0.09 and 0.20 for Hawaii and Alaska, respectively) and
indicates that male humpbacks retain a relatively low testosterone
concentration throughout their lives during the feeding season, but
reach the highest levels of testosterone concentrations from ages 8–25,
peaking around age 15. This preliminary ﬁnding was reached without
controlling for sighting date within each season due to small samples
sizes.
4. Discussion
Male humpback whales exhibited higher testosterone concentrations in the Hawaiian breeding grounds than in the Alaskan feeding
grounds; a trend that was observed at both the group level and within
individuals sampled in both locations (Table 1, Fig. 2). This ﬁnding
supports previous morphological studies of humpback whale testes in
the Southern hemisphere, which found increased sperm counts in male
whales killed in commercial whaling on the breeding grounds when
compared with those killed on feeding grounds (Chittleborough, 1955).
It is also consistent with and expands upon an earlier study of

Fig. 4. Spring testosterone concentrations binned by location. Spring was the
only season in which biopsy collection eﬀorts obtained samples from both locations. Whales sampled in Hawaii (HI) during the spring had signiﬁcantly
higher testosterone than whales sampled in Alaska (AK) in the spring
(p < 0.05).
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Fig. 5. Mean monthly testosterone concentrations (ng/g). No samples were available for May, all other months have the sample size provided. Peak testosterone
concentrations occurred on the breeding grounds between Jan-Mar, whereas the lowest concentrations were observed on the feeding grounds from Jun to Sep.

Fig. 7. Blubber testosterone concentrations of individual whales that were
biopsied twice during the same Hawaiian breeding season. Blubber testosterone
concentrations decreased as the season progressed in all individual whales.
Black bars represent the ﬁrst biopsy collected, grey bars represent the biopsy
collected later in the same breeding season.

Fig. 6. Testosterone concentrations of all non-calf biopsies (n = 182) collected
in Hawaii by month during the breeding season. Concentrations of testosterone
decreased as the season progressed.

testosterone concentration based on 35 blubber samples of the Mexican
DPS of humpback whales which found that testosterone levels were at
their lowest June-September and were the highest October-April, with
peak testosterone occurring January-February (Vu et al., 2015).
For male humpback whales in the present study, testosterone concentrations were at their lowest during the feeding season and began to
increase toward the end of the feeding season in Alaska prior to beginning their migration to Hawaii (Figs. 3 and 5). Chittleborough
(1955) found that fewer sperm were present earlier in the breeding
season (season = June–October, Southern hemisphere) and that sperm
presence began to increase toward the end of the season (July and
August). Our results complement Chittleborough’s ﬁndings and suggest
that male humpback whales begin spermatogenesis prior to leaving the
feeding grounds (Fig. 5). This makes reproductive sense, so that
humpback whale males are equipped with the gametes needed for a

successful breeding season when they reach the breeding grounds or
locations where they may breed enroute to these grounds (Craig and
Herman, 1997). Increasing testosterone concentrations before the onset
of the breeding season has been observed across other mammalian
species (Blottner et al., 1996; Funasaka et al., 2011; Kjeld et al., 2006,
2004; Tsubota et al., 1997). Testosterone is required for spermatogenesis (Weinbauer and Nieschlag, 1990), which is known to take 61 days
in bulls (Amann, 1970) and 74 days in humans (Amann, 2008).
The increase in testosterone towards the end of the feeding season
(Fig. 5) may stimulate or cue the start of male singing, which in the
breeding grounds is clearly an important component of the humpback
whale mating system (Herman, 2017) and has also been recorded toward the end of the feeding season in Alaskan waters and on feeding
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Table 1
Seasonal diﬀerences in testosterone concentrations of individuals (n = 10) who
were biopsied in both Hawaii and Alaska. Testosterone was higher when whales
were in Hawaii (0.73 ± 0.43 ng/g) than in Alaska (0.09 ± 0.09 ng/g), with
the exception of whale 470452. Field notes could not identify why whale
470452 had higher testosterone other than this sample was the latest collected
(Oct 25th) for the 10 whales biopsied in Alaska.
Splash ID

Date

Hawaii

Date

Alaska

430109
430148
430228
430349
470452
470736

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

0.10
0.34
1.24
0.56
0.13
0.63

474070

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

0.90
1.54
0.89
1.24
0.42
0.73

7/24/04
8/9/05
7/7/04
7/8/04
10/25/04
10/20/04
7/7/04
8/10/04

0.01
0.02
0.14
0.02
0.25
0.16
0.01
0.04

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

0.04
0.06
0.09
0.25

474074
474110
430404

Fig. 9. Testosterone concentrations of calves and non-calves in Alaska. No
signiﬁcant diﬀerence was found between the two age classes (p = 0.14) Labels
are as follows: AK-C = Alaska calf and AK-A = Alaska non-calf.

of 1.05 ng/g (the other calf had a concentration of 0.03 ng/g). This
outlier, however, is not surprising as most mammalian young exhibit
high levels of reproductive hormones at birth, which immediately begin
to taper oﬀ and remain low until sexual maturity is reached (Challis
et al., 2001; Dhakal et al., 2011).
Our ﬁndings on the variability of testosterone concentrations and
age (Fig. 10a and b) suggest that male humpbacks reach peak lifetime
testosterone concentrations in the breeding grounds between the ages
of 8 and 25 years. However, this does not imply that males are not
fertile beyond this age. For example, while other mammals may undergo senescence (Beehner et al., 2009; Nussey et al., 2013), male
humpbacks have been observed in reproductive roles (singing and escorting) over periods of 20 years (Herman et al., 2013). It is unclear
whether reproductive senescence occurs. However, Chittleborough
(1955) found no evidence of any decline in testis weight or spermatogenetic activity in physically mature males, suggesting that the oldest/
biggest whales still had the gametes necessary for breeding. In the
present study, age data on 73 individual whales was obtained. From
males of known and minimum estimated age, it appears that testosterone concentration during the breeding season reaches a maximum
around 8–25 years of age and then begins to decline, reaching levels
similar to those found on the feeding grounds when the whales are >
30 years of age (Fig. 10a and b). This suggests that humpback whale
males reach peak reproductive capacity around 10–20 years of age and
that fertility may decline as whale’s age. It is important to note that the
estimated whale ages are based on a minimum age, and that the actual
ages of individuals may be far older. In order to more fully understand
how hormone concentrations vary between age classes, additional
samples of known aged calves, juveniles (age 2–5 years) and male
humpbacks older than 30 years of age are needed.
We found that testosterone concentrations were signiﬁcantly higher
in blubber than in skin (p < 0.05), with only a weak positive correlation detected (r = 0.64, Pearson Correlation Test, Fig. 8). This indicates that testosterone concentrations were not consistent between
types of tissue thus, testosterone concentrations in skin tissue should
not be compared to testosterone concentrations in blubber. It should
also be noted that from examination of captive bottlenose dolphins
(Tursiops truncatus), hormones in blubber can be used as a proxy for
circulating hormones in the blood serum (Champagne et al., 2017). As
such we recommend that future studies continue to use blubber in
hormonal analysis of free ranging cetaceans.
Male mammals often exhibit aggression toward competitors in order
to access mates (Campagna et al., 1988; Herman et al., 2007; Tyack and

Fig. 8. Testosterone concentrations in blubber (B) and skin (S). Mean testosterone concentrations were signiﬁcantly higher in blubber than in skin for
animals located in Hawaii (p < 0.05). Animals in Alaska had very low testosterone concentrations and no diﬀerence between blubber and skin was detected (Tukey’s HSD test). Labels are as follows: HI-B = Hawaii blubber, HIS = Hawaii skin, AK-B = Alaska blubber, AK-S = Alaska skin.

grounds or during migration in other populations (Chariﬀ et al. 2001;
Clark and Clapham, 2004; Gabriele and Frankel, 2002; Straley et al.,
1994). Clark and Clapham (2004) go so far as to suggest the “breeding
area” encompasses the feeding area, migratory route and breeding
grounds as based on the prevalence of song. In addition, Tyack (1981)
using Nishiwaki (1960) whaling data, compared singing bout lengths in
males and ovulation of female humpbacks and concluded that singing is
likely related to reproductive behavior as singing bouts were at their
lowest when ovulation was at its highest (IE, males spent less time
singing/searching for mates). However, direct studies on the relationship between hormone levels, in either male or female humpback
whales, have not been examined. Given the variation in testosterone
concentrations of males shown in the present study as well as variability
in song production on the feeding grounds and breeding grounds (Au
et al., 2000), future studies should examine how hormones vary with
the timing of singing in male singers.
No signiﬁcant diﬀerence was found in testosterone concentrations
between non-calves and calves in Alaska (Fig. 9). Calves in both locations had relatively low testosterone concentrations, with the exception
of one of the two calves in Hawaii who had a testosterone concentration
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resolve the exact timing of peak breeding, but it suggests a trade-oﬀ
between physical ﬁtness and reproductive ﬁtness, as males who leave
the feeding grounds earlier may have better mating success, but may
also be in poorer nutritional condition. In order to properly understand
the role that testosterone plays in group dynamics on the breeding
grounds, additional blubber samples are needed from individual males
of varying ages who participate in speciﬁc behavioral groups (e.g.
competitive versus non-competitive) and diﬀerent behavioral roles (e.g.
principal vs secondary escorts).
Trends in migratory timing have been well documented (Baker
et al., 1985; Craig et al., 2003; Gabriele et al., 1996; Mann et al., 2000),
but the impetus to leave the feeding grounds remains unclear. Some
researchers have proposed that nutritional state, body condition and
food availability (Brodie, 1975), photoperiod (Baker, 1978), or hormonal levels are responsible for timing of migration, whereas others
postulate that it is likely a combination of all of these factors (Craig
et al., 2003). The present study indicates that testosterone may play a
role in the motivation to commence migration, as found in other
mammalian species (Stern, 2009), or is a correlate of one or more of the
factors noted above. In order to deﬁnitively answer these questions,
increased sampling eﬀort in Alaska in the late fall and spring is needed.
This would include sampling in Alaska during the winter to measure
hormones in whales who fail to migrate, in both spring and fall to
understand if the migration timing of humpbacks is shifting, and in
years of anomalous environmental occurrences, such as the Northeast
Paciﬁc marine heatwave of 2013–2015 (Peterson et al., 2015).
Capturing natural variation within a species is important in its own
right, but access to long-term datasets is essential in management decisions. For example, an established long-term monitoring program for
North Atlantic right whales (Eubalaena glacialis) documented a decline
(and subsequent increase) in stress-related fecal hormone metabolites
(Rolland et al., 2012) in the aftermath of the September 9th, 2001
terrorist attack due to a mandatory reduction in shipping traﬃc. As a
result, slower shipping speeds and alternative shipping routes have
since gone into eﬀect to better protect these whales (Laist et al., 2014).
These datasets allow managers to see if changes in a certain metrics are
anomalous or are part of natural variation. While several DPS’s of
humpback whales in the North Paciﬁc, including the Hawaii DPS were
recently delisted from an endangered status (under the Endangered
Species Act, NMFS 2016) events over the last few years have some researchers questioning the health of the population. Glacier Bay National
Park biologists have consistently monitored humpbacks whales in
Glacier Bay and Icy Strait since 1985 and have documented a decline in
the local abundance of humpbacks beginning in 2014 to present day, as
well as a decrease in the overall crude birthing rate (CBR), with the
lowest CBR ever recorded over the 33-year monitoring program occurring in 2016 (Neilson et al., 2017). In addition, over the last few
years, an increasing number of humpback whales have been present on
the feeding grounds of Sitka, AK in winter and spring, perhaps suggesting a delayed or absent southern migration (Straley et al., 2018).
There are also fewer whales present oﬀ west Maui and Hawaii Island
(HMMC, 2018; Kügler et al., 2017) and an increasing number of
‘skinny’ whales returning to the feeding grounds (Neilson et al., 2017;
Straley et al., 2018). Reported strandings of humpbacks in Alaska for
2016 were higher than the previous 16-year average and unusual
mortality events (UME) were declared for Alaska and British Columbia
large whales in 2015 and Atlantic humpback whales in 2017 (NMFS,
2017), suggesting that environmental conditions may be changing or
global humpback whale populations may be reaching carrying capacity.
The present study represents a key step in creating additional tools
for monitoring physiological changes in humpback whales across time.
The results of this study collectively suggest that males i) begin to undergo spermatogenesis before they reach the Hawaiian breeding
grounds, ii) experience peak testosterone concentrations during
January and February on the breeding season, iii) show decreased
testosterone concentrations coinciding with the end of the breeding

Fig. 10. a & b. Testosterone concentration plotted against exact or estimated
age of 74 whales. Paired age and testosterone concentration data suggest that
testosterone levels remain consistently low on the feeding grounds and that
humpback whale males may experience peak testosterone concentrations from
8 to 25 years of age on the breeding grounds. Whales were split by location into
Hawaii (black circles) or Alaska (open circles) grounds based on where each
biopsy was collected. A) Exact age of 17 whales (Hawaii = 5, Alaska = 12) who
were ﬁrst seen as calves, were compared to testosterone concentrations. A 2nd
order parabolic curve best ﬁt the data of each group (R2 = 0.09, 0.20 for HI and
AK, respectively); B) Minimum age of 56 whales (Hawaii = 19, Alaska = 37
individuals) were compared to testosterone concentrations. As these whales
were ﬁrst seen as full adults, two years were added to the year they were ﬁrst
seen to account for a year as a calf and a year as a yearling. A 2nd order
parabolic curve best ﬁt the data of each group (R2 = 0.29, 0.03 for HI and AK,
respectively).

Whitehead, 1983), yet aggressive behavior and its relationship to testosterone has not been examined in humpback whales. Increased male
aggression in mammalian species is often accompanied by an increase
in testosterone (Bouissou, 1983), with the most successful animals often
having the highest testosterone (Beehner et al., 2006). During the
humpback whale breeding season, individual fecund females are often
the focus of competing males within so called “competitive groups”
(Clapham et al., 1992; Tyack and Whitehead, 1983). Mature male
humpbacks have relatively long residency periods on the breeding
grounds (Craig et al., 2001) allowing them to compete over extended
periods of time.
In the current study peak testosterone concentrations occurred between January and February (Fig. 5) which would suggest that peak
reproductive potential (i.e. greatest concentration of gametes) in males
occurs during March and April based on the timeline of spermatogenesis in other species (Amann, 2008, 1970). Males who undergo spermatogenesis earlier in the season, perhaps while still on the feeding
grounds are at a mating advantage as they are able to breed with early
arriving females on the breeding grounds. Our data alone cannot
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season and migration to feeding grounds, and iv) are at their peak
fertility at 8–25 years of age.
This study is another demonstration of how non-lethal techniques in
combination with long-term life history data can aid in our better understanding of the physiology and behavior of humpback whales. With
their high site ﬁdelity, abundant numbers, coastal presence and role as
a top predator, humpback whales can serve as important marine sentinels, providing a lens into ecosystem conditions and processes as they
are unequivocally linked to the marine resources they depend on. With
their high lipid content and preference for lower trophic species, such
as forage ﬁsh and euphausiids, any ﬂuctuations shown at the humpback
whale population level could be cause for concern in both important
commercial ﬁsh stocks and humans (Bossart, 2011). A baseline dataset
of hormonal biomarkers creates the opportunity for long term monitoring of humpback whale physiology. Shifts in the physiology of
humpbacks could be indicative of any number of factors including:
climate change, density dependent inﬂuences, shifts in prey abundance,
quality and availability, or anthropogenic disturbances (Burek et al.,
2008; Learmonth et al., 2006; Rolland et al., 2012; Straley et al., 2018).
Regardless of cause, behavioral and longitudinal data of individually
identiﬁed humpbacks combined with endocrine markers, provide a
powerful tool in the assessment of physiology and life history states for
responsible management and conservation of humpback whales.

from simulation studies. Mar. Mamm. Sci. 27, 793–818.
Beehner, J.C., Bergman, T.J., Cheney, D.L., Seyfarth, R.M., Whitten, P.L., 2006.
Testosterone predicts future dominance rank and mating activity among male
chacma baboons. Behav. Ecol. Sociobiol. 59, 469–479.
Beehner, J.C., Gesquiere, L., Seyfarth, R.M., Cheney, D.L., Alberts, S.C., Altmann, J.,
2009. Testosterone related to age and life-history stages in male baboons and geladas.
Horm. Behav. 56, 472–480.
Best, P.B., 2011. A note on the age at sexual maturity of humpback whales. J. Cetacean
Res. Manage. 3, 71–73.
Blottner, S., Hingst, O., Meyer, H.H.D., 1996. Seasonal spermatogenesis and testosterone
production in roe deer (Capreolus capreolus). J. Reprod. Fertil. 108, 299–305.
Bossart, G.D., 2011. Marine mammals as sentinel species for oceans and human health.
Vet. Pathol. 48, 676–690.
Bouissou, M.-F., 1983. Androgens, aggressive behaviour and social relationships in higher
mammals. Horm. Res. Paediatr. 18, 43–61.
Brodie, P.F., 1975. Cetacean energetics, an overview of intraspeciﬁc size variation.
Ecology. 56, 152–161.
Burek, K.A., Gulland, F., O’Hara, T.M., 2008. Eﬀects of climate change on Arctic marine
mammal health. Ecol. Appl. 18, 126–134.
Burgess, E.A., Lanyon, J.M., Keeley, T., 2012. Testosterone and tusks: maturation and
seasonal reproductive patterns of live, free-ranging male dugongs (Dugong dugon) in a
subtropical population. Reproduction 143, 683–697.
Calambokidis, J., Falcone, E.A., Quinn, T.J., Burdin, A.M., Clapham, P.J., Ford, J.K.B.,
Gabriele, C.M., LeDuc, R., Mattila, D., Rojas-Bracho, L., 2008. SPLASH: Structure of
populations, levels of abundance and status of humpback whales in the North Paciﬁc.
Unpubl. Rep. Submitt. by Cascadia Res. Collect. to USDOC, Seattle, WA under
Contract AB133F-03-RP-0078 [available from author].
Campagna, C., Le Boeuf, B.J., Cappozzo, H.L., 1988. Group raids: a mating strategy of
male southern sea lions. Behaviour 105, 224–248.
Challis, J.R.G., Sloboda, D., Matthews, S.G., Holloway, A., Alfaidy, N., Patel, F.A., Whittle,
W., Fraser, M., Moss, T.J.M., Newnham, J., 2001. The fetal placental hypothalamic–pituitary–adrenal (HPA) axis, parturition and post-natal health. Mol. Cell.
Endocrinol. 185, 135–144.
Champagne, C.D., Kellar, N.M., Crocker, D.E., Wasser, S.K., Booth, R.K., Trego, M.L.,
Houser, D.S., 2017. Blubber cortisol qualitatively reﬂects circulating cortisol concentrations in bottlenose dolphins. Mar. Mamm. Sci. 33, 134–153.
Chittleborough, R.G., 1965. Dynamics of two populations of the humpback whale,
Megaptera novaeangliae (Borowski). Mar. Freshwater Res. 16, 33–128.
Chittleborough, R.G., 1955. Aspects of reproduction in the male humpback whale,
Megaptera nodosa (Bonnaterre). Mar. Freshwater Res. 6, 1–29.
Clapham, P.J., 1996. The social and reproductive biology of humpback whales: an ecological perspective. Mamm. Rev. 26, 27–49.
Chariﬀ, R., Clapham, P.J., Gagnon, W., Loveday, P., Clark, C.W., 2001. Acoustic detections of singing humpback whales in the waters of the British Isles. Mar. Mamm. Sci.
17, 751–768.
Clapham, P.J., Mayo, C.A., 1990. Reproduction of humpback whales (Megaptera novaeangliae) observed in the Gulf of Maine. Rep. Int. Whal. Commn. Spec. 171–175.
Clapham, P.J., Palsbøll, P.J., Mattila, D.K., Vasquez, O., 1992. Composition and dynamics
of humpback whale competitive groups in the West Indies. Behaviour 122, 182–194.
Clark, C.W., Clapham, P.J., 2004. Acoustic monitoring on a humpback whale (Megaptera
novaeangliae) feeding ground shows continual singing into late spring. Proc. R. Soc. B
Biol. Sci. 271, 1051.
Craig, A.S., Herman, L.M., Pack, A.A., 2001. Estimating residence times of humpback
Whales in Hawaii. Report to the Hawaiian Islands Humpback Whale National Marine
Sanctuary Oﬀ of National Marine Sanctuaries, National Oceanic and Atmospheric
Administration. U.S. Department of Commerce and Department of Land and Natural
Resources, Honolulu.
Craig, A.S., Herman, L.M., 1997. Sex diﬀerences in site ﬁdelity and migration of humpback whales (Megaptera novaeangliae) to the Hawaiian Islands. Can. J. Zool. 75,
1923–1933.
Craig, A.S., Herman, L.M., Gabriele, C.M., Pack, A.A., 2003. Migratory timing of humpback whales (Megaptera novaeangliae) in the central North Paciﬁc varies with age, sex
and reproductive status. Behaviour 140, 981–1001.
Craig, A.S., Herman, L.M., Pack, A.A., 2002. Male mate choice and male-male competition coexist in the humpback whale (Megaptera novaeangliae). Can. J. Zool. 80,
745–755.
Croghan, C., Egeghy, P.P., 2003. Methods of dealing with values below the limit of detection using SAS. In: Presented at Southeastern SAS User Group, September 22–24.
St. Petersburg, FL.
Dhakal, P., Tsunoda, N., Nakai, R., Nagaoka, K., Nambo, Y., Sato, F., Taniyama, H.,
Watanabe, G., Taya, K., 2011. Post-natal dynamic changes in circulating follicle-stimulating hormone, luteinizing hormone, immunoreactive inhibin, progesterone,
testosterone and estradiol-17β in thoroughbred colts until 6 months of age. J. Equine
Sci. 22, 9–15.
Funasaka, N., Yoshioka, M., Suzuki, M., Ueda, K., Miyahara, H., Uchida, S., 2011.
Seasonal diﬀerence of diurnal variations in serum melatonin, cortisol, testosterone,
and rectal temperature in Indo-Paciﬁc bottlenose dolphins (Tursiops aduncus). Aquat.
Mamm. 37, 433.
Gabriele, C., Frankel, A.S., 2002. The occurrence and signiﬁcance of humpback whale
songs in Glacier Bay, Southeastern Alaska. Arct. Res. United States 16, 42–47.
Gabriele, C.M., Lockyer, C., Straley, J.M., Jurasz, C.M., Kato, H., 2010. Sighting history of
a naturally marked humpback whale (Megaptera novaeangliae) suggests ear plug
growth layer groups are deposited annually. Mar. Mamm. Sci. 26, 443–450.
Gabriele, C.M., Neilson, J.L., Straley, J.M., Baker, C.S., Cedarleaf, J.A., Saracco, J.F.,
2017. Natural history, population dynamics, and habitat use of humpback whales
over 30 years on an Alaska feeding ground. Ecosphere 8, 1–18.

Acknowledgements
The authors thank the many researchers who participated in the
2004-2006 SPLASH eﬀort and allowed the use of their samples from
which a rich sample set of blubber was available for this project; Kelly
Robertson and Gabriela Serra-Valente of the National Marine Fisheries
Service SWFSC for housing the archived samples and for their assistance in sample location and retrieval. This project would not have
been possible without genetic sex identiﬁcation conducted in the
Oregon State University Cetacean Conservation and Genomics
Laboratory. The authors also sincerely wish to thank Jennifer Cedarleaf
for help in organizing data sheets and rummaging through databases to
match samples across ID’s; Janet Neilson for painstaking maintenance
of accurate whale sighting history data in Southeast Alaska, and;
Kendall Mashburn for guidance in laboratory techniques and assistance
with processing of samples. Additional thanks are given to Wendell
Raymond for his help in creating the sample location map. Funding for
this project was provided by the Oﬃce of Naval Research (Research
Grant #N0014-14-1-0425), the Northern Gulf Applied Research Grant,
the University of Alaska-Fairbanks Resilience and Adaptation Program,
the National Marine Fisheries Service, and the University of AlaskaFairbanks Cooperative Institute for Alaska Research.
References
Amann, R.P., 2008. The cycle of the seminiferous epithelium in humans: a need to revisit?
J. Androl. 29, 469–487.
Amann, R.P., 1970. Sperm production rates. In: In: Johnson, A.D., Gomes, W.R.,
Vandemark, N.L. (Eds.), The Testis Vol. 1. Academic Press, New York, pp. 433–482.
Atkinson, S., Yoshioka, M., 2007. Endocrinology of reproduction. In: Reproductive
Biology and Phylogeny of Cetacea: Whales, Porpoises and Dolphins. CRC Press, pp.
171–192.
Au, W.W.L., Pack, A.A., Lammers, M.O., Herman, L.M., Deakos, M.H., Andrews, K., 2006.
Acoustic properties of humpback whale songs. J. Acoust. Soc. Am. 120, 1103–1110.
Baker, C.S., Herman, L.M., Perry, A., Lawton, W.S., Straley, J.M., Straley, J.H., 1985.
Population characteristics and migration of summer and late-season humpback
whales (Megaptera novaeangliae) in southeastern Alaska. Mar. Mamm. Sci. 1,
304–323.
Baker, C.S., Steel, D., Calambokidis, J., Falcone, E., González-Peral, U., Barlow, J., Burdin,
A.M., Clapham, P.J., Ford, J.K.B., Gabriele, C.M., 2013. Strong maternal ﬁdelity and
natal philopatry shape genetic structure in North Paciﬁc humpback whales. Mar.
Ecol. Prog. Ser. 494, 291–306.
Baker, R., 1978. The Evolutionary Ecology of Animal Migration. Holmes & Meier
Publishers.
Barlow, J., Calambokidis, J., Falcone, E.A., Baker, C.S., Burdin, A.M., Clapham, P.J., Ford,
J.K.B., Gabriele, C.M., LeDuc, R., Mattila, D.K., 2011. Humpback whale abundance in
the North Paciﬁc estimated by photographic capture-recapture with bias correction



*HQHUDODQG&RPSDUDWLYH(QGRFULQRORJ\[[[ [[[[ [[[²[[[

K.A. Cates, et al.

762–772.
Neilson, J., Gabriele, C., Taylor-Thomas, L., 2017. Recent Declines in Humpback Whales
in Glacier Bay & Icy Strait – Is Their Heyday Over. In: Alaska Marine Science
Symposium. Anchorage.
Nishiwaki, M., 1960. Ryukyuan humpback whaling in 1960. Sci Rep. Whales Res. Inst. 15,
1–15.
NMFS, 2017. Active and Closed Unusual Mortality Events [WWW Document]. Available
from: https://www.ﬁsheries.noaa.gov/national/marine-life-distress/active-andclosed-unusual-mortality-events.
Noad, M.J., Cato, D.H., Bryden, M.M., Jenner, M.-N., Jenner, K.C.S., 2000. Cultural revolution in whale songs. Nature 408, 537.
Nottebohm, F., Nottebohm, M.E., Crane, L.A., Wingﬁeld, J.C., 1987. Seasonal changes in
gonadal hormone levels of adult male canaries and their relation to song. Behav.
Neural Biol. 47, 197–211.
Nussey, D.H., Froy, H., Lemaitre, J.-F., Gaillard, J.-M., Austad, S.N., 2013. Senescence in
natural populations of animals: widespread evidence and its implications for biogerontology. Ageing Res. Rev. 12, 214–225.
Pack, A., Herman, L.M., Craig, A.L., Spitz, S.S., Deakos, M.H., 2002. Penis extrusions by
humpback whales (Megaptera novaengliae). Aquat. Mamm. 28, 131–146.
Pack, A.A., Herman, L.M., Craig, A.S., Spitz, S.S., Waterman, J.O., Herman, E.Y.K.,
Deakos, M.H., Hakala, S., Lowe, C., 2017. Habitat preferences by individual humpback whale mothers in the Hawaiian breeding grounds vary with the age and size of
their calves. Anim. Behav. 133, 131–144.
Pack, A.A., Herman, L.M., Spitz, S.S., Craig, A.S., Hakala, S., Deakos, M.H., Herman,
E.Y.K., Milette, A.J., Carroll, E., Levitt, S., 2012. Size-assortative pairing and discrimination of potential mates by humpback whales in the Hawaiian breeding
grounds. Anim. Behav. 84, 983–993.
Pack, A.A., Herman, L.M., Spitz, S.S., Hakala, S., Deakos, M.H., Herman, E.Y.K., 2009.
Male humpback whales in the Hawaiian breeding grounds preferentially associate
with larger females. Anim. Behav. 77, 653–662.
Payne, K., Payne, R., 1985. Large scale changes over 19 years in songs of humpback
whales in Bermuda. Z. Tierpsychol. 68, 89–114.
Payne, R.S., McVay, S., 1971. Songs of humpback whales. Science 173 (3997), 585–597.
Peterson, W., Robert, M., Bond, N., 2015. In: The warm blob-conditions in the northeastern Paciﬁc Ocean. PICES Press, pp. 23–36.
Rolland, R.M., Parks, S.E., Hunt, K.E., Castellote, M., Corkeron, P.J., Nowacek, D.P.,
Wasser, S.K., Kraus, S.D., 2012. Evidence that ship noise increases stress in right
whales. Proc. R. Soc. London B Biol. Sci. 279, 2363–2368.
Schroeder, J.P., Keller, K.V., 1989. Seasonality of serum testosterone levels and sperm
density in Tursiops truncatus. J. J. Exp. Zool. Part A Ecol. Genet. Physiol. 249,
316–321.
Sharpe, R.M., Maddocks, S., Millar, M., Kerr, J.B., Saunders, P.T.K., McKinnell, C., 1992.
Testosterone and spermatogenesis identiﬁcation of stage-speciﬁc, androgen-regulated proteins secreted by adult rat seminiferous tubules. J. Androl. 13, 172–184.
Spitz, S.S., Herman, L.M., Pack, A.A., Deakos, M.H., 2002. The relation of body size of
male humpback whales to their social roles on the Hawaiian winter grounds. Can. J.
Zool. 80, 1938–1947.
Stern, S.J., 2009. Migration and movement patterns. In: Encyclopedia of Marine
Mammals, second ed. Elsevier, pp. 726–730.
Straley, J.M., Gabriele, C.M., Baker, C.S., 1994. Seasonal characteristics of humpback
whales (Megaptera novaeangliae) in southeastern Alaska. MS thesis. University of
Alaska Fairbanks.
Straley, J.M., Moran, J.R., Boswell, K.M., Vollenweider, J.J., Heintz, R.A., Quinn II, T.J.,
Witteveen, B.H., Rice, S.D., 2018. Seasonal presence and potential inﬂuence of
humpback whales on wintering Paciﬁc herring populations in the Gulf of Alaska.
Deep Sea Res. Part II 147, 173–186.
Tsubota, T., Howell-Skalla, L., Nitta, H., Osawa, Y., Mason, J.I., Meiers, P.G., Nelson, R.A.,
Bahr, J.M., 1997. Seasonal changes in spermatogenesis and testicular steroidogenesis
in the male black bear Ursus americanus. J. Reprod. Fertil. 109, 21–27.
Tyack, P., Whitehead, H., 1983. Male competition in large groups of wintering humpback
whales. Behaviour 83, 132–154.
US EPA, 2000. Guidance for data quality assessment: Practical methods for data analysis.
Oﬀ. Environ. Prot. Section 4, 42–53.
Vu, E.T., Clark, C., Catelani, K., Kellar, N.M., Calambokidis, J., 2015. Seasonal blubber
testosterone concentrations of male humpback whales (Megaptera novaeangliae). Mar.
Mamm. Sci. 31, 1258–1264.
Weinbauer, G.F., Nieschlag, E., 1990. The Role of Testosterone in Spermatogenesis. In:
Nieschlag, E. (Ed.), Testosterone. Springer, Berlin, Heidelberg, pp. 23–50.

Gabriele, C.M., Straley, J.M., Herman, L.M., Coleman, R.J., 1996. Fastest documented
migration of a North Paciﬁc humpback whale. Mar. Mamm. Sci. 12, 457–464.
Gabriele, C.M., Straley, J.M., Neilson, J.L., 2007. Age at ﬁrst calving of female humpback
whales in southeastern Alaska. Mar. Mamm. Sci. 23, 226–239.
Garland, E.C., Goldizen, A.W., Rekdahl, M.L., Constantine, R., Garrigue, C., Hauser, N.D.,
Poole, M.M., Robbins, J., Noad, M.J., 2011. Dynamic horizontal cultural transmission
of humpback whale song at the ocean basin scale. Curr. Biol. 21, 687–691.
Gendron, D., 1993. Evidence of feeding by humpback whales (Megaptera novaeangliae) in
the Baja California breeding ground, Mexico. Mar. Mamm. Sci. 9, 76–81.
Glockner-Ferrari, D.A., Ferrari, M.J., 1985. Individual Identiﬁcation, Behavior,
Reproduction, and Distribution of Humpback Whales, Megaptera novaeangliae. US
Marine Mammal Commission, Hawaii.
Helweg, D.A., Herman, L.M., 1994. Diurnal patterns of behaviour and group membership
of humpback whales (Megaptera novaeangliae) wintering in Hawaiian waters.
Ethology 98, 298–311.
Herman, E.Y.K., Herman, L.M., Pack, A.A., Marshall, G., Shepard, M.C., Bakhtiari, M.,
2007. When whales collide: Crittercam oﬀers insight into the competitive behavior of
humpback whales on their Hawaiian wintering grounds. Mar. Technol. Soc. J. 41,
35–43.
Herman, L.M., 2017. The multiple functions of male song within the humpback whale
(Megaptera novaeangliae) mating system: review, evaluation, and synthesis. Biol. Rev.
92, 1795–1818.
Herman, L.M., Pack, A.A., Spitz, S.S., Herman, E.Y.K., Rose, K., Hakala, S., Deakos, M.H.,
2013. Humpback whale song: who sings? Behav. Ecol. Sociobiol. 67, 1653–1663.
HMMC, 2018. Hawai‘i Marine Mammal Consortium: Field Report. https://www.hmmc.
org/resources/Newsletters/HMMC_2018_newsletter.pdf (Accessed: Dec 12th, 2018).
Katona, S., Baxter, B., Brazier, O., Kraus, S., Perkins, J., Whitehead, H., 1979.
Identiﬁcation of humpback whales by ﬂuke photographs. In: Behavior of Marine
Animals. Springer, pp. 33–44.
Katona, S.K., Beard, J.A., 1990. Population size, migrations and feeding aggregations of
the humpback whale (Megaptera novaeangliae) in the western North Atlantic Ocean.
Rep. Int. Whal. Comm. Spec. Issue 12, 295–306.
Kellar, N.M., Trego, M.L., Marks, C.I., Dizon, A.E., 2006. Determining pregnancy from
blubber in three species of delphinids. Mar. Mamm. Sci. 22, 1–16.
Kita, S., Yoshioka, M., Kashiwagi, M., 1999. Relationship between sexual maturity and
serum and testis testosterone concentrations in short-ﬁnned pilot whales Globicephala
macrorhynchus. Fish. Sci. 65, 878–883.
Kjeld, M., Alfredsson, Á., Ólafsson, Ö., Tryland, M., Christensen, I., Stuen, S., Árnason, A.,
2004. Changes in blood testosterone and progesterone concentrations of the North
Atlantic minke whale (Balaenoptera acutorostrata) during the feeding season. Can. J.
Fish. Aquat. Sci. 61, 230–237.
Kjeld, M., Ólafsson, Ö., Víkingsson, G.A., Sigurjónsson, J., 2006. Sex hormones and reproductive status of the North Atlantic ﬁn whales (Balaenoptera physalus) during the
feeding season. Aquat. Mamm. 32, 75.
Kügler, A., Lammers, M., Zang, E., Kaplan, M., Mooney, A., 2017. O whale, where art
thou? El Nino as a possible reason for lower humpback whale numbers oﬀ Maui,
Hawaii in the 2015/16 breeding season. In: 22nd Biennial conference on the Biology
of Marine Mammals. October 2017. Halifax, Nova Scotia.
LaFleur, B., Lee, W., Billhiemer, D., Lockhart, C., Liu, J., Merchant, N., 2011. Statistical
methods for assays with limits of detection: Serum bile acid as a diﬀerentiator between patients with normal colons, adenomas, and colorectal cancer. J. Carcinog.
10, 12.
Laist, D.W., Knowlton, A.R., Pendleton, D., 2014. Eﬀectiveness of mandatory vessel speed
limits for protecting North Atlantic right whales. Endanger. Spec. Res. 23, 133–147.
Learmonth, J.A., MacLeod, C.D., Santos, M.B., Pierce, G.J., Crick, H.Q.P., Robinson, R.A.,
2006. Potential eﬀects of climate change on marine mammals. Oceanogr. Mar. Biol.
44, 431.
Mann, J., Connor, R.C., Tyack, P.L., Whitehead, H., 2000. In: Cetacean Societies: Field
Studies of Dolphins and Whales. University of Chicago Press, pp. 173–196.
Mansour, A.A.H., Mkay, D.W., Lien, J., Orr, J.C., Banoub, J.H., ØIen, N., Stenson, G.,
2002. Determination of pregnancy status from blubber samples in minke whales
(Balaenoptera acutorostrata). Mar. Mamm. Sci. 18, 112–120.
Marler, P., Peters, S., Ball, G.F., Dufty Jr, A.M., Wingﬁeld, J.C., 1988. The role of sex
steroids in the acquisition and production of birdsong. Nature 336, 770.
Mikhalev, Y.A., 1997. Humpback whales (Megaptera novaeangliae) in the Arabian Sea.
Mar. Ecol. Prog. Ser. 13–21.
Mobley, J.R., Herman, L.M., 1985. Transience of social aﬃliations among humpback
whales (Megaptera novaeangliae) on the Hawaiian wintering grounds. Can. J. Zool. 63,



