
The salps were sorted into five 2-centimeter size intervals. In
comparing 1984 and 1981, the differences were less spectacular
than for copepods but still quite pronounced. The "enrichment
factor" (this time 1984 divided by 1981) varied from 5 to 21 in the
night samples and from 11 to 22 in the day samples.

Ordination analyses of the combined data sets from 1981 and
1984 clearly show that 1984 was a "saip year." Our observations
are representative of a large area of the Scotia Sea based on our
own acoustic observations, those of the first and second BIO-

MASS (Biological Investigations of Marine Antarctic Systems and
Stocks) programs and recent literature reports (Heywood et al.
1985). Additional information concerning the overall program
can be found in Shulenberger (1984).

This research was supported by National Science Foundation
grant DPP 82-18890.
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Euphausia superba:
A preliminary report on three areas of

investigation

R.M. Ross, L.B. QUETIN, and M.O. AMSLER

Marine Science Institute
University of California

Santa Barbara, California 93106

During the 1984 - 1985 austral summer, we continued our
investigations on the energetics and physiology of the adults
and larvae of Euphausia superba, the antarctic krill. In this report,
we will provide some preliminary results from experiments on
field ingestion rates and fecal pellet sinking rates of adult E.
superba that were carried out on board the R/V Hero in 1984 and
the Polar Duke in 1985. We will also discuss some results from
behavioral studies on the naupliar stages of E. superba.

New determinations of the ingestion rates of E. superba from
the field are helping us understand whether krill are food-
limited in the southern oceans. Most laboratory experiments on
the ingestion and clearance rates of F. superba have suggested
that their maximum filtration rates should be about 450 milli-
liters per animal per hour and vary with the size of the food
particle (Boyd, Heyraud, and Boyd 1984; Quetin and Ross 1984).
These studies assume that during the summer E. superba is
primarily an herbivore. At the chlorophyll concentrations usu-
ally quoted as typical in the southern oceans (0.1 to 1.0 micro-
grams chlorophyll a per liter in the summer), the suggested
maximum filtration rate of krill can satisfy only their basic ener-
gy requirements, with no surplus energy for either growth or
reproduction. During 1985, we developed a technique to meas-
ure the ingestion rates of krill in the field. We also determined
the vertical profile of chlorophyll a concentrations in the area
where the krill were collected. Field ingestion rates are calcu-
lated by dividing the whole body fluorescence of a krill by the
whole body clearance rate, i.e., the amount of food in the
an imal divided by the time taken to ingest that food (Dagg and
Wyman 1983). In late February ingestion rates for krill weighing

0.7 gram (wet weight) were about 5.2 micrograms of chlorophyll
a per hour. At 30 meters, where this school occurred, the chlo-
rophyll a concentration was 1.45 micrograms chlorophyll a per
liter, giving a clearance rate of 3,600 milliliters per animal per
hour. The chlorophyll a concentration at the surface was only
one third that at 30 meters, indicating the necessity of measur-
ing the food concentration where the knit occur. If the krill had
been feeding at the surface, clearance rates would have been
calculated to be over 10 liters per hour. Ingestion rates in Janu-
ary were 9 microgram chlorophyll a per hour, higher than those
in late February. Ingestion rates in late March and early April
were extremely low, about 0.01 microgram chlorophyll a per
hour.

Fecal pellets of E. superba are a potentially important energy
source to the midwater and benthic communities. We deter-
mined the sinking rates of fecal pellets from different schools of
E. superba, making it possible to estimate the flux of fecal pellets
through the midwater community. The sinking rates of fecal
pellets were measured in a cylinder 60 centimeters high sur-
rounded by a water jacket connected to a circulating water bath
to maintain a constant temperature during the experiments.
The inner diameter of the chamber was 6.4 centimeters and
chosen to minimize "wall effects" on both sinking rates and
swimming behavior of nauplii (Vogel 1981). The sinking rates of
fecal pellets and nauplii were timed through marked segments
in the middle of the column.

Fecal pellets were obtained by placing freshly caught krill in
glass jars of filtered seawater for a number of hours. A mesh
bottom in the jars separated the krill from the fecal pellets. Fecal
pellets were individually removed from the jars with a pipette
and gently released into the chamber. Usually replicate mea-
surements of the sinking rates of 10 fecal pellets from each krill
sample were made. The average sinking rates of fecal pellets
from 10 schools sampled from January to early April ranged
from 100 to 525 meters per day, rates similar to those found by
Fowler and Small (1972) for euphausiids from the Mediterra-
nean Sea. There was a distinct seasonal trend to our data. The
highest sinking rates generally occurred in February and the
lowest in late March and early April.

The influence of the physical environment on krill larvae
during their developmental ascent from 850 meters to the sur-
face may greatly affect their eventual horizontal displacement
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from the area where they were spawned. Both the current
patterns in the area and the swimming behavior of the larvae are
important factors. We observed the swimming behavior, sink-
ing and swimming rates of nauplii at four temperatures: - 1 0 , 00,

1 0 , and 2°C. Two types of behavior were apparent: swimming
that resulted in a net vertical displacement, either up or down,
and a downward stroking of the appendages while the nauplius
was sinking. Swimming followed a helical path which increased
in diameter with decreasing temperature. At - 1°C the nauplii
swam in wide shallow half loops with an upward slant (hori-
zontal displacement greater than vertical), whereas at 2°C the
helix was very tight (vertical displacement greater than horizon-
tal). We have also observed that calyptopis larvae from the field
are more active than those reared in the laboratory. We do not
yet know if this is also true for the younger, non-feeding nau-
pliar larvae.

The relationship between the stroking rate and the sinking
rate of nauplii is linear (figure 1). The y-intercept of 197 strokes
per minute implies that at this stroking rate the nauplii remain
stationary in the water column, which is consistent with our
observations. There was some variability in the strength of each
stroke, but in general, weaker strokes were observed in animals
who never swam. From the slope of the line, we can calculate
that 21.74 strokes are needed to swim 1 centimeter, or that each
stroke moves the nauplius forward 0.46 millimeter.

The average rate for the vertical displacement of continuously
swimming nauplii was between 150 and 190 meters per day
(figure 2). In earlier experiments Marschall (1984) found swim-
ming velocities ranging from 346 to 864 meters per day but did
not mention the helical nature of the swimming behavior. We
found that larvae raised at 0°C (used in experiments at - 1° and
0°C) were a different density than those raised at 2°C (used in
experiments at 1°C). We have, therefore, not connected the data
for 1°C with data for the lower two temperatures but drawn two
parallel lines (figure 2). An increase in temperature results in an
increase in the vertical displacement rate, but the rate of this
increase must be more thoroughly investigated.
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Figure 1. The relationship between the stroking (y = strokes per
minute) and sinking (x = meters per day) rates of nauplii of
Euphausia superba at —1° and o°C:y = 196.95— 1.51x, r = —0.775.
• = — VC, x = 0°C. ("MIN-"' denotes "per minute:' "MD- 1 " denotes
"meters per day:")
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Figure 2. The relationship between the upward vertical displace-
ment rate (y = meters per day) of nauplii of Euphausia superba and
temperature (x = °C). The mean rate at 1°C is not connected to the
rates for the two lower temperatures because the nauplii at 1°C were
more dense than those at —1° and 0°C. Dashed lines are hypo-
thetical extensions. x = mean displacement rate, . = individual
determinations. ("MD" denotes "meters per day:')
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Cold-stable microtubules
from antarctic fish

H.W. DETRICH, III

Department of Biochein istri/
University of Mississippi Medical Center
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The cytoplasmic microtubules of eukaryotic cells participate
in several fundamental cellular processes (e.g., mitosis, nerve
growth and regeneration, intracellular transport, maintenance
of cell shape, etc.; for a review see Dustin 1984). These fila-
mentous organelles are composed of a major subunit protein,
the tubulin alpha-beta dimer, and in addition they may contain
several classes of microtubule-associated proteins (MAP's). To
date, most studies of cytoplasmic microtubule assembly in vitro
have been performed with microtubule proteins obtained from
the brains of warm-blooded vertebrates. Relatively little is
known about the mechanism of assembly of microtubules from
poikilothermic organisms. The microtubules of cold-adapted
antarctic fishes are particularly interesting, because they must
be assembled and maintained at extremely low temperatures
(approximately —2 to + 2°C), conditions under which most of
the microtubules of warm-blooded organisms depolymerize.
Our project is concerned with the biochemical adaptations that
facilitate the assembly and function at low temperatures of
microtubule proteins isolated from the tissues of antarctic fish.

During the 1984 - 1985 austral summer, we obtained large
numbers of the nototheniids Notothenia gibberifrons and N. cor-
liceps neglecta and of the ice fish Chaenocephalus aceratus by bot-
tom trawling from R/V Polar Duke in the vicinity of Low Island.
Specimens of N. rossii, N. nudifrons, N. larseni, N. (Trematornus)
izewnesi, Harpagifer bispin us, Pseudochaen ichthys georgianus,
Chum psocephalus gunnari, and Parachaenichthys charcoti were also
collected in the trawls. Finally, we obtained additional spec-
ipiens of N. coriiceps neglecta at Arthur Harbor by fishing with
baited hook-and-line. Live fish were transported to Palmer Sta-
ton where they were maintained at 0 to + 2°C in sea-water
aquaria.
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At Palmer Station, we studied the assembly of microtubule
proteins isolated from brain tissue of antarctic fish. We purified
tubulin from the brains of N. gibberifrons, of N. corilceps neglecta,
or of C. aceratus by ion-exchange chromatography of brain su-
pernatant fractions on diethylaminoethyl cellulose (DEAE-

Sephacel) followed by one cycle of microtubule assembly and
disassembly in vitro (cf. Detrich and Wilson 1983). Elec-
trophoretic analysis on sodium-do decyl-sulfate urea-poly-
acrylamide gradient gels (Kim, Binder, and Rosenbaum 1979)
revealed that the purified protein contained the alpha- and beta-
tubulins and was free of MAP'S (figure 1). Between 5 and 10
milligrams of purified tubulin could be obtained from 10 grams
(wet weight) of fish brain tissue by these methods.

When purified N. gibberifrons tubulin [0.5 milligram per milli-
liter in polymerization buffer (PB) containing 1 millimolar
guanosine 5'-triphosphate (GTP), see Detrich and Wilson 19831
was incubated at 20°C, the solution became turbid, demonstrat-
ing that large, macromolecular aggregates had formed. Figure 2
presents a dark-field light micrograph of the products of assem-
bly. Numerous thin filaments, corresponding to microtubules
as shown by negative-stain electron microscopy, are seen in this
image. Furthermore, some of the microtubules remained as-
sembled when the sample was cooled to 0°C. We have estimated
the concentration of N. gibberifrons tubulin necessary to support
microtubule assembly (termed the "critical" concentration) at
low temperature by means of a quantitative sedimentation assay
(Johnson and Borisy 1975). Our preliminary results indicate that
this tubulin assembles to form microtubules at concentrations
above approximately 0.4 milligram per milliliter at 0°C (Detrich,
Overton, and Johnson in preparation). [For comparison, the
critical concentration for assembly of pure tubulin from bovine
brain under similar buffer conditions is approximately 2.5 milli-
grams per milliliter at the physiological temperature of 37°C
(Herzog and Weber 1977), and much higher concentrations of
this tubulin are required to support polymerization at lower
temperatures.] Clearly, then, tubulin from antarctic fishes will
assemble in vitro to yield microtubules at the habitat tem-
perature of these cold-blooded organisms and at physiological
protein concentration. Because these purified preparations lack
MAP'S, we conclude that the cold stability of microtubules from
antarctic fish must result from adaptive changes in the tubulin
subunits themselves. We are currently investigating the struc-
ture and chemical complexity of antarctic fish tubulins. Pre-
liminary analysis of the data suggests that there are significant
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