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The field of marine mammal conservation has dramatically benefited from the rapid advancement of methods to assess
the reproductive physiology of individuals and populations from steroid hormones isolated from minimally invasive skin—
blubber biopsy samples. Historically, this vital information was only available from complete anatomical and physiological
investigations of samples collected during commercial or indigenous whaling. Humpback whales (Megaptera novaeangliae)
are a migratory, cosmopolitan species that reproduce in warm, low-latitude breeding grounds. New Caledonia is seasonally
visited by a small breeding sub-stock of humpback whales, forming part of the endangered Oceania subpopulation. To better
understand the demographic and seasonal patterns of reproductive physiology in humpback whales, we quantified baseline
measurements of reproductive hormones (progesterone—P4, testosterone—T and 178-estradiol—E2) using an extensive
archive of skin-blubber biopsy samples collected from female humpback whales in New Caledonia waters between 2016 and
2019 (n = 194). We observed significant differences in the P4, T and E2 concentrations across different demographic groups of
female humpback whales, and we described some of the first evidence of the endocrine patterns of estrous in live free-ranging
baleen whales. This study is fundamental in its methodological approach to a wild species that has a global distribution, with
seasonally distinct life histories. This information will assist in monitoring, managing and conserving this population as global
ecological changes continue to occur unhindered.
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Introduction

The field of marine mammal conservation has dramatically
benefited from the rapid advancement of methods to assess
the reproductive physiology of individuals and populations
from steroid hormones isolated from minimally invasive skin—
blubber biopsy samples (Hunt ez al., 2013). Historically, this
vital information was only available from complete anatomi-
cal and physiological investigations of samples collected from
commercial or indigenous whaling or opportunistic stranding
events (Lockyer, 1984). Sex steroid hormones are the main
system-wide chemical signals of reproduction in mammals.
As a result, these biochemicals have been increasingly used to
help assess vital health and life-history states in populations
that were previously depleted to historically low numbers
(Hunt et al., 2013; Rocha et al., 2014; Clark et al., 2016;
Pallin et al., 2018a; Pallin et al., 2023). Routine and long-
term hormonal assessments facilitate continued monitoring of
population growth and health in wild cetacean populations
(Pallin et al., 2018a) and can inform wildlife managers of
susceptible time periods in a species’ life history. Specifically,
reproductive physiology is important for assessing density-
dependent effects predicted for populations as they recover
and approach pre-exploitation abundances or presumed car-
rying capacity (Baker and Clapham, 2004). This is particu-
larly relevant for baleen whales, whose size makes captive
studies largely impossible, and longitudinal observations and
sampling of individuals in the wild are logistically challenging
due to the environments in which they are found.

To better interpret these hormonal biomarkers, we need
to combine them with information regarding both the life
history and demography of the individuals being sampled
across their entire seasonal life history. One particular area
of research has focused on assessing the reproductive status
of female cetaceans via the quantification of blubber steroid
hormones (Clark, 2013; Kellar ez al.,2013; Mello et al., 2017;
Pallin ez al., 2018a; Boggs-Russell et al., 2019; Dalle Luche
et al., 2020). Three of the most common hormones used to
assess reproduction include progesterone (P4), testosterone
(T) and 17B-estradiol (E2). All three of these hormones are
highly lipophilic and found in the ovaries (Pineda, 2003a).
During the follicular phase, increased estrogenic (e.g. E2)
secretion raises the blood supply to the uterus, resulting in
growth and thickening of the endometrium (Pineda, 2003a).
As a precursor to E2, T increases during the early follicular

stage and may contribute to behavioural responses during
estrous as well as having other functions (Pineda, 2003c). Fol-
lowing ovulation, progesterone levels increase as the corpus
luteum develops in the ovary, signalling the myometrium to
prepare for fertilization and implantation (Pineda, 2003a).
Throughout gestation, progesterone aids in sustaining this
environment for successful foetal development (Wuttke ez al.,
1998), returning to baseline levels prior to parturition (Bed-
ford et al., 1972). As multiple hormones control the physi-
ological mechanisms associated with reproduction, assessing
a combination of these hormones and their ratios may allow
for a more fine-scale understanding of temporal changes in
reproduction.

The absence of hormonal baselines, particularly for a
species like humpback whales (Megaptera novaeangliae)
that exhibits two distinct seasonal behaviours (e.g. foraging,
breeding/fasting), could result in the misinterpretation of
the seasonality of blubber hormone levels. Previous studies
investigating the relationship of sex steroid hormones in
large whales have primarily focused on individuals sampled
on migratory routes (Dalle Luche e al., 2020) or feeding
grounds (Clark et al., 2016; Pallin ez al., 2018a); however,
to our knowledge, no information currently exists on the
variation of blubber reproductive hormone concentrations
during the breeding season. Since most reproductive processes
are coordinated through hormones circulating in the
bloodstream, and hormonal functions tend to be conserved
across mammalian taxa. Endocrine analysis is a useful
means to assess the reproductive status (e.g. pregnancy)
and reproductive activity (e.g. estrous cycles, seasonality) of
free-swimming individuals. Moreover, as steroids are highly
lipophilic, the development of remote sampling techniques
and methods to isolate and quantify several reproductive
markers from skin—blubber biopsy samples allows us to better
understand the full seasonality of reproductive hormones in
humpback whales and potentially identify periods of time
when populations may be more sensitive to disturbances
during their annual breeding season.

Humpback whales are a migratory, cosmopolitan species
that reproduce in warm, low-latitude breeding grounds and
feed on high-latitude foraging grounds where they exploit
dense aggregations of prey (Clapham, 2000). Located in the
southwest Pacific, New Caledonia is seasonally visited by a
small breeding sub-stock of humpback whales, forming part
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of the endangered Oceania subpopulation (Jackson et al.,
2015). It is only in the last quarter-century; however, that this
small breeding site has formally been described as both a calv-
ing and mating ground for Southern Hemisphere humpback
whales due to continued observations of calves, as well as the
acoustic detection of many males singing as part of courtship
(Garrigue et al., 2001; Derville et al., 2019b). Peak mating
within the South Lagoon occurs in August, with frequent
sightings of whales occurring between June and September
(Garrigue et al., 2001; Derville et al., 2019a). A long-term
monitoring program (1993-present) has led to one of the
largest and most comprehensive archives of skin-blubber
remote biopsy samples collected for any Southern Hemi-
sphere baleen whale population on their breeding ground.

The present study used skin—blubber biopsy samples col-
lected from female humpback whales in New Caledonian
waters between 2016 and 2019 to assess seasonal changes in
reproductive hormones and set baselines for continued mon-
itoring of this and other populations that are of conservation
concern. The goal was to measure three reproductive hor-
mones (P4, T, E2) to better understand the demographic and
seasonal mechanisms of reproductive physiology in hump-
back whales. Our findings provide critical contextual data
on how these hormones vary naturally in a population of
humpback whales and support the continued use of minimally
invasive skin—blubber biopsy samples to study reproductive

physiology.

Materials and Methods

Skin and blubber biopsy samples were collected from indi-
vidual whales in New Caledonia (22°S, 166°E) during the
austral winters (June-October) from 2016 to 2019 (Fig. 1)
using standard field methods. Samples were primarily col-
lected from the South Lagoon, the main coastal breeding
area in New Caledonia (Derville et al., 2019b). Whales were
approached with 6.30m long semi-inflatable boats pow-
ered by two outboard engines (60hp). For each group of
whales encountered, the date, time, location (GPS position),
group size and social context were recorded (Garrigue and
Derville, 2022). The demographic and social context was
noted, whether the whale was a singleton, member of a pair,
mother—calf alone, mother—calf and escort or member of a
competitive group. For competitive groups, the social role was
specified including nuclear animal, mother, principal escort,
challenger, secondary escort and unknown. The estimated
age class of each individual whale was also recorded using
three categories: adult, juvenile or calf (Garrigue and Derville,
2022). At the breeding grounds, calves are easily recognizable
as they remain in close contact with their mother and reach
a third to half of its length. (Clapham et al., 1999). Juveniles
form an intermediate age-class (>1 year old), defining sexu-
ally immature whales that are smaller in size than a sexually
mature, fully grown adult but larger than a calf. Juveniles have
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distinctive blurry patterns and colouring on the underside
of their fluke and may sometimes display a curious attitude
towards the boat (Garrigue and Derville, 2022).

Tissue samples were collected opportunistically from all
age and sex classes, including calves, as allowed by annual
research permits issued by the New Caledonian Government,
which limits encounters of mother calf pairs to 1 hour/day
(Garrigue and Derville, 2022). When mothers were biopsied,
biopsy attempts were made on the calf first to prevent a pos-
sible reaction from the mother, which may either have termi-
nated the encounter or made additional sampling more chal-
lenging (Garrigue and Derville, 2022). Samples were collected
using either a crossbow with modified bolts (Lambertsen,
1987) and 40 mm tips (CetaDart) or a modified 0.22 calibre
capture rifle with a detachable barrel and a valve to adjust
pressure in the chamber (Paxarms, Cheviot, New Zealand;
(Krutzen et al., 2002)) deployed from the small vessel from
a distance of 10-30 m targeting the area of the body in the
vicinity of the dorsal fin. Darts used with the rifle were made
from polycarbonate with stainless steel biopsy tips (6 mm
diameter and 14-20 mm long) and were fired using a blank
charge. Samples were stored whole on ice in the field and then
frozen at —20° C until used for analysis. Genomic DNA was
extracted from the skin portion of the biopsy sample to iden-
tify sex (Gilson et al., 1998) and individuals via microsatellite
genotyping (see Supplementary Material, Table S1) (Garrigue
et al.,2004; Pallin ez al., 2018a). When possible, photographs
were collected to help identify animals based on the dis-
tinctive patterns of the underside of their caudal fluke or
of their dorsal fin. Both photo-identification and genotyping
allowed individual identification of whales sampled as part
of this study. While sampling occurred opportunistically, it is
important to note that sampling is weather-dependent, and,
e.g. storms can greatly limit our ability to conduct adequate
and consistent sampling of wild populations. As a result, it
is important to mention that the demographic and seasonal
comparisons made throughout this study are strictly a result
of when the sampling was able to occur across the population.

Steroid hormones were extracted from the blubber portion
of the biopsy samples following standard methods (Kellar
et al., 2006;Pallin er al., 2018a ; Pallin, 2022). Only female
biopsy samples were analyzed as part of this study; however,
we did analyze five male samples from 2019 as reference.
These five samples were not included in any of the statistical
analyses. Briefly, to quantify hormone biomarkers, we sub-
sectioned a cross-sectional sample (~0.15 g) spanning from
the epidermis—blubber interface to the most internal layer of
the biopsy (~40 mm) to account for any depth variation in
concentrations (Trana et al., 2015). These sub-samples were
then homogenized multiple times using an automated bead
mill homogenizer (Bead Ruptor Elite, Omni International)
(Pallin, 2022). Following the completion of the homoge-
nization process, we isolated three target hormones (P4, T,
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Figure 1: Study area and sampling locations of female humpback whales in New Caledonia from 2016 to 2019 used in the reproductive
hormone analysis. Land is represented in black, and shallow reefs are represented in grey. The boxes delineate the south lagoon. Maps of land

and coral reefs provided by Andréfouét et al. (2004).

E2), using a series of 4:1 ethanol-acetone and ethyl ether
washes and evaporations separations (Kellar er al., 2006;
Pallin ez al., 2018a). Lastly, target hormones were separated
from the resulting lipid residue using a biphasic acetonitrile—
hexane separation (Pallin ef al., 2018a; Pallin, 2022). The
final hormone residue was stored at —20° C until analysis.

We quantified the amount of hormone in each blubber
extract with commercially available enzyme immunoassays
used extensively in similar studies (Riekkola et al., 2018;
Pallin et al., 2018a; Pallin et al., 2018b; Pallin, 2022). The P4
EIA kit (EIA kit 900-011, ENZO Life Sciences, Farmingdale,
NY, Enzo,2014) used in our study had a 100% reactivity with
P4 and an assay detection limit between 15 and 500 pg/ml.
Two additional standard dilutions were added to allow for
a lower detection limit of the standard curve to 3.81 pg/ml.
The T EIA kit (EIA kit 900-065, ENZO Life Sciences, Farm-
ingdale, NY, Enzo, 2015) used in our study had a 100%
reactivity with T and an assay detection limit between 2000
and 7.81 pg/ml. Three additional standard dilutions were
added to allow for a lower detection limit of the standard

curve to 0.975 pg/ml. The E2 high sensitivity EIA kit (EIA kit
900-174, ENZO Life Sciences, Farmingdale, NY, Enzo, 2022)
used in our study had a 100% reactivity with E2 and an assay
detection limit between 15.6 and 1000 pg/ml. One additional
standard dilution was added to allow for a lower detection
limit of the standard curve to 7.8 pg/ml. All samples were run
blind and in duplicate for all three hormones. For the assays,
extracts were further diluted and re-run if concentrations fell
beyond the detectability of the standard curve. Each assay was
evaluated for colour development using a Biotek plate reader
Epoch (GenS™ software [Biotek, USA]) with reading and
correction wavelengths of 405 nm and 630 nm, respectively.
Blubber hormone concentrations were then transformed into
nanograms of hormone per gram of blubber (wet mass).

As part of our routine quality control, we determined the
extraction efficiency by spiking subsamples of blubber from
a stranded, dead humpback whale with the target hormone
(Kellar et al., 2006; Pallin ef al., 2018a; Pallin, 2022) (150 ng
of P4, 5 ng of T and 10 ng of E2). The percentage of each
target hormone that was recovered after the extraction was
calculated and each sample concentration was adjusted to
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this efficiency before statistical analyses (Pallin ez al., 2018a;
Pallin, 2022). An extraction efficiency greater than 60% was
acceptable. If the extraction efficiency was less than 60%,
the sample extracts were discarded, and the blubber samples
were re-extracted. Additionally, we conducted parallelism and
accuracy tests to gauge the performance of humpback blubber
extracts with the T and E2 high sensitivity EIAK kits. This
was done by taking a serially diluted pool of sample extracts
and running them, along with the standard controls of the
assay, to determine whether the linear decrease in measured
values of the pooled sample was parallel to the standard curve.
This would indicate that the assay measures the same antigens
in the blubber as in the standards. Five extracts from five
individual whales were pooled together for each assay, and
the pooled sample concentrations were made by diluting five
times from the neat preparation to 1/32, decreasing each time
by a factor of two. Each dilution was run two times, and the
resulting curve of the concentrations as a function of the mean
optical density was compared to the standard curve. Proges-
terone parallelism for this species has been demonstrated by
our research group previously (Pallin et al., 2018a) and has
been extensively demonstrated elsewhere and as such was not
repeated in this study (Clark ez al., 2016; Mello et al., 2017).

All statistical analyses were performed in RStudio (2023.06.1
Build 524) (R Core Team, 2021). We removed all within-
year replicates from the data set to avoid re-sample bias
in our analyses of demographic variation in reproductive
hormones. In each case, the first sample was retained for
the analysis. We tested differences in female reproductive
hormones across demographic classes using an ANOVA and
used a post hoc Tukey’s Honest Significant Difference test
to check for specific differences among individual demo-
graphic groups. Correlations between steroid hormones and
between the same hormones measured in mother—calf pairs
were assessed using Pearson correlation. Yearly variation in
female blubber hormone concentrations can be found in the
Supplementary Material, Figure S1. Unless otherwise spec-
ified, all hormone values are reported as mean + standard
error (ng/g wet mass) and are also reported as per lipid mass
in the supplemental table. We visualized seasonal patterns
across ordinal days using hormone ratios and coloured lines
were fit to data points using a glm model with ordinal day
as a continuous covariate using the ggplot2 package in R
studio. The phenology of demographic groups was based
on dates in which individuals were sampled. Progesterone
concentrations were log transformed to reduce skewness and
improve normality which was assessed via visualization of the
Q-Q plot. We considered all statistical tests with a P-value
of <.0S5 significant. All values are expressed as mean =+ SD,
unless otherwise stated.

This study was carried out following the marine mammal
treatment guidelines of the Society for Marine Mammalogy.
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Fieldwork was undertaken under permits issued by the
authorities of New Caledonia (provinces i.e.., North N°s
60912-1247, -914, 60911-56 and South N°s 1105-2016,
899-2017,2220-2018, and Government i.e. N°s 2016-1391,
2017-1107, 2018-1391, 2018-283, 2019-1291/GNC). The
samples originating from outside U.S. jurisdiction were
exported/imported under the Convention on International
Trade in Endangered Species (CITES) permit numbers
FR1998800067-E and 18US690343/9.

Results

We analyzed 194 biopsy samples collected from female hump-
back whales (166 unique individuals, i.e. there were a total of
28 across season recaptures) in the waters of New Caledonia
over the course of four field seasons from 2016 to 2019 (2016
n=21,2017 n=84,2018 n=52,2019 n=37; Fig. 1). Efficacy
of hormone quantification varied across the three different
steroid hormones. E2 was quantified in all samples, followed
by P4 (99.5%) and T (98.5%).

Based on the concentrations observed from a series of
spiked controls, our average extraction efficiency for P4 was
94.84% £ 11.13 (minimum 69.06%, maximum 93.35%),
T was 80.09% +11.18 (minimum 63.68%, maximum
89.81%) and E2 was 82.41% 4+19.94 (minimum 68.12%,
maximum 90.29%). The EIA standards and the pooled
serially diluted blubber extracts for T (Fig. 2A and B) and
E2 (Fig. 2C and D) exhibited statistical parallelism and
high accuracy (T: R*=0.999, slope=1.007; E2: R*=0.986,
slope =1.038); an indication that the assays were measuring
the same antigens in the blubber as in the standards and
are, therefore, suitable for use with humpback whale blubber
tissues extracts. The calculated intra-assay and inter-assay
%CV from a series of replicated samples were 3.39% and
7.21% for P4, 8.79% and 11.82% for T and 8.81% and
10.80% for E2. These results are consistent with previous
studies on humpback whales (Mingramm et al., 2020).

Demographic variation in hormone concentrations across
all 194 female humpback whale biopsy samples can be
found in Table 1. We observed no significant differences in
the P4 (=0.027, F3147=2.549, P= 0.058) concentrations,
but observed significant differences in the T (#*=0.089,
F3167=6.466, P <0.001) and E2 (r*=0.115, F3147=8.429,
P <0.001) concentrations among the different demographic
groups (Fig.3). Calves had both the highest T and E2
concentrations across all demographic groups. A post hoc
multiple comparison analysis is depicted in Fig. 3.

We sampled a total of nine mother—calf pairs (one pair
did not have a complete set of progesterone values) over the
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Figure 2: Enzyme immunoassay (EIA) validations for blubber testosterone (A, B) and blubber 178-estradiol (C, D) extracted from blubber biopsy
samples in humpback whales. Serial dilutions of extracts (shaded squares) showed strong parallelism with the standards (open circles) of the
testosterone (A) and 17B-estradiol (C) EIA. Good accuracy was demonstrated by the positive linear relationship found in both assays.
Testosterone (B) concentrations against apparent concentrations in samples (R? = 0.999, slope = 1.007) and 17B-estradiol (D) concentrations
against apparent concentrations in samples (R? =0.986, slope = 1.038). Both tests indicate that each assay is measuring the same antigens in the
blubber as in the standards and is therefore suitable for use with humpback whale blubber tissues extracts.

course of this study and found no significant relationships
between their paired hormone concentrations (P4: r=0.476,
95% CI: —0.344 t0 0.884, P= 0.233; T: r=—0.500, 95% CI:
—0.8741t0 0.246,P=0.171; E2: r=—0.167,95% CI: —0.748
to 0.559, P=0.667; Fig. 4).

Across the 4 years of this study, non-mother adults tended to
be most abundant earlier in the sampling season (peak ordinal
day: 205, average ordinal day: 222, August 10), followed
by juvenile females (average ordinal day: 226, August 14)
and lastly mothers and their calves (average ordinal day:
233, August 21; Fig. 5). The early sampling season (first
20 days; July 16-Aug 7) was dominated by higher E2/P4

ratios. This was followed by a flipped ratio of higher P4/E2
concentrations in the middle of the season, then by a sec-
ond wave of higher E2/P4 ratios (Figs 6 and 7) later in
the season.

P4 and E2 were not correlated among female humpback
whales classified as non-mother adult (r=0.059, 95% CI:
—0.140 to 0.254, P= 0.562) and mothers (r=0.024, 95%
CI: —0.271 to 0.316, P= 0.874; Fig. 8), but were strongly
correlated among juvenile (r=0.819, 95% CI: 0.529-0.938,
P < 0.001) and calf humpback whales (r=0.878, 95%
CIL: 0.612-0.965, P <0.001. Similarly, P4 and T were not
correlated among female humpback whales classified as
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Figure 3: Demographic variation in blubber progesterone (A), testosterone (B), and 17p-estradiol (C) concentrations (ng/g wet mass) of
humpback whales sampled in New Caledonian waters from 2016 to 2019. The asterisk () denotes a comparative statistically significant result
via ANOVA. Post hoc multiple comparison analysis: a-significantly different from “Mother”; b-significantly different from “Non-mother Adult.”

non-mother adult (r=0.064, P= 0.530) and mothers
(r=0.039, P= 0.804; Fig. 8), but were strongly correlated
among juvenile (r=0.923, 95% CI: 0.779-0.974, P < 0.001)
and calf humpback whales (r=0.899, 95% CI: 0.72-0.972,
P <0.001. Conversely, E2 and T were strongly correlated in
all demographic groups of female humpback whales (non-
mother adult: 7=0.858, 95% CI: 0.795-0.902, P < 0.001;
mothers: r=0.794, 95% CI: 0.653-0.882, P <0.001;
juvenile: 7=0.861, 95% CI: 0.625-0.983, P < 0.001; calf:
r=0.768,95% CI: 0.348-0.931, P = 0.004; Fig. 8). Hormone

concentrations from the five control males are included as
reference in Fig. 8.

Discussion

The quantification and seasonal rates of change of reproduc-
tive hormones in cetaceans can provide valuable information
about the reproductive parameters and reproductive potential
of wild populations. To our knowledge, this is one of the first
investigations into the seasonal and demographic variation in
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Figure 4: Blubber steroid hormone (progesterone, testosterone, 17f-estradiol) correlations of female humpback whale mother-calf pairs
sampled in New Caledonian waters between 2016 and 2019. Note: one pair did not have measurable progesterone concentrations.

reproductive hormones of humpback whales on a Southern
Hemisphere breeding ground. Such information provides crit-
ical contextual data on how these hormones vary naturally
across a breeding season in a population of humpback whales
and provides a basis for future comparisons. This is especially
relevant as different demographic groups may have different
susceptibilities to perturbations in their environment.

We observed significant differences in steroid hormone con-
centrations across different demographic groups of female
humpback whales. The reproductive cycle in therian mam-
mals involves recurring physiological changes induced by
several reproductive hormones. During the follicular phase
of the estrous cycle the rapid growth of a dominant ovarian
follicle increases oestrogen (i.e. E2) production preparing
the endometrium for implantation (Pineda, 2003a). As well,
these high levels of E2 trigger the hyp