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ABSTRACT

Fecal hormone analysis shows high potential for noninvasive assessment of population-level patterns in stress
and reproduction of marine mammals. However, the marine environment presents unique challenges for fecal
sample collection. Data are still lacking on collection methodology and assay validations for most species,
particularly for those mysticete whales that have variable diets. In this study we tested collection techniques for
fecal samples of free-swimming humpback whales (Megaptera novaeangliae), and validated immunoassays for
five steroid and thyroid hormones. Resulting data were used for preliminary physiological validations, i.e.,
comparisons to independently confirmed sex and reproductive state. Pregnant females had significantly higher
fecal progestins and glucocorticoids than did other demographic categories of whales. Two possible cases of
previously undetected pregnancies were noted. Males had significantly higher fecal testosterone metabolites
than nonpregnant females. Fecal glucocorticoids were significantly elevated in pregnant females and mature
males compared to nonpregnant females. Calf fecal samples had elevated concentrations of all fecal hormones.
Fecal thyroid hormones showed a significant seasonal decline from spring to summer. Though sample sizes were
small, and sampling was necessarily opportunistic, these patterns indicate that noninvasive fecal hormone

analysis may facilitate studies of reproduction, stress and potentially energetics in humpback whales.

1. Introduction

Baleen whales are challenging to study, and even fundamental traits
such as sex, age and reproductive state are often unknown. All species
of baleen whales were heavily depleted by commercial whaling during
the past several centuries, and today are exposed to various other
human impacts (e.g., entanglement in fishing gear, vessel strikes,
shipping noise, boat disturbance, etc.; Thomas and Reeves, 2015).
These anthropogenic effects may cause direct mortality, but can also
affect individuals and populations in more subtle sublethal ways, such
as via long-term detrimental impacts on reproduction, health and
physiological stress (Fair and Becker, 2000; Thomas and Reeves, 2015).
Unfortunately, there are few validated, quantitative techniques for as-
sessing reproduction, health and physiological stress levels of free-
ranging large whales (reviewed in Hunt et al., 2013). Such techniques
are essential to correctly interpret trends in reproduction and stress,

forecast potential effects on populations, and identify and minimize
human impacts (Fair and Becker, 2000; Madliger et al., 2018). Endo-
crine tools are especially desirable (Atkinson et al., 2015; Madliger
et al.,, 2018; NAS, 2016), but traditional endocrine sampling requires
blood samples, which currently cannot be collected from free-swim-
ming large whales (reviewed in Hunt et al., 2013).

Fecal hormone analysis is an alternative, noninvasive technique that
is now widely employed for studies of stress and reproductive phy-
siology in terrestrial wildlife (Brown, 2018; Kersey and Dehnhard,
2014). In most vertebrates, steroid and thyroid hormones are removed
from circulation by the liver, with a portion excreted into bile and then
into the gut lumen. Within the gut, a given steroid hormone is meta-
bolized to a suite of various breakdown products (“fecal hormone me-
tabolites”, FHMs) which are eventually excreted in feces (Brown, 2018;
Heistermann et al., 2006; Palme et al., 1996; Wasser et al., 2000).
Mammalian feces thus typically contain high concentrations of
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immunoreactive metabolites of all five classes of steroid hormones
(progestins [fP], testosterone and related androgens [fT], estrogens
[fE], glucocorticoids [fGC], and mineralocorticoids) as well as some
thyroid hormones (fThy; metabolites of thyroxine and tri-iodothyr-
onine) (Brown, 2018; Burgess et al., 2017; Wasser et al., 2000, 2010).
These FHMs are often detectable by commercially available im-
munoassays designed for the parent hormones. Immunoreactive FHM
content of feces is thought to represent not a single point in time, but
rather an integrated measure of all hormone secreted over the previous
hours or days, depending on species-specific gut passage time (Amaral,
2010; Hunt et al., 2004; Wasser et al., 2010). Thus, FHM data appear
ideally suited for assessment of long-term endocrine trends, and for
some research questions may even be superior to plasma, such as for
identification of periods of chronic stress as opposed to acute stress
(Dantzer et al., 2014; Dickens and Romero, 2013). In terrestrial wild-
life, such measures have enabled non-invasive assessment of animal
sex, reproductive state, age class, nutritional state and physiological
stress level, without ever having to catch the animals (Brown, 2018;
Wasser et al., 2017).

However, interpretation of fecal hormone data can be complex. For
most species, the exact chemical identity of the FHMs is unknown, due
to species-specific differences in steroid metabolism, gut chemistry, gut
flora, and resulting assay antibody affinities (Heistermann et al., 2006;
Hunt et al., 2006; Palme et al., 1996). Further, FHM concentrations can
vary not just with the animal's physiological state but also with a
multitude of other potentially confounding factors, including age, sex,
individual variation, diet, and season, as well as methodological effects
of collection, extraction, storage, and sample mass (Goymann, 2012;
Hayward et al., 2010; Hunt and Wasser, 2003; Pappano et al., 2010).
Thus, fecal hormone assays must be validated carefully. Initial valida-
tions should include both assay validations (can the assay detect and
quantify the FHMs; Hunt et al., 2017) and also physiological validations
(do FHM data reflect the animal's physiological state; Grotjan and Keel,
1996; Rolland et al., 2005; Wasser et al., 2000, 2010). In terrestrial
taxa, injections of pituitary hormones and/or radiolabelled hormones
can also be employed, but such experiments are not possible for large-
bodied cetaceans (Hunt et al., 2013), and so physiological validations in
cetaceans typically focus on comparison to known physiological state.
An additional complication for fecal hormone studies of cetaceans, as
compared to similar methodology in terrestrial mammals, is that
sample collection rate for cetaceans tends to be low. Cetacean fecal
samples disperse and sink rapidly, and collection opportunities are ty-
pically limited to the sea surface, which is a small portion of the whales'
habitat. Sample collection is further restricted by weather, sea state,
accessibility to sufficient numbers of whales, and associated budgetary
and logistical constraints. Even a considerable field effort frequently
yields sampling rates of < 30samples/yr, some of these samples
proving too small for analysis (e.g., Lemos et al., 2017; Rolland et al.,
2005; Valenzuela-Molina et al., 2018). Thus, fecal hormone studies of
cetaceans must contend with the statistical limitations characteristic of
small-n studies. Nonetheless, even very-small-n studies can have value
(Ploutz-Snyder et al., 2014), and, fortunately, effect sizes of steroid and
thyroid hormones for the major questions of interest (pregnancy diag-
nosis, identification of acute or chronic stress, etc.) are typically great
enough for acceptable statistical power even with a small-n study de-
sign (e.g., Hunt et al., 2006; Rolland et al., 2005; Valenzuela-Molina
et al., 2018).

In mysticetes, fecal hormone assay validations have been published
for only two species, North Atlantic right whale (Eubalaena glacialis,
NARW) and blue whales (Balaenoptera musculus). In NARW, a series of
comprehensive assay validations and physiological validations have
been performed (Burgess et al., 2017; Corkeron et al., 2017; Hunt et al.,
2006; Rolland et al., 2005, 2017). In blue whales, progesterone and
glucocorticoid assays have been validated for females only (Valenzuela-
Molina et al., 2018). However, both of these species have relatively low
dietary variation during the seasons studied and also have fecal
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consistency highly amenable to sample collection, with relatively large,
semi-solid clumps of feces that float at the water surface (Rolland et al.,
2005; Valenzuela-Molina et al., 2018). Other baleen whales have a
more piscivorous and/or more variable diet, and this may cause dif-
ferences in fecal consistency among sampling instances, individuals,
populations and species. In several piscivorous cetaceans, feces consist
of fine, unbound particles that rapidly disperse in the water column,
forming a sinking “fecal plume” that poses considerable difficulties for
collection. In such circumstances, recovering adequate sample mass can
be a concern, since very small fecal samples can produce anomalously
high apparent hormone concentrations, even when results are calcu-
lated on a per gram basis (the “small sample effect”; Hayward et al.,
2010).

In this study we sought to determine whether the fecal hormone
techniques previously developed for NARW are viable for mysticete
whales with more piscivorous or variable diets and highly dispersed
feces. To test this approach, we collected fecal samples from free-
swimming North Atlantic humpback whales (Megaptera novaeangliae) of
a well-studied population in the Gulf of Maine. This population is found
in the same region as NARW and is exposed to many of the same an-
thropogenic stressors, such as chronic ocean noise, entanglement and
shipstrike. However, humpback whales also differ from NARW in many
biological respects, including that they produce more liquid, dispersed
fecal plumes and feed at a higher trophic level, consuming primarily
small schooling fish such as sand lance (Ammodytes spp.), Atlantic
herring (Clupea harengus), mackerel (Scomber scombrus) and occasion-
ally euphausiids (Meganyctiphanes norvegica; Ichii and Kato, 1991;
Matthews, 1937; Overholtz and Nicolas, 1979).

The specific goals of this study were to: (1) identify a practical
method of collection of fecal plume particles, one that consistently pro-
duces enough sample for multiple hormone assays, with little, if any,
“small sample effect”; (2) perform assay validations for five hormone
classes (fP, fT, fE, fGC, and fThy) using commercially available im-
munoassays; (3) where sample sizes allowed, perform physiological va-
lidations based on predicted differences across seasons, sexes, age
classes, and reproductive states of known individual humpbacks.
Physiological validations relied on the following predictions, based on
previous literature (Hunt et al., 2006; Rolland et al., 2005, 2012, 2017;
Wasser et al., 2017): (1) fP was predicted to be higher in pregnant fe-
males than in adult females not known to be pregnant; (2) fE was
predicted to be higher in lactating mothers than other mature females;
(3) fT and fT/fE ratio were predicted to be higher in adult males
compared to other demographic classes (fT/fP ratio was also explored,
but with no specific predictions as to potential demographic differ-
ences, due to the fact that progesterone is a precursor to testosterone);
(4) fGC was predicted to be higher in pregnant females and adult males
than in nonpregnant females, and was also predicted to be elevated in
any whales experiencing elevated stress, such as from anthropogenic
interactions; (5) while there was little basis for prediction of fThy
patterns, we anticipated seasonal trends, such as could result from re-
duced thermal energetic demands on feeding grounds in mid-summer
(based on Ayres et al., 2012; Behringer et al., 2018; Cristobal-Azkarate
et al., 2016; Gesquiere et al., 2018; Schaebs et al., 2016; Thompson
et al., 2017; Wasser et al., 2017).

2. Methods
2.1. Study population

Fecal plumes were sampled in the Gulf of Maine, a seasonal feeding
ground off the northeastern United States. Humpback whales feed in
these waters from late March through December and then migrate to
the Caribbean to mate and calve. Individual humpback whales were
identified by their pigmentation of ventral flukes and shape of dorsal fin
(Katona and Whitehead, 1981). The identity of each individual was
photographically documented at the time of fecal collection, and
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individual sex, age class and life history were obtained from the Gulf of
Maine Humpback Whale Catalog (Center for Coastal Studies, Massa-
chusetts, USA). The sex of individuals was determined using ZFX/ZFY
specific primers located on the sex chromosome (Bérubé and Palsbgll,
1996a,b; Palsbgll et al., 1992), observation of the genital slit (Glockner,
1983) or both. Exact age was known for individuals that were first
catalogued in their first year of life as dependent calves, whereas in-
dependent whales were assumed to be at least one year old at the time
of first sighting. The earliest age at sexual maturity in this species is four
years (Clapham, 1992; Robbins, 2007). Females were considered sub-
adults from age four until they produced their first calf (Robbins, 2007).
There are no outward indicators of pregnancy in this species and so
females were known to have been pregnant only if they returned with a
calf the following summer. It was not possible to definitively identify
nonpregancy, because females that did not return with a calf the fol-
lowing year might have lost a fetus or a calf before it could be observed.
Finally, this species mates in winter, followed by an 11-12 month ge-
station period (Chittleborough, 1958). Our sampling effort was tem-
porally and geographically distinct from the mating and calving
grounds of this migratory population. Thus, females were already
pregnant or not when first encountered in the Gulf of Maine, and those
that were pregnant likely ranged from early to late term when sampled.

2.2. Fecal collection

Fecal samples were collected during two periods: Aug 22 - Oct 18,
2012, and May 18 — Sept 29, 2013. During surveys, observers scanned
for fecal plumes at all times, and sample collection was attempted
whenever a plume was observed in close proximity to the vessel.
Opportunistic fecal sampling also occurred when possible if fecal
plumes were sighted while vessels were engaged in other research.

Early trials revealed that some humpback fecal samples passed
through 300 um mesh nets (the mesh size used successfully with NARW;
Rolland et al., 2005). Mesh sizes of 150 ym, 100 pm and 50 pm were
therefore also tested, using customized plankton mesh nets (Sea-Gear
Corp., Melbourne, FL, USA). 50 um mesh proved to have too much re-
sistance (i.e., net was difficult to move quickly through the water).
Sampling progressed with 100 pm and 150 um nets for further testing,
along with a modified bailer to collect an unfiltered sample (e.g., a
volume of water including fecal particulates). The bailer or “scoop”
method has been used successfully with some killer whale samples
(Ayres et al., 2012). In three cases we were able to subsample a single
fecal plume (i.e., from a single whale) with at least two, and in one case
all three, of these collection devices (100 um net, 150 um net, and
bailer). For these three cases, subsamples from the same plume were
compared for freeze-dried mass and hormone content per g of dried
fecal powder. Subsequent samples were collected using nets, with the
mesh size (100 um or 150 um) chosen based on the specific circum-
stances, such as the apparent consistency of the sample.

Fecal samples were chilled on board the boat in a refrigerator or
cooler and frozen at —80 °C upon return to shore. Samples were later
shipped to the New England Aquarium (Boston, MA, USA) and stored at
— 80 °C until analysis within one year. We also collected three reference
samples of seawater in 2013 to evaluate the possibility that low con-
centrations of immunoreactive hormone might be present routinely in
seawater of the Gulf of Maine.

2.3. Extraction of hormones from feces

Most humpback fecal samples consisted of small fecal particles
(often < 1g) suspended in a large volume of seawater
(often > 100 mL). In terrestrial fecal hormone studies, samples are
commonly freeze-dried after collection to remove variation in fecal
weight due to water content (Hunt and Wasser, 2003). In the humpback
samples, the ratio of seawater to fecal particulates was so high that
freeze-drying would have caused substantial inflation of apparent
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sample mass due to the contribution of dried salts. Pilot trials confirmed
that apparent dried fecal mass often doubled or tripled due to salt mass,
causing corresponding large decreases in apparent ng/g hormone con-
centrations (data not shown). To minimize this effect, all samples were
thawed and centrifuged for 30 min at 4000g, and any overlying sea-
water was decanted or pipetted to a separate container. The remaining
fecal pellet was then refrozen and freeze-dried under vacuum at —20 °C
for seven days or until dry. Once fully dry, samples were brought to
room temperature, pulverized, mixed well, and a subsample of fecal
powder weighed to the nearest 0.0001g for hormone extraction.

Based on reports that small samples can have inflated hormone
content, potentially due to higher ratio of extraction solvent to sample
mass (Hayward et al., 2010), we used a consistent 20:1 ratio (mL 90%
methanol:g dried fecal powder) for extraction. Choice of solvent and
the 20:1 ratio (modified to increase extraction efficiency from the 10:1
ratio of Wasser et al., 2000) were based on previous experience with
fecal samples of North Atlantic right whale and numerous other species
(Hunt et al., 2004, 2006; Hunt and Wasser, 2003; Rolland et al., 2005,
2012, 2017; Wasser et al., 2010). The 20:1 ratio reflects a balance be-
tween extraction efficiency (higher solvent:sample ratio desirable) and
hormone detectability (lower solvent:sample ratio desirable) while also
avoiding a dry-down step (increases variability; see Hunt et al., 2004).
Samples with dried fecal mass < 0.0005 g were not extracted or ana-
lyzed, since the resulting extract volume would have been too small to
assay. For all samples > 0.0005g, the appropriate volume of 90%
methanol was added to the weighed fecal powder in a 16 X 100 mm
borosilicate glass tube, which was capped and vortexed 1.0h, cen-
trifuged at 4000g for 15 min, and supernatant pipetted to a cryovial and
stored at —20 °C overnight. The supernatant was decanted to second
cryovial the next day to remove any remaining fecal particulates, pro-
ducing a “1:1” or full-strength extract. Extracts were stored at —20 °C
until assay.

2.4. Hormone assays and assay validations

The fP assay was an in-house *H radioimmunoassay (RIA) using
progesterone antibody “Munro CL425” (University of California, Davis
CA, USA). Two testosterone assays were tested, the first an in-house SH
RIA using the “Niswender #250” antibody (Niswender lab, Colorado
State University) and the second a colorimetric enzyme immunoassay
(EIA; #K032-H5 from Arbor Assays, Ann Arbor, MI, USA). The fE and
fGC assays were commercial double-antibody '2°I RIAs, and the fThy
assay a coated-tube '*°I RIA (corticosterone assay #02-102103, “total
estrogens” RIA #07-140202, and “total T3” assay #06B-254215 re-
spectively, MP Biomedicals, Costa Mesa, CA, USA). Assay protocols,
sensitivities and antibody cross-reactivities have been previously de-
scribed in Rolland et al. (2005) for fP, fT, and fE RIAs; Hunt et al.
(2006) for fGC and fT RIAs; Hunt et al. (2017) for the fT EIA; and
Wasser et al. (2010) for the fThy RIA. For all assays, inter- and intra-
assay variation were both < 10%.

Assay protocols employed standard QA/QC, including assay of non-
specific binding tubes and zero-dose tubes in quadruplicate, and assay
of all standards, controls and samples in duplicate, with final results
averaged. Any samples with a coefficient of variation > 10% between
duplicates, or that fell outside 10-90% bound on the standard curve
(20-80% for the fE assay, based on assay-specific reliability), were re-
diluted accordingly and re-assayed to confirm results. Any sample with
results more than 2 standard deviations outside the mean for all sam-
ples in this study, or with anomalous results for the whale's category
(age class, sex and reproductive state) was reassayed to confirm results.

Assay validations employed standard parallelism and accuracy tests
(Grotjan and Keel, 1996). The parallelism test involved assay of twelve
serial dilutions of a pooled humpback whale fecal extract created by
mixing equal volumes of all samples with samples with dried sample
mass > 0.1 g (i.e., samples that produced ample extract), with results
graphed as percent-bound vs. log[relative dose]) and compared to the
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binding curve of known-dose hormone standards run in the same assay.
Parallelism of the linear portions of the two curves indicates that the
fecal metabolites bind well to the assay antibody, signifying that the
fecal extract likely contains either the parent hormone itself or a closely
related metabolite(s).

Based on parallelism results, a dilution was selected for each assay
that fell near 50% bound on the standard curve, the area of greatest
assay precision. This dilution was tested in an accuracy test (aka “ma-
trix effect” test; Grotjan and Keel, 1996), consisting of assay of a set of
known-dose standards that were spiked with equal volumes of a diluted
pool of fecal extract, run alongside a second standard curve spiked only
with assay buffer. The best-fit regression line of apparent dose vs.
known dose was then inspected for linearity and a slope close to 1.0
(see Statistical Analysis). Following validations, all samples were di-
luted in appropriate assay buffer for each individual assay.

2.5. Physiological validations: age, sex and reproductive state

Fecal samples were categorized based on the demographic traits and
life history of the source animal, and results were compared across
demographic categories. When multiple fecal samples were obtained
from the same whale on the same day, only the sample with largest
dried fecal mass was selected for statistical analysis. When samples
were obtained from the same individual on multiple days, only the first
sample was included in demographic comparisons.

The pregnancy status of each mature female was initially de-
termined from life history data, based on whether she was sighted with
or without a calf the following year. Adult females were thus classed
retrospectively as “Resighted-With-Calf” (n = 4); “Resighted-Without-
Calf” (n = 8); or “Not Resighted” (n = 2). It was expected that the
majority of females in the Resighted-Without-Calf group were likely not
pregnant, but that this group could include some pregnant females that
lost the fetus or calf (Pallin et al., 2018). fP data were inspected for an
fP threshold that could discriminate the majority of Resighted-With-
Calf whales from all other adult whales of both sexes, via iterative
testing of all possible fP values across the full range of sample con-
centrations. Once this fP threshold was identified, any female whales
with a higher fP were tentatively categorized as “pregnant” in sub-
sequent physiological validations of other hormones (fT, fE, fGC, fThy)
(see also Pallin et al., 2018, for other potential causes of high proges-
terone, e.g. luteal activity).

fGC physiological validations focused on predictions of elevated fGC
in two demographic categories known to entail high energetic burden
and physiological stress in other whale species, namely adult males and
pregnant females (Hunt et al., 2006), though note that adult males
might not have had elevated fGC in this study due to sampling outside
the breeding season. Additionally, fGC concentrations were opportu-
nistically examined from three whales exposed to potential anthro-
pogenic stressors. One sample was obtained from an individual while it
was entangled in fishing gear. This whale was of unknown sex and age
(though was visually judged to be “small”) and had no prior sightings.
Although the duration of its entanglement and the extent of its injuries
were not known, its body condition was poor. Three other samples were
obtained from two mature males that were satellite-tagged as part of an
independent study on the health effects of implantable tags on hump-
back whales (Robbins et al., 2013). One of these whales was fecal-
sampled the day of tagging and each of the two following days. The
other was fecal-sampled two years after tagging, but still had a swelling
at the tag site and a possibility of embedded tag parts (Robbins et al.,
2013). Results from entangled and satellite-tagged whales are provided
primarily as anecdotal information for a growing body of data on
human impacts, and were excluded from initial comparisons of fGC
across demographic categories.
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2.6. Statistical analysis

The effectiveness of fecal collection methods (150 um net, 100 ym
net, and bailer) was explored based on collected sample mass and ng/g
hormone concentrations in the three plumes from which multiple
samples were obtained. All remaining net-collected samples were also
tested for a small-sample effect via linear regressions of all five hor-
mones (ng/g) against the dried sample mass (g) used in the extraction.
Assay validations were assessed with F tests for parallelism, i.e., testing
for equality of slope on the linear portions of the two curves, while
accuracy was assessed for slope within 0.7-1.3 (ideal slope = 1.0) and
linearity with linear regression (ideal r* > 0.95). For physiological
validations, most hormone data were not normally distributed and were
log-transformed before analysis. If transformation was successful in
normalizing data distribution, parametric tests were used; otherwise,
nonparametric tests were used. All categories of whales with n > 4
(pregnant females, nonpregnant females, and adult males) were com-
pared for fP, fT, fGC, fThy and for fT/fE and fT/fP ratios, using with t-
tests or Mann Whitney tests for two-group comparisons, and ANOVAs
or Kruskal-Wallis test for three-group comparisons as appropriate. fGC
data for the (few) entangled and tagged whales are also reported as
anecdotal descriptive data, in reference to appropriate group means
(i.e., same age/sex class, where known). Finally, fThy data was assessed
not only for demographic differences but also for potential seasonal
trends via regression of fThy on Julian date. As fThy data had a high
proportion of nondetectable hormone results, these relationships were
explored twice, once with the nondetectable values coded as zero’s and
a second time with nondetectable results excluded. Since seasonal
hormone cycles are often nonlinear, this analysis began with linear
regression and proceeded to higher-order polynomials (2nd through 6th
order examined in sequence) to assess whether nonlinear regression
produced a markedly improved fit to the data. Statistical analyses were
performed with Prism 6 or SPSS 11 for Mac OSX, with alpha (sig-
nificance threshold) set at 0.05, with selection of tests following re-
commendations for small-n experimental designs and non-normal data
as in Cohen (1988), Siegel and Castellan (1988), Ruxton and Neuh&user
(2010) and Murphy (2017). One-tailed tests (see Murphy, 2017; Ruxton
and Neuhduser, 2010, Siegel and Castellan, 1988) were used for com-
parisons of reproductive state to reproductive steroids, and of re-
productive state to fGCs, since these analyses had a strong a priori
predictions regarding direction of effect (based on consistent patterns
reported for fecal hormones of cetaceans, other marine mammals, and
mammals generally). All other comparisons employed two-tailed tests.

3. Results
3.1. Fecal sample collection and processing

Four fecal samples were collected with nets in 2012 and 57 were
obtained with nets in 2013. Four samples that had been collected op-
portunistically and archived before the start of the study, in 2003,
2007, and 2009, were added to the dataset for a total sample size of 65
fecal samples. Seven samples produced dried pellets < 0.0005g and
were excluded from analysis. Thus, the final sample size was 58 fecal
samples, of which 50 produced enough extract to assay for all five
hormones. The remaining eight samples were assayed for varying
numbers of hormones depending on available volume of extract, with
the progestin, glucocorticoid and thyroid assays given priority.

None of the five hormones (fP, fT, fE, fGC, fThy) showed a sig-
nificant relationship to dried sample mass (P > 0.40 for all compar-
isons), indicating lack of the “small sample effect” noted in other stu-
dies (e.g., Hayward et al., 2010). 50% of samples had at least the
maximum 0.1000g of freeze-dried powder needed for a “full size”
sample extraction, i.e., 2.000mL of extraction solvent added to
0.1000 g of fecal powder, while the other 50% of samples ranged be-
tween 0.0035 g and 0.0815 g. Overall, mean sample mass extracted for
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assays (i.e., not including samples < 0.0005 g that were not assayed)
was 0.0596g = 0.0380 SD, median = 0.0540 g, range
0.0035-0.1300 g.

The nets, regardless of mesh size, collected a larger mass of fecal
particulates than the bailer. Where sample mass was sufficient for
assay, net-collected samples had higher hormone concentration than
bailer samples collected from the same fecal plume, even when results
were expressed on a ng/g basis. Subsequent analyses used only net-
collected samples.

All three seawater samples tested had extremely low or un-
detectable amounts of all hormones. fGC, fE, and fThy were uniformly
undetectable in seawater. Minute concentrations of immunoreactive fP
and fT were noted (< 1ng/mL fP, < 2 pg/mL fT), but absolute levels
were near the limit of assay sensitivity (> 98% bound for both assays),
and were two (fT) to three (fP) orders of magnitude lower than con-
centrations of all fecal samples. Subtracting these “background”
(spurious) immunoreactive concentrations from fecal results did not
alter any patterns in the data or the results of any statistical tests (data
not shown). Due to the orders-of-magnitude difference between sea-
water immunoreactive hormone vs. fecal immunoreactive hormone,
final analyses did not utilize a background correction.

3.2. Assay validations

Parallelism was good for all five assays (Table 1), but accuracy tests
did not all immediately provide satisfactory results. The thyroid-hor-
mone RIA demonstrated good accuracy on the first trial. However, re-
sults of the other four RIAs — fP, fE, fGC, and fT — initially demon-
strated poor accuracy, with a slope outside the acceptable range of
0.7-1.3 (generally < 0.7). Visual and olfactory inspection of the
samples used for these tests indicated that several samples included
relatively large amounts of algae. New sample pools were created with
“non-algae samples” only, samples that did not appear green and that
did not smell like algae, following which the fP, fE and fGC assays
demonstrated good accuracy. However, the fT RIA still had poor ac-
curacy, consistently demonstrating a “shallow” accuracy slope of ap-
proximately 0.6-0.7. As a result a new fT assay was tested, the Arbor
Assays fT EIA; parallelism and accuracy were good for this assay and all
subsequent fT assays used the EIA. Final accuracy results are presented
in Table 1.

3.3. Physiological validations

Twenty-five samples were excluded from physiological validations
for the following reasons: sample was collected with a bailer (found to

Table 1

Statistical results of assay validations with humpback fecal extract in five im-
munoassays. Parallelism results should indicate no significant difference of
slope between binding curves of diluted samples and hormone standards
(P > 0.05); accuracy results should indicate slope of observed vs. expected
dose near 1.0 (acceptable range 0.7-1.3) and straight line with * > 0.95.
fP = fecal progestin metabolite assay; fE = fecal estrogen metabolite assay;
fT = fecal testosterone metabolite assay; fGC = fecal glucocorticoid metabolite
assay; fThy = fecal thyroid hormone metabolite assay.

Assay Parallelism results Accuracy results

fP Fy 5 = 0.0247 Slope = 0.828
P =0.8812 r* = 0.9898

fE F110 = 0.2742 Slope = 0.992
P =0.6119 r* = 0.9802

fT Fi o = 2.5649 Slope = 1.102
P =0.1437 r? = 0.9989

fGC Fi116 = 0.1617 Slope = 1.185
P = 0.6929 r* = 0.9963

fThy F114 = 1.6272 Slope = 1.085
P =0.2228 = 0.9994
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have lowered hormone content; n = 4); sample contained large
amounts of algae (n = 3); sample from calf (possible transfer of ma-
ternal steroids via milk fat; n = 3), unknown individual (n = 4), in-
dividual of unknown sex (n = 1), or multiple samples from the same
individual (n = 10). The final dataset for physiological validations to-
taled 33 humpback fecal samples, one each from 14 adult nonlactating
females, one lactating female, one subadult female, and 17 mature
males.

Resighted-With-Calf females had significantly higher fP than
Resighted-Without-Calf females (P = 0.0021, t;o = 3.684; pregnant
samples, n =4, median=1167ng/g, mean * SEM = 1448 =+
410 ng/g; Resighted-Without-Calf samples, n = 8, median = 275ng/g,
mean * SEM = 387 + 134ng/g). An fP threshold value of 800 ng/g
was superior at discriminating Resighted-With-Calf fecal samples from
all other adult fecal samples (Fig. 1). Only two other samples in the
entire humpback fecal sample dataset had fP > 800 ng/g. Both were
from mature females; one was Resighted-Without-Calf and the other
was Not-Resighted (Fig. 1), and both could have been pregnant. Based
on these results, the putative pregnancy threshold was set at
fP = 800 ng/g. For subsequent analyses of other hormones, the two
additional females with fP > 800 ng/g were tentatively reclassified as
“pregnant”, while all females with fP < 800 ng/g were classified as
“nonpregnant”. Group means, medians and ranges for all whales after
reclassification are shown in Table 2.

fE did not differ among males, nonpregnant females, and pregnant
females, whether analyzed in a three-group comparison or a two-group
comparison of all males to all females (P > 0.05 for all tests; Table 2).
The single lactating mother had nondetectable fE (Table 2).

Adult males had significantly higher fT and fT/fE ratio than non-
pregnant females (fT, P = 0.0204, t,s = 2.158, Fig. 2; fT/fE ratio,
P = 0.0325, U = 39), but did not differ in fT/fP ratio from nonpregnant
females (P = 0.1115, U = 60, Fig. 3). When pregnant females (n = 6)
were added to produce a three-group analysis (i.e., adult males, non-
pregnant females, and pregnant females; Fig. 3), there was still a sig-
nificant difference in fT concentration (P = 0.0330, KW = 5.437;
Fig. 2) and fT/fE ratio (P = 0.0475, KW = 4.709) and a significant
difference appeared in fT/fP ratio as well (P = 0.0008, KW = 12.95).
Post-hoc tests revealed that pregnant females differed from the other
two groups for fT/fP ratio (Dunn's multiple comparisons test,
P < 0.05); no other pairwise comparisons indicated significant differ-
ences.

Pregnant females had significantly higher fGC than nonpregnant
females (P = 0.0224, U = 10.000; Fig. 4). Similarly, adult males had
higher fGC than nonpregnant females (P = 0.0061, U = 24; Fig. 4). A
Kruskal-Wallis test on all three groups also indicated significant dif-
ferences (P = 0.0367, two-tailed, KW = 6.610), though in post-hoc
comparisons only the nonpregnant females were different from adult
males (P < 0.05). The lactating mother had higher fGC than most
other nonpregnant females, 37 ng/g (Fig. 4, Table 2). Finally, the en-
tangled whale had an fGC of 51 ng/g (Fig. 4). This was mildly elevated
relative to the mean of other sampled whales, though none were in the
same likely age class as the entangled whale. The two satellite-tagged
whales, both of which were adult males, had fGC that fell near the
median fGC for adult males of 21.2ng/g (Table 2). One tagged whale
had fecal glucocorticoids of 22 ng/g the hour after he received a sa-
tellite tag (this sample likely represents pre-tagging physiological state,
due to gut transit time), 29 ng/g on the next day, and 26 ng/g on the
third day. The other whale had an fGC value of 18 ng/g two years after
tagging, while exhibiting a tag-site swelling and a possibility of em-
bedded tag parts (Robbins et al., 2013).

For thyroid hormones, 45% of samples (15 of 33) had nondetectable
fThy, in contrast to much lower nondetectability rates in the other as-
says (seven nondetectable samples for fE, two for fT, one for fGC, and
zero for fP). There were no significant differences among adult males,
nonpregnant females, or pregnant females in fThy concentration
(P > 0.05 for all comparisons), regardless of whether samples with
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Fig. 1. Fecal progestin metabolites of humpback whales categorized by sex, age class and reproductive state. Dashed line at 800 ng/g discriminates samples from
known-pregnant females from all other adult samples (including duplicate samples not shown here) with maximum accuracy.

undetectable fThy were coded as zero's or were excluded from analysis.
There were also no significant differences among these three re-
productive categories in the proportion of samples with detectable vs.
nondetectable hormone (P > 0.05 for all comparisons). However, fThy
declined significantly as the year progressed, with higher fThy levels in
spring and lower fThy levels in summer (Fig. 5; P < 0.0001,
F; 33 = 20.04, r* = 0.3379). Goodness-of-fit improved markedly with a
second-order (quadratic) fit T = 0.6430), reflecting a slight increase in
fThy in early fall; additional polynomial fits did not markedly improve
fit. The best-fit linear regression line and best-fit second-order poly-
nomial nonlinear regression line are shown in Fig. 5. All polynomial fits
revealed that fThy reached a nadir in approximately the middle of

Table 2

August. These results did not change in direction or significance if
nondetectable results were excluded.

3.4. Calf samples

The three fecal samples collected from calves had very high con-
centrations of all hormones (Table 2). Anecdotally, calf samples also
had different consistency than samples from adults, with calf samples
characterized by lighter color and larger “chunks” that floated rather
than sinking. Mean fP for the three calves was in the range of pregnant
females, the mean fGC was second only to the adult males, and the
mean calf fT, fE and fThy were the highest for any category of whale

Descriptive statistics of fecal metabolites of progestins (fP), testosterone metabolites & related androgens (fT), estrogen metabolites (fE), glucocorticoid metabolites
(fGC) and thyroid hormone metabolites (fThy) for humpback whales of known age class, sex, and reproductive state. Data presented as mean = SEM (n) in first row,
median in second row, range in third row. All data are in ng/g (nanograms of immunoreactive fecal hormone metabolites per g of dried mixed fecal powder). Sample
sizes vary because not all samples were large enough to assay for all hormones. Nondetectable hormone values were assigned zeros.

FP FT FE FGC* FThy
Pregnant Females’ 1527 + 283 (6) 32 + 10 (6) 9.2 + 5.2(5) 46.9 = 22.4 (6) 18.2 + 12.1 (6)
1313 28.0 3.3 26.0 7.0
821-2635 11-69 0.0-28.7 10.7-157.0 0-76.5
Nonpregnant, 257 + 37 (8) 15 + 3.4 18.0 + 3.1 (8) 17.4 + 6.9 (8) 16.2 + 5.3 (8)
Nonlactating Adult 262 13 15.1 11.6 19.3
Females” 136-470 5-32 7.6-35.7 0.9-63.4 0-40.1
Lactating Female 548 (1) 12 (1) 0.0 (1) 37.3 (1) 0.0 (1)
Subadult Female 132 (1) 6 (1) 123 (1) 4.7 (1) 18.9 (1)
Adult Males 350 * 34 (17) 31 =£10(17) 9.7 £ 21 98.9 + 51.0 (16) 17.3 + 5.5 (17)
344 20 21.2 15.4
142-620 8-175 0.0-694.9 0.0-95.6
Calves’ 892 + 241 (3) 198 + 91 (3) 591 + 508 (2) 91.2 = 29.0 (3) 329.3 + 247.4 (2)
1039 192 591 70.9 329.3
421-1215 43-358 83-1099 54.3-148.4 82.0-576.7

! Pregnant female group includes six adult females with fP above the putative pregnancy threshold (800 ng/g); four were resighted the next year with a calf, one

was resighted the next year with no calf, and one was not resighted.

2 Nonpregnant, nonlactating adult female group includes eight adult females with fP below the putative pregnancy threshold (800 ng/g); seven were resighted the

next year with no calf, and one was not resighted.
3 Calves include two males and a third calf of unknown sex.

4 fGC data excludes samples from whales exposed to a known or possible anthropogenic stressor prior to sample collection.
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(for example, calf fT concentrations greatly exceeded those of even the
adult males). Two calves were later identified as male and the third was
of unknown sex.

4. Discussion

Fecal metabolites of steroid and thyroid hormones are readily
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detectable in humpback whale feces via immunoassay, provided that
samples are collected and processed appropriately and that assays are
validated. Both assay validations and physiological validations in this
study were successful in that concentrations of fecal metabolites of
reproductive steroids, adrenal glucocorticoids, and thyroid hormones
correlated in expected ways with either known physiological state of
identified individual whales or, for thyroid hormones, with season of
collection. We caution, however, that these conclusions must be re-
garded as preliminary and tentative, given the small sample sizes and
the fact that some demographic groups were insufficiently sampled
despite being present in the sampled population. The latter is a fun-
damental limitation when opportunistically sampling shed materials.
Possible interpretations of our results are outlined below, but we em-
phasize the need for continued data collection to achieve greater
sample sizes.

4.1. Sample collection and processing

Although based on limited data, our tests indicate that nets may be
superior to bailer/scoop methods for collection of highly particulate
feces. Not only did nets collect a greater mass of fecal particulates from
the same fecal plume, but net-collected samples also had higher hor-
mone concentration even on a per-gram basis. These patterns may in-
dicate that some hormone migrates from bailer-collected fecal samples
to the surrounding water in the bailer. If so, it may be detrimental to
store cetacean fecal samples in a large volume of seawater for extended
periods of time; prompt centrifugation or decanting of overlying water
might be advisable. We recommend further testing of this question.
Finally, the 100 um and 150 um nets performed similarly, with both
nets collecting sufficient fecal mass for analysis and with similar hor-
mone concentrations in the resulting samples.

Once samples were collected, our fecal processing methods in-
corporated two steps not previously described for marine mammal fecal
analysis: removal of overlying water via centrifugation, and use of a
constant solvent:feces ratio (mL of extraction solvent to g of dried fecal
powder) to minimize the potential effects of variable sample size on
extraction efficiency. The lack of any relationship between sample mass
and measured hormone concentration (no small sample effect) is en-
couraging, given reports that the small sample effect may occur widely
in non-plasma sample types (Berk et al., 2016; Hayward et al., 2010),
though we recognize the limitations of our current data set. Removal of
overlying seawater may be necessary to prevent dried salts from in-
flating the apparent fecal mass, but this procedure may also remove
some hormone that might have migrated from the fecal pellets into the
seawater. Future studies could test this possibility via analysis of the
seawater that is poured off of each sample.

4.2. Assay validations

Despite good parallelism, four of the five hormone assays initially
demonstrated poor accuracy. In three of these cases, screening samples
for algal contamination eliminated the issue. It may, therefore, be ad-
visable to routinely inspect all cetacean fecal samples for the potential
presence of non-fecal material that could interfere with assay accuracy.
However, our fT RIA continued to have poor accuracy even after algal
contamination was eliminated as a factor. This result was surprising
given this assay's excellent parallelism and the fact that this fT assay has
been used successfully for feces in another baleen whale (NARW;
Rolland et al., 2005) as well as multiple other mammalian taxa (e.g.
Brown, 1997; Hesterman et al., 2005). The same fT assay also performs
poorly for humpback respiratory vapor (Hunt et al., unpublished data).
Substituting another assay (the fT EIA) ultimately solved this problem.
Our results exemplify the importance of testing assay accuracy, and not
just parallelism, when studying an unusual sample type in a new spe-
cies.
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4.3. Physiological validations

Despite small sample sizes, most hormones showed the predicted
differences among demographic categories and season. fP was higher in
Resighted-With-Calf females than in Resighted-Without-Calf females, as
expected. There were two instances of high fP in samples from females
who were not known to have calved, but observational data could not
exclude pregnancy in these cases. Rather, this result may indicate loss
of pregnancy or death of the calf, though pseudopregnancy and ex-
tended luteal phases are also possibilities (Pallin et al., 2018). Routine
endocrine evaluation via feces, blubber or respiratory vapor (as in
NARW; Burgess et al., 2018) could more accurately estimate humpback
pregnancy rate and calf mortality than has been possible from sightings
data alone.

Fecal estrogens showed no differences between pregnant females,
nonpregnant females, and adult males. Fecal estrogens have been re-
ported in NARW to be higher in lactating mothers as compared to
resting females, and also tend, in that species, to be higher in mature
females than immature females. We were unable to test for these pat-
terns in humpbacks because our sample set included no juvenile fe-
males and only one lactating mother. Greater sample sizes will be ne-
cessary to further explore the utility of fE analysis for identification of
sex, age class or reproductive state.
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Both fT and fT/fE ratio were both higher in adult males than in
nonpregnant females, as expected, but there was pronounced overlap in
fT and fE concentration across all categories of adult whales. Post-hoc
analyses suggested that pregnant females may have elevated fecal an-
drogens; one pregnant female, in fact, had higher fT than all adult males
sampled. Significantly elevated fecal androgens in pregnant females
have also been documented in NARW (Rolland et al., 2005). A two-step
analysis of data, first excluding high-progesterone (likely pregnant)
samples and then assigning likely sex to the remaining samples may
prove fruitful for determining sex of unknown individuals (also see
methods of Corkeron et al., 2017). Sample sizes precluded evaluation of
such an approach for humpback whales, but future studies could ex-
plore this possibility. We were also unable in this study to assess T as
an index of male maturity, since no juvenile males were sampled, but
this question too can be explored in future studies.

Glucocorticoids showed expected correlations with reproductive
states. fGC was significantly higher in pregnant females and mature
males as compared to nonpregnant females, a pattern seen in many
other mammals (Dantzer et al., 2010; Fortune et al., 2013). fGC was
also mildly elevated in a health-impaired entangled whale. Though the
elevation was mild and this is only a single anecdotal case, similar
patterns have been reported for entangled NARW (Hunt et al., 2006;
Rolland et al., 2017) and wounded southern right whales, Eubalaena
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australis (Fernandez Ajo et al., 2018). These findings suggest that f{GC
measures may be broadly applicable as a measure of adrenal activity in
mysticete whales. With this in mind, the relatively low fecal gluco-
corticoids measured in the two satellite-tagged whales might indicate
that tagging was not a major physiological stressor at the time of
sampling. However, caution is always advisable when interpreting low
fGC, since long-term chronic stress can depress glucocorticoid con-
centrations (Dickens and Romero, 2013). Additional samples will be
necessary to interpret these results and determine the normal range of
fGC with greater certainty. Likewise, more samples from whales known
to be stressed or in poor health will help determine whether fecal
glucocorticoids do in fact reflect stress in humpback whales, and if so,
what degree of elevation would indicate a biologically significant event.

Little information exists on thyroid hormones in the mysticete
whales, with published data largely limited to reports of detectability of
thyroxine and tri-iodothyronine in respiratory vapor (NARW; Hunt
et al., 2014) and baleen (multiple species; Hunt et al., 2017; Lysiak
et al., 2018). Analysis of thyroid hormone metabolites from mysticete
feces has not been reported before. In odontocete plasma and feces,
thyroid hormones can demonstrate seasonal patterns in nutritional
state, thermal environment and related metabolic and energetic needs
(beluga, St Aubin and Geraci, 1989; killer whale, Ayres et al., 2012),
while in some species there may be effects of age, sex or reproductive
state (bottlenose dolphin, St Aubin et al., 1996). In this humpback
whale population, fThy showed a significant relationship with Julian
date, i.e., a potential seasonal cycle with a nadir in late summer, with
no differences attributable to age-class, sex or reproductive state. A
nearly identical pattern has been reported in fThy analyses of southern
resident killer whales (Orcinus orca) feeding in the North Pacific (Ayres
et al., 2012), i.e. a U-shaped curve characterized by a nadir in mid-
August. This result has been interpreted as evidence that southern re-
sident killer whales may have access to a high-quality food source in
spring, when fThy was highest. Seasonal peaks in thyroid hormones
may also correlate with changes in energy expenditure (Behringer et al.,
2018). For example, thyroid hormones in wild vertebrates frequent
exhibit positive correlations with thermoregulatory requirements (e.g.,
higher in winter), seasonal gametogenesis, pregnancy, juvenile growth,
and migration (reviewed in Behringer et al., 2018; see also Pérez et al.,
2016). Any of these patterns might occur in mysticete whales, which
have life cycles characterized by annual migrations, seasonal changes in
thermal environment, seasonal breeding, long gestation, and a pro-
longed period of juvenile growth (Chivers, 2009). In this study, sample
sizes were too small to discriminate among these possibilities. We re-
commend that fThy be further investigated in future studies of mysti-
cetes, especially in relation to season, migratory movement, re-
productive state, age class, prey availability, and individual body
condition.

4.4. High hormones in samples from calves

The three calf fecal samples all had remarkably high fecal hormone
content, often exceeding concentrations seen for adults. Fecal hormone
concentrations from nursing mammals are rarely reported, but avail-
able evidence suggests that it is not uncommon for nursing young to
have very high fecal hormone content (Faya et al., 2013; Hunt, un-
published data; Thompson and Lampl, 2013; Thompson et al.,
2010a,b). These patterns may reflect milk transfer of maternal hor-
mones. Steroid and thyroid hormones are lipophilic and may be
transferred to the calf via milk fat, and then concentrated in the calf's
feces. Alternatively, some of these hormones may be of calf origin. It
may be relevant that at least two of the sampled calves were male.
Neonatal male mammals exhibit a period of extremely high gonadal
steroid production shortly after birth, the “neonatal testosterone surge,”
whose function is still unclear. The neonatal testosterone surge occurs
in a wide variety of taxa including humans (Homo sapiens), horses
(Equus caballus), rats (Rattus norvegicus), cats (Felis catus), and at least
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one artiodactyl, red deer (Cervus elaphus) (Corbier et al., 1991; Pavitt
et al,, 2014). Female neonates may show a corresponding, though
somewhat smaller, neonatal surge of estrogens. In cats, for example,
both sexes of kittens have higher fecal concentrations of both androgens
and estrogens than adults during the first weeks of life (Faya et al.,
2013). Data on other classes of hormones in neonatal mammals are
lacking. As fecal samples from nursing young are commonly excluded
from analysis in many fecal hormone studies, it is difficult to ascertain
whether this pattern is widespread. We encourage other researchers to
publish fecal hormone data from neonatal mammals and nursing young.

4.5. Conclusions

Comparative aspects of endocrinology of the mysticete whales have
been understudied for many decades, due primarily to lack of validated
field methods and analytic techniques. Yet the mysticetes have a unique
combination of life history traits that may make them useful for study of
basic comparative questions of mammalian endocrinology, should sui-
table methodology be developed. Among their unusual traits are long
lifespan (approaching and in some cases exceeding 100 yrs); long ge-
station length and multi-year inter-calving cycles; annual migrations;
strongly seasonal reproduction (i.e., seasonal calving, seasonal testos-
terone cycles in males; Hunt et al., 2018); and seasonal fasting in many
species (Chivers, 2009). Finally, the physiological diving response as
well as the requirements of osmotic balance in a marine environment
lead to some unique aspects of catecholamine release, adrenal activity
and some alterations in the renin-angiotensin-aldosterone system, as
compared to terrestrial mammals (Atkinson et al., 2015). This unique
combination of traits could make the mysticete whales especially in-
formative for comparative endocrinology studies.

Our study shows that fecal hormone analysis may be broadly useful
for such studies in mysticetes. Despite very small sample mass and
concomitant difficulty of sample collection in humpback whales, we
were able to retrieve enough sample for routine assay of five hormones
via immunoassay, including fecal thyroid hormones (not before re-
ported for any baleen whale). We caution, however, that sample col-
lection and processing techniques warrant close attention. Fecal sam-
pling is, by its very nature, an opportunistic technique and so
individuals cannot be sampled at will. Methodological details such as
collection device, algal contamination, removal of excess water, and
solvent:sample ratio may all introduce important variation if not eval-
uated and controlled. Further, for each new species it is essential to
perform not only assay validations (accuracy as well as parallelism), but
also physiological validations from individuals of known state, before
the technique can be reliably applied to questions of conservation and
ecological interest. Overall, however, our results indicate that fecal
hormone quantification may be broadly useful even for those aquatic
animals that produce highly particulate and dispersed feces, potentially
enabling completely noninvasive assessment of stress physiology, re-
productive state, energetic physiology, and other aspects of compara-
tive endocrinology.
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