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While the year-round presence of the pack ice in the western
Weddell Sea and some of its ice thickness characteristics are similar
to those of arctic pack ice, several features contrast markedly with
arctic ice and represent a unique ice regime. Structurally, the ice is
dominated by fine-grained frazil ice (Cow et al. 1987). Biological
activity, as shown by the substantial algal content of the ice (Ackley
et al. 1979; Clarke and Ackley 1984) is also of a different character
compared with the arctic drifting pack or antarctic fast ice. The
meteorologic and oceanographic conditions and the ice regime,
itself grow and sustain the pack ice in the western Weddell by
substantially different processes compared with other perennial
sea ice regions. The ice cover also modulates the interaction of the
ocean with the atmosphere. Thus, the ice cover, through this
interaction, therefore has climatic significance because of both the
region's importance as a source region for deep and bottom waters
that spread throughout the world ocean and for the influence of
advective ice and cold water on the atmosphere in more northern
latitudes than elsewhere around Antarctica.

Sea ice grows or decays, based on the fluxes between the
atmosphere and the ocean—that is, the thermodynamic balance
that is present. The objective of our thermodynamics measurement
program was to identify mass balance of the sea ice over the region.
We measured the net ice growth or decay in the region of the ice
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Figure 1. Site map showing the relative configuration of the six
Ice thermister string sites on the main camp floe of Ice Station
Weddell. Parentheses are ice thickness values in centimeters.
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Figure 2. Temperature vs. time (Julian day) of the top four therm-
isters (one air and three snow thermisters), showing the penetr-
ation of the cold atmospheric wave as the winter period initiated.

station's drift and attempted to identify the individual or combina-
tion of processes responsible for those changes in the ice cover.

We used thermister strings imbedded within the ice and snow
covers to measure the heat flux between the ocean and atmo-
sphere. Six stations located on the main camp floe were installed
with these arrays as shown on the site map in figure 1. The table
lists the sites with some of their initial characteristics. These sites
ranged in measurement from initial ice thicknesses of less than 0.5
meters to about 4 meters, and in ice type, from new ice formed in
a lead at the time of the camp, to flat medium first-year ice that
had survived the previous summer, to older thick first-year ice, to
second-year ice, some at various intensities of deformation. These
were covered with a variety of snow depths from zero to greater
than 0.5 meters. Two of the sites had the ice surface initially below
sea level, and at least one of these had a saturated layer of sea
water—flooded snow at the base of the snow cover. These sites
show the heterogeneous nature of the camp floe, formed as a
composite of several origination events over an estimated 2-year
period. Subsequent lead and ridging events occurred (Ackley et al.
1992) that destroyed two of these sites and further modified the
ice floe's configuration, indicating the unstable nature of any floe
in these dynamic and thermodynamic conditions.

Temperatures were recorded at 1-hour intervals for all sites
from initial deployment to their removal or destruction (4 months).
The vertical intervals between thermisters varied from 5 to 20
centimeters separation. Depending on ice thickness, the tempera-
tures were measured using between seven and thirty-eight
thermisters. Temperatures were measured in the air just above the
snow, through the snow and ice covers, and into the sea water at all
sites. Figure 2 shows the initial temperature record of the top four
thermisters in the string at Site Andy on the main camp floe for
fourteen days. It illustrates the transition of the snow pack from an
isothermal end-of-summer condition and maps the penetration of
the cold wave through the snow cover. Figure 3 shows the time
series of temperatures in the flooded snow at the base of the snow
cover and shows the freezeup of the slush layer at the base of the
snow cover as conditions transitioned into the winter period.

Mass-balance measurements are divided into two categories,
the amount of ice growth or decay that occurs through thermody-
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Figure 3. Temperature vs. time (Julian day) of thermisters initially
In the snow-sea-water slush at the base of the snow pack. As the
cold wave continued to penetrate to the base as shown in figure 2,
these three thermisters document the transition from slush to sea
ice at their depth locations.

namic processes and that is inferred as a result of ice deformation
processes (Ackley et al. 1992). The thermodynamic ice growth
was obtained by the thermister strings described earlier, in con-
junction with profile measurements over six lines of snow and
ice elevations. These measurements were repeated three to four
times during the 4-month experiment. These measurements, on
100- to 300-meter lines at 0.5-meter intervals, included snow
depth, snow elevation above sea level, and ice freeboard, that is,
the amount the ice surface either above or below sea level. Ice-
thickness measurements were also taken (80 to 200 holes) at 1-
meter intervals over three of these lines.

Preliminary results from these measurements show, for ex-
ample, the amount of ice growth associated with the freezing of

flooded snow that was mentioned earlier. We also found variations
in the top surface roughness associated with time with the frequent
redistribution of the snow cover by the winds through the area.
Over the thicker ice (greater than  meter), with the freezebackof the
snow and slush layers, the ice thickness change that occurs with
time is primarily associated with this top surface process with little,
if any, ice growth occurring on the bottom surface of this ice.

Owing to their extensive distribution over the older pack ice
that dominates in the western Weddell Sea (Darling, Lytle, and
Ackley 1992), the freezeback of these slush layers represents a
significant source of new ice growth for the region. Structural and
salinity data from ice cores taken at this and the other sites will be
used to estimate the fluxes and to compare them with pancake and
congelation ice-growth processes that occur in the ice-edge region
or in leads and polynyas within the ice pack. These temperature
measurements, together with the core salinities, surface elevation
profiles, aerial, ship, and satellite data (Ackley and Gow et al. 1992)
will be used to estimate the area of the ice cover where slush layers
are present. From this information, we can construct the regional,
average ice growth from this process and the resulting large-scale
contributions to the heat and salt fluxes to the atmosphere and the
ocean. Fifteen to twenty-five centimeters of ice growth occurred in
the profiles where flooding was observed, but the regional average
ice growth may be different from this figure and awaits a better
estimate of the areal coverage of the flooded areas that we will be
attempting to derive from these data sets.

While the magnitude is yet to be determined, our results
indicate that top-surface ice growth is, however, one of the major
ice-growth processes for this region, because the old ice cover
dominates the areal coverage and the thermister data shows little
growth associated with bottom freezing processes in this ice.

This work was supported by National Science Foundation
grant DPP 90-24809. We thank the other U.S. and Russian partici-
pants in Ice Station Weddell, especially Jay Ardai, for their
assistance during and after the field work.
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Initial ice properties at thermister

string sites site

Number of
Thickness(cm) thermisters

Initial	Ice	Snow deployed	ice type

Jay	39	1	7	New lead
Andy 108 40 24 Medium thick, lightly de-

formed old ice,with slush
at the snow/ice interface

Boris	121	17	24	Medium thick, undeformed
first year, containing a
void space in the ice at
sea level

Dave	133	55	24	Deformed (first year or old
ice) with 0 ice freeboard.

Genya	234	37	31	Deformed old ice with
negative ice freeboard

Vicky	389	0	38	Thick, deformed old ice,
top hummock
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We report here on several components of the sea-ice dynamics
measurement program that was conducted on the Ice Station
Weddell #1 (ISW) from February to June 1992.

The sea-ice cover of the western Weddell Sea represents the
largest fraction (40 percent) of the ice cover around Antarctica
that is sustained through the summer period. Previous work
(Gow et al. 1987; Lange etal. 1989; Lange and Eicken 1991; Ackley
1979) has shown that the ice cover (a) is predominantly second
year due to the fast drift and advection out of the region and (b)
has substantial deformational activity, as shown by the ice
thickness and roughness characteristics at the outflow region.

The objective of the dynamics measurement program was to
identify how the sea-ice thickness distribution is affected by the
deformational activity of the ice cover. Wind and ocean currents
force the ice cover to diverge or converge on short time scales
(less than I day). This forcing either exposes open water, resulting
in more rapid ice growth than under thicker or snow-covered ice,
or crushes the ice together into ridges and rafts that are substan-
tially thicker than the surrounding sheets. The response of the ice
cover to these external forces is coupled through state variables of
the ice cover itself, such as the thickness, structure, and the
relative concentration of various thickness categories of ice, in-
cuding the open-water fraction. Moreover, the magnitude of the
rPomentum tranferred to the ice by the air or the ocean is also
dependent on the aerodynamic and hydrodynamic drag coeffi-
cents of the ice; in turn, these depend on the snow and ice
roughness, so the forcing on the ice cover depends on its
4eformational history, which is manifested through the top and
bottom roughness.

Knowledge of the mass-balance characteristics is not complete
without a reconciliation of the amount of ice that may result from
deformational processes, as well as the advection of ice into or out
of a region. To quantify these processes, we collected measure-
ments of the large-scale drift and of deformation of the ice, some
of the meteorological components of the forcing, and the stresses
induced in the ice cover as a result of the various forcings. In
addition, meteorologic and oceanic components of the forcing
were collected by other programs during the ice station drift
(Muench et al. 1992; McPhee et al. 1992; Andreas et al. 1992).

Three measurements were made that will contribute to this
program (1) the global positioning system (GPS)- based measure-
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Figure 1. Initial configuration of the remote sites (A, B, C, D, and E)
relative to the main camp of Ice Station Weddell.

ment of the drift of the station's floe, (2) the Argos buoys drifts of
five remote sites, distributed 20 to 60 nautical miles around the
station, and (3) aerial photography of the lines from the main
camp to the remote sites. Figure 1 shows the initial locations of the
Argos buoys (sites A, B, C, D, and E). Argos buoys were deployed
as part of the current meter array described elsewhere (Muench
etal. 1992) and will be used, through cooperation with the current
meter program, to provide the deformation data set. Other
instrumentation at some of these sites included the meteorologi-
cal stations we deployed at sites C and D described here, current
meters at sites A, C, D, and E (Muench etal. 1992) and met-ocean
buoys at sites A and C (McPhee et al. 1992;J. Launlainen, personal
communication).

Remote meteorological stations were maintained at two sites,
Site C (Chris) and Site D (Dimitri), located east and west of the
main camp as shown in figure 1. These measurements consisted
of air pressure; wind speed and direction (taken approximately 1
meter above the ice surface); and temperatures above, through,
and below the ice and snow cover. We plan to use this data with
the station data to compute any variability in the meteorological
forcing on the ice cover across the array. Bulk aerodynamic coeffi-
cients, computed by the camp meteorological program (Andreas
et al. 1992) will be used with this data to estimate momentum
fluxes at these remote sites.

Stress measurements within the ice cover relate the external
forces to the deformational or rheological processes within the ice
cover. Various deformational mechanisms induce a stress in the
ice, which is a significant term in the force balance on the ice cover.
This internal ice stress term is related to the thickness distribution
of the ice cover, the temperature, salinity and structure of the ice,
and the rate at which the ice cover is deformed. This strain rate
during ice deformation is a difficult problem to investigate—
even in the laboratory—and is complicated by the effect of
different ice characteristics in field settings. Nevertheless, by
correlating stress measurements to the local and regional
deformational fields and to visual and photographic observa-
tions, we can determine the character of the stress field that
corresponds to particular deformational events.

Stress sensors, usually characterized as hard sensors, because
they are housed in a steel case of a high modulus of elasticity
compared with the surrounding ice, were installed at four sites of
differing ice type located at the camp floe. Measurements were
taken continuously (a) at 5-minute intervals for 2 months at all
sites, and (b)atl-minute intervals forperiodsof high deformational
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Figure 2. Photographs of stress sensor at Site Jay: (A) Sensor with
a lead beside it on Day 95. (B) Sensor (same) with a ridge abutting
It on Day 97.
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Figure 3. Stress (relative units) vs. time for one wire of the stress
sensor (shown in figure 2). The dashed lines labeled" lead observed"
and "ridge observed" indicate the time when the photos shown in
figure 2 were taken.

activity (several weeks) at one site. Two of the sites developed
cracks within 1 meter of the sensors shortly after the sensors were
emplaced, and, subsequently, went through prolonged episodes
of lead and ridge formation, alternating nearly continuously
over a several-week period. Figure 2 shows the stress sensor at
Site Jay, initially a thin-ice site, after a crack formed, and 1 to 2
days later after the crack closed back into a small pressure ridge.

The stress record corresponding to these events (relative stress
vs. time) is shown in figure 3. The lead openings appear as sharp,
single-peaked events, while the closing or ridging events are both
broader and show several sharp rises and falls, perhaps accom-
panied by individual failure events of ice pieces.

Our first look at the large-scale deformational information,
based on the relative motion of sites E and C, suggests that strong
shear events dominate the ice deformation with the presence of a
quasi-stationary shear zone in the western part of the array, as
also suggested from satellite imagery of the area. The aerial
photography taken from the helicopters will provide additional
information on the deformational features of the region and their
changes with time. Satellite imagery will also be used to estimate
large-scale deformation.. The European satellite ERS-1 took SAR
(radar) imagery over swathq that included the ice station's loca-
tion through mid-March. Visible and infrared images from me-
teorological satellites (NOAA AVHRR and DMSP) show, espe-
cially in the latter stages of the ice-station drift, large-scale shear
zones, consistent with the buoy information on more local scales.

Complete analysis of the stress data awaits recalibration of the
sensors, which at the time of writing were being shipped from the
field location. A preliminary look at the data, along with the
visual field observations, generally shows that the stress field is
highly episodic with short bursts of high activity over minutes
separated by hours or by days of little or no stress measured.
Examples of the stress field, resulting from several deformar
tional processes, were obtained including tension cracking and
rafting (figure 3), buckling in thin ice, cracking resulting frori
pressure ridge edge loading, compressional ridge formation, and
shear ridge formation in thicker ice. These stress measurementS
will be further correlated with the visual observations made at th
same time to document the stress associated with particular
failure mechanisms. Comparisons with the large-scale deformar
tion and station drift will determine whether these lead an41
ridging events are coupled at the local and regional scales.

This work was supported by National Science Foundatioii
grant DPP 90-24089. We thank the other U.S. and Russian
participants in Ice Station Weddell for their assistance during an
after the field work. We are especially grateful to Jay Ardai, who
was of critical importance in the success and safety of the helicop
ter operations. We also thank Robin Muench and his colleague
for their collaboration in providing a joint deployment of the
remote sites that fit the needs of both our and their program.
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Computer simulation models of southern ocean production
must include productivity estimates from three major zones: the
open ocean, the ice edge, and the pack ice. Of these zones the
least studied is the pack-ice zone. Presumably this results from
severe logistic constraints and the general paucity of radiometric
data from satellite-borne sensors, such as the Coastal Zone Color
Scanner (CZCS) (Sullivan et al. 1988; Comiso et al. 1990). In the
absence of this information, productivity in the ice-covered re-
gion is usually considered nil (Smith and Nelson 1986). Conse-
quently, investigations of microbial production of the sea-ice
zone are required to more fully understand pack-ice ecosystem
production. This is especially important since sea ice may cover
20 million square kilometers of the ocean surface and associated
microbial communities may account seasonally for a substantial
fraction of production not previously measured. With good
estimates of production of sea ice microbial communities
(SIMCOs) more accurate models of southern ocean productivity
can be constructed that approach those we have developed for
fast-ice regions (Arrigo et al. 1991, 1992).

The long-range goals of our work are to sufficiently under-
stand the spatial and temporal variability of SIMCO biomass,
productivity and the factors that influence them in order to be
able to model primary productivity in the antarctic pack-ice zone
with sufficient accuracy to predict interannual production in a
changing environment.

Two specific questions that were addressed experimentally at
Ice Station Weddell #1(ISW) were:
• What are the in situ growth and turnover rates of pack-ice micro-
organisms (algae and bacteria) from the western Weddell Sea?
• What fraction of primary production in the pack-ice zone is
contributed by microalgae associated with various pack-ice envi -
ronments vs. the water column?

The history of microbial rate process studies in the pack ice
is remarkably short. Most studies of microalgae from the ant-
arctic pack ice have concentrated on single measurements of
biomass and microscope identification of microalgae (Garrison
et al. 1983; Clarke and Ackley 1984; Marra and Boardman 1984;
Garrison and Buck 1985; Garrison et al. 1987). Unlike studies in
land-fast ice, few studies of the pack have included photosyn-
thetic or bacterial growth rate measurements of ice-associated
microorganisms, and none involved time-series studies of the
accumulation of biomass for days or longer.

Little is known about microalgal and bacterial production in
pack ice even though pack ice accounts for the majority of the
antarctic sea ice habitat. Burkholder and Mandelli (1965) reported
on the photosynthesis-irradiance relationships of those micro-
algae living during summer within the areally limited saline
ponds caused by infiltration of sea water on the surface of ice
floes. During three Antarctic Marine Ecosystem Research at the
Ice Edge Zone (AMERIEZ) cruises to the Weddell/Scotia Sea
pack-ice region members of our laboratory conducted seasonal
investigations of the distribution of algal and bacterial biomass
and productivity along profiles of ice cores collected during
spring 1983, autumn 1986 and winter 1988 (Kottmeier and Sullivan
1987, 1990; Lizotte and Sullivan 1991, 1992).

Microalgal and bacterial biomass were observed to be highly
concentrated in several microhabitats of pack ice compared with
the surrounding sea water. We reported that the pack ice had a
mean of 5 milligram chlorophyll a per square meter and a range
of 2 to 9 milligram chlorophyll a per square meter (Dieckmann,
Sullivan, and Garrison 1990). Such high concentrations in ice
frequently equal standing crops observed in 10 to 50 meters of the
integrated water column beneath the ice indicating the potential
importance of pack ice as a site of primary production.

Experiments at sea showed ice algal and bacterial cells were
metabolically active when melted into filtered sea water at 0 C
revealing a considerable potential for autotrophic and het-
erotrophic production of particulate matter. These studies sug-
gested that the microbial communities of pack ice may potentially
play a substantial role in regional production. However, we did
not establish whether their potential was realized in situ because
we could not follow population growth over a sufficiently long
period to be able to determine whether microbial biomass in-
creased with time.

We anticipated that time-series studies of SIMCOs in pack ice
would improve our knowledge of the actual production of pack-
ice systems as was previously revealed in investigations of land-
fast systems (Sullivan et al. 1985; Grossi et al. 1987; Kottmeier et
al. 1987; Palmisano et al. 1987). They showed that previous
studies underestimated sea-ice production 4- to 10-fold.

The establishment of the ISW-i in the western Weddell Sea as
part of the Antarctic zone (An Zone) project provided us with a
unique opportunity to perform time-series investigations in or-
der to assess primary and secondary microbial production in the

1992 REVIEW
	 113



SITE B

Total Piginents(agIL)

Samples collected at Ice Station Weddell #1 and on N. B. Palmer
for estimation of microbial biomass and production rates

Determination	 Number of samples

	

ISW	N. B. PALMER

Chlorophyll a	 390	 210
Pigments (HLC)
	

131	 50
Bacterial cells	 285	 135
POC/PON
	

161	 30
Mititic index	 83	 16
Primary production	 20	 0
Natural fluorescence/beam-c
(water column profiles)	22	 21

Nutrients	 261	 53

interior of the pack-ice zone. Such studies have never been
previously reported because this under sampled oceanic region,
perennially covered by pack ice, was accessible only by occa-
sional icebreaker-based cruises. Such cruises permitted only
single sampling of individual ice floes without ecologists know-
ing the previous history of the ice and its associated microbial
community, or their subsequent fate. In addition, at ISW-1 we
were able to conduct ecological studies within the context of a
multidisciplinary research program that contributed substan-
tially to our understanding of biologically relevant features of the
physical environments of ice and the upper boundary layers of
the ocean.

The major objective of the biological component of ISW was to
test if a substantial fraction of southern ocean primary and
secondary bacterial production is derived from microbial com-
munities colonizing pack-ice and the underlying water column.

Three study sites (sites A, B, and J) characterized by different
ice types were established on the ISW-1 floe. Each was represen-
tative of common ice types in the region. All three study sites were
systematically sampled for ice and snow thickness, chlorophyll a
and phaeopigment concentrations, HPLC determination of pig-
ment composition, floristic determinations, bacterial abundance,
particulate organic carbon and nitrogen (POC/PON), light ab-
sorbing properties of particulate matter, nutrient (NO 3; NO2-1
NH4 , PO4 3, Si(OH)4) concentrations and salinities. In situ incuba-
tions using 14C-bicarbonate also were conducted in order to
estimate ice-algal growth rates and water column profiles of
natural fluoresence/beam-c were made to estimate chlorophyll
and particulate concentrations, photosynthetic rates, and photo-
synthetically active radiation (PAR) beneath ice and in leads (see
table).

Study site A(sampled from JD 56 to 150) was located inan area
of the floe characterized by a hummocked surface indicating this
ice had experienced previous deformation. The ice morphology
was typical of second- year ice in the Weddell sea (Lytle et al.
1990). Snow thickness ranged from 25 to 45 centimeters and ice
thickness between 1.2 to 1.8 meters. Study site B (sampled fromJD
60 to 125) was located in a broad flat area of the floe with a more
uniform ice thickness ranging between 1.0 to 1.1 meters and
relatively uniform snow cover ranging between 15 to 20 centime-
ters. The relatively undeformed morphology and thin snow
cover suggests that this was first-year ice, which had survived the
summer season. Study site J was established in a recently refrozen
lead on JD 73, after the new ice had already reached a thickness
of 30 centimeters. Sampling at site J was continued until the ice
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Profiles through ISW ice flow at three study sites (A,B, and
showing the vertical distribution of total pigments (chlorophyll a +
phaeopigments).

grew to 88 byJD94 (ridging and rafting events prevented further
sampling past this time). Snow on the new lead accumulated to
only 3 to 5 centimeters in depth during the study. Our investiga-
tions and sampling regime were closely coordinated with S.
Ackley's ice physics program since one objective of his program
was to describe the physical properties, including microstr-
ucture, of the ice environment within which the SIMCOS grow
and develop.

Samples collected (table) at ISW have only recently been
returned to our laboratory at the University of Southern Califor-
nia for analysis; therefore, only preliminary information is avail-
able at this time. The figure shows the distribution of total pho-
tosynthetic pigment concentrations along profiles of the initial
ice cores collected at each of the three time series sites. At each site
a distinctly different pattern can be recognized. At sites A and J
the highest concentration of pigments were located near the
bottom of the core at the ice-seawater interface; while at site B, the
highest pigment concentration occurred as an interior band be-
tween 5 to 15 centimeters from the snow-ice interface. During the
course of ISW two to three cores were collected at each site at
regular intervals. If microbial communities were growing in siu
and contributing to primary production in the pack ice, we expet
to observe an accumulation of algal and bacterial biomass at these
sites as a function of time, in part because the pack provides a
refuge for these microorganisms.

We note that the attention of the international community
of polar biological oceanographers recently has been focused on
the antarctic pack-ice zone by the Scientific Committee on Ant-
arctic Research (SCAR) Group of Specialists on Southern Ocean
Ecology. In their workshop report #8, "Ecology of the Antarctic
Sea-Ice Zone," January 1992, they state, "The overall objective of
an integrated research program should be to determine the role
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of the antarctic sea-ice zone on antarctic marine systems, and in
the control of global biogeochemical and energy exchanges." It is
anticipated that the results of the studies described here will
contribute to that goal.

We wish to acknowledge A. Gordon and V. Lukin for organi-
zation and camp management; J . Ardai and D. Bell for logistics
support; I. Melnikov, R. Swayzer III, P. Sullivan, and ice physics
group personnel for field assistance at 15W-1 and on board R/V
Palmer. This research was supported by National Science Foun-
dation grant DPP 90-23669.
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Atmospheric sciences
on Ice Station Weddell
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Figure 1. The neutral-stability, 10-meter drag coefficient obtained
from wind speed profile measurements, as a function of wind
direction. The undisturbed sector around this profile mast was from
1500 to 3100 magnetic; thus, these are the only directions plotted.
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The joint U.S.-Russian atmospheric sciences program on Ice
Station Weddell featured close coordination and mutually ben-
eficial collaboration. Our broad objective was to understand air-

ice-ocean interaction from measurements made on the air side of
the interface. We collected data that will let us determine the
surface stress on the upper ice surface and all of the components
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of the surface energy budget at three-hour intervals for the
duration of the drift.

The core measurements of our program were made on our
main meteorological tower. At a height of five meters, we had
small, fast-responding instruments with which to measure the
turbulent fluctuations in the three wind speed components, air
temperature, and water vapor density. These measurements will
yield the Reynolds fluxes of momentum (the surface stress) and
sensible and latent heat.

We supplemented these direct measurements of the turbulent
fluxes with profile measurements on two nearby masts. One
mast held propeller anemometers at four logarithmically spaced
levels between 0.5 and 4.0 meters; a second mast had eight cup
anemometers and eight aspirated thermocouples at levels be-
tween 0.28 and 5.5 meters.

A full suite of radiation measurements, consisting of incom-
ing and outgoing shortwave and longwave radiation and the
shortwave and longwave balances, complemented the turbu -
lence measurements and completes the surface energy budget.
We also measured the snow-surface temperature radiatively

with a Barnes PRT-5 infrared radiation thermometer and by i
hygrometric technique (Andreas 1986).

When a lead opened near the camp we spent 15 days observ-
ing albedo, ice thickness and salinity, and radiative and physical
temperatures of the surface and near-surface water. This data set
should complement the data collected during the Arctic leads
experiment that was going on off the coast of Alaska at about the
same time (Curtin 1991).

Figure 1 shows some of the early results from our surface
based program. We evaluated the air-ice drag coefficient for
neutrally stable conditions at a reference height of ten meters,
from the four-level propeller anemometer measurements
(Andreas and Claffey 1992). In March and April we collected
roughly 1,000 hourly averaged, four-level profiles before one of
our anemometers began to malfunction. From these we selected
only those profiles for which the stability conditions were near
neutral, the upwind fetch was undisturbed, and the instruments
were well aligned with the mean wind direction. These con,
straints reduced the 1,000 original profiles to 190 high-quality
profiles that yielded the CDNIO values in figure 1.
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Our CDN1O values range from 1.3 x 10 to 2.5 x 10. These values
are typical of what—by arctic standards—would be called rough
ice (Overland 1985). Figure 1 makes another important point.
The CON10 values are not randomly scattered. They seem to show
some trends that depend on the wind direction. We interpret this
to mean that the ice surface is not isotropic. The figure suggests
that CON10 can change by 50 percent if the wind direction changes
by 10; the surface stress would behave basically the same. The
implications for sea ice modeling are important. The surface
stress depends not only on the wind speed but also on how the
wind is oriented with respect to the surface topography.

Upper-air soundings, made nominally at noon and mid-night
GMT for the entire drift with either tethered or free-flying radio-
sondes, should help us put our surface-based observations into a
mesoscale or synoptic context. This radiosounding program has
already provided us some insight into the structure and physics
of the atmospheric boundary layer (ABL). We found the ABL at
this time of year to be shallow-100 to 300 meters thick—stably
stratified, and generally topped by an atmospheric jet. Within
the ABL, winds were usually light and variable, typically 2 to 3
meters per second; but just above the inversion, the jet could
have speeds of 14 to 15 meters per second.

April 20 (figures 2 and 3) is a good example of such a stable
ABL with the overlying air decoupled from the surface. On this
day the base of the inversion layer was at about 50 meters (fig-
ure 2). At 5 meters, the air temperature was -16.9 C; but at about
240 meters, the temperature actually went above 0 'C. Mean-

while, the wind speed at the surface was less than 3 meters per
second; while in the core of the jet at 100 meters, it was over 11
meters per second (figure 3).

On occasion, however, through a combination of mechanical
erosion and radiative processes controlled by the clouds—the
high energy in the jet mixed all the way down to the surface. This
breakdown of the stable ABL led to episodes of rapid northerly
drift. We hope to order the sequence of events and to identify the
processes that lead to the collapse of the elevated inversion and
the consequent episodic drift.

This research was supported by National Science Foundation
grant DPP 90-24544.
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The Ice Station Weddell (ISW) tracer-
oceanography program
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As part of the Ice Station Weddell (ISW) hydrographic pro-
gram, water samples were collected for shore based analysis of
several tracers including the steady-state tracers oxygen-18, he-
lium-3, and helium4, and the transient tracers tritium, CFC 11,
and CFC 12.

Oxygen-18 and helium-4 data will be used to study the contri-
bution of waters modified by interaction with glacial ice to deep
and bottom water in the Weddell Sea. The basis for this applica-
tion is the fact that the ice shelf water is marked by low §oxygen-
18 values (about -0.6 parts per thousand and high helium-4
concentrations). The reason for these low values is the addition of
glacial meltwater, with extremely low §oxygen-18 values; com-
pared to sea water (about -40 to -60 parts per thousand) to the

western shelf water during water /ice interaction underneath the
Filchner/Ronne Ice Shelf. This water /ice interaction melts part of
the ice shelf (e.g., Weiss, Ostlund, and Craig 1979; Schlosser et al.
1990; Helimer and Olbers 1990) decreasing its salinity from about
34.70 to 34.65 psu and cooling it to temperatures below the
freezing point of sea water at surface pressure—supercooled
water (e.g., Lusquinos 1963; Foldvik and Kvinge 1977). The low
§oxygen-18 concentration of the ice shelf is caused by a depletion
of the atmospheric water vapor in §oxygen-18 with increasing
precipitation, causing a decrease of the §oxygen-18 values in
antarctic precipitation as a function of the distance from the coast
(Morgan 1982). Due to the large difference in oxygen-18 between
the shelf ice and the sea water (about 50 parts per thousand), small
fractions of meltwater added to the seawater imprint of the water
mass with a traceable signal. With a measurement precision of
±0.02 parts per thousand, which is standard for state of the art
mass spectrometers, addition of 0.4 parts per thousand of glacial
meltwater to seawater can be detected. Therefore §oxygen-18 is a
valuable tracer for identification of shelf water masses contain-
ing a glacial meltwater component.

Helium trapped in bubbles during the formation of glacial ice
is released to the water during melting at the underside of the ice
shelf (Schlosser 1986). Due to high content of air in glacial ice
[about 10 percent (Gow and Williamson 1975) and the low
solubility of helium [about less than 1 percent, e.g. Weiss (1971)],
glacial meltwater is supersaturated by roughly 1400 percent in
helium. With a measurement precision for helium-4of about ±O.5
to ± 1 percent, a fraction of about 0.35 to 0.7 parts per thousand of
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meltwater can be resolved by this method, which is comparable
to the §oxygen-18 method.

In addition to these steady-state tracers, the transient tracers
tritium and CFC 11 and CFC 12 will provide information on the

pathways and time scale of the penetration of surface waters into
deep ocean.

During the drift of the ice station, we collected about 850
oxygen-18,400 helium isotope, 400 tritium, and 300 CFC samples
on stations marked on the figure. Measurement of these samples
will take approximately one year, but first results should be
available by the end of 1992.

This research was supported by National Science Foundatiob
grant DPP 90-25099.
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Marine biology

Measurements of photosynthetic and
UVB blocker pigments during the

Icecolors '90 expedition
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During austral spring 1990 a collaborative investigation (Ice-
colors '90) was undertaken to directly measure the effects of
ozone diminution and ultraviolet (UV) radiation on southern
ocean phytoplankton. Scientific objectives included the quantifi-
cation of temporal, spatial, and ozone-dependent variations in (1)
the magnitude and ratio of ultraviolet B (280-320 nano-
meters):ultraviolet A (320-400 nanometers):photosynthetical-
ly active (400-700 nanometers) irradiance (UVB:UVA:PAR) inci-
dent on and penetrating the euphotic zone of the marginal ice
edge (MIZ) in antarctic waters and (2) phytoplankton abundance,
composition, pigmentation, absorption, quantum efficiency, pho-
tosynthetic potential, and in situ productivity. This report sum-
marizes the phytoplankton pigment measurements (photosyn-
thetic and photoreprotective) and direct cell counts performed
during Icecolors '90.

Field operations. A series of four north-south and four east-west
transects were carried out in the Bellingshausen Sea during a 6
week cruise (September-November 1990) aboard the R/V Polar
Duke. Water samples were obtained with a Bio-Optical Profiling
System (BOPS) equipped with a 12 place rosette sampler. Samples
were filtered through Whatman CF/F filters and analyzed for
phytoplankton pigments and TJVB blocker compounds by high
performance liquid chromatography following the methods of
Bidigare et al. (1989) and Dunlap and Chalker (1986), respectively.

Phytoplankton pigments and direct counts. Distribution of algal
pigments measured along north-south transect 2 (62.6' S to
64.6' S. along 72' W) are shown in figure 1. The concentration of
chlorophyll a, a measure of phytoplankton biomass, was highest
near the edge of the pack ice (Stations 30-31) and at Station 24
located to the north in ice-free waters. The prymnesiophyte
Phaeocytis spp. dominated the phytoplankton sampled at most
stations, with the exception of diatoms, which were numerically
most abundant at Stations 26 and 28 (figure 2). A good agreement
was observed between microscopically enumerated phytoplank-
ton counts (Phaeocystis spp. and diatoms) and concentrations of

their respective diagnostic pigments 19-hexanoyloxyfucoxanthin
and fucoxanthin (figures 1 and 2). Corresponding regression
analyses of all coincident phytoplankton pigment and count data
are shown in figure 3. Concentrations of diadinoxanthin (a
photoprotective carotenoid found in Phaeocystis spp. and dia-
toms) measured along the transect were highest in surface waters
and decreased with increasing depth (figure 1). Very low abun-
dances of dinoflagellates were observed in plankton samples
(less than 1 cell L- 1 ). The low and variable concentrations of
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Figure 1. Distributions of phytoplankton pigment concentrations
(chlorophyll a, 1 9'-hexanoyloxyfucoxanthin, fucoxanthin, and
diadinoxanthin; units = ng pigment 1.1) along a north-south transect
through the marginal ice zone. The interval between stations is 12
nautical miles. Stations 22-24 were in open water, 25-29 were in a
transition zone from open water to close ice, and 30-32 were in
increasingly dense pack ice.
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Figure 2. Distributions of Phaeocystis spp. and diatoms (units-
cells 1- 1 ) along a north-south transect through the marginal Ice
zone. The interval between stations is 12 nautical miles. Stations
26-29 were in a transition zone from open water to close ice, and
30-32 were in increasingly dense pack ice.

chlorophyll b and alloxathin measured along the transect suggest
that green algae and cryptophytes were only minor phytoplank-
ton biomass components (data not shown).

UVB blocker compounds. Mycosporine-like amino acids (MAAs)
absorb strongly in the 280-370 nanometer waveband and are
thought to have a photoprotective function in marine inverte-
brates, macroalgae, and phytoplankton (Karentz et al. 1991). A
survey of MAA distributions in the MIZ was performed along
east-west transect 4(78.8' W to 64.3' W, along 65' S). The quanti-
tatively important MAAs detected have been identified (based
on diode array spectroscopy and coinjection analysis with au-
thentic standards) as porphyra-334 (X max = 334 nanometers),

shinorine (?c max = 334 nanometers), and palythine (? max = 320
nanometers). A fourth MAA has been tentatively identified as
mycosporine-glycine:valine (A max = 336 nanometers) based on its
absorption properties and relative retention time. Their respect-
ive concentrations along the transect ranged from not detect-
able (ND) to 4.0 nanomolar, ND to 0.2 nanomolar, ND to 7.7
nanomolar, and ND to 3.6 nanomolar. Analysis of antarctic phy-
toplankton isolates provided by D. Karentz (University of San
Francisco) revealed that porphyra-334 and shinorine were only
present in diatom clones, while mycosporine-glycine:valine was
only found in Phaeocystis spp.; palythine was not detected in any
of the phytoplankton isolates. These results are consistent with the
measurements of phytoplankton absorption measured during
Icecolors '90 (Schofield and Nelson, University of California at
Santa Barbara; unpublished data) and confirm the suggestion of
Vernet et al. (1989) that the pronounced UVB absorption peak
measured in antarctic suspended particulate matter is attribut-
able to MAAs.

This work was supported by National Science Foundation
grant DPP 90-05562. We acknowledge the officers and crew of the
R/V Polar Duke, the Antarctic Support Associates, and other
members of the Icecolors '90 team.
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Distribution of UV-absorbing
compounds in the antarctic limpet,

Nacella concinna
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Springtime ozone depletion over the Antarctic has been occur-
ring since 1978 (Farman et al. 1985), and each year this atmo-
spheric event results in springtime levels of biologically harm-
ful UV-B radiation (280 to 320 nanometers) that are equivalent
to those of mid-summer (Frederick and Snell 1988). The full
impact of higher springtime UV-B on the antarctic ecosystem is
unknown (Karentz 1991). After over a decade of "ozone holes,"
the antarctic ecosystem has not yet collapsed. Declines in pri-
mary productivity (Smith et al.; Heibling et al. 1992), shifts in
species composition of communities (Karentz et al. 1991a), and
subsequent alterations in trophic dynamics are expected, but it is
not possible to predict the extent to which these changes will alter
the functioning of the antarctic ecosystem or the time scales
involved.

On the positive side, we have data that suggest many antarctic
species have some degree of natural biochemical protection from
UV exposure. Over 85 percent of 60 marine species surveyed in
1988 contained mycosporine-like amino acids (MAA) (Karentz et
al. 1991b). MAAs are compounds which absorb UV radiation and
may act as natural sunscreens, blocking UV rays before they reach
critical target areas of cells and tissues.

During spring 1991 a series of field and laboratory experi-
ments was conducted on invertebrate and algal species at Palmer
Station to investigate the physiological and ecological aspects of
MAAs. The antarctic limpet, Nacella concinna, was included in this
study. This species is dominant year-round in the Palmer Station
area and is one of the few organisms present in the intertidal zone
during early spring when the ozone depletion cycle is initiated.
Nacella is a vital component of the coastal antarctic marine food
web. It is herbivorous, feeding on macroalgae and microaglal
mats; and is a major food source for many of the seabirds which
come to breed on the Antarctic Peninsula during spring.

One aspect of our study of the UV-photobiology of Nacella was
to investigate the distribution of MAAs within various body parts

Distribution of mycosporine-like amino acid compounds in various
body parts of Nacella concinna collected at 0-, 8-, and 15-meter
depths.
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relative to depth of habitation. Preliminary results of this work
are presented here. Five limpets were collected by SCUBA div-
ers at each of three depths (0, 8, and 15 meters) in Hero Inlet.
Animals were dissected into the following components: shell,
gut, gonad, and body. Samples were lyophilized, extracted in
80 percent methanol, and analyzed by high performance liquid
chromotography (HPLC) (see Karentz et al. 1991b for complete
methods).

Two MAAs, shinorine and porphyra-334, were found in the
Nacella samples. The data presented are summations of these two
MAA concentrations normalized on the basis of dry weight (final
data set will be standardized to the protein content of each tissue
type). Shells did not contain detectable amounts of MAAs. Body,
gut, and gonad tissues differed significantly in total MAA content
(figure). Female gonads had the highest concentrations of MAAs
and male gonads had the lowest. Subsequent analyses indicates
that eggs that have high levels of MAAs and sperm have little or
no MAAs present. Gut samples also showed absorption in the
visible range, traces that correspond to the absorption spectrum
of photosynthetic pigments from ingested algal material.

In addition to the differential partitioning of MAAs between
tissues, a trend of decreasing concentrations was evident with
depth. Animals collected higher in the intertidal regions where
they are exposed to higher doses of ultraviolet light, had higher
concentrations of MAAs. Data from ovary tissue did not exhibit
this pattern, possibly because animals at different depths have
different spawning schedules (Shabica 1976). Further analyses
of the data set for the full five months may provide additional
explanations.

The distribution of MAAs in Nacella suggest optimum UV
protection relative to this organism's life style and life history.
Although Nacella shells did not contain detectable amounts of
MAAs, shell material is fairly opaque and most likely provides
excellent protection from UV exposure without the incorpora-
tion of additional UV-absorbing compounds. Since larvae do not
have the physical protection of a shell, it follows that they might
rely on other forms of biochemical protection. The high concen-

tration of MAAs in eggs follows a pattern similar for other
molecules (e.g., RNA and proteins). Sperm are short-lived and d
not make a significant cytoplasmic contribution to the zygote;
therefore, selective increased packaging of MAAs into egg cells
would be a definite advantage since its cytoplasm will provide
for the initial energy requirements and protection required by
the developing embryo.

We thank Dr. W. C. Dunlap for his assistance in the analyses
of MAAs. This research was supported by National Science
Foundation grant DPP 90-17664.
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Detecting UV-induced inhibition of
photosynthesis in antarctic

phytoplankton

PATRICK J . NEALE, MICHAEL P. LESSER, JOHN J . CULLEN,
AND JED GOLDSTONE

Bigelow Laboratory for Ocean Sciences
McKown Pt., West Boothbay Harbor, Maine 04575

The relatively high intensities of middle ultraviolet radiation
(UVB 280 to 320 nanometers) during antarctic springtime ozone
depletion can inhibit photosynthesis by antarctic phytoplank-
ton. This was demonstrated by incubating phytoplankton for
several hours in enclosures which transmit visible light but
exclude different wavelengths of ultraviolet radiation (Smith et
al. 1992; Helbling et al. 1992). Our research focuses on the effect of
UV on phytoplankton under natural conditions (in the ocean)

where vertical mixing can move phytoplankton through large
gradients of damaging radiation over time scales ranging from
minutes to hours. During the 1991-1992 field season we tested
assays of UV-induced inhibition which do not require long
incubations. Measurements of photosynthesis during short-term
(30 minutes to one hour) exposures to different intensities of
UVB, UVA (320 to 400 nanometers), and photosynthetically
active radiation (PAR) (400 to 700 nanometers) were used to
generate environmentally relevant action spectra (wavelength
dependent biological weighting functions) for the inhibition of
photosynthesis by UV. These weighting functions have been
incorporated into a spectrally defined model which is applicable
to UV inhibition in the ocean (Cullen et al., this issue). We also
tested an alternate, no-incubation approach, in which variations
in cellular constituents were used as biological indicators of
previous exposure to inhibiting UV. Here we report preliminary
results on variations in the abundance of a key photosynthetic
enzyme, ribulose 1, 5-bisphosphate carboxylase/oxygenase
(RUBISCO), as a function of exposure to ambient UV.

Tanks for maintaining 10-liter cultures were constructed of
UV-transparent ("UVT," cutoff 296 nanometers) and UV- opaque
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("UVO," cutoff 375 nanometers) acrylic sheets and were de-
ployed on the annual sea ice about 6 kilometers due west of
McMurdo Base. In the UVO tanks, cultures are protected from
exposure to UVB and most UVA radiation. Temperature (-1.5 ±
1.0 C) was regulated by a sea-water bath, and PAR (or photo-
synthetically active radiation) irradiance was reduced to 6 per-
cent of incident with neutral density screens. Cultures were
inoculated with natural phytoplankton. A 1-meter hole was
drilled in the sea ice at the tank site and phytoplankton were
collected from the waters of McMurdo sound by a 20 micrometer
titex net deployed at a depth of about 7 meters relative to the

surface  level in the hole. Phytoplankton were washed from the
et with filtered sea water, the resulting suspension was filtered

:hrough a 200 micrometer net to remove large zooplankton, and
iluted to a final chlorophyll a (chl-a) concentration of around 5
crogram per liter. After inoculation, irradiance was gradually

creased to an intensity (about 40 percent of incident) at which
aximal growth rates of antarctic phytoplankton have been

eported (Wilson et al. 1986). We report results for a culture that
as inoculated into a UVO tank on 11 October 1991 and was
ivided into a UVO tank and a UVT tank on 18 October 1991.
e cultures were diluted approximately once a week to keep

hi levels low (less than 30 micrograms per liter). Daily aver-
ge PAR in the tank during the final week of the culture was
out 170 micromole quanta per square meter per second. The

ultures were retrieved at 1700h on 1 November 1991 and stored
t -2 C for 12h, after which a series of 500 milliliter samples
ere concentrated on 25 millimeter (Whatman type CF/F) glass
ber filters, immediately frozen in liquid nitrogen and stored at
80 C until analysis.

The frozen filters were ground in 90 percent acetone and
proteins were precipitated 12 hours at -20 'C. Total chl-a cont-
ent was measured fluorometrically in the decanted extract. The
filter pellet was dried and electrophoresis sample buffer [62.5

0 200 400 600 800 1000 1200 1400 1600

Irradiance (tmoI m 2 S-1 PAR)

Figure 1. Photosynthesis vs. irradiance relationships for culture
samples taken at 1700 h (LT) on 26 October 1991. Photosynthesis
has been normalized to Chi content and is presented in
nondimensional form to show the relative decrease in photosynthesis
of samples from the UVT cultures ("+UV," circles) compared to
samples from the UVO cultures ("-UV," squares). Solid lines show
photosynthesis/irradiance functions fitted by nonlinear regression.
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Figure 2. isolation and identification of the large subunit (LSU) and
small subunit(SSU)polypeptides for the chloroplast enzyme rlbulose
1 .5-bisphosphate carboxylase/oxygenase (RUBISCO) using sodium-
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
coupled with electrotransfer of proteins to nitrocellulose and
immunostaining with polyclonal antibodies ("Western" blotting).
Replicate samples from the UVT culture are shown; each lane
contains proteins extracted from an algal sample with total biomass
of 1.6 microgram Chl-a Left pane!: SDS-PAGE gel with Coomassie
stain to visualize isolated proteins as a function of molecular weight
(MW, kiloDaltons). Right pane!: Nitrocellulose membrane sheets
with proteins transferred from replicate SDS-PAGE gel lanes and
immunostalned with antibodies for LSU and SSU. Arrows indicate
Inferred position of LSU and SSU on stained gel.

millimolar Tris, 2 percent sodium dodecyl sulfate (SOS), 10
percent glycerol, 5 percent Beta-mercaptoethanol] was added at
the rate of 25 microliter per microgram chl-a and heated to 95 'C
for 2 minutes. Protein extract was decanted by centrifugation and
loaded on to a 12.5 percent SDS-Polyacrylamide slab gel using
standard Laemmli buffers (Neale and Melis 1990). The separat-
ed proteins were either stained with Coomasie brilliant blue or
were electrophoretically transferred to nitrocellulose and
immunostained for the presence of the large subunit (LSU) and
small subunit (SSU) of RUBISCO using the "Western" blotting
technique (Neale and Melis 1990). The immunostained bands
on the blot were used to locate the corresponding bands for LSU
and SSU on stained gels, which were scanned by a laser densito-
meter (LKB) in order to quantitate the relative amount of protein
in each band.

Photosynthesis as a function of PAR was estimated as the
uptake of H14CO3 into organic compounds during 30 minute
incubations as determined by scintillation counting after acidifi-
cation of 2-milliliter aliquots (Lewis and Smith 1983). Uptake was
corrected for time-zero controls.
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Figure 3. Comparison of proteins Isolated from microaigae samples
from UVT ("+" Lanes) and UVO ("-" Lanes) cultures. Each lane was
loaded with proteins from 0.5 microgram chi-a of algal sample. Left
Panel: SDS-PAGE gel stained with Coomassie. Bands at 53 and 15
klioDaitons were identified as the LSU and SSU of RUB1SCO. Right
Panel: Densitometric scan of the gel LSU bands for samples from
UVT ("+UV") and UVO ("-UV") cultures. The integrated area under
the curve Is a reiativç measure of LSU protein per unit chi-a; It is 20
percent less for the UVT sample.

Average total column ozone from 18 October to 1 November
1991 was about 220 Dobson Units (T. Deschler, personal commu-
nication) showing significant though not extreme ozone deple-
tion. Growth rates (based on chl-a) were comparable to max-
imum rates reported for antarctic microalgae (0.3 to 04 d 1 e.g.,
Wilson etal. 1986), but growth rate was slower in the UVT culture
near the end of the exposure period (Neale et al. unpublished
data). Also, the maximum rate of photosynthesis (per unit chl-a)
was about 25 percent lower in the UVT culture sampled after
exposure to midday irradiance (figure 1). These results suggest
that microalgae growing in the UVT tank were being stressed
by exposure to ambient UV. The relative contribution from UVB
and UVA wavelengths to the observed UV effects is not known
but will be determined from concurrently measured biological
weighting functions. Previous results using diatom cultures
suggest that ambient UVB in the UVT tank accounts for 25
percent of the overall inhibition (Cullen et al. this issue).

The RUBISCO proteins of the microalgal assemblage in these
cultures (primarily centric diatoms, similar to Porosira pseudodent-
iculata ) were extracted from samples concentrated on glass fiber
filters. The presence of LSU and SSU in these extracts was
confirmed by positive cross-reaction with polyclonal antibody
probes (figure 2). Each antibody recognized a single protein. The
apparent molecular weight was around 53,000 Daltons for LSU
and 15,000 Daltons for SSU (compare to Plumley etal. 1986). The
immunostained bands on the blot were readily identified with
the protein bands of LSU and SSU on the stained gel (figure 2).

Next we analyzed the variation of RUBISCO content between
cultures growing in ambient or reduced levels of UV. We mea-
sured the relative amount of LSU polypeptide in stained gels
comparing samples with equal amounts of chl-a. Protein extr-

acts from UVT cultures contained visibly less LSU (per unit chi-
a) than extracts from the UVO cultures (figure 3), suggesting that
decreased photosynthetic capacity after UV exposure is corre-
lated with a decrease in carboxylase enzyme. A densitometric
scan of the LSU bands suggested that the total amount of LSU
protein per unit chl-a is 20 percent lower for UVT algae relative
to UVO algae (figure 3).

The general agreement between the lower RUBISCO LS
content per unit of ckl-a and the decrease in maximum rates o
photosynthesis after UV exposure suggests that loss of LSU is
indicator of UV inhibition of phytoplankton photosynthesis
Such an indicator assay could be used during austral spring a
a direct test for increased inhibition in natural phytoplank
ton assemblages exposed to high ambient UVB. However, more
work is needed to test the technique under a wider variety o
conditions. This will reveal whether a defined relationship ex
ists between decreased RUBISCO and increased biologicall
weighted UV dose. It also should be noted that we do not kno
whether decreased abundance of RUBISCO is a primary o
secondary effect of UV exposure, and it is possible that th
abundance or activity of other key photosynthetic proteins ma
also decrease. For example, declines in several photosyntheti
proteins were reported for UV stressed pea plants (Pisu
sativum) (Strid et al. 1990). The results presented here sugges
that SDS-PAGE and "Western" blotting can be used to detec
changes in RUBISCO and other proteins in phytoplankton af
fected by exposure to increased UV.

This work was supported by National Science Foundatio
grant DPP 90-18441, JJC, MPL, PJN, P-Is. We thank Professo
F. G. Plumley for the gift of LSU and SSU antibodies.
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August 1991
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High abundances of viruses have recently been discovered
in various oceanic regimes (Torella and Morita 1979; Bergh et al.
1989; Proctor and Fuhrman 1990; Paul et al. 1991) and this has
led to the suggestion that viruses may have a profound effect on
food-web dynamics. If so, then current views on biogeochem-
ical cycles in the ocean will need to be modified. Whether viruses
are present in the southern ocean and, if so, whether they are as
abundant as in other areas has not previously been addressed.
We used transmission electron microscopy (TEM) to examine
water samples from transects in both the winter and the summer
in order to determine the spatial and temporal distribution of
viruses in the southern ocean and its relationship to the distribu-
tion of bacteria.

Surface water was collected from the uncontaminated sea-
water intake on the R/V Polar Duke during two transects from
Palmer Station, Antarctica, to Punta Arenas, Chile (January and
August 1991). In addition, water was collected with Niskin
bottles from five stations during the August 1991 transect to
examine the depth distribution of viruses. Water samples were
fixed with either glutaraldehyde (electron microscopy grade, 2.5
percent final concentration) for virus counts or formalin (borate
buffered, 0.2 micrometer filtered, 2 percent final concentration)
for bacteria counts and stored at 4 C. Ten milliliter water samples
were centrifuged (207,000 x force of gravity, for four hours)
directly onto TEM grids for virus enumeration (Nomizu and
Mizuike 1986). The TEM grids (copper with carbon-stabilized
formvar film) were negatively charged prior to centrifugation to
prevent clumping of viruses (Hayat and Miller 1990). Samples
from the January 1991 transect were diluted 10- to 50-fold prior to
centrifugation to achieve a workable dilution for enumeration.
After centrifugation, the grids were stained with uranyl acetate
(0.5 percent final concentration) and rinsed with Milli-Q water.
Viruses were counted using TEM at 40,000 x magnification (Hita-
chi H-500) (figure 1). Samples for bacteria counts (2-10 mil-
liliters) were stained with 4,6 diamidino-2-phenylindole (DAPI,
1 microgram per milliliter final concentration) and enumerated
using an Olympus BH-2 microscope with an epifluorescence
attachment (Porter and Feig 1980).

A seasonal variation of over one order of magnitude was
found in virus abundance (see table). January virus abundanc-
es (1.2-5.4 x 106 milliliter- 1 ) were significantly greater (T-test; p <
0.001) than August virus abundances (0.67-4.9 x 10 1 milliliter-').

The depth distribution of viruses from the August 1991 cruise
(figure 2) showed only minor variations with depth or latitude.
This is in spite of the strong thermocline present at approximat-
ely 100 meters (temperature profiles not shown).

Virus abundance correlated well with bacteria abundance

Figure 1. (A) Tailed bacteriophage (Bradley group A)from a surface sample collected 1 January 1991; (B)Two viruses on a diatom frustule from
a surface sample collected 19 August 1991. Scale bar 200 nanometers.
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Figure 2. Depth profiles of virus abundance in samples collected
with Nlskin bottles on 19 August 1991: Station 1(u) 60'40' S 64'48'
W; Station 2 ( ) 6205' S 6408'W; Station 3(0) 6259' S 64'35' W;
and on 20 August 1991 Station 4 (•) 6400' S 64'48' W; and Station
5 (X) 64'50' S 64'05' W.

during the August 1991 transect (0.875; Spearman rank correla-
tion coefficient) but not during the January transect (0.100). This
may have been fortuitous; the samples were stored at 4 'C for 9-
17 months prior to counting, and it has since been shown that
long-term storage of formalin-fixed samples results in under-
estimation (39 percent on average) of bacteria abundance (Tur-
ley and Hughes 1992). Whether these correlations are real need
to be addressed by examing freshly collected samples.

Virus abundances in the southern ocean during the austral
summer are comparable to those reported for samples from low-
er latitudes (Bergh et al. 1989; Proctor and Fuhrman 1990; Paul et
al. 1991; Heldal and Bratbak 1991). The austral winter values,
while significantly lower, are similar to those found in the Barents
Sea in January (Bergh et al. 1989). Since virus decay rates can be
high (Heldal and Bratbak 1991), the presence of viruses in the
water column during the winter suggests that virus production
occurs during this period as well as in the more productive
summer season. Alternatively, virus degradation may be lower
during the winter which would result in the persistence of
residual viruses produced during the previous summer.

We thank W. P. Cochlan and G. G. Kennedy for TEM advice.
This research was supported by National Science Foundation
grants DPP 89-17016 and DPP 89-16524.

List of Field Personnel

Name	 Deployment dates

Azam, Farooq	13 Nov 90-6 Jan 91
Hollibaugh, James T.	28 Sep 90-13 Dec 90
Smith, David C.	13 Nov 90-6 Jan91
Steward, Grieg F.	13 Nov 90-20 Jan 91

Bacteria and virus abundances in surface samples from the Drake
Passage collected 1-2 January 1991 and 23-26 August 1991

Date	Location	Bacteria	Virus
(x10 5 m1 1 )	(x105 m11

1 Jan 91
	

60'28' S
	

2.82	54.1
63' 07'W
59' 41'S
	

2.22	24.6
63'22'W
59' 17'S
	

1.03	12.0
63 22'W

2 Jan 91	58' 44'S
	

1.83	41.6
63' 42'W
57 59'S
	

1.94	41.7
63' 59'W
56' 08'S
	

1.11	39.4
64' 38'W
55' 27'S
	

1.53	35.6
64' 46'W
54' 56'S
	

2.66	17.3
64' 55'W
54' 26'S
	

6.45	12.5
65' 20'W

23 Aug 91	64' 53'S
	

0.41	2.32
64' 25'W

24 Aug 91
	

62' 52'S
	

0.39	4.90
64' 54'W
62' 06'S
	

0.23	0.67
64' 59'W
60' 00' S
	

0.34	2.60
65' 05'W

25 Aug 91
	

58' 13'S
	

0.23	1.01
65' 02'W
56' 13'S
	

0.27	2.22
64' 59'W

26 Aug 91
	

53' 51'S
	

0.28	2.22
66' 35'W
52' 58'S
	

1.87	4.77
70 30'W
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Measurement of bacterioplankton
production in antarctic coastal

waters: Comparison of thymidine and
L-leucine methods and verification of
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Bacterioplankton are important components of marine pe-
lagic ecosystems (Azam et al. 1983) and bacterioplankton pro-
duction is an important sink for organic material in most of the
ecosystems studied to date (Cole et al. 1988). Recently, questions
have been raised about the quantitative significance of
bacterioplankton production in carbon fluxes in polar waters
(Pomeroy and Deibel 1986; Pomeroy et al. 1991; Huntley et al.
1991). To investigate the significance of, and factors controlling,
bacterioplankton production in antarctic coastal waters, we mea-
sured bacterioplankton production using the 3H thymidine
(Fuhrman and Azam 1982) and 3H L-leucine methods (Kirchman
et al. 1985; Simon and Azam 1989). In view of the potential for
metabolism of exogenous thymidine to complicate interpreta-
tion of incorporation data (Hollibaugh 1988), we performed
experiments to verify the expected macromolecular labeling
patterns. The results of those experiments, and a comparison of
bacterial carbon production estimates calculated from thymi-
dine and L-leucine incorporation rates are presented.

Experiments were performed with surface water collected at
a station in the vicinity of Spume Island, about 3 kilometers from

Palmer Station, Antarctica (64'48' S 64'06' W). This area was
sampled from 15 October 1990 through 15 January 1991. An-
other sample was collected in the vicinity (64' 50.2' S 64' 57W
on 20 August 1991. Near-surface water was collected in clean
glass or plastic containers and immediately returned to the
laboratory where it was held in a dark incubator at -1.0'C.

Routine incorporation-rate measurements were begun by
adding methyl-[3H]-thymidine (TdR, 81.0 uCi/nmol) or L-4,5-
['H]-leucine (L-leu, 53 uCinmol) to triplicate 10.0 mL samples
contained in sterile polystyrene culture tubes to final concentra-
tions of 10 nanomoles. A subsample [5.0 mL] was removed from
each tube immediately and filtered through 0.45 micrometers
pore size Millipore filters (HAMF) as a blank. Filters were rinsed
with seawater with chilled 5 percent (w/v) trichioroacetic acid
(TCA). The remaining sample was incubated at -1.0 C for 6-8
hours (time courses were linear over this interval) then filtered
through HAMF. Filters were placed in scintillation vials, dis-
solved with ethyl acetate, and radioassayed using an LKB
Rackbeta Model 1217 liquid scintillation spectrometer with
Aquasol II as the scintillation cocktail. Incorporation rates were
converted to bacterial biomass production rates using the factors
given in Fuhrman and Azam (1982), Lee and Fuhrman (1987),
and Simon and Azam (1989).
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Comparison of bacterioplankton productivity measurements bas-
ed on methyl-[3H]-thymidine incorporation vs. productivity mea-
sured in the same sample by L-4,5-[3 H]-leucine incorporation. The
model 1 least squares linear regression line for the data and 95
percent confidence belts are also shown.
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We examined the distribution in macromolecules of the in-
corporated 3H in an experiment on 5 November 1990. Macromo-
lecular fractionations were performed by acid-base hydrolysis
of samples collected on 0.2 micrometer pore-size Nuclepore
filters (NF) as described in Hollibaugh (1988). We also examined
the size fractionation of incorporation by comparing the amount
of label retained by 0.2 vs. 1.0 micrometer pore size Nuclepore
filters.

The figure shows that most (92 percent) of the 3H from TdR
was incorporated into the DNA fraction, while most (88 percent)
of the 3H from L-leu was incorporated into the protein fraction.
We obtained small, negative values of 3H incorporated into the
RNA fraction with both substrates. Since the amount of 3H in the
RNA (and DNA) fractions are calculated by subtraction, these
values can be negative. We calculate that at least 78 percent of the
3H from TdR was incorporated into DNA and that at least 88
percent of 3H from L-leu was incorporated into protein.

Only a small fraction of the TdR and L-leu 3H incorporation
(3 and 11 percent, respectively) was associated with particles
retained by 1.0 micrometer pore-size Nuclepore filters. Hence,
TdR and L-leu were incorporated primarily by free-living bac-
terioplankton rather than bacteria attached to particles or by
eukaryotic microorganisms. The chlorophyll concentration in
this sample was 0.5 micrograms per liter and bacterial abun-
dance wa 0.3 x 106 cells per milliliter.

Bacterial carbon production calculated from TdR incorpora-
tion agreed well with bacterial carbon production calculated
from L-leu incorporation over a large range (0.1 to 5.1 or 0.1 to
4.7 micrograms of carbon per liter per day, TdR and L-leu,
respectively, figure 1). The slope and intercept of the regression
line are not significantly different from 1 and 0, respectively
(Student's t-test, p<.0001).

The results of this study indicate that either TdR of L-leu may
be used to estimate bacterioplankton production reliably in
antarctic coastal waters. However, there are advantages to using
L-leu in waters of extremely low bacterioplankton productivity.
L-leu is available at higher specific activities and more L-leu is
incorporated per unit of bacterial carbon production, thus the
detection limit for bacterioplankton productivity is lower with
L-leu than with TdR.

Results similar to ours were reported by Bjornsen and
Kuparinen (1991) for bacterioplankton populations from the
Weddell Sea/Scotia Sea confluence. It is noteworthy that some
of the experiments that lead to the widespread use of TdR for
estimating bacterioplankton production were conducted in ant-
arctic waters (Fuhrman and Azam 1980). Confirmation that the
TdR method is reliable in antarctic waters, despite recent reports
to the contrary (Karl et al. 1991), suggests that the extensive

Research on Antarctic Coastal Ecosystem Rates Program Td
incorporation data set (Karl et al. 1991) can now be interpreted in
terms of bacterioplankton production.

This research was supported by National Science Foundation
grants DPP 89-16524 and DPP 89-17016.
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Chemical ecology of the antarctic
spongivorous sea star Perknaster

fuscus
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The antarctic sea star Perknasterfuscus ( figure 1) is abundant in
the shallow continental-shelf waters of Antarctica (Clark 1962,
1963). In McMurdo Sound, P.fuscus is common below the zone of
ice scour and anchor ice (33 meters), where it preys on sponges
(Dayton et al. 1974). As a juvenile P.frscus consumes a variety
of sponges, including Tetilla leptoderma, Haliclona dancoi, Poly-
mast ía invaginata, Kirkpatrickia variolosa—and primarily, the slimy
sponge Mycale acerata (Dayton et al. 1974). As an adult, spong-
ivory becomes even more specialized with 95 percent of its
dietary energy intake attributable to M.acerata (Dayton et al.
1974). This specialized feeding behavior has a significant im-
pact on the benthic community structure, since the feeding ac-
tivities of P.fuscus complement those of another sea star (Acodo-
naster conspicuus) in regulating the abundance of M.acerata, a
rapidly growing and potentially benthos-dominating sponge
(Dayton et al. 1974). Thus, factors such as chemical defense, which
may determine the abundance of P.frscus, are important in indi-
rectly mediating the structure of sponge populations.

Although antarctic sea stars are consumed by benthic inverte-
brate predators (e.g., the sea star Odontaster validus feeding on the
sea star Acodonaster conspicuus, and the sea anemone Llrticinopsis
antarcticus feeding on the sea stars O.validus and A.conspicuus), no
observations of predation on P.fuscus have been made (Dayton et
al. 1974; Dearborn 1977; McClintock et al. personal observation).

During the austral spring and summer of 1989, collections of
P.fuscus were made to test the hypothesis that the body-wall
tissues are chemically defended. Body-wall tissues were dis-
sected and homogenized in an equal volume of cold seawater.
Following filtration, the aqueous homogenate was diluted with
seawater, and four concentrations were tested for cytotoxicity,
using the mature gametes of the antarctic sea urchin Sterechinus
neumayeri (McClintock et al. 1990, 1991; Heine et al. 1991). The
body wall homogenate was found to be toxic to sea urchin sperm
at a concentration of 3 percent. No cytotoxity was detected at
concentrations of 0.003,0.03, or 0.3 percent aqueous homogenate
or in response to controls (seawater alone). The body wall
homogenate was also tested for its ability to inhibit righting
behavior in the antarctic sea star O.validus. Individuals placed
into finger bowls with seawater containing a 10 percent concen-
tration of body wall homogenate required significantly longer (P

0.01; Students-t-test) to right themselves than individuals placed
in seawater alone (mean of 44 minutes vs. 20). This reduction in

Figure 1. In situ photograph of the antarctic sea star Perknaster fus-
cus taken at a depth of 30 meters in McMurdo Sound. Arm radius Is
approximately 8 centimeters.

the ability to right is indicative of physiological stress (Watts and
Lawrence 1990).

Feeding deterrence was indirectly evaluated using aqueous
body wall homogenates of P.fuscus exposed to the terminal
sensory tube feet of antarctic sea stars (McClintock et al. 1990,
1992). Extracts released across the sensory tube feet of the sea
stars O.validus, O.meridionalis,A .conspicuus, and Diplasterias brucei
all caused significant sustained tube-feet retraction responses
when compared with seawater controls (figure 2). With the
exception of A.conspicuus, all sea stars also showed consistent arm
retraction in response to homogenates. These results suggest that
a chemical irritant is present in the body wall and may also
incidate that the body wall is noxious to potential predators.

• Tube-feet
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Figure 2. Tube-feet and arm-retraction responses of four species of
antarctic sea stars exposed to crude whole extracts of body wall
tissues of Perknaster fuscus. Each bar represents the percent of
individuals showing a retraction response among ten trials. No
response was elicited by the release of sea water across the tube feet
In any of the sea stars.

1992 REVIEW	 129



	

6	4
HO.

8'0iN}j	

NH

	

"HO	13
11

H

Figure 3. The chemical compound fuscusine, a tetrahydroisoquino-
line alkaloid isolated from the body wall tissues of Perknaster fuscus
(from Kong, Harper, and Faulkner 1992).

Body-wall tissues of P.fuscus were placed in ethanol and
shipped to the natural products laboratory of Dr. John Faulkner
at Scripps Institute of Oceanography, La Jolla, California. Bioas-
say-directed fractionations of the ethanolic body-wall extract
resulted in the-isolation of a novel tetrahydroisoquinoline alka-
loid (figure 3), which was named fuscusine (Kong, Harper, and
Faulkner 1992). This is only the second isoquinolme alkaloid
ever to be isolated from a marine invertebrate. These com-
pounds had previously been isolated only from plant tissues
(Pathirana and Anderson 1986). The benzyltetrahydro-
isoquinoline alkaloid, imbricatine, was isolated from the sea star
Dermasterias imbricata from the west coast of North America and
causes an escape response in sea anemones (Pathirana and
Anderson 1986; Burgoyne etal. 1990). Fuscusine, which is prob-
ably produced de novo (Faulkner personal communication), is
likely to be responsible for the bioactivity detected in antarctic
bioassay organisms. Future bioassays conducted with purified
compound will provide an assessment of this hypothesis.

We thank Fanhua Kong, Mary Kay Harper, and John Faulk-
ner for providing information regarding the chemical analysis of
the body-wall tissues and Scott Duncan for assisting with the
bioassays at McMurdo Station. This research would not have
been possible without the support of the Antarctic Services of

ITT, the Antarctic Support Services of the National Science
Foundation, and the U.S. Naval Antarctic Support Force. This
work was supported by National Science Foundation grants
DPP 88-15959 and DPP 91-18864.
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Figure 1. Vertical distribution of fluorescence along: (a) 7630' S in
1990; (b)76'30' Sin 1992; and (c)7230' Sin 1992.

ANN R. CLOSE

Bermuda Biological Station
Ferry Reach, Bermuda GE-61

As a part of a coordinated, interdisciplinary study of the
production of biogenic material in the surface layer, its flux and
remineralization through the water column, and its accumula-
tion in the sediments, we measured the distribution, primary
productivity, and new production of the phytoplankton assem-
blage in the western Ross Sea during February 1992. Substantial
deposits of sediments occur in the region, and vertical flux rates
of biogenic material are substantial (DeMaster et al. in press).
Furthermore, the southernmost portion of the region has been
shown to be an area of elevated, persistent phytoplankton accu-
mulations (Smith and Sakshaug 1990).

To test if the gradients in sediment accumulation were a
function of the surface productivity, we intensively sampled the
upper 150 meters of the western Ross Sea in two separate years
(1990 and 1992). The direct sampling was augmented by the
mooring of time-series sediment traps and measurements of
biogenic matter regeneration both within the water column and
in the sediments (DeMaster et al. in press). Hence the two cruises
collected data in two separate years, which allowed us some
insight into the potential for interannual variability. We recog-
nize, however, that the small difference in sampling periods (ap-
proximately three weeks) may have substantial impacts on actual
interannual variations and that further time-series measurements
are necessary to clearly define the magnitude of in situ variations.

In 1990 we found substantial accumulations of chlorophyll at
our southernmost transect (76 30' 5) with maximum concentra-
tions reaching 10 micrograms per liter (figure la). Chlorophyll
levels were substantially less at the northern transect (72 30' 5)
with maximum concentrations reaching only 1.5 micrograms per
liter. In 1992 chlorophyll concentrations were less within both of
these transects (figure lb,c), with the greatest difference being
observed within the southern transect. Maximum observed con-
centrations in the southern and northern transects were 4.0 and
2.4 micrograms per liter, respectively. In 1990 we found large
concentrations of Phaeocystis pouchetii, particularly in the west-
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Figure 2. Vertical distribution of density (expressed as sigma-t)
along 7630' S in 1990 (a) and 1992 (b).

em portions of the southern transect, but in 1992 similar large
accumulations were not observed. Diatoms of the genus Nitzschia
were very abundant in the eastern portions of the southern
transect, and the same species were also observed to occur in
1992. The extent to which these differences are repeated each year
is presently unknown.

Phytoplankton abundances, particularly near the ice edge, are
often controlled by stratification (Smith and Sakshaug 1990), as
has been found previously for the region at 76 30' S (Smith and
Nelson 1985). The density distribution in 1990 was not noticeably
different from that in 1992 (figure 2a,b), which suggests that loss
processes or temporal differences in production may have been
responsible for the differences between standing stocks for the
two years. Sediment trap data from 1992 are presently being
analyzed to test the differences in loss processes from the surface
layer to subeuphotic depths.
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Spatial and temporal variability within the Ross Sea were
clearly documented, but it remains uncertain what processes are
important in the control of this distribution. We are currently
investigating the factors controlling interannual differences in
the Ross Sea, and determining the primary causes of the observed
north-south gradient in phytoplankton biomass. We will be
analyzing our data to quantify the importance of loss processes,
surface layer regeneration, and variations in productivity to
assess the observed spatial and temporal trends in biogenic
matter in the western Ross Sea.

This research was supported by National Science Foundation
grant DPP 88-17070.
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Feeding rates of temperate and
antarctic sea-star larvae: A viscosity

effect?
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Larvae of temperate sea stars feed on microalgae at rates
many times those of comparable antarctic species (Pearse et al.
1991; Rivkin et al. 1991). In experiments with Asterina miniata
from Monterey Bay, California and Odontaster validus from
McMurdo Sound, Antarctica, using the same food concentra-
tion, the feeding rates of the temperate larvae were about 30
times those of the polar larvae. The same ratio of 30:1 has been
reported for the metabolic rates of these species, as determined
by oxygen requirements in a coulometric microrespirometer
(Hoegh-Guldberg et al. 1991).

It would be easy to conclude, therefore, that the difference in
feeding rates is a metabolic rate effect, and that the difference in
metabolic rates is in turn a temperature effect. Sea temperature
is indeed the most obvious difference between the habitats of
these two species; it can be as much as 20 'C warmer in the waters
of Monterey Bay than in those of McMurdo Sound.

However, temperature exerts other effects, among the most
dramatic of which is its effect on viscosity. Indeed, few physical
properties have as extreme a temperature coefficient as does the
viscosity of ordinary liquids (Vogel 1981). Seawater at antarctic
temperatures is about 50-60 percent more viscous than seawater
in central California (see figure), and for the feeding cilia of
invertebrate larvae, operating at low Reynolds numbers, viscous
forces dominate. The viscosity of the seawater is the dominant
factor determining the flow of the fluid, the movements of the
food particles in it, and their interactions with the feeding larva
(Vogel 1981; Emlet 1991).

It is desirable, therefore, to separate the effects of temperature
and viscosity on larval feeding. In the experiments described

here, we attempted to do this by allowing larvae of Asterina
miniata to feed, at normal California sea temperatures, in seawa-
ter of artificially elevated viscosity.

As viscosity agents, we chose two organic polymers that are
widely used for this purpose that are reported to be osmotically
inert and nontoxic: methylcellulose and polyvinylpyrrolidone.
The concentration of each agent in seawater of ambient tempera-
ture was adjusted to yield a viscosity equivalent to that of seawa-
ter at 0 'C, as determined empirically in an Ostwald viscometer.
Bipinnaria larvae kept in seawater solutions of both agents for
five days appeared to remain healthy and to behave normally
throughout the test period. For the experiments, larvae were
acclimated at elevated viscosity for several hours before being fed
for three hours on algal cells.

The results of both viscosity agents were similar (see table).
Larvae of Asterina miniata feeding at an elevated viscosity equi-
valent to that of the Antarctic, but at normal California sea
temperature, demonstrated sharply decreased feeding rates.
Indeed, their feeding was reduced to levels in the same range as
the feeding rates of antarctic sea-star larvae (Odontaster validus)
feeding at polar temperature and viscosity.

These results suggest that viscosity alone could account for
the feeding rate differences between antarctic and temperate sea-
star larvae. Furthermore, if the effect of temperature is exerted
solely through viscosity in a purely mechanical way, then feeding
rate is not at all a function of a temperature-dependent metabolic
rate. [Hoegh-Guldberg et al. (1991) have already proposed that
the metabolic rate differences involve more than temperature]
Could it be that, under strong selective pressure on antarctic
larvae to achieve maximal feeding rates in these oligotrophic
waters (Rivkin 1991), their feeding has become nearly or entirely
temperature-independent, metabolically, but has been unable to
overcome the limits imposed by the viscosity of near-freezing
seawater?

It would be premature to adopt this conclusion, for several
reasons. Solutions of these organic polymers are non-Newtonian
fluids, and their viscosity may not be entirely comparable to low-
temperature viscosity. Some other quality of the viscosity agents
may have contributed to the decrease in feeding. Moreover,
although the larvae of Asterina miniata and Odontaster validus
appear extremely similar, it is not unlikely that the latter
have, after all, evolved features that partially compensate for
the higher viscosity of antarctic waters, for example, in the
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Effective viscosity and feeding rate*

Odontaster validus
McMurdo Sound, Antarctica, -1 to 0 C

Normal viscosity	 0.48 ± 0.12
Normal viscosity	 0.36 ± 0.11
Normal viscosity	 0.37 ± 0.05

*Clearance rates were estimated by feeding the larvae on algal
cells(Dunaiieiia tertiolecta, approximately 10,000 cells per mililiter)
labeled with carbon-14 and determining the amount of label in the
larvae and the food. The larval label represents food ingested and
assimilated over the course of the feeding experiment (three hours
for A. minlata, two replicate bottles of larvae for each value; six
hours for 0. valldus, four replicates per value).

Feeding rate
as clearance rate: Ill/larva/hr
(mean ± standard deviation)

Asterina miniata
Monterey Bay, California, 15 to 17 C

Normal viscosity	 14.69 ± 0.57
Elevated viscosity: 0.25% Methylcellulose	0.23 ± 0.03

Normal viscosity	 15.56 ± 0.030
Elevated viscosity: 0.24% Polyvinylpyrrolidone 0.83 ± 0.04

LI viscosity	time

Decrease in viscosity of seawater with increasing temperature.
Left Y-axis, viscosity (data mostly from Vogel 1981). Right V-axis,
empirical calibration of Ostwald viscometer for seawater at 0 C
and ambient temperature (15-16 S C). The time in seconds for a
given volume of liquid to drain through the narrow glass bore of
the viscometer Is proportional to the viscosity. The concentration
of a seawater solution of each viscosity agent at ambient
temperature was adjusted until the time matched the value for
seawater at 0 C.

details of body shape and ciliary placement or dimensions (Vog-
el 1981; Emlet 1991). If so, the difference in feeding rate may be
the result of a combination of metabolic and viscous effects. It will
take more work to evaluate the relative importance of each, but
viscosity will likely prove a major force in the biology of polar
larvae.

This research was supported by National Science Foundation
grants DPP 88-18354 and 88-20132 to J . S. Pearse and R. B. Riv-
kin, respectively. We thank R. B. Emlet for helpful discussions

and for recommending our use of polyvinylpyrrolidone, D. E.
Gustafson, Jr., and the staff of Antarctic Research Associates for
assistance and logistical support at McMurdo, and L. V. Basch
and the staff of the Joseph M. Long Marine Laboratory of the
University of California, Santa Cruz, for assistance and logistical
support at Santa Cruz.
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During the 1986-1987 austral summer, live scallop (Adam-
ussium colbecki) were collected with SCUBA from Explorers Cove
in west McMurdo Sound, Antarctica. The ecology of this scallop
population (Stockton 1984; Berkman 1988,1990,1991; Berkman
etal. 1991) along with its epizooic foraminifera (Mullineaux and

DeLaca 1984; Alexander and DeLaca 1987) have been discussed
previously. The purpose of this study is to describe the epizooic
association between the calcareous foraminifera Cibicides
refulgens the tanaid crustacean Notoanais antarcticus, and the
arenaceous tube-building polychaete Leaena sp. on live A. colbecki
shells (figure 1).

Thirteen live antarctic scallop shells (85 ± 5 millimeters in
shell height) with Leaena sp. tubes were used in this study.
Immediately after the scallop collections, photographs of the
polychaete tubes were taken that would be digitized to calculate
polychaete-tube surface areas using image analysis software
(Jandel Scientific). Dry weights of the polychaete tubes were
determined with a Mettler balance. After being weighed, the
C.refulgens and N.antarcticus from each polychaete tube were
counted using a dissecting scope.

Not surprisingly, there was a significant relationship between
the area and weight of each polychaete tube (figure 2a). Despite
the limited sample size, there also was a significant increase in the
number of C.refulgens in the heavier polychaete tubes (figure 2b).
Some of these foraminifera may have been dislodged from the
scallop shells (Cruet 1984) and then incorporated directly into the
polychaete tubes. This suggestion is complemented by the ab-
sence of foraminifera on scallop shell surfaces near the anterior
opening and underneath the polychaete tubes.

00	2.00	3.00	4.00
11	 0LYCHAE1E TUBE WEIGHT (g)

Figure 1. The arenaceous tube of the terebellid poiychaete Leaena
sp. on the upper valve of the scallop Adamusslum colbecki at
Explorers Cove, Antarctica. The calcareous foraminifera Cibicides
refulgens can be seen on the scallop shell surface as well as In the
polychaete tube matrix. The outlines of epizooic Leaena sp. that
previously inhabited the shell are reflected bythe clean shell surfaces
adjacent to the existing polychaete tube. Scale bar is two centimeters.

Figure 2. Epizooic species interactions with Leaena sp. tubes on
shells of the Antarctic scallop Adamussium colbecki. (a) Linear
regression between the area and weight of the polychaete tubes:
r=0.93, pc 0.01. (b) Linear regression between the number of Ciblcldes
refulgens and the weight of the polychaete tubes in which they were
found:r= 0.58, p<0.05. (C) Linear regression between the number of
Nototanais antarcticus and the weight of the polychaete tubes in
which they were found:r=0.41, N.S.
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Terebellid polychaetes are known to abandon their tubes
Fauchald and Jumars 1979) and the abundance of N. antarcticus
figure 2c) indicates that the Leaena sp. tubes became a common
iabitat for these tanaids. However, there is no clear indication of
he time interval between polychaete-tube abandonment and re-
)Ccupatlofl. The trend of higher N.antarcticus abundances in the
maller tubes (figure 2c), although not significant, may reflect a
:ompetitive interaction with the Leaena sp. for the tube habitat.
Mtematively, the larger tubes may be less optimal habitats for the
anaid crustaceans.

This study provides a preliminary description of the interac-
ions between epizooic species from three invertebrate phyla
that co-occur on the same live animal habitat in an antarctic
rtearshore marine environment. Temporal variations within
these epizooic assemblages are being analyzed in relation to
the continuous growth of their substrates (Berkman 1992).
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Spatial variability in dimethyl sulfide
concentrations in the Ross Sea,

February 1992

GIAcoMo R. DITuLLI0 AND WALKER 0. SMITH, JR.

Graduate Program in Ecology
University of Tennessee

Knoxville, Tennessee 37996

Dimethyl sulfide (DMS) is a volatile biogenic gas that is
involved in regulating the Earth's radiative balance and hence
climate (Charison et al. 1987). It has been suggested that up to 10
percent of the total global flux of DMS to the atmosphere may
emanate from antarctic waters (Gibson et al. 1990). During a
nu1tidisciplinary study in the Ross Sea (February 1992), we
neasured oceanic DMS concentrations along three transects. Gas
chromatographic separation and flame photometric detection

f
ollowing cryogenic trapping was performed in a system similar
o one described by Cutter and Krahforst (1988). We report here
e DMS and chlorophylla (chl-a) concentrations from four rep-

esentative stations along the three transects in the Ross Sea. The
tation locations were: 76' 323 S 167'23' E (Station 1); 75' 00'S
73' 20'W (Station 2); 72' 27S172' 28'E (Station 3); 72'29'S 179' 49'
(Station 4).
The DMS concentration at each of the four stations was unique
that each station had a significantly different (P less than 0.05)

integral average concentration than the other stations. The sta-
tions on the southernmost transect (along 76' 5) revealed the

highest DMS concentrations. For instance, Station 1 had an inte-
gral average DMS concentration of 34.4 nanomolar in the upper
150 meters (figure 1). The profile of chl-a biomass was similar to
the DMS profile at this station (figure 1) and the DMS chl-a
integral average (by weight) was the highest (4.22) of the four
stations studied. In contrast, the northernmost stations (along 72'
S) had significantly lower DMS concentrations than the stations
along the southern transect. For example, the integral average
DMS concentration at stations 3 and 4 were 2.21 nanomolar and
0.27 nanomolar, respectively (figure 2). The western end of the
northern transect (Station 3) had a significantly higher (P less than
0.05) integral average chl-a concentrations (1.13 micrograms per
liter) than the eastern end of the N-transect (Station 4) (0.17
micrograms per liter). The DMS chl-a integral averages at Station
3(0.135 microgram per liter) and Station 4(0.096 micrograms per
liter) were similar but significantly lower (P less than 0.05) than
the ratio measured for either Station 1 (4.22 micrograms per liter)
or Station 2(2.43 micrograms per liter). We measured an integral
average DMS:chl-a ratio of 2.43 micrograms per liter along the
middle transect (Station 2).

Although phytoplankton production of dimethylsulfoniopro-
pionate (DSMP) is the biological precursor of DMS, there does not
appear to be any simple relationship between phytoplankton
biomass (chi-a) and DMS production (Andreae and Raemdonck
1983; Barnard et al. 1984; Holligan et al. 1987). The probable
reason no significant correlation has been found between these
two parameters is that various phytoplankton species produce
significantly different amounts of DMSP depending on their
taxonomic classification (Keller et al. 1989). Prymnesiophytes
have one of the highest DMSP production rates per unit cell
volume (Keller et al. 1989). For instance, a bloom of Phaeocystis
pouchetii in antarctic coastal waters (Davis Station) was reported
with an associated maximum DMS concentration of 290 nanomolar
(Gibson et al. 1989). In addition, they observed a significant
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Figure 1. Dimethyl sulfide and chlorophyll a concentrations in the	Figure 2. Dimethyl sulfide and chlorophyll a concentrations on the
Ross Sea, Antarctica, at Station 1 (top, 76 32.5' S 16T23' E) and	Ross Sea, Antarctica, at Station 3 (top, 7227' S 17228' E) and Sta-
Station 2 (bottom, 75°00' S 1732O' W).	 tion 4 (bottom, 72 29' S 179 49' E).

correlation between the DMS concentration and Phaeostis cell	involve DMSP/DMS production and microbial DMS consump-
numbers.	 tion. Although it appears that DMSP production rates are related to

The DMS oceanic concentration is dependent on both physical	specific phytoplankton classes, DMS production rates are appar-!
and biological factors. Important physical factors controlling oce-	ently associated with grazing processes (Dacey and Wakeham
anic DMS concentrations include advective-diffusive processes	1986). Microbial consumption of DMS is also an important factorl
and the sea-to-air gas-transfer velocity. The main biological factors	controlling the oceanic DMS concentration (Kiene and Bates 199O).
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We are currently analyzing the phytoplankton species compo-
sition (by both high-performance liquid chromotography pig-
ment analysis and microscopy) to determine whether floristic
changes in phytoplankton species composition is responsible for
the observed spatial variability in oceanic DMS concentrations or
if other biological/ physical factors are important.

This research was supported by National Science Foundation
grant DPP 88-17070.
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Summary of WinCruise IV to the
Antarctic Peninsula during

September 1991

LANGDON B. QUETIN, ROBIN M. Ross, THOMAS K. FRAZER, AND
THOMAS MOYLAN

Marine Science Institute
University of California, Santa Barbara

Santa Barbara, California 93106

Observations that antarctic krill are concentrated in areas of
strong, seasonal changes in pack ice extent have led many
investigators to postulate a coupling between annual pack ice
and krill populations that is due to associated food sources
(Laws 1985; Quetin and Ross 1991). Sea ice provides a habitat in
which plants and animals can live and grow, and melting sea ice
inthe spring promotes stability in the water column, favoring ice
algal blooms. Larval krill observations on the underside of sea
ice during winter and spring have led many investigators to
hypothesize that ice biota are an important nutritional source for
larval krill during winter, yet quantification of the role of ice
biota in the winter survival of larval krill is still lacking. Differ-
ences in physiological condition of larval krill resulting in win-
ters of very difficult ice cover suggest that sea ice biota may be
critical to winter survival of larval krill (Ross and Quetin 1991).
We also know that food levels in the water column are low for the
6 months of low light and that larval krill cannot tolerate com-
plete starvation (Elias 1990). The primary objective of WinCruise
IV was to compare the physiology and abundance of larval krill
collected from open water and from beneath sea ice to quantify
the role of ice biota and recruitment of larval krill.

The R/V Polar Duke sailed from Punta Arenas, Chile with
eight scientists, including six SCUBA divers, from the Marine
Science Institute, University of California at Santa Barbara. The
cruise dates were from 2 September to 6 October 1991. Stations
were sampled from 13 September to 29 September along a trans-

ect line perpendicular to the pack ice edge northwest of Adel-
aide Island and proceeding from open water to a point as deep
in the pack ice as possible (figure 1). Twenty-two stations were
occupied, and four stations revisited toward the end of the
cruise (see table).

Antarctic krill were sampled by three techniques: Krill were
sampled quantitatively with a 2-meter square trawl towed ob-
liquely to 300 meters in both open water and light pack ice, and
with a 60-centimeter diameter Bongo net towed vertically to 300-
meters in heavy pack ice. Divers estimated krill abundance along
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Figure 1. Cruise stations (numbered) of WinCruise IV. Shaded
area Is the extent of the 9/10 to 10/10 pack ice both estimated
visually during the early part of the cruise and detected by
TeraScan imagery (downloaded by Mike Butler at Palmer Station
at 1017 on 12 September 1991). Long dash marks are 100-fathom
contours; short dash marks are 1000-fathom contours (taken
from chart no. 3200, Falkland islands to Graham Land, British
Hydrographic Office).
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Figure 2. Tom Frazer recording numbers of krill (Euphausla su-
perba) during a dive transect at station 21.

30-meter visual transects on the underside of pack ice and then
collected live krill with aquarium nets (figure 2). Forty-three net
tows and 29 dives were completed along the transect. Krill from
these collections were preserved for later description of the
population; and frozen for later analysis of chemical composi-
tion, elemental analysis (carbon and nitrogen) and stable carbon
and nitrogen isotopic composition. Some krill were kept alive
and used in experiments on board to determine growth and
ingestion rates.

We collected water samples at 15 stations for analysis of:
(a) chlorophyll a, from 0 to 100 meters depth at 20-meter interv-
als and filtered by three different methods, (b) carbon to chloro-
phyll a ratios, from 0 to 60 meters at 20-meter intervals, and (c)
salinity at 0, 50, and 100 meters. Ice algae samples were also
collected for chlorophyll a determination. The vertical water
temperature distribution was measured at each station with
either a SeaBird conductivity-temperature-depth instrument or
an expendable bathythermograph. Krill, water samples, and ice
algae were collected for stable isotope analysis at selected sta-
tions.

During the cruise, krill were found at every station except
one. Juveniles and furcilia 6 (the last larval stage) were domi-
nant, although a few furcilia 4 and 5 were collected. Preliminary
analysis of four of the instantaneous growth rate experiments
demonstrate that krill larvae and juveniles are growing rapidly
in the spring, 7 to 14 percent of the total length per molt. Grow-
th rates of larval and juvenile krill from WinCruise N will be
compared to estimates of growth from previous cruises to the
same area.

Krill collected in 7/10 to 10/10 pack ice during the cruise were
closely associated with the underside of the ice. Preliminary
comparisons between diver transects and vertical tows with nets
suggest that nets undersample larval and juvenile krill in pack

WinCruise IV, Stations, 13 to 29 September 1991:
Station, date, location, and ice cover

Station	Date	Latitude	Longitude	ice cover

1	September 13	6504.6' S	7400.6' W	0/10
2	September 13	6508.3' S	7350.4' W	0/10
3	September 13	65'l 1.7' S	7340.0' W	0/10
4	September 13	6516.9' S	73°32.4' W	0/10
5	September 13	6520.9' S	73'23.0'W	0/10
6	September 13	65'25.9' S	7313.8' W	0/10
7	September 14	65'29.9' S	7303.7' W	0/10
8	September 14	6535.2' S	7255.5' W	0/10
9	September 14	65°39.9 S	7245.6' W	1/10
10	September 15	6542.3' S	7234.0' W	2/10
11	September 15	65'47.9' S	72'28.0'W	2/10
12	September 16	6553.3' S	72°17.8' W	3/10
13	September 16	6557.5' S	72/09.9' W	4/10
14	September 16	66°02.0' S	72/00.8' W	3/10
15	September 16	6606.8' 5	71 *53.8'W	5/10
16	September 17	6611.0' S	71'42.2'W	7/10
17	September 17	6614.8'S	7V33.0' W	8/10
18	September 18	66'19.0' S	7123.1' W	8/10
19	September 19	6623.0' S	71'15.5' W	8/10
20	September 19	66'27.4' S	71 *06.0'W	9/10
21	September 21	6631 .8' S	7055.5' W	9/10
22	September 21	66'30.2' S	7053.5' W	9/10
23	September 24	66'35.9' S	71 *05.2'W	8/10
21 *	September 24	66'35.9' S	71 *05.2'W	8/10
19* September 26	66'23.8' S	7116.8' W	8/10
17*	September 28	66°15.2' S	7132.7' W	7/10
6*	September 29	6625.3' S	7316.4' W	1/10

* Indicates stations revisited at end of cruise.

ice. In overrafted pack ice characteristic of the west side of the
Antarctic Peninsula, diving remains the best and most informa-
tive method for observing, quantifying, and collecting krill and
other fauna and flora.

This work was supported by National Science Foundation
grant DPP 88-20589. We gratefully acknowledge and attribute
the success of this cruise to the assistance of all cruise personnel.
Scientific participants were Nikki Adams, Tom Frazer, Karen
Haberman, Bill Halford, Tom Moylan, Langdon Quetin, Mark
Talkovic, and Vance Vredenburg.
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Egg and brain tubulins from antarctic
fishes are functionally distinct:

Support for the multitubulin
hypothesis

H. WILLIAM DETRICH III

Department of Biology
Northeastern University

Boston, Massachusetts 02115

As the southern ocean began to cool approximately 40 million
rears ago, the coastal fishes of the antarctic diverged from

temperate fishes (DeWitt 1971) and began to evolve the cellular
And molecular adaptations that maintain metabolic efficiency at
low temperature. Recent work from my laboratory has focused
on the molecular adaptations that enable the tubulin alpha-beta
dimers of antarctic fishes to form microtubules at the chronically
low body temperatures (-1.9 to +2 'C) now experienced by these
psychrophiles (Detrich and Overton 1986; Williams and Detrich
1986; Detrich, Prasad, and Luduena 1987; Detrich, Johnson, and
Marchese-Ragona 1989; Detrich et al. 1990; and Skoufias, Wil-
on, and Detrich 1992). In addition, we have examined the

functional and structural properties of tubulins purified from
two distinct cell populations (eggs and neural tissues) of the
Antarctic fishes (Detrich et al. 1992). In this report, I review the
evidence that demonstrates that brain and egg tubulins are
functionally distinct in vitro.

Cytoplasmic microtubules are filamentous components of
the eukaryotic cytoskeleton, and they play essential roles in
many cellular processes (e.g., mitosis, intracellular transport,
maintenence of cell shape, etc.). Their alpha- and beta-tubulin
subunits are encoded, in vertebrates, by 12-14 functional genes
(6-7 alpha and 6-7 beta), each of which yields a distinct polypep-
tide (Sullivan 1988). Differential expression and subsequent
modification of these tubulin "isotypes" give rise to heteroge-
neous, tissue-specific populations of tubulin alpha-beta dimers
(reviewed by Sullivan 1988; Joshi and Cleveland 1990; Murphy
1991). Thus, vertebrates elaborate multiple tubulins that possess
diverse physical and chemical properties.

The multitubulin hypothesis, originally presented by Stephens
(1975) and by Fulton and Simpson (1976), proposes that distinct
tubulins may possess different polymerization properties or
may contribute to formation of microtubules with different
functional characteristics. To test this hypothesis in vitro, we
compared the polymerization efficiencies of egg and brain tubu-
lins from the antarctic yellowbelly rockcod, Notothenia coriiceps
neglecta (Detrich et al. 1992).

Tubulin was prepared from eggs of N. coriiceps neglecta by
DEAE ion-exchange chromatography and two cycles of micro-
tubule assembly in vitro. As shown in figure 1, purified egg
tubulin (lane 9) contained equimolar quantities of the alpha and
beta chains and was free of nontubulin proteins. At a concentra-
tion of 0.3 milligrams per milliliter, egg tublulin polymerized
efficiently at near physiological (5 'C) and supraphysiological
(10 'C and 20 'C) temperatures (figure 2). Both the rate and the
extent of assembly increased with increasing temperature, as
expected for a nucleated, entropy-driven polymerization reac-
tion. Pure brain tubulin, by contrast, polymerized less readily at
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Figure 1. Purification of tubulin from eggs of the antarctic fish N.
corilceps neglecta. Tubulin was purified from egg extracts by
DEAE ion-exchange chromatography and two cycles of
microtubule assembly/disassembly in vitro. Protein fractions from
the purification steps were electrophoresed on a sodium dodecyl
sulfate-polyacrylamide gel, and the gel was stained with
Coomassie Brilliant Blue R-250. Lanes:1, high molecular weight
standards; 2, soluble proteins obtained by centrifugation of an
egg homogenate; 3, proteins in the flow-through fraction after
application of soluble egg proteins to a column of DEAE-Sephacel;
4, tubulin-enriched fraction relesed from the DEAE-Sephacel
column by high ionic strength buffer; 5 and 6, supernatant and
microtubule-containing pellet obtained from sample 4 after one
cycle of microtubule disassembly/assembly; 7, protein
contaminants removed by depolymerization and centrifugation
of sample 6; 8 and 9, supernatant and microtubule-containing
pellet obtained from sample 6 after second cycle of microtubule
disassembly/assembly; 10, low molecular weight standards. The
molecular weights of the standards (in thousands), the positions
of the tubulin chains (alpha and beta), and the top and dye front
(DF) of the gel are indicated on the right. Reprinted from Detrich
at al. (1992) with permission. (Copyright 1992 American Society
for Biochemistry and Molecular Biology.)

like concentrations and temperatures (Detrich, Johnson, and
Marchese-Ragona 1989). Using a quantitative sedimentation
assay, we found that the "critical" (i.e., minimal) concentrations
for assembly of egg tubulin ranged from 0.057 milligrams per
milliliter at 3 'C to 0.002 milligrams per milliliter at 18 'C,
whereas those for brain tubulin in the same temperature range
were 4-to-10-fold larger (e.g., 0.21 and 0.025 milligrams per
milliliter at 3 'C and 18 'C, respectively). Thus, the intrinsic
polymerization capacity of egg tubulin significantly exceeds

maw
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Figure 2. Egg tubulin polymerization at three temperatures. Samples
of once-cycled egg tubulin from N. corllcepsneglecta(0.3 milligrams
per milliliter in a polymerization buffer containing 8 millimolar
calcium chloride) were prepared at 0 C. Polymerization was initiated
atzerotimebyadditionot[ethylene-bls(oxyethyienenitriio)]tetraacetic
acid (EGTA;final concentration = 10 millImolar)foilowed immediately
by temperature Jumps from 0 to 5, 10, or 20 C, and microtubule
formation was monitored by turbidimetry. The development of
turbidity (change in apparent absorbance at 350 nanometers) is
plotted as a function of time after warming. Note that addition of the
antimitotic drug podophyilotoxin (PLN; final concentration = 50
micromoiar)to the 10 sample (see arrow)caused a rapid decrease
In solution turbidity, consistentwith depolymerization of microtubules
(cf. Detrich and Wilson 1983). Reprinted from Detrich et al. (1992)
with permission. (Copyright 1992 American Society for Biochemis-
try and Molecular Biology.)

that of the neural tubulin. In agreement with the multitubulin
hypothesis, we conclude that egg and brain tubulins are func-
tionally distinct in vitro (and, possibly, in vivo), due either to
differences in isotypic composition, to differential posttransla-
tional modification of shared isotypes, or to both.

I gratefully acknowledge Thomas J . Fitzgerald of St. Jude
Children's Research Hospital, Jonathan H. Dinsmore of Massa-
chusetts Institute of Technology, and Silvio P. Marchese-Ragona
of Pennsylvania State University for their participation in this
research. I also thank the captains and crew of R/V Polar Duke
and the personnel of Antarctic Support Associates for their past
support of my field research program. This research was sup-
ported by National Science Foundation grant DPP 89-19004.
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The coastal antarctic fish fauna is dominated by highly en-
demic species of the suborder Notothenioidei. These species,
with few exceptions, live demersal lifestyles as adults but de-
velop from larvae that must survive in the pelagic environment.
Dramatic seasonal variation and extreme climate of the antarctic
present challenges to the fish larvae. Cold temperatures aside,
the shortness of the summer season, when photosynthetic pro-
duction and copepod abundance peak, is probably the greatest
selective force acting on the early life-history strategies of antarc-
tic fish.

Thorson (1950) and Marshall (1953), discussing invertebrates
and fish respectively, believed that the pelagic phase would be
restricted to the summer season when prey are at maximum
concentration. As late as 1984 (Everson 1984) available data

Otolith techniques to study age
and growth of larval Notothenia
gibberifrons and Nototheniops

larsen!
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supported this hypothesis. Kock and Kellermann (1991) identify
three separate early life-history strategies, distinguished by egg
size and duration of the pelagic phase. Int two groups, adult
females produce many relatively small eggs. Larvae hatching
from these eggs may be considered as planktotrophic. Plankto-
trophic larvae are endowed with limited yolk reserves and must
fill most of their energetic and material needs through feeding
on the plankton. Larvae of these two groups hatch in spring and
summer when prey are present.

The two planktotrophic groups may be distinguished by the
duration of their pelagic development. In agreement with the
predictions of Thorson and Marshall, one group completes its
pelagic development before the onset of winter (single-season
planktotrophic larvae). These larvae are hypothesized to grow
and develop at a relatively rapid rate; they are able to achieve an
ecologically viable settlement size and development stage by the
end of the summer season. Species of the other group extend
their pelagic development over the winter months (multi-season
planktotrophic larvae). This strategy is hypothesized to grant an
extended period for growth and development which will allow
larvae to settle at a more advanced stage and at a larger, more
competitive size, or to compensate for an inability to grow and
develop to a sufficient size and stage for settlement before the
end of summer. Alternatively, a prolonged pelagic stage allows
new recruits to enter the demersal environment when interspe-
cific competition in the new habitat is lowest (Kellermann and
Schadwinkel 1991).

The third and final group produces few large, yolky eggs.
Larvae in this group may be considered lecithotrophic. Endowed
with a relatively large yolk supply, they are not as adversely
affected by fluctuations in food supply as planktotrophic larvae.
Hatch dates of these fish are largely independent of the seasonal
zooplankton production cycle.

This research focuses upon the two development strategies of
the planktotrophic larvae; single-season and multi-season pe-
lagic development. One species from both groups (each in the
family Nototheniidae) has been selected and assumed to be
typical of its group. Notothen ia gibberifrons is a species with single-
season (summer) pelagic development. Nototheniops larseni is a
species with multi-season (over-winter) pelagic development.

Samples of both species were collected from South Georgia
and the western Bransfield Strait region on three different cruises:
the U. S. Antarctic Marine Living Resources project (AMLR) '87/
'88 (South Georgia), AMLR '88/'89 (South Georgia), and the
Research on Antarctic Coastal Ecosystem Rates project '86/'87
(Bransfield Strait). Samples were collected with IKMT and Bongo
nets and preserved in alcohol.

In the lab, otolith techniques are used to help measure and
compare the parameters that are central to the adaptive strate-
gies practiced by the two groups, i.e., season and duration of the
hatch period, growth rates, and developmental rates. An otolith
is one component of the ear of a fish. Its usefulness to ecologists
lies in the concentric ring nature of its build, which can be used
much like the rings of a tree to measure the age of a fish. Also,
once the relation between otolith and fish size is known, it can be
used to determine the growth rate of an individual. The use of
otoliths is rooted in the assumption that rings are formed at a
known and constant rate. Daily ring formation in otoliths of any
species was first discovered by Pannella (1971), but today it has
been validated in few antarctic fish. White (1991) lists the three
species with daily rings currently known: Trematomus newnesi
(Radtke et al. 1989), Nototheniops nudifrons (Radtke and Hourigan
1990), and Harpagfer antarcticus (White, unpublished data).

A subsample was randomly selected from larvae collected on
each cruise. The samples were measured, their development
state assessed, and otoliths removed. The development state was
most easily characterized by observing the fins (whether they
were buds only, had incipient rays, or had formed rays, and the
count of the rays). After otoliths were removed, the majority were
prepared for light microscopy and observed at lOOx, 400x, or
1000x magnification. The images were displayed on a video
monitor where the total diameter and distance from the center to
each ring were measured (figures 1 and 2). A small group of
otoliths was observed under scanning electron microscopy
(SEM), and the same dimensions were measured. Using SEM not
only helps control for artifacts of preparation and ring-count
estimation techniques, but it is often the only way to see the

Distance from Center
(gm)

Figure 1. Profile of ring widths of a typical N. gibberifrons otoiith
from South Georgia.

ffH

100	 200

Distance from Otoiith Center
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Figure 2. Profile of ring widths averaged in 5 and 10 micrometer
bands outward from the otoiith center. These values are used to
estimate the number of rings hidden within an unreadable zone of an
individual sample which depend upon the position of the zone from
the otoiith center. SEM results were used to estimate the number of
very small rings between the first band and the otolith core, In this
case this value has been found to be9(j3, n=1 1). This profile isfrom
N. gibberifrons from South Georgia (n=23).

1992 REVIEW	 141



smallest, innermost rings. Electron and light microscopy tech-
niques give similar results, suggesting that optical and sample
preparation artifacts are not a problem.

By examining the otoliths of N.gibberfrons captured in mid-
January 1989 at South Georgia, a preliminary estimation of the
age of each individual was made. Using the average of three
independent readings of each otolith from a sample 23 fish, the
average age was found to be 71 days (±8,95 percent confidence
intervals); therefore they hatched sometime between mid-Octo-
ber and late November. By the time they were caught, they had
grown to 21.7 milimeters (± 2.8). If these fish hatched at the
smallest reported size of 8.5-11.5mm (Efremenko 1979), then
they grew at a rate of .14 to .19 milimeters per day. Loeb (1991)
reports a growth rate of .12 mm/day for N. gibberifrons from the
peninsula area.

Estimation of the ages of N.larseni captured from the same
cruise (18.8 mm±5.6 mm) must await SEM analysis to determine
the number of smallest rings adjacent to the core. However,
counts of the outer visible rings (n= 6) show that these fish are at
least 50 days old (± 14) and therefore hatched before late Novem-
ber to late December.

N.larseni develop slowly. Pelvic fin-buds have not appeared
and rays in other fins are still not fully developed nearly two
months after hatching. In comparison, at a little more than two
months from hatching, N.gibberfrons are relatively well devel-
oped and have a complete set of fully developed fins.

Description of the growth history of individual fish awaits
an understanding of the relationship between fish size and
otolith size over a range of sizes. When this is achieved, the
description of growth and development rates through different
season, stages of development, and between two different re-

gions will be possible along with a better understanding of the
two different life-history strategies.

I thank those who have assisted with this research in the field
and in the lab: B. Shepherd, D. Shafer, A. Kellermann, S.
Schadwinkel, P. Verlaan, N. Rojek, B. Moralez-Nin, R. Radtke,
and S. Kayatani. This work was supported by National Science:
Foundation grant DPP 88-16521.
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Responses of antarctic fishes to	Habitat, diet, and presence or absence of response

tactile stimuli	 to tactile stimuli in McMurdo nototheniods

Species	Habitat	Diet	Fin tact. Conjectural
response	bites

JOHN JANSSEN

Biology Department
Loyola University

Chicago, Illinios 60626

Antarctic fishes, particularly the southernmost populations,
must feed during long periods of darkness. They have no
particular visual adaptations for feeding in low light (Eastman
1988; Pankhurst and Montgomery 1989), so they must rely on
either mechanical or chemical cues to locate prey. A variety of
notothenioids respond well to hydromechanical stimuli through
lateral line (Janssen et al. 1990), and a plunderfish
(Artedidraconidae) uses its mandibular barbel as a lure (similar
to anglerfish), biting when the barbel is pinched (Janssen et al.
forthcoming). Observations presented below indicate that tac-
tile stimuli, integrated with lateral line responses, are important
to those fishes whose diet is primarily polychaetes.

In laboratory aquaria blinded Trematomus bernacchii fed on
errant polychaetes, benthic amphipods (Orchomene sp.), and
Euphausia crystallorophias showed a stereotypical response to

T. bernacchii	benthic	polychaeta	yes	yes
T. centronotus	benthic	polychaeta	yes	no
T. hansoni	benthic	polychaeta	yes	yes
T. loennbergi	benthopelagic polychaeta	yes	yes
P. borchgrevinki cryopelagic	zooplankton	no	no
T. nicolai	anchor ice	zooplankton,	no	no

fish
G. acuticeps	anchor ice	fish	yes	no

Note: Diet for each fish is the one or two most important items as
reported by Eastman.

prey touching pelvic and anal fins. The fish repositioned its head
to about above the position where the prey collided with the fin
(the fin was moved aside as the body turned). It then bit at the
hydromechanical stimuli from the prey.

To experiment with the response of the fishes listed in the
table, a "worm-shaped" piece of squid mantle or silicone rubber
attached to a thread was dragged along the bottom, so it deli-
cately contacted one of the pelvic fins. Alternatively, a piece of
squid or silicone rubber was attached to a thin wire and deli-
cately touched the anal fin. There were ten trials for each fish.
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The four polychaete eaters, T.bernacchii (n=12 individuals),
T.centronotus (n= 8), T.hansoni (n=2), and T.loennbergi (n=5), in
all trials responded to pelvic fin and anal fin stimulation by the
"worm" by repositioning their heads near the spot where the fin
had been touched (table). Subsequent movement of the worm
(now near the fish's jaw, but not touching it) elicited a biting
response to the hydromechanical stimulus. Gymnodraco (n=4)
responded to pelvic fin and anal fin stimulation by turning
toward the stimulus slowly in several stops and by shaking its
head at several, but not all of the stops. The function of the head
shake is not clear, but it may be a tactile search or attempt to
startle prey. Neither of the zooplankton eaters, P. borchgrevinki
(n=5) and T. nicolai (n=5), oriented to fin stimulation and instead
tended to flick their pelvic fins, as if irritated.

If pelvic fins of blinded T.bernacchii were touched and the
worm quickly withdrawn, the fish repositioned, waited a few
seconds, then engaged in a series of one or more "conjectural
bites," even though there was no worm present. (A "conjectural
bite" is an apparently untargeted bite at the bottom.) Polycha-
etes are cryptic because they are frequently mostly or completely
buried. Thus, a conjectural bite may be a means of capturing
hidden prey by "guessing" its location.

To determine if Pagothenia borchgrevinki and the species of
Trematomus exhibited conjectural bites with the eyes intact, ten
specimens each of T.bernacchii, T.hansoni, T.loennbergi, T.nicolai,
T.centronotus and P.borchgrevinki were given a one trial touch
with squid or silicone rubber (on wire) to the pelvic fin and
observed for conjectural bites. All individuals of the polychaete
eaters engaged in conjectural bites, with the exception of the
T.centronotus. No individual of the nonpolychaete eaters exhib-

ited conjectural bites. All individuals tested subsequently ate
pieces of squid presented to the snout.

These observations indicate that methods used by antarctic
fishes to locate prey during the antarctic night are apparently
diverse and contingent on the diet of the particular species. The
eyes of the polychaete eaters are not well positioned for observ-
ing polychaetes, and it is likely that, even in lighted conditions,
most polychaetes are detected by a combination of tactile, hy-
dromechanical, and, probably, chemical cues. A better under-
standing of the adaptiveness of the diverse behaviors will re-
quire a better understanding of habitats, winter diets, and preda-
tory behavior.

This work was supported by National Science Foundation
grant DPP 88-016775.
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Polyunsaturated fatty acids are
metabolized by both mitochondrial

and peroxisomal pathways of
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The adaptive significance of large fat stores to warm-bodied
polar animals (e.g., seals, whales, and seabirds) is relatively easy
to understand. Fatty compounds provide very significant energy
stores for metabolism and also insulate the organism from exces-
sive heat loss to the cold environment. Antarctic fishes are also
characterized by extensive body content of lipid despite being

isothermal with the water in which they live and having much
lower metabolic rates than warm-bodied organisms. For ex-
ample, fatty compounds account for 37 percent of dry weight of
skeletal muscle tissue from Pagothenia borchgrevinki and
Dissostichus mawsoni from McMurdo Sound (Lin et al. 1974).

Convincing evidence has accumulated to support the idea that
the high fat content of these pelagic species which lack
swimbladders confers buoyancy (Eastman and DeVries 1981),
but even demersal antarctic species display high lipid content
(e.g., Gobionotothen gibberfrons; Lund and Sidell 1992). These
extensive fat stores are composed predominantly of triacylglyc-
erols (Clarke etal. 1984), but are exceptionally rich in long-chain
polyunsaturated fatty acids (PUFA), which are poor substrates
for energy metabolism in other animals. In recent years, our
laboratory group has been examining the extent to which antarc-
tic fishes rely upon fatty compounds to support their energy
metabolism and the possible implications of very high lipid
content of their tissues upon other physiological processes, nota-
bly the transcellular movement of oxygen to support respiration
of the tissues.

Two subcellu!ar organelles, mitochondria and peroxisomes,
contain pathways capable of catabolic 3-oxidation of fatty acids
(Lazarow and deDuve 1976). Peroxisomes are thought to oxidize
fatty acids that are poor substrates for mitochondrial n-oxidation,
such as some PUFAs (reviewed by Osmundsen et al. 1987). Our
laboratory has shown previously that antarctic fishes have high
capacities for the oxidation of fatty fuels (Crockett and Side!!
1990) and that a significant fraction of the total neutral lipid
stores are represented by PUFA, particularly eicosapentaenoic
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Figure 1. Substrate selectivities for enzymes from mitochondrial
(CPT) and peroxisomal (ACO) 0-oxidatlon. Data are means ± SEM In
U/g wet weight (U=umoles/mln) (n=12). Letters Indicate results of
Turkey's HSD analysis. Asterisks denote those acyl C0A esters that
were synthesized by the authors. For synthesized substrates, CPT
(n=2 or n=3), ACO (n=4). (From Crockett and Sideil 1993.)

(20:5) and docosahexaenoic (22:6) acids (Lund and Sidell 1992).
Based on these observations, we reasoned that peroxisomes in
antarctic fishes may be responsible for the catabolism of PUFAs.
Alternatively, lack of significant peroxisomal 13-oxidative activity
may indicate why PUFAs are so prevalent in tissues of these
animals. If PUFAs are not easily oxidized, they may accumulate
from their dietary source.

We investigated hepatic mitochondrial and peroxisomal 1 3-
oxidation in the antarctic teleost Gobionotothen gibberfrons. We
characterized substrate preferences for 13-oxidation bymeasuring
activities of rate-limiting enzymes from mitochondrial and per-
oxisomal 13-oxidation and then determining 13-oxidation rates of
intact organelles using substrate "competition" experiments.
These experiments were designed to measure the oxidation rate
of [1-14C] palmitoyl CoA (16:0) in the presence of an unlabeled
alternative fatty acyl CoA ester. Unlabeled substrates were
competitors for 13-oxidation. The effects of unlabeled substrates
were compared to that of unlabeled palmitoyl CoA (16:0).

Our enzymatic analyses suggest that all acyl CoA esters
measured are good substrates for peroxisomal 13-oxidation, while
mitochondria show marked preference for a monounsaturated
substrate palmitoleoyl CoA (16:1) (figure 1). Acyl CoA oxidase
(ACO) and carnitine palmitoyltransferase (CPT) are indicative

of peroxisomal and mitochondrial capacities for 13-oxidation,
respectively. Activity of CPT with 16:1 is twofold higher than
activity with a saturate, palmitoyl CoA (16:0). The poiyun-
saturates linolenoyl CoA (18:3) and arachidonyl CoA (20:4)
appear to be poor substrates for mitochondrial 13-oxidation
because CPT activities with these substrates are less than 10
percent of activity with palmitoyl CoA (16:0). In contrast, ACO
activities with all polyunsaturates are greater than 50 percent
of the activity with palmitoyl CoA (16:0). Both CPT and ACO
have relatively high activities with the two most unsaturated
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Figure 2. Substrate competitions for mitochondrlal and peroxlsomal
13-oxidation, intact organelles were incubated with [1- 14C] palmltoyl
CoA and an alternative unlabeled substrate as described in text. All
data are shown relative to rate with unlabeled palmltoyl CoA as
reference. Data shown are means ± SEM (n = 4). (Adapted from
Crockett and SIdell 1993.)
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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
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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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Investigations of the adaptive role of
stomach oils in seabird reproduction
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During the 1991-1992 austral summer, we investigated the
role of stomach oil in seabird chick development. Field research
was conducted on Bird Island, South Georgia (54' 00'S 38'02'W),
in cooperation with the British Antarctic Survey. Daniel D. Roby
stayed on Bird Island from 13 January to 3 March 1992; Jan R. E.
Taylor from 13 January to 3 April; and Allen R. Place from 3
March to 3 April. Stomach oils, a complex mixture of neutral
lipids, are typical of procellariiform birds (petrels, shearwaters,
albatrosses). All procellariforms, with the exception of diving
petrels, produce stomach oils and feed them to their young. It is
known that stomach oils are not secretory products, but are
dietary in origin (Cheah and Hansen 1970; Clarke and Prince
1976; Imber 1976) and are formed in the proventriculus by a
combination of specialized gastric anatomy and physiology
(Roby et al. 1989; Place et al. 1989). The adaptive significance of
stomach oils is still a matter of conjecture (Warham 1977; Jacob
1982). The objectives of the study were (a) to determine the
relationship between stomach oil ingestion and the growth,
development, and energetics of seabird nestlings, (b) to deter-
mine the contribution of stomach oils to the overall energetic
efficiency of the parent-offspring unit, and (c) to compare, using
radio-labeled markers, the handling of dietary lipids in chicks
that are fed stomach oils with those that are not.

The subjects of our study were antarctic prions, Pachyptila
desolata, a species that feeds its young stomach oils, and South
Georgia diving petrels, Pelecanoides georgicus, a species that lacks
stomach oils. Chicks of the two species were crossfostered soon
after hatching, and their growth, development, and rate of lipid
deposition, as well as those of control chicks, were monitored
throughout the nestling period. Dilution space of tritiated gly-
cerol triether (GTE), a nonassimilable lipid phase marker, was
used to estimate stomach oil volume in control and crossfostered
chicks. Chicks of the two species were also brought into the
laboratory and raised on either high-oil or low-oil diets. Growth
rates of lab-reared chicks were monitored, and excreta was col-
lected for analysis of biochemical composition. Patterns of lipid
deposition in lab-reared chicks, as well as crossfostered and
control chicks, were tracked nondestructively by using total
body electrical conductivity body composition analysis. Rela-
tive transit rates and lipid assimilation efficiencies in the two
species on the two diets were measured by feeding three radio-
labeled markers: tritiated GTE, carbon-14 labeled triolein (as-
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Figure 1. Growth In body mass of control and crossfostered
antarctic prion chicks. Crossfostered prion chicks were raised by
South Georgia diving petrel foster parents. Error bars indicate ± one
standard error of the mean.

similable neutral lipid marker), and carbon-14 labeled polyeth-
ylene glycol (nonassimilable aqueous phase marker). Adult free-
ranging metabolic rates during the chick-rearing period were
measured using the doubly-labeled water technique.

Analysis of data collected in the field has just begun, and
collected specimens and samples are not yet analyzed, but some
preliminary conclusions can be drawn. Diving petrel parents
feed their chicks about twice as frequently as prion parents, but
average size of diving petrel chick meals was 30 percent less than
that of prions. Due to the higher feeding frequency, the average
daily mass of food delivered to diving petrel chicks was about
one-third greater than in prion chicks, but diving petrel chick
meals lacked stomach oils. Field-control prion chicks had on
average 2.0 milliliters (up to 14.1 milliliters) of stomach oils, and
crossfostered diving petrels averaged 0.48 milliliters of stomach
oils. There were no detectable quantities of stomach oils in either
control diving petrels or crossfostered prions. South Georgia
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200 excess lipid. Prion chicks fed a high-oil diet developed at the
same rate as prion chicks on a low-lipid diet, but the rate of body-
mass increase was significantly higher. This was due partly to the
accumulation of stomach oils in the proventriculus and partly to
higher rates of fat deposition in adipose tissue, since they ex-
creted only small quantities of lipids. Stomach oils appear to be
an essential adaptation for enhancing the energy density of chick
meals in those seabird species that feed their chicks infrequently.
In diving petrels, the ability to produce stomach oils and to
process high lipid diets has been secondarily lost, presumably as
this taxon evolved to fill a near shore, pursuit-diving niche.

We wish to thank Dr. J. P. Croxall, P. A. Prince, and British
Antarctic Survey support staff at both the Bird Island Research
Station and the Cambridge headquarters for their assistance in
making this research possible. This work was supported br
National Science Foundation grant DPP 90-18091.
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Figure 2. Growth In body mass of control and crossfostered South
Georgia diving petrel chicks. Crossfostered diving petrel chicks
were raised by antarctic prion foster parents. Error bars Indicate ±
one standard error of the mean.

diving petrels could not rear prion chicks, presumably because
of the lack of stomach oils (figure 1). Diving petrel chicks reared
by prion foster parents grew at lower rate and fledged later than
control diving petrel chicks (figure 2).

Diving petrels fed high-lipid diets in the lab lacked the ability
to efficiently digest and to assimilate dietary lipids and also
excreted considerable lipid. The development of these chicks,
measured as the rate of wing-length increase, was retarded,
presumably due to excretion of essential nutrients along with

South polar skuas at McMurdo
Station, Ross Island, 1991-1992

G. D. MILLER, C. E. WALLACE,
B. M. KEIMEL, AND P. MARTIN

Biology Department
University of New Mexico

Albuquerque, New Mexico 87131

As part of our study of the south polar skua (Chatharacta
maccormicki) around Ross Island during the 1991-92 austral sum-
mer, we collected data on how skuas used McMurdo Station. We
observed the skuas at McMurdo during the early season and at
mid- and late-season to determine their reproductive success and
what parts of the station attracted them the most.

The south polar skua is a long-lived seabird that breeds
around Antarctica. It is an important component of antarctic

marine ecosystem as both a predator and a scavenger. During
the breeding season, the skuas come ashore all around the ant-
arctic continent to nest on land. Like gulls, they are opportunistic
feeders. As such, they feed on food sources such as refuse from
human settlements or research stations.

We began observations on the skuas around McMurdo Sta-
tion beginning with our arrival on 23 October 1991. From the
evening of 10 November 1991 through 14 November 1991, we
conducted formal twice-daily surveys of all the skuas around
McMurdo Station, Observation Hill, and Cape Armitage. As part
of the U.S. Antarctic Program's effort to improve the environ-
mental impact of its bases, the dump at McMurdo was cleaned,
capped, and closed in 1991-1992. We repeated the surveys on 22
December 1991 (dump still available) and on 5 February 1992,
after the dump was completely capped, to track the local skuà
population as the season continued. The sudden loss of this
resource in late 1991 may have repercussions in the local and
nearby skua populations. Given the number of skuas around the
McMurdo dump in the early season each year, the dump prob-
ably was an important food source before Adélie penguins
(Pygoscelis adeliae) laid their eggs in nearby rookeries and while
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weather and ice conditions make foraging at sea difficult. From
the first formal surveys on 10 November, it was apparent that
skuas use the dump, the dumpsters outside the mess, and the
sewage outfall as congregating points for feeding (table). There
were also concentrations of birds roosting regularly on the hill-
sides near the dump and on the sea ice close to Cape Armitage.

The first skua of the season was sighted at McMurdo on 21
October (Kristen Larson, personal communication). This is a
typical date for McMurdo (Spellerberg 1971). The number of
skuas gradually increased over the next 3 weeks.

For 12 to 14 November 1991, the mean number of skuas at
McMurdo Station was 155.3 (SD = 43.1)(table). Later in the season
(22 December), midway through incubation, there were only 60
skuas at McMurdo (all but three were at the dump.) The dump
was still the most important site so the drop in the population
probably reflects the breeding chronology of the skuas. Most
birds were incubating eggs at the time, and few pairs nested near
McMurdo. At the end of the season (5 February), there were 40
skuas at McMurdo, and we found only three grown chicks (all at
Cape Armitage). By then, the dump was completely covered and
the incinerator was operating. The incinerator, with a regular
group of 6 to 10 skuas around (and inside) the building, appar-
ently became the new focus of attention for the local skuas.

Because few skuas breed around McMurdo, the skuas are
visiting from other areas. Over the entire season, we observed
twelve banded skuas: one had been banded at Pt. Geologie in
Adélie Land, nine were known to be regulars at the Cape Bird
breeding colony (seven breeders, two non-breeders); and the
other two bands were unreadable. The seven known breeders
had all bred previously at Cape Bird for at least two seasons. All
returned to Cape Bird within a week of when they were seen in
McMurdo to initiate their breeding attempt for the year. Interest-
ingly, five of the six birds for which sexes were known were
females. Although inferred from a small sample, this finding
suggests that females have a greater need to supplement their diet
in the early season. We also captured and banded thirteen adults
at the dump and near the mess in early November. Of these, one
was resighted at the dump on 22 December, and another bred at
Cape Evans but did not fledge a chick. It is then apparent that
many breeding birds visit McMurdo early in the season, before
moving to their breeding sites. In addition, however, some
individuals continue to visit McMurdo throughout their breed-
ing attempt. On 5 February, a truck near the incinerator building
killed a female skua, who was raising a chick with a mate at Cape
Bird-80 kilometers away.

Garbage dumps attract birds from a considerable distance.
The added resource of a dump can result in an artificially high
concentration of birds which in turn can become a problem
resulting from the transmission of disease or the destruction of
habitat by the birds themselves (Furness and Monaghan 1987).
Such an increase in population occurred at Pt. Geologie. The skua
population increased dramatically with the installation of the
French research base (Jouventin and Guillotin 1979, cited in
Furness 1987). If the availability of garbage continues, a new
population equilibrium would eventually be reached, perhaps at
a higher level than would be possible otherwise (Furness 1987).

Conversely, if a population has grown with garbage available
as an additional food resource, when that resource is removed
some reduction in the population will likely occur to readjust to
the new resource level. It is well known that the availability of
food resources of human origin can affect the distribution of
gulls and their reproductive success (Hunt 1972; Pierotti 1982;
Murphy et al. 1984; Pierotti and Annett 1990). It is likely that the

Census counts of south polar skuas at McMurdo Station
1991-1992 season

Locations

Date!	 Near Dump Sewage Observation
Time	Dump dump total outfall	hill	Other Total

11/10 PM 28	12	40	nc	nc	nc	40
11/11 AM	60	34	94	nc	13	9	116
11/12 AM 37	12	49	37	15	7	108
11/12 PM 34	0	34	68	54	23	179
11/13 AM 62	17	79	34	66	12	191
11/13 PM 63	46	109	36	67	2	214
11/14 AM	41	0	41	54	0	1	96
11/14 PM	51	6	57	51	22	14	144
12/22 PM 47	10	57	3	nc	nc	60
215AM	1	8	9	18	10	3	40

Mean Nov 12, 13, 14*	61.5	46.7	37.2	9.8 155.3

SD	Nov 12, 13, 14*	25.5	12.2	26.2	7.6	43.1

N	Nov 12, 13, 14*	6	6	6	6	6

* These counts are the only preclosure dates with counts in all the
areas.
nc=no counts

skuas around McMurdo will have to adjust to the new resource
level now that the dump is no longer available.

Finally, McMurdo also has a fairly high adult mortality. We
collected and inspected five fresh carcasses of adult skuas: one
was killed by a truck, another had a broken wing, and three others
starved (two of which had contributing parasite infestations). In
a typical year, we find four dead adults at Cape Bird. It, however,
is a breeding colony with about 400 pairs. In conclusion, McMurdo
is either dangerous to skuas or attracts dying skuas.

Human settlements have other non-resource-based effects on
bird populations. Even in the relatively pristine environment of
Antarctica, seabirds have elevated levels of chlorinated hydro-
carbons (Risebrough and Carmingnani 1972) and heavy metals
(Anderlini et al. 1972). High levels of such pollutants have af-
fected breeding in the Great Skua (Chat haracta skua) in the North
Atlantic (Furness and Hutton 1980). South polar skuas probably
do not ingest organochiorines in Antarctica, but by foraging at
garbage dumps, they are subject to the ingestion of plastics (Ryan
1988) and other items that may be toxic or harmful (Johnstone
1971). So far there is no indication that skuas are being injured by
eating such things at McMurdo.

This research was supported by National Science Foundation
grant DPP 89-16353. We thank Kristen Larson at the Ecklund
Biological Center for taking care of the specimens while we were
at Cape Bird most of the season. We also thank the people of
McMurdo Station for taking an interest in our project and for
reporting (or bringing) dead skuas to the Center.
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Reproductive success of south polar
skuas at Cape Bird, Ross Island

GARY D. MILLER

Biology Department
University of New Mexico

Albuquerque, New Mexico 87131

The south polar skua (Catharacta maccormicki) is an integral
part of the antarctic avian community, and as such, some charac-
teristics of their breeding biology may be indicators of general
environmental conditions. The recent controversy surrounding
the breeding failure of the south polar skua near Palmer Station
(subsequent to the Bahia Paraiso incident in January 1989) illus-
trates its importance (Penhale 1989). The complete reproductive
failure of the south polar skuas near Palmer Station that season
was blamed on the resulting fuel spill (Eppley and Rubega 1989,
1990a, 1990b; Baringa 1990). Because these skuas exhibit large
annual variation in reproductive success (RS), including occa-
sional complete failure, Trivelpiece et al. (1990) suggested that
the failure that year was due to factors not directly related to
the fuel spill, for example, storms (Ensor 1979). Eppley and

Rubega (1990a) suggested, however, that the adults were away
from their nests more than usual to clean themselves, leaving
their chicks vulnerable to predation. This is a reasonable hypo-
thesis, but insufficient data exist on the annual variation in nest
attendance and on how nest attendance relates to predation or RS
to evaluate it. It is important that we be able to determine whether
for any given season food shortages, weather conditions, or
unusual occurrences determine RS in avian communities. By
understanding the mechanisms behind high annual variation in
skua RS, we will better understand what factors control seabird
communities in Antarctica.

Since the 1986-1987 season, all skua pairs at Cape Bird have
been monitored annually and most adults and every nestling in
the northern skuary at Cape Bird have been banded each year
since 1988-1989. With nearly all the birds in the population
marked, more detailed studies of individuals are possible. This
population and the monitoring of its RS is an important addition
to skua population studies conducted elsewhere on Ross Island
(Ainley et al. 1990) and also an important comparison for the
populations being studied on the Antarctic Peninsula and at
King George Island (Rubega and Eppley 1990a; Trivelpiece et al.
1990).

In each year of the study, the field team arrived at Cape Bird
during pair formation before any skua egg was laid. The entire
area was searched for territorial pairs, and they were monitored
to record when they laid eggs. All the nests were monitored daily

Table 1. Reproductive success In south polar skuas at Cape Bird

# Eggs	 Mean	Fldg	Breed	Total
laid	# Eggs	# Chicks	cltch	success	success	RS

Year	Nests'	(% hatch)	hatch	fidge	size	fldg/chk
	

fldg/egg	fldg/pr

19772	79
1986	 112
1987	 163
1988	 173
19893	145
1990	 168
1991	 133

Mean	139
SD	 34

119(24)	 28
172(40)	 69
319(49)	157
343(53)	182
265(17)	 44
320(40)	128
281(43)	121

260	 104
84	 58

24	 1.51
48	 1.54
54	 1.96
79	 1.98
12	 1.83
30	 1.90
70	 2.59

45	 1.90
25	 0.36

	

0.86	 0.20	 0.30

	

0.70	 0.28	 0.43

	

0.34	 0.17	 0.33

	

0.43	 0.23	 0.46

	

0.27	 0.05	 0.08

	

0.23	 0.09	 0.18

	

0.58	 0.25	 0.53

	

0.49	 0.18
	

0.33

	

0.23	 0.08
	

0.16

Total number of nests in 1989-1991 is corrected for experiments.
2 Data from Ensor (1979). Ensor left site on 20 January. Stated AS is probably higher than actual AS.

Data from G. S. Court (personal comment).
Clutch size is greater than two because some pairs renested.
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Table 2. Reproductive success of control nests (those visited
twice during the entire season) and disturbed nests (those

checked daily)

	

Breeding	Total

	

#Chicks success	RS
Year Treatment	Nests #Eggs fledged fledge/egg fledge/pr

1988 Control	70	128	57	0.45	0.81
Disturbance	118	180	79	0.44	0.67

1990 Control	70	132	26	0.20	0.37
Disturbance	89	152	38	0.25	0.43

1991 Control	66	113	29	0.26	0.44
Disturbance	81	132	51	0.39	0.63

Note: The number of disturbed nests is scaled to the amount in
existence on the date of the first check of control nests (19 to 21
December each year).

Table 3. Reproductive success of experiementaily fed skua pairs
and control pairs. Control sample contains only nests with 2 eggs

because that was a requirement of the feeding experiment

	

Breeding	Total

	

#Chicks success	RS
Year Treatment	#Nests #Eggs fledged fledge/egg fledge/pr

1990 Fed	30	60	7	0.12	0.23
Control	110	218	36	0.17	0.33

1991 Fed	32	64	28	0.44	0.88
Control	106	212	61	0.29	0.58

until the field team departed in late January or early February of
each year. All chicks surviving at the end of the season were
considered to have fledged unless their carcasses were discov-
ered in the following season. In each of the 1988, 1990, and 1991
seasons a separate group of nests were visited only twice during
the season to compare the RS of nests visited daily with those not
disturbed. These control nests were to the south of the primary
study area. Finally, as part of the study of the role of food in
sibling aggression, 30 and 32 nests were fed in 1990 and 1991,
respectively, beginning with the laying of the second egg. The
pairs were fed approximately 200 grams of thawed fish each day
during the nest visits. All of the pairs readily accepted the
supplement.

As in other populations, the natural variation in RS of skuas
is high (table 1). In seven seasons of monitoring at Cape Bird,
skuas had their lowest RS in 1989 and their best year in 1991
(table 1). In contrast to the skuas near Palmer Station no years of
complete reproductive failure have been recorded at Cape Bird.
The relatively low RS in 1977 was due to storms during the
breeding season (Ensor 1979), but none of the other years of low
RS can be attributed to storms. Instead, the initial conditions of
the rookery (i.e., conditions remaining from the winter) played
a major role in the 1989 and 1990 seasons. In both of these
seasons, snow covered many skua territories completely, and
many eggs were lost early in the season because they were laid
directly onto the snow. Also note that hatching success of the
eggs is generally low; it exceeded 50 percent in only one of seven
seasons (1988) (table 1).

The disturbance/ control nests were monitored for three sea-
sons (table 2). Visiting to nests by observers disturbs the adult

skuas at the nest. They fly up and usually attack the observer
checking the nest contents or weighing the chick(s). In the course
of each field season, one to four eggs were lost because other
skuas took advantage of the disturbance to steal an egg. Only one
chick is known to have been lost in 6 years of nest checks.
Unexpectedly, however, the control nests did better than dis-
turbed nests only in 1988 (table 2). In both the 1990 and 1991
seasons, the disturbed nests fledged more chicks for each pair
than did control nests.

The feeding experiment was based on the prediction that those
nests receiving supplemental food should be more successful
than controls. The 200-gram supplement was a substantial in-
crease-about 1.5 times-in the food normally available to the
pairs that were fed. Fed nests fledged fewer chicks than controls
in 1990, but more chicks in 1991. These contradictory results
cannot be easily explained.

With the variation in RS over the different seasons and with
the results of both the disturbance/ control and the feeding ex-
periments, skua RS is apparently determined by a combination of
factors: In some years, storms may be important, in others it may
be food supply during chick rearing. In some years the proximity
of Adélie penguins (Pygoscelis adeliae) may be a major mortality
factor on eggs. Many of these factors are interconnected in ways
that are not necessarily obvious. For example, in 1989 there was
extensive fast ice during the early season. As a consequence,
many Adélie penguins did not breed. Later during the
reoccupation phase, an unusually large number of unoccupied
(nonbreeding) penguins were in the rookery. That year, aggres-
sive penguins attacking adult skuas, broke many skua eggs in
their nests, causing the lowest hatching success of any of the
seven seasons monitored. Evidently, detailed studies of the
timing and causes of chick and egg mortality must be continued
to understand the patterns of RS in skuas.

This research was supported by National Science Foundation
grants INT 86-03504 (1986 and 1987 seasons) and DPP 89-16353
(1990 and 1991 seasons). I also acknowledge the support of the
New Zealand Ross Dependency Research Committee, the Uni-
versity Grants Committee, the Golden Kiwi Lottery Board (1988
season), and the information furnished by Gordon Court (1989
season). lalso thank Lloyd Davis for starting me at Cape Bird, and
G. Court, E. Speirs, D. Hutchinson, P. Carey, A. McKechnie, K.
Nordin, B. Keimel, P. Martin, and G. Wallace for their assistance
and companionship in the field.
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Population ecology of Weddell seals
in McMurdo Sound

JASON F. SCHREER AND J. WARD TESTA

Institute of Marine Science
University of Alaska, Fairbanks
Fairbanks, Alaska 99775-1080

During the 1991 austral summer season, Weddell seal
(Leptonychotes weddellii) ecology and behavior were studied at
McMurdo Sound. Long-term studies of population dynamics,
evaluation of alternate tagging methods, and blood analyses
were conducted. A 3-year study of the use of satellite-linked
time-depth recorders (SLTDRs) as  means of determining winter
movements and diving behavior of adult females was concluded.

Studies were conducted from mid-October until early Decem-
ber using tracked snow machines and occasional helicopter sup-
port. Seven major colonies were visited in Erebus Bay on a
regular basis to tag all newborn pups and maintain tags in
approximately 50 percent of the adult seals. Blood and urine
were collected from 11 adult seals for ancillary pathology and
genetic studies. Six censuses were conducted at approximately
1-week intervals from 9 November to 5 December. The adult
population of Weddell seals in Erebus Bay was estimated to be
293 (SE = 14) males and 683 (SE = 10) females. A total of 426 pups
were tagged, and 26 (6.1 percent) were known to have died by
December, when weaning occurs. The census totals in the past 3
years have shown a slight increase in adult numbers, but within
normal variability of estimates of the past decade (Testa and Siniff
1987; Matsuki and Testa in press).

In addition to the seals in Erebus Bay, seals at White Island
were also monitored. White Island is located approximately 30
kilometers south of McMurdo Station, surrounded by perma -
nent ice 10 to 100 meters thick (Castellini et al. in press). The
population there is small and believed to be isolated from the rest
of the seals in the Ross Sea (Stirling 1972). Only the perennial tidal
cracks along the north side of the island allow the seals access to
the surface of the ice. The site was visited on 5-6 February and on
three occasions from 29 November to 9 December 1991. A total
of 19 seals were tagged, and very few untagged seals were found
in the last two visits to the site. Blood samples were collected for
a genetic archive at the University of Alaska Museum.

Over the last 3 years, implantable transponders (Thomas et al.
1987) have been evaluated as an alternate tagging method for
seals. Transponders are small radio units (11 millimeters by 2.1

millimeters) that, upon receiving a radio signal from a hand,
carried wand, emit a unique radio signal. A total of 428 transpon^
ders were implanted subcutaneously in the lower back of adult
seals during the 1989 and 1990 field seasons. Results of this trial
will be reported elsewhere (Testa in review).

SLTDRs weighing 1 kilogram each were attached with epoxy
adhesive to the hair on the lower back of adult female seals. Nine
of 13 SLTDRs deployed in January and February 1991 were
accounted for and eight were recovered. None of the nine seals
received any apparent injury. These devices enabled us to moni-
tor the seal's position, as well as the depth and duration of dives
from February to October. The recovery of the devices allowed
the raw, unabbreviated data to be recovered and enabled the
designer to determine and correct any problems with the sys-
tems.

During the 1991 overwinter season, all of the satellite-linked
seals remained in Erebus Bay for most of February and March.
Movements out of the bay began in April, and by May, several
seals were well north and northeast of Ross Island. Two seals
eventually traveled over 200 kilometers northeast of McMurdo
Sound to Pennell Bank (76 S 176 E). One of the seals was located
in late July over 500 kilometers from McMurdo Sound, near
Coulman Island (73' 285 169'45 E). Winter dive depths obtained
in this study indicate similar patterns to those seen in the summer
(Kooyman 1968). This diving behavior suggests that feeding in
the mid-water range (150-400 meters) was prevalent.

Field assistance was provided by Brad Scotton and Jill An-
thony from 29 October to 16 December. This research wa
supported by National Science Foundation grant DPP 88-16567i
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Research on Antarctic Coastal Ecosystem Rates

Research on Antarctic Coastal
Ecosystem Rates (RACER):

1991-1992 field season

0. HOLM-HANSEN AND M. E. HUNTLEY

Scripps Institution of Oceanography
University of California, San Diego

La Jolla, California 92093-0202

There are abundant data from both shipboard studies (El-
Sayed 1988) as well as satellite observations (Comiso et al. 1992)
to demonstrate that waters over the antarctic continental shelf are
richer biologically than pelagic antarctic waters. The multidisci-
plinary Research on Antarctic Coastal Ecosystem Rates (RACER)
program was designed to increase our understanding of the
factors responsible for the enhanced phytoplankton biomass and
productivity in coastal waters as well as the significance of such
enhanced primary productivity on higher trophic levels, particu-
larly in regard to krill (Euphausia superba). The basic tenet of
RACER field work was to design a sampling protocol which
would permit interpretation of biological and chemical data in
regard to both spatial (including depth) and temporal consider-
ations, and to better understand the interactions between physi-
cal, optical, and chemical factors on the biota.

Results from our initial four-month (December 1986 through
March 1987) field study, which encompassed an area of approxi-
mately 25,000 square kilometers and included both coastal and
pelagic waters to the west of the Antarctic Peninsula, have been
described by Huntley et al. (1987) and Karl (1991). An extensive
and well-developed phytoplankton bloom (greater than 20 milli-
grams chlorophyll  per cubic meter) was found in Gerlache Strait
and contiguous waters of Bransfield Strait in December and
January of that expedition. During the second phase of our field
program (November 1989) our major objective was to intensively
study the factors involved in the formation of the rich phy-
op1ankton crop that develops in these coastal waters, so we
:onfined the sampling grid to approximately 4,000 square kilo-
neters within the northern Gerlache Strait and southwestern
3ransfield Strait (Huntley et al. 1990). The bloom at station A
eached 16 milligrams chlorophyll a per cubic meter during that
:ruise, and showed signs of declining during our last sampling
,eriod in late November (Holm-Hansen and Vernet 1990).

The major objectives of our field program during the 1991-
[992 field season were to study the factors involved in the demise
)f the phytoplankton bloom and the resulting effects on other
rucrobial and zooplankton assemblages. Two cruises were corn-
leted this field year; one summer cruise during December to
an

e
uary, and one midwinter cruise during July to August. As

)rvious studies had shown that phytoplankton concentra-
ions were very patchy in Gerlache Strait and apparently were
related to a complex and dynamic water flow pattern through our

992 REVIEW

study area, we incorporated the following changes to our work
during the summer cruise:
• We reduced the size of our sampling grid to include only the
northern portion of Gerlache Strait;
• We added many stations across the southwestern entrance to
Gerlache Strait at the narrows between Brabant Island and the
Antarctic Peninsula, and also across the outflow channels be-
tween Liege-Intercurrence-Trinity Islands and between Trinity
Island to Cape Andreas on the Antarctic Peninsula;
• We deployed four ARGOS-linked drifter buoys at the entrance
to Gerlache Strait and, following this water parcel as it flowed
northeasterly, we made five transects across Gerlache Strait du-
ring which we obtained repeated depth profiles with the instru-
mental conductivity-temperature-depth (CTD)-rosette system;
• We added a remote sensing program (aircraft) to enable a
more synoptic picture of the water flow patterns and chloro-
phyll-a distributions within the study area; and
• We extended our observations to areas south of Anvers Is-
land, from where water apparently is advected into the Ger-
lache Strait region. We made one transect through the LeMaire

Is.
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RACER study area (December 1991 to January 1992) showing
location of stations (solid circles). The triangle indicates location of
the time-series station A (same as station #33 when Included in the
fast-grid survey) where intensive studies were done. The star shows
the location of Racer Rocks, the site of the meteorological station.
Locations of Ice-edge stations in Marguerite Bay are given in the
paper by Karl et al. (this Issue). individual reports should be consulted
In regard to stations between Anvers Island and Marguerite Bay.
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Channel to approximately 65.3' S. at which point ice forced us to
transit to the ice edge south of Adelaide Island via French Passage
and the Bellingshausen Sea.

The study area and the position of all stations occupied are
shown in the figure. As in previous years, intensive work at Station
A was alternated between the fast-grid cruises which involved
profiling studies at most of the stations shown in the figure. A
scientific crew of 23 maintained a 24-hour sampling schedule at all
times. R/V Polar Duke was used in this cruise, with major compo-
nents of the work being done within the following time frames:

Depart Punta Arenas, 3 December 1991
Drogue study: 9-12 December
Station Al: 12-15 December
Fast A cruise: 15-18 December
Station A2:18-21 December
Fast B cruise: 21-24 December
Station A3: 24-26 December
Fast C cruise: 26-30 December
Ice edge stations: 2-3 January

Disembark Punta Arenas, 10 January 1992

The winter cruise was from 11 July to 20 August on board R/V
Nathaniel B. Palmer. Most of the work was done within the ice pack

The major disciplines composing the RACER studies are listed
below, together with the person(s) responsible for each portion of
the work:
• Meteorological and physical oceanographic measurements—

T. Amos
• ARGOS-linked drifter buoys—P. Niiler
• Optical oceanographic measurements—M. Panouse
• Remote sensing data—R. Frouin, M. Herman, J . Y. Balois, J.

Priddle
• Microbiology and chemical oceanographic measurements—

D. M. Karl
• Phytopiankton—O. Holm-Hansen and M. Vemet
• Zooplankton—M. E. Huntley and E. Brinton

in areas to the south of Gerlache Strait. The general range of
studies was similar to the summer cruise, except that there were
no drifter buoys deployed, nor were any specialized optical
measurements or remote sensing data acquired. A few additional
studies, however, were undertaken during this cruise. These
included analyses of samples taken from ice cores and from
surface water immediately beneath undisturbed sea ice, and the
use of high frequency acoustic measurements for determination
of zooplankton biomass and distribution.

The shipboard crew of 23 participants on the summer cruise
came from eight countries and represented seven institutions.
Results and acknowledgements of support are presented in the
following 27 reports. Most of these reports concentrate on results
from the austral summer cruise, but a few also discuss data from
the austral winter cruise. As much of the data from the winter
cruise have not as yet been analyzed, more complete results from
that cruise will be reported in a subsequent issue of this journal.
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RACER: Distribution, abundance,
and productivity of phytoplankton in

Gerlache Strait during
austral summer

0. HOLM-HANSEN AND M. VERNET

Scripps Institution of Oceanography
University of California, San Diego

La Jolla, California 92093

Our previous Research on Antarctic Coastal Ecosystem Rates
(RACER) studies in Gerlache Strait had documented rich phy-
toplankton blooms (greater than 20 milligrams chlorophyll a [chi-
a] per cubic meter) in the vicinity of Station A (for location, see
figure inHolm-Hansen and Huntley, this issue) during December-

January (1986-1987) and also in November of 1989. The bloom in
1989 appeared to be declining toward the end of November, so w
were hopeful that our studies in 1991-1992 would encompass th
time period when we could study the factors involved in the demi
of the spring bloom. Our objectives for the work described in thi
report were to determine the distribution and abundance of phy
toplankton in the water column (0 to 750 meters) throughout th
entire study area, and how these distributions changed during th
period of the cruise; to support the airborne sensor measuremen
with ground truth data for photosynthetic pigments; to measur
the rate of primary production; and to better understand the facto
responsible for the great variations in phytoplankton concentra
tions normally encountered in these waters, in regard to both
spatial and temporal considerations.

Our field work consisted of three four-day periods of intensive
process-oriented studies at station A, alternating with three four
day 'fast-grids' in which profiling studies were done at 44 stations
For a general description of the cruise and a map showing th
location of all stations within the RACER sampling grid, see th
introductory article by Holm-Hansen and Huntley (this issue).
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Figure 1. Concentrations of chlorophyll a(in milligrams per cubic meter) in surface waters (5 meters) throughout the RACER study area during
the three fast-grids in December 1991; FA, 15-18 December, FB, 21-24 December, FC, 26-30 December.

Data pertinent to phytoplankton distributions were obtained
using two different systems:
• Water from the ship's clean water intake line was used to record
water salinity, temperature, beam attenuation with a trans-
missometer, and chl-a fluorescence with a pulsed fluorometer.
Signals from all sensors were recorded every minute throughout
the entire cruise.
• A profiling unit consisting of a rosette holding eleven 10-liter
Niskin bottles equipped with teflon-covered springs, conductivity-
temperature-depth sensors, a transmissometer, a pulsed fluorom-
eter for measuring chl-a fluorescence, and a solar irradiance sensor
for measuring photosynthetically available radiation (PAR, 400 to
700 nanometers).

Solar irradiation data from the following instruments were also
recorded once per minute during the entire cruise:
• Incident solar PAR, measured with a 2-pi collector;
• Solar radiation (285 to 2800 nanometers), with an Eppley
pyranometer; and
• Solar ultraviolet radiation (295 to 385 nanometers), with an
Eppley TUVR radiometer.

The data acquisition system and the computerized storage of
all data from the above sensors are described in more detail by
Amos (this issue).

Aliquots (100 milliliters) of water from all sampled depths (2,5,
10, 15,20,30,50,75,100,200, and 750 meters) were filtered through
glass fiber filters (Whatman CF/F), the photosynthetic pigments
extracted in absolute methanol (Holm-Hansen and Reimann 1978),
and the concentration of chl-a determined by measurement of
fluorescence (Holm-Hansen et al. 1965). Phytoplankton distribu-
tion and abundance inGerlache Strait (figure 1) were very different
from that recorded in 1986-1987 (Holm-Hansen and Mitchell 1991)
or in 1989 (Holm-Hansen and Vemet 1990). Stations in the south-
west portion of our sampling grid had relatively high chl-a concen-
trations (greater than 5.0 milligrams per cubic meter) during all
three fast-grid cruises. During fast-grid B high chl-a concentrations
were also found in the central portion of Gerlache Strait and toward
Liege Island. During fast-grid C high chl-a stations were predomi-
nantly in the entire western half of the Gerlache Strait. This distri-
bution of phytoplankton is strikingly different from that found in
1989, when most high chl-a stations were located in the eastern half
of Gerlache Strait.

As upwelling radiance recorded by the airborne sensors is
limited to approximately one attenuation length (about 7.0 me-
ters in the RACER study area; see Panouse this issue), we wanted
to determine if chl-a concentrations at 5 meters can be used to
estimate the integrated chl-a in the upper 50 meters (the approxi-
mate depth of the euphotic zone as defined by the depth to which
1 percent of incident solar radiation penetrates) of the water
column. The data (figure 2a) indicate that there is much scatter
in the relationship of these measurements. The r 2 value of 0.66
is much lower than the corresponding value of 0.91 obtained on
331 samples during the RACER studies in 1986-1987 (Holm-
Hansen and Mitchell 1991). The lower value in the December 1991
data most likely reflects the considerable variability in stratifica-
tion and vertical distribution of chl-a that was noted in the
stations composing fast-grids. The 1991 RACER study area en-
compassed diverse environments ranging from protected bays
to more dynamic physical regimes in the central region of Ger-
lache Strait.

The distribution of chl-a between microplankton (greater than
20 micrometers in diameter) and nanoplankton (less than 20
micrometers) was determined in the 5-meter water sample at
every station by filtering a duplicate water sample (100 millili-
ters) through a 20-micrometer Nitex mesh and measurement of
the chl-a content in the particulate fraction of the filtrate. Data in
figure 2b show that when the chl-a + phaeopigment content of the
nanoplankton is plotted against the total chl-a + phaeopigment
content of the water sample, the data separate into two major
groups. The cluster of data points with the steeper regression line
are from stations where the phytoplankton was dominated by
small flagellates (mostly small cryptomonads), while the lower
cluster of points are from stations dominated by diatoms. It is
seen from the figure that nanoplankton blooms reached a maxi-
mum of 12 milligrams chl-a + phaeopigments per cubic meter,
whereas diatom blooms had chl-a + phaeopigment concentra-
tions up to 28 milligrams per cubic meter.

Rates of primary production were determined by using both
in situ incubations (eight depths between 2 and 50 meters) as well
as simulated deck incubations where the samples were exposed
to solar radiation ranging from 95 to 1.6 percent of incident
irradiance. Data in figure 3 show rates of photosynthesis from
three in situ incubations at station A (one deployment during
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each time station A was occupied), together with the correspond-
ing profiles of chl-a concentrations and attenuation of solar
radiation in the upper 50 meters. The three stations were quite
different in regard to biomass and distribution of phytoplankton.
Chl-a was relatively low and uniform (approximately 1 milligram
chl-a per cubic meter) in the upper 50 meters at station A-113; at
station A-202 the chl-a was much higher and deeply distributed;
at station A-301 the chl-a was also high (greater than  milligrams
per cubic meter) in surface waters but decreased very rapidly
between 10 and 20 meters. Assimilation numbers in the upper 10
meters averaged 1.78,1.22, and 1.06 for stations A-113, A-202, and
A-301, respectively. Values for the total primary production per
square meter during the incubation period and per light day
(calculated on the basis of incident radiation during the incuba-
tion period and for the entire light day) were 380 and 580
milligrams carbon for station A-113; 858 and 1,262 milligrams
carbon for station A-202; 437 and 680 milligrams carbon for
station A-301.

Rates of primary production over the entire RACER study
area during the month of December will be estimated on the
basis of the observed photosynthesis-irradiance characteristics
of the phytoplankton (determined from both on deck and in situ
incubators), incident solar radiation, and the distribution of chl-
a and the rate of attenuation of solar radiation with depth. We
thank M. Ferrario, E. Sar, and C. Fair for their generous help
during the cruise, and the officers and crew of R/V Polar Duke for
their unstinting support of the science programs throughout the
entire cruise. This work was supported in part by National
Science Foundation grant DPP 88-17635.
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Figure 2. Chlorophyll a distributions within the RACER study area.
(a): Relationship between surface chi-aconcentratlonsand integrated
(0 to 50 meters) chl-a concentrations for all stations occupied during
the RACER cruise (n=180, r2=0.66). (b): The concentration of chl-a +
phaeopigments In nanopiankton as compared to the total concen-
tration of chl-a phaeopigments in water samples taken from 5 me-
ters throughout the entire RACER study area.
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A-i 13, 14 December, mean Incident PAR during 6.4 hour Incubation period was 1,298 mlcroEinsteins per square meter per second. Light
attenuation curve was done at 0900. B: station A-202, 19 December, mean incident PAR during 9.1 hour incubation period was 1,868
mlcroEinsteins per square meter per second. Light attenuation curve done at 0610. C: Station A-301, 25 December, mean Incident PAR
during 7.0 hour incubation period was 1,779 microEinsteins per square meter per second. Light attenuation curve done at 0900.

RACER: Predominance of
cryptomonads

and diatoms in the Gerlache Strait

MARIA VERNET

Marine Research Division, 0218
Scripps Institution of Oceanography

La Jolla, California 92093-0218

High-chlorophyll concentrations characterize waters of the
Gerlache and Bransfield Straits in spring and summer in what
seem to be recurrent blooms. Diatoms and prymnesiophytes are
well-known components of these coastal blooms. Recently it has
been suggested that a prasinophyte such as Pyramimonas was an
abundant component of the nanoplankton fraction (less than 20
micrometers) during the bloom of 1986-1987 in this area (Bird and
Karl 1991). In this paper we report a widespread distribution of
cryptomonads, in addition to diatoms, in December 1991 in areas
where pigment concentration in the mixed layer reached up to 10
milligrams chlorophyll a (chl-a) per cubic meter.

Accessory photosynthetic pigments can be used as a first ap-
proximation to identify phytoplankton taxa. Carotenoids such as
peridinin and fucoxanthin are characteristic of diatoms and most
dinoflagellates, while fucoxanthin derivatives (i.e., 19'hexanoyl-
xy-fucoxanthin) are present in prymnesiophytes and some di-

rioflagellates. Alloxanthin characterizes cryptomonads while
zeaxanthin is found in cyanobacteria and prochiorophytes.

Samples from the water column were taken on board the R/V
Polar Duke from 9 December 1991 to 4 January 1992. Samples
were collected with Niskin bottles attached to a rosette. Imme-
diately after collection, samples were filtered onto 47-millimeter
glass-fiber fillers and stored in liquid nitrogen until analysis.
Pigments were analyzed by high-performance liquid chromatog-
raphy using a gradient system and a reverse-phase C-18 column.
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Figure 1. Chromatogram of 5-meter sample at St. FC42 (Brody at
al., this issue). Pigment identification: (1) chlorophylls c1 +c2 , (2)
fucoxanthln, (3) diadinoxanthin, (4) chlorophyll b, (5) chlorophyll
a, (6) 0-carotene.

Pigments were detected at 440 nanometers and quantified by
injection of standards of known concentration.

Two distinct phytoplankton assemblages were found in the
Gerlache Strait based on pigment composition and distribution.
Dominance of chlorophylls c1 +c2 and a, fucoxanthin, diadino-
xanthin, and 0-carotene (figure 1) in the stations at the south end
of the Gerlache Strait indicated a dominance of diatoms. In
addition, the presence of chl-b suggests that a Pyramimonas-like
cell was also present, similar to the 1986-1987 bloom. Further
north the bloom was characterized by an abundance of
chlorophylls c2+c1 and a, alloxanthin, crocoxanthin, and alpha-
carotene (figure 2) pigments present in cryptomonads.

Although estimates of intracellular pigment concentration are
not available yet, both types of phytoplankton assemblages show
a relatively large abundance of accessory pigment with respect to
chl-a, a pattern observed in nutrient-replete and/or low-light
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specific absorption coefficient (Brody et al. this issue), which in
addition to affecting chlorophyll estimations from remote sens-
ing (Frouin et al. this issue) and light transmission in the water
(Panouse this issue) should affect sedimentation and grazing
patterns and thus sustain very different trophic webs.

This work was supported by National Science Foundation grant
DPP 88-17635. I would like to thank the captain and crew of the'
R/V Polar Duke, and all the RACER participants for an excellent
cruise and C. Fair, M. Ferrario, and E. Sar for help during the
sampling.
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Figure 2. Chromatogram of 5-meter sample at St. FC58. Pigment
Identification: (1) chlorophyll c2+c1 2) alloxanthln, (3) crocoxanthin,
(4) chlorophyll a, and (5) 13-carotene.

adapted cells. This pattern supports the hypothesis of low-light
adapted populations (Sosik et al. this issue).

These two populations had other distinct characteristics such
as cell size (Holm-Hansen and Vernet this issue) and pigment-
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RACER: Phytoplankton populations
in the Gerlache Strait
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1900 La Plata, Argentina

An overview of the current knowledge of phytoplankton sand-
ing stock and rates of primary production in all waters south of the
polar front in the southern ocean has shown an overall low level of
phytoplankton and growth (El-Sayed 1987) even though nutrients
are apparently never limiting (Committee to Evaluate Antarctic
Marine Ecosystem Research 1981). Despite that, high phytoplank-
ton biomass and rates of primary production occur in the coastal
areas near the Antarctic Peninsula (Holm-Hansenetal. 1987). One
of these areas, the Gerlache Strait (Holm-Hansen and Mitchell
1991), was studied as part of the Research on Antarctic Coastal
Ecosystem Rates (RACER) program. The objective was to under-
stand the mechanisms, formation, and decline of massive blooms
present in the antarctic coastal ecosystem. Results from the pilot
study in 1986-1987 showed a change in cell size distribution from
predominantly microplankton in December to predominantly
nanoplankton during the decline of the bloom (Holm-Hansen and
Mitchell 1991).

Our research was designed to address the following objec-
tives: analyze the structure of the phytoplankton population;
establish the quantitative and qualitative species composition of
the phytoplankton; determine at which period of the bloom and

under which environmental conditions resting spores develop;
and establish the utility of diatoms found in the area of the
Gerlache Strait as tracers of water masses.

Samples from the water column and surface water were made
on board the R/V Polar Duke from 9 December 1991 to 3 January'
1992. At each station samples were taken from 10-liter Niskin
bottles attached to a conductivity-temperature-depth (CTD)
rossette. Depth profile water samples were taken from 0 to 150
meters and surface samples were taken with a 35 micrometer-
mesh net. Quantitative samples were preserved in Lugol's iodine
solution while qualitative samples were preserved in buffered
formalin. Determination of species and cell number will be made
by inverted microscope counts (Utermohi 1958).

Preliminary qualitative analysis of phytoplankton net hauls
showed that, aside from relative abundances, surface species
greater than 35 micrometers were more or less similar at all
stations. Phytoplankton populations were composed not only of
diatoms, but of flagellates as well. Diatoms characteristic of both
water column and ice were observed. The most common groups
were Nitzschia, Frangilariopsis, and Nitzschiella groups. These
included mainly N.cylindrus (Grun) Hasle, N.kerquelensis (O'Meara)'
Hasle, and N.closterium (Ehrenberg) Smith. Other diatoms present'
were Chaetoceros genus including abundant species, mainly
C.socialis Lauder, C. neglectum Karsten, C.criophilum Castracane,
C.tortissimus Gran, C.constrictum Gran, and C.flexuosus Mangin.
Thalassiosira spp. were represented by T.gravida Cleve, T.scotia
Fryxell and Hoban, and T. antarctica Comber. Other species were
Probiscia alata (Brightwell) Sundstrom, Rhizosolenia truncata
Karsten, Corethron criophilum Castracane, Eucampia antarctica var.
recta (Mangin) Fryxell, and Prassad. In some stations we found
Coscinodiscus bouvet Karsten, Porosira pseudodenticulata (Husted)
Lagrerheim, and Nitzschia stellata Mangin; these have a circumpo-
lar distribution (Garrison 1991; Medlin and Hasle 1990). Typical
benthic diatoms such as Achnanthes and Cocconeis were also
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observed, mainly in the ice-melting zone. A few dinoflagellates
belonging to genus Protoperidinium and Gymnodinium as well as
flagellates belonging to Crytomonas, Pyramimonas, and
Clam ydomonas were present.

Garrison (1984) and Sicko-Goad et al. (1989) have suggested
that a "resting state" is involved in the survival of coastal dia-
toms and that those species which have no recognized resting
spores survive in the vegetative state. In surface and water
column samples, resting spore formation, sexual cycle processes
and even resting spores themselves were observed. The largest
number of species found with resting spores were in the genus
Chaetoceros, mainly C.neglectum, C.constrictus, and C.socialis as
well as in T.scotia. Corethron criophilum (a cosmopolitan species
found frequently in the phytoplankton population of antarctic
shore waters) was present in different phases and sizes. Dividing
cells and sexual processes with auxospore formation were seen.
The auxospores often quadrupled the diameter of the mother cell.

Male cells with differing numbers of spermatogonia were
observed in this species and in Odontella weisflogii (Jonisch)

runow. Eucampia antarctica (Castracane) Mangin (a species that
i better preserved than many planktonic species and considered
t be a good indicator in antarctic water sediments) (Koslova
1966) has had taxotiomical and nomenclature problems. It was
referred to by different generic and specific names, the most
c ommon being Hemiaulus antarcticus Ehrenberg and Eucampia
alaustrium Castracane. Fryxell et al. (1989b) clarified these
roblems and recognized two new insights into E.antarctica

( ryxell et al. 1989a; Fryxell and Prasad 1990). One of these,
.antarctica var recta (Mangin) Fryxell and Prasad, a species with

polar distribution, was present in our samples. In the field it was
distinguished by straight chains in broad girdle view or slightly
curved in narrow girdle view. The winter growth stage was

presented by a heavily silicified frustule that resembles a rest-
i ig spore (Fryxell 1991). Cells characterized by a circular, dense
cytoplasmic mass positioned in their center, were tentatively
identified as a resting stage cell of Eucampia antarctica var recta.

Phaeocystis pouchettii (Hariot) Lagerheim (recorded as an
important species of the spring bloom in the antarctic and arctic
ecosystems as well as in some temperate and boreal waters)
(Estep et al. 1990) was present in the sampling grid. This is a
member of Prymnesiophyceae, which has a polymorphic cycle
with two phases. One phase is a paimeloid colony characterized
by having different sizes and shapes of cells. The other is an
unicellular and motile stage (2 to 8 micrometer) with two flagella
and a haptonema (Sourina 1988; Parke et al. 1971). In addition,
this species (present in and under the ice as well as in open
waters) (Fryxell et al. 1988; Garrison 1991) has also been the
object of physiological studies (listed by Estrada and Delgado
1990). It has been suggested that P.pouchettii has an inhibitory
effect upon zooplankton predation. However, Estep et al. (1990)
showed that predation on this species was dependent upon the
physiology condition of the colonies, specifically, unhealthy
colonies are consumed. Small rosettes of cells and large gelati-
nous colonies of P.pouchettii, an important component of the
phytoplankton net hauls, were present in the southern stations
in the Geriache Strait.

Preliminary data using the Utermohi method on the stations
dominated by nanoplankton (less than 20 micrometer) in the
western and northern areas of the Geriache Strait showed that the
phytoplankton cells were totally dominated by Cryptomonas cf.
acuta Butcher (3.071 x 106 cell/i) with a chlorophyll a concentra-
tion of 15.4 microgram 1. The concentrations of chl-a and total
phytopiankton cells in the southern stations, i.e., FC41 (with

chl-a 14.5 microgram/i at 2 meters) were represented by different
groups, mainly diatoms and flagellates. The latter included
Cryptomonas, Pyramimonas and Clamydomonas in 17 percent, 19
percent, and 0.8 percent respectively. P.pouchettii represented 32
percent with lx 105 cells/I, unlike station RiOl at the ice edge (21.8
microgram chi-a/ 1 at 5 meters), where it represented about 67
percent with 1.22 x 106 cells per liter.

Finally zooplankton grazing was indicated by fecal pellets
observed in some stations. These were of different size, round
and cylindrical in shape, filled with empty frustules, almost
exclusively with Thalassiosira spp. and the small Nitzschia cylindrus.

We would like to thank the captain and crew of the R/V Polar
Duke as well as the members of the scientific party for assistance
during the cruise. This work was supported by National Science
Foundation grant DPP 88-17635.
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Species-dependent variations
of the absorption coefficient

in the Gerlache Strait

Eiuc BRODY, B. GREG MITCHELL, OSMUND HOLM-HANSEN,
AND MARIA VERNET
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Scripps Institution of Oceanography

La Jolla, California 92093-0218

Mitchell and Holm-Hansen (1991) found that the bio-optical
model used for satellite remote-sensing of chlorophyll +
phaeopigment (Gordon et al. 1983, 1988) in Antarctica underesti-
mates concentrations by approximately a factor of 3. It was
hypothesized that the variations in pigment-specific absorption
coefficients was the source of observed regional differentiation.
The causes of these variations are attributed to the "package effect"
caused by different pigment composition, cell size, and intercellu-
lar chlorophyll concentration (Sathyendranath et al. 1987; Bricaud
et al. 1988) and the relative proportion of detritus and phytoplank-
ton absorption (Mitchell and Kiefer 1988). In 1992, during the
Research on Antarctic Ecosystem Rates 3 (RACER3) cruise in the
Antarctic, over 163 absorption spectra were collected at various
stations and depths in Gerlache Strait and near the ice edge. This
data set is used to demonstrate the role of species differences as a
source of variation in pigment-specific absorption coefficients.

Particles were concentrated by filtration and analyzed for
chlorophyll and phaeopigments with a filter fluorometer
(Holm-Hansen et al. this issue). Absorption samples were col-
lected on GF/F filters, stored in liquid nitrogen for 6 months,
measured with a Perkin-Elmer Lamba 6 spectrophotometer, and
analyzed using the quantitative filter technique (Mitchell 1990).

The spectra were partitioned into total (ar) and detrital (ad)

components using the method of Kishino et al. (1984).
In the satellite remote sensing pigment retrieval algorithm,

the spectral reflectance R(A) can be expressed as:

(equation 1)
E(X)	 bb()

R() =	-= C1*

Ed(?.)	 bb(A)+a(A)

where E(A) is the upwelling irradiance, Ed(A) is the downwell-
ing irradiance, bb(?.) is the backscattering coefficient, a(k) is the
absorption coefficient and C 1 a constant (Gordon et al. 1983,1988).
Much of the variation of the reflectance ratio can be attributed to
a() (Morel and Prieur 1977), and a(A) can be further decomposed;

(equation 2)
a() = a(k) + a (?.) + a()

where a (?.) is absorption of particles, a(X) is absorption of water
and a(A5 is absorption of soluble material (Smith and Baker 1981)
Since a is constant for each wavelength and a in the Antarctic i
minimal (Mitchell this issue), most of the variation in a(A) can b
attributed to a(A) 1 which can be further decomposed:

(equation 3)
a(A.) = aPh(?4.) + ad()

where aPhQ) is absorption due to phytoplankton and ad(?) i
absorption due to detritus (Morrow et al. 1989).

Figure 1 shows the correlation between chlorophyll + phaeo.
pigment and a(441) for all samples at different stations an4
depths. The slope of the regression is the pigment specific absorp.
tion coefficient for nanometers (a*(441)) . The data show a diver-
gence of a*(441) as chlorophyll + phaeopigment increases. Thi4
divergence seems to clearly distinguish two phytoplankton popu
lations characterized by a distinctive a*(441) coefficient.
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Figure 1. Correlations between a(441)and chi+phaeo for all RACER3
stations. The slope of the regressions represents a* for distinct
populations. The estimated a(441) for all stations where the
cryptomonads dominated is 0.046 and 0.017 for all stations where
diatoms dominated. The values corresponding to the stations FC42
and FC58 are Indicated by the circles.

Wavelength (nm)

Figure 2. Comparison of two different 5-meter pigment-specifiC
absorption spectra selected from figure 1. For 441 nanometers, a
Is high for station FC58 and low for station FC42; the inverse is true
for each station in the ultraviolet region (330 nanometers). The two
spectra located on the bottom of the graph are the corresponding a4,
normalized for chlorophyll + phaeoplgment, which is very low,
indicating ad is almost insignificant.
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Figure 3. Grid maps of the RACER3 stations in the Gerlache Strait during the FC leg of the cruise. (a) Contour of a(k); (b) Contour of a*(X).
The pattern In figure 3b is similar to the contour of chlorophyll + phaeopigment (Holm-Hansen et al. this issue), but there is an inverse cor-
relation between chlorophyll + phaeopigment and a*.

We hypothesize that the observed variations of a* are caused
by phytoplankton composition. Based on the floristic analysis
(Ferrario, personal communication), samples with high chloro-
phyll + phaeopigment and low a*p(441) in figure 1 are diatom-
dominated (diameters greater than 20 micrometers) stations.
The stations with high chlorophyll + phaeopigment and high
a*(441) are cryptomonad-dominated (diameters less than 5
micrometers) stations. The data support the theory of pigment
"package effect" (Morel and Bricaud 1981) as determined by cell
size. Large cell phytoplankton such as the diatoms have lower
a* (441) (0.017), whereas the small cell phytoplankton such as
the cryptomonads have higher a*(441) (0.046).

In figure 2, we contrast 5-meter a* spectra from two stations
with high chlorophyll + phaeopigment values (14.17 milligrams
chlorophyll + phaeopigment per cubic meter for FC42 and 9.60
milligrams per cubic meter for FC58 respectively), and with
different a(441) from figure 1. Two very different spectral shapes
are evident for stations FC42 and FC58. Station FC58 shows a
high a* in the blue (441 nanometer) and a low a* in the ultraviolet
(330 nanometers). Station FC42 shows the inverse relationship,
low a* in the blue and high a* in the ultraviolet region.

Vernet etal. (this issue) found different pigment composition
for the stations presented in figure 2, confirming that crypto-
monads dominated station FC58 and diatoms dominated station
FC42. In addition to having different pigment composition, both
samples in figure 2 also reveal a high ratio of accessory pigment
to chlorophyll a indicating that the phytoplankton may be low-
light adapted (Jeffrey 1980). Although we do not have detailed

cell size information, we expect high pigment per cell, which
could contribute to the pigment "package effect."

The variability of a* is important because pigment specific
absorption coefficients are used in remote-sensing algorithms
(i.e., Frouin et al. this issue). Figure 3a shows the contour of
a (441) of FC leg of the RACER3 cruise. This figure is significantly
different from the contour of a*p(441) (figure 3b). When compar-
ing a*p(441) with the contour of chlorophyll and phaeopig-
ment (Holm-Hansen etal. this issue), we note that, although the
contour pattern is similar, a*p(441) is inversely correlated with
chlorophyll + phaeopigment concentration which is consistent
with the model of Morel (1988). However, as shown in figure 1,
the variation in a* with pigment concentration is not as simple as
suggested by Morel (1988). The cell size of phytoplankton species
in blooms must also be considered. Variability in a* will affect
the estimation of pigment biomass with ocean color sensors such
as SeaWiFS and will have to be taken into consideration if we are
to have accurate chlorophyll + phaeopigment estimates (Mitchell
and Holm-Hansen 1991).

We were able to clearly identify two trends in a* for several
reasons. One is the clear presence of either very large diatom cells
or small cryptomonad cells at bloom stations in Antarctica (Holm-
Hansen and Vernet this issue). Another is the massive bloom in the
antarctic coastal waters. In typical oceanographic environments,
the small range of chlorophyll + phaeopigment (0 to 5 milligrams
per cubic meter) makes it difficult to separate a* for the different
phytoplankton. However the large blooms reported in the Antarc-
tic during the spring often show a wide range of chlorophyll +
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phaeopigment values (0 to 20 milligrams per cubic meter), which
makes it easier to distinguish separate a* relationships.

The minimal presence of ad is also another important factor in
enabling us to find the variation in a* in Antarctica. Figure 2
shows that ad normalized for chlorophyll + phaeopigment was
typically negligible. Sosik et al. (this issue) found the ad from
RACER3 to be very low compared to the ad from the temper-
ate water off the California coast. Assuming a from equation 2
to be minimal, it will contribute little to variations in a*. There-
fore most of the variation is due to a*Ph.

Work in progress includes analyzing pigment composition
and determining the cell size and phytoplankton composition for
the RACER3 cruise. These data should provide us with more
information such as pigment per cell and the ratio of accessory
pigment to chlorophyll a for all the samples and improve our
understanding of particle optics in the Antarctic.

We thank the captain and crew of the R/V Polar Duke, Martha
Ferrario for the floristic analysis, Chris Fair for technical assis-
tance, and Vincent Spode for graphics. This project was sup-
ported by National Science Foundation grant DPP 88-17635 to
0. Holm-Hansen and Maria Vernet.
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A comparison of particulate
absorption properties between high-

and mid-latitude surface waters

HEIDI M. S0SIK, MARIA VERNET AND

B. GREG MITCHELL

Marine Research Division
Scripps Institution of Oceanography
University of California, San Diego

La Jolla, California 92093-0218

The optical properties of particulate material in the surface
waters of the ocean play a critical role in regulating the underwa-
ter light field and in determining water-leaving radiance. The

absorption capability of the phytoplankton fraction of the par-
ticulate pool also sets an important limit on primary production.
Variability in particulate optical properties thus should be re-
flected in light propagation models, in algorithms for pigment
retrieval from remotely sensed data, and in bio-optical models
for primary production. A recent study by Mitchell and Holm-
Hansen (1991) has shown that there are significant differences
between high-latitude and temperate ocean waters in pigment-
specific diffuse attenuation coefficients and in the relationship
between pigment concentrations and spectral ratios of upwelling
radiance. The observed differences have been attributed to
variability in particulate optical properties. The goal of this
study is to examine differences in measured pigment-specific
particulate absorption coefficients between surface waters from
the Gerlache Strait and from the California current.

This study was conducted on three cruises. Samples were
collected from stations in the Gerlache Strait on the Research on
Antarctic Coastal Ecosystem Rates 3 (RACER3) cruise in Decem-
ber 1991 to January 1992 and from two California Cooperative
Oceanic Fisheries Investigations (Ca1COFI) cruises (9110 and
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9202) in September to October 1991 and January to February 1992.
The Ca1COFI cruises cover an area off southern California be-
tween San Diego and just north of Point Conception and extend
approximately 600-700 kilometers offshore (approximately 30 to
34 N and 118 to 124 W). Data from 132 RACER3 stations, 63
stations on Ca1COFI cruise 9110, and 62 stations on cruise 9202
will be presented here.

All water samples were collected with Niskin bottles from
depths ranging between 0 and 5 meters. Between 0.1 and 2 liters
of water were filtered onto Whatman CF/F glass fiber filters.
Samples taken on Ca1COFI cruises were analyzed on board ship,
while RACER3 samples were stored in liquid nitrogen and
returned to the laboratory for analysis within 7 months. Analysis
of filtered samples included measurement of absorption in a dual
beam spectrophotometer. Using the method of Kishino (1985),
the initial measurement was followed by extraction in methanol
and subsequent reanalysis of absorption by the material remain-
ing on the filter. The absorption following extraction of pigments
with methanol can be regarded as the detrital component (ad) of
the total particulate absorption (a). By difference between the
total and detrital signals, an estimate of phytoplankton absorp-
tion (a h) can be derived. However, this is an overestimate of aPh
since cfetritai phaeopigments will be extracted by methanol, and
their absorption will be included in the phytoplankton compo-
nent. The algorithm of Mitchell (1990) was used to correct all
absorption measurements for pathlength amplification effects re-
sulting from analysis of particulate samples concentrated on filters.
In all cases, specific absorption was determined by dividing ab-
sorptionby the concentration of chlorophyll a plus phaeopigments.
Pigment concentrations were determined on separate samples
from the Niskin bottles using standard fluorometric techniques.

The average pigment-specific particulate absorption spec-
trum (a*) for the antarctic surface waters is consistently lower
than that found on either of the Ca1COFI cruises (figure 1).
Antarctic values of a* are as much as 2.5 times lower at some
wavelengths with an average of 1.9 for the blue peak. Lower
specific absorption for the RACER3 data is also observed for the
phytoplankton component (a h*) (figure 2). This feature, com-
bined with the reduced ratio of the blue-to-red peak, is consistent
with low-light adaption for antarctic populations of phytoplank-
ton. Finally, detrital absorption is low in the antarctic surface
samples compared with the mid-latitude California Current
(figure 3). At 440 nanometers, the average ratio aPh:ad is approxi-
mately 4 for each of the CaICOFI cruises. For RACER3, aPh is an
average of 10 times higher than ad.

These results support the hypothesis of Mitchell and Holm-
Hansen (1991) that high-latitude surface waters have low detri-
tal absorption and a low aPh* when compared to temperate
waters. As these authors have shown, this variability is manifest
in models for light propagation through the water column and
or ocean color algorithms. Bio-optical modeling of primary

production will also be affected by this type of regional variabil-
ty. To better understand the magnitude and distribution of
iariability in partical optics is a critical step toward the develop-

inent of more accurate bio-optical algorithms.
The RACER3 work was supported by National Science Foun-

dation grant DPP 88-17635 to 0. Holm-Hansen and M. Vernet.
The work with Ca1COFI was supported by Office of Naval
Research grant N00014-91-J-1186 to B. C. Mitchell and National
cience Foundation Graduate Student Fellowship to H. Sosik. We

would like to thank the captains and crew of the R/V New
.-Iorizon, the R/V David Starr Jordan and the R/V Polar Duke, and
C. Fair and L. Flores for technical assistance.
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Figure 1. Average chlorophyll a plus phaeopigment-specific
particulate absorption spectra for surface waters sampled in the
Gerlache Strait (RACER3) and on two cruises to the waters oft
southern California (CaICOFI 9110 and CaICOFI 9202).
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Figure 2. Average chlorophyll a plus phaeopigment-specific
phytoplankton absorption spectra estimated using the technique of
Kishino et al. (1985) for the same samples shown in figure 1.
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Figure 3. Same as figures 1 and 2 except for the detrital component
of the total particulate pool.
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RACER: Distribution of nitrite
in the Gerlache Strait

J. E. DORE AND D. M. KARL
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Honolulu, Hawaii 96822

The surface waters of the southern oceans are characterized by
high concentrations of inorganic nutrients (nitrate, phosphate,
silicate; Gordon et al. 1981) which could potentially be used for
the photosynthetic production of organic matter and removal of
dissolved carbon dioxide from the ocean's surface (Martin 1990).
A thorough understanding of nutrient dynamics in antarctic
marine ecosystems is crucial to our understanding of food web
dynamics and global carbon dioxide fluxes. Of the major
bioelements, nitrogen is generally considered to be an important
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Figure 1. Contour map of surface nitrite concentrations across the
RACER fast grid study area from 15 to 18 December 1991 (FA).
Concentrations are in units of micromoies per liter; contour spacing
Is 0.05 micromoiar. Estimated analytical precision is 0.01 micromoiar.
Solid symbols indicate stations where nitrite was sampled.

limiting nutrient in seawater. To date, most studies of nitrogen
in the southern ocean have focused either on the most oxidized
form, nitrate, or on the most reduced form, ammonium. By
comparison, few data exist on the distribution or turnover rate
of the redox intermediate nitrite. Accumulations of nitrite in
natural waters indicate zones in which an uncoupling exists
between the oxidative and reductive reactions affecting nitrate
and ammonium (Rakestraw 1936). We anticipated that an evalu-
ation of the dynamics of nitrite distributions during the spring
phytoplankton bloom would provide us with additional infor-
mation on the nutritional state and regenerative capacity of the
microbial community.

The horizontal distribution of dissolved nitrite was examined
during the three quasi-synoptic fast sampling grids performed in
the Gerlache Strait during the Research on Antarctic Coastal Eco-
system Rates 3 (RACER3) cruise to the Antarctic Peninsula region
(1991-1992 austral summer). In addition, depth profiles of nitrite (0
to 200 meters) were generated at the time-series station A (equiva-
lent to fast grid station 33) during each of the four occupations.
Cruise dates, station locations, and sampling protocols are de-
scribed elsewhere (Holm-Hansen and Huntley this issue). Fast grid
samples were bucket-collected from the surface, screened through
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Figure 2. As In figure 1, except data are from 27 to 30 Decembe
1991 (FC).	 I
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a 20 micrometers mesh and stored in the dark in polyethylene
bottles at 4 °C prior to shipboard analysis by a standard colon-
metric method (Strickland and Parsons 1972). Station A samples
were collected in Niskin bottles with a conductivity-tempera-
ture-depth (CTD)/rosette system at ten depths from surface to
200 meters, then stored and analyzed as above. Every effort was
made to analyze samples promptly, and little change was ob-
served in replicate samples analyzed fresh and after storage
several hours under these conditions. All shipboard incubations
of seawater samples were performed in acid-washed polycar-
bonate or polyethylene bottles in a flowing surface seawater bath.

Surface nitrite concentrations within the fast grids ranged
from 0.09 to 0.35 micromolar; high levels were generally found in
the coastal embayments, while the lowest level was found near
the southwest inlet of the strait. Contour plots of surface nitrite
concentrations during fast grids FA (15 to 18 December) and FC
(27 to 30 December) are shown in figures 1 and 2. Examination of
the contoured data reveals a trend toward increasing nitrite
concentrations, particularly within the coastal embayments. Only
near the strait's northeast sector do we see an overall decrease
of surface nitrite from grids FA to FC.

The depth profiles of nitrite from the four station A occupa-
tions are shown in figure 3. All show near-surface maxima with
depth-decreasing concentrations. Depth-integrated (0 to 200
meters) values increased from 11 millimoles per square meter (12
December) to 19 (19 December) to 30 (25 December), then dipped
slightly to 29 millimoles per square meter (30 December). Note
that while the total water column (0 to 200 meters) content of
nitrite decreased slightly from 25 to 30 December, nitrite in the
upper 10 meters continued to rise. A subsurface nitrite maxi-
mum, omnipresent in oligotrophic open oceans, was not ob-
served at station A.

We believe that the shape and development of the station A
trite profiles indicate an early to mid-bloom situation (type MB;

Dore et al. this issue). The rapidly accumulating nitrite at shallow
depths is most likely a product of phytoplankton nitrite excretion
during nitrate assimilation (Kiefer et al. 1976). This view is
supported by the strong near-surface (0 to 20 meters) negative
correlation of nitrite with nitrate (r -0.82, n = 20), and by the lack
of a positive correlation with ammonium (r = -0.33,n = 20). Nitrite
production near the surface by a nitrification mechanism (Olson
1981) is unlikely; the high light at shallow depths would be
expected to strongly inhibit microbial nitrification. Tupas et al.
(1990) in their nitrogen-15 isotope dilution experiments found no
evidence of near-surface nitrification at the same site during a
previous summer cruise.

Further evidence for a phytoplankton nitrite source comes
from our bottle incubations; light incubations of unscreened
near-surface samples (24-hour duration, or more) yielded sub-
stantial nitrite increases, while dark incubations yielded little or
no change. The general increase of surface nitrite during Decem-
ber is, therefore, probably indicative of rapid nitrate assimilation
by phytoplankton during the formation of the annual bloom
across most of the study area.

Part of the nitrite increase observed in deeper waters (50 to 200
meters) may be from downward diffusion but nitrification (ammo-
nium oxidation) is probably the primary source at these depths.
The accumulation of nitrite indicates that nitrite-oxidizing bacteria
are not very active, which is somewhat puzzling because at the low
light levels associated with these depths neither of these two
autotrophic processes should be photoinhibited. We believe the
RACER study area to be in a mid-bloom stage, with substantial
regenerative processes only beginning to develop. It is therefore
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Figure 3. Concentration vs. depth profiles for nitrite during the four
station A occupations. Concentration is in units of micromoles per
liter, depth is in meters. Stations Indicated in legend. Estimated
analytical precision is 0.01 micromolar.

possible that nitrite oxidizers lag heterotrophs and ammonium
oxidizers, in a successional sense, based upon the order of availabil-
ity of substrates (dissolved organics -> ammonium -> nitrite). This
hypothesis should be tested in future nutrient regeneration studies
of the coastal antarctic ecosystem.

The project S-046 field team consisted of C. Tien, R. Letelier, C.
Parrish, I. Szyper, and J . Burgett, in addition to the authors. We
thank the crew of the R/V Polar Duke and the entire RACER
scientific party for their assistance in sample collection. This
research was supported by National Science Foundation grant
DPP 88-18899. SOEST contribution #3131.
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Seasonal variability in microbial
biomass in the Gerlache Strait: A

feast-or-famine existence

G. TIEN, J. BURGEIT, J. Doiu, M. GEREN,
T. HOULIHAN, R. LETELIER, U. MAGAARD,
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Previous Research on Antarctic Coastal Ecosystem Rates
(RACER) field experiments conducted in the northern Gerlache
Strait during 1986-1987, 1989, and 1990-1991 have revealed sig-
nificant regional variability in the distribution and abundance of
micro- and nanoplankton, often with order-of-magnitude con-

centration changes over horizontal scales of 100 kilometers or less
(e.g., Bird and Karl 1991; Karl et al. 1991; Tien et al. 1990).
Superimposed on these spatially diverse habitats is an intense
temporal variability, perhaps the most extreme seasonality ob-
served anywhere in the world ocean. To date, measurements of
microbial processes in the southern ocean are predominantly
from the Antarctic Peninsula region during summer. This could
result in a serious spatial and temporal bias of the extant data
base. While the standing stocks of micro-organisms are expected
to be low during the austral winter, direct observations are almost
non-existent. Furthermore, we know of no previous study that
has occupied the same set of hydrographic stations during both
the spring-summer bloom and in mid-winter. Comparisons of
this type are crucial for a complete understanding of food web
dynamics, particle fluxes, and ocean-atmosphere exchange of
biogenic gases.

During the RACER4 expedition (July and August 1992), we
had an opportunity to return to a region of the Antarctic Penin-
sula where we previously had measured summer microbial
biomasses that were among the highest ever reported for the
neritic portion of the world ocean. The following initial results,
reported underway from the R/VNathaniel B. Palmer in Gerlache
Strait, indicate that microbial biomasses in this same region

63W	 62'W	 61'W

Figure 1. P-ATP concentration contours for the surface waters of the
RACER study area for the period 16 to 19 November 1989. Solid
circles indicate the locations of the hydrostations sampled during
each "fast grid" survey. Concentrations of P-ATP are in micrograms
per liter. Contour interval is 0.5 micrograms per liter.

63'W	 62'W	 61'W

Figure 2. P-ATP concentration contours (as in figure 1)for the period
201026 July 1992. Concentrations of P-ATP in nanograms per liter.
Contour interval is 2 nanograms per liter.
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during wintertime are among the lowest ever reported from the
surface ocean.

The sampling technique for particulate adenosine triphos-
phate (P-ATP) was similar to that used in previous RACER
program cruises and included both vertical profiles (to 200 meters)
at station A (64' 11.75 S 61' 195 W) and near-surface water
(approximately 2 meters) collections from 35 to 40 stations lo-
cated within a 500-square-kilometer survey region (Huntley etal.
1990). The main differences between spring-summer and winter
sampling procedures were the times required to complete the
quasi-synoptic "fast" grid (3 to 4 days vs. 7 days) and the number
of surveys conducted during any one cruise (three to four vs.
one). All seawater samples for P-ATP were screened through a
202 micrometers mesh Nitex screen to remove large zooplankton
and processed in triplicate using procedures described elsewhere
(Karl et al. 1991). The samples collected during the winter cruise
were analyzed at sea. During the spring-summer cruises, water
samples routinely were fractionated into at least two size classes
(<202 micrometers and <20 micrometers) prior to extraction.
Using this approach, we previously had documented a system-
atic progression from a microbial assemblage dominated by
microplankton (20 to 202 micrometers) to an assemblage domi-
nated by nanoplankton (<20 micrometers) (Karl et al. 1991).
These results, supported by independent measurements of chlo-
rophyll a (Holm-Hansen and Mitchell 1991) and direct micros-
copy, indicate a seasonal succession from large diatoms to small
autotrophic flagellates. During spring and summer periods, bac-
terial biomass comprised less than 10 percent of the total micro-
bial biomass (Karl et al. 1991; Karl and Tien 1990).

During the spring bloom (exemplified by RACER2, fast grid
survey FC; figure 1), total microbial adenosine triphosphate
(All?) in the near-surface waters of Gerlache Strait, ranged from
147 to 2,500 nanograms per liter, with highest concentrations in
the coastal bays and fjords and lowest concentrations in the core
of the Gerlache Strait current. The maximum of ATP concentra-
tions corresponds to a microbial biomass in excess of 0.5 gram of
carbon per cubic meter of seawater. This is among the highest
standing crop reported for any neritic portion of the world ocean.
In contrast to these biomass-enriched waters, our recently con-
cluded wintertime survey revealed a depauperate assemblage of
microorganisms, with P-ATP concentrations approximately two
orders of magnitude lower than the summertime values through-
out our study area (figure 2). Furthermore, the characteristic
spatial gradients in biomass were totally absent. These wintertime
P-All? concentrations are lower, by approximately a factor of 2,
than P-ATP values reported for the surface waters of the central
North Pacific Ocean (Chiswell et al. 1990) and, therefore, are prob-
ably among the most oligotrophic surface ocean waters on earth.

Representative vertical profiles of P-ATP conducted at station
A confirmed the patterns observed in the near surface waters
(figure 3). The near-surface biomass enrichments which com-
prise the "bloom" and which result in substantial production of
organic matter during the well-stratified summer conditions
were absent in winter. Typical upper-water column (0 to 50
meters) inventories of P-ATP at the height of the bloom and in
winter are 50 and 0.8 milligrams ATP per square meter, respec-
tively. Even the deeper portions of the water column, well below
the euphotic zone (>100 meters), are substantially depleted in
P-ATP during winter (figure 3). This indicates that the effects of
the bloom extend into the mesopelagic zone of the water column.

This remarkable contrast between summer and winter condi-
tions must have a major influence on the structure and function
of the microbial food web (Karl 1993) and on physiological and
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Figure 3. P-ATP concentration vs. depth profiles for samples
collected at RACER station A in Gerlache Strait on 26 January 1987
and (left panel) 18 July 1992. Note the change of scale for the P-ATP
concentration axis between the two graphs.

metabolic strategies of survival during the periods of extreme
oligotrophy. This example of a feast-or-famine existence for the
microbial assemblages of Gerlache Strait emphasizes the impor-
tance of year-round investigations of the antarctic marine eco-
system in order to understand adequately carbon and bioele-
ment cycling, especially the inception and demise of the annual
spring bloom.

We thank the RACER program scientists and crew of the R/V
Polar Duke and R/V Nathaniel B. Palmer for their assistance in
sample collection. This research was supported by National
Science Foundation grant DPP 88-18899 awarded to D. Karl.
SOEST contribution #3128.
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RACER: Sinking rates and vertical
flux of phytoplankton pigments

JAMES P. SZYPER

Hawaii Institute of Marine Biology
School of Ocean and Earth Science and Technology

University of Hawaii
P.O. Box 1346

Kaneohe, Hawaii 96744

DAVID M. KARL

School of Ocean and Earth Science and Technology
University of Hawaii

Honolulu, Hawaii 96822

Sinking is an important process in the dynamics of oceanic
seston, particularly at high latitudes. Estimates of downward
rates of particle flux contribute to analyses of nutrient sources
supporting primary production and the fates of the material
produced (Smith et al. 1986; Karl et al. 1988; Laws etal. 1988; Karl
and Asper 1990; Karl et al. 1991; Nordhausen and Huntley 1990;
Vernet and Karl 1990; Bienfang and Ziemann 1992).

Sinking and material flux rates are estimated by two basic
strategies. Particles are collected in traps deployed at selected
depths for a period of one to several days, yielding flux rates in
typical units (for pigments) of milligrams per square meter per day.
Alternatively, sinking rates of particles in water samples (meters
per day) may be determined by the SETCOL method (Bienfang
1981), and flux rates derived as products of sinking rates and
ambient concentrations (milligrams per cubic meter). The trap
method integrates processes over depth and time, while SETCOL
analyses are closer to "point" estimates from discrete depths during
short periods (2 to 6 hours). SETCOL analyses exclude relatively
rare particles such as fecal pellets because they are not caught
frequently (due either to abundance or to sampling efficiency) in
the water samplers from which experimental water is taken.

We employed both methods at a station in the northern
Gerlache Strait during the Research on Antarctic Coastal Ecosys-
tem Rates 3 (RACER3) cruise in December 1991. Sinking and flux
rates are analyzed here in terms of chlorophyll a and
phaeopigments that were determined fluorometrically aboard
ship (Holm-Hansen and Riemann 1978). Other particulate mate-
rials (adenosine triphosphate, carbon, nitrogen, and silicon) were
sampled during these experiments, but analyses were incom-
plete at this publication date.

SETCOL incubations were performed in duplicate using an
array of 12 clear acrylic columns 0.5 meters in height and 400
milliliters incapacity, contained in a clear water jacket filled with
surface seawater suspended in shade on deck for periods of 3.5 to
5.5 hours. Columns were filled with seawater collected from
various depths (0 to 75 meters) with a bucket or Niskin samplers.
Sinking rates were calculated from the distribution of pigments
among upper, middle, and bottom regions of the columns after
incubation. Free-floating MULTITRAP arrays (Karl et al. 1991)
were deployed at 20-meter depth intervals from 40 to 140 meters
during each of three occupations of this station (station A) during

December 1991; the deployment periods were of 32-,27-, and 41'_
hour duration. Pigment analyses were performed on subsamples
of high-density trap solutions (1.5 molar sodium chloride) lackt-
ing preservatives.

SETCOL- derived sinking rates ranged from 0.19 to 0.72 meter
per day for chlorophyll  and from 0.18 to 0.96 meters per day for
phaeopigments. The overall mean rates for the two materials
were 0.51 and 0.55 meters per day, respectively, which did not
differ significantly at a = 0.05. The vertical pattern in sinking rat-
es (figure 1) was similar to the temperature profiles, which in
general showed little or no mixed layer, approximately linear
decrease in temperature to about 50 meters, and isothermal
conditions at greater depth.

Flux rates calculated independently from SETCOL and
MULTITRAP experiments are shown in figure 2. Surface flux
rates of chlorophyll a were relatively high, being products of
reasonably high sinking rates (Bienfang 1984; Culver and Smith
1989) and high pigment concentrations (5 to 10 milligrams per
cubic meter) in the upper 20 meters. Below 20 meters, both
SETCOL and MULTITRAP-derived flux rates indicate an ap-
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Figure 1. SETCOL-determined sinking rates of particulate chloro-
phyll a (filled symbols) and phaeoplgments (open symbols) at
station A during MULTITRAP deployments on 12 December
(triangles), 19 December (squares), and 25 December (circles) 1991.
Each point represents the mean rate derived from duplicate column
incubations. Temperature profiles from the four hydrocasts providing
experimental water are shown as dotted lines.
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Figure 2. Vertical flux rates of particulate chlorophyll aas determined
by SETCOL experiments (filled symbols) and by MULTITRAP
collections (open symbols). Dates are represented by different
symbols (as In figure 1).

Figure 3. Ratios of particulate phaeopigments to chlorophyll sin the
water column (dotted lines) and in vertical flux rates, as determined
by SETCOL experiments (filled symbols) and by MULTITRAP
collection (open symbols). Dates are represented by different symbols
(as In figure 1).

proximate order of magnitude decrease to relatively constant
rates in the remainder of the depth range studied (40 to 140
meters). Phaeopigment flux rates (not shown) were lower than
chlorophyll rates near the surface (due to lower concentrations),
but greater below the photiczone. Downward flux rates of chlo-
rophyll a and phaeopigments ranged from 0.04 to 2.88, and 0.03
to 2.83 milligrams per square meters per day, respectively, taking
both methods together. These ranges, obtained after the peak of
the 1991 bloom period, overlap with, but are generally lower
than, those observed at station A in November 1989 during the
spring bloom (Vernet and Karl 1990).

Phaeopigment flux in relative importance with depth, gained
as shown by the increasing ratio of phaeopigment flux/chloro-
phyll a flux rates (figure 3). This trend continued smoothly
through the transition from SETCOL to MULTITRAP-derived
flux rates at 30 to 40 meters. A similar depth-related increase was
evident in the ratio of phaeopigment/chlorophyll a concentra-
tions (P/C) in the suspended particulates collected by the Niskin
samplers.

Although traps make direct assessments of flux rates, these,
like SETCOL-derived rates, may be considered products of sink-
ing rates and concentrations. Pigment concentrations were rela-
tively low below 50 meters (less than 0.4 milligrams per cubic
meter) and did not increase withdepth. Thus, larger phaeopigment
flux rates below 50 meters imply rapid sinking rates of tens of
meters per day, which are characteristic of fecal pellets or large
organic aggregates. Few pellets were seen on filters collecting
trap material from 40 and 60 meters, but increasing numbers

appeared with increasing depth. The influence of pellets on flux
rates is illustrated by the discrepancy between the phaeopigment
contribution to the SETCOL rate at 75 meters (which has no fecal
pellet component) and to the MULTITRAP rate at 80 meters (open
and closed circles in figure 3) on the same date. The two methods
address the same natural process, but the characteristic exclusion
of large particles from SETCOL experiments can be exploited to
quantify the separate contribution of such particles to total ver-
tical flux.

We thank the RACER Project S-046 personnel (G. Tien, J.
Burgett, J . Dore, R. Letelier, and G. Parrish) for their help in
sample collection and analysis, A. Amos for providing the CTD
data, and 0. Holm-Hansen for water column pigment measure-
ments. This research was supported by National Science Founda-
tion grant DPP 88-18899, awarded to D. Karl. SOEST Contribu-
tion No. 3127.
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Exocellular enzyme activities in
Gerlache Strait, Antarctica

JAMES R. CHRISTIAN AND DAVID M. KARL

School of Ocean and Earth Science
and Technology

University of Hawaii
Honolulu, Hawaii 96822

Most dissolved organic matter (DOM) in seawater consists of
polymeric substances that must be hydrolyzed by exocellular
enzymes before being assimilated by microorganisms. Tech-
niques for measuring enzyme activities using fluorescent sub-
strate analogs have been in use for several decades but have only
recently been applied to marine plankton, and never, to our
knowledge, in Antarctica.

During the 1991-1992 austral summer the Research on Antarc-
tic Coastal Ecosystem Rates (RACER) cruise, activities of bacte-
rial exocellular enzymes beta-glucosidase (BGase) and leucine
aminopeptidase (LAPase) were measured in the Gerlache Strait.
Two fast grids (30 to 40 stations sampled over approximately 72
hours) of surface water samples were taken, and four depth
profiles (0 to 200 meters) at station A (64117S 61'19.5' W).

Because these experiments are conducted at saturating sub-
strate concentration (Hoppe 1983) and the concentration of sub-
strate in situ is not known, these results must be considered
indices of potential activity rather than estimates of actual activi-
ties in situ. Enzyme activities are expressed as nanomoles of
substrate analog (methylumbelliferyl-beta-glucoside orL-leucyl-
beta-naphthylamine) hydrolyzed per liter per day at saturating
substrate concentration.

It has been suggested that such potential activity measure-
ments are an index of bacterial biomass rather than growth or
activity (Billen et al. 1990). If this is correct, then the potential
activities of the two enzymes should be strongly positively
correlated. However, an important result of this work is that the
activities of these two enzymes are uncoupled in space or time,
or both. Across two fast grids of surface samples there is little
correlation between the activities of the two enzymes (figure 1).
In fast grid B (22 to 25 December) there is only a weak positive
correlation between the two (r2 = 0.264, but if the three outlier

170

points, see figure la, are removed r2 = 0.695). In fast grid C (27 to
30 December) there is no correlation at all (r2= 0.156).

Weak correlations beween BGase and LAPase suggest that
enzyme activities are not a simple function of bacterial biomass.
Our results from Hawaiian waters also show that while there is
a positive correlation of enzyme activity with biomass, activity
per unit biomass is highly variable.
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Figure 1. Relationship between the activities of beta-glucosldase
(BGase) and leucine aminopeptidase (LAPase) on (top) fast grid B
(22 to 25 December 1991)and (bottom)fast grid C(27to 30 December
1991). Activities are in nanomoles per liter per day.
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Figure 2. Depth profiles of (a) -glucosidase and (b) leucine
aminopeptidase (LAPase) activity at station A (6411.7' S 6119.5'
W). Activities are in nanomoles per liter per day.

Size fractionation experiments show that most activity is
associated with the bacterial size fraction (less than 1 micrometer;
see table). However, activities in the unfiltered (202 micrometer
screened) samples are usually somewhat greater than those in the
less than 1 micrometer fraction. This is most likely due to bacteria
attached to particles, but it is also possible that larger eukaryotic
algae possess exoenzymes. In the profiles taken at station A on 12
and 19 December the fraction of LAPase activity in the less than
1 micrometer size fraction varied from 57 to 100 percent with a
mean of 87 percent for samples from depths less than 100 meters.
Size fractionation experiments with BGase were inconclusive
due to low activities and correspondingly poor signal-to-noise
ratios, but most activity was associated with the less than 1
micrometer size fraction.

The activities of these enzymes are extremely patchy in time
and space. Four occupations of station A at intervals of 5 to 7 days
show that these enzymes are part of a highly dynamic system
(figure 2). On 19 December a large peak in the activities of both
enzymes was observed at 50 meters, which was not present on 12
December. A trace of this peak remained on 25 December but had
disappeared by 30 December, by which time an even larger peak
appeared at less than 20 meters. This pattern is the same for both
enzymes, although the overall correlation between the two over
all four profiles is weak (r2 = 0.489).

These preliminary results give a brief view into a complex and
dynamic system. The profiles taken at station A show that the
surface samples taken at the fast grid stations may miss much of
the activity. This could alias the spatial pattern since the maxi-
mum activity sometimes occurs at or near the surface.

Although there is no single sampling depth at which one could
reasonably expect to observe the greatest activity, activities tend

2 Dec 1991

	

2	 185	191	 97

	

5	 152	189	81

	

10	 182	228	80

	

15	 287	316	91

	

20	 396	394	101

	

30	 116	 131	 89

	

50	 88	 72	121

	

75	 21	 34	61

	

100	 0	 12	 -

	

200	 0	 0	 -

19 Dec 1991

	

2	 405	423	96

	

5	 308	421	 73

	

10	 285	331	 86

	

15	 200	 227	88

	

20	 177	 195	91

	

30	 150	263	57

	

50	 439	538	82

	

75	 8	 8	100

	

100	 0	 0	 -

	

200	 0	 0	 -

to be greatest in the mixed layer (less than 20 meters). The event
observed at station A on 19 to 25 December may be due to wind
mixing of mixed layer water rich in living cells and organic matter
below the euphotic zone where it was trapped when a new
pycnocline formed. There were strong winds in Gerlache Strait
during the week of 12 to 19 December. It might also be caused by
rapid sinking of phytoplankton(Alldredge and Gottschalk 1989).
Such events may be an important mechanism for removal from
the euphotic zone of primary production in antarctic waters.

We thank the RACER program scientists, R/V Polar Duke crew
and Antarctic Support Associates personnel for their assistance in
sample collection. This research was supported by National Sci-
ence Foundation grant DPP 88-18889. SOEST Contribution #3132.

References

Alldredge, A. L. and C. C. Gottschalk. 1989. Direct observations of the
mass flocculation of diatom blooms: Characteristics, settling veloci-
ties and formation of diatom aggregates. Deep-Sea Research, 36:159-
171.

Billen, G., C. Joins, L. Meyer-Reil, and H. Lindeboom. 1990. Role of
bacteria in the North Sea ecosystem. Netherlands Journal of Sea Research,
26:265-293.

Hoppe, H. C. 1983. Significance of exoenzymatic activities in the ecology
of brackish water: Measurements by means of methylumbelliferyl
substrates. Marine Ecology Progress Series, 11:299-308.

1992 REVIEW	 171



Metrkh gellachel, adult CVI
DEPTH OF MAXIMUM ABUNDANCE

I	B

00	 7663
07 06 96 90 N N N	 I

1111111	1111111
)0 08:00 1200 1600 20:00 2400 04:00 06:00 12:00 16:00 a

Metrda gerlachel
AT DEPTH OF MAXIMUM ABUNDANCE

160
:1001	I

ILWa -

RACER: Vertical migration and
bioenergetics of Metridia gerlachei

during spring 1991-1992

MARK E. HUNTLEY AND SANDOR KAUPP

Scripps Institution of Oceanography
La Jolla, California 92093

MAI D. G. LOPEZ

Marine Science Institute
University of the Philippines

Diliman, Quezon City 1101, Philippines

The copepod, Metridia gerlachei Geisbrecht, dominates cope-
pod biomass in the southern ocean (Zmijewska 1985; Hopkins
1985b; Hopkins and Torres 1988), especially in coastal regions
(Huntley and Escritor 1992). It is a strong, vertical migrator,
residing between 200 and 500 meters during the day and ascend-
ing to the upper 50 meters at night (Hardy and Gunther 1935;
Vervoort 1965; Schnack et al. 1985; Huntley and Escritor 1992).
Although M.gerlachei is capable of carnivory (Hopkins 1985b), it
can meet its metabolic requirements on a diet of phytoplankton
(Schnack et al. 1985).

Here, we report on the herbivorous feeding and the diel
vertical-migration cycles of M.gerlachei. This research was con-
ducted as part of the RACER (Research on Antarctic Coastal
Ecosystem Rates) program, designed to study ecosystem dynam-
ics during the spring bloom. Samples were collected at 64'12'S
6r20'W(station A) during the 37-hour period, beginning at 2400,
20 December 1991 and a 24-hour period beginning at 1800, 25
December 1991. We used a multiple opening-closing net and
environmental sensing system (MOCNESS), with333-meter mesh
nets, set to sample 8 depth intervals with depth horizons gener-
ally at 5,15,50,90,130,170,210, and 290 meters. During the day,
when the population was at greater depth, we sometimes elimi-
nated the 5-meter depth horizon and exchanged it for one at 250
meters.

All tows were completed within 45 minutes, surface to sur-
face. Sample preservation and resetting of the net system gener-
ally required an additional 15 minutes, so that at best, we were
able to sample the population throughout the water column
about once every hour. A fraction of the catch from each cod end
was filtered onto a GF/D filter and immediately frozen at -70 C.
Groups of ten adult female M.gerlachei were picked from the
frozen, filtered samples for each fluorometric measurement of
gut pigment content (Mackas and Bohrer 1976). These were
passively extracted for a minimum of 2 hours in 7 milliliters of
absolute methanol (Huntley et al. 1987). At the depths where
M.gerlachei was most abundant, we were usually able to obtain
ten such measurements; only one measurement was usually
possible for other depths. A second fraction was frozen in filtered
seawater for determination of RNA and DNA content, and of the
activity of the following metabolic enzymes: citrate synthase,
pyruvate kinase, lactate dehydrogenase and malate dehydroge-
nase, for each individual. A third fraction was preserved in 5

percent borate-buffered formalin for enumeration. Females in
the formalin-preserved sample were counted, and their abun-
dance calculated in quantity per cubic meter, based on the mea-
surement of volume flowing through each net. A few individuals
were reserved for measurements of respiration rate, using an
oxygen microelectrode system.

Photosynthetically active radiation and the vertical distribu-
tion of chlorophyll a were also measured during the same period
(Holm-Hansen et al. this issue). Water samples for the measure-
ment of phytoplankton pigments were collected at standard
depths, with a conductivity-temperature-depth/rosette system
deployed at 6-hour intervals.

In late December females dominated the population of
M.gerlachei. These exhibited pronounced diel vertical-migration
behavior, which imposed a similar rhythm on herbivorous graz-
ing. The population was essentially absent from the surfacei
during daylight hours, most of it concentrated well below 200
meters (bottom depth at station A is approximately 325 meters).
Abundance at the depths where the female population was
centered was usually in the range of 25 to 100 individuals per
cubic meter; most of the population was concentrated in two of
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Diel vertical migration and herbivorous feeding by adult female
Metridia gerlachei at station A, 25-26 December 1991: (A)
Photosynthetically active radiation in relative units during the
37-hour sampling period; (B) Modal depth interval occupied by
the adult female M.gerlachel during the sampling period (num-
bers are the percentage of females in the 0 to 290 meters water
column found within the modal depth Interval); (C) Mean gut
pigment content of the adult female M. gerlachel found In the
modal depth interval during the sampling period.
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the eight nets (i.e., over a 80-meter depth interval). At 2000, about
hours before the onset of maximum darkness, the population

began to rise perceptibly above 200 meters and generally reached
he upper portion of its nighttime excursion at 0100 (local time).
Almost immediately thereafter, the downward migration began,
eturning the population to its daytime depth range by the time
urface-light intensity had increased to about 10 percent of its

aaily maximum (figure la,b). The upper limit of the vertical
xcursion of the bulk of the population could not have been
haliower than 15 meters, and sometimes was deeper. Based on
hese observations, we calculate a minimum migration velocity

pf 25 meters per hour.
Grazing activity, as indicated by the level of gut fluorescence,

was strongly tied to the nightly vertical migration event (figure
1c). Mean gut pigment content during the day was less than 0.15
ianogram chlorophyll equivalents for each individual. As the

animals migrated toward the surface, the gut contents began to
increase, even at depths well below the chlorophyll maximum.
This could have been due to feeding on pigment-rich fecal mate-
rial, to sporadic occurrences of phytoplankton, or to individuals
whose diel migration was slightly out of phase with the majority
of the population. Maximum gut pigment content—almost two
orders of magnitude greater than the daytime gut content—was
attained simultaneously with arrival near the surface and per-
sisted for some time after the population began its descent. The
evacuation rate of the in situ population was not significantly
different than that of individuals removed from the population
and maintained in filtered seawater on deck for two hours. The
absolute concentration of pigments in deck-incubated fauna was
reduced to near zero about two hours before that of the field
population, suggesting that the field population continues to feed
during descent.

This research was conducted as part of the RACER (Research
on Antarctic Coastal Ecosystem Rates) program, designed to

study ecosystem dynamics during the spring bloom. Our con-
tinning study will assess the relationship between diel feeding
and vertical migration behavior to the bioenergetics of individual
M.gerlachei. This will be done by comparing some of the results
discussed here with cycles of activity as reflected by the RNA and
DNA content, the activity of metabolic enzymes, and the respira-
tion measurements made throughout the daily cycle.

This research was supported by National Science Foundation
grant DPP 90-17779. The authors thank E. Brinton, J . Lovett,
W. Nordhausen, and E. Venrick for their superhuman
"MOCNESSing" efforts; 0. Holm-Hansen and M. Vernet for
providing data on light and pigments; and the RACER science
crew as well as the crew of the R/V Polar Duke for their help.
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RACER: Composition and vertical
distribution of larval fishes at a time.

series station in Gerlache Strait,
November 1989

VALERIE J . LOEB

Moss Landing Marine Laboratories
Moss Landing, California 95039

Among objectives of the 1989 Research on Antarctic Coastal
Ecosystem Rates (RACER) Program were studies to determine
whether the relatively high zooplankton abundance within
Gerlache Strait is due to accumulation from physical processes
or whether it originates there through high rates of local repro-
duction, development, and survival (Huntley et al. 1990). To
address this question, an intensive program of vertically and
horizontally stratified zooplankton sampling was undertaken
by using a multiple-opening-closing-net-and-environmental-
sensing system (MOCNESS) at grid stations within Gerlache

Strait and southwest Bransfield Strait and at a time-series station
(station A) located in the eastern Gerlache Strait (figure 1). About
1,200 MOCNESS samples were collected and they are being ana-
lyzed to provide information on the early life stages of fish in add-
ition to the dominant euphausiid and copepod species.

Little is presently known about the planktonic fish assem-
blages in Gerlache Strait. Given the high primary productivity
and zooplankton biomass (Huntley et al. 1990) and the preva-
lence of inshore habitats and coastal eddies (Niiler et al. 1990),
Gerlache Strait has the potential for supporting a high abundance
of larvae—some from species that are rarely encountered in
offshore waters.

Presented here are the preliminary results from analysis of the
fish collected during time-series sampling at station A. Drifter
buoy studies indicate that the residence time of water near this
station is in the order of two months (Niiler et al. 1990). It is of
interest to consider whether this area may retain the pelagic
larvae of species spawning in coastal waters, thereby reducing
their advection offshore.

Data on larval fish at station A were obtained from vertically
stratified MOCNESS samples collected over a 48-hour period
during 20-21 November 1989 (Huntley et al. 1990). Each
MOCNESS tow sampled 9 depth strata between 0 to 290 meters
(0 to 5, 5 to 15, 15 to 50, 50 to 90, 90 to 130, 130 to 170, 170 to

1992 REVIEW	 173



210, 210 to 250, and 250 to 290 meters). The one-square-meter
nets were of 330 micrometer mesh. Larval fish were sorted from
243 samples, representing 27 tows.

All of the tows contained larval fish and together yielded a
total of 616 specimens and 12 species (table). The 0 to 290 meter
abundance estimates ranged from 8.2 to 57.4 larvae per ten square
centimeters with a mean of 27.2 larvae per ten square centimeters.
This mean larval abundance value is 2.5 times that resulting from
the 0 to 200 meter depth Nansen net samples collected in the
western Bransfield Strait during the December 1986 RACER
cruise (Loeb 1991).

Three species belonging to the family Nototheniidae,
Nototheniops larseni, Treinatomus lepidorhinus, and T.newnesi, domi-
nated the catches and comprised up to 91 percent of the indi-
vidual and total estimated abundance. All three species were
present in 22 of the 27 tows, and their abundance relations were
fairly consistent across the sampling period. AnotherNototheniid,
Nototheniops nudifrons, was rarely found. Other notothenioids
collected were Chionodraco rastrospinosus and Champsocephalus
gunnari (Channichthyidae), Artedidraco skottsbergi (Artedidra-
conidae), Racovitzia glacialis (Bathydraconidae), and a small un-
identified bathydraconid. Midwater fishes were mostly repre-
sented by Bathylagus sp. (5 percent of total); Electrona antarctica
(Myctophidae) and Notolepis sp. (Paralepididae) were repre-
sented by only a few individuals.

Among the dominant species at station A only N.larseni was
also abundant in the 1986-1987 RACER samples from the western
Bransfield Strait (Loeb 1991); those samples yielded only one
T.lepidorhinus larva (identified in Loeb 1991 as T.loennbergi) and
six T.newnesi larvae. The occurrence and abundance of larval fish
species in the Antarctic Peninsula area are known to vary season-
ally and interannually (Kellerman and Kock 1988; Kellerman
1989a). This species composition difference could thus be due to
an earlier sampling period (e.g., November 1989 vs. December-
March 1986-1987) as well as to interannual events. Given the long
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Figure 1. Study area and location of zoopiankton sampling stations
during the 1989 RACER cruise. Station A is the time-series station
located in the eastern Gerlache Strait.

residence time in the vicinity of station A, however, the difference
could also result from retention of the newly hatched larvae in
the coastal zone. T.lepidorhinus larvae have been rare in past
ichthyoplankton collections from the Antarctic Peninsula area
(Kellermann 1989b); T.nezvnesi larvae have been mostly collected
in shallow and inshore waters and are believed to be under-
represented in samples from the predominantly offshore station
grids (Kellermann and Kock 1988).

Most of the larval fish were collected in the upper 90 meters
with maximum estimated abundance within the 15- to 50-meter
depth layer. Among the more abundant species, only Bat hylagus
sp. was regularly collected at greater depths (table, figure 2).
T.newnesi was collected almost exclusively within the upper 50
meters with over 50 percent of the estimated abundance in the 5-
to 15-meter layer. T.lepidorhinus was also predominantly col-
lected within the upper 50 meters but was most abundant (more'
than 55 percent estimated abundance) within the 15- to 50-metert
layer. N.larseni had a broader and deeper distribution with 41
percent and 48 percent of its estimated abundance within the 15-
to 50-meter and 50- to 90-meter layers, respectively. The vertical
stratification in abundance by the larval stages of the dominant
Nototheniids suggests an adaptation to avoid interspecific com-
petition for food.

Percent Summed Mean Abundance
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Figure 2. Vertical distributions of the four most abundant species of
fish collected by MOCNESS samples at station A.
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Larval fishes collected in MOCNESS samples at station A, 20-21 November 1989

Depth of
maximum

Mean	 Depth	abundance
Number	 no/lU m2	Percent	range(m)	of larvae

Nototheniops larseni	 260	 15.50
Trematomus lepidorhinus	 156	 5.61
Trematomus newnesi	 143

	
3.56

Bathylagus sp.	 18	 1.33
Chionodraco rastrospinosus	 9

	
0.30

Artedidraco skottsbergi	 8
	

0.15
Nototheniops nudifrons	 6

	
0.11

Electrona antarctica	 2	 0.14
Bathydraconidae	 2	 0.10
Champsocephalus gunnari	 2	 0.06
Racovitzia glacialis	 0.04
Notolepis sp.	 0.04
Damaged/unidentified	 8

TOTAL	 616	 27.15

This work was supported by National Science Foundation
grant DPP 91-17832. The author thank M. Huntley, E. Brinton, W.
Nordhausen, and J. Lovett for their support and assistance in the
sample processing.
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Two fundamentally different, but not necessarily mutually
exclusive, southern oceans habitats are known to sustain dense
phytoplankton blooms and elevated levels of biological produc-
tivity at all levels of the marine food web: the highly stratified
coastal regions of the Antarctic Peninsula (Holm-Hansen et al.
1989; Holm-Hansen and Mitchell 1991; Mitchell and Holm-Hansen
1991) and the receding zone of seasonal pack ice (Smith and
Nelson 1985; Sullivan et al. 1988). The Research on Antarctic
Coastal Ecosystem Rates (RACER) program was designed to gain
a better understanding of interaction between physical, biologi-
cal, chemical, and optical elements in these regions of elevated
ecosystem productivity. In our field experiments, we have spe-
cifically emphasized the comprehensive documentation of the
inception, progression, and demise of the spring bloom of phy-
toplankton. [See special (1991) RACER volume of Deep-Sea Re-
search, 38(8/9A) and the series of RACER articles in the 1990
Antarctic Journal, 25(5).] To date, the RACER program prod-
uctivity hypotheses have been tested in the generally ice-free
areas of Gerlache Strait. However, during the 1991-1992 austral
summer, we had an opportunity to extend our measurements
south along the west coast of the Antarctic Peninsula and into the
marginal ice-edge zone of Marguerite Bay (figure 1). In ad-
dition to the standard ship-based methods of data and sample
collection (see below), our studies at the ice-edge also includ-
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Figure 1. Map of the Antarctic Peninsula region showing the location
of the two main RACER study areas: Geriache Strait and Marguerite
Bay. The approximate position of the ice-edge in Marguerite Bay is
also shown.

Figure 2. Map of Marguerite Bay showing the locations of the
RACER Ice-edge study hydrostations. Sta. #110 and #111 were
within the pack-ice, Sta. #1124118 were within the marginal ice-
edge zone, and Sta. #119-121 were in open water.

ed the deployment of a Twin Otter aircraft equipped with an
ocean color optical imager (POLDER; see Panouse et al. this issue)
and 35-millimeter cameras. These aerial surveys were made
possible through a collaboration with the British Antarctic Sur-
vey (BAS) and were supported by personnel from Rothera Base
on Adelaide Island (figure 2). This brief report provides an
overview of the Marguerite Bay reconnaissance, including sta-
tion locations, sampling strategies, and hydrographic setting. It
also presents preliminary evidence for an extensive nutrient-
limited phytoplankton bloom in the meltwater-stratified portion
of the ice-edge zone.

Hydrographic stations in Marguerite Bay (see table and figure
2) were aligned approximately normal to the ice edge, which was
of variable thickness and cover during the period of our observa-
tions. Aerial photographic surveys taken immediately prior to
and during our sampling program placed the consolidated ice-
edge near the boundary shown in figure 1. Each station consisted
of a rosette cast to within 10 meters of the bottom, the collection
of 11 discrete water samples, and real-time continuous profiles of
temperature (T), conductivity (C), dissolved oxygen (DO), photo-
synthetically available radiation (PAR), flash fluorescence of
chlorophyll, and beam transmission. The water samples were
analyzed for a variety of dissolved and particulate parameters,
including oxygen and total carbon dioxide; nutrients; dissolved
organic carbon; particulate carbon, nitrogen, and phosphorus;
biogenic silicon; ATP; and pigments (by fluorometry and high-
pressure liquid chromatography), phytoplankton floristics, bac-
terial biomass, and productivity. A separate cast was also made
to record both downwelling and upwelling spectral irradiance at
12 discrete wavelengths (Panouse this issue). Macrozooplankton
were sampled at eight discrete depth intervals using a multiple-
opening-and-closing-net-and environmental-sensing system
(MOCNESS). Only selected data from representative stations are
presented here.

The receding ice edge had a significant effect on the salinity
and density fields of Marguerite Bay (for example, see figure 3).
Because of this "freshwater" lens, the water column was stable
(delta sigma-t = 0.76 from 0 to 50 meters), and environmental
conditions were conducive for the development of a phytoplank-
ton bloom (Smith and Nelson 1985; Mitchell and Holm-Hansen
1991). In fact, the "greening" of Marguerite Bay was already well
established during the period of our study (table; also see Dore et
al. this issue). Dense assemblages of phytoplankton (chlorophyll
a concentrations in excess of 10 to 15 milligrams per cubic meter)
were routinely observed both at the ice edge and at distances up
to 10 to 20 kilometers seaward of the leading edge. These
chlorophyll a (chl-a) concentrations are among the highest mea-
sured during the RACER program and exceeded those measured
at the Ross Sea ice edge by at least 2-to 3-fold (Smith and Nelson
1985). Based upon the measured chl-a-to-ATP ratios in the upper
portion of the water column (2.3 to 9.5 for water samples less than
20 meters deep), we conclude that these microbial assemblages
are nearly exclusively autotrophic. This conclusion is supported
by the observed depletion of inorganic nutrients (Dore etal. this
issue), the supersaturated dissolved oxygen concentrations (up
to 150 percent), and the low standing stocks of bacterial cells. In
this regard, the Marguerite Bay ice-edge plankton bloom is
similar to the coastal water blooms previously observed in
Gerlache Strait (Karl et al. 1991). The absence of a well-developed
microheterotrophic ecosystem component remains unexplained
(Karl 1993).

Based upon the observed euphotic zone [ nitrate+nitrite] deple
-tions, and assuming that the phytoplankton bloom started in
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Figure 3. Continuous-depth profiles (0-100 meters) of salinity (in
parts per thousand), density (expressed as sigma-T) and in situ
fluorescence (arbitrary units) for Marguerite Bay station #115 (see
table for coordinates). The solid circles In the right-hand panel are
the values of chlorophyll a (units of micrograms per liter) measured
for the discrete water samples.

early November, we estimate that the initial phase of the spring
bloom could have contributed up to 1 mole nitrogen per square
meter in the form of new phytoplankton production (equivalent
to 6 to 7 moles carbon per square meter) to the local ecosystem.
Furthermore, our data on dissolved oxygen and on the derived
ratio of silicon uptake-to-[nitrate+nitrite]-uptake suggest that
only a negligible portion of the total primary production was
supported by regenerated nutrients. Consequently, unless ice-
edge upwelling processes can supply allochthonous nutrients at
a rate required to sustain this apparent demand for new nitrogen,
the Marguerite Bay phytoplankton bloom appears to be on the
verge of collapse, or at least ripe for macrozooplankton grazing.

We would like to express our appreciation to the members of
the RACER3 scientific party for their numerous contributions to
the success of our 1991 field program and to the crew members of
the R/V Polar Duke and ASA personnel for their help in sample
collection. This research was supported by National Science
Foundation grants DPP 88-18899, DPP 88-17635, DPP 89-07287,
and DPP 89-17778. SOEST contribution #3129.
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Marguerite Bay station locations and maximum upper-water-
column chlorophyll and particulate adenosine triphosphate

concentrations (units of micrograms per liter)

Latitude	Longitude	Maximum	Biomass
Station#	(South)	(West)	chl-a	ATP
110
	

686.3'
	68 2.0'
	21.8
	3.11

111
	

68' 4.7'
	

68' 1.8'
	17.9
	2.26

112
	

68 3.2'
	

68' 2.8'
	15.0
	1.66

113
	68 2.0'
	

68' 3.9'
	16.3
	1.97

114
	

6T 590'
	

68' 5.0'
	14.2
	

ND1
115
	67 56.2'

	
68 7.1'
	11.6
	

1.75
116	67' 54.8'

	
68 8.0'
	13.4
	

ND
117
	

67 53.5'
	68' 9.0'
	14.1
	ND

118
	

67' 52.3'
	68' 10.0'
	14.5
	1.99

119
	

6T 50.9'
	

68' 11.0'
	12.8
	ND

120
	67' 48.2'	68' 12.8'

	
11.9
	1.96

121
	67' 45.4'	68 14.8'	17.7

	ND

1 ND = not determined
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During the RACER3 cruise to the Antarctic Peninsula region,
a series of hydrocasts were made along a transect in Marguerite
Bay, south of Adelaide Island. Twelve stations were occupied,
beginning at the edge of a large formation of pack ice and
extending into the open waters of the bay (see Karl et al. this issue,
for cruise dates and station locations). We report here prelimi-
nary results on distributions of dissolved nitrate (NO), nitrite
(NO 2-) and ammonium (NH 4+) 

along this transect. Analysis of
these results provides an initial evaluation of the nutritional
status of the microbial communities near and away from the
receding ice edge. The primary new nitrogen source for the
spring phytoplankton bloom in the coastal areas of the penin-
sula is nitrate (Holm-Hansen and Mitchell 1991), while ammo-
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Concentration vs. depth profiles of nitrogenous nutrients. Top
panel, nitrite; center panel, [nitrate+nitrlte]; bottom panel,
ammonium. Depths in meters, concentrations in micromoles per
liter. Estimated precisions of analyses are: 0.005 micromolar for
nitrite, 0.020 micromolar for [nitrate+nitrlte] and ammonium. Sta-
tions indicated in legend.

nium is usually an indicator of organic matter that has
remineralized and is the main nitrogen source for recycled pro-
duction. Nitrite is a redox intermediate between ammonium and
nitrate; its accumulation in the water column is an indication of
biologically mediated nitrogen-cycle activity (Rakestraw 1936).

A conductivity-temperature-depth/rosette system with eleven
12-liter Niskin bottles was used to collect water column samples;
eight depths between the surface and 100 meters were sampled
for nutrients. Acid-washed polyethylene bottles were rinsed
three times with sample and then filled. These were immediately
filtered (Whatman GF/F) and the contents transferred to three
other sets of acid-washed polyethylene bottles. From each depth,
one sample set was frozen for later analysis of a suite of nutrients,
including ammonium and [nitrate+nitrite], by autoanalyzer. A
second set was frozen for later analysis of nitrite alone, by
chemiluminescence (Garside 1982); nitrate may be calculated by
difference. The third set was analyzed for ammonium at sea,
using a standard colorimetric technique (Strickland and Parsons
1972). A linear regression of 40 analyses of ammonium by both
autoanalyzer (after frozen storage) and by colorimetry (fresh)

Depth-integrated (0 to 100 meters) values of nitrite,
[nitrate+nitrite], and ammonium. All in units of millimoles per

square meter.

Station	Nitrite	Nitrate + Nitrite	Ammonium

Type MB
RiO	 4.3	 ND	 ND
R12	 5.8	 3051.9	28.3
R13	 ND	2905.9	29.3
Mean	5.1	 2978.9	28.8
S. D.	 1.1	 103.2	0.7
No.	 2	 2	 2

Type LB
R15	13.4	 2193.1	75.1
RiB	ND	 2537.4	100.7
R20	13.9	 2214.6	128.3
Mean	13.7	 2315.0	101.4
S.D.	0.4	 192.9	26.6
No.	 2	 3	 3.0
Note: Mean, standard deviation, and number of stations sampled of
each type (MB vs. LB) given for comparison. ND indicates no data
available at this time.

yielded a slope not significantly different from 1 (at alpha = 0.05)
but the regression did produce a significant intercept of 0.08
micromolar. Inspection of these data shows higher values in the
fresh analyses, pronounced at the low end, pointing to a general
contamination problem in the shipboard laboratory. We there-
fore report here the autoanalyzer ammonium data.

Four nitrite depth profiles and five profiles each of
[nitrate+nitrite] and ammonium are presented in the figure.
(Some samples have not been analyzed yet. Hence, all three
nutrients from each station are not always shown, and calculation
of nitrate is not always possible. The use of [nitrate+nitrite],
rather than nitrate alone, results in only a slight overestimate.)
The stations appear to fall into two distinct groups: the first
group, exemplified by stations R1 0, R12, and R13, is characterized
by moderate levels of nitrite and ammonium near the surface,
decreasing gradually to low levels atpth, and greater than 4
micromolar nitrate near the surface. The second group, repre-
sented here by stations R15, R18, and R20, shows lower near-
surface nitrite and ammonium, a pronounced subsurface ammo-
mum maximum at 30 meters, increasing levels of nitrite with
depth, and less than 1 micromolar nitrate near the surface. We
believe that the first group, closer to the ice edge, represents
stations in early to middle stages of an algal bloom; the second
group is in a later stage of the bloom, where regenerative proc-
esses have become significant (Karl et al. this issue). Henceforth,
we will refer to these groups as type MB (mid-bloom) and type LB
(late-bloom).

The type MB stations have higher nitrite at the surface, prob-
ably because the primary source of nitrite is from the incomplete
reduction of nitrate by phytoplankton (Kiefer et al. 1976); nitrite
production by means of this mechanism is expected to be highest
when the rate of nitrate reduction is maximal, as in the early to
middle stages of a bloom.

Another possible source of nitrite is bacterial nitrification;
however, this process is unlikely to be important at the type MB
stations for two reasons. First, nitrifying bacteria are light-inhib-
ited, and thus, their activity is expected to be negligible at the
surface. Second, the source of nitrite in nitrification is ammo-
nium, which shows low levels at these stations. The type LB sta-
tions exhibit much more regenerative activity, as evidenced by
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the large ammonium maximum. The direct relationship of nitrite
with depth at type LB stations suggests a source not associated
with phytoplankton; in this case, nitrite is probably produced
through oxidation of ammonium by nitrifiers. The accumulation
of nitrite at these depths, however, indicates low activity of
nitrite-oxidizing bacteria. Given the low light intensities at the
deeper depths sampled, this is probably not associated with
differential light inhibition (Olson 1981), but may be a succes-
sional phenomenon (Dore and Karl this issue).

The distinction between the MB and LB stations is supported
by associated data on chlorophyll a and bacterial exoenzyme
activity. Depth-integrated values of the nitrogenous nutrients
show large positive shifts for nitrite and ammonium and a
negative shift for nitrate between the MB and LB stations (table).
These are paralleled by an upward shift in integrated chlorophyll
a (Karl et al. this issue) and in integrated beta-glucosidase activity
(Christian and Karl personal communication). These data indi-
cate that both autotrophic biomass and heterotrophic activity are
substantially higher at LB stations than at MB stations. Further
study of the transect data set should focus on the physical
phenomena responsible for the transition, particularly the role of
the melting ice pack.

This research was supported by National Science Foundation
grant DPP 88-18899, awarded to D. M. Karl and by a fellowship
from the Research Corporation of the University of Hawaii

awarded to J . Dore. The authors thank the crew of the R/V Polar

Duke and the entire RACER team for their assistance with sample
collection and Ted Walsh for his nutrient autoanalyses.
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RACER: Small-scale distribution of
Euphausia superba in winter

measured by acoustic Doppler
current profiler
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Scripps Institution of Oceanography
La Jolla, California 92093

In spring and summer the antarctic krill, Euphausia superba
Dana, is distributed throughout the upper 200 meters (Bargmann
1937; Marr 1962). The species does not appear to exhibit diel
vertical migration, but diel changes in aggregation behavior are
observable. Dense concentrations, ranging from hundreds of
meters to several kilometers in horizongal extent, have been
reported to be dispersed at night and concentrated during day-
light (Macaulay etal. 1984). In the Gerlache Strait, juveniles and
small adults (25 to 33 millimeters), however, have been consis-
tently found concentrated in the upper 50 meters during spring,
with no apparent differences between day and night distribu-
tions (Huntley et al. 1990).

We observed the same types of distributions during investiga-
tions in the Gerlache Strait in spring 1991-1992. A major question
remains regarding the distribution of antarctic krill during win-
ter. Whether they aggregate near the extensive surface sea ice
(Marschall 1988), perform a bathypelagic winter ontogenetic
migration, reside in the coastal shelf benthos (Kawaguchi et al.

1986), or remain distributed, as they are in summer, is simply
not known.

One of the principal goals of the 1992 winter Research on
Antarctic Coastal Ecosystem Rates (RACER) expedition was to
investigate the distribution of E.superba in ice-covered seas in
waters west of the Antarctic Peninsula. The two instruments we
used to make such observations were a Multiple Opening Clos-
ing Net and Environmental Sampling System (MOCNESS) and a
150 kilohertz acoustic Doppler current profiler. The MOCNESS

LOG (ABUNDANCE * LENGTH ' 2)

Figure 1. Mean backscatter intensity (db) recorded by the 150-
kilohertz acoustic Doppler current profiler during a MOCNESS
tow at station 26 in the northern Gerlache Strait and plotted as a
function of biomass of euphausiids caught in each of the eight nets
of the discrete-depth sampling MOCNESS. The euphausiids were
primarily Euphausia superba and some Thysanoessa macrura.
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was used following a protocol similar to that we have used in
previous RACER investigations (Huntley et al. 1990), sampling
eight depth intervals in the upper 290 meters. In 1989, we
sampled at nine depth intervals: six 40-meter intervals from 290
meters to 50 meters, and then from 50 to 15, 15 to 5, and 5 to 0
meters. The MOCNESS we used in winter 1992 had one net less,
so we combined the two upper sampling intervals into a single
one-0 to 15 meters.

Acoustic Doppler current profilers (ADCP) have only re-
cently begun to be used for measuring the distribution and
abundance of marine zooplankton (Flagg and Smith 1989) but, to
our knowledge, have never been employed to observe Antarctic
krill. We used a four-beam ADCP manufactured by RD Instru-
ments, Inc. (San Diego, CA) operating at 150 kilohertz, with
transducers mounted in the hull of the R/V Nathaniel B. Palmer.
This instrument operates effectively over a range of about 300
meters, roughly equivalent to the depth of our MOCNESS sam-
pling. During MOCNESS deployments, the ADCP data acquisi-
tion software was set to collect backscattered acoustic signal
intensity at 4-second intervals. At our typical towing speed of 2
knots, each profile represents the average of acoustic backscatter
over a horizontal distance of approximately 3 nautical miles. A
postdata collection program was written in C++ computer lan-
guage to extract the average backscatter intensity data from the
four beams, match them to the time at which MOCNESS samples

were taken, and produce a visual image of the vertical distribu-
tion of backscatter intensity throughout the duratin of thç
MOCNESS tow. Thus, we were able to "tow" the MOCNES5
through the ADCP data image—and thereby identify those bin
of acoustic data which, if integrated, would correspond to th
zooplankton biomass sampled by the net system. This proc&
dure allowed calibration of the ADCP.

MOCNESS samples were taken in the Gerlache Strait
Grandidier Channel and Crystal Sound in the period from 16 Jul
to 12 August 1992. The MOCNESS was first deployed at 6-ho9
intervals over a 4-day period at station A, at 36 stations through
out the subsequent Fast Grid in the Gerlache Strait, at seven
stations in the Grandidier Channel and Crystal Sound, and finally
at six stations (including station A) in Gerlache Strait in mid-
August. On 11 and 12 August, we carried out an acoustical
survey of the northern Gerlache Strait over a total distance of
approximately 75 nautical miles, travelling at the speed to 2
knots. The slow speed was necessitated by heavy ice coverag
that not only impeded progress, but interfered with the acoustical
signal at greater speeds. Most MOCNESS tows were made in ice-
covered waters, with coverage ranging from about 7/10 to 10/ ic$
and consisting of loose pancake ice to fast ice. In fast ice, it waà
sometimes necessary to cut a channel, reverse direction, and to
through the channel; ice thickness generally ranged from 30 to
150 centimeters.
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Figure 2. Mean backscatter intensity (db) in the upper 400 meters recorded by the 150-kilohertz acoustic Doppler current profiler during
a MOCNESS tow at station 26 In the northern Gerlache Strait. Biomass of krill was greatest In the upper 25 meters. The trace of the
MOCNESS tow Is shown, with markings Indicating depths at which nets were closed. The 0 meter in the vertical starts from 15 meters
below the sea surface.
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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).

This research was supported by National Science Foundation
grant DPP 88-17779 to M. Huntley, E. Brinton, and P. Niiler and
ONR grant N00014-92-J-1618 to M. Huntley. The authors thank
Stacey Beaulieu, Clifford Dacso, Alejandro Gonzales, Judy Illemafli
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.
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RACER: Carnivory by Euphausia
superba during the antarctic winter
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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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Figure 1. Ammonia excretion rates of Euphausia superba during
winter (micrograms of nitrogen per individual per hour), as a function
of body dry-weight (milligrams). Regression equation for the data is
shown, with "E" being the excretion rate and "DW" the dry weight,
and compared to regressions reported by Ikeda (1984) and Segawa
et al. (1982) for ammonia excretion rates of krill in summer.

pleted, animals were immediately removed and their body length
measured. These same animals were then placed in separate
labelled bags and deep-frozen at -70 'C for later measurement of
body weight in terms of dry weight, carbon, and nitrogen. Because
we returned from the field shortly before writing this manuscript,
the deep-frozen animals have not yet been measured. Therefore,
we estimated body dry weights from length measurements using
the equation provided for all moult stages, based on length mea-
sured from the anterior of the eye to the tip of telson, given in
Appendix 3 of Morris et al. (1988).

Ammonia excretion rates of E.superba, expressed as micro-
grams of ammonia-nitrogen per krill per hour and plotted as a
function of dry-body weight in milligrams (figure 1), do not
appear to be significantly different from rates reported for the
same species in spring and summer (Segawa et al. 1982; Ikeda
1984). A comparison of regression equations indicates that, for
the krill we measured, an individual of 20 millimeters excretes
approximately 0.48 micrograms of nitrogen per hour; Segawa et
al.'s (1982) regression suggests 0.50, and Ikeda's (1984) regression
suggests 0.66 micrograms of nitrogen per hour for an animal of
the same size. For much larger krill, greater than 60 milligrams
dry-weight, the regressions of Segawa et al. (1982) and Ikeda
(1984) suggest rates that are approximately 50 percent greater
than those indicated by our regression. However, some of our
individual measurements in this size range exceed their predic-
tions, suggesting that the rates we measured are not significantly
different from those measured in summer.

Assuming a mean body nitrogen content of 10.1 percent of dry
weight (Ikeda 1984), winter krill collected during the RACER
expedition excreted approximately 0.5 percent body nitrogen per
day, a rate which is unrelated to body size. This compares
favorably with the summertime excretion rate of approximately
0.3 percent body nitrogen per day estimated by Ikeda and Bruce
(1986). Thus, there appears to be no significant difference in
excretion rates of E.superba between summer and winter.

These results further substantiate our conclusion that E.superba
can continue to grow throughout the winter while feeding on a diet
of zooplankton (Nordhausen et al. 1992). Zooplankton that sus-
pend growth during the winter in polar regions typically reduce

Figure 2. Excretion rate of Euphausia superba in winter expressed
as the percentage of body nitrogen utilized daily and plotted as a
function of body dry-weight. Data are the same as those used in
figure 1.

their metabolic rate (Conover and Huntley 1991). E.superba, how-
ever, does not appear to reduce its nitrogen metabolism; from this,
and from observations of continued high respiration rates in winter
(S. Kaupp unpublished data) and the feeding on zooplankton we
observed, we infer that E.superba continues to grow in winter. What
we wish to emphasize, however, is that, whether it feeds on benthk
detritus (Kawaguchi et al. 1986), under-ice algae (Marschall 1988)
or zooplankton (Nordhausen et al. 1992), E.superba appears to
able to find food in almost any southern ocean winter environment
that can be imagined.

We thank the officers and crew of the R/V Nathaniel B. Palm
for their contributions to this research effort, as well as the'

employees of Antarctic Support Associates.Tlis study wa
supported by National Science Foundation grant'1JIP 88-17779 tci
M. Huntley, E. Brinton, and P. Niiler.
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Attenuation and backscattering of
natural light in the waters of the

Gerlache Strait, Antarctica

MICHEL PANOUSE

Observatoire Oceanologique de Banyuls
Banyuls-sur-Mer, France

Following the previous work of Mitchell and Holm-Hansen
(1991), 20 optical datasets were collected during the 1991-1992
Research on Antarctic Ecosystem Rates (RACER) cruise at various
locations in the Gerlache Strait. The objectives were (1) to provide
reliable in situ measurements to validate the output of the air-
1ome. Polarization and Directionality of the Earth Reflectance
Eemote-sensing system (Frouin et al. this issue) and (2) to check
whether the relationships between water body reflectance and
photosynthetic pigments reported by the aforementioned inves-
igators were applicable.

For this purpose, a MER 1010 underwater spectroradiometer
(Biospherical Instruments) was used, with 12 channels for spec-

tral irradiance (410, 441, 488, 507, 520, 540, 565, 589, 625, 656, 683,
and 694 nanometers) and a 41r scalar irradiance sensor for the
photosynthetically available radiation (PAR). The instrument
was mounted in a specially designed frame enabling the succes-
sive measurements of downwelling irradiance during the down-
cast and upwelling irradiance during the upcast. Raw data were
corrected for the change in surface PAR irradiance between
upcast and downcast and then were smoothed using a 0.5-meter
filter.

From these data, and for each of the 12 wavelengths (wl),
values were computed (see table) for Kd (Wi, z), the diffuse
attenuation coefficient at depth z; Km (wl), the mean diffuse
attenuation coefficient over the photic zone, which is the portion
of water penetrated by sunlight; K10(wl), the mean diffuse attenu-
ation coefficient over the upper 10 meters of water; and R(wi), the
reflectance EU/Ed at the sea surface. These were checked against
chlorophyll a (chl-a) values: respectively Ca(z), the chl-a concen-
tration at depth z; Cm the mean chl-a concentration between 0
and 200 meters; and C 10 , the mean chl-a concentration between 0
and 10 meters.

The results, summarized in the table, show for each parameter
the mean values over the Gerlache Strait, along with the coeffi-
cient of variation as an index of variability. For each group of
optical and pigment parameters, the best fitting model and the

Summary of diffuse attenuation coefficients and surface ref lectances at 12 wavelengths during the 1991 -1 992 RACER cruise.
(See text for explanation of the abbreviations. The letters "s" and "ns" denote significant and non-significant correlation, respectively.)
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significance, at the 1 percent significance level, of the correlation
between components of the group are given. The [R, C m] group
(R representing surface reflectance and C m referring to chl-a
concentration between 0 and 200 meters) is not included in the
table since no significant correlation was found between those
parameters, even at the 10-percent level.

The high variability in the chl-a values reflects both the spatial
and temporal dispersin of the datasets in waters from a coastal
area such as the Gerlache Strait, along with the vertical chl-a
encountered. At the same time, the emergence of a marked
minimum of variability for Kd (589, z), where the absorption of

light by pigments is low, shows a relative uniformity in the
distribution of non-living materials. The variability of the attenu-
ation coefficients is always maximum between 441 and 488
nanometers, and the variability of the surface reflectance R(wl) is
minimum at 520 nanometers.

The penetration depth ZPd(wl), which is the thickness of the
upper ocean layer that can be analyzed by remote-sensing optical
sensors, is computed from the Km(wl) values in the table. (Z(wl)

1 /K(wl). It lies between 2 meters at 694 nanometers and 18
meters at 488 nanometers, with an average of 7 meters, which
explains the choice of K 10(wl) and C10 as parameters.

For all the relations involving the diffuse attenuation coeffi-
cient, except for the [K101 C 101 relation, the best fitting model is
multiplicative (Y = aXb) . In all the models, the slope is positive but
it often decreases with increasing chl-a concentration, as shown
by the positive value of b in the multiplicative models. In the case
of the surface reflectance R(wI), the correlation with C 10 is poor
and depends strongly on the wavelength considered, as shown in
the fiture where only R(488) has a significant (1 percent level)
relation with C 10 , together with R(683) and R(694). The correla-
tions are only slightly better at the 5 percent significance level,
with generally better [R, C 10] relations in the blue and blue-green
wavelengths. At could be expected, an increase of the surface chi-
a concentration induces a decrease of the surface reflectance R at
the blue wavelengths (negative correlation) and an increase of R
in the red (positive correlation), while R(540) is invariant, which
can be useful in remote sensing studies of phytoplankton.

This work was supported in part by the National Aeronautics
and Space Administration under grant NAGW-2774 to Robert
Frouin, the National Science Foundation, and the Centre Na-
tional de la Recherche Scientifique. I wish to thank the crew of the
R/V Polar Duke for their assistance during the cruise and Mare
Vernet and Osmund Holm-Hansen for making available the
chlorophyll data.
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During the 1991-1992 Research on Antarctic Coastal Ecosys-
tem Rates (RACER) cruise, aircraft photopolarimetric observa-
tions were made with an ocean color imager, the Polarization and
Directionality of the Earth's Reflectance (POLDER) instrument
(Deschamps etal. 1990). The objectives of the aircraft missions
were to assess whether the POLDER instrument meets the basic
requirements for ocean color observations from space in a bio-
logically productive area; to evaluate new aspects of the POLDER
instrument, namely polarization and bidirectionality, for ocean
color remote sensing from space; and to support the 1991-1992
RACER campaign by extensively mapping near-surface phy-
Lop!ankton pigment concentration, thereby better understanding
the spatial and temporal dynamics of the phytoplankton popula-
tions. Thanks to the instrument's dynamic range, it was also
possible to acquire data over highly reflective targets such as ice/
snow, clouds, and ocean glitter. Ten successful flights were
made, including a calibration flight. More than 30 hours of flying
time were logged, and about 15 gigabytes of POLDER data were
acquired, mostly over water, but also over snow, various types of
ice (frazil, pancake, etc.), and clouds (strato-cumulus). After
succinctly describing the POLDER instrument, we report on the
aircraft missions and supporting in situ measurements, present
typical POLDER data, and conclude with a perspective on future
work.

The POLDER instrument that we used during the 1991-1992
RACER campaign is an aircraft prototype of the version that will
fly in early 1996 aboard the Japanese satellite (ADEOS). It
measures not only the amount of solar radiation (radiance) re-
flected by the surface and the atmosphere at visible and near-
infrared wavelengths, but also the polarization characteristics of

the reflected light. Unlike the coastal zone color scanner (CZCS),
the sea-viewing wide field-of-view sensor (SeaWiFS), or the
moderate resolution imaging spectrometer (MODIS), which are
mechanical scanners (they utilize a rotating plane mirror at an
angle to the axis of a telescope), the POLDER instrument is based
on a matrix array couple charge device (CCD) and a wide field-
of-view optics (telecentric) lens, across- and along-track. This
allows a target to be viewed from several angles.

Between the telecentric lens and the CCD, a rotating wheel
bears interference filters. In the aircraft version, the wheel can
accommodate nine filters plus an optically black surface to mea-
sure the dark current of the CCD photodiodes. The filters are
centered at wavelengths of 450, 500, 570, 670, and 850 nanom-
eters, and are 20,10,10,10, and 40 nanometers wide, respectively.
The filters centered at 450 and 850 nanometers are nearly iden-
tical yet equipped with polarizers with axes oriented at 60 to
each other, thus allowing for measurements of the degree and
angle of polarization of the reflected light (assuming linear
polarization).

The CCD matrix of photodiodes comprises 288 x384 elements,
and the field of view is 114. At an altitude of 3.6 kilometers, the
altitude of most flights during the experiment, the pixel size is
17 x 17 meters and the swath 4.9 x 6.5 kilometers. Depending on
exposure time, which can vary from 30 to 130 milliseconds, it
takes up to 4 seconds to acquire a scene (nine filters plus optical
zero). Data are recorded after each rotation of the filter wheel,
which requires a few seconds during which the instrument is
blind. The instrumental noise is about 4 numerical counts (data
are 12-bit coded), which corresponds to 6.4 10-4,6.7 10, 6.6 10, 8.9
10-4,8.1 10-4,7.910-4,12.910-4,13.810-4, and 12.3 10-4 equivalent
reflectance at 450 (3 filters), 500, 570, 670, and 850 (3 filters)
nanometers, respectively. Total weight (optical head and acqui-
sition system) is about 120 kilograms, and physical characteristics
are 1.2 meters (height), 0.6 meters (width), and 0.6 meters (length).
More details about the instrument can be found in Balois (1990).
Figure 1 shows the instrument ready to be mounted aboard the
aircraft (top right).

The POLDER instrument was installed aboard a British Ant-
arctic Survey (BAS) Twin Otter based at Rothera Station, Adelaide
Island. For calibration purposes (intercalibration of the CCD
photodiodes), we performed a local flight on 14 December 1991
over snow. The optical head was fitted with a Lambertian
diffusor. Sky was overcast (stratus), but the signals at the
sensitivity of 130 milliseconds were acceptable. We performed
six other flights on 18, 28, and 29 December 1991 over the
Gerlache Strait, and three flights on 26 and 28 December 1991
and 2 January 1992 over Marguerite Bay, near Adelaide Island.
We also flew on 18 December 1991 over the Long-Term Ecosys-
tem Research (LTER) site near Palmer Station, where concomi-
tant in situ bio-optical measurements were made by Ray Smith's
and Barbara Prezelin's teams. The flights of 29 December 1991
over the Gerlache Strait and of 2 January 1992 over Marguerite
Bay were particularly successful because of ideal weather condi-
tions, good signal levels, and concomitant in situ measurements.

For each aircraft mission, the procedure was as follows: first,
to fly a low-altitude (61-meter) leg with passage over R/V Polar
Duke; second, to fly the same leg in the opposite direction at high
altitude (4,572 or 3,658 meters); and third, to fly other legs at the
same high altitude to map the selected area (Gerlache Strait or
Marguerite Bay) completely. This strategy had three main objec-
tives: to verify POLDER measurements against in situ optical
data (low-altitude leg); to check atmospheric correction schemes
(low- and high-altitude legs in opposite directions); and to map
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Figure 1. The BAS Twin Otter on the glacier behind Rothera (top left); the POLDER equipment, Including optical head and acquisition unhl
(top right); installation of equipment and operator aboard the aircraft (bottom left); and a low-altitude view of RN Polar Duke (bottom right)

the study areas (high-altitude legs). During the first mission over
the Gerlache Strait, the high-altitude legs were flown at 4,572
meters; but as it was safer without extra oxygen to fly lower, 3,658
meters was the high-altitude selected during subsequent mis-
sions. Figure 1 shows the BAS Twin Otter, the POLDER equip-
ment and its installation aboard the aircraft, and a low-altitude
view of R/V Polar Duke.

After each flight, we reviewed the data tapes. Images were
very sharp, and changes due to backscattering of the water
body—rather than surface reflection or atmospheric effects—
could be detected (low-altitude flights). The signal at 850 nanom-
eters was quite low at high altitude (outside the glitter region),
indicating low aerosol contents below the aircraft, which con-
forms with the large horizontal visibility reported by R/V Polar
Duke during the flights.

All the images over-water were contaminated in some por-
tions by glitter, which was expected, but the sensitivity of the
instrument was adjusted inflight so that saturation (and leakage
of electrons over adjacent detectors) was minimized. Yet, the
dynamic range of the CCD photodiodes was suitable for mea-
surements over bright surfaces such as snow, ice, clouds, and

reasonably intense glitter. Data over those targets were therefon
acquired during transits between Rothera and the Gerlache Strait

Before and after the experiment, the instrument was calibratec
in the laboratory using an integrating sphere. Radiometric pro.
cessing included subtracting the optical zero, correcting for th
polarization of the optics, equalizing the various detectors, anc
taking into account low-frequency variations in the transmissior
of the optics. The final calibration coefficients are summarizec
below, expressed in numerical counts per percent of reflectanc
for a sun at nadir: 61.6 ± 0.9, 59.5 ± 1.0, 60.8 ± 1.0, 44.9 ± 0.4, 49.(
± 0.3,50.9 ± 0.4,31.1 ± 0.3,28.9 ± 0.3, and 32.6 ± 0.3 at 450(3 filters)
500, 550, 670, and 850 (3 filters) nanometers, respectively.

Figure 2 shows an example of a calibrated POLDER scene (
pixel images in the 5 spectral bands) acquired at 4,572 meters ov,
er Palmer Station on 18 December 1991. Reflectance over boti
snow/ice and water generally decreases as wavelength increas
es, and polarization effects are substantial over water. The typica
signal measured over water is shown in figure 3, which show
reflectance at aircraft altitude (3,658 meters) as a function o
viewing zenith angle in the solar principal (top) and perpendicu
lar (bottom) planes. The high values in the principal plane corre
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9gure 2. POLDER scene (9 images in spectral bands centered at 450, 500,570,670, and 850 nanometers) acquired at 4,572 meters over Palmer
;tation on 18 December 1991. The first three and last three images correspond to the same spectral bands (450 or 850 nanometers), but dif-
erent polarizations.

pond to viewing zenith angles that favor conditions of specular
eflection by the surface waves. As wavelength increases, the
ignal becomes weaker, a manifestation of reduced scattering by
ir molecules. Figure 3 illustrates the good quality of the data
small noise level at all wavelengths). Defects in the optics and!
r CCD, however, can be seen around the -45 viewing zenith
Lngle in the principal plane (negative angles characterize back-
cattering); this corresponds to the edge of the CCD.

At each flight over the ship,in situ measurements of down-
yelling and upwelling irradiance, as well as scalar photosyn-
hetically available radiation (PAR) were made. Complementary
iogeochemical measurements (e.g., chlorophyll, phaeopigments,
riajor nutrients, dissolved inorganic species) were also made by
ther investigators. Optical profiles were acquired not only at the
assage of the plane, but also during other days at various
tations. A total of 20 exploitable profiles were collected (Panouse
.992). This dataset is obviously too small for statistical studies,

but it is sufficient to check whether bio-optical relationships est-
ablished during previous RACER campaigns (Mitchell and
Holm-Hansen 1991) were applicable.

When the sun disk was not obscured by clouds, which mostly
occurred when the Twin Otter was flying, sunphotometer mea-
surements were made aboard R/V Polar Duke (Frouin, Panouse,
and Devaux this issue). From these measurements, we expect to
characterize the aerosol conditions at the time of the flights and to
verify POLDER-based retrievals of aerosol type and amount.

Other data were acquired in support of the investigation, in
particular advanced very-high-resolution radiometer (AVHRR)
images (typically 18 orbits per day), which may be used to map
PAR at the surface, a necessary parameter for estimating primary
production rates, and ozone amounts measured at Faraday and
Palmer Stations. POLDER bidirectional reflectance data over
snow, ice, and clouds may also help in the PAR modeling.

The ability of the POLDER instrument to measure spectral,

992 REVIEW	 189



rincipoI Plane
0.25

1:450rm
2:500nm

0.20 3:5713nm
4:67O run
5:850nm

0.15
	 I F1

0.10

0.05

	

3M......_	-

0.001	.	-,	 I	 -

	

—60	—40	—20	0	20	40	60
Viewing Zenith Angle (Deg)

or Plane
0.25

I:450rim
2:500 nm

0.20 3:570nm
4:670 nm
5:850 nm

0.15

0.10 [

0.05 2
3
4
50.00

	

—60	—40	—20	0	20	40	60
Viewing Zenith Angle (Deg)

Figure 3. Ocean reflectance In POLDER's 5 spectral bands as
observed at 3,658 meters over the Gerlache Strait on 29 December
1991. Top: Solar principal plane; bottom: Solar perpendicular
plane.

bidirectional, and polarization characteristics as reflected sun-
light, as well as its dynamic range, high spatial resolution, and the
good quality of the data acquired during the 1991-1992 RACER
cruise (e.g., figure 2), offer the opportunity to investigate many
aspects of ocean color remote sensing in a highly productive, yet
not easily accessible environment where the presence of ice
introduces further difficulty. Among these aspects are atmo-
spheric effects, aerosol characteristics, bidirectionality of the
water-leaving radiance, specular and foam reflectance, spatial
heterogeneity of the ocean and atmosphere, and adjacency effects
due to surrounding ice/snow. In addition, optical properties of
ice, snow, and clouds can be characterized and compared. The
dataset is unique, one of the very few existing on polarization
characteristics of natural surfaces.

Useful tools (radiative transfer models) to analyze the data,
study the various effects, and test inversion schemes have been

developed (Frouin and Berthelot; Frouin and Hermanto this
issue), and original results obtained on retrieval of aerosol type
(Deuzé et al.) optical properties of snow/ ice (Goloub et al. 1992a),
contrast between polarization properties of snow/ ice and clouds
(Goloub et al. 1992b), and retrieval of near-surface phytoplankton
concentration (Frouin 1992).

This research was supported in part by the National Aeronau-
tics and Space Administration under grant NAG W-2774 to Robert
Frown, the National Science Foundation, the British Antarctic
Survey, the French Space Agency, and the Centre National de la
Recherche Scientifique. We thank the British Antarctic Survey
personnel in London and at Rothera for their help with the aircraft
missions, Mark Huntley for coordinating aircraft and in situ opera-
tions, the captain and crew of R/V Polar Duke for their assistance
during the cruise, especially at the time of aircraft overflight, and
John McPherson for processing the POLDER images.
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Knowledge of the optical properties (reflection, transmission,
and absorption) of snow and ice is fundamental to addressing
questions regarding heat exchange, radiation balance, and the
energy available for primary production in the Antarctic. Obser-
vations have been reported by several investigators (Grenfell and
Makyut 1977; Warren 1982), but the problem is complicated by
large heterogeneities in the snow and ice fields that make it
difficult to relate and generalize the results. On the other hand,
very little is known about the polarization characteristics of light
reflected by snow and ice. Yet these characteristics might prove
useful to distinguishing snow from various types of ice (frazil,
pancake, etc.) or clouds, and snow, ice and clouds affect quite
differently the surface energy budget.

During the 1991-1992 Research on Antarctic Ecosystem Rates
(RACER) campaign, we acquired one of the few existing
photopolarimetric datasets over snow and ice. The measure-
ments were made aboard a British Antarctic Survey Twin Otter
with the Polarization and Directionality of the Earth Reflectance
(POLDER) instrument. The POLDER concept, characteristics,
and imaging principle are described in Deschamps et al. (1990),
and the specific airborne version is detailed in Balois (1990)
(Frouin et al., this issue). The angular coverage is ±42 along-track
and ±51 across-track, and polarization measurements are per-
formed in two spectral channels centered at 450 and 850 nanom-
eters. Three other spectral channels are centered at 500,570, and
670 nanometers. Data acquisition over snow and ice was per-
formed from 18 December 1991 through 2 January 1992, in
general during transits between Adelaide Island and the Gerlache
Strait. Flight altitude was about 3.9 kilometers, which corre-
sponds to a ground resolution of about 17 x 17 meters. According
to laboratory calibration, absolute accuracy is about 10 percent on
total reflectance and 1-2 percent on the polarization ratio (defi-
ned as the ratio of polarized reflectance and total reflectance). In
this preliminary report, we succinctly analyze the total and the
polarized reflectances of selected snow /ice, mostly snow-cover-
ing-ice targets.

The POLDER imaging principle allows one to obtain instanta-
neously the bidirectional reflectance distribution function (BRDF)
of a target if this target is nearly homogeneous within the swath
of the instrument (4.9 x 6.5 kilometers). We have therefore
selected snow/ice fields that appear very bright, homogeneous,
and almost Lambertian, except in the forward-scattering direc-

tion at high viewing zenith angles.
Figure 1 displays, for one such field, the total reflectance at 450

nanometers in polar coordinates for viewing zenith angles of 20'
and 40' To interpret the measurements, we have first investigated
-the influence of the atmosphere on the observed reflectance. Simu-
lations performed with the successive orders of scattering method
(Deuze et al. 1989) for a pure molecular atmosphere above a
Lambertian ground of reflectance 0.8 showed that atmospheric
effects are weak, hence the reflectance in figure 1 is nearly equal
reflectance of the ground. For the geometries considered, the BRDF
is rather constant, in agreement with previous observations of
Dirmhirn and Eaton (1975) and Taylor and Stowe (1984), who have
reported that snow cover is isotropic at low sun zenith angles and
becomes only anisotropic at sun zenith angles above 70'.

Figure 2 shows the spectral signature of four different snow/
ice fields (geographically and temporally distinct) at a 0' viewing
zenith angle. The reflectance always decreases as the wavelength
increases, with values above 1 at 450 nanometers and around 0.75
at 850 nanometers. This decrease is typical (Warren 1982; Grenfell
and Perovich 1984); it results from increasing water and ice
absorption in the infrared.

Figure 3 shows, for the same snow/ice target of figure 1, the
polarized reflectance at 450 nanometers in the principal plane as
a function of scattering angle. The observations are compared
with the polarized reflectance expected from molecular scatter-
ing. The observed and simulated values have the same order of
magnitude, even though a significant discrepancy exists in the
forward-scattering direction. At the corresponding scattering
angles, aerosol scattering polarization may no longer be ne-
glected. Compared to the total reflectance, the polarized reflec-
tance is small, yielding for instance polarization ratios of 1 per-
cent or less at a wavelength of 850 nanometers and scattering
angles between 140' and 170'. These results confirm that snow
and ice generate weak polarized light by reflection and scattering
(Egan 1985; Egan et al. 1991).

Our photopolarimetric observations corroborate earlier ob-
servations that the snow/ice system is close to a Lambertian
reflector and that polarization over snow-ice targets is expected
to be caused mainly by the atmosphere (molecules and aerosols).
This makes it easier to use polarization as a means to retrieve
aerosol properties over snow/ice. No attempt has been made to
use the polarization characteristics of the reflected light to distin-
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Figure 1. Polar diagram of reflectance at 450 nanometers for viewing
zenith angles of 20 and 40. Sun zenith angle is 65.
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Figure 3. Polarized reflectance at 450 nanometers In the principal
plane vs. scattering angle. The measurements are compared with
values calculated for a purely molecular atmosphere.
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Figure 2. Spectral signature of four snow-ice fields. Viewing zenith
angle is 0%

guish between various types of ice and snow, but the weak
polarization signature close to the noise level suggests that the
task might be arduous.

This research was supported in part by the National Aeronau-
tics and Space Administration under Grant NAGW-2774 to
Roubert Frouin, the National Science Foundation, the British
Antarctic Survey, the French Space Agency, and the Centre
National de la Recherche Scientifique. We thank the British
Antarctic Survey personnel at Rothera for their help with the
aircraft missions and Jean-Yves Balois from the University of
Lille, France, for operating the FOLDER instrument during the
experiment and performing the necessary calibrations.

References

Balois,J.Y. 1990. POLDER on aircraft. Laboratoired'OptiqueAtmosphérique,
Technical Report No. POL-LOA-PAV-110-04-AVR90, Université des
Sciences et Techniques de Lille, France, p. 22.

Deschamps, P. Y., M. Herman, A. Podaire, M. Leroy, M. Laporte, and
P. Vermande. 1990. A spatial instrument for the observation of polar-
ization and directionality of earth reflectances: POLDER. Proceedings
of the 10th IGARSS Conference on "Remote Sensing for the Nineties,"
May 20-24,1990, Washington, D.C. (IEEE Catalog Number 90CH825-
8, vol. III), 1,769-1,774.

192
	 Arimicnc JOURNAL



Sunphotometer measurements
of aerosol optical thickness
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During the 1991-1992 Research on Antarctic Coastal Ecosys-
n Rates (RACER) cruise, aerosol optical thickness measure-
mts were made using a three-channel sunphotometer pro-
led by the Laboratoire d'Optique Atmosphérique of the Uni-
rsity of Lille, France. The objective was to verify aircraft esti-
tes of aerosol optical thickness obtained with the Polarization

Ld Directionality of the Earth Reflectance (POLDER) instru-
ant, which measured the intensity of reflected sunlight at
)624,572 meter altitudes over the RACER study sites. Details
out the POLDER instrument and the aircraft missions, includ-
g scientific objectives, are given in Frouin et al. (this issue).
The sunphotometer measures solar energy attenuated along

e direct sun-to-surface path in spectral bands centered at 450,
0, and 850 nanometers. If E 01 denotes the solar irradiance at the
p of the atmosphere in spectral band i, the optical thickness, taj
deduced from the measurement of direct solar energy, E.  by
ing the Lambert-Bouguer law:

Esi = E01 exp

iere ttm is the optical thickness due to molecular scattering, T 9 is the
tical thickness due to gaseous absorption (ozone), and mis the air
ass. Corrections for tm and T9 must therefore be performed to
rieve ta, which is accomplished using climatological or in situ
lues of surface pressure (for 'r" in all bands) and ozone amount

ts in the 450- and 650-nanometer bands). From measurements
spectral bands 1 and 2, the Angstrom exponent, a, which charac-
rizes the spectral dependence of the aerosol optical thickness
suming a power law), can be computed as

a=1n[(ta)/ta2)1/ln(?1/A),

and ?2 are the equivalent wavelengths of the spectral

The sunphotometer measurements are thus limited to aero-
1 optical thickness and its wavelength dependence, although
size distribution index can also be estimated, albeit not ac-
irately. These measurements will therefore not allow verifica-

tion of POLDER retrievals of aerosol type (refractive index) and
size distribution (see Deuzé et al. this issue). We are aware of the
limitations, but it was out of the question to install aboard R/V
Polar Duke a sophisticated, stabilized atmospheric optics station
that would have provided measurements of not only direct solar
attenuation, but also of sky radiance, including solar aureole, as
well as polarization (necessary measurements for a complete
description of the aerosols).

The sunphotometer measurements were taken whenever pos-
sible (sun disk not obscured by clouds) by pointing the hand-held
instrument toward the sun and recording the voltage output in
the various channels. Air temperature and pressure were also
logged at the time of the measurements, and care was exercised
to avoid stack fumes. Since clear skies were required, most of the
data were collected during the days of the aircraft missions. In
general, the sea was calm, facilitating tracking of the sun. The
sunphotometer, however, recorded peak voltage, which ensured
that energy from the sun disk was actually measured when
tracking the sun was difficult.

The table summarizes sunphotometer measurements made
during the campaign. Data were collected in the Gerlache Strait
(about 64 S and 61 W) and Marguerite Bay (about 68 S and
68 W). Except for one instance, on 2 January 1992 when the air
mass was 5.05, the optical thickness was high, around or above
0.2, in all spectral bands. The high values were unexpected, since
the region was far from any source of anthropogenic aerosols,
and since retrievals from the FOLDER data suggested much
smaller loadings (Deuzé et al. this issue). Furthermore, horizon-
tal visibility logged by R/V Polar Duke and by the Rothera
meterological station was generally high (above 32 kilometers),
indicating that aerosols, if any, were likely located aloft. On the
other hand, the spectral dependence of the aerosol optical thick-
ness was weak, suggesting the presence of large particles.

To explain the anomalously high aerosol optical thickness
values, we recalled that Mount Pinatubo in the Philippines erupted
on 15 June 1991, about 6 months prior to the 1991-1992 RACER
cruise. The resulting stratospheric aerosol layer, as observed
from the advanced very-high-resolution radiometer (AVHRR),
circled Earth in 21 days, and covered about 40 percent of Earth's
surface by the end of August 1991, with patches progressing
poleward and extending to latitudes below 30 S (Stowe et al.
1992). Mount Pinatubo's eruption was a major climatic event
(according to Stowe etal. 1992, mean optical thickness was 0.31 on
23 August 1991). Furthermore, preliminary assessments indicate
that the cooling effect of the stratospheric aerosols may offset the
warming caused by anthropogenic greenhouse gases during
several years (Hansen et al. 1992). Although the evidence is not
conclusive at this point, it is likely that the high aerosol optical
thickness values measured during the austral spring of 1991-1992
in the Gerlache Strait and Marguerite Bay were the result of
Mount Pinatubo's eruption.

In any case, the contrast between the sunphotometer measure-
ments (indicate high aerosol amount along the sun-to-surface
path) and the visual observations (suggest low aerosol amount at
the surface), provide sufficient evidence that a large fraction of
the aerosols was located above the aircraft altitudes of 3,962-4,572
meters. Correcting the POLDER measurements for atmospheric
effects will therefore require partitioning total aerosol loadings
vertically. This may be accomplished by estimating, from the
visual observations, the aerosol optical thickness below the air-
craft and deducing, from the sunphotometer measurements, the
aerosol optical thickness above the aircraft. Owing to the vertical
heterogeneity of the aerosols, however, it will be rather difficult,
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18
26
26
26
28
28
28
29
29
29
29
29
30
30
31

2
2
2
2
2
2
2
2

1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1992
1992
1992
1992
1992
1992
1992
1992

1.5442
1.4519
1.3483
1.3231
2.0617
1.8475
1.6376
2.1642
1.8542
1.6428
1.4183
1.3393
2.2261
1.7650
1.7660
1.8430
1.5451
5.0524
1.4204
1.4260
1.4459
1.5420
2.2739

.2167

.2286

.3668

.3714

.2364

.2732

.2572

.2344

.2252

.2196

.2196

.2152

.2061

.2051

.2435

.2804

.2471

.0450

.2556

.2358

.2692

.2797

.2616

.1979

.1991

.4180

.3646

.2104

.2401

.2459

.2158

.2055

.2177

.1936

.2065

.1910

.1975

.2318

.2222

.2319

.0112

.2489

.2314

.2418

.2312

.2235

.2145

.1790

.5436

.3116

.2234

.4853

.3643

.1993

.2376

.3423

.3252

.4426

.2047

.2047

.2374

.1908

.3493

.0478

.5437

.2661

.2507

.2412

.3323

Sunphotometer measurements of aerosol optical thickness at 450, 650, and 850 nanometers

Month	Day	Year	Latitude (°)	Longitude (°)
	

Air mass	.t450	 t650	 t850

-64.3300
-64.1900
-64.1900
-64.1900
-64.2950
-64.3100
-64.3100
-64.6660
-64.5400
-64.4630
-64.5450
-64.4560
-64.5360
-64.5130
-65.1060
-68.1000
-68.0700
-68.0550
-68.0350
-68.0380
-68.0380
-67.9830
-67.9460

-61.6800
-61.2800
-61.3300
-61.3300
-61.8050
-61.7200
-61.7200
-62.0730
-62.2450
-62.2380
-61.8820
-61.8460
-62.5950
-62.7780
-64.6600
-68.0500
-68.0300
-68.0450
-68.0900
-68.0730
-68.0730
-68.0830
-68.1780

even impossible, to verify the POLDER estimates of aerosol opti-
cal thickness directly against the sunphotometer measurements.

This research was supported in part by the National Aeronau-
tics and Space Administration under Grant NAG W-2774 to Rob-
ert Frouin, the National Science Foundation, the British Antarctic
Survey, the French Space Agency, and the Centre National de la
Recherche Scientifique. We thank the captain and crew members
of R/V Polar Duke for their assistance during the cruise.
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Current models of the transfer (absorption, scattering) of
sin1ight within the ocean predict a reflectance factor R, either
above the surface, or just below R, as a function of radiation
geometry (solar and viewing angles) and water composition (e.g.,
phytoplankton pigment concentration). The reflectance factor
an be either an irradiance ratio, easy to compare with underwa-

thr measurements, or a normalized radiance, closer to a spaceborne
cr airborne sensor measurement. The irradiance ratio, or flux
Ileflectance, may be considered directional but varies only with
the sun zenith angle. Normalized radiance, or bidirectional re-
f1ectance, depends on both sun and viewing zenith angles, as well
as their relative azimuth angles.

The two most popular models of flux reflectance, based on
extensive in situ measurements, have been developed and pub-
1shed concurrently by Morel (1988) and Gordon et al. (1988).
They predict flux reflectance as a function of pigment concentra-
tion for Case I waters (Morel and Prieur 1977). Discrepancies exist
between the two models, not because of the quality of the radiative
1ransfer modeling, but because the optical properties of sea water
re specified differently as a function of pigment concentration.

Examples of bidirectional reflectance modeling are scarce, not
because the problem is difficult to solve from the radiative
transfer point of view, but because very few data exist to support
and validate this type of modeling. The radiative transfer mod-
eling requires, as input, the scattering phase function of the
particles, either phytoplankton or inorganic material, and the
result depends heavily on the definition of the phase function.
Excepting the work of Petzold (1972) and Morel (1973), practi-
cally no information exists in the literature about actual (mea-
sured) scattering phase functions. In fact, most of the simulations
have been made with convenient Heyney-Greenstein functions,
but with no precise reference to measurements.

Bidirectional reflectance computations are generally made
with Monte Carlo or exact codes that require extensive computer
time. This prevents the operational use of these codes. Simula-
tions suggest a significant dependence of the water body reflec-
tance with solar and viewing geometries (e.g., Bréon personal
communication). In addition, ocean color sensors such as the
future Sea-viewing Wide-Field-of-view Sensor (SeaWiFS) or the
Polarization and Directionality of the Earth Reflectance (POLDER)
instrument measure radiance, not irradiance. Therefore there is
a need for fast, yet accurate radiative transfer modeling to simu-
late the bidirectional properties of the water body reflectance.

Searching the literature, we found that the approximate, ana-
lytical solutions of the radiative transfer equation proposed nearly

30 years ago by Sobolev (1963) are appropriate. In a classic way,
Sobolev expands an arbitrary phase function in Legendre poly-
nomials but keeps only the first two terms in the expansion. The
scattering of the first order is computed precisely (using the
actual phase function), whereas the higher orders of scattering
are computed approximately (using the expanded phase func-
tion).

To test Sobolev's formalism, his solutions for a homogeneous,
semi-infinite, and flat ocean illuminated by a direct solar beam
were first computed with scattering phase functions characteriz-
ing pure water and phytoplankton, and they were compared
with exact (Monte Carlo) calculations. The Monte Carlo code, a
version of Bréon's (1992), was operated in flux mode. To make
comparison possible, the bidirectional reflectance values pre-
dicted by Sobolev were angularly integrated over viewing angles.
Scattering and absorption properties of phytoplankton were
specified as a function of pigment concentration according to
Morel (1988), and the scattering phase function of the particles
was taken from Morel (1973). The water and particle scattering
phase functions are displayed in figure 1. While the agreement
was excellent for pure water, the values obtained for phytoplank-
ton were negative. This was due to the strong anisotropy of the
phytoplankton phase function (see figure 1), which cannot be
described properly by two Legendre polynomials. We then
resorted to the familiar procedure of truncating the forward peak
of the phase function and modifying the backscattering coeffi-
cient accordingly. Replacing the values below the 18' scattering
angle by those extrapolated using an exponential law as in
Viollier (1976), however, did not improve the results significantly
(values were still negative).

Noticing that photons scattered in the forward direction have
little probability of being scattered backwards due to the strong
forward peak of the phase function, we assumed that photons at
scattering angles less than 40' could only be absorbed by phy-
toplankton. (The 40' value gave the best agreement with exact
calculations.) If the photons were not absorbed by phytoplank-
ton, however, they could still be scattered or absorbed by water
molecules. The scattering coefficient, a, the single scattering albe-

0	50	100	150
Scattering Angle (Deg)

Figure 1. Scattering phase functions of pure water (solid line) and
of particles (dashed line).
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Figure 2. Flux reflectance vs. wavelength as predicted by various	Figure 3. Angular dependence of the bidirectional reflectance of
models. The ocean contains 0.1 milligrams per cubic meter of	the ocean at 440 nanometers. The ocean contains 0.1 and 1.0
phytoplankton pigments, and the sun is at 0 and 60 degrees from	milligrams per cubic meter of phytoplankton pigments '(top and
zenith (top and bottom figures, respectIvely), bottom figures, respectively), and the sun zenith angle Is 30

degrees. Note the peak at about 22-degree viewing zenith angle
In the principal plane, backscattering conditions (dash-dot line).

do, 03, and the scattering phase function of the particles, p, then	procedure indeed yielded an anisotropy factor of the phase
became a'=aa,p'=p/a, and n=aw/[1-(1-a)o], respectively, where	function that was much smaller, which makes Sobolev's solu-
a is half the integral over the scattering angle, 'y, of p(y)sin(y). The	tions accurate.
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We first compare, for a realistic ocean containing both mol-
ecules and particles (concentration of 0.1 milligrams per cubic
meter), the analytical solutions with exact calculations (figure 2).
Only flux reflectance just under the surface, R, is displayed in
figure 2, where we have also reported the values predicted by the

odel of Morel (1988). Two sun zenith angles, 0' and 60', and
avelengths ranging from 400 to 700 nanometers are considered.
e agreement with exact calculations is good (a few percentage

oints difference) at all wavelengths and for both solar geom-
tries. Sobolev's values, however, are slightly lower than exact
nes. Compared to the model of Morel (1988), which is not
irectional, Sobolev's model generally performs better.

Figure 3 shows, for particle concentrations of 0.1 and 1 milli-
grams per cubic meter, the bidirectional reflectance just below the
urface, R, as a function of the viewing zenith angle. Results are
resented at 440 nanometers for the principal and perpendicular
lanes (the sun is 30' from zenith). Angular effects are substan-

• al, especially in the principal plane. Maximum reflectance is
omputed near the 22' viewing angle in backscattering condi-
Sons due to the backward peak of the particle phase function (see
gure 1). Because of refraction at the air-sea interface, the
aximum is at 22' instead of 30'. In the perpendicular plane, the
gular dependence is much smaller. The bidirectional reflec-

ance decreases as expected when the amount of phytoplankton
creases, but the angular effects are more important. Thus,

^aypending on the viewing geometry, the bidirectional reflectance
 change by a factor of more than 3. This is far from constant,

ind the effects are not completely eliminated when ratioing
ralues at two wavelengths, the classic procedure to infer phy-

toplankton concentration from spectral reflectance (ocean color)
measurements.

We have shown that the approximate solutions of the radia-
tive transfer equation proposed by Sobolev can be used to simu-
late the bidirectional reflectance of the ocean. Because Sobolev's
solutions are not suitable for strongly anisotropic phase func-
tions, accurate results can only be obtained by considering that
the photons at scattering angles below 40' can only be absorbed
by phytoplankton. This substantially decreases the anisotropy

factor of the phase function, making Sobolev's formalism appli-
cable. Depending on the particle phase function, the scattering
angle threshold may vary, but 40' should provide reasonable
results in most cases. The advantage of Sobolev's solutions is not
only their accuracy but also their analytical nature.

We have only considered however the case of a semi-infinite,
homogeneous, flat ocean illuminated by a direct solar beam.
Sobolev's solutions are also applicable to a stratified ocean and
can easily be modified to account for bottom effects, other types
of particles (e.g., inorganic), and diffuse solar illumination. Gen-
eralizing Sobolev's solutions is work under progress.

This research was supported in part by the National Aeronau-
tics and Space Administration under grant NAG W-2774 to Rob-
ert Frouin and the Scripps Undergraduate Research Fellowship
Program.
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Photopolarimetric measurements made with the Polarization
and Directionality of the Earth's Reflectance (POLDER) instru-
ment during the 1991-1992 Research on Antarctic Coastal Ecosys-
tem Rates (RACER) campaign have been analyzed to determine
the aerosol conditions prevailing over the Gerlache Strait on 29
December 1991. In this preliminary study, the results obtained
with only one POLDER scene are reported. Our objective is not
precisely to retrieve the aerosols (amount and type), but rather to
provide evidence for their presence and qualitatively fit the
measurements using an aerosol model inferred by examining the
total reflectance and polarization ratio at 850 nanometers as well
as the spectral change in the total reflectance.

The scene selected was acquired during one of the legs flown
at an altitude of 3.6 kilometers on 29 December 1991. It includes
nine 288 x 384 pixel images in spectral bands centered at 450,500,
570,670, and 850 nanometers, with three polarized images at 450
nanometers and 850 nanometers (for more details, see Frouin,
Balois et al. this issue). At an altitude of 3.6 kilometers, the
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ground resolution is about 17 x 17 meters, and the swath is 4.9 x
6.5 kilometers.

For the scene selected, figure 1 shows the total reflectance
measured at 450 and 850 nanometers as a function of scattering
angle (curves labeled a and c, respectively.) To reduce the effect
of varying air mass from one pixel to the next, the values have
been normalized by cos(0), the cosine of the viewing zenith
angle. Above the scattering angle of 120, the normalized reflec-
tance increases with scattering angle, and the effect is more
pronounced at 450 nanometers, a direct consequence of the
increase with scattering angle of the molecule and aerosol phase
functions in the backscattering plane and of the decrease with
wavelength of the molecule optical thickness. Below 120, in
contrast, the normalized reflectance exhibits large fluctuations
caused by the presence of strongly geometry-dependent glitter.

Neglecting glitter, gaseous absorption, and water-body back-
scattering, and using the first order of scattering approximation,
the normalized reflectance can be expressed as follows:

pcos(0) = [t,Jm("f)+tapa(7)1/(4cos(Os)),

where tm and ta are molecule and aerosol optical thicknesses,
respectively; pm and Pa are the corresponding phase functions; 'y
is the scattering angle; and 9 is the sun zenith angle. Thus, the
normalized reflectance can be interpreted qualitatively, at least
when glitter is practically non-existent (the effect of water-body
backscattering is small at 450 nanometers and nil at 850 nanom-
eters), as the sum of molecule and aerosol contributions. Sub-
tracting the molecular effect yields curves b and dat 450 and 850
nanometers, respectively, and the difference between curves a
and b and c and d attests to the presence of aerosols (the effect of
glitter is basically the same for curves a and b and c and d).

First, the spectral dependence of the aerosol optical thickness
is estimated from the total reflectance at 670 and 850 nanometers,
after subtracting the respective molecular scattering contribu-
tions. This is accomplished by selecting an area of the images for
which glitter contamination is minimal. Assuming the aerosol
optical thickness varies as ta=1 , the coefficient a obtained, or

Angstrom exponent, is 0.45, which is characteristic of large par-
ticles (small spectral dependence).

Second, the dependence with scattering angle of the polariza-
tion ratio at 850 nanometers suggests a refractive index of 133
rather than 1.5 for the aerosol particles, since the sharp drop S

polarization ratio around the 140 scattering angle, characteristic
of the 1.5 refractive index, is not observed (figure 2).

Third, assuming a size distribution following a two-param
eter (r0, (Y), log-normal law, the Angstrom exponent and the
refractive index allow for a range of possible (r 0, a) values
Among those values, the values selected correspond to log r0=-1.
and log a=0.42.

Fourth, the wind speed (to compute glitter and glitter-atm
sphere coupling terms) is estimated from the total reflectance a
850 nanometers in specular conditions. The model of Cox an
Munk (1954) is used with an isotropic wave slope distri
bution, and the value obtained is 7 meters per second.

Finally, from the wind speed and the optical properties of th
aerosols (refractive index, size distribution), the aerosol optica
thickness at 850 nanometers is deduced by comparing measure
reflectances with simulated reflectances for varied optical thick
nesses. In the calculations, the successive orders of scatterin
model of Deuzé et al. (1989) is used. The value obtained, 0.1, i
about half that measured with a sunphotometer aboard RI
Polar Duke (Frouin, Panouse, Devaux this issue), which tends t
indicate that a sizable fraction of the aerosols was above th
aircraft, all the more as the horizontal visibility logged by RI
Polar Duke that day was greater than 70 kilometers.

From the aerosol model and the optical thickness at 85
nanometers, we have simulated—neglecting water-body backj
scattering—the total reflectance at 450 nanometers. The results
are shown in figure 3 for the principal plane and are compared1
with the measurements. The difference between simulated val1
ues and measurements for pixel number less than 300 is likely
caused by water-body backscattering, an effect not accounted for
in the calculations.

Our study has revealed the presence of aerosols over the
Gerlache Strait on 29 December 1991. These aerosols have a weak

Scattering Angle (Deg)

Figure 1. Normalized reflectance measured at 450 nanometers
(curve a) and 850 nanometers (curve c) and corrected for molecular
scattering (curves b and d, respectively) as a function of scattering
angle. The difference between curves a and b and c and d Indicates
the presence of aerosols.

Scattering Angle (Deg)

Figure 2. Measured and modeled polarization ratio at 850 nanome-
ters as a function of scattering angle. Using the value 1.33 Instead
of 1.5 for the refractive index m gives a better agreement with the
observations.
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Figure 3. Measured and modeled reflectance at 450 nanometers in
the principal plane. The difference between measurements and
modeled values outside the glitter region (pixel number less than
300) is probably caused by water-body backscattering, a process
neglected In the calculations.

spectral dependence (Angstrom exponent of 0.45), a refractive
index of 1.33, and an optical thickness at 850 nanometers of 0.1.
The weak spectral dependence is corroborated by sunphotometer
measurements, but the optical thickness is too small (0.1 instead
of 0.2), which suggests that some aerosols were located above the
aircraft. The aerosol model, furthermore, is not entirely satisfac-
tory because it does not reproduce quantitatively the polarization
measurements at 850 nanometers (see figure 2) and the position
of the zeros of polarization on the images (not shown here). The

discrepancies may be attributed to the small signal level at 850
nanometers, which makes the polarization ratio quite noisy,
and/or the lack of symmetry in the glitter pattern, which could be
due to effects of wind direction (not accounted for in the model-
ing) or uncertainties in the navigation parameters. The study
nevertheless demonstrates that useful information on both aero-
sol amount and type (e.g., for ocean color remote sensing) can be
retrieved from the FOLDER measurements acquired during the
1991-1992 RACER campaign.

This research was supported in part by the National Aeronau-
tics and Space Administration under grant NAG W-2774 to Rob-
ert Frouin, the National Science Foundation, the British Antarctic
Survey, the French Space Agency, and the Centre National de la
Recherche Scientifique. We thank the British Antarctic Survey
personnel at Rothera for their help with the aircraft missions and
Jean-Yves Balois from the University of Lille, France, for operat-
ing the FOLDER instrument during the experiment and perform-
ing the necessary calibrations.
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Contrast between polarization
properties of snow/ice and clouds

PHILIPPE GOLOUB, MAURICE HERMAN,
AND JEAN-Luc DEUZE

Laboratoire d'Optique Atmospherique
Université de Lille, France

ROBERT FROuIN

Scripps Institution of Oceanography
La Jolla, California 92093-0221

Snow/ice and clouds affect strongly, yet differently, surface
radiation balance. Confusing snow/ice and clouds may yield
large errors in estimates of the solar energy reaching the surface
in polar regions, with important consequences for our assess-
ment of ice-atmosphere interactions, ice dynamics, and the car-

bon cycle. Using spectral measurements in the visible and near-
infrared to distinguish snow/ice from clouds is difficult, how-
ever, because both exhibit a high reflectance and are quite white
spectrally. Thermal-infrared data are not appropriate either,
because snow/ice and clouds can have the same apparent tem-
perature. Although other techniques (e.g., those that exploit
differences between the textural properties of snow/ice and
clouds) or types of measurements (e.g., in the microwave spectral
region) may be suitable, the photopolarimetric measurements
made with the Polarization and Directionality of the Earth Reflec-
tance (FOLDER) instrument during the 1991-1992 Research on
Coastal Antarctic Ecosystem Rates (RACER) campaign offer a
unique opportunity to investigate whether polarization informa-
tion at visible and near-infrared wavelengths can be used to make
the distinction efficiently. By analyzing a few POLDER images,
we demonstrate that polarization is a useful property of light that
can be used to determine the nature of the targets.

Aircraft FOLDER data were acquired over ice-snow and clouds
during transits at an altitude of about 3.6 kilometers between
Rothera, Adelaide Island, where the aircraft was stationed, and
the Gerlache Strait, the site of the 1991-1992 RACER cruise. The
FOLDER instrument (Deschamps etal. 1990) measures the spec-
tral, bidirectional, and polarization characteristics of reflected
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REFLECTANCE AND POLARIZED REFLECTANCEI
0-VER SNOW (458 nm)
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L*boratolre d'optlque Atmospherique POLDER/RACER campaign 1991 Antirtica

Figure 1. Mosaics of POLDER images showing total and polarized ref lectances at 450 nanometers over snow/Ice (top) and clouds (bottom).
A characteristic arc of higher polarized reflectance is observed over clouds (lower right mosaic).

and scattered solar light. The spectral channels are centered at
450, 500,570, 670, and 850 nanometers, and polarization is only
measured in the 450 and 850 nanometer channels. The aircraft
version of the instrument is described in Balois (1990) (see also

Frown et al. this issue). At an altitude of 3.6 kilometers, the
ground resolution is about 17 x 17 meters.

Figure 1 shows typical POLDER images of total and polarized
reflectances at 450 nanometers over snow /ice and clouds. Exam-
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:lgure 2. (Top): Polar diagram of the 450-nanometer reflectance
)f snow/ice (solid line) and cloud over snow/ice (dashed line) for
dewing zenith angle of 35 and sun zenith angles of 65 (snow/ice)
rnd 61* (cloud). (Bottom): spectral signature of snow/ice (a) and
loud over snow/ice; (b) for viewing zenith angle of 0. The bidir-
ctional and spectral characteristics of the two types of target are

;lmllar, making it difficult to distinguish snow/ice from cloud
ising only bidirectional and spectral measurements.

fling the total reflectance (left mosaics), it appears difficult to
:onclude whether we are in the presence of snow/ice or clouds. In
:ontrast, the polarized reflectance exhibits an arc of relatively
ügh values for clouds, but not for snow/ice. This is indicative of
Efferent processes working to polarize solar light incident on the
wo types of target.

To go further in the interpretation, two POLDER scenes are
malyzed quantitatively: one over a bank of stratocumulus clouds,
the other over a spatially homogeneous snow/ice field. Figure 2
thows the bidirectional and spectral characteristics of the targets.
For the viewing zenith angle of 35" selected, the polar diagram
reveals small angular effects and differences (the sun zenith
angles for the snow/ice and cloud scenes are 65" and 61", respec-
tively, making the comparison possible). Regarding spectral

Figure 3. Polarized reflectance of snow/ice (a) and cloud over snow/
ice (b) at 450 nanometers In the principal plane vs. scattering angle.
The difference in the degree of polarized reflectance for the two
types of target near the 140 scattering angle Is pronounced.

signature, the two objects exhibit common features, in particular
the same decrease of reflectance with wavelength. The level of
reflectance furthermore remains similar for snow/ice and clouds
in all spectral channels (slightly lower for clouds), which may be
explained by the thickness of the cloud layer and the reflectance
of the underlying surface. According to our log, the stratocumu-
lus clouds were optically thin and located over sea ice. The effect
of the bright surface, in that case, dominates. Thus, by examining
the angular and spectral features of the total reflectance only, the
presence of stratocumulus, visually observed aboard the aircraft,
cannot be detected with certainty on the POLDER images.

The polarization data over clouds, on the other hand, reveal a
strong reflectance increase (about 50 percent at 450 nanometers)
around the 140" scattering angle (figure 3). This increase is not
observed in the measurements over snow/ice. Away from this
geometry, however, the dependence with scattering angle is simi-
lar for both targets. Over snow/ice, we basically observe the
polarization contribution of air molecules (Goloub etal. this issue).
The reflectance increase around the 140" scattering angle is actually
a well-known feature. Both theory and observations have shown
that water droplets (refractive index of 1.33) strongly polarize solar
light at a 140" scattering angle (Hansen and Hovenier 1974; Deuzé
et al. 1989). The phenomenon is due to internal reflection within the
droplets and occurs in conditions for which rainbows are formed.
(At a 155" scattering angle, a smaller, yet distinct increase in
polarized reflectance is observed, which may correspond to a
secondary rainbow.) It is very likely that we were observing this
phenomenon. The nature of the target (snow/ice or cloud) there-
fore canbe identified by looking at the scattering angle dependence
of the polarized reflectance around the 140" scattering angle or,
more generally, scattering angles for rainbows.

Our photopolarimetric observations indicate that snow/ice
and clouds may have very similar spectral and bidirectional
properties, making it difficult, even impossible, to use only those
properties to detect the presence of clouds over snow/ice sur-
faces. The polarization state of the reflected and scattered light
by the two types of target, in contrast, exhibits distinct character-
istics at scattering angles for rainbows, when the clouds contain
water droplets. We conclude that, viewing geometry permitting
(rainbow region), polarization measurements provide an effi-
cient means to screen clouds over snow/ice surfaces.
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A semi-analytical radiative transfer
model to simulate the specific

intensity of sunlight reflected by the
atmosphere and ocean

ROBERT FROUIN AND BEATRICE BERTHELOT

Scripps Institution of Oceanography
La Jolla, California 92093-0221

In order to retrieve near-surface phytoplankton pigment con-
centration from ocean color data collected during the 1991-1992
Research on Antarctic Coastal Ecosystem Rates (RACER) cam-
paign, a fast, yet accurate radiative transfer model of the specific
intensity of sunlight reflected by the atmosphere and ocean (includ-
ing backscattering by the water body) is required. This model must
run fast because of the large amount of data to be processed, which
prevents the use of Monte Carlo, successive orders of scattering
codes, or any computer-intensive code. Although this model must
include simplifying assumptions, it will retain the essential physics
of the problem. We have built such a model.

The purpose of this brief report is to present the model, to
examine the relative influence of the input parameters, to use the
model to simulate actual aircraft data, and to discuss improve-
ments as well as future validation activities.

We consider the case of a plane-parallel, vertically heteroge-
neous, spatially homogeneous atmosphere bounded by a wavy
interface. Below the interface, the ocean is assumed to be homo-
geneous and infinite vertically (no bottom effects). We focus on
one Stokes parameter only, namely, the specific intensity of the
reflected sunlight or, equivalently, the apparent reflectance (spe-
cific intensity normalized by incident solar irradiance). Polariza-
tion is therefore not considered.

Based on Tanré et al. (1979), the apparent reflectance in the
visible and near-infrared is modeled as the sum of contributions
representing various photon pathways, namely, radiation
uniquely backscattered by the atmosphere; direct and diffuse

radiation reflected by the ocean and directly transmitted through
the atmosphere; direct radiation reflected by the ocean and
scattered by the atmosphere; and radiation reflected by the
surface and/or scattered by the atmosphere more than twice.
Multiple scattering and aerosol-molecule coupling are taken
into account, as well as the bidirectional characteristics of the
surface. Interactions between scattering and gaseous absorp-
tion, however, are neglected, which is justified because gaseous
absorption in the spectral range of interest (400 to 900 nanom-
eters) is either weak or occurs at altitudes in which molecules are
rarified (case of ozone). Aerosol-molecule coupling is accounted
for by making corrections using a tabulated set of exact calcula-
tions (with the values obtained when neglecting the coupling).
Accounting for surface anisotropy requires the computing of a
directionally-averaged reflectance, defined as the normalized
integral over viewing angles of the surface reflectance weighted
by the downward radiance at the surface (Tanré et al. 1979). In the
computations, single-scattering approximation is assumed for
the downward radiance at the surface. Atmospheric functions,
namely scattering transmission, path radiance, and spherical al-
bedo are approximated by analytical formulas (Tanré et al. 1986).

The surface reflectance includes glitter (fresnel reflection),
foam, and water body components. Glitter reflectance is mod-
eled as a function of wind speed and direction, according to Cox
and Munk (1954). The effect of foam is parameterized as a
function of wind speed (Koepke 1984). Water body reflectance is
assumed to be isotropic, and it is modeled as a function of
phytoplankton pigment concentration (Morel 1988). In subse-
quent versions of the model, however, this assumption will be
relaxed, and bidirectional effects will be accounted for by using
the approximate solutions of Sobolev (1963) (Frouin and Her-
manto this issue). The model input parameters, apart from sol-
ar and viewing angles, are aerosol type and amount (parameter-
ized as a function of surface visibility), wind speed and direction,
and phytoplankton pigment concentration.

Figures 1 and 2 show the results of simulations of the top-of-
atmosphere reflectance at the wavelengths of 450 and 850 nanom-
eters, respectively, for a solar zenith angle of 30', a pigment
concentration of 0.03 milligrams per cubic meter, a wind speed of
5 meters per second, a wind direction from 330', standard maritime
aerosols, and a visibility of 23 kilometers. Only variations in the
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Figure 2. Same as figure 1, except 850 nanometers.Figure 1. Simulations of the top-of-atmosphere reflectance,
Intrinsic atmospheric reflectance, R 1, glitter reflectance, R 9, foam
reflectance, R0, and total surface reflectance Rsur9 at 450 nanometers
In the principal plane as a function of the viewing zenith angle.
Forward scattering (top), backward scattering (bottom). Solar zenith
angle is 30, visibility is 23 kilometers, aerosols are of maritime type,
pigment concentration is 0.03 milligrams per cubic meter, and wind
is from 330 at 5 meters per second.

solar principal plane are displayed. In forward-scattering condi-
tions (figure 1, top and figure 2, top), glitter reflectance dominates
the top-of-atmosphere signal. For some viewing angles (specular
conditions), the surface reflectance surpasses the top-of-atmo-
sphere reflectances (curves labeled 4), but is reduced by atmo-
spheric absorption. In backscattering conditions (figure 1, bottom
and figure 2, bottom), the atmospheric reflectance (curves labeled 2)
dominates. The glitter reflectance, however, contributes signifi-
cantly to the top-of-atmosphere reflectance for viewing angles less
than 15. Water body reflectance, about 0.03 at 450 nanometers, has
negligible influence at 850 nanometers. The effect of the backward
peak of the aerosol phase function is noticeable at a 30 viewing
zenith angle, especially at 850 nanometers, where molecular scat-
tering is less active. An interesting feature, not shown here, is the
dissymmetry in the +90 and -90 planes due to wind direction.
Figures 1 and 2 illustrate the difficulty of ocean-color remote
sensing from above the atmosphere because most of the signal (for
instance 85 percent at 450 nanometers, see figure 1, bottom) origi-
nates from the atmosphere and the surface.

We used the coupled ocean-atmosphere model described
above to simulate aircraft observations of the ocean made by the
polarization and directionality of the earth reflectance (POLDER)
instrument on 29 December 1991 over the Gerlache Strait. The
POLDER instrument (Frown et al. this issue) measures the spe-
cific intensity and polarization characteristics of reflected sun-
light in spectral bands centered at 450, 500, 570, 670, and 850
nanometers. At the altitude of the flight, 3,960 meters feet, the
pixel size is 17 x 17 meters. In the calculations, we assumed that
the aerosols were located below the aircraft, and we partitioned
the amount of air molecules above and below the aircraft accord-
ing to atmospheric pressure at both the level of the flight and at
the surface. For consistency, we normalized the POLDER mea-
surements by the incident solar irradiance computed by also
assuming no aerosols above the aircraft.

Figure 3 shows the reflectance measured at 500 and 850
nanometers (crosses and open circles, respectively) as a function of
viewing zenith angle in the solar principal and perpendicular
planes. Negative-viewing zenith angles correspond, by defini-
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Figure 3. Measured and modeled POLDER reflectance at 500 and
850 nanometers in the solar principal and perpendicular planes
(top and bottom, respectively). Data are represented by crosses
(500 nanometers) and open circles (850 nanometers), and
calculated values by solid lines. The best fit is obtained for a wind
speed of 6.5 meters per second, a wind direction from 215, an
aerosol optical thickness of 0.06 at 550 nanometers, aerosols of
water-soluble type, and phytoplankton pigment concentration of
1 milligram per cubic meter.

tion, to relative azimuth angles of 0' (principal plane) or 270'
(perpendicular plane). Due to glitter, the reflectance in both
bands reaches high values (above 0.15) in the principal plane
(forward scattering). The reflectance at 850 nanometers is as low
as 0.01 outside the glitter region, already suggesting that aerosol
amount is low below the aircraft. Slight, yet non-negligible
dissymmetry with respect to nadir viewing is noticed at 850
nanometers—the likely effect of anisotropic wave slope distribu-
tion because of wind direction. At 500 nanometers, where phy-
toplankton pigments absorb significantly, the variations in view-
ing the zenith angle in the perpendicular plane do not
resemble those at 850 nanometers—a manifestation of spatial
changes in phytoplankton abundance.

The data are best fit (solid lines) when the model is run with a
wind speed of 6.5 meters per second, a wind direction from 215',an
aerosol-optical thickness of 0.06 at 550 nanometers, a water-soluble
aerosol type, and a phytoplankton pigment concentration of 1
milligram per cubic meter (only affects the reflectance at 550

nanometers). Except for pigment concentration, the values are in
general agreement with the in-situ observations made aboard R/V
Polar Duke, which reported a wind speed of about 10 meters per
second, a wind direction of 240' from the north, and a visibility of
more than 70 kilometers. R/V Polar Duke, however, was located at
64" 28' S and 62' 15' W, about 50 kilometers southwest of the
POLDER scene (centered at 64'22' S and 61' 51' W), which may
explain the discrepancies in wind speed and direction. The pig-
ment concentration below the aircraft, as estimated from 5 days of
measurements (26 to 30 December 1991) during fast grid C (Holm-
Hansen and Vernet this issue), is about 7milligrams per cubic meter
value or seven times the value inferred from the POLDER measure-
ments. We note, however, that the R/V Polar Duke stations were
coarsely spaced and that the 7 milligrams per cubic meter value is
subjected to significant uncertainty. Furthermore, the actual opti-
cal properties of the phytoplankton in the area of the POLDER
measurements may also differ from those used on Morel's (1988)
model, as suggested by the chlorophyll-specific diffuse attenuation
coefficients reported by Brody et al. (this issue).

The coupled ocean-atmosphere radiative transfer model, which
accounts for the essential physics of the problem and yet uses
approximate analytical formulas, is adapted to simulate the
aircraft POLDER spectral reflectance in areas not influenced by
the presence of ice (adjacency effects) and where bottom ef-
fects can be neglected. In that case, angular and spectral effects
can be described properly, although our verification, based on
one POLDER scene, is not conclusive, all the more as the in situ
and aircraft data were not simultaneous. A dedicated verification
study is in order that includes both theoretical and experimental
comparisons. Monte Carlo and a successive order of scattering
codes (exact codes) are available for theoretical comparisons. On
the other hand, in situ measurements of bio-optical properties
(chiorophylla and phaeopigments, particulate absorption, spec-
tral diffuse attenuation coefficient, beam attenuation coefficient),
as well as atmospheric properties (wind speed and direction,
aerosol optical thickness) were made aboard R/V Polar Duke at
the passage of the aircraft. The measurements provide the basis
for experimental comparisons.

The model, however, will require modifications. Because the,
reflectance of ice/snow is high compared to that of water, photons
reflected by ice/snow may contribute significantly to the signal
measured, especially near the ice. This effect can be taken into
account by defining a suitable spatially-averaged reflectance
(Tanré et al. 1979). Another modification of importance will be to
include the anisotropic effects of the water body reflectance. As
Frouin and Hermanto have shown, these effects may not be
neglected, especially at high viewing zenith angles and at large
scattering angles (reflectance may increase significantly due to
the backscattering peak of the phytoplankton phase function). As
it stands now, even though polarization is not included, our
coupled radiative transfer model is sufficiently complete to at-
tempt retrievals of near-surface phytoplankton pigment concen-
tration from the aircraft POLDER data acquired during the 1991-
1992 RACER campaign.

This research was supported in part by the National Aeronau-
tics and Space Administration under grant NAG W-2774 to Rob-
ertFrouin, the National Science Foundation, the British Antarctic
Survey, the French Space Agency, and the Centre National de la
Recherche Scientifique. We thank the British Antarctic Survey
personnel at Rothera for their help with the aircraft missions;
Jean-Yves Balois from the Laboratoired'OptiqueAtmospherique,
France, for operating the FOLDER instrument during the experi-
ment and performing the necessary calibrations; and John
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Near-surface phytoplankton pigment
concentration in the Gerlache Strait
derived from aircraft-polarization-

and-directionality-earth-
reflectance data (POLDER)

ROBERT FROuIN

Scripps Institution of Oceanography
La Jolla, California 92093-0221

Several aircraft missions were flown over the Gerlache Strait
during the 1991-1992 Research on Antarctic Coastal Ecosystem
Rates (RACER) campaign for the purpose of mapping near-
surface phytoplankton pigment concentration and primary pro-
duction, and, hence, to extend spatially the local observations
made aboard R/V Polar Duke. The aircraft, a Twin Otter operated
by the British Antarctic Survey, was equipped with an ocean color
imager, the polarization and directionality of the earth reflectance
(POLDER) instrument, which measured the specific intensity of
sunlight reflected by the atmosphere and ocean in spectral bands
centered at 450, 500, 570, 670, and 850 nanometers, as well as the
polarization characteristics of the reflected light. Details about the
instrument's concept, imaging principle, and characteristics can
be found in Frown et al.

During each mission, the aircraft flew one low-altitude leg at 61
meters with passage over R/V Polar Duke and several high-
altitude legs at 3,962 meters or 4,572 meters. The objective of flying
the high-altitude legs was to map the experimental site. Because
the swath at 3,962 meters was 4.9 x 6.5 kilometers and the pixel
resolution 17x 17 meters, it would have required flying six parallel
legs to map the Gerlache Strait completely. This was generally not
possible, however, because of fuel requirements. The objective of
flying the low-altitude leg was to check atmospheric correction
schemes and, when passing over the ship, to compare the aircraft
measurements with in situ optical data.

We focus on the low-altitude leg flown across the Gerlache
Strait on 29 December 1991, on an exceptionally clear day (no
clouds, low aerosol loading at the surface). During the few days
preceding and following that date, 25 December through 30 De-
cember 1991, R/VPolar Duke surveyed the Gerlache Strait (RACER
fast grid C), and the data revealed a strong southwest-northeast
gradient of surface phytoplankton pigment concentration (Chloro-
phyll a + phaeophytin), with values reaching 17 milligrams per
cubic meter in the southwest and as low as 2 milligrams per cubic
meter in the northeast (Holm-Hansen and Vernet this issue). These
conditions provided the opportunity to check, over algal biomass
levels spanning almost an order of magnitude, the ability of the
POLDER instrument to remotely sense ocean color accurately and,
thus, to provide quantitative estimates of near-surface phytoplank-
ton pigment concentration. First, we describe the FOLDER data
and detail the procedure to correct the data for atmospheric effects.
Then, we present the results, namely POLDER estimates of pig-
ment concentration along the aircraft subtrack, and we compare
the estimates with values measured during fast grid C. Finally, we
discuss the accuracy of the estimates in terms of potential sources
of errors, in particular, the specific optical properties of the phy-
toplankton in the Gerlache Strait and the anisotropy of the water
body reflectance.

Figure 1 shows the aircraft subtrack across the Gerlache Strait
on 29 December 1991. The atmospheric conditions were clear sky,
with a horizontal visibility better than 70 kilometers at the surface.
Sunphotometer measurements made aboard R/V Polar Duke, on
the other hand, indicated a rather high aerosol-optical thickness
(e.g., 0.2 at 450 nanometers), seemingly in contradiction with the
high visibility reported by the ship. The high aerosol-optical
thickness, however, was explained by the presence of stratospheric
aerosols following the eruption on 15 June 1991, of Mount Pinatubo
in the Philippines (Frouin, Panouse, and Devaux this issue). The
sea was calm south of Brabant Island, but light foam was observed
east of 62 15' W. Small floes were sometimes within the field of
view of the POLDER instrument, but they minimally affected the
measurements. Because the leg was flown in the middle of the
Gerlache Strait, the effect of sunlight reflection by surrounding ice
(adjacency effect) was negligible.

At 161 meters, the pixel size at the ground is about 25 centime-
ters. Owing to the speed of the aircraft (about 120 knots) and the
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Figure 1. Map of the experimental site showing the sub-aircraft track
at the surface during the low-altitude (61 meter) leg across the
Geriache Strait on 29 December 1991.

time necessary to acquire the data (a few seconds for 9 filters and
the optical zero), the same point at the surface could not be
observed in all the spectral bands. We therefore assumed that the
ocean was sufficiently homogeneous spatially to consider simul-
taneity of the measurements in the various spectral bands. To
reduce the errors, we only used the spectral bands centered at 500
and 570 nanometers, because the corresponding interference
filters were positioned next to each other on the rotating wheel.
To avoid glitter, we selected pixels corresponding to backscatter-
ing conditions, namely a 150 scattering angle, and we averaged
the aircraft reflectance over 5 x 5 pixels.

In a preprocessing stage, we using the sunphotometer data to
compute the atmospheric transmittance (direct plus diffuse) at
aircraft altitude and used the values to convert the POLDER data
into reflectance. Figure 2 shows the resulting raw (not corrected
for atmospheric effects below the aircraft) POLDER reflectance at
500 and 570 nanometers (upper curves). Reflectance generally
increases with decreasing longitude at 500 nanometers, whereas
it remains more or less constant with longitude at 570 nanom-
eters. Because the atmospheric properties and the solar and
viewing geometries remained practically unchanged along the
aircraft path, the variations in reflectance already suggest that the
waters corresponding to the southwest part of the axis are richer
in phytoplankton, corroborating the in situ observations.

To interpret quantitatively the POLDER data in terms of near-
surface phytoplankton pigment concentration, it is necessary to
correct the raw reflectance for atmospheric effects, namely, re-
sidual absorption and scattering below the aircraft, as well as
glitter contamination. This was accomplished by first examining
the data in the 850-nanometer band, for which the ocean can be
considered black. A glitter reflectance was deduced from the data
and (since Fresnel reflection does not depend on wavelength)
was used to correct the data in the 500-and 570-nanometer bands.
Aerosol amount was assumed negligible below the aircraft; con-
sequently, the correction for the intrinsic atmospheric reflectance
only included scattering by molecules.

Figure 2 shows the atmospherically corrected reflectance—
that is, the water body reflectance just above the surface at 500 and
570 nanometers (lower curves)—and how it compares with the
uncorrected one (upper curves). The effect of the atmosphere is to
increase the water body reflectance by about 0.05, or 50 percent,
at both wavelengths. A slightly larger difference between uncor-

rected and corrected values is noticeable in the middle and
eastern portion of the axis (except near the eastern end), probably
due to increasing wind speed.

Figure 3 (top) shows the ratio of the atmospherically corrected
reflectance at 500 and 570 nanometers. At 500 nanometers, phy-
toplankton pigments absorb strongly (the maximum of absorption
is at 440 nanometers), whereas they do not at 570 nanometers. The
ratio of the water body reflectance at the two wavelengths, there-
fore, is a measure of the amount of biomass existing below (Morel
1980). A sharp change in reflectance ratio is observed around 62 W,
where the value increases from 1 t 1.6 over a 20-kilometer distance.
This sharp change was noted visually during the flights, when
predominantly dark green waters at the beginning of the flight
(southwest part of the axis) became more blue-green.

Using the reflectance model of Morel (1988), near-surface phy-
toplankton concentration was deduced from the reflectance ratio at
500 and 570 nanometers. The formula applied, obtained by fitting
empirically reflectance-pigment concentration pairs, reads

Log (C) = 1.5429 + -3.3788 log (R I R570),

where C is pigment concentration in milligrams per cubic meter,
and R and R575 are water body reflectances above the surface at
500 and 570 nanometers, respectively.

Figure 3 (bottom) displays the pigment concentrations ob-
tained as a function of longitude. High values (7 to 8 milligrams
per cubic meter), in some instances reaching 14 milligrams per,
cubic meter, are estimated west of 62*6 W, whereas low values
(about 1 milligram per cubic meter) prevail east of 61 50' W.
Between these two longitudes, pigment concentration changes
from about 4 milligrams per cubic meter to 0.8 milligrams per
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Figure 2. Raw and atmospherically corrected aircraft reflectance at
500 nanometers (top) and 570 nanometers (bottom) across the
Gerlache Strait on 29 December 1991. The corrected data correspond
to water body reflectance just above the surface.
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cubic meter. Spatial variability is substantial on scales of 10 to 20
kilometers in both the high and low biomass regions.

Compared to the pigment concentrations measured in situ (at a
5-meter depth) during fast grid C (Holm-Hansen and Vemet this
issue), the POLDER-derived values are generally lower. In the
northwest part of the Gerlache Strait, 2 to 3 milligrams per cubic
meter are measured instead of 1 milligram per cubic meter. Around
623O' W, the in situ values are well above 10 milligrams per cubic
meter, whereas the POLDER-derived ones are consistently below
10 cubic milligrams. The strong gradient around 62'W is well-
retrieved, but the aircraft values suggest that it is actually sharper
than indicated by Holm-Hansen and Vemet (this issue), with the
maximum lying slightly farther west (between stations 3 and 44,
the change in pigment concentration is not linear).

The generally too-high POLDER-derived values should be
discussed in view of optical properties of the phytoplankton
present in the Gerlache Strait waters, which differ significantly
from those used in Morel (1988). According to Panouse, however,
the diffuse attenuation coefficient, measured in situ (in the first
ten meters), when corrected for its pure water and soluble mate-
rial components (terrigenous materials were assumed to be non-
existent) was, on average, close to Morel's (1988) chlorophyll-
specific diffuse attenuation coefficient, k", at 500 nanometers.
This disagrees with previous measurements by Mitchell and
Holm-Hansen (1991). Spatial variability in the phytoplankton
populations (diatoms vs. cryptomonads), hence in the optical
properties of their varied mixtures (see Brody et al.), may still
contribute to the discrepancies.

The situation is more complicated, however, because the
reflectance above water, as measured by the POLDER instru-
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ure 3. Ratio of water body reflectance at 500 and 570 nanometers
oss the Gertache Strait on 29 December 1991 (top). Near-surface
'toplankton pigment concentration (bottom) deduced from the
o of reflectances at 500 and 570 nanometers using the model of
rd (1988).

ment, is higher than the reflectance predicted by Morel (1988),
after correction for refraction at the air-sea interface. For a
pigment abundance of 10 milligrams per cubic meter, for in-
stance, Morel's (1988) model gives above-surface reflectances of
0.006 and 0.008 at 500 and 570 nanometers, respectively, which
compares to measured values of about 0.008 and 0.01. Yet,
terrigenous materials could not have affected the reflectance,
because they were quasi-nonexistent (Vernet personal communi-
cation). Moreover, in situ measurements of flux reflectance just
below the surface made at the passage of the aircraft, which oc-
curred at the longitude of approximately 6r 45'W, revealed val-
ues of 0.009 and 0.008 at 500 and 570 nanometers, respectively,
when transformed into reflectance just above the surface, whereas
the corresponding POLDER-derived values read 0.013 and 0.008.
Thus the agreement is not good at 500 nanometers. Converging
evidence therefore exists that the retrieved reflectances are too
high, especially at 500 nanometers. One possible explanation is
that, unlike Morel's (1988) model and the in situ optical profiler,
the POLDER instrument gives access to bidirectional reflectance
and not to flux reflectance. In backscattering conditions (recall
that the scattering angle is about 150 in our case), the backward
peak of the phytoplankton phase function may act to increase the
bidirectional reflectance when compared with that averaged over
viewing angles (Frouin and Hermanto this issue).

In summary, our analysis of the POLDER data acquired during
the low-altitude flight of 29 December 1991 in the Gerlache Strait
indicates that the POLDER instrument meets the basic require-
ments for ocean color remote sensing in the Antarctic. Non-
negligible discrepancies between POLDER-derived near-surface
pigment concentrations and in situ measurements were found,
however, and they could not be explained satisfactorily. A definite
assessment of the instrument capability will therefore require
examining more closely the specific optical properties of the phy-
toplankton in the area, including spatial variability, the bidirec-
tional properties of the water body reflectance, as well as other
sources of errors (e.g., nonsimultaneity of the measurements in the
various spectral bands, atmospheric effects). Nevertheless, the
preliminary results described above are encouraging; they consti-
tute a step toward achieving one of the major objectives of the
aircraft missions, namely, mapping near-surface phytoplankton
pigment concentration over the RACER study areas.

This research was supported in part by the National Aeronau-
tics and Space Administration under grant NAG W-2774 to Rob-
ert Frouin, the National Science Foundation, the British Antarctic
Survey, the French Space Agency, and the Centre National de la
Recherche Scientifique. We thank the British Antarctic Survey
personnel at Rothera for their help with the aircraft missions;
Jean-Yves Balois from the University of Lille, France, for operat-
ing the POLDER instrument during the experiment and perform-
ing the necessary calibrations; Michel Panouse from the
Observatoire Oceanologique de Banyuls, France, for collecting
the in situ optical data; the captain and crew members of R/V
Polar Duke for their assistance during the cruise, John McPherson
for processing the POLDER data, and Maria Vernet, Osmund
Holm-Hansen, and Eric Brody for helpful discussions.
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Antarctic marine living resources program

The U.S. Antarctic Marine Living
Resources (AMLR) program: 1991-

1992 field season activities

JANE E. ROSENBERG, ROGER P. HEWITI',
AND RENNIE S. HOLT

Antarctic Ecosystem Research Group
Southwest Fisheries Science Center

La Jolla, California 92038

The U.S. Antarctic Marine Living Resources (AMLR) program
provides information used to develop U.S. policy on the conser-
vation and international management of resources living in ant-
arctic waters. The program advises the U.S. delegation to the
Convention for the Conservation of Antarctic Marine Living
Resources (CCAMLR), which is part of the Antarctic Treaty
System. CCAMLR is unique from other marine resource man-
agement regimes by requiring that the harvest of living resources
be managed from an ecosystem perspective. The convention calls
for management action that considers the impact of harvesting
activities on all living organisms within the antarctic ecosystem.
Antarctic krill (Euphausia superba) are the dominant prey in the
pelagic marine ecosystem, as well as the target of a commercial
fishery. In order to manage the fishery within the mandate of
CCAMLR, the effects of krill harvest on dependent predators
must be thoroughly understood.

The AMLRprogram monitors finfish and krill fisheries, projects
sustainable yields where possible, and formulates management
advice and options. In addition, the program conducts field
research with the long-term objective of describing the functional
relationships between krill, their environment, and their preda-
tors. The field program is based on two working hypotheses:
• Krill predators respond to changes in the availability of their
food.
• The distribution of krill is affected by both physical and
biological aspects of their habitat.
• During the last six austral summers, the AMLR program has
conducted research in the vicinity of Elephant Island, at the tip of
the Antarctic Peninsula. As in the past three field seasons, the
1991-1992 AMLR field program included a 2-month research
cruise aboard the National Oceanic and Atmospheric Adminis-
tration (NOAA) Ship Surveyor and land-based studies at a sea-
sonal field camp on Seal Island, off the northwest coast of El-
ephant Island, and at Palmer Station, a U.S. scientific station
further south on the Antarctic Peninsula (figure 1).

The specific objectives of the 1991-1992 field season were to:
• map the physical structure of the upper 750 meters, including
the thermohaline structure, oceanic fronts, water-mass bound-
aries, surface currents, eddies, and turbulent mixing;
• map phytoplankton biomass distribution and production;
• map the distribution of zooplankton (including krill), includ-

ing the horizontal and vertical variations in krill destiny and
demographic characteristics;
• conduct direct studies on krill swarm morphology, acoustic
characteristics of krill, fur seal pup productions throughout the
South Shetland Islands, and the frontal zone north of Elephant
Island; and
• describe reproductive success, feeding ecology, and growth
rates of land-based krill predators throughout the reproductive
season on Seal Island and at Palmer Station.

The Surveyor departed Punta Arenas, Chile, on 15 January
1992 to begin leg I of the AMLR research cruise; the leg was
completed on 13 February. Following a mid-cruise port call, leg
II was conducted 18 February to 18 March. A large-area survey
of 72 conductivity-temperature-depth/rosette and net sampling
stations, separated by acoustic transects, was completed during
each leg (surveys A and D, figure 2). Data for physical oceanog-
raphy, primary productivity, and krill distribution and condition
studies were collected during these surveys. Operations at each
station included (1) measurements of temperature, salinity, dis-
solved oxygen, light, fluorescence and transmissometer profiles;
(2) discrete measurements of chlorophyll a, primary production,
absorption spectra, particulate organic and nitrogen, cell size
fractionation, floristics, adenosine triphosphate, and inorganic
nutrients from water samples collected at various depths; and (3)
collections of zooplankton and nekton samples obtained with a 6-
foot Isaacs-Kidd midwater trawl. To delineate hydrographic and

Figure 1. Locations of the U.S. AMLR field research program:
Elephant island Study Area, Seal island, and Palmer Station.
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Figure 2. Large-area surveys (surveys A and D). Numbers refer to
station locations. During survey A, stations 65 to 72 were omitted
because of time constraints.

biological features across a front north of Elephant Island, inves-
tigators conducted cross-shelf transects during both legs (X sta-
tions, figure 3). Small-area acoustic surveys were conducted
north of Elephant Island in order to describe krill distribution
and abundance within the foraging range of predators breeding
at Seal Island (surveys B and C, figure 3). Fine-scale multiple-op-
ening-closing-net-environmental-sampling-system (MOCNESS)
sampling also was conducted during leg I (areas a, b, c, and d,
figure 3). A census of fur seal and penguin rookeries, and a fine-
scale acoustic survey to acquire data defining the three-dimen-
sional structure of krill aggregations were conducted during leg
II. During the ship's northbound transit from Punta Arenas to
Seattle, studies were completed on physical oceanography and

Longitude

Figure 3. Station locations of cross-shelf transects (X stations);
stations Xl to X16 and X17 to X44 were occupied during leg land leg
II, respectively. Small-area acoustic surveys (surveys B and C,
trackline shown). MOCNESS sampling areas a, b, c, and d.

the effects of ultraviolet radiation on phytoplankton and bacterial
production.

A field team occupied the seasonal field camp on Seal Island
from 2 December 1991 to 11 March 1992. The team conducted
extensive research on the reproductive and feeding behaviors of
antarctic fur seals (Arctocephalus gazella), chinstrap penguins
(Pygoscelis antarctica), and macaroni penguins (Eudyptes
chrysolophus) breeding on the island. Fieldwork at Palmer Station
was initiated on 17 October 1991 and was completed on 7 March
1992; studies on aspects of the ecology of Adélie penguins
(Pygoscelis adeliae) were conducted. This work was part of the U.S.
AMLR program sponsored by the National Oceanic and Atmo-
spheric Administration.

AMLR program: Distribution and
abundance of krill near Elephant

Island in the 1992 austral summer

ROGER P. HEwrrr

Southwest Fisheries Science Center
La Jolla, California 92038

DAVID A. DEMER

Scripps Institution of Oceanography
La Jolla, California 92093

One of the principal goals of the Antarctic Marine Living
Resources (AMLR) program is the relation of the feeding ecology

and reproductive success of krill predators to aspects of the prey
field. We used bio-acoustic methodology to map the distribution
of krill and to estimate biomass. Specific objectives for the 1992
field season included the following:
• Map meso-scale (lOs to lOOs of kilometers) features of the
distribution, density, and abundance of krill in the area around
Elephant Island;
• Map micro-scale (1-10s of kilometers) features of the distribu-
tion, density, and abundance of krill immediately north of Eleph-
ant Island, within the foraging range of krill predators breeding
at Seal Island;
• Delineate changes in krill density and aggregation patterns
across the hydrographic front north of Elephant Island;
• Direct simultaneous high-resolution net sampling in order to
document acoustic signatures for various zooplankton taxa, and
to determine vertical and horizontal variations in the composi-
tion of krill swarms;

* Supported by the John and Fannie Hertz Foundation.
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• Collect acoustic target strength measurements on both indi-
vidual and aggregated krill as a function of animal size, gender,
and sexual maturity;
• Conduct fine-scale mapping of a krill aggregation over a 48-
hour period; and
• Describe the dominant horizontal and vertical scales of krill
aggregation patterns.

To address the first two objectives, we conducted two large-
area surveys (Surveys A and D) and two small-area surveys
(surveys B and C) near Elephant Island between mid-January
abd mid-March 1992 (Rosenberg et al. 1992).

We collected acoustic data with a Simrad EK500 echo sounder
(odholt et al. 1989) connected to a 120-kilohertz split-beam
tansducer. The transducer, deployed on a dead-weight towed
b ody, communicated with the echo sounder via 50 meters of
armored towing cable, a set of slip rings on the towing winch, and
5 meters of shielded deck cable. The echo sounder was con-

nected via ethernet to a UNIX workstation for post-processing
nd archiving of acoustic data (figure 1). We calibrated the entire

system (echo sounder, cables, and winch) before and after the
cruise; calibration drift was less than 1 decibel.

We sampled ping-by-ping echo power levels approximately
very 3 centimeters (25 kilohertz sampling rate) and passed them

^Very
the workstation for archiving. We also subsampled this data set

 0.5 meters over depths ranging from 10 meters to 250
meters. We made adjustments for spherical spreading and ab-
sorption of sound and passed the resulting set of mean volume
backscattering strength measurements to the workstation.

We generated echograms from the subsampled data set and
interpreted them. The threshold volume backscattering strength
was set at -81 decibels, and we attributed portions of the echogram
to echoes from krill and non-krill (bottom return, system noise,

and other scatterers). For the purpose of generating distribution
maps and biomass estimates, we integrated volume backscatter-
ing strength attributed to krill over 10 meters to 250 meters depth
range (or 1 meter above the bottom, if shallower than 250 meters)
and averaged it over 1 nautical mile intervals. We also recorded
the ship's position every 10 seconds and time-keyed it to the
acoustic data set. We used version 2.6 of the Bergen Integrator
software, co-developed by the Bergen Institute of Marine Re-
search, the Christian Michelsen Institute, and Simrad (Knudsen
1990; Foote et al. 1991), as an aid in interpretation of the echograms
and archiving results.

We then gridded and contoured estimates of backscattering
area per square nautical mile of sea surface to produce distribu-
tion maps. We estimated abundance by converting backscatter-
ing area to krill biomass density, using a new definition of krill
target strength (Everson et al. 1990; Greene et al. 1991; Miller 1991)
and treating the mean density on each transect as an independent
estimate of the mean density over the survey area (Jolly and
Hampton 1990; Simmonds et al. 1991).

During the first survey krill were distributed in a wide band
extending along the north side of Elephant Island and wrapping
around the western end (figure 2a); we estimated biomass to be
2.2 million metric tons. During the second survey, the highest
densities of krill were over the shelf extending to the northwest
from Elephant Island and including the Seal Island archipelago;
high densities of krill also extend off the shelf from the northeast
end of Elephant Island into deeper water (figure 3a). We esti-
mated biomass in the smaller survey area to be 0.7 million metric
tons. Three weeks later high krill densities were still apparent in
the vicinity of Seal Island, but the area of high density previously
mapped off the northeast end of Elephant Island had retracted
considerably (figure 3b). We estimated biomass to be 0.4 million
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Figure 1. Principal components of the bio-acoustic survey used to collect, process, and analyze the data reported here include a 120 kilohertz
split-beam transducer, a Simrad EK500 echo sounder, and a UNIX workstation.
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Figure 2. Distribution of backscattering area (proportional to krill
biomass) per square nautical mile of sea surface for survey A and
survey D.

metric tons. During the final survey conducted 6 weeks after the
first survey, krill were mapped in reduced densities primarily to
the west of Elephant Island (figure 2b); biomass over the larger
survey area had declined to 1.1 million metric tons.

This work is part of the U.S. AMLR Program and is supported
by the National Oceanic and Atmospheric Administration.

Estimated krill biomass, vicinity of Elephant island (mid-January
to mid-March 1992).

Survey	Area	 Biomass	Coefficient
(n.mi.2)	 (mtons)	of variation

A	 10,575	 2,168,218	15.75%
B	 2,100	 712,435	22.22%
C	 2,100	 415,840	22.59%
D	 10,575	 1,053,296	 9.25%

212

Figure 3. Distribution of backscattering area (proportional to krill
biomass) per square nautical mile of sea surface for survey B and
survey C.
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AMLR program: Penguin and fur seal
studies on Seal Island, South

Shetland Islands, 1991-1992 austral
summer
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A major research goal of the National Marine Mammal Labo-
ratory Antarctic Ecosystem Program is to understand the rela-
tionships between seabirds and pinnipeds and their primary
prey, krill (Euphausia spp.). Specifically, a suite of parameters
that may be affected by changes in krill availability is measured
annually on Seal Island, a small island in the South Shetland
Islands archipelago north of the Antarctic Peninsula. These
parameters provide a data base for detecting and quantifying
perturbations in the antarctic ecosystem. The studies being
undertaken are part of the ecosystem monitoring program estab-
lished under the auspices of the Convention for the Conservation
of Antarctic Marine Living Resources (CCAMLR). In order to
accomplish this goal, the objectives of the research program on
Seal Island are:
• to monitor pup growth rates and adult female foraging pat-
terns of antarctic fur seals (Arctocephalus gazella) according to
CCAMLR Ecosystem Monitoring Program (CEMP) protocols;
• to conduct directed research on pup production, female forag-
ing behavior, diet, abundance, survival, and recruitment of ant-
arctic fur seals;
• to monitor the abundance of all other pinniped species ashore;
• to monitor the breeding success, reproductive chronology,
foraging behavior, chick diet, abundance, survival, recruitment,
and fledgling size of chinstrap (Pygocelis antarctica) and macaroni
(Eudyptes chrysolophus) penguins breeding on Seal Island accord-
ing to CEMP protocols;
• to conduct directed research on chick growth and condition,
seasonal patterns in diving behavior, and changes in foraging
patterns throughout the breeding season;
• to assess the reproductive success and survival of cape petrels
(Daption capensis) breeding on Seal Island; and
• to investigate the relationship between the foraging behavior
of penguins and fur seals and the distribution and abundance of
their prey.

Fur seal pups were weighed at intervals of approximately 2
weeks between 30 December 1991 and 27 February 1992. Male
pups grew at a mean rate of 124 grams per day (SE 9.0), and female
pups grew at a mean rate of 94 grams per day (SE 5.2). Pups
weighed during January were on average about 1 kilogram heav-
ier than those weighed on the same dates in 1990-1991, but by the
end of February the weights were about the same as those in 1990-
1991.

During their 4-month lactation period, female antarctic fur
seals make a series of feeding trips to sea, returning to shore

between each trip to suckle their pups for 1-2 days. Attendance
at the rookery beach by 40 lactating fur seals was monitored
continuously using radio transmitters and an automated receiv-
ing system. For the 34 females that completed six trips to sea
without losing their pups (CEMP Standard Method C.2), the
duration of the average foraging trip was 3.98 days (SD 1.43,
n=204 trips).

Sixteen of the females in the attendance study were fitted with
time-depth recorders (TDRs) to monitor foraging effort during
the suckling period. Fourteen of these TDRs were recovered, and
analysis of the dive records will provide estimates of the foraging
effort required by females to raise pups and sustain themselves.
Four females with TDRs were at sea during the small-area acous-
tic survey (Survey B) conducted by the National Oceanic and
Atmospheric Administration ship Surveyor during Leg I
(Rosenberg et al. 1992). Therefore, subsequent analyses will
allow a comparison of the dive profiles of the fur seals with the
distribution of krill as detected acoustically.

At least 291 fur seal pups were born on Seal Island during the
1991-1992 season. Subjective observations (relatively short fe-
male fur seal feeding trips and high pup weights early in the
season) suggested that fur seals may have had more success in
obtaining food early in the season than in previous years. How-
ever, pup growth rates over the entire season were not signifi-
cantly different from those obtained in previous years (1988
through 1991) P = 0.15, female pups; P = 0.26, male pups).

An island-wide census of Seal Island at the beginning of the
field season revealed that the breeding population of chinstrap
penguins (22,800 nests) was approximately 45 percent larger than
that observed the previous season, while the breeding population
of macaroni penguins (254 nests) was about 13 percent smaller
than the previous year. However, the nesting success of those
birds that did breed was similar to that observed the previous
year. Observations of two study plots (each of at least 100 nests)
revealed that the timing of breeding (peak hatching and start of
creche) was delayed I day (to 27 December and 23 January,
respectively) from that observed the previous year, while fledg-
ing of chicks (beginning on 19 February) commenced 3 days later
than the previous year. Chicks grew at an increased rate com-
pared to 1990-1991, and peak chick weight (3.4 kilograms) was
slightly higher than observed in 1990-1991. In contrast, chick size
at fledging was similar to the previous year's values (2.9 kilo-
grams in 1990-1991 vs. 3.1 kilograms in 1991-1992). Preliminary
analyses of penguin diet indicate that meals delivered tochinstrap
penguin chicks consisted almost exclusively of krill.

The reproductive success of cape petrels in 1991-1992 was 32
percent higher than 1990-1991 (0.62 vs. 0.93 chicks per active nest
in 1990-1991 and 1991-1992, respectively). However, the size of
cape petrel chicks just prior to fledging was similar to that
observed in 1990-1991 (0.63 kilograms vs. 0.57 kilograms in 1990-
1991 and 1991-1992, respectively).

The duration of foraging trips of 40 chinstrap penguin adults
was monitored to determine the amount of time at sea required
by breeding adults for their own energetic needs and to procure
food for their chicks. In addition, to provide detailed information
on intra-annual changes in chinstrap penguins' diving behavior
at sea, a total of 42 penguins was equipped with TDRS. Nine of
these deployments during the creche stage occurred simulta-
neously with the small-area acoustic survey (Survey B) of krill
distribution offshore of Seal Island (Rosenberg etal. this issue) to
assess the relationship of chinstrap diving behavior and prey
distribution. The results of these studies and a directed study of
the relationship between foraging effort and food load delivery to
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chicks await further analysis at the National Marine Mammal
Laboratory.

Fur seal pup weights during January and February were
higher than in previous years, and the number of chinstrap
penguins and cape petrels attempting to breed on Seal Island was
the highest recorded since observations began in 1987-1988. The
number of chicks that hatched was also relatively high, and fur
seal foraging trips were shorter than in 1990-1991. These patterns
suggest that the conditions (e.g., local food availability) prior to
the initiation of breeding and early in the breeding season (early
lactation and egg laying and incubation periods) were relatively
good. Survival and growth of chicks were also slightly higher
than that observed in 1990-1991. However, the significance of
these observations awaits further analyses.

We therefore tentatively conclude that the favorable condi-
tions present earlier in the season may have persisted through the
penguin guard and early creche stages. The observations that the

size and weight of fledglings in 1991-1992 were similar to those
observed in 1990-1991 suggest that prey availability may have
been reduced during the later portion of the breeding season.
These tentative hypotheses are supported by the observations of
cape petrel reproductive success, which was particularly high
during the 1991-1992 season. More petrels attempted to bree,
and most of the chicks that hatched survived to fledging. How-
ever, the weight of cape petrel chicks prior to fledging was similar
to the previous year. Further laboratory analyses of penguin an
fur seal foraging behavior patterns and diet in relation to pre
distribution should help to elaborate on these conclusions.
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to the west and northeast of Elephant Island; greatest abundanc
(89.1 per square meter) was at station A53 off the northeast tip o
the island. Small or no krill catches were characteristic of the are
south of the island (figure 1).

Due to bias by the large catch of predominantly small juve
niles at station A53, these data are excluded from descriptions of
the krill demography. Reproductively mature (43.8 percent) and
juvenile (37.1 percent) forms dominated and were fairly evenly
represented, while immature stages made up only 19.1 percent of
the total. Juveniles generally dominated the larger samples
collected within the Weddell-Scotia Confluence (WSC) water
mass, which extended from the southwest to northeast of El-
ephant Island (Amos and Lavender 1992). Mature or mixtures of
mature, immature and juvenile stages predominated to the north
(figure 1). Males outnumbered females by 1.7:1. Only 54 percent

Net sampling operations during the Antarctic Marine Living
Resources (AMLR) program's 1991-1992 field season provided
data on krill (Euphausia superba) stock structure in the Elephant
Island area. Information on the length, sex ratio, reproductive
condition, and maturity states was derived from oblique tows in
the upper 200 meters made with a 6-foot Isaacs-Kidd Midwater
Trawl (IKMT) fitted with 505-micrometer mesh plankton net. A
total of 130 tows were made during large-area surveys; 31 addi-
tional tows were made during cross-shelf transects north of
Elephant Island (Rosenberg et al. 1992). Sample processing was
done on board using fresh material. Measurements were of total
length; stages werebased on the classification scheme of Makarov
and Denys (1981). The results from the large-area surveys (sur-
veys A and D) are summarized here.

A total of 6,120 krill were collected during survey A. The
median abundance was 0.9 krill per square meter. The catch sizes
roughly corresponded to the overall pattern of acoustically de-
tected biomass (Hewitt and Demer 1992) with the largest values

Figure 1. Krill abundance and maturity stage composition in IKMT
samples collected during survey A, 19 January to 2 February.
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Figure 2. Overall size frequency distributions of krill collected during survey A and survey D.

of the males were mature compared to 97 percent of the females.
The majority of the mature females (95 percent) exhibited early-
to-late stages of ovarian development (stages 3b and 3c). Few of
these were gravid (<2 percent), and none appeared to have
spawned recently.

The overall size frequency distribution (figure 2a) differs from
that observed during the past two summer seasons (Loeb in
press) in that it shows two distinct modes. One is an adult mode
around 44 to 45 millimeters. The other is a juvenile mode around
28 millimeters. This latter peak indicates successful spawning in
the 1990-1991 season. Intermediate-sized krill of 35 to 42 millime-
ters, which normally represents the 2+ age group (Siegel 1987),
are underrepresented. The geographical distributions of the size
groups were similar to those of the maturity stages.

The 67 tows made during survey D caught 10,867 krill. De-
spite the lower acoustically detected biomass estimate (Hewitt
and Demer 1992), the median abundance value (1.1 per square
meter) was slightly larger than that during survey A. Relatively
large catches occurred at scattered locations around Elephant
Island (figure 3).

The krill again were dominated by reproductively mature
(39.2 percent) and juvenile (33.6 percent) forms. However, imma-
ture stages (primary males) constituted a greater proportion (27.2
percent vs. 19.1 percent) than during the previous leg. Mature
stages generally dominated samples collected in Drake Passage
waters. Juveniles, immature stages, and mixed-maturity stages
were characteristic of water masses to the south (figure 3). The
male-to-female ratio (1.5:1) was similar to that of survey A. Most
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Figure 3. Krill abundance and maturity stage composition in iKMT
samples collected during survey D, 29 February to 9 March.

of the females were mature, but the majority of these (79 percent)
were in earlier stages of development (3a and 3b) than observed
during the previous month. Less than 5 percent were gravid or
had spawned recently.

The overall size frequency distribution (figure 2b) differs
significantly from that of survey A, due to greater proportions of
intermediate-sized krill and reduced proportions of smaller sizes

(Kolmogorov-Smirnov test, P<0.01). However, the intermediate
sizes are still underrepresented relative to other years (Siege]
1988), suggesting poor recruitment of the 1989-1990 year class.
The distributions of the small- and large-sized krill were similai
to those of the juvenile and mature stages. The intermediate-
sized krill primarily occurred in the eastern portion of the sur-
vey area in association with eastern Bransfield Strait, WSC, and
transition water masses (Amos and Lavender 1992).

This work was supported by National Oceanic and Atmo-
spheric Administration Cooperative Agreement NA27FR0002-01.
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In order to obtain estimates of the grazing pressure (feeding
rate) exerted by krill upon phytoplankton, it is necessary to have
estimates of both the clearance (or filtering) rates and the krill
biomass. Filtering rates can vary over a wide range, depending
on food quantity and quality (Schnack 1985). During January to
March 1992, we performed feeding experiments and gut content
fluorescence analyses with antarctic krill Euphausia superba (Dana)
collected around Elephant Island, Antarctica. In this paper, we
present data on clearance rates, gut-passage time and gut content
of Euphausia superba. Information on krill demography is pre-
sented in Loeb and Siegel (1992) and krill biomass in Hewitt and
Demer (1992). Our work was part of the U.S. Antarctic Marine
Living Resources (AMLR) program and was done on board
National Oceanic and Atmospheric Administration (NOAA)
ship Surveyor.

The cruise track and station positions are described in
Rosenberg et al. (1992). Krill used in the experiments and gut
content analyses were collected from the upper water column (0
to 150 meters) with an Isaacs-Kidd Midwater Trawl fitted with
505-micrometer mesh. Unfortunately, we do not have samples
for every station, due to frequent catches of small or no krill,
especially in the southeast corner of the sampling grid. As a
result, our data are restricted to the stations where relatively large
numbers of krill (e.g., more than 50) were collected. These
stations are indicated in figure 1.

Within 15 to 30 minutes after retrieval of the net, 12 to 20 krill
were measured (total length) and placed in test tubes with 90
percent acetone. Pigments were allowed to extract for 24 hours at
4 C, and the fluorescence was measured before and after acidifi-
cation in a Turner Designs fluorometer (model 10.005R) follow-
ing the techniques of Mackas and Bohrer (1976). Background
fluorescence of whole krill bodies was determined by allowing 20

krill to starve in filtered seawater and then analyzing them as
described above.

For grazing experiments, 16 to 20 krill that were capable of
active swimming after collection were transferred to a round 20-
1 polycarbonate container (acid washed) that contained phy-
toplankton labeled with carbon-14. At intervals from 10 to 30
minutes, two krill were withdrawn from the container, placed in
scintillation vials, and analyzed using standard liquid scintilla-
tion procedures. Two experiments were performed using natural
phytoplankton assemblages at concentrations of 0.4 and 1.65
micrograms chlorophyll a per liter. These were done on pre-
dominantly adult krill of 40-45 millimeters body length collected
west and northeast of Elephant Island. Results from these graz-
ing experiments indicated that gut-passage time was approxi-
mately 35 minutes for krill that were feeding on a phytoplankton
suspension containing 0.4 micrograms chlorophyll a per liter'
(figure 14) and 45 minutes when the concentration was 1.65
micrograms chlorophyll a per liter (figure 2B).

pg chl-a/
krill

• <0.05

• 0.05-0.2

• 0.2-0.35

62	 ••''
58	57	56	55	54	53

Longitude (W)

ml/krill/hr

• <300

• 300-600

• 600-900

• >900

62
68	57	56	55	54	53

Longitude (OW)

Figure 1. Study area showing sampling positions where gut content
analyses and clearance rates were determined. Solid lines indicate
contour depths in meters. (A) Krill gut content in micrograms
chlorophyll a + phaeopigments per krill. (B) Clearance rates in
milliliters per krill per hour.
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Figure 2. Time series of accumulation of labeled carbon-14 from
carbon-14 labeled phytoplankton by antarctic krill Euphauslasupea*e.
Each solid circle represents the mean counts per minute value of two
krill, and the bars indicate one standard deviation. (A) Experiment
performed on9March 1992, with food concentration of 0.4 micrograms
chlorophyll a per liter. (B) Experiment performed on 11 March 1992,
with food concentration of 1.65 micrograms chlorophyll a per liter.

Krill with relatively high levels of chlorophyll a + phaeo-
pigments in their digestive tracts were generally found in shelf
areas to the north and west of Elephant Island (figure 1A). The
mean gut pigment content for the sampling area was 0.146
micrograms chlorophyll a + phaeopiments per krill with a range
of 0.036 to 0.32 microgram chlorophyll a + phaeopigments per
krill. These values of chlorophyll a + phaeopigments are compa-
rable to those measured in dispersed krill in the same general area
by Antezana and Ray (1984), but lower than the values they
measured for swarming krill.

Clearance (filtration) rates were calculated from the gut-pig-
ment content, the gut-passage time estimated in the grazing
experiments, and the mean chlorophyll a + concentration in the
water. Since the mean krill depth was observed to occur prima-
rily between 50 to 100 meters (Demer and Hewitt in preparation),
we used the mean chlorophyll a concentration at these depths for
calculating clearance rates. As with gut content levels, relatively
high clearance rates were observed to the north and west of
Elephant Island (figure 1B). Clearance rates decreased exponen-
tially with increasing ambient food concentration (figure 3).
These rates varied from 1,420 to about 130 milliliter per krill per
hour (mean value of 480 milliliter per krill per hour) when the
mean food concentration in the water column (50 to 100 meters)
varied from 0.15 to >0.4 micrograms chlorophyll  per liter. These
values of filtration rate are comparable to the ones reported by
Boyd et al. (1984).

This research was supported by NOAA Cooperative Agree-
ment No. NA17FDO010-01 to Osmund Holm-Hansen. We thank
Holm-Hansen for making possible this work and for critical and
helpful comments. We also thank the officers and crew of the
NOAA Ship Surveyor for excellent support during all field opera-
tions. Grateful acknowledgement is also due to Christian Bonert
(Servicio Hidrografico de la Armada, Chile) for his generous help
on board ship. Shipboard personnel included E. W. Helbling (15
January to 18 March), L. 0. Sala (15 January to 18 March) and V.
Loeb (15 January to 13 February).
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Our interest in the distribution of inorganic nutrients through-
out the U.S. Antarctic Marine Living Resources (AMLR) study
area is related to their importance as possible limiting factors for
growth of phytoplankton, and their utility in tracing or identify-
ing different water masses (Broecker 1974; Sievers and Nowlin
1984). During the AMLR program's 1990-1991 and 1991-1992
field seasons nutrient samples were thus obtained with the
objective of studying their distribution and relationships with
phytoplankton and water masses. During the 1990-1991 field
season nutrient samples were collected in the upper 100 meters
(10 depths), from January to March. A total of 20 stations were
completed during two surveys (Holt et al. 1991) on board Na-
tional Oceanic and Atmospheric Adminstration (NOAA) ship
Surveyor. Whenever nutrient samples were obtained, water
samples were also taken for measurements of rates of primary
production, chlorophyll a concentration, and floristic composi-
tion of the phytoplankton crop. Routine physical and optical
measurements were made at all stations with an instrumented
conductivity-temperature-depth rosette profiling system (Amos
and Lavender 1991). Some of the results obtained during the
cruise were discussed in a paper analyzing the phytoplankton
distribution as related to a frontal zone north of Elephant Island
(Helbling et al. 1992). During the 1991-1992 field season nutrient
samples were collected at four standard depths throughout the
water column (0-750 meters) at 136 stations: 64 in Survey A and
72 in Survey D (Rosenberg et al. this issue). In this paper we
present nutrient data from both AMLR field season cruises and
discuss their distribution in relation to water masses.

Water samples for nutrient analyses were collected using 10-
liter polyvinyl chloride Niskin bottles (Teflon covered springs)
mounted on a rosette (General Oceanics). Nutrient samples were
frozen immediately at -20 C and analyses (nitrite + nitrate,
silicate, and phosphate) were carried out at the Universidad
Catolica de Valparaiso, Chile, with an autoanalyzer using the
technique described by Atlas et al. (1971).

The water mass features present in the AMLR study area
indicate at least four different water types (Amos and Lavender
1991; Amos and Lavender this issue). These water types are the
result of the mixing of two general water masses [Antarctic
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Figure 1. Nutrient concentrations In waters around Elephant Island.
Solid circles indicate hydrographic stations. (A) Phosphate
(micromolar) data collected from 21 January to 2 March 1991. (B)
Nitrate (micromolar) data from the same period as A. (C) Silicate
(micromolar) data from the same period as A.
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Figure 3. Silicate concentrations (micromolar) in waters around
Elephant Island. Solid circles indicate hydrographic stations. (A)
Data collected during survey A (19 January to 2 February 1992). (B)
Data collected during survey D (29 February to 11 March 1992).

Surface Water (AASW) and Upper Circumpolar Deep Water
(UCDW)1 and two more local water masses [Bransfield Surface
Water (BSW) and Bransfield Deep Water (BDW)]. AASW, which
is mostly to the west and north of Elephant Island, and BSW,
which is mostly to the south of Elephant Island, are generally
limited to the upper 150 meters of the water column.

Nitrate and phosphate concentrations in surface waters were
high during both surveys done in 1991 (greater than 24 micromo-
lar NO3, greater than 1.6 micromolar PO4). BSW showed slightly
higher nitrate and phosphate concentrations than AASW; there-
fore, there was an increase in concentrations from Drake Passage
towards Elephant Island (figures 1A and B). The NO3/PO4 ratio
(figure 2) had a mean value of 14.4 (r = 0.924), which is close to
the theoretical value of 16 (Redfield et al. 1963).

Silicate concentration in surface waters, during both field
seasons, showed a continuous increase from the northwest cor-
ner of the sampling grid (Drake Passage) towards Elephant
Island. This increase was significant as silicate concentrations
near Elephant Island where generally 70 to 80 micromolar a
compared with less than 40 micromolar in the Drake Passage
(figure 1C and figure 3). In general BSW silicate content wa
associated with concentrations of less than 60 micromolar and
AASW with silicate content of greater than 40 micromolar. These
results are in accordance with the findings of Silva (1985,1986) ir
waters around the South Shetland Islands.

The patterns of silicate concentration in surface waters are ir
accordance with the zonation for water types described by Amo
and Lavender (1991,1992). Low concentrations (less than 40 to 5(
micromolar) were found in water type I, while water IV showed
high surface silicate values (generally greater than 80 micromo-
lar). Silicate concentration in two transition zones (water types F
and III) separating water types Ito IV gradually increased froir
less than 30 to greater than 80 micromolar as shown by the date
in figure 1C for 1991 and in figure 3 for 1992. During 1992 silicat
concentrations in surface waters seemed to be slightly highei
than the values in 1991. The range of silicate concentrations wen
similar during surveys A and D (during 1992), but their distribu
tion patterns changed as shown in figure 3.

This work was supported by NOAA Cooperative Agreement
NA90AA-H-AF020 and NA17FDO010-01. We thank the officen
and crew of the NOAA ship Surveyor for excellent support. W
also thank Jorge Osorio, Segio Rosales, and Noe Caceres, for theii
help on chemical analysis, and Livio Sala, Wanda Garcia, anc
Christian Bonert for help on board ship. Shipboard personne
included E. W. H. (15 January to 15 March 1991 and 15 January ti
18 March 1992) and 0. H. H. (15 January to 15 February 1991).
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AMLR program: Phytoplankton
abundance and rates of primary
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Our research was part of the U.S. Antarctic Marine Living
Resources (AMLR) program, with our major objective being to
determine food reservoirs available for grazing zooplankton. In
order to achieve our objective, different modes of sampling were
used during the time period of our work (15 January to 18 March
1992): (1) collection of samples at discrete depths for measure-
ment of chlorophyll a (chl-a), particulate organic carbon and
nitrogen, phytoplankton species concentration and carbon con-
tent, rates of primary production; (2) continuous measurement
with depth (0-750 meters) of in vivo chl-a fluorescence, beam
attenuation coefficient, attenuation of solar radiation (400-700
nanometers); and (3) continuous measurement (every minute) of
in vivo chl-a fluorescence and beam attenuation coefficient of
water from 5 meters depth. In this paper we report distribution
and abundance of phytoplankton biomass (as estimated by chl-a)
and rates of primary production. The cruise track and station
positions are described in Rosenberg et al. (this issue).

The profiling unit used at all stations consisted of a rosette
(General Oceanics), with the following instruments attached to it:
(1) conductivity-temperature-depth sensors, (2) a 25-centimeter
pathlength transmissometer (Sea Tech), (3) a pulsed fluorometer
(Sea Tech), (4) a light sensor (Biospherical Instruments, Inc.) to
record downwelling photosynthetically available radiation from
400 to 700 nanometers, and (5) 1110-liter Niskin bottles. Water
samples for chl-a analyses and determination of rates of primary
production were obtained at 11 standard depths in the water
column.

Chlorophyll a analyses were performed by filtering 100 mil-
liliters of sample through a GF/F glass fiber filter, extracting the
pigments in methanol (Holm-Hansen and Riemann 1978), and
measuring the fluorescence in a Turner Designs fluorometer
(model 10.005R). At every station replicate samples were also
size fractionated through Nitex mesh (20 micrometer), and the

chl-a content in the nanoplankton fraction was measured as
described above.

Rates of primary production were obtained by incubating
samples exposed to natural solar radiation in a water bath with
running surface seawater. The samples were incubated for 6-8
hours centered at local noon at eight different irradiances rang-
ing from 95 percent to 0.5 percent of incident surface irradiance.
After the incubation period samples were filtered through GF/F
filters, and the 14C incorporation was measured by standard
liquid scintillation procedures.

During survey A (19 January to 2 February) surface chl-a
concentrations were relatively high south of a line that runs
southwest-northeast to the north of Elephant Island (figure la).
This line seems to have approximately the same position as the
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Figure 1. Surface chlorophylla (milligrams per cubic meter)
distribution in the AMLR study area. Solid lines indicate contour
depths in meters. (A) Survey A (19 January to 2 February 1992). (B)
Survey 0 (29 February to 11 March 1992).
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boundary between water types I and II (Amos and Lavendar).
South of this line chl-a concentrations were >0.4 milligrams per
cubic meter, with one area (northeast of Elephant Island) having
values up to 1.2 milligrams per cubic meter; north of this "divid-
ing" line chl-a values were low (<0.4 milligrams per cubic meter)
with the exception of three areas in the northwest corner of the
sampling grid. During survey D (29 February to 11 March)
surface chl-a concentrations tended to decline in waters sur-
rounding Elephant Island and to increase in waters north of the
"dividing line" mentioned above (figure 1B). During survey A
integrated chl-a values (figure 2A) in the upper water column (0-
200 meters) showed a pattern quite similar to that of surface chl-
a concentrations. During survey D areas of high integrated chl-
a concentrations were quite patchy; the general distribution
pattern of integrated values, however, resembled that of sur-
face values. One area which did not conform to this generaliza-
tion was found east of Clarence Island (figure 2B), where inte-
grated values were high but surface values were relatively low.
The reason for this seems to be related to the fact that the upper
water volumn in this area showed a continuous gradient in water
density (i.e., there was no well-developed upper mixed layer),
and phytoplankton biomass was relatively high (0.4 milligrams
of chl-a per cubic meter) down to 100 meters. The mean surface
and integrated chl-a values for the entire sampling grid from 19
January to 12 March were 0.5 milligrams chl-a per cubic meter
and 35 milligrams of chl-a per square meter, respectively.
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Data from measurements of photosynthetic rates as a function
of irradiance during surveys A and D are presented in figure 3.
For survey A (figure 3) the P,, and alpha values were 2.64 mil-
ligrams of carbon per milligram of chl-a per hour and 0.021
milligrams of carbon per milligram of chl-a per hour per
microEinsteins per square meter per second, respectively, with
an 'k value of 127 microEinsteins per square meter per second.
During Survey D, Pmax decreased to 2.15 milligrams of carbon per
milligram of chl-a per hour and the alpha and 'k values were 0.018
milligrams of carbon per milligram of chl-a per hour per micro-
Einstein per square meter per second) and 119 microEinsteins
per square meter per second, respectively. The photosynthetic
parameters were calculated using the equation of Jassby and Platt
(1976). The PMax values given above are slightly higher than those
reported by Holm-Hansen et al. (1991) for the same area. The
mean integrated rates of primary production for the present
study were 301 (range 87-600) and 156 (range 21402) milligrams
of carbon per square meter per day, for surveys A and D, resp-
ectively. This decrease in rates of primary production could be
explained by the decrease in solar irradiance with progress of the
season, as mean irradiance values changed from 70 Einsteins per
square meter per day during leg Ito 40 Einsteins in leg II.

This research was supported by National Oceanic and Atmo-
spheric Administration (NOAA) Cooperative Agreement No.
NA17FDO010-01. We thank the officers and crew of NOAA ship
Surveyor for excellent support during all field operations. Grate-
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Figure 2. Integrated values of chlorophyll a(mIlligrams of chl-a per
square meter) in the upper water column (0-200 meter) around
Elephant Island. Solid lines indicate contour depths in meters. (A)
survey A; (B) survey D.

Figure 3. Photosynthetic rates (milligrams of carbon per milligram
of chl-a per hour) as a function of solar irradiance (microEinstelns
per square meter per second). Data obtained at 10 stations during
survey A(top) an iat 11 stations during survey D(bottom), with water
samples collect d from eight depths (0-75 meters).
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The area around Elephant Island is a very dynamic region in
regard to physical oceanography, with the confluence of at least
four water types (Amos and Lavender this issue); it is also
recognized as an important area for the commercial exploitation
of antarctic krill, Euphausia superba (Dana). One of the objectives
of our research project, which was one component of the U.S.
Antarctic Marine Living Resources (AMLR) program, was to
evaluate the food reservoir available for grazing zooplankton
through: (1) the enumeration of cell numbers and determination
of carbon content in phytoplankton species, (2) measurements of
particulate organic carbon and nitrogen, and (3) estimation of
carbon content using particulate beam attenuation coefficients.
As knit feed preferentially on the microplankton (>20 microme-
ter) fraction (Pavlov 1971; Meyer and El-Sayed 1983) it is impor-
tant to study microplankton species distribution and their rela-
tionship with the water types observed in the study area. Data
from the AMLR 1990-1991 field season showed that the ml-

Longitude (°W)

Figure 1. Net phytoplankton (>20 micrometer) distribution during
survey A (19 January to 2 February 1992) over the AMLR 1992 study
area as represented by cluster analyses. Heavy broken lines in-
dicate boundaries between clusters, and roman numerals indicate
cluster numbers. Solid lines indicate contour depth in meters.
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Figure 2. Net phytoplankton (>20 micrometer) distribution during
survey D (29 February to 11 March 1992) over the AMLR 1992 study
area as represented by cluster analyses. Heavy broken lines indicate
boundaries between clusters, and roman numerals indicate cluster
numbers. Solid lines indicate contour depth in meters.
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croplankton carbon accounted from 23 to 68 percent of the total
autotrophic carbon in the area around Elephant Island (Villafañe
et al. 1992). Since the determination of total autotrophic carbon
of the 136 stations sampled during the 1991-1992 field season is
still in progress, in this paper we report only the microplankton
species distribution and their relation with the water masses
observed in the area. The cruise track, station numbers, and
station locations are described by Rosenberg et al. (this issue).

Phytoplankton samples were collected with a plankton net
(20-micrometer mesh size) that was deployed from the stern of
the ship for 5-10 minutes when the ship slowed down to stop at
station. The material in the cod end was poured into 125 milliliter
glass bottles and fixed with borate buffered formalin (final con-
centration 0.4 percent formaldehyde). A total of 69 net samples
were obtained (32 in survey A and 37 in survey D) at uneven
numbered stations. Subsamples (5-10 milliliters) were placed in
test tubes and "rinsed" with distilled water several times to
remove salt content. A few drops of the clean concentrated
sample were placed on a microscope slide and sealed with Hyrax
mounting medium and a coverslip. Phytoplankton species were
identified using an Olympus microscope, and the numbers of
each species were counted until at least 300 cells were recorded.
Station groups, using the proportionate abundance among the
various phytoplankton species, were assessed by a complete
linkage method of cluster analysis (Sokal and Sneath 1963) using
a commercial statistic package (SYSTAT). Eight clusters were
determined by the analyses, with each one characterized by the
dominance of different species or set of species as indicated in
the table. Clusters I, II, III, and N were observed in survey A,
while clusters IV, V, VI, VII and VIII were present in survey D.

During survey A, the net phytoplankton throughout the entire
study area was dominated by diatom species. The spatial distri-
bution of the four main clusters of stations is shown in figure 1.
Cluster I was characterized by the predominance of two diatom
species, Chaetoceros criophilum and Rhizosolenia hebetata fo semis-
pina. Abundances of Chaetoceros criophilum were slightly higher
than that of R. hebatata fo semispina. In cluster II, Chaetoceros
criophilum was the dominant species, generally accounting for
more than 85 percent of the total net phytoplankton cell counts.
Cluster III seems to be a transition zone between clusters II and N
and was characterized by the dominance of three diatoms:
Chaetoceros criophilum, Corethron criophilum, and Actinocyclus
actinochilus. However, stations with geographical position close
to cluster II tended to be dominated by Chaetoceros criophilum,
while stations close to cluster IV tended to be dominated by
Actinocyclus actinochilus. Cluster IV was dominated almost exclu-
sively by Actinocyclus act inochilus that had a proportionate abun-
dance of greater than 85 percent at all stations.

Survey D showed a predominance of the silicoflagellate
Distephanus speculum in cluster V at the northwestern part of the
sampling grid (figure 2). In cluster VI Distephanus speculum
(about 45 percent abundance) was present together with the
diatoms Corethron criophilum and Chaetoceros criophilum, both
being in almost the same proportion (20-25 percent). The rest of
the study area was dominated by diatoms. Cluster VII, which
seems to be a mixing zone, was dominated by Corethron criophi-
lum (about 50 percent abundance) and variable proportions of
Chaetoceros criophilum, Distephanus speculum, and Actinocyclus
actinochilus species. In cluster VIII Corethron criophilum was the
single dominant species with proportionate abundances greater
than 85 percent. Cluster IV was (as in survey A) dominated
almost exclusively by the diatom Actinocyclus actinochilus.

Dominant phytopiankton species in the clusters defined by the
complete linkage method. Within each cluster, species are listed

In order of importance.

Cluster	 Species

I	Chaetoceros criophilum, Rhizosolenia hebefata fo semispina
ii	Chaetoceros criophilum
III	Chaetoceros criophilum, Corethron criophilum, Actinocyclus

actinochilus
IV	Actinocyclus actinochilus
V	Distephanus speculum
VI	Distephanus speculum, Chaetoceros criophilum, Corethron

criophilum
Vii	Corethron criophilum, Chaetoceros criophilum, Distephanus

speculum, Actinocyclus actinochilus
Viii	Corethron criophilum

The general distribution of phytoplankton as determined by
the clusters agree quite well with the approximate water mass
boundaries reported by Amos and Lavender (1992), the chloro-
phyll-a patterns described by Holm-Hansen et al., and the silicate
distribution reported by Silva et al. (this volume). It seems that
Chaetoceros criophilum and Distephanus speculum tended to domi-
nate in the northwest corner of the sampling grid (Drake Pass-
age water), while Corethron criophilum and Actinocyclus actinochilus
tended to dominate in eastern Bransfield Strait waters. In be-
tween these two water masses the Wedell /Scotia Confluence was
present and a mixture of the species mentioned above was found
with variable dominance among them.

This research was supported by National Oceanic and Atmo-
spheric Administration (NOAA) Cooperative Agreement No.
NA17FDO010-01. We thank the officers and crew of the NOAA
ship Surveyor for excellent support during all field operations.
Grateful acknowledgment is also made to Christian Bonert
(Servicio Hidrografico de la Armada, Chile), Wanda Garcia
(Universidad Católica de Valparaiso, Chile), and Livio Sala
(Universidad Nacional de la Patagonia, Argentina) for their
generous help onboard ship. Shipboard personnel included V.V.
(15 January to 13 February) and E.W.H. (15 January to 18 March).
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Bacterioplankton are an important component of marine and
limnic pelagic foodwebs as mediators of the carbon flux of
dissolved to particulate organic matter, useable by eucaryotic
heterotrophs (review by Cole et al. 1988). Additionally, they act
as mineralizers of particulate organic matter to dissolved inor-
ganic nutrients, available for primary producers. In the Antarc-
tic, despite low water temperatures, the high abundance and
activity of bacterioplankton (e.g., Fuhrman and Azam 1980;
Hanson etal. 1983; Sullivan et al. 1990) suggest that bacteria play
an important role in energy transfer(s) within the southern oceans'
ecosystems as well. As part of the U.S. Antarctic Marine Living
Resources program, a comprehensive study of the abundance
and activity of heterotrophic bacterioplankton was conducted
during Leg II of the 1992 austral summer cruise of the National
Oceanic and Atmospheric Administration (NOAA) ship Sur-
veyor. The objectives of this study were (1) to determine the
horizontal and vertical distribution of bacteria, (2) to determine
rates of bacterioplankton production, and (3) to compare au-
totrophic production and heterotrophic bacterial production. In
this paper, I report the production rates of bacterioplankton near
Elephant Island, an area of krill abundance (e.g., Macaulay et al.
1984).

Experiments were performed with water collected from 10
stations: 4, 12, 19, 27, 34, 42, 48, 55, 62, and 69 (for locations, see
Rosenberg et al. 1992) from 29 February to 11 March 1992.
Discrete samples were collected from 5, 15, 30, 50, 75, 100, 200,
and 750 meters by means of 10-liter PVC Niskin bottles (equipped
with Teflon-coated springs) mounted on an instrumented ro-
sette. The rosette was equipped with sensors to measure conduc-
tivity, temperature, chlorophyll a fluorescence, beam attenua-
tion, and photosynthetic available radiation (see Amos and Lav-
ender 1992). Incorporation rates of methyl-tritiated thymidine
(3H-Tdr, 85 curies per millimole, New England Nuclear Corp.)
were determined using a modified procedure of Fuhrman and
Azam (1982). Each rate estimate was based on triplicate 10
milliliter subsamples of triplicate trichloroacetic acid (TCA)-
killed controls. Final added concentration of 3H-TdR was 20
nanomolar. Darkened samples were incubated in deck incuba-
tors cooled with near-surface seawater for about 2 hours. Incuba-
tions were terminated by the addition of ice-cold TCA (5 percent
final concentration), and then filtered onto 0.22 micrometer pore

*present address: Hancock Inst it utefor Marine Studies,
University of Southern California,
University Park, Los Angeles, California 90089-0373.

size Millipore filters, rinsed three times (2-3 milliliters) with ice-
cold TCA (5 percent, weight/volume), dissolved in ethyl acetate
(1 milliliter), and radioassayed using Ecoscint (7 milliliters) as the
scintillation cocktail. Bacteria cell production rates were calcu-
lated from incorporation rates by assuming a thymidine conver-
sion factor of 1.1 x 1018 cells per mole into cold TCA precipitate
(Bjrnsen and Kuparinen 1991); net carbon production rates were
estimated by assuming an average biomass of 20 femtograms of
carbon per bacterium (Bratback 1985; Lee and Fuhrman 1987).

Depth profiles of bacterioplankton production rates at most
stations followed a common pattern of shallow water maxima
and reduced values at depth (see figure). The average produc-
tion rate at the ten stations (0-750 meters) was 1.3 x 10 cells per
liter per day (SD = 5.1 x 106). Integrated bacterial secondary
production ranged from 2.9 to 35.1 milligrams of carbon per
square meter per day for the euphotic waters (0-75 meters) of the
study area, and averaged 21.4 ± 11.8 milligrams of carbon per
square meter per day (see table). Integrated net primary produc-
tion in the same area ranged from 21 to 402 milligrams of carbon
per square meter per day (Holm-Hansen et al. 1992) and averaged
156 ± 108 milligrams of carbon per square meter per day; inte-
grated primary and secondary production did not significantly
co-vary (P > 0.10). Integrated net bacterial production rates
ranged from 6 to 66 percent of primary production rates. These
results suggest that the bacterioplankton contribution to total
production of particulate material is significant and averages 13
±6 percent (n =9, excluding the one extreme value) of net primary
production in the Elephant Island area. Assuming a carbon
conversion efficiency of 40 percent for bacterial growth (Bjrnsen
and Kuparinen 1991), then a substantial portion, averaging 32±
14 percent (n = 9), of the primary production is cycled through
bacteria. However, it is possible that bacterial carbon demand
may be only partially, directly supplied by algal production. The
organic matter produced from the surrounding seabird popula-
tions of nearby rookeries (e.g., Seal Island) may also supply,
through manuring on the surrounding marine areas, some of
the carbon necessary to support the growth of the marine bac-
terioplankton community (Delille 1990). The results of this study,
to date, demonstrate that bacterioplankton are indeed a quantita-
tively important component of the food web in the vicinity of
Elephant Island during the late austral summer.

Comparison of integrated (0-75 meters) primary production rates,
net bacterioplankton production rates, and bacterial carbon
demanda as a fraction of primary production in the Elephant

Island area.

Primary	Bacterial
production	production	Bacterial

Station	 carbon demanda/
number	(milligrams	of C/square meter/day) primary production

D69	121	 28	 0.59
062	218	 31	 0.36
055	108	 13	 0.30
D48	402	 38	 0.24
D42	196	 18	 0.22
D34	209	 19	 0.23
D27	118	 7	 0.14
D19	 21	 3	 0.34
012	116	 22	 0.48
D04	 53	 35	 1.65

a Bacterial carbon demand (i.e., bacterioplankton gross productivity)
was calculated using a 40 percent carbon growth yield.
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Bacterioplankton production rates (cells produced per liter per day)
In the upper water column of two representative Elephant island
stations: a moderately productive station (D55: primary production,
108 milligrams of C/square meter/day; bacterial production, 13
milligrams of C/square meter/day) and an "extreme" station (D04:
primary production, 53 milligrams of C/square meter/day; bacterial
production, 35 milligrams of C/square meter/day).

This research was supported by NOAA Cooperative Agree-
ment No. NA17FC0010-01 awarded to 0. Holm-Hansen. I
thank the officers and crew of the NOAA ship Surveyor for their
excellent support and cooperation. I acknowledge L. Sala
(Universidad Nacional de la Patagonia, Argentina) and E. W.
Heibling for their assistance at sea, and D. C. Smith and F. Azam
for their advice on experimental procedures in the Antarctic.
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AMLR program: Vertical distribution
of krill and horizontal distributions of
macrozooplankton in the vicinity of

Elephant Island
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Texas A&M University

College Station, Texas 77843

Vertically stratified tows were taken with a 100- square-meter-
mutiple-opening-closing-net-and-environrnental-sampling-sys-
tern (MOCNESS) from 7-11 February 1992. The mesh size was
0.333 millimeters. Tows were taken at 2-2.5 knots. The depths

sampled were all in the upper 200 meters. Some tows were taken
to sample layers with high concentrations of acoustic targets to
collect specimens for demographic analysis. In order to do this,
four areas of high acoustic targets were identified during a small-
area acoustic survey (Rosenberg et al. this issue). The ship's
course was reversed, and the MOCNESS was deployed and
fished at the depth judged to be best from the initial acoustic pass.
As targets appeared, nets were changed to give discrete samples.
Often the layers moved up or down, and the depth of the net was
ajusted to remain in the layers. Other samples were taken when
no acoustic targets were observed. In the latter case, 25 meter
layers were sampled to 200 meters with one sample usually taken
from the depth of the acoustic transducer to the surface. The
average distance towed for each net was 414 meters (range 85-'
2035). This means that each MOCNESS sample represents ap-
proximately 25 percent of the distance towed for each Isaacs-
Kidd midwater trawl (IKMT) sample during the large-area sur-
vey (see Rosenberg et al. and Loeb and Siegel this issue). The
temporal scale represented by the tows presented here is only 4
days, while the data in Loeb and Siegel is about 2 months.
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Figure 1. The vertical distibution of Euphausia superba from a
MOCNESS tow to 50 meters. Concentrations from each net are
plotted at the midpoint of the depth interval sampled.
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Figure 2. Standard lengths of Euphausia superba from MOC 155
taken to 50 meters. Circles and xs represent the lower and upper 95
percent confidence intervals plotted around the means.

A total of 20 MOCNESS tows were taken. For this report, only
three tows have been processed. Measurements of total length
(Mauchline 1980) were made; developmental stages were based
on the classification scheme of Makarov and Denys (1981). These
three night tows were taken between 8 and 11 February in area b
(tow 155) and area d (tows 162 and 169) (see Rosenberg et al. for
locations). An example of the vertical structure of Euphausia
superba is shown in figure 1. Generally, the best catches were
between 15 and 100 meters. There were some statistically signifi-
cant differences in mean size and depth such as in the tow plotted
in figure 1. The krill from 25 to 50 meters were larger than those
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Figure 3. Comparison of numbers per square meter for the five most
abundant taxa between survey A on leg I and survey D on leg II.

collected in horizontal tows from 15 to 25 meters within a strongly
defined acoustic layer (figure 2) based on nonoverlaping 95
percent confidence intervals. There were tows from 1990 in
which there was also significant vertical structure in size fre-
quency distributions with smaller animals shallower than larg-
er animals.

IKMT tows were taken at each station in two large-area
surveys centerd around Elephant Island. The net had a mouth
area of 3,300 square meters and a mesh size of 0.505 millimeters.
A flowmeter was attached to the trawl vane along with a time-
depth recorder. Macrozooplankton were identified and counted
at sea on leg I, while those collected on leg II were processed at
Texas A&M. Figure 3 shows a comparison of the five dominant
taxa between the two surveys. It can be seen that all five were
more abundant on the second survey. On the first survey, Salpa
thompsoni was most abundant in the eastern portion of the sur-
vey area, which was also the area east of the Weddell/Scotia
Confluence. Other taxa, although widespread, showed no obvi-
ous area! patterns.
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AMLR program: Dynamics of the
summer hydrographic regime at

Elephant Island
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The 1991-1992 field season of the U.S. Antarctic Marine Living
Resource program (AMLR) (Rosenberg et al. this issue) was the
third where physical oceanographic measurements were made by
University of Texas Marine Science Institute researchers aboard
the National Oceanic and Atmospheric Administration (NOAA)
ship Surveyor in conjunction withbiological studies of other AMLR
groups. The physical oceanography component of the AMLR
program provided the means to identify contributing water masses
and environmental influences within the study area, including
meteorological conditions (Amos this issue). To accomplish this
aim, 190 conducting-temperature-depth (CTD)/rosette casts were
made, providing over 2,000 samples in the water column to other
AMLR programs (see collected AMLR papers in this issue).

As our knowledge of the Elephant Island region oceanogra-
phy has increased, a grid sampling plan and station transect
locations have been developed (Rosenberg et al. figures 2 and 3,
respectively) to study the spatial and temporal variability. The
large scale survey of 72 stations on a quarter-degree latitude by
half-degree longitude grid-spacing (total area approximately 36
x 10 square kilometers) was occupied twice. CTD stations were
made to within 10 meters of the bottom (or to 750 meters in deeper
water). The Sea-Bird SBE-9 CTD instrumentation also included
oxygen, beam-transmission, fluorometry, and downwelling (Pho-
tosynthetic Active Radiation) light sensors. However, we concen-
trate here on the standard oceanographic parameters to describe
the dynamics of the circulation during the 1991-1992 austral
summer. We will also briefly examine the temporal changes
observed in the month separating the two cruise legs in the
position of a front north of Elephant Island.

In previous AMLR cruises aboard Surveyor we have described
five water-mass types grouped by similarity of the temperature/
salinity characteristics of the upper water column (Amos and
Lavender this issue). Identified by roman numerals as "Type II
water," for example, AMLR researchers have used these designa-
tions to relate the distribution of the phyto- and zooplankton,
krill, and fish larvae to the summer hydrography (AMLR papers
in this issue).

To review briefly: Drake Passage water (Type I) is warm, low
in salinity water, and has a sub-surface temperature minimum
("Winter water," approximately -1 'C; salinity 34.0 ppt), Circum-
polar deep water (CDW, T-max near 500 meters). Transition
water (Type II) has a temperature minimum near 0 'C, isopycnal
mixing below T-min, and CDW is evident at some locations.
Weddell-Scotia Confluence (Type III) shows little evidence of a
temperature minimum, mixes with Type II, has no CDW, and its
temperature is at a depth of generally greater than 0 'C. Eastern
Bransfield Strait water (Type IV) has a deep temperature near
-i 'C, salinity of 34.5 ppt, and cooler surface temperatures. Wed-

dell Sea water (Type V) has little vertical structure and cold
surface temperatures (near 0 'C).

Figure 1 maps the implied geostrophysically-balanced flow as
computed from the network of CTD stations from survey A
(January 1992) and survey D (March 1992). The streamlines are
labeled with dynamic height anomaly in dynamic centimeter
referenced to two levels, the 200 decibar (figures 1A and 1B) and
500 decibar (figures 1C and 1D). The flow's direction is predomi-
nantly from southwest to northeast and streamline patterns are
quite similar whether referenced to 200 or 500 decibar. There is a
difference from survey A to survey D. By March the trend of the
streamlines has rotated clockwise to a more easterly direction.
There are two streams evident, one in the Drake Passage, and one
in the Bransfield. The latter is an extension of the Bransfield
Current, identified by Niiler et al. 1991. A persistent meander in
the northwest corner of the large scale survey grid seems to have
some relationship with the various biomass measurements made
by AMLR scientists.

The most dramatic hydrographic difference in the region is
between the oceanic Drake Passage water and the waters of the
Elephant Island shelf, namely between types I and III water
masses. The narrow transition or mixing zone (type II) between
them appears to have some significance for phytoplankton distri-
bution (Helbling et al. in press; Holm-Hansen et al. this issue) and
krill stock (Loeb and Seigel this issue). Along this boundary a
density gradient (density increasing towards Elephant Island)
reflects the change from warm, low-salinity to cold, more saline
surface waters. At the same location the much deeper CDW core
ends.

The intensification of the flow in the Drake Passage (figure 1)
coincides with this boundary and is perhaps related to the topog-
raphy of the continental shelf-break. We have investigated this
front by making transects of closely-spaced stations normal to the
topographic trends. Figure 2 shows that the frontal boundary
moves progressively seaward from early February to mid-March.
Finally, the dynamic nature of the water column is illustrated in
the change in water-structure at the same location from January
to March (figure 3). The water overlying station 45, due north of
Elephant Island (Rosenberg et al. this issue, figure 2 for locations),
has a classic Type I structure on 26 January 1992 but is consider-
ably modified to Type H water by 3 March 1992.

Our analyses of these data will concentrate on the inter-annual
and temporal changes in the hydrography and its relationship
with the biomass distribution (Amos in press).

The present work was performed under NOAA award
NA27FRO01-10 to the UTMSI. I wish to thank the officers and
crew of the NOAAS Surveyor, especially Lt. Cmdr. Fred Rossma
and Lt. John Miller; ET's Mark May and Frank Gomes; Surve
Techs Katherine Simmons, Ridge Liepens, and Tammy Tyner;
AB's Mark Davidoff, Tim Patrico, and Harry Guist. CTD person-
nel were Margaret Lavender (legs I and II), Jeff Heimann (leg I)
and Tony Amos (leg II).
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