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COLD STRESS INDUCES AN ADRENOCORTICAL RESPONSE IN
BOTTLENOSE DOLPHINS (TURSIOPS TRUNCATUS)

Dorian S. Houser, Ph.D., Laura C. Yeates, Ph.D., and Daniel E. Crocker, Ph.D.

Abstract: Two adult bottlenose dolphins (Tursiops truncatus) were individually housed in aboveground pools
over a 10-day period and exposed to decreasing water temperatures to determine whether cold stress activated the
hypothalamic-pituitary-adrenal axis. To serve as controls, two additional adult dolphins were similarly housed for
the same duration but at ambient water temperatures (16.8-19.6°C). Across all subjects, water temperatures
ranged from 4.2 to 19.6°C. Voluntary blood draws were made from each dolphin every 2-3 days, and serum was
analyzed via radioimmunoassay for cortisol and aldosterone. Dolphins exposed to cold water showed an increase
in serum cortisol and aldosterone as temperature declined; at the coldest water exposure, cortisol was more than
three times and aldosterone more than two times the levels measured at ambient temperature. Elevations
occurred before the water temperature declined below the individual animal’s lower critical temperature, the point
at which the metabolic rate increases to compensate for the loss of body heat. Variations in corticosteroids were
unrelated to the 10-day isolation period, suggesting that the response was related to the cold stress and not
impacted by the isolation. Elevations in cortisol and aldosterone were lower than those observed in force captured
and stranded dolphins. Although potentially related to the general adaptive stress response, elevations in cortisol
and aldosterone may have other adaptive functions related to mitigating impacts resulting from cold

environmental temperatures.
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INTRODUCTION

The hypothalamic-pituitary-adrenal (HPA) axis
can be activated in response to both exogenous
and endogenous stressors. The result of this
activation in mammals is an increase in glucocor-
ticoids, hormones that serve to mobilize energy
stores and regulate immune and inflammatory cell
responses. In bottlenose dolphins (Tursiops trun-
catus), activation of the HPA axis during acute
stress related to capture, handling, or transport
that is behaviorally unconditioned results in the
increased production of both the glucorticoid
cortisol and the mineralocorticoid aldosterone.
Mean cortisol levels observed during capture and
forced restraint of groups of dolphins typically
range between 70 and 150 nmol/L, whereas mean
aldosterone levels range from 300 to 1,880 pmol/
L.>2523537 The values show wide individual vari-
ability and a dependence on the duration of the
capture and handling event and time of sam-
pling.>** Stranded dolphins have been observed
with serum cortisol levels ranging from 210 to 490
nmol/L,"”? and levels are typically above those
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found in semidomesticated animals that are
accustomed to handling (<50 nmol/L).* In addi-
tion, chronic stress has been linked to cortical
hypertrophy and hyperplasia in several species of
odontocete cetacean, suggesting a stress-induced
increase in the production of adrenocorticotropic
hormones.*!718

Bottlenose dolphins inhabit tropical and tem-
perate waters around the world,*® but seasonal
temperature fluctuations and migratory behavior
may potentially expose bottlenose dolphins to
cold water temperatures. Indeed, extralimital
occurrences of bottlenose dolphins have been
observed as far as 76°N, and resident populations
are known to exist throughout the year in the
coastal regions of the United Kingdom.*!3213°
Water temperatures in these regions can fall to
<5.5°C. The lower critical temperature (LCT), the
temperature at which the metabolic rate is
increased to maintain the core body temperature,
is ~5.5°C for adult male bottlenose dolphins in
excess of 187 kg.* Because thermal inertia is
affected in part by mass, smaller dolphins would
presumably have a higher LCT. Based on these
findings it might be expected that dolphins
inhabiting waters with temperatures <5.5°C are
thermally stressed and must engage physiologic
mechanisms that permit them to continue using a
habitat despite exposure to cold extremes.

The purpose of this study was to investigate the
production of cortisol and aldosterone in bot-
tlenose dolphins exposed to water temperatures
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that are near or below their LCT. Circulating
levels of cortisol and aldosterone were measured
to determine whether thermal stress activates the
HPA axis and whether increasing thermal stress
was correlated with increased hormone levels.
Cortisol and aldosterone may contribute to allo-
stasis during thermal stress through facilitating
the mobilization of body stores for energy or
maintaining blood pressure during cold-induced
peripheral vasoconstriction. However, they also
contribute to the allostatic load of the animal,
potentially increasing the probability of tissue
damage via dysregulation of normal physiologic
function. Information from this study contributes
to understanding the stressors experienced by
dolphins which errantly or willfully occupy ther-
mally challenging environments.

MATERIALS AND METHODS

The study was conducted at the U.S. Navy
Marine Mammal Program (MMP) and involved
four adult Atlantic bottlenose dolphins (three
males, one female; Table 1). All procedures were
approved by the Institutional Animal Care and
Use Committee of the Biosciences Division,
Space and Naval Warfare Systems Center Pacific
and followed all applicable U.S. Department of
Defense guidelines for the care of laboratory
animals. The dolphins were housed in floating
net pens within San Diego Bay and were therefore
acclimated to ambient bay water temperatures at
the time of the study (~17-20°C). All dolphins
were fed a mixed diet of herring (Clupea harengus),
mackerel (Scomber scombrus), and capelin (Mallo-
tus villosus), and each dolphin received daily
vitamin supplements (Mazuri® Tabs, PMI Nutri-
tion International, Richmond, Indiana, USA) in
accordance with the standard operating proce-
dures of the MMP.

All animals were previously trained for trans-
port to and residency in aboveground pools as
part of their participation in the MMP. The pools

Table 1. Age, sex, and mass of bottlenose dolphins
participating in the cold and ambient temperature
exposures.

Dolphin ID Sex Mass (kg)  Age (yr)
Cold exposure
D1 Male 177 27
D2 Male 191 24
Ambient temperature
D3 Male 175 39
D4 Female 163 35
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were spherical and measured 4.9 m in diameter X
1.2 m in depth (Vogue Pool Products, LaSalle,
Quebec, Canada H8N 1V2).Two dolphins (D1
and D2) were individually exposed to increasingly
cold water temperatures over a 10-day period.
These dolphins were part of a previously pub-
lished study to determine the LCT of the bot-
tlenose dolphin.*® Two other dolphins (D3 and
D4) were individually housed according to the
same procedure, but they were maintained at the
ambient water temperatures of San Diego Bay
(Table 2). These control animals were used to
determine whether the HPA axis was activated in
response to social isolation and whether this
factor potentially influenced results obtained
from cold-exposed dolphins. For cold-exposed
animals, the pool water temperature (T,) was
controlled by an in-line water chiller (Trane,
Cullen, Louisiana 71021, USA). The water chiller
maintained T, within *1°C and achieved a
minimum of approximately 0.2°C. Over a period
of 10 days, the water temperature was dropped
from near ambient to between 4.2 and 4.4°C,
depending on the dolphin (Table 2). Water
temperatures were gradually decreased by 1 to
2°C each night. On the 10th day of residency,
before removing the dolphins and returning them
to their pens in San Diego Bay, the water in the
pool was exchanged with San Diego Bay water
and returned to ambient temperature. The dol-
phins exposed to cold water were monitored for 5
min every 0.5 hr during the study for indications
of cold stress (e.g., increased respiration rate,
shivering). These dolphins received daily inspec-
tions from either veterinarians or veterinary
technicians to ensure they remained in good
health. The dolphins exposed only to ambient
temperatures were monitored periodically
throughout the day and night in accordance with
MMP standard operating procedures for pool
residency.

The dolphins were trained to voluntarily pre-
sent their flukes for blood sampling, and blood
samples were collected every 2-3 days over the
duration of the pool residency. Samples were
collected between 0745 and 1000 hr to minimize
the potential for diel cycles in hormone produc-
tion to affect circulating hormone levels. On the
last day of residency, after the water had been
returned to ambient temperature and before the
dolphin being returned to its pen in San Diego
Bay, a final blood sample was collected. Samples
were drawn into chilled 7.5-ml serum tubes (BD
Biosciences, San Jose, California 95131, USA)
from vessels on the ventral surface of the dol-
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Table 2. Pool water and air temperature on the days that blood samples were collected for corticosteroid
analysis. Cortisol and aldosterone levels are given for each sample.

Dolphin ID Days in pool T. O T. (°C) Cortisol (nmol/L) Aldosterone (pmol/L)
Cold exposure
D1 4 11.3 17.9 9.7 36.9
7 7.9 17.6 439 73.5
9 4.4 171 48.8 114.6
10 13.4 18.8 439 43.8
D2 1 18.6 18.7 13.2 78.5
4 12.2 16.3 32.6 145.7
6 8.2 15.3 37.0 151.2
8 4.2 16.1 40.3 175.9
11 15.1 16.0 12.4 57.7
Ambient temperature

D3 2 19.6 18.8 12.7 58.2
4 18.1 17.7 39.3 78.4
6 —= — 9.4 98.4
8 18.1 18.4 20.6 87.5
10 18.4 18 26.4 43.1
D4 2 17.9 20 9.4 39.1
4 16.8 18 9.8 36.5
6 18 17.1 —> 14.7

8 17.8 16.7 4.2 —b
10 18.3 16.8 7.0 14.7

2 Missing data.

®* Hormone levels were below the sensitivity of the radioimmunoassay.

phin’s fluke. Samples were immediately centri-
fuged at 3,000 rpm for 10 min, and the serum was
drawn off and frozen at —80°C. Serum samples
were analyzed in duplicate for cortisol and
aldosterone via RIA (kit TKCO1 and TKALI,
respectively, Siemens Healthcare Diagnostics,
Deerfield, Illinois 60015-0778, USA). These kits
have been previously validated;*® however, the
validation process was repeated here. The com-
mercial RIA kits were validated by testing the
equality of slopes to establish parallelism between
a serially diluted pool of dolphin serum and
established standard curves. Serially diluted
pooled serum samples displayed significant par-
allelism with the standard curves. Recovery of
exogenous hormone added to pooled serum
samples was 98.4 = 3.1 and 95 * 2.2 % for
cortisol and aldosterone, respectively. The intra-
assay CV for both hormones was <5%.

A correlation analysis was performed to deter-
mine whether variations in circulating aldoste-
rone and cortisol concentrations were related.
Relationships between hormone levels and T,, and
residency time (in days) were then compared with
a linear mixed effect model. In the model, T,, and
residency time were set as fixed effects and the
individual animals were set as a random effects
subject term to control for individual variation.

Model residuals were assessed for approximate
normality.

RESULTS

The dolphins demonstrated no adverse behav-
ioral reactions to the cold water exposures.
Cortisol and aldosterone concentrations and the
water and air temperatures at the time of blood
collections are given in Table 2. Trends in the
hormone concentrations and water temperature
with time in the pools also are shown for dolphins
D1 and D2 (Figs. 1, 2). Cortisol and aldosterone
concentrations were highest in the animals ex-
posed to cold water conditions, and a positive
correlation existed between cortisol and aldoste-
rone for these two dolphins (D1, »=0.66; D2, r=
0.99). The correlation coefficient for one of the
control animals, D3, was low and negative (+ =
—0.23). The correlation coefficient for D4 was
0.98; however, either serum aldosterone or corti-
sol was below the limits of detection in two of the
samples, leaving only three samples for the
correlation. Results of the linear mixed effects
model indicated that hormone concentrations
were significantly related to water temperature
(cortisol: F = 11.42, P < 0.01; aldosterone: F =
44.49, P < 0.001), but they were not related to
residency time in the pool (cortisol: F = 0.2, P =
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Figure 1. Cortisol (filled circles) and water temper-

ature (open squares) as a function of time in the pool
for dolphins D1 and D2.

0.66; aldosterone: F = 3.79, P=0.08). The model
did not indicate any significant contribution to the
measured relationships resulting from variability
across individuals.

DISCUSSION

Dolphins exposed to declining water tempera-
tures that extend below their LCT show an
increase in circulating levels of cortisol and
aldosterone. Parallel elevations in both hormones
occurred as temperatures declined, before T,
falling below either dolphin’s LCT (D1 = 7.8°C,
D2 =5.6°C).*® This suggests a mounted activation
of both the glucocorticoid and mineralocorticoid
pathways of the HPA-axis in response to declin-
ing environmental temperatures. The production
of both hormones in the adrenal gland is affected
by anterior pituitary stimulation with adrenocor-
ticotropic hormone (ACTH), although the action
is secondary to the renin-angiotensin-aldosterone
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Figure 2. Aldosterone (filled circles) and water
temperature (open squares) as a function of time in
the pool for dolphins D1 and D2.

system (RAAS) for production of aldosterone,
and cold-induced elevations in aldosterone have
not been conclusively linked to elevations in
ACTH.? Elevations of both hormones may reflect
the general adaptive response, but they also may
serve other functions that mitigate the potential
effects of current and future environmental tem-
peratures.

Cortisol serves several functions, including the
up-regulation of proteolysis and lipolysis in
extrahepatic tissues, elevation of gluconeogenesis
and glycogen synthesis in the liver, and inhibition
of peripheral glucose use.?>?*** Elevations in
cortisol in response to declining temperature
could potentially induce foraging effort and
energy acquisition in an animal. Elevated gluco-
corticoids have been associated with increased
food intake in human, avian, and rodent models,
possibly by exerting permissive effects on food
intake.!'"-19333¢ Elevated cortisol may have adap-
tive value by inciting dolphins to increase energy
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acquisition (feeding) in anticipation of future
temperature declines. Energy acquisition in ex-
cess of that required for maintenance metabolism
could be directed toward blubber deposition and
increasing thermal insulation. Hyperphagia by
wildlife in anticipation of hibernation or limita-
tions in winter food sources may be induced by
low doses of glucocorticoids, whereas high levels
may inhibit feeding.” However, such observations
may show considerable species variability.?® Dol-
phins exposed to cold water in this study had
elevated cortisol levels relative to levels measured
at the start of the study, but values were well
below those observed in animals that have
stranded or that were force captured over a period
that permitted up-regulation of cortisol produc-
tion.'>¥37 Additional work is required to deter-
mine whether there is adaptive significance to the
cold-induced expression of cortisol outside of the
general adaptive response.

Aldosterone primarily functions in the Na*/K*
balance, and the regulation of the extracellular
fluid volume. It has been observed to increase in
rats and humans in response to cold stress,
arguably as a counter to cold-induced diure-
sis.®%163132 Alternatively, elevations of aldosterone
may be secondary to the up-regulation of the
RAAS system and the stress-mediated release of
angiotensin II, recognized as an important hor-
monal component of the stress response.’® An-
giotensin I induces peripheral vasoconstriction
by interaction with AT 1 receptors'+'>2° that when
activated in the adrenal cortex also serve to
stimulate the production of aldosterone.> Where-
as vasoconstriction and hypertension associated
chronic activation of the RAAS have been linked
to cardiac damage in humans,®'*2¢? it may be
adaptive to dolphins that can undergo pro-
nounced peripheral vasoconstriction in response
to diving?*?’ and, presumably, cold exposure.
Prolonged peripheral vasoconstriction may be a
necessary response to atypical fluctuations in
water temperature that enables core body tem-
perature stability when blubber stores are insuf-
ficient for adequate insulation from heat loss to
the environment.

The relationship between both corticosteroids
and water temperature was independent of pool
residency time, indicating that the isolation did
not contribute to up-regulation of the HPA axis.
The finding is not surprising given that the
animals participating in the study have a long
history of training for transport and residency in
pools as part of their participation at the MMP.
The animals probably have been desensitized to
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the pools through this conditioning process.
Furthermore, although elevated, the levels of
cortisol and aldosterone were substantially lower
than those observed in animals under capture and
handling stress,>*%3% suggesting that the cold
exposure was not as significant a stressor as was
the capture and handling process and that levels
were only moderately elevated. Whether eleva-
tions in cortisol and aldosterone reflect the
general adaptive response to a stressor or indicate
a specific adaptive response to cold stress cannot
be determined from the results of this study;
however, the results are sufficiently intriguing to
warrant further investigation into their potential
adaptive function.

Acknowledgments: We are thankful to the train-
ing and veterinary staff of the Marine Mammal
Program for the transport and care of dolphins
used in this study. We also thank E. Bauer and the
engineering staff for establishing the water chiller
system used for chilling the pools and for
maintaining the chillers and managing the water
quality throughout the study. This study was
funded by the U.S. Navy Marine Mammal Pro-
gram.

LITERATURE CITED

1. Adam, T. C,, and E. S. Epel. 2007. Stress, eating
and the reward system. Physiol. Behav. 91: 449-458.

2. Aguilera, G. 1992. Role of angiotensin II receptor
subtypes on the regulation of aldosterone secretion in
the adrenal glomerulosa zone in the rat. Mol. Cell.
Endocrinol. 90: 53-60.

3. Bristow, T. 2004. Changes in coastal site usage by
bottlenose dolphins (Tursiops truncatus) in Cardigan
Bay, Wales. Aquat. Mamm. 30: 398-404.

4. Clark, L. S., D. FE. Cowan, and D. C. Pfeiffer. 2006.
Morphological changes in the Atlantic bottlenose
dolphin (Tursiops truncatus) adrenal gland associated
with chronic stress. J. Comp. Pathol. 135: 208-216.

5. Copland, M. D., and D. J. Needham. 1992.
Hematological and biochemical changes associated
with transport of dolphins (Tursiops truncatus). In:
Alexander, J. W. (ed.). Proc. IJAAAM Meet. Pp. 25-28.

6. Crowley, S. D., S. B. Gurley, M. J. Herrera, P. Ruiz,
R. Griffiths, A. P. Kumar, H.-S. Kim, O. Smithies, T. H.
Le, and T. M. Coffman. 2006. Angiotensin II causes
hypertension and cardiac hypertrophy via its receptors
in the kidney. Proc. Natl. Acad. Sci. USA 103: 17985-
17990.

7. Dallman, M. F,, A. M. Strack, S. F. Akana, M. J.
Bradbury, E. S. Hanson, K. A. Scribner, and M. Smith.
1993. Feast and famine—critical role of glucocorticoids
with insulin in daily energy-flow. Front. Neuroendo-
crinol. 14: 303-347.



570

8. Delost, P.,, M.-C. Laury, C. Tournaire, L. Zizine,
R. Bertin, and R. Portet. 1989. Evidence for a cold-
induced aldosterone stimulation in the rat. Steroids 54:
55-69.

9. Dice, M. S. 1992. Responses of Water and Salt
Regulating Hormones during Acute Cold Exposure in
the Rat. Ph.D. Dissertation, Univ. of Hawaii at Manoa,
Manoa, Hawaii.

10. Dzau, V. J. 1993. Tissue renin-angiotensin sys-
tem in myocardial hypertrophy and failure. Arch.
Intern. Med. 153: 937-942.

11. Epel, E. S., R. Lapidus, B. McEwen, and K.
Brownell. 2001. Stress may add bite to appetite in
women: a laboratory study of stress-induced cortisol
and eating behavior. Psychoneuroendocrin 26: 34-49.

12. Gales, N. J. 1992. Mass stranding of striped
dolphin, Stenella coeruleoalba, at Augusta, Western
Australia: notes on clinical pathology and general
observations. J. Wildl. Dis. 28: 651-655.

13. Hammond, P. S., and P. M. Thompson. 1991.
Minimum estimate of the number of bottlenose
dolphins Tursiops truncatus in the Moray Firth, NE
Scotland. Biol. Conserv. 56: 79-87.

14. Hood, S. G., T. Cochrane, M. J. McKinley, and
C. N. May. 2007. Investigation of the mechanisms by
which chronic infusion of an acutely subpressor dose of
angiotensin II induces hypertension. Am. J. Physiol.
292: R1893-1899.

15. Ito, M., M. I. Oliverio, P. J. Mannon, C. E Best,
N. Maeda, O. Smithies, and T. M. Coffman. 1995.
Regulation of blood pressure by the type 1A angioten-
sin II receptor gene. Proc. Natl. Acad. Sci. USA 92:
3521-3525.

16. Jimenez, C., J. Regnard, C. Robinet, L. Mourot,
D. Gomez-Merino, M. Chennaoui, Y. Jammes, G.
Dumoulin, A. V. Desruelle, and B. Melin. 2010. Whole
body immersion and hydromineral homeostasis: effect
of water temperature. Eur. J. Appl. Physiol. 108: 49-58.

17. Kuiken, T., U. Hofle, P. M. Bennett, C. R.
Allchin, J. K. Kirkwood, J. R. Baker, E. C. Appleby,
C. H. Lockyer, M. J. Walton, and M. C. Sheldrick.
1993. Adrenocortical hyperplasia, disease and chlori-
nated hydrocarbons in the harbour porpoise (Phocoena
phocoena). Mar. Pollut. Bull. 26: 440-446.

18. Lair, S., P. Beland, S. DeGuise, and D. Marti-
neau. 1997. Adrenal hyperplastic and degenerative
changes in beluga whales (Delphinapterus leucas). J.
Wildl. Dis. 33: 430-437.

19. Landys, M. M., M. Ramenofsky, C. G. Gugliel-
mo, and J. C. Wingfield. 2004. The low-affinity
glucocorticoid receptor regulates feeding and lipid
breakdown in the migratory Gambel’s white-crowned
sparrow Zonotrichia leucophrys gambelii. J. Exp. Biol.
207: 143-154.

20. May, C. N. 1996. Prolonged systemic and
regional haemodynamic effects of intracerebroventric-
ular angiotensin II in conscious sheep. Clin. Exp.
Pharmacol. Physiol. 23: 878-884.

JOURNAL OF ZOO AND WILDLIFE MEDICINE

21. McBrearty, D. A., M. A. Message, and G. A.
King. 1986. Observations on small cetaceans in the
north-east Atlantic Ocean and the Mediterranean Sea:
1978-1982. In: Bryden, M. M., and R. Harrison (eds.).
Research on Dolphins. Clarendon Press, Oxford,
United Kingdom. Pp. 225-249.

22. Michal, G. 1999. Biochemical Pathways: An
Atlas of Biochemistry and Molecular Biology. John
Wiley & Sons, Inc., New York, New York.

23. Noren, D. P, T. M. Williams, P. Berry, and E.
Butler. 1999. Thermoregulation during swimming and
diving in bottlenose dolphins, Tursiops truncatus. J.
Comp. Physiol. B 169: 93-99.

24. Norris, D. O. 2007. Vertebrate endocrinology.
Elsevier Academic Press, Burlington, Massachusetts.

25. Ortiz, R. M., and G. A. J. Worthy. 2000. Effects
of capture on adrenal steroid and vasopressin concen-
trations in free-ranging bottlenose dolphins (Tursiops
truncatus). Comp. Biochem. Physiol. A 125: 317-324.

26. Parmley, W. W. 1998. Evolution of angiotensin-
converting enzyme inhibition in hypertension, heart
failure, and vascular protection. Am. J. Med. 105: 27s—
31s.

27. Ridgway, S. H., and R. Howard. 1979. Dolphin
lung collapse and intramuscular circulation during free
diving: evidence from nitrogen washout. Science 206:
1182-1183.

28. Romero, L. M., C. J. Meister, N. E. Cyr, G. J.
Kenagy, and J. C. Wingfield. 2008. Seasonal glucocor-
ticoid responses to capture in wild free-living mam-
mals. Am. J. Physiol. 294: R614-622.

29. Ruiz-Ortega, M., O. Lorenzo, M. Ruperez, V.
Esteban, Y. Suzuki, S. Mezzano, J. J. Plaza, and J.
Egido. 2001. Role of the renin-angiotensin system in
vascular diseases. Hypertension 38: 1382-1387.

30. Saavedra, J. M., and J. Benicky. 2007. Brain and
peripheral angiotensin II play a major role in stress.
Stress 10: 185-193.

31. Sramek, P, M. Simeckova, L. Jansky, J. Savliko-
va, and S. Vybiral. 2000. Human physiological respons-
es to immersion into water of different temperatures.
Eur. J. Appl. Physiol. 81: 436-442.

32. Sramek, P, B. Uli¢ny, L. Jansky, V. Hosek, V.
Zeman, and H. Janakova. 1993. Changes of body fluids
and ions in cold-adapted subjects. Res. Sports Med. 4:
195-203.

33. Srivastava, R. K., and A. Krishna. 2008. Season-
al adiposity, correlative changes in metabolic factors
and unique reproductive activity in a vespertilionid bat,
Scotophilus heathi. J. Exp. Zool. 309A: 94-110.

34. St. Aubin, D. J., and L. A. Dierauf. 2001. Stress
and marine mammals. In: Dierauf, L. A., and E M. D.
Gulland (eds.). Marine Mammal Medicine, 2nd ed.
CRC Press, Boca Raton, Florida. Pp. 253-269.

35. St. Aubin, D. J., S. H. Ridgway, R. S. Wells, and
H. Rhinehart. 1996. Dolphin thyroid and adrenal
hormones: circulating levels in wild and semidomesti-
cated Tursiops truncatus, and influence of sex, age, and
season. Mar. Mamm. Sci. 12: 1-13.



HOUSER ET AL.—DOLPHIN COLD STRESS

36. Tataranni, P. A., D. E. Larson, S. Snitker, J. B.
Young, J. P. Flatt, and E. Ravussin. 1996. Effects of
glucocorticoids on energy metabolism and food intake
in humans. Am. J. Physiol. 271: E317-325.

37. Thomson, C. A., and J. R. Geraci. 1986.
Cortisol, aldosterone, and leukocytes in the stress
response of bottlenose dolphins, Tursiops truncatus.
Can. J. Fish. Aquat. Sci. 43: 1010-1016.

38. Wells, R. S., and M. D. Scott. 1999. Bottlenose
dolphin Tursiops truncatus (Montagu, 1821). In: Ridg-
way, S. H., and R. Harrison (eds.). Handbook of
Marine Mammals, vol 6: The Second Book of Dolphins

571

and Porpoises. Academic Press, San Diego, California.
Pp. 137-182.

39. Wilson, B., P. M. Thompson, and P. S. Ham-
mond. 1997. Habitat use by bottlenose dolphins:
seasonal distribution and stratified movement patterns
in the Moray Firth Scotland. J. Appl. Ecol. 34: 1365-
1374.

40. Yeates, L. C., and D. S. Houser. 2008. Thermal
tolerance in bottlenose dolphins (Tursiops truncatus). J.
Exp. Biol. 211: 3249-3257.

Received for publication 22 July 2010



