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Abstract

The Rice’s whale (Balaenoptera ricei) is a recently described species of baleen whale
found in the Gulf of Mexico. With fewer than 50 adults remaining, the Rice’s whale is
the most endangered baleen whale species. Analyses of reproductive and adrenal
hormones promote the understanding of reproductive cycles and stress physiology
in this rare and poorly understood species. Baleen plates contain steroid hormones
stored throughout the period of baleen growth and have been used for continuous,
multi-year retrospective assessment of the reproductive and glucocorticoid history of
individual whales. We measured progesterone, testosterone, cortisol, and corticoste-
rone in baleen plates of seven individual Rice’s whales (four males — one of which
was the holotype — and three females), including two individuals believed to have
died from starvation and one known to have been killed by ship strike. Baleen powder
was obtained by drilling every 1 cm (~15-30 day intervals) from the base of the
plates to the distal end. Hormones were quantified with enzyme immunoassay kits,
and presence of the specific hormones was further confirmed with analytical chem-
istry. All assays passed validation assays for Rice’s whale baleen extract. In the two
individuals that likely died of starvation, all four steroid hormones show increases in
the most recently grown baleen, a pattern observed in other baleen whales in cases
of prolonged iliness or injury before death. A female with a known recent pregnancy
had a sustained elevation of progesterone spanning the majority of her plate, indicat-
ing that baleen analysis in this species can detect recent pregnancies. No evidence
of annual testosterone cycles was noted in three adult males, suggesting that this
subtropical species might not have strong seasonal reproduction, which is atypical
for baleen whales. Thus, we conclude that baleen hormone analysis can be used to
clarify life history patterns in this critically endangered species.
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Introduction

The Rice’s whale (Balaenoptera ricei) is a recently identified species of whale thought
to reside year-round within the Gulf of Mexico (GoM, also known as “Gulf of Amer-
ica” within the USA). This species was once considered a distinct population of the
Bryde’s whale (Balaenoptera edeni), but in early 2021, genetic and morphological
analyses confirmed it is a distinct species [1,2]. The Rice’s whale is critically endan-
gered and is the most endangered baleen (mysticete) whale species, with the total
population size estimated at 50—-100 individuals, and fewer than 50 mature adults
[2-5]. Unlike many mysticetes that migrate seasonally between temperate or polar
feeding grounds in the summer and tropical breeding grounds in the winter, Rice’s
whales are believed to be non-migratory and appear to mainly reside in the north-
eastern GoM, with additional sightings and acoustic detections stretching across the
northwestern GoM [1,5-11], although its historic range may once have been broader.
Acoustic evidence indicates that Rice’s whales occur in Mexican waters as well

[11]. Due to its extremely small population size, newly elevated taxonomic status,
and numerous anthropogenic threats in the GoM, conservation efforts are urgently
needed to protect this critically endangered species [12]. However, knowledge

gaps pose roadblocks for developing an effective recovery plan. For example, more
information is needed on reproductive timing and seasonality, as well as the potential
physiological effects of anthropogenic stressors such as ship traffic, entanglement in
fishing gear, and exposure to pollutants and debris.

Hormone quantification can be a powerful tool to reveal physiological states of an
animal that may not be detectable otherwise. Analyses of reproductive hormones
and adrenal glucocorticoid (GC) hormones are useful for conservation and manage-
ment, particularly analyses of patterns over time [13—16]. However, it can be difficult
to obtain the necessary samples from rare cetaceans. Recently, baleen analysis has
become increasingly employed for such hormone analyses in cetaceans [17-25].
Baleen is a keratinized feeding tissue found in all extant mysticete species, consisting
of multiple baleen “plates” (vertical strips) that form a filter-feeding apparatus. Each
plate grows slowly and continuously from well-vascularized gum tissue in the upper
palate known as the ‘Zwischensubstanz’ and slowly degrades or frays at the distal
tip [26—29]. Multiple studies in other mysticete species demonstrate that patterns
of hormone concentrations within a baleen plate correspond to known events (e.g.,
pregnancy or entanglement) that occurred while that section of baleen was grown,
implying that steroid hormones in circulating blood are incorporated in baleen as it
grows [20-24,30,31]. Therefore, a baleen plate is thought to contain multiple, contin-
uous years of hormone data, with the concentration of hormones at each point along
the plate representing a certain point in time when that region of baleen grew.

From a conservation perspective, it is important to know the breeding season of
any endangered species to assess whether certain management policies may be
required during a certain season or region. It is currently unknown whether Rice’s
whales are seasonal breeders, and, if so, what their breeding season may be. Some
populations of the closely related Bryde’s whale can breed year-round with no sea-
sonal restriction, but breeding peaks can be seen in autumn, and at least one Bryde’s
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population breeds seasonally in winter [32]. The occurrence and timing of seasonal reproduction in vertebrates can often
be estimated via inspection of temporal patterns in reproductive hormones, particularly testosterone in males

(e.g., [33—37]). In most seasonally breeding mammals, circulating plasma testosterone concentrations of adult males
begin rising approximately a month prior to breeding (corresponding with initiation of spermatogenesis) and remain ele-
vated throughout the breeding season [38]. Adult males of several mysticetes that breed seasonally show distinct ele-
vations of testosterone in baleen grown during the putative breeding season (e.g., bowhead whale Balaena mysticetus,
North Atlantic right whale Eubalaena glacialis, and blue whale Balaenoptera musculus) [39,40]. Thus, examining patterns
of testosterone in Rice’s whale baleen could help illuminate whether this species breeds seasonally.

Progesterone is a key mammalian reproductive hormone that is responsible for maintaining the uterine endometrium in
pregnant females, and thus it is typically significantly elevated for a prolonged period during pregnancies, often reaching
a peak in the second half of gestation and declining at parturition. Thus, progesterone can be used as a biomarker for
mammalian pregnancy confirmation as well as (in some species) for identifying the stage of pregnancy [41,42]. In multiple
mysticete species, sustained elevations of progesterone in baleen correspond to documented periods of pregnancy (i.e.,
confirmed from calf sightings), for example, in bowhead, North Atlantic right whale, and humpback whales [17,24,31]. In
those species with long baleen grown across >3 years, it is often possible to confirm prior pregnancies, estimate gesta-
tion length and inter-calving intervals and sometimes estimate age of sexual maturity (i.e., from patterns of progesterone
elevations across the baleen). However, Rice’s whale baleen plates are relatively short, capturing only an estimated one
to two years of hormone data. Though examination of inter-calving interval may not be possible with such short baleen,
pregnancy confirmation and estimation of gestation length might still be possible. Thus, testosterone patterns of males
and progesterone patterns of females could shed light on 1) breeding seasonality, 2) pregnancy determination, and 3)
gestation length.

Glucocorticoids (GCs), too, can provide useful information for conservation and management. In vertebrates, exposure
to unusual or prolonged stressors stimulates the hypothalamic-pituitary axis (HPA axis), resulting in elevation of the GCs,
typically cortisol and/or corticosterone, which together coordinate an adaptive stress response that helps reallocate energy
from non-essential functions (digestion, growth, reproduction, etc.) to functions essential for coping with the stressor (mus-
cle activity, oxygen transport, etc.) [43,44]. Consequently, periods of prolonged stress with consistently elevated GCs can
have negative impacts on health, reproduction, and survival. Rice’s whales are likely exposed to numerous anthropogenic
stressors in GoM waters, including vessel strikes, fishing gear entanglement, anthropogenic noise, habitat destruction,
oil spills, and fishery interactions [4,12]. The relative impacts of these stressors on this species are unknown, and thus,
determination of typical patterns in GCs across time, and comparison of GC patterns after certain types of stressors (e.g.,
acute vs. chronic causes of death), could prove fruitful. Analysis of both GCs (i.e., rather than just one) can produce addi-
tional information, as cortisol and corticosterone often show different patterns that appear to vary with type and duration of

Accurate determination of the timeline represented by a given baleen plate (e.g., number of years or months repre-
sented by a single plate) requires information about baleen growth rate (BGR), measured in cm of length along the pri-
mary growth axis added per year, for that species and age class. In seasonally migrating mysticetes, a timeline estimation
is typically achieved through analysis of predictable annual cycles in stable isotopes corresponding with known migration
patterns and related seasonal shifts in prey [31,46,47]. However, since it is believed Rice’s whales do not migrate, this
approach may not be viable. Fortunately, BGR appears relatively conserved across mysticetes, with age class generally
having a greater effect than species (e.g., adult BGR often ~14—16 cm/yr, and juveniles BGR>20 cm/yr) [48]. In this study,
we use BGR of the closely related Bryde’s whale (14 cm/yr for adults) to estimate BGR for Rice’s whales [48].

This study’s goal is to close knowledge gaps regarding reproduction and stress in the Rice’s whale through ret-
rospective, time-series analyses of hormones obtained from baleen, specifically testosterone, progesterone, corti-
sol, and corticosterone. We analyzed patterns of these four hormones in the baleen of seven different Rice’s whale
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individuals to address the following objectives: (1) Determine whether steroid hormones can be accurately quantified
in Rice’s whale baleen with commercial immunoassay kits. (2) Assess patterns of testosterone over time in three
adult males to examine occurrence of any seasonal peaks indicative of predictable breeding season, with the tenta-
tive hypothesis that all three males would show elevated testosterone at the same month(s) of the year. (3) Deter-
mine whether pregnancy can be diagnosed in this species from patterns in baleen progesterone of females, with

the hypothesis that in one case of a female known to be lactating at death, progesterone would be highly elevated

in baleen grown the year prior. (4) Examine whether patterns of GCs at the base of the plate (most recently grown
baleen) correlate with known cause of death (e.g., acute vs chronic), with the hypothesis that GCs would be elevated
in two cases of known chronic stress prior to death, as compared to a case of known acute cause of death. (5) Deter-
mine typical concentrations and ranges of hormones in two subadults and a calf; no specific hypotheses were framed
for these cases because little endocrine information exists for these age classes in mysticetes. Though our sample
size is small, it represents the first endocrine information from this species. Thus, examining these seven case studies
may illuminate some basic aspects of reproductive and stress biology for this critically endangered species, to help
set research priorities and inform potential management actions.

Materials and methods
Baleen samples

Seven individual whales are included in this study (Table 1); one baleen plate from each individual was obtained from

the Smithsonian National Museum of Natural History (USNM). These included three adult males (USNM 572992, USNM
504074, USNM 594665 [the holotype for this species]); one adult female (USNM 593536); one subadult male (USNM
239307); one subadult female (USNM 504768); and one female calf (USNM 593537). These plates were collected over a
century, from 1923 (USNM 239307) to 2019 (USNM 594665), with two individuals collected in the 1970s (USNM 504074
and 504768), and the rest from the early 21t century (Table 1). These seven specimens represent all available Rice’s
whale baleen at the time of the study. All baleen plates except one had intact bases, meaning the baleen at the base of
the plate should correspond approximately with the date of death. USNM 504768 was the only baleen plate missing the

Table 1. Known information on the Rice’s whale individuals of this study.

Whale USNM' | Age Sex Length (m) | Date Location Death Additional Subsamples
ID Collected Information Attained
594665 Adult M 11.26 28-Jan-2019 | Flamingo, FL Plastic ingestion, Gl Holotype 20
perforation
starvation
572992 Adult M 11.05 12-Mar-2003 | New Hanover, Entanglement resulting in | -- 22
NC starvation
504074 Adult M 19 30-May-1974 | Tarpon Springs, | Unknown -- 23
FL
593536 Adult F 12.65 4-Oct-2009 Hillsborough, FL | Ship strike Lactating at point of 21
death
239307 Subadult |M 8.01 18-Mar-1923 | Walnut Point, Unknown - 18
VA
504768 Subadult |F 8.69 14-Mar-1978 | Duval, FL Unknown - 12
593537 Calf F 4.7 2-Nov-2006 Sandestin, FL Unknown Possible weaningat | 5
point of death

'USNM ID = Catalog number from the Smithsonian National Museum of Natural History.

https://doi.org/10.1371/journal.pone.0347749.t001
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base (i.e., baleen plate was obtained at necropsy by means of cutting the plate at the gumline, thus removing the embed-
ded base of the plate), and consequently the timeline of this baleen plate cannot be anchored to a specific date (though
approximate dates — i.e., the number of months represented by the remaining portion of the plate — can be estimated).
Another specimen, USNM 504074, is believed to have an intact or near-intact base but may have been missing ~1 cm of
the proximal-most portion of the base (based on visual comparison with other specimens). Three juvenile whales were
included in the study (USNM 239307 (male), USNM 504768 (female), USNM 593537 (female)), two of which were ten-
tatively classed as “subadults” (i.e., larger than calves and likely post-weaning but not yet adult) based on body length
between 50-90% of adult length (Table 1). The distal portions of these two individuals’ plates may reflect hormone con-
centrations during their first year of life when they were likely nursing. The remaining individual was classed as a “calf”
(estimated age <1 year, likely nursing) based on a total body length of 4.7 meters (i.e., <50% of adult length). Isotope and
contaminant analyses of these same seven specimens will occur in future studies.

Baleen subsampling

Baleen plates were triple rinsed with 95% ethanol to remove surface contamination, allowed to dry, and subsampled
sequentially and along the primary axis of growth every 1 cm (with a few samples at an increment of 1.5 cm apart due

to damage on the baleen) beginning at the dorsal (proximal) buccal edge, using an electric rotary grinder (Dremel model
4000) with a 1.25 cm sanding band attachment to grind baleen into a fine powder. The grinder tip was also triple rinsed
with 95% ethanol between each sample. Overall, 121 discrete baleen samples were collected across 7 baleen plates from
7 different individuals. As each plate was subsampled at regularly spaced intervals, sample size varies for each individual
according to the length of the plate. Total number of samples per individual ranged from 5 samples (calf) to 23 samples
(adult); see Table 1 for details.

Hormone extraction

From each sample of baleen powder, a 20+ 0.9 mg subsample was weighed on a scale with 0.1 mg repeatability (Sarto-
rius Entris Il Essential Analytical Balance) using an ionizer to decrease the effects of static charge on apparent sample
mass (Ohaus ION-100A). The weighed baleen powder was then mixed with 4.00 mL of 100% HPLC-grade methanol

in 16x100 mm borosilicate glass tubes, capped, shaken for 2 hours on a rack vortexer set at 40 motor speed (Glas-Col
Large Capacity Mixer), then centrifuged for 15 minutes at 4000 g (Thermo Scientific Sorvall ST4R Plus Series). After cen-
trifugation, 3.50 ml of methanol supernatant (containing hormones) per sample was pipetted to a 13x100 mm borosilicate
glass tube, with pellets discarded. Only 3.50 mL of the 4.00 mL supernatant was recovered to avoid pipettor disruption

of the pellet; final data were corrected accordingly. The supernatant was then dried down in a rotary evaporator under
vacuum at 45°C (Thermo Scientific Savant SpeedVac SPD1030 Integrated Vacuum Concentrator) until dry. Dried samples
were reconstituted in 500 ul of assay buffer (“X065” buffer, Arbor Assays, Ann Arbor, MI), hand vortexed for 10 seconds
(Vortex-Genie 2 Digital), shaken for 1 minute on the rack vortexer, and then placed in a water-bath sonicator for 5 minutes
(Branson 3800 Ultrasonic Cleaner). The resulting samples are considered the full-strength (“1:1,” “neat”) sample. Samples
were then transferred to o-ring-capped cryovial tubes and stored at —80°C until assay. All samples were assayed within 1
month of extraction.

Validation assays

Validations, including parallelism and accuracy, were conducted using pooled samples from Rice’s whale baleen powder
tested with commercial enzyme immunoassay kits (progesterone kit #K025, testosterone kit #K032, cortisol kit #K003,
and corticosterone kit #K014, Arbor Assays, Ann Arbor, MI). The sample pool was created from two adult males (USNM
594665 and USNM 572992) due to the excess amount of sample mass available.
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Parallelism validation, which evaluates binding affinity of the assay antibody to sample hormone, was tested by creating
a serial dilution of the pool in assay buffer and assaying all dilutions alongside known-dose standards for progesterone,
testosterone, cortisol, and corticosterone. Results for both the serial dilutions of the pool and standards were plotted as
the percentage bound vs. the logarithm of the relative dose. The slopes of the linear portion of the curves were compared
for parallelism, which would indicate similar binding affinity of assay antibody to sample hormone as compared to pure
hormone, and is considered strong, but not definitive, evidence that the sample contains the hormone of interest (or a
closely similar metabolite). The presence of specific hormones of interest was further confirmed via high-performance
liquid chromatography-mass spectrometry (LC-MS/MS) of selected samples (see below).

Accuracy (aka “matrix effect test”) was next tested by analyzing the slope of the expected standard dose vs. standards
spiked with diluted pool (i.e., the dilution selected for routine assay), to determine the assay’s accuracy for discriminat-
ing low from high doses in the presence of sample matrix at a given dilution. Accuracy validations for all four hormones
involved assays of a set of standards spiked with 50 ul pooled baleen extract (1:4 for progesterone and testosterone, 1:1
for cortisol and corticosterone) and a set of standards spiked only with 50 pl assay buffer. Results were graphed as appar-
ent dose of standards spiked with pool vs. known standard dose, with acceptable accuracy defined as a straight line with
a slope close to 1.0 (see Statistical Analysis for detailed criteria).

Hormone assays

After successful validations (see Results), all samples were then analyzed for immunoreactive progesterone, testosterone,
cortisol, and corticosterone using enzyme immunoassays. Samples were assayed at 1:1 for cortisol and corticosterone
but were diluted to 1:4 for progesterone and testosterone assays (except for USNM 593536 diluted to 1:40 for progester-
one, due to very high concentrations of progesterone) to keep results as near as possible to the linear portion of the stan-
dard curve (for greatest assay precision). Each whale’s samples were analyzed within the same assay, and the order of
the samples was pseudo-randomized to minimize influences of intra-assay variation on longitudinal data. The manufactur-
er’s assay protocols were used, but with one additional low-dose standard added by extending the standard curve for one
more serial dilution. The cortisol assay was run using X065 buffer (rather than the X053 buffer indicated by the protocol)
based on the manufacturer’s technical advice; this change was performed to keep all assays in the same buffer, which
minimizes the loss of sample volume due to pipetting. Assays included quadruplicates of nonspecific binding wells and
blanks (zero doses), and duplicates of standards, samples, and controls. Any standard with a coefficient of variation (CV)
>10% between wells was omitted from the standard curve. Any sample with a CV>10% between wells was re-assayed,
with the exception of one sample (USNM 594665 subsample 2 (1 cm), 20.3% CV) that did not have sufficient extract for
re-assay. All assay results were converted to nanograms of immunoreactive hormone per gram of baleen powder.

Mass spectrometry

To confirm the chemical identity of immunoreactive hormones detected by assay antibodies, four samples of Rice’s whale
baleen powder were selected for mass spectrometry analysis. Four samples were sufficient to verify that the putative hor-
mones detected by immunoassay antibodies are in fact present in baleen extracts from this species. Two samples were
selected from the pregnant female (i.e., the only adult female in the study, with the two samples representing different
stages of pregnancy), one from an adult male, and the fourth from a female calf (representing a non-adult).

To extract steroid analytes from powder samples, we adapted the procedure documented in [49] for dentin powder
samples. We loaded each sample with an extraction solution of 1.5 ml HPLC-grade methanol (Fisher Scientific) and 100
ul internal standard made from deuterated forms of each analyte in a 40% methanol solution, along with ~250 mg Lysing
Matrix D beads (MP Biomedicals) into a 2-ml screw-cap centrifuge tube (MP Biomedicals). The beads prevented clumping
and kept powder samples in suspension during agitation and rotation. After adding the solution, each tube was vortexed
for 60 s at 10,000 rpm and rotated at 30 rpm for 3 h at room temperature. Samples were then centrifuged at 12,700 rpm
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for 8 min, and supernatant (1450 pl) was transferred to a 2-ml autosampler vial and evaporated to dryness in a vacuum
concentrator (Savant SpeedVac SPD1030) for 2 h without heating and using a pre-cooled rotor. Evaporated samples
were kept on ice until reconstituted with 40 yl HPLC-grade methanol and vortexed at 10,000 rpm for 20 s. After recon-
stitution, samples were diluted with 300 yl HPLC-grade water (Fisher Scientific) and vortexed for an additional 20 s. We
then performed supported liquid extraction (SLE) using preloaded 400 pl cartridges (Biotage Isolute SLE+), eluting with
1.8 ml HPLC-grade methyl tert-butyl ether (Honeywell) that was subsequently evaporated to dryness under vacuum for
25 min without heat in a pre-cooled rotor. Samples were kept on ice until being reconstituted again, this time with 200 pl
40% methanol, vortexing at 10,000 rpm for 20 s. Reconstituted samples were stored at —20 °C overnight for analysis the
subsequent day.

Steroid analyses were performed on an Agilent 6490 triple quadrupole mass spectrometer and Agilent 1260 and 1290
dual front-end HPLC/UPLC using a previously published method [50]. Multiple controls (processed methanol without
sample, processed water, an internal pooled serum control, and an internal quality control mixed from stock steroids) were
included in the sample run, and a calibration curve was calculated using seven calibration standards with concentrations
spanning the range detected in samples. Concentrations of analytes (based on a calculation that assumed specimen sam-
ple size of 100 mg) were calculated based on comparison to the known concentrations of deuterated standards added
to the extraction solution. Steroids were measured using multiple reaction monitoring (MRM). In MRM, two of the ions
produced by controlled destruction of the precursor ion (the charged steroid molecule) are selected to be the quantifier
and qualifier ions. The integration of the quantifier ion peaks of each steroid and deuterated internal standard are used to
calculate steroid concentration, while the qualifier ion confirms the identification of the quantifier ion. Results were consid-
ered unreliable when ratios of qualifier and quantifier ion were outside of expected, empirically determined ranges. Final
steroid levels in baleen samples were calculated by converting measured concentrations according to sample mass.

Statistical analysis

Parallelism assays were analyzed using F-tests on the linear portions of the curves, with a nonsignificant difference in
slopes (i.e., p>0.05) indicating acceptable parallelism. Accuracy assays inspected for goodness-of-fit of the linear regres-
sion line as well as slope, with 2>0.90 and a slope between 0.7-1.3 indicating acceptable accuracy [17].

Descriptive statistics for each hormone included calculation of range and baseline. For each whale, the baseline ng/g
of each hormone was calculated using an iterative process of removing data points more than two standard deviations
higher than the mean until no outlying points remained [51]. The resulting mean then indicates the baseline of that hor-
mone for that whale. Peaks were then identified as any point greater than two standard deviations above that baseline
[51,52]. Male testosterone peaks, female progesterone peaks, and GC peaks in both sexes were then visually evaluated
for correspondence with estimated time of year (testosterone peaks in males), relationship to documented pregnancy (for
the lactating female), and/or co-occurrence with any documented causes of death (from necropsy reports). For inspec-
tion of potential testosterone seasonality in males, points along the three male baleen plates were assigned an estimated
month of growth (albeit in different calendar years; see Table 1) using the known month of death and the estimated baleen
growth rate. The three males’ testosterone profiles were then aligned by month to inspect any apparent synchronization
in testosterone patterns indicating potential seasonality (Fig. 4). Additionally, each male’s testosterone profile was individ-
ually inspected for evidence of annual cyclicity (i.e., successive testosterone peaks occurring in the same month across
different years). (Note that the shortness of Rice’s whale baleen and the proxy BGR derived from Bryde’s whale baleen
limits this approach to an expected two successive annual testosterone cycles per baleen plate.) Finally, duration of gesta-
tion was estimated based on the timing of the sustained elevation of progesterone, patterns of GCs suggestive of parturi-
tion, and Bryde’s whale BGR.

Data were analyzed using GraphPad Prism version 10.2.0 (parallelism and accuracy) and R packages dplyr, ggplot2,
and hormlong [52-55].
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Results

Validations

All assays demonstrated robust parallelism and accuracy for Rice’s whale baleen extracts. The parallelism assays yielded
slopes of serially diluted sample that were not significantly different from slopes of hormone standards (progesterone
pool, F, ,=2.293, P=0.2692; testosterone pool, F, ;=3.242, P=0.1696; cortisol pool, F, ,=2.413, P=0.3641; corticos-
terone pool, F, ;=0.7938, P=0.4386). All assays also demonstrated acceptable accuracy (progesterone, r>=0.9993,
slope =0.8488; testosterone, r»=0.9997, slope=0.9199; cortisol, r>=0.9954, slope =1.009; corticosterone, r>=0.9998,
slope=1.072) (Figs 1 and 2).

Mass spectrometry results confirmed that Rice’s whale baleen powder contains native progesterone, testosterone, cor-
tisol and corticosterone (i.e., the four hormones quantified by immunoassay), as well as multiple other steroid hormones
(16-OH-progesterone, 17-OH-progesterone, androstenedione, 18-OH-corticosterone, 11-deoxy-cortisol, 18-OH-cortisol,
aldosterone and estrone). Progesterone was the dominant progestogen detected (i.e., concentrations higher than other
progestogens in all four samples tested). For androgens, however, androstenedione was unexpectedly found at a higher
concentration than testosterone in three of four samples (all but the calf sample); that said, testosterone was also readily
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Fig 1. Assay parallelism curves. Parallelism assay results for validation of Rice’s whale baleen pooled extracts for progesterone, testosterone, corti-
sol, and corticosterone. Parallel slopes of standards and species pool indicate acceptable parallelism.

https://doi.org/10.1371/journal.pone.0347749.9001
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Fig 2. Assay accuracy linear regressions. Accuracy assay results for validation of Rice’s whale baleen pooled extracts for progesterone, testosterone,
cortisol, and corticosterone. Slopes close to 1.0 demonstrate good accuracy.

https://doi.org/10.1371/journal.pone.0347749.9002

detectable in all four samples. Corticosterone was the dominant GC detected in all four samples, in agreement with assay
results (Table 2). These mass spectrometry results confirm that Rice’s whale baleen contains the hormones targeted in
the ElAs.

Adult males

In all three adult males (USNM 594665, USNM 572992, USNM 504074), the progesterone range and average base-
line was higher than the testosterone range and average baseline (Figs 3 and 4; Table 2). The progesterone concen-
tration in males were still five times less than the adult female’s progesterone levels during the non-pregnancy period.
Corticosterone concentrations were consistently higher than cortisol concentrations (Fig 3; Table 2). All three males
show peaks in GCs at the base of the plate, indicating a rise in GC circulation during the month(s) immediately prior to
death (Fig 3; Table 2). Peaks in testosterone and progesterone at the base of the plate were also seen in male USNM
594665 (0—4.5 cm) corresponding to the GC peaks (Fig 3). Testosterone patterns across the three males did not show
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Table 2. Descriptive statistics for enzyme immunoassay results of Rice’s whale baleen samples. For full data see supporting information (S1
Table).

Whale Progesterone Testosterone Corticosterone Cortisol

USNMID | gaseline Range (ng/g) Baseline Range Baseline Range Baseline Range

(ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
Adult Males 594665 14.53 12.50-42.04 8.68 6.73-23.18 | 1.815 1.09-7.95 |1.019 0.29-3.87
572992 16.83 9.06-24.20 7.01 2.64-8.72 | 1.968 1.32-412 | 0.663 0.08-2.03
504074 35.51 22.87-62.32 15.17 10.23-26.14 | 4.275 3.05-10.09 | 1.427 0.55-4.36
Combined |22.29 9.06-62.32 10.32 2.64-26.14 |2.69 1.09-10.09 | 1.04 0.08-4.36
Adult Female 593536 -1 44.78-1181.29 8.47 5.60-36.27 |4.767 2.84-41.74 |0.88 0.00-4.62
Subadults/Calf 239307 44.42 30.63-269.82 18.94 12.48-33.15 | 5.55 3.01-22.08 |3.07 1.96-33.15
504768 68.52 59.75-75.56 48.4 34.39-72.63 | 8.23 5.563-11.48 |5.34 4.26-7.52
593537 37.84 21.87-58.06 24.44 17.18-32.46 | 5.41 3.49-7.20 |3.15 1.99-4.49

Combined |50.26 21.87-269.82 30.59 12.48-72.36 | 6.4 3.01-22.08 | 3.85 1.96-

33.15

" No baseline could be calculated for the adult female due to a prior pregnancy influencing most data points.

https://doi.org/10.1371/journal.pone.0347749.t002
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Fig 3. Adult male Rice’s whale hormone profiles.

https://doi.org/10.1371/journal.pone.0347749.9003

synchronized peaks in the same months, and none of the three males demonstrated any apparent cyclicity across the
baleen plate (Fig 4).

Hormone profiles of three adult male Rice’s whales (USNM 594665, 572992, and 504074) from observed immunore-
active hormone concentrations across the baleen plates. Note the differing y-axes. Hormone concentrations (ng/g) are
plotted by distance from base (0 being the base, i.e., the point grown most recently before death) to read from oldest (left)
to newest (right) baleen growth. Dashed horizontal lines represent baseline and black points represent peaks, defined as
values two standard deviations or more above baseline.

Testosterone profiles of three adult male Rice’s whales (USNM 504074, 572992, and 594665) from observed immu-
noreactive hormone concentrations across the baleen plates, aligned by estimated month of growth of each sample of
baleen. Hormone concentrations (ng/g) are plotted by estimated month of baleen growth determined by the death date
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Fig 4. Adult male Rice’s whale testosterone patterns aligned by time of year.

https://doi.org/10.1371/journal.pone.0347749.9004

of each whale and average baleen growth rate. Shaded areas indicate typical breeding season of closely related Bryde’s
whale. Black points represent peaks, defined as values two standard deviations or more above baseline.

Adult female

USNM 593536, the sole adult female in the study, was lactating at the time of death. A sustained elevation of progester-
one was detected across most of the baleen plate, with a decline in progesterone starting near the middle of the plate
continuing to the base of the plate (proximal end), interpreted as a pregnancy followed by a parturition event. Due to this
individual's large range in progesterone concentrations (Table 2), a baseline could not be calculated. Progesterone began
to rise at 17.5 cm (measured from 0 cm = proximal-most end, i.e., most recently grown baleen), peaked at 9 cm at 1181.29
ng/g, followed by a gradual decline (Fig 5). The female’s progesterone average was 34.5 times greater than the average
baseline of the three adult males, while her testosterone baseline was comparable to those of the males (Table 2). Corti-
costerone concentrations were consistently higher than cortisol, as seen in samples from adult males.

The proximal-most portion of the female’s baleen plate contained several near-simultaneous patterns of interest: a rise
in testosterone occurs between 0-5 cm, peaking at 36.27 ng/g at 2 cm; and both GCs peaked simultaneously at 1.5 cm
(with maxima of 4.62 ng/g of cortisol, and 41.74 ng/g of corticosterone). Based on a tentative beginning of gestation at
17.5 cm and a tentative parturition at 1.5 cm, this pregnancy spanned an estimated 16 cm. Using the Bryde’s whale BGR
of 14 cmlyear, the gestation duration of this individual was estimated as 13.7 months.

Hormone profile of the adult female Rice’s whale USNM 593536 from observed immunoreactive hormone concentra-
tions across the baleen plate. Hormone concentrations (ng/g) are plotted by distance from base (0 being the base, i.e., the
tissue grown most recently before death) to read from oldest (left) to newest (right) baleen growth. Dashed horizontal lines
represent baseline and black points represent peaks, defined as values two standard deviations or more above baseline.
Testosterone, corticosterone, and cortisol are plotted on the right y-axis and progesterone is plotted on the left y-axis.

Subadults and Calf

Unexpectedly, all three juveniles — both subadults and the calf — had higher testosterone, progesterone, and GC base-
lines than the four adults, with progesterone baselines higher than testosterone for all three regardless of sex (Fig 6 and
Table 2).
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https://doi.org/10.1371/journal.pone.0347749.9006

Hormone profiles of three juveniles Rice’'s whales (subadult male USNM 239307, female calf 593537, and
subadult female 504768) from observed immunoreactive hormone concentrations across the baleen plate. Hor-
mone concentrations (ng/g) are plotted by distance from base (0 being the base, i.e., the point grown most recently
before death) to read from oldest (left) to newest (right) baleen growth. Dashed horizontal lines represent baseline
and black points represent peaks, defined as values two standard deviations or more above baseline. For display
purposes, two progesterone outliers for whale USNM 239307 have been removed (202.56 ng/g at 8 cm and 269.82

ng/g at 5 cm).
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Discussion

Our study confirms that steroid hormones can be accurately quantified in Rice’s whale baleen, with progesterone, testos-
terone, cortisol and corticosterone all providing useful information regarding reproductive seasonality (and lack thereof),
pregnancy and parturition, and indication of chronic stress prior to death.

Adult males

Our data show no clear evidence of regular annual elevation of testosterone in three adult male Rice’s whales, and thus, no
clear evidence of reproductive seasonality. In many other adult male mysticetes, cyclical testosterone patterns in baleen typi-
cally occur during certain months of the year that correspond to putative breeding seasons [39,56]. The closely related Bryde’s
whale, typically also found in tropical waters, can breed year-round but does have heightened breeding activity in autumn
(September to November) [57]. In this study, the three adult male baleen plates capture two autumns, with the first containing
no testosterone peaks in any of the three males. The second autumn season, however, does contain testosterone peaks from
two of the three adult males (USNM 504074 and USNM 594665). Regardless, additional elevations in testosterone are present
across the plate, indicating that testosterone does not only rise during potential breeding seasons but can rise at any point in the
year. Overall, these patterns are reminiscent of Bryde’s whales, as well as of tropical and subtropical mammals generally (i.e., it
is plausible that Rice’s whales might tend to breed in autumn while also retaining some potential to breed year-round).

Our interpretation of testosterone patterns may be influenced by various study limitations such as low sample size
and potential inaccuracies in timeline estimates. Only three male individuals were available for study, with each baleen
plate spanning only two years. Further, all estimated dates-of-growth are based on the baleen growth rate of the Bryde’s
whale. It is possible that Rice’s whales may have a different baleen growth rate as a species, and additional individual
variation may also occur; however, available literature indicates fairly consistent baleen growth rates for adult mysticetes,
even across species of similar body size [31,48]. One specimen, USNM 504074, presents the additional complication of
potentially missing ~1 cm of the proximal-most baleen; explorations of alternative timelines for this individual indicate that
its testosterone peak still falls in autumn. In addition, two of the adult males (USNM 572992 and 594665) had prolonged
causes of death, and therefore the peaks of testosterone at the base of the plate might have been affected by physiolog-
ical status of the whale as it approached death. Overall, our data do not suggest reproductive seasonality in this species,
but we recommend further study with any additional baleen specimens that become available.

All three adult males in this study had higher progesterone than testosterone. This may at first seem unexpected, as
testosterone is famed as the main reproductive hormone in male mammals, while progesterone is typically studied only in
females. However, on the rare occasions when progesterone is studied in males, adult male mammals often do prove to have
high progesterone, so much so that it is speculated that progesterone may play a specific role in male reproduction that has
not yet been elucidated [58—60]. Alternatively, this pattern may simply reflect the biosynthetic pathway of steroidogenesis, as
progesterone is the immediate precursor to testosterone. Indeed, progesterone and testosterone patterns mirror each other in
all three adult male whales (i.e., a rise in progesterone corresponds with a rise in testosterone). It is also possible that hor-
mone ratios in baleen may differ from those in plasma (i.e., chemical properties of progesterone and testosterone may impact
affinity for binding to keratin and thus the efficacy of embedding into keratin structures). Emerging data indicate this pattern of
high progesterone in male mysticetes does occur in baleen of other species such as blue, fin, and bowhead whales (A. Case,
J. Jelincic, unpublished data), but few-to-no plasma samples are available from male mysticete whales for comparison. The
potential biological significance of high progesterone in male mysticetes therefore remains to be determined.

Adult female

A prolonged elevation in progesterone, with a gradual rise and then a gradual fall, is evident in the adult female’s baleen.
This pattern is consistent with expected progesterone levels during pregnancy. Indeed, this individual was known to be
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lactating at her point of death and therefore must have been pregnant in the prior year (the year captured by the baleen).
Our estimated gestation duration of 13.7 months, though likely imprecise, provides a first look at gestation length in this
species based on physiological data, and generally agrees with approximately year-long gestation lengths of the Bryde’s
whale and related species [56,61]. Though our sample size is a single individual, this case, along with similar results from
other species, strongly suggests that prior-year pregnancies of Rice’s whales can be diagnosed accurately from patterns
in baleen progesterone.

The proximal-most portion of this female’s baleen plate contained a near-simultaneous rise in testosterone, cortisol and
corticosterone at approximately 1—2 cm before the base of the baleen plate (i.e., approximately two months before death).
This cluster of endocrine changes at approximately 2 cm may represent the parturition event and/or onset of lactation,
physiological events that both can involve elevations in GCs [62,63]. Testosterone is not often assessed in pregnant
female mammals, but some data indicate that androgens from male fetuses may be detectable in maternal circulation,
and, further, male fetuses in many mammal species have a notable rise in androgen secretion near or at birth [64,65].
Alternatively, endocrine changes near the base of a whale’s baleen plate can sometimes be attributed to a chronic cause
of death (e.g., chronic injury or illness) [19,20]. However, in this case, necropsy and observational (carcass sighted on
bow of vessel) data confirm an acute cause of death of vessel strike. We expect a ship strike (i.e., a near-instantaneous
death), as experienced by the adult female, would not cause an increase in GCs at the 1-2 cm region of the plate.

Subadults and calf

The single calf in this study had the highest baseline levels of all four hormones analyzed, including the reproductive hor-
mones (testosterone five times higher than adult baseline, and progesterone almost four times higher than adult baseline).
Similarly, the two subadults also had hormone concentrations higher than adults (testosterone and progesterone both
three times higher than adult baselines). Because calves are not reproductively active, there may be another role for pro-
gesterone and testosterone at this age. Progesterone and testosterone may be of maternal origin, transferred via milk fat
during lactation [66—68]. With the one pregnant female included in this study, testosterone was elevated toward the base
of the plate when she would have been lactating, potentially explaining high testosterone in calves if it is indeed due to
maternal transfer via milk. A second explanation could be that these hormones are endogenously produced in the young
whales, perhaps relating to sex determination; for example, neonatal males of several mammalian species produce very
high endogenous androgens in the months just after birth, thought to be related to endogenous sex determination that
occurs post-partum [69—71]. However, the calf and two subadults all have higher progesterone levels than testosterone
regardless of sex. Yet, as seen in adult males, some males have higher progesterone baselines compared to testoster-
one. Reproductive hormones are rarely reported for neonatal mammails, so it is unclear how widespread these patterns
might be or what their physiological purpose may be. We encourage more routine analysis and reporting of reproductive
steroids in calf and subadult age classes of all mysticete species.

Chronic stress events

Three whales in this study have known causes of death. Two involved prolonged stressors; one such case involved
plastic ingestion that perforated the gastrointestinal tract numerous times, causing chronic iliness and hemorrhaging [72]
(USNM 594665), while the other involved chronic entanglement in fishing gear that cut deeply into bones of the skull
(USNM 572992). Poor body condition was also reported at necropsy (i.e., starvation). These two whales with prolonged
death events had marked increases in all four hormones — both reproductive steroids and both GCs — near the base of
the plate starting around 4 cm (~2 months prior to death). The rise in GCs agrees with our predictions that chronic stress
events should result in elevated GCs in baleen. The rises in progesterone and testosterone, however, are more puzzling,
but similar patterns have been noted in several other cases of chronic cause of death in other mysticetes (e.g., [19]). One
explanation for the increased hormones could be adrenal failure and/or gonadal failure, as both of these glands produce
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a wide suite of steroid hormones via complex biosynthetic pathways in which various hormones are precursors to other
hormones, and thus, gradual failure of enzyme production or activity could result in the release or “dumping” of large
amounts of the intermediates into plasma. However, a similar pattern of an increase near death has also been reported
for contaminants measured in Rice’s whale baleen, e.g., PFAS spiking in concentration near the base of the plate (baleen
grown most recently prior to death) [73]. This suggests the alternate explanation that liver and kidney failure in the mor-
ibund animal may result in reduced clearance rates of both hormones and ecotoxicants, causing a global increase in
plasma concentrations of multiple types of analytes. Reductions in BGR close to death could result in a similar phenome-
non. Regardless of mechanism, we propose that a “moribund pattern” exists in mysticete whale baleen, wherein a whale
nearing death from a prolonged stressor accumulates unusually high concentrations of all steroid hormones, and poten-
tially ecotoxicants as well, in the proximal-most baleen.

The third whale with a known death event was the lactating female, who died acutely from a ship strike, likely upon impact
(USNM 593536). However, she had also experienced a recent parturition event, which is known to increase GCs in female mam-
mals. This individual did have a rise in GCs a few weeks prior to death, which we tentatively attribute to the parturition (see above).

Of the whales with unknown deaths, we see an increase of GCs starting around the 4 cm mark for the adult male
USNM 504074, one peak of B at the 0 cm mark for the subadult male USNM 239307, and no GC peaks in subadult
female USNM 504768 and female calf USNM 593537 (though the latter two individuals had baseline GCs throughout the
baleen). With further study of cases of known cause-of-death in this and other species (as seen in humpback whales,
Megaptera novaeangliae; North Atlantic right whales; and southern right whales; [21,23]), it may become possible to iden-
tify acute vs. chronic causes of death based on GC patterns in baleen.

Conclusions

Baleen can be used to retrospectively analyze endocrine states in species that may be rare or from which collection of
other sample types is challenging. The Rice’s whale is in urgent need of conservation, with its extremely small population,
restricted range, and regular exposure to multiple anthropogenic stressors in the northeast GoM. Here, we demonstrate
that baleen hormonal analysis may provide information useful for Rice’s whale management and conservation. For exam-
ple, through quantifications of testosterone in three adult males, we tentatively conclude that there is no fixed breeding
season in Rice’s whales. In addition, with our analysis of progesterone, we demonstrate that pregnancy can be diagnosed
in this species in baleen through patterns of elevated progesterone. Lastly, our analysis of GCs indicates that GCs are
elevated at the base of the plate in individuals with prolonged deaths. In an unexpected finding, subadults and calves

had the highest concentrations of all four hormones, even reproductive hormones, when compared to the mature adults.
Increasing the sample size would be beneficial in confirming these findings; genetic investigation of specimens originally
categorized as Bryde’s whale may reveal additional Rice’s whale specimens. Overall, endocrinological analyses of baleen
provides a powerful tool for obtaining life-history information such as maturation, breeding, pregnancy, and cause of
death, information that is vital for conservation efforts.

Supporting information

S1 Table. Full hormone concentration data. All subsample concentrations are presented in ng/g for each of the four
hormones quantified.
(PDF)
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