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The ice-flow model of Whillans and Cassidy (1983) indicates
that when an ice sheet encounters a significant bedrock obstruction, its flow is deflected upward. This model provides a
satisfactory explanation for the accumulation of meteorite specimens on the so-called stranding surfaces on the east antarctic
ice sheet (Faure 1990).
The Whillans-Cassidy model also implies that the ice sheet
is rotated about 900 from its original horizontal attitude by the

obstacle in its path. For this reason, we undertook an exploratory study of the fabric of the ice underlying the Reckling
Moraine at 76°15'S 158°40'E on the east antarctic ice sheet adjacent to the Transantarctic Mountains of southern Victoria
Land to test this hypothesis.
During the 1988-1989 season oriented blocks of ice were cut
along a surveyed line that had been used by Faure, Strobel,
and Hagen (1987) to map the distribution of clasts of different
lithologies in the Reckling Moraine. The blocks were cut with
a chainsaw from surface ice parallel to the 1000E crossline
shown in figure 2 of Faure et al. (1987). The bearing of this
crossline is 51.50 west of north, after correction for the magnetic
declination of 155° east. Blocks were taken at six locations
between 170 and 1,230 meters northwest of the point of intersection of the 1000E crossline and the baseline (Faure et al.
1987, figure 2). Thin sections were cut from the vertical faces
of these blocks in the ice-core laboratory at the Byrd Polar
Research Center using standard methods and were examined
in polarized light.
Four photomicrographs of ice from locations 170, 420, 480,
and 550 in the figure are oriented with northwest to the left,
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Photomicrographs of thin sections cut parallel to the vertical faces of blocks of ice from the Reckling Moraine. 1. 170 northwest; 2. 420
northwest; 3. 480 northwest; 4. 550 northwest. All locations are along the 1,000 east crossline shown in figure 2 of Faure et al. (1987). The
photomicrographs are oriented with northwest to the left, southeast is to the right, and the surface of the ice sheet toward the top.

96

ANTARCTIC JOURNAL

southeast to the right, and the surface of the ice sheet at the
top of each picture.
The fabric of the ice at each of the four locations shown in
the figure consists of elongated ice crystals aligned parallel to
each other in the vertical direction. The elongation of the ice
crystals and their parallel alignment are typical of ice that has
recrystallized in a stress field. Tabular ice crystals near the base
of an actively deforming ice sheet are known to be aligned
parallel to the bottom of the ice sheet such that the longest
dimension of the crystals coincides with local flow lines (Hudleston 1980; Hudleston and Hooke 1980).
Therefore, the vertical alignment of crystals in the ice under
the Reckling Moraine suggests that the ice has indeed been
rotated about 900 into a vertical orientation as predicted by the
model of Whillans and Cassidy (1983). This conclusion is not
affected by the possibility that the long axes seen in the photomicrographs may not actually be the longest dimension of
the crystals. We conclude that systematic studies of ice fabric
may yield useful information about the structural deformation
of ice sheets whose flow is disturbed by bedrock obstructions.
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We thank David Buchanan for leadership in the field and
Todd J. Aebie for assistance. This study was supported by
National Science Foundation grant DPP 87-16088.
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Distributions of biogenic
silica and dissolved
silicic acid
in the surface waters
of the Ross Sea,
January and February 1990
DAVID M. NELSON

and Louis

(DeMaster 1981; Ledford-Hoffman, DeMaster, and Nittrouer
1986). The antarctic and subantarctic are nowhere near this
important quantitatively in the global deposition pattern of
organic carbon (Lisitzin 1972; Holland 1978), and appear to
account for no more than 5 percent of the global-scale photosynthetic production of organic carbon by phytoplankton
(Smith and Nelson 1986). These mass-balance calculations
combine to suggest that the cycles of siliceous and organic
biogenic material in the southern ocean are decoupled to an
extent that is not true in most other oceanic regions, and that
this decoupling makes the Antarctic the main site of long-term
removal of silica from the oceans.
Data collected in the western Ross Sea in 1983 tended to
support the decoupling hypothesis. The region was found to
have an intense diatom bloom near the edge of the receding
pack ice (Smith and Nelson 1985), within which the concentrations of biogenic particulate silica were frequently greater
than 25 micromoles per liter and silica production rates averaged 38 millimoles per square meter per day (Nelson and Smith
1986). These silica production rates were comparable to those
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Global mass balances indicate that approximately 75-85 percent of the modern accumulation of biogenic silica in marine
sediments takes place south of the Antarctic Convergence

160°W

1650

1700

1750

1800

1750

170°E

720S
73°

74°

75°

760

77°

78° S
Figure 1. Locations of stations where nutrient and biogenic silica data were collected. Moored arrays of sediment traps, current meters
and transmissometers were deployed at the sites marked A, B, and C. (m denotes meter.)
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observed in the highly productive, diatom-dominated waters
of the Peruvian and northwest African upwelling zones, and
the biogenic silica levels were the highest ever reported in
surface seawater. Accumulation rates of silica in the seabed
were also very high, averaging over 4 moles per square meter
per day in deep basins (Ledford-Hoffman et al. 1986), but
photosynthetic carbon productivity averaged only 0.96 grams
of carbon per square meter per day (Wilson, Smith, and Nelson
1986), which is only moderately high and, in fact, very low
for waters exhibiting such high levels of phytoplankton biomass.
In January and early February 1990, we returned to the Ross
Sea to conduct a more detailed study of the cycling of biogenic
silica in the surface waters. Our stations were oriented primarily along east-west transect lines at 76°30' and 72°30' south
(figure 1). We collected data on dissolved nutrient (nitrate,
nitrite, ammonium, silicic acid, and phosphate) and particulate
silica (both biogenic and lithogenic) concentrations and performed silicon-30 tracer experiments to measure the production and dissolution rates of biogenic silica. At this writing
(June 1990), we have reasonably complete data sets on nutrient
and biogenic silica distributions.
The east-west distributions of dissolved and particulate silica
in the western Ross Sea in the summer of 1990 (figure 2) were
very similar to those observed in the same region in the sum-

mer of 1983 (Nelson and Smith 1986). That is, there is clear
evidence that an ice-edge diatom bloom had produced exceptionally high (greater than 25 micromoles per liter) biogenic
silica levels in the surface water (figure 2a) with corresponding
depletion of dissolved silicic acid (figure 2b). The 1990 transect,
however, extended considerably farther east than any that had
been occupied before and showed two other (though less intense) regions of biogenic silica accumulation and silicic acid
depletion to the east. While lower than those within the iceedge bloom, the biogenic silica levels in these more easterly
maxima exceeded 8 micromoles per liter, which is very high
in comparison with other ocean surface waters. Unlike the
diatom bloom to the west, these eastern features had a more
mixed algal assemblage, with diatoms and the prymnesiophyte
Phaeocystis pouchetii both abundant. Carbon-14 primary productivity (Smith, Kelley, and Rich, Antarctic Journal, this issue)
data indicate that both the diatom bloom to the west and the
mixed diatomlPhaeocystis bloom to the east, were sites of elevated productivity, resulting in an integrated productivity for
the entire southern transect of 1.37 grams of carbon per square
meter per day which is 40 percent higher than was observed
in the 1983 study (Wilson et al. 1986).
It is thus evident from these observations that there are other
sites of potentially significant silica production within the Ross
Sea, in addition to the previously documented ice-edge diatom
1
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Figure 2. Sections of biogenic particulate silica (A) and dissolved silicic acid (B) along the east-west transect at 76 030' south, 13-16 January
1990. (m denotes meter. km denotes kilometer. pimol . I denotes micromoles per liter.)
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bloom. Thus, the annual mass balances of both biogenic silica
and organic carbon in the water column of the Ross Sea are
likely to be considerably more complex, and the spatially integrated production rates higher, than preliminary mass balances based largely on 1983 data (Jones, Nelson, and Treguer
in press) indicate.
We are grateful to Julie A. Ahern, Linda J. Herlihy, Joe C.
Jennings, Jr., and Paul Treguer for their valuable assistance in
this work, and to Captain Tor Arne Jacobson and the crew of
the R/V Polar Duke for excellent ship support. David J. DeMaster (North Carolina State University), Amy Leventer (Ohio
State University), Walker 0. Smith, Jr. (University of Tennessee), and their assistants worked with us on this collaborative
cruise. This research was supported by National Science Foundation grant DPP 88-17441 to Oregon State University.
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Biogenic sediment fluxes
in the western Ross Sea

margin, the extent to which photic-zone and mid-water-column processes control the flux of organic debris to the seafloor
is not yet known. A major impediment to a more complete
understanding of the fluxes of key elements like carbon, nitrogen, silicon, and phosphorus in the southern ocean water
column has been the absence of year-round environmental
monitoring and sampling. Our principal goal during the 19891990 field season was to install four sets of time-series sediment
traps on winter-over moorings in the western Ross Sea. We
also recovered winter-over moorings equipped with current
meters and single-cup sediment traps and completed a sediment collection program in Granite Harbor.
Our field work was conducted from the sea ice during November, 1989, and aboard the R/V Polar Duke during January
and February, 1990. On Polar Duke, we deployed six timeseries (15 cups) sediment traps at three sites in the western
Ross Sea. These deployments are part of an interdisciplinary,
multi-institutional study of the biogeochemical cycles of silicon
and carbon in the Ross Sea. The sediment traps will be deployed for 2 years and will provide the first view of sediment
fluxes over a monthly time-scale throughout the austral winter
and summer in the Ross Sea. These results will complement
the water-column production and recycling studies of organic
matter (W. Smith, University of Tennessee) and biogenic silica
(D. Nelson, Oregon State University), and the shelf current
and seafloor sediment studies of D. DeMaster (North Carolina
State University) and C. Nittrouer (State University of New
York at Stonybrook). The mooring sites (table 1) were located
at the ends of sampling transects which traverse areas ranging
from ice-free to heavily ice-covered during most of the austral
summer. Mooring A is located in a region of highly biosiliceous
seafloor sediment (greater than 40 percent opal; Dunbar et al.
1985) and in which a large ice-edge bloom was encountered
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Although it is clear that deep shelf currents play a major
role in the redistribution of biogenic phases on the antarctic
100
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Table 1. Samples collected aboard A/V Polar Duke during January and February 1990
Floating traps
Date

1/12/90
1/16/90
1/21/90
1/31/90
2/04/90

Trap location

Site

Station

Deploy
time

Trap deptha

Latitude

Longitude

A
B
C
A
B

1
30
63
133
166

30h OOm
24h 15m
26h 15m
11h 10m
19h 15m

50, 100,250
50, 100, 225, 250
50, 100, 225, 250
50, 100, 225, 250
50, 100, 225, 250

76030.161'S
76030.182'S
72030.027'S
7629.710'S
7630.336'S

16730.575'E
17502.395'W
172030.038E
167030.425'E
17459.196'W

Moorings
Date
(1990)

1/12-2/04
1/17-1/31
1/22-

Trap location

Site

Station

Water depth"

Trap depth

Samples
collected

Latitude

Longitude

A
B
C

1
30
63

776
569
533

231,725
231,519
231,483

1,4
4,4
0,0

76030.093'S
76030.336S
72028.813'S

167030.309'E
17459.128'W
172031.470'E

Cores and grab samples
Core location

Station

Water depthb

Core length

Collection
interval:

Latitude

Longitude

Cores
2/08/90
2/08/90
2/08/90
2/08/90

181
182
183
184

771
871
790
803

2.50
2.49
3.42
3.22

10
10
10
10

7652.329'S
76054.748'S
7655.379S
76°58.520'S

163017.281'E
163004.070'E
16254.105'E
16452.233'E

Grab samples
2/08/90
2/08/90
2/08/90

185
186
187

176
420
553

-

76059.924'S
7654.859'S
76052.747'S

164000.853'E
164°25.611'E
16436.170'E

2/08/90
2/08/90
2/08/90

188
189
190

527
587
587

-

76050.168'S
76047.424'S
7643.889'S

164049.282'E
165004.358'E
165019.067'E

Date (1990)

-

I

a in meters below sea level.
b in meters.
In

and studied during January and February, 1983 (Smith and
Nelson 1985; Nelson and Smith 1986).
Floating sediment-trap arrays were also deployed during the
cruise, typically with traps at 50, 100, 225, and 250 meters for
periods of up to 30 hours (table 1). The bottom-anchored moorings at sites A and B were recovered, serviced, and redeployed
at the end of the cruise yielding 13 samples of the vertical flux
collected over intervals ranging from 3 to 5 days. A mid-deployment cruise to service the moorings is planned for February 1991. All trap samples are curated at Rice University;
small splits of curated trap samples are available to other investigators upon request.
During November 1989, we recovered two winter-over
moorings; one equipped with current meters and sediment
traps in Erebus Basin (table 2; Barry et al., Antarctic Journal,
this issue), and another single-cup sediment trap deployed for
the previous 2 years in New Harbor. We also deployed a seventh time-series sediment trap near the seafloor in an 800meter deep basin in south central Granite Harbor. Sediments
1990 REVIEW

in the deep basins of Granite Harbor are accumulating at rates
of 2 to 3 millimeters per year (Macpherson 1987). As part of a
collaborative effort with Victoria University (New Zealand),
we are using these rapidly accumulating sediments to reconstruct sea ice and oceanographic conditions in the southwestern Ross Sea during the past several thousand years. This
sediment-trap deployment will provide the first year-round
measurement of the sinking flux for calibration of our paleoclimate indices.
Sediment cores and grab samples collected in Granite Harbor
are listed in table 2. Since diatom frustules and freshly produced organic matter provide important paleoclimatic information, we completed a program of pore water analysis to
examine early diagenetic modification of these tracers at the
seafloor. Two large-diameter gravity cores were split in the
field and subsamples were centrifuged to extract interstitial
waters. Results of the chemical analyses are shown in the
figure. In cores WG-1 and DG-10, the vertical profiles of alkalinity, ammonium, and phosphate are very similar, a strong
101

Table 2. Samples collected from the sea ice during November 1989.
Moorings
Trap location

Date (1989)

Site

Water deptha

Trap depth

Samples
collected

Latitude

Longitude

1/12-11/02
11/17—

A

596
840

178,546
790

1,1
0(6 set)

77048'0.6"S
76059'1 1.6"S

166020'1 4.835"E
162049'30.2"E

Cores and grab samples
Sample location
Date (1989)

Water depth a Core length a Latitude

Core

Site

Cores
11/16
11/18
11/23
11/24

WG-1
WG-2
DG-10
DG-11

A
F
R
K

840
906
824
900

0.83
0.90
1.80
1.30

76°59'11.6"S
76055'24.9"S
7658'06.4"S
76054'54.8"S

162049'30.2"E
163000'39.4"E
162037'49.2"E
163001'33.9"E

Grab samples
11/20
11/20
11/20

GS-3
GS-4
GS-5

L
M
N

232
236
335

-

76052'22.8"S
76"53'55.0"S
76055'09.5"S

162036'59.5"E
162039'32.0"E
162041'51.5"E

11/20
11/20
11/22

GS-6
GS-7
GS-8

0
P
0

340
499
590

-

76 0 56"1 1.0"S
76°57'10.8"S
76056'28.6"S

162044'47.6"E
162°45'10.6"E
162030'52.3"E

Longitude

a In meters.
b In meters below sea level.

indication that early diagenesis of organic matter via sulfate
reduction is the dominant control on the concentration of these
dissolved components. The alkalinity gradient observed in WG1 (equivalent to 82 millimolar per meter) is one of the highest
yet reported in continental shelf sediments. Excess alkalinity
may be removed by authigenic carbonate precipitation in the
sediments. Silicon concentrations of 600 to 800 micromolar are
reached at depths of only a few centimeters. This gradient is
most likely supported by rapid dissolution of diatom tests in
the uppermost portion of the sediment column. Below 2-3
centimeters, the dissolved silicon profiles show much smaller
gradients suggesting that silica dissolution is not directly linked
to degradation of organic matter. We plan to calculate mass
fluxes of dissolved silica and to examine changes in the diatom
assemblage due to dissolution within the upper 20 centimeters.
This work was supported by National Science Foundation
grant DPP 88-18136.
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Vertical profiles of interstitial water. A. Ammonium and silica in core DG-10. B. Phosphate and alkalinity in core DG-10. C. Ammonium and
silica in core WG-1. D. Phosphate and alkalinity in core WG-1. All samples were centrifuged in the field within 2 hours of core collection.
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Biogeochemical fluxes
in Ross Sea
continental shelf sediments

1990 ROSS SEA STATIONS
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Researchers from five universities are collaborating in a multidisciplinary study of biogeochemical fluxes in high-latitude
environments. The study examines carbon, nitrogen, phosphorus, and silicon dynamics in the western and central Ross
Sea by measuring rates of nutrient uptake and regeneration in
the photic zone, particle flux in the water column, porewater
flux, and sediment accumulation. The field program began
with a 30-day cruise on the Polar Duke conducted during January and February 1990. Silica uptake rates and dissolution
rates as well as nutrient distributions were measured by the
research team from Oregon State University (D. Nelson and
L. Gordon, principal investigators). The researchers from the
University of Tennessee (W. Smith, principal investigator)
characterized rates of primary production and distributions of
chlorophyll throughout the photic zone. Particle flux in the
water column was measured by scientists from Rice University
(R. Dunbar, principal investigator) who have deployed three
moored arrays, each equipped with two sediment traps, for a
2-year period. Our contribution to the research project was to
measure sediment accumulation rates and biogeochemical fluxes
in the seabed and also to determine suspended particle distributions in the water column. In association with the moored
particle traps, our research team deployed six Aanderaa current meters, three equipped with transmissometers, to monitor
current speed in the upper water column and sediment transport rates near the seabed. The moorings will be retrieved
during January 1991 and then redeployed for a second year.
The field program will conclude in February 1992 when the
moorings will be retrieved and a second series of uptake/dissolution rates, nutrient distributions, primary productivity rates,
and seabed flux measurements will be made.
Sediments were collected from the western and central Ross
Sea using a box corer (50-by-50 centimeter cross section) for
near-interface porewater studies. A kasten corer (Kuehl et al.
1985) or piston corer was used for deeper seabed penetration
to establish sediment accumulation rates on Holocene time
scales. The coring sites (figure 1) include sediments from shallow bank environments (e.g., Pennell or Crary Bank), which
tend to be coarse grained, as well as basin environments that
typically are finer grained and contain greater abundances of
organic carbon and biogenic silica (Anderson, Brake, and Myers
1984; Dunbar, Anderson, and Domack 1985; Ledford-Hoffman, DeMaster, and Nittrouer 1986). Carbon-14 and lead-210
geochronologies will be used to evaluate rates of sediment
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Figure 1. Coring stations from the Ross Sea 90-1 cruise aboard the

Polar Duke. ( km denotes kilometer.)

accumulation and bioturbation in the study area. Initial carbon14 measurements on the organic carbon fraction from mooring
site A sediments (figure 2) indicate an accumulation rate of 16
centimeters per thousand years during the Holocene. The data
suggest a change in sedimentation prior to the Holocene, because the age of the sample from near the bottom of the kasten
core (greater than 20,000 years) falls off of the trend from the
upper portion of the core.
Regeneration of biogenic phases in the seabed was studied
by measuring porewater nutrients (silicate, phosphate, nitrate,
nitrite, and ammonia) in box cores and kasten cores as well as
by incubating subcores on board ship at in situ temperatures
and monitoring the increase in nutrient levels and dissolved
inorganic carbon in the overlying water. Figure 3 shows the
silicate, nitrate, and phosphate concentrations as a function of
time for the subcores collected at mooring site A. The slope of
the individual plots was used to calculate the nutrient flux out
of the seabed, which can be compared to the flux calculated
from modeling the porewater nutrient data. Combining the
sediment accumulation rates and porewater flux data with solid
phase measurements of carbon, nitrogen, phosphorus, and
silicon enables calculation of regeneration rates in the seabed.
For example, the porewater flux data and sediment accumulation rate data from mooring site A indicate that approxi mately 45 percent of the biogenic silica reaching the sedimentwater interface dissolves within the seabed. Similar calcula tions will be made for carbon, nitrogen, and phosphorus. In
a similar fashion, the seabed fluxes will be compared to the
water column fluxes determined from the particle trap data
and the uptake/regeneration measurements. Collectively, these
data should improve significantly our understanding of carbon, nitrogen, phosphorus, and silicon dynamics in high-latitude environments.
This research was supported by National Science Foundation grant DPP 88-17209. We are grateful to Susan Boehme of
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North Carolina State University for her efforts on board ship
and her measurements of dissolved inorganic carbon in the
laboratory.
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Figure 3. Nutrient concentrations in overlying water from a box
core collected at mooring site A as a function of time. The slope
of these plots are used to calculate the flux of nutrients from the
seabed to the water column. The flux of silicate, nitrate, and phosphate from the sediment column at mooring site A are 45, 6.2, and
0.32 micromolar per square centimeter per year, respectively. (uM
denotes micromolar.)
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Winter oceanographic
observations in McMurdo Sound,
Antarctica
J.P. BARRY and P.K. DAYTON
Scripps Institution of Oceanography
La Jolla, California 92093

R. DUNBAR
Department of Geology
Rice University
Houston, Texas 77251

A. R. LEVENTER-REED
Byrd Center for Polar Research
Ohio State University
Columbus, Ohio 43210

Measurements of ocean currents in McMurdo Sound, Antarctica, have been limited primarily to the spring and early
summer months with few, if any, measurements collected during late summer after the break up of the sea ice or during the
austral winter. Because of the general interest in the oceanographic features of McMurdo Sound and because seasonal or
interannual changes in the current patterns in McMurdo Sound
can affect the advection and sedimentation of organic material
to the benthos, thereby impacting benthic communities, it is
important to identify these patterns.
For this purpose, we deployed a current-meter and sediment-trap array in the eastern part of McMurdo Sound
(77°48'00"S 166°20'14"E) during January 1989 and recovered the
array during the following austral spring (November 1989).
The array was deployed over a bottom depth of 600 meters
and contained two InterOcean S4 current meters, two Rice
(MkII) sediment traps, two Scripps Institution of Oceanography sediment traps, and a silica dissolution experiment. To
reduce the potential for disturbance to the array by icebergs,
the mooring was buoyed by subsurface floats located at 150
meters. These floats were attached to an acoustic release and
a release spool containing sufficient line to reach the surface
when actuated. The site was surveyed (by Pat Sole of the New
Zealand Antarctic Research Program) during deployment along
the edge of the icebreaker channel and was resectioned prior
to recovery through a hole in the sea ice.
Several parameters were measured during the 10-month deployment. The speed and direction of currents was recorded
every half hour. Salinity, temperature, depth, and the tilt of
the current meter were recorded every 2 hours by the model
S4 meter at 570-meter depth. The instrument at 180-meter depth
recorded only current vectors and meter tilt. The current data
were corrected for compass error (+ 155°), converted to east/
west and north/south vectors, then averaged over 24 hours to
provide an estimate of mean daily flow. Temperature and salinity data were not standardized beyond factory calibrations
and may be slightly biased. Sedimentation and dissolution
experiment data will be reported elsewhere.
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The current pattern differed considerably at the two sampling depths (figure 1). Flow near the bottom (570 meters) was
nearly always toward the south (176°) along the main axis of
the sound, with a net speed of 3.6 centimeters per second.
The average current speed, irrespective of direction, was 6.7
centimeters per second (1!2-hour means). In contrast, the shallow meter (180 meters) indicated that currents were much more
variable in speed and direction with a net flow toward the
northeast (31°) at 2.1 centimeters per second. The mean adirectional speed was slightly lower at 180 meters (6.0 centimeters per second) than at 570 meters.
This pattern has some close similarities and striking differences to that reported for 575-meter depth by Barry and Dayton
(1988) for a site nearby (77°49'S 1667E). Their data from 1984
show that, near the bottom (575 meters), the current flowed
consistently toward the south (156°) with a higher net speed
of 7.8 centimeters per second and an average speed of 9.6
centimeters per second during November and early December.
Near the surface (40 meters), however, currents were much
more variable in direction than the bottom but still were generally moving toward the south (196°) at 3.0 centimeters per
second.
The opposing flow pattern indicated by the instruments located at 180 and 570 meters may be explained by several hypotheses. Both the 1984 and 1989 data indicate that currents
at depth flow consistently toward the south, while near the
surface, current speed and direction are much more variable.
These observations suggest that there are seasonal or interannual changes in the flow pattern in the upper water column
or there is a countercurrent flowing toward the northeast near
170 meters, or both. Lewis and Perkin (1985) observed a temperature signal indicative of an intrusion of cold water from
beneath the ice shelf at 150 to 170 meters that may be associated
with the observed northward flow in this study.
The salinity and temperature data indicate dramatic seasonal
and shorter-period shifts in these two parameters (figure 2).
In addition, the temperature and salinity are strongly inversely
related to one another, indicating that changes in salinity are
related to the addition of warmer meltwater from sea ice or
glacial ice or both.
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Figure 1. Progressive vector diagrams for currents in McMurdo
Sound during 1989. Black dot indicates initial position. Crosses
Indicate the first day of the month (1990). Note the general southward flow for the 570-meter depth (a) and the more variable and
northeastward flow at the 180-meter depth (b). (km denotes kilometer.)
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Variations in the advection of organic material due to seasonal or interannual shifts in McMurdo Sound current patterns
can dramatically modify the sedimentary flux of material and
hence, the energy budgets for the benthic communities dependent upon allochthonous materials. Long-term monitoring
of these currents and the distribution and sedimentation of
organic material will provide a better understanding of the
benthic-pelagic coupling in McMurdo Sound.
This work was supported in part by National Science Foundation grants DPP 87-16085.

Stable isotope results,
Wilkes Land Oceanographic
Expedition, 1985
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During February 1985, an oceanographic investigation was
carried out along the antarctic shelf break from 145°E to 160°E.
Physical, chemical, and biological data were collected to study
the water masses in the region and their interaction (Michel,
Kier, and Schroeder 1985). Of particular interest was the possible formation of deep or bottom water in the area as suggested by Carmack and Killworth (1978). Sampling locations
are shown in the figure and physical data are given in Foster
(1985).
During the cruise, samples were collected to study the distribution of deuterium and oxygen-18, stable isotopes of the
water molecule. The results of the seawater analyses are given
below in table 1, along with temperature, salinity, density, and
oxygen data at the same depths. All stable isotope results are
reported in per mil (%c) relative to Standard Mean Ocean Water
(SMOW). Analytical precision (2 sigma) is ± 1.5%c for deuterium and --t 0. I%c for oxygen-18.
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Table 1. Isotopic and physical compositions of seawaters from Wilkes Land Sea, February, 1985

Depth
(meters)

Oxygen-18
(%)

8D
(%)

Temperature
(°C)

Salinity
(%)

Oxygen
(milliliters
per liter)

Density
(kilograms per
cubic meter)

7.73
4.94
5.53

26.902
27.811
27.886

7.99
5.19
5.35

26.619
27.827
27.864

8.40
7.36

Not available
27.896

8.34
7.33

27.281
27.897

Station 28 (65022.0'S 152047.1 'E)
10
506
3,062

-0.15
-0.10
-0.15

10
604
1,836

-0.10
-0.32
-0.15

-0.5
+1.5
-0.5

10
604

-0.20
-0.3

-1.5
-2.5

-1.5
0.0
-1.0

1.54
0.81
0.22

33.626
34.692
34.703

Station 32 (66009.9'S 152007.5'E)
0.24
0.12
-0.12

33.177
34.663
34.692

Station 36 (66032.6'S 151044.9'E)
-1.75
-1.93

32.779
34.643

Station 71 (67023.8'S 153002.51E)
9
583
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-0.10
-0.25

-1.0
-1.5

-1.82
-1.93

33.912
34.650
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Samples collected and analyzed include shelf waters and
deep, bottom, and surface waters from off the shelf break.
Antarctic seawater isotopic compositions are expected to be
slightly negative relative to SMOW (Weiss, Ostlund, and Craig
1979) and very small differences are expected between water
masses with Circumpolar Deep Water being the most positive
water. Sea-ice formation should have a minimal effect on isotope composition of underlying seawaters. Our data show that
isotopic differences between water masses are near the analytical uncertainty, although there is some indication that the
Warm Deep Water is slightly more positive and that the very
cold shelf bottom waters (bottom samples from stations 36 and
71 on the continental shelf) are slightly more negative.
During a cruise in the Weddell Sea in 1973, Weiss, Ostlund,
and Craig (1979) found stable isotope ratios in certain cold shelf
waters to be lower than those expected for antarctic seawaters.
They suggested that these lower values were caused by the
melting of glacial ice which has extremely negative isotopic
ratios. This meltwater was extremely cold and sank to the
bottom of the shelf. Similar glaciers exist on the coast of the
present study area; hence, the slightly lower isotopic ratios
found for the shelf water may indicate that the same process
is occurring. Unfortunately, more definitive samples were not
obtained because the icebreaker chose to avoid areas closer to
the shore.
Samples of pack ice also were collected by coring an ice floe
on the shelf. This ice floe was approximately 4 meters thick at
the center and stable isotopic compositions were determined
from four depths (table 2). During the freezing process, a marked
isotopic fractionation occurs with the ice becoming enriched
in the heavy isotope. Under equilibrium conditions, the ice
should be about 20% heavier in deuterium and 3%c heavier in
oxygen-18 (Arnason 1981). The ice from the floe is enriched in
the heavy isotopes, although the fractionation is less than expected. The lower fractionation may be due to the lack of
equilibrium conditions during formation and/or the possible
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Table 2. Isotopic composition of core from an ice floe at
approximately 670S 1530E
Depth
(centimeters)

h Oxygen-18

(%)

8D
(%)

14-43
148-168
246-266
358-378

+0.50
+1.65
+1.90
+2.20

+3.5
+12.0
+12.5
+14.5

influence of dissolved ions on isotopic fractionation. Fractionation increases with depth in the core. As the ice thickens,
freezing may slow so that conditions more closely approximate
the equilibrium situation.
The isotope measurements were made at the Reston Stable
Isotope Laboratory, U.S. Geological Survey. The field work
was supported by National Science Foundation grant DPP 8300804.
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Winter Weddell Gyre Study, 1989:
Physical oceanography on board

titration/chemical equipment participated in WWGS-89 during
the period September-November aboard the Fedorov. In July
1988 U.S., Soviet, and West German oceanographers met in
Leningrad to coordinate plans for WWGS-89.
Fedorov and Polarstern had few problems with the ice cover
and most of the research objectives were met. The two ships
met near Maud Rise on 17 October 1989 to exchange data and
intercalibrate equipment. Station array information from Fedorov, as well as a subset of the conductivity-temperature-depth
data obtained, were telexed to Lamont-Doherty Geological Observatory during the expedition. A total of 127 conductivitytemperature-depth stations was obtained from Fedorov with a
nominal spacing of 50 kilometers.
A cluster of closely spaced conductivity-temperature-depth
stations including a 1-week time series was obtained at a site
west of Maud Rise (figure 2), where summer-period data reveal
the frequent presence of a large pool of warm deep water
(Bagriantsev, Gordon, and Huber 1989). The 1989 Fedorov data
reveal a similar feature, with associated high oceanic heat flux,
the effects of which are evident in the sea-ice characteristics
and from atmospheric boundary layer measurements made by
a group aboard Fedorov (these measurements suggest an oceanic
heat loss of 220 watts per square meter). Current meters were

Akademik Fedorov

ARNOLD

L. GORDON and BRUCE A. HUBER

Lamont -Doherty Geological Observatory
Columbia University
Palisades, New York 10964

Sea ice, atmosphere, and ocean interact in the southern ocean
in subtle, as yet poorly understood, ways to influence both
regional and global climate. As part of a continuing interna tional effort to improve our understanding of this system, science teams on board the icebreaking research vessels Akademik
Fedorov and Polarstern carried out austral winter research in the
Weddell Gyre in 1989 (the Winter Weddell Gyre Study (WWGS),
figure 1). A Lamont-Doherty team of four physical oceanographers with conductivity-temperature-depth/rosette and acquisition computer equipment, salinometer, and oxygen
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Figure 1. Cruise tracks of Fedorov and Polarstern during WWGS-89.
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Figure 2. Temperature of the temperature maximum layer at locations of the conductivity-temperature-depth time series and cluster stations.
The data are superimposed upon contours of temperature of the t-max from historical data (Bagriantsev et al. 1989). Bottom bathymetry
is represented by dotted lines, showing the location of Maud Rise.

suspended at 35, 70, and 200 meters for the duration of this
"meso-polygon" experiment. Correction of the ice drift as tracked
from the ship yields the absolute current profile in the mixed
layer and across the pycnocline. The analysis of this component of WWGS-89 promises to be a highlight of the expedition
results.
The Fedorov track passes across many regimes of the Weddell
Gyre (figure 3). The temperature-maximum core layer (t-max),
which represents the "top" of the Weddell Deep Water (WDW)
is at its warmest (over 1.2 °C) in the Scotia Sea (35-40°W),
abruptly falling to 0.33 °C at the northern limits of the Weddell
Gyre (delineated by a ribbon of the Weddell-Scotia Confluence), before attaining the 0.4-0.5 °C characteristic of the Weddeli cold regime (Gordon and Huber 1984). The t-max rises
above 0.5 °C near 65°S and 25°W where the western extent of
1990 REVIEW

the Weddell warm regime is reached. The t-max temperatures
steadily increase as Maud Rise is approached, with values
above 1.0 °C from the Greenwich Meridian to around 8°W (as
mentioned above). This marks a warm pool of WDW, believed
to be a product of the topographic influence of Maud Rise on
the general circulation. Its position agrees quite well with that
based on summer data, suggesting a quasi-stationary nature
of this feature. Over Maud Rise the t-max is 0.4-0.5 °C, somewhat warmer than that observed in 1986 from Polarstern. Combining the Fedorov data with the Polarstern data collected during
WWGS-89 will allow better definition of the Maud Rise water
column in 1989 for comparison with the 1986 condition.
The temperature/salinity relationship of the mixed layer water
indicates temperatures well above the freezing point of sea
water, about 0.1 °C for salinity above 34.3. This is the pattern
111
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also seen with the Polarstern 1986 data (Gordon and Huber in
press). This is a strong indicator of the WDW heat which enters
the mixed layer and is trapped below the insulating blanket
of sea ice. The relationship of the mixed layer temperature to
mixed layer oxygen reveals the mixed layer over the warm
WDW pool is low in oxygen, also a sign of WDW incorporation
into the mixed layer. Within the cluster of stations over the
warm pool of WDW, there appears to be some differences from
the 1986 data set: the warm mixed layer temperatures are coupled to salinities that are not very high.
What does this mean? It is likely that in the region of the
warm WDW pool west of Maud Rise there is anomalously high
heat flux into the mixed layer. This flux melts sea ice that the
wind field forces to pass over the warm pool. The low salinity
characteristic is derived from meltwater. This process acts as
a powerful negative feedback, and prevents a runaway situation into a convective mode. The warm pools set up by Maud
Rise are "hot spots" which melt ice.
The combined Fedorov-Pola rs tern data provide a nearly synoptic view of the east-west spatial variability across the winter

Figure 3. A. Vertical temperature section from Fedorov stations 124, Scotia Sea to 68°S. B. Vertical temperature section for stations
24-43, 680S to Maud Rise.

Winter Weddell
Gyre Study 1989:
Nutrient, oxygen,
and biomass chemistry on
board F.S. Polarstern

Louis I. GORDON and JOE C. JENNINGS, JR.
College of Oceanography
Oregon State University
Corvallis, Oregon 97331

Information about the distributions of nutrients, biomass,
and oxygen content in the southern ocean is useful for tracing
and describing the circulation of water masses as well as for
studies of the resident ecosystems. The input to water mass
circulation studies helps physicists reach an understanding of
seasonal heat and salt transports, both of which influence regional and global climate and carbon dioxide uptake. The effect
of the southern ocean ecosystem upon carbon dioxide uptake
is evident in the rate at which anthropogenic carbon dioxide
can be transferred from the atmosphere to the sea.
The Weddell Sea is one of the few oceanic regions with deep
vertical mixing. Approximately 70 percent of the Antarctic Bot1990 REVIEW

Weddell Gyre, including the gyre inflow in the east, the western boundary current, the central hub of the gyre, the downstream region from Maud Rise with the expected thermohaline
perturbations, and across the northern boundary of the gyre
in the Scotia Sea region. The entire 1989 data set, along with
the Greenwich Meridian observations obtained from the Winter Weddell Sea Project-86 (WWSP-86), provides an excellent
full regional view of the winter Weddell Gyre.
We are grateful to our colleagues at the Arctic and Antarctic
Research Institute, Leningrad, for the opportunity to sail on
Akademik Fedorov. The R/V Polarstern is operated by the Alfred
Wegener Institute for Polar and Marine Research, Bremerhaven. The Lamont-Doherty team was J. Ardai, R. Guerrero,
S. O'Hara, and M. Stern. Our thanks to them for so ably
meeting the challenges of winter work in the ice. This research
was supported by National Science Foundation grant DPP 8502386.
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tom Water is formed in the Weddell Gyre and its periphery.
The Winter Weddell Gyre Study 1989 (WWGS 89) was designed as part of a continuing, multinational, multidisciplinary
study of this region (Huber, Gordon, and Manley 1987), undertaken to provide a general hydrographic description of the
area.
The chemistry program of WWGS 89 was designed to provide an accurate, precise set of chemical data in order to quantify the Weddell Gyre circulation and the heat, salt, and chemical
transports related to it at the end of the winter season, to
provide data on the rich algal blooms encountered on Polarstern
ANT/V2&3, and to improve chemical sampling and analytical
methods for studying the water chemistry associated with high
latitude, winter conditions. Sampling was conducted aboard
the icebreaking research vessel F.S. Polarstern operated by the
Aifred-Wegener-Institut, Bremerhaven, Germany. The ship
occupied a transect of hydrographic stations across the central
Weddell Gyre from the tip of the Antarctic Peninsula to Cape
Norvegia, then proceeded northeast to a rendezvous with the
USSR research vessel, Akademik Fedorov, and continued to the
northeast en route to Capetown, Republic of South Africa. (See
figure, Gordon and Huber, Antarctic Journal, this issue, for
cruise tracks of the Polarstern and Fedorov and a physical oceanographic description of the expedition.)
Dissolved oxygen and nutrient (orthophosphate, nitrate, silicic acid, nitrite, and ammonium) samples were collected from
the conductivity-temperature-depth (CTD) rosette sampler. The
nutrients were analyzed with an ALPKEM 300 continuous flow
113

analyzer. Dissolved oxygen concentrations were measured by
the familiar Carpenter-Winkler method (Carpenter 1965) using
a Radiometer TTT80 autotitration system.
Additional samples were collected for biogenic silica, nutrient concentrations in subsamples from ice cores and brine,
and algal culturing experiments. For biogenic silica, we collected nearly 500 filtered samples at stations throughout the
cruise. Detailed sampling done in the marginal ice zones will
complement similar sections made during previous expeditions and together with studies conducted by our German
colleagues provide an improved understanding of the seasonal
fluctuations of phytoplankton biomass in the Weddell Sea.
As was the case in austral winter 1986 (WWSP-86, Jennings,

Gordon, and Nelson 1987), we found the surface mixed layer
to be nearly homogeneous vertically in oxygen and nutrient
concentrations. Dissolved oxygen was undersaturated below
the pack ice, but we saw no clear trend of increasing or decreasing undersaturation with location along the main transect
from the Antarctic Peninsula to Cape Norvegia. In the shallow
sections presented in the figure, the main body of the Weddell
Gyre is easily distinguished from the outflowing western
boundary current in the northwest and the inflowing coastal
current in the southeast. Each terminus of the transect was
characterized by very deep, mixed layers, and only in the
central gyre were there significant accumulations of nitrite and
ammonium.
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In the northwestern end of the transect, we found extremely
cold and "fresh" Weddell Sea Bottom Water (WSBW) with
potential temperatures (theta) of less than - 1.0 °C. In this
very cold WSBW, the concentration of dissolved oxygen seems
inversely proportional to temperature while the unusually low
silicic acid concentrations were directly proportional to temperature. Farther along the transect, in mid-gyre, increasing
variability in the silicic acid content of the WSBW and WDW
appeared, but the classical Antarctic Bottom Water (theta from
-0.1 to -0.4 °C) did not exhibit this variability. We found the
highest WSBW silicic acid concentrations at the southern end
of the long transect, where the variability was much less.
The analyses of nutrient concentrations in ice core subsamples revealed considerable variability. Ammonium concentrations were usually much higher than in the underlying surface
waters, and often higher than any normal seawater ammonium
levels. Phosphate exhibited greater variability than did the
other nutrients. As in the WWSP-86 data set, there did not
appear to be a strong correlation of nutrient concentration with
ice structure or texture.
An important part of the expedition was a comparison of
oxygen and nutrient measurements made by the analytical
groups aboard the two vessels. Several sets of nutrient samples
drawn on board Fedorov in duplicate from casts made prior to
the 17 October rendezvous were used as part of the basis for
comparison. Chemists aboard Fedorov immediately analyzed
one sample out of each duplicate set. They froze the remaining
nutrient samples immediately after sampling and kept them
frozen until they could be transferred to Polarstern during the
rendezvous. We subsequently thawed the nutrient samples
and analyzed them. While at the rendezvous the ships made
simultaneous CTD/rosette casts alongside an ice floe with the
ships no more than 200 meters apart. Multiple rosette bottles
were tripped at 2,500, 80, and 40 meters. We exchanged replicate nutrient and dissolved oxygen samples drawn from these
casts for another comparison experiment, this time including
dissolved oxygen measurements.
Tables 1 and 2 present preliminary results of the comparison
(the results of the side-by-side casts in table 1 and in table 2
the results using frozen samples). The good agreement of the
phosphate and nitrite is encouraging, but there are, clearly,

Table 1. Mean values of replicate determinations of inorganic
nutrients and dissolved oxygen as measured in Polarstern (PS)
and Fedorov ( AF), 17 October 1990. Total number of replicates
analyzed varied, but all values are means of at least three
replicate determinations. Concentrations are in micromoles per
liter for the nutrients, and in milliliters per liter for oxygen.
Phosphate
Pressure PS AF

2500
80
40

Nitrate
PS

AF

Silicate
PS

AF

Oxygen
PS AF

Table 2. Mean differences between nutrient measurements made
on Fedorov stations in the routine manner employed abroad
Fedorov and later on Polarstern on frozen replicates furnished by
Fedorov to the Polarstern laboratory. The results are expressed
as Fedorov values minus Polarstern values. Each station
consisted of 12 samples. All units are microcoles per liter.
Station

161
164
167
170
173
176

Phosphate

Nitrate

Silicate

Nitrite

-0.02
-0.05
-0.00
-0.00
-0.01
0.02

-2.03
-2.38
-1.56
-0.17
_a
-

-6.18
-7.93
-6.89
-10.95
-14.19
-

-0.00
0.03
-0.05
-0.03
-0.05
-

a For these samples, final results were not obtained by one or the other
of the two vessels.

inconsistencies in the nitrate and silicate data. In the side-byside comparison (table 1), the silicic acid values determined
on Fedorov were all higher than those determined on Polarstern;
for the five profiles of frozen samples, however, all of the
Polarstern determinations were higher than the Fedorov values
(table 2). Nitrate plus nitrite values determined on Polarstern
were from 1 to 7 percent higher than the values reported by
Fedorov with the exception of the frozen samples from station
170.
Comparison of the dissolved oxygen measurements on samples drawn on Fedorov was complicated by an unforseen problem with sample bottle sizes. If we compare only the results
from replicate oxygen samples drawn on the Polarstern and
analyzed on both ships, the agreement is very good (table 1).
Our work at sea was made possible through the help of our
dedicated analysts, M. Consuelo Carbonell-Moore and Andrew A. Ross. We are most grateful to our colleagues of the
Alfred-Wegener-Institut for the opportunity to participate in
this program, and to the officers and crew of the F.S. Polarstern
for their cooperation and assistance. Debra A. Meese of the
Cold Regions Research and Engineering Laboratory, Hanover,
New Hampshire, coordinated collection and transfer of the
frozen samples from Fedorov. We greatly appreciate her efforts
and the enthusiastic collaboration of our colleagues from the
Arctic and Antarctic Research Institute, Leningrad, aboard Fedorov. This research was supported by National Science Foundation grant DPP 88-16570.
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2.04 2.05 29.42 27.50
63.38
64.83 7.16 7.14
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Sea-ice studies
on the Winter Weddell
Gyre Study, 1989
DEBRA

ship about 8 meters above sea level. C-Band backscatter measurements were performed from 30 to 75 degrees from normal
and at all four frequency combinations (VV, HH, VH, and HV).
The Ku-Band radar was mounted on the bow crane at about
15 meters above sea level and measurements were made from
0 to 30 degrees and at VV polarization. Ice types measured
included first and second year ice, pancake ice, and nilas. The
radar data will be correlated with the detailed snow and ice
properties that were measured and existing satellite remote
sensing from SSM/I and AVHRR. This data set will be used to
extract geophysical data from satellite radars such as those on
GEOSAT, SEASAT, and ERS-1.
Ice observations. The ice conditions encountered by the Akade,nik Fedorot' were collected and recorded several times each
day. These observations included ice concentration, ice type,
ice and snow thickness, and number and type of icebergs in
the area. In addition to the written log, photographs were
taken whenever possible.
Ice properties. At each ice station on the Fedoroz' (figure 2), a
complete analysis of the sea ice was attempted; however, due
to the length of time at each station and/or the amount of
daylight, this was not always possible. Thickness profiles consisting of 75 to 150 holes were drilled on each floe (see Meese,
Govoni, and Ackley, Antarctic Journal, this issue, for more detail).
Snow thickness, ice thickness, and freeboard (figure 3) measurements were made. Our objective is to determine whether
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The U.S. Army Cold Regions Research and Engineering Laboratory (CRREL) participated in the Winter Weddell Gyre Study,
1989 (WWGS-89) on both the Polarstern and the Akade,nik Fedoroz' (figure 1). On the Polarstern, we performed remote sensing work with two radars and assisted in the ice properties
studies. On the Akade,nik Fedoroz', we conducted studies on the
physical, optical, chemical, and biological properties of the sea
ice and carried out a detailed ice thickness study.
Remote sensing. Two radars, a C-band (5.3 gigahertz) and Kuband (13.9 gigahertz) were mounted on the Polarstern to measure the backscatter from the sea ice (see L y tle et al., Antarctic
Journal, this issue, for more detail). They were both step-frequency, continuous wave radars with a 500-megahertz bandwidth. The C-band radar was mounted on the port side of the
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Figure 1. Cruise tracks of the Polarstern and the Akademik Fedorov (after Gordon and Huber, Antarctic Journal, this issue). The mesopolygon
took place between 6 and 18 October 1989 in the area of 66.2868 0S 3.08370W.
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Figure 2. The Soviet icebreaker Akademik Fedorov at an ice station.

significant correlations exist between these three parameters
and how they may correlate to geographic position. Two ice
cores were collected at each site. A temperature profile was
obtained from one core, and the profile was further used for
detailed stratigraphic and structural analysis. Vertical and horizontal thin sections were taken from each core to determine
the concentration of each ice type and the crystal orientation
within the core. The second core was collected for detailed
chemical and biological analysis: density and salinity as well
as chloride, sulfate, sodium, calcium, potassium, magnesium,
silicate, phosphate, nitrate plus nitrite, ammonium, and chlorophyll-a concentrations. At several sites, brine samples were
also collected for the same analyses.
This data will be used to determine what significant correlations exist between chemical species in the ice and between
ice type. At each station, water samples were collected at the

surface, at 50 meters, and at 100 meters. Chemical analyses
will also be performed on these samples to determine how
correlations in the ice might relate to those in the water and
how much the major salts and nutrients vary in the mixed
layer of the Weddell Sea.
When light conditions were acceptable, optical properties of
the ice were determined. Optical measurements were made at
16 sites using a Spectron Engineering SE590 field portable spectrometer (see Govoni, Meese, and Perovich, Antarctic Journal,
this issue, for more detail). The SE590 consists of a microprocessor-based controller and a detector head. Measurements
above the ice included spectral scans of incident and reflected
irradiance. Measurements of transmitted irradiance below the
ice were made using a specially designed plexiglass housing
that protected the detector head. Optical measurements were
made over a wide range of ice and snow conditions. When a
snow cover was present on the ice, snow properties were
characterized and recorded in terms of thickness, layering,
density, grain size, and temperature for each layer. A general
description of the ice, snow, and sky conditions were also
made when a set of optical measurements were taken. Preliminary investigations of the optical measurements indicate that
spectral albedos seem to be higher in the Antarctic than in the
Arctic due to structural differences. Further analysis will include correlations between the amount of light transmitted
through the ice to the biology within the ice.
Mesopolygon. For 12 days during the study, the Akademik
Fedorov was moored to an ice floe to conduct extensive oceanographic and ice studies. Ice cores were collected to sample
all of the various ice types available. Optical measurements
were taken at 5 different locations in the area according to
various ice type and thickness. In addition, five thickness profiles including a grid were taken through all anomalous locations, and one was taken in the usual manner to determine
variations that may exist.
This research was supported by the National Science Foundation grant DPP 85-12728 and a grant from the National Aeronautics and Space Administration. We would like to thank the
captain and crew of the Akademik Fedorov and the ice scientists
from the Arctic and Antarctic Institute in Leningrad and the
Alfred Wegener Institute for their assistance.
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Figure 3. The mechanical drilling procedure used to obtain ice
thickness measurements.
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Snow and sea-ice thicknesses:
Winter Weddell Gyre Study, 1989

Correlation coefficient matrix for all thickness data. (Coefficients
greater than 0.47 are significant at the 99 percent confidence
interval.)
Average
snow
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and STEPHEN F. ACKLEY
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During the Winter Weddell Gyre Study, 1989, (WWGS-89)
2,650 thickness holes were drilled at 29 different sites in the
pack ice on the Weddell Sea from the Soviet icebreaker Akademik Fedorov as part of the sea-ice program conducted at that
time (Meese et al., Antarctic Journal, this issue). The primary
objective of the study was to determine ice thickness, snow
thickness, and freeboard variations within and among floes
and to examine the variations of these properties with geographic location in the Weddell Sea.
At each site, 75 to 150 holes were drilled mechanically. The
thickness profile lines had a resolution of 1 and 5 meters with
a 90° dog leg in the center of each profile. To ensure that the
ship had no influence (by rafting of ice blocks) and to assure
consistent profiles for each site, drilling started 100-200 meters
from the ship and continued away from the ship in a direction
normal to it and contained a perpendicular dog leg in the center
of each line.
Ice thickness, snow thickness, and freeboard were measured
at each drill hole and recorded. At five sites, additional thickness profiles were obtained at locations 1 and 2 miles away
from the ship. At these supplementary sites, holes were drilled
at 5-meter intervals to determine the variation of floe thickness.
These sites were measured to determine if the routine sampling
of one floe provided an accurate characterization of thickness
for that region.
Snow thicknesses ranged from 0 to 80 centimeters with a
mean of 17.9 centimeters; ice thicknesses ranged from 0 to 279
centimeters with a mean of 64.9 centimeters; and freeboards
ranged from -32 to 55 centimeters with a mean of 1.5 centimeters. Negative freeboards imply that the top ice surface is
below sea level; flooding of the ice was often observed at these
locations.
These values were visually examined in relation to latitude
and longitude to determine if there was any consistent variation over the cruise track. A consistent trend did not appear
to be evident, a similar lack of variation in thickness with
latitude was noted by Wadhams, Lange, and Ackley (1987).
Statistical analyses, including correlations and factor analysis,
were performed on the average values for each site to determine if any statistically significant relationships existed between the measurements. The correlation coefficient matrix
for the data (table) all showed significant positive correlations
at the 99 percent level between snow thickness and ice thickness. Negative correlations at the 99 percent level exist between
snow thickness and freeboard. A relationship between ice and
snow thickness has been observed previously in the Arctic
(Gow and Tucker 1987; Cow, Tucker, and Weeks 1987; and
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Average snow
Average ice
Average freeboard
Latitude

Average
ice

Average
freeboard

Latitude

1
.662
-.67
-.307

1
-.004
-.169

1
.321

Perovich, Cow, and Tucker 1988) and is present on correlations
performed on the antarctic data presented in Wadhams et al.
(1987). The ice in the western Weddell is older than that found
in the eastern Weddell, so the relationships between ice and
snow thickness may be explained by the fact that older ice will
have a longer time to accumulate snow resulting in higher
snow depths and, thus, the significant relationship. The significant negative correlation between snow thickness and freeboard can also be explained; as the snow cover on an ice sheet
increases, the additional weight further depresses the ice sheet
(Ackley, Lange, and Wadhams 1990). This results in a lower
and sometimes negative freeboard, which was frequently observed in this study.
Additional statistical analysis on individual floes is necessary
to determine what correlations are significant and what variation exists with geographic location, and if physical mechanisms can be assigned to the statistically significant correlations.
In addition, our investigations must include ice type and other
physical properties to determine what factors may be affecting
ice thickness in the Weddell Sea.
This research was supported by the National Science Foundation grant DPP 85-12728. We would like to thank the captain
and crew of the Akademik Fedorov and the ice scientists from
the Arctic and Antarctic Institute in Leningrad for their assistance.
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Brightness temperature
measurements,
at 611 megahertz,
of sea ice in the Weddell Sea
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As part of the Winter Weddell Gyre Experiment (WWGE)
1989, we investigated the feasibility of measuring antarctic seaice thickness remotely by using passive microwave techniques.
This required the installation of a 611-megahertz radiometer
on board the West German research vessel Polarstern. Data
were collected in transit as well as during ice stations. These
data are currently being correlated with in situ thickness measurements as well as video recordings and other passive microwave data.
Concept. A microwave radiometer measures the power level
of incoming radiation. This power level is commonly expressed
as a "brightness temperature" via the following relationship:
P

=

k x T1, x BT1, = PI(k x B)

Where P = power of received radiation
T1, = brightness temperature
k = Boltzman's constant
B = bandwidth of the instrument
For a flat surface, the brightness temperature is proportional
to physical temperature of the surface as:
T,, = e x T.= (1 - r) x T
Where e = emissivity
r = Fresnal reflection coefficient

For layered media such as sea ice, the brightness temperature
measured is a composite. In this case, the layers are the ice
and the underlying water. Experience with C-band (4-8 gigahertz) passive sea-ice measurements suggests that under usual
growth conditions the apparent brightness temperature of an
ice layer increases monotonically from the low open-water value
to the relatively high thick-ice value. This behavior suggests
that it should be possible to measure ice thickness via brightness temperature. Swift et al. (1986) developed a theoretical
model based on work done by Apinis and Peake (1976) which
describes the emissivity. The theoretical curve of brightness
temperature as a function of ice thickness for ultra-high frequencies is plotted in figure 1. It is clear from this curve that
the ultra-high-frequency radiometer has the potential of measuring ice thickness in excess of 60 centimeters.
Figure 2 shows the estimated percentage of error in the
measurement as a function of sea-ice thickness, based on an
assumed brightness temperature error of ±3 Kelvin. This curve
demonstrates that it is theoretically possible to derive ice thickness for sea ice up to 1 meter thick. The measurement should,
therefore, provide very useful surveys of antarctic ice thickness, since the mean thickness is in the 40-60 centimeter range
as reported by Wadhams, Lange, and Ackley (1987).
Field operations. The measurements were made using an ultra-high-frequency (611-megahertz) radiometer which was
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Figure 1. theoretical brightness temperatures as a function of seaice thickness. (cm denotes centimeter. K denotes degrees Kelvin.)

mounted on the port side of the Polarstern, looking downward
to the ice at an oblique incidence angle. Several other passive
instruments were mounted on the deck rail next to the ultrahigh-frequency radiometer, in an effort to take concurrent measurements. These were 10-gigahertz, 35-gigahertz, and 85gigahertz radiometers as well as a PRT5 infrared sensor. By
adjusting the incidence angle, the radiometers were aligned
to observe only ice that was undisturbed by the ship, usually
50 degrees off nadir. In addition to gathering the remote-sensing data, several groups on board did extensive in situ work
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Figure 2. Estimated measurement error as a function of sea-ice
thickness. (cm denotes centimeter.)
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such as thickness measurements and distributions, snow-cover
analysis, and ice coring for identification of ice type.
Unfortunately, we encountered problems with the PRT5,
and the 35 gigahertz failed entirely midway through the expedition; therefore, the data sets are not complete. Also, due
to several radio frequency interference problems and difficulties maintaining thermal stability, the quantity of ultra-highfrequency data collected is somewhat limited. Nevertheless,
the results are quite promising. While passing through thin
ice, the ultra-high-frequency values were proportional to the
10-gigahertz values. While passing through thicker ice, however, the 10-gigahertz data stabilized at a saturation value but
the ultra-high-frequency values continued to vary, presumably
with ice thickness. This is expected because the radiometric
saturation thickness is roughly equivalent to the radiometric
wavelength through the ice. This implies that the 10-gigahertz
measurements should reach a maximum for ice roughly 3-5
centimeters thick, while the ultra-high-frequency measurements should not reach a maximum until the ice is much thicker.
A quantitative analysis is still in progress.
Other polar regions work. In addition to the National Science
Foundation funded ultra-high-frequency work, the University
of Massachusetts is involved with several other polar regions
projects. We are currently developing an improved sea-ice concentration algorithm which operates on data from the spaceborne Special Sensor Microwave/Imager. The purpose of this
algorithm is to calculate ice-type concentrations (first-year ice,
multi-year ice, open water) within a footprint while correcting
for second-order parameters such as open-water wind speed,
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atmospheric vapor and liquid, and surface temperature. In
addition, we recently received on indefinite loan from the National Aeronautics and Space Administration the Advanced
Application Flight Experiment altimeter which, after some reconditioning, will be tested over Greenland. It is possible that
the altimeter will be used in future antarctic work as well.
Finally, we participate in the annual CRRELEX experiments
(experiments conducted at the Cold Regions Research and Engineering Laboratory) funded by the Office of Naval Research.
During these experiments, we attempt to simulate polar phenomena in a controlled environment. For example, we recently
simulated the formulation and growth of pancake ice, focusing
on the radiometric changes which accompanied the growth.
It was the CRRELEX '88 Experiment which inspired the ultrahigh-frequency antarctic work.
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Optical measurements
on sea ice
from the Weddell Sea,
Antarctica
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During the 1989, Winter Weddell Gyre Study (WWGS-89)
combined optical and physical properties measurements were
made of first-year sea ice in the Weddell Sea, Antarctica. op tical measurements consisted of incident, reflected, and transmitted spectral irradiances and were made using a Spectron
Engineering SE590 field-portable spectrometer (Perovich 1990).
The SE590 consists of a microprocessor-based controller and a
detector head. The detector uses a photodiode array allowing
the spectrum between 370 and 1,100 nanometers to be sampled
simultaneously at 252 discrete wavelengths. Depending on
light levels and the desired precision, a spectrum can be obtained in 1/60 to 8 seconds. A specially designed plexiglass
housing with 360° positioning capability was used to protect
the detector head during the under-ice transmission measurements.
Optical measurements including spectral scans of incident,
reflected and transmitted irradiance were made at 16 sites encompassing a wide range of snow and ice conditions (see Gordon and Huber, figure 1, Antarctic Journal, this issue for cruise
track). An essential adjunct to the optical measurements was
a complete characterization of the physical state and structure
of the ice. This was accomplished by taking two ice cores from
each site. One core was used to determine the temperature
profile in the ice and was saved for structural analysis. The
second core was used to determine vertical profiles of the
physical, chemical, and biological properties of the ice which
included density, salinity, and pH as well as chloride, sulfate,
sodium, calcium, potassium, magnesium, silicate, phosphate,
nitrate plus nitrite, ammonium, and chlorophyll-a concentrations. When a snow cover was present, its depth and stratigraphy were also recorded. Snow cover properties were
characterized in terms of depth, density, grain size, and temperature for each layer. Photographs were also taken at each
site and a general description of the ice, snow, and sky conditions was recorded.
To illustrate our results, data from a 0.83-meter thick firstyear site will be discussed briefly. This site had a 0.16-meter
thick, hard-packed snow cover consisting of two distinct layers
of rounded grains 1-2 millimeters in diameter. As figure 1
indicates, the ice was composed of 0.43 meter of fine-grained
granular ice at the surface, 0.32 meter of coarse-grained gran ular ice in the center, and 0.08 meter of columnar ice at the
bottom. The ice cover was depressed and the ice surface was
saturated with sea water. Also shown in figure 1 are the vertical
profiles of ice salinity, temperature, and density plotted at 0.10meter intervals. The average bulk salinity for this core was
6.3%, typical of first-year sea ice.
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Figure 1. Physical properties measured at a first-year site. Plotted
with depth are salinity (S), temperature (T), and density (D). A vertical section depicts ice structure variation with depth. Fine-grained
granular ice (FG) dominates the top half of the section with coarsegrained granular (CG) beneath and columnar (C) ice at the bottom.
(Mg/M3 denotes megagrams per cubic meter. m denotes meter.)

Figure 2, block A, presents spectral albedos for this site with
the snow cover and for bare ice after the snow cover was
manually removed. As was the case for arctic sea ice (Grenfell
and Maykut 1977) maximum albedos for both snow and bare
ice are found between 400 and 600 nanometers. Bare ice albedos appear to be higher than those reported for first-year
arctic white ice (Grenfell and Perovich 1984). We believe that
this is caused by differences in ice structure. The structure of
antarctic sea ice is quite dissimilar from that of arctic ice, with
antarctic ice being predominately granular and arctic ice being
predominately columnar (Gow et al. 1982; Weekes and Ackley
1982). Compared to columnar ice, granular ice typically is more
disorganized and thus has a larger density of ice/brine interfaces. This can result in enhanced scattering and higher albedo.
Figure 2, block B, plots transmittance, the fraction of the
incident irradiance transmitted through the ice, in the spectral
region of biological interest from 400 to 700 nanometers. As
one might expect, the presence of even a relatively thin (0.16
meter) snow cover reduces transmittance by more than an
order of magnitude.
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Figure 2. A. Spectral albedos between 400 and 1,000 nanometers measured over dry snow and bare ice for first-year antarctic sea ice. B.
Transmittance at wave lengths 400-700 nanometers measured from beneath the ice surface. The solid line is for snow covered ice and
the dashed line is for snow-free ice. (nm denotes nanometer.)

Our primary objective in this work is to relate the optical
measurements to the state and structure of the ice. A topic of
particular interest, especially for antarctic sea ice, is the relationship between light transmission into and through the ice
cover and biological activity within the ice. We plan to address
this issue by combining optical data with structural, physical
and biological measurements.
This research was supported by the National Science Foundation grant DPP 85-12728 awarded to Stephen Ackley. We
would like to thank the captain and crew of the Akademik Fedorov and the ice scientists from the Arctic and Antarctic Institute in Leningrad for their assistance.
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The research vessel F. S. Polarstern traversed the Weddell Sea
during September and October 1989. (See cruise track Gordon
and Huber, Antarctic Journal, this issue.) During the cruise, a
C-band (5.3 gigahertz) and a Ku-band (13.9 gigahertz) radar
were used to measure backscatter from sea ice. In addition,
detailed snow and ice properties including centimeter-scale
measurements of surface roughness were measured in conjunction with scientists from the Alfred Wegner Institute, Scott
Polar Research Institute, and York University. These observations will be used to test models developed to extract geophysical parameters of sea ice concentration and type from
satellite-borne altimeter measurements over the southern ocean
(Brown 1982; Laxon 1989). In addition, they will be used to
compare backscatter mechanisms from antarctic and arctic sea
ice at angles appropriate to imaging radars.
Both radars on the Polarstern were step-frequency, continuous-wave radars with a 500-megahertz bandwidth. Simple,
15-degree beamwidth horn antennas were used for each radar.
No antenna pattern corrections have been applied yet to the
data. Each radar had an internal calibration that was recorded
before and after each set of measurements; a Luneberg lens
was used as a calibration target. The C-band radar was mounted
on the port side of the ship approximately 8 meters above sea
level. Data were recorded at angles of incidence from 30 to 75
degrees and at all four polarization combinations (VV, VH,
HH, and HV). The Ku-band radar was mounted on the bow
crane approximately 15 meters above the surface of the ice.
Data were recorded at VV polarization for angles from 0 to 30
degrees. Data were primarily taken over first and second year
ice while the ship was in transit and while stationary at an ice
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Figure 1. Typical second year ice floe in the Western Weddell Sea, in September. The snow cover has depressed the surface of the ice
below sea level, allowing brine to infiltrate creating a highly saline slush layer at the snow ice interface.
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station. Data were also collected over pancake ice, nilas, and
grease ice while the ship was in transit. Ice stations were occupied on the average of once per day and radar measurements
were conducted in conjunction with detailed snow and ice
measurements. These included snow and ice thickness, surface roughness, salinities, and densities. More extensive radar
measurements were carried out at the ice stations with the Kuband radar by scanning the ice surface using the movable crane
and with the C-band radar by moving the ship fore and aft
along the floe.
Different geophysical processes influence the morphological
characteristics of the sea ice in the Weddell Sea as compared
to the Arctic. Because of this, radar backscatter from generically
similar ice types, particularly first and second year ice, is not
expected to be the same. One of the salient features of the
second year ice in the Weddell Sea was a deep snow cover
which depressed the ice surface below sea level (see figure 1).
This depression caused brine to infiltrate into the snow creating
a highly saline layer with salinities of 10 to 20 parts per thousand at the snow/ice interface. An associated slush layer was

frequently observed where the snow had been flooded but had
not refrozen. This is in contrast to arctic second-year ice which
has a lower surface salinity because of various drainage mechanisms which desalinate the ice surface, particularly in the
summer (Weeks and Ackley 1982).
The effect of this surface flooding is to increase the dielectric
contrast between the ice surface and the snow cover, increasing
the reflection coefficient. This was apparent in the Ku-band
measurements taken at normal incidence as illustrated in figure
2 where radar backscatter coefficients are plotted versus the
average freeboard. The results show no particular relation of
radar backscatter coefficients with ice freeboard, but are dependent on the presence or absence of a slush layer.
Kim (1984) report a 7 decibel increase in C-band backscatter
measurements at 40 degrees for arctic second-year ice as compared to first-year ice. This is generally attributed to the reduction in surface salinity which increases radar penetration
depth and results in increased volume scatter. Because of either
the high salinity layer or the presence of slush at the snow/ice
interface observed in the Weddell Sea, the radar penetration
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Figure 2. Ku-band backscatter at normal incidence. Each point is the average of 8 or more independent samples. Note that slush was not
observed when the radar backscatter coefficient was less than 5 decibels. The signal level rises above 8 decibels where slush is present
for all but one sample which had an average backscatter of 13 decibels, and a negative freeboard of 0.1 meter. This sample, however, had
a ice surface salinity of 10 to 14 parts per thousand indicating that some flooding had occurred.
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depth is less, leading, we suspect, to a reduction in volume
scattering relative to arctic sea ice. This suggestion is supported
by our data which show no clear increase in radar backscatter
coefficients at C-band of second-year ice as compared to firstyear ice. The second-year ice had an average radar backscatter
coefficients from -28 to -27 decibels while the first-year ice
varied from -33 to -21 decibels (measured at 45 degrees
incidence angle and VV polarization). The large variation in
measured backscatter is attributed to the differences in surface
roughness and snow cover on the different floes. This will be
analyzed further to determine quantitatively the effect of snow
and surface roughness on the measured backscatter.
We would like to thank the Alfred-Wegner-Institut for Polar
and Marine Research for the opportunity to participate on this
cruise. This research was supported by a grant from the Polar
Oceans Program of the National Aeronautics and Space Ad-
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ministration (NAGW-1838) and National Science Foundation
grant DPP 85-12728.
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The Research on Antarctic Coastal Ecosystem Rates (RACER)
pilot program (Huntley et al. in press) studied mesoscale physical and biological dynamics in the western Bransfield Strait
region during and following the austral spring bloom from
December 1986 through March 1987. Extraordinarily high
planktonic biomass and rates of primary production were found
covering an area of approximately 5,000 square kilometers in
the northern Gerlache Strait with a clear gradient extending
northward for the entire study period (Holm-Hansen and
Mitchell in press; Karl, Tilbrook, and Tien in press a). Therefore, we resolved to study the onset of the spring bloom in
this region during the RACER-1 program, which was conducted in the 1989-1990 field season.
Our research was focused on two principal questions:
• Which biological and physical mechanisms cause the Gerlache Strait region to be highly productive, and how do they
function?
• Are gradients of biomass radiating from the Gerlache Strait
due to mass transport from the Strait or to actual gradients
in local production?
The study area covers approximately 4,000 square kilometers
of the northern Gerlache Strait and southwestern Bransfield
Strait (figure). Geographically, it incorporates open waters of
the Bransfield Strait, a deep-water region (Croker Passage),
coastal shelves, and several large embayments; dynamically,
it embraces the gradient of planktonic biomass (Holm-Hansen
and Mitchell in press; Karl et al. in press b; Huntley and Brinton
in press) as well as Bransfield Current and an intense frontal
126

region projecting across the northeastern portion of Gerlache
Strait (Niiler, Amos, and Hu in press).
We conducted four consecutive 5-day cruises, back-to-back,
from 30 October through 24 November 1989. Sampling was
accomplished in two modes: (1) a time-series station ("A")
occupied for four 3-day periods separated by (2) periods of 2.5
days for a "fast" sampling grid, comprising 37 stations, and
during which we covered the study region four times. Station
locations are shown in the figure. A scientific crew of 22 maintained a 24-hour sampling schedule at all times.
At the time-series station, we made conductivity-temperature-depth casts to the bottom (approximately 350 meters),
accompanied by continuous vertical profiles of beam attenuation. Water samples were routinely taken from 10 depths to
200 meters for measurements of chlorophyll, phaeopigments,
major nutrients (nitrate, silicate, ammonia, phosphate), accessory photosynthetic pigments, heterotrophic activity, microbial carbon production, dissolved inorganic nitrogen, dissolved
nucleic acids, particulate adenosine triphosphate (ATP), and
abundance of bacteria, protozoa and phytoplankton. Zooplankton tows (330-micrometer mesh) were made with a MOCNESS, at nine depth intervals to a depth of 300 meters; the 0300-meter sample was taken with a 180-micrometer-mesh net.
Additional oblique tows were made with a "fast net" towed
at approximately 4 knots from 0-300 meters, expressly for the
purpose of catching late juvenile and adult krill. All watercolumn collections were made at a frequency of at least 6 hours.
Additional studies at the time-series station included measurements of in situ carbon-14- and nitrogen-15-primary productivity determined from samples allowed to incubate at eight
depths on a free-floating line, and measurements of sedimentation rates at five depths based on collections of free-floating
sediment traps deployed for a period of 2 days. At a distance
of approximately 3 kilometers south-southeast from the timeseries station, we deployed a MK5-13 large aperture time-series
sediment trap (Honjo and Doherty 1988) which collected 13
samples equally spaced in time from early October through
mid-March, 1990, when it was recovered and redeployed. Two
focused studies were conducted on zooplankton distribution,
one on horizontal patchiness at the 100-meter scale and the
other a 48-hour study of zooplankton vertical migration. Experiments were conducted to determine egg production,
hatching, and naupliar development rates of several species
of copepods.
At each fast-grid station, we performed the same watercolumn measurements as at the time-series station; MOCNESS
and fast net tows were routinely made at 16 stations. Surface
seawater was collected at each station for measurements of
particulate ATP, radiolabelled glutamic acid turnover rate determination, and bacterial uptake of radiolabelled leucine. Additional studies performed during fast grids included the
deployment of 18 ARGOS-linked drifter buoys, several highresolution hydrological transects across openings to the GerANTARCTIC JOURNAL
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lache Strait which allowed us effectively to close off all entrances and exits, and continuous underway measurements of
air temperature, relative humidity, barometric pressure, incident solar radiation and true wind velocity. An ARGOS-linked
meteorological station, relaying the same data as those collected aboard ship, was placed on a presumably unnamed
island at 64°04.021'S 61°36.485'W; the group of islands was
christened "RACER Rock."
Measurements made at station A, thus, provided four sets
of continuous 3-day measurements at the same location, yielding a highly resolved time-series. Measurements made during
the fast grid provided a quasi-synoptic view of the entire study
region throughout the month while the spring bloom developed. Additional studies permit the evaluation of air-sea in1990 REVIEW

teraction, fluid dynamics of the Gerlache Strait, and biological
dynamics in space and time.
The 1989 field program incorporated the following investigations:
• meteorology and upper ocean physics (P. Niiler and A.F.
Amos);
• microbiology and particle sedimentation (D.M. Karl);
• phytoplankton processes (0. Holm-Hansen and M. Vernet);
• dynamics of zooplankton (M. Huntley and E. Brinton).
The field scientific crew of 22 included participants from 10
nations, representing eight institutions. Results and acknowledgments of support are presented in the following 19 articles
appearing in this issue.
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RACER: Meteorological
conditions during
the spring bloom
in the Gerlache Strait
A.F. AMOS
The University of Texas at Austin
Marine Science institute
Port Aransas, Texas 78373

This study of the local meteorological conditions in the Gerlache Strait was done as part of the RACER (Research on Antarctic Coastal Ecosystems and Rates) study (Huntley et al.,
Antarctic Journal, this issue). The goal was to aid in answering
the two questions posed by the RACER investigators; namely,
what physical mechanisms account for the productivity of the
Gerlache Strait, and what role mass-transport plays in determining biomass gradients there. Two weather stations were
installed, one aboard the R/V Polar Duke and the other on an
island near Lobodon Island, which we have named "RACER
Rock," pending formal acceptance of that name by the Geographic Board of Names.
Shipboard weather system. The underway system consisted of
an RM Young vane/anemometer, and Weathermeasure barometric pressure, air and sea temperature, relative humidity
sensors, and three solar radiation detectors (two Eppley pyranometers and a Biospherical Instruments (cosine) meter. The
wind, air temperature, and humidity sensors were mounted
atop the Ice Pilot Station at a height of 23 meters above the
waterline. Barometric pressure was measured at 7 meters above
sea level and sea temperature measured at the outflow of the
uncontaminated seawater supply to the ship's aquaria. Later,
Sea-Bird Electronics temperature and conductivity sensors were
installed in these lines as part of the underway system. The
light sensors were installed at a height of 9 meters on the
helicopter deck.
Data were acquired using a combination of Weathermeasure
signal conditioners, a Hewlett-Packard multiplexer, the ship's
SAIL system (for navigation and bottom depth data), and a
COMPAQ 286 computer. Recording interval was 10-minutes,
with a 1-minute averaging period. Daily files were stored on
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disk in such a way that in case of a power failure, the most
that could be lost would be one recording interval.
Automatic weather station on "RACER Rock." A Stearns automatic weather station (Stearns and Savage 1981) was installed on "RACER Rock" (64°06'S 61°35'W) on 6 November
1989. It measures wind speed and direction, air temperature,
relative humidity and barometric pressure, and transmits data
to the ARGOS satellite link. The original plan to monitor the
mean windfield was to place the automatic weather station
near the sea level, close to the main RACER station "A" (Huntley et al., Antarctic Journal, this issue), in the central Gerlache
Strait away from obstructing terrain. To this end, Moreno Rock
(64°03.9'S 61°35.6'W) was the site of choice, but repeated attempts to land there in October and early November proved
futile due to rough seas, extensive snow cover, and lack of a
suitable site for unloading heavy equipment.
"RACER Rock" is one of a group of islets between Lobodon
and Auguste Islands (DMAHC chart 6944, 1967). On the summit (17 meters), snow cover was nearly 2 meters thick in early
November, but by digging to bedrock and anchoring the automatic weather station guy wires with expansion bolts, the
station was well secured even though all snow had melted by
March (D. Karl personal communication). The site is somewhat
shadowed by Two Hummock Island (both peaks 669 meters
in altitude), 5.9 kilometers to the west. As of this writing (June
1990) the "RACER Rock" automatic weather station (number
9301), is working well, except for barometric pressure output,
which became increasingly intermittent until by December 1989,
it ceased functioning.
The windfield in the Gerlache and Bransfield Straits. Figure 1
shows a time series of the meteorological conditions from the
underway system on Polar Duke compared with that on "RACER
Rock," when they were operating simultaneously. Dates are
in universal standard time. The hour angle at "RACER Rock"
is - 61.35°, putting local apparent noon -4.1 hours from times
given in the figure. During November, Polar Duke made four
circuits of the RACER grid, designated FA through FD (Huntley et al., Antarctic Journal, this issue). Thus, conditions are not
directly comparable because Polar Duke was in the adjacent
Bransfield Strait during some of November. Nonetheless, it is
revealing to note the following: winds on "RACER Rock" were
less energetic than in the whole RACER study area; diurnal
humidity and temperature variations were much greater on
"RACER Rock," indicating a less "maritime" regime there than
over the open waters; there was a gradual rise in air and sea
temperature as the month progressed over the open water; air
ANTARCTIC JOURNAL
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Figure 1. Time series of weather data at (A) "RACER Rock" and (B) aboard R/V Polar Duke. Vectors are oriented with north up. Sticks point
in direction to which wind is blowing. Shaded regions show times when Polar Duke was on location at station A. In B, the area between
sea and air temperature is shaded. Light shading indicates that the air temperature is lower than sea temperature. Dark shading is the
reverse (only occurred for a brief period on 18 November). Dates in universal standard time. (m/sec denotes meters per second. mB denotes
millibar.)
Extreme and mean weather condition in the Gerlache Strait in
November 1989
temperature was almost always colder than sea temperature
(there was no sea ice during the RACER study, although numerous small icebergs were observed throughout the area);

Air temperature

reversals in wind direction were more frequently observed on

uwa

Polar Duke than on "RACER Rock" where periods of several

RR

Sea
temperature
UW

RR

Relative
humidity
UW

RR

44.1
90.4
78.6

38.0
100.0
75.6

days of winds blowing to the southwest prevailed, especially
in December (not shown here). In both places, winds coming
off the antarctic continent brought colder, drier air.
The table is a summary of conditions during in November
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Mean
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-0.42
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-0.05

-0.42
2.54
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-

starting when "RACER Rock" became operational. It must be
pointed out that the Polar Duke record is not synoptic. At staBarometer

tion A the ship remained on station for several days at a time
(shaded areas on figure 1). It took about 84 hours for Polar

Wind speed

Wind
direction

UW

AR

UW

RR

UW

967.6
1008.4
985.0

964.2
1006.8
992.5

0.1
16.7
2.6

0.0
13.0
1.8

0
066
234

AR

Duke to transit the RACER grid and occupy the 33 regular
stations. During each transit, surface winds reversed at least
once. For a different perspective, I present figure 2 showing
hourly wind vectors during the third transit (13 to 19 Novem-

Minimum
Maximum
Mean

288
060
240

ber). Thinner arrows are the 3-hourly averaged vectors at
"RACER Rock." The concentration of arrows southeast of
"RACER Rock" is where the ship was on station A.
Two features of note are the stronger winds in the Bransfield
Strait compared to the Gerlache Strait and the persistently
strong winds to the southwest through the narrowest part of
the strait between Brabant Island and the Palmer Peninsula.
These conditions persisted during all four transits of the grid,
but on legs FA and FD in the Bransfield, winds were to the
1990 REVIEW

a UW denotes underway data aboard Polar Duke (hourly means).
b AR denotes "RACER Rock" data (3-hourly means).
NOTE: Means for UW only for period when AR was operating. Higher
mean barometric pressure for AR is due to shorter record when barometer failed. Directions are in the sense to which winds were blowing.
Wind speed and direction are vector-averaged resultant velocities. The
mean windfield, without regard to direction is: mean wind speeds (in
meters per second)-UW = 5.6 and AR = 4.1; mean wind gusts (in
meters per second)-UW 31.4 and AR = 13.0.
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northeast rather than southwest. Assuming a quasi-synoptic
windfield over the 84-hour period of each transect, the mean
wind flow over the Gerlache was moderate to the southwest,
while that over the Bransfield was stronger but varied in direction as low-pressure systems moved along their easterly
course. The mean windfield over the Gerlache was in the op130

posite direction to the surface circulation as indicated both by
Lagrangian drifters (Niiler, Illeman, and Hu, Antarctic Journal,
this issue) and the calculated geostrophic flow (Amos, Jacobs,
and Hu, Antarctic Journal, this issue).
These results are preliminary at this writing and further
analysis and interpretation is progressing. I thank S. Jacobs
ANTARCTIC JOURNAL

and J.-H. Hu for their help in monitoring the underway data;
C. Stearns and G. Weidner for building the automatic weather
station; A. Brittain, D. Hebel, B. Polkinghorn, S. Jacobs, and
C. Mather for help in deploying the automatic weather station;
and the crew of RN Polar Duke for their excellent support. This
work was supported by National Science Foundation grant
DPP 89-07287.
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This study of the hydrography of the upper waters of the
Gerlache Strait was done as part of the RACER (Research on
Antarctic Coastal Ecosystems and Rates) study (Huntley et al.,
Antarctic Journal, this issue). As with the meteorological measurements (Amos, Antarctic Journal, this issue), the goal was to
aid in answering two questions posed by the RACER investigators: namely, what physical mechanisms account for the
productivity of the Gerlache Strait and what role does masstransport play in determining biomass gradients there. Four
series of replicate conductivity-temperature-depth (CTD) stations to 500 meters were made at the RACER grid locations
(Huntley et al., Antarctic Journal, this issue) within a period of
26 days. Each series took 84 hours to complete and will be
viewed here as quasi-synoptic. In addition, four time-series
were made at station A with CTD profiles repeated at 6-hour
intervals over the approximately 3 days on location. Crucial to
RACER is the question: as the spring phytoplankton bloom
waxes and wanes, would changes in the water-column and
circulation patterns indicate the extent that physical processes
control the bloom? We limit our discussion here to examining
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the surface waters during the spring bloom in the Gerlache Strait.
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the changes which occurred during the four time-series and
the dynamics during fast grid FC, the same time period used
by Amos (Antarctic Journal, this issue) to illustrate the RACER
meteorological observations. When the data are further analyzed the RACER group will attempt to integrate the interdisciplinary data sets to aid in answering the questions.
A Seabird SBE-9 CTD with a high-speed ducted pumping
system, SeaTech 25-centimeter transmissometer, Biospherical
Instruments cosine-response, ambient surface-light intensity
(PAR) sensor, and General Oceanics 12 x 10 liter bottle rosette
sampler were lowered to near bottom at each fast grid station.
At station A, profiles were made to 375 meters or less. A rosette
bottle was tripped at the bottom of each cast, with the rest
tripped on the uptrace, in the upper 150 meters (for biological
sampling). Salinity determinations were made on all rosette
samples collected for in situ calibration of the CTD. Both downtrace and uptrace CTD data were collected at a rate of 24 CTD
scans per second and recorded on 44 megabyte removable
Bernoulli cartridges, using a Data World 386 25 megahertz PC.
In all, some 200 stations were occupied and the total data set
amounted to over 200 megabytes.
Time-series at station A. The time-series relationship of waters
in the RACER area in November 1990 show the influence of
four distinct water masses (figure la). They are a fresh surface
layer which warms to above 1 °C as the month progresses, a
colder subsurface layer around 34%, probably a remnant of
"Winter Water," a high-salinity warm water (>34.6%o) found
below 300 meters in the Bransfield, and a cold (<0 °C), saline
(>34.5%o) water found at the bottom.
Within the Gerlache Strait, specifically at time-series station
A, there is evidence of each of these masses influencing the
water column, as indicated by the shape of the time-series
curve (figure ib). Toward the end of November, surface waters
at station A had warmed from <0 °C to 1.5 °C (figure ic). This
is in contrast to the situation in the late summer and spring
of 1986-1987 (Amos 1987) at the same location, when surface
temperatures reached 3 °C and the time-series curve was essentially a straight line. It is interesting to note that, except for
a few hours on one day, air temperatures were always colder
than sea-surface temperatures (Amos, Antarctic Journal, this
issue), hence the temperature increase observed may be caused
by advection of warmer surface water into the Gerlache or by
local heating in a highly productive area of sluggish circulation.
We show here envelopes enclosing the extremes of sigmaT (figure 2) and beam attenuation coefficient at 1-meter depth
intervals for the first and last of the 3-day time-series (figure
2). Beam attenuation coefficient is per meter for a 660-nanometer, 25-centimeter transmissometer.
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Between these two series, step-like features in the vertical
density and beam attenuation profiles illustrate the alternation
of wind-mixing and advection events that ultimately stabilize
the surface waters and allow the bloom to form. There is a
clear indication of the interrelationship between the particle
concentration and the vertical density profile of the upper water
column in the Gerlache Strait during the genesis and decline
of a spring bloom. We see the water column change from a
winter to a spring profile. The nature of that relationship will
be further explored as data analysis continues.
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• Series A4, 19 to 21 November (13 profiles). A thin upper mixed
layer has developed, with a strong pycnocline at 20 meters
(figure 2c). Below the main pycnocline sigma-T profiles vary
little with time, unlike the previous series when significant
variation occurred down to 120 meters. The highest light
attenuation of the cruise was measured in this time period,
but particle concentrations dropped rapidly coincident with
the pycnocline at 20 meters (figure 2d). By the end of the
time-series surface waters were considerably clearer, probably indicating the decline of the bloom.
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Geostrophic flow. On a larger spatial scale, the fast grid CTD
stations enabled us to estimate the geostrophic flow in the
Gerlache and adjacent Bransfield at four separate periods within
the month-long study. Figure 3 shows the height of the sea
surface relative to 200 decibars for fast grid FC. Quite similar
to the other three fast grids, the main feature is the flow to
the northeast, along the axis of the Gerlache Strait. The stream
enters the study area in the narrow region between Brabant
Island and the Palmer Peninsula, and exits to the Bransfield
between Intercurrence and Trinity Islands. Some evidence of
Bellingshausen water entering the Gerlache north of Brabant
Island can be seen in the dynamic topography and the time
series diagrams, but there is no indication of Weddell Sea water
in the Gerlache. Only station 20 in the extreme northeast shows
evidence of that water mass. Cells of cyclonic motion may be
found adjacent to the Palmer Peninsula, where embayments
are producing meltwater, but the station grid is not close enough
to resolve these in detail. Station A is in a convergence zone
to the east of the main axis of flow.
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Figure 1. Time-series relationship for (A) fast grid FC, 16 to 19
November 1990; (B) time-series Station A(1), 30 October to 5 November 1990; and (C) time-series station A(4), 19 to 21 November
1990. Points plotted are 1-meter averaged data. Gray lines are isopycnal surfaces. (ppt denotes parts per thousand.)

• Series Al, 30 October to 2 November (8 CTD profiles). The top
of the pycnocline is around 35 meters and extends down to
120 meters (figure 2a). Beam attenuation (figure 2b) is low,
and most particles are confined to the upper mixed layer.
Clear water is found below 60 meters.
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Previous studies by Grelowski, Majewicz, and Pastuszak
(1988), Stein (1988), and the RACER I study in 1986-1987 (Amos
1987; Niiler, Amos, and Hu in press) show similar flow patterns in the Bransfield. Most importantly, the paths taken by
Lagrangian drifters deployed near the flow axis (see Niiler,
Illeman, and Hu, Antarctic Journal, this issue) followed the
streamlines shown in figure 3, including the bifurcation around
Trinity Island and the re-entrant flow between Liege and Two
Hummock Islands. Those deployed at station A meandered
for days before entering the stream. What is evident here, but
not in previous studies, is the contribution to the flow in the
Bransfield Strait by the waters of the Gerlache Strait, which
presumably enter south of Anvers Island.
We wish to thank the officers and the crew of the RN Polar
Duke for their excellent support. We also acknowledge the able
assistance of Karen Schmidt and Peter Jorgenson and the Palmer Station crew. This work was supported by the National
Science Foundation grant DPP 89-07287.
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RACER: Lagrangian drifter
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In the past few years, the development of accurate techniques of measuring Lagrangian motion in the ocean has spurred
the deployment of a variety of acoustic and satellite located
ocean drifters. At the Scripps Institution of Oceanography, we
have developed a new family of Argos satellite tracked near
surface drifters, called TRISTARs, which have the capability
of following water particles of a few meters' horizontal and
vertical scale in the upper ocean with the accuracy of 1 centimeter per second or 1 kilometer per day. This drifter consists
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of a small, spherical fiberglass surface float tethered with coated
wire to a large subsurface drogue made of dacron in the shape
of a radar reflector triplane. It is easily deployed in a folded
configuration from a moving vessel and it unfolds gently after
a few minutes in the water (Niiler, Davis, and White 1987).
The water-following capabilities of this drifter have been calibrated by placing current meters on the top and the bottom
of the drogue and measuring the flow of water past the drogue
as a function of wind speed and upper ocean vertical shear.
Over 300 of these drifters have been released in temperate
oceans in the past 5 years, and we built 18 specially configured
TRISTARs with thermistors attached to the tether line and
released these in the Gerlache Straits during the Research on
Antarctic Ecosystem Rates (RACER) 1989 field season. This
article is a report on what is the first extensive set of accurate
water motion measurements in the upper 15-40 meters of the
southern oceans.
Drifter tracks in the Gerlache Strait. The TRISTARs released in
the Gerlache Strait had drogues attached at either 15- or 40meter depth. In this preliminary report, we present only the
15-meter drifter location data because differences in circulation
between these two levels and the temperature data from the
thermistor chains are beyond the scope of this short article.
The complex circulation patterns in the Gerlache Strait and
the immediate vicinity of its merging with the Bransfield Strait
are revealed in figure 1.
First, it should be noted that all the drifters exited from the
Gerlache Strait northward and eastward, but they did so at
very different rates. The fastest, which was placed into the
center of the channel, exited in 12 days, and the slowest, which
ANTARCTIC JOURNAL
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Figure 1. Drifter tracks, with 15-meter-depth drogues, in the Geriache Strait. A star marks a deployment location and the number closest
to a star designates the year/date of launch (in 1989, November 1 is year/date 305). A circle is placed along each track every ten days from
deployment. The shaded curves denote land.

was placed in one of the bays on the eastern side of the Gerlache Straits took 90 days. Thus, there is a persistent northward
current of 10-18 centimeters per second in the middle of the
Gerlache Strait; the residence time of water parcels on the
continental shelf is much longer than in the deep water.
Second, drifters continue northward, sometimes through
quite tortuous paths, but they all end up in a well-ordered
coastal current on the southern flank of the South Shetland
Islands.
Third, it is evident that there are mesoscale features on either
flank of the strong flow which emanates from the Gerlache
1990 REVIEW

Strait. Drifters are trapped in these eddies for periods of 2030 days, because they are around some of the islands in the
western part of the Bransfield Strait.
It is evident that there are very small spatial scale (3-10kilometer scale) features, with very long residence times in the
Gerlache and Bransfield straits areas. This is hardly surprising,
in light of the complicated pattern of islands, channels, and
shallows which are found there. The time lapse from deployment to the time that the drifters exited north of 62°S latitude
was 12, 14, 28, 41, 48, 90 days, respectively; the longest residence time was on the shallow continental margin embayment,
135

and the shortest was for the drifters deployed into the center
of the Gerlache Strait. One drifter which was deployed into
the center of the Gerlache Strait took 41 days to make the
journey because it spent 30 days meandering around in a mesoscale eddy.
Large-scale circulation in the Bransfield Strait. The drifters were
fitted with battery power to last 6 months, and many of them
also survived that length of time. Their long-term tracks are
displayed in figure 2. On this figure, the deployment area is
in the vicinity of 64°N 62°W and four of the six drifters exit
past 55°W in a rather well defined and rapid current on the
southern flank of the South Shetland Islands. The average
displacement of the drifters through this current was 13 kilometers per day or a speed of 14 centimeters per second. (One
of the drifters stopped transmitting before it went through this
flow.) A number of them were expelled to its southern flank
for a period, where they moved in the opposite direction and
then were again entrained into its northeastward rush. The
most dramatic pattern was displayed by drifter number 11516
(figure 3) which was rapidly entrained into the South Shetland
current, about 30 days later it was expelled to the south and
then it slowly meandered in the opposite direction in the center
of the Bransfield Strait. Six months, or 180 days later, it was

61

back again in the vicinity of the Gerlache Straits from where
it was launched.
The Bransfield Straits clearly contains a coherent, narrow,
and rapid flow against the southern flank of the South Shetland
Islands and a much more sluggish and eddy-filled counter flow
to the southwest in the greater part of its area is indicated by
the displacement of a number of the drifters. Thus, there appears to be a clockwise rotating gyre in the Bransfield Straits
which has the residence time of at least 6 months. The gyre
is asymmetric (like all ocean gyres are) with a strong and narrow boundary current on one of its flanks. The drifter displacements are also marked by occasional tightly bundled path
lines—these are areas where drifters stay for many days in
calm water and many satellite fixes in one location render the
graphical display the appearance of a densely occupied spot.
Conclusions. We deployed 18 drifters and, in the ice-filled
sea, 12 of them survived long enough to provide the excellent
data set (part of which is displayed on figure 2). This Lagrangian technique is a very powerful tool in rendering an insightful view of circulation patterns especially in areas where no
measurements have ever been done before, because both temporal and spatial scales are revealed in real time. There are
many new patterns to be discerned in antarctic waters as this
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Figure 2. Composite drifter tracks for the period of November 1989 to May 1990. The 1989 year/date is marked at a star at the time of launch
and the last data point is also designated with a year/date number. A circle is drawn along a track every 10 days. Land areas are shaded.
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Figure 3. The track of drifter number 11516 (Argos identification number). Its date of launch was 1989 year/date 309 (4 November 1989)
and the last position graphed is on yeardate 409 (4 April 1990). Note that this drifter makes a nearly complete loop in the Bransfield Strait
in 180 days. A circle marks every 10 days along the track. Land areas are shaded.

is a very data-sparse area of the oceans, especially in direct
current measurements. Lagrangian devices are thus very effective tools in this area of the world.
The strongest impression we are left with is how small the
spatial scale of the persistent circulation patterns are. Biological
processes which depend upon upper ocean circulation will,
thus, have similar small spatial scales. We set out to test the
hypotheses that longest residence times were on the continental shelves, and the single drifter which survived the rafts
of sea ice in one of these embayments did indeed remain inside
an area for 70 days where an intense bloom was measured
through the first 30-day period by the RACER scientists. Thus,
isolated biological communities can be nurtured and amply

1990 REVIEW

nourished to maturity in this rich embayment, before being
transported out to the circumpolar ocean. In the 1991-1992
field season, we hope to deploy again Argos-tracked drifters
to further test hypotheses and to further explore the circulation
patterns in this rich nursery ground for a host of antarctic
species.
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The RACER program (Research on Antarctic Coastal Ecosystem Rates) is an interdisciplinary study whose primary goal
is to examine the mechanisms controlling the planktonic ecosystem structure in the Antarctic Peninsula coastal environ ment (Huntley et al., Antarctic Journal, this issue). As part of
the phytoplankton component of this program, we have measured inorganic nutrient concentrations in conjunction with our
studies on temporal and spatial dynamics of phytoplankton
growth.
Most antarctic waters are characterized by low phytoplankton biomass and high inorganic nutrient concentrations, a situation that has been described as the major "paradox" of the
southern ocean (El-Sayed 1987). Mitchell and Holm-Hansen
(in press) have recently modeled phytoplankton distribution
in the RACER study area and concluded that physical mixing
processes, with resultant influence on the mean irradiance
received by phytoplankton cells in the upper water column,
are primarily responsible for maintaining high nutrient concentrations in surface waters. Recently, however, Martin and
Fitzwater (1988) have suggested that the above "paradox" is
the result of iron limitation, at least in the pelagic areas of the
southern ocean. Data presented in this article and in an accompanying article (Holm-Hansen and Vernet, Antarctic
Journal, this issue) provide some insight into the relative
merits of these two hypotheses in coastal waters of the
Antarctic Peninsula.
Water samples were obtained at all stations from 11 depths
between the surface and 200 meters with 10-liter PVC Niskin
bottles attached to our instrumented profiling unit (see Huntley et al., Antarctic Journal, this issue, for station locations and
sampling strategy). All samples were analyzed on board ship
for nitrite, nitrate, silicate, and phosphate with an autoanalyzer
Technicon II using standard colorimetric procedures (Strickland and Parsons 1972). Ammonium was also measured on
board ship for three depths at each fast grid station and at all
depths for the intensive studies done at station A; some of
these data are described together with the nitrogen metabolism
study (Tupas, Koike, and Holm-Hansen, Antarctic Journal,
this issue).
Nutrient concentrations were generally high in surface waters
during the first fast grid (2 to 5 November), with phosphate,
138

nitrate, and silicate being in the range of 1.7 to 2.9 micromolar,
17 to 26 micromolar, and 77 to 95 micromolar, respectively.
There was a progressive decrease in concentration of all three
nutrients during November, so that by the fourth fast grid (22
to 24 November), concentrations for phosphate, nitrate, and
silicate at some stations were down to 0.1 micromolar, 0.2
micromolar, and 49 micromolar, respectively. The relationship
between these nutrients are shown by the data in figure 1,
blocks A and B, which include data for all depths at all stations.
There was a distinct pattern of nutrient depletion in the
mixed layer in the RACER study area, with the most nutrient
depletion occurring at those stations closest to the Antarctic
Peninsula, and the least nutrient depletion being found in
Bransfield Strait waters (north of Brabant Island) and at the
stations around Trinity Island. This can be seen from the data
in figure 2, which shows 5-meter nitrate values during fast
grids A and D.
The depletion of nutrients as noted above was related to
increasing stability of the upper water column and concomitant
increase of phytoplankton biomass (see Holm-Hansen and
Vernet, Antarctic Journal, this issue). Data in figure 3 show
nutrient concentrations at two contrasting stations during fast
grid C (16 to 18 November). At station FC08, the water column
did not have a well defined upper mixed layer, chlorophyll a
was low (about 1.2 micrograms per liter), and there was little
depletion of nutrients. At station FC04, there was a well defined upper mixed layer of 10-meter depth, chlorophyll a was
high in this layer (average about 20 micrograms per liter), and
there was much depletion of nutrients as seen in figure 3,
block A. These profiles support the hypothesis that the build
up of phytoplankton biomass in coastal waters is limited by
stratification and not by inorganic nutrients, except perhaps
during maximal bloom development of over 20 micrograms of
chlorophyll a per liter.
The relationship between phytoplankton biomass and nu trient concentrations is also depicted in figure 1, which shows
chlorophyll a regressed against nitrate + nitrite (figure 1, blocks
C and D) and against phosphate (figure 1, block E). The ratios
of uptake of carbon, nitrogen, phosphorus, and silicon (by
weight), calculated from the slopes in figure 1, blocks A, C,
E, and assuming an average carbon-to-chlorophyll a ratio of
75 (Tupas, unpublished data), were 100/15.6/2.8/40. The carbon-to-nitrogen ratio of the phytoplankton in our RACER samples is close to the Redfield ratio of 106/16, but the carbon-tophosphorus ratio is close to three times that of the Redfield
ratio of 106/1. The carbon-to-silicon ratio of 100/40 agrees well
with the carbon-to-nitrogen-to-phosphorus-to-silicon ratios of
100/16.8/3.8/45 determined for particulate material by Sakshaug
(unpublished data) during the Arms Control Defense Agency
cruise (Holm-Hansen and Chapman 1983) in the Antarctic.
During the RACER cruise, the phytoplankton community, which
was dominated by diatoms (see Ferrario, Antarctic Journal, this
issue), thus appears to have relatively high contents of both
phosphorus and silicon.
The accumulation of phytoplankton biomass in the eastern
Gerlache Strait (see Holm-Hansen and Vernet, Antarctic Journal, this issue; Tien et al., Antarctic Journal, this issue) and the
depletion of nutrients in shallow upper mixed layers (10-25
meters) support the view that spring blooms can occur in coastal
waters of Antarctica when vertical mixing rates are reduced as
suggested by Mitchell and Holm-Hansen (in press).
We thank the crew of WV Polar Duke for support during the
cruise. This research was supported by National Science Foundation grant DPP 88-17635 to 0. Holm-Hansen and M. Vernet.
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RACER: Phytoplankton
distribution and rates
of primary production
during the austral spring bloom
OSMLJND HOLM-HANSEN and MARIA VERNET
Polar Research Program
Scripps Institution of Oceanography
University of California, San Diego
La Jolla, California 92093

During the RACER pilot study in 1986-1987 (Huntley et al.
1987) many of the stations in and around Gerlache Strait showed
high phytoplankton biomass (>10 milligrams of chlorophyll a
per cubic meter; >400 milligrams of chlorophyll a per square
meter) during December and January. Because the phytoplankton biomass during the first sampling period in early
December was high (>8.0 milligrams of chlorophyll a per cubic
meter), it was obvious that the seasonal spring bloom of high
primary production had already started by the beginning of
our field work.
The RACER study in 1989, which sought to examine the
conditions necessary for the development of the annual phytoplankton bloom, thus made initial observations in early October and detailed observations throughout the month of
November (see Huntley et al., Antarctic Journal, this issue, for
overall description of program).
To interpret phytoplankton distribution relative to in situ
conditions in the upper water column, we used an instrumented rosette profiling system (Amos, Jacobs, and Hu, Antarctic Journal, this issue) for simultaneous measurement of
pertinent physical, chemical, and optical conditions in the upper 200 meters of the water column. Water samples were obtained from 10-liter Niskin bottles equipped with teflon-covered
springs. Chlorophyll a concentrations were measured by fluorometric analysis (Holm-Hansen and Riemann, 1978). Rates of
primary production were measured by in situ deployments on
a free-floating buoy array using conventional radiocarbon
techniques.
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Distribution of chlorophyll a in surface waters of the RACER
study area during the four "fast grids" in November of 1989
is shown in figure 1. It is seen that chlorophyll a concentrations
were low throughout much of the grid during fast-grid A but
were elevated (5-10 milligrams per cubic meter) in some of the
bays of the Antarctic Peninsula and in the vicinity of station
A. The bloom developed rapidly so that by fast-grid B many
stations on the eastern side of Gerlache Strait had chlorophyll
a concentrations of over 20 milligrams per cubic meter. Concentrations throughout the grid were generally somewhat lower
during the next two fast grids, but the lowest values were still
in Bransfield Strait and in the waters surrounding Brabant and
Trinity Islands. Integrated chlorophyll a values (0-100 meters)
showed similar patterns within the study area, with the concentrations ranging from <50 to >500 milligrams of chlorophyll a per square meter (Holm-Hansen unpublished data).
During our first work at station A (which is identical in
location to station 43 during the RACER studies in 1986-1987)
in early October, phytoplankton biomass in the upper 50 meters was very low (approximately 0.3 milligrams of chlorophyll
a per cubic meter), and there was very little density stratification of the upper water column. The bloom developed rapidly during the first 3 weeks of November, with average surface
chlorophyll a concentrations of 16 milligrams per cubic meter
between 13 and 15 November. Within 1 week (19 to 21 November) the bloom had already started to decline (figure 2),
with average surface chlorophyll a concentrations of 12.4 milligrams per cubic meter.
It is to be noted that these profiles shown in figure 2 represent the mean values for between 8 and 15 separate profiles
during each period we occupied station A. There was much
variation in the upper 200 meters of the water column in regard
to physical, chemical, and biological features. The variation in
chlorophyll distribution in the upper 40 meters at station A
during each of the 3-day intensive study periods is also shown
in figure 2. Although there was considerable variation within
any one 3-day period, it is seen that the lowest phytoplankton
biomass period was Al, with increasing concentrations through
period A3, which was followed by a decline in the crop as
seen during period A4.
High chlorophyll a concentrations were found only when
there was a relatively stable and shallow (<20 meters) upper
mixed layer. This is illustrated by the data in figure 3, which
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shows physical and biological characteristics from 0- to 30meter depth at stations FC04 and FC08 (see Huntley et al.,
Antarctic Journal, this issue, for locations). Station FC08 did not
have stable upper mixed layer, and the chlorophyll a concentrations were uniform at 1.2 milligrams per cubic meter to 30meter depth. In contrast, station FC04 had a stable and shallow
upper mixed layer and had high chlorophyll a values (maximum of 36 milligrams per cubic meter at 9-meter depth). The
lower chlorophyll a concentrations between 0- to 5-meter depth
are most likely due to nutrient depletion as nitrate concentrations were close to the limit of detection in this depth
interval (Kocmur, Vernet, and Holm-Hansen, Antarctic Journal,
this issue).
Data in the table show rates of primary production and phytoplankton specific growth rates at representative in situ studies at station A during the second, third, and fourth intensive
study periods. Adverse weather conditions during the first
period of work at this station precluded any in situ deploy142

ments. For specific growth rate calculations we assumed that
the phytoplankton organic carbon content (which will be done
by floristic analyses but have not as yet been completed) was
close to the particulate organic carbon values shown in the
table. Estimates of growth rates will thus represent minimal
values, because there is always some non-phytoplankton particulate organic carbon in natural water samples. Since our
study was done during the early stages of bloom, this error
probably does not amount to more than 10-20 percent, which
is also supported by the particulate organic carbon to chlorophyll a ratios, which were 50, 70, and 73 at the three stations.
These ratios are close to the phytoplankton carbon to chlorophyll a ratio of approximately 60 reported for high-biomass
stations by Hewes et al. (1990). The assimilation numbers and
the specific growth rates shown in the table all are in the upper
range of fast-growing phytoplankton populations at approximately 0°C as predicted by Eppley (1972) and Neori and HolmHansen (1982). The integrated rates of primary production
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Rates of primary production and estimates of phytoplankton growth rates at station A during the month of November. The rates of
primary production are calculated per mean light day for the entire month.

Particulate
Chlorophyll a
organic carbon
Depth
(in milligrams
(in milligrams
Station (in meters) per cubic meter) per cubic meter)

Carbon-to-chlorophyll
ratio

Productivity
(in milligrams of carbon
per cubic meter per day)

Assimilation number
(in milligrams of
carbon per milligram
of chlorophyll a per
hour)

Growth
(per day)

1.9
2.4
2.2
0.8

0.26
0.37
0.35
0.15

A213

1
5
10
20

12.2
12.3
11.9
5.6

689
601
582
267

56
49
48
47

210
273
246
44

A301

1
5
10
20

13.4
14.9
14.8
14.8

1,114
1,151
1,015

83
77

679

46

1,332
611
110
3

3.2
1.3
0.25
0.01

0.78
0.42
0.10
0.005

9.5
15.0
14.9
5.8

575

60
60
52
72

343
308
60
6

2.6
1.5
0.3
0.08

0.46
0.29
0.07
0.015

A407

1
5
10
15

908
781
417

69

a Estimated assuming same carbon-to-chlorophyll ratio as at 5 meters.

during the second, third, and fourth study periods were 3.73,
5.32, and 2.27 grams of carbon per square meter per mean
light day, which are in the same range as reported previously
in this area for early December (Holm-Hansen and Mitchell in
press). These rates are significantly higher than the "net" photosynthetic rates as calculated by Karl and Hebel (Antarctic
Journal, this issue) and suggest that there is considerable recycling of organic material within the euphotic zone by heterotrophic organisms. This conclusion is supported by nitrogen
uptake studies done concomitantly with our radiocarbon work
(Tupas, Koike, and Holm-Hansen, Antarctic Journal, this issue).
We thank the Captain and crew of RIV Polar Duke and the
ANS personnel at Palmer Station for their support of our research. We also thank L. Tupas for use of his data on particulate
organic carbon. This research was supported by National Science Foundation grant DPP 88-17635 to 0. Holm-Hansen and
M. Vernet.
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RACER (Research on Antarctic Coastal Ecosystems Rates) is
an interdisciplinary study whose primary goal is to examine
the mechanisms for bloom formation and decline in an antarctic coastal ecosystem. Results from the pilot study in 19861987 showed that there was a shift in the size distribution of
phytoplankton cells from micro- to nanoplankton during the
decline of the bloom (Holm-Hansen and Mitchell in press).
Waters low in phytoplankton biomass, such as the Drake Passage, were dominated by nanoplankton from December to
March. Sediment-trap measurements (Karl, Tilbrook, and Tien
in press) also revealed dramatic differences in phytoplankton
composition of the sedimented material in the upper 200 meters of the water column, with massive sedimentation of diatom spores being found following the termination of the spring
bloom. Finally, because zooplankton grazing showed preference in regard to both size and composition of their prey, the
RACER field program in 1989 (Huntley et al., Antarctic Journal,
this issue) included specific studies on floristic examination of
the phytoplankton crop.
Specifically, the sampling during RACER in November 1989
was designed to address the following objectives:
• to establish the quantitative and qualitative species composition of the phytoplankton and also the total phytoplankton carbon content;
• to determine at which period of the bloom and under which
environmental conditions resting spores develop;
• to establish the utility of diatoms found in the area of the
northern Gerlache as water masses tracers; and
• to analyze the structure of the phytoplankton community
in relation to nutrients in the study area.
Collections from the water column and surface waters were
made on board the RIV Polar Duke from 31 October to 2 December 1989. All stations during the cruise were sampled at 5
meters, a depth considered representative of the phytoplankton composition in the upper mixed layer. Selected stations in
the grid, which included 2 profiles at stations A during each
3-day period it was occupied, were sampled from 0 to 150
meters. The water-column samples were taken from the 10liter Niskin bottles attached to the conductivity-temperaturedepth (CTD) rosette. In addition, surface samples were taken
with a net of 50-micron mesh size. The area covered is shown
in Huntley et al. (Antarctic Journal, this issue). All samples were
taken in duplicate, one preserved in Lugol's iodine solution
and the other in buffered formalin. These samples have been
returned to University of La Plata, where species composition,
cell numbers, and cell sizes will be determined with the Utermohl (1958) technique. Determination of species will be done
by both light and scanning electron microscopy.
Preliminary qualitative observations done on board ship indicate that the flora of the area was dominated by diatoms in
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the stations with high chlorophyll biomass (see Holm-Hansen
and Vernet, Antarctic Journal, this issue) while the lower biomass stations were dominated by flagellates, i.e., cryptomonads. In the northern Gerlache Strait, we observed also the
presence of unidentified microflagellates, Volvocales-like cells
from the genus Pyramimonas.
Three species known to be important components of the spring
bloom in Antarctica were common in the RACER samples:
• Phaeocystis pouchetii (Hariot) Lagerheim, a cosmopolitan species (Sournia 1988) for which there remain many questions
with respect to taxonomy, species succession, and ecological
role (Fryxell and Kendrick 1988).
• Tlialassiosira tumida (Janisch) Hasle, a polymorphic species
(Fryxell 1986) which is one of the most noted species to cause
blooms in antarctic waters (El-Sayed 1971; Hasle, Heimdal,
and Fryxell 1971; Fryxell, Hasle, and Carty 1984) and is commonly found south of the Antarctic Convergence (Johansen
and Fryxell 1985).
• Corethron criophylum Castracane. This species was present as
individual cells and in straight chains varying greatly in
length and morphology (with or without the bristle, spines).
The phases hystix, valdiviae, and inerme were observed in the
samples. This species is cosmopolitan, essentially oceanic,
although frequent in neritic areas (Fryxell and Hasle 1971).
Species such as Chaetoceros socialis Lauder, Phaeocystis pouchetii (Hariot) Lagerheim, Thalassiosira subtilis (Ostenfeld) Bran,
were present in gelatinous colonies. Other species, mainly
Rhizosolenia spp., Nitzschia sp., Dactyliosolen sp., Eucampia sp.,
Chaetoceros sp., and Fragilaria sp. formed long, straight or spiral, chains. From the species of Nitzschia present in the samples, N. cylindrus (Grun.) Hasle and N. curta (V.H.) Hasle were
not as abundant as in other areas of Antarctica. Nitzschia curta

has been found to be an important component of the krill diet
(Ferrario and Ferreyra 1987).
The phytoplankton community was better represented by
centric than by pennate diatoms. Only a few dinoflagellates
were present. It is interesting to note that benthic pennate
diatoms, i.e., Licmophora sp., Gomphonema sp., and Cocconeis
sp. were found floating on the surface of the water (station 4,
near the coast) forming large, white and gelatinous "filaments."
Resting spores of antarctic species of the genera Thalassiosira,
Eucampia, Rhizosolenia, and Chaetoceros were observed in station
A (A3 and A4) and in FCI3 (see Huntley et al., Antarctic Journal,
this issue). In the case of Rhizosolenia alata Brightwell, the resting spore inside the frustule had the same morphological characteristics as Rhizosolenia inermis Castr. (Ferreyra and Ferrario
1983).
Other planktonic species, i.e., Coscinodiscus asteromphalus Ehr.
showed resting cells at station FC31 (French and Hargraves
1980). These cells are morphologically distinct from resting
spores or hypnospores and in this species were characterized
by a dense cytoplasmic mass, stellate shaped, located in the
center of the cytoplasm. Such resting stages are produced under unfavorable environmental conditions. This strategy may
play an important role in determining phytoplankton community structure and succession (Sicko-Goad, Stoermer, and
Kociolek 1989).
I thank the officers and crew members of the R/V Polar Duke
and the ITT/Antarctic Services support personnel at Palmer
Station for their assistance during this cruise; and D. Bird for
use of the microscope on board ship. This research was supported by National Science Foundation grant DPP 88-17635 to
0. Holm-Hansen and M. Vernet and the National Research
Council and Antarctic Institute of Argentina.
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The southern ocean is characterized by much vertical mixing
and, hence, nutrient concentrations are generally not considered to be a limiting factor for phytoplankton production. Despite this, primary production in this region has been found
to be generally low (El-Sayed 1987) with exceptions, however,
such as coastal areas near the Antarctic Peninsula (Holm-Hansen, Letelier, and Mitchell 1987). The Research on Antarctic
Coastal Ecosystem Rates (RACER) program (Huntley et al.,
Antarctic Journal, this issue) is aimed at understanding the dy146
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namics of such highly productive areas with one component
focusing on phytoplankton-nutrient processes.
As part of this program, the uptake of ammonium and nitrate was examined to assess nitrogen utilization and mineralization by the planktonic population at different depths within
the euphotic zone, as well as by size fractionated portions of
the surface planktonic population. We present here preliminary information on the rates of these processes and discuss
the implications of our results on new and recycled production
and the regeneration of nitrogen in the RACER area.
Depth profile water samples were collected by Niskin bottles
attached to a conductivity-temperature-depth (CTD) system
(Amos, Jacobs, and Hu, Antarctic Journal, this issue) and surface seawater samples for size fractionation studies were collected by a bucket. Samples for depth profile uptake experiments
were dispensed into 1 liter, clear polycarbonate bottles. Nitrogen-15 ammonium or nitrate (99.5 percent) was added (15 to
30 percent of ambient concentration) to a pair of bottles, respectively. One bottle from each pair was immediately filtered
through a glass-fiber filter (Whatman, GF/F) and the filter and
some filtrate frozen for initial time measurements. The second
bottle from each pair was incubated on the ship's deck under
simulated light and temperature conditions or in situ. After
incubation, water samples were filtered through GF/F filters,
and the filter and a sample of the filtrate were stored at -20
°C before preparation for mass spectrometric analysis of particulate organic nitrogen and nitrogen-is components (Tupas,
Koike, and Holm-Hansen, Antarctic Journal, this issue).
Surface-water samples for size fractionation experiments were
dispensed into 4-liter polycarbonate containers, enriched with
nitrogen-is ammonium and nitrate, sampled for initial measurements as above, and incubated on deck for 24 hours. After
incubation, portions of each water sample were filtered through
ANTARCTIC JOURNAL

nylon nets having pore sizes of 20, and 10 micrometers, and
through CF/C glass fiber filters which retain particles of approximately 1-micrometer diameter. Filtrates from each fraction and the original unfractionated water sample were filtered
onto CF/F filters and analyzed as above. Uptake rates for
ammonium and nitrate were calculated following the equations
of Dugdale and Goering (1967) and normalized to a 24-hour
day.
Chlorophyll-a, ammonium, and nitrate concentrations and
estimates of ammonium and nitrate uptake at station A during
3 weeks in November are presented in table 1. Ammonium
and nitrate uptake rates in the upper 5 meters of the water
column were generally high, ranging from 0.065 to 0.6 micromoles of nitrogen per liter per day and 0.079 to 2.48 micromoles nitrogen per liter per day for ammonium and nitrate
respectively, with total uptake rates from 0.144 to 2.891 micromoles of nitrogen per liter per day. Three different stages
of the bloom can be distinguished during the course of the
study. The phytoplankton population sampled on 2 November
appeared to be in a pre-bloom stage with chlorophyll a concentrations from 1 to 2 micrograms per liter and low ammonium concentrations. On 7 November, both chlorophyll a and
ammonium increased by approximately 10 times but nitrate
concentrations remained about the same. This early-bloom stage
was still present at the next experimental date (13 November)
with a slight decrease in surface ammonium concentrations.
During this time, the phytoplankton population at the upper
layers (upper 20 meters) of station A was predominantly subsisting on nitrate with the lower layers (deeper than 20 meters)
assimilating more ammonium. The almost tenfold increase in
chlorophyll a from 2 to 7 November increased the uptake rates
of ammonium and nitrate but did not change the pattern of
nitrogen assimilation.

As the bloom continued to develop, a third stage evolved
characterized by high chlorophyll a and low nitrate concen trations in the upper 10 meters. This upper mixed layer contained predominantly ammonium utilizers in contrast to previous
periods when nitrate assimilation was more important. This
shift may have been caused by a change in the composition
of the phytoplankton population.
From the early bloom and its successive stages, ammonium
accumulation occurred which shows larger production of ammonium than consumption within the planktonic food web.
Fluctuations in ammonium concentrations at this station reflect
variations in the regeneration of ammonium, and/or possible
changes in water masses from vertical and horizontal transport
during the bloom.
Chlorophyll a and particulate organic nitrogen concentrations and the estimates of nitrogen uptake by the different
fractions of the surface planktonic population at station A with
the percentage of these fractions to their respective total values
are presented in table 2. Size fractionation of the planktonic
population showed a shift in the dominant sized organisms
from >20 micrometers at pre-and early-bloom stages to <20
micrometers during progress of the bloom. This shift in the
phytoplankton population was consistent with the shift from
predominantly nitrate utilization to ammonium utilization stated
before.
Previous studies on nitrogen uptake by phytoplankton in
the southern ocean have shown variations in the uptake of
ammonium and nitrate. Olson (1980) reported an almost equal
utilization of ammonium and nitrate in the Scotia Sea in spring
whereas later in the season assimilation of ammonia has been
reported to dominate (Glibert, Biggs, and McCarthy 1982; Ronner, SOrensson, and Holm-Hansen 1983; Koike, Holm-Hansen,
and Biggs 1986). Our data show a similar trend, with concom-

Table 1. Chlorophyll a, nutrient concentrations, and nitrogen uptake rates at various depths and times at station A. Ammonium (N4)
and nitrate (NO 3 - ) concentrations include the enrichment of nitrogen-15 labeled nitrogen tracers (0.2 micromoles per liter NH 4 , 1 to 2
micromoles per liter NO3-).

Station/date

A107

Nov. 2

A205

Nov. 7

A301

Nov. 13

A407

Nov. 20

Deptha

pNH4'/l pN
(%)

NH4±b

NO3b

pNH4*

pNO3

20
30
50

1.81
1.06
1.31
1.54
1.83
1.20

0.32
0.41
0.32
0.31
0.32
0.21

20.1
20.0
20.0
20.1
20.0
20.0

0.065
0.132
0.119
0.127
0.164
0.087

0.079
0.138
0.187
0.229
0.139
0.035

0.144
0.270
0.306
0.356
0.303
0.122

45.1
48.9
38.9
35.7
54.1
71.3

1
5
10
20

10.50
11.00
12.08
6.90

1.22
1.12
0.82
0.82

20.8
25.5
24.5
25.0

0.508
0.313
0.324
0.234

1.143
1.423
1.405
0.441

1.651
1.736
1.729
0.675

30.8
18.0
18.7
34.7

20
30

13.44
14.86
14.78
14.78

11.00

0.64
0.72
0.72
0.72
0.72

25.0
23.1
21.7
23.9
23.1

0.411
0.455
0.436
0.099
0.072

2.480
2.070
0.464
0,083
0.042

2.891
2.525
0.900
0.182
0.114

14.2
18.0
48.4
54.4
63.2

5
10
15
25

15.02
14.86
5.75
0.75

1.11
1.50
1.90
1.31

3.8
4.3
14.3
16.6

0.599
0.551
0.109
0.091

0.402
0.069
0.078
0.175

1.001
0.620
0.187
0.266

59.8
88.9
58.3
34.2

1
5

10

5

10

Chlorophyll a

c

I

pN c

a In meters.
b In micromoles per liter.
c In micromoles per liter per day.
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Table 2. Chlorophyll a (Chi a), particulate organic nitrogen (PON), nitrogen uptake rates, and their proportion to total values of each size
fraction of surface water at station A collected at different times. (NH4 denotes ammonium. NO 3 - denotes nitrate.)

Station/date

Fraction

Chi a b PONC

pNH4

pNO3

pNH 4 / pN
(%)

pNd

A205
Nov 7

Total
<20
<10
<1

11.68 (100)
1.28 (11.0)
0.99 (8.5)
0.08 (0.7)

8.514 (100)
1.761 (20.7)
1.237 (14.5)
0.640 (7.5)

0.550 (100)
0.132 (24.0)
0.092 (16.7)
0.033 (6.0)

1.573 (100)
0.144 (9.2)
0.077 (4.0)
0.005 (0.3)

2.123 (100)
0.276 (13.0)
0.169 (8.0)
0.038 (1.8)

26.0
47.8
54.4
86.8

A213
Nov 8

Total
<20
<10
<1

11.52 (100)
1.96 (17.0)
1.50 (13.0)
.05 (0.5)

7.877 (100)
2.155 (27.4)
1.908 (24.2)
0.390 (5.0)

0.676 (100)
0.161 (23.8)
0.121 (17.9)
0.044 (6.5)

1.200 (100)
0.136 (11.3)
0.087 (7.3)
0.003 (0.3)

1.876 (100)
0.297 (15.8)
0.208 (11.1)
0.047 (2.5)

36.0
54.2
58.2
93.6

A301
Nov 13

Total
<20
<10
<1

11.25 (100)
1.71 (15.2)
1.69 (15.0)
0.11 (1.0)

11.537 (100)
5.550 (48.1)
5.368 (46.5)
0.792 (6.9)

0.292 (100)
0.273 (93.5)
0.256 (87.7)
0.022 (7.5)

1.982 (100)
0.528 (26.6)
0.451 (22.8)
0.005 (0.3)

2.274 (100)
0.801 (35.2)
0.707 (31.1)
0.027 (1.2)

14.7
34.1
36.2
81.5

A407
Nov 20

Total
<20
<10
<1

11.84 (100)
7.03 (59.3)
4.34 (36.7)
0.55 (4.7)

7.357 (100)
5.262 (71.5)
3.653 (48.4)
0.548 (7.4)

0.366 (100)
0.198 (54.1)
0.108 (29.5)
0.056 (15.3)

0.372 (100)
0.130 (34.9)
0.095 (25.5)
- (-)

0.738 (100)
0.328 (44.4)
0.203 (27.5)
0.056 (7.5)

49.6
60.4
53.2
100

a In micrometers.
b In micrograms per liter.

In micromoles of nitrogen per liters.

d In micromoles per liter per day.

itant changes in the size spectrum of the phytoplankton. Nutrient regeneration in the euphotic zone thus appears to be of
major importance in regard to dynamics of the microbial food
web at station A. Additional data at representative stations
indicate that the entire RACER area is similarly characterized
by relatively high rates of nitrogen cycling.
We thank the officers and crew of RIV Polar Duke, ITT support personnel, and other RACER colleagues for their help.
This research was supported by National Science Foundation
grant DPP 88-17635 to 0. Holm-Hansen and M. Vernet.
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Measurements of gross, net, and new (i.e., "export" sensu
Eppley 1989) plankton community production and respiration
are fundamental to our understanding of carbon and energy
ilow in antarctic coastal ecosystems. All of these important rate
'.rocesses affect the ambient pools and turnover rates of disscived inorganic carbon (DIC), oxygen (0 2), nitrate (NO3), and
pIosphate (PO4 ), and, for "average" marine plankton, do so
in predictable stoichiometries (Redfield, Ketchum, and Richards 1963):
106 CO2 + 122 H2O +16 HNO3

+ H3PO4 Photosynthesis
Respiration

Water samples for dissolved oxygen were collected during
both the fast grid (regional, quasi-synoptic) surveys and at
station A (see Huntley et al., Antarctic Journal, this issue for a
more comprehensive discussion of sampling strategy and geographical locations). The fast grid samples provide an assessment of the time and space variability in oxygen concentrations
associated with the onset of the spring bloom. They also allow
for a comparison with estimates of plankton biomass (ATP,
chlorophyll a, LPS) and productivity obtained by RACER colleagues. At each fast grid station, a 5-meter water sample was
obtained using the conductivity-temperature-depth (CTD)-rosette and subsamples for oxygen were drawn into precalibrated
iodine flasks. The samples were immediately fixed and the
oxygen content determined at sea using a semiautomated titration system with a visual starch endpoint detection. This
Winkler procedure, with Carpenter modifications (Carpenter
1965), is capable of a precision of approximately 0.1 percent.
At station A, we collected water samples from 0 to 200 meters
and made simultaneous measurements of dissolved inorganic
and dissolved organic nutrients (carbon, nitrogen, and phosphorus) using standard autoanalyzer and ultraviolet oxidation
techniques (Smith et al. 1987).
The distribution of dissolved oxygen with water depth at
station A revealed a systematic temporal increase in the near
surface water concentrations (figure 1) which coincided with

02, pmol 1.1

(CH2 0) 1 (NH3 ) 16 (H3PO4 ) + 138 02
Historically, photosynthetic rates in antarctic ecosystems have
been derived using incubation methods, including both carbon-14 and oxygen light-dark bottle methods for estimates of
"gross" and "net" primary production (see production definitions in Bender et al. 1987), nitrogen-15 bottle incubations
for estimates of new production (Olson 1980) and moored or
free-floating sediment traps for estimates of export production
(Karl, Tilbrook, and Tien in press).
In regions of the ocean where temporal variability is high
or where there exist strong spatial gradients in the magnitude
of plankton rate processes, such as the Antarctic Peninsula, it
is often difficult to obtain accurate regional or seasonal estimates of production from in vitro incubation methods. As a
complementary indirect approach, one can quantify the seasonal depletion in either DIC (Weiss, Ostlund, and Craig 1979;
Codispoti et al. 1982; Codispoti, Friederich, and Hood 1986)
or in dissolved inorganic nutrients (Jennings, Gordon, and
Nelson 1984; Simon 1986; Sambrotto et al. 1986) or seasonal
increase in oxygen content (this study) of an identifiable water
mass. A major advantage in the water-mass approach is that
it provides a time-and-space average of primary and secondary
production processes that is less likely to be influenced by
sampling bias.
During the Research on Antarctic Coastal Ecosystem Rates
(RACER) 1989-1990 field program, we had an opportunity to
combine measurements of seasonal dissolved inorganic carbon, dissolved organic carbon, oxygen, nitrate, dissolved organic nitrogen, and phosphate dynamics and seasonal sedimenttrap measurements (Karl and Asper, Antarctic Journal, this issue) with direct estimates of autotrophic (0. Holm-Hansen
program component), microheterotrophic (D. Karl program
component), and macrozooplankton (M. Huntley and E. Brinton components) biomass and rate processes. We now present
a portion of that database which focuses primarily on the dissolved oxygen and nitrate dynamics during the 1989 spring
bloom.
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Figure 1. Oxygen (0 2) concentrations versus depth for samples
collected at station A in the northern Gerlache Strait during the
1989 RACER field program. The increase in the dissolved oxygen
content of the water is a reflection of the amount of net ecosystem
production which has occurred during this portion of the spring
bloom. (m denotes meter. tLmol 1' denotes micromoles per liter.)
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the initiation of the spring phytoplankton bloom (also see Tien
et al., Antarctic Journal, this issue). Between 31 October and 7
November 1989, there was a net accumulation of 933 millimoles
of oxygen per square meter in the upper 0-20 meters of the
water column (figure 1). Using a theoretical photosynthetic
quotient of 1.3 (i.e., 1.3 moles oxygen evolved per mole of
carbon dioxide reduced; see equation above), the oxygen accumulation data indicate a sustained net ecosystem production
of approximately 1.2 grams of carbon per square meter per
day. During this same period, we observed a net increase in
microbial (<202 micrometers) biomass (ATP) that was equivalent to approximately 0.8 grams of carbon per square meter
per day (Tien et al., Antarctic Journal, this issue). This difference
between the estimate of net ecosystem carbon production and
net microbial biomass accumulation suggests that either the
production of dissolved organic carbon, the production of macroplankton (>202 micrometer) biomass or the loss of reduced
carbon due to sedimentation may be important processes in
our study area. None of these processes was included in our
microbial biomass inventories. Our final data analysis, which
will include direct estimates of DOC accumulation, grazing
and particle flux, should help resolve this interesting discrep-

ancy. Identical calculations (based on the integrated 0-20 meters of oxygen flux data) for the period of the entire RACER
field program (30 October to 24 November) suggest a mean
net ecosystem productivity of approximately 0.9 grams of carbon per square meter per day.
During the development of the spring bloom at station A,
we also observed a net uptake of nitrate which coincided with
oxygen production (figure 2). The absolute magnitude of the
slope of the oxygen vs. nitrate regression analysis for these
water samples was 8.5, a value that is nearly identical to the
theoretical slope of 8.6 for nitrate-based photosynthetic production (see equation). From these data we conclude that nitrate was a major source of nitrogen for the phytoplankton
bloom and that ammonium and dissolved organic nitrogen
production and subsequent utilization by phytoplankton must
have been negligible during the period of our observations.
However, estimations of nitrate and ammonium uptake based
on the results of in situ incubations using nitrogen-15 tracers
indicate that ammonium was an important substrate (L. Tupas
and 0. Holm-Hansen personal communication). These apparent contradictory results will, we hope, be resolved when
the entire RACER database is available for interpretation. Pos-
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NO3 , pmol I1
Figure 2. Plot of dissolved oxygen (0 2 ) concentration vs. dissolved nitrate concentration for water samples collected over the 0-200-meter
depth range at station A in the northern portion of the Gerlache Strait during the RACER field program (31 October 1989 to 19 November
1989). The linear regression analysis is: 0 2 (in micromoles per liter, tmol l') = -8.507 nitrate (NO 3) (in micromoles per liter) + 533; n =
40; r2 = 0.813.
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sible explanations for this discrepancy include: an important
role of bacterial nitrification or the importation of ammonium
into the surface waters by migrating zooplankton.
Finally, we hypothesize that the processes which we have
just described for water samples collected at station A may be
characteristic of antarctic coastal habitats in general. Clearly,
a regional investigation of the near-surface water (5 meter)
dissolved oxygen concentrations over our limited RACER study
area has identified substantial areas of net ecosystem production during November 1989, with oxygen concentrations in
excess of 400 micromoles per liter (figure 3). In spite of this
now well-documented seasonal productivity pulse, however,
we know little about either the short-term or long-term fate of
this new ecosystem production.
We thank the officers and crew of the RIV Polar Duke, ITT
support personnel, our RACER program colleagues, and especially the University of Hawaii participants (L. Asato, D.
Bird, A. Brittain, R. Letelier, and C. Tien) for their help with
sample collection and analysis and R. Letelier for helpful comments. This research was supported, in part, by National Science Foundation grant DPP 88-18899, awarded to David M.
Karl. Contribution number 2413 of the School of Ocean and
Earth Science and Technology of the University of Hawaii.
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Figure 3. Regional distribution of surface water (5 meters) dissolved
oxygen (in micromoles per liter) content over the RACER study
area for the sampling period (16-19 November 1989).
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Based upon the results of the 1986-1987 RACER pilot program (Nawrocki and Karl 1989; Karl et al. in press a, in press
b; Bird and Karl in press; Bailiff and Karl in press), we formulated several hypotheses that collectively served as the conceptual framework for our 1989-1990 field research program.
Our studies focused on determining the role of microheterotrophs (both procaryotic and eucaryotic) in the initiation and
maintenance of the regional spring bloom and on the quantitative relationships between euphotic zone carbon production, biomass accumulation, organic-matter decomposition, and
particle flux from the surface waters. To accomplish these objectives, we defined a field program that included measurements of:
• temporal and spatial variations in microbial biomass and
production as determined by the analyses of several watercolumn parameters (ATP, LPS, bacterial and protozoan cell
numbers, heterotrophic activity and dissolved organic nutrients, inorganic carbon and oxygen concentrations);
• water-column measurements of heterotrophic activity and
microbial carbon production;
• field experiments on microbial grazing rates and particle
consumption; and
• rates of particle flux (total mass, carbon, nitrogen, phosphorus, ATP, biogenic silicon, etc.).
The comprehensive database resulting from this "Microbiology and Vertical Flux" component of RACER has not yet
been completed although selected results are presented in this
issue, Antarctic Journal (Bird and Karl; Karl and Asper; Karl
and Hebel). In this article, we present data on the spatial and
temporal changes in total (<202 micrometer) and nanoplankton (<20 micrometer) biomass during the initiation of the 1989
austral spring bloom in the Gerlache Strait, Antarctica.
As during the RACER pilot program in 1986-1987, we collected water samples during fast-grid surveys to define the
regional distribution of environmental variables (bucket samples of surface water at 33-37 stations during a 3-day period).
We also had four 3-day occupations of a single station before
each fast-grid survey (station "A") where more comprehensive
measurements and experiments were conducted, including
conductivity-temperature-depth (CTD)-Niskin bottle rosette
hydrocasts to 200 meters (Huntley et al., Antarctic Journal, this
issue). For ATP determinations, water samples were first
screened through 202-micrometer Nitex mesh to remove large
particles and zooplankton. This water, without further treatment, represented the total microbial biomass component (TOTAL). A subsample of the TOTAL seawater was further screened
through 20-micrometer Nitex mesh; this fraction represented
the nanoplankton portion of the biomass (NANO). Particulate
materials from these respective subsamples were concentrated,
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by vacuum filtration, onto glass-fiber filters (Whatman CF/F),
extracted in phosphate buffer, and stored at -20 °C for subsequent analysis by firefly bioluminescence (Karl and HolmHansen 1978).
TOTAL ATP increased in the euphotic zone at station A
during the 4-week observation period which coincided with
the initiation and progression of the spring bloom (figure 1
and the table). At the start of our field study (30 October 1989),
both TOTAL ATP and NANO ATP concentrations were low
and uniform with depth, indicating a well-mixed, pre-bloom
condition. During the subsequent 3-week period, however,
ATP increased substantially in the surface layer (figure 1) as a
Depth-integrated microbial biomass inventories (TOTAL ATP)
and temporal changes at the RACER program station A
(Gerlache Strait) during the initiation of the 1989 spring bloom
Estimated
TOTAL ATP NANO ATP biomasscarbona
(in milligrams (in milligrams
Depth interval per square per square (in grams per
meter)
square meter)
meter)
(in meters)

Date

31 Oct 1989

0-10
0-50
50-200

1.8
8.1
4.4

1.2
5.3
3.4

0.4
2.0
1.1

7Nov 1989

0-10
0-50
50-200

10.4
31.7
5.5

4.1
14.3
4.4

2.6
7.9
1.4

15 Nov 1989

0-10
0-50
50-200

13.2
36.2
10.8

6.0
19.0
9.8

3.3
9.1
2.7

19 Nov 1989

0-10
0-50
50-200

12.8
25.5
8.0

9.3
18.1
6.8

3.2
6.4
2.0

a

Based on relationship, C = ATP x 250 (Holm-Hansen 1973).

TOTAL-ATP, pg I

NANO-ATP,pg I'
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Figure 1. Concentrations of NANO-ATP (left) and TOTAL-ATP (right)
versus water depth for the four independent occupations of station
A. Data presented are mean (n = 3).t 1 standard deviation. For certain samples, the ±1 standard deviation estimate is less than the
size of the symbol. (m denotes meter. iig l denotes micrograms
per liter.)
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dramatic manifestation of the austral spring bloom. Depthintegrated (0-50 meters) TOTAL ATP concentrations indicate
a sustained net microbial biomass production rate equivalent
to 840 milligrams of carbon per square meter per day for the
period 31 October to 7 November (table) which is similar to
the net production estimated by seasonal oxygen accumulation
(Karl and Hebel, Antarctic Journal, this issue). These results
indicate that phytoplankton removal processes (death, grazing, sinking, etc.) must be minimal during the initiation of the
bloom. Below 50 meters, TOTAL and NANO ATP concentrations were relatively constant, demonstrating that the effect of
the bloom on microbial biomass accumulation was primarily
restricted to the uppermost portion of the water column.
The mean depth-integrated (0-10 meters) NANO ATP:TOTAL
ATP ratio ranged from a low of 0.40 on 7 November to a high
of 0.73 on 19 November. Though TOTAL ATP values changed
little after the second sampling period (7 November), the proportion of NANO increased with time suggesting a shift from
larger to smaller plankton cells during the bloom development.
The RACER study region included stations reflecting a variety of ecological conditions. At one extreme was the Bransfield Strait portion of our study area (see map in Huntley et
al., Antarctic Journal, this issue) which, because of intense mixing, was not expected to show evidence of a spring bloom. At
the other extreme were enclosed bays and protected coastal
areas of the Antarctic Peninsula where, we hypothesized, the
bloom might he most well-developed due to increased surface
water temperature and water column stability. The regional
ATP distribution for the period 2-4 November indicates that
the 1989-1990 austral spring bloom began near station A in
the center of the Gerlache Strait and, independently, in several
coastal embayments (figure 2). By the third fast grid survey
(16-19 November 1989), the surface water microbial biomass
distribution revealed a well-defined and steep concentration
gradient across the Gerlache Strait with highest concentrations
to the east along the Antarctic Peninsula (figure 3). Similar

64'
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Figure 3. Regional distribution of surface water (0-1 meter) TOTALATP (in micrograms per liter) over the RACER study area for the
sampling period 16-19 November 1989.

spatial gradients were also observed for chlorophyll a and dissolved oxygen. TOTAL ATP and NANO ATP concentrations
for surface water samples increased in concentration over the
duration of the cruise, ranging from 100-4,600 nanograms per
liter and 100-2,900 nanograms per liter, respectively. The NANO
ATP:TOTAL ATP ratio ranged from a mean value of 0.52 during early November to 0.81 at the end of our field experiment
which, again, provides evidence for a shift toward a smaller
mean cell size as the spring bloom develops and matures.
We thank the officers and crew members of the RIV Polar
Duke and especially our RACER colleagues for their help in
sample collection. This work was supported, in part, by National Science Foundation Division of Polar Programs grant
DPP 88-18899 awarded to David M. Karl. Contribution number
2414 of the School of Ocean and Earth Science and Technology
of the University of Hawaii.

64

References
Bailiff, M.D., and D.M. Karl. In press. Dissolved and particulate DNA
dynamics during a spring bloom in the Antarctic Peninsula region,
1986-87. Deep-Sea Research.

Bird, D.F., and D.M. Karl. In press. Spatial patterns of glutamate and
thymidine assimilation in the Bransfield Strait, Antarctica, during
and following the austral spring bloom. Deep-Sea Research.
Bird, D.F., and D.M. Karl. 1990. RACER: Bacterial growth, abundance
and loss due to protozoan grazing during the 1989 spring bloom.

0.

Antarctic Journal of the U.S., 25(5).

(I
63W

--

62W

-

Figure 2. Regional distribution of surface water (0-1 meter) TOTALATP (in micrograms per liter) over the RACER study area for the
sampling period 2-5 November 1989.

1990 REVIEW

Holm-Hansen, 0. 1973. Determination of total microbial biomass by
measurement of adenosine triphosphate. In L.H. Stevenson, and
R.R. Colwell (Eds.), Estuarine microbial ecology. Columbia: University
of South Carolina Press.
Huntley, M.E., P. Niiler, 0. Holm-Hansen, M. Vernet, E. Brinton,
A.F. Amos, and D.M. Karl. 1990. RACER: An interdisciplinary study
of spring bloom dynamics. Antarctic Journal of the U.S., 25(5).
Karl, D.M., and V.L. Asper. 1990. RACER: Particle flux measurements
during the 1989-1990 austral summer. Antarctic Journal of the U.S.,
25(5).

153

Karl, D.M., and D. Hebel. 1990. RACER: Dissolved oxygen and nitrate
dynamics during the 1989 austral spring bloom. Antarctic Journal of
the U.S., 25(5).

Karl, D.M., and 0. Holm-Hansen. 1978. Methodology and measurement of adenylate energy charge ratios in environmental samples.
Marine Biology, 48, 185-197.

Karl, D.M., 0. Holm-Hansen, G.T. Taylor, C. Tien, and D.F. Bird. In
press a. Microbial biomass and productivity in the western Brans-

RACER: Microbial
uptake and regeneration of
ammonium during the austral
spring bloom
L.M. TUPAS and I. K0IKE
Marine Biochemistry Division
Ocean Research Institute
The University of Tokyo
Nakano, Tokyo, Japan 164

0. HOLM-HANSEN
Polar Research Program
Scripps Institution of Oceanography
University of California, San Diego
La Jolla, California 92093

Recent studies on the dynamics of heterotrophic marine bacteria have shown the importance of this component of the microbial food web on the uptake of dissolved organic nitrogen
and ammonium (Wheeler and Kirchman 1986; Kirchman, Keil,
and Wheeler 1989). Since marine bacteria are capable of regenerating ammonium through dissolved organic nitrogen mineralization as well, their activity in the water column would influence
the cycling of ammonium and, consequently, other nitrogen substrates. As part of the Research on Antarctic Coastal Ecosystem
Rates (RACER) study on nitrogen dynamics, the uptake and
regeneration of ammonium by bacterial heterotrophs were examined to determine the extent of their role as consumers or
mineralizers of ammonium and to assess their possible impact
on nutrient dynamics in this highly productive area.
Surface seawater from the RACER stations (see Huntley et
al., Antarctic Journal, this issue) was collected by a clean bucket,
filtered through a 0.8 micrometer Millipore filter, and dispensed into 2-liter polycarbonate bottles. The 0.8-micrometer
filter greatly reduced the concentration of chlorophyll-a-containing organisms (approximately 1 percent or less of the total
chlorophyll a was found in the filtrates) but allowed about 95
percent of the original bacterial population to pass through.
The number of protozoans after filtration was less than 3 per
milliliter so the filtered seawater was essentially composed of
the bacterial population. The number of bacteria of the different waters sampled in the Gerlache Strait ranged from 4.0 to
6.0 x 10 bacteria per milliliter.
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field Strait, Antarctica during the 1986-87 austral summer. Deep-Sea
Research.

Karl, D.M., B.D. Tilbrook, and C. Tien. In press b. Seasonal coupling
of organic matter production and particle flux in the western Bransfield Strait, Antarctica. Deep-Sea Research.
Nawrocki, M.P., and D.M. Karl. 1989. Dissolved ATP turnover in the
Bransfield Strait, Antarctica during a spring bloom. Marine Ecology
Progress Series, 57, 35-44.

To five pairs of bottles were added individually nitrogen-15
labeled glutamate (0.040 micromole of nitrogen per liter), glycine (0.050 micromole of nitrogen per liter), leucine (0.040 micromole of nitrogen per liter), lysine (0.050 micromole of nitrogen
per liter), and ammonium (0.2 micromole of nitrogen per liter).
One bottle from each pair was filtered through a glass fiber
filter (Whatman, CF/F) and the filter and filtrate frozen for
initial time measurements. The remaining five bottles were
placed in black paper bags and incubated for 24 hours on the
ship's deck in a tank continuously supplied by surface seawater. Incubation temperature was generally 0 °C. After incubation, the water from each bottle was filtered as above, and
the filter and filtrate frozen for storage.
Chlorophyll a concentrations were determined using the
method of Holm-Hansen and Riemann (1978). Bacteria and
protozoan numbers were estimated by epifluorescence microscopy using 4,6-diamidino-2-phenylindole (DAPI) (Porter
and Feig 1980). A quadropole mass spectrometer was used to
measure the particulate nitrogen and nitrogen isotope ratios
according to the method of Ohtsuki, mo, and Fujii (1983) and
Saino (1982). The nitrogen isotope ratio of the ammonium in
the filtrate was determined after steam distillation (Keeney and
Nelson 1982). Dissolved free amino acid concentrations were
determined by reverse phase high-performance liquid chromatography using a modification of the method of Lindroth
and Mopper (1979). Ammonium concentrations were measured according to Koroleff (1976) on a Technicon autoanalyzer.
Uptake estimates of ammonium and amino acids were calculated according to Dugdale and Goering (1967) and normalized
to a 24-hour day. Ammonium regeneration was estimated using the model of Blackburn (1979).
Estimates of ammonium uptake and mineralization from station A301 are shown in the table. An independent estimate of
ammonium uptake (u) was derived from the isotope dilution
model (value in parenthesis below ammonium uptake value
p). The close agreement of these two values shows that the
ammonium consumed from the seawater used in the incubation was largely converted into bacterial biomass. This implies that there were no other significant pathways of ammonium
metabolism except that of assimilation into particulate organic
nitrogen.
According to previous concepts of nitrogen uptake by bacterial heterotrophs, the active assimilation of ammonium implies an insufficiency of organic nitrogen substrates in their
environment, as a consequence, there is no regeneration of
ammonium (Goldman, Caron, and Dennot 1987). As was seen
from the dilution of the nitrogen-15 isotope in the ammonium
substrate, however, there was active production of ammonium
from the mineralization of dissolved organic nitrogen by the
bacterial population. These results show that the microbial
ANTARCTIC JOURNAL

Uptake of labelled substrates and the production of ammonium at station A301, November 13
Nitrogen-15 labelled substrate

Parameter
(unit)
Ambient concentrationa
Substrate concentration
Uptake (p)cd
Mineralization
M index'

Glutamate

Glycine

Leucine

Lysine

Ammonium

0.113
0.153
0.046

0.064
0.114
0.028

0.021
0.061
0.011

0.016
0.066
0.008

0.032
40.7

0.008
22.5

0.002
14.6

0.001
11.1

0.63
0.83
0.103
(0.123)e
0.1239
-i

a In micrograms of nitrogen per liter.
b Ambient concentration + tracer additions.
Uptake rate (p) according to Dugdale and Goering (1967).
d In micromoles of nitrogen per liter per day.
Uptake rate (u) from isotope dilution (Blackburn 1979).
Mineralization rate from isotope dilution (Blackburn 1979).
g No change in NH 4 concentration thus uptake (u)
mineralization.
h M index = Mineralization/(Uptake (p) + Mineralization) x 100.
Not applicable.

populations are assimilating both organic and inorganic nitrogen, at the same time regenerating ammonium.
Experiments using nitrogen-15 labeled amino acids further
show the mineralization of such substrates even with the assimilation of both amino acids and ammonium. The table shows
the estimated uptake of four amino acids, and their production
of ammonium. These estimates have some uncertainty because
of possible perturbations caused by large substrate addition
and the inability to account for isotope dilution in the substrate.
Some interesting patterns of amino acid metabolism, however,
can be inferred.
The labeled amino acids used in the experiments were assimilated to various degrees, with glutamate being the largest
and lysine the smallest among the four. These results clearly
show that the marine bacterial populations are actively taking
up ammonium together with dissolved amino acids to fulfill
their nitrogen demands. These amino acids were mineralized
to varying degrees as well, again with glutamate being the
largest and lysine the smallest. A relative index (M index)
based on the ratio of the amount of amino acid mineralized
and the total amount of amino acid utilized compares the relative production of ammonium from the four amino acids. It
was found that in general, glutamate had the highest M index
followed by glycine, leucine, and lysine.
These findings on the dynamics of the microbial population
in the Gerlache show that this component of the microbial
food web plays a significant role in the cycling of available
dissolved organic nitrogen and ammonium in the area, and
that will influence the growth and abundance of both autotrophic and heterotrophic organisms.
We thank the officers and crew of RIV Polar Duke, ITT support personnel, and other RACER colleagues for their help.
This research was supported by National Science Foundation
grant DPP 88-17635 to 0. Holm-Hansen and M. Vernet.
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RACER: Bacterial growth,
abundance, and loss
due to protozoan grazing
during the 1989 spring bloom
D.F. BIRD and D.M. KARL
School of Ocean and Earth Science and Technology
University of Hawaii
Honolulu, Hawaii 96822

An understanding of the ecology of the nanoplankton (organisms in the size range of approximately 2-20 micrometers)
and picoplankton (organisms less than approximately 1-2 micrometers) in aquatic systems is now recognized to be crucial
for an understanding of the dynamics of the system as a whole.
The Research on Antarctic Coastal Ecosystem Rates (RACER)
program (Huntley et al. 1987) was initially designed to study
ecosystem dynamics and their relationships to ocean physics.
In that framework, we attempted to identify and quantify major routes of carbon flow in the system by measuring phytoplankton and bacterial community sizes and production rates,
abundance, and distribution of metazoans, and the loss of
particulate matter by solubilization, grazing, respiration, and
sedimentation processes.
A major missing link in this initial RACER carbon budget
was the transfer of bacterial and algal production to protozoan
consumers. Earlier studies suggested that this is a potentially
dominant pathway that has been overlooked in antarctic waters
(Buck and Garrison 1983; Hewes, Holm-Hansen, and Sakshaug 1985; Taylor and Haberstroh 1988). Here, we present
preliminary data from experiments designed to assess the importance of this link to microbiological dynamics in the Gerlache strait during early stages of the 1989 austral spring bloom.
Microbial community size and composition at each station
of the four fast grids (Huntley et al., Antarctic Journal, this issue)
were determined directly using epifluorescence microscopy
(Porter and Feig 1980; Haas 1982). Each determination included
bacterial abundance and cell size, heterotrophic nanoflagellate
and ciliate abundance, and phytoplankton community abundance and composition. Between fast grids, predation and
growth-rate experiments were conducted using the community dilution method (Landry and Hassett 1982). At the same
time, feeding rates were determined directly using fluorescently labeled natural bacteria (Sherr, Sherr, and Fallon 1987).
Alternatively, we also took advantage of the apparent lack of
picophytoplankton in the waters near the Antarctic Peninsula
(Letelier and Karl 1989) to measure clearance rates of protozoa
by adding Synechococcus cells.
Despite the presence of a large and productive plankton
community in many areas within the Gerlache Strait (Tien et
al., Antarctic Journal, this issue), bacterial abundance was low
at the beginning of the study period (beginning mean =
0.25 x 10 6 (range 0.15 to 0.45) cells per milliliter) and increased
gradually during the development of the bloom (final mean
= 0.35 x 10 6 (range 0.17 to 0.77) cells per milliliter). The geographic distribution of bacterial cell abundance did not correspond to the spatial patterns observed for total microbial
biomass (Tien et al., Antarctic Journal, this issue) or phytoplankton (Holm-Hansen personal communication). This lack
of a straightforward numerical relation between algae and bac156

teria confirms similar observations made during RACER I (Bird
and Karl in press; Karl et al. in press).
Abundance of the postulated major predators on bacteria,
the heterotrophic nanoflagellates, was also low at the start of
the study (mean = 560 cells per milliliter) and consisted of
large-bodied species that were ingesting small phytoplankton
(centric diatoms and cryptomonads) in addition to bacteria. By
the end of the study, a month later, the heterotrophic nanoflagellate community had grown tenfold in abundance and
now contained many choanoflagellates, specialists in bacterial
predation previously identified as a major component of iceedge communities (Buck and Garrison 1983).
The ciliate community also grew rapidly in abundance over
the course of the RACER II cruise. The community was dominated by large-bodied, naked ciliates that were feeding on the
abundant, 12-20-micrometer diameter centric diatoms. The ciliates appeared to be surprisingly versatile feeders, however.
Individual cells were seen to contain large (10-30 micrometers)
centric and pennate diatoms and 4-micrometer Phaeocystis cells
in addition to the recently ingested fluorescently labeled bacteria (>1 micrometer).
During the early part of November, there was little evidence
that grazing had an impact on bacterial biomass and productivity (figure). Bacterial community growth rate showed no
response to sample dilution (sensu Landry and Hassett 1982),
despite the sizable growth rate observed (mean = 0.54 per
day). Experimental evidence relating the effect of container
size on growth rate provided support for the dilution protocol,
suggesting that the apparent discrepancy between growth and
grazing loss was genuine. If this result is confirmed following
examination of the results from our direct feeding experiments,
we must look beyond protozoan grazing for other factors which
might be controlling bacterial abundance.
Finally, incubation experiments indicated that the bacteria
probably depend directly on contemporaneous primary production for growth at this time of year. Dark incubations of
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Exponential growth rate of Gerlache Strait bacteria at different dilutions during 30-hour incubations, 7-8 November 1989. If there
was a strong effect of grazers on the bacteria, then growth rates
at higher dilutions (to the left on the graph) should be greater than
rates where grazers were undiluted (to the right). For these data
there was no effect of dilution on growth rate, suggesting that
grazing was not controlling population size at this sampling period.
(d 1 denotes per day.)

ANTARCTIC JOURNAL

unamended water led to slow decline in bacterial abundance,
whereas growth was rapid in lighted controls. Using these
results in combination with data derived from the radioisotope
uptake experiments, we hope to determine whether the current notion that bacterial population size is determined by
nutrient supply rate, and production by grazing loss rate, is
applicable to antarctic bacteria.
We thank the crew members of R/V Polar Duke and ITT
Antarctic Services support personnel for their assistance with
sample collections and logistics. We also thank C. Tien, A.
Brittain, R. Letelier, L. Asato and D. Hebei for field support.
This research was supported by the National Science Foundation through grant DPP 88-18899 awarded to D.M. Karl. D.F.
Bird was supported by a postdoctoral fellowship from the Natural Science and Engineering Research Council of Canada. A
contribution of the School of Ocean and Earth Science and
Technology of the University of Hawaii.
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RACER: Fine-scale
and mesoscale zooplankton
studies during
the spring bloom,
1989
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Scripps Institution of Oceanography
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By comparison to other nearshore areas of the Antarctic
Peninsula, the Gerlache Strait can support unusually large
standing stocks of macrozooplankton, including krill (Hopkins
1985; Brinton and Townsend in press; Huntley and Escritor in
press). Huntley and Brinton (in press) postulated that a persistent physical circulation mechanism might be responsible
for retaining an abundant population of Euphausia superha larvae in the northern Gerlache Strait during summer and early
fall. The best estimates of mesoscale circulation in the region,
however, can be inferred only from geostrophic calculations
based on coarse hydrographic sampling (Niiler, Amos, and Hu
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in press). Furthermore, the reproduction, development, and
growth of zooplankton populations in the Gerlache Strait during spring has never been observed in detail.
Macrozooplankton studies during the 1989 Research on Antarctic Coastal Ecosystem Rates (RACER) were designed to address two key questions:
• Do abundant zooplankton populations accumulate in the
Gerlache Strait purely as a result of physical circulation? or
• Do they originate there by virtue of high rates of local reproduction, development and survival in the spring?
To answer these questions effectively, our study required
that physical oceanographic measurements be made in conjunction with our observations of macrozooplankton populations. Physical oceanography included assessment of watermass structure based on frequent and comparatively high-resolution hydrographic surveys throughout the northern Gerlache Strait and western Bransfield Strait (Amos, Jacobs, and
Hu, Antarctic Journal, this issue), and direct measurements of
upper water-column mesoscale circulation obtained from ARGOS-linked Lagrangian drifters (Niiler, Illeman, and Hu, Antarctic Journal, this issue).
Macrozooplankton studies were aimed at obtaining information on the vertical and horizontal distribution of species
with the highest possible resolution in time and space. Two
principal pieces of sampling equipment were used: a "fast net"
and a multiple opening and closing net and environmental
sensing system (MOCNESS). The fast net is a 1-meter diam157

eter, bridleless net capable of being towed at speeds of approximately 4 knots; our main purpose in using it was to attempt to obtain more representative catches of krill, which are
well known to avoid slower sampling equipment. The fast net,
using 1-millimeter mesh, was deployed at every "fast grid"
zooplankton sampling station (figure 1) on each of the four
fast grids from 30 October to 24 November 1989. The MOCNESS, with 1-square-meter mouth opening and 330-micron
mesh nets, was also deployed at each of these stations at standard depth intervals, in meters, of 0-5, 5-15, 15-50, 50-90, 90130, 130-170, 170-210, 210-250, and 250-290; one additional
net fitted with 180-micron mesh was used for the 0-300 meter
downcast. At the time-series station ("A"), which was visited
for four 3-day periods during the cruise, MOCNESS was deployed at 6-hour intervals.
The MOCNESS was also used in two focussed studies at
station A designed to resolve horizontal patchiness and finescale temporal variation in vertical distribution of macrozooplankton. In the horizontal patchiness study, the net was yoyoed at the 15-50 meter depth interval over a total distance of
approximately 1.5 kilometers, eight successive times over a 2day interval, providing resolution at a scale of 150 meters. In
the fine-scale temporal variation study, the net was towed at
standard depths to 300 meters at 90-minute intervals over a 2day period, providing a total of 32 "snapshots" of vertical
distribution over a 48-hour period.
The 1989 zooplankton sampling program has provided us
with a total of more than 1,200 samples which are now in the
process of being analyzed. Ultimately, we intend comprehensive studies of at least the following species: the euphausiids
Euphausia superba, E. crystallorophias, and Thysanoessa macrura,
and the copepods Calanoides acutus, Metridia gerlachei, and Rhincalanus gigas; other species may also be analyzed depending
on their relative importance. At present, however, a complete
presentation of results is premature. In this article, we present
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some examples of recent analyses on the vertical distribution
of Calanoides acutus during our high-resolution time series study
at station A and the comparative night- and daytime abundance and vertical distribution of Euphausia superba at three
selected stations from each of four successive fast grids.
The Calanoides acutus population, dominated by CV and CVI
copepodites, was actively reproducing (Huntley and Lopez,
Antarctic Journal, this issue). More than 80 percent of the CVI
females were concentrated in the upper 50 meters, and did
not appear to undergo diel vertical migration (figure 2), although to date we have only analyzed one series of 10 tows
taken over the period from approximately midnight to noon.
The CV copepodites (not shown) had approximately the same
vertical distribution and, likewise, did not appear to undergo
diel vertical migration. Drifter studies indicate that the residence time of waters near station A may be as high as 2.5
months (Niiler et al., Antarctic Journal, this issue). This observation, coupled with the high degree of consistency in the
absolute abundances of C. acutus from our MOCNESS tows,
suggests that the population was homogeneously distributed

Calanoides acutus females
2F

0

0

100
E
I
H
5w
13

200

•19
16-23

• 13

.12

4/

64 00

16

64

20 -'

6440F

6300

(:

.7g %

E

A

E

- •2

0
0

•

l\
)A

ANTARCTIC
PENINSULA

'

6200'

FS5.J

1500
1000

6100W

Figure 1. Locations of the 20 zooplankton stations sampled during
the four consecutive fast grids conducted from 20 October through
24 November 1989. Station A is the time-series station, visited for
four 3-day durations during the same time period.
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Figure 2. A. Calanoides acutus adult females: Vertical distribution
at station A, based on a series of ten MOCNESS tows at 9 nine
depth intervals taken between 0130 hours (hour 22.5 of the 48-hour
time series) and 1430 hour on 21 November 1989. Contours (percentage of the total population) show that the majority of individuals were in the 15-50 depth interval. B. Ambient surface light
intensity (PAR), in 1016 quanta per square centimeter per minute,
over the same time period. (m denotes meter. cm 2/min denotes
square centimeters per minute. h denotes hour.)
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in the horizontal on scales of at least 1-2 kilometers (tow distance) and that it may have remained there for several months.
For Euphausia superba, we have analyzed samples from selected stations in the Bransfield Strait and in the western, central, and northeastern Gerlache Strait (station A). From this
preliminary analysis it appears that, throughout the study region, the population consisted mainly (>90 percent) of immature krill 25-33 millimeters in total body length. There were
also small juveniles (18-24 millimeters) and large subadults
(35-39 millimeters) occurring particularly in eastern and northern areas near the Antarctic Peninsula. Immature males were
common and small mature males were sometimes found. There
were substantial numbers of females (30-36 millimeters) with
developing ovaries. Few had attached spermatophores. We
have not encountered ripe females, but the population structure seems to portend a local reproductive stock of small abundant, probably first-time spawners. Our analysis will examine
details of body length and maturity progressions during the
course of the November bloom.
Krill were most abundant in the eastern and northern part
of the Gerlache Strait where it joins the Bransfield Strait. They
were fewest in the area of strong northward flow in the western
Gerlache. Small dense swarms were frequent, with abundances up to at least 2 X10 5 individuals per square meter at
station A and up to 6,000 grams net weight per cubic meter
throughout the upper 50 meters. Euphausia superba were almost
entirely above 50 meters depth, day and night, with individuals
dispersed to 200 meters in some day and night MOCNESS tows.

RACER: Egg production
of Calanoides acutus

during the spring bloom,
1989
M.E. HUNTLEY and M.D.G. LOPEZ
Scripps Institution of Oceanography
La Jolla, California 92093

The copepod Calanoides acutus (Giesbrecht) is a dominant
member of the zooplankton community in waters south of the
Antarctic Convergence. Its annual spawning period has been
inferred from a combination of observations, including the
appearance of females with developed ovaries and the later
appearance of copepodite stages in the plankton (Andrews
1966; Voronina 1970). Egg production rates have been recorded
on one occasion apparently late in the reproductive season
(Huntley and Escritor in press), but the onset of annual spawning has never been observed. Calanoides acutus is predominantly herbivorous (Hopkins 1985), and the initiation of its
fecundity may be directly linked to the availability of abundant
phytoplankton food.
1990 REVIEW
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With this background in mind, we asked the following questions:
• When does Calanoides acutus' egg production begin in relation
of the timing of the annual spring bloom of phytoplankton?
• Once egg production has begun, is the rate of spawning
linked to the amount of available food and, if so, what is
the relationship?
• How much individual variability is there in egg production
rates?
Calanoides acutus was collected at 16 stations during the fast
grid conducted 22-24 November with a 1-meter, 333-micromesh net towed in the upper 100 meters. All active females
were sorted and placed individually in 250-milliliter plastic
beakers with 500-micromesh bottoms, and suspended in 500milliliter plastic jars containing surface water from the station
where they were collected. These were incubated for approximately 24 hours at ± 1 °C of ambient seasurface temperature
in the dark. After incubation, individual clutches of eggs were
preserved separately in approximately 2 percent formalin in
seawater, and females were frozen at -20 °C. Egg production
rates of more than 700 individual females were measured in
this manner.
To determine the feeding period required for egg production
to resume at different food concentrations in pre-starved females, copepods collected at station A on 8 November were
stocked in filtered surface seawater as above, at 5 females per
jar. After 3 days, when egg production ceased, groups of 5
159

jars were designated to receive fixed dilutions (0, 5, 10, 20, 30,
40, 50, 75, and 100 percent) of surface seawater collected daily
from whichever station was being occupied. Daily egg production per female was monitored for the following 2 weeks.
Female Calanoides acutus captured at station A in late October
did not produce any eggs after 3 days of incubation. Females
captured upon our return to station A 5 days later, however,
after the chlorophyll concentrations had increased (Holm-Hansen and Vernet, Antarctic Journal, this issue) were found to
have begun producing eggs.
In late November, during the last RACER fast grid, there
was great spatial variation in the daily egg production by Calanoides acutus (figure 1). The highest egg production rates were
observed in the eastern bays of the Gerlache Strait; rates decreased to the north and to the west. The mean egg production
per female was up to six times greater in the southeastern
portion of the Gerlache Strait than in waters of the Bransfield
Strait to the north. Calanoides acutus was also more abundant
in the areas of high egg production. Thus, per unit sea surface
area, we expect total egg production to have been approximately one order of magnitude greater in the Gerlache Strait
than in the Bransfield. Circulation patterns observed by drifter
buoys (Niiler, Illeman, and Hu, Antarctic Journal, this issue)
indicate that water in the mideastern portion of the Gerlache
Strait near station A may reside there for at least 2 months,
so the large pulse of recruits to the C. acutus population not
only originates in the Gerlache Strait but probably also develops and grows there.
The average daily egg population per female was related to
integrated water column (0-50 meter) chlorophyll by a Michaelis-Menton function (figure 2) yielding a maximum egg
production of 43.2 eggs per day, a half-saturation constant of
75.7 miilgrams of chlorophyll a per square meter, and a threshold concentration of 14.7 milligrams of chlorophyll a per square
meter. Thus, in areas of the western Gerlache Strait, where
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Figure 1. Calanoides acutus: Mean egg production rate (eggs per
female per day) at 16 stations in the RACER study area, 22-24
November 1989.
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Figure 2. Calanoides acutus: Mean daily egg production rate as a
function of integrated chlorophyll a concentrations at 16 stations
in the RACER study area, 22-24 November 1989. Data are fitted
with a Michaelis-Menten function. (mg/m 2 denotes milligrams per
square meter.)

integrated chlorophyll concentrations were generally less than
50 milligrams chlorophyll a per square meter, C. acutus would
not be expected to realize even half of its potential production
rate. The threshold concentration corresponds to an average
of 0.29 micrograms of chlorophyll a per liter, which is the
approximate concentration prior to the spring bloom. The results shown in figure 2 provide strong evidence that egg production by C. acutus is dependent on the spring bloom.
There is much individual variability in egg production. The
percentage of females actively producing eggs at a given station
varied from 60-100 percent, and the egg production per female
was strongly correlated to the percentage of productive females
at a given location. The maximum egg production rate of any
female was 118 eggs per day; the average maximum egg production rate was 81 eggs per day.
Attempts to restimulate egg production by reintroducing
varying quantities of phytoplankton food after having starved
females for 3 days were moderately successful. After 2 weeks
of feeding there was a clear relationship between total egg
production and the amount of food administered. These results suggest that, after ascent from the overwintering depths,
females require a period of approximately 10 days of exposure
to food before they are able to initiate the egg production
process.
We conclude that the Gerlache Strait and similar regions,
such as those along the coast of the Bellingshausen Sea, are
of inordinately great importance to the successful recruitment
of Calanoides acutus. Any circulation pattern which maintains
waters in such highly productive regions, such as the gyre we
observed in the eastern Gerlache Strait, will serve to promote
rapid development and growth of the nascent year class and
ensure its preparation for overwintering.
We thank E. Brinton, B. Polkinghorn, R. Gartman, and W.
Nordhausen, as well as the able crew of the RIV Polar Duke,
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RACER: Carbon
egestion rates

of Euphausia superba
W. NORDFIAUSEN

and M.E. HUNTLEY

Scripps Institution of Oceanography
La Jolla, California 92093

The vertical flux of organic material from the photic zone to
deeper water and finally to the benthos is of fundamental
importance in marine ecosystems. The production of fecal pellets (egestion) by herbivorous zooplankton is a major source
of this material. Euphausia superba Dana is an herbivorous zooplankter of special interest in circumpolar antarctic waters due
to its high abundance (Washburn and Wooster 1981). The relatively large size of its fecal strings and their high sinking
speeds (about 60 meters per day) could provide a significant
portion of this vertical flux of organic material. Only recently
have there been attempts to quantify the egestion rates of E.
superba (Clarke, Quetin, and Ross 1988).
Studies were performed on board the R/V Polar Duke as part
of the Research on Antarctic Coastal Ecosystem Rates (RACER)
program between 30 October and 25 November 1989 in the
Gerlache Strait, near the Antarctic Peninsula (Huntley et al.,
Antarctic Journal, this issue). E. superba was collected from the
upper 20 meters at station A in vertical tows of a 1 meter, 505
micron-mesh ringnet equipped with a 15-liter closed codend.
Tows were performed at low winch speed and for short periods
(10-15 minutes) to minimize stress on the krill. The sample
was transferred to an insulated cooler and diluted with ambient
surface seawater.
Individual E. superba were placed in 500-milliliter plastic containers filled with filtered seawater, after an intermediate rinse
in filtered seawater, using a wide-bore pipet. All seawater used
was filtered through CF/C glass fiber filters. Experimental suspensions were maintained at 0 °C in the dark.
To determine the individual egestion rate of Euphausia soperba, krill were removed after a certain period of time and the
water filtered through a CF/C filter to catch the feces produced;
filtered seawater served as a control. The krill were transferred
to fresh filtered seawater. Each glass fiber filter was immedi1990 REVIEW
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ately placed in a plastic petri dish and frozen at —80 °C for
later laboratory analysis. This procedure was repeated at various intervals over a time of up to 5 days. At the end of each
experiment, individuals were frozen (-80 °C) and later measured for length and for wet and dry weights. The fecal content
of elemental carbon, hydrogen, and nitrogen was determined
using a Perkin Elmer 2400 CHN-Elemental Analyzer.
All krill were immature at the beginning of their second year
and between 24 and 39 millimeters long (mean = 30 millimeters). The wet weight ranged from 46 to 394 milligrams
(mean = 164 milligrams), dry weights were 13 to 92 milligrams
(mean 40 milligrams). Individual egestion rates, expressed
as micrograms carbon per milligram dry weight krill per 24
hours, were greatest in the first few hours after capture but
continued to be significant for at least 24 hours (figure).
60

E 40
w3O
z
020

H02
LU
0
UilO

0

0

50

100

TIME (h)
Fecal pellet production of E. superba. Egestion rates are given as
micrograms carbon per milligram dry weight krill per day. The intercept, E0, has a value of 18 micrograms carbon per milligram dry
weight per day. (h denotes hour. ug C/mg/day denotes micrograms
of carbon per milligram per day.)
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The weight specific egestion of carbon can be described from:
E = E0 x et
where E0 is the initial weight specific egestion rate (micrograms
carbon per milligram dry weight per day), E t is the egestion
rate at time t and P is the rate at which the egestion rate declines
with time. The slopes of the regressions of E t versus time for
8 individual E. superba were not significantly different, but the
intercepts were significantly different (table). Carbon egestion
rates of all individuals are used in the figure. The estimated
in situ egestion rate, E0 was predicted to be 18 micrograms
carbon per milligram dry weight per day (figure).
We employ an independent method to estimate in situ egestion rate, and hence to assess whether our experimental measurements are of expected magnitude. In situ egestion rate can
be calculated by rearranging the equation for daily growth rate
(C):
G a x (E0 - R) x W
(1 - a)
where E0 is the in situ weight specific egestion rate, R is losses
due to respiration, W is the krill dry weight, and a is the
assimilation efficiency.
Individual E. superba in their second year increase in dry
weight from about 10 milligrams at the beginning of the austral
summer to about 150 milligrams at the end of the season, a
period of approximately 4 months. The estimated growth rate
over this period is 0.022 milligrams dry weight per day. We
further assume a 70 percent assimilation efficiency (Conover
1978), a respiration rate of 50 milliliters of oxygen per milligram
dry weight per day and a respiratory quotient of 0.8 (Ikeda
and Mitchell 1982). By rearranging the growth equation, these
assumptions yield a weight-specific carbon egestion rate of 20
micrograms per milligram dry weight per day, which is roughly
equal to our measured E0 of 18 micrograms carbon per milligram dry weight per day.
We thank E. Brinton, M. Lopez, B. Polkinghorn, R. Gartman, and the crew of the RN Polar Duke for their assistance

RACER: Phaeopigment
photooxidation
during the spring bloom
in northern Gerlache Strait
MARIA VERNET and

B. GREGORY MITCHELL

Marine Research Division
Scripps Institution of Oceanography
La Jolla, California 92093

Photooxidation rates of phaeopigments in polar waters are
of particular importance due to the high phaeopigment concentrations often found in surface waters of these regions (Rey,
Sjkoldal, and Slagstad 1987; Holm-Hansen and Mitchell in press).
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Regression statistics for egestion rates (E) versus time (T) for
animals of different dry weights. log E = b x log T + log x,
where b = slope and log x = intercept.
r 2 log x

0.99
0.87
0.97
0.99
0.97
0.70
0.67

1.70
0.50
1.56
1.67
2.26
1.45
2.01

b

pa

Dry weightb

0.46
0.74
0.31
0.53
0.29
0.56
0.08

0
0.020
0.003
0
0.002
0.077
0.088

57.8
46.9
48.2
45.3
69.1
18.5
31.1

I Probability of b not equal 0.
b Dry weight in milligrams.
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Weight ratios of chlorophyll a:phaeopigments ranging from
2:1 to 1:1 are not unusual in the euphotic zone suggesting
either a high production rate or lower loss rates of phaeopigments than in temperate and tropical waters. If phaeopigments
in seston originate from zooplankton grazing (Currie 1962;
Shuman and Lorenzen 1975) and light is their main source of
degradation (SooHoo and Kiefer 1982; Welschmeyer and Lorenzen 1985), it follows that either grazing is higher than previously expected and/or photooxidation rates are lower in polar
regions.
Rates of pigment photooxidation are dependent on light
intensity and quality, oxygen, temperature (SooHoo and Kiefer
1982), and probably factors such as type of material attached
to or surrounding the phaeopigments. Other factors, such as
the type of sensor used to measure radiation fluxes (Laws et
al. 1988), can affect indirectly our estimates of photooxidation
rates.
Previous studies on phaeopigment photooxidation rates in
Antarctica showed temperature dependence (Letelier et al. 1987)
ANTARCTIC JOURNAL

with lower rates at lower temperatures. The material analyzed
consisted of krill fecal pellets finely ground and incubated in
a photosynthesis vs. irradiance incubator with controlled temperature. In this study, we present in situ rates of photooxidation of material collected in sediment traps. In addition,
photooxidation rates of several size fractions were estimated
to assess the effect of particle size in this process.
Samples for photooxidation experiments were obtained from
material collected by traps deployed in November of 1989 for
periods ranging from 1.4 to 2.1 days (Karl and Asper, Antarctic
Journal, this issue). No preservative were added to the traps.
Traps were filled with a brine solution (50 grams of salt (NaC1)
per liter of seawater) before deployment. Upon trap retrieval
samples were stored in polyvinyl bottles, in the dark, at 2 °C,
for a few days. For in situ experiments samples from the sediment traps were diluted in filtered seawater and placed in 2liter polycarbonate bottles. These bottles were incubated in the
water for a few hours, attached to a floating array consisting
of a spar buoy, floats, and a 50-meter line, photosynthetically
available radiation (PAR) fluxes were measured on board ship
with a 2-pi collector (Biospherical Instruments Model QSL-40).
Light extinction in the water column was measured with an
in situ PAR sensor (International Light Model SUD038/PARI
W). A ratio of 0.8 was used for irradiance loss through the
water interface (Vernet and Karl, Antarctic Journal, this issue).
For the size fractionation experiments, the sample was filtered
through successive mesh sizes, 200, 20, 10, 3, and 1 micrometer. Each fraction was sampled and incubated in 0.5-liter polycarbonate bottles in a plexiglass incubator fitted with running
seawater and placed on the ship's deck away from any shade.
In situ photooxidation rates (table) were lower than previously reported, similar to rates measured for the Arctic (Vernet
in press). These rates were estimated using the initial slope of
phaeopigment loss. Very long incubations did not follow firstorder kinetics (figure). These results suggest the existence of
"background" phaeopigments not very sensitive to light or
fluorescence by a stable compound different from phaeopigments. These hypotheses will be tested by high-performance
liquid chromatography analysis of the samples that will allow
for estimations of photooxidation rates of individual phaeopigments.

Apparent first order kinetic constants of phaeopigment
photooxidatlon (k1 , In elnsteins per square meter) of the material
collected In sediment traps In northern Gerlache Strait In
November 1989. The first experiment was conducted on deck
and lasted 6 days. The second and third experiments were
Incubated In situ for approximately 10 hours at depths 2, 6, and
21 meters and lasted 10 hours, at depths of 1, 5, 9, 13, and 21
meters, respectively. The fourth experiment was carried out on
deck and lasted 4 hours. (Size is in micrometers.)
Date

Size

k1

r2

7 Nov 89
8 Nov 89
15 Nov 89
20 Nov 89

all
all
all
<200
<20
<10
<3
<1

0.0089
0.0041
0.0062
0.0187
0.0273
0.0301
0.0303
0.0336

0.95
0.99
0.99
0.98
0.94
0.94
0.99
0.99

a Two bottles were lost in the deployment.
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The apparent first-order kinetic rates (k 1 ) determined from
the initial slopes, are clearly dependent on particle size with
higher rates associated with smaller particles (table). A twofold
increase of photooxidation occurs in <1-micrometer particles
as opposed to <200-micrometer particles, with a sharp cutoff
at <10 micrometers. A large fraction of phaeopigments was
associated to >20-micrometer particles in the water column
during the spring bloom (Holm-Hansen personal communication) suggesting a k1 = 0.0187 einsteins per square meter should
be used for natural waters. The variability in photooxidation
rates due to particle size is of the same order as that associated
with temperature (SooHoo and Kiefer 1982; Letelier et al. 1987;
Vernet in press) and could be part of the reason for discrepancies in the literature (SooHoo and Kiefer 1982; Welschmeyer
and Lorenzen 1985; Downs 1989).
The lower photooxidation rates estimated in situ as compared to on deck incubations may reflect the difference in
experimental procedure. In situ rates may reflect a more realistic environment, with screening by the water column of
very active wavelengths such as the ultraviolet and red regions
of the spectrum. On the other hand, in situ rates were estimated with longer incubations and may not consider the initial
slope of pigment degradation. A third source of variability is
the size of particles exposed to the light presumably due to
the fact that large particles can shade some of the pigment
included in the matrix.
The complex array of variables that affect photooxidation
rates of natural particles makes it difficult to estimate rates for
general application in pigment models. The results from this
study and others in polar regions all agree that rates at about
0 °C (Vernet in press) are lower than those at 10 to 25 °C
(SooHoo and Kiefer 1982; Welschmeyer and Lorenzen 1985).
Within the range of photooxidation constants measured in
polar waters (0.0041 to 0.0301 einsteins per square meter) factors such as smaller particle size, shorter incubations, and surface irradiance spectrum increase the estimated rate while larger
particles, incubated for longer periods and at in situ irradiance
conditions decrease the estimated rates. More research is needed
before establishing photooxidation rates that are representative
of in situ conditions, in particular the relationship between in
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situ and simulated conditions, duration of experiments, and

particle size.
We would like to thank the Captain and crew of the R/V
Polar Duke, 0. Holm-Hansen, M. Ferrario, and L. Tupas for
assistance and equipment; D. Karl for providing the sedimenttrap samples; and E. Brody for data analyses. This project was
funded by National Science Foundation grant DPP 88-17635 to
0. Holm-Hansen and M. Vernet.
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Pigment budgets use chlorophyll a and phaeopigment standing stock in combination with their photooxidation and sedimentation rates in the euphotic zone to estimate phytoplankton
growth and grazing by micro) and macrozooplankton (Welsch meyer and Lorenzen 1985). Their model assumes that chlorophyll a is associated only with phytoplankton while
phaeopigments are the product of a stoichiometric degradation
of chlorophyll a due to grazing (Shuman and Lorenzen 1975).
Phaeopigments in seston are attributed to microzooplankton
grazing while the rate of phaeopigment in sinking particulate
matter sedimentation (i.e., that material collected in sediment
traps) is due to macrozooplankton grazing. The model was
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developed to explain biological processes in the euphotic zone
using chlorophyll a and its degradation products as tracers of
phytoplankton biomass, and it does not consider processes
below illuminated waters. Furthermore, the model assumes
that vertical processes are dominant over lateral advection,
where sinking of particles out of the euphotic zone is related
to the body of water immediately above the sediment-trap
collector.
The model estimates phytoplankton growth rates with success in temperate (Welschmeyer and Lorenzen 1985) and subarctic (Laws et al. 1988) coastal areas, assuming a 66 percent
conversion efficiency in the degradation of chlorophyll a to
phaeopigments. In this article, we present results from three
differing sampling periods during the spring bloom in the
Northern Gerlache Strait, from 6 to 21 November 1989 (Karl
and Asper, Antarctic Journal, this issue). The sediment traps
were deployed three times, 1 week apart, for a duration raging
from 1.43 to 2.04 days, at station A (64°11.17'S 61°21.8'W) in
the RACER study area (Huntley et al., Antarctic Journal this
issue).
Chlorophyll a and phaeopigments were measured in methanolic extracts using a Turner Designs fluorometer calibrated
with chlorophyll a (Sigma Chemical Co.). All samples were
filtered onto Whatman CF/F filters and extracted in methanol
for at least 2 hours in the dark at room temperature. Pigments
from the water column were sampled using 10-liter Niskin
bottles attached to a conductivity-temperature-depth (CTD)
rosette. Samples from the sediment traps were filtered from the
saline solution (50 grams of salt (NaCl) per liter of filtered seawater, without preservative), immediately after trap retrieval.
The model is based on Welschmeyer and Lorenzen (1985),
assuming chlorophyll a sedimentation is not zero and is due
to cell sinking. Equations were solved numerically and changes
in the depth of euphotic zone and chlorophyll concentrations
at those depths were accounted for as in Laws et al. (1988).
ANTARCTIC JOURNAL

No correction was made for a molar conversion efficiency of
less than 1 from chlorophyll a to phaeopigments, if any. Light
was integrated on the ship with a 2-pi collector (Biospherical
Instruments model QSL-40). The extinction of light in the water
column was estimated with a photosynthetically active radiation (PAR) sensor (International Light Model SUD038/PARI
W) which was lowered manually from the ship several times
during each station A occupation. All the data collected were
pooled and a relationship established between the extinction
coefficient (kp AR per meter) and chlorophyll concentration in
the mixed layer (kpAR = 0.0233 x (chlorophyll a), r2 = 0.95,
n = 8). This equation was used to estimate kPAR from the
chlorophyll profile where no direct light measurements were
available. The average loss of radiation through the water/air
interface was 0.81 (range 0.77-0.93). This number, considered
representative for all weather conditions and time of day, was
used in all calculations. A photooxidation constant of 0.018
einsteins per square meter was used in the model (Vernet and
Mitchell, Antarctic Journal, this issue).
The development of the spring bloom at station A can be
observed from the build-up of chlorophyll a (Holm-Hansen
and Vernet, Antarctic Journal, this issue) and microbial biomass
(Tien et al., Antarctic Journal, this issue) in the mixed layer.
Peak concentrations were found, on the average, during 19 to
21 November (second trap deployment). Superimposed on the
average increasing biomass trend the system showed great
variability, or patchiness, in the distribution of chlorophyll a
and phaeopigments in the water column (Holm-Hansen and
Vernet, Antarctic Journal, this issue). Chlorophyll a and phaeopigments profiles in the water column sampled at the time of
trap deployment and retrieval are considered C O and P0 (initial
concentration of chlorophyll and phaeopigments respectively,
in milligrams per square meter) and C 1 and Pf (final concentration, in milligrams per square meter). Table 1 shows the
parameters used in the model at each deployment. Differences
in CO between stations (A2 to A4) are indicative of the variability of the system. During the A2 deployment not much
variability was observed in either pigment concentration or
depth of the euphotic zone. Results from stations A3 and A4
show an increase in pigment concentration with a concomitant
reduction of the depth of the euphotic zone. The weight ratio
of phaeopigments:chlorophyll a in seston ranged from 0.15 to
0.2. Sedimentation rates of chlorophyll a and phaeopigments
in station A increased in time and ranged from 1.1 to 3.0 and
from 1.6 to 6.7 milligrams per square meter per day, respectively (table 2).

Table 2. Sedimentation rates of chlorophyll a and
phaeopigments (in milligrams per square meter per day) for the
three trap deployments in northern Gerlache Strait during the
spring bloom. Deployments lasted for 1.45, 1.9 and 2.04 days in
A2, A3, and A4, respectively. (Depth is given in meters.)
Sedimentation
Station

Date

Depth

Chlorophyll

Phaeopigment

A2

8 Nov 89

40
60
80
100
120

1.3
1.4
1.4
1.9
1.1

1.6
2.5
2.6
5.0
1.8

A3

14 Nov 89

40
60
80
100
120

2.5
2.2
2.2
2.4
2.1

6.5
2.9
2.5
2.7
2.1

A4

21 Nov 89

40
60
80
100
120

3.0
2.7
2.5
2.7
2.4

6.7
5.6
6.5
6.3
5.8

The model estimates an increase in phytoplankton specific
growth rate during the bloom development, from 0.07 to 0.3
to 0.5 per day (table 3). Although the latter estimate is very
high, close to the maximum rate (Eppley 1972), it is possible
for a short period under high irradiance and a very shallow
euphotic zone (table 1). Most of the phytoplankton biomass
generated in the euphotic zone during the sampling period
accumulated in the mixed layer, in agreement with direct
measurements (Tien et al., Antarctic Journal, this issue; HolmHansen and Vernet, Antarctic Journal, this issue). Cell sinking
and grazing by macrozooplankton did not have a high impact
on the system at any time during the bloom. Microzooplankton
grazing was the most important loss factor due to biological
processes in the system although the model predicts dominance of this process only at station A2. Microzooplankton cell
numbers at A2 does not support the estimate of high grazing
pressure (Bird and Karl, Antarctic Journal, this issue) perhaps
suggesting an overestimation of this process by the model.
This discrepancy may also be due to lateral advection in the

Table 1. Parameters used in the pigment budget for the three trap deployments in the northern Gerlache Strait in November of 1989.
Euphotic zone (in meters) was defined as the depth of 1 percent incident radiation; C and P (in milligrams per square meter) are the
integrated chlorophyll and phaeopigment for the euphotic zone; kPAR (per meter) is the extinction coefficient for photosynthetically
available radiation for the euphotic zone; 1 0 (in einsteins per square meter per day) is the incident radiation integrated for 24 hours; I (in
einsteins per square meter per day) is the average photosynthetically available radiation in the euphotic zone; C fl,, and P flUX are the flux
of chlorophyll a and phaeopigment (in milligrams per square meter per day) to the 40-meter sediment traps. Numbers separated by
semicolon represent the initial and final values for each deployment.
Date
Nov 89

Euphotic
zone depth

C

P

kPAA

10

I

CfIU.

PfIu

6-8
13-14
19-21

20;20
18;11
27;11

243-243
263-215
180-227

35;36
53;26
27;44

0.23;0.23
0.25;0.41
0.17;0.44

112
71
127

21.5
14.1
24.8

1.3
2.5
3.0

1.6
6.5
6.7
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Table 3. Parameters estimated in the pigment model for the three deployments in northern Gerlache Strait in November 1989, during the
spring bloom: u (per day) is the phytoplankton specific growth rate; g' (per day) is the microzooplankton grazing rate calculated from
the accumulation of phaeopigment in the water column and photoxidation; g (per day) is the macrozooplankton grazing rate based on
the sinking of phaeopigments; Sink is the sinking of phytoplankton measured from the flux of chlorophyll a out of the euphotic zone;
accum Is the percentage of biomass that stays or accumulates in the euphotic zone; PP represents growth estimates based on the
carbon-14 uptake (Holm-Hansen and Vernet, Antarctic Journal, this issue) and calculating an average carbon:chlorophyll ratio for the
euphotic zone from Tupas et al. (Antarctic Journal, this issue).
Date

6 Nov
13 Nov
19 Nov

U

g'

0.07
0.28
0.53

0.06
0.03
0.15

0.007
0.03
0.04

water column which would result in an underestimation of
chlorophyll accumulation in the water column.
Results from the model suggest that phytoplankton in coastal
areas of the Gerlache Strait can grow at maximal specific growth
rates for the ambient temperature during sunny days, where
atmospheric radiation is increased by albedo from nearby gla ciers. The model estimates an average specific growth rate for
the month of November of 0.29 per day. This estimate compares well with the average growth rate of 0.27 per day based
on carbon-14 incorporation (Holm-Hansen and Vernet, Antarctic Journal, this issue) and carbon: chlorophyll ratios calculated from particulate organic carbon in seston (Tupas
unpublished data).
Net growth of phytoplankton during the bloom can be estimated from the equation C = C 0 eut (where Co and Ct are
chlorophyll a at times initial and final, u is the specific growth
rate, and t is the time interval considered), as if station A were
a closed system, and assuming advection to be zero. Taking
C as the average chlorophyll concentration in the euphotic
zone in all stations sampled during Al to A4 (Holm-Hansen
and Vernet, Antarctic Journal, this issue), Unet = 0.11, 0.11,
-0.04 per day, suggesting that the bloom peaked during A3,
in mid-November. The difference between the estimates, in
addition to the loss processes accounted for in the pigment
model, may reflect the difference in growth in a given body
of water as compared to the average growth in the area.
The sampling was performed on board the RIV Polar Duke
with assistance from 0. Holm-Hansen, M. Ferrario, G. Tien,
and R. Letelier. Data analysis were performed by E. Brody.
We would like to thank the captain and crew of the RN Polar
Duke and the RACER program for a successful cruise. This
study was supported by the Division of Polar Programs, National Science Foundation grants DPP 88-17635 to 0. HolmHansen and M. Vernet and DPP 88-18899 to D. Karl.
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%g'

%g

% Sink

Accum

PP

81.2
9.7
27.9

9.6
9.9
6.8

7.5
3.7
3.0

1.7
80.4
62.3

.37
.27
.18
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The intensive austral spring/summer phytoplankton bloom
in the Antarctic Peninsula region can result in phytoplankton
standing stocks in excess of 20 milligrams of chlorophyll a per
cubic meter (Krebs 1983; Holm-Hansen et al. 1989; Holm-Hansen and Mitchell in press) and sustained production rates of
2-5 grams of carbon per square meter per day (Holm-Hansen
and Mitchell in press; Karl et al. in press). In spite of this welldocumented coastal ocean phenomenon, we know little about
the physical-chemical controls on the initiation, temporal variations and the demise of the spring bloom, and even less
about the immediate and long-term fate of this seasonal primary productivity pulse. To model the antarctic coastal ecosystem, we require additional information on the residence
time of particulate organic matter in the euphotic zone and on
the processes responsible for controlling the rate of new (i.e.,
export) production. Phytoplankton cells are consumed in the
upper water column by both micro) and macrozooplankton
grazing. During macrozooplankton (and especially Euphausia
superba) feeding, the ingested phytoplankton cells are, in part,
repackaged into larger, denser fecal pellets which are rapidly
removed from the water column by gravitational settling
(Nordhausen and Huntley, Antarctic Journal, this issue). In
addition, phytoplankton cells can also be removed, either singly or as aggregates, by directly sinking out of the surface
layers of the ocean during wind-induced vertical mixing. The
net effect of these processes is that the seasonal surface water
bloom also causes a seasonal pulse in the downward flux of
particulate organic matter thus providing a predictable supply
of reduced carbon, i.e., energy, to the mesopelagic zone and,
eventually, to the benthos. While these coupled ecosystem
processes are known to occur in coastal antarctic habitats (data
summarized in Karl, Tilbrook, and Tien in press), details of
the rates, mechanisms, timing, and overall ecological consequences of the coupled production and flux of particulate organic matter are poorly understood.
During the 1989-1990 Research on Antarctic Coastal Ecosystem Rates (RACER) field program, we conducted a series
of sediment-trap experiments at a station located in the northern portion of the Gerlache Strait (figure 1). These studies
employed both a bottom-moored, time-series sediment trap
which provided a continuous 5-month record (with a resolution of 11.5 days) of particle flux before, during and after the
seasonal spring bloom and several deployments of a short1990 REVIEW
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Figure 1. Map of the RACER 1989-1990 study region showing the
location of the sediment trap station (indicated by star).

term (with a resolution of 1-2 days), free-floating sedimenttrap array during the initiation of the spring bloom (the table
and figure 2). The latter experiments also provided detailed
information on vertical changes in particle flux between 40 and
140 meters (table).
At present, the samples collected on our 1989-1990 expedition are in various stages of analyses; thus, a comprehensive
data presentation is premature. Nevertheless, several salient
features in the emerging database deserve mention. First, the
5-month continuous record for total mass (dry weight basis)
flux at station A revealed a highly variable signal ranging from
a maximum of 1.8 milligrams per square meter per day in
January 1990 (figure 3). The onset and duration of this major
November flux "event" must be extremely rapid and of short
duration. With a collection period resolution of 11.5 days, the
likelihood of an event of moderate duration, exactly coinciding
with our collection period, is small. It is more likely that the
flux pulse was short-lived (e.g., a few days) and fell within
the collection period. If this were the case, the actual mass flux
during this event would be even greater than that estimated
here.
Another interesting aspect of these data was the presence
of a double peak in mass flux separated by a period of relatively
low particle flux. Given the design of the MK7-13 sediment
traps (Honjo and Doherty 1988) and the performance verification information recovered from the sediment-trap computer
at the end of our experiment, it is highly unlikely that the
apparent "null" period was the result of a malfunction in the
computer-assisted timing or rotation mechanisms. Furthermore, our temporal data indicate that a relatively high particle
flux is already evident at the start of our experiment in midOctober, approximately 1 month prior to the initiation of the
spring bloom (see figure 2).
There are at least two possible explanations for these results.
First, it is possible that the mass flux leading up to and including the first peak (i.e., 13 October 1989 to 16 November
1989) represents a period where the mass flux is dominated
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Summary of sediment-trap experiments conducted during RACER 1989-1990a.

Date
Deployed

Trap
configuration

Recovered

10-13-89

03-11-90

MK7-13
(bottom-moored)

11-6-89

11-8-89

11-13-89

11-14-89

11-19-89

11-21-89

03-21-90

01-21 _91d

MULTITRAP ARRAY
(free-floating)
MULTITRAP ARRAY
(free-floating)
MULTITRAP ARRAY
(free-floating)
MK7-13
(bottom-moored)

Depth
(in meters)

Number of
collectors per
depth

100

l3'

Sample analyses

Total mass, aluminum, carbon, nitrogen,
phosphorus, silicon, pigments
microscopy, bomb calorimetry
Carbon, nitrogen, phosphorus, silicon,
ATP, pigments, microscopy
8C Carbon, nitrogen, phosphorus, silicon,
ATP, pigments, microscopy
8C Carbon, nitrogen, phosphorus, silicon,
ATP, pigments, microscopy
Total mass, aluminum, carbon, nitrogen,
phosphorus, silicon, pigments, bomb
calorimetry

40, 60, 80, 100,
120, 140
40, 60, 80, 100,
120, 140
40, 60, 80, 100,
120, 140
100,200

a

All sediment-trap experiments were performed in the northern Gerlache Strait near 64 0 11.7'S 61019.5'W.
Sequential collections.
c
Simultaneous collections.
d Anticipated recovery date.
b

by terrigenous (primarily inorganic) particles previously accumulated onto sea ice and released into the water by melting
or resuspension of bottom sediments by wind-induced mixing
and subsequent deposition, or both. In support of this former
hypothesis, we did recover some gravel) and sand-sized particles in the early fall sediment-trap collections (prior to 1 November) which were absent later in the season. Furthermore,
there was a severe storm (50-60 knot winds) in this region of
the Antarctic Peninsula which began on 30 October 1989 and
lasted for approximately 2 days. If sediment resuspension was
important, however, we would have to invoke a lagged storminduced, shelf-to-basin transport of particulate matter because
the timing of the storm and the first peak in particle flux appear
to be offset by at least 7 days. In any case, we will eventually
have sufficient data to distinguish among terrigenous particles,
resuspended sediments and nascent biogenic material flux. A
combination of direct microscopy, size-grain analysis, aluminum and silicon content analysis, and organic-matter analyses
(carbon, nitrogen, and phosphorus) will be used to help iden tify the primary mechanism.
Finally, there is evidence in our mass flux data of what might
be interpreted as a "fall" bloom. From nutrient measurements
at station A, we know that the spring/summer bloom caused

a substantial utilization of dissolved inorganic nutrients (see
figure 2) which may place a limit on midsummer (January)
export production. When the water column is mixed by a combination of density-driven (caused by surface cooling) and wind
mixing, inorganic nutrients are resupplied to the upper water
column, a process which under appropriate environmental
conditions could result in a fall phytoplankton bloom and subsequent particle export. Again, more detailed chemical and
compositional analyses of the sample materials collected during RACER 1989-1990 should allow us to better interpret and
model the coupling between nutrient supply and particle flux.
We thank the officers and crew members of the RIV Polar
Duke, RACER-11 colleagues and especially the University of
Hawaii participants (C. Tien, A. Brittain, D. Bird, R. Letelier,
D. Hebel, and L. Asato) for their assistance with sample collection and analysis. This research was supported, in part, by
National Science Foundation grant DPP 88-18899. Contribution
number 2415 of the School of Ocean and Earth Science and
Technology of the University of Hawaii.
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Figure 2. Time dependence of nitrate (NO 3 ) and phosphate (PO4)
uptake and accumulation of biomass (ATP) associated with the
initiation of the 1989 spring bloom. The shaded portions at the top
of the graph indicate the collection periods for samples 2-4 of the
bottom moored sediment trap and the shaded portions at the bottom of the graph indicate the collection periods for the three MULTITRAP deployments.
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Figure 3. Particle mass flux (dry weight) versus time for a continuous 5-month period during the 1989-1990 austral summer. Inset
presents an expanded view of the flux data collected from 9 December 1989 to ii March 1990. (mg m 2 d' denotes milligrams
per square meter per day.)
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RACER: Mesoscale variation
in body size of Metridia
gerlachei (Copepoda: Calanoida)
in the western Bransfield
Strait region, austral summer,
1986-1987
M.E. HUNTLEY and F. EscRIToL
Scripps Institution of Oceanography
La Jolla, California 92093
Metridia gerlachei is, in terms of both abundance and biomass,
one of the most important copepod species endemic to the
southern ocean. It can be especially abundant in coastal regions
where, together with Ca/anoides acutus, Euchaeta antarctica, and
Calanus propinquus, it may account for as much as 90 percent
of the total zooplankton biomass caught on 30-micron mesh
(Hopkins 1985a; Hopkins and Torres 1988). The species is apparently omnivorous (Hopkins 1985b), although there are few
quantitative measurements of its feeding rate, either as an
herbivore (Schnack 1985; Schnack et al. 1985) or as a carnivore
(Huntley and Lopez, Antarctic Journal, this issue). Its life cycle
is not well understood; unlike herbivorous antarctic copepod
species such as Calanoides acutus or Rhincalanus gigas, it does
not appear to undergo an ontogenetic seasonal vertical migration (Atkinson and Peck 1988).
Our zooplankton collections during the 1986-1987 RACER
(Research on Antarctic Coastal Ecosystem Rates) program,
having been distributed over a 4-month period from December
through March in a 25,000 square kilometer area of the western
Bransfield Strait, provided an excellent opportunity to study
the spatial and temporal variability of Metridia gerlachei populations in a coastal environment well characterized in terms
of other physical, chemical, and biological variations (Huntley
et al. in press). Our initial assumption was that the M. gerlachei
population in this area would be univoltine and that, as for
Calanoides acutus or larval Euphausia superba (Huntley and Escritor in press; Huntley and Brinton in press), an analysis of
stage-frequency distributions through time might yield plausible estimates of in situ development rates. We restricted our
analysis of stage-frequency distributions to stations visited during
the 24-station "slow grid," where samples were collected in
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two equal strata to a depth of 200 meters, because M. gerlachei
is thought to be a strong diel vertical migrator (Mackintosh
1937), and might not have been adequately represented in our
0-40 meter "fast grid" zooplankton samples.
Copepodite stages were identified and counted in each sample following the same procedure we used for Calanoides acutus
(Huntley and Escritor in press). Unlike C. acutus, however,
copepodite stages IV and V (CIV, CV) of M. gerlachei cannot
be identified using gross morphological characters such as the
number of pleopods and/or the number of urosomal segments.
We chose to identify CIV and CV by length measurements
because the alternative, detailed microscopic examination of
individual appendages, would have been impractical.
A total of approximately 10,000 individual length measurements were made (50 individuals in each of 200 samples). At
a given station, data for both depth strata were combined,
yielding a bimodal frequency distribution based on approximately 100 individuals. We used statistical techniques to infer
the most probable combination of two unimodal distributions
by iteratively decomposing the raw data in the suspended area
of overlap until we found the combination which gave the best
fit to a normal distribution for both distributions using the Ctest (Sokal and Rohlf 1981).
For each cruise period, cluster analysis was performed on
the standardized unimodal stage-frequency distributions for
each copepodite stage using Pearson's product-moment correlation coefficient; this analysis was performed using SYSTAT
(Wilkinson 1989). The number of clusters formed by this method
ranged from two to four. The mean length of CIV and CV
copepodites in each cluster during each 1-month cruise period
is shown in the table. Stations linked by cluster analysis were
also geographically coherent (figures 1 and 2).
The largest copepodites were always found associated with
waters of the northern Gerlache Strait. In December, size decreased from east to west, but during the next 3 months, there
was a clear diminution in size from south (Gerlache Strait) to
north (Drake Passage). This reflects the general pattern observed in the distribution of chlorophyll, primary productivity
(Holm-Hansen and Mitchell in press), and in the abundance
of Calanoides acutus (Huntley and Escritor in press), larval Euphausia crystallorophias (Brinton in press) and larval Euphausia
superba (Huntley and Brinton in press).
It is tempting to suggest that there might have been a direct
relationship between copepodite size and contemporaneous
distributions of chlorophyll, for example. At all locations, however, the largest copepodites of both stages tended to occur in
January, following by 1 month the seasonal peak of the annual
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Metridla gerlachel: mean cephalothorax length (millimeters) of
CIV and CV copepodite clusters at monthly intervals during the
study. (See figures 1 and 2 for geographical location of the
clusters.)
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Figure 1. CIV copepodites of Metridla gerlachel: Geographical distribution of clusters at monthly Intervals from December 1986 through
March 1987. The number of the cluster corresponds to the ranking of size of copepodites (e.g., Cluster I are shortest, Cluster IV
longest).
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phytoplankton bloom. Our attempts to evaluate in situ development rates by analysis of stage-frequency distributions did
not yield clear results. Throughout the 4-month study period,
most stations tended to have populations dominated by CIII
and CIV copepodites. This result is similar to that previously
observed in Prydz Bay in January (Zmijewska 1983) and in the
Bransfield Strait in January (Zmijewska 1985). The persistence
of this age structure for a 4-month period suggests a stable
age distribution, which in turn suggests the possibility of a
continuous reproduction, at least for a good portion of the
spring and summer. The significant diminution in both adult
males and females by March indicates, however, that reproduction may have been much reduced with the approach of
winter.
We conclude that the size of Metridia gerlachei and, by inference, its growth rate, was strongly influenced by ambient
food conditions. By contrast to the presumed herbivorous copepod, Calanoides acutus, M. gerlachei appears to have a very
long reproductive period.
We thank E. Brinton and R. Gartman, as well as the wonderful crew of the RJV Polar Duke, for their invaluable assistance. This research was supported by National Science
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Foundation grant DPP 85-17269 to Mark Huntley and Edward
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Thysanoessa macrura is the most regularly distributed euphausiid in antarctic waters, sometimes exceeding Euphausia
superba in number (Kittel and Stepnik 1983; Sebutal Pires 1986).
All stages are found in open water, but only postlarvae and
adults occur under pack ice (Daly and Macaulay 1988). Larvae
of T. macrura appear early in the season (Hempel and Hempel
1982); a developmental ascent has been described for T. macrura
(Makarov 1979) which is similar to that of F. superba (Marr
1962). Calyptopis 1 larvae are the first stage to appear in the
photic zone (Makarov 1982).
The RACER (Research on Antarctic Coastal Ecosystem Rates)
pilot investigation was performed at the western end of the
Bransfield Strait near the Antarctic Peninsula (Huntley et al.
1987).
Net tows and basic physical and chemical observations were
conducted throughout the 100 x 250 kilometer study region
during eight cruises between 15 December 1986 and 31 March
1987. A monthly 4.5-day "fast grid" for synoptic studies at 69
stations was followed by an 8-day "slow grid" with extensive
work at 15-20 stations, evenly distributed over the same grid.
At each of these stations, oblique net tows using a 1-meter1990 REVIEW
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diameter ringnet equipped with a double messenger opening/
closing net (Ocean Instruments release device) was used to
sample depth intervals of 0-100 meters and 100-200 meters
simultaneously. Mesh size was 333 microns. Sampling was
done without regard to time of day. The duration of darkness
varied from about 3 hours in December to about 10 hours in
March. The volume of water filtered was measured with TSK
flow meters. Samples were preserved in buffered formalin for
laboratory analysis.
The RACER pilot investigation with its unique sequential
surveys of a 25,000 square kilometer station-grid over a period
of 4 months make possible the direct investigation of the developmental rate of T. macrura.
All T. macrura were identified and enumerated from samples
collected as described above. Abundances (individuals per 1,000
cubic meter) were calculated based on flow meter readings.
Specimens were measured to the nearest millimeter from the
tip of the rostrum to the tip of the telson and classified to
maturity stage (nauplii, metanauplii, calytopis 1-3, furcilia 16, juveniles and adults). For postlarval organisms of about 913 millimeters the term "juveniles" is used. Animals larger
than 14 millimeters, roughly the onset of maturity, were sexed.
T. macrura was found at all stations and at all depths (to
2,700 meters) during the sampling period. In only 6 percent
of 202 analyzed samples of the slow grid stations were no T.
macrura found.
Larvae of T. macrura were consistently most abundant in the
upper 100 meters (Mann Whitney U-Test, P<0.05 percent);
there was no significant diel variation in larval abundance in
either depth stratum (Mann Whitney U-Test, P<0.05 percent).
T. macrura calyptopis and furcilia 1 (C1-C3 and Fl) stages
were already abundant at the beginning of the study in late
December. Even though larvae were found at all stations, the
abundance varied over three orders of magnitude with highest
numbers of up to 5,000 individuals per 1,000 cubic meters in
the Gerlache Strait. Lowest abundances were found in the
waters of the Drake Passage (80 individuals per 1,000 cubic
171

meters). Abundances of 300-1,200 individuals per 1,000 cubic
meters were found in the Bransfield Strait with the lower num bers in the northwestern part of the study area.
A similar distribution was found during January, but highest
abundances of 3,700-4,600 individuals per 1,000 cubic meters
were found over a larger area now extending from the Gerlache
Strait into the southern Bransfield Strait. Abundances of 1001,200 individuals per 1,000 cubic meters were found in the
central Bransfield Strait again with a gradient from the northwest to the southeast. Lowest abundances were still found at
the northern stations in the Drake Passage.
The distribution and abundance during the third slow grid
at the end of February 1986 to the beginning of March 1987
was quite different. The abundance of larvae dropped to no
more than 1,100 individuals per 1,000 cubic meter. Highest
abundances were now found in the central Bransfield Strait.
Numbers of 110-140 individuals per 1,000 cubic meters in the
Gerlache Strait were similar to the abundances in the western
and southern Bransfield Strait. Lowest numbers were found
again in the northern Bransfield Strait and in the Drake Passage
(10-50 individuals per 1,000 cubic meters).
By late March the abundances were lowest, with the highest
values in the Gerlache Strait (360 individuals per 1,000 cubic
meters). Larval abundances in the other areas were <70 individuals per 1,000 cubic meters.
The stage composition and distribution of T. macrura was
analyzed for cohorts. Each cohort was calculated from:
S=(C1x1+C2x2+ . . . F6x9)±N
where S is the mean stage and Cl. . . - F6 are abundances of
larval stages calyptopis 1 through furcilia 6 and N is the sum
of the abundance of all stages together. No multi-modality
could be observed; this suggests the occurrence of a single
spawning period (figure).
C2 and C3 as well as furcilia 1 stages dominated in December. Cl were also common especially in the upper 100 meters.
No eggs, nauplii, or metanauplii were found. The latest developmental stage found during this cruise was F3, of which
only a few were found in the western Bransfield Strait.
Furcilia stages, in particular F2 and F3, were most abundant
in January. It is remarkable that during January all maturity
stages from Cl to F6 were present. Cl was again more abundant in the upper 100 meters. The mean stage was highest at
the stations in the northern Bransfield Strait and north of Livingston Island.
During the 26 February to 6 March survey, very few calyptopis stages were found; Fl and F2 were also rare. More abundant were F6 and F5 stages, but F4 and F3 were also common.
The mean stage did not vary much over the sampling grid,
but the earliest stages were found in the Gerlache Strait. The
last survey (late March) was dominated by F6, while F4 and
F5 were still abundant as well as juveniles.
T. macrura developed from Cl to F6 in about 100 days. This
is roughly 20 percent faster than the development rate of E.
superba calculated by Huntley and Brinton (in press). From the
data it is possible to predict a single spawning period between
November and December 1986.
This work was accomplished with support from National
Science Foundation grant DPP 85-17269. The field work was
divided into period 1(6 December 1986 to 8 February 1987) and
period II (8 February to 6 April 1987). The RACER personnel
on board the ship included: E. Brinton, M.E. Huntley, and R.
Gartman. We thank the crew members of the R'V Polar Duke
and the ANS personnel for their expert support.
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Springtime ozone depletion over Antarctica during the past
decade has resulted in unseasonably elevated levels of ultraviolet-B (UV-B) (280-320 nanometers) reaching the Earth's surface. This has prompted many questions about the ecological
impact of the "ozone hole" on antarctic communities. Field
research has focused primarily upon the identification of repair
and protective mechanisms used by antarctic species to survive
ultraviolet exposure in the altered springtime environment.
Work completed on DNA damage and repair is presented elsewhere (Mitchell and Karentz, Antarctic Journal, this issue). This
article describes results from a survey of antarctic organisms
for the presence of natural ultraviolet sunscreens.
Mycosporine-like amino acid compounds (MAA5) absorb light
from the ultraviolet portion (280-400 nanometers) of the solar
spectrum. These compounds have been isolated from marine
organisms (invertebrates, algae, and fish) collected in temperate and tropical regions (Nakamura, Kobayashi, and Hirata
1982; Chiocarra et al. 1980; Dunlap et al. 1989). Because of their
spectral absorbing characteristics, MAAs have been recognized
as possible biochemical protection for harmful ultraviolet radiation exposure of marine species (Dunlap, Chalker, and Bandaranayake 1988). During spring 1988, 57 species (1 fish, 48
invertebrates, and 8 algae) were collected from marine habitats
in the vicinity of Palmer Station (Anvers Island, Antarctic Peninsula). Samples were freeze-dried, extracted in methanol, and
analyzed by high-performance liquid chromatography for the
presence of MAAs (for detailed methods see Karentz et al. in
press).
Eighty-six percent of the organisms studied contained at
least one MAA (table). Eight MAAs, in total, were identified
from these antarctic species. Seven of these (palythine, porphyra-334, shinorine, mycosporine-glycine, palythene, asterina-330, and palythinol) were known previously from tropical
and temperate marine organisms. The eighth MAA (mycos1990 REVIEW

porine-glycine:valine), which has not been reported from organisms studied at other latitudes, was found in 60 percent of
the antarctic invertebrates analyzed.
This work provides data that emphasize the widespread
occurrence of MAAs in marine organisms at all latitudes, suggesting that MAAs may be a universal strategy for ultraviolet
protection. The common occurrence of MAAs in antarctic organisms indicates that these organisms may have some degree
of natural protection from increased ultraviolet exposure resulting from springtime ozone depletion.
We would like to thank field party members M.C. Land and
P.S. McEuen for their assistance in collecting; and the Palmer
Station staff from ITT/Antarctic Services, Inc., for their excellent support. This project was sponsored by National Science
Foundation grant DPP 87-12533 to D. Karentz and J. E. Cleaver;
Office of Health and Environmental Research, U.S. Depart-

Species analyzed, common name and total number of MAAs
isolated in each sample

Species

Common name

Number
of MAAs

Gromia oviformis
Sponge no. 1
Sponge no. 3
Sponge no. 5
Sponge no. 6

Rhizopod
Sponge
Sponge
Sponge
Sponge

Anemone no. 1
Bo/inopsis n. sp.
Ca/lianira antarctica
Obrimoposthia wandeli
Planarian no. 2

Sea anemone
Ctenophore
Ctenophore
Planarian
Planarian

Amphiporus michae/seni
Parbor/asia corrugatus
P. fueguina
Aglaophamus ornatus
Neanthes kergue/ensis

Ribbon worm
Ribbon worm
Ribbon worm
Polychaete
Polychaete

Terebe//a ehiersi
Tomopteris carpenteri
Polychaete no. 2
Trachelobde/la austra/is
Limacina he/icina

Polychaete
Polychaete
Polychaete
Leech
Pteropod

7
3
5
6
6

Margare/la antarctica
Pa/udestrina antarctica
Trophon cf. geversianus
Nudibranch no. 1
Tonicina zschaui

Snail
Snail
Snail
Nudibranch
Chiton

4
7
5
5
3

Cyamium Cf. commune
Limulata cf. ova/is
Ache/ia spicata
Ca/anus propinquus
Cymodoce//a tubicauda

Clam
Clam
Sea spider
Copepod
Isopod
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Species analyzed, common name and total number of MAAs
Isolated In each sample (continued)

Species

Common name

Notase/lus sarsi
Euphausia superba

Isopod
Krill
Amphipod
Amphipod
Amphipod

Amphipod no. 6
Amphipod no. 8
Amphipod no. 10
Amphipod no. 13

Amphipod
Amphipod
Amphipod
Amphipod
Bryozoan

Amphipod no. 2
Amphipod no. 3
Amphipod no. 4

Beania Iivingstonei
Inversiula nutrix
Granaster nutrix
Amphioplus affinis
Cucumaria cf. georgiana
Ekmocucumis steineni
Molgula enodis
Salpa thompsoni

Chaetognath no. 1
Icefish no. 1 (larvae)

Number
of MAAs

Bryozoan
Sea star
Brittle star
Sea cucumber
Sea cucumber

References

6
6
1
0
0

Sea squirt
Saip
Chaetognath
Icefish
Red algae

Curdiea racovitzae
Iridea chordata
Uthothamnion cf.
antarcticum
Pa/maria decipiens
Phy//ophora
appendiculata
Desmarestia menziesii

Red algae
Brown algae

Algal mat
Algal mat

Filamentous greens
Filamentous diatoms

Red algae
Red algae
Red algae

Molecular and biological
responses of antarctic phytoplankton
to ultraviolet radiation
DAVID L. MITCHELL and DENEB KARENTZ

Laboratory of Radiobiology and Environmental Health
University of California San Franscisco, California 94143-0750

Air pollution has resulted in global decreases in stratospheric
ozone concentrations and an increase in the amount of harmful
solar radiation reaching the Earth's surface. The effects of increased ultraviolet-B (UV-B) radiation (290-320 nanometers)
on the human population are complex. The obvious and direct
consequences include increased incidence of skin cancer and
accelerated aging; less obvious and more indirect effects include deterioration of natural systems such as marine plankton, integral to oxygen production and the base of the oceanic
food chain. To assess the impact of ozone depletion on marine
communities, it is necessary to define the biomolecular response of individual organisms to UV-B.
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Ultraviolet light is lethal to living systems. Due to its absorbance spectrum, DNA is considered the major cellular target (i.e., it is the primary chromophore). A portion of the
energy absorbed by DNA is converted into stable structural
damage, primarily involving interactions between adjacent pyrimidine bases (i.e., thymine and cytosine). The major photoproducts induced are the cyclobutane dimer and (6-4)
photoproduct (so named for the chemical linkages between
the dimerized bases). These lesions cause significant distortions in the phosphodiester backbone which inhibit transcription of essential genes as well as the onset and progression of
DNA replication.
DNA repair mechanisms have evolved in response to this
damage:
• photoreaction (PR) specifically splits cyclobutane dimers by
the combined action of a simple enzyme and visible light;
• nucleotide excision repair (NER) is a more complex system
involving recognition of a broader class of damage, assembly
of a DNA repair complex at the site of damage, incision of
the DNA backbone upstream from the damage, and the
concomittant excision and resynthesis of the damaged strand
by the action of DNA polymerase.
We have initiated studies on the induction and repair of UVB damage in various antarctic phytoplankton species using
ANTARCTIC JOURNAL

Nitzschia kerguelensis
Chaetoceros neglectus
Chaetoceros soda/is
Thalassiosira subtilis
Chaetoceros convolutus
Odonteila weissflogii
Thalassiosira australis
Corethron cryophilum
Coscinodiscus oculus-iridis
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Figure 1. Total number of photoproducts induced in each diatom
species by exposure to 2,500 joules per square meter.

radioimmunoassays which detect cyclobutane dimers and (64) photoproducts in DNA (for technique see Mitchell, Haipek,
and Clarkson 1985). Species were collected at Palmer Station
and maintained in the laboratory for photobiological studies.
The preliminary results, indicate a great diversity in the photobiology of individual phytoplankton species. In figure 1, the
combined induction of cyclobutane dimers and (6-4) photoproducts (induced at about equal rates) is shown after 2,500
joules per square meter UV-B light emitted by a filtered sunlamp. The difference in the amount of photodamage induced
per unit length DNA (108 daltons = 150,000 base pairs) in the
individual species was nearly 100-fold, ranging from 0.9 lesions
per 108 daltons in Coscinodiscus oculus-iridis to 84 lesions per
108 daltons in Nitzschia kerguelensis.

Comparable differences in the ability of individual species
to repair ultraviolet damage was also observed (figure 2). Diatoms irradiated with 2,5000 joules per square meter UV-13 light
were incubated for 6 hours in either yellow or white light
conditions prior to DNA isolation. Under the yellow lights,
photoreactivation was minimized and repair was restricted to
nucleotide excision; under white lights, the contribution of
photoreactivation could be assessed. The capacity of individual
diatoms to excise damage ranged from negligible to near complete removal within 6 hours; this extreme variation was even

Chaetoceros convolutus
Chaetoceros neglectus
Chaetoceros socialls
Coscinodiscus ocu/us-iridis
Corethron cryophilurn
Nitzschia kerguelensis
Odonthe/Ia weissf/ogii

Species

White

Yellow

Coscinodiscus ocu/us-iridis (3)
Coscinodiscus oculus-iridis (12)
Coscinodiscus oculus-iridis (80)
Corethron cryophilum
Licmophora decora

8,243
12,582
12,647
25,338
4,057

1,180
3,424
934
312
1,173

681
3,695
2,915
2,196
1,844

84
507
1,680
308
252

Thalassiosira australis
Odontella wiessflogii
Eucampia antarctica
Porosira pseudodenticulata
Tha/assiosira subtills

observed with a single genus (e.g., Chaetoceros). White light
enhanced repair in nearly all species, suggesting that photoreactivation may play a significant role in damage tolerance by
marine phytoplankton. We hope to elucidate this question
more definitively in future experiments by separating photoreactivation from generalized effects on cell metabolism caused
by white light (i.e., photosynthesis).
Consistent with the diverse molecular response to ultraviolet
light, the ability of phytoplankton to survive the effects of UV B light, according to our findings, was extremely variable. The
UV-B doses required to kill, on average, one cell under the
different light regimes (the D37 value) are shown in the table.
It is apparent that, within this cross-section of the antarctic
marine community, relatively sensitive (e.g., Thalassiosira spp.)
and resistant (e.g., Coscinodiscus spp.) phytoplankton species
co-exist.
Marine phytoplankton are an important component of the
oceanic food chain and provide much of the world's oxygen.
From our studies, it is evident that to understand the consequences of ozone depletion on marine environments, it is essential to define the photochemistry and photobiology of the
individual organisms constituting natural communities.
Knowledge of the molecular and biological resposnses to UV B light at the species-specific level will enable us to predict
changes in the biomass and species composition of marine
ecosystems.
This research was supported by National Science Foundation grant DPP 87-12533 to D. Karentz and J. E. Cleaver; Office
of Health and Environmental Research, U.S. Department of
Energy, contract DE-ACO3-76-SF01012; and the Alexander Hollaender Distinguished Postdoctoral Fellowship awarded to D.L.
Mitchell by the U.S. Department of Energy, Office of Health
and Environmental Research, administered by the Oak Ridge
Associated Universities.

Thalassiosira austra/is
Thalassiosira subtilis

number of photoproducts removed
(10 daltons DNA)- 1 in 6 h
Figure 2. Number of photoproducts removed under white and yellow light post-irradiation incubation after exposure to 2,500 joules
per square meter.
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Effects of ultraviolet-B
and ultraviolet-A
on photosynthetic rates
of antarctic phytoplankton
OSMUND HOLM-HANSEN
Polar Research Progran
Scripps institution of Oceanography
University of California
La Jolla, California 92093

Previous in situ studies in antarctic waters (Holm-Hansen,
Mitchell, and Vernet 1989) have shown that solar ultraviolet
radiation can significantly decrease rates of primary production
at depths down to at least 10 meters. When samples are incubated in quartz bottles (which transmit all ultraviolet radiation) and in pyrex bottles (which do not transmit radiation
below 306 nanometers), no inhibition of photosynthesis could
be detected below 5 meters. Thus, effects of short-wavelength
ultraviolet radiation (below 306 nanometers) can inhibit rates
of primary production only in the upper 5 meters or so of the
water column. Experiments with temperature controlled incubators (Mitchell, Vernet, and Holm-Hansen 1989) suggested
that approximately 50 percent of the inhibition caused by solar
ultraviolet radiation may be due to ultraviolet-A (320-400 nanometers). Because ultraviolet-A penetrates far deeper into the
water column than ultraviolet-B (Mitchell, unpublished data),
it is likely that the longer wavelength ultraviolet radiation (306400 nanometers) is responsible for most of the photoinhibition
noted in our in situ studies.
Our experiments during 1989, therefore, were designed to
get better spectral resolution of the inhibition of photosynthetic
rates by solar ultraviolet radiation. Temperature-controlled deck
incubators employing quartz tubes (50 milliliters) were used
with a variety of filters which had sharp cut-off transmission
characteristics at various wavelengths between 297 to 378 nanometers. Standard radiocarbon techniques were used to determine rates of photosynthesis.
Measured rates of photosynthesis varied considerably from
day to day, depending upon chlorophyll-a content of the water
samples and on the magnitude of incident solar irradiation.
To compare results from all our incubations, data have been
shown as a percentage of the rates determined in the quartz
vessels. The results (figure) show that, under the conditions
prevailing in our incubators, ultraviolet-B radiation (280-320
nanometers) was responsible for approximately 50 percent of
the total ultraviolet radiation photoinhibition. Ultraviolet-A radiation was responsible for the other 50 percent of the photoinhibition, but it was the shorter ultraviolet-A wavelengths
(320-340 nanometers) that accounted for most of this inhibition
of photosynthesis.
Experimental incubator experiments, such as the above, must
be viewed with caution in regard to extrapolation to effects of
ultraviolet radiation on primary production in situ. One problem is that the experimental samples are being held "stationary," whereas natural phytoplankton populations are being
mixed up and down within the upper mixed layer and, thus,
experiencing a continuously variable light field in regard to
both light level and spectral characteristics. The other major
problem is that solar radiation in the visible portion of the
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spectrum (400-700 nanometers) can also result in photoinhibition if the energy levels are too high. An example of such
inhibition of photosynthesis by visible light is shown by data
in the table. This incubator experiment was done on a very
bright day at Palmer Station, with the mean irradiance (400700 nanometers) during the 6-hour incubation period being
2,200 microeinsteins per square meter per second. There is
extreme inhibition of photosynthesis in all the samples when
exposed to 25-100 percent of incident solar radiation. The samples screened with a plexiglass filter and exposed to 12 percent
of incident radiation, however, showed an assimilation number of 2.4, which represents a "normal" rate of photosynthesis
for antarctic phytoplankton (Sakshaug and Holm-Hansen 1986).
It should also be noted from the table that the relative increase

Effect of solar ultraviolet radiation on photosynthetic rates of
phytoplankton in a natural water sample from Arthur Harbor,
Antarctica. Samples were enclosed in either quartz (transmitting all
ultraviolet radiation), pyrex (absorbs all ultraviolet radiation below
306 nanometers), or plexiglass (absorbs all ultraviolet radiation
below 360 nanometers) and exposed to 100 percent, 50 percent, 25
percent, or 12.5 percent of incident solar radiation. The mean
irradiance (400-700 nanometers) for the 6-hour incubation period
was 2,200 microeinsteins per square meter per second.

Flask no.

1
2
3

10
11
12

Percent
1 0 Vessel

Micrograms of carbon
per liter per hour

100
100
100

quartz
pyrex
plexi

0.1
0.2
0.6

50
50
50

quartz
pyrex
plexi

2.1
3.1
7.2

25
25
25

quartz
pyrex
plexi

3.0
4.5
6.4

12
12
12

quartz
pyrex
plexi

6.7
7.6
10.2
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in photosynthetic rates when samples are enclosed within pyrex
or plexiglass as compared to quartz remains approximately the
same at all light levels.
Ozone-related increased fluences of ultraviolet radiation have
recently caused some researchers to predict calamitous results
on the southern ocean ecosystem. Because depletion of ozone
increases ultraviolet radiation only at wavelengths shorter than
320 nanometers, it is important to recognize that much of any
documented deleterious effects of ultraviolet radiation in the
Antarctic is partially due to:
• the "normal" fluence of ultraviolet-B radiation, even with
high ozone levels, and
• ultraviolet-A radiation, which is not affected by ozone concentrations in the stratosphere.
We thank the ANS personnel at Palmer Station for their

Effects of diesel fuel arctic
on photosynthesis and pigment levels
in antarctic marine algae following
the Bahia Paraiso fuel spill

generous support. This research was supported by National
Science Foundation grant DPP 88-10462.
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and pigment content under concentrations of DFA to which
the plants were probably exposed within the first several days
of the spill.
Laboratory exposure of marine macroalgae to the water-soluble fractions of DFA (up to 20 percent volume/volume for 96hour periods) addressed changes in photosynthetic rate and
pigment concentrations in two intertidal species (Palinaria de-
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The grounding of the Argentine ship Bahia Paraiso near Anvers Island on the Antarctic Peninsula in late January 1989
released more than 150,000 gallons of refined petroleum into
the surrounding environment (Kennicutt et al. 1990). The most
immediate effect of this petroleum, primarily diesel fuel arctic
(DFA), was observed in the intertidal zone which was heavily
populated by herbivorous limpets and macroalgae. Early observations indicated significant losses of limpets (as much as
50 percent) in oiled areas (Fraser personal communication). No
quantitative data were available on the loss of intertidal macroalgae, although Fraser reported that the thalli turned black
or became covered with lesions at heavily oiled sites. Two
months following the spill, we attempted to quantify the physiological effect of the oil on intertidal and shallow subtidal
macroalgal species. We examined photosynthetic production
1990 REVIEW
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Figure 1. Light saturated photosynthesis in two antarctic red algae
exposed to 10 and 20 percent solutions of DFA over a 96-hour
period. Values are ± SE (n = 2). No data are available for controls
at 72-hour interval. (gimol 02 mgdry wt hr' denotes micromoles
of oxygen per milligram of dry weight per hour.)
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Palmaria decipiens

The results of the photosynthetic measurements are shown
in figure 1 for Palmaria decipiens and Porphyra endiviifolia. No

statistically significant reduction in photosynthesis (P>0.05),
as measured by oxygen evolution up to concentrations of 20
percent DFA, was documented. Desmarestia menziesii also demonstrated no significant reduction in photosynthesis at 10 percent DFA compared to controls (this species was not exposed
to 20 percent DFA concentrations). The variation in oxygen
evolution in control plants at different times (figure 1) is due
entirely to lower incubation light levels. Light levels generally
ranged between 75 and 200 micromoles per square meter per
second during each incubation.
The results of the pigment analyses for Palmaria decipiens and
Porphyra endiviifolia are shown in figures 2 and 3. No significant
differences (P>0.05) in chlorophyll a were observed in a 10
percent DFA concentration among all three species, including
Desmarestia menziesii (not shown). Chlorophyll a concentrations
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Figure 2. Pigment content in Palmaria declplens following a 96-hr
period of exposure to 10 and 20 percent solutions of DFA. Values
are k ±SE (n=3). (rig CM-2 denotes micrograms per square centimeter.)

cipiens and Porphyra endiviifolia) and one shallow subtidal species (Desmarestia menziesii). Photosynthetic production was

measured using light-and-dark bottles incubated for 1-2 hours
in outdoor aquaria under natural daylight conditions at midday. A modified winkler procedure (Dawes 1981) was used to
measure dissolved oxygen. For pigment analysis, chlorophyll
a was extracted from D. menziesii in 95 percent methanol following hyperosmotic treatment (4.5 molar sodium chloride)
according to Reed (1988). For P. decipiens and P. endiviifolia,
chlorophyll a (solvents dimethyl sulfoxide and 90 percent acetone) and phycobiliproteins (solvent 0.1 molar phosphate buffer)
were extracted following Seely, Duncan, and Vivaver (1972)
and Beer and Eshell (1985), respectively. Pigment concentrations were determined according to the method of Duncan and
Harrison (1982) for chlorophyll a and Beer and Eshell (1985)
for phycobiliproteins. Extractions were always performed on
plants following a treatment exposure period of 96 hours.
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Figure 3. Pigment content in Porphyra endivilfolia following a 96hour period of exposure to 10 and 20 percent solutions of DFA.
Values are ±SE (n=3). ( jig mg- 1 denotes micrograms per milligram.)
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in P. decipiens at 20 percent DFA, however, were significantly
lower (P>0.05) than plants exposed to a 10 percent DFA concentration. Phycobiliprotein content also dropped significantly
among P. decipiens and P. endiviifolia plants exposed to 10 and
20 percent DFA concentrations. In P. decipiens phycocyanin
and phycoerythrin content was lowest at 20 percent DFA (phycocyanin content was undetectable at 20 percent DFA, figure
2). No data are available for P. endiviifolia at 20 percent DFA,
but at 10 percent DFA, phycocyanin content dropped significantly from that of control plants (figure 3).
Previous studies of this nature also revealed that changes in
photosynthesis and pigment content are variable, depending
on the type of oil, its concentration, the length of exposure,
method of preparation of the oil-seawater mixture, the irradiance, and the algal species (Johnson 1977). The significant
drop in phycocyanin content in Porphyra endiviifolia at 10 percent DFA is noteworthy, since the presence of phycocyanin
enables this genus to maintain high rates of photosynthesis
throughout the green and into the orange region of the action
spectrum (LUning and Dring 1985) compared to phycoerythrin rich species (e.g., Palmaria decipiens) which occurs lower intertidally than P. endiviifolia. The lack of a significant change in
photosynthetic rate in these two species is not understood but
may be related to the high variability in oxygen measurements
that resulted from incubations performed under a wide range
of natural irradiance conditions.

Chlorophyll distribution
and primary productivity
in the Ross Sea,
austral summer 1990
WALKER 0. SMITH, JR., HOLLY P. KELLY,
and JAMES H. RICH

Botany Department
and
Graduate Program in Ecology
University of Tennessee
Knoxville, Tennessee 37996
During January and February 1990, a cruise was conducted
in the Ross Sea to measure:
• the silica and carbon production of phytoplankton in the
euphotic zone off the Ross Sea of the coast of Victoria Land,
• the vertical flux of particulate material through the water
column,
• the regeneration of carbon and silica within the water column, and
• the accumulation of carbon and silica in the sediments.
As part of this experiment, we measured phytoplankton distribution and primary productivity along transects perpendicular to the ice edge. Based on previous results, we expected
that a large phytoplankton bloom would develop in the region
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adjacent to the receding ice edge (Smith and Nelson 1985).
Furthermore, we expected that this bloom would be restricted
to the region of significant vertical stability imparted by meltwater addition. Other studies of sediment accumulation rates
suggested that a large portion of the material produced at the
surface within this bloom must reach the sediments (LedfordHoffman, DeMaster, and Nittrouer 1986). These results also
suggested that a north-south gradient in sediment accumulation rates occurred along the coast of Victoria Land, although
a similar gradient in surface productivity has not been observed
and, furthermore, would not be expected based on a conceptual model of ice-edge phytoplankton blooms (Smith and Nelson 1986). Our study directly tested whether a latitudinal
gradient in surface biomass and productivity exists.
We collected samples from the RIV Polar Duke from 12 January to 10 February 1990 (figure 1). Stations were occupied
principally along two transects perpendicular to the ice edge
(and coastline). One transect was at 76°30'S (the site of the
study conducted in 1983 and reported by Smith and Nelson
1985) and one at 72°30'S. Continuous profiles of temperature,
conductivity, optical transmission, and fluorescence were made
at each station, and samples were collected using Niskin bottles
equipped with teflon-coated stainless steel springs and mounted
on a rosette frame. Sample depths were based on irradiance
penetration. Chlorophyll a was analyzed fluorometricaliy and
primary productivity measured by simulated in situ techniques
(Wilson, Smith, and Nelson 1986).
Chlorophyll concentrations were elevated throughout much
of the entire region, particularly along the southern transect.
Surface chlorophyll levels ranged from 1.49 to 8.19 micrograms
per liter along the southern transect and 0.22 to 2.42 micrograms
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Figure 1. Map showing location of stations occupied during the cruise.

per liter along the northern transect. Sections of density and
chlorophyll (figure 2) suggest that some vertical stability was
present throughout the southern transect, although the depths
of the mixed layer were less closer to the coast. Although not
reflected in absolute surface chlorophyll levels, phytoplankton
species composition changed dramatically, with a diatom-based
assemblage occurring close to the ice, and one with diatoms
mixed with Phaeocystis pouchetii farther offshore. The vertical
distribution of chlorophyll was also different between these
two zones, with the increased biomass extending deeper in
the water column when Phaeocystis pouchetii was present.
In the northern transect, the absolute levels of chlorophyll
were much less. Sections of density and chlorophyll (figure 3)
appear similar to those from the southern transect, but based
on National Oceanic and Atmospheric Administration maps
of ice coverage, we know that this region was ice-covered until
just prior to our occupation of the transect. We suspect that
the low biomass was in large part related to the length of time
which the phytoplankton had been exposed to high irradiances
and been growing at elevated rates, similar to findings in the
Weddell Sea (Nelson et al. 1989; Comiso et al. 1990).
Primary productivity was very high, particularly when contrasted with previous studies. Wilson et al. (1986) found the
average carbon fixation rate to be 962 milligrams of carbon per
square meter per day, and El-Sayed, Biggs, and Holm-Hansen
(1983) found the mean productivity to be approximately 200
milligrams of carbon per square meter per day along the Ross
Sea ice shelf. The mean integrated primary productivity (through
the 0.1 percent isolume) for the southern transect was 1,370
milligrams of carbon per square meter per day, whereas the
average for the northern transect was 999 milligrams of carbon
per square meter per day. Such a large productivity, particularly in the southern region, indicates that during this season
large amounts of biogenic matter were potentially available for
export to subeuphotic depths and to the underlying sediments.
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A quantitative budget of carbon and silicon await the information on the vertical flux rates estimated from a year-long
deployment of sediment traps and analysis of sediment accumulation rates.
This research was supported by National Science Foundation grant DPP 88-17070.
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The evolution of oxygen
in microalgal intertidal communities
near Palmer Station
GUSTAVO A. FERREYRA and VIvIANA A. ALDER

Sampling
site

Inst it uto Antdrtico Argentino
Buenos Aires, Argentina

2
5

On 28 January 1989, the Argentine supply ship Bahia Paraiso
ran aground in the vicinity of Palmer Station (Anvers Island),
spilling over 150,000 gallons of fuel (Kennicutt et al. 1990). In
connection with this accident, a quick-response team sponsored by the U.S. National Science Foundation was formed to
evaluate the impact of the resulting oil spill.
Preliminary results showed that the intertidal zone was one
of the most affected, but the information was inconclusive due
to the lack of pre-spill baseline quantitative data (Kennicutt et
al. 1990). Surveys initiated in 1989 were continued in the fall
of 1990 with a series of investigations in Arthur Harbor. Our
objective was to study, under experimental laboratory conditions, the evolution of oxygen in a microalgal upper intertidal
assemblage dominated by the filamentous Chlorophyta lirospora penicilliformis. This species was described as one of the
most abundant in terms of coverage and biomass in the upper
levels of the intertidal zone of King George Island by Ramirez
and Villouta (1984). This research is focused on the comparison
of the area affected by the Bahia Paraiso oil spill with nearby
sites around Palmer Station.
Sampling covered 10 of the 21 sites sampled in Arthur Harbor during the 1989 season for limpet, macroalgae, and hydrocarbon analysis (figure). Oxygen evolution was measured
in the laboratory by means of the dark-light bottle technique,
using an oxygen probe (YSI model 58) with high sensibility
membranes. Algae were separated from the rock beds by
scraping. The material was homogenized by agitation and subsequently filtered through a 400-millimeter Nitex mesh. In vivo
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1.12
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observations were made with the aid of epifluorescent microscopy to determine species composition and the physiological condition of the microalgae. Three replicates of each
sample were incubated for 4 hours in a cold room in BOD
bottles filled with filtered seawater at aproximately 2 °C and
exposed to a light intensity of 75 microeinsteins per square
centimeter per second using Grolux Culture tubes. Sites were
compared by means of a one-way ANOVA analysis. Chlorophyll a corrected for phaeopigments was measured spectrophotometrically (Strickland and Parsons 1972); chlorophyll
equations were corrected according to Jeffrey and Humprey
(1975). Water subsamples from the BOD bottles were taken at
the beginning and at the end of each experiment and frozen
immediately at -30 °C for nutrient data. (These samples are
presently under analysis in Buenos Aires.)
Significant differences between sites were observed in oxygen produced (P<0.01), as well as in respiration rates (P<0.05).
Maximun rates of oxygen production were found in Hermit
and Limitrophe islands (sites 15 and 17, respectively), while
minimum values were recorded in Laggard Island (site 18;
table). Likewise, sites 15 and 17 showed the highest oxygenproduced/oxygen-consumed ratio (table). This would indicate
a relatively low level of heterotrophic activity in comparison
with the other sites (with the exception of site 16, which presented values similar to those of site 17). Comparison of the
results from the area of the Bahia Paraiso wreckage (site 11, De
Laca Island) with those from the other sampling sites (with
the exception of the above-mentioned places) yielded no differences, either in the behavior of dissolved oxygen nor in the
species composition. Our results suggest that differences between the islands surveyed could stem from sources of variability other than the hydrocarbons released during and after
the accident. Further research must be performed in the intertidal zone of Arthur Harbor to assess the long-term effects
of the Bahia Paraiso oil spill.
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Tintinnid cytoplasmic
volume and biomass

(Gilron and Lynn 1989). To check the above assumptions, observations, measurements, and photographs were made of live
specimens of 7 tintinnid species collected around Palmer Station (64°47'S 64°06'W) during March-April 1990. These taxa
represent approximately 70 percent of the total recorded for
the southern ocean. The table shows that, in effect, actual celloccupancy is very significantly lower than previously assumed, varying between 12 and 54 percent, with an average
of 27 percent. In consequence, protoplasmic biomass values
are actually less than half of those derived on the basis of the
traditionally used method. These estimates are useful when
detailed biomass data are needed furnishing precise information on actual cytoplasmic biomass, yet total tintinnid carbon is partitioned between that contained in the cell and lorical
(i.e., shell) carbon. Verity and Langdon (1984) carried out
chemical analyses of whole tintinnid specimens finding a highly
significant correlation between lorica volume and organic carbon contents. Applying their equation to our data yields the
figures shown in the table (column F), which indicate that the
40-60 percent cell-occupancy figure is an adequate indicator of
total tintinnid carbon (rather than cytoplasmic carbon only; the
60 percent value overestimates total carbon by just 20 percent).
In connection with the above studies, tintinnids were cultured
experimentally in the lab under different conditions of feeding
(37, 65, 45, and 80 micrograms of chlorophyll a per liter), temperature (-2, 0, and 2 °C), and illumination (300, 75, 1 microeinsteins per square centimeter per second, and total darkness).
Light proved to be of great importance for the survival of the
ciliates: highest light intensities were unfit for tintinnid growth,
while the lowest ones and total darkness yielded high survival
rates). Interestingly, these results are in agreement with previous
findings (Boltovskoy et al. 1989; Alder and Boltovskoy in press),
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In recent years, increasing attention has been given to the
role of microzooplankton in the transfer of matter and energy
in antarctic food webs; studies on this subject are presently
underway at selected locales of the Antarctic (Putt and Stoecker
1989). In this respect, tintinnids (planktonic ciliates provided
with a chitinous shell) represent a very significant component,
both in terms of numbers and in terms of biomass (Boltovskoy,
Alder, and Spinelli 1989; Garrison and Gowing in press). Assessment of the trophic impact of microzooplankters requires
information on the biomass (expressed as, for example, organic
carbon) of the consumers. For the tintinnids, these estimates
have traditionally been based on measurements of the organisms' shells and subsequent calculation of their respective volumes; protoplasmic volumes, in turn, have usually been
estimated as 40-60 percent of the volume of the shell and a
conversion factor of 0.11 is used to transform plasma volume
(in cubic micrometers) into picograms of organic carbon (Edler
1979). This technique, however, has been criticized because
plasma volumes show significant changes after fixation
(Brownlee 1982), and especially because 40-60 percent celloccupancy overestimates actual plasma volumes considerably

Estimates of tintinnid volume and biomass

Tintinnid species
Cymatocylis vanhoeffeni
Cymatocylis flava
Cymatocylis drygalskii
Cymatocylis affinisiconvallaria

Cymatocylis antarctica

Laackmanniella naviculaefera
Codonellopsis balechi

Average

A
2,924,582
1,105,392
1,033,278
599,806
171,050
147,024
69,394
864,361

C

D

E

31.00
17.76
31.20
23.57
11.76
33.48
12.70

99,728
21,595
35,462
15,551
2,213
5,415
969

193,022
72,956
68,196
39,587
11,289
9,704
4,580

51.7
29.6
52.0
39.3
19.6
55.8
21.2

23

25,848

57,048

38

G

155,447
59,030
55,208
32,234
9,510
8,237
4,122

64:36
37:63
64:36
48:52
23:77
66:34
24:76

46,256

47:53

Column heads are: A. Lorica volume (in cubic micrometers); B. Cell-occupancy (in percentage); C. Plasma biomass estimate based on column B (in
picograms of carbon); D. Plasma biomass estimate assuming 60 percent cell occupancy (in picograms of carbon); E. Percentage difference, column
C vs. column D; F. Total biomass estimate based on Verity and Lagdon (1984) (in picograms of carbon); G. Percentage relationship of plasma carbon
vs. lorica carbon.
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where maximum tintinnid abundances were recorded in ice-covered areas (Weddell Sea, Bransfield Strait, Bellingshausen Sea),
or at approximately 60 meters below the surface (Weddell-Scotia
confluence: Alder unpublished data).
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Studies on the nutrient
status in sea ice
and underlying platelet
layer of McMurdo Sound
K. ARRIGO, C. DIECKMANN*, M. GOSSELIN,
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Los Angeles, California 90089-0371

Past studies of the sea-ice microbial communities (SIMCO)
in the land-fast ice of McMurdo Sound, Antarctica, have concentrated on the role of light in microalgal growth in the congelation and underlying platelet ice (Bunt and Lee 1970;
Palmisano et al. 1987; SooHoo et al. 1987). Due to sampling
difficulties, comparatively little attention has been paid to the
nutrient regime in this habitat.
In antarctic waters, concentrations of major nutrients are
high compared to other oceanic regions and are, thus, generally considered to be nonlimiting for algal growth. Recent
studies on sea ice, however, have indicated that the nutrient
concentrations in sea ice can differ considerably from the underlying water column. One reason for this may be restricted
exchange between sea ice and seawater, concomitant with enhanced biological activity.
The bottom 20 centimeters of congelation ice and the platelet
layer which underlies a large portion of the fast ice of McMurdo
Sound in spring and summer has been observed to harbor a
SIMCO of exceptionally high biomass (Palmisano and Sullivan

* C. Dieckmann was a visiting scholar from the Alfred-Wegener Institut für Polarforschung, Bremerhaven, Germany, supported by the
National Science Foundation.
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1983). To improve our understanding of the development and
growth of this unique microbial community, we studied the
nutrient environment of the platelet ice and the upper water
column.
Our main sampling site (ice falls) was located in McMurdo
Sound approximately 3 kilometers north of McMurdo Station
(77°49.48'S 166°41.45'E). The ice cover consisted of 2-year-old
congelation ice approximately 2.5 meters thick underlaid by
roughly 65 centimeters of platelet ice. Snow cover in the region
ranged from 0 to 10 centimeters, although we concentrated
our sampling efforts in clear ice areas. Sampling took place at
1- to 5-day intervals starting 26 September 1989 and ending 3
December 1989. All sampling holes were located within our
200-square-meter study site. We had a second sampling site
approximately 5 kilometers west of ice falls located near the
ice runway and a third 10 kilometers north of ice falls located
west of the cinder cones between McMurdo Station and Turtle
Rock. The ice runway site was characterized by 3.5 to 4 meters
of multiyear congelation ice over 70 centimeters of platelet ice
all covered by 40 centimeters of snow. This site was used to
determine nutrient concentrations in areas of low biological
activity. The cinder cones site contained 1.9 to 2.0 meters of
first-year ice overlying 50 to 65 centimeters of platelet ice and
covered by 0 to 50 centimeters of snow. The latter two sites
will not be discussed here.
Nutrients in congelation ice were studied in melted core
sections obtained by standard ice coring procedures; however,
these results will not be discussed here. A new sampling device, ADONIS (Arrigo/Dieckmann Nutrient Ice Sampler, figure
1), was developed to profile at high resolution the entire platelet layer and underlying water column down to a depth of
approximately 1 meter. ADONIS consists of a 4-meter length
of 5.7-centimeter diameter PVC pipe through which six lengths
of 0.6-centimeter diameter polyethylene tubing are fed. The
tubing remain inside the pipe until the unit is inserted into a
7.5-centimeter diameter hole drilled into the ice with an ice
auger. At this time, the tubing is forced out from the pipe to
a distance of 25 centimeters through a series of guide holes
placed at 12-centimeter intervals at the base of the pipe. The
tubing is guided by additional small PVC inserts with a 90°
bend glued into the interior of the pipe so that the tubing exits
185

Polyethylene tubing and heat tape

Perforated
polyethylene tubing

Figure 1. Schematic representation of ADONIS illustrating its method
of deployment, and an expanded view of a sampling tube.

at an angle perpendicular to the pipe and well into the unconsolidated platelet ice matrix. The submerged end of the
tubing is capped to prevent clogging and a series of holes 1
millimeter in diameter are drilled extending to 5 centimeters
from the cap. The opposite ends of the six tubes are connected
to an apparatus consisting of six collecting bottles with in line
shut-off valves connected to a single vacuum flask so that all
six samples can be drawn simultaneously. To keep the lines
from freezing, heat tape is run parallel to the tubing from the
base of ADONIS to where the tubes attach to the collection
bottles. After the first set of samples are collected, ADONIS
is lowered further into the ice to sample greater depths including the upper boundary of the water column.
Samples were transported within 1 hour of sampling to a
shore laboratory in McMurdo where they were filtered on
Whatman CF/F for flourometric determination of chlorophyll
a and pheopigment (Parsons, Miata, and Lalli 1984). The filtrate
was used for analyzing inorganic nutrients. The concentration
of ammonia was immediately determined using the alternative
method of Parsons et al. (1984). The remainder of the filtrate
was frozen for later determination of phosphate, nitrate, nitrite, and silicic acid using an Alpkem Rapid Flow Analyzer
RFA-300 at the University of Southern California.
Although ADONIS was effective in obtaining accurate profiles of dissolved organic material, inorganic nutrients, salinity,
alkalinity, and pH in the platelet layer, chlorophyll concentrations obtained by this method are underestimates of levels
contained within the platelet ice layer since only interstitial
water was sampled and a substantial fraction of sea ice microalgae were observed to adhere to ice crystals. This method,
however, does provide valuable qualitative information on microalgal distributions within the platelet layer.
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Chlorophyll profiles at each of our sampling sites indicate
that when present, microalgal biomass was concentrated in
the upper 20 centimeters of the platelet ice layer throughout
the spring bloom, with the highest concentration (70 percent
of total biomass) found immediately beneath the congelation
ice (figures 2 and 3). Chlorophyll concentrations in the upper
2 meters of the water column were less than 1 milligram per
cubic meter throughout the sampling period.
Ammonium concentrations in the platelet ice at the ice fall
site were always at least an order of magnitude higher than
that found in the water column. Furthermore, maximum ammonium concentrations in the platelet ice changed dramatically throughout the early part of the season, with a peak
concentration on 26 September of approximately 3.4 micromole
which increased dramatically to a maximum of 177 micromole
on 8 October. By 12 October, however, peak ammonium concentrations had dropped to 6 micromole and varied only from
5.5 to 11 for the remainder of the season.
From the early (26 October) to the middle (19 November)
part of our sampling season, profiles of ammonium, nitrate,
phosphate, and silicic acid showed significant nutrient depletion (but not limitation) coinciding with maximum chlorophyll
concentrations in the upper platelet ice (figure 2). After 19
November, however, while profiles of silicate and nitrate continued to follow this pattern, ammonium and phosphate concentrations increased in the upper platelet ice (figure 3).
Judging from spectral irradiance and from chlorophyll and
inorganic nutrient profiles, we determined that distributions
of algae in the platelet ice appear to be controlled by light, not
by nutrient availability, since at no time during the course of
the spring algal bloom did the concentration of any measured
major nutrient fall to levels that might be expected to be limiting. Conversely, because surface irradiance potentially available to the platelet ice community is rapidly attenuated by
snow, sea ice, and particulates present in the congelation ice
(including microalgae), irradiance it the top of the platelet layer
is usually quite low (0 to 50 microeinsteins per square meter
per second depending upon congelation ice thickness, snow
cover and particle concentration). Also, a steep light gradient
exists in the platelet ice due to the high concentrations of algae
(2-5 grams of chlorophyll per cubic meter) present there (Arrigo
et al. unpublished data). The result is that light available to
microalgae growing in the lower platelet ice is of relatively
poor spectral quality due to the absorption of the optimum
wavelengths by the community above. Thus, the highest biomass is located in the upper platelet ice where the majority of
the high-quality light is available and growth is optimized.
Although nutrients do not appear to limit algal growth in
the platelet ice, the nutrient dynamics do indicate that a rich
and highly regenerative community develops there. Ammonium is regenerated throughout the season, although depletion, presumably due to algal uptake at the top of the platelet
layer, is evident early in the season. In the latter half of the
season, however, regenerative ammonium production exceeds
ammonium uptake as concentrations in the upper platelet ice
begin to increase relative to the layers below. In addition, a
parallel regeneration of phosphate in excess of uptake by microalgae is apparent later in the season in the upper platelet ice.
It is interesting to note that in the upper platelet ice, nitrate
is depleted in the presence of high ammonium concentrations.
This is contrary to evidence indicating that nitrate uptake by
phytoplankton ceases when ambient ammonium concentrations exceed a threshold level of 0.5 to 1.0 milligrams of nitrogen per cubic meter (Eppley, Coatsworth, and Solarzano 1969;
ANTARCTIC JOURNAL
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MacIsaac and Dugdale 1969; Olson 1980). It agrees very well,
however, with suggestions that oyster pond algae, a group of
diatom species which inhabit an environment similarly high
in ammonium, nitrate, and organic nitrogen sources (concentrations of dissolved amino acids were also high in the upper
platelet ice, Welborn personal communication), have higher
ammonium threshold levels than similar pelagic species so that
alternative nitrogen sources may be assimilated when ammonium is high (Collos, Maestrini, and Robert 1989).
This research was supported by National Science Foundation grant DPP 87-17962 to C.W. Sullivan and R. Iturriaga.
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Temperature dependence
of the photosynthetic parameter
alpha in antarctic sea-ice microalgae
D.H. ROBINSON and C.W. SULLIVAN
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Los Angeles, California 90089-0371

The environments inhabited by antarctic sea-ice microalgae
are characterized by low ambient temperatures near -2.0 °C.
Numerous studies have been undertaken to determine which
adaptive strategies are employed by antarctic microalgae to
cope with such low temperatures and to evaluate to what
extent temperature may limit algal growth. In general, these
algae are psychrophiles, having optimal growth temperatures
below 15 °C, and maximum and minimum temperatures for
growth at or below 20 °C and 0 °C, respectively, suggesting
that they are adapted to low-temperature environments. Field
observations of low photosynthetic rates may indicate, however, that polar microalgae have not overcome limitations imposed by low temperature (Tilzer et al. 1986).
Several studies have reported that both maximal photosynthetic rate (pbmax) and photosynthetic efficiency (alpha) are
temperature dependent (Palmisano, SooHoo, and Sullivan 1987;
Tilzer et al. 1986). The temperature dependence of pbmax (maximum photosynthetic rate obtained at saturating irradiances)
is well documented and thought to result from temperature
sensitivity of the diffusional or enzymatic processes regulating
Pmax. The temperature dependence of alpha (linear portion
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of the photosynthesis-irradiance curve) is surprising, since it
is thought to be regulated by temperature independent photochemical reactions. Consequently, Tilzer et al. (1986) has
proposed that at very low temperatures photochemical reactions are replaced by other temperature dependent reactions
as rate limiting steps in "light limited" photosynthesis. Alternately, there are other factors that can bring about an apparent
change in alpha in response to temperature without proposing
a special interpretation of light-limited photosynthesis at low
temperature. These factors including light harvest, energy
transfer to the reaction center of photosystem II, and carbon
fixation pathways.
The aim of our study was to characterize the temperature
dependence of alpha and, through a systematic approach, to
identify the temperature sensitive steps responsible for the
observed effect. Fresh samples of sea-ice microalgae were collected from beneath approximately 2 meters of congelation ice
at McMurdo Sound during the 1988-1989 and 1989-1990 field
seasons. pbmax and alpha were determined from isotopic sodium bicarbonate (NaH14 CO 2) incorporation at 6.0, -2.0, and
-6.0 °C. Similarly, assimilation of carbon into proteins, polysaccharides, lipids, and low-molecular-weight compounds
was determined by incorporation of NaH' 4CO2 followed by
biochemical fractionation of photosynthetic products. In parallel, measurements of algal absorption, fluorescence, and pigment concentration were taken to calculate mean specific
absorption (light harvest), relative energy transfer efficiency
from pigments to the reaction center, pigment ratios, and
quantum yield. Enzymatic activities were determined for ribulose disphosphate carboxylase (RUBPC) and phosphoenolpyruvate carboxykinase (PEPCK) from -6.0 to 25 °C.
Our data demonstrate that temperature can effect alpha,
confirming the observations of other workers (Tilzer et al. 1986;
Palmisano et al. 1987). Using the values at 6.0 °C for comparison (0.014 milligrams of carbon per milligram of chlorophyll
ANTARCTIC JOURNAL

a per hour per microeinstein per square meter per second),
decreasing temperature decreased alpha by 43 percent at —2.0
°C and 71 percent at —6.0 °C. pbmax decreased by 66 percent
at —2.0°C and 90 percent at —6.0°C from the 0.16 milligrams
of carbon per milligram of chlorophyll a per hour value determined at 6.0 °C. The magnitude of change was greater for
Pmax than for alpha suggesting that a different temperature
dependent process was regulating each parameter.
The temperature sensitivity of alpha appears to be at a site
effecting the measured values of quantum yield. If reduced
light harvest were responsible for the observed decrease in
alpha, then a similar decrease in specific absorption and perhaps pigment concentrations would be expected. Over the
same temperature range, however, specific absorption remained relatively unchanged, averaging .0043 (±7 percent)
per square meter per milligram of chlorophyll a for the three
temperatures. Similarly, the molar ratios of chlorophyll c to
chlorophyll a and fucoxanthin to chlorophyll a were unchanged, averaging .76 (±4 percent) and 1.83 (±2 percent),
respectively, for the three temperatures. Quantum yield, derived from alpha and specific absorption, decreased from 0.076
moles of carbon per mole photon at 6.0 °C, by 40 percent and
68 percent at —2.0 °C and —6.0 °C, respectively. Of the factors
that may effect quantum yield, both the efficiency of energy
transfer in the pigment antenna (ET, fluorescence/absorption)

and the efficiency of photochemistry (PC, variable fluorescence/maximum fluorescence) showed no decreasing trend with
temperature and values varied by less than 10 percent among
the three temperatures tested, far less than needed to explain
the 70 percent change in quantum yield over the same temperature range. Consequently, since changes in light harvest,
ET, and PC cannot explain the apparent changes in alpha and
quantum yield, it is likely that temperature is effecting alpha
at the level of carbon incorporation pathways.
We suggest that the temperature sensitivity of alpha may
be only an apparent change caused by overlaying carbon fixation from the light independent beta-carboxylation pathway
onto the light dependent reductive pentose phosphate (RPP)
pathway. In diatoms, the reaction is catalyzed by PEPCK and
is accompanied by the conversion of adenosine diphosphate
to adenosine triphosphate. The pathway provides carbon skeletons for amino acid and tricarboxylic acid cycle intermediates.
When two carbon fixation pathways are operating, then at any
light intensity, the measured photosynthetic rate is the sum
of carbon fixation rate via both pathways. If we accept that
carbon fixation via RPP is controlled by photochemical reactions (at sub-saturating light levels) and beta-carboxylation is
controlled by enzymatic (temperature dependent) reactions,
then the following extrapolation can be made: alpha, calculated
as total photosynthetic rate divided by photosynthetically
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Figure 1. Assimilation of carbon into protein as a function of irradiance. Values are reported as a percentage of total carbon incorporated.
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available irradiance, would be larger at higher temperatures
and smaller at lower temperatures due to the relative contribution of beta-carboxylation to total carbon fixation.
If this hypothesis is true, then algae-exhibiting, temperaturedependent alpha would have high rates of carbon assimilation
via the beta-carboxylation pathway relative to the RPP pathway, and as light becomes limiting (i.e., RPP fixation is limiting) the relative contribution of beta-carboxylation to total
carbon assimilation rate would increase. Evidence that sea-ice
microalgae in this study satisfied these condition comes from
two sources. First, PEPCK activity in vitro responded to temperature change by increasing activity from —6.0 °C to 6.0 °C
with a temperature coefficient (Q10) of approximately 3. The
ratio of RUBPC to PEPCK activity was low, averaging 1.5,
indicating high beta-carboxylation activity relative to RPP
(Mortain-Bertrand, Descolas-Gros, and Jupin 1988). Second,
the fraction of assimilated carbon flowing into protein was 50
percent higher at 6.0 °C (0.15) than at —6.0 °C (0.10) undersaturating light. At limiting light levels, the fraction of carbon
assimilated into the protein fraction increased to 0.30 at 6.0 °C
and 0.18 at —6.0 °C (figure 1). Increased activity of beta-carboxylation pathway has been associated with an increased flow
of assimilated carbon into the protein fraction (Morris 1980).
These results are consistent with our proposed mechanism for
the apparent temperature dependence of alpha.

The ecological significance of these results may have more
to do with light limitation than temperature limitation. The
occurrence of high rates of beta -carboxylationin algae has been
associated with organisms from low-light environments (Morris 1980). In McMurdo Sound, irradiance reaching the bottom
of the sea ice can be as low as 0.1 percent of surface irradiance.
Despite these low irradiance conditions, standing stocks of
seaice microalgae can reach concentrations of 2 to 5 (grams of
chlorophyll a per liter) (Arrigo et al., Antarctic Journal, this
issue). To produce high biomass under such low-irradiance
conditions, highly efficient energy acquisition and utilization
would seem to be a necessary requirement. Appleby et al.
(1980) and Kremer (1981) suggest that an energetic advantage
of the beta-carboxylation pathway, catalyzed by PEPCK, to
growth in low light environments is the generation of an
adenosine triphosphate with each carbon incorporated. In
light of this suggestion, it is interesting to note that during
the 1988 season at our study site, where maximum irradiance
available to microalgae at the bottom of the sea ice ranged
from 30 microeinsteins per square meter per second in early
October to 11 microeinsteins per square meter per second
late November, the occurrence of temperature dependent
alpha (presumably active beta-carboxylation) coincided with
the lowest irradiances (figure 2). This observation suggests
that beta-carboxylation activity may be regulated by light
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Figure 2. Maximum underice irradiance for the 1988 field season at the study site in McMurdo Sound. Horizontal bar indicates period of
time over which temperature dependence of alpha was observed. (uE m 2 s denotes microeinsteins per square meter per second.)
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availability, possibly as an adaptive response to low-light
conditions.
This research was supported by the National Science Foundation grant DPP 87-17962 to C.W. Sullivan and R. Iturriaga.
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Bacterioplankton abundance
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The ice edge is a transition zone from land fast ice or dense
pack ice to open water. These are regions of intense biological
activity (see reviews by Smith and Nelson 1986; Smith 1987;
Sullivan and Ainley 1987). The ice edge has been extensively
studied in the Weddell Sea, however, the McMurdo Sound ice
edge has, for the most part, been neglected. Several hydrographic studies have suggested that there is a southerly net
nontidal flow of water along the east side of McMurdo Sound
and a northerly counter current along the western side of the
sound (Barr), 1988; Barry and Dayton 1988). This southerly
flow typically transports Phaeocystis sp. from the Ross Sea into
McMurdo Sound in mid to late December. This delivery of
allochthonous phytoplanktonic biomass may account for the
rich benthic faunal assemblage on the east side of McMurdo
Sound (Dayton and Oliver 1977) and may sustain heterotrophic
food chains throughout the aphotic austral winter (Rivkin in
press).
Metazoan and protozoan zooplankton and the planktotrophic larvae of numerous antarctic benthic invertebrates have
been identified from McMurdo Sound (Foster 1987, 1989). These
grazers require sufficient nutritional resources for growth and
development. High-latitude regions, such as McMurdo Sound,
are characterized by highly seasonal yet persistently low phytoplankton biomass (Bunt and Lee 1970; Rivkin in press). Our
study was a part of a multidisciplinary study of the ecology
and nutrition of polar and temperate planktotrophic echinoderm larvae, and we measured the abundance and rates of
production of potential autotrophic and heterotrophic prey.
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These and other invertebrate larvae from temperate and highlatitude regions appear to ingest both phytoplankton and bacterioplankton as potential food resources. Here, we report on
the distribution of bacterioplankton and phytoplankton at the
ice edge during the late austral spring and early summer, prior
to the delivery of Phaeocystis sp. into McMurdo Sound.
Vertical profiles of planktonic biomass were collected during
late October and late November 1989 at four stations along an
east-west transect at the ice edge (figure 1). These samples
were immediately returned to our field station for processing.
Chlorophyll a was measured fluoro metrically after extracting,
in 90 percent acetone, the particulate material collected onto
Whatman CF/F filters. Bacteria were preserved in glutaraldehyde (1 percent final concentration) and abundances were
measured by counting cells stained with acridine orange using
epifuorescence microscopy (Hobbie, Daley, and Jasper 1977).
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Figure 1. Map of McMurdo Sound, Antarctica, showing the location
of the ice edge stations A, B, C, and D. (Other geographic features:
CA denotes Cape Armitage, CB denotes Cape Bird, CC denotes
Cape Crozier, CE denotes Cape Evans, and CR denotes Cape Royds.)
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Bacterial production was determined by measuring the incorporation of methyl-tritiated thymidine ( 3 H-TdR; specific activity equals 40-60 curies per millimole thymidine) which was
added at a final concentration of 5-8 nanomoles per liter. The
incorporation of 3 H-TdR was related to bacterial growth by the
logistic growth equation. The conversion factors equating substrate uptake to cells produced were determined frequently
throughout the season (Rivkin et al. 1989).
Chlorophyll a was greater on the western than eastern side
of the sound and greater in late October than late November
(figure 2). Areal chlorophyll a concentrations ranged from 3 to
21 milligrams per square meter (integrated to 100 meters) and
these were 5 to 100 times greater than measured during the
same period in the sub-ice plankton community near McMurdo
Station.
At all stations, the distribution of bacteria was vertically
uniform within the upper 100 meters. Bacterial abundance and
productivity increased over the season at all stations except
station B. The heterotrophic activity (TdR incorporation and
bacterial abundances) was substantially greater on the western
side of the Sound, especially in late October (figure 3). The
areal abundances of bacteria at the ice edge were 2 x1012 to
7x 1012 per square meter (integrated to 100 meters). This is
similar to that reported for the sub-ice community during the
austral spring in McMurdo Sound (Rivkin et al. 1989).
On an areal basis, phytoplankton biomass was 5 to 15 times
greater than bacterial biomass. There was approximately 22 to
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Figure 3. Upper panel: Tritiated thymidine incorporation rates (picomoles per liter per hour) for bacterioplankton collected at the
ice edge during late October (solid bars) and late November (cross
hatched bars) 1989. Samples were collected from 40 meters and
bacterial distributions were vertically uniform at all stations. Lower
panel: Areal bacterial abundances (cells per square meter; integrated to 100 meters) at the ice edge during late October (solid
bars) and late November (cross hatched bars) 1989. Stations are
denoted by the letters A-D. Please see figure 1 for the station locations. The average coefficient of variation for thymidine incorporation and bacterial abundances were less than 2 percent and
approximately 15 percent, respectively. (pMole denotes picomole.
I ' h 1 denotes per liter per hour. m 2 denotes per square meter.)
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55 milligrams bacterial carbon per square meter (assuming 8.3
femtograms carbon per cell; Fuhrman and Azam 1980) compared with approximately 120 to 800 milligrams phytoplankton
carbon per square meter (assuming a 40-to-1 carbon-to-chlorophyll a ratio; Geider and Platt 1986).
Concurrent with an increase in bacterial and autotrophic
production during the early summer, the planktotrophic echinoderm larva Odontaster validus collected from the ice edge
appeared to develop a functional gut (Basch personal communication). Feeding in these larvae may be temporally phased
to coincide with the development of the microbial community.
This project was supported by National Science Foundation
grant DPP 88-20132 to R.B. Rivkin.

Late November 1989
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The fate of bacterial
production in McMurdo Sound
in the austral spring

The water column depth at the field site was 40 meters and
was well mixed (Rivkin unpublished data). Bacterial abundances were uniform over the water column for the entire
season (figure 1). Bacterial samples were collected from the
mid-point of the water column (20 meters) to measure division

M. ROBIN ANDERSON, RICHARD B. RIvKIN,
and DANIEL E. GUSTAFSON, JR.
Horn Point Environmental Laboratories
Center for Environmental and Estuarine Studies
University of Maryland
Cambridge, Maryland 21613

The abundance of bacteria in the plankton under the annual
sea ice in McMurdo Sound is low and increases slowly by fiveto tenfold over the austral spring (Kottmeier, McGrath Grossi,
and Sullivan 1987; Rivkin in press). Several explanations for
this can be postulated (Pace 1988; Wright, Coffin, and Lebo
1987). First, bacterial growth may be limited by low temperatures (Pomeroy and Deibel 1986; Wright and Coffin 1983) or
by substrate availability (Kirchman, Ducklow, and Mitchell
1982; Wright and Coffin 1984) and, hence, they may be growing very slowly. Second, rates of bacterial production may be
balanced by loss rates (Pace 1988). The primary loss processes
are bacterivory by proto- and meta-zooplankton and/or viral
lysis (Pace 1988; Proctor and Fuhrman 1990).
As part of a project examining the nutrition of planktotrophic
echinoderm larvae in antarctic and temperate regions, we
measured the abundance and production of potential prey for
the larvae. Because phytoplankton biomass and primary production are very low during the austral spring (Rivkin in press),
bacteria may provide an important food source for these grazers. To assess the relative importance of bacteria as larval
food, it is necessary to know not only the abundance of potential prey but also the rate at which prey biomass is produced. This is particularly true for organisms with generation
times on the order of hours or days. Here, we report bacterial
division rates during the austral spring, and we calculate the
potential loss to bacterivores at our field site located 8 kilometers north of Hut Point, near McMurdo Station.
1990 REVIEW
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Figure 1. Representative vertical profile of bacteria (cells per liter
X 106 ) at our field site in McMurdo Sound. Error bars are ± one
standard error (s). (m denotes meter.)
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Figure 2. Abundance of bacteria (cells per liter x 106 ) at 20 meters,
over the austral spring from 16 September to 8 December 1989.

rates. Samples for enumeration of bacteria were preserved in
glutaraldehyde (1 percent final concentration) and were counted
using the acridine orange direct count method (Hobbie, Daley,
and Jasper 1977). Bacterial division rates were measured from
changes in cell numbers during 48-hour time course experiments. Samples were modified by removing bacterivores by
filtration through a 1-micrometer filter and diluted fivefold
with particle-free seawater. These samples were incubated in
flowing seawater at ambient temperatures.
Bacterioplankton were relatively constant throughout the
study period. Bacterial abundances ranged from 1.4 x 101 to
5.7x 101 cells per liter (figure 2), and no seasonal trend in
abundance was observed. The bacteria were however, actively

Figure 3. Bacterial growth rates (ii) in doublings per day measured
In nine experiments in McMurdo Sound.
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growing throughout the spring. Division rates ranged from
0.1 to 1.1 doublings per day (figure 3); the average division
rate was 0.6 doublings per day. These are within the range of
division rates measured in temperate marine environments
(Ducklow and Hill 1985; Pace 1988).
These antarctic bacterioplankton have the potential to double their numbers every 1.6 days. Hence, their low abundances
and slow or negligible increase were not due to limitation by
either temperature or substrate. Thus, loss processes must be
balancing division rates. Our division rate measurements already include losses through viral lysis since viruses were not
removed from the water before incubation. Therefore, grazing
by bacterivores must be responsible for maintaining bacterial
abundances relatively constant. Based on the average division
rate, we calculate that bacterivores must clear 55 percent of
the water column per day to maintain bacteria at the observed
concentrations. Therefore, grazing appears to control bacterial
abundances in McMurdo Sound during the austral spring and
the excess of bacterial production is available for consumption
by bacterivores including planktonic echinoderm larvae present in the water column at this time.
This project was supported by the National Science Foundation grant DPP 88-20132 to R.B. Rivkin.
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Seasonal pattern of bacteria
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during the austral spring
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Within the past decade, the classical view of a phytoplankton
community in the southern ocean being dominated by large
cells has changed (Gieskes and Elbrachter 1986; Weber and ElSayed 1987; Hewes et al. 1990; Rivkin in press and references
cited therein). Phytoplankton smaller than 20 micrometers can
account for 50 to 80 percent of the biomass and primary production in antarctic waters (Gieskes and Elbrachter 1986; Weber
and El-Sayed 1987; Hewes et al. 1990). In addition, photosynthetic picoplankton (procaryotic algae less than 1.0 micrometer
in diameter) were reported from Davis Station (Walker and
Marchant 1989) and the southern ocean (Marchant, Davidson,
and Wright 1987). Their abundances were directly related to
water temperature (Marchant et al. 1987) and were 1 to 3 orders
of magnitude lower than in temperate and tropical oligotrophic
oceanic regions (Platt and Li 1986).
The size distribution of organisms is crucial in evaluating
both the structure and trophic dynamics of a planktonic community and the energetics of individual grazers. For example,
the larger the size of prey at the beginning of the food chain,
the fewer trophic levels that are required to convert primary
production to "whales and seals." Furthermore, the biochemical content and subsequent nutritional value to a grazer of
individual picoplankton or bacterial cells would be significantly
less than that of larger cells. Hence, any comprehensive study
of the ecology and in situ bioenergetics of planktonic grazers
requires that the abundance, size distribution, and chemical composition of potential prey be determined. Our efforts are part of
a multidisciplinary study of the distribution, ecology, and nutrition of planktotrophic echinoderm larvae in McMurdo Sound,
and we report here on the distribution and abundance of bacteria
and several size classes of phytoplankton.
Water samples were collected throughout the 40-meter water
column at our field station located approximately 8 kilometers
north of McMurdo Station. Vertical profiles of chlorophyll a,
bacterioplankton, and samples for plankton enumeration and
identification were collected from mid-September through midDecember 1989. Chlorophyll a was measured fluorometrically:
samples were size fractionated by collecting particulates directly onto 25 millimeter Whatman GF/F filters (total), or prescreened water through either 10-micrometer Nitex screening
(less than 10 micrometers) or 1.0-micrometer Nuclepore filters (less
than 1.0 micrometer) prior to collection onto Whatman CF/F filters
(Rivkin et al. 1989). Bacteria and phytoplankton samples were
preserved with glutaraldehyde (1 percent final concentration).
Bacteria were stained with acridine orange, collected onto 0.2micrometer membrane filters and counted by epifluorescence
1990 REVIEW

microscopy (Hobbie, Daley, and Jasper 1977). Procaryotic picoplankton (less than 1.0 micrometer) were collected onto 0.4micrometer membrane filters, identified by their phycoerythrin
autofluorescence and counted using a Zeiss Axiophot epifluorescent microscope.
On all dates sampled, bacteria and phytoplankton were uniformly distributed throughout the water column. Hence, the
data presented in this article are for samples collected from 20
meters. Bacterial abundances varied from approximately 1 x 10
to 6 x 107 cells per liter between mid-September and mid-December (figure 1, block A). These are 1 t 2 orders of magnitude
lower than in temperate oligotrophic oceans (Fuhrman et al.
1989) but similar to that reported for McMurdo Sound (Rivkin
et al. 1989; Rivkin in press). Although there was a large amount
of detrital material in our samples, attached bacteria and bacterial aggregates were not observed.
Phytoplankton biomass was less than 10 nanograms chlorophyll a per liter from mid-September until mid-November
and increased to approximately 30 nanograms per liter by midDecember (figure 1, block B). Approximately 40 to 80 percent
(with an average of 60 percent) and 20 to 60 percent (with an
average of 40 percent) of the chlorophyll a was associated with
less than 10-micrometer- and less than 1.0-micrometer-sized
phytoplankton, respectively (figure 2, block A).
Phycoerythrin-containing procaryotic picoplankton (i.e., Synechococcus) were present at approximately 103 to 104 cells per
liter. This is the first report of phycoerythrin-containing picoplankton in McMurdo Sound.
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Figure 1. Seasonal patterns of (A) bacteria and (B) chlorophyll a
and phaeopigments in the plankton of McMurdo Sound, Antarctica,
during the period from September to December 1989. (L 1 denotes
per liter.)
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The mid-December chlorophyll a concentrations in 1989 were
approximately 5 to 10 times lower than those we measured in
the central basin of McMurdo Sound, about 10 kilometers west
of Tent Island in 1985 (Rivkin in press). Our 1989 field station
was over a relatively shallow water column and was not within
the main southward current flow from the Ross Sea.
The rates and patterns of particle ingestion by invertebrate
larvae are taxa-specific and are influenced by the size, abundance and chemical composition of prey (Strathmann 1987).
Temperate invertebrate larvae can ingest eucaryotic phytoplankton, photosynthetic picoplankton and bacteria (Strathmann 1987; Gallager 1988; Baldwin and Newell, unpublished
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data). The abundance of potential prey for planktotrophic echinoderm larvae in McMurdo Sound during the study period
was low. Furthermore, approximately 60 percent of the chlorophyll a was less than 10 micrometers. In McMurdo Sound,
where net-plankton abundances are very low and highly seasonal, planktotrophs must have the capability to ingest a large
range of cell sizes to obtain adequate nutrition.
This project was supported by National Science Foundation
grant DPP 88-20132 to R.B. Rivkin.
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In land-fast ice, such as found in McMurdo Sound, the development of diatom-dominated sea-ice microbial communities (SIMCO) in the lower congelation ice and in the underlying
platelet ice layer are well-described (Palmisano and Sullivan
1983). High salinities (up to 150%) in the upper ice brine channels have been hypothesized to limit the distribution of SIMCO
to the lower 20-25 centimeters of the approximately 175 centimeters of annual ice in McMurdo Sound (Kottmeier and Sullivan 1988). We report a unique flagellate and ciliate-dominated
SIMCO in the brine channels and pockets of the upper congelation ice during the late austral spring and early summer
in eastern McMurdo Sound.
We sampled the upper ice at approximately weekly intervals
both at the ice edge and at a station off Hut Point between 11
December 1989 and 12 January 1990. Two transects of the sound
were also made to examine spatial variability in the ice. Sam-

pies were collected by drilling 4-inch diameter holes approximately 50 to 75 centimeters into the annual ice. Loose ice was
removed and then the brine was allowed to accumulate in the
hole. The accumulated liquid was collected by gently pumping
it by hand through a 330-micrometer nitex mesh into a bottle.
The mesh excluded pieces of ice and thus minimized changes
in salinity due to ice melt in the sample. Samples were analyzed
for salinity and for chlorophyll a. Microalgae and protozoa in
the samples were enumerated and classified as autotrophs or
heterotrophs using a combination of transmitted light and epifluorescence microscopy (table). Scanning electron microscopy
was used to examine further the dominant members of the
assemblage (figure).
We measured salinities above and below that of ambient
seawater in the brine (table). Hypersaline conditions were most
pronounced early, but as the ice began to melt, salinities below
34%c were observed. Chlorophyll values decreased in the brine
as the ice began to melt and tended to be low in samples
collected near the ice edge (table).
Diatoms were rare (generally less than 2x10 1 per liter) in
our samples although these are the dominant forms in lower
ice SIMCO (Palmisano and Sullivan 1983). Autotrophic nanoflagellates (figure, block A), autotrophic athecate dinoflagellates (figure, blocks C and D) and ciliates (figure, block E)
dominated the upper ice assemblage (table). In mid-December,
we observed dinoflagellate densities in the brine of over 106
per liter and ciliate densities of over 104 per liter. Most of the
dinoflagellates were autotrophic and the dominant ciliate (figure, block E) may have been photosynthetic (Stoecker, Michaels, and Davis 1987). In late December, the assemblage
changed. Many of the dominant organisms developed sexual
stages (such as the planozygotes shown in figure, block C and
D) and/or formed cysts. The flora and fauna became more
diverse and heterotrophs increased in relative abundance.
Although the microbial assemblages we describe in this article from the brine channels in the upper congelation ice at
McMurdo are distinct from the assemblages previously reported from land-fast ice (Garrison, Sullivan, and Ackley 1986),
they have features in common with assemblages reported from
antarctic pack ice (Garrison and Buck 1989). The community
we describe from the upper land-fast ice and the pack ice
community are both found near the surface of the ice in brine

Characteristics of brine community in upper 1 meter of congelation ice McMurdo Sound, late spring 1989-1990
Cells per liter

Dates

Sample size
(N)

Salinity
(%)

Chlorophyll a
(in micrograms
per liter)

Station "H" (approximately
7.4 kilometers west of Hut
Point)

11 Dec-1 Jan

6

14-66

1.00-2.91

<1.0x102 4.6x104
to 3.7 x 106
to 1.9 x 104

1.3x105
to 4.0 x 106

Station "IE" (ice edge)

12 Dec-12 Jan

5

20-24

0.28-0.60

7.6x10 2 1.3x104
to 3.4x 105b
to 1.1 >< 103b

1.3x106
to 9.5x 106b

Transects of southeast

23 Dec

3

32-53

1.64-3.89

2.6 x 10 2 1.3 x 106
to 2.4 x 106
to 4.4 x 103

4.2 x 106
to 9.5 x 106

McMurdo Sound

9 and 10 Jan

6

19-48

0.23-0.54

Station

Ciliates

Dinoflagellates

Other (c)
Flagellates

6.5x104 4.4x105
tol.6x106 to2.8x106

a 27

December and January only.
data only available for three samples.
Mostly 5-micrometer cells.
d + denotes present; no quantitative data available.
b Quantitative
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Scanning electron micrographs of critically point-dried organisms from the upper sea ice brine. A. Autotrophic flagellate with a single
flagellum visible, possibly Mantoniella sp. Scale bar = 2 micrometers. B. Cryothecomonas sp., a bit lagellated, phagotrophic heterotrophic
flagellate. Scale bar = 5 micrometers. C. and D. Planozygote of autotrophic athecate dinoflagellate. Arrows denote the two paired flagella
characteristic of this stage of the sexual life cycle. Scale bar = 5 micrometers. E. A ciliated protozoan, Strombidium sp. which was common
In the ice brine. Scale bar = 5 micrometers.

channels and pockets, and both are dominated by flagellates
and ciliates. Furthermore, many of the genera and perhaps
species that we observed in the upper ice at McMurdo have
been reported from the pack ice (Corliss and Synder 1986;
Garrison and Buck 1989; Thomsen et al. in preparation). These
taxa are thought to be rare in the deeper congelation ice and
platelet ice SIMCO (Kottmeier and Sullivan 1988).
We believe that the upper ice brine community in the landfast ice at McMurdo will be an excellent model system in which
to investigate the adaptations of sea-ice microorganisms to
transitions between planktonic and ice-bound existence. Microorganisms in the upper ice brine in both pack ice and landfast ice experience extremes of salinity, temperature, and light.
The land-fast upper ice community provides an excellent opportunity to investigate the physiological and life history responses of sea-ice microorganisms to the extreme and rapidly
changing environment in which they thrive.
We thank G. Dietzman for suggesting that we sample the
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upper ice community and for provision of sampling equipment, C.W. Sullivan for many good discussions on sea ice
biota, L.H. Davis, C. Micelli and E. Zettler for technical assistance, and S. Kottmeier, VXE-6, and E. Walters making our
field work possible. This work was supported by National
Science Foundation grant DPP 88-16668 to Mary Putt and Diane
K. Stoecker.
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Seasonal changes
in cell size and abundance
of bacterioplankton
during the Phaeocystis sp. bloom
in McMurdo Sound

made for subsamples filtered directly onto 0.2-micrometer filters (TBAC) and in subsamples passed through a 2-micrometer
filter prior to filtration onto the 0.2-micrometer filter (BAC).
The difference between TBAC and BAC was used to estimate
the number of bacteria in the >2-micrometer fraction (>2BAC).
The >2BAC fraction includes the largest free-living bacterioplankton as well as bacteria attached to particles. Bacterioplankton size was estimated from linear dimensions of cells in
photomicrographs of TBAC samples pooled from 15 and 50
meters.
Areal concentrations of chlorophyll integrated over the upper 100 meters remained low (<10 milligrams per square meter) until late December when a bloom of large (>200
micrometers) Phaeocystis sp. colonies caused a 10-30-fold increase in chlorophyll (figure, block A).
Bacterioplankton abundance and cell volume (determined
from photomicrographs) both increased by factors of about 23 between late November and late December (figure, blocks B
and C). Transmission electron microscopy confirmed the increase in cell volume in bacterioplankton at or above 50 meters
at station IE (table 1). The increase in average cell size in late
December was due largely to an increase in the number of
very large rods and cocci.
Maximum abundance of >2BAC coincided with the onset
of the Phaeocystis sp. bloom and the period of maximum cell
size (figure, block D). In separate experiments in early January,
about 33 percent of the bacterioplankton did not pass a 202micrometer mesh (data not shown). Thus, increased abundance of >2BAC was due, at least in part, to changes in the
number of bacteria associated with large particles, probably
Phaeocystis sp. colonies rather than increased bacterioplankton
cell size. Microscopy confirmed that Phaeocystis sp. colonies
were often colonized by dense accumulations of bacteria.
By mid-January, the Phaeocystis sp. bloom was in decline and
chlorophyll concentrations had decreased relative to the early
January maximum. Bacterioplankton abundance remained
constant but cell size decreased to pre-bloom levels at both
stations.
Seasonal changes in bacterioplankton size in McMurdo Sound
greatly affect the estimation of bacterioplankton standing stock.
For example, at the ice edge at 15 and 50 meters, bacterioplankton biovolume (abundance X size), and presumably biomass, increased by a factor of 7 between 27 November and 27
December whereas the change in bacterioplankton abundance
alone was only about 2.
During the Phaeocystis sp. bloom, bacterioplankton growth
rates reportedly increase by over an order of magnitude relative
to pre-bloom rates, presumably because of increased substrate
availability (Kottmeier et al. 1987; Guillard and Hellebust 1971).
Abundances and estimated clearance rates of heterotrophic
flagellates, the major grazers of bacterioplankton in temperate
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Cell size must be known to determine the biomass of natural
bacterioplankton (Psenner 1990). In addition, cell size contains
information about both bacterial growth rates and protozoan
grazing pressure (Andersson, Larsson, and Hagstrom 1986).
Bacterial cell size and growth rate are positively correlated
(Ammerman et al. 1984). The average cell size of natural bacterioplankton, however, is generally smaller than in experimental manipulations where grazing pressure is reduced. A
number of protozoans selectively graze large bacteria (Gonzalez, Sherr, and Sherr 1990). Thus, in temperate waters, protozoan grazing apparently maintains even rapidly growing
bacterioplankton below their maximum obtainable size (Ammerman et al. 1984). Here, we examine season changes in cell
size to obtain qualitative information about how grazing influences the bacterioplankton community in McMurdo Sound.
Seawater samples were collected at six depths between 0
and 100 meters from station IE at the edge of the sea ice of
eastern McMurdo Sound or through an established hole in the
annual sea-ice at station H about 30-60 kilometers south of
station IE. Direct counts of bacterioplankton abundance were
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McMurdo Sound, 1989-1990 field season. Seasonal patterns at the edge of the annual sea-ice (station IE, triangles) and beneath the seaice (station H, squares) of: A. Areal chlorophyll. B. Areal bacterioplankton abundance (TBAC). C. Bacterioplankton cell size measured from
epifluorescence photomicrographs of pooled TBAC samples from 15 and 50 meters. D. Bacterioplankton not passing a 2-micrometer filter
(>213AC). Arrow denotes data when colonial forms of Phaeocystis sp. first observed. Note different scale in blocks B and D. All values
(except block C) represent values integrated over the upper 100 meters of the water column. (tm 3 denotes cubic micrometers. mg . rn2
denotes milligrams per square meter.)
Table 1. McMurdo Sound, 1989-1990 field season.
Bacterloplankton cell size in samples collected at station IE
estimated from transmission electron microscopy (Borsheim,
Bratbak, and Heldal 1990). Means ±SEM (standard error of the
mean). Number of cells sized in parentheses. ND Is no data.
Date

11 Nov 1989

Mean
27 Dec 1989

Mean
a in cubic micrometers.
200

Depth

Cell sizea

0
15
25
50
75
100

0.046±004 (104)
0.046±010 (21)
0.044±013 (17)
0.064±.012 (24)
0.038±008 (19)
0.083±018 (45)
0.053:t .006

0
15
25
50
75
100

0.18 ±041 (45)
0.12 ±006(101)
ND
0.10 ±.006 (81)
ND
0.028 ±.003 (60)
0.107±.031

systems, were very low prior to the bloom in late November
(table 2). The increase in bacterioplankton abundance and cell
size in December likely reflects, at least in part, a temporal lag
between increased growth rates of bacterioplankton during the
Phaeocystis sp. bloom and development of the heterotrophic
flagellate populations.
In addition, Phaeocystis sp. colonies are apparently poorly
grazed relative to other algae (Verity and Smayda 1989). Bacterioplankton attached to the colonial matrix of Phaeocystis sp.
may grow rapidly in the presence of enhanced substrate and
maintain larger average sizes than their free-living counterparts because of reduced grazing pressure. Phaeocystis sp. colonies may provide a refuge from grazing for a portion of the
bacterioplankton, hence increasing the average size of the total
bacterioplankton population.
By late December, the heterotrophic flagellate community
was better developed (table 2). The decrease in bacterioplankton abundance and size during January suggests that protozoan grazing more strongly influences bacterioplankton during
the declining phase of the Phaeocystis sp. bloom.
Understanding bacterivory and its impact on bacterioplank ton requires better estimates of protozoan grazing than are
currently available for polar systems (table 2). We are analyzing
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