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Body temperatures of antarctic fishes are identical to the
temperatures of the cold polar seas that they inhabit. In the
area of the Antarctic Peninsula, where our field activities are
carried out, the entire life histories of endemic species occur
at body temperatures ranging between -1.1 and + 3°C (DeWitt
1971). These chronically cold temperatures pose several chal-
lenges for maintenance of normal physiological function at the
cellular level. Ranking prominently among these difficulties
are the need for energy metabolism to regenerate adenosine
triphosphate (ATP) at rates sufficient to power normal biolog-
ical activity and the requirement for chemical commodities of
that metabolism (i.e., soluble metabolites and respiratory gases)
to traverse the cell in an unimpeded fashion. Challenge to the
former resides in the inherent thermal sensitivity of all chem-
ical reactions, including enzymatic catalysis. The latter is af-
fected, because thermal cooling depresses intracellular diffusion
rates and increases cytoplasmic viscosity (Sidell and Hazel 1987).
Our recent investigations have focused on adaptations to these
challenges that are manifest in oxidative muscle tissues of the
antarctic fishes, Trematornus newnesi and Not othenia gibberifrons.

In addition to more obvious environmental impacts, the un-
fortunate grounding on 28 January 1989 of the Argentine sup-
ply ship Bahia Paraiso affected normally scheduled science
activities at Palmer Station during late austral summer 1988-
1989. One consequence was cancellation of our project's field
activities to accommodate requirements of oil-containment
personnel and environmental scientists dispatched to the scene
by the Foundation. Consequently, this report will focus upon
work being carried out at our University of Maine laboratory
on material collected during the previous field season.

During the previous two austral summers, we established
that
• oxidative muscle tissues of antarctic fish species show sig-

nificantly greater capacities at cold temperature for aerobic
metabolism and oxidation of fatty fuels than homologous
tissues from temperate zone fishes (Crockett and Sidell in
press) and

• monounsaturated fatty acids are catabolized by these tissues
much more readily than either saturated fatty acids of equal
chain length or carbohydrate substrates (Sidell et al. 1988,
in preparation).
Physiological importance of the latter result, however, ul-

timately is dependent upon whether the preferred monoun-
saturated fatty acyl substrates revealed by our in vitro
experiments are found in significant amounts in blood-borne
and intracellular neutral lipid pools of these fishes. To resolve
this question, graduate student Eric Lund has been analyzing
fatty acyl compositions of neutral lipid stores in T. newnesi and
N. gibberifrons.

Our fatty acyl compositional analyses are being conducted
on samples frozen in liquid nitrogen at Palmer Station and
transported to our home laboratory. At the University of Maine,
total lipid extracts from tissue and serum samples are prepared
by chloroform: methanol (2:1) extraction. Free fatty acids (FFA)
and triacylglycerols (TAG), the predominant neutral lipid frac-
tions are separated from polar phospholipids by thin layer
chromatography. Each neutral lipid fraction is then transes-
terified to form its corresponding fatty acid methyl ester (FAME)
and then subjected to capillary-gas chromatography to quan-
tify fatty acyl composition.

Results to date confirm that the preferentially metabolized
fatty acyl substrates identified in earlier experiments represent
a significant fraction of the total blood-borne pool in both spe-
cies (table 1). Palmitoleic acid (16:1), generally only a very
minor component of the circulating lipids of higher vertebrate
animals, accounts for 5 to 8 percent of available fatty acids in
these antarctic fishes. Isomers of oleic acid (18:1) account for
an even more impressive 15 to 30 percent of blood-borne fatty
fuels. These data further strengthen our conclusions that en-
ergy metabolism of aerobic tissues in antarctic fishes largely is
based upon catabolism of monoenoic fatty acids.

In addition to our metabolic and biochemical experiments,
we have been examining the subcellular structures of oxidative
muscles from N. gibberifrons and T. newnesi to identify any
aspects of ultrastructural organization that might be adaptive
to normal function at severely cold body temperature. In these
studies, graduate student Richard Londraville has been ap-
plying a suite of statistical techniques, collectively known as
stereological analyses, in examining transmission electron mi-
crographs (TEM) of oxidative muscle tissues. Stereology per-
mits us quantitatively to estimate three-dimensional aspects of
cellular structure from two-dimensional TEMs.

Using material fixed for electron microscopy during austral
summers 1986-1987 and 1987-1988, Londraville has been able
to identify several features of oxidative muscle from antarctic
fishes that we believe specifically are related to overcoming
potential limitations in intracellular diffusion of metabolites
and respiratory gases at the severely cold cellular temperatures
of antarctic fishes (table 2). Densities of mitochondrial popu-
lations within oxidative muscles are exceptionally high (table
2) and resemble those induced by cold temperature adaptation
in temperate-zone species (Sidell 1988). Such high mitochon-
drial densities serve to reduce mean diffusion pathlengths for
cellular metabolites traversing between mitochondrial and cy-
toplasmic compartments of the cell. Oxidative muscle fibers
from these antarctic species are exceptionally large in mean
cross-sectional area, posing a potentially significant problem
for delivery of oxygen from capillaries to the cells' mitochon-
drial populations (table 2). Our preliminary calculations, how-
ever, suggest that intracellular lipid stores of the tissues may
enhance transcellular oxygen flux because of the high solubility
of oxygen in this nonpolar phase. This response also is similar
to lipid droplet accumulation that is induced by cold accli-
mation in some temperate-zone species (Sidell 1988). The role
of lipid in oxygen flux and storage within muscle tissues, how-
ever, may be of particular importance to antarctic fishes whose
expression of the intracellular hemoprotein, myoglobin, is ei-
ther very low or even absent (as in Channichthyid icefishes).
In other words, we believe that the substantial intracellular fat
deposits may play a role in oxygen metabolism of antarctic
fishes that is analogous to the function of myoglobin in warmer-
bodied species. More complete ultrastructural analyses aimed
at these questions currently are underway.
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T. newnesi

	2153.4	± 215.3

	

0.348 ±	0.012

	

0.451 ±	0.019

0.026 ± 0.002

	

1.60 ±	0.010

Species

N. gibberifrons

	2102.8	± 193.7

	

0.249 ±	0.007***

	

0.549 ±	0.028*

	

0.012 ±	0.004**

	

1.31 ±	0.006*

Table 1. Percentage of fatty acyl composition of triacylglyerols (TAG) and free fatty acids (FFA) in serum from antarctic fishes.a

N. gibberifrons	 T. newnesi

Fatty acid	 TAG (ri = 4)	 FFA (n = 4)	 TAG (n = 6)	 FFA (n = 3)

14:0	 3.0 ± 0.6	 2.1 ± 0.2	 4.5 ± 0.4	 4.2 ± 0.8
16:0	 13.2 ± 1.7	 15.9 ± 4.1	 10.8 ± 0.8	 17.6 ± 1.8
16:17	 7.9 ± 0.9	 5.6 ± 0.8	 7.3 ± 0.3	 6.0 ± 0.4
16:2	 9.3 ± 0.9	 1.1 ± 0.2	 7.6 ± 0.8	 1.6 ± 0.2
16:4	 0.4 ± 0.1	 0.7 ± 0.3	 0.2 ± 0.1	 0.6 ± 0.1
18:0	 2.7 ± 0.2	 3.1 ± 0.4	 2.5 ± 0.2	 3.6 ± 0.4
18:1 w9	 21.8 ± 2.7	 10.8 ± 0.7	 24.9 ± 1.1	 11.4 ± 1.3
18:1 w7	 4.0 ± 0.9	 4.8 ± 0.3	 6.0 ± 0.5	 5.5 ± 0.4
18:2w6	 0.8 ± 0.1	 0.7 ± 0.1	 1.1 ± 0.1	 1.2 ± 0.3
18:3w3	 0.3 ± 0.1	 0.4 ± 0.1	 0.4 ± 0.1	 0.6 ± 0.1
18:4u3	 2.2 ± 0.5	 3.6 ± 0.8	 1.5 ± 0.1	 3.1 ± 0.2
20:1	 1.8 ± 0.4	 1.0 ± 0.4	 2.2 ± 0.2	 0.6 ± 0.2
20:2w6	 3.8 ± 2.0	 4.5 ± 1.2	 0.5 ± 0.1	 1.5 ± 0.7
20:4w6	 0.1 ± 0.1	 ND	 0.2 ± 0.1	 0.1 ± 0.1
20:4w3	 0.4 ± 0.1	 0.6 ± 0.1	 0.2 ± 0.1	 1.2 ± 0.4

29:5w3	 13.1 ± 2.7	 24.5 ± 2.7	 12.6 ± 1.2	 19.3 ± 1.6
22:lwll	 0.5 ± 0.2	 0.1 ± 0.1	 0.3 ± 0.2	 ND
22:1w9	 0.1 ± 0.1	 0.2 ± 0.1	 0.6 ± 0.2	 0.5 ± 0.2
21:5u3	 0.5 ± 0.2	 1.2 ± 0.2	 0.7 ± 0.1	 0.9 ± 0.4
22:5w3	 0.7 ± 0.1	 1.2 ± 0.3	 0.6 ± 0.1	 1.9 ± 1.0

22:6w3	 6.2 ± 0.9	 10.5 ± 1.0	 9.3 ± 1.1	 10.6 ± 1.7

a Balance of total (i.e., to 100 percent) is in minor peaks not identifiable by fatty acid standards and accounting for less than 1 percent of total.
ND = not detectable. Data are shown as mean ± S.E.M.

Finally, our project is beginning to examine the potential
physiological role of the poorly understood pathway for 3 -
oxidation of fatty acids by peroxisomes of liver tissue in ant-
arctic fishes. Unlike the better understood pathway for fatty
acid oxidation in mitochondria, that found in peroxisomes of
mammals seems preferentially to metabolize long-chain poly-
unsaturated fatty acids (Hovik and Osmundsen 1987) and is
capable of shortening the chain length of these substrates in

multiples of two-carbon units, releasing the now shortened
and activated fatty acyl CoA back into the cytoplasm (Os-
mundsen et al. 1987). Because of the exceptionally high content
of long-chain polyunsaturated fatty acids in the lipid stores of
antarctic species (table 1) and the poor ability of the mito-
chondrial system to metabolize these substrates, we believe
that the hepatic peroxisomal pathway may serve an important
function in modifying these fatty acids to a form accessible to

Table 2. Ultrastructural characteristics of oxidative muscle in two antarctic fishes.a

Parameter

A(f), square micrometers mean cross-sectional area of fibers

V(mit, f)
fraction of fiber volume occupied by mitochondria

V(myf, f)
fraction of fiber volume occupied by myofibrils

V(lip, f)
fraction of fiber volume occupied by lipid droplets

S(mit, mdiv), per square millimeter surface area of individual
mitochondrial membrane per unit of fiber volume

a values are means ± S.E.M.; *p < . 05, **p < .01,	< .001, for between-species comparisons by Student's T-test.
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mitochondria. Our initial experiments to approach this ques-
tion are being carried out by graduate student Lisa Crockett
during the 1989 Winter Cruise of RIV Polar Duke.

We gratefully acknowledge the excellent support provided
by Masters and crew of R/V Polar Duke and support personnel
from ITT/Antarctic Services at Palmer Station. Their efforts
have been critical to the success of our project. This work was
supported by National Science Foundation grant DPP 85-16137.
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Reproductive success of kelp gulls
and south polar skuas

at Palmer Station,
Antarctic Peninsula, 1988-1989
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As part of our studies on evolutionary adaptation of antarctic
chardriiform birds to reproduction in the cold, we obtained
data on the reproductive success of kelp gulls (Larus doinini-
canus) and south polar skuas (Catharacta maccorrnicki) nesting
near Palmer Station in the austral summer of 1988-1989. As-
pects of the breeding biology of these species have been stud-
ied at Palmer Station in previous years (Parmelee, Fraser, and
Neilson 1977; Parmelee, Bernstein and Neilson 1978; Neilson
1983 cited in Pietz 1987 and Hemmings 1984; Maxson and
Bernstein 1984; Heimark and Heimark 1984; Pietz 1986, 1987).
Here, we provide observations to add to existing data on the
status and productivity of bird populations of the Palmer Sta-
tion area. We compare reproduction in the Palmer populations
to that observed in previous years and to that of other antarctic
and subantarctic colonies of these species. In January 1989, an
oil spill occurred near Palmer Station and resulted in a com-
plete reproductive failure in the south polar skua population
(Eppley and Rubega 1989). The impact of oil on the south polar
skuas was documented in detail in a previous publication (Ep-
pley and Rubega in press). In this paper, we focus on repro-
duction prior to the oil spill.

In 1988-1989, there were at least 260 breeding pairs of kelp
gulls and 320 breeding pairs of south polar skuas. Both gulls
and skuas nested in small colonies (generally fewer than 50
pairs) on several islands and peninsulas within 5 kilometers
of Palmer Station. We monitored 44 kelp gull nests in three
colonies on a daily basis between 5 December 1988 and 11
January 1989. Observations on kelp gulls began late in the egg-
laying period and extended until the oldest chicks were within
2 weeks of fledging; at this time the youngest chicks were
about 50 percent of adult weight. We stopped entering the
colonies at this time to minimize disturbance: the large, mobil
young flee when approached, creating confusion and aggres-
sive interactions among birds in the colony. We monitored 53
south polar skua nests in three colonies on a daily basis be-
tween 30 December 1988 and 19 February 1989. Observations
on south polar skuas began late in incubation and were ter-
minated when the last skua chick died following the oil spill.

During daily nest checks, we recorded the nest contents,
banded newly hatched chicks, weighed chicks, and identified
the prey in chick regurgitations. Chick ages (+ 12 hours) were
estimates based on the development of the chick during our
daily check compared to that of known-age (+1 hour) chicks
hatched in the lab. Numbered latex bands (racing pigeon counter
marks) were used to identify individual chicks; these were
removed at the end of the study. Chicks were weighed (+ 1
gram) with Pesola scales. When we found dead chicks, we
inspected the carcasses for signs of injury or disease. We as-
sumed chicks starved if no other causes were apparent and
chicks had not gained a typical increment of weight just prior
to death. Chicks were assumed dead if they were missing for
three consecutive nest checks.

We compared reproductive parameters between Palmer
populations in 1988-1989 to those from other sites and years.
For parameters without variance estimates, we simply com-
pared the values of parameters. For parameters with variance
estimates, we erected 95 percent confidence intervals (1.96 x
standard error, Sokal and Rohlf 1969); if published mean values
fell within the confidence intervals for our data, we concluded
that the values were not significantly different.

The timing of breeding for kelp gulls (table 1) was similar
to that observed by Parmelee et al. (1977) (egg-laying 12 No-
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