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CIRCULATING CONCENTRATIONS OF THYROID HORMONE

IN BELUGA WHALES (DELPHINAPTERUS LEUCAS):

INFLUENCE OF AGE, SEX, AND SEASON

Jennifer E. Flower, D.V.M., M.S., Matthew C. Allender, D.V.M., M.S., Ph.D., Dipl. A.C.Z.M., Richard

P. Giovanelli, B.S., M.T. (ASCP), Sandra D. Summers, B.S., M.T. (ASCP), Tracey R. Spoon, Ph.D.

(Deceased), Judy A. St. Leger, D.V.M., D.A.C.V.P., Caroline E. C. Goertz, M.S., D.V.M., J. Lawrence

Dunn, V.M.D., Tracy A. Romano, Ph.D., Roderick C. Hobbs, Ph.D., and Allison D. Tuttle, D.V.M.,

Dipl. A.C.Z.M.

Abstract: Thyroid hormones play a critical physiologic role in regulating protein synthesis, growth, and

metabolism. To date, because no published compilation of baseline values for thyroid hormones in beluga whales

(Delphinapterus leucas) exists, assessment of thyroid hormone concentrations in this species has been underused in

clinical settings. The purpose of this study was to document the concentrations of total thyroxine (tT4) and total

triiodothyronine (tT3) in healthy aquarium-maintained and free-ranging beluga whales and to determine the

influence of age, sex, and season on the thyroid hormone concentrations. Archived serum samples were collected

from healthy aquarium-maintained (n ¼ 43) and free-ranging (n ¼ 39) belugas, and serum tT4 and tT3 were

measured using chemiluminescence immunoassay. The mean tT4 concentration in aquarium-maintained belugas

was 5.67 6 1.43 lg/dl and the mean tT3 concentration was 70.72 6 2.37 ng/dl. Sex comparisons showed that

aquarium-maintained males had significantly greater tT4 and tT3 (9.70 6 4.48 lg/dl and 92.65 6 30.55 ng/dl,

respectively) than females (7.18 6 2.82 lg/dl and 77.95 6 20.37 ng/dl) (P¼0.004 and P¼0.013). Age comparisons

showed that aquarium-maintained whales aged 1–5 yr had the highest concentrations of tT4 and tT3 (8.17 6 0.17

lg/dl and 105.46 6 1.98 ng/dl, respectively) (P¼ 0.002 and P , 0.001). tT4 concentrations differed significantly

between seasons, with concentrations in winter (4.59 6 1.09 lg/dl) being significantly decreased compared with

spring (P¼0.009), summer (P , 0.0001), and fall (P , 0.0001) concentrations. There was a significant difference in

tT4 and tT3 concentrations between aquarium-maintained whales (5.67 6 1.43 lg/dl and 70.72 6 15.57 ng/dl,

respectively) and free-ranging whales (11.71 6 3.36 lg/dl and 103.38 6 26.45 ng/dl) (P , 0.0001 and P , 0.001).

Clinicians should consider biologic and environmental influences (age, sex, and season) for a more accurate

interpretation of thyroid hormone concentrations in belugas. The findings of this study provide a baseline for

thyroid health monitoring and comprehensive health assessments in both aquarium-maintained and free-ranging

beluga whales.

Key words: endocrine, Delphinapterus leucas, marine mammal, thyroid, thyroxine, triiodothyronine.

INTRODUCTION

Thyroid hormones play a critical physiologic

role in regulating protein synthesis, growth, and

metabolism.1,5,12,16,28–32,34 Secretion is primarily reg-

ulated via negative-feedback control through the

coordinated response of the hypothalamic-pitui-

tary-thyroid axis; dysfunction along this axis may

result in thyroid hormone concentration abnor-

malities that could have profound consequences

on proper physiologic function and animal

health.1 Total thyroxine (tT4) generally represents

.95% of the thyroid hormone output into circu-

lation, whereas the free state of T4 makes up a

negligible amount of the total measured thyroid

hormone.8 tT4 is typically greater than total

triiodothronine (tT3), as thyroxine (T4) serves as

a pool of prohormone that can be converted to

triiodothronine (T3) by deiodinases in the target

tissues.8 Increased or decreased concentrations of
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T4 and T3 in circulation have been associated

with the clinical syndromes of hyperthyroidism

and hypothyroidism, respectively.13,24 Because

thyroid hormones affect numerous metabolic

processes, their deficiency or excess can cause a

variety of clinical signs, none of which are

pathognomonic for the condition.13,24 The diagno-

sis of a thyroid-related illness is ideally based on a

combination of signalment and history as well as

results of a physical examination and clinicopath-

ologic assays.13 Serum concentrations of thyroid

hormones can be affected by many extrathyroidal

factors, and environmental and biologic influenc-

es must be taken into account when seeking to

accurately interpret thyroid hormone concentra-

tions.3,6–9,12,13,17,19,22–24,27–32,34–38

There have been numerous thyroid-related

maladies associated with alterations in T3 and

T4 concentrations reported in odontocetes such

as beluga whales (Delphinapterus leucas),16 bot-

tlenose dolphins (Tursiops truncatus),5,10 and har-

bor porpoises (Phocoena phocoena).22 Some of

these abnormalities include follicular cysts,

adenomatous hyperplasia, thyroiditis, goiter,

and interfollicular fibrosis. Changes in serum

hormone concentrations may be indicative of

primary endocrine disorders, may occur as

secondary effects of a primary disease else-

where, or may reflect normal response to envi-

ronmental or biologic change.34 Endocrine

disruption has been extensively considered in

cetaceans,6,7,9,14,16,17,22,23,35,36 and thyroid gland

function and pathologic changes are key in

determining the extent of the damage caused

by endocrine-disrupting contaminants. Proper

interpretation of these hormone concentrations

must include an appreciation of the influence of

environmental and extrathyroidal biologic fac-

tors on endocrine cycles.31,32,34 Considering the

previous reports of thyroid gland pathology in

cetaceans, and the physiologic changes associat-

ed with such dysfunction in mammalian species,

accurate monitoring and interpretation of thy-

roid hormone concentrations are vital for com-

prehensive health assessments.

Cetacean thyroid glands are large in proportion

to their body weight, and circulating concentra-

tions of tT4 are greater compared with those of

most terrestrial mammals.20,28,32 These character-

istics suggest that cetaceans are able to maintain a

large reserve of thyroid hormones that assist

during periods of heightened need for increased

thyroid activity.28 Thyroid gland activity changes

to accommodate growth phases, stressful stimuli,

seasonal changes, and other hormonal cycles.30,32

Seasonal cycles in thyroid activity are apparent in

many species, and previous studies have shown

evidence of thyroid hyperactivity in a population

of wild belugas occupying a warm river estuary in

the summer.32 These dynamic changes suggest

alterations in thyroid function based on external

environmental temperature, water temperature,

and other seasonal characteristics. All of these

variables are important to consider when using

thyroid hormone concentrations as part of a

health assessment in both aquarium-maintained

and free-ranging cetaceans.

To date, because no published compilation of

baseline values for thyroid hormones in belugas

exists, assessment of thyroid hormone concentra-

tions in this species has been underused in clinical

settings. Although clinicians may observe clinical

signs and clinicopathologic abnormalities consis-

tent with thyroid disease, this differential may not

be highly considered due to the previous lack of

research, limited supportive evidence, and lack of

published baseline values surrounding thyroid

hormones in this species. The data gained from

this study represent an important first step in our

understanding of thyroid hormone dynamics in

belugas by providing baseline tT4 and tT3 con-

centrations for comprehensive health assessments

in both aquarium-maintained and free-ranging

belugas.

The purpose of this study was to determine the

influence of age, sex, and season on circulating

concentrations of tT4 and tT3 in aquarium-

maintained belugas and to examine any signifi-

cant differences in tT4 and tT3 concentrations in

free-ranging belugas. We hypothesized that age,

sex, and seasonal differences in thyroid hormones

would be detectable in aquarium-maintained

belugas. In addition, we hypothesized that free-

ranging belugas would maintain greater concen-

trations of thyroid hormones compared with

aquarium-maintained belugas. Finally, the hy-

pothesis that comparisons between two free-

ranging beluga populations would show signifi-

cantly different thyroid hormone concentrations

due to differences in latitude and ocean temper-

atures in their respective environments was pro-

posed.

MATERIALS AND METHODS

There were a total of 407 samples analyzed

from the 43 aquarium-maintained belugas (n¼ 43

belugas; n ¼ 368 samples) and 39 samples

analyzed from 39 free-ranging belugas (n ¼ 39

belugas; n ¼ 20 live captured, n ¼ 19 subsistence

hunted). Thus, there was an unbalanced design as

FLOWER ET AL.—THYROID HORMONES IN BELUGAWHALES 457



multiple samples were collected from some indi-

viduals and as few as one sample collected from

each of the free-ranging animals. Samples in

aquarium-maintained belugas were analyzed for

tT4 in winter (n¼ 57), spring (n¼ 104), summer (n

¼ 117), and fall (n ¼ 90). There were 57 samples

from 19 animals sampled described as a neonate,

20 individuals described as a juvenile, 259 sam-

ples from 29 individuals described as an adult,

and 24 samples from 4 individuals described as

geriatric. There were 18 males sampled, of which

43 samples were from spring, 46 from summer, 38

from fall, and 26 from winter. There were 25

females sampled, of which 61 samples were from

spring, 71 from summer, 52 from fall, and 31 from

winter.

Aquarium-maintained beluga whale sample

collection

Serum samples were collected from apparently

healthy belugas of both sexes, aged 1–41 yr,

housed at North American zoos and aquariums.

Apparent health of each individual was deter-

mined based on veterinary assessment including

visual or physical examination; animal behavior,

including normal training compliance and normal

appetite; and results of routine diagnostic testing,

including complete blood count and chemistry

analysis. Each animal had between zero and four

samples analyzed from any given year. There were

18 males and 25 females that composed the

aquarium-maintained group. Belugas were

grouped by age as follows: group 1, neonate to 5

yr; group 2, 6–10 yr; group 3, 11–30 yr; and group

4, .31 yr. For aquarium-maintained animals,

there were 13 belugas in age group 1, 9 in group

2, 19 in group 3, and 3 in group 4. There were 9

adults, 9 juveniles, and 21 unknown age-class,

free-ranging animals. Samples were collected

from the periarterial venous rete on the dorsal

or ventral aspect of the flukes in aquarium-

maintained belugas during routine health screen-

ings. Samples were generally obtained under

behavioral control, although samples obtained

under restraint were not excluded from this study.

Archived serum samples were obtained from

healthy belugas of both sexes, during various life

stages, and throughout multiple seasons. Al-

though most archived samples had been collected

in the 5 yr before this study, samples were

accepted up to 10 yr archived to obtain a larger

sample size. Due to the sensitivity of thyroid-

hormone binding globulin to temperature chang-

es, samples were considered unacceptable and

were not used if a freezer failure event had

occurred. Archived samples had been stored in

cryovials at �62.28C (�808F) and shipped on dry

ice overnight before analysis. Seasons were divid-

ed up as follows: spring (1 March–31 May),

summer (1 June–31 August), fall (1 September–

30 November), and winter (1 December–28 Feb-

ruary). For aquarium-maintained animals, there

were 17 belugas with samples from spring, 11 with

samples from summer, 5 with samples from fall,

and 10 with samples from winter. For free-ranging

animals, there were 10 samples from spring, 21

from summer, 8 from fall, and no winter samples.

Every animal did not have a sample collected

from each age category, season, or both.

Free-ranging beluga whale sample collection

Serum samples were collected from two wild

Alaskan populations of belugas in Bristol Bay,

Alaska, and the Chukchi Sea. Beluga whales in

Bristol Bay (n ¼ 18) were captured and restrained

using methods described by Norman et al.38 In

brief, several small boats were used to direct the

target animal parallel to shore. Once the animal

was in shallow enough water for the net to reach

the bottom, the net was deployed. The whale was

then guided into shallower water for handling and

sampling purposes.38 The free-ranging sample

population consisted of 21 males, 15 females,

and 3 belugas of unknown sex. Similar methods

were used for live-capture release studies on the

Chukchi Sea belugas (n ¼ 2), except a net was set

from shore. Blood samples were collected from

the periarterial venous rete on the dorsal aspect of

the flukes as soon after capture and restraint as

possible or as soon as possible from additional

subsistence-hunted Chukchi Sea belugas (n ¼ 19)

in Point Lay, Alaska. Blood sampling occurred

approximately 19 min (range 11–30 min) after the

net was set, and it took 1–2 min to obtain the

required sample volume.

We were unable to accurately categorize free-

ranging belugas by age class (as was done for

aquarium-maintained belugas) due to the diffi-

culty of determining age based solely on length

and coloration, which varies among beluga pop-

ulations. Skin color may provide some indication

of age, as white whales are often considered

mature. However, gray females have been ob-

served with calves, indicating they may reach

sexual maturity before turning white.30 Therefore,

standard length (i.e., straight linear length from

tip of rostrum to fluke notch) was used as a proxy

for age. In the field, age class was assigned by the

researchers based on overall appearance, with an

emphasis on length and color. Nominally, animals
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,300 cm in length were presumed to be juvenile,

animals .320 cm were presumed to adult, and

animals between 300 and 320 cm were qualita-

tively assessed based on other parameters, includ-

ing color.

This study was reviewed and approved by the

Institutional Animal Care and Use Committee

(IACUC) at Mystic Aquarium, a division of Sea

Research Foundation and assigned IACUC ap-

proval 10009. The study protocol was reviewed

and approved by all participating facilities before

submission of archived serum samples.

Serum sample analysis

tT4 and tT3 were analyzed from undiluted

serum samples by a diagnostic laboratory (Pfizer

Research and Development, Groton, Connecticut

06340, USA). All archived serum samples were

shipped overnight on dry ice and were stored in a

�808C freezer before thawing for thyroid hormone

analysis. Less than 4% of samples contained

hemolysis or lipemia, and all samples that were

grossly hemolyzed, lipemic, or both were exclud-

ed from the study. All samples were checked and

rimmed, and all fibrin material was removed

before analysis. Serum tT4 and tT3 were then

measured using chemiluminescence immunoas-

say (ADVIA Centaur system, Siemens Health-

care, Malvern, Pennsylvania 19355, USA).25,26

Approximately 75 ll of serum (25 ll for tT4, 50

ll for tT3) per sample was required to complete

both thyroid hormone measurements. Adequate

volume of retrospective samples was available for

repeat assays of analytes if deemed necessary

during the testing process.

The diagnostic laboratory used in this study

(Pfizer Research and Development) is a good

laboratory practices–regulated laboratory that is

accredited by the College of American Patholo-

gists (CAP) and is enrolled in the proficiency

testing administered by CAP. Instrument requali-

fication of the chemiluminescence immunoassay

occurred before tT4 and tT3 analysis. Quantita-

tive serum analytes were assessed for intra- and

interassay accuracy and precision by comparing

the means and CVs obtained against the stated

manufacturer’s range according to the guidelines

established by the Clinical and Laboratory Stan-

dards Institute. All samples were analyzed per

vendor package insert and were processed in the

same manner as proficiency samples. Intra-assay

accuracy and precision were considered to be

acceptable in all analytes used in this study.

Interassay accuracy and precision were assessed

by comparing the obtained grand mean and CVs

against the manufacturer’s recommended range.

The calculated interassay means using assayed

controls were within the recommended range.

Imprecision was assessed by comparing the

calculated %CV to the manufacturer’s recom-

mended %CV for all levels of control material.

Imprecision was considered acceptable if the

observed %CV was less than or equal to the

%CV recommended by the manufacturer. The

calculated %CV was acceptable for all analytes

measured in this study.25,26

Samples were assayed in singlicate based on the

historical instrument validation; standards were

assayed in triplicate and quality control was

assayed in singlicate. Two standards were includ-

ed in the assay kit, and Trilevel Lyphochek

Immunoassay Plus (Bio-Rad Laboratories, Her-

cules, California 94547, USA) was used for

quality control. The assay was re-run if the

calibration failed or if quality control was outside

of established limits (62 SD). All samples were

intermixed randomly within the same assay.

Intra-assay precision was determined using 20

replicates of pooled beluga serum within one

analytical run on the Advia Centaur platform.

Manufacturer-stated %CV for tT3 for a concen-

tration of 56.7 ng/dl was 4.29%, and at a

concentration of 132.8 ng/dl was 5.17%. Intra-

assay precision with n¼20 replicates for tT3 mean

was 75.8 6 2.5 ng/dl, with a %CV of 3.3%.

Manufacturers-stated %CV for tT4 for a concen-

tration of 3.84 was 4.29% and at a concentration

of 7.70 was 1.19%. Intra-assay precision with n ¼
20 replicates for tT4 mean was 5.86 6 0.17 lg/dl,
a %CV of 2.8%.

Interassay precision was determined using two

pooled beluga serum samples that were prepared

and analyzed twice a day for 5 days on the Advia

Centaur platform. Manufacturer-stated %CV for

interassay precision for tT3 (using three samples

over 8 days on six systems assayed three times per

day) for a concentration of 3.21 was 1.13%. For

tT3 (n ¼ 10), the mean was 89.5 6 8.1 ng/dl and

%CV was 9.1. For the second measurement of tT3

(n¼ 10), the mean was 74.1 6 7.4 ng/dl and %CV

was 10.0. The concentrations analyzed (one system

twice per day over 5 days) were 75.8 and 74.1, with

a %CV of 9.1 and 10.0%, which is comparable to

the manufacturer’s stated range. Manufacturer-

stated %CV for interassay precision for tT4 (using

three samples over 8 days on six systems assayed

three times per day) for a concentration of 3.44 and

7.70 was 4.57 and 1.47%, respectively. For tT4 (n¼
10), the mean was 6.11 6 0.39 lg/dl, with %CVof

6.3. For the second measurement of tT4 (n ¼ 10),
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the mean was 6.12 6 0.41 lg/dl and %CV was 6.7.

The concentrations analyzed (one system twice per

day over 5 days) were 6.11 and 6.12, with a %CVof

6.3 and 6.7, values comparable to the manufactur-

er-stated range. tT4 linearity experiment was

conducted using a prepared pool of beluga serum

with a tT4 concentration of 5.90 lg/dl. The pooled

serum sample was analyzed and compared to the

master curve standard curve. This pool was serially

diluted using the tT4 assay diluent (reference

672202) to achieve concentrations ranging from

5.90 to 1.40 lg/dl. A master standard curve was

prepared as per package insert using the manufac-

turer’s tT4 master curve material (reference

672420). This master curve is a multipoint calibra-

tion curve in which the calibrator is run in

triplicate, and the mean concentration of each

calibrator was plotted versus the relative light units

(RLU). The measured versus assigned concentra-

tions were plotted and a slope of 1.288 for tT4 was

calculated with an intercept of �1.50 using D.

Rhoads EP Evaluator 7.0 version software (Ken-

nett Square, Pennsylvania 19348, USA).

tT3 linearity experiment was conducted using a

prepared pool of beluga serum that had a tT3

concentration of 76.0 ng/dl. The pooled serum

sample was analyzed and compared to the master

curve standard curve. This pooled serum sample

was serially diluted using the T3 assay diluent

(reference 672207) to achieve concentrations of

76–19.0 ng/dl. A master standard curve was

prepared using the manufacturer’s tT3 master

curve material (reference 04848169). This master

curve is a multipoint calibration curve in which

the calibrator is run in triplicate, and the mean

concentration of each calibrator was plotted

versus the relative light units (RLUs). The

measured versus assigned concentrations were

plotted, and a slope of 0.904 for tT3 was

calculated with an intercept of 11.0 by using D.

Rhoads EP Evaluator 7.0 version software.

The replicate means for both tT4 and tT3 were

compared against the assigned concentrations by

using linear regression. Each slope was statisti-

cally compared with the value of 1 (i.e., parallel-

ism) at the 95% confidence level. The P-values of

tT3 and tT4 were calculated to be 0.37 and 0.07,

respectively. So, the hypothesis that the in-study

beluga whale data are parallel to the standard

curves cannot be rejected. The parallelism hy-

pothesis was accepted.

tT4 matrix evaluation was also performed in the

pooled serum sample. The serum sample was

diluted with assay diluent as stated in the tT4

assay package insert. The baseline sample con-

centration of 5.90 lg/dl was diluted to yield a 75,

50, and 25% concentration. The 75% concentra-

tion of 4.43 lg/dl was prepared by adding 3 parts

pooled serum to 4 parts diluent, the 2.95 lg/dl
concentration (50%) was prepared using a 1:2

dilution and the 1.48 lg/dl concentration (25%)

was prepared using a 1:4 dilution. The acceptable

percent recovery was 75–125%. The 4.43 lg/dl
recovered at 99.4%, and the remaining dilutions

recovered below 75%. There is a matrix effect at

both the 1:2 and 1:4 dilutions. Samples analyzed

for tT4 were analyzed undiluted.

tT3 matrix evaluation was also performed in the

pooled serum sample. The serum sample was

diluted with assay diluent as stated in the tT3

assay package insert. The baseline sample con-

centration of 76.0 ng/dl was diluted to yield a 75,

50, and 25% concentration. The 75% concentra-

tion of 57.0 ng/dl was prepared by adding 3 parts

pooled serum to 4 parts diluent, the 38.0 ng/dl

concentration (50%) was prepared using a 1:2

dilution, and the 19.0 ng/dl concentration (25%)

was prepared using a 1:4 dilution. The acceptable

percent recovery was 75–125%. The 57.0 ng/dl

recovered at 109.6% and the remaining dilutions

recovered above 125%. There is a matrix effect at

both the 1:2 and 1:4 dilutions. Samples analyzed

for tT3 were analyzed undiluted.

STATISTICAL ANALYSIS

Descriptive statistics that were tabulated for

tT4 and tT3 concentrations included mean, me-

dian, 95% confidence interval, and minimum–

maximum for tT4 and tT3 by sex, age class,

season, and location (aquarium-maintained vs.

free-ranging belugas). Normality of continuous

variables was assessed using the Shapiro–Wilk

test. Multiple linear regression models were built

for tT4 and tT3 to account for multiple samples

from a particular individual across other categor-

ical variables, such as age class and season. Age

class, season, and sex were dummy coded with

males, geriatric animals, and winter being the

reference category, whereas individuals were cod-

ed using effects coding, and all were included in

the original model. Variables that did not con-

tribute to the overall model were removed from

the final model. The final model included age

class, season, and individual variables, but not

sex.

To create baseline values for tT4 and tT3

separately for age class, season, and sex, categor-

ical variables were coded for the analysis, includ-

ing sex (0 ¼ male, 1 ¼ female), facility (1 ¼
aquarium maintained, 2 ¼ free ranging), and wild
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origin (1 ¼ Bristol Bay, 2 ¼Chukchi Sea). Ordinal

categories were assigned for age (1–4) and season

(1 ¼ spring, 2 ¼ summer, 3 ¼ fall, 4 ¼ winter). To

account for an unbalanced sample set, each

individual with multiple samples from a particular

category was compared over time using a non-

parametric Friedman two-way analysis of vari-

ance (ANOVA) by rank. If no differences were

observed, values for that individual were averaged

and a single value was included in further analysis.

Animals with missing samples were removed from

the analysis. A Greenhouse–Geisser repeated

measures ANOVA was then used to evaluate

changes in tT4 and tT3 concentrations individu-

ally by season and age class. Independent sample

t-tests were used to evaluate differences between

sexes, facilities, age classes in free-ranging ani-

mals, and location of free-ranging animals. Sam-

pling limitations prevented analysis of free-

ranging belugas by age or season. Statistical

significance was established using a P-value of

,0.05. All statistical analyses were performed

using SPSS 21.0 software (IBM Statistics, Chica-

go, Illinois 60606, USA).

RESULTS

Mean and minimum–maximum serum thyroid

hormone concentrations for aquarium-main-

tained and free-ranging belugas are shown in

Table 1. For tT4 and tT3 in aquarium-maintained

belugas, significant differences were noted as a

function of age, sex, and season. For tT4 and tT3

in free-ranging belugas, significant differences

were noted as a function of sex in the Chukchi

Sea population.

Aquarium-maintained belugas

tT4: Mean tT4 serum concentration differed

significantly among seasons (F2.326,65.128¼7.223, P¼
0.001). tT4 concentrations in winter (4.95 6 1.31

lg/dl) were significantly decreased compared

with concentrations in spring (6.06 6 2.39 lg/dl,
P ¼ 0.009), summer (8.63 6 4.29 lg/dl, P ,

0.0001), and fall (6.22 6 2.06 lg/dl, P , 0.0001)

(Table 2). However, tT4 was not significantly

different between spring and summer (P ¼
0.516), spring and fall (P ¼ 0.555), or summer

and fall (P¼ 0.917). Sex comparisons showed that

in animals that were sampled in the spring,

summer, and fall, tT4 was significantly greater in

males (9.70 6 4.48 lg/dl) than in females (7.18 6

2.82 lg/dl) (P¼0.004) (Table 3; Fig. 1). There was

no difference in tT4 serum concentration between

sexes in animals sampled in winter (P ¼ 0.273).

Mean tT4 concentration differed significantly

between age classes (F1.662,11.632 ¼ 12.827, P ¼
0.002). The concentration of tT4 in neonates

(6.76 6 0.98 lg/dl) was significantly greater than

that in juveniles (5.08 6 0.82 lg/dl, P¼0.003) and

adults (4.65 6 1.03 lg/dl, P ¼ 0.001) (Fig. 2).

Although sample size was limited, concentrations

of tT4 did not differ significantly for females when

they were pregnant versus when they were not

pregnant (F¼ 0.01, df¼ 1, P ¼ 0.94).

tT3: Mean tT3 serum concentration did not

differ significantly between seasons (F2.571,71.979 ¼
1.820, P¼ 0.159). Males had greater tT3 (92.65 6

30.55 ng/dl) than females (77.95 6 20.37 ng/dl) (P

¼0.013) (Table 2; Fig. 1). Mean tT3 concentration

differed significantly between age classes

(F1.318,9.226 ¼ 27.27, P , 0.001) (Fig. 2). The

concentration of tT3 in neonates (99.18 6 18.69

ng/dl) was found to be significantly greater than

in that in juveniles (82.79 6 10.95 ng/dl, P ¼
0.003) and adults (63.96 6 7.15 ng/dl, P¼ 0.001).

Although sample size was limited, tT3 serum

concentration did not differ significantly for

females when they were pregnant versus when

they were not pregnant (F¼0.14, df¼1, P¼0.74).

Free-ranging belugas

Juvenile free-ranging animals (10.83 6 1.88 ng/

dl) had significantly greater tT4 serum concentra-

tion than adult free-ranging animals (6.59 6 1.83

lg/dl) (P , 0.0001). Similarly, juvenile free-

ranging belugas (108.85 6 24.54 lg/dl) had

significantly greater tT3 than adult free-ranging

animals (67.59 6 11.59 lg/dl) (P ¼ 0.001). tT4

Table 1. Mean circulating levels of thyroid hormones (total thyroxine and total triiodothyronine) in aquarium-
maintained (n¼ 45) and free-ranging (n ¼ 39) beluga whales. Significance, P , 0.05.

Hormone,a population Mean 6 SE Min.–Max. Significant difference

tT3 (ng/dl), aquarium 70.72 6 2.37 27–155 Age, sex

tT3 (ng/dl), free ranging 103.38 6 4.23 59.75–161.2 Sex

tT4 (lg/dl), aquarium 5.67 6 1.43 1.2–11 Age, sex, season

tT4 (lg/dl), free ranging 11.71 6 3.36 4.7–16.3 Sex

a tT3 indicates total triiodothyronine; tT4, total thyroxine.

FLOWER ET AL.—THYROID HORMONES IN BELUGAWHALES 461



T
a
b
le

3
.

S
e
x
-r
e
la
te
d
d
if
fe
re
n
ce

s
in

th
y
ro

id
h
o
rm

o
n
e
co

n
ce

n
tr
a
ti
o
n
s
in

a
q
u
a
ri
u
m
-m

a
in
ta
in
e
d
b
e
lu
g
a
s
a
cr
o
ss

se
a
so

n
s.

H
o
rm

o
n
e
a

M
a
le

F
e
m
a
le

n
M

e
a
n

6
S
E

M
in
.–
M

a
x
.

n
M

e
a
n
þ

S
E

M
in
.–
M

a
x
.

S
ig
n
ifi
ca

n
c
e

S
e
a
so

n

tT
4

1
6
0

9
.7
0

6
4
.4
8

3
.2
8
–1

6
.3

2
4
0

7
.1
8

6
2
.8
2

3
.4
8
–1

3
.4

,
0
.0
5

S
p
ri
n
g
,
su

m
m
e
r,
fa
ll

tT
3

1
6
2

9
2
.6
5

6
3
0
.5
5

4
8
.2
–1

6
1
.2

2
4
0

7
7
.9
5

6
2
0
.3
7

4
9
.2
–1

3
1
.4

,
0
.0
5

S
p
ri
n
g
,
su

m
m
e
r,
fa
ll
,
w
in
te
r

a
tT

3
in
d
ic
a
te
s
to
ta
l
tr
ii
o
d
o
th
y
ro

n
in
e
;
tT

4
,
to
ta
l
th
y
ro

x
in
e.

T
a
b
le

2
.

S
e
a
so

n
a
l
v
a
ri
a
ti
o
n
s
in

to
ta
l
th
y
ro

x
in
e
in

a
q
u
a
ri
u
m
-m

a
in
ta
in
e
d
b
e
lu
g
a
s.

W
in
te
r

S
p
ri
n
g

S
u
m
m
e
r

F
a
ll

H
o
rm

o
n
e

n
M

e
a
n

6
S
E

R
a
n
g
e

n
M

e
a
n

6
S
E

R
a
n
g
e

n
M

e
a
n

6
S
E

R
a
n
g
e

n
M

e
a
n

6
S
E

R
a
n
g
e

S
ig
n
ifi
c
a
n
c
e

tT
4

a
3
5

4
.9
5

6
1
.3
1

2
.4
–8

.2
4
9

6
.0
6

6
2
.3
9

2
.9
–1

2
.4

5
9

8
.6
3

6
4
.2
9

3
.3
–1

6
.3

4
5

6
.2
2

6
2
.0
6

3
.2
–1

3
.2

,
0
.0
5

a
tT

4
in
d
ic
a
te
s
to
ta
l
th
y
ro

x
in
e.

462 JOURNAL OF ZOO AND WILDLIFE MEDICINE



concentrations were decreased in Bristol Bay

belugas (8.88 6 2.62 lg/dl) compared with

Chukchi Sea belugas (14.13 6 1.53 lg/dl) (P ,

0.0001). Similarly, Bristol Bay belugas had de-

creased tT3 concentrations (89.49 6 26.80 ng/dl)

compared with Chukchi Sea belugas (115.30 6

19.89 ng/dl) (P ¼ 0.001). The lack of samples of

known-age animals and the bias toward summer-

time sample collection did not allow a compari-

son of differences between seasons and ages of

free-ranging belugas.

Aquarium-maintained vs. free-ranging belugas

Comparisons between free-ranging and aquari-

um-maintained belugas were restricted to non-

winter samples from aquarium-maintained

animals 6–30 yr old and all free-ranging animals

that were sampled. Within this subset of data,

there was a significant difference in tT4 concen-

tration between aquarium-maintained (5.67 6 1.43

lg/dl) and free-ranging (11.71 6 3.36 lg/dl) (P ,

0.0001) belugas, with free-ranging belugas exhibit-

ing significantly greater concentrations of tT4 (Fig.

3). Similarly, there was a significant difference in

tT3 concentration between aquarium-maintained

(70.72 6 15.57 ng/dl) and free-ranging (103.38 6

26.45 ng/dl) (P , 0.001) belugas, with the free-

ranging belugas exhibiting significantly greater tT3

concentrations (Fig. 3).

DISCUSSION

This study sought to determine whether age,

sex, or season influenced thyroid hormones in

aquarium-maintained belugas, and whether serum

concentrations of tT4 and tT3 significantly dif-

fered for aquarium-maintained and free-ranging

belugas. All of the variables examined in aquar-

ium-maintained belugas (age, sex, and season)

influenced thyroid hormone concentrations, and

free-ranging belugas were found to exhibit signif-

icantly greater concentrations of circulating thy-

roid hormones compared with the aquarium-

maintained belugas.

Aquarium-maintained belugas

Within the aquarium-maintained population,

male belugas had significantly greater serum

concentrations of tT4 and tT3 compared with

Figure 3. Mean total thyroxine and mean total

triiodothyronine concentrations in aquarium-main-

tained vs. free-ranging belugas.

Figure 1. Sex-related differences in mean total

thyroxine and mean total triiodothyronine concentra-

tions in aquarium-maintained belugas.

Figure 2. Age-related differences in mean total

thyroxine and mean total triiodothyronine concentra-

tions in aquarium-maintained belugas.
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females. The reason for these sex-related differ-

ences in this study is unclear, and the biologic

significance is unknown, but the variation agrees

with a previous study where mature male belugas

in the Hudson Bay population maintained signif-

icantly greater thyroid hormone concentrations

than did the mature females in that population.30

Hormonal changes associated with pregnancy and

lactation in females can indirectly lead to eleva-

tions in tT4 and tT3 by increasing hormone

binding capacity in the plasma.34 Considering that

reproduction is more closely regulated in an

aquarium and that the number of pregnant

belugas included in this study was limited, these

factors may have influenced the pattern of differ-

ence between male and female beluga tT4 and tT3

concentrations. Although this study did not

include an analysis of reproductive hormones in

conjunction with thyroid hormones and the

pregnant beluga sample size was limited (n ¼ 5),

the mean concentrations of tT4 and tT3 measured

in pregnant belugas were not statistically different

from those of nonpregnant belugas. Our sample

size of lactating belugas was not large enough (n¼
3) for accurate statistical comparison, but previ-

ous studies have noted a slight increase in tT4

concentrations in lactating wild dolphins.34

In aquarium-maintained belugas, tT4 concen-

trations were highest in fall, summer, and spring

and lowest in winter. These seasonal trends are

the first reported for aquarium-maintained odon-

tocetes, as it was previously thought that the

necessary environmental cues are lacking in the

relatively consistent environment of aquarium-

maintained animals.15,32,34 Although seasonal

trends in thyroid analytes have not been previ-

ously reported in aquarium-maintained belugas,

these trends are consistent with earlier studies in

free-ranging belugas that identified a period of

thyroid hyperactivity when belugas migrated from

the cold oceanic waters to the warm estuaries in

the summer that coincided with biochemical and

microscopic evidence of enhanced thyroid activ-

ity.28,32 It was hypothesized that this trend was

attributable to the changing environmental con-

ditions, principally salinity and temperature in the

estuaries, as well as the significant changes in day

length at these high latitudes.30,32 It has been

suggested that a plausible role for seasonal

adjustments in thyroid activity is to promote

growth, and warm estuaries provide a favorable

setting for the expression of such a cycle.32 It is

also likely that the movement of adult animals

into warm and brackish estuaries may promote

molting of the dermis, which is a necessary

physiologic process in belugas. Because a portion

of the zoologic institutions housing the animals

used in this study were either outdoors, or the

belugas were exposed to direct natural sunlight

from large windows surrounding their exhibit, it is

possible that their thyroid cycles were also

responsive to photoperiod changes and seasonal

fluctuations in pool temperatures. Detailed infor-

mation on facility latitude, exhibit design, and

pool temperature fluctuations were beyond the

scope of the current study, but this would be an

interesting avenue for future research. It was

previously believed that aquarium-maintained

belugas held under relatively constant environ-

mental conditions did not show marked seasonal

variations in thyroid hormones,2,4,32 but the results

herein clearly demonstrate seasonal patterns.

Interpretation of thyroid hormone concentra-

tions in marine mammals must account for the

dynamic changes that occur in association with

significant life-history events.2 Total T4 and tT3

concentrations were significantly greater in young

belugas compared with older age groups. These

belugas exhibited a pattern similar to that in

humans, domestic mammals, and other marine

mammals.12,34 This period of maternal dependence

can be energetically and physiologically demand-

ing, as neonates attempt to balance the demands

of body growth and lipid storage with energy

expenditure during behavioral development.3

Young marine mammals can face additional

thermoregulatory challenges in the cold aquatic

environments they inhabit,3,12 and metabolically

derived heat may be critical until an insulative

blubber layer is established.12,28 The calorigenic

effects of thyroid hormones could explain the

need for elevations during this time.12,28 Although

these concentrations reportedly decline during

the first few weeks of life in most species,12,28 the

belugas sampled in this study appeared to main-

tain increased thyroid hormone concentrations

for the first few years of life. This may be

attributable to the longer period of codependence

that exists between adult female belugas and their

calves, as well as the continued growth and

development that occurs during this time.

Free-ranging belugas

We found that free-ranging belugas maintained

significantly greater concentrations of tT4 and

tT3 compared with aquarium-maintained belugas.

Greater tT4 concentrations have also been ob-

served in free-ranging pinnipeds, manatees, and

cetaceans compared with the same species in an

aquarium.8,18,34 Previous studies have suggested
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that adaptation to an aquarium environment,

including stable environmental conditions, con-

sistent food sources, decreased temperature fluc-

tuations, and decreased energetic demands,

affects the sensitivity of the thyroid gland to

stimulation by thyroid-stimulating hormone,

thereby decreasing the amount of tT4 and tT3 in

circulation.31 Although thyroid hormone concen-

trations appear to stabilize at decreased levels in

belugas fully acclimated to an aquarium environ-

ment,31 it has been suggested that an increased

metabolic rate in wild cetaceans allows them to be

better suited to meet the energetic and thermal

demands of the open ocean.31,32

Prey availability and vessel disturbances have

been previously studied to evaluate the roles these

factors may play in thyroid hormone balance in

free-ranging cetaceans.4 A previous study on an

endangered population of killer whales (Orcinus

orca) found that the combination of fecal gluco-

corticoids and T3 hormone measures is well

suited to distinguish the relative contributions of

psychologic and nutritional stress on the physio-

logic health of a population.4 That study found

that T3 concentrations decrease in response to

nutritional stress but are largely unaffected by the

psychologic stress caused by vessel disturbance.4

Sustained food deprivation causes a decrease in

T3 concentrations, slowing metabolism to con-

serve energy stores. In the Chukchi beluga

population in this study, these trends appear to

differ slightly, as this population tends to undergo

a seasonal fasting period before capture or

subsistence hunting, yet still maintains greater

tT3 concentrations compared with aquarium-

maintained belugas. The complex interplay of

these factors means that free-ranging population

baseline data, such as that described herein, is

critically important for future comparisons.

The capture and temporary restraint of free-

ranging animals, including beluga whales, can

produce temporary physiologic changes mediated

by the stress response.33 Previous studies on

thyroid hormone dynamics after capture in belu-

gas showed that concentrations of thyroid hor-

mones were markedly reduced after capture.33

Belugas in that study were sampled at 6- to 7-hr

intervals, and tT4 showed a slow and steady

decline from the time of capture and placement

in holding and remained this way for the study

period of 100 hr.33 tT3 showed an initially rapid

decline from time of capture and then stabilized at

this decreased concentration throughout the du-

ration of the study.33 This was suggested to be

mediated by cortisol released during the acute

phase of the stress response, as cortisol inhibits

the conversion of T4 to T3.33 This conversion

occurs in peripheral tissues and reduces T4

secretion from the thyroid gland by suppressing

the release of thyrotropin.33 These findings sug-

gest that concentrations of tT4 and tT3 in free-

ranging belugas should perhaps be decreased

compared with aquarium-maintained belugas

due to cortisol inhibition of thyroid hormone

release. For the Bristol Bay and Chukchi Sea

populations, the archived serum samples used in

this study were originally collected from free-

ranging belugas after chase, capture, and restraint

or collected immediately postmortem. Despite

collection methods in the free-ranging belugas in

this study, the findings herein suggest that either

capture or restraint techniques were quick enough

that this cortisol inhibition did not occur, or

perhaps that these populations of free-ranging

belugas under nonrestraint conditions would

maintain even greater serum concentrations of

thyroid hormones. Although blood samples were

collected as soon after capture and restraint as

possible, it is currently unknown how soon after

capture thyroid hormones may show alterations

or whether immediate postmortem sampling

would affect thyroid hormone results. It is also

unknown whether similar alterations may exist in

aquarium-maintained animals during behavioral

blood collection vs. restraint events. Additional

research would be required in both free-ranging

and aquarium-maintained animals to definitively

determine how collection techniques might im-

pact the values of thyroid hormones measured.

Limited information exists on the thyroid

hormone system of odontocetes, especially in

free-ranging populations. The noted differences

in thyroid hormone concentrations between the

two free-ranging beluga populations could be

related to the northerly location and colder year-

round water temperatures that the Chukchi Sea

belugas inhabit compared with the Bristol Bay

beluga population. The increased serum concen-

trations of tT4 and tT3 noted in the Chukchi Sea

belugas and could constitute an adaptive response

to their colder environment in attempts to in-

crease endogenous heat production.8 These re-

sults are consistent with a previous study in free-

ranging bottlenose dolphins that found increased

thyroid hormone concentrations in dolphins in-

habiting an environment with lower annual mean

water temperatures.12 In addition to ocean tem-

perature, previous studies have suggested that

prey availability, nutritional quality, growth dif-

ferences, and the presence of endocrine-disrupt-

FLOWER ET AL.—THYROID HORMONES IN BELUGAWHALES 465



ing chemicals can affect thyroid hormone concen-

trations in free-ranging cetaceans.8 Documenting

thyroid hormone concentrations in free-ranging

belugas will provide a baseline for comparison

that will allow researchers to monitor the effects

of habitat disruption and changes due to in-

creased human activity and pollutants, and vary-

ing climate in the Arctic.19

Clinicians should consider biologic and envi-

ronmental influences (age, sex, and season) for a

more accurate interpretation of thyroid hormone

concentrations in belugas. In aquarium-main-

tained belugas, thyroid hormone concentrations

within the expected range may be greater in fall,

spring, and summer compared with those in

winter. These concentrations should not be con-

sidered abnormal. Younger aquarium belugas will

have greater thyroid hormone concentrations that

may decline with age. Free-ranging and aquarium-

maintained animals require separate baselines for

‘‘normal’’ thyroid hormone values as free-ranging

animals may exhibit significantly greater concen-

trations of tT4 and tT3.
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