
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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pathetic vasodilation mechanism in the web of the
foot that permits sufficient blood flow to maintain tis-
sue temperatures above freezing (personal communi-
cation from Kjell Johansen).

We investigated the mechanisms controlling blood
flow in the legs of the giant petrel during normo-
thermic and temperature stress conditions. The follow-
ing parameters were measured simultaneously: EKG, ar-
terial and venous blood pressures in the foot, blood
flow to the foot, body temperature, arterial and venous
blood temperatures in the foot. Little is known about
the effects of various pharmaceutical agents that affect
the cardiovascular system of birds. Consequently, we
first determined the effect of acetycholine, atropine,
epinephrine, and norepinephrine on the above para-
meters. We then determined the role of the feet and
cardiovascular system in heat dissipation and conserva-
tion during heat and cold stress. Blood flow, foot tem-
peratures, and pressures were simultaneously measured
in birds with their feet alternately immersed in warm
and cold water. Phenoxybenzamine (alpha-adrenergic
blocking agent), Propranolol (beta-adrenergic blocking
agent), Mecamylamine (ganglionic blocking agent),
and epinphrine, norepinephrine, and isoproterenol (all
sympathomimetic drugs) were used to evaluate the
autonomic neural control of blood flow and tempera-
tures in the feet of the petrel.

Preliminary evidence points to a beta-adrenergic re-
ceptor with active vasodilatory control over peripheral
venous return (heat dissipation) and an alpha -ad renergic
control with active vasoconstriction over central venous
return (heat conservation). This is the first evidence of
dual sympathetic control over a vascular countercurrent
heat exchanger.

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

Penguin and skua studies
at Hallett Station

JOHN R. BAKER

Department of Zoology and Entomology
Iowa State University

The 1972-1973 season was the final season of a 6-
year project supported successively by National Science
Foundation grants GA-1135, GA-13827, and GA-23744.

This project began as a specialized study of avian
embryology, but expanded into several areas. The first
was a study of the Adélie penguin embryo's adaptation
to an extreme environment. For these two studies, the

basic experiments and preparations were done in the
well equipped Hallett Station biolab, and the final
preparations and analyses were done at Iowa State
University. The question of embryo adaptation led to a
study of adult penguin incubation efficiency. This study
was done by time-lapse motion pictures of penguin in-
cubation behavior correlated, in some cases, with con-
tinuous egg temperature recordings. The data obtained
are being analyzed at Iowa State University in collabora-
tion with Dr. M. W. Weller.

Biologists at Hallett Station have been aware of two
problems: (1) the penguin and skua populations ap-
parently had been in continuous decline since the sta-
tion was founded, and (2) the rookery area was littered
with debris from the station. The second problem was
solved by cleaning up the station environs. All scien-
tific personnel on this project spent many hours clean-
ing up the rookery. Navy personnel using bulldozers
moved large masses of debris onto the sea ice during
the past three seasons. The dump, storage areas, and
roads in the rookery have been restored to the pen-
guins.

The decline of the avian population instigated addi-
tional studies. A yearly photo-reconnaissance of the
penguin rookery, begun during the 1970-1971 season,
will yield data about the penguin population. These
photographs are being analyzed by Dr. L. H. Fredrick-
son of the University of Missouri. Beginning with the
1969-1970 season, penguin chicks were banded (1) to
provide an estimation of chick mortality, and (2) to
check the colonization of cleaned up areas (table 1).
The status of the skua population during the past four
seasons was determined by a census of adults and by

Table 1. Adlie penguins (Pygoscelis adeliae) banded
at Hallett Station under the Iowa State

University Program.a

Number of bands
Season Number of	recovered to date___________________

birds banded asbands 	Adults	Chicks
applied Band numbers	Adults Chicks Dead Alive Dead

1969- 5 19-3 5801-3 585 5	55	 22
70	519-35856-36000	 145	11

	

519-32063-32200	 138	9
1970- 509-73497-73535	39	 23
71	509-7353673750 b	213	1

	

01T—O000105000 c	4988	78	91
1971- 01T-05001-12557	7557	 1113
72

1972- 01T-12558-12824	267
73	01T-12825-15000	2176

	

361 15217	1	143	1204

a The complete banding records and returned bands are at the
Smithsonian Institution.

b Less 3 damaged bands.
C Less 12 damaged bands.
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