
to an alteration of the same degree in the tempera-
ture of the core. This suggests that other nervous
elements in the core of the penguin are capable of
transducing temperature into neurological signals
that appropriately affect thermoregulatory re-
sponses.

These results, particularly the responses to cool-
ing, contrast markedly with the results obtained in
all mammals investigated. However, results on the
Pigeon (Rautenberg et al., 1972) are similar to our
esults to the extent that hypothalamic temperature
ad no influence on shivering and only slight in-
uence on vasoconstriction. The paradoxical ef-
ects of lowering hypothalamic temperature (that
s, reduction of shivering and vasoconstriction by
yen slight hypothalamic cooling) have not been
eported heretofore.

Heating and cooling hypothalamic tissue alters
he rate of secretion of the nasal salt gland, con-
rming previous observations that cooling inhibits
nd heating enhances secretion of sodium chloride
Hammel et al., in press).

This research was supported by National Science
Foundation grant BMS 73-00706.
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Emperor penguins:
thermoregulation and locomotion

BERRY PINSH0w, DONALD R. BATTLES,
HANA PINSH0w, and KNUT SCHMIDT-NIELSEN

Department of Zoology
Duke University
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Estimated energy budget for starving emperor penguins.*

LABORATORY CONDITIONS (—I O*C.,  no wind)
Maintenance, 100 days	 10	kg
Walking, 200 km	 1.3 kg

Total: 11.3 kg fat

ACTUAL CONDITIONS (-25°C., wind 7 mlsec 50 percent of time)
Maintenance and thermoregulation, 100 days 14.7 kg
Walking, 200 km	 1.3 kg

Total: 16.00kgfat

*Initial body mass of 35 kilograms, including 15 kilograms
of fat.

time they return to the water. For the male, who
incubates the single egg without the help of his
mate, the fast often lasts over 100 days. The walk
from the sea to the rookery and back may be 200
kilometers. The male's body mass may be 35 kilo-
grams at the start of the breeding season, and it
may be 20 kilograms at the end.

Our study was concerned with the demands made
by thermoregulation and locomotion on the energy
reserves of emperor penguins. We investigated the
relation of metabolic rate and thermal conductance
in emperor penguins to a broad range of ambient
temperatures, and we measured the energy cost of
locomotion. Field work began during the 1973-
1974 season (Pinshow et al., 1974; Fedaketal., 1974)
and ended during the 1974-1975 season.

The metabolic response curve in figure 1 shows
the data for three penguins whose mean body mass
was 23 kilograms. Between 20° and — 10°C. the
metabolic rate remained constant (standard meta-
bolic rate). Below — 10°C. the metabolic rate in-
creased linearly with decreasing ambient tempera-
ture. At —47°C. the metabolic rate was 73 percent
above the standard rate. The measured standard
rate is 16 percent higher than that predicted for a
23-kilogram nonpasserine bird by the Lasiewski-
Dawson equation (Lasiewski and Dawson, 1967).

Figure 2 shows thermal conductance as it changes
with ambient temperature in the same three birds.*
Thermal conductance remained constant from
—47° to -10'G, the mean being 1.34 kcal m2
°C.-' h-1.

The energy requirements for locomotion in em-
peror penguins were measured at McMurdo Sta-
tion during the 1973-1974 season (Fedak et al.,
1974). The data show that an emperor penguin
fasting for 100 days at its standard metabolic rate

Emperor penguins are unique in that they breed
during the extremely cold antarctic winter at rook-
eries on the ice, far from the open sea. Since the
birds can feed only at sea, they must fast from the
time they begin to migrate to the rookery to the

*Thermal conductance is the rate of dry heat transfer per
unit area to or from the animal per degree of temperature dif-
ference between animal and environment (Dawson and Schmidt-
Nielsen, 1967).
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Figure 1. Relationship bE
tween metabolic rate an
ambient temperature (°C
for emperor penguins, a
determined on three mdi
viduals. Each point repre
sents the mean of fou
measurements made 01
one bird after a 12-hou
acclimation period at thl
experimental temperature

and walking 200 kilometers would use 11.3 kilo-
grams of fat (table). This estimate is based on
laboratory conditions that were less severe than ant-
arctic winter conditions. The mean temperature
during the winter months of June and July may
be —25°C. with a minimum of —50°C., and the
mean wind speed may be 7 meters per second with

gusts to 43 meters per second. Taking such condi-
tions into account suggests that the energy require-
ment of a lone emperor penguin fasting for 100
days would exceed its reserves (see table). How-
ever, the incubating males spend much of their
time huddling together, thus reducing the body
surface area exposed to the extreme environment.

Figure 2. Relationship be-
tween conductance and
ambient temperature (°C.)
for emperor penguins.
Points correspond to those
In figure 1. C=conduc-
tance. HM =rate of meta-
bolic heat production.
H E W L = rate of heat loss
by evaporation. S=caicu-

-50 -40 -30 -20 -10	0

AMBIENT TEMPERATURE

lated surface area (0.51
tO 20 30 square meters). TB=deep

body temperature (37.80C.).
TA =ambient temperature.
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)bviously less heat is lost to neighboring penguins
han to the environment; in fact, if the body tem-
)eratures are equal no heat would flow across the
:ontact surfaces.

We conclude that most of an emperor penguin's
nergy reserves are required for temperature regu-
ation, and only about 8.5 percent of the total is
ieeded to make the 200-kilometer walk. The ques-
ion of why these penguins choose to breed under
:onditions that we as humans consider so severe is
nteresting and remains to be answered.

This research was supported by National Science
'oundation grant GV-39 184A.
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Control of oxyhemoglobin
dissociation in antarctic fishes

during acidosis and thermal
acclimation
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Deep hypothermia (temperatures around 20°C.)
is frequently used for corrective cardiac surgery in

human infants with congenital heart disease, as well
as to preserve kidneys For homotransplantation.
Because tissue oxygen requirements are reduced
at low temperatures, in certain cases hypothermia
could be used to treat patients suffering from acute
respiratory failure. It therefore is necessary to
understand the effects of low temperatures on the
affinity of hemoglobin for oxygen and on the meta-
bolism of the red cells if we are to apply hypo-
thermia to patients.

The control of oxyhemoglobin dissociation ap-
pears to play a role in the survival of most species.
Some stenothermal poikilothermic vertebrates are
excellent subjects for studies of the effects of ex-
tremely low temperatures on the binding affinity
of hemoglobin for oxygen. The large antarctic
cod, Dzssostichns mawsoni, is ideal for such investi-
gations because it lives continually at - 1.9°C. and
survives without difficulty in the laboratory. Fur-
ther, its circulatory system can be easily implanted
with a small tube allowing repeated blood sampling
without disturbing the fish.

Using equipment provided by Radiometer, Inc.,
Copenhagen (Denmark), we measured blood pH
and oxygen tensions directly at - 1.9° and 4°C. on
several specimens of D. mawsoni and Trematomus
borchgrevinki. Oxyhemoglobin curves were con-
structed by measuring oxygen pressures of samples
made from various proportions of oxygenated and
deoxygenated blood. 0. Siggaard Andersen, M.D.,
Rigs-hospital, Copenhagen, kindly provided Dr.
Qvist with a specially designed apparatus for mix-
ing deoxygenated and oxygenated blood.

Blood pH was precisely determined for eight
chronically catheterized D. mawsoni at temperatures
of - 1.9° and 4°C. These fish were held in aquariums
at McMurdo Station's Eklund Biological Center.
The in vitro effects of temperature (- 1.9° and 4°C.)
and pH variation on oxyhemoglobin affinity were
examined. Attempts were also made to define the
chemical modulator (nucleotide triphosphate) of
oxyhemoglobin affinity in D. mawsoni, and changes
in red cell nucleotide triphosphate (NTP) concentra-
tion were followed during metabolic acidosis and
thermal acclimation.

Briefly, our results demonstrated that the blood
pH of chronically catheterized fish is about 8.2 at
- 1.9°C. and 8.1 at 4°C. The P50 value (partial
pressure of oxygen at which 5 percent of the hemo-
globin is saturated) at - 1.9°C. was 12.5 torr at a pH
of 8.2, and after the fish was stressed by capture on
the set-tine it was 15.8 at a pH of 7.7. No differences
in pH or P50 values were found with time of stress
(i.e. 1 hour versus 24 hours on the hook). The in
vitro P50 value was 20.9 torr at a pH of 7.75. NTP
(probably adenosine triphosphate) was present in
high concentrations in D. mawsoni red blood cells
(about 475 micromoles per 100 milliliters of red
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