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This study encompasses a series of interrelated experiments regarding the appropriate handling of samples and
the interpretation ofmeasurements of estradiol (describedhere for thefirst time in cetacean blubber), progester-
one, and testosterone from both live and dead humpback whales. The experiments determined the effects on
hormone levels of the following parameters: the state of decomposition of the blubber, the location on the
body, the depth of the blubber layer, and the mass of the analyzed sample. The decomposition of carcasses for
up to six days (144 h) after death of the animal under natural conditions increased the levels of all three hor-
mones. The dorsal fin presented higher levels of testosterone than other locations. The outer layer of blubber
in decomposing samples exhibited higher values of progesterone and estradiol than themiddle and inner layers
and also exhibited a greater amount of extracted lipids. A lack of adjustment for relative volumes of extract and
solvent led to an inverse relationship between hormone level and samplemass; smaller samples (25–50mg) ex-
hibited higher levels of hormones than did larger ones (50–300 mg). Certain data adjustments are proposed to
minimize the effect of sample mass on hormone measurement, including the use of an alternative mass unit
(amount of extracted lipid). Themethodological approaches presented here contribute to the better standardiza-
tion of this emerging technique and thereby facilitate the comparison of hormone levels among different ceta-
cean populations and species.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Although the humpback whale is currently one of the most studied
cetacean species worldwide, few studies have examined the reproduc-
tive endocrinology of this species. The collection of biological matrices
commonly used to measure sex hormones in small cetaceans, such as
blood (Robeck et al., 2005, 2009) urine (Steinman et al., 2012), and
feces (Biancani et al., 2009; Kusuda et al., 2011), becomes logistically
very difficult in larger whales. Measurements of the fecal metabolites
cortisol and progesterone (Rolland et al., 2005; Hunt et al., 2006) have
been performed in northern rightwhales (Eubalaena glacialis), although
this technique is restricted to feeding areas, and the populations that
have been photographically identified are well known. Subcutaneous
blubber may be used for sampling and can be collected from both live
animals and carcasses. Recent studies have shown the viability of subcu-
taneous blubber for measuring progesterone in dolphin carcasses
(Kellar et al., 2006; Trego et al., 2013) and whale carcasses (Mansour
et al., 2002; Kellar et al., 2013), for measuring testosterone in dolphin
carcasses and biopsies (Kellar et al., 2009) and, more recently, for mea-
suring cortisol in beluga whale (Delphinapterus leucas) carcasses (Trana
et al., 2015). Very few studies have addressed the blubber hormone con-
centration of living great whales. To date, there is only one published
.

study on seasonal variation on blubber testosterone concentration of
32 humpback whales from the North Pacific (Vu et al., 2015). In addi-
tion, estradiol, an important indicator of ovarian activity in female ceta-
ceans (Fragalà et al., 2015), has not beenmeasured in the blubber of any
species of aquatic mammal.

Every year, dozens of humpback whale carcasses wash up on the
Brazilian coast (Marcondes, M.C.C., pers. comm.; Groch et al., 2012;
Moura et al., 2013). These carcasses represent a potentially enormous
source of information regarding the reproductive status of whales.
Most of these whale carcasses beach in a state of advanced decomposi-
tion, and the extent to which the state of decomposition of these sam-
ples affects the extraction of lipids and the accuracy of hormone
measurements derived from carcass samples is currently unknown.
Geraci and Lounsbury (2005) created body-condition codes for beached
marinemammals ranging from 1 (indicating live individuals) to 5 (indi-
cating mummified or skeletal remains only). These body-condition
codes were used to classify the carcasses used in this study.

The collection of blubber from live animals is usually performed re-
motely through biopsy, with the point at which the dart lands on the
whale being potentially quite variable (Noren andMocklin, 2012). Typ-
ically, the region struck is in the latero-superior portion of the body
from the dorsal fin nearly up to the peduncle (Gauthier and Sears,
1999). Blubber, an adipose tissue characteristic ofmarinemammals, dif-
fers from the adipose tissue of other classes of mammals mainly in that
it is rich in collagen and connective tissue (Iverson, 2002). The amount
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of lipid present in blubber adipocytes is known to vary among the outer,
middle, and inner layers in several cetacean species (Iverson, 2002), in-
cluding humpback whales (Waugh et al., 2014). In addition, blubber
samples of the same volume can contain different amounts of lipid de-
pending on the nutritional or reproductive status of the whale (Miller
et al., 2011).

The average amount of blubber obtained using a small biopsy dart is
150mg (Kellar et al., 2006). Nevertheless, the size of the blubber sample
collected using larger stainless steel collection tips (9 × 50 mm) is ex-
tremely variable; the angle, speed and distance atwhich the dart strikes
the whale are some of the variables that affect the amount of material
collected (Noren and Mocklin, 2012). In addition, a single sample can
be used in multiple areas of inquiry, such as research on pollutants
(Waugh et al., 2014), diet (Borobia et al., 1995), and trophic ecology
(Budge et al., 2006). In such studies, knowledge of whether sample
mass can affect the final results is essential for correct physiological
interpretation.

When dealing with non-conventional matrices, a series of tests
should be conducted to eliminate bias and “noise” in hormone extrac-
tion and measurement. Not only storage time and the type of solution
used for extraction but also the initial treatment and handling of the
samples may affect the final results (Kalbitzer and Heistermann, 2013;
Khan et al., 2002). For example, fecal samples that are freeze-dried at
−20 °C prior to lyophilization yield better results than those subjected
to other treatments (Lynch et al., 2003; Terio et al., 2002). Regarding
blubber samples, themass unit used, i.e., g of raw sample or g of extract-
ed lipid, may affect the final results and the interpretation of the hor-
mone measurements.

Based on the above information, this study sought to evaluate
whether humpbackwhale blubber from carcasses and live animals is vi-
able for themeasurement of three sex steroids (progesterone, estradiol,
and testosterone), whether the state of decomposition of the carcass af-
fects hormone levels, whether different regions of the body contain dif-
ferent concentrations of hormones, whether the depth of blubber
collection affects the measured hormone levels, and whether the mass
of the sample affects the final result of a measurement.

2. Materials and methods

Four different interrelated pilot experiments were conducted to ex-
amine potential trends regarding whether the following conditions can
affect the measured concentrations of progesterone, estradiol, and tes-
tosterone per g of (raw) blubber: 1 - the state of decomposition of the
sample (carcass samples); 2 - the region of the body from which the
sample was collected (carcass samples); 3 - the depth of sample collec-
tion (carcass samples); and 4 - the mass of the sample (carcass and bi-
opsy samples).

2.1. Animals

In experiment 1, blubber samples from a recently (~2 h) dead male
humpback whale calf were used. In experiments 2 and 3, samples from
two humpback whale male calves, also recently dead, were taken. The
samples for experiment 4 were five samples from carcasses in different
states of decomposition and biopsies from live humpbackwhales, as de-
scribed below. The animal carcasses included two male calves, an adult
female, and two adult males classified according to the decomposition
scale of Geraci and Lounsbury (2005) as 2 (freshly dead), 4, 4, 4 (ad-
vanced decomposition), and 2 (freshly dead), respectively (see decom-
position effect).

The carcasses were recovered on the coast of Brazil in the region
south of Bahia and north of Espírito Santo between coordinates
16°09 ̕’S, 38°56′W and 19°51′S, 40°04′W in July and September of
2011 and 2013 (Fig. 1). In total, eight biopsies were obtained from six
adult males, a juvenile female and a juvenile male and were collected
in October 2012 near the Abrolhos Marine National Park (17°49′S,
38°49′W), the site with the highest concentration of humpback whales
in the western South Atlantic Ocean (Zerbini et al., 2004) (Fig. 1).

All samples were kept frozen at −20 °C from the time of collection
until extraction. All of the samples weighed 100–150 mg, with the ex-
ception of those used in the sample-mass experiment. Epidermal tissue
was removed before weighing.
2.1.1. Decomposition effect
The objective of the first experimentwas to investigate the extent to

which it is possible to collect and measure samples from a whale when
the carcass has already begun to decompose. Thus, the exposure of a
whale carcass to environmental weathering over a six-day period was
simulated, while the air temperature was continuously monitored
with a digital thermometer. A piece of blubber (approx. 30 × 30 cm)
from a recently dead male calf beached in Prado, Bahia on September
30, 2013, was collected and placed in an empty, upside-down, ventilat-
ed plastic box such that the piece of blubber was in direct contact with
the sand and protected against scavengers. Sub-samples were collected
from the original sample throughout the six-day period (day zero to day
six), and their physical attributes, including color, smell, and thickness,
were measured and recorded.

Sample-state descriptions and sample classifications according to
Geraci and Lounsbury (2005) can be found in Table 1. The classification
metric is as follows: 1 - alive; 2 - freshly dead; 3 - decomposed but with
organs basically intact; 4 - advanced decomposition (i.e., organs not
recognizable, carcass intact); and 5 - mummified or skeletal remains
only. The colors described in the table represent the shallowest layer
of the sample. When cut more deeply, the blubber layer had a singular
light-pink tint, regardless of the day of collection (Figs. 2A, 3B and 3C).
The outer, middle and inner layers were not macroscopically
distinguishable.

Given the limited number of fresh carcasses used in this experiment,
the statistical analysismayhave lowpower, although some trends could
be clearly observed through graphical representation.
2.1.2. Body location effect
In the second experiment, samples were collected from eight differ-

ent regions of the dorsum of two recently dead male calves to simulate
collections performed using a crossbow in biopsies of live animals. The
objective was to test whether significant differences in concentrations
of progesterone, estradiol, and T are observed depending on the region
of the body from which the sample was collected. One of the animals
beached at Barra do Riacho, Espírito Santo (ES) on September 8, 2013.
The second animal used in this experiment is the same calf used in ex-
periment 1 (decomposition effect). Each sample location was identified
by color; at each body location, the outer, middle and inner layers were
collected.
2.1.3. Layer effect
Samples from the animals in experiments 1 and 2 were used to test

whether there is variation in hormone concentrations depending on the
depth of blubber collection. Sixteen pieces of blubber from different
body locations (as in experiment 1) were cross-sectioned such that
the layers were proportionally spaced between skin and muscle. A
total of 48 samples were collected, 16 from the outer layer (close to
the skin), 16 from the middle layer, and 16 from the inner layer (close
to themuscle layer), eachweighing approximately 150mg. Each sample
was sectioned into small pieces (approximately 25 mg) to facilitate
homogenization.

Comparisons among the layers were performed in two distinct
ways. First, the outer, middle, and inner layers were compared across
days. Second, the outer, middle, and inner layers were compared
among the different regions of the body. Again, the statistical power of
these results may be low due to the small number of samples analyzed.



Fig. 1. Geographic distribution of the blubber samples collected from carcasses and live humpback whales in experiments 1, 2, 3, and 4: 2011–2013, Brazil.
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2.1.4. Sample-mass effect
Samples of carcasses and biopsies were sectioned into progressively

smaller pieces and grouped by size class: 25–50 mg, 50–100 mg, 100–
150 mg, and 150–300 mg for carcasses; and 25–50 mg, 50–100 mg,
100–150mg, and 150–200mg for biopsies. The samples collected via bi-
opsy contained approximately 1 cm of skin and 3 cm of adipose tissue.
The carcass samples were sectioned to approximate this size, i.e., so
that they included tissue up to 4 cm below the skin. After separation
of the samples into groups according to mass, all of the samples were
sectioned, while still frozen, into small pieces of approximately 25 mg
to optimize the homogenization process and the subsequent extraction
of hormones.

It has been hypothesized that homogenization might be more effi-
cient in smaller samples and therefore that extraction from smaller
samples may yield proportionally more hormone. Therefore, the corre-
lation between themass of the biopsy sample and themass of extracted
lipids was assessed.

All of the samples in this experiment are derived from the outer
layer of an adult whale because the mean thickness of the blubber
layer in the dorsal region of an adult humpback whale is approximately
15 cm,whereas that of a juvenilewhale is approximately 9 cm (Ackman
et al., 1975).
Table 1
Grossmorphological changes in humpbackwhale blubber during six days of decomposition.

Day
Time after
death (h)

Thickness
(cm) Color Skin

Temp

Code⁎min-max (°C)

0 2 3.2 Light yellow Attached 26.6 2
1 26 3 Light yellow Attached 19.8–31.8 2
2 50 2.6 Yellow Attached 21.4–33.9 3
3 74 2.5 Dark yellow Attached 22.8–36.2 3
4 98 2.5 Yellow/orange Attached 23.8–35.1 3
5 122 1.8 Orange Separated 23.4–35.1 4
6 146 1.8 Orange/brown Separated 21.8–40.4 4

⁎ Decomposition scale described by Geraci and Lounsbury (2005).
2.1.5. Hormonal extraction
Hormonal extraction was based on the method described by Kellar

et al. (2006), with somemodifications. The samples were homogenized
five times in an Omni Bead Ruptor (Omni International, Kennesaw, GA,
USA) device at a speed of 5.5 m/s at intervals of 45 s in 1 mL of ethanol
and with 0.7 mm Garnet Beads Bulk (Omni International, Kennesaw,
GA, USA). After this solution was transferred to a new tube without
beads, 2 mL of 4:1 ethanol:acetone solution was added to the tube,
and the sample was vortexed for 7 min at 2200 rpm. The solution was
then centrifuged for 15 min, and the supernatant was transferred to a
new tube. An importantmodification to the Kellar et al. (2006) protocol
was weighing of the empty tubes to which the previously described so-
lution was transferred. After they were dried by airflow in a hot water
bath (45 °C), the tubes were weighed again, and the amount of lipid ex-
tractedwas calculated by subtraction of thefirstweight from the second
weight. At this time, a drop of lipid could be observed at the bottom of
the tube. After this stage, 2 mL of ether was added to the tube, and the
tube was then vortexed for 7 min at 2500 rpm. The solution was centri-
fuged for 15 min, and the supernatant was transferred to a new tube.
After the supernatant was dried by airflow, the residue was resuspend-
ed in 1mLof acetonitrile and vortexed for 7min at 2500 rpm.Next, 1mL
of hexanewas added to the tube, whichwas again vortexed for 7min at
2000 rpm and centrifuged for 15min. The acetonitrile layerwas aspirat-
ed into a new tube, and the vortexing and centrifugation steps were re-
peated with an additional 1 mL of hexane. The final portion of
acetonitrile was transferred to a new tube and evaporated by airflow
in a hot water bath (45 °C). The final extract was frozen at −20 °C
until hormone measurement.
2.1.6. Hormone analysis
For the measurement of testosterone, extracts of the samples were

suspended in 500 μL of PBS one hour prior to beginning the assay.
After vortexing for 30 min, 250 μL of this volume was added to an addi-
tional 250 μL of PBS for themeasurement of estradiol and progesterone.
Some samples required further dilution in 2000 μL of PBS to be within
the range of the standard curve provided with the progesterone kit.



Fig. 2. Blubber sub-samples collected on day 0, 2 and 6, respectively, from a carcass of a
recently dead male calf beached in Prado, Bahia (17° 20′ S; 39° 13′ W) – 2013.
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The levels of the three hormones were measured using commercial-
ly available enzyme immunoassay kits from Enzo Life Sciences
(Farmingdale, NY, USA). These kits were selected because, among the
commercially available kits, they performed best when tested for use
in hormone measurements in dolphins and whales (Kellar et al., 2013;
Trego et al., 2013). The manufacturer's protocols provided with the
kits were followed without modification. Total activity, zero samples
and blank samples were included in all plates. All samples, standards
and controls were assayed in duplicate. Samples that exhibited results
with CV N 12% were extracted and measured again. A pool of samples
with low hormone concentrations was measured at the end of all of
the plates. Samples that fell outside the range of the standard curve
were diluted appropriately – up to eight times for progesterone (1:8)
and two times for testosterone (1:2) – and assayed again.

According to themanufacturer, the sensitivities of the assays for pro-
gesterone, testosterone and estradiol are 8.57 pg/mL, 2.6 pg/mL and
14.0 pg/mL, respectively, and the limits of the detection curves are
15.62–500 pg/mL for progesterone, 3.9–1000 pg/mL for testosterone
and 15.6–1000 pg/mL for estradiol. The cross-reactions of the progester-
one kit are given as 100% for progesterone and 5α-pregnane-3,20-
dione, 3.46% for 17-OH-progesterone, and 1.43% for 5-pregnen-3β-ol-
20-one. The cross-reactions of the testosterone kit are given as 16.4%
for androstenedione, 7.6% for 19-hydroxytestosterone, and 2.7% for di-
hydrotestosterone, whereas for the estradiol kit, these values are
17.8% for estrone and 0.9% for estriol. The intra-assay coefficients of var-
iation were 7.6–4.9% for progesterone, 2.3–4.1% for testosterone, and
2.1–5.7% for estradiol. The inter-assay coefficients of variation were
2.7–6.8% for progesterone, 7.4–10.2% for testosterone, and 8.3–14.2%
for estradiol.

2.1.7. Parallelism, controls and efficiency of extraction
The quality and accuracy of the hormone assays were tested using a

series of analyses, as described below.
A parallelism test was performed by progressively diluting two

pooled samples in the same proportion as the dilution of the points of
the standard curves of the kits (a factor of two for progesterone and es-
tradiol and a factor of four for testosterone). The F test was employed to
evaluate the parallelism between the kit's standard curve and the data
obtained using the diluted pools in assays for the three hormones (pro-
gesterone, testosterone and estradiol). The accuracy of the assay was
tested by using the pooled samples to spike a set of standards at
known concentrations.

The efficiency of extraction, which tested the effect of the sample
matrix on hormone measurement, was measured by adding known
quantities of hormones obtained by diluting the kit standards to sub-
samples obtained from the single samples. Immediately prior to extrac-
tion, 0, 25, or 50 ng of progesterone, 0, 12.5, or 25 ng of testosterone, or
0, 12.5 or 25 ng of estradiol was added to each subsample. After the
plates were read, the efficiency of extraction was determined by
subtracting the results obtained from unspiked samples from those
obtained from spiked samples and dividing by the initial amount of hor-
mone added. Although this method of testing hormone extraction
efficiency is not as accurate as the use of radiolabeled hormones,
itmay provide reasonable resultswhen good assay accuracy is achieved.

2.1.8. Statistical analysis
The Kolmogorov-Smirnov test was used to assess deviations from

normality, and Levene's test was used to assess the homoscedasticity
of the sample variances. Analyses that involved the comparison of
three or more means were performed using one-way ANOVA in the
case of homoscedastic samples and using the Kruskal-Wallis test for
non-homoscedastic samples. The ANOVA or Kruskal-Wallis test was
followed by a post-hoc Tukey test. Repeated-measures ANOVA was
used to compare hormone measurement over days. An F-test tested
the parallelism among diluted sample pools and the standard curves
of the kits, and accuracy was checked by regression analysis, comparing
the slope of the expected and observed doses.

All statistical comparisons in this study were considered significant
at P ≤ 0.05. Dispersion plots and some simple regression analyses were
prepared using Microsoft Excel®. All statistical analyses were per-
formed using Statistica version 7.0 (StatSoft®, Tulsa, OK, USA).

3. Results

Estradiol was successfully measured in samples from the blubber
layer of humpback whales.

3.1. Parallelism, controls and efficiency of extraction

The inter-assay %CV of the poolswas 7.01% for progesterone, 6.4% for
testosterone and 7.27% for estradiol. The average intra-assay %CV was
4.4% for progesterone, 3.53% for estradiol, and 2.2% for testosterone.
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Fig. 3. Validation results for progesterone, testosterone and estradiol for blubber samples from humpback whales. Parallelism tests for progesterone, testosterone and estradiol (A, C and
E); and accuracy tests for progesterone, testosterone and estradiol (B, D and F).
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The estradiol assay presented excellent parallelism (F1,5= 0.96; p=
0.49); the progesterone and testosterone assays yielded slightly imper-
fect parallel curves, but their parallelismwas still good (F1,5 = 3.76, p=
0.12 and F1,5=2.26, p=0.26, respectively). These results indicated that
the substances measured were most likely the hormones of interest
(Fig. 3).

The accuracy test showed a positive linear relationship between the
observed and expected doses for estradiol; a slope of approximately 1.0
was observed. Acceptable accuracy was found for testosterone (slope,
0.79), and poor accuracy was found for progesterone (slope, 0.51)
(Fig. 3). The progesterone and testosterone accuracy graphs showed a
non-linear pattern in which the slope was greater/better at low hor-
mone concentrations. Most of the samples had low progesterone and
testosterone levels and fell in the concentration range inwhich accuracy
is good. Of the tested samples, 71% contained ≤200 ng/mL of progester-
one, and 88% contained ≤150 ng/mL of testosterone.

The mean efficiency of extraction was 76% for progesterone, 91% for
testosterone, and 61% for estradiol. The low accuracy of the progester-
one assay might have interfered with calculation of the extraction
efficiency.

3.2. Decomposition effect

Each of the three hormones shows a distinct trend of increasing over
time (Fig. 5B), although statistical significance was not reached
(F(6,12) = 1.58, p = 0.24 for progesterone, F(6,12) = 2.91, p = 0.05
for testosterone, and F(6,12) = 1.41, p = 0.29 for estradiol).

3.3. Body location

The dorsal fin exhibited higher concentrations of testosterone than
the other locations tested (F = 2.47; p = 0.04) (Fig. 4). The concentra-
tions of progesterone and estradiol did not differ significantly among
the regions sampled (data not shown).
3.4. Layer effect

3.4.1. Layer effect in decomposing samples
When comparing the hormone concentrations measured in the

outer, middle, and inner layers of the samples on days 0 to 6, the
outer layer exhibited significantly higher concentrations of progester-
one (F(2,18) = 17.25, p = 0.00007) and estradiol (F(2,18) = 3.8816,
p = 0.04) than the other layers (Fig. 5A). To consider a possible effect
of the efficiency of lipid extraction on this result (that is, whether
more complete extraction of lipids contributed directly to themeasured
hormone levels), an analysis of variance comparing the amount of lipid
extracted from the outer, middle and inner layers was performed. The
outermost layer yielded the greatest amount of extracted lipid (p =
0.04), with the difference particularly evident from day two onward
(Fig. 5B). No statistical analysis involving days and layers together was
performed, although each of the three hormones showed a distinct
trend of increasing over time (Fig. 5B).
3.4.2. Layer effect in fresh carcasses
When the outer,middle, and inner layers of blubber from the two re-

cently beached calves were compared, no differences among the layers
were observed for any of the hormones evaluated or for any of the sam-
ples utilized: progesterone, ng/g: F(2,41) = 1.69, p = 0.19; testoster-
one, ng/g: F(2,33) = 2.81, p = 0.07; estradiol, ng/g: F(2,27) = 1.29,
p = 0.29.
3.5. Sample mass

3.5.1. Sample mass in decomposing carcasses
Themeasured levels of the hormones per g of blubber increased sig-

nificantly as the sizes of the samples from the carcasses decreased (Fig.
6).



Fig. 4. Testosterone concentration in eight different sites of the body of two male calves. Three samples from the outer, middle, and inner layers at each point were used. * Mean
significantly higher than other locations.
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3.5.2. Sample mass in fresh carcasses
In the carcass samples, as well, the concentration of hormones in-

creased significantly as the size of the biopsy sample decreased (Fig.
7A). Although Fig. 7A shows a clear trend toward higher values of pro-
gesterone in smaller samples, no significant difference among the sam-
ple-mass classes was observed. For estradiol and testosterone, the size
class 25–50 mg yielded a significantly higher mean than the others
did: testosterone, ng/g: F(3,20) = 4.02, p = 0.02; estradiol, ng/g:
F(3,20) = 26.07, p = 0.0000004 (Fig. 7).

Fig. 8 shows a direct and significant relationship between sample
mass and the mass of extracted lipids. That is, smaller samples yielded
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progesterone ng/g lipid: F(3,20) = 0.883, p = 0.47; testosterone ng/g
lipid: F(3,28) = 0.84, p = 0.49; estradiol ng/g lipid: F(3,20) = 1.80,
p = 0.18 (Fig. 7B).

4. Discussion

The determination of the reproductive status of cetaceans can pro-
vide valuable information regarding the reproductive parameters of
populations. The collection and examination of the gonads of beached
animals is an efficient method of studying reproductive biology, espe-
cially in small cetaceans (Urian et al., 1996; Westgate and Read, 2006).
Still, the size of the animal, its state of decomposition, and the beaching
site do not always permit a complete necropsy during which such ma-
terial can be collected or observed. Blubber proved to be a reliable
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matrix for use in the measurement of reproductive steroid hormones
from carcasses and free-ranging humpback whales, although some ad-
justments may be necessary to properly measure and interpret the re-
sults. Care should be taken to consider the body site of blubber
collection, the blubber depth and the mass of the sample. Decomposed
samples of carcasses may yield higher hormone levels after three days
of stranding at tropical sites (temperature 19.8–40.4 °C).

Estradiol is an important indicator of ovarian activity and sexualma-
turity in female mammals (Senger, 2003). This is the first report of the
measurement of estradiol from the blubber of aquatic mammals. Sea-
sonal variations, such as an increase in the serum concentration of this
hormone, have been correlated with estrus and with implantation in
California sea lions (Zalophus californianus) (Greig et al., 2007). Seasonal
oscillations in conjugated urinary estrogens are also found in belugas
(Robeck et al., 2010) and Pacific white-sided dolphins (Lagenorhynchus
obliquidens) in captivity (Robeck et al., 2009). In this study, estradiol
was measured in humpback whale blubber extracts using an enzyme
immunoassay technique for both carcass and biopsy samples, demon-
strating the feasibility of extracting and measuring this hormone as a
potential tool in the endocrine monitoring of humpback whales.

The best assay validationwas found formeasurements of estradiol in
blubber, followed by testosterone and then progesterone. Higher accu-
racy was found at lower concentrations of the three hormones; this
finding was particularly important for progesterone validation because
the overall accuracy of progesterone measurement was poor. Although
a non-parametric test is commonly used when these conditions apply,
here parametric tests were used for this measurement because most
of the progesterone measurements yielded values of b200 ng/g.

Every year, hundreds of whale carcasses in various states of decom-
positionwash up onbeaches (Cole et al., 2005;Moore et al., 2005;Wiley
et al., 1995). Theblubber layer,which is almost always present, is poten-
tially rich in information, although the maximal amount of decomposi-
tion that still permits the use of this material for various analyses,
including hormone measurements, remains unknown. Kellar et al.
(2006) reported that for up to 52 h at 22 °C, the state of decomposition
did not significantly affect the progesterone concentration in a
Lissodelphis borealis female. When the fat (blubber) of beluga whales
in several states of decomposition was analyzed, increasing decomposi-
tion was observed to decrease the cortisol concentration (Trana et al.,
2015). The preliminary experiments in this study demonstrated that
up to 146 h postmortem, after exposure to temperatures between
19.8 and 40.4 °C, decomposing blubber of humpback whale carcasses
(code 4 according to Geraci and Lounsbury, 2005) showed apparent in-
creases in the levels of progesterone, testosterone and estradiol. Under
some conditions, decomposing tissues might release more steroid hor-
mones than fresh tissues, as has been observed for fecal metabolites in
primates (Khan et al., 2002; Lynch et al., 2003) and cheetahs (Terio et
al., 2002). Additionally, the loss of water from decomposing blubber, es-
pecially in the outer layer,may have increased the percentage of lipid by
weight and consequently the amount of hormone (ng) per sample (g).
It is important to note that the low statistical power of these preliminary
results, due to the small number of samples analyzed, showed only a po-
tential upward trend over time. In the future, the use of a more robust
sample size is recommended to generate more accurate information.

Although the stranding of humpback whale carcasses on the Brazil-
ian coast is quite common during the breeding period, a large majority
of these carcasses are decomposed carcasses of calves (Moura et al.,
2013). The absence of fresh adult carcasses stranded during the study
period prevented the comparison of the hormone concentrations from
different locations in the bodies of sexually mature individuals. As
with some species of dolphins, the dorsalfin of the humpbackwhale ex-
hibited testosterone concentrations that differed from those of adipose
tissue. In contrast toDelphinus delphis, in which testosterone is less con-
centrated in the dorsal fin (Kellar et al., 2009), the dorsal fin of hump-
back whales exhibited higher concentrations of testosterone than did
the rest of the body. The reasons for this difference are not clear. It
may be that more blood is present in tissue that is still developing, lead-
ing to increased hormone levels; alternatively, there may be a direct ef-
fect of the biological matrix on the extraction process. In any case, the
dorsalfin should be avoidedwhen performing biopsies for themeasure-
ment of sex hormones in wild populations.

The blubber layer fromwhich collection is performedmay affect the
final results of hormonemeasurements in humpbackwhale calves. This
trend was most evident for samples in the most advanced state of de-
composition. In recently dead animals, hormone concentrations did
not differ significantly among the outer, middle, and inner layers of
the blubber. Still, in decomposing animals, the outer layer of blubber
showed higher concentrations of progesterone and estradiol, most like-
ly due to greater efficiency of extraction of lipids from this layer in
decomposed samples. It is possible that the collagen and elastic fibers
of the decomposing blubber “release” adipocytes with greater ease dur-
ing homogenization, thereby increasing the amount of available hor-
mones. In addition, the loss of water due to sample dehydration might
have an important effect on this phenomenon. Storage of samples at
room temperature was found to increase fecal testosterone metabolite
levels in the feces of giant pandas (Ailuropoda melanoleuca) after 36 h
and to increase the levels of fecal progesterone, estradiol, cortisol me-
tabolites, and progesterone after 24 h (Deng et al., 2014). In samples
of baboon (Papio cynocephalus) feces stored in 95% ethanol at ambient
temperature, estrogen and glucocorticoid metabolites increased by
122% and 92% after 90 and 120 days, respectively (Khan et al., 2002).

Because fresh blubber samples frommature individuals could not be
accessed for comparison, the results presented here regarding blubber
depth should be interpreted with caution. Little is known about how
the incorporation and depletion rates of hormones are affected by blub-
ber depth, and rates likely vary among life stages and seasons (Trana et
al., 2015). Species-specific variation is also possible; Trana et al. (2015)
found that the cortisol level in the inner blubber layer of belugas was
higher than that in other species.

Themass of the sample significantly affected the hormonemeasure-
ments. Contrary to expectation, there was an inverse relationship be-
tween sample weight and measured hormone level. Given the
number of studies on cetaceans that use blubber as a data source (for
example, studies on pollutants (Aguilar and Borrell, 1991), diet
(Hooker et al., 2001), and morphology (Montie et al., 2008) and given
the limited numbers of samples collected via biopsy, it is often necessary
to split the sample among groups of researchers. Knowledge of the ideal
samplemass and how different sizes can affect the results is fundamen-
tal to correctly interpreting the data.

In this study, samples of lower weight tended to exhibit higher hor-
mone levels, indicating an inverse relationship between sample mass
and hormone levels. Samples weighing 25–50 mg displayed consider-
ably higher hormone concentrations than other sample-mass classes.
A similar phenomenonwas observed (Hayward et al., 2010) in themea-
surement of avian fecal hormone metabolites, i.e., the use of smaller
sample masses resulted in higher apparent hormone concentrations.
Apparently, hormone measurement varies according to the ratio of
fecal sample mass to extraction-solvent volume (in this case, ethanol)
(Wasser et al., 2010). Solvent saturationmight explain why larger blub-
ber samples yielded lower hormone concentrations. It is therefore rec-
ommended that further analysis using different blubber sample
masses and different extraction-solvent volumes be performed. Further
investigation is especially important because this phenomenon is likely
to occur across multiple sample types and across many taxa.

Meanwhile, the percentage of lipid extracted from smaller samples
was proportionally higher than the percentage extracted from larger
samples. Importantly, the amount of lipid reported herein refers to the
amount extracted following the protocol described by Kellar et al.
(2006) with modifications and does not necessarily represent all of
the lipid contained in the sample. The difference in lipid extraction not
only showed that the homogenization process can bemore or less effec-
tive depending on the mass of the sample when a fixed/non-variable
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extraction-solvent volume is used but also indicated that, under the ex-
traction conditions used, the mass of the sample has a direct influence
on the hormone concentration results. Interestingly, when extracted
lipid was used as the mass unit, there was no difference in hormone
concentration with sample size. It is likely that the substantial variation
in the extraction efficiency of lipids from larger samples lowered the
statistical power of the analysis, and the absence of significant differ-
ences might not simply be a result of mitigation of the sample-mass ef-
fect. The correction of the ratio of extraction-solvent volume to the
sample mass might decrease this variation. In fact, the measurement
of steroid hormone per mass of extracted lipid proved to be reliable.
The latter method might offer an alternative when samples of variable
sizes must be used, as long as the correct proportion of sample mass
to solvent volume is employed.

Whenever possible, all processed samples should be similar in
size. Otherwise, statistical verification of potential differences in hor-
mone measurement as a function of sample mass should be
performed.

5. Conclusions

The results presented here not only show the feasibility of using
humpback whale blubber for reproductive steroid measurements but
also describe methodological approaches that can be combined to pro-
ducemore uniformdata collection and analysis among cetacean species.
Estradiol can be successfully extracted and measured from humpback
whale blubber. Hormone measurement from carcasses maintained
under natural environmental conditions for up to six days showed in-
creasing trends in the levels of all three hormones. The dorsal fin
showed higher levels of testosterone than other body locations and
should be avoided as a sampling site. The outer, middle and inner
layers of blubber can yield different hormone concentrations, espe-
cially in decomposing animals. The outer layer showed significantly
higher values of progesterone and estradiol and also yielded a great-
er amount of extracted lipids than the other two layers. An inverse
relationship between hormone level and sample mass was observed,
and lipids were extracted more efficiently from smaller samples. Ap-
parently, homogenization was more efficient in smaller samples
when the extraction-solvent volume was not adjusted according to
the size of the sample. Future studies might be necessary to evaluate
the effects on hormone measurement of increasing the number of
rounds of homogenization for larger samples (N75 mg) and of
adjusting the ratio of extraction-solvent volume to sample mass to
avoid solvent saturation. Samples of similar size (preferably between
25 and 75mg) should be collected from the same blubber layer to re-
duce the effects of mass and origin on hormone measurements. The
collection of blubber for the determination of hormone levels in car-
casses and live animals may be an effective method for determining
the reproductive stage of whales using a relatively simple collection
technique.

Acknowledgments

We would like to thank Fundação de Amparo à Pesquisa do Estado
de São Paulo (FAPESP) for scholarship (Process 2011/12209-6) and fel-
lowship (Process 2011/11050-3) supplies. Projeto Baleia Jubarte is
sponsored by Petroleo Brasileiro S.A. (Petrobras). Biopsies samples
were collected under license SISBIO 21489-3. Samples of stranded ani-
mals were collected under license SISBIO 13303-5. We thank Daniel
Previattelli for his assistance in map confection. [SS]

References

Ackman, R.G., Hingley, J.H., Eaton, C.A., Sipos, J.C., Mitchell, E.D., 1975. Blubber fat deposi-
tion in mysticeti whales. Can. J. Zool. 53, 1332–1339. http://dx.doi.org/10.1139/z75-
158.
Aguilar, A., Borrell, A., 1991. Heterogeneous distribution of organochlorine contaminants
in the blubber of baleen whales: implications for sampling procedures. Mar. Environ.
Res. 31, 275–286. http://dx.doi.org/10.1016/0141-1136(91)90017-3.

Biancani, B., Da Dalt, L., Lacave, G., Romagnoli, S., Gabai, G., 2009. Measuring fecal proges-
togens as a tool to monitor reproductive activity in captive female bottlenose dol-
phins (Tursiops truncatus). Theriogenology 72, 1282–1292. http://dx.doi.org/10.
1016/j.theriogenology.2009.07.025.

Borobia, M., Gearing, P., Simard, Y., Gearing, J.N., Béland, P., 1995. Blubber fatty acids of
finback and humpback whales from the Gulf of St. Lawrence. Mar. Biol. 16–18.

Budge, S.M., Iverson, S.J., Koopman, H.N., 2006. Studying trophic ecology in marine eco-
systems using fatty acids: a primer on analysis and interpretation. Mar. Mammal
Sci. 22, 759–801. http://dx.doi.org/10.1111/j.1748-7692.2006.00079.x.

Cole, T.V.N., Hartley, D.L., Merrick, R.L., 2005. Mortality and serious injury determinations
for large whale stocks along the eastern seaboard of the United States, 1999–2003.
Fish. 1–20.

Deng, H., Liu, S., Jin, X., Ge, X., He, L., Gang, L., Defu, H., 2014. Research on methods of pre-
serving fecal steroid hormones in giant panda (Ailuropoda melanoleuca). NW J. Zool.
10, 210–216.

Fragalà, S., Medica, P., Grande, F., Vazzana, I., Fazio, E., 2015. Evaluation of seasonal chang-
es of serum and plasma estradiol-17β, progesterone and testosterone in dolphins
(Tursiops truncatus) by chemiluminescence. Vet. World 8, 977–982. http://dx.doi.
org/10.14202/vetworld.2015.977-982.

Gauthier, J., Sears, R., 1999. Behavioral response of four species of Balaenopterid whales to
biopsy sampling. Mar. Mamm. Sci. 15, 85–101. http://dx.doi.org/10.1111/j.1748-
7692.1999.tb00783.x.

Geraci, J.R., Lounsbury, V.J., 2005. Marine Mammals Ashore: A Field Guide for Strandings.
second ed. National Aquarium in Baltimore, Baltimore, Maryland.

Greig, D.J., Mashburn, K.L., Rutishauser, M., Gulland, F.M.D., Williams, T.M., Atkinson, S.,
2007. Seasonal changes in circulating progesterone and estrogen concentrations in
the California Sea lion (Zalophus californianus). J. Mammal. 88, 67–72. http://dx.doi.
org/10.1644/06-MAMM-A-060R2.1.

Groch, K.R., Marcondes, M.C.C., Colosio, A.C., Catão-Dias, J.L., 2012. Skeletal abnormalities
in humpback whales Megaptera novaeangliae stranded in the Brazilian breeding
ground. Dis. Aquat. Org. 101, 145–158. http://dx.doi.org/10.3354/dao02518.

Hayward, L.S., Booth, R.K., Wasser, S.K., 2010. Eliminating the artificial effect of sample
mass on avian fecal hormone metabolite concentration. Gen. Comp. Endocrinol.
169, 117–122. http://dx.doi.org/10.1016/j.ygcen.2010.08.004.

Hooker, S.K., Iverson, S.J., Ostrom, P., Smith, S.C., 2001. Diet of northern bottlenose whales
inferred from fatty-acid and stable-isotope analyses of biopsy samples. Can. J. Zool.
79, 1442–1454. http://dx.doi.org/10.1139/cjz-79-8-1442.

Hunt, K.E., Rolland, R.M., Kraus, S.D., Wasser, S.K., 2006. Analysis of fecal glucocorticoids in
the North Atlantic right whale (Eubalaena glacialis). Gen. Comp. Endocrinol. 148,
260–272. http://dx.doi.org/10.1016/j.ygcen.2006.03.012.

Iverson, S.J., 2002. Blubber. In: Perrin, W.F., Würsig, B., Thewissen, J.G.M. (Eds.), Encyclo-
pedia of Marine Mammals. Academic Press, San Diego, pp. 107–112.

Kalbitzer, U., Heistermann, M., 2013. Long-term storage effects in steroid metabolite ex-
tracts from baboon (Papio sp.) faeces – a comparison of three commonly applied stor-
age methods. Methods Ecol. Evol. 4, 493–500. http://dx.doi.org/10.1111/2041-210X.
12054.

Kellar, N.M., Trego, M.L., Marks, C.I., Dizon, A.E., 2006. Determining pregnancy from blub-
ber in three species of Delphinids. Mar. Mamm. Sci. 22, 1–16.

Kellar, N.M., Trego, M.L., Marks, C.I., Chivers, S.J., Danil, K., Archer, F.I., 2009. Blubber tes-
tosterone: a potential marker of male reproductive status in short-beaked common
dolphins. Mar. Mamm. Sci. 25, 507–522. http://dx.doi.org/10.1111/j.1748-7692.
2009.00291.x.

Kellar, N., Keliher, J., Trego, M., Catelani, K., Hanns, C., Craig, J., Rosa, C., 2013. Variation of
bowheadwhale progesterone concentrations across demographic groups and sample
matrices. Endanger. Species 22, 61–72. http://dx.doi.org/10.3354/esr00537.

Khan, M.Z., Altmann, J., Isani, S.S., Yu, J., 2002. A matter of time: evaluation the storage of
fecal samples for steroid analysis. Gen. Comp. Endocrinol. 128, 57–64. http://dx.doi.
org/10.1016/S0016-6480(02)00063-1.

Kusuda, S., Kakizoe, Y., Kanda, K., Sengoku, T., Fukumoto, Y., Adachi, I., Watanabe, Y., Doi, O.,
2011. Ovarian cycle approach by rectal temperature and fecal progesterone in a female
killer whale, Orcinus orca. Zoo Biol. 30, 285–295. http://dx.doi.org/10.1002/zoo.20336.

Lynch, J.W., Khan, M.Z., Altmann, J., Njahira, M.N., Rubenstein, N., 2003. Concentrations of
four fecal steroids in wild baboons: short-term storage conditions and consequences
for data interpretation. Gen. Comp. Endocrinol. 132, 264–271. http://dx.doi.org/10.
1016/S0016-6480(03)00093-5.

Mansour, A.A.H., Mkay, D.W., Lien, J., Orr, J.C., Banoub, J.H., Oien, N., Stenson, G., 2002. De-
termination of pregnancy status from blubber samples in Minke whales
(Balaenoptera acutorostrata). Mar. Mamm. Sci. 18, 112–120. http://dx.doi.org/10.
1111/j.1748-7692.2002.tb01022.x.

Miller, C., Reeb, D., Best, P., Knowlton, A., Brown,M., Moore, M., 2011. Blubber thickness in
right whales Eubalaena glacialis and Eubalaena australis relatedwith reproduction, life
history status and prey abundance. Mar. Ecol. Prog. Ser. 438, 267–283. http://dx.doi.
org/10.3354/meps09174.

Montie, E.W., Garvin, S.R., Fair, P.A., Bossart, G.D., Mitchum, G.B., McFee, W.E., Speakman,
T., Starczak, V.R., Hahn, M.E., 2008. Blubber morphology in wild bottlenose dolphins
(Tursiops truncatus) from the Southeastern United States: influence of geographic lo-
cation, age class, and reproductive state. J. Morphol. 269, 496–511. http://dx.doi.org/
10.1002/jmor.10602.

Moore, M.J., Knowlton, A.R., Kraus, S.D., McLellan, W.a., Rk, B., 2005. Morphometry, gross
morphology and available histopathology in North Atlantic right whale (Eubalaena
glacialis) mortalities. J. Cetacean Res. Manag. 6, 1–16.

Moura, J.F., Rodrigues, D.P., Roges, E.M., Souza, R.L., Ott, P.H., Tavares, M., Lemos, L.S.,
Tavares, D.C., Siciliano, S., 2013. Humpback whales washed ashore in southeastern

http://dx.doi.org/10.1139/z75-158
http://dx.doi.org/10.1139/z75-158
http://dx.doi.org/10.1016/0141-1136(91)90017-3
http://dx.doi.org/10.1016/j.theriogenology.2009.07.025
http://dx.doi.org/10.1016/j.theriogenology.2009.07.025
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0020
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0020
http://dx.doi.org/10.1111/j.1748-7692.2006.00079.x
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0030
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0030
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0030
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0035
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0035
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0035
http://dx.doi.org/10.14202/vetworld.2015.977-982
http://dx.doi.org/10.1111/j.1748-7692.1999.tb00783.x
http://dx.doi.org/10.1111/j.1748-7692.1999.tb00783.x
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf9100
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf9100
http://dx.doi.org/10.1644/06-MAMM-A-060R2.1
http://dx.doi.org/10.3354/dao02518
http://dx.doi.org/10.1016/j.ygcen.2010.08.004
http://dx.doi.org/10.1139/cjz-79-8-1442
http://dx.doi.org/10.1016/j.ygcen.2006.03.012
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf9200
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf9200
http://dx.doi.org/10.1111/2041-210X.12054
http://dx.doi.org/10.1111/2041-210X.12054
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0080
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0080
http://dx.doi.org/10.1111/j.1748-7692.2009.00291.x
http://dx.doi.org/10.1111/j.1748-7692.2009.00291.x
http://dx.doi.org/10.3354/esr00537
http://dx.doi.org/10.1016/S0016-6480(02)00063-1
http://dx.doi.org/10.1002/zoo.20336
http://dx.doi.org/10.1016/S0016-6480(03)00093-5
http://dx.doi.org/10.1016/S0016-6480(03)00093-5
http://dx.doi.org/10.1111/j.1748-7692.2002.tb01022.x
http://dx.doi.org/10.1111/j.1748-7692.2002.tb01022.x
http://dx.doi.org/10.3354/meps09174
http://dx.doi.org/10.1002/jmor.10602
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0125
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0125
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0125


41D. Mello et al. / Journal of Experimental Marine Biology and Ecology 486 (2017) 32–41
Brazil from 1981 to 2011: stranding patterns and microbial pathogens survey. Biol.
(Bratisl.) 68, 992–999. http://dx.doi.org/10.2478/s11756-013-0237-8.

Noren, D.P., Mocklin, J.a., 2012. Review of cetacean biopsy techniques: factors contribut-
ing to successful sample collection and physiological and behavioral impacts. Mar.
Mamm. Sci. 28, 154–199. http://dx.doi.org/10.1111/j.1748-7692.2011.00469.x.

Robeck, T.R., Monfort, S.L., Calle, P.P., Dunn, J.L., Jensen, E., Boehm, J.R., Young, S., Clark, S.T.,
2005. Reproduction, growth and development in captive beluga (Delphinapterus
leucas). Zoo Biol. 24, 29–49. http://dx.doi.org/10.1002/zoo.20037.

Robeck, T.R., Steinman, K.J., Greenwell, M., Ramirez, K., Van Bonn, W., Yoshioka, M.,
Katsumata, E., Dalton, L., Osborn, S., O'Brien, J.K., 2009. Seasonality, estrous cycle char-
acterization, estrus synchronization, semen cryopreservation, and artificial insemina-
tion in the Pacific white-sided dolphin (Lagenorhynchus obliquidens). Reproduction
138, 391–405. http://dx.doi.org/10.1530/REP-08-0528.

Robeck, T.R., Steinman, K.J., Montano, G.A., Katsumata, E., Osborn, S., Dalton, L., Dunn, J.L.,
Schmitt, T., Reidarson, T., O′Brien, J.K., 2010. Deep intra-uterine artificial insemina-
tions using cryopreserved spermatozoa in beluga (Delphinapterus leucas).
Theriogenology 74, 989–1001. http://dx.doi.org/10.1016/j.theriogenology.2010.04.
028.

Rolland, R.M., Hunt, K.E., Kraus, S.D., Wasser, S.K., 2005. Assessing reproductive status of
right whales (Eubalaena glacialis) using fecal hormone metabolites. Gen. Comp.
Endocrinol. 142, 308–317. http://dx.doi.org/10.1016/j.ygcen.2005.02.002.

Senger, P.L., 2003. Pathways to Pregnancy and Parturition, second ed. Current Concep-
tions Inc. Washington State University, Pullman, Washington.

Steinman, K.J., O'Brien, J.K., Monfort, S.L., Robeck, T.R., 2012. Characterization of the es-
trous cycle in female beluga (Delphinapterus leucas) using urinary endocrine moni-
toring and transabdominal ultrasound: evidence of facultative induced ovulation.
Gen. Comp. Endocrinol. 175, 389–397. http://dx.doi.org/10.1016/j.ygcen.2011.11.008.

Terio, K.a., Brown, J.L., Moreland, R., Munson, L., 2002. Comparison of different drying and
storage methods on quantifiable concentrations of fecal steroids in the cheetah. Zoo
Biol. 21, 215–222. http://dx.doi.org/10.1002/zoo.10036.
Trana, M.R., Roth, J.D., Tomy, G.T., Anderson, W.G., Ferguson, S.H., 2015. Influence of sam-
ple degradation and tissue depth on blubber cortisol in beluga whales. J. Exp. Mar.
Biol. Ecol. 462, 8–13. http://dx.doi.org/10.1016/j.jembe.2014.10.010.

Trego, M.L., Kellar, N.M., Danil, K., 2013. Validation of blubber progesterone concentra-
tions for pregnancy determination in three dolphin species and a porpoise. PLoS
One 8, e69709. http://dx.doi.org/10.1371/journal.pone.0069709.

Urian, A.K.W., Duffield, D.A., Read, A.J., Wells, R.S., Shell, E.D., 1996. Seasonality of Repro-
duction in Bottlenose Dolphins. Tursiops truncatus. J. Mammal. 77, 394–403.

Vu, E.T., Clark, C., Catelani, K., Kellar, N.M., Calambokidis, J., 2015. Seasonal blubber testos-
terone concentrations of male humpback whales (Megaptera novaeangliae). Mar.
Mamm. Sci. 31, 1258–1264. http://dx.doi.org/10.1111/mms.12191.

Wasser, S.K., Azkarate, J.C., Booth, R.K., Hayward, L., Hunt, K., Ayres, K., Vynne, C., Gobush,
K., Canales-Espinosa, D., Rodríguez-Luna, E., 2010. Non-invasive measurement of thy-
roid hormone in feces of a diverse array of avian and mammalian species. Gen. Comp.
Endocrinol. 168, 1–7. http://dx.doi.org/10.1016/j.ygcen.2010.04.004.

Waugh, C.A., Nichols, P.D., Schlabach, M., Noad, M., Bengtson Nash, S., 2014. Vertical dis-
tribution of lipids, fatty acids and organochlorine contaminants in the blubber of
southern hemisphere humpback whales (Megaptera novaeangliae). Mar. Environ.
Res. 94, 24–31. http://dx.doi.org/10.1016/j.marenvres.2013.11.004.

Westgate, A.J., Read, A.J., 2006. Reproduction in short-beaked common dolphins (Delphi-
nus delphis) from the western North Atlantic. Mar. Biol. 150, 1011–1024. http://dx.
doi.org/10.1007/s00227-006-0394-1.

Wiley, D.N., Asmutis, R.A., Pitchford, T.D., Gannon, D.P., 1995. Stranding and mortality of
humpback whales,Megaptera novaeangliae, in themid-Atlantic and Southeast United
States, 1985–1992. Fish. Bull. 93, 196–205.

Zerbini, A.N., Andriolo, A., Rocha, J.M., Simões-lopes, P.C., Pizzorno, J.L., Waite, J.M.,
Demaster, D.P., Vanblaricom, G.R., 2004.Winter distribution and abundance of hump-
back whales (Megaptera novaeangliae) off Northeastern Brazil. 6, 101–107.

http://dx.doi.org/10.2478/s11756-013-0237-8
http://dx.doi.org/10.1111/j.1748-7692.2011.00469.x
http://dx.doi.org/10.1002/zoo.20037
http://dx.doi.org/10.1530/REP-08-0528
http://dx.doi.org/10.1016/j.theriogenology.2010.04.028
http://dx.doi.org/10.1016/j.theriogenology.2010.04.028
http://dx.doi.org/10.1016/j.ygcen.2005.02.002
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf9300
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf9300
http://dx.doi.org/10.1016/j.ygcen.2011.11.008
http://dx.doi.org/10.1002/zoo.10036
http://dx.doi.org/10.1016/j.jembe.2014.10.010
http://dx.doi.org/10.1371/journal.pone.0069709
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf9400
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf9400
http://dx.doi.org/10.1111/mms.12191
http://dx.doi.org/10.1016/j.ygcen.2010.04.004
http://dx.doi.org/10.1016/j.marenvres.2013.11.004
http://dx.doi.org/10.1007/s00227-006-0394-1
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0200
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0200
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0200
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0205
http://refhub.elsevier.com/S0022-0981(16)30165-4/rf0205

	Feasibility of using humpback whale blubber to measure sex hormones
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.1.1. Decomposition effect
	2.1.2. Body location effect
	2.1.3. Layer effect
	2.1.4. Sample-mass effect
	2.1.5. Hormonal extraction
	2.1.6. Hormone analysis
	2.1.7. Parallelism, controls and efficiency of extraction
	2.1.8. Statistical analysis


	3. Results
	3.1. Parallelism, controls and efficiency of extraction
	3.2. Decomposition effect
	3.3. Body location
	3.4. Layer effect
	3.4.1. Layer effect in decomposing samples
	3.4.2. Layer effect in fresh carcasses

	3.5. Sample mass
	3.5.1. Sample mass in decomposing carcasses
	3.5.2. Sample mass in fresh carcasses


	4. Discussion
	5. Conclusions
	Acknowledgments
	References


