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Rationale: A liquid chromatography/tandem mass spectrometry (LC/MS/MS)

method was validated and utilized to measure and analyze four steroid hormones

related to stress and reproduction in individual samples from a novel tissue, Pacific

walrus (Odobenus rosmarus divergens, herein walrus) bone. This method determines

steroid hormone concentrations in the remote walrus population over millennia from

archaeological (>200 BP), historical (200–20 BP), andmodern (2014–2016) time periods.

Methods: Lipids were extracted fromwalrus bone collected from these periods using

methanol before LC/MS/MS analysis. Isotopically labeled internal standards for each

target hormonewere added to every sample. Analytical and physiological validationswere

performed. Additionally, a tissue comparison was done among paired walrus bone, serum,

and blubber samples. A rapid resolution liquid chromatography system coupled to a QqQ

mass spectrometer was used to analyze all samples after derivatization for progesterone,

testosterone, cortisol, and estradiol concentrations. Multiple reaction monitoring was

used for MS analysis and data were acquired in positive electrospray ionization mode.

Results: Progesterone, testosterone, cortisol, and estradiol were linear along their

respective standard calibration curves based on their R2 values (all > 0.99). Accuracy

ranged from 93–111% for all hormones. The recovery of extraction, recovery of

hormones without matrix effect, was 92–101%. The overall process efficiency of our

method for measuring hormones in walrus bone was 93–112%. Progesterone and

testosterone concentrations were not affected by reproductive status among adult

females and males, respectively. However, estradiol was different among pregnant and

non‐pregnant adult females. Overall, steroid hormones reflect a long‐term reservoir in

cortical bone. This methodwas also successfully applied towalrus bone as old as 3585 BP.

Conclusions: LC/MS/MS analysis of bone tissue (0.2–0.3 g) provides stress and

reproductive data from elusive walruses that were alive thousands of years ago.

Based on physiological validations, tissue comparison, and published literature, steroid

hormone concentrations measured in walrus cortical bone could represent an

accumulated average around a 10–20‐year time span. By investigating how stress

and reproductive physiology may have changed over the past ~3000 years based on

bone steroid hormone concentrations, this method will help answer how physiologically

resilient walruses are to climate change in the Arctic.
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1 | INTRODUCTION

Lipophilic steroid hormones, including cortisol, estradiol, progesterone,

and testosterone, can provide important physiological information in

marine mammals. Estradiol, progesterone, and testosterone are

reproductive hormones and have been used to determine marine

mammal reproductive status, including pregnancy in cetaceans,1-4

pinnipeds,5,6 and Pacific walruses (Odobenus rosmarus divergens,

hereafter walrus).7 Cortisol is produced in response to stress and

naturally increases during times of high energy use including reproduction,

molting, and mobilization of lipid stores in pinnipeds.5,6,8-10 However,

when cortisol concentrations are consistently high, this is an indicator

of a chronic stressor.11 Pinnipeds are more susceptible to disease and

may have poorer body condition when experiencing chronic stress

compared to animals that have not been exposed to a chronic stressor

and experience continuously elevated cortisol concentrations.12,13

Clearly, steroid hormone studies of marine mammals provide relevant

physiological data for current and future population health

assessments.14

Bone tissue contains lipids which are sequestered over the

lifespan of an animal and do not significantly degrade after death,

which means they can be detected in the bone after being buried

for thousands of years.15,16 Testosterone and estrogens, including

estradiol, have been extracted and used to assign sex to human bones

as old as 6961 calendar years before present (BP),17 and testosterone

and estradiol have been extracted and analyzed from rat (Rattus spp.)

bone.18 Bone has a slow turnover rate (3% cortical bone/year),19

therefore hormone concentrations from bone are expected to

represent a long‐term accumulated average for an individual. This is

beneficial when monitoring long‐term physiological changes in a

population, because bone hormone concentrations are not likely to

be skewed by acute stressors or reproductive events like serum and

blubber.2,3,8,20,21 While steroid hormones have not yet been extracted

from marine mammal bone from archaeological (> 200 BP), historical

(200–20 BP), or modern (2014–2016CE) time periods, lipids, including

cholesterol, have been obtained from ancient whale bone (75000

BP),15 and steroid hormones have been extracted from rat bone and

measured using enzyme immunoassays (EIAs).18

Steroid hormones have been extracted from numerous matrices

and measured with various immunoassay kits including enzyme linked

immunoassays (ELISAs), radioimmunoassays (RIAs), and EIAs. Assays

have been used to measure steroid hormones in marine mammal

feces,1,22 blubber,6 serum, urine,21 saliva,7,23 baleen,4,24 earwax,25 and

whale blow.26 Immunoassay techniques are beneficial when sample

mass is abundant, and they generally lower the cost of analysis.27

However, immunoassays require relatively large sample masses and

multiple assays for multi‐hormone analyses, which increases required

lab time.28 In addition, cross‐reactivity with target steroid hormone

metabolites can lead to inflated hormone concentrations.29,30

Furthermore, due to complicated logistics of collecting tissue samples

from free‐ranging marine mammals and animal care standards for

managed populations, marine mammal biopsies, blow samples,

fecal samples, etc., once obtained, are relatively small and are slated

for multiple different analyses, (e.g., contaminants, fatty acids,

disease).31,32 Thus, researchers need to efficiently analyze tissue
samples and have been transitioning from using immunoassays to

more sophisticated analyses, like liquid chromatography/tandem mass

spectrometry (LC/MS/MS).28,30

LC/MS/MS analysis allows for greater utility of samples collected

from rarely encountered species, such asmarinemammals. For example,

eight different hormones have been analyzed in a single 0.40 g blubber

sample using LC/MS/MS28 compared with a single hormone being

measured in 0.15 g using ELISAs.33 LC/MS/MS measures the

amount of the actual target analyte, resulting in low cross‐reactivity

of metabolites and greater accuracy of actual steroid hormone

concentrations in samples.34 Recently, a variety of LC/MS/MSmethods

have been developed to measure multiple hormones in a single

sample of marine mammal blubber,28,30,34 whale blow,35 and

serum.34,36 Serum represents circulating hormone concentrations

(short‐term), while blubber represents approximately weekly to

monthly hormone concentrations.6,21,36-38 Here, we developed a

LC/MS/MS method for measuring steroid hormones in walrus bone

collected during archaeological (> 200 BP), historical (200–20 BP),

and modern (2014–2016 CE) time periods in an effort to monitor

long‐term changes in walrus physiology.

In this study, steroid hormone concentrations from archaeological,

historical, and modern walrus bone were measured utilizing positive

electrospray ionization (ESI), derivatizations of steroid hormones, and

multiple reactionmonitoring during LC/MS/MS analysis. Our objectives

were to: (1) validate a method of lipid extraction and LC/MS/MS for

analyzing steroid hormone concentrations from walrus bone, (2)

determine physiological validations of bone steroid hormones in walrus

bone based on known reproductive status and a tissue comparison

among paired serum, blubber, and bone samples, and (3) apply this

LC/MS/MS method to measure steroid hormones in walrus bone

from the three time periods. This study provides the first results of

steroid hormone concentrations extracted from marine mammal

bone, including archaeological walrus bone as old as 3585 BP. This

LC/MS/MS method measures four steroid hormones in a single,

small‐mass walrus bone sample, resulting in efficient collection of

physiological data from rare archaeological and museum specimens.

This method potentially provides a new long‐term tool for monitoring

cortisol and reproductive hormone concentrations of walruses and

other marine and terrestrial mammals.
2 | EXPERIMENTAL

2.1 | Chemicals and reagents

Lipid extraction of powdered bone was performed by using 100% HPLC

grade methanol from VWR BDH® Chemicals (Radnor, PA, USA).

Isotopically labeled internal standards, d4‐cortisol,
13C3‐testosterone,

2H9‐progesterone, and
2H5‐estradiol, were obtained from Sigma‐Aldrich

(St Louis, MO, USA). Non‐isotopically labeled hormones used to create

calibration curves were also acquired: hydrocortisone, β‐estradiol, and

testosterone from Sigma‐Aldrich and progesterone from Calibiochem

(San Diego, CA, USA). HPLC grade methanol for LC/MS/MS analysis

performed at Bindeley Science Center at Purdue University was

supplied by Fisher Chemicals (Fair Lawn, NJ, USA). Dansyl chloride
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and acetone for the dansyl chloride solution for the derivation of

samples were purchased from Sigma‐Aldrich. Sodium carbonate added

to samples with dansyl chloride solution was procured from Sigma‐

Aldrich. Formic acid and acetonitrile used as buffer solutions during

LC/MS/MS analysis were from Sigma‐Aldrich and Fisher Chemicals,

respectively. Keto derivatives were prepared using the Amplifex

keto reagent (AB Sciex, Framingham, MA, USA).
2.2 | Sample collection and permits

2.2.1 | Sample collection

Archaeological (> 200 BP), historical (200–20 BP) and modern (2014–

2016CE) walrus cortical bone samples were used for the extraction,

validation, and measurement of steroid hormones (see overall sample

sizes for bone in Table 1). Archaeological walrus bones derived from

various sites throughout the Alaskan and Russian walrus habitat

(Appendix 1) were obtained through the University of Alaska Museum

(UAM) Archaeological Collection and Dr. A. Jensen at Ukpeaġvik

Iñupiat Corporation (UIC) in Utqiaġvik, Alaska (Appendix 1). Historical

samples were acquired from the UAM Mammal Collection and the

Smithsonian Institution National Museum of Natural History

(Appendices 1 and 2). Modern samples were collected from Native

subsistence harvests on St Lawrence Island, AK, USA, through an

agreement with Native hunters, the Eskimo Walrus Commission, the

Alaska Department of Fish and Game (ADF&G), and the U.S. Fish

and Wildlife Service (USFWS) during April and May 2014–2016

(Appendices 1 and 2). Hunters recorded sex, age class, and

reproductive information for harvested females (i.e., presence of a

fetus, calf, yearling, and/or lactating). Bone samples were transferred

to the University of Alaska Fairbanks (UAF) for sample analysis under

a Letter of Authorization from the U.S. Fish and Wildlife Service to

Dr. L. Horstmann. Additional modern samples were opportunistically

collected (Appendix 1) in partnership with the North Slope Borough

Department of Wildlife Management and Native subsistence hunters

from Utqiaġvik.

Paired blubber and serum samples were collected along with the

modern bone samples from April and May of 2014–2015 for tissue

comparison analysis (Appendix 3). Full thickness blubber with skin

and muscle attached as well as blood were collected from an area of

the walrus body that the hunters deemed adequate for collection,

generally sternal blubber. Bone from these same animals was generally

a metatarsal or metacarpal bone. 25mL of blood was collected in

Falcon tubes containing anti‐coagulating glass beads (MS4491, Market
TABLE 1 Total sample sizes (n) of walrus bones collected for analyses dur
sizes are categorized into age class (adult, subadult, and unknown) and sex
samples were collected for that category. See other tables for specific samp
tissue comparison analyses (Tables 7 and 8)

Adult Subadult

Archaeological Historical Modern Archaeological H

Female ‐ 24 19 ‐ 17

Male ‐ 4 29 ‐ 2

Unknown 10 ‐ ‐ ‐

Totals 10 28 48 ‐ 19
Lab Inc., Caledonia, MI, USA). Blubber, blood, and bone samples were

kept at ambient temperature (~ −12°C) until hunters returned to town.

Blood was spun in a centrifuge within 8 hrs of collection with serum

collected and frozen at −20°C. Samples were shipped frozen to the

Marine Mammal Laboratory at UAF and immediately transferred to

−80°C until steroid hormone analysis.
2.3 | Steroid hormone extraction

2.3.1 | Bone samples

All archaeological, historical, and modern walrus bones were

extracted for steroid hormone analysis following the procedure

outlined below. Sections of bone were polished with a Dremel®

3000 drill with a sand drum attachment to remove outside

contaminants exposing clean areas of cortical bone. Approximately

1.5 g of cortical bone was removed using the Dremel drill with a

diamond blade attachment. Pieces of bone were pulverized into powder

using a Wig‐L‐Bug®, and 0.2–0.3 g of powdered bone were transferred

to 2.8mL ceramic bead homogenizer cryovials. Sample weights were

recorded to the nearest 0.0001 g. Samples were homogenized, dry, on a

Disruptor Genie® (Scientific Industries, Bohemia, NY, USA) for 1min.

Samples were spikedwith 100 ng of isotopically labeled internal standards

(Sigma‐Aldrich) (ISTD), d4‐cortisol,
13C3‐testosterone,

2H9‐progesterone,

and 2H5‐estradiol, for accurate hormone detection and validation

during LC/MS/MS analysis.27,29,35,39 Lipid extraction of the

powdered bone was performed by adding 1.460mL of methanol

(BDH).4,40,41 Samples were homogenized for 3 min on a Disruptor

Genie® (Scientific Industries) and set on a rocking platform (VWR®;

model 100) for 24 h. Samples were then centrifuged (Microfuge®

18 centrifuge, Beckman Coulter, Brea, CA, USA) at 12000 RPMs

(13000 g) for 20min. Supernatant from each sample was pipetted

into glass vials and dried using nitrogen gas (N‐EVAP™112,

Organomation Associates, Inc., Berlin, MA, USA) leaving only lipids.

Samples were then stored in a − 80°C freezer until analysis.

2.3.2 | Blubber samples

The oxidized outer layer of walrus blubber from each full thickness

slab was removed with sterilized individual razor blades exposing fresh

blubber tissue. Two separate vertical strips of full thickness blubber

weighing between 0.2–0.3 g were removed starting from below the

skin and ending above the muscle and transferred to separate 2.8mL

ceramic bead homogenizer cryovials. Samples were homogenized,

internal standards added, and lipids extracted with methanol as
ing archaeological, historical, and modern time periods. Further, sample
(female, male, and unknown) for each time period. “‐“ indicates no
le sizes for physiological validation (Table 3), time period (Table 6), and

Unknown

istorical Modern Archaeological Historical Modern Totals

1 ‐ ‐ 1 62

9 ‐ ‐ 3 47

‐ ‐ ‐ ‐ ‐ 10

10 ‐ ‐ 4 119
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described above, except samples were vortexed for 8min after

methanol and internal standards had been added to samples.

Sample extracts were stored in a − 80°C freezer until being shipped

for LC/MS/MS analysis. Blubber samples were run in duplicate with

the average concentration (ng/g blubber) used for analysis. There were

a total of 32 blubber samples with 5 females and 27 males.
2.3.3 | Serum samples

Serum was thawed and mixed before steroid hormone extractions.

For each serum sample, 375 μL of serum was added to 2.8 mL

ceramic bead cryovials. Samples were spiked with internal

standards and extracted using methanol as described above for

bone samples. Sample extracts were stored in a − 80°C freezer until

being shipped for LC/MS/MS analysis. Serum samples were run in

duplicate with the average concentration (ng/mL serum) used for

analysis. There were a total of 22 serum samples with 6 females

and 14 males.

2.4 | Steroid hormone concentrations among
different bone elements

To ensure that steroid hormone concentrations do not differ between

walrus skeletal elements, we performed a pilot study on skull and

mandible bone sampled from the same individual walruses (n = 7). All

steroid hormone concentrations were similar between skulls and

mandibles from the same individual (paired t‐tests; cortisol P = 0.32,

estradiol P = 0.08, progesterone P = 0.20, and testosterone P = 0.11,

n = 7 pairs). These data agree with Yarrow et al,18 where testosterone

measured in tibias and femurs of rats were similar. This pilot study

confirmed that different walrus skeletal elements used here result in

comparable steroid hormone concentrations.

2.5 | Percent lipid correction factor

Walrus bones from different archaeological, historical, and modern

time periods potentially have different lipid compositions, as lipid in

cortical bone is already low,19,42 and taphonomic processes could

affect the lipid composition of archaeological bones buried for

thousands of years.15,43 In addition, there has been evidence of

degradation of progesterone in cetacean blubber,3 which contains

lipid‐associated hormones similar to bone. Therefore, steroid

hormones most likely degrade over millennia in bone and need to be

corrected for lipid degradation and leeching to compare steroid

hormone concentrations across thousands of years. A mean percent

lipid correction factor was used to correct potential lipid composition

differences among time periods. Bones (n = 12, 10, and 12, for

archaeological, historical, and modern bone, respectively) from each

sample time period were lipid extracted using a modified (2:1

chloroform/methanol) Soxhlet procedure after Schlechtriem et al.44

A one‐way analysis of variance (ANOVA) followed by Tukey's

pairwise comparison determined that mean percent lipid of modern

bone (4.83 ± 1.78%) was significantly higher than archaeological

(2.71 ± 1.96%) and historical (1.98 ± 1.52%) walrus bone (P = 0.02,

0.002, respectively). Therefore, steroid hormone concentrations from

all samples were corrected by mean percent lipid weight based on
their sample time period and are reported as ng/g lipid. Hormone

concentrations are also reported as the more traditional ng/g bone

for reference and tissue comparison purposes.
2.6 | LC/MS/MS conditions and analysis of steroid
hormones

Prior to analysis, each sample was reconstituted in 200 μL of

methanol, split into two equal aliquots and dried again using an

Eppendorf‐Vacufuge rotary evaporating device. The first aliquot of

each extract was derivatized with dansyl chloride according to Zhang

et al45 just prior to LC/MS/MS analysis. To each sample, 20 μL of

10mM Na2CO3 and 50 μL of freshly prepared dansyl chloride solution

(3mg/mL acetone) were added. The samples were heated at 60°C for

10min, transferred to autosampler vials, and immediately analyzed.

The second aliquot of each extract was derivatized with the AB Sciex

keto derivatization kit (AB Sciex) just prior to LC/MS/MS analysis, and

50 μL of reagent was added. The reaction time was 60min at room

temperature. Finally, the samples were transferred to autosampler

vials and immediately analyzed.

An Agilent 1200 rapid resolution liquid chromatography (LC)

system coupled to an Agilent 6460 series QqQ mass spectrometer

(MS) was used to analyze all samples after derivatization at the

Bindeley Bioscience Center at Purdue University, IN, USA. For the

dansyl chloride derivatives, the following conditions were used. A

Waters Xbridge C18 column (2.1mm × 100mm, 3 μm) was used

for LC separation. The buffers were (A) water +0.1% formic acid

and (B) acetonitrile +0.1% formic acid. The linear LC gradient was

as follows: time 0min, 90% A; time 5min, 0% A; time 15.5min,

90% A; time 18min, 90% A. The flow rates of buffers A and B were

0.3mL/min. Multiple reaction monitoring was used for MS analysis.

The data were acquired in positive electrospray ionization (ESI)

mode by monitoring the following transitions: estradiol (dansyl Cl),

m/z (atomic mass units) 506.1→171 (30 V), m/z 155.8 (40 V); 2H5‐

estradiol (dansyl Cl), m/z 511.1→171 (30 V), m/z 155.8 (40 V); estriol

(dansyl Cl), m/z 522→171 (30 V), 155.8 (40 V). This method can also

be used to monitor progesterone in its unlabeled form by following

the transition: m/z 315.2→109 (15 V), 97 (15 V); 2H9‐progesterone,

m/z 324.2→113 (15 V), 100 (15 V) if necessary. The ESI interface

had a nitrogen gas temperature of 325°C, nitrogen gas flow rate

of 8 L/min, nebulizer pressure of 45 psi, sheath gas temperature of

250°C, sheath gas flow rate of 7 L/min, capillary voltage of 3500V,

and nozzle voltage of 1500 V.

For the keto derivatives, the following conditions were used for

LC/MS/MS analysis. An Agilent Zorbax 80 Å Extend‐C18 column

(4.6mm × 150mm, 5 μm) was used with buffers A (water +0.1%

formic acid) and B (acetonitrile +0.1% formic acid). The linear LC

gradient was as follows: time 0min, 90% A; time 10min, 0% A; time

12min, 90% A; time 15min, and 90% A. The flow rates of buffers A

and B were 0.8mL/min. Multiple reaction monitoring was used for

MS analysis. The data were acquired in positive ESI mode by monitoring

the following transitions: testosterone, m/z 403.1→344.1 (20 V),

164 (40 V); 13C3‐testosterone m/z 406.1→347.1 (20 V), 167 (40 V);

cortisol m/z 477.1→418.3 (15 V), 388.2 (35 V); d4‐cortisol m/z
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481.1→422.3 (15 V), 392.3 (35 V); progesterone m/z 429.1→370

(20 V), 126 (30 V); 2H9‐progesterone m/z 438.1→379 (20 V), 132

(30 V). The jet stream ESI interface had a nitrogen gas temperature

of 325°C, nitrogen gas flow rate of 8 L/min, nebulizer pressure of

45 psi, sheath gas temperature of 250°C, sheath gas flow rate of

7 L/min, capillary voltage of 4000 V, and nozzle voltage of 1000 V.

Samples with hormone concentrations below the detection limit

for LC/MS/MS analysis (< 2.0 ng/g), were included in statistical

analysis by assigning one‐half the detection limit concentrations

for each hormone with a non‐detectable signal.46,47 Extraction

efficiencies were determined by comparing known volumes of

added internal standards of each hormone that had been through

the extraction process (i.e., blank samples that went through the

steroid hormone extraction method with only added internal

standards and methanol, n = 8, “Blank‐Extraction”), with samples

with internal standards and no extraction (i.e., added internal

standard to vial and dried using nitrogen gas, n = 5, “Blank‐Dried

Internal Standards”).
2.7 | Preparation of standards and stock solutions

Stock vials of isotopically labeled internal standards, d4‐cortisol,
13C3‐

testosterone, 2H9‐progesterone, and
2H5‐estradiol, were diluted to

10ng/μL with methanol in separate 10mL glass scintillation vials. Glass

vials were then wrapped in aluminum foil and stored at −8°C. Non‐labeled

steroid hormone standards (hydrocortisone, β‐estradiol, testosterone,

and progesterone) used for creating calibration curves were

diluted with methanol to both 10 ng/μL and 0.05 ng/μL per steroid

hormone. Non‐labeled steroid hormone standards were kept in

amber 1 L bottles and stored at −8°C. All standards and stock

solutions were brought to room temperature before analysis.
2.8 | Analytical validation of steroid hormones in
bone

Steroid hormones extracted from walrus bone were validated for

linearity, accuracy, matrix effects, precision, and extraction

efficiencies according to Zhang et al45 and Caban et al.48 Briefly,

bone powder was pooled from each time period based on availability of

excess bone powder from samples (around 4.2 g of bone powder/

time period). Standard curves were created based on minimum

detection limits of the LC/MS/MS instrument (< 0.5 ng) to twice the

maximum steroid hormone concentrations measured in walrus

samples from this study. Progesterone had the highest concentrations

measured, and thus had eight standards along its calibration curve

(0.5, 50, 100, 200, 400, 800, 1600, and 3200ng). Testosterone and

cortisol had five standards making up the standard curve (0.5, 75,

125, 250, and 500 ng). Estradiol had five standards along its calibration

curve (5, 25, 50, 100, and 200 ng). There were replicates (n = 5) for all

concentrations along the calibration curves for each hormone. A

blank standard calibration curve was created for comparison with

pooled bone samples that were spiked with non‐isotopically labeled

steroid hormones along each of the four calibration curves for each

hormone. Additional (n = 5) pooled bone powder samples were

spiked post‐extraction with a middle standard concentration of each
non‐isotopically labeled hormone (400, 125, 125, and 50ng for

progesterone, testosterone, cortisol, and estradiol, respectively). All

samples went through the same extraction method as described

above, including the addition of 100 ng of isotopically labeled internal

standard for each hormone.

Linearity was determined by plotting the mean relative response

ratios (n = 5) from bone powder spiked with concentrations of each

hormone along their respective standard calibration curves

(Figure 1).45 The mean relative response ratio is the peak area ratio

of the analyte divided by the peak area of isotopically labeled internal

standard. Accuracy was determined by using the equation:

Accuracy ¼ EC=MACð Þ*100 (1)

Where expected concentration (EC) is divided by mean actual

concentration measured in spiked bone tissue (MAC) and then

multiplied by 100 (Table 2).45 Steroid hormone concentrations in

marine mammal serum and blubber have been previously validated

using LC/MS/MS methods.28,30,34
2.9 | Physiological validation of steroid hormones in
bone

Physiological validations of steroid hormones were carried out using

walrus bones of known sex and reproductive status obtained from

museum archives and Native subsistence harvests. Using known

females of different reproductive status, progesterone, estradiol, and

cortisol were compared to determine if these hormones were higher

in pregnant animals,4,7,22,49 and varied among three physiological

states: subadult females, non‐pregnant females, and pregnant

females (Tables 3A and 3B). Any other additional reproductive status

information was noted for analysis (lactating, calf present, etc.,

Tables 3A and 3B). Females were classified as subadult based on

provenience data from museum records, hunter observations, and

tooth age estimates,50 where sexually immature status is assigned to

walruses approximately 1–9 years old51 (Appendix 2). Classification

as non‐pregnant adult female was based on tooth age estimates, no

fetus being present based on hunter observations, and/or museum

records (Appendix 2). Animals classified as pregnant included only

females with a fetus based on hunter observations and/or museum

records. In addition, testosterone concentrations were compared from

known subadult males (n = 11, 3–14 years)51 with known adult males

(Table 3A, n = 28, 15–28 years).51 Classification groups for males were

based on tooth age estimates only. These physiological validations

lend evidence to better estimate reservoir time of steroid hormones

in cortical bone. All bone samples used for physiological validations

are listed with provenience data in Appendix 2.

Serum has been associated with circulating concentrations of

steroid hormones, while blubber is a longer‐term reservoir

accumulating large pulses of steroid hormones originating from serum

during pregnancy and molting events, and then equalizing with serum

concentrations thereafter.10,21 Cortical bone is a reservoir for steroid

hormones, but residency time of hormones in cortical bone is

unknown.18 A tissue comparison among paired bone, blubber, and

serum samples was performed to help determine how bone



FIGURE 1 Linear responses of progesterone (A), testosterone (B), cortisol (C), and estradiol (D) based on mean (n = 5, for each standard) relative
responses (ratio of peak area ratios of analyte divided by the peak area of isotopically labeled internal standard) of each hormone from walrus bone
spiked with each hormone along a standard calibration curve (as stated in section 2.8) according to Zhang et al.45 Linear regression equations along
with R2 values are provided for each steroid hormone
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concentrations compare with tissues of well‐studied steroid hormone

residency times, complementing the bone physiological validations

(discussed above). All paired tissue samples used in the tissue
TABLE 2 Mean concentrations, coefficient of variation (CV), and
mean accuracy of measured steroid hormones in walrus bone tissue
spiked with each hormone's respective concentrations along a stan-
dard calibration curve (i.e., “Concentration (ng)”). Respective concen-
trations for each hormone have n = 5 replicates. Accuracy was

determined following Zhang et al45

Hormone
Concentration
(ng)

Mean
concentration
(ng)

CV
(%)

Mean
accuracy (%)

Progesterone 3200 3206.04 9.33 100.19
1600 1535.04 0.98 95.94
800 869.73 6.50 108.72
400 445.19 6.69 111.30
200 199.90 6.11 99.95
100 102.58 5.70 102.58
50 50.13 7.67 100.25
0.5 0.53 3.39 105.54

Testosterone 500 499.76 1.84 99.95
250 251.30 4.17 100.52
125 124.73 2.19 99.78
75 71.92 1.61 95.92
0.5 0.54 3.15 107.07

Cortisol 500 498.09 4.03 99.62
250 255.25 2.99 102.10
125 125.19 1.10 100.15
75 69.65 3.14 92.87
0.5 0.54 8.30 107.50

Estradiol 200 200.90 2.64 100.45
100 100.22 3.54 100.22
50 48.99 7.96 97.98
25 25.24 3.64 100.97
5 5.40 8.56 107.99
comparison are listed in Appendix 3. Bone concentrations

were reported as ng/g bone for accurate comparisons with serum

(ng/mL serum) and blubber (ng/g blubber).
2.10 | Statistical analysis

Steroid hormone concentrations in walrus bone were not normally

distributed; therefore, non‐parametric Kruskal‐Wallis ANOVAs were

used to determine significant differences in hormone concentrations

among known subadult and adult females of different reproductive

statuses and between adult and subadult males to perform

physiological validations (as described above). Kruskal‐Wallis ANOVAs

analyze differences in median values that are robust to outliers. All

physiological validation data are reported as median ± 1 standard

deviation (SD), with mean values reported for reference in ng/g lipid

(Tables 3A and 3B). The samples used for the physiological validations

are listed in Appendix 2.

The data used for tissue comparison analysis were log transformed

to normalize distribution of steroid hormone concentrations in bone,

blubber, and serum. The samples used for the tissue comparison are

listed in Appendix 3. Three factorial ANOVA tests were used to test

for differences in mean concentrations of steroid hormones among

all tissues, between sexes, and the interaction of sex and tissue. If

the differences among hormone concentrations were statistically

significant among tissues, between sexes, and/or had a significant

interaction of tissue and sex, a Tukey post hoc test was used to

elucidate specific differences among the factors (“tissue”, “sex”,

“sex*tissue”) for each hormone. The majority of animals were

classified as adult walruses (n = 25 adults, n = 3 subadults, and n = 5

unknown); therefore, sample size was too small to perform statistical
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analysis among age classes (Appendix 3). Tissue comparison data were

reported as ng/g (blubber and bone) and ng/mL (serum). All statistics

were performed in PAST (V3.14).52 An alpha of 0.05 was used for

all analyses. Any samples with concentrations below detectable

limits (< 2.0 ng/g) were included in all analyses by assigning one‐half

the detectable concentration.46,53 Linear regressions were run

among hormones measured in paired tissues to determine if any

correlations existed among bone, blubber, and serum hormone

concentrations. The only significant model was male bone and

serum progesterone concentrations (linear regression, R2 = 0.51,

P < 0.001; other data not shown P > 0.05). Additional subadults for

the paired tissue comparison would have potentially increased the

range in hormone concentrations, improving the linear correlation

analyses.
3 | RESULTS AND DISCUSSION

3.1 | Analytical validation of steroid hormones in
bone

Steroid hormones were linear along their respective standard

calibration curves based on their R2 values (all R2 > 0.99, Figure 1).45

Estradiol was linear from 5–100 ng, but not up to 200 ng. While

this has no bearing on our results (maximum raw estradiol value

from all walrus bone samples was 62.93 ng), this indicates 200 ng

is approaching the maximum detection limit for estradiol for the

LC/MS/MS instrument. The accuracy of our method for extracting

steroid hormones from bone ranged from 93–111%, all within

acceptable values for measuring steroid hormones via LC/MS/MS

(Table 2, 83.5–115.4% from Zhang et al45). In addition, these

accuracy values are similar to studies that measured progesterone,

testosterone, and hydrocortisone in gray whale blubber (88–118%),30

and progesterone, testosterone, and cortisol in bottlenose dolphin

blubber (84–112%)28 via LC/MS/MS.

The matrix effect (%), or effect bone has on the ionization of

hormones in the ESI source, was 113%, 100%, 104%, and 108% for

progesterone, testosterone, cortisol, and estradiol, respectively. This

means that there could be similar, but unknown hormones and/or

hormone derivatives that positively influence target hormone

concentrations. Alternatively, analyzing bone extract may result in

high conservation of an analyte throughout LC/MS/MS analysis due

to minor loss on the instrument's surfaces. However, final

concentrations were corrected for matrix effects by addition of

100 ng of isotopically labeled steroid hormone internal standards.29

The recovery of extraction (%), or recovery of hormones without

matrix effect, was 98%, 92%, 99%, and 101%, for progesterone,

testosterone, cortisol, and estradiol, respectively. The overall process

efficiency of our method for measuring hormones in walrus bone

was 112%, 93%, 103%, and 110%, for progesterone, testosterone,

cortisol, and estradiol, respectively. Equations used for validations

are shown in Table 4.

The percent recovery of each internal standard was calculated by

comparing the ratio of mean hormone concentration detected

in “Blank‐Extraction”, divided by the mean hormone concentration



TABLE 4 Description of sample groups (n = 5 each) for steroid hormone validations, as well as equations used to determine matrix effects,
recovery of extraction, and process efficiency for extraction of steroid hormones from walrus bone (following Caban et al48)

Group Group definition Test Equation used

A Blank samples spiked pre‐extraction with hormone concentrations along calibration curve Matrix effects (B/A)*100

B Bone powder extracted and spike post‐extraction with middle standard concentrations
for each hormone

Recovery of extraction (C/B)*100

C Bone powder spiked pre‐extraction with hormone concentrations along calibration curve Process efficiency (C/A)*100

CHARAPATA ET AL. 2007
in the “Blank‐Dried Internal Standards” samples. The mean

extraction efficiencies for each hormone in walrus bone are as

follows: progesterone = 51%, testosterone = 107%, cortisol = 72%,

and estradiol = 79%.
3.2 | Measurement of steroid hormones with
LC/MS/MS

Multiple reaction monitoring was used for accurate detection of each

steroid hormone. Thus, two product ions were checked for each

steroid hormone using two different optimized collision energies

(Table 5). Dansyl chloride derivatization provided more sensitive

detection of low estradiol and the estradiol internal standard

concentrations,54 and, thus, estradiol concentrations in walrus bone

were determined by observing 506.1→171.0, 155.80m/z with a

resulting elution time of 7.746 min (Figure 2A). Keto derivative kits

from AB Sciex increased the sensitivity for detecting and quantifying

cortisol and testosterone concentrations (e.g., Star‐Weinstock

et al55). Monitoring of 477.10→418.30, 388.20 for cortisol and

403.10→344.10, 164.00 for testosterone resulted in elution times of

6.034 min and 6.925 min, respectively (Figure 2B). The keto derivative

tag for cortisol and testosterone resulted in a split double peak

along the column (Figure 2B). The split peak is most likely due to

the keto derivative kit used for testosterone and cortisol that

creates carbon isomers that separate during LC/MS/MS analysis.55

For consistency, the peak with the largest magnitude of the two

product ions was used to calculate steroid hormone concentrations,

with the other being used as a qualitative check. A summary of

product ions and source fragmentation energies optimized for

detecting and measuring steroid hormones in walrus bone are

provided in Table 5.
TABLE 5 List of precursor ions, two product ions, and collision energies a
of steroid hormones and internal standards in walrus bone

Steroid hormone Atomic mass units Precursor ion (m/z)

Progesterone 314.47 315.20

Testosterone 288.42 403.10

Cortisol 362.47 477.10

Estradiol 272.38 506.10

*2H4‐cortisol 366.49 481.10

*13C3‐testosterone 291.40 406.10

*2H9‐progesterone 323.52 324.20

*2H5‐estradiol 277.41 511.10

*Indicates isotopically labeled internal standard hormone.
3.3 | Steroid hormone concentrations in walrus
tissues

3.3.1 | Bone

Progesterone, testosterone, cortisol, and estradiol were successfully

measured in walrus bone from the archaeological, historical, and

modern time periods. Concentrations of at least one order of

magnitude for each hormone from each time period indicates wide

variability in hormone concentrations deposited in cortical bone,

which could provide insight into stress and reproductive physiology

(Table 6). Of the total number of bone samples (n = 119, excluding

analytical validation samples), ~12% of samples fell below detectable

concentrations of 2.0 ng/g bone for progesterone (n = 14 total, n = 1

archaeological, n = 3 historical, and n = 10 modern). Estradiol was

non‐detectable (ND) in ~18% of samples (n = 22 total, n = 0

archaeological, n = 13 historical, and n = 9 modern). Cortisol and

testosterone peaks were detected in all samples (detected limit was

0.02 and 1.31 ng/g for cortisol and testosterone, respectively).

Bone serves as a long‐term reservoir for steroid hormones and

lipids, but the reservoir is not metabolically inert nor do all steroid

hormones biochemically behave similarly in cortical bone,18 which

could lead to ND concentrations in bone from different time periods.

Lipids marginally deteriorate in bone over time and hormones could

potentially be degraded biologically and/or abiologically into more

stable metabolites or leave bone completely with lipids through

leaching, which could result in ND concentrations.15 However,

archaeological bones had only one sample below detectable

concentrations. Thus, hormones may remain stable inside remaining

bone lipids over time, although we only measured 10 archaeological

samples compared with 106 historical and modern samples, leaving a

lesser chance of ND in archaeological samples. Museums tend to
nalyzed using multiple reaction monitoring during LC/MS/MS analysis

Product ion (m/z) Product ion (m/z) Collision energy (V)

109.00 97.00 15, 15

344.10 164.00 20, 40

418.30 388.20 15, 35

171.00 155.80 30,40

422.30 392.30 15, 35

347.10 167.00 20, 40

113.00 100.00 15, 15

171.00 155.80 30, 40



FIGURE 2 Multiple reaction monitoring chromatogram (counts) during LC/MS/MS analysis for both a dansyl chloride hormone, progesterone
(A), and a keto‐derivatized hormone, testosterone (B), with acquisition times (min) labeled for a sample (top) and isotopically labeled internal
standards (bottom). Internal standards correct for any sample loss during the extraction process, which explains different counts on the y‐axis.
Keto derivatives resulted in a split peak in the sample and internal standard (B). The larger of the two peaks was integrated to determine hormone
concentration and the other was used as a qualitative check [Color figure can be viewed at wileyonlinelibrary.com]

2008 CHARAPATA ET AL.
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TABLE 6 Median (reported in ng/g lipid), standard deviation (±1 SD), mean, and range of steroid hormone concentrations measured in
archaeological (> 200 years before present [BP]), historical (200–20 BP), and modern (2014–2016) walrus bone. The mean (ng/g bone, [ng/g]) is
reported for reference with tissue comparison values (see Tables 5 and 6). See Appendix 1 for provenience data of samples

Sampling time period Sample size (n) Hormone
Mean ± 1 SD
median (ng/g lipid) Range: Min – Max (ng/g lipid) Mean (ng/g)

Archaeological (> 200 BP) 10 Progesterone 3507.52 ± 9229.13
119.91

20.26–29507.71 29.46

Testosterone 378.85 ± 513.00
202.71

103.18–1803.85 10.28

Cortisol 143.89 ± 256.75
55.67

11.86–862.97 3.99

Estradiol 2339.91 ± 2611.55
1701.91

10.01–7161.93 63.48

Historical (200–20 BP) 10 Progesterone 1123.76 ± 1339.61
305.16

42.16–3673.68 22.29

Testosterone 570.82 ± 301.61
600.84

66.02–1136.22 11.32

Cortisol 57.40 ± 66.96
39.99

7.29–239.28 1.34

Estradiol 3149.67 ± 3285.09
3012.64

23.18–6635.50 62.47

Modern (2014–2016) 10 Progesterone 1904.33 ± 915.91
154.85

11.98–10548.32 24.51

Testosterone 1629.58 ± 4489.00
164.43

40.36–14392.77 78.78

Cortisol 804.98 ± 2317.79
48.29

8.42–7395.37 38.51

Estradiol 1457.09 ± 1242.30
2055.72

20.16–2693.03 70.45

CHARAPATA ET AL. 2009
remove lipids from specimens for stable preservation and aesthetics,56

which most likely explains the low lipid content in historical bones and

the number of ND historical samples (n = 16) that came from museum

collections. Modern animals accounted for the majority of ND samples

(total n = 19, progesterone n = 10, estradiol n = 9). Of the modern ND

samples (total n = 19), males had ND concentrations of progesterone

(n = 6 of 10) and estradiol (n = 1 of 9). Progesterone and estradiol would

be expected to be low in male walruses, because progesterone and

estradiol are female reproductive hormones and only play a minor role

in male reproduction.24,57 In females, estradiol does not remain

elevated for extended periods of time in pregnant walruses compared

with progesterone, which may stay elevated for up to 9months

throughout a pregnancy.7,58,59 Thus, surges of estradiol are more

difficult to capture in a long‐term reservoir tissue, such as bone,

compared with progesterone and could result in ND samples for

modern female walrus bone samples (n = 8 of 10). While estradiol

concentrations are discussed in more detail below, estradiol can be

locally synthesized in bone,18,60 and most likely has a different

reservoir time in bone compared to the other steroid hormones in this

study, which could contribute to the relatively high number of ND

samples. The modern female samples with below detectable

concentrations of estradiol were all collected between the months of

April to May, which is outside the timeframe when female walruses

would go into estrus and have high estradiol concentrations.51,58

Additionally, one of the animals was a juvenile. Testosterone and

cortisol were above detectable limits in all bone samples. Possibly,

testosterone and cortisol are more prone to deposition in cortical bone,

do not degrade at a similar rate, or methanol was more effective at

extracting testosterone and cortisol compared with progesterone

and estradiol. Additionally, new data suggest different hormone

metabolites could be deposited into different tissues of marine
mammals.61 In blue whale (Balaenoptera musculus) feces, two

different stress hormones were measured and results indicated

corticosterone was the dominant stress hormone deposited in feces

compared to cortisol.61 Additional LC/MS/MS testing could confirm

testosterone and cortisol as the preferred deposited metabolites for

those hormones in cortical bone, and if other hormone metabolites of

progesterone and estradiol are being deposited into bone.28 However,

progesterone and estradiol should be the targeted hormones when

studying walrus reproductive physiology, because they were detected

in the majority of samples and are the main hormones that initiate and

sustain the female reproductive cycle in walruses.58

3.3.2 | Serum and blubber

In blubber, all 2015 male samples, excluding one duplicate, were

below detectable limits for progesterone (n = 19, total 2015 male

blubber samples n = 20). Estradiol in blubber from 2015 was below

detectable limits in 20 of 22 samples (including duplicates from one

2015 female). From our results, estradiol is most likely not deposited

in the blubber layer in high concentrations, possibly due to having

relatively low circulating concentrations to begin with in male and

female pinnipeds.57,58 Female walruses usually enter estrus twice in

the year, around January and late August.51 Estradiol increases in

female pinnipeds before entering estrus,62 but all modern females

used for the tissue comparison were collected in May, a time of low

circulating estradiol concentrations (Appendix 3). Additionally, surges

in estradiol have not always been documented in walruses before

estrus, but instead may be more sporadic.58 Hence, in 2015 there

were most likely no surges in estradiol to detect in blubber or serum

(Table 7). Estradiol has been measured in the blubber of gray whales

(Eschrichtius robustus) by the use of EIAs with detectable
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concentrations in male calves, juveniles, adults, and adult females.63

However, there were lower concentrations (max ~0.5 ng/g of blubber)

detected in samples with greater mass (100–200mg).63 Our sample

masses were higher, 200–300mg of blubber, and we used LC/MS/MS

for detecting hormone concentrations which would most likely lead to

lower estradiol concentrations in walrus blubber compared with those

sampled in Mello et al63 that used lower sample mass and EIAs to detect

estradiol. LC/MS/MS analysis of three gray whale (Eschrichtius robustus)

blubber samples resulted in progesterone being ND in a juvenile male

(n = 1), while testosterone was ND in one adult female (n = 1).30 In

bottlenose dolphin (Tursiops truncates) blubber samples analyzed with

LC/MS/MS, cortisol, progesterone, and testosterone were detectable

in all samples (n = 4 total, female = 2, male = 2).28 Progesterone was

detectable in the two male dolphins, though concentrations

were low (0.473 and 0.262 ng/g).28 ND or low concentrations of

progesterone in males are similar to our results (Table 8). Further,

all serum samples had detectable concentrations of all steroid

hormones analyzed. While measuring these hormones in plasma

may provide less error, our results of detectable concentrations of

all hormones in serum samples are similar to those measured in

dolphin serum using LC/MS/MS methods.36
3.4 | Walrus tissue comparison

Tissues were compared to determine if bone steroid hormones were

similar to serum or blubber hormone concentrations and to gauge

whether there might be a different reservoir time in bone compared

to the other tissues. This comparison is different than the bone

physiological validations in that the physiological validations can

determine a more accurate reservoir time of steroid hormones in bone

based on reproductive status comparisons. The tissue comparison

results and discussion only include the animals that had two or more

tissues from 2014–2015 (Appendix 3, n = 32 individuals).

3.4.1 | Cortisol

Mean cortisol concentrations were significantly different among

tissues (P < 0.001). Serum cortisol concentrations were significantly

higher than walrus blubber and bone (Tukey's post hoc test,

P < 0.001, < 0.001, respectively), while blubber and bone cortisol

concentrations were similar (P = 0.96). Blubber cortisol concentrations

are potentially a longer accumulated measure compared with serum in

pinnipeds,10 which is likely the reason why blubber cortisol

concentrations are not significantly different from bone cortisol

concentrations (Table 8). This lends further support to the idea that

bones are a long‐term reservoir of steroid hormones with the

possible exception of estradiol, and can be used to monitor long‐term

stress response that will not be skewed by acute stressors.20 With the

slow bone turnover rate of 3% cortical bone/year,19 cortical bone

might even be a longer‐accumulated average of steroid hormone

concentrations than the weekly to monthly average of blubber.10

3.4.2 | Estradiol

Estradiol concentrations were significantly different between years

(ANOVA, P < 0.001, Table 7). Thus, 2014 samples were tested for

estradiol concentration differences among tissues, between sexes,
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and the interaction of sex and tissue sampled (Table 7). Samples

from 2014 had similar mean estradiol concentrations between

sexes with no effect of the interaction of sex and tissue (P = 0.06,

0.96, respectively), but concentrations were significantly different

among tissues (P < 0.001). Bone and blubber estradiol

concentrations were similar (Tukey's post hoc test, P = 0.51), but

both were significantly higher than serum for 2014 samples

(P < 0.001, < 0.001, respectively). Samples from 2015 only

contained one female, thus only differences among tissues were

tested (Table 7). In contrast to the 2014 samples, the samples from

2015 had similar concentrations among tissues (P = 0.38). Bone

turnover rate is slow and hormone concentrations potentially

represent a long‐term accumulated average for a walrus. However,

estradiol is also an important hormone in stimulating bone turnover,

helping to increase bone mineral density, and is locally produced in

bone.16,18,64 It is still unknown how much this local production of

estradiol contributes to overall estradiol concentrations compared with

gonadal production, but bone is still an estradiol reservoir to some

degree.18 Therefore, estradiol may not have similar long‐term reservoir

times compared with other hormones measured in this study.
3.4.3 | Progesterone

Mean progesterone concentrations were significantly different

between sexes (ANOVA, P < 0.001) and the interaction of sex and

tissue (P = 0.009), but not tissue as a main effect (P = 0.27). Female

blubber progesterone concentrations were driving the significant

differences seen in the interaction term (i.e., sex*tissue). Female

blubber progesterone concentrations were significantly higher

compared with male blubber, bone, and serum progesterone

concentrations (Tukey's post hoc test, P < 0.001, 0.007, 0.001,

respectively). Bone progesterone concentrations for females were

lower than blubber, but higher than serum progesterone concentrations

(Table 8). Females were adults (except for one unknown), therefore

the blubber progesterone is expected to be high due to prolonged

circulating progesterone concentrations related to the preceding

breeding season.21 This is especially true for the one pregnant female

walrus, which had the highest measured concentrations (141.98 ng/g)

in blubber. Only bone was available for female subadults, and thus

subadults were only included in the physiological validations and not

tissue comparison (see section 2.10 for age class breakdown). Males

in the tissue comparison had significantly higher progesterone

concentrations in bone compared with females (Table 8).

Progesterone is not only the main female pregnancy hormone, but is

also a precursor to other important reproductive (i.e., estradiol and

testosterone) and stress (i.e., cortisol) steroid hormones.29 As

mentioned, bone steroid hormone concentrations are a long‐term

accumulated average of a walrus based on the slow cortical bone

turnover rate (3% /year).19 Male walruses potentially could use cortical

bone as a reservoir for progesterone to be metabolized by the

metabolically active bone marrow into other important hormones when

needed.16,18 For example, in rats, stress can reduce circulating

testosterone concentrations, but when injected with biologically high

progesterone concentrations, male reproductive behavior occurred

despite low circulating testosterone.65
3.4.4 | Testosterone

Mean testosterone concentrations were significantly different among

tissues (ANOVA, P = 0.005), but not between sexes (P = 1.0), nor the

interaction of sex and tissue (P = 0.75). Significant differences among

walrus tissues were only found among bone and blubber testosterone

concentrations (Tukey' post hoc test, P = 0.003), but not among serum

and blubber (P = 0.33) or serum and bone (P = 0.26). Bone testosterone

concentrations among walruses showed higher levels compared with

serum and blubber (Table 8). Adult walruses are the only well‐represented

age class, therefore higher testosterone concentrations in adult male bone

could reflect the accumulated average of numerous breeding seasons

(Table 8). Females had relatively high bone testosterone concentrations

compared with males (Table 8). In females, elevated fecal testosterone

concentrations have been associated with pregnancy and dominance

behavior in wild hybrid baboons (Papio spp.).66 In human females, elevated

saliva testosterone concentrations during the estrus cycle correlated with

an increase in attractiveness to males.67 Similar to males, females in this

study were adults, and higher testosterone in bone compared with serum

and blubber could indicate older dominant reproductive females. All

females, except one, were either accompanied by a calf and/or

yearling, lactating, or pregnant, indicating that they were sexually

mature (Appendix 3). Testosterone is also known to be an important

hormone for conversion into estradiol, which helps stimulate bone

turnover in humans;64 however, this was not clearly demonstrated

in rats.18 Further research into how testosterone is converted into

estradiol in walrus bone is needed to determine the role bone

turnover has on testosterone concentrations in walruses.

3.5 | Physiological validations of steroid hormones in
walrus bone

Based on female physiological validations, steroid hormone

concentrations in cortical bone represent a long‐term accumulated

average reservoir. Pregnant females had similar progesterone, cortisol,

and testosterone concentrations compared with non‐pregnant adult

females (Kruskal‐Wallis, P≥ 0.05 for all adult females regardless of

reproductive status, Table 3A). Based on previous studies, progesterone

and cortisol concentrations should be significantly higher in pregnant

females compared with non‐pregnant females, if bone steroid

hormones are indicative of an acute reproductive event, such as

pregnancy,2,21,22,62,68 yet we did not observe this in the known

pregnant vs. known non‐pregnant females (Table 3A). We did see high

variability in progesterone, testosterone, cortisol, and estradiol

concentrations, which could indicate the reproductive success of

individuals (Table 3A). That is, expected accumulation of progesterone

should be higher in the bone of a female that has had three pregnancies

compared with a female of the same age that has had only one

pregnancy. Our results of similar progesterone concentrations in

pregnant and non‐pregnant adult females also suggest steroid

hormones in cortical bone represent a long‐term reservoir, most likely

greater than the 15month timeframe based on the long gestation and

elevated progesterone concentrations in serum of pregnant

walruses.51,58 Pregnant and lactating females had similar median

cortisol concentrations compared with known non‐pregnant females

(Table 3A). Pregnant female marine mammals typically have significantly
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higher cortisol concentrations compared with non‐pregnant

females.4,36,69 However, in pinnipeds, elevated serum cortisol

concentrations have been observed during late pregnancy, with peak

cortisol concentrations documented during lactation.9,70-72 Thus, if bone

concentrations detected short‐term elevations of cortisol, we would

expect significantly higher cortisol concentrations in pregnant and

lactating females compared with non‐pregnant females. However,

non‐pregnant females had similar concentrations to both lactating and

pregnant females (Table 3A). Perhaps the slow turnover of cortical bone

does not integrate elevated cortisol concentrations of pregnant or

lactating walruses into the bone quickly enough to make a distinction

among non‐pregnant females (Table 3A), indicating cortical bone serves

as a long‐term reservoir of cortisol.

Pregnant walruses did have significantly higher estradiol

concentrations compared with non‐pregnant adult females (P = 0.03,

0.01, respectively, Table 3B). However, pregnant females had similar

estradiol concentrations to non‐pregnant females that were lactating

and/or were accompanied by offspring. Estradiol is unique in bone

tissue, because it is an important component in maintaining bone

mineral density in both males and females.64 In addition, estradiol can

be locally synthesized in bone by the aromatization of testosterone.18

Thus, estradiol concentrations measured in walrus bone probably turn

over on a shorter time scale, e.g., seasonally, unlike the other steroid

hormone concentrations measured in this study (Table 3B). The apparent

shorter reservoir time could explain why estradiol was significantly

different between pregnant and non‐pregnant females (Table 3B). While

the non‐pregnant females that were lactating and/or were accompanied

by offspring did not contain a fetus, if they had a calf, there is a possibility

they would have recently given birth and, hence, had similar estradiol

concentrations compared with pregnant females (Table 3B).

There were ample subadult female bones for the physiological

validation analyses compared with the tissue comparison test (n = 18

and n = 0, physiological validations and tissue comparison, respectively).

Subadult females had significantly higher steroid hormone concentrations

compared with adult females, with the exception of cortisol

measured in known non‐pregnant females (Tables 3A and 3B). There

are a couple of possibilities why subadults had higher hormone

concentrations compared with the adult females. The majority of

these subadult females (n = 15 of 18 total subadult females) were

from the 1950s, 1960s, and 1970s, a time of rapid population

increase,73,74 age of maturation was lower (approximately 8 years

old compared to 10 years old in the 1980s),73 and fecundity in

females was higher during the 1950s to 1970s due to low population

numbers and abundant resources that allowed for a population

increase.73,75,76 Finally, because age of maturation can shift in

walruses and other Arctic pinnipeds,51,73,75,77,78 it is possible that

age classes assigned did not reflect reproductive maturity.

Subadult males (3–14 years)51 did not have significantly different

testosterone concentrations compared with adult males (15–28 years

old,51 P = 0.34, Table 3A). In previous studies of male spotted seals

(Phoca largha) and a male walrus, testosterone concentrations were

higher in mature males.57,79 If bone testosterone was higher in adults

compared with subadults, this would be an indication of a short‐term

reservoir time of testosterone in cortical bone.8,57 Additionally, the

similarity of subadults and adults could be an indication of harem‐style
breeding typical for walruses, with few dominant reproductive males,

who would have higher testosterone concentrations, and a majority of

subordinate males with lower testosterone levels similar to subadult

males.51 However, male rut was induced in a captive male adult walrus

resulting in a peak serum testosterone concentration of 12.59ng/ mL.59

Taking into account that RIAs were used to measure these hormones,

possibly inflating the concentration due to cross reactivity, by comparison,

our maximum serum testosterone concentration measured in wild

walruses using LC/MS/MS was 14.79 ng/mL. Our maximum bone

testosterone concentration for males was 64.58ng/g. Overall, testosterone

in cortical bone is not affected by age class and concentrations are four

times that of the maximum testosterone concentration in serum, lending

evidence to cortical bone as a long‐term reservoir of testosterone.
4 | CONCLUSIONS

This is the first study to develop a method for extracting, measuring,

and quantifying progesterone, testosterone, cortisol, and estradiol

concentrations in walrus bone as old as 3585 BP using LC/MS/MS.

The multiple reaction monitoring combined with the positive ESI mode

during the LC/MS/MS analysis provided the best results, when

detecting hormones extracted from bone. Dansyl chloride and keto

derivatizations increased the sensitivity of the LC/MS/MS instrument

providing a higher number of detectable signals for steroid

hormones from bone tissue that has low concentrations of steroid

hormones based on their lipid content. Steroid hormones measured in

bone were validated for linearity, accuracy, matrix effects, precision,

and extraction efficiencies, with all values falling within acceptable

published ranges.

Physiological validation and tissue comparison analyses revealed

that steroid hormones in bone represent a long‐term reservoir time

(possibly 10–20 years). Our results are also consistent with bone

steroid hormone concentrations representing a long‐term reservoir

of steroid hormones compared with serum, and similar to blubber,

meaning hormone concentrations in bone are not skewed by “short‐

term” reproductive events with the exception of estradiol.60 The

tissue comparison showed that progesterone and cortisol

concentrations measured in bone are not similar to serum, but

similar to blubber, meaning bone may have a longer‐term reservoir

for these hormones compared with serum (Tables 7 and 8, Appendix 2).

Testosterone in bone and serum was similar in the tissue comparison;

however, physiological validations among males show that immature

and mature males had similar bone testosterone concentrations and

bone had over four times the maximum concentration of testosterone

compared with serum, which could indicate bone as a longer‐term

reservoir of testosterone. Serum and blubber represent approximately

hourly to monthly reservoir times of steroid hormones, respectively.21,37

Thus, serum and blubber steroid hormone concentrations are

affected by a singular reproductive season,4,10,21,68 but our

physiological validations indicate bone steroid hormone concentrations

(except estradiol) are not affected by a single reproductive event

(Table 3A). Combining our results of the tissue comparison and the

physiological validation, steroid hormone concentrations measured in

cortical bone represent a long‐term reservoir of steroid hormones
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(Tables 3A, 3B, 5 and 6). This agrees with Yarrow et al,18 who

suggested there are reservoirs of estrogens and androgens in rat

bones; however, they did not suggest a timeframe for that reservoir.

Steroid hormones are lipophilic, and lipids in bone are associated with

cortical bone cells and its mineralized tissue.16,80 There has been evidence

of a strong positive linear relationship of bone cell turnover and lipid

accumulation in rat bone.81 While not directly transferrable to walruses,

the relationship between bone cell turnover and lipid accumulation in

bone supports our suggestion that steroid hormones, being lipid‐

associated molecules, have a slow turnover rate in walrus cortical bone

(~3%/year).19 Thus we posit, based on the results from the physiological

validations, tissue comparisons, and published literature on bone

physiology, that steroid hormones (progesterone, testosterone, and

cortisol)measured in adultwalrus cortical bone represents an accumulated

average over a 10–20‐year time period (3% cortical bone/year for

humans19 translates to ~33 years complete turnover of cortical bone in

walrus with 10–20 years being conservative, see full calculation in

Charapata60). We should note this does not apply to all steroid hormones,

most notably estradiol, which may be quite different due to its local

production in bone, possibly with a seasonal or yearly turnover.

Ecological studies using bone steroid hormones would be most

applicable for monitoring long‐term physiological changes in animal

populations. For example, this method can shed light on walrus

physiology in response to a rapidly changing Arctic ecosystem by

comparing modern animals experiencing sea ice loss to archaeological

and historic walruses during differing climate regimes. As bone is one

of the few tissues surviving for millennia, our method is ideal to put

present ecosystem change into context, where no other tissues

remain that could provide a true reference point for comparison with

modern walrus physiology.
ACKNOWLEDGEMENTS

The authors thank the Native subsistence hunters from the St

Lawrence Island communities of Savoonga and Gambell, as well as

hunters from Utqiaġvik, who provided the majority of the bone,

serum, and blubber samples from 2014–2016 (up till 2015 for serum

and blubber); without their skilled support this project could not have

been carried out. Thank‐you to our collaborators: Alaska Department

of Fish and Game, Eskimo Walrus Commission, North Slope Borough

Department of Wildlife Management, Smithsonian Institution National

Museum of Natural History, University of Alaska Museum, and U.S. Fish

and Wildlife Service. The catalog numbers of specimens used from both

UAM and the Smithsonian Institute National Museum of Natural History

are listed in the Appendices. Special thanks are extended to M. Wooller,

whoprovided helpful comments andedits to this manuscript. The authors

greatly appreciate the help of C. Clark, S. Teerlink, and the undergraduate

technicians, S. George, C. Markel, E. VanDam, and L. Wendling. They

would also like to thank the two anonymous reviewers whose comments

improved the quality of this manuscript. Thismanuscript is based onwork

supported by theNational Science Foundation under GrantNo. 1263848

with contributions from BOEM. Additional funding was provided by a

UAF Center for Global Change Student Research Grant with funds from

the Cooperative Institute for Alaska Research and the Dr. Donald Hood

Memorial Scholarship for Marine Science.
ORCID

Patrick Charapata http://orcid.org/0000-0003-2847-1632

REFERENCES

1. Rolland RM, Hunt KE, Kraus SD, Wasser SK. Assessing reproductive
status of right whales (Eubalaena glacialis) using fecal hormone metab-
olites. Gen Comp Endocrinol. 2005;142(3):308‐317.

2. Kellar NM, Trego ML, Marks CI, Dizon AE. Determining pregnancy
from blubber in three species of delphinids. Mar Mamm Sci.
2006;22(1):1‐16.

3. Trego ML, Kellar NM, Danil K. Validation of blubber progesterone con-
centrations for pregnancy determination in three dolphin species and a
porpoise. PLoS One. 2013;8(7):e69709.

4. Hunt KE, Stimmelmayr R, George C, et al. Baleen hormones: A novel
tool for retrospective assessment of stress and reproduction in
bowhead whales (Balaena mysticetus). Conserv Physiol. 2014;2(1):1‐12.

5. Pomeroy P. Reproductive cycles of marine mammals. Anim Reprod Sci.
2011;124(3‐4):184‐193.

6. Beaulieu‐Mccoy NE, Sherman KK, Trego ML, Crocker DE, Kellar NM.
Initial validation of blubber cortisol and progesterone as indicators of
stress response and maturity in an otariid; the California Sea lion
(Zalophus californianus). Gen Comp Endocrinol. 2017;252:1‐11.

7. Triggs L. Establishing endocrine and behavioral parameters of repro-
duction in Pacific walrus. M.S. Thesis. University of Washington. 2013.

8. Oki C, Atkinson S. Diurnal patterns of cortisol and thyroid hormones in
the harbor seal (Phoca vitulina) during summer and winter seasons. Gen
Comp Endocrinol. 2004;136(2):289‐297.

9. Myers MJ, Litz B, Atkinson S. The effects of age, sex, season and geo-
graphic region on circulating serum cortisol concentrations in
threatened and endangered Steller Sea lions (Eumetopias jubatus). Gen
Comp Endocrinol. 2010;165(1):72‐77.

10. Kershaw JL, Hall AJ. Seasonal variation in harbour seal (Phoca vitulina)
blubber cortisol ‐ a novel indicator of physiological state? Sci Rep.
2016;6(1):21889.

11. Atkinson S, Crocker D, Houser D, Mashburn K. Stress physiology in
marine mammals: How well do they fit the terrestrial model? J Comp
Physiol B. 2015;185(5):463‐486.

12. Gulland FMD, Haulena M, Hilliard B. Adrenal function in wild and reha-
bilitated Pacific harbor seals (Phoca vitulina richardsii). Mar Mamm Sci.
1999;15(3):810‐827.

13. Burek KA, Gulland FMD, O'Hara TM. Effects of climate change on
Arctic marine mammal health. Ecol Appl. 2008;18:126‐134.

14. Fair PA, Becker PR. Review of stress in marine mammals. J Aquat
Ecosyst Stress Recover. 2000;7(4):335‐354.

15. Evershed RP, Turner‐Walker G, Hedges REM, Tuross N, Leyden A. Pre-
liminary results for the analysis of lipids in ancient bone. J Archaeol Sci.
1995;22(2):277‐290.

16. During A, Penel G, Hardouin P. Understanding the local actions of
lipids in bone physiology. Prog Lipid Res. 2015;59:126‐146.

17. Mark L, Patonai Z, Vaczy A, Kajsza N, Marcsik A. Hormone mass finger-
printing: novel molecular sex determination of ancient human skeletal
remains. In: Turbanti‐Memmi I, ed. Proceedings of the 37th International
Symposium on Archaeometry; 12th–16th May, 2008, Siena, Italy. Berlin,
Heidelberg: Springer‐Verlag; 2011:411‐415.

18. Yarrow JF, Conover CF, Lipinska JA, Santillana CA, Wronski TJ, Borst
SE. Methods to quantify sex steroid hormones in bone: Applications
to the study of androgen ablation and administration. Am J Physiol
Endocrinol Metab. 2010;299(5):E841‐E847.

19. Clarke B. Normal bone anatomy and physiology. Clin J Am Soc Nephrol.
2008;3:131.

20. Harcourt RG, Turner E, Hall A, Waas JR, Hindell M. Effects of capture
stress on free‐ranging, reproductively active male Weddell seals. J
Comp Physiol A. 2010;196(2):147‐154.

http://orcid.org/0000-0003-2847-1632


CHARAPATA ET AL. 2015
21. Kellar N, Keliher J, Trego M, et al. Variation of bowhead whale proges-
terone concentrations across demographic groups and sample
matrices. Endanger Species Res. 2013;22(1):61‐72.

22. Hunt KE, Rolland RM, Kraus SD, Wasser SK. Analysis of fecal glucocor-
ticoids in the North Atlantic right whale (Eubalaena glacialis). Gen Comp
Endocrinol. 2006;148(2):260‐272.

23. Atkinson S, Combelles C, Vincent D, Nachtigall P, Pawloski J, Breese
M. Monitoring of progesterone in captive female false killer whales,
Pseudorca crassidens. Gen Comp Endocrinol. 1999;115(3):323‐332.

24. Hunt KE, Lysiak NS, Moore MJ, Rolland RM. Longitudinal progesterone
profiles in baleen from female North Atlantic right whales (Eubalaena
glacialis) match known calving history. Conserv Physiol. 2016;4(1):1‐9.

25. Trumble SJ, Robinson EM, Berman‐Kowalewski M, Potter CW, Usenko
S. Blue whale earplug reveals lifetime contaminant exposure and hor-
mone profiles. Proc Natl Acad Sci U S A. 2013;110(42):16922‐16926.

26. Hunt KE, Rolland RM, Kraus SD. Detection of steroid and thyroid
hormones via immunoassay of North Atlantic right whale (Eubalaena
glacialis) respiratory vapor. Mar Mamm Sci. 2014;30(2):796‐809.

27. Murtagh R, Behringer V, Deschner T. LC‐MS as a method for non‐inva-
sive measurement of steroid hormones and their metabolites in urine
and faeces of animals. Vet Med Austria. 2013;100:247‐254.

28. Boggs ASP, Schock TB, Schwacke LH, et al. Rapid and reliable steroid
hormone profiling in Tursiops truncatus blubber using liquid chroma-
tography tandem mass spectrometry (LC‐MS/MS). Anal Bioanal Chem.
2017;409(21):5019‐5029.

29. Koal T, Schmiederer D, Pham‐Tuan H, Röhring C, Rauh M. Standard-
ized LC‐MS/MS based steroid hormone profile‐analysis. J Steroid
Biochem Mol Biol. 2012;129(3‐5):129‐138.

30. Hayden M, Bhawal R, Escobedo J, et al. Nanospray liquid chromatogra-
phy/tandem mass spectrometry analysis of steroids from gray whale
blubber. Rapid Commun Mass Spectrom. 2017;31(13):1088‐1094.

31. Hunt KE, Moore MJ, Rolland RM, et al. Overcoming the challenges of
studying conservation physiology in large whales: A review of available
methods. Conserv Physiol. 2013;1(1):1‐24. https://doi.org/10.1093/
conphys/cot006

32. Spivey A. A whale tale: Using blubber biopsies to characterize Pacific
Ocean pollutant trends not just for workers maternal exposure to
ambient benzene linked to Spina bifida in infants. Source Environ Health
Perspect. 2011;119:A133.

33. Kellar NM, Catelani KN, Robbins MN, et al. Blubber cortisol: A poten-
tial tool for assessing stress response in free‐ranging dolphins without
effects due to sampling. PLoS One. 2015;10(2):1‐16.

34. Kunisue T, Eguchi A, Iwata H, Tanabe S, Kannan K. Analysis of thyroid
hormones in serum of Baikal seals and humans by liquid chromatogra-
phy‐tandem mass spectrometry (LC‐MS/MS) and immunoassay
methods: Application of the LC‐MS/MS method to wildlife tissues.
Environ Sci Technol. 2011;45(23):10140‐10147.

35. Hogg CJ, Rogers TL, Shorter A, Barton K, Miller PJO, Nowacek D.
Determination of steroid hormones in whale blow: It is possible. Mar
Mamm Sci. 2009;25(3):605‐618.

36. GalliganTM, Schwacke LH, Houser DS, Wells RS, RowlesT, Boggs ASP.
Characterization of circulating steroid hormone profiles in the
bottlenose dolphin (Tursiops truncatus) by liquid chromatography‐tan-
dem mass spectrometry (LC‐MS/MS). Gen Comp Endocrinol.
2018;263:80‐91. https://doi.org/10.1016/j.ygcen.2018.04.003

37. Trana MR, Roth JD, Tomy GT, Anderson WG, Ferguson SH. Increased
blubber cortisol in ice‐entrapped beluga whales (Delphinapterus leucas).
Polar Biol. 2015;462:8‐15.

38. Champagne CD, Kellar NM, Crocker DE, et al. Blubber cortisol qualita-
tively reflects circulating cortisol concentrations in bottlenose
dolphins. Mar Mamm Sci. 2016;33(1):134‐153.

39. Difrancesco R, Frerichs V, Donnelly J, Hagler C, Hochreiter J,
Tornatore KM. Simultaneous determination of cortisol, dexametha-
sone, methylprednisolone, prednisone, prednisolone, mycophenolic
acid and mycophenolic acid glucuronide in human plasma utilizing
liquid chromatography‐tandem mass spectrometry. J Chromatogr B.
2007;859(1):42‐51.

40. Accorsi PA, Carloni E, Valsecchi P, et al. Cortisol determination in hair
and faeces from domestic cats and dogs. Gen Comp Endocrinol.
2008;155(2):398‐402.

41. Bryan HM, Adams AG, Invik RM, Wynne‐Edwards KE, Smits JEG. Hair
as a meaningful measure of baseline cortisol levels over time in dogs. J
Am Assoc Lab Anim Sci. 2013;52:189‐196.

42. Liebenau K, Kiel S, Vardeh D, TreudeT, Thiel V. A quantitative study of
the degradation of whale bone lipids: Implications for the preservation
of fatty acids in marine sediments. Org Geochem. 2015;89–90:23‐30.

43. Collins MJ, Nielsen‐Marsh CM, Hiller J, et al. The survival of organic
matter in bone: A review. Archaeometry. 2002;44(3):383‐394.

44. Schlechtriem C, Focken U, Becker K. Effect of different lipid extraction
methods on δ13C of lipid and lipid‐free fractions of fish and different
fish feeds. Isotopes Environ Health Stud. 2003;39(2):135‐140.

45. Zhang F, Bartels M, Geter D, et al. Simultaneous quantitation of testos-
terone, estradiol, ethinyl estradiol, and 11‐ketotestosterone in fathead
minnow fish plasma by liquid chromatography/positive atmospheric
pressure photoionization tandem mass spectrometry. Rapid Commun
Mass Spectrom. 2009;23(23):3637‐3646.

46. Gilbert R. Statistical Methods for Environmental Pollution Monitoring.
New York City: Van Nostrand Reinhold Company; 1987.

47. Dehn LA, Sheffield GG, Follmann EH, et al. Trace elements in tissues of
phocid seals harvested in the Alaskan and Canadian Arctic: Influence of
age and feeding ecology. Can J Zool. 2005;83(5):726‐746.

48. Caban M, Migowska N, Stepnowski P, Kwiatkowski M, Kumirska J.
Matrix effects and recovery calculations in analyses of pharmaceuticals
based on the determination of B‐blockers and B‐agonists in environ-
mental samples. J Chromatogr A. 2012;1258:117‐127.

49. Romero LM. Physiological stress in ecology: Lessons from biomedical
research. Trends Ecol Evol. 2004;19(5):249‐255.

50. Carroll SS, Horstmann‐Dehn L, Norcross BL. Diet history of ice seals
using stable isotope ratios in claw growth bands. Can J Zool.
2013;91(4):191‐202.

51. Fay FH. Ecology and biology of the Pacific walrus, Odobenus Rosmarus
Divergens Illiger. North Am Fauna. 1982;74:1‐279.

52. Hammer Ø, Harper DAT, Ryan PD. Paleontological statistics software
package for education and data analysis. Palaeontol Electron. 2001;4:9‐18.

53. Dehn LA, Follmann EH, Thomas DL, et al. Trophic relationships in an
Arctic food web and implications for trace metal transfer. Sci Total
Environ. 2006;362(1‐3):103‐123.

54. Kushnir MM, Rockwood AL, Bergquist J, et al. High‐sensitivity tandem
mass spectrometry assay for serum estrone and estradiol. Am J Clin
Pathol. 2008;129(4):530‐539.

55. Star‐Weinstock M, Williamson BL, Dey S, Pillai S, Purkayastha S. LC‐
ESI‐MS/MS analysis of testosterone at sub‐picogram levels using a
novel derivatization reagent. Anal Chem. 2012;84(21):9310‐9317.

56. Poisson L, Ergan F, Lemoine G, Guiminot E. Enzymatic degreasing of
whale bones (Balaenoptera physalus) Nantes, France. 2012.

57. Zhang P, Yang Y, Han J, et al. Serum testosterone, progesterone, and
estradiol concentrations and sexual maturation in spotted seals (Phoca
largha). Theriogenology. 2014;82(3):475‐480.e4.

58. Kinoshita K, Kiwata M, Kuwano R, et al. Temporal association of serum
progesterone concentrations and vaginal cytology in walruses
(Odobenus rosmarus). Theriogenology. 2012;77(5):933‐939.

59. Muraco HS, Coombs LD, Procter DG, Turek PJ, Muraco MJ. Use of
human chorionic gonadotropin in a male Pacific walrus (Odobenus
rosmarus divergens) to induce rut and achieve a pregnancy in a nullipa-
rous female. J Androl. 2012;33(5):789‐797.

60. Charapata P. Back to the future: Pacific walrus stress response and
reproductive status in a changing arctic. M.S. Thesis. University of
Alaska Fairbanks, 2016.

https://doi.org/10.1093/conphys/cot006
https://doi.org/10.1093/conphys/cot006
https://doi.org/10.1016/j.ygcen.2018.04.003


2016 CHARAPATA ET AL.
61. Valenzuela M, Atkinson S, Mashburn K, Gendron D. Fecal steroid hor-
mones reveal by reproductive state in female blue whales from the
Gulf of California, Mexico. Gen Comp Endocrinol. 2018;281:127‐135.
https://doi.org/10.1016/j.ygcen.2018.02.015

62. Greig DJ, Mashburn KL, Rutishauser M, Gulland FMD, Williams TM,
Atkinson S. Seasonal changes in circulating progesterone and estrogen
concentrations in the California sea lion (Zalophus Californianus). J
Mammal. 2007;88(1):67‐72.

63. Mello D, Colosio A, Marcondes M, Viau P, Oliveira C. Feasibility of
using humpback whale blubber to measure sex hormones. J Exp Mar
Biol Ecol. 2017;486:32‐41.

64. Nguyen HTT, Von Schoultz B, NguyenTV, et al. Sex hormone levels as
determinants of bone mineral density and osteoporosis in Vietnamese
women and men. J Bone Miner Metab. 2014;33:658.

65. Wagner CK. The many faces of progesterone: A role in adult and
developing male brain. Front Neuroendocrinol. 2006;27(3):340‐359.

66. Beehner JC, Phillips‐Conroy JE, Whitten PL. Female testosterone,
dominance rank, and aggression in an Ethiopian population of hybrid
baboons. Am J Primatol. 2005;67(1):101‐119.

67. Welling LLM, Jones BC, DeBruine LM, et al. Raised salivary testoster-
one in women is associated with increased attraction to masculine
faces. Horm Behav. 2007;52(2):156‐161.

68. Clark CT, Fleming AH, Calambokidis J, et al. Heavy with child? Preg-
nancy status and stable isotope ratios as determined from skin
biopsies of humpback whales. Conserv Physiol. 2016;4(1):1‐13.

69. Robeck TR, Steinman KJ, O'Brien JK. Characterization and longitudinal
monitoring of serum androgens and glucocorticoids during normal
pregnancy in the killer whale (Orcinus orca). Gen Comp Endocrinol.
2017;247:116‐129.

70. Engelhardt FR, Ferguson M. Adaptive hormone changes in harp seals,
Phoca groenlandica, gray seals, Halichoerus grypus, during the postnatal
period. Gen Comp Endocrinol. 1980;40(4):434‐445.

71. Engelhard GH, Brasseur SMJM, Hall AJ, Burton HR, Reijnders PJH.
Adrenocortical responsiveness in southern elephant seal mothers and
pups during lactation and the effect of scientific handling. J Comp Phys-
iol B. 2002;172(4):315‐328.

72. Raeside JL, Ronald K. Corticosteroids during late pregnancy and after
parturition in the harbour seal, Phoca vitulina. J Reprod Fertil.
1981;61(1):135‐139.
73. Fay FH, Eberhardt LL, Kelly BP, Burns JJ, Quakenbush LT. Status of the
Pacific walrus population, 1950‐1989. Mar Mamm Sci.
1997;13(4):537‐565.

74. Fay FH, Kelly BP, Sease JL. Managing the exploitation of Pacific wal-
ruses: A tragedy of delayed response and poor communication. Mar
Mamm Sci. 1989;5(1):1‐16.

75. Garlich‐Miller JL, Quakenbush LT, Bromaghin JF. Trends in age struc-
ture and productivity of Pacific walruses harvested in the Bering
Strait region of Alaska, 1952‐2002. Mar Mamm Sci.
2006;22(4):880‐896.

76. Taylor RL, Udevitz MS, Jay CV, et al. Demography of the Pacific walrus
(Odobenus rosmarus divergens) in a changing Arctic. Mar Mamm Sci.
2017;(1). https://doi.org/10.1111/mms.12434

77. Quakenbush L, Citta J, Crawford J. Biology of the bearded seal
(Erignathus barbatus) in Alaska, 1961‐2009. Final Rep. to Natl. Mar.
Fish. Serv. 2011;1‐70.

78. Quakenbush L, Citta J, Crawford J. Biology of the ringed seal (Phoca
hispida) in Alaska, 1960‐2010. Final Rep. to Natl. Mar. Fish. Serv.
2011;1‐90.

79. Kellar NM, Trego ML, Marks CI, Chivers SJ, Danil K, Archer FI.
Blubber testosterone: A potential marker of male reproductive status
in short‐beaked common dolphins. Mar Mamm Sci. 2009;25(3):
507‐522.

80. Tintut Y, Demer LL. Effects of bioactive lipids and lipoproteins on
bone. Trends Endocrinol Metab. 2014;25(2):53‐59.

81. Maurel DB, Pallu S, Jaffré C, et al. Osteocyte apoptosis and lipid infil-
tration as mechanisms of alcohol‐induced bone loss. Alcohol and
Alcoholism. 2012;47(4):413‐422.

How to cite this article: Charapata P, Horstmann L, Jannasch

A, Misarti N. A novel method to measure steroid hormone con-

centrations in walrus bone from archaeological, historical, and

modern time periods using liquid chromatography/tandem

mass spectrometry. Rapid Commun Mass Spectrom.

2018;32:1999‐2023. https://doi.org/10.1002/rcm.8272

https://doi.org/10.1016/j.ygcen.2018.02.015
https://doi.org/10.1111/mms.12434
https://doi.org/10.1002/rcm.8272


CHARAPATA ET AL. 2017
APPENDIX 1

List of walrus specimens from archaeological (greater than 200 years before present [BP]), historical (20–200 BP), and modern (2014–2016) time

periods with their respective provenience and steroid hormone concentrations data. Samples were collected from various archaeological

collections from the University of Alaska (UAM: ARCH), Sanak Island excavation (Sanak), and collections curated by Dr. A. Jensen at Ukpeaġvik

Iñupiat Corporation (Utqiaġvik). Historical samples came from mammology collections from University of Alaska (UAM: MAMM) and the National

Institute of Natural History (Smith: Mamm). Modern samples were collected by Native subsistence hunters on St. Lawrence Island, Alaska

(Subsistence). Samples with ranges of calibrated dates were determined by using the earliest and latest radiocarbon dates respective to the

archaeological excavation, where the walrus bone was found. *Indicates collected dates determined by Atomic Mass Spectrometry (AMS)

radiocarbon dating techniques (± Error). Lipid and non‐lipid corrected steroid hormone concentrations (ng/g lipid and ng/g bone, respectively)

abbreviated as follows: progesterone: (P), testosterone (T), cortisol (C), and estradiol (E).
WAL ID Catalog number Source Sex Year collected
Median calibrate
before present (BP) Element Location Age class Tissue

WAL023.1 16588 UAM: Mamm Female 1933 ‐ Mandible St. Lawrence Adult Bone

WAL033.1 10538 UAM: Mamm Female 1973 ‐ Mandible Kotzebue Adult Bone

WAL046.1 14793 UAM: Mamm Male 1981 ‐ Mandible Port Moller Adult Bone

WAL048.1 11702 UAM: Mamm Female 1956 ‐ Skull St. Lawrence Adult Bone

WAL069.1 16586 UAM: Mamm Female 1933 ‐ Mandible St. Lawrence Adult Bone

WAL140.1 S14–0027 Subsistence Female 2014 ‐ NA Savoonga Adult Bone

WAL144.1 S14–0036 Subsistence Male 2014 ‐ NA Savoonga Adult Bone

WAL149.1 S14–0045 Subsistence Female 2014 ‐ NA Savoonga Adult Bone

WAL151.1 G14–0002 Subsistence Female 2014 ‐ NA Gambell Adult Bone

WAL158* VL112 Sanak Unknown ‐ 3585 Mandible Sanak Island Subadult Bone

WAL163* VL129 Sanak Unknown ‐ 927 NA Sanak Island Unknown Bone

WAL170 SL2‐CQDQL Utqiaġvik Unknown ‐ 500–150 Rib Pingasagruk Unknown Bone

WAL174 UA72–060‐0042 UAM: ARCH Unknown ‐ 1039–1381 Mandible Gambell Unknown Bone

WAL178 UA72–065‐0527 UAM: ARCH Unknown ‐ 1450–850 Mandible Kitnigipaluk Adult Bone

WAL181 UA72–065‐0530 UAM: ARCH Unknown ‐ 1450–850 Mandible Kitnigipaluk Adult Bone

WAL216 USNM63302 Smith: Mamm Male 1895 ‐ Skull St. Paul Island Adult Bone

WAL227.2 USNM500254 Smith: Mamm Male 1973 ‐ Skull St. Lawrence Island Adult Bone

WAL229.1 USNM16437 Smith: Mamm Male 1880 ‐ Skull Plover Bay Adult Bone

WAL234 S15–039 Subsistence Male 2015 ‐ NA Savoonga Adult Bone

WAL254* UA75–009‐‐XPH‐
00001

UAM: ARCH Unknown ‐ 172 ± 22 Fibula Point Hope Unknown Bone

WAL255* UA75–009 ‐‐
XPH‐001

UAM: ARCH Unknown ‐ 300 ± 22 Rib Point Hope Unknown Bone

WAL263* UA75–009 ‐‐
XRH‐00001

UAM: ARCH Unknown ‐ 300 ± 22 Bulae Point Hope Unknown Bone

WAL271* UA75–009‐‐
XPH‐00001

UAM: ARCH Unknown ‐ 185 ± 22 Ulna Point Hope Unknown Bone

WAL284 G15–015 Subsistence Male 2015 ‐ NA Gambell Adult Bone

WAL622 2014_W_24 Subsistence Female 2014 ‐ Mandible Utqiaġvik Adult Bone

WAL623 2014_W_25 Subsistence Female 2014 ‐ Mandible Utqiaġvik Adult Bone

WAL769 129361 UAM: Mamm Female 1983 ‐ Mandible Chukchi Sea
(Russian side)

Adult Bone

WAL804 S16–034 Subsistence Male 2016 ‐ NA Savoonga Adult Bone

WAL808 S16–039 Subsistence Male 2016 ‐ NA Savoonga Adult Bone

WAL817 130627 UAM: Mamm Male 1952 ‐ Baculum Gambell Adult Bone



Sample time period P (ng/g lipid) T (ng/g lipid) C (ng/g lipid) E (ng/g lipid) P (ng/g powder) T (ng/g powder) C (ng/g powder) E (ng/g powder)

Historical 281.04 586.16 57.13 5964.97 5.57 11.63 2.13 118.31

Historical 1727.08 808.36 43.57 6373.37 34.25 16.03 1.32 126.41

Historical 265.66 692.51 14.68 6213.04 5.27 13.74 1.89 123.23

Historical 3673.68 1136.22 69.98 6635.50 72.86 22.54 0.57 131.61

Historical 329.29 668.37 28.98 6122.91 6.53 13.26 0.32 121.44

Modern 1526.27 722.84 63.37 2483.80 73.79 34.95 3.06 120.08

Modern 2753.11 328.88 60.23 2634.24 133.10 15.90 2.91 127.36

Modern 1269.63 142.47 15.66 2370.49 17.02 6.89 0.76 114.61

Modern 1077.88 234.97 349.71 2469.19 13.72 11.36 16.91 119.38

Archaeological 34.04 149.88 11.86 4369.93 0.92 4.07 2.06 118.55

Archaeological 57.62 103.18 862.97 4141.97 1.56 2.80 23.41 112.36

Archaeological 1390.73 1803.85 167.30 7161.93 37.73 48.93 4.54 194.29

Archaeological 8740.18 501.54 112.01 4196.48 237.10 13.61 3.04 113.84

Archaeological 231.32 153.55 24.93 3311.33 6.28 4.17 0.68 89.83

Archaeological 47.87 615.54 7.29 25.92 0.95 12.21 0.45 0.51

Historical 44.51 66.02 36.41 23.18 0.88 1.31 0.31 0.46

Historical 42.16 207.61 20.88 31.93 0.84 4.12 0.57 0.63

Historical 15.33 186.39 72.03 29.47 0.74 9.01 1.06 1.42

Modern 20.26 233.10 71.61 44.04 0.55 6.32 1.08 1.19

Archaeological 90.62 261.84 38.87 32.80 2.46 7.10 1.10 0.89

Archaeological 53.85 172.31 59.46 38.16 1.46 4.67 1.48 1.04

Archaeological 119.15 152.77 51.87 10.01 3.23 4.14 0.58 0.27

Archaeological 120.66 256.51 37.99 92.49 3.27 6.96 1.95 2.51

Modern 11.98 68.77 36.35 20.16 0.58 3.32 0.09 0.97

Modern 76.30 14392.77 7395.37 2693.03 3.69 695.84 357.54 130.20

Modern 13.47 76.68 20.21 1740.94 0.65 3.71 0.98 84.17

Historical 1971.63 407.22 55.77 45.56 39.11 8.08 1.11 0.90

Modern 20.46 40.36 8.42 23.80 0.99 1.95 0.41 1.15

Modern 17.44 101.62 28.42 105.77 0.84 4.91 1.37 5.11

Historical 2854.69 520.20 239.28 60.31 56.62 10.32 4.75 1.20

2018 CHARAPATA ET AL.
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2022 CHARAPATA ET AL.
APPENDIX 3

List of all samples collected, and tissues analyzed for steroid hormone analysis with relevant provenience and steroid hormone data. “‐” indicates

no data. Samples came from 2014–2015 Native harvests on St. Lawrence Island, AK. Age class and sex determined from hunter observations. Esti-

mated ages were based on counting cementum growth layers in the walrus teeth. Tissue labels for hormone concentrations (i.e., last four columns)

are abbreviated as follows: bone (B), blubber (Bl), and serum (S). Hormones are abbreviated as follows: cortisol (C), estradiol (E), progesterone (P),

and testosterone (T). All units are in ng/g of tissue or ng/mL for serum
Catalog name Project number Tissues analyzed Sex
Reproductive
info

Date collected
[D‐M‐Y] Location Age class

Estimated age
[years]

S14–0002A WAL126 Bone, serum Male 16‐May‐14 Savoonga Adult 18

S14–0005 WAL128.1 Bone, blubber Male ‐ 22‐May‐14 Savoonga Subadult 24

S14–0007 WAL129.1 Bone, blubber, serum Male ‐ 2014 Savoonga Unknown 18

S14–0011 WAL132.1 Bone, blubber, serum Female None 22‐May‐14 Savoonga Unknown ‐

S14–0014 WAL133.1 Bone, blubber Male ‐ 5‐May‐14 Savoonga Unknown ‐

S14–0018 WAL135.1 Bone, blubber Male ‐ 22‐May‐14 Savoonga Adult 9

S14–0021 WAL137.1 Bone, blubber Male ‐ 22‐May‐14 Savoonga Unknown 26

S14–0022 WAL138.1 Bone, blubber, serum Male ‐ 2014 Savoonga Subadult 15

S14–0024 WAL139.1 Bone, blubber Male ‐ 4‐May‐14 Savoonga Subadult 28

S14–0029 WAL141.1 Bone, blubber, serum Male ‐ 24‐May‐14 Savoonga Adult 19

S14–0034 WAL142.1 Bone, blubber, serum Male ‐ 22‐May‐14 Savoonga Adult 15

S14–0035 WAL143.1 Bone, blubber Male ‐ 11‐May‐14 Savoonga Adult 14

S14–0036 WAL144.1 Bone, blubber, serum Male ‐ 22‐May‐14 Savoonga Adult 12

S14–0038 WAL145 Bone, blubber Male ‐ 4‐May‐14 Savoonga Adult 18

S14–0039 WAL146 Bone, blubber Male ‐ 4‐May‐14 Savoonga Adult 17

S14–0040 WAL147.1 Bone, blubber, serum Male ‐ 4‐May‐14 Savoonga Adult 20

S14–0044 WAL148 Bone, blubber Male ‐ 4‐May‐14 Savoonga Adult 23

S14–0045 WAL149.1 Bone, blubber, serum Female Calf, Yearling,
and Lactating

4‐May‐14 Savoonga Adult 16

G14–0002 WAL151.1 Bone, serum Female Calf and Lactating 25‐May‐14 Gambell Adult 14

G14–0005 WAL152.1 Bone, blubber, serum Male ‐ 4‐May‐14 Gambell Adult ‐

G14–0011 WAL153.1 Bone, blubber, serum Female Pregnant 17‐May‐14 Gambell Adult 15

G14–0036 WAL154.1 Bone, blubber Male ‐ 4‐May‐14 Gambell Adult 14

G14–0046 WAL156.1 Bone, blubber, serum Female Calf and
Lactating

4‐May‐14 Gambell Adult ‐

S15–027 WAL233 Bone, blubber Male ‐ 2015 Savoonga Unknown ‐

S15–039 WAL234 Bone, blubber, serum Male ‐ 10‐May‐15 Savoonga Adult 11–13

S15–013 WAL235** Bone, blubber, serum Male ‐ 11‐May‐15 Savoonga Adult 15–16

S15–036 WAL237 Bone, blubber, serum Male ‐ 11‐May‐15 Savoonga Adult 23–24

S15–030 WAL238 Bone, blubber, serum Male ‐ 10‐May‐15 Savoonga Adult 15

S15–009 WAL239 Bone, blubber, serum Male ‐ 7‐May‐15 Savoonga Adult 20–21

S15–022 WAL240 Bone, blubber, serum Male ‐ 9‐May‐15 Savoonga Adult 19

S15–037 WAL241 Bone, blubber Male ‐ 9‐May‐15 Savoonga Adult ‐

G15–005 WAL282 Bone, blubber, serum Female Yearling and
Lactating

7‐May‐15 Gambell Adult 19–20

G15–015 WAL283 Bone, blubber, serum Male ‐ 15‐May‐15 Gambell Adult 27–29

G15–023 WAL284 Bone, blubber, serum Male ‐ 15‐May‐15 Gambell Adult 20



Catalog name
SP
[ng/mL]

ST
[ng/mL]

SC
[ng/mL]

SE
[ng/mL]

BlP
[ng/g]

BlT
[ng/g]

BlC
[ng/g]

BlE
[ng/g]

BP
[ng/g]

BT
[ng/g]

BC
[ng/g]

BE
[ng/g]

S14–0002A 1.59 10.68 10.68 85.25 ‐ ‐ ‐ ‐ 8.59 5.66 1.38 106.58

S14–0005 ‐ ‐ ‐ ‐ 6.44 3.82 10.74 137.98 65.31 23.14 3.34 121.22

S14–0007 9.21 5.20 23.80 94.33 6.87 1.81 5.09 151.69 25.75 17.18 3.61 117.06

S14–0011 5.24 10.61 23.35 89.53 21.23 9.68 7.97 112.96 21.31 56.21 2.85 100.57

S14–0014 ‐ ‐ ‐ ‐ 9.89 20.95 8.39 171.88 10.89 12.37 8.20 107.96

S14–0018 ‐ ‐ ‐ ‐ 4.04 12.52 13.17 126.28 28.20 15.24 32.37 112.48

S14–0021 ‐ ‐ ‐ ‐ 3.92 11.18 3.69 129.48 2.68 2.18 0.22 116.05

S14–0022 2.32 14.79 16.89 160.44 5.57 14.20 5.74 116.33 1.87 7.09 0.24 121.12

S14–0024 ‐ ‐ ‐ ‐ 3.27 24.62 4.47 109.51 264.20 64.48 0.36 194.85

S14–0029 3.80 14.03 19.69 89.64 5.06 21.59 5.98 106.93 19.12 14.61 8.00 103.32

S14–0034 4.80 9.15 14.84 94.05 2.95 12.60 2.34 111.35 24.72 16.19 6.54 113.30

S14–0035 ‐ ‐ ‐ ‐ 5.39 12.03 4.29 110.98 30.26 18.25 22.14 116.85

S14–0036 3.43 7.01 23.91 86.53 5.48 8.12 5.30 125.22 133.10 15.90 2.91 127.36

S14–0038 ‐ ‐ ‐ ‐ 3.51 5.27 4.00 112.36 124.37 13.52 1.88 100.31

S14–0039 ‐ ‐ ‐ ‐ 15.71 7.66 5.96 132.76 61.25 12.31 3.15 127.49

S14–0040 0.93 7.09 27.80 96.81 7.43 8.80 5.29 118.63 1.77 3.99 2.61 114.77

S14–0044 ‐ ‐ ‐ ‐ 9.14 6.50 10.12 120.34 38.93 15.05 11.12 113.32

S14–0045 3.24 5.96 66.39 95.75 68.35 6.24 8.55 118.75 17.02 6.89 0.76 114.61

G14–0002 8.00 9.52 25.53 99.75 ‐ ‐ ‐ ‐ 13.72 11.36 16.91 119.38

G14–0005 5.00 9.09 12.75 83.57 8.41 5.33 3.59 116.77 26.01 19.16 118.84 100.84

G14–0011 4.40 4.64 33.08 82.91 141.98 16.79 7.48 127.60 7.69 13.85 1.63 124.14

G14–0036 ‐ ‐ ‐ ‐ 3.01 19.84 6.35 121.96 11.14 4.84 0.77 124.46

G14–0046 4.40 7.68 80.37 91.49 85.07 7.57 4.35 113.84 10.13 6.72 0.73 115.22

S15–027 ‐ ‐ ‐ ‐ 1.07 1.77 1.13 1.97 1.19 19.00 13.60 1.44

S15–039 8.00 7.18 28.85 1.33 1.06 4.44 0.66 2.35 0.74 9.01 3.48 1.42

S15–013 3.00 5.38 15.01 0.93 5.61 2.26 2.07 1.05 1.73 12.26 6.82 1.68

S15–036 1.55 7.59 19.70 1.55 0.99 1.73 2.55 0.99 0.31 6.39 2.38 0.65

S15–030 3.95 4.96 16.33 4.60 0.90 1.68 0.82 0.90 0.17 6.55 2.86 0.85

S15–009 3.23 7.64 12.58 2.28 0.99 2.04 1.58 0.99 0.87 14.50 7.42 4.01

S15–022 0.92 5.64 29.92 0.84 0.98 3.37 0.72 0.98 0.18 4.84 2.13 0.99

S15–037 ‐ ‐ ‐ ‐ 1.04 4.20 1.03 1.04 0.86 6.55 3.68 0.97

G15–005 18.04 2.87 67.72 1.34 110.87 1.02 2.42 0.97 6.18 5.25 2.85 1.44

G15–015 14.95 8.15 33.39 2.37 0.97 0.54 1.51 0.97 0.58 3.32 1.76 0.97

G15–023 20.46 12.37 26.66 0.77 0.89 1.65 0.83 0.89 1.95 7.42 1.95 1.33
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