
substrates, eicosapentaenoyl CoA (20:5) and docosahexaenoyl
CoA (22:6).

Results of substrate competition experiments are interpreted
as follows: Oxidation rates of [1-14C] palmitoyl CoA (16:0) may
be increased or decreased in the presence of an alternative acyl
CoA ester relative to unlabeled palmitoyl CoA (16:0). We
interpret an increase in the oxidation rate of [1-14C] palmitoyl
CoA (16:0) and correspondingly low enzymatic activity with the
alternative substrate as preference for oxidation of palmitoyl
CoA. A decrease in oxidation rate of [1- 14C] palmitoyl CoA and
correspondingly higher enzymatic activity with the alternative
substrate suggest a preference for the oxidation of the alternative
fuel. Any decrease in the oxidation rate of [1- 14C] palmitoyl CoA
in the presence of unlabeled substrate without the high enzy-
matic activity must be interpreted as inhibition of palmitoylCoA
oxidation.

Substrate competition experiments also suggest that intact
mitochondria show marked preference for the oxidation of a
monounsaturate while intact peroxisomes do not demonstrate
such specificity (figure 2). The polyunsaturates linolenoyl CoA
(18:3) and arachidonyl CoA (20:4) are poor substrates for mito-
chondrial 13-oxidation. These substrates increase the oxidation
rate of labeled palmitoyl CoA (figure 2) and show very low
activities with CPT (figure 1). Yet two other polyunsaturates,
eicosapentaenoyl (20:5) and docosahexaenoyl CoA (22:6), are
good substrates for mitochondrial 13-oxidation. These esters
decrease the oxidation rate of [1-14C] palmitoyl CoA and yield
correspondingly high activities with CPT. Preference for the
oxidation of monounsaturated palmitoleoylCoA (16:1) by mito-
chondria is apparent from decreased oxidation of[1-'4C]palmitoyl
CoA (16:0) in the presence of this substrate with correspondingly
high CPT activity. All alternative substrates decrease the oxida-
tion rate of [1-14C] palmitoyl CoA (16:0) with peroxisomes.
Because ACO activities with these substrates are typically lower
or not significantly different than activity with palmitoyl CoA
(16:0), we interpret our results as substrate inhibition of peroxi-
somal 13-oxidation. We have confirmed this interpretation by
measuring ACO activity with palmitoyl CoA (16:0) and linolenoyl
CoA (18:3) independently and combined in concentrations used
in competition experiments. Our results demonstrate that in the
presence of the polyunsaturate ACO activity with the saturate is
markedly reduced (Crockett and Sidell 1993).

We conclude that the two most prevalent polyunsaturated
fatty substrates in lipid stores of antarctic fishes, eicosapen-

taenoyl- (20:5) and docosahexaenoyl CoA (22:6) may be 13-oxi-
dized by either mitochondrial or peroxisomal compartment.
These substrates may therefore be considered fuels for energy
metabolism in Gobionotothengibberifrons. Hepatic mitochondrial
13-oxidation shows marked preference for the oxidation of a
monounsaturate palmitoleoyl CoA (16:1) while peroxisomes
can 13-oxidize at comparable rates various fatty substrates which
differ in chain length and degree of unsaturation. The rich PUFA
endowments in fat stores of antarctic fishes thus appear to be a
significant caloric resource for energy metabolism within this
group.

This work was supported in part by National Science Foun-
dation grant DPP 88-19469. We thank the crew and masters of
R/V Polar Duke and the support personnel of Palmer Station,
Antarctica, for their assistance, which was critical to the success
of our project.
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Reproductive effort, diving behavior,
and foraging energetics in Adélie

penguins
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We are examining reproductive effort in Adélie penguins,
Pygoscelis adelie. Our efforts are focused on the field metabolic
rates (FMR) and body composition, foraging behavior and div-
ing physiology, and materials balance and growth efficiency of
chicks. We established a study population of 170 banded breed-
ing pairs during territoriality and courtship and checked the
status of each pair daily (weather and sea-ice conditions permit-
ting). In seven colonies with 2,800 nests, the overall chick-rear-
ing success rate was 1.30 chicks per nest, slightly higher than
the average of 1.02 chicks per nest in 1990-1991 (Chappell et al.
1991). The higher success rate in 1991-1992 was probably due to
greater krill availability.

We estimated total body-water content with deuterium dilu-
tion during territoriality, courtship, and incubation and used
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Figure 1. Field metabolic rates (FMR) of Adélie penguins measured
with doubly labeled water. Data are expressed as factorial changes
from the basal metabolic rate (BMR) against the percentage of
time a bird spent swimming. Measurements include 13 birds
during courtship, 18 incubating, 12 feeding small chicks, and 13
feeding large chicks.
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Figure 2. The time and depth distribution of hunting effort during 50
foraging trips by Adélie penguins, measured as cumulative minutes
of bottom time. Measurements were made between December and
early February in the 1990-1991 and 1991-1992 breeding seasons.
N = 14,048 hunting dives.

these data to calculate body composition (the ratio of lean tissue
to depot fat stores). Additional body composition data were
derived from doubly labeled water (DLW) studies. Both sexes
arrive at the colonies carrying considerable (but variable) fat
reserves (10-30 percent of body mass), which decline to low levels
(3-10 percent) by the end of the creche phase.

We used (DLW) to measure FMR during territoriality and
courtship, incubation, the guard phase, and creche phase. Pre-
liminary results indicate that FMR was low during territoriality,
courtship, and incubation (about 1-1.5 times the basal metabolic
rate, or BMR) and considerably higher when birds were at sea.
FMR increased slightly between the guard and creche phases
(guard phase FMR = 3.0 times BMR, N = 12; creche phase FMR =
3.4 times BMR, N = 13). FMR was highly correlated with the

proportion of time spent at sea (figure 1); these data indicate that
the metabolic cost of swimming is very high, approximately 8
times BMR.

Time-depth records (TDRs) were used to record 14,048 hunt-
ing dives and about 31,000 traveling dives. Diving behavior was
similar to that of the 1990-1991 season (Chappell et al. 1991).
Hunting dives ranged in depth from 3-98 meters but most were
to 10-35 meters (the mean was 26 meters). Birds foraged through -
out the day, and there was a lull around midnight (figure 2).
Adult penguins spent roughly 30-35 percent of their time swim-
ming during both the guard and creche phases; birds away from
their nests during incubation spent about 50 percent of their time
swimming. The duration of foraging trips (i.e., the time spent
continually swimming, not the time away from the nest) ranged
from 0.5 to more than 21 hours. For 21 birds weighed before
foraging trips and recaptured before they fed their chicks, the
mean mass gain was 383 grams. This is similar to the average
stomach contents of returning foragers (circa 400 grams; W.
Fraser, personal communication), suggesting that DLW sam-
pling and TDR attachment did not severely affect prey-catching
abilities. There was little correlation between trip duration and
mass gain. We tentatively conclude that prey finding by Adélies
has a large stochastic component, which is consistent with our
understanding of krill distribution patterns.

The maximum observed dive duration was 2.7 minutes, but
most hunting dives lasted 1-1.5 minutes (with a mean of 1.22
minutes). Bottom time (i.e., the duration of actual prey pursuit)
averaged 25-40 seconds, with wide variance and little correlation
with depth. Postdive surface intervals averaged about 40-50
percent of dive duration. A comparison of hunting dive durations
with aerobic dive limits calculated from swimming metabolism
and estimated oxygen stores indicates that most hunting dive
have a substantial anaerobic component (Kooyman 1989).

We are using a combination of laboratory and field methods to
examine chick growth and maturation responses to parental
investment. Field data on 110 marked Adélie chicks revealed
large differences in growth rates and mass at the end of parental
investment. Presumably these differences reflect variation in
feeding rates and affect the probability of survival after fledging.
We are using deuterium dilution and turnover to measure water
flux and estimate food intake in the field for several age classes.
DLW measurements for similar age classes will allow accurate
calculation of metabolic water production and help validate the
use of water flux to determine feeding rates. We performed
laboratory feeding experiments on 100-200 gram and 1-kilogram
chicks to obtain data on growth efficiency and materials balance,
and we hope to obtain additional measurements during the 1992-
1993 season.

This work was supported by National Science Foundation
grant DPP 89-17066. We thank Donna Patterson and the staff at
Palmer Station for their support while we were in the field.
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