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Physiological ecology
of Adélie penguins

and blue-eyed shags
during the reproductive season
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Breeding Adélie penguins (Pygoscelis adeliae) and blue-eyed
shags (Phalacrocorax atriceps) encounter a wide range of weather
conditions. Both adults and chicks may experience severe cold
and high winds during storms or substantial heat loads on
sunny days (Ainley, LeResche, and Sladen 1983; Murrish 1982).
Adults and unbrooded chicks must maintain normal body tem-
perature during these conditions, a process which may require
substantial metabolic effort for heat production or heat dissi-
pation. These metabolic costs may influence growth rates, en-
ergy reserves, and other components of reproductive success.
We examined microclimates during the breeding season in
Adélie and shag colonies near Palmer Station, made laboratory
measurements of the thermoregulatory physiology of young
and adult birds, and examined rates of energy consumption
of free-living birds.

Field and laboratory measurements were performed from
November 1987 to March 1988. We captured six adult, 15 downy
chicks (5 each of 1-, 2-, and 3-kilogram body mass), and 6
fledgling Adélie penguins for physiological measurements. We
also captured and studied 6 adult blue-eyed shags and 10 downy
chicks. Using open-flow respirometry, we measured oxygen
consumption, carbon dioxide production, and evaporative water
loss at ambient temperatures from - 20°C to 30°C. The effects
of winds from 0 to 8 meters per second were studied in re-
frigerated, recirculating wind tunnels. Microclimate data were
sampled for the entire breeding season with weather-proofed
microcomputers. We recorded ambient temperatures, wind
speeds, solar radiation, and the temperatures of taxidermic
mounts. Mounts respond to wind, sun, and ambient temper-
atures in a manner similar to live birds (Chappell and Bartho-
lomew 1981). Accordingly, mount temperatures provide a useful
integrated index (operative temperature) of the thermal en-
vironment (Bakken 1980). When data on operative tempera-
tures and wind speeds are combined with laboratory
measurements of metabolism, it is possible to calculate the
metabolic costs of temperature regulation in natural habitats.

Adult Adélies are extremely tolerant of cold in the absence
of wind (they show no significant increase in metabolic ther-
mogenesis—measured as oxygen consumption—until the am-
bient temperature drops below - 10°C), and wind has little
effect on metabolism at ambient temperatures above freezing
(Chappell and Souza 1988). However, at subfreezing ambient
temperatures, high wind speeds elicit greatly increased oxygen
consumption (figure 1). At - 20°C, oxygen consumption is
almost three times greater in a 6-8 meters per second wind
than in the absence of forced convection. In contrast to adults,
small chicks showed substantial increases in oxygen con-
sumption at low ambient temperatures (figure 1). This ther-
mogenic response was reduced as chicks grew larger.
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Figure 1. Oxygen consumption at different combinations of ambient
temperature and wind speed in Adélie penguin adults and chicks.
(V denotes wind speed. m/s denotes meters per second. ml/kg
min denotes milliliters divided by kilograms times minutes.)

Nevertheless, downy chicks showed much smaller metabolic
responses to wind than adults, particularly at ambient tem-
peratures below 0°C. Fledglings (which have molted into ju-
venile plumage) have responses that are similar to those of
adults, except that the former have slightly higher metabolic
rates at all ambient temperatures. We believe the contrasting
responses of downy chicks vs. feathered adults and fledglings
is a result of the need to keep the poorly insulated flippers
from freezing. The flippers of adults and fledglings have almost
no insulation and require substantial perfusion of warm blood
(with concomitant heat loss) to prevent frostbite when
subfreezing ambient temperatures combine with high wind
speeds. In contrast, the flippers of downy chicks are covered
with insulative natal down, with correspondingly low rates of
heat loss.

The responses of both young and adult blue-eyed shags to
different combinations of ambient temperatures and wind speeds
resembled those of downy penguin chicks: oxygen consump-
tion increased at ambient temperatures below 0°C and in-
creasd moderately with increasing wind speeds up to 6-8
meters per second (figure 2). Both young and adult shags have
well-insulated wings.

Microclimate conditions rarely induced severe thermal stress
on penguins. The "cost of thermoregulation" (increased heat
production requirements above thermoneutral resting meta-
bolic rate) was relatively low, averaging about 15-20 percent
of the resting metabolic rate for adults during the November-
to-March breeding season. The highest heat production re-
quirements (20-60 percent of the resting metabolic rate) oc-
curred during the incubation period, which was often cold and
windy. The heat production requirement of 2- and 3-kilogram
chicks averaged 10-25 percent of the resting metabolic rate,
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Figure 2. Oxygen consumption at different combinations of ambient
temperature and wind speed in blue-eyed shag adults and chicks.
(V denotes wind speed. m/s denotes meters per second. ml/kg
min denotes milliliters divided by kilograms times minutes.)

while that of 1-kilogram chicks was 20-40 percent of the resting
metabolic rate.

This research was supported by National Science Founda-
tion grant DPP 85-35157. We are grateful to R. Robbins, S.
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Physiology of diving in
Weddell seals and emperor penguins
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McMurdo Sound forms a unique, natural laboratory in which
to study the behavior and diving physiology of the Weddell
seal. The fast ice that forms during the winter remains stable
enough through most of the summer for surface travel and
establishment of laboratories on the ice. For nearly three de-
cades, scientists have taken advantage of these ice conditions
to study the biology of Weddell seals intensively. The purpose
of our project was to continue detailed studies of the physi-
ology of diving in the Weddell seal and to extend these studies
to the emperor penguin. The main objective was to investigate
the way these animals manage their oxygen stores while div-
ing. The specific variables to be measured during routine div-
ing cycles were:
• oxygen consumption,
• swim velocity,
• blood and muscle oxygen, and
• distribution of body oxygen store.

The variables provide us with a means of assessing the total
oxygen store, its rate of utilization, and what regions of the
body are the principal consumers.

Following well-established procedures, we captured Wed-
dell seals at traditional haul-out areas and transported them
to the sea-ice laboratory. After preparation for the experiment,
they were released into the experimental dive hole (Kooyman
1981). The preparation for release usually involved attaching
a submersible microprocessor similar in principle to that de-
scribed by Hill (1986). One or several variables were measured
with appropriate transducers.

Emperor penguin experiments were conducted in a similar
manner with three major differences:
• Birds were captured and held for 2 weeks before any diving

was done. During that time, they were hand fed and allowed
to adjust to the environment and the investigators.

• A sub-ice observation chamber was used to observe their
behavior in the vicinity of the dive hole.

• The birds were released into the water as a pair or as a group
of individuals. Paired or group diving was similar to what
we observed in free birds diving from natural penguin holes
about 25 kilometers from our camp.
The data obtained from these tests are being analyzed. In

brief, the metabolic rate of the seals appeared to be about the
same as that noted earlier (Kooyman et al. 1973). Most seal
swim velocities fell within the range of 2.0 to 2.5 meters per
second. In the course of these measurements, the seals made
a full range of dives from over 1 hour long exploratory dives
to numerous routine 10-15-minute feeding dives. One sub-
adult would frequently bring live Pleuragramma antarcticum to
the surface and play with them. One adult brought to the
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