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Figure 2. Effect of 2 milligrams per kilogram isoproterenol on the
body temperature of 10 milligrams per kilogram propranolol in-
jected skua chicks exposed to 10° centigrade 1 day after hatching.

temperature drops at a rate similar to that of a dead
chick. Blockage of beta-receptor sites in day-3 chicks
does not have as drastic an effect on temperature regula-
tion, and by day-5, it has no effect (fig. 1). Shivering
was visually observed in day-3 and day-5 chicks. Injection
of an alpha-blocking drug into day-1 chicks had little
effect. These data suggest that newly hatched skuas pos-
sess a nonshivering thermogenesis and that its importance
in thermoregulation decreased with age until 5 days after
hatching, when it is replaced or superseded by shivering
thermogenesis. The nonshivering thermogenesis is de-
pendent upon the release of beta-activating catechola-
mines by the sympathetic activation during cold stress.
This conclusion is supported in that injection of iso-
proterenol, a beta-sympathomimetic amine, which com-
petes with propranolol for the beta-receptor site, allows
day-1 propranolol injected chicks to enhance their ability
to produce heat at 10° C. (fig. 2). The nonshivering
thermogenic response of skua chicks to cold is similar to
that of domestic chicks, but they acquire the ability to
produce heat by shivering at a much younger age.

The authors were in the field from December 1972 to
February 1973. This work was supported by National
Institutes of Health grant HL-14640-01 and National
Science Foundation grant GV-35343.

References

Brück, K., and B. Wunnenberg. 1965. Blockade der chemischen
thermogenese and auslosung von muskeizittern durch an-
drenolytica und ganglienblockade beim neugeborenen meer-
schweinchen. Archir für die Gesamie Physiologie des Mensch-
ens and der Tiere, 282: 376-389.

Temperature dependence of blood
viscosity in antarctic homeotherms

CHARLES L. GUARD and DAVID E. MURRISH

Department of Biology
Case Western Reserve University

The importance of naked extremities of polar mam-
mals and birds as avenues of excess heat loss has long
been recognized (Irving and Krog, 1955). During sub-
zero weather, peripheral tissue temperature fluctuates
from near-core temperatures during exercise to near-
freezing when the animal is inactive. The tissues of bird
legs and feet and seal flippers have a relatively low
metabolic heat production and therefore depend on heat
transferred via the blood to remain above ambient tem-
perature. Consideration of the problems of maintaining
adequate perfusion to prevent tissue freezing must in-
volve both cardiovascular adjustments and the physical
properties of blood at low temperatures. The most im-
portant physical property affecting patterns of circulation
is the viscosity of blood, which is directly related to its
temperature. Blood viscosity increases a few percent
with each decreasing degree of temperature. Viscous
properties of blood were examined over the range of
normally encountered temperatures to contribute to an
understanding of circulation in the cold.

Viscosity of plasma and whole blood was measured
in a cone-plate viscometer as a function of shear rate at
various temperatures for a number of antarctic mammals
and birds. Samples were obtained via venipuncture into
heparinized syringes. Hematocrit was determined and
the remaining sample centrifuged. After removal of the
buffy coat, cells and plasma were recombined to yield
hematocrits of 30, 40, 50, and 60 percent. Viscosity was
determined on 1.0 milliliter samples at 0 0 , 50, 20 0 and
38° C.

Mean values for hematocrit of the freshly drawn sam-
ples were: 'Weddell seals (Leptonychotes ueddelli) 63.2
percent, leopard seals (Hydrurga leptonyx) '49.2 percent,
crabeater seals (Lobodon carcinophagus) 46.5 percent,
Adélie penguins (Pygoscelis adelie) 47.8 percent, chin-
strap penguins (Pygoscelis antarctica) 47.0 percent,
gentoo penguins (Pygoscelis Papua) 52.6 percent, blue-
eyed shags (Phalacrocax atriceps) 55.9 percent, giant
petrels (Macronectzis giganteus) 44.9 percent, and south
polar skuas (Catharacta skiia mccormicki) 45.5 percent.

All blood samples exhibited typically non-Newtonian
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properties of increasing viscosity with decreasing shear
rate. This behavior was more pronounced at lower tem-
peratures for all hematocrits and plasma. The square root
of shear stress was plotted against the square root of
shear rate to expand the region near zero rate of shear.
The Casson equation (Merrill, 1969)

T'=T Y2 +fl'

	

Y	a

provides a linear approximation of these graphs where
= observed shear stress, T 3  = yield stress, na =

apparent viscosity and = applied shear rate. Com-
parisons among the nine species were made for 50%
hematocrit (table). Values are given for apparent vis-
cosity, the lower limit of viscosity at very high shear
rates, and yield stress at various temperatures.

The Weddell seal had the highest viscosity observed
in any of the nine species at all four temperatures. Con-
sidering the normal hematocrit found in the Weddell
seals (63.2 percent), their whole blood viscosity is 1.7
and 1.8 times that of the crabeater and leopard seals
respectively. The two species of seals, the three species
of penguins, and the shag all had similar blood viscosi-
ties. The giant petrel and south polar skua had similar
but lower viscosities at all temperatures. The increase
in apparent viscosity with decrease in temperature was
highest for the Weddell seal at 4.3 percent per centi-
grade degree and lowest for the giant petrel at 2.6
percent per centigrade degree. The temperature depend-
ent increases in blood viscosity for the shag and skua are
less than those of the penguins and the crabeater and
leopard seals despite their similarity at 38 0 C. In general,
the yield stress was higher for mammals than birds. This
probably reflects the greater concentration of plasma
proteins in mammals than in birds.

The high viscosity of Weddell seal blood would tend
to reduce blood flow to cooled regions, thus conserving

heat. The low blood viscosity found in giant petrels and
south polar skuas would facilitate perfusion of the periph-
ery during inactive periods and would likely lead to sub-
stantial heat losses if all other factors remained constant.

The authors were in the field from December 1972 to
February 1973. This work was supported by National
Institutes of Health grant 1-11,44640-01 and National
Science Foundation grant GV-35343.
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Peripheral vascular control mechanisms
in the giant petrel,

Macronectes giganteus

DAVID F. MURRISH and CHARLES L. GUARD

Department of Biology
Case IVestern Reserve University

Heat loss through the naked extremities of birds is
mediated by the vascular system. During cold stress,
heat loss is effectively reduced by decreasing the blood
flow to the limbs and utilizing a vascular counter-
current heat exchange. Heat loads elicit vasodilation,
the extremities are flooded with warm blood, and ex-
cess heat is lost to the environment by conduction and
radiation. The control of peripheral circulation in birds
is poorly understood. Gulls apparently possess a sym-

Apparent blood viscosity at various temperatures for samples of 50 percent hematocrit.a

0°C.	 SOC.	 20°C.	 38°C.
Specimen	

n	na	Ty
	 a	Ty	 a	Ty	 "a	T

Mammals
Weddell seal	 9	29.0	0.82	 17.4	1.06	 8.51	0.17	5.77	0.09
Leopard seal	 5	19.8	0.67	 13.3	0.39	 7.27	0.26	4.65	0.14
Crabeater seal	 2	19.9	0.68	 15.1	0.63	 8.16	0.22	5.18	0.08

Birds
Adélie penguin	 11	19.5	0.23	 10.9	1.01	 7.71	0.02	 5.00	0.06
Chinstrap penguin	 2	 4.94	0.07
Gentoo penguin	 13	19.1	0.72	 14.2	0.34	 9.02	0.50	5.19	0.08
Blue-eyed shag	 8	16.1	0.17	 11.8	0.21	 7.17	0.04	5.00	0.03
Giant petrel	 12	12.0	0.36	 10.3	0.63	 7.24	0.08	4.48	0.05
South polar skua	 1 	13.3	0.15	 10.4	1.00	6.69	0.06	4.69	0.04

a Values for apparent viscosity n,, (in centipoise) were calculated from plots of the Casson equation T1'2 
=	 + h1a2 1/2

where -r is the observed shear stress, Ty the yield stress (in dynes/cm 2 .) and 3 the shear rate.
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