
We quickly recognized that the ADCP profiles of backscatter
intensity appeared to be well-correlated to vertical distributions
of euphausiids, principally E.superba, but including Thysanoessa
macrura. Zooplankton samples from a few MOCNESS deploy-
ments were analyzed on shipboard to provide some of the results
presented here; the remainder will be analyzed in the coming
months at our laboratory. Acoustic backscatter intensity from the
150 kilohertz transmitter was highly correlated to the total bio-
mass of E.superba and T.macrura (figure 1), approximated as the
sum of squared length, at station 26 in the northern Gerlache
Strait. The correlation to the square of length, rather than to its
cube, suggests a correspondence to body surface area rather than
to body volume. There appears to have been little effect on the
value of total backscatter intensity from other zooplankton.

E.superba in the coastal waters of the Antarctic Peninsula
appears to have much the same vertical distribution pattern
observed in summer. Several features of the distribution are well-
illustrated by the combined MOCNESS/ADCP sampling con-
ducted at station 26 (figure 2). First, the greatest abundances of
krill tended to occur in the upper 50 meters, though they could be
found in relatively high abundance to depths of approximately
150 meters. Second, patches of krill tended to range, in horizontal
cross-section, from hundreds of meters to several kilometers.
Third, the krill population tended to be size-partitioned accord-
ing to depth, with a distinct upper layer composed of small
individuals (20 to 35 millimeters) and a deeper layer of less
abundant but larger individuals (40 to 55 millimeters); these
layers are seen in figure 2. T.macrura was consistently most
numerous at greater depths, below 100 meters.

The occurrence of E.superba in the upper water column during
winter appears to be ubiquitous, at least through the ice-covered
coastal region west of the Antarctic Peninsula. We found no evi-
dence of either association with the immediate under-ice envi-
ronment or of phytoplanktivory. The vertical distribution during
winter appears to be strongly related to the purely carnivorous
feeding habits of E.superba in winter (Nordhausen et al. this issue).
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ONR grant N00014-92-J-1618 to M. Huntley. The authors thank
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and Vidar Oresland for their assistance in collecting MOCNESS
samples, Tony Schanzle and Rory Smyth for their assistance in
collecting ADCP data, and the crew and officers of the R/V
Nathaniel B. Palmer for their cooperation. Without the indefati-
gable efforts of Antarctic Support Associates personnel, Skip
Owen, Phil Sacks and Herb Baker, we would have been unable to
accomplish our goals.

References

Bargmann, H. E. 1937. The development and life history of adolescent
and adult krill Euphausia superba. Discovery Reports, 23:106-76.

Flagg, C. N. and S. L. Smith. 1989. On the use of the acoustic Doppler
current profiler to measure zooplankton abundance. Deep-Sea Re-
search, 36:455-74.

Huntley, M. E., E. Brinton, M. D. G. Lopez, A. Townsend, and W.
Nordhausen. 1990. RACER: Fine-scale and mesoscale zooplankton
studies during the spring bloom, 1989. Antarctic Journal of the U.S.,
25(5):157-59.

Kawaguchi, K., S. Ishikawa, and 0. Matsuda. 1986. The overwintering
strategy of antarctic krill (Euphausia superba Dana) under the coastal
fast ice off the Ongul Islands in Lutzow-Holm Bay, Antarctica. Mem-
oirs of the Institute of Polar Research, 44(special issue):67-85.

Mcaulay, M., T. S. English, and 0. A. Mathiesen. 1984. Acoustic charac-
terization of swarms of antarctic krill (Euphausia superba) from El-
ephant Island and Bransfield Strait. Journal of Crustacean Biology,
4(special issue 1):16-44.

Marr,J. W. S. 1962. The natural history of geography of the antarctic krill
(Euphausia superba Dana). Discovery Reports, 32:33-464.

Marschall, H. P. 1988. The overwintering strategy of antarctic krill under
the pack-ice of the Weddell Sea. Polar Biology, 9:129-35.

Nordhausen, W. 1992. RACER: Carnivoryby Euphasia superba during the
antarctic winter. Antarctic Journal of the U.S., this issue.

RACER: Carnivory by Euphausia
superba during the antarctic winter

WALTER NORDHAUSEN AND MARK HUNTLEY

Scripps Institution of Oceanography
La Jolla, California 92093

MAI D. C. LOPEZ

Marine Science Institute
University of the Philippines

Diliman, Quezon City 1101, Philippines

The trophic role of Euphausia superba during the winter has
long been a mystery. During the spring and summer, antarctic
krill feed almost exclusively on phytoplankton, as evidenced by
the experimental measurements of feeding rate (Schnack 1985;
Quetin and Ross 1985) and the calculated, or observed ability to

grow on a diet of available phytoplankton (Holm-Hansen and
Huntley 1984; Ikeda 1984). Larval krill may exhibit cannibalism
in the laboratory, and juveniles and adults have been reared on
a diet consisting partly of larval Artemia sauna (Ikeda and Tho-
mas 1987). E.superba have been observed to ingest antarctic
zooplankton, but not in sufficient quantities to sustain growth
(Price et al. 1988). Examination of the gut contents of individuals
caught in summer in the Antarctic Peninsula region fail to show
any evidence of carnivory (Hopkins 1985).

Phytoplankton biomass in the water column is extremely low
from March through October, and the absence of substantial
reserve lipids (Clarke 1984) suggests that E.superba must adopt a
metabolic strategy that is unique to this long period. The lack of
observation has generated many hypotheses to explain how krill
may survive through the winter. These include reduced growth
rate (Mackintosh 1973), actual shrinkage due to starvation (Ikeda
and Dixon 1982), feeding on detritus near the sea bottom
(Kawaguchi etal. 1986), and feeding on ice algae on the underside
of fast ice (Marschall 1988). Smetacek etal. (1990) summarize the
current view of the krill life cycle as follows: In summer, E.superba
feed heavily on pelagic phytop!anktonblooms and grow rapidly;
in winter, they exploit what phytoplankton there is in the water
column and scrape algae from underneath the ice, which they
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also use as a refuge from predation. (There are, however, only
scant data to substantiate the winter scenario.)

This study was part of the Research on Antarctic Coastal
Ecosystem Rates (RACER) IV winter expedition to the coastal
region of the Antarctic Peninsula that was conducted from 14
July to 12 August 1992. The field program encompassed fast grid
stations of previous RACER cruises in the Gerlache Strait and
additional stations in the Grandidier Channel and as far south as
the coastal waters of Adelaide Island.

Water-column chlorophyll concentrations were extremely low
(<0.1 milligrams per cubic meter) (W. Cochian, unpublished
data) throughout the study area. Chlorophyll/ATP ratios of
suspended particulates were approximately the same as in sum-
mer (Tien et al. this issue), suggesting that bacterial biomass,
which is remarkably low even in summer, was lowered in direct
proportion to standing stocks of phytoplankton. Sea ice covering
most of the coastal region was notably clear, lacking the greenish-
brown discoloration that is typical of sea ice impregnated with
algae; ice cores remain to be analyzed for pigment content, but it
would be surprising if significant amounts of algae were indi-
cated. In essence, the stocks of microplankton and nanoplankton
that krill appear to depend on for food during spring and summer
were reduced by about two orders of magnitude.

Contrary to Siegel's (1988) observation that krill abundance is
reduced in winter and that swarming tends not to occur, we
observed abundance to be comparable to that in summer and also
swarming evident throughout the region (Zhou et al. this issue).
Aggregations of E.superba were greatest in the upper 100 meters;
however, abundance tended to decrease in the 0 to 15 meters layer
below the surface, suggesting that krill were not associating
themselves with the underice surface. Observations with a
remotely operated vehicle indicated neither ice algae nor the
presence of krill associated with ice. Ice thickness ranged from
approximately 30 to 150 centimeters and consisted of brash,
consolidated pancakes or fast ice, depending on location.

Observations of freshly caught krill revealed stomachs and
guts full of whitish material which, on inspection under a micro-
scope, was found to consist of identifiable body parts of various
crustacean plankton, including mandibles of Metridia gerlachei,
Oithona similis, and Oncaea curvata. These copepod species were

among the most abundant found in the zooplankton. (Individual
E.superba maintained in filtered sea water appeared to void their
guts with-in a day.)

A series of 24-hour experiments was conducted to estimate the
consumption rate of copepods by E.superba as a function of prey
concentration, body size of krill, and the capacity of an experi-
mental container. At various stations from Adelaide Island to
Gerlache Strait, prey were collected in 20-minute vertical tows of
a 1-meter, 100-micron mesh ring net equipped with a protected
15-liter cod end. Screening of macrozooplankton left a prey
assemblage consisting almost entirely of late copepodite and
adult stages of O.similis and O.curvata. These were presented to
krill in suspensions ranging from 20 to 2,000 copepods per liter, in
both 1-liter and 10-liter containers, with E.superba density main-
tained at one animal per liter. We found no difference between
predation rates in the two container sizes. Ingestion rate ranged
from less than ten copepods per day at low prey concentrations to
several hundred copepods per day at intermediate and higher
concentrations (figure), with some dependence on body size.

Given a dry weight of 1 microgram for O.similis (McLaren
1978), assuming the dry weight to nitrogen ratio of 10 is the same
for prey as it is for predator (Ikeda 1984), then a 30-milligram dry-
weight krill (about 25 millimeters in length) would have to
consume about 150 O.similis per day merely to account for its
ammonia excretion of 15 micrograms of nitrogen per day (Huntley
et al. this issue). Our results indicate that E.superba is capable of
ingesting this many copepods per day.

In summary, our data indicate that E.superba could not have
conceivably maintained their observed excretion rates on a diet of
phytoplankton or bacteria. The observations of gut content,
predation rates, and vertical distribution strongly imply that only
zooplankton could have provided adequate food for survival
through the winter.

This study was supported by National Science Foundation
grant DPP 88-17779 to M. Huntley, E. Brinton and P. Niiler. The
authors thank the officers and crew of R/V Nathaniel B. Palmer for
their expert seamanship, and the employees of Antarctic Support
Associates for assistance in various aspects of this research.
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There exist few measurements of the ammonia excretion rates of
antarctic zooplankton, and those that do exist (e.g., Biggs 1980;
Segawa et al. 1982; Ikeda and Mitchell 1982; Ikeda and Bruce 1986)
were made during spring and summer. Information on winter
ammonia excretion rates of antarctic zooplankton is useful in
ascertaining whether the animals in question exhibit the metabolic
rates characteristic of spring and summer or whether metabolism
has been reduced to conserve energy in what is generally thought
to be a food-poor environment. Winter ammonia excretion rates
comparable to those observed in summer would suggest a contin-
ued level of high metabolic activity in winter and would imply that
the processes of feeding, growth, and reproduction were also high.

This study was conducted as part of the Research on Antarctic
Coastal Ecosystem Rates (RACER) IV winter expedition to the
coastal region of the Antarctic Peninsula from 14 July through 12
August 1992. Stations were visited throughout the Gerlache
Strait at RACER stations previously occupied in the spring and
summer of 1989 and 1991; a number of other stations were also
visited at more southerly locations in the Grandidier Channel and

Crystal Sound. Most of the region was covered with sea ice of
various types (brash, loose or consolidated pancakes, and fast
ice), ranging in thickness from approximately 30 to 150 centime-
ters, and in coverage from 70 to 100 percent.

Live zooplankton were collected in 20-minute vertical tows of a
1-meter ring net equipped with 110-micron mesh and a 15-liter
protected cod end. Animals were sorted to species and stage at
temperatures generally within 1 'C of ambient seawater within 1 to
2 hours after collection and transferred to appropriate experimental
containers. The size range of zooplanktonin these experiments was
considerable, from early-stage copepodites of Metridia gerlachei to
adult Euphausia superba. For this reason, preliminary experiments
were conducted to determine the appropriate combination of
stocking density, container size, and duration of the experiment
that would yield reproducible results without producing experi-
mental artifacts. For example, we conducted an experiment with
Met ridia gerlachei females in which animals were incubated in 430-
milliliter containers in initial densities of 0.06, 0.12, 0.23, 0.47, and
0.70 animals per milliliter for a total period of 24 hours, with 10-
milliliter samples being taken every 2 hours for ammonia analysis.
Ammonia analysis was conducted according to the technique of
Strickland and Parsons (1972).

Analysis of the time series of data showed that, first, the two
lowest densities did not yield detectable ammonia-excretion
rates. Second, animals in the three higher densities continued to
produce ammonia at the same rate for the first 12 hours of the
experiment, after which time, the rate of production decreased.
Third, there was no difference in the individual excretion rate
among the three highest density treatments. For M.gerlachei, we
interpreted these results to indicate that experiments should be
conducted at a stocking density in the range of 0.25 to 0.70 indi-
viduals per milliliter for a period of no more than 12 hours. Sim-
ilar experiments were conducted with other species of zooplank-
ton, including E.superba, Calanoides acutus, and Euchaeta antarctica.

In this paper we report only on the final results of experiments
conducted on E.superba. Preliminary experiments indicated that
excretion rates were linear over a period of 24 hours, and that rates
could be measured for individual krill, ranging in size from 18 to 45
millimeters in body length (tip of rostrum to tip of telson), incu-
bated in 500-milliliter containers. All experiments were conducted
at 0.5 'C in filtered seawater. The difference between initial and
final concentrations of ammonia was considered to be due to
excretion by krill; control jars containing no krill were monitored in
the same fashion to correct for any possible changes in ammonia
concentration not due to krill. When the experiment was corn-
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