
Radiograph of spinal thermode and hypothalamic thermoC
in an Adélie penguin. Spinal thermode Is  PE 50 poiyethyle
tubing inserted between the second and third thoracic ver
brae and extending to a hairpin bend at the second cervi
vertebra (tubing filled with mercury to render It opaque
X-rays). Two pairs of stainless steel thermodes straddle I

anterior hypothalamus.

4-month tenure at Cape Crozier that much more
pleasant. This research was supported by Na-
tional Science Foundation grant Opp 74-15582.
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ture decreased, vasoconstriction of skin vessels
induced by spinal canal cooling seemed to be is
proportion to the drop of spinal thermode tempera-
ture. Heating the spinal cord above normal core
temperature reduced vasoconstrictor tone in the
skin.

In a 10°C. environment, cooling the hypothala-
mus 2° to 5°C. below normal temperature either did
not affect oxygen consumption and vasoconstric-
tion or reduced oxygen consumption by a few per-
cent and reduced vasoconstriction appreciably
depending on the extent of cooling. Heating the
hypothalamus at this ambient temperature marked-
ly decreased vasoconstrictor tone and increased
wing temperature to above 30°C. At an ambient
temperature of —200C., and while the penguin
was shivering, cooling the hypothalamus lessened
or inhibited shivering for 15 minutes depending on
the extent of cooling. Cooling the hypothalamus
to below 33°C. could reduce vasoconstriction re-
sulting in an increase in wing temperature even
at —20°C. Heating the hypothalamus to about
40°C. increased shivering and oxygen consump-
tion by a few percent whereas stronger heating to
41 0 to 41°C. was able to reduce or inhibit shiver-
ing.

These results are as we anticipated. Neurones
in the spinal cord can transduce temperature in
the hypo-, normo-, and hyperthermic range with
the effect of negative feedback control of deep
body temperature. However, the magnitude of the,
response to a given alteration in spinal cord
temperature seems to be less than the response

Under anesthesia, a thermode was placed in the
spinal column and thermodes were implanted
around the rostral brainstem of Adélie penguins
(figure 1). By controlling the temperature of water
circulating through these thermodes the tempera-
tures of the hypothalamus and the spinal cord
could be varied independently between 32° and
42°C. After 1 week, shivering and blood flow to the
wing was investigated in these penguins in response
to altering spinal and hypothalamic temperatures.

In an environment at —201C., the Adélie penguin
usually shivers. Cooling the spinal canal increased
shivering and oxygen consumption, and heating
the spinal cord decreased shivering and oxygen
consumption, or inhibited shivering for up to 15
minutes. Heating the cord at this ambient tempera-
ture also decreased vasoconstriction as it occasional-
ly induced a small increase in the wing temperature.

In a 10°C. environment, cooling the spinal cord
slightly increased oxygen consumption by shivering
and increased vasoconstriction. As flipper tempera-
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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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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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