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S
ince 1988, the University of Texas Institute for Geophysics
has been involved in several investigative programs that

collected single and multibeam sonar data of the ocean floor
near the South Shetland Islands and the Antarctic Peninsula,
all of which utilized global positioning system (GPS) naviga-
tion. During the austral summer seasons of 1989 through
1991, the U.S. Antarctic Marine Living Resources (AMLR) Pro-
gram used the National Oceanic and Atmospheric Adminis-
tration's (NOAA's) ship Surveyor to conduct biological and
oceanographic studies in a 100x100 nautical mile grid sur-
rounding Elephant and Clarence islands. We augmented our
study of the continental margin of the Antarctic Peninsula
and the Shackleton Fracture Zone with over 3,000 kilometers
(km) of new bathymetric data collected with Surveyor's
Seabeam sonar system (Mepeis et al. 1989, 1990). These data
greatly improved and expanded a preliminary bathymetric
map of the King George Basin and north Bransfield Basin pro-
duced with a 3.5 kilohertz (kHz) echosounder and single-
channel seismic data collected aboard R/V Polar Duke in 1988
and 1989 (Lawver and Villinger 1989; Klepeis et al. 1990).

In February 1991, a detailed multichannel seismic survey
of the complex tectonic regimes around the Antarctic Penin-
sula and South Shetland Islands was completed by R/V Mau-
rice Ewing. This cruise produced about 2,000 km of new
Hydrosweep data of the Bransfield Strait, the South Shetland
Trench, and the Shackleton Fracture Zone. We have compiled
the bathymetric data collected during all these investigations
to generate a 100-meter (m) contour, bathyrnetric chart of
this complex tectonic region (figure).

All Seabeam and Hydrosweep bathymetric data collected
during the 1989-1991 Surveyor and 1991 R/V Maurice Ewing
cruises were plotted on Mercator projections of variable
scales. We combined data from plots of the same scale into
separate mylar maps of the Bransfield Strait-Elephant Island
region by interpolating bathymetric contours between adja-
cent swaths of data. These maps were checked and augment-
ed with single-beam data collected aboard R/V Polar Duke in
1988 and 1989. We assembled the separate maps by reducing
each to the same scale, scanned them into a Macintosh com-
puter, and joined each image by using the CanvaS TM graphics
software package to align map grids. Finally, we digitized the
islands in the vicinity of the Antarctic Peninsula from Defense
Mapping Agency charts and color-coded the map using black
lines to indicate data and blue lines to indicate interpolated
bathymetry. The final version of the map (figure) was checked
with the GPS navigated tracklines from the R/V Maurice
Ewing cruise.

One of the most pronounced and exciting new features
on our bathymetric map is a 300-km long lineament that
extends from Deception Island parallel to, but offset from, the
steep northwestern margin of Bransfield Strait, through
Bridgeman Island and into the north Bransfield Basin toward
the southern tip of Clarence Island. This feature is defined by
the alignment of volcanic islands, seamounts, and submarine
ridges and troughs. It is noteworthy that most of the known
Holocene volcanic activity in the Bransfield Strait and South
Shetland Islands, with the exception of Penguin Island, is
located along this linear feature. We speculate that the linea-
ment is the bathymetric expression of a major detachment
fault along which the strait is now actively extending. Magma
may intrude along the fault at depth until it reaches the base-
ment/sediment interface where it rises to the ocean floor and
produces active volcanism on Deception and Bridgeman
islands. The asymmetric character of the Bransfield Strait
with a steep (up to 11') northwestern margin and a gentle
(1.3 0) southeastern margin is suggestive of a northwest
bounding detachment fault. It is likely that this characteristic
reflects recent fault activity that has continuously modified
the structure of the steep northwestern margin of Bransfield
Strait. If Bransfield Strait is a back-arc basin as some claim,
then the northwest and southeast margins should be stan-
dard passive margins with slopes of approximately 4'.

Northeast of Bridgeman Island, in north Bransfield Basin,
the submarine topography is less uniform than that of the
central and southern Bransfield Strait. Yet despite the
increased number of features in this area, the trace of the
fault continues with the alignment of a newly discovered
seamount, located 36 km northeast of Bridgeman Island, and
a long, linear ridge and trough south of Elephant Island. Sin-
gle-channel seismic lines collected in north Bransfield Basin
(Lawver and Villinger 1989) show that that extension has
deformed sediments of the basin though the mechanism of
extension may differ from that further south in Bransfield
Strait. To the northeast, the steep, apparently faulted south-
eastern margin of Clarence Island appears not to be related to
the Bransfield Strait extension but rather to the 120* change in
direction of the transpressional Shackleton Fracture Zone
Transform as it bends to the east to merge with the south Sco-
tia Ridge (laepeis et al. 1990). Hence, it is likely that the com-
plicated bathyinetry of the north Bransfield Basin is the result
of the combined plate motions along the Shackleton Fracture
Zone Transform and the Bransfield Strait detachment fault.

The new bathymetric data provide further detail of the
faulted margins described by Klepeis et al. (1990). New data
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Bathymetric map of the Bransfield Strait, the southeastern Shackleton Fracture Zone, the South Shetland Trench, and the continental margins
of the Antarctic Peninsula. The map is a Mercator projection. The bathymetric interval is 100 m with every 500-m line outlined in bold. All data
are in black lines; interpolated bathymetry is in blue. Note the 300-km long lineament, which extends from Deception Island through Bridgeman
Island on the northwest side of the Bransfield Strait. We have interpreted this feature to be the trace of a major detachment fault along which
the strait is now actively extending. See text for details.

south and west of Elephant Island have clarified the nature of
several submarine ridges and troughs and provide control on
the intersection of the South Shetland Trench with the Shack-
leton Fracture Zone. As the Shackleton Ridge intersects the
continental margin northwest of Elephant Island, it displays a
slight depression of its bathymetric relief This could be the
result of the intersection of the ridge with the trench.

The participation of the University of Texas at Austin,
Institute for Geophysics personnel aboard the NOAA ship
Surveyor during the 1989 cruise was supported by the Antarc-
tic Marine Living Resources, the National Science Foundation

Division of Polar Programs, the National Aeronautics and
Space Administration Geodynamics Program, and the Uni-
versity of Texas Department of Geological Sciences. Work
aboard Surveyor in 1990 was supported by National Science
Foundation grant OPP 86-15307. The joint Institute for Geo-
physics/ Lamont-Doherty R/V Maurice Ewing cruise to the
Bransfield Strait was supported by National Science Founda-
tion grant OPP 89-16436. Special thanks go to Lieutenant
Steven LaBossiere, Captain John C. Albright, and Rear Admi-
ral J.A.L. Myres for supplying us with Seabeam data from the
1991 Surveyor cruise to the Antarctic Peninsula.
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R/V Nathaniel B. Palmer NBP93 -1 survey of the
Antarctic Peninsula and Powell Basin

LAWRENCE A. LAWVER, Institutefor Geophysics, University of Texas, Austin, Texas 78759-4897

H
eat-flow, magnetics, gravity, and seismic reflection data
as well as piston and gravity cores in Powell Basin were

part of a study conducted on the NBP93-1 cruise of R/V
Nathaniel B. Palmer to the Antarctic Peninsula (figure 1).
Because austral summer 1992-1993 turned out to be an
exceptionally ice-free year for the east side of the Antarctic
Peninsula, we took the opportunity to collect seismic, gravity,
and magnetics data along the Larsen Ice Shelf to 6645'S, an
area previously unexplored. To collect the shelf data, our
planned work in Powell Basin was reduced, and we gambled
that the weather during the cruise would be optimal. The
weather during the 12 days spent along the Larsen Ice Shelf
was excellent while, at the same time, low-pressure zones
moved through Powell Basin and precluded successful work
there.

During the crossing of Drake's Passage, a new 24-channel
seismic streamer was deployed, and an attempt was made to
weight it neutrally bouyant so it would tow at a depth of
between 20 and 30 meters. The streamer, designed by Innova-
tive Transducer, Inc., (ITI) had a flotation jacket that contin-
ued onto the reel. When it became apparent that the streamer
required too much chain taped to it to reach the desired tow-
ing depth, a nonflotation leader was added. In the interim, a
24-phone, single-channel ITI streamer was used for the initial
survey work in Powell Basin and on the Larsen Ice Shelf

With the single-channel streamer, one crossing of Powell
Basin was made, but only two gas-injector SSI 2.46-liter air-
guns were operational, and two airguns did not give sufficient
penetration to basement. On the return crossing, four guns
were deployed and basement was observed. The weather
deteriorated, the gear was retrieved, and we headed for
Bransfield Strait where the seismic gear was redeployed. A
new "dike-like" intrusive feature was seen in the eastern end
of the King George Basin as well as another heretofore unre-
ported volcanic mound. Before a port call at Maxwell Bay, two
dredges were made on previously identified targets (Keller et
al., Antarctic Journal, in this issue). After the stop at King
George Island, dredging continued until the main winch wire
jammed in the block, and the ship headed for the east side of
the peninsula.

On exiting Antarctic Sound, the single-channel ITI seismic
streamer, four airguns, and the gradiometer were deployed on
a course of 135* until Weddell Sea pack ice was encountered at
64030'S 54020'W. The edge of the pack ice was followed to the
southwest to 6645'S 58 045'W. Working northward, seismic
data were collected along an east-west grid with a 10-kilome-
ter (km) spacing, until 66'S where the line spacing changed to
20 krn (Sloan and Lawver, Antarctic Journal, in this issue).

Enroute to Powell Basin, a large negative GEOSAT gravity
anomaly was crossed with a single seismic line run due east to

Figure 1. Track chart showing the route of RN Nathaniel B. Palmer
during the NBP93-1 cruise to the Antarctic Peninsula. Mercator
chart was produced using GMT-SYSTEM (Wessel and Smith 1991).
Bathymetric contours are in light-weight lines and are taken from
GEBCO Chart 5-16. Location of the seismic profile shown in figure 2
is indicated by the heavy line. Numbers along the track refer to the
julian day for 1993.
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Figure 2. Single-channel monitor record across slump feature on east s
East-west location of seismic line shown in figure 1. The time marks a
approximate ship speed of 7 knots (12.5 km per hour). Internal cleformat
and 1800 on julian day (JD) 59. Footwall is indicated on two separate c
lower section.

64*30'S 48*W. Figure 2 shows the profile of what may be a
massive slump. A very obvious footwall was observed as a
150-meter (m) drop at the eastern end of the slump. The
headwall and footwall coincide with the edges of the major
GEOSAT gravity anomaly. The east-west line crossed the
slump at an angle, and no levees that might channel the
slumped material were observed. Internal deformation is
seen in the slump as well as truncation of beds at the sedi-
ment surface. An acoustically transparent layer reaches the
surface about 20 km to the west of the footwall. If the GEOSAT
anomaly defines the areal extent of the slump, it may be as
large as 120 krn by 200 km. The footwall appeared to be scal-
loped, based on three crossings of it.

On return to Powell Basin, rough weather made station
work difficult. A total of 2,700 km of seismic reflection data

was collected in Powell Basin.
Heat-flow values indicate the
general age of Powell Basin to
be Oligocene. There are no
correlatable magnetic anom-
alies from the basin, even
though an extinct spreading
center is identified from the
seismic records. During one
long night, the wind increased
from 30 knots to 60 knots, and
the seismic gear could not be
recovered. Fortunately, all the
gear survived, and although
some was slightly damaged,
none was lost. The cruise
ended with more dredging in
Bransfield Strait (Keller et al.,
Antarctic Journal, in this
issue). The final hours were
spent in King George Basin on
three heat-flow stations with a
total of 14 penetrations.
Enroute to Punta Arenas, a
final seismic survey was made
in the western Scotia Sea.

Participants in the NBP93-
1 cruise included Mark
Wiederspahn and Keith Naj-
mulski of the Institute for Geo-
physics; Benjamin Sloan and
Brad Wolaver of the Depart-

ide of the Antarctic Peninsula.	ment of Geology and the Insti-
re every hour and indicate an	tute for Geophysics, Universi-
ion can be seen between 0700	ty of Texas at Austin; Randallossings at the right end of the	Keller of Oregon State Univer-

sity; Tom Williams of Stanford
University; Barbara Embry of Innovative Transducers, Inc.;
and Marta Ghidella and Jorge Strehlin of the Argentinian
Antarctic Survey. This research was supported by National
Science Foundation grant OPP 90-19247.
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R/V Nathaniel B. Palmer NBP93 -1 cruise to the Larsen Ice
Shelf region of the Antarctic Peninsula

BENJAMIN J. SLOAN, Department of Geological Sciences, University of Texas, Austin, Texas 78712
LAWRENCE A. LAWVER, Institutefor Geophysics, University of Texas, Austin, Texas 78759

D
uring the NBP93-1 cruise of R/V Nathaniel B. Palmer,
exceptional ice conditions allowed us to explore the

Larsen Ice Shelf region to south of the Antarctic Circle. The
Larsen Ice Shelf region had not been previously surveyed to
our knowledge. We were able to collect data to 66045'S (figure
1), well over 100 kilometers (km) farther south that the
National Oceanic and Atmospheric Administration ship Sur-
veyor, which in 1990 ran one line down the east side of the
peninsula but was unable to get south of 65 025'S. We collect-
ed 2,000 kin of underway geophysical data on the Larsen Ice
Shelf including bathymetry, magnetics, gravity, and single-
channel seismic - reflection data. Twelve east-west profiles
were run between 66 035'S and 65 0S. The line spacing ranged
from less than 10 km in the south to about 30 kin between the
northern two profiles. Three tie lines, roughly north-south,
were run. The east-west profiles varied in length from 70 krn
in the south to 240 km at 65'15'S. The length of the east-west
lines was dependent upon ice conditions. The ship was gener-
ally able to run from the edge of the Larsen Ice Shelf to the
edge of the Weddell Sea pack ice. Although there were ice
flows in the study region, most of the lines are complete
between the ice shelf and the pack ice. The weather was quite
good, and the seas were remarkably flat for the period 17 Feb-
ruary to I March 1993.

The bathymetry of the shelf was determined from 3.5-
kilohertz echo-sounding and se;.smic- reflection data correct-
ed for the streamer offset. The water depth varied from 300 to
just over 500 meters (in), with most of the shelf depths
between 350 and 450 in. Two broad ridges, less than 300
meters deep in some places divide the study area into three
valleys, 30 to 80 km wide (figure 2). Pack ice prevented deter-
mination of the eastern edge of the Continental Shelf except
in the northern area of the survey. Although the shelf is rela-
tively deep by global standards, probably because of ice-
induced downwarping, it is in fact shallower than most
antarctic shelf areas.

Between two and four gas-injector SSI airguns of 2,520
cubic centimeters each were sources for single-channel seis-
mic-reflection data that were recorded using a streamer
designed and built for use in the ice by Innovative Transduc-
ers, Inc. The data indicate a zone of steeply dipping, truncat-
ed, prograding clinoforms to the west (figure 3), which pass
eastward into subhorizontal units with common cut-and-fill
reflector geometries evocative of subglacial erosion. Gross fea-
tures and the major seismic units, including an apparent
southwest- trending fault zone represented as disrupted sec-
tion, can be correlated to the area studied by Anderson, Shipp,
and Siringan (1992) near Seymour Island, 60 kin to the north.

Recovery of the nine gravity cores and two piston cores
was modest. Most of the cores were taken along two profiles
that extend from the ice shelf to the upper slope. Preliminary
shipboard examination of the cores indicated a veneer of
medium-soft olive-brown diamict several centimeters thick,
which is underlain by a dark gray, firm diamict unit that
proved difficult to penetrate. Both units include variable frac-
tions of sand, pebbles, and cobbles interpreted as allochtho-
nous ice-rafted debris. The difference in age of the units, if it
can be ascertained, may be an indicator of the time of the last
ice retreat. Determining the age of the younger unit should
allow us to estimate the sedimentation rate on the modern
shelf

Well-preserved benthic and planktic foraminifera have
been identified in the core catcher samples and will be the
basis for further study of the cores in tandem with sedimento-
logic work. Micropaleontologic analysis is expected to provide
constraints on the age of the sediments and on the paleoenvi-
ronmental and oceanographic setting. Factors such as the
unique water masses near an active ice sheet, ice cover shad-

Figure 1. Map showing cruise track of FIN Nathaniel B. Palmer on
Larsen Ice Shelf during NBP93-1 cruise. Circles indicate gravity or
piston core stations. The heavy track line indicates the location of
the profile shown in figure 3.
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owing the photic zone, and currents, such as any associated
Weddell Gyre, will be considered in the analyses.

This work was supported by National Science Founda-
tion grant OPP 90-19247.
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Figure 2. Bathymetry of the Larsen Ice Shelf measured from 3.5-
kilohertz echo sounding and corrected seismic reflection data. The
contour interval is 50 m with the deepest soundings found to the
northeast at 1,200 m. Note the three broad east-west submarine
valleys discussed in the text.

Figure 3. Sample record of single-channel seismic-reflection data along a dip profile on the southwestern Larsen Ice Shelf. Location indicated
on figure 1. The dipping reflector geometry compares closely to figure 3 of Anderson, Shipp, and Siringan 1992.
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Origins and biogeography of Cretaceous /Tertiary biserial
planktonic foraminifera in the southern oceans

ANNE BOERSN4A, Microclimates Research Consultants, Stony Point, New York 10980
BRIAN HUBER, Smithsonian Institution, Department ofPaleobiology, Washington, DC 20560

L
atest Cretaceous/ early Tertiary biserial planktonic
oraminifera are being studied because their distributions

and abundances may provide information on paleoproduc-
tivity in the Antarctic. Biogeographic partitioning of these
planktonic foraminifera depicts differing surface watermass
conditions between the Atlantic Ocean and Indian Ocean sec-
tors of the southern oceans. The antarctic origination of one
group, its survival across the Cretaceous /Tertiary boundary in
the Antarctic, and its subsequent migration into lower lati-
tudes reflect the early Tertiary evolution of circumantarctic
circulation and the Atlantic subtropical gyre. Survival of these
biserial planktonics across Cretaceous /Tertiary (K/T) bound-
ary yields evidence on the nature of early Tertiary diversifica-
tion and recolonization of the surface water realm.

There are four biserial planktonic foraminiferal genera in
the Paleocene: Chiloguembelina, Zeauvigerina, "Tubitextular-
ia, " and Bifarina. Of these only Chiloguembelina originated in
the Paleocene. The zeauvigerinids first appeared in the Maas-
trichtian of the austral province (Ocean Drilling Project cir-
cumantarctic sites 690, 738, and 750), and the bifarinids and
the "tubitextulariids" are first recorded from the Maastricht-
ian in the subtropical Gulf of Mexico. Despite the amount of
disturbance that characterizes nearly all K/T boundary sec-
tions, we conclude that the chiloguembelinids evolved global-
ly from the woodringinids nearly synchronously above, not at,
the K/T boundary.

Zeauvigerinids are usually considered Tertiary forms.
Nevertheless, Maastrichtian occurrences of zeauvigerinids
cannot be attributed to downhole mixing because the group
is rare in the Paleocene and is thus unlikely to be the main
downhole contaminant; almost no other Tertiary species are
present in Maastrichtian levels; preservation is the same as
that of accompanying Cretaceous foraminifera; size of indi-
viduals in the Cretaceous is slightly smaller; and percentages
and diversity in the Weddell Sea faunas are greater in the
Maastrichtian, but they are rarely present in the Tertiary, and
some variants do not even cross the K/T boundary and,
hence, cannot be redistributed downsection.

We have discovered the K/T boundary survivors that gave

rise to new biserial species groups in the Paleocene. Creta-
ceous guembelitrid survivors evolved via at least two different
woodringinids into the chiloguembelinids, which in the Dan-
ian diversified into three major species groups, eventually
including 12 variants. The main zeauvigerinid species group
contained three Cretaceous ontogenetic variants and pro-
duced two offshoots: the late Paleocene zeauvigerinids and an
early-middle Paleocene species group that evolved into the
well known late Paleogene species, "C. " cubensis Palmer.

The planktonic habitat of many chiloguembelinids, the
"tub itextularfids, " and the zeauvigerinids has been demon-
strated by stable isotope analysis. Like their Neogene and
modern analogues, all Paleocene biserial forms considered
planktonic register near-surface oxygen isotope values.

Biserial planktonic foraminifera demonstrate biogeo-
graphic provincialization and migratory diachroneity not only
between temperate and subtropical latitudes, but also within
the austral realm. The Cretaceous zeauvigerinids are more
abundant in the Indian Ocean sector of the Antarctic. They
are first recorded over the Kerguelen Plateau (sites 750 and
738), soon spread to the Weddell Sea (site 690), then, in the
Paleocene, migrate to the subantarctic Atlantic Falkland
Plateau region (sites 698, 700, 702) and into the southernmost
Angola Basin (site 528).

If, as has been suggested, elongate biserials such as the
zeauvigerinids, represent a low-oxygen and/or higher pro-
ductivity surface water environment, then through the Maas-
trichtian and early Paleocene, the Kerguelen Plateau may
have underlain more oxygen-depleted and/or more fertile
near-surface waters than those around sites in the Weddell
Sea. Earliest Paleocene radiolarian and diatom-rich sedi-
ments over Kerguelen (site 752) corroborate the idea of higher
productivity current systems there than in the Weddell Sea
where calcareous dinoflagellates and the nanoflora represent
the base of the food chain. By the same reasoning, we predict
that subantarctic waters over the Falkland Plateau became
more productive later in the early Paleocene.

This research was supported by National Science Foun-
dation grant OPP 91-20685.
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Evidence for an early Pliocene cold event
in the southern oceans

LLOYD H. BURCKLE, Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York 10964
STACEY RUDOLPH, Department ofEarth Sciences, State University ofNew York, Oswego, New York 13126

R.A. MORTLOCK, Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York 10964

X
I hough it is generally agreed that the early Pliocene wit-

essed the last great climate warming before the onset of
Northern Hemisphere glaciation (Burckle and Pokras 1991), it
is generally not recognized that this time interval also wit-
nessed what appear to be major glaciations, which affected
both Northern and Southern Hemispheres. In our study of
brief, intense warm events in the early Pliocene, we also
encountered evidence for at least one major glaciation during
this time interval. Hole 737A was recovered during Ocean
Drilling Program leg 119 (Barron, Larson et al. 1989) and is
located in the Indian sector just south of the modern day Polar
Front Zone (PFZ). Because neither planktonic nor benthic
foraminifera were continuously present in this hole, we used
percentage of opal, percentage of carbonate, and (germani-
um/silicon) opal f(Ge/Si)opall as paleoceanographic proxies.

The distribution of biogenic opal and biogenic carbonate
in surface sediments of the southern oceans is largely dictated
by the position of the PFZ. Calcium carbonate is higher north
of the PFZ, and opal is higher south of it. Most carbonate
found in Quaternary sediments of the southern oceans is
foraminiferal carbonate. This is true not only north of the PFZ
but also for Holocene sediments on the continental shelf.
Indeed, Hodell (1992) has suggested that the presence of
foraminifera in sediments of the southernmost part of the
Weddell Sea may actually represent warmer than present
interglacials during the late Quaternary. There are more strict
temperature controls on the distribution of coccolith carbon-
ate. In laboratory cultures, coccoliths survive down to a tem-
perature of O OC but will form calcareous plates only at tem-
peratures above 3 0C (McIntyre personal communication).
The presence of coccolith carbonate in sediments indicates
that, at the time of deposition, surface-water temperatures
were above YC during the growing season. Thus, calcium car-
bonate measurements, as well as the identification of
foraminiferal carbonate and coccolith carbonate, constitute a
useful paleotemperature indicator. Temperature controls on
carbonate content of sediment are readily apparent when one
considers their distribution in surface sediments of the south-
ern oceans and in sediments representing the Last Glacial
Maximum (LGM). It is readily apparent, because of the drop
in carbonate content of sediment, that the PFZ migrated
northward during the last glacial (CLIMAP 1976, 198 1).

Percentages of opal measurements are important
because they are a measure, although imperfect, of past
diatom productivity. Charles et al. (1991) showed that the pat-
tern of southern oceans opal deposition over the past 450,000
is regionally correlative. Similarly, Mortlock et al. (1991) con-
cluded that a link exists between the percentage of opal in

sediments and paleoproductivity. These latter authors also
demonstrated that, for regions south of the PFZ, high produc-
tivity (that is, a higher percentage of opal) is associated with
interglacials and low productivity (that is, a lower percentage
of opal) with glacials. This association between productivity
and climate mode is also reflected in the (Ge/Si) 0p,11 . Although
Holocene sediments have Ge concentrations similar to those
in seawater (0.7xlo- 6), glacial sediments have lower values
(Mortlock et al. 1991). For a sediment sequence south of the
present PFZ, it would be reasonable to interpret a low per-
centage of opal combined with low (Ge/Si)opal as a glacial
event.

Armed with these tools, we measured the percentage of
carbonate, the percentage of opal, and the (Ge/Si) opal for the
lower Pliocene sequence of hole 737A. As noted above, this
hole was occupied near the present PFZ at 50013.67'S
73001.97'E in 564 meters of water. Further, it has what appears
to be a complete early Pliocene (that is, Gilbert chron) paleo-
magnetic reversal record (Sakai and Keating 1991). The figure
shows the results of this study; because the percentage of car-
bonate was generally low through this interval, it is not
shown. The percentage of opal, on the other hand, is general-
ly high, ranging between 50 and 60 percent. Between approxi-
mately 40 to 60 meters depth, the percentage concentration
of opal drops to almost 20 percent. This drop is accompanied
by a change in (Ge/Si) opm from a high of 0.80 to a low of 0.50.
This event occurs between the Nunivak and Siduflall sub-
chrons of the Gilbert chron and is tentatively dated at about
4.5 millions years ago. Using the criteria stated above, we
interpret this to be a glacial event.

Other workers have also reported a record of glaciation at
about this time. Marchant et al. (1993) argue that, in Arena
Valley, southern Victoria Land a cold desert climate occurred
at about 4.3 million years ago and has persisted essentially
without interruption since then. Rea et al. (1993) report drop-
stones in sediments ranging in age from 4.3 to 4.6 million
years ago from both the northwest and northeast Pacific.
They conclude that such a widespread distribution implies
that glaciers were at sea level during this time. Ehrmann et al.
(1991) report the presence of ice-rafted detritus in sediments
of late Miocene and early Pliocene age in the Indian sector of
the southern oceans. They concluded that this interval of time
was characterized by repeated ice advances and retreats.
Indeed, in the sites that they examined, ice rafting was less
pronounced in the late Pliocene to Quaternaiy when, they
suggest, ice shelves had become more stable.

This research was supported by National Science Foun-
dation grant OPP 91-18995.
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Marine biology

Transmission of solar ultraviolet radiation through
invertebrate exteriors

DENEB KARENTz and THOMAS GAST, Department ofBiology, University ofSan Francisco, San Francisco, California 94117-1080

T
he occurrence of springtime ozone depletion over the
Antarctic has created concern about the effects of

increased ultraviolet-B [UV-B, 280-320 nanometers (nm)] on
marine organisms (Karentz 1991, 1992). It is not known, how-
ever, how much UV-B antarctic marine organisms are
exposed to, nor how much irreparable damage UV-B expo-
sure can cause. One area of research associated with these
questions is directed toward identifying ways in which marine
invertebrate species are naturally protected from UV expo-
sure. The obvious first line of defense that an animal has to
solar radiation exposure is its outer covering. Although some
antarctic invertebrates live under rocks, in deep water, or in
other low-light environments, many individuals in benthic
habitats are exposed to UV-B radiation for extended periods
of time. LJV-B wavelengths have been detected to at least 60
meters (m) in antarctic waters (Smith et al. 1992), and biologi-
cal effects have been monitored to 20 rn (Karentz and Lutze
1990; Helbling et al. 1992; Smith et al. 1992). Therefore, inter-
tidal and subtidal populations are potentially exposed to bio-
logically significant levels of UV-B.

Four species of antarctic invertebrates have been evaluat-
ed to determine the amount of UV protection provided by
their external covering. These taxa are common in intertidal
and subtidal regions of the Antarctic Peninsula. Animals were
collected in Arthur Harbor (Antarctic Peninsula) and immedi-
ately dissected for use. The four species examined were the
sea urchin Sterechinus neumayeri, the sea star Odontaster
validus, the limpet Nacella concinna, and the tunicate Cnemi-
docarpa verrucosa. Both the sea urchir) S. neumayeri and the
sea star 0. validus have a thin epidermal layer that is external
to a calcareous skeleton and the body wall. The epidermal
cells of these echinoderms have no protective covering to
reduce LJV exposure. The body of the limpet N. concinna is
completely covered by a dorsal shell that has a structure typi-
cal of other limpets, consisting of a complex layering of pro-
teinaceous and calcareous compounds. The body of the tuni-
cate C. verrucosa is enclosed by a thick outer layer of fibrous
cellulosic material known as the tunic.

UV transmission was monitored using a biological
dosimeter based on a DNA-repair-deficient strain of
Escherichia coli (CSR06) (Karentz and Lutze 1990). The
dosimeter consists of a liquid culture of E coli cells packaged
in LJV transparent polyethylene bags (Whirlpak). Half of the

dosimeters were wrapped in one layer of polyester film (Mylar
D), which filters out wavelengths in the UV-B region. Pairs of
dosimeters, with and without Mylar filters, were incubated
under sections of shell, tunic, or body wall for 6 hours on 4
December 1991 (1130 to 1730 Greenwich mean time). There
were three replicate samples for each species and triplicate
plate counts for each dosimeter. The dosimeters and animal
covers were held in the same plane on an opaque surface and
submerged a few centimeters in an outdoor flowing sea-water
tank at Palmer Station. Water was pumped directly from
Arthur Harbor. Survival of the dosimeter cells was calculated
relative to a dark control I(= 100 percent survival). When the
LJV-B portion of the solar spectrum is removed, survival is
enhanced (figure 1). By comparing cell survival under total
sunlight exposure to survival under the minus UV-B (with
Mylar) treatment, the contribution of LW-B to the killing of
cells can be quantified. With no penetration of harmful solar
radiation, cells would have 100 percent survival (same num-
ber of viable cells as the dark control).

Analysis of dosimetry results indicated that the external
coverings of all four species transmit biologically harmful
wavelengths of solar radiation (figure 2). Differences were
observed between individuals and between species. The
removal of UV-B wavelengths with Mylar filters increased sur-
vival, indicating that LW-B wavelengths do penetrate the exte-
rior surfaces of these organisms and that internal organs and
cells are subjected to LJV-B exposure.

Incident solar radiation data were obtained from the
National Science Foundation LTV Monitoring Network (figure
3). The scanning sp ectro radiometer at Palmer Station per-
forms one wavelength scan per hour. To provide a standard
measure of the biological effects of the incident solar radia-
tion field, one pair of dosimeters (with and without a Mylar
filter) was exposed to ambient sunlight while shielded by five
layers of neutral-density screen (figure 2). The layers of
screening reduced the exposure fluence to 3 percent of the
incident radiation. This was necessary because of the high
sensitivity of the CSR06 cells to LJV-B.

The transmission of LJV-B through the outer coverings of
these invertebrate species is relatively low, generally less 3
percent of incident radiation fluences. However, the damage
caused by prolonged exposures during 24-hour antarctic day
lengths is unknown. This study has established that UV-B
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Figure 1. Survival characteristics of Escherichia coli (strain CSR06)
under ambient antarctic radiation: full solar radiation and solar
radiation minus UV-B wavelengths.
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Figure 2. UV transmission through the exteriors of four antarctic
invertebrate species as determined by biological closimetry. Each
pair of bars represents one animal (three animals tested for each
species). Absence of bars indicates 100 percent killing of dosimeter
cells (that is, Cnemidocarpa vernicosa 1). The two bars at the far
right represent the lethality of 3 percent incident radiation on the
dosimeter cells during the course of the experiment.

Figure 3. Instantaneous hourly values of solar fluence during the
course of the incubations (data for 1400 to 1600 are missing). Data
were obtained from the National Science Foundation UV Monitoring
Network. Values reflect broad-band integrations of scanned data.
([tW CM-2 denotes microwatts per square centimeter.)

wavelengths do penetrate the outer layers of adult inverte-
brates. Subsequent investigations need to be conducted to
determine the extent of internal photodamage.

I. Bosch and A Slattery assisted in this work. Research
was supported by National Science Foundation grant OPP 90-
17664.
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Cytogenetic, cellular, and developmental responses in antarctic
sea urchins (Sterechinus neuma eri) following laboratoryI

ultraviolet-B and ambient soTar radiation exposures
SUSAN ANDERSON, JENNIFER HOFFMAN, and GILLIAN WILD, Lawrence Berkeley Laboratory, Berkeley, California 94 720

ISIDRO BOSCH, Department ofBiology, State University ofNew York, Geneseo, New York 14454
DENEB KARENTZ, Department ofBiology, University of San Francisco, San Francisco, California 94117-1080

T
here is widespread concern that increasing ultraviolet-B
(LJV-B) radiation [280-320 nanometers (nm)] as a conse-

quence of springtime ozone depletion could harm antarctic
ecosystems. Yet efforts to evaluate potential detrimental
effects have been relatively limited, focusing largely on poten-
tial alterations in phytoplankton production (Helbling et al.
1992; Smith et al. 1992). Little has been done to evaluate
effects on animal populations. To our knowledge, there have
been no attempts to evaluate the potential DNA damage
(genotoxic damage) that may occur as a consequence of
heightened UV-B exposure. Several techniques for studying
genotoxic effects are available and have been used to eluci-
date the effects of radiation and chemicals in aquatic ecosys-
tems (Shugart et al. 1992). Our goal was to apply some of
these techniques to evaluate LJV-B effects in marine animals
of Antarctica.

We developed an aquatic animal model that can be used
to evaluate genotoxic, cellular, and developmental responses
to LJV-B exposure using embryos of the sea urchin Sterechinus
neumayeri. Embryos were exposed either to ambient solar
radiation or to LJV-B lamps in the laboratory. All studies were
performed at Palmer Station, Antarctica. Embryos were sam-
pled at varying developmental stages and preserved in forma-
lin for both cytogenetic analysis and scoring of developmental
abnormalities.

The laboratory and in situ experiments were designed to
address two goals. The first was to determine whether the
selected genotoxic and cellular responses would exhibit
dose-effect relationships in response to LJV-B exposure. The
second was to determine whether genotoxic and/or cellular

Daily average values of integrated incident UV-B
radiation (calculated from hourly scans) and
concentrations of stratospheric ozone over Palmer
Station, Antarctica. Data obtained from the National
Science Foundation T-WMonitoring Network.

16 November 1991	 976	 301
17 November 1991	1,344	 282
18 November 1991	2,114	 304
19 November 1991	1,804	 296

a ln microwatts per square centimeter per second.
b in Dobson units.

responses could be observed after exposure to in situ levels of
UV-B. The laboratory dose-effect study involved exposing
embryos in four age groups. Embryo cultures were derived
from animals obtained from both shallow [less than 3 meters
(in)] and deep (greater than 20 in) populations of urchins.
Separate experiments on these two populations were initiated
using two- to eight- cell- stage embryos; three additional age
groups were exposed 24, 48, and 96 hours (h) following the
initial timepoint. Following exposure, embryos were held for
24 h in glass vials before fixation. Exposures were delivered
using 12-inch fluorescent lamps (BLE-8TB02, Spectronics,
Corp., Westbury, New York), according to the general meth-
ods of Karentz, Cleaver, and Mitchell (1991). Exposures were
to 0, 10, 100, and 1,000 joules per square meter (J/M2).

In the in situ experiment, embryos were exposed at four
depths (1, 3, 5, and 7 in) in Whirlpak bags with and without
mylar for UV-B filtration. All exposures were conducted in
triplicate and initiated with approximately 2,000 two- to
eight-cell embryos per bag. Only urchins from shallow popu-
lations were used to establish the embryo cultures. Whirlpak
bags were secured to a buoyed rack (Karentz and Lutze 1990)
in',1 0 in of water off Palmer Station.

The in situ experiment was conducted during the period
16-19 November 1991, during which ozone column readings
ranged from 282 to 304 Dobson units (DU), and hourly scans
of incident UV-B averaged from 976 to 2,114 microwatts per
square centimeter per second (RW/CM2 /sec) daily (table).
Weather during the experimental period was variable. On the
first day, open water and overcast conditions prevailed. Day 2
was partly sunny, and on day 3, the experimental area was
covered by pack ice and overcast conditions prevailed.

Formalin - preserved embryos were analyzed for cytoge-
netic and cytologic alterations according to the general meth-
ods of Hose and Puffer (1983), with extensive modification for
use with S. neumayeri. Briefly, following postfixation in 45
percent acetic acid for 15 minutes, embryos were stained with
an aceto-orcein solution composed of 19 parts of standard
aceto-orcein with one part propionic acid. Twenty embryos
for each treatment were examined for anaphase aberrations
including attached fragments, acentric fragments, transloca-
tion bridges, and unequal chromosome distributions. Cyto-
logic abnormalities, including such conditions as abortive
mitoses, pycnosis, and karyolysis, were also examined.

Preliminary data from the laboratory study (embryos
derived from the shallow population and sampled at 24 h
after the two- to eight-cell stage) indicate that anaphase aber-
ration frequencies in embryos increase in a dose-dependent
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Figure 1. Dose-effect relationships for sea urchin embryos (S.
neumayen) in laboratory exposure experiments.

manner in response to UV-B exposure, and in parallel, the
mean number of cells per embryo decreases (figure 1). Varia-
tions in this pattern among shallow and deep populations
and among timepoints are still under investigation. Develop-
mental abnormalities also increased in a dose-dependent
manner for embryos exposed at the two- to eight-cell stage.

The in situ experiments indicated that cytogenetic, cellu-
lar, and developmental responses are all observable in
embryos exposed at relatively shallow depths under ambient
light conditions. Embryos exposed at 1-m depths, both with
and without mylar, exhibited 80 percent and 94 percent
abortive mitoses, respectively; yet embryos exposed at 7-m
depths exhibited a low incidence of abortive mitoses in both
the UV-B transparent and mylar treatments (2 percent and 9
percent, respectively). In addition, the mean number of cells
per embryo was much lower in the embryos exposed at 1 m
than in the embryos exposed at 7 m (figure 2). Data also indi-
cate that normal development is inhibited at 1 m but not at 7
m. Further examination of samples at the 3 m and 5 m depths
is underway.

We conclude that evaluation of cytogenetic, cellular, and
developmental alterations in sea urchin (S. neumayeri)
embryos can be used to evaluate the potential detrimental
effects of increasing UV-B in antarctic ecosystems. Subse-
quent experiments should include an evaluation of these
parameters at several timepoints corresponding to varying
levels of ozone depletion. Further research should also inves-
tigate the kinetics of the response parameters, differential
effects of UV-A and UV-B in ambient light, and extinction
coefficients for the various responses.

We thank T. Gast, M. Slattery, and J. Hose for their assis-
tance in this work. This research was supported by National

Figure 2. Cellular responses of sea urchin embryos (S. neumayen) to
filtered and unfiltered ambient light exposures at two depths.

Science Foundation grant OPP 90-17664 to D. Karentz and an
award to S. Anderson from the Pew Scholars Program in Con-
servation and the Environment. Development of the cytoge-
netic techniques (S. Anderson) was supported under the Uni-
versity of California Berkeley Superfund Basic Research Pro-
gram under a contract through the U.S. Department of Energy
(No. DE-ACO3-76SF00098).
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Ozone-dependent ultraviolet effects vs. ultraviolet-B specific
effects on primary productivity in the southern oceans:

How and when to consider
a spectral correction of direct field measurements

NicoLAs P. BOUCHER and BARBARA B. NtZELIN, Department ofBiological Sciences and Marine Science Institute,
University of California, Santa Barbara, California 93106

n this article, we describe how a spectral weighting function

for ultraviolet (UV) (A+B) inhibition of phytoplankton pri-

mary productivity might be applied as a spectral correction

for direct measurements of UV-B inhibition in field incuba-

tors with imperfect UV-A optics. We use the lcecolors'90

experimental setup to illustrate the following:

in our calculations (and in those of others), some UV-A

radiation is responsible for some apparent LJV-B inhibi-

tion;

use of recently published biological weighting functions

suggests that a small portion of the photosynthetic inhibi-

tion attributed to LJV-B radiation actually may be due to

LJV-A radiation;

the magnitude of the possible correction for LTV-A inhibi-

tion inside LJV-B incubators will depend on the spectral

properties of the incubator and the spectral balance of

UV(A+B) radiation in the external light field; and, most

important,

application of these possible corrections to our lcecol-

ors'90 database does not change the overall conclusion

that, during the austral spring of 1990, atmospheric ozone

(03) depletion and associated increases in UV-B radiation

over the southern oceans resulted in at least a 6-12 percent

loss of primary productivity in the marginal ice zone

(Smith et al. 1992; Pr6zelin, Boucher, and Smith 1993, in

press; Pr6zelin, Boucher, and Schofield in press). One

caveat of the presentation is whether the action spectra

used in these analyses are universally applicable to field

communities. Another is that this correction is valid only if

one wants to quantify LJV-B effects alone. Because 03 M01-
ecules absorb strongly in the LJV-B and weakly in the UV-
A, it may be valid not to correct for minor amounts of stray

LJV-A.

Figure 1A compares the transmittance spectra of the Ice-

colors'90 LTV-B transparent incubator with the incubator that

attempted to eliminate LJV-B radiation [280-320 nanometers

(nm)]; whereas both incubators retained transparency to LJV-
A radiation (320-400 nm) and photosynthetically available

radiation (PAR, 400-700 nm). Phytoplankton samples, sealed

in nontoxic polyethylene bags (Pr6zelin and Smith 1993),

were incubated in these chambers to determine the rates of

carbon fixation in the presence and absence of LJV-B radia-

tion.

Productivity in the absence of LJV-B radiation is generally

greater than in the presence of LJV-B radiation, and the differ-

ence is attributed to LJV-B photoinhibition. This experimental

design is common to LJV field studies in Antarctica (Stephens

1989; Helbling et al. 1992), although the spectral properties of

the various incubators differ significantly (Pr6zelin et al. in

press). Figure 1B illustrates the spectral composition of light

which might be deemed LJV-B exposure (Einc,UV-13). The spec-

trum results from multiplying the difference spectrum on fig-
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Figure 1. A. Transmittance spectra of the UV-B and UV-A incubator used during Icecolors'90. In the UV-B container (solid line), samples were
incubated in a polyethylene bag in ultraviolet transparent (UVT) plexiglas [0.64 centimeters (cm)]. In the UV-A container (dashed line), samples
were incubated in a polyethylene bag in UVT plexiglas (0.32 cm) layered with a mylar sheet (0.125 mm). B. Difference spectra between: the
irradiance in the UV-B and the UV-A incubator [Einc,UV-13, microwatts per square centimeter ([LW CM-2)] C. The relative weighted irradiance (or
relative inhibition) for the difference spectra between the UV-B and the UV-A incubator (Fl inc,W-B) . Fl inc,UV-B was obtained by multiplying Einc,UV-B
by the biological weighting function for phytoplankton photosynthesis (Cullen et al. 1992) for Phaeodactylum sp. (solid line) or Prorocentrum
micans (dashed line). The action spectra were normalized to 1 at 286 nm for purposes of comparison. Irradiance at the surface was measured
using a light and ultraviolet submersible (LUVSS) spectroradiometer (see Smith et al. 1992) on 10 November 1990 at 1200 local ship time (1500
Greenwich mean time). The overhead 03 concentration was 200 DIJI.
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Estimates of the fractional inhibition of UV-B radiation on primary production inside and outside the antarctic ozone
hole. Spectral corrections for possible UV-A "leakage" into the UV-B calculations were either ignored (none) or based on
the biological weightingfunctions (Cullen et A 1992) determinedfor laboratory cultures of the diatom Phaeodactylum
sp. (Ps) or the dinoflagellate Prorocentrum micans (Pm).

Spectral
calculation
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p

Low 03
(195 DU)

High 03
(360 DU)

Change

none	(Ps)

0.35	0.49

(0.165)	(0.081)

13.4	10.0

8.4	 4.8

5.3	 5.2

(Pm)	none

0.47	 0.47
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ure 1A by the spectral irradiance of sunlight inside the 03 hole
(not shown, see Smith et al. 1992). It is evident that the dam-
aging light attributed solely to UV-B does, in fact, contain a
minor amount of UV-A radiation. This is also true of all other
known field UV-B incubation systems. This "stray" UV-A radi-
ation may have a photoinhibitory effect that is falsely attrib-
uted to UV-B radiation. The percentage of UV-B radiation
within E inc,UV-B Will covary with the EUV-B to ETotal ratio and
will, therefore, be inversely proportional to atmospheric 03
concentration, zenith angle, and depth in the water column.
As a consequence, overestimation of UV-, B inhibition (and
subsequent underestimation of UV-A inhibition) will be more
pronounced inside the 03 hole than outside, at the surface
than at depth, and at the beginning of the day than at midday.
Any algorithm attempting to correct for this light "leakage"
must take into account the spectral shape of the irradiance at
the depth of incubation and over the incubation period.

When figure IB is further multiplied by the action spec-
trum for UV inhibition of photosynthesis in either the diatom
Phaeodactylum sp. or the dinoflagellate Prorocentrurn micans
(Cullen, Neale, and Lesser 1992), a biologically weighted irra-
diance spectrum for UV photoinhibition of carbon fixation
rates is resolved (figure I Q. Fractional inhibition by any spec-
tral bandwidth is determined by portioning its area under the
curve to the total area. UV-B inhibition is calculated by sub-
tracting the contribution due to UV-A inhibition from the
total inhibition.

Using the spectral algorithm for both action spectra, we
calculated the fractional inhibition due to UV-B (FI UVB) for
the Icecolors'90 in situ measurements. Figure 2 compares the
dose-response curves with and without the spectral correc-
tion for UWA photoinhibitory effects. Estimates of 0 3-depen-
dent FIUVB for 03 concentrations representative of inside and
outside of the 03 hole, made with and without a spectral cor-

0.02	0.03	0.04	0.0!

t k QToTdt , 
(hours)

0

Figure 2. In situ fractional inhibition of PAR rates of photosynthesis
due to UV-B radiation (Fluv B) vs. the length of exposure multiplied
by the in situ UV-B radiation (Q uvB) integrated over the incubation
time and normalized to the integrated in situ total radiation (GrOT)
for the same time period for surface (thin lines) and subsurface (bold
lines) samples. The FlUVB were calculated with no spectral
correction (dotted lines) or with spectral correction using the
biological weighting function for phytoplankton photosynthesis for
Phaeodactylum sp. (solid lines) or Prorocentrum micans (dashed
lines). Arrows represent typical exposure inside (195 DILI) and
outside (360 DILI) the 03 hole at the surface (solid arrows) and at 5 m
(dashed arrows).
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rection, are compared in the table. Results showed the follow-
ing:
• the background LTV-B inhibition [outside the 03 hole, 360

Dobson units (DU)] during the springtime in the Bellings-
hausen Sea was 5 percent at the surface and 12 percent
below the surface [5 to 25 meters (m)];

• there was an additional 5-16 percent decrease in rates of
primary production in the upper part of the water column
due to 03 depletion from 360 to 190 DU; and

• these estimates are dependent upon the shape of the
action spectra and, therefore, when measuring an action
spectrum, as much attention should be placed on assess-
ing the effect of LJV-A radiation as the effect of the highly
damaging LJV-B radiation.

This work was supported by National Science Founda-
tion grant OPP 89-17076. We thank R.C. Smith and K. Waters
for making the irradiance data available to us. (This is Icecol-
ors contribution number 6.)
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Antibiotic resistance of intestinal bacteria from the
indigenous fauna of McMurdo Sound, Antarctica

JAMES HOWINGTON, BARBARA KELLY, JAMES J. SMITH, and GORDON A. McFETERS, Department ofMicrobiology,
Montana State University, Bozeman, Montana 59717

B
ecause of the extensive use of antibiotics in health care,
most enteric bacteria shed in fecal material from the

human intestinal tract exhibit some resistance to antibiotics.
The digestive tracts of indigenous animal populations, unex-
posed to antibiotic treatment, can be colonized after ingest-
ing food or water contaminated with sewage that harbors
antibiotic- resistant bacteria (Rolland et al. 1985). The lack of
wastewater treatment at McMurdo Station, Antarctica, and
the extent of the resulting sewage plume (McFeters, Barry,
and Howington 1993; Howington et al. 1993), greatly increase
the exposure of indigenous animal populations, such as seals,
fish, skuas, and penguins, to enteric bacteria of human origin.
Such circumstances also present the potential for the colo-
nization of their intestinal tract by these bacteria. Screening
fecal samples from populations of indigenous animals, never
treated with antibiotics, for abnormally high numbers of
antibiotic- resistant bacteria would indicate possible coloniza-
tion by enteric bacteria of human origin. Based on the
hypothesis that indigenous fauna in contact with the waste-
water discharge at McMurdo Station are colonized by human

intestinal microflora, as has been shown to be the case in
baboon colonies exposed to human waste (Rolland et al.
1985), intestinal bacteria in fecal samples were collected from
the indigenous animal populations in McMurdo Sound and
tested for antibiotic- resistance markers. This information was
then compared to resistance patterns of coliform bacteria iso-
lated from the sewage outfall.

In collaboration with Ward Testa and Arthur DeVries, we
collected, for microbiological analysis, fecal isolates from
indigenous animals. By swabbing the rectal areas using sterile
cotton swabs, we collected samples from seals that had
hauled out in the immediate vicinity of the McMurdo Station
wastewater discharge. Swabs were then placed into sterile
Whirl-pak@ bags and immediately stored to prevent freezing.
Again using sterile cotton swabs, we collected freshly voided
penguin feces prior to its freezing. These samples were also
placed in sterile Whirl-pak O bags and immediately stored to
prevent freezing. We also collected seal and penguin samples
at pristine locations such as Big Razorback Island, ice edge,
and Cape Washington.
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All swabs were returned to the laboratory and immedi-
ately streaked onto tryptone lactose yeast extract (TLY) agar
plates and incubated for up to 24 hours (h) at 37'C. Colonies
were picked from the agar with a sterile loop and restreaked
on TLY incubated at 37*C for 12 h. Isolated colonies were
placed onto TLY slants and transported to Montana State
University.

Fish were collected in the McMurdo Station sewage
plume, as well as at pristine locations, and returned to the lab-
oratory. The animals were killed, and for each the skin, gills,
kidney, liver, stomach, and intestine were tested for the pres-
ence of bacteria by placing approximately 2 grams (g) of each
tissue type in TLY broth and incubating at 37*C for 24 h. Fol-
lowing incubation, a loop of broth was streaked onto TLY agar
plates to isolate colonies. Isolated colonies were placed onto
TLY slants to be transported to Montana State University.

Sea water samples contaminated with sewage were col-
lected at a depth of 17 meters (m), approximately 1 m above
the end of the outfall pipe, using a Niskin @ bottle, and placed
into sterile 1-liter (L) polyethylene bottles. The bottles were
transported to the laboratory and 10 milliliters (mL) of sample
was filtered through 0.45-micrometer (gm) filters (Millipore,
Corp.) then placed on Tergitol 7 agar (Difco) supplemented
with TTC. The filters were incubated for 24 h at 35*C. Typical
isolated colonies were picked from the agar with a sterile loop
and streaked onto TLY incubated at 37*C for 12 h to isolate
bacteria that may have formed a mixed colony. Isolated
colonies were placed onto TLY slants to be transported to
Montana State University.

Upon returning to Montana State University, antimicro-
bial resistance patterns were determined using the antimicro-
bic susceptibility test system (Difco). Cultures were streaked
and incubated at 37*C for 12 h to isolate colonies; four to five
isolated colonies from each culture were suspended in 5 mL
of Mueller Hinton Medium (Difco) and mixed for 10 seconds
(s). The resulting culture suspensions were used to inoculate
the entire surface of Mueller Hinton Agar (Difco) plates; two

plates were used for each isolate. The plates were allowed to
dry 5 to 10 minutes (min), and the following antibiotic sus-
ceptibility disks were placed on the agar surface to determine
the animicrobiotic resistance patterns: tetracycline (Te 30),
streptomycin (S 10), penicillin G (P 10), nitrofurantoin (Fd
300), nalidixic acid (Na 30), kanamycin (K 30), gentamicin
(GM 10), chloramphenicol (C 30), cephalothin (Cr 30), and
ampicillin (Am 10). Plates were incubated 12 h, and the inhi-
bition patterns were determined.

A total of 100 samples, in addition to several coliforms
isolated from the outfall, was collected and screened for
antibiotic resistance. Of the bacterial isolates tested, none of
those from the indigenous animal population showed antibi-
otic resistance, and many showed extreme sensitivity to
antibiotics. Resistance bacteria were isolated from the sewage
outfall in large numbers, as anticipated. Comparison of the
antibiotic- resistant data collected from the animal popula-
tions present in McMurdo Sound to the resistance patterns of
coliforms isolated from the outfall over the three field seasons
(1990, 199 1, and 1992) indicate no colonization of indigenous
fauna with human intestinal bacteria.

The technical and logistical assistance of S. Kottrneier, L.
Shervie, K. Larsen, and A. Brown as well as numerous others
with Antarctic Support Associates and the National Science
Foundation is gratefully acknowledged. This study was sup-
ported by National Science Foundation grant OPP 90-19059.

References

Howington, J.P., G.A. McFeters, J.P. Barry, and J.J. Smith. 1993. Distri-
bution of the McMurdo Station sewage plume. Marine Pollution
Bulletin, 25,324-327.

McFeters, G.A., J.P. Barry, and J.P. Howington. 1993. Distribution of
enteric bacteria in antarctic seawater surrounding a sewage out-
fall. WaterResearch, 27, 645-650.

Rolland, R.M., G. Hausfater, B. Marshall, and S.B. Levy. 1985. Antibi-
otic-resistant bacteria in wild primates: Increased prevalence in
baboons feeding on human refuse. Applied and Environmental
Microbiology, 49, 791-794.

Survival and recoverability of enteric bacteria exposed
to the antarctic marine environment

JAMES J. SMITH and GORDON A. McFETERS, Department ofMicrobiology, Montana State University, Bozeman, Montana 59717

1D eleaseofuntreated sewage into the marine environment
1-Urom antarctic bases presents several unique conditions
that may allow the entrained human enteric bacteria to per-
sist for extended periods. Cold temperatures are known to
extend the survival of enteric bacteria (Lessard and Sieburth
1983). In addition, marine predation rates of indigenous het-
erotrophic nanoflagellates, as well as activity in general,
appear lower at reduced temperatures (Anderson, Rhodes,

and Kator 1983; Putt, Stoeker, and Altstatt 1991). Enteric bac-
teria exposed to environmental stress may also sustain sub-
lethal injury, precluding colony formation and detection on
standard laboratory media used for enumeration while
remaining viable in the environment. These bacteria also
enter a "viable, but non-recoverable" state in aquatic systems,
where they focus available energy on environmental adapta-
tion and survival (Roszak and Colwell 1987). We report the
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physiological responses and recoverability of an enteric bac-

terial indicator and a pathogen following exposure to in situ

marine conditions at McMurdo Station, Antarctica.

Early stationary- phase cultures of Escherichia coli (EQ,

and Salmonella typhimurium (ST), grown at 37'C in Tryp-

tone -Lactose -Yeast extract (TLY) broth, were washed twice

with filter- sterilized sea water from the experimental site and

placed in 30-milliliter (mL) diffusion chambers (McFeters and

Stuart 1972). These were immersed in a 1,240-liter (L) circu-

lating aquarium at McMurdo Station (77'51'S) that received

-1.8'C, approximately 34.5 parts per thousand (ppt) sea water

at a dilution rate of 3.92 per hour (h- 1). Chambers were sam-

pled after various periods for up to 57 days (d). Cells were

plated on TLY agar media with (TLYD) and without 0.1 per-

cent deoxycholate (selective agent). Injury was assessed as the

difference in plate count recoveries between the selective and

nonselective media. Substrate responsiveness was assayed by

the method of Kogure, Simidu, and Taga 1979. Respiration

was determined by the method of Rodriguez et al. (1992),

using tetrazolium salt reduction and epifluorescence

microscopy. All incubations were at 25 0C except where noted.
Results showed only a 1-2 log decrease in substrate

responsive and physiologically active (respiring) cell numbers

over the 57-d exposure for both EC and ST (figure 1, A and B).

The increase in these numbers after approximately 30 d was

believed to be a result of nutrient input from the annual phy-

toplankton bloom in late November to early December (Wel-

born and Manahan 1991). Plate counts on selective and nons-

elective media significantly underestimated numbers of

viable cells in the environment as assayed by substrate

responsiveness and respiration. This degree of nonrecover-

ability increased with time of exposure to 4-6 logs underesti-

mation of viable cell numbers. EC (fecal indicator bacteria)

quickly sustained and maintained 99.9-100 percent injury

upon exposure; whereas ST showed 80-90 percent injury

throughout the experiment (data not shown). In addition, the

low temperature of the environment appeared to extend sur-

vival significantly compared with temperate regions (Lessard

and Sieburth 1983).

Optimal recovery temperatures using EC and ST cultures

exposed for 54 d indicated no cells could be recovered at

370C; whereas best recoveries were obtained at lower temper-
atures (figure 2, A and B). Addition of 0.1 -strength TLY broth

to 48-d exposed cells significantly increased respiration at all

temperatures tested (figure 3, A and B), indicating that enteric

bacterial activity in this environment is limited by nutrient

availability rather than temperature. This finding would help

explain increased substrate responsiveness and respiration

during the phytoplankton bloom (figure 1, A and B). Availabil-

ity of autochthonous or anthropogenically introduced organic

matter, as well as low temperatures, may thus allow viable

enteric bacteria from sewage to persist in the antarctic marine

environment.

These results indicate that enteric bacteria in untreated

sewage released into the antarctic marine environment from

centers of human activity such as McMurdo Station and

Amundsen-Scott South Pole Station persist in a physiologi-

cally active, yet nonrecoverable, state for extended periods.

Results of sewage plume dispersal studies that employ colony

formation for detection and enumeration must, therefore, be

considered minimum estimates of the number of viable bac-

teria present in the environment (Howington et al. 1992).

We gratefully acknowledge the assistance of J.P. Howing-

ton, J.M. Sommers, J. Priscu, A. Brown, and the Antarctic Sup-

port Associates staff at McMurdo Station 1991-1993. This
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Figure 1. Respiration (triangles), substrate responsiveness

(diamonds), and total (open circles) counts (minimum of 600 cells
counted) of (A) E coli and (B) S. typhimurium cells exposed to the
antarctic marine environment for 57 d. Plate-count (colony forming

units per mL, n=5) recoveries on TLY (closed circles), and TLYD

(squares) agar (see text) are also presented. Cells/ml denotes cells

per milliliter or colony forming units per milliliter.
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Plasmid maintenance ande'.x.-pression in Escherichia coli
exposed to the antarctic marine environment

JAMES J. SMITH, JAMES P. HOWINGTON, and GORDON A. McFETERS, Department ofMicrobiology,
Montana State University, Bozeman, Montana 59717

S

ewage discharged into the antarctic marine environment

is expected to contain enteric bacteria harboring antibiot-

ic-resistance, as well as virulence - associated plasmids

(Echeverria and Murphy 1980). Introduction of large numbers

of plasmid-harboring human enteric bacteria from a point

source increases the likelihood of horizontal transfer (conju-

gation and so forth) of these genes to naturally occurring bac-

terial populations. The autochthonous antarctic marine bac-

teria are known to harbor antibiotic- resistance plasmids

(Kobori, Sullivan, and Shizuya 1984). Transfer of virulence,

conjugative, and/or antibiotic -resistance phenotypes may

result in the increased dissemination of antib iotic- resistance

and/or virulence determinants to bacteria in the environ-

ment, with unknown impacts on the indigenous marine

macrofauna. Plasmids are maintained and expressed in

marine, lake, and well waters at 15-25'C (Awong, Bitton, and

Chaudhry 1990; Byrd and Colwell 1990; Caldwell et al. 1989),

but the maintenance and expression of plasmids with expo-

sure to polar marine conditions (that is, -1.80C, 34.5 parts per

thousand salinity) is unknown.

An enterotoxigenic Escherichia coli strain harboring the

high-copy number, ampicillin -resistance plasmid pUC19
(EC19), and a strain harboring the conjugative F-plasmid (EC-

F, F-plasmid also encodes streptomycin and ampicillin resis-

tance) were grown to early stationary phase, exposed in situ,

and enumerated as described by Smith and McFeters (Antarc-
ticJournal, in this issue), except that EC-F was not assayed for

substrate responsiveness. Tryptone-ampicillin/streptomycin

broth and agar were used for EC-F growth and enumeration.

TLY-ampicillin broth and agar were used for growth and enu-

meration of EC19. Tryptone and TLY agar media were used as

controls. Exposure times were 54 days (d) for EC19, and 21 d

for EC-F. All incubations were at 250C.

Isolation of pUC19 from EC19 cells after various periods

of exposure indicated plasmid maintenance throughout 54-d

exposure (data not shown). Plate counts on media with and

without antibiotics indicated that both pUC19 and F-plas-

mids were expressed throughout exposures in the vast major-

ity of culturable EC19 and EC-F cells (figures I and 2). A small
fraction of EC-F cells did not express the F-plasmid prior to

day 8, after which it was expressed in 100 percent of exposed

cells (figure 2). This same general pattern was observed with

EC19 between 7 and 15 d (figure 1). EC-F showed greater sur-

vival [time for 99 percent death (T99) equals approximately 40

d] than EC19 (T99 equals approximately 14 d), when measured
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Figure 1. Survival, plasmid expression, and substrate

responsiveness of E coli (pUC19) cells exposed to the antarctic

marine environment. Cells were suspended in membrane diffusion

chambers in the McMurdo Station aquarium for 54 d. Plate counts
(recoverability as colony-forming units, n=5) of EC19 on tryptone-

lactose-yeast extract (TLY, solid circles), and TLY-ampicillin (open

circles) agar media. Recoverability of the parent plasmidless EC
strain on TLY agar (squares), as well as total (diamonds), and

substrate responsive (triangles) bacterial numbers (minimum of 600
cells counted) are shown.
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Figure 2. Recoverability and conjugative F-plasmid expression in E
coli (F-amp) exposed to the antarctic marine environment. Cells
were exposed as described in figure 1 for 21 d. Plate count
recoveries (n=5) on tryptone (solid circles), and tryptone-ampicillin-
streptomycin (open circles) agar media. CFU/ml denotes colony
forming units per milliliter.

by recoverability on plating media. Survival of EC19 was poor-
er than its parent plasmidless strain (T99 equals approximate-
ly 20 d), however (figure 1). Plate counts significantly under-
estimated substrate responsive cell numbers, which remained
within 2 logs of total cells numbers throughout the 54-d expo-
sure, indicating a progressive population shift to a viable, but

nonrecoverable, state with time of exposure (figure 1).
These results indicate antibiotic- resistance and conjuga-

tive plasmids are maintained and expressed in E coli exposed
to the antarctic marine environment. In addition, low tem-
perature (-1.8'C) appeared to extend survival significantly
when compared to temperate environments (Lessard and
Sieburth 1983).

We sincerely thank A. Brown, S. Kottmeier, and J.M. Som-
mers for their logistical assistance on this project. This
research was supported by National Science Foundation
grant OPP 90-19059.
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Primary production in the Weddell Sea pack ice during the
austral autumn

CHRIS H. FRITSEN, CALVIN W. MORDY, and C.W. SULLIVAN * , Department ofBiology and Hancock Institutefor Marine Studies,
University ofSouthern California, Los Angeles, California 90089-03 71

*Present address: National Science Foundation, Arlington, Virginia 22230.

D
uring the drift (February to May 1992) of Ice Station
Weddell I (ISW-1), time-series investigations of micro-

bial communities were conducted within several types of
antarctic pack ice during the austral autumn and winter. The
results from these investigations are being analyzed to deter-
mine rates of primary production and nutrient dynamics
within the sea ice and water column in the western Weddell
Sea.

Two study sites (A and B) were established in second-
year ice; another (site D was established in first-year ice in a
refrozen lead. Samples were collected on a weekly basis for
the determination of plant pigments, particulate organic car-
bon, particulate organic nitrogen, biogenic silica, cell num-
bers (bacteria and algal), inorganic nutrients, and salinity.
Sampling was coordinated with the Cold Regions Research
and Engineering Laboratories (CRREQ science team in order
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to have complementary information on the sea-ice structure
and mass and heat balance of the ice and snow (see Ackley et
al. 1992).

In situ incubations for measuring primary production
and algal growth rates were conducted during the early stages
of the study when the ice structure permitted in situ work. In
situ incubations were accomplished by extracting the top 10
to 20 centimeters (cm) of ice and snow and extracting intersti-
tial water with large [500-milliliter (mL)] syringes. The water
was placed in three light bottles and one dark bottle, all of
which were placed back inside the porous layer along with a
time -integrating irradiance (PAR) sensor (Biospherical Instru-
ments, QSI-140) and were incubated for 24 hours. Samples
were then removed and placed in dark insulated containers
and transported back to the lab where they were filtered and
processed for liquid scintillation counting as previously
described (Grossi et al. 1987).

During the transition from autumn to winter conditions,
there was an increase in vertically integrated pigments
(chlorophyll-a plus phaeopigments) at all study sites (figure
1). Site A, located in deformed second-year ice, was character-
ized by a hummocked surface and highly variable ice depth
[1.2 to 2.0 meters (m)] as well as variable snow cover (20 to 50
cm). Ice cores taken at this site showed no coherence in struc-
ture (V. Lytle, S. Ackley, and C. Fritsen unpublished data) sug-
gesting that deformation and/or rafting previously had
occurred in this area of the floe. The variability of the pigment
record (figure 1A) may be attributed, in part, to the heteroge-
neous nature of the ice and snow.

Estimated rates of net algal production in undeformed
second-year ice (site B) yielded 80-100 milligrams of carbon
per square meter per day (Mg C M-2 d- 1) or net biomass spe-
cific growth rates of 0.13-0.14 d- 1 during the period when ice
temperatures were above -1.8'C. In situ incubations yielded
higher specific growth rates of 0.15-0.3 d- 1 . As ice tempera-
tures dropped below -2C (beginning on julian date 72),
growth rates measured by in situ incubations and estimated
from net pigment accumulations were approximately tenfold
lower than earlier estimates when ice temperatures were
higher.

At the study site established in the refrozen lead (site J),
pigments had accumulated to 5.4 Mg M-2 when the ice was
only 50 cm thick (figure 1 Q. Integrated pigments increased by
only about 2 mg chlorophyll-a plus phaeopigments M-2 over
the next 30 d as the ice thickened to 88 cm. Following a defor-
mation event at site j (see Ackley et al. 1992), integrated pig-
ments decreased. Based on the initial increase in integrated
pigments, it is not possible to determine if pigments were
accumulating due to physical incorporation of algae during
ice growth or if in situ algal growth or pigment synthesis
occurred. The depletion of nitrate (figure 2), however, sug-
gests that site j contained a microbial community capable of
removing nutrients from the brine that was incorporated into
the ice as it was thickening. The nitrate depletions in sea ice
compared to ambient sea water (corrected for salinity differ-
ences) allow us to estimate a minimum amount of nitrate-
based production at 140 Mg C M-2 (measured C:N = 6

mol:mol). This estimate is surprisingly close to the net prima-
ry production estimated at 156 Mg C M-2 based on a 2 Mg M-2

change in chlorophyll-a and a measured carbon to chloro-
phyll-a ratio of 78 but is well below the standing crop of car-
bon estimated to be 624 Mg C M-2.

At all three of the main ISW- 1 study sites, increasing pig-
ments and nonconservative behavior of sea-ice nutrients pro-
vided evidence for net in situ primary production during the
autumn to winter transition. Ice cores taken during the recov-
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Figure 1. Time series of integrated pigments (chlorophyll-a and
phaeopigments) within sea ice studied at ISW-1. A Deformed
second-year ice at site A. B. Undeformed second-year ice at site B.
C. First-year ice in a refrozen lead at site J.
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Figure 2. Site J nitrate concentrations vs. salinity. The line
represents the salinity/nitrate ratio within the mixed layer of the
water column. Ice having nitrate concentrations greater than this
ratio are enriched in nitrate and points below are depleted in nitrate.
The majority of the ice at site J was depleted in nitrate.

ery of the ice station also show evidence for in situ primary
production during the austral autumn. These results suggest
that the perennial pack ice of the western Weddell Sea sup-
ports an autumn bloom that may be a significant source of

new production within this ice-covered region. Continuing
analysis of samples taken during the recovery of the ice sta-
tion and ice cores archived at CRREL are allowing us to deter-
mine more accurately the variability of the Weddell Sea sea
ice as well as the dynamics of particulate matter within other
types of ice that could not be analyzed during routine ISW-1
operations.

This work may represent the first time-series investiga-
tions of pack-ice microbial communities in antarctic waters.
These studies will contribute to a better understanding. of the
seasonal sea-ice dynamics and the influence of sea-ice biota
on the cycling of materials in the southern oceans.

We wish to acknowledge A. Gordon and V. Lukin for orga-
nization and management of ISW- I and associated cruises; J.
Ardai and D. Bell for logistic support; S. Ackley, 1. Melnikov, V.
Lytle, and B. Elder for field assistance. This research was sup-
ported by National Science Foundation grant OPP 90-23669.
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Polarstern "ANT X/3" austral autumn in the ice 1992:
Sea-ice community studies

DAVID L. GARRISON*, Institute ofMarine Sciences, University of California, Santa Cruz, California 95064
HELGE A. THOMSEN, InStitUtfor Sporeplanter, University of Copenhagen, Copenhagen, Denmark

*Present address: National Science Foundation, Arlington, Virginia 22230.

T
he composition and dynamics of sea-ice assemblages in
the pack-ice regions are still poorly known because most

comprehensive studies have been recent and spatial, and
temporal coverage is sparse (Garrison 1991; Palmisano and
Garrison 1993). Pack ice in the southern oceans ranges from
approximately 55 0 to 750S, so that organisms occupying this
habitat may be exposed to a wide range of atmospheric tem-
peratures and solar radiation during the course of the annual
cycle (Garrison and Close 1993). As part of the "ANT X/3"
research cruise aboard the icebreaker Polarstern (27 March to
19 May 1993), we examined the ecology of ice biota in the
southeastern Weddell Sea (approximately 68-70.50S 6-120W)
during the autumn-to -winter transition. Our studies focused
on the following:
• incorporation, activity, and survival of organisms in newly

formed and older sea ice;
• a comparison of the planktonic and ice assemblages; and

systematic studies of some of the previously neglected
and/or more unusual ice-associated flagellates.

Samples were collected from pack ice ranging in age from
newly forming ice through older ice floes greater than 1 meter
(in) in thickness. All ice samples were melted in large volumes
of filtered sea water at -1.0*C to minimize loss of organisms
from osmotic changes as the ice melted (see Garrison and
Buck 1986 and Garrison and Close 1993 for more details
about our methods).

We used carbon-14 (14C) uptake-rate measurements and
fluorescent vital stains to assess the effects of low temperature
and high salinity on the survival and act ivity of ice algae. Ice
samples were incubated in a deckboard incubator at near
ambient conditions under natural irradiation except that a
plexiglass cover was used that attenuated about 17 percent of
the ambient solar irradiance. To infuse ice samples with
radioactive bicarbonate solution before incubations were
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started, ice samples were collected during the day and

allowed to melt in freeze- concentrated filtered sea water or

brine in the dark in a cold room at -1.0*C. Brine and ice vol-

umes were selected so that melting would take place at

approximately less than -50C. When melting was completed,

approximately 50 microcuries (^LQ of 14C bicarbonate was

added. The samples were returned to the deckboard incuba-

tor at night and incubated for approximately 24 hours (h).

Freezing of the water in the deckboard incubator was pre-

vented by the addition of salt to approximately 250 per mille

Mo); however, samples within polycarbonate dark-light bot-

tles suspended in the incubator usually refroze during the

night when they reached ambient temperatures. Thus, ice

algae would be experiencing approximately in situ tempera-

ture and salinities before light-induced 14C uptake. Incuba-

tions were terminated after sundown, and samples were

again allowed to melt in the dark at -1 0C before we collected

particulate material on GF/F filters. Parallel incubations were

run at -1.50C at constant light levels of 40-50 micromoles per

square meter per second ([tMoles M-2 sec- 1 ) in a deckboard

incubator. Samples were counted aboard ship using a liquid

scintillation counter.

The viability of organisms from ice and those exposed to

simulated in situ incubations were also examined using the

fluorescent vital stain Fluorescence Diacetate (FDA). Organ-

isms collected from natural populations before and after

incubation were examined by concentrating samples

[200-250 milliliter (mQ] with a centrifuge, incubating sam-

ples with FDA for approximately 10 minutes, and then exam-

ining individual cells with a fluorescent microscope (see

Dorsey et al. 1989 for information on interpretation of this

method).

Supporting information on pigments, particulate organic

carbon and nitrogen (POC and PON), ATP, and ice structure

was also collected. Aliquots of most ice samples were pre-

served for light and electron microscopy studies. In addition,

many of the organisms were examined live in a -1 0C cold

room, and observations were recorded using video

microscopy. Results of these studies will be reported at a later

time.

Air temperatures during the cruise were usually below

-50C and sometimes reached below -200C (figure 1). In situ

temperatures measured within ice floes reached as low as

-100C with corresponding salinities reaching greater than

150%o. During the April-May period, photosynthetically avail-

able radiation ranged from 5 to more than 60 [tMoles M-2

sec- 1 (24-h average; see figure 2).

Low temperature- high salinity simulated in situ produc-

tion measurements at ambient surface irradiance levels indi-

cated significant uptake of 14C at temperatures of -12*C with

corresponding salinities of 158%oo, although these rates were

lower than those measured at similar light levels (but at

-1.5'C) in the deckboard incubator (figure 3). In spite of con-

siderable time required to complete these experiments (for

example, 2-3 days), our incubation procedure appears to be

one solution to the problem of assessing carbon fixation rates

at approximate in situ salinity, temperature, and light condi-

tions.

The most useful fluorescent stain to assess single species

viability and activity proved to be the vital stain FDA. Exami-

nation of ice samples incubated with this stain confirmed

activity for several Fragilariopsis (=Nitzschia) species both

before and after low temperature-high salinity exposure.

These species also predominated in the ice samples. Other

species common in ice (for example, Tropidoneis, Nitzschia

subcurvata, N. lecointei) often showed little FDA activity. In

one incubation from the bottom layer of young nilas ice (for

example, see figure 3), FDA clearly showed the retention of

activity by most diatoms before and after incubation at low

temperature but a loss of metabolic activity (as indicated by

FDA) for autotrophic dinoflagellates. Other tests also suggest-

ed that diatoms retained viability after low temperature incu-

April	 May

Figure 1. Atmospheric temperatures during Polarstem "ANT X/Y

cruise. Solid line is atmospheric temperature. Arrows with numbers

and bars indicate the six incubation experiments. The bars indicate

temperatures within the simulated in situ deckboard incubator.

April	 May

Figure 2. Photosynthetically available radiation (in microeinsteins

per square meter per second). Solid line is continuous record.

Dotted line is daily 24-hour average radiation. Arrows and numbers

indicate days of experiments.
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Figure 3. Results of 14C uptake measurements under simulated in
situ vs. sea-surface temperature control. Experimental conditions
are shown for each treatment. Sample was taken from the lower
layer of young, white Nilas ice. (Chla denotes chlorophyll-a.
uE/m2/sec denotes microeinsteins per square meter per second.)

bation, but the loss of activity by dinoflagellates was not con-
sistent. One limitation of using vital or mortal stains (or any
other technique that requires rapid single-cell examination by
microscopy) is that statistically meaningful information can
be obtained only on the dominant species constituting the
assemblage.

Although Palmisano et al. (1987) reported that primary
production of some diatoms ceased at salinities greater than

60%o, Bartsch (1989) reported that cell division continued at
salinities of 90%o and that survival continued at even more
extreme temperatures and salinities. Our 14C and vital stain
studies suggest that algae survive and have photosynthetic
activity within ice floes well into the austral autumn under
natural conditions of low light, low temperatures, and high
salinities.

This work was supported by National Science Founda-
tion grant OPP 91-17794 to D.L. Garrison. We thank our col-
leagues on ANT X/3 for use of supporting data, and we thank
the crew of Polarstern for logistic support.

References

Bartsch, A. 1989. Sea ice algae of the Weddell Sea (Antarctica): Species
composition, biomass, and ecophysiology of selected species.
BerichtezurPolarforschungen, 63(l), 1-110.

Dorsey, J., C.M. Yentsch, S. Mayo, and C. McKenna. 1989. Rapid ana-
lytical technique for the assessment of cell metabolic activity in
marine microalgae. Cytometry, 10, 622-628.

Garrison, D.L. 199 1. The biota of antarctic sea ice. American Zoologist,
31(l), 17-33.

Garrison, D.L., and K.R. Buck. 1986. Organism losses during ice melt-
ing: A serious bias in sea ice community studies. Polar Biology, 6,
237-239.

Garrison, D.L., and A.R. Close. 1993. Winter ecology of the sea ice
biota in Weddell Sea pack ice. Marine Ecology Progress Series,
96(l),17-31.

Palmisano, A.C., and D.L. Garrison. 1993. Microorganisms in antarc-
tic sea ice. In E.I. Friedman (Ed.), Antarctic microbiology. New
York: Wiley-Liss.

Palmisano, A.C., LB. SooHoo, and C.W. Sullivan. 1987. Effects of four
environmental variables on photosynthesis- irradiance relation-
ships in antarctic sea-ice microalgae. Marine Biology, 94, 299-306.

	

0.9 ]
	

I - 45 uE/m2/sec, -1.5 C, 56.5 o/oo

0.8-1

0.71

0.6,

0.50
'-E	I	 - 38 uE/m2/sec, -12 C, 1

0.4

0.3

Primary productivity of the Antarctic Peninsula
region during November 1992

WALUR 0. SMITH, JR., Botany Department and Graduate Program in Ecology, University of Tennessee,
Knoxville, Tennessee 37996

C
oastal regions have been shown to be the most produc-
tive of all antarctic systems (see, for example, Holm-

Hansen and Mitchell 1991) and as such are considered to be
important as sites of material and energy transfer within the
food web. This is especially true of the Antarctic Peninsula,
which is often considered to be a critical area for the repro-
duction of antarctic krill, Euphausia superba (Huntley et al.
1991). Coastal regions may also be affected by anthropogenic
changes such as the introduction of pollutants (from acciden-
tal 

oil 
releases) and enhanced fluxes from ultraviolet radiation

caused by the destruction of ozone by volatile, chlorinated
organic compounds. We presently know little about the sea-
sonal and temporal patterns within natural, unperturbed sys-

tems to compare the changes that are induced by human
activity.

During November 1992, a cruise was conducted on the
R/V Polar Duke (PD92-09) to the Antarctic Peninsula to inves-
tigate the coupling between phytoplankton and bacteria. We
also wanted to test the relationships between nitrate and
ammonium as nitrogen sources for phytoplankton and bacte-
ria, because bacteria have been shown experimentally to be
quantitatively important in nitrogen cycles in the subarctic
Pacific (Wheeler and Kirchman 1986), and a significant role
for heterotrophs has been inferred from results from the Arc-
tic and Antarctic (Smith and Harrison 1991). As part of these
objectives, we measured the biomass and productivity of the
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Figure 1. Vertical distribution of chlorophyll and primary productivity
at station L602, which indicates extensive vertical mixing and
homogeneous water column.

Station location, primary productivity, and integrated
chlorophyll concentrations at various locations in the
antarctic peninsula region. CB denotes Charlotte Bay; L
denotes LTER line; PB denotes Paradise Bay.
Productivity values integratedfrom the surface to the 0. 1
percent isolume, whereas chlorophyll values are
integrated through the greatest depth sampled.

CB04	64030.29S	61 041.96W	76	25.2
L602	640 12.49S	660 15.22W	282	46.5
L604	64020.05S	65057.22W	489	44.4
L606	64034.40S	65020.77W	283	23.6
CB07	64028.73S	61 042.92W	233	119.7

CB12	64027.22S	61 043.88W	168	73.5
CB14	64026.98S	61 044.11 W	200	93.7
CB1 8	64026.89S	61 044.16W	203	91.0
CB23	64027.04S	61 044.24W	191	25.8
CB25	64026.76S	61 045.16W	145	17.4

CB29	64026.55S	61 043.94W	160	20.7
CB34	64027.62S	61 042.26W	109	14.8
P1307	64051.19S	62054.35W	260	59.8
P1309	64051.35S	62 053.68W	255	57.1
P131 4	64051.18S	62 054.99W	253	59.1

PB20	64051.22S	62 054.56W	267	60.3
PB22	64050.73S	62 055.34W	232	75.9
PB26	64050.90S	62 054.38W	390	54.8
PB30	64050.74S	62054.55W	234	64.8
PB32	64050.63S	62 054.71 W	280	62.2

PB36	64050.95S	62 054.49W	381	75.5
PB40	64050.80S	62 055.37W	253	103.7

aln milligrams of carbon per square meter per day.
bln milligrams per square meter.

phytoplankton. Most of our samples from our process-orient-
ed experiments have yet to be analyzed from this cruise, but
this article presents the primary productivity and chlorophyll
data from the stations sampled.

Stations were occupied in a variety of regions in the
peninsula area (table), but most were within a 100-kilometer
radius of Palmer Station. Two areas were sampled intensively
as part of a time series: Charlotte Bay and Paradise Bay. Sam-
pies were also collected along a transect perpendicular to the

,
'continental shelf break as part of the long-term ecological
research (LTER) Palmer Station project. Samples were collect
ed with 10-liter Niskin bottles fitted with teflon-lined closure
devices mounted on a rosette. Conductivity- temperature -
depth and irradiance sensors were also mounted on the
rosette and hence temperature, photosynthetically active irra-
diance, and salinity data were collected continuously in the
water column.

Primary productivity averaged 248 milligrams of carbon
per square meter per day (Mg C M-2 d- 1 ) and ranged from a
minimum of 76 mg C M-2 d- 1 at CB04, the first station in
which productivity was measured, to a maximum of 489 mg C

M-2 d- 1 in the center of the LTER line (table). Productivity in
general was low and often exhibited a pattern that was indica-
tive of extensive vertical mixing and adaptation to a low-irra-
diance environment (figure 1). Average chlorophyll- specific
productivity values were within the expected range for the
temperatures encountered (slightly greater than 1; Harrison
and Platt 1986; figure 2), and no temporal trend in the light-
saturated chlorophyll- specific productivity was noted.

Despite the region's potential for substantial productivi-
ty, the productivity and biomass we observed were low, and
the onset of biomass accumulation and rapid growth proba-
bly occurs later in the season at the locations we sampled.
Productivity values such as those we found should be consid-
ered as prebloorn rates and indicative of the phytoplankton
activity before the onset of 24-hour photoperiods and
increased water-column stratification.

I thank D.M. Karl for his assistance in the planning and
execution of this cruise and K. Daly, G. DiTullio, M. Pascal
Dunlop, J. Goodlaxson, V. Johns, A. Schauer, and J. Ustach for
their assistance in the field. This research was supported by
National Science Foundation grant OPP 91-16872.

ANTARCTIC JOURNAL - REVIEW 1993

129



100.0

50.0

30.0

15.0

5.0W
U
C
0

1.0

0.1

References

Harrison, W.G.T., and T. Platt. 1986. Photosynthetic characteristics of
phytoplankton in the Eastern Canadian Arctic. Polar Biology, 5,
153-164.

Hohn-Hansen, 0., and B.G. Mitchell. 1991. Spatial and temporal dis-
tribution of phytoplankton and primary production in the western
Bransfield Strait region. Deep-Sea Research, 38(8/9A), 961-980.

Huntley, M., D.M. Karl, P. Niiler, and 0. Holm-Hansen. 1991.
Research on antarctic coastal ecosystem rates (RACER): An inter-
disciplinary field experiment. Deep-Sea Research,.38(819A),
911-941.

Smith, W.O., Jr., and W.G Harrison. 1991. New production in polar
regions: The role of environmental controls. Deep-Sea Research,
38(12),1463-1479.

Wheeler, PA., and D.L. Kirchman. 1986. Utilization of inorganic and
organic forms of nitrogen by bacteria in marine systems. Lirnnolo-
8y and Oceanography, 31(5), 998-1009.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Chlorophyll -Specific Productivity
(mg C(mg Chi)-' h-1)
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Dimethyl sulfide concentrations near the
Antarctic Peninsula: November 1992

GiAcomo R. DiTuLuo, Graduate Program in Ecology, University of Tennessee, Knoxville, Tennessee 37996-1191
WALKER 0. SMITH, JR., Botany Department and Graduate Program in Ecology, University of Tennessee,

Knoxville, Tennessee 37996

D
imethyl sulfide (DMS) emissions by marine phytoplank-
ton may have significant effects on both local and global

climate due to the formation of cloud condensation nuclei
and possible feedback loops between phytoplankton produc-
tion and cloud albedo effects (Charlson et al. 1987). Satellite
images from the Coastal Zone Color Scanner (CZCS) have
revealed the regular occurrence of phytoplankton spring
blooms near the Antarctic Peninsula (Comiso et al. 1992).
These spring blooms are frequently composed of the colony-
forming Phaeocystis pouchetii. This prymnesiophyte contains
very high concentrations of the DMS precursor, dimethylsul-
foniopropionate (DMSP) per unit biomass compared to other
species of marine phytoplankton (Keller, Bellows, and Guil-
lard 1989). As a consequence, DMS emissions during a Phaeo-

cystis bloom may be substantial (Gibson et al. 1990). We had
the opportunity, aboard the R/V Polar Duke, to make repeat-
ed measurements of DMS, DMSP, and algal pigment concen-
trations in November 1992 in two coastal embayments (Char-
lotte and Paradise bays) near the Antarctic Peninsula. Surface
waters were partially covered by ice. Primary production rates
and chlorophyll-a concentrations were relatively low at this
time indicating that the spring phytoplankton bloom had not
developed yet (Smith, Antarctic Journal, in this issue).

DMS concentrations were measured onboard ship using
a cryogenic purge-and-trap system similar to that described
in Radford-Knoery and Cutter (1993). Calibration was per-
formed using a permeation device maintained at constant
temperature in a water bath. DMSP and algal pigment sam-
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ples were frozen in liquid nitrogen and processed onshore
using standard chromatographic procedures.

DMS concentrations in both bays were relatively low
[0.08 to 8.6 nanomolar (nM)l and spatially variable (tables I
and 2). DMS concentrations varied up to an order of magni-
tude from station to station. We attributed the patchiness in
DMS concentrations to the presence of sea-ice algae. The spa-
tial variability noted for both chlorophyll-a concentration and
primary production rate (Smith, Antarctic journal, in this
issue) supported this hypothesis. Moreover, krill grazing on
sea ice was shown to increase the DMS concentration in bot-
tle incubations (Daly and DiTullio, Antarctic Journal, in this
issue). In general, particulate DMSP (DMSPpard concentra-
tions were highest in the surface waters [upper 20 meters (m);
tables 1 and 2] presumably where ice-algal concentrations
were highest. The inconsistent relationship among pigments,
DMS, and DMSPpart concentrations probably reflects the
patchy distribution of ice algae in this environment.

Phytoplankton biomass as estimated from chlorophyll-a
concentrations were less than 250 nanograms per liter (ng
L- 1) near the Antarctic Peninsula in early to mid November
(tables 1 and 2). Phytoplankton species composition, as deter-
mined by high-performance liquid chromatography (HPLQ
pigment analyses, indicated the relative dominance of

Table 1. Representative profiles of dimethyl sulfide
(DIKS), particulate dimethylsulfoniopropionate (DMSP),
and chlorophyll-a (Chl-a) concentrations measured in
Charlotte Bay (64 030.3 1S 61 042 1 W). The relative
abundance of diatoms and prymnesiophytes were
estimated using the concentration offucoxanthin (Fuco)
and 19-hexanoyloxyf4coxanthin (Hex), respectively. The
stations were occupied on 8 November 1992. (Fuco, 19-
Hex, and Chl-a measurements are in nanograms per
liter; DMS and DMSP are nanomolar; depth is in
meters.)

CB-01	2	7.7	9.3	84.2	0.38	1.05
CB-01	5	13.7	21.3	205.9	0.47	1.15
CB-01	10	15.9	27.6	234.2	0.71	1.09
CB-01	15	5.2	3.8	108.7	0.85	0.78
CB-01	20	7.2	3.0	65.0	0.76	0.51

CB-01	30	15.4	5.4	73.3	0.56	0.25
CB-01	50	32.3	6.0	111.5	0.19	0.21
CB-01	75	22.8	4.9	94.2	0.23	0.46
CB-01	100	7.6	1.2	29.0	0.08	0.21
CB-05	2	9.9	12.8	95.1	8.6	6.30

CB-05	11	11.3	13.5	213.9	7.9	9.40
CB-05	20	15.2	9.4	100.8	7.1	4.09
CB-05	31	12.7	7.3	79.4	7.3	2.94
CB-05	40	7.2	0.9	31.2	7.0	0.47
CB-05	49	25.3	9.3	106.2	6.7	<0.03

CB-05	60	21.9	6.0	84.2	8.0	<0.03
CB-05	76	19.1	6.8	83.1	8.5	0.50
CB-05	90	9.6	2.2	28.4	8.5	0.41
CB-05	150	0.1	<0.1	2.2	8.2	0.23

Table 2. DMS and particulate DMSP concentrations
measured in Paradise Bay (station PB-14 was located at
64 051.2 1S 62 055 1 W and station PB-30 at 64050.7'S
62 054.55 1W). The stations were occupied on 15
November and 17 November 1992, respectively. See table
I captionfor more details.

PB-1 4	2	44.9	9.8	174.3	4.79	1.05
PB-1 4	8	55.0	10.8	172.7	3.13	1.15
PB-14	14	58.1	11.2	191.9	6.47	1.09
PB-1 4	22	53.9	11.0	188.1	7.23	0.78
PB-1 4	35	58.4	9.9	205.2	6.95	0.51

PB-14	54	35.0	7.2	120.1	6.73	0.25
PB-14	82	20.1	5.1	64.4	0.43	0.21
PB-30	1	30.1	16.3	125.0	0.42	0.77
PB-30	8	22.5	5.2	127.2	1.08	0.68
PB-30	14	23.7	5.3	133.4	0.58	7.56

PB-30	22	42.0	6.1	221.1	0.56	0.66
PB-30	35	31.1	5.9	140.3	0.45	1.12
PB-30	54	35.7	6.4	133.0	0.39	1.14
PB-30	81	19.6	3.8	83.2	0.73	0.68

diatoms and prymnesiophytes, albeit at low concentrations.
The concentration of hex (chemotaxonomic indicator for the
presence of Phaeocystis pouchetii) could not explain the vari-
ability in DMS or DMSPpart concentrations observed. We
hypothesize that efficient grazing on the ice algae by krill was
responsible for the observed variability and patchy distribu-
tion of DMS concentrations.

During the early austral spring, phytoplankton cells and
assemblages released by ice melting as well as from growth of
large colonies of Phaeocystis pouchetii may be subject to rela-
tively rapid sedimentation out of the photic zone (Riebesell,
Schloss

'
 and Smetacek 1991). This mechanism could limit

DMS emissions to the atmosphere by removing DMSPpart Out
of the upper layer where grazing processes could liberate
DMS from DMSP. To test this hypothesis, we measured the
flux of DMSPpart into free-floating sediment traps in both
Charlotte and Paradise bays. DMSPpart fluxes were relatively
low [0.8 to 6.1 micrograms ([tg) S-DMSP per square meter per
day (M-2 d- 1 )]. We conclude that very little DMSPpart was
transported to depth by sinking particles. It appears more
likely that efficient grazing on ice algae by krill and other zoo-
plankton was responsible for converting DMSPpart to free
DMS and dissolved DMSP. Alternatively, the aggregates pro-
duced by sinking diatoms or Phaeocystis cells released from
melting ice were remineralized in the upper waters and
hence, were not exported to depth as was recently observed
for Phaeocystis cells in the Barents Sea (Wassman et al. 1990).

We thank D. Karl and G. Tien for providing DMSP sedi-
ment trap samples. We also acknowledge K. Daly, M. Pascal-
Dunlop, J.D. Goodlaxson, A. Schauer, and 1. Ustach for assis-
tance in the field. M. Garrett provided assistance in the labo-
ratory. This research was supported by National Science
Foundation grant OPP 91-16872 to Walker 0. Smith, Jr.
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Chemical ecolop-v of antarctic marine invertebrates in
McMurdo So"u" nd, Antarctica: Chemical aspects

BILL J. BAKER and ROBERT W. KoPITZKE, Department of Chemistry, Florida Institute of Technology, Melbourne, Florida 32901
MARK HAMANN, Department of Chemistry, University ofHawaii, Honolulu, Hawaii 96822

JAMES B. MCCLINTOCK, Department ofBiology, University ofAlabama, Birmingham, Alabama 35294

R
ecent studies have indicated that extracts from antarctic
marine invertebrates display a variety of biological activi-

ties, including cytotoxicity and antiviral activity (Blunt et al.
1990), behavioral activity (McClintock et al. 1991), and
antimicrobial activity (McClintock and Gauthier 1992;
McClintock et al., Antarctic Journal, in this issue). Although
little chemical investigation of these organisms to identify the
active substances has been undertaken, several reports of sec-
ondary metabolites from antarctic sponges have appeared
(Molinski and Faulkner 1987, 1988; Blunt et al. 1990; Blunt,
Munro, and Faulkner personal communication). Based on the
results of our work during the 1992 field season, we have
investigated several sponges for the presence of bioactive
substances and have found two new substances. Their role in
the producing organism is addressed.

Using scuba gear, we collected sponges between 6 and 40
meters (m) depth from Hut Point, Danger Slopes, and Cape
Evans on Ross Island and between 10 and 40 m at New Harbor
on the continental coast. Most sponges were common at each
of these collection sites, although some localization was
noted. Gellius tenella, for example, was found in abundance
only at Cape Evans, and Mycale acerata was more common at
Danger Slopes. Organisms were freeze-dried, then subjected
to solvent extraction of increasing polarity: hexane, chloro-
form, methanol, and 70:30 methanol/water (three times
each). The solvents were removed in vacuo, and the extracts
were transferred to tared vials from which aliquots were
removed for assay. Active extracts were examined by thin-
layer chromatography then subjected to repeated high-perfor-
mance liquid chromatography (HPLQ separation until pure.

In their seminal paper describing biological accommoda-
tion in the benthic community of McMurdo Sound, Dayton et
al. (1974) singled out three species of sponges that were not
being preyed on and that were without spicules or mucus,
thus suggesting that they might be chemically defended. Of
the three, Dendrilla membranosa, Leucetta leptorhapsis, and
Isodictya erinacea, only the first has been subjected to chemi-
cal investigation. We have found significant bioactivity in all
three of these sponges (McClintock et al., Antarctic journal, in
this issue; McClintock et al. in preparation) and have under-
taken their chemical investigation.

D. membranosa, the "cactus sponge," is a bright yellow,
conspicuous sponge. In 1988, Molinski and Faulkner
described 9,11 -dihydrogracilin A (DHGA) and membranolide
from the lipophilic extract of this organism and implicated
them as defensive agents. Both of these showed mild activity
against the microorganism Bacillus subtilis. We examined the
extracts of D. membranosa in an antimicrobial screen and an
ecological assay (McClintock et al., Antarctic Journal, in this
issue; in preparation). The hexane extract was composed
largely of DHGA and showed no significant activity in either
of our assays (Baker et al. 1993). These results suggest that the
terpenes in this fraction, DHGA, membranolide, and an epoxy
derivative of DHGA that we isolated (Baker et al. in prepara-
tion) play no role in deterring the predator of the sponge, the
sea star Perknasterfuscus. As for the role that these metabo-
lites play in the physiology of the sponge, they may well be
cell wall components. This hypothesis is based on the lack of
bioactivity observed for these substances, coupled with the
fact that, in contrast to other antarctic sponges, the hexane
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extract contains only very low levels of sterols (Baker et al.	the chemistry of these organisms will prove to be qualitatively
1993).

The rubber sponge, L. leptorhapsis, is white, calcareous,
and inconspicuous on the benthos of McMurdo Sound. The
significant antimicrobial and tubefoot retraction activity
observed (McClintock et al., Antarctic journal, in this issue) in
the methanol extract of L. leptorhapsis led us to fractionate
the extract further. The freeze-dried sponge was exhaustively
extracted with methanol, ethyl acetate, and then
methanol/water (1:1). The combined residues were separated
by C-18 vacuum chromatography eluted with a step-gradient
of water to methanol in eight fractions. Fraction 1 was com-
posed of taurine, and fractions 2 and 3 displayed significant
cytotoxicity against several cell lines. Repeated reversed-
phase HPLC yielded a highly polar lipid (Hamann et al. in
preparation) related to the leucettamols (Kong and Faulkner,
1993). The isolate from L. leptorhapsis is notably more potent
than the antimicrobial leucettamols, which were isolated
from the tropical congener L. microraphis. The strong tube-
foot retraction activity detected in the methanol fraction of
the rubber sponge indicates these bioactive lipids may be
feeding deterrents against sea stars.

Our preliminary HPLC and nuclear magnetic resonance
analyses indicate that the chloroform extract of the antarctic
polychaete sponge I. erinacea has secondary metabolite
chemistry; the isolation work is ongoing. Significant tubefoot
retractions occurred in response to this chloroform fraction,
and it displayed activity against B. subtilis. Further work in
our laboratory has suggested that the green sponge, Latrun-
culia apicalis, contains a number of methanol- soluble dis-
corhabdin-type pigments, which are cytotoxic (Blunt et al.
1990). These compounds are likely deterrents of P. fuscus
because significant tubefoot retraction occurred in response
to the methanol fraction.

The general picture that is forming of secondary metabo-
lism in antarctic sponges suggests that these polar inverte-
brates are more similar than different, compared with their
tropical and temperate counterparts (McClintock et al. in
preparation). For example, the antarctic green sponge, L. api-
calis, produces bioactive discorhabdins that were originally
described from the temperate New Zealand sponge Latruncu-
lia sp. (Blunt et al. 1990). The antarctic rubber sponge, L. lep-
torhapsis, produces cytotoxic lipids related to leucettamols A
and B from the tropical L. microraphis (Kong and Faulkner
1993). The antarctic cactus sponge, D. membranosa, produces

k ,. diterpenes and norditerpenes (Molinski and Faulkner 1987)
similar to the gracilin A found in Spongionella gracilis from
the Mediterranean Sea (Mayol, Piccialli, and Sica 1985) and
aplysulphurin from the temperate South Pacific (Karuso et al.
1984). The first example of unusual chemistry to come from
antarctic invertebrates appears to be the variolins from the
antarctic red sponge Kirkpatrickia variolosa (Blunt, Munro,
and Faulkner personal communication). This is only a small
number of what must be a many secondary metabolites pro-
duced by antarctic sponges; however, it seems unlikely that

unique.
We would like to thank J. Maestro for assistance with the

collections of the sponges. The Antarctic Support Associates
Inc., the Antarctic Support Services of the National Science
Foundation, and the U.S. Naval Antarctic Support Force pro-
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Chemical ecology of antarctic sponges from McMurdo Sound,
Antarctica: Ecological aspects

JAMEs B. MCCUNTOCK and MARc SLATFERY, Department ofBiology, University ofAlabama, Birmingham, Alabama 35294
BILL J. BAKER, Department of Chemistry, Florida Institute of Technology, Melbourne, Florida 32901

JOHN N. HEINE, Moss Landing Marine Laboratory, Moss Landing, California 95039

T
he incidence of chemical bioactivity in marine inverte-
brates has received increasing attention in temperate and

tropical fauna (reviewed by Bakus, Targett, and Schulte 1986).
Early studies examining the toxicity of marine invertebrates
(primarily sponges and holothurians) concluded that the inci-
dence of defensive chemicals was higher at tropical than tem-
perate latitudes (Bakus and Green 1974; Green 1977; Bakus
and Thun 1979; Bakus 1981). These studies indicated that ses-
sile and sluggish marine invertebrates commonly contain
defensive chemicals, as has been well established in marine
and especially terrestrial plants (Harbourne 1977; Rosenthal
and Janzen 1979; Steinberg and Paul 1990; Van Alstyne and
Paul 1990). Tropical-temperate comparisons led to a latitudi-
nal hypothesis, suggesting an inverse correlation between the
incidence of chemical defense in marine invertebrates and
latitude (Bakus and Green 1974). This "latitudinal gradient" in
chemical defense is thought to be driven by predation pres-
sure, with tropical sessile and sluggish marine invertebrates
under proportionately higher levels of predation by browsing
fish (Bakus and Green 1974; Vermeij 1978). Therefore, in an
evolutionary context, selective pressure for defensive com-
pounds would be expected to be highest at low latitudes and
lowest at high latitudes. Nonetheless, recent cytotoxicity
(Blunt et al. 1990) and behavioral (McClintock et al. 1991)
bioassays conducted with antarctic sponges and other sessile
or sluggish antarctic marine invertebrates have detected an
incidence of biochemical activity commensurate with tem-
perate marine environments. We have undertaken to isolate
and identify bioactive substances from antarctic marine
invertebrates and report here our work on antarctic sponges
during the 1992 austral summer.

In our investigation of chemical ecology of antarctic
sponges, we have evaluated extracts from sponges for the
presence of defensive substances using a standard antimi-
crobial assay as well as an ecological assay. We prepared
extracts of the freeze-dried sponges with solvents of increas-
ing polarity (sequentially, hexane, chloroform, methanol,
and aqueous methanol), thus achieving separation of poten-
tial interfering agents (that is, substances that are not sec-
ondary metabolites but that might be bioactive, such as salts,
large peptides, amino acids, and/or nucleotides) into the lat-
ter fraction.

The microorganisms used in our antimicrobial assay
included a gram-positive bacterium (Bacillus subtilis), a
gram-negative bacterium (Escherichia coh), two yeasts (Sac-
charomyces cereviside and Aspergillus niger). Petri dishes con-
taining antibiotic medium 1 (bacteria) or dextrose agar (yeast)
were inoculated from slants (Presque Isle Cultures). We

applied 5 milligrams (mg) of each extract to 6-millimeter
(mm) paper filter disks and ordered these seven or eight per
petri-dish. Zones of inhibition (in mm) were recorded after 24
hours of incubation at 37*C. Chloramphenicol and penicillin
G were used as positive controls.

Our ecological assay consisted of turning over a sea star
in a crystallization dish filled with sea water. The initial
response of a sea star when it is turned over is to extend its
tubefeet in an effort to locate a solid substrate to grab hold of
to assist in righting itself These tubefeet are small suction
apparatuses on the bottom of each arm and are chemosenso-
ry, especially those at the tips of the arms. This chemosensi-
tivity is fundamentally a defensive response (Sloan 1980). Sea
star tubefeet are primary sites for perception of chemical
stimuli (Lawrence 1975; Sloan and Campbell 1981; McClin-
tock, lGinger, and Lawrence 1984), so they are very sensitive
"instruments" for the detection of defensive substances. We
took advantage of this sensitivity by applying our extracts to a
glass rod and positioning this rod near the retracted tubefeet
such that when a tubefoot emerged, it would encounter our
extract-coated rod (McClintock et al. in press). Deterrent sub-
stances cause the tubefoot to retract, as do feeding stimu-
lants; however, after the initial retraction in response to a
feeding stimulant, the tubefoot is almost immediately re-
extended, whereas in the case of a deterrent substance, no
retraction persists (we measured retractions up to the 60 sec-
onds we allotted for each trial). We controlled for mechanical
stimulation (a clean rod) and the effects of the silicon grease
matrix in which the extract was imbedded (rod with silicon
grease). Additionally, we employed a feeding stimulant for
each experiment (fish extract in silicon grease coated on a
glass rod). Each extract, control, and stimulant was examined
10 times, and each was blind to the observer. We chose the
antarctic sea star Perknasterfuscus because it is a general
spongivore and the chief predator on antarctic sponges.

The antimicrobial assay (table) showed that most of the
activity was in the chloroform extract (56 percent of extracts
tested), which is the most likely fraction to contain function-
alized, small molecular weight compounds. Of the hexane
extracts, which were composed largely of sterols and fatty
acids, only 20 percent showed activity, whereas 30 percent of
the methanol extracts were active.

In the tubefoot retraction assay, hexane sponge extracts
also elicited the lowest levels of significant tubefoot respons-
es, with only 39 percent of the sponge species tested showing
activity. In contrast, chloroform and methanol extracts elicit-
ed a significant tubefoot retraction response in 73 percent
and 78 percent of the species tested, respectively. These two
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Bioactivity ofantarctic sponge extr"tsa

cjly' ^ jt(_'ja!fLi^	TFR	TFR	TFR
Cinachyra antarctica	TFR	TFR, BS	TFR
Dendrilla membranosa	TFR	TFR
Gellius benedeni	 TFR	TFR
Gellius tenelia*	 BS	BS

Haliclona sp.	TFR	TFR	TFR

Haliclona dancoi	TFR,BS	BS	TFR

Homaxonella balfourensis	TFR

Inflatella belli	TFR	TFR	TFR

lsodictya erinacea	BS	TFR, BS	TFR

lsodictya setifera*	 BS	BS

Kidpatrickia variolosa	TFR	BS

Latruncuiia apicalis	*V BS	TFR,BS,EC

Leucetta leptorhapsis	EC	BS	TFR,BS,EC

Mycale acerata
Polymastia invaginata	TFR,BS	BS	TFR

Rosella nuda	 TFR	TFR

Rosella racovitzae	TFR	BS	TFR

Sphaeroty/us antarcticus	TFR,BS	BS

Tetilla leptoderma	*, BS,SC	TFR

aTFR: Significant tubefoot retraction, BS: Bacillus subtilis, EC:

Escherichia coli, SC: Saccharomyces cerevisiae, * denotes no

data on tubefoot retraction are available; — denotes no

bioactivity in assays conducted.

assays together suggest bioactive metabolites from antarctic

sponges are of a polar nature.

Although it remains to be determined that secondary

metabolites are responsible for all of the activity we are

reporting, bioactive secondary metabolites have already been

isolated from a number of these antarctic sponges (Baker et

al., Antarctic Journal, in this issue). It may be of some ecologi-

cal significance that the only two rapidly growing sponges,

Homaxinella balfourensis and Mycale acerata, either were not

bioactive or had very low bioactivity and that one of these

sponges, M. acerata, is the primary dietary item of Perknaster

fuscus.
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Brood Stage

Costs of brood maintenance and development in the seastar
Neosmilaster georgianus from Anvers Island, Antarctica

MARC SLATTERY, Department ofBiology, University ofAlabama, Birmingham, Alabama 35294
ISIDRO BOSCH, Department ofBiology, State University offew York, Geneseo, New York 14454

P
arental investment of marine inver-
tebrates that protect their offspring

through development to a juvenile
stage (that is, brooders) includes both
direct and indirect energetic costs.
Direct costs, for instance, might include
the energy initially allocated to eggs as
provisional reserves for development
(Turner and Dearborn 1979) or to pro-
duce larger juveniles (Lawrence,
McClintock, and Guille 1984). Indirect
energy costs might include a reduced
capacity to feed while holding a brood
or even starvation in cases where
females carry broods in their oral cavi-
ties and are prevented from feeding
(Emlet, McEdward, and Strathmann
1987).

The total energy costs associated
with brood protection will be related to
the duration of the brooding period.
Slow developmental rates and pro-
longed periods of brood protection are
well-known characteristics of antarctic
invertebrates (Pearse, McClintock, and
Bosch 1991). Therefore, a relatively
high cost of reproduction might be
expected in this fauna. The purpose of
this study was to examine the costs of
brooding and brood development in
the seastar, Neosmilaster georgianus.
These large (having a radius of 51.4
centimeters) forcipulate asteroids are
widespread in shallow subtidal com-
munities of the Antarctic Peninsula
(Dearborn and Fell 1974). Neosmilaster
georgianus exhibits reproductive asyn-
chrony within populations, an unusual
pseudocopulatory spawning behavior,
and extended periods of brood protec-
tion during which the female is unable
to feed (Slattery and Bosch in press).

Collections of Neosmilaster geor-
gianus were made, during the 1991 field
season at Palmer Station, from depths
of 2-15 meters (m). Wet and dry
weights of the whole body, body wall,
pyloric caeca, and gonads of 31 female
and 5 male seastars were measured.

Figure 1. Biochemical composition of the body wall (BW), pyloric caeca (PC), and gonad (G) for
brooding Neosmilaster georgianus females throughout brood stages 1 to 5. Stage 0 individuals
indicate a prespawned condition. Each point represents the mean ±1 standard deviation (N=7,
5, 5, 7, 1, and 6 for stages 0 to 5, respectively).
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Wet organ indices (ratio of wet body components to the
whole body) were determined for all individuals. The percent-
age of biochemical composition (ash, carbohydrate, lipid, and
protein) of the dry body components was also determined
using methods detailed in Lawrence and Guille (1982). The
energetic content of the different body components was
determined from the tissue biochemical composition using
energy- equivalent coefficients calculated by Brody (1945).
The energetic content of females holding each brood stage
was compared to determine costs associated with brooding-
induced starvation (figure 1).

The stage-specific energy content of the body wall,
pyloric caeca, and gonads of females holding broods was
compared to estimate the costs associated with brooding-
induced starvation. There were no significant changes in the
composition of the body wall. Lipid levels in the pyloric caeca,
the principal storage organ of seastars, were initially twice
that reported in temperate and tropical species and compara-
ble to other antarctic seastars (Lawrence and Guille 1982;
McClintock and Pearse 1987). All biochemical constituents
and the energy content within the pyloric caeca exhibited sig-
nificant (P<0.001) declines with stage of brood development,
an indication that nutrients were being redistributed to other
parts of the body. In temperate seastars, a major part of these
energy reserves is allocated to the production of new eggs in
preparation for the next reproductive event (Chia 1969). In N.
georgianus, the stage-specific lipid content of the gonads of
brooding females did not change significantly after spawning
(figure 1) nor was there significant growth of existing, early-
stage oocytes (Slattery and Bosch unpublished data). Thus,
the resources of the pyloric caeca are utilized for maintenance
during the long brood cycle (approximately 1 year) and not in
preparation for future reproductive events. On the basis of the
extended periods required for oocyte production in antarctic
echinoderms (18 months or more: Pearse, McClintock, and
Bosch 1991), we predict that species such as N. georgianus

Brood stage

Figure 2. Neosmilaster georgianus juvenile growth throughout brood
stages 1 to 5. Each point represents the mean ±1 standard devia-
tion (N=1 0).

may have a lower frequency of reproduction compared to
their temperate and tropical counterparts, which typically
produce annual broods.

Broods of all females were removed, counted, and cate-
gorized into one of five groups based on developmental stage.
(Prespawned individuals were classed a stage 0.) Broods were
dried and ashed for organic composition, lyophilized for bio-
chemistry, or fixed for sectioning. Samples were weighed on a
Cahn microbalance prior to and after ashing in a muffle fur-
nace, and the organic weight was determined by subtraction
(figure 2). Biochemical tests were conducted on pooled whole
embryos and juveniles, of like developmental stage, to pro-
vide adequate sample weights for analyses. Thin-sections
were examined via light and transmission electron
microscopy to determine the purpose of an amorphous mem-
branaceous tubule interconnecting individuals within all
stage 2 broods.

Brooded individuals exhibited a significant (P<0.0001)
increase in dry weight with a coincident significant (P<0.004)
decrease in organic weight during development from stages 1
to 5. These overall changes were consistent with a trend for
decreased lipid and protein during the onset of ossification
(stage 4 and 5) in the developing offspring (data not shown). A
slight increase in organic weight, lipid content, and conse-
quently energy levels occurred in early development (stage I
to 3), though this change was relatively small compared to the
losses that occurred during the ossified stages. These results
suggest, in contrast to antarctic echinoderm embryos exam-
ined by Lawrence, et al. (1984), that N. georgianus produces
large eggs in part to offset energetic demands of develop-
ment. These early embryonic changes were coincident with
the development of membranaceous tubules that effectively
joined brood mates, forming clusters of up to 40 individuals.
Histological evidence showing the movement of lipid and
other material through these tubules suggest they are a means
of "cannibalizing" broodmates for energy to fuel develop-
ment. A trend toward a 25 percent decrease in the numbers of
siblings per brood between spawning and the separation of
brood clusters (stage 0 through 3) supports our interpretation
of sibling cannibalism. In fact, similar structures connecting
brood mates occur in a deep-sea asteroid, Leptasterias tenera
(Hendler and Franz 1982), and two antarctic seastars, Diplas-
terias brucei and Notasterias armata (Bosch personal observa-
tion), suggesting this unusual process of supplementing the
initial parental investment in eggs is not be unique to N. geor-
gianus.

We wish to express our thanks to D. Karentz, T. Gast, and
the Antarctic Support Associates personnel at Palmer Station
for their support. J.M. Lawrence provided helpful editorial
suggestions. This research was sponsored by National Science
Foundation grants OPP 90-17664 to D. Karentz and OPP 91-
18864 to J.B. McClintock.
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Epipelagic communities in the northwestern Weddell Sea:
Results from acoustic, trawl, and trapping surveys

R.S. KAUFMANN, K.L. SMITH, JR., R.J. BALDWIN, and R.C. GLATTS, Marine Biology Research Division, Scripps Institution of
Oceanography, University of California at San Diego, La Jolla, Califomia 92093-0202

B.H. ROBISON and K.R. REISENBICHLER, Monterey BayAquarium Research Institute, Pacific Grove, Califomia 93950

U
ntil recently, little was known about the community
inhabiting the underside of seasonal sea ice in the

Antarctic. Increasing understanding of this unique environ-
ment has given rise to a number of questions about the
under-ice community and its interactions with other portions
of the antarctic fauna, especially those of the underlying
water column and the above-ice community, including
seabirds and marine mammals. In particular, the discovery of
mesopelagic species in the guts of surface-feeding seabirds
foraging in areas of open water (for example, leads and
polynyas) amidst heavy pack ice (Ainley et al. 1986; Ainley,
Fraser, and Daly 1988) has presented the startling possibility
of trophic coupling between two apparently disjunct commu-
nities. Although many of the mesopelagic species found in
bird guts are known to migrate vertically on a daily basis (Tor-
res et al. 1985; Torres and Somero 1988), most have not been
caught at depths of less than 100 meters (m) in open water
(Lancraft, Torres, and Hopkins 1989); whereas the seabird
species sampled are not known to forage deeper than 5 m
(Ainley et al. 1986).

There are numerous difficulties in examining the ecology
of under-ice fauna, including the logistic intractability of the
environment and the distribution and behavior of the animals
themselves. The animals, most commonly krill (Euphausia
superba), tend to be found in close association with the
under-ice surface and are known to actively avoid sampling
gear (O'Brien 1987; Marschall 1988). As part of a short-term
feasibility study to evaluate the possibility of using free-vehi-
cle (independent of a ship or any surface mooring) acoustic

instruments to monitor the abundance, vertical distribution,
and size distribution of animals in the upper 100 m of the
water column beneath seasonal pack ice, two upward-look-
ing, split-beam acoustic arrays were deployed at each of two
locations (four deployments total) in the northwestern Wed-
dell Sea during early October 1992: in ice-covered water at
61 032.54'S 41 054.28'W and 61'30.62'S 41*39.44'W and in open
water at 600 14.96'S 49047.74'W and 60 0 13.13'S 49050.62'W (fig-
ure 1). These instruments were moored on the bottom and
positioned approximately 100 m beneath the sea surface in
areas with bottom depths of 1,050-1,100 m. Each instrument
operated at a frequency of 72 kilohertz and was programmed
to ensonify an 8,600-cubic-meter conical section of the water
column [100 m vertically upward from the transducer with
20-centimeter (cm) vertical resolution and a beam angle of 501
every 5 seconds for 1 minute, with intervals of 6 minutes
between 12-ping groups over a deployment duration of 2
days. In the ice-covered area, two lines of baited minnow
traps (for the collection of scavenging animals) were deployed
concurrently at depths of 0, 10, 50, 100, and 200 m through
holes drilled in the ice. A similar trap array was deployed from
a floating buoy at the open-water site. In both the ice-covered
and open-water areas, the upper 250 m of the water column
was also sampled during the day and at night using an open-
ing-closing Tucker trawl (two nets with a 10-square-meter
mouth opening). The Tucker trawl was successfully employed
11 times in the pack ice and three times in open water.

Acoustic targets were more abundant at the open-water
location than at the ice-covered site, 10.0 and 7.6 targets per
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array moorings are labeled (stations 115S and 120S beneath pack ice and stations 140N and 141N in

open water).

hour of sampling, respectively. A portion of the open-water

acoustic record spanning approximately 1.75 h contained an

unusually large surface target, most probably an iceberg.

Acoustic targets were nearly twice as abundant beneath this

feature as in the surrounding water column (21.4 vs. 10.0 tar-

gets per hour of sampling). The abundance of acoustic targets

exhibited temporal variability at both sites, with more targets

identified at night than during the day (figure 2). In addition,

a greater percentage of targets was recorded in the upper 50

m of the ensonified field in the ice-covered area than at the

open-water site.

Target strengths for individual targets were used to gen-

erate estimates of animal body length, using the relationships

TS = 10 
log(40.)

and

(
Q-1=0.021(ETL

A 
2 
1	^ A

Figure 2. Hourly total numbers of targets (animals) detected acousti-	
where TS is the target strength in decibels (dB), cF is the

cally with two upward-looking, vertically profiling acoustic arrays	
acoustic cross-section, X is the wavelength of the acoustic sig-

during 2-day deployments in ice-covered and open-water areas of	nal (in this case 2.00 cm), and ETL is the estimated target

the northwestern Weddell Sea.	 length in meters (Love 1977).
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Targets detected in the open-water area were significant-
ly larger than those under the ice (mean estimated length 13.3
vs. 9.2 cm; Mann-Whitney U-test, P<0.001), though the largest
target detected (target strength = -40.1 dB; estimated length =
28.7 cm) was observed beneath the ice (figure 3A). Targets
beneath the "iceberg" were not significantly larger than those
in the ice-covered area (mean estimated length 11.6 vs. 9.2
cm; Mann-Whitney U-test, 0.05<P<0.10) or in open water.
The greater size of acoustic targets observed in open water,
relative to those recorded under the ice, is consistent with
reports of smaller prey being taken by seabirds foraging in or
near pack ice, compared to those feeding in open water (Ain-
ley et al. 1988).

A temporal pattern in target size was apparent at the ice-
covered site; targets larger than 10 cm were observed only at
night (figure 3B). In contrast, no such temporal variation in
target size was recorded at the open-water station (figure 3B).
Temporal patterns in species distributions were also evident
in the Tucker trawl samples. Fishes, krill (Euphausia superba),
and salps were substantially more abundant in night trawls
than in those taken during the day. During the time these sta-
tions were occupied, sunrise occurred between 0430 and 0530
h (ship time) and sunset between 1730 and 1830 h, thus trawls
were conducted between 1100 and 1600 h (day) and between
2 100 and 0400 h (night).

The most abundant fishes collected by the Tucker trawl
in the ice-covered area were the myctophid Electrona antarc-
tica and the antarctic silverfish Pleuragramma antarcticum,
with a number of juvenile Notolepis sp. taken as well. By far
the most abundant invertebrates were the euphausiids
Euphausia superba and Thysanoessa macrura, with lesser
numbers of hyperfid amphipods (Themisto sp.), pteropods
(Clio sp.), calycophoran siphonophores and chaetognaths.

The greater abundances of larger organisms, particularly fish-
es, in the night trawls correlate well with the observation of
nightly peaks in acoustic target abundance (see above). Size
distributions for net-collected zooplankton were comparable
to those measured acoustically; the largest captured fish mea-
sured 25.4 cm (Notolepis coatsi) compared to 28.7 cm for the
largest acoustic target recorded.

All baited traps from the open-water station were empty
upon recovery, but each of the surface traps from the baited
trap arrays within the pack ice contained hundreds of rela-
tively large (up to 3 cm in length) scavenging amphipods
Orchamene rossi. This observation suggests that these
amphipods may be present in large numbers just beneath the
ice surface, as has been noted for krill (see, for example,
O'Brien 1987; Marschall 1988; Stretch et al. 1988). We believe
this to be the, first record of scavenging amphipods occupying
this microhabitat.

The epip elagic community in this area of the northwest-
ern Weddell Sea appears to be affected by the presence of sea-
sonal pack ice. These effects are reflected in the presence of
significantly fewer and smaller targets beneath the ice, rela-
tive to nearby open-wat6r areas. In addition, diel patterns in
acoustic target size were observed beneath the ice but not in
open water, and targets were detected closer to the surface
beneath the ice than in open water. These patterns, along
with the presence of large numbers of scavenging crustaceans
in apparent association with the undersurface of the pack ice,
suggest that the under-ice environment may be an important
portion of the antarctic ecosystem, particularly as an overlap
zone for surface-feeding predators and their pelagic prey.

We are grateful to J. Edelman, R. Wilson, K. Wood, and J.
Scott as well as the captain and crew of the R/V Nathaniel B.
Palmer for their invaluable assistance at sea. This research
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Figure 3. A. Frequencies of 2-cm size classes of targets (animals) detected acoustically with during 2-day deployments in ice-covered and
open-water areas of the northwestern Weddell Sea. B. Estimated lengths and times of occurrence for acoustic targets (animals) in ice-cov-
ered and open-water areas of the northwestern Weddell Sea. E]=ice-covered area, +=open-water area, X=open-water area while iceberg
was passing over.
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Biogenic production of dimethyl sulfide: Krill grazing
KENDRA L. DALY and GIACOMO R. DiTULLIO, Graduate Program in Ecology, University of Tennessee,

Knoxville, Tennessee 37996-1191

D
imethyl sulfide (DMS), a dominant sulfur compound in
sea water, is a possible precursor for cloud condensation

nuclei in the atmosphere and, consequently, may influence
global climate (Charlson et al. 1987). The primary source of
DMS is dimethylsulfoniopropionate (DMSP) in phytoplank-
ton, but the mechanisms governing DMSP decomposition to
DMS remain uncertain. DMS concentrations in the ocean
vary spatially and temporally depending on phytoplankton
species and abundance; in particular, dinoflagellates and
prymnesiophytes (for example, Phaeocystis pouchetii) pro-
duce significant amounts of DMS during cell senescence
(Turner et al. 1988). In addition, laboratory studies suggest
that zooplankton grazing may be an important process lead-
ing to the formation of DMS in the ocean (Dacey and Wake-
ham 1986) but little is known about this production pathway
in the natural environment.

In the Antarctic, high DMS concentrations [more than 50
nanomolar (nM)1 occur during the spring and summer sea-
sons in coastal regions (Gibson et al. 1990) with lower concen-
trations found in open water (McTaggart and Burton 1992).
During winter, most of the southern oceans area is covered by
ice, and primary production in the water column is extremely
low. Ice algae, however, are abundant in ice floes during all
seasons. Recently, ice algae were shown to have high concen-
trations of DMSP (62 to 687 nM; Kirst et al. 1991). The antarctic
krill, Euphausia superba, feeds on ice algae (Marschall 1988;
Daly 1990; Daly and Macaulay 1991) in addition to phyto-
plankton, suggesting to us that grazing by krill may be a signifi-
cant source for DMS production in the antarctic coastal region.

During austral spring, we participated on a cruise to the
Antarctic Peninsula on board the R/V Polar Duke during

November 1992. Sea ice covered much of the surface water in
coastal embayments and primary production in the water
column was very low (Smith, Antarctic Journal, in this issue).
In Charlotte Bay and Paradise Harbor, juvenile krill were col-
lected by an Isaacs-Kidd Midwater Trawl, primarily near sur-
face among ice floes where many individuals were observed
feeding on the edge of floes. In general, DMS concentrations
in the water column were spatially variable (range of 0.05 to
10 nM), a finding that reflected the patchy nature of the envi-
ronment (DiTullio and Smith, Antarctic Journal, in this issue).

To test whether krill grazing on phytoplankton and ice
algae could lead to enhanced DMS production, two separate
experiments were performed. In the first experiment, three
krill were added to duplicate 4-liter (L) polycarbonate bottles
containing sea water with phytoplankton from Charlotte Bay.
The control treatment consisted of sea water incubated with-
out krill. The bottles were incubated with zero headspace at
OOC in large darkened aquaria for 48 hours (h). The addition of
krill resulted in a greater than threefold increase in DMS pro-
duction relative to both the initial and final (incubated) con-
trol treatment (figure 1).

The second test performed was a time-series experiment
in Paradise Harbor. Initial samples of ice algae were collected
and slowly melted in cold, filtered sea water to prevent ice
algal cells from rupturing. juvenile krill were prefed on this ice
algae for 24 h for digestive acclimation. Initial concentrations
of pigments, DMS, and DMSP were determined. These results
will be published elsewhere. Different replicate bottles con-
taining three krill and ice algae were processed after incuba-
tion times of 3, 6, 12, and 22.5 h. Ice algae, krill, and fecal pel-
lets were sampled after each timed treatment. DMSP, DMS,
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Figure 1. The DMS concentration following a 48-h incubation inside
a 4-L polycarbonate bottle incubated in darkened aquaria at OOC.
Three krill were placed in each of the two krill treatments. The same
concentration of phytoplankton was added to each treatment.

and pigment concentrations were measured at the end of
each incubation time point. We report here only the change
in DMS concentration with time (figure 2). We observed no
difference in DMS concentration between treatments at the
3-h sampling point. All subsequent time points, however,
revealed DMS production rates that were 2.5 to 9 times higher
in the krill treatment relative to the control (figure 2).

Because of the prevalence of sea-ice algae and krill popu-
lations near these ice floes, we suggest that krill grazing on ice
algae may play an important role in DMSP and DMS cycling
processes near the Antarctic Peninsula. Based on the observa-
tion that the flux of particulate DMSP into sediment traps was
relatively low (DiTullio and Smith, Antarctic Journal, in this
issue), we conclude that krill grazing on ice algae may effec-
tively prevent the transport of particulate DMSP to depth and,
thus, may act to generate DMS or dissolved DMSP in the
near-surface waters of the Antarctic Peninsula region.

We thank W.O. Smith and D.M. Karl for the planning of
this expedition. This research was supported by National Sci-
ence Foundation grant OPP 91-16872 to W.O. Smith.
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A novel neural beta tubulin from the antarctic fish
Notothenia codiceps neglecta

H. WILUAm DETRICH, III, and SANDRA K. PARKER, Department ofBiology, Northeastern University,
Boston, Massachusetts 02115

F
rom the standpoint of cold adaptation, the ectothermic
fishes of antarctic coastal waters, which now experience

body temperatures as low as the freezing point of sea water
(-1.86*C), present biochemists with ideal experimental sys-
tems. Subjected to an increasingly severe thermal environ-
ment as the southern ocean began cooling approximately 40
million years ago, antarctic fishes diverged from temperate
fishes (DeWitt 1971) and evolved cellular and biochemical
adaptations that maintain metabolic efficiency and preserve
macromolecular structure at their now chronically low body
temperatures (-1.86 to +2C). Recent work from my laborato-
ry has been focused on the molecular adaptations that enable
the cytoplasmic microtubules of antarctic fishes to assemble
from their component proteins, tubulin alpha-beta dimers
and microtubule- associated proteins (MAPs), in such an
extreme thermal regime (Detrich and Overton 1986; Detrich,
Prasad, and Luduefia 1987; Detrich, Johnson, and Marchese-
Ragona 1989; Detrich et al. 1990, 1992; Skoufias, Wilson, and
Detrich 1992). Together, these studies indicate that the major
locus of functional adaptation is the tubulin dimer, not the
MAPs. To understand the nature of these adaptations, we
have initiated efforts to determine the primary sequences
(that is, the order of amino acid subunits) of the alpha and
beta tubulins of antarctic fishes by molecular-biological
methods. In this report, we describe the sequence of a neural
beta tubulin from the antarctic rockcod, Notothenia coriiceps
neglecta (Detrich and Parker 1993).

Microtubules are a major component of the eukaryotic
cytoskeleton, and they play critical roles in many cellular
processes, including mitosis, intracellular transport, and the
determination of cell shape. In vertebrates, the alpha- and
beta-tubulin subunits of microtubules are encoded by 12-14
genes (6-7 alpha and 6-7 beta), each of which yields a distinct
polypeptide, or "isotype" (Sullivan 1988). Because brain tis-
sues express multiple alpha- and beta-tubulin isotypes (Sulli-
van 1988), we have focused our adaptational analysis on the
neural tubulins of N. coriiceps neglecta. We hypothesize that
the cold-adapted properties of these tubulins result, at least in
part, from primary sequence changes located in the inter-
dimer contact domains of the alpha and/or beta subunits.

To facilitate determination of the primary sequences of
tubulins, we purified messenger ribonucleic acid (mRNA)
from brain tissues of N. coriiceps neglecta and generated a
complementary deoxyribonucleic acid (cDNA) library in the
bacteriophage lambda gtIO (Detrich and Parker 1993). From
this library, we isolated a 1.8-kilobase neural beta-tubulin
cDNA, Ncribetal. This cDNA contains an open reading frame
of 446 codons, 67 nucleotides of 5' untranslated sequence,
and 425 nucleotides of 3' untranslated sequence beyond the

stop codonTAG (figure 1). The tubulin encoded by Ncribetal
(figure 1) is almost equally related to neural beta chains of
classes 11 (95.0-95.7 percent sequence homology) and IV
(95.1-96.2 percent homology). However, joint consideration
of protein and nucleotide (not shown) sequence homologies
suggests that the Ncnbetal polypeptide is most parsimo-
niously assigned to the beta-11 isotypic class.

The carboxyl terminus of the Ncnbetal polypeptide
(residues 431-446) is noteworthy because it has diverged sub-
stantially from those of other vertebrate neural beta isotypes
(figure 2). In higher vertebrates, the carboxy- terminal region
largely defines the highly conserved beta-chain isotypic class-
es (Sullivan 1988). Thus, strong conservation of beta-chain
isotypes across higher vertebrate taxa, which is characteristic
of mammals and birds, may not extend to the more distantly
related fishes.

To identify potentially adaptive residue changes in Ncn-
betal, we have compared its primary sequence with those of
other vertebrate beta tubulins (Detrich and Parker 1993). As
shown in the table, the Ncribetal polypeptide contains sever-
al unique amino acid substitutions and an unusual carboxy-
terminal residue insertion. Three conservative replacements
(isoleucine for methionine at position 267, glycine for serine
at 278, and serine for alanine or glycine at 283) are clustered
near a region of beta tubulin that is thought to form contacts
between tubulin dimers (Ar6valo et al. 1990) in the micro-
tubule. Furthermore, replacement of tyrosine by phenylala-
nine at position 200 is unusual in vertebrate beta chains,
where it occurs only in the erythroid -specific class VI. Substi-
tution of alanine for a bulky aliphatic amino acid (valine or
isoleucine) at position 333 is unique and nonconservative,
and the tyrosine inserted at position 442 is novel. We con-
clude that the Ncnbetal chain is a class-11 beta isotype that
contains several sequence changes that are likely to con-
tribute to its unique functional properties at low temperature.
Currently, we are pursuing cDNAs for all neural alpha and
beta tubulins so that we may catalog the repertoire of primary
sequence alterations of potential adaptive importance.

Experiments performed at Palmer Station during the
1992-1993 field season addressed four other project objec-
tives. As part of our effort to characterize the functional prop-
erties of antarctic fish tubulin isotypes, Laura Camardella
purified tubulins from nucleated erythrocytes of two
nototheniids (N. coriiceps neglecta and Gobionotothen gibber-
iftons) and examined their assembly reactions in vitro. Antho-
ny Frankfurter analyzed the brain, egg, erythrocyte, and
sperm tubulins of antarctic fishes for carboxy- terminal post-
translational modifications that may influence microtubule
assembly and stability in vivo. Stephen King purified and
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-67	CTGCTTCGTTCGCAGCTGAATCACTGCAGTCCAACAACTTAGCCTTTTTCGGTCTTTGTTCACCAAA

1 ATG AGG GAA ATC GTG CAC CTT CAG GCT GGC CAG TGT GGA AAC CAA ATT GGA TCC AAG TTT TGG GAA GTC ATT AGC GAC GAG CAT GGC ATC
1 Met Arg Glu Ile Val His Lau Gln Ala Gly Gln Cys Gly Asn Gln Ile Gly got Lys Phi Trp Glu Val Ile Ser Asp Glu His Gly Ile

91 GAC CCA ACC GGG TCT TAC CAT GGG GAC AGC GAC CTG CAG CTG GAT CGC ATC AAC GTG TAT TAC AAC GAG GCT TCA GGC GGA AAG TAT GTC
31 Asp Pro Thr Gly Sex Tyr His Gly Asp Ser Asp Lau Gln Lau Asp Arg Ile Asn Val Tyr Tyr Asn Glu Ala Ser Gly Gly Lys Tyr Val

181 CCC CGG GCA GTG CTG GTG GAC TTG GAG CCC GGC ACC ATG GAC TCA GTG AGG TCC GGT CCC TTT GGC CAG ATT TTT AGA CCA GAC AAC TTT
61 Pro Arg Ala Val Lau Val Asp Lau Glu Pro Gly Thr Met Asp Ser Val Arg Ser Gly Pro Phe Gly Gln Ile Phe Arg Pro Asp Asn Phe

271 GTC TTT GGC CAG AGC GGA GCT GGT AAT AAC TGG GCT AAA GGT CAC TAC ACT GAG GGA GCC GAG CTG GTG GAC TCA GTC CTG GAT GTG GTG
91 Val Phe Gly Gln Ser Gly Ala Gly Asn Asn Trp Ala Lys Gly His Tyr Thr Glu Gly Ala Glu Lou Val Asp Ser Val Leu Asp Val Val

361 AGG AAG GAG GCG GAG GGA TGC GAC TGC CTG CAG GGC TTC CAG CTC ACA CAC TCC CTG GGT GGA GGG ACT GGC TCG GGC ATG GGC ACG CTG
121 Arg Lys Glu Ala Glu Gly Cys Asp Cys Lau Gln Gly Phe Gln Lau Thr His Ser Lau Gly Gly Gly Thr Gly Ser Gly Met Gly Thr Leu

451 CTC ATC AGC AAA ATC AGA GAG GAG TAT CCA GAC CGC ATC ATG AAC ACT TTC AGC GTG GTG CCT TCG CCT AAG GTT TCA GAC ACA GTG GTG
151 Lau Ile Ser Lys Ila Arg Glu Glu Tyr Pro Asp Arg Ile Met Asn Thr Phe Ser Val Val Pro Ser Pro Lys Val Ser Asp Thr Val Val

541 GAG CCA TAC AAC GCC ACC CTC TCG GTC CAC CAG CTG GTG GAG AAC ACA GAT GAG ACC TTC TGC ATT GAT AAT GAG GCG CTG TAT GAC ATC
181 Glu Pro Tyr Asn Ala Thr Lou Ser Val His Gln Lau Val Glu Asn Thr Asp Glu Thr Phe Cys Ile Asp Asn Glu Ala Leu Tyr Asp Ile

631 TGT TTC CGC ACG CTG AAG CTC ACC ACC CCC ACC TAT GGA GAC CTC AAC CAC CTC GTC TCA GCC ACC ATG AGC GGG GTG ACC ACA TGT CTG
211 Cys Phe Arg Thr Lau Lys Lau Thr Thr Pro Thr Tyr Gly Asp Lau Ann His Lau Val Ser Ala Thr Met Ser Gly Val Thr Thr Cys Lau

721 CGC TTC CCC GGC CAG CTC AAT GCT GAT CTG AGG AAA CTG GCC GTC AAC ATG GTG CCC TTC CCC AGA CTG CAC TTC TTC ATT CCG GGC TTT
241 Arg Phe Pro Gly Gln Lau Asn Ala AAp Leu Arg Lys Lau Ala Val Asn Met Val Pro Phe Pro Arg Lou His Phe Phe 110 Pro Gly Phe

$11 GCC CCG CTG ACC AGT CGT GGC GGC CAG CAG TAC AGG TCG TTG ACT GTT CCT GAG CTC ACC CAG CAG ATG TTC GAC TCC AAG AAC ATG ATG
271 Ala Pro Lau Thr Ser Arg Gly 013F Gln Gln Tyr Arg ler Lau Thr Val Pro Glu Lau Thr Gln Gln Met Phe Asp Ser Lys Asn Met Met

901 GCA GCC TGT GAC CCG CGC CAC GGC CGC TAC CTC ACG GTA GCC GCC ATC TTC AGA GGC CGC ATG TCC ATG AAG GAA GTG GAT GAG CAG ATG
301 Ala Ala Cys Asp Pro Arg His Gly Arg Tyr Lau Thr Val Ala Ala Ile Phe Arg Gly Arg Met Ser Met Lys Glu Val Asp Glu Gln Met

991 TTG AAT GCA CAG AAC AAA AAC AGC AGC TAC TTC GTT GAG TGG ATC CCA AAC AAC GTG AAG ACT GCC GTC TGC GAC ATT CCT CCC CGT GGC
331 Leu ABn Ala Gln Aen Lys Asn Ser Ser Tyr Phe Val Glu Trp Ile Pro Asn Asn Val Lys Thr Ala Val Cys Asp Ile Pro Pro Arg Gly

1081 CTC AAG ATG GCC GCC ACC TTC ATC GGC AAC ACC ACC GCC ATT CAG GAG CTG TTC AAG CGC ATC TCA GAG CAA TTC ACT GCC ATG TTC CGC
361 Lou Lys Met Ala Ala Thr Phe Ile Gly Asn Ser Thr Ala Ile Gln Glu Lau Phe Lys Arg Ile Ser Glu Gln Phe Thr Ala Met Phe Arg

1171 CGC AAG GCC TTC CTC CAC TGG TAC ACT GGC GAG GGC ATG GAT GAG ATG GAG TTC ACA GAG GCT GAG AGC AAC ATG AAC GAC CTG GTG TCT
391 Arg Lys Ala Phe Lau His Trp Tyr Thr Gly Glu Gly Met Asp Glu Met Glu Phe Thr Glu Ala Glu Ser Asn Met Asn Asp Lou Val Ser

1261 GAG TAC CAG CAG TAC CAG GAC GCC ACT GCT GAG GAG GAG GGC GAG TTT GAA GAG GAG GGC GAA TAT GAA GAT GGA GCC	TAG ATGCCCA
421 Glu Tyr Gln Gln Tyr Gln Asp Ala Thr Ala Glu Glu Glu Gly Glu Phe Glu Glu Glu Gly Glu Tyr Glu Asp Gly Ala	Amb

1349 TAACAACCTTTTTCTCTCCCAATGCAACAGTTAATTAAAGAAGTCATATTATGCTTAGTTCAAAGGACCGATTTGCATTTTGTGCCTCTTCTGTGACATGTTTACATGGCTTAATGT
1466 TCAAAACGTGCTTTATTTTTCTCATTCTGCTGCTGTATTCATTTGTGATAATGTAACAGTGACCAGACCAGGGGACTAATCACTGAATGTGACAATTACTGTCTGATGTGCAGTGTT
1583 ATTCTTTTGCCAAAAAAAATCATAGTTTACACTAAAAGCTACACATAGTGTCAGGAACTTGTCTCTGTTATAATATTCCTGATGTGCTTGTAGTGGTAAATTGGGATCAAATGTGAT
1700 TTTAATAAAGATGTATTATTTGGTTCC

Figure 1.Nucleotide sequence of the Ncnbetal cDNA and deduced primary sequence of the encoded beta tubulin. Eight amino acid residues
that differentiate Ncnbetal from other vertebrate neural tubulins (classes I-IV) are shown in outline font. Nucleotide positions and amino acid
residues (three-letter code) are numbered on the left. Amb indicates the amber translation termination codon, and the probable polyadenylation
signal is underlined. The nucleotide sequence of the Ncnbetal cIDNA (GenBank accession number L08013) was established by use of the
dideoxynucleotide chain-termination procedure (Sanger, Nicklen, and Coulson 1977) as described elsewhere (Detrich and Parker 1993).
[Reprinted from Detrich and Parker (1993) with permission. Copyright 1993 Wiley-Liss, Inc.]

Class	Organism	Tubulin	431	 %identity

I	mouse	mos	X I Z It D r G I E A X * 2 * It A	 56
chicken	c07	I z z z D r G I E A 3 * Z * I A	 56

Ii	mouse	MO2	D Z 0 G 9 r 9 3 X R G * X 9 Z A	 62
chicken	c0112	D 3 Q G Z F 2 2 Z G Z * X D Z A	 75

N. corUceps Ncnpl	I	G Z_r _" z	D -a A

IVb	mouse	M03	Z 2 9 G Z F 9 9 Z A Z * 3 3 V A	 75
chicken	CO3	 z z 2 G Z 7 R Z Z A Z * 3 Z A Z	 69

Iva	mouse	Nf04	2 z * a 3 F it a 2 A z * 3 2 V A	 69

in	chicken	cm	 Z R 9 G E X Y K D D Z 2 Z 3 2 9 0 A 1	58

Figure 2.The unique carboxyl terminus of Ncnbetal tubulin. Presented for comparison with the Ncnbetal peptide are the isotype-defining
sequences (beginning at position 431) of neural beta chains (classes I-IV) from higher vertebrates. Asterisks indicate single amino acid gaps
introduced to establish maximal sequence homology. For each pairwise comparison with the Ncnbetal carboxyl terminus, sequence homology
was calculated as percentage residue identity with respect to the longer sequence. The Ncnbetal/class-ill alignment is shown in suboptimal
register, but its homology value (11 matches/1 9 residues x 100 percent = 58 percent) is calculated for the optimal alignment (single amino acid
gaps positioned after Ncnbetal residues 435 and 437). Beta-isotypic sequences for mouse and chicken are from Wang et al. (1986) and from
Monteiro and Cleveland (1988), respectively. [Reprinted from Detrich and Parker (1993) with permission. Copyright 1993 Wiley-Liss, Inc.]
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Comparative analysis of the Ncnbetal primary
sequencea

18	Ser	Ala	Ala	Ala	Ala
126	Gly	Ser	Ser	Ser	Asn
200	Phe	Tyr	Tyr	Tyr	Tyr
267	Ile	Met	Met	Met	Met

278	Gly	Ser	Ser	Ser	Ser
283	Ser	Ala	Ala/Gly	Ala	Ala
333	Ala	Val	Val	Val	Ile
442	Tyr

aThe table includes those sequence positions that uniquely
differentiate the Ncnbetal polypeptide from vertebrate neural
beta tubulins of isotypic classes 1, 11, and/or IV (the isotypes most
closely related to Ncnbetal). Classes I-IV are ordered from left to
right by sequence homology (high to low) to Ncnbetal. Because
the tyrosine at position 442 in Ncnbetal represents a sequence
insertion, vertebrate classes I-IV lack a corresponding residue
(dashes). Reference vertebrate beta-tubulin sequences
(GenBank database) are from chicken (classes I-IV), mouse (1, 11,
and IV), human (1, IV), pig (11), rat (11), and the amphibian Xenopus
laevis (11). [Reprinted from Detrich and Parker (1993) with
permission. Copyright 1993 Wiley-Liss, Inc.]

characterized inner- and outer-arm dyneins from sperm fla-
gella of N. coriiceps neglecta; these specimens will support
future research on cold adaptation of these important
mechanochernical MAPs. Finally, graduate student Martin
Billger developed methods for culturing primary explants of
nototheniid and channichthyid skin cells and for immunoflu-
orescent staining of their microtubule cytoskeletons.

To support our research, we obtained specimens of two
nototheniids (N. coriiceps neglecta and G. gibberifrons), three
icefishes (Chaenocephalus aceratus, Champsocephalus gun-
nari, and Chionodraco rastrospinosus), a bathydraconid
(Parachaenichthys charcott), and two bathyrajids (Bathyraja
maccaini and B. griseocauda) by bottom trawling from R/V
Polar Duke south of Low Island [Western Bransfield Strait
Marine Site of Special Scientific Interest (MSSSI) Number 35]
and near Brabant Island (East Dallmarm Bay MSSSI Number
36). Several deep-water benthic notothenfids, bathydra-
conids, artedidraconids, and zoarcids were collected at 900
meters in Crystal Sound east of Lavoisier Island. Fishes were
transported to Palmer Station, where they were maintained in
sea water aquaria at -I to + I'C.

Field studies were conducted at Palmer Station from mid
March to late May 1993. We gratefully acknowledge Martin

Billger (G6teborgs Universitet, Sweden), Laura Camardella
(Consiglio Nazionale delle Ricerche, Naples, Italy), Anthony
Frankfurter (University of Virginia), and Stephen M. King
(Worcester Foundation for Experimental Biology) for their
participation in our field research program. We also thank the
captains and crews of R/V Polar Duke and the personnel of
Antarctic Support Associates for the excellent support that
they provided to our project. This research was supported by
National Science Foundation grant OPP 91-20311.
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Physiological aspects of stomach-oil
formation in antarctic seabirds

DANIEL D. ROBY and JAN R.E. TAYLOR, Alaska Cooperative Fish and Wildlife Research Unit, University ofAlaska,

Fairbanks, Alaska 99775-0990

ALLEN R. PLACE, Center ofMarine Biotechnology, Maryland Technological Institute, Baltimore, Maryland 21202

D

uring the 1991-1992 austral summer, we conducted

fieldwork on Bird Island (54*00'S 38*02'W), South Geor-

gia, in cooperation with the British Antarctic Survey. This

research project was designed to investigate the role of stom-

ach oils in digestive physiology, development, and reproduc-

tive energetics of seabirds. Samples and specimens that were

collected in the field were analyzed in the laboratory during

1992-1993.

Stomach oils, a complex mixture of neutral dietary lipids,

are typical of procellarfiform birds (petrels, shearwaters, alba-

trosses). All Procellariiformes, with the exception of diving

petrels (Pelecanoides spp.) produce stomach oils and feed

them to their young (Clarke and Prince 1976; Warharn 1977).

The objectives of the study were to determine the relationship

between stomach-ofl ingestion and the growth and develop-

ment of seabird nestlings, to determine the contribution of

stomach oils to the overall energetic efficiency of the

parent-offspring unit, and to compare the passage rates and

assimilation efficiencies of dietary lipids in chicks that are fed

stomach oils with those that are not. The subjects of our study

were antarctic prions (Pachyptila desolata), a species that

feeds its young stomach oils, and South Georgia diving petrels

(Pelecanoides georgicus), a species that lacks stomach oils.

Chicks of the two species were brought into the laborato-

ry and raised on either high-oil or low-oil diets. The low-oil

diet consisted of homogenized krill (Euphausia superba) and

stomach 
oil 

[collected from giant petrel (Macronectes halli)

chicks] in a ratio (weight-to -weight) of 22:1; whereas the high-

oil diet consisted of homogenized krill and stomach off in a

ratio of 14:5. Chicks were fed one meal each day in the lab for

6 days. Growth rates were monitored and all excreta was col-

lected during this period. Average daily mass increments of

lab-reared chicks were similar to or greater than those of

chicks raised by their own parents in the field. Prion and div-

ing petrel chicks on the low-oil diet accumulated mass at sim-

ilar rates to field controls, but chicks of the two species fed on

the high-oil diet accumulated mass at significantly higher

rates (figure 1). The daily growth increment in wing length for

lab-reared prions was not significantly different from chicks

reared by their parents in the field, regardless of the oil levels

in their diet (figure 2). For lab-reared diving petrels, however,

chicks on the high-oil diet had significantly lower growth
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Figure 1. Average daily mass increment of South Georgia diving

petrel and antarctic prion chicks fed high-oil or low-oil diets in the

lab, as compared with control chicks raised in the field. D P denotes

South Georgia diving petrel; Prion denotes antarctic prion; Contr

denotes control chicks raised by their parents in the field; High

denotes lab-reared chicks fed a high-oil diet; Low denotes lab-

reared chicks fed a low-oil diet. Different letters above the bars indi-

cate statistically significant within species differences at PsO.05.

V_C1010-1 "Wwu r;V14, covxll WA%^ -It"04'
10	IDV	?J^jpv'

Figure 2. Average daily wing length increment of South Georgia div-

ing petrel and antarctic prion chicks fed high-oil or low-oil diets in

the lab, as compared with control chicks raised in the field. D P

denotes South Georgia diving petrel; Prion denotes antarctic prion;

Contr denotes control chicks raised by their parents in the field;

High denotes lab-reared chicks fed a high-oil diet; Low denotes lab-

reared chicks fed a low-oil diet. Different letters above the bars indi-

cate statistically significant within species differences at P4.05.
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increments in wing length compared with chicks on the low-
oil diet or field controls. These results indicate that high-oil
diets caused developmental retardation in diving petrels but
not in prions.

On the 6th day of the captive feeding trials, passage rates
of digesta and lipid- assimilation efficiencies in the two species
on the two diets were measured by feeding three radio-labeled
markers: tritiated glycerol triether (GTE, a nonassimilable neu-
tral lipid phase market), carbon-14-labeled polyethylene gly-
col (PEG, a nonassimilable aqueous phase marker), and car-
bon-14-labeled triolein (an assimilable neutral lipid marker).
Excreta was collected during the following periods postinges-
tion of the marker: 0-2 hours (h), 2-4 h, 4-8 h, 8-16 h, 16-24 h,
and 24-32 h. Excreta samples were extracted and separated
into aqueous and lipid phases. Aliquots of the aqueous phase
extract were counted to determine the specific activity of car-
bon-14 PEG, and aliquots of the lipid phase extract were
counted to determine the specific activity of tritiated GTE and
carbon-14 triolein. We calculated lipid- assimilation efficiency
in chicks from the ratio of tritiated GTE to carbon-14 triolein in
the marker fed to chicks compared with the ratio in excreta
collected during the 32-h collection period (Jackson and Place
1990). We calculated mean retention time for both lipid and
aqueous digesta from the cumulative excretion curves for GTE
and PEG, respectively.

Average lipid- assimilation efficiencies of the two species
on the two diets were remarkably high, but the lipid assimila-
tion efficiency of diving petrels on the high-oil diet (91.7±5.2
percent) was significantly lower than either diving petrels on
the low-oil diet (98.3±0.9 percent) or prions on either high-oil
(99.5±0.1 percent) or low-oil (99.1±0.2 percent) diets. This
indicates that diving petrel chicks fed a high-oil diet experi-
enced difficulty in efficiently assimilating ingested lipids.
Cumulative excretion rates of marker were similar for the two
species on the two diets (figure 3), but at the end of the 32-h

Figure 3. Cumulative excretion curves for tritiated glycerol triether
(GTE), a neutral lipid phase marker, fed to South Georgia diving
petrel and antarctic prion chicks that were raised in the lab on either
high-oil or low-oil diets.

excreta collection period, prions had excreted significantly
less of the tritiated GTE (72-77 percent) than diving petrels
(83-88 percent). This presumably reflects the retention of a
portion of neutral lipids in the proventriculus by prions for
extended periods (that is, formation of stomach oil).

Formation of stomach oil in the proventriculus of procel-
larfiform seabirds is associated with specialized morphology
of the gastrointestinal tract. The proventriculus is a large, dis-
tensible sac that fills much of the abdominal cavity; whereas
the gizzard is much smaller and poorly developed. Despite
the absence of stomach oils in the proventriculus of diving
petrels, gastrointestinal morphology is superficially quite sim-
ilar to other petrels. Prions, however, have a distinctive mus-
cular constriction at the juncture of the proventriculus and
gizzard; this narrow constriction is absent in diving petrels.
The sphincter apparently serves to regulate gastric emptying
of stomach oils once the aqueous components of the diet
have entered the duodenum.

Adult free-ranging metabolic rates were measured in
both study species during the chick-rearing stage using the
doubly-labeled water technique. Adult prions had significant-
ly lower mass-specific field metabolic rates [2.69 kilojoules
per gram per day (kJ g- 1 d- 1 )] than diving petrel adults (3.74 kJ
g- 1 d- 1 ). For prions, this value is significantly less than the
predicted value from allometric equations relating field meta-
bolic rate to body.size in seabirds (Birt-Friesen et al. 1989);
whereas the value for diving petrels is significantly greater
than predicted. These results indicate that prions are more
energetically efficient at foraging for their young; whereas div-
ing petrels are less energetically inefficient, compared with
other seabirds. The higher foraging efficiency of prions may
be essential for the production of stomach oils and for the
transfer of this energy-rich dietary component to their young.
Stomach oils appear to be an important adaptation for
enhancing the energy density of chick meals in petrel species
that forage farther from the colony and feed their chicks less
frequently than diving petrels.

We wish to thank J.P. Croxall, P.A. Prince, and British
Antarctic Survey support staff at the Bird Island Research Sta-
tion and the Cambridge headquarters for their assistance in
making this research possible. This research was supported
by National Science Foundation grant OPP 90-18091 to
Daniel D. Roby.
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Preliminary survey for coccidian parasites in
the birds at Cape Bird, Ross Island

G.D. MILLER, L. COUCH, and D.W. DuszyNsKi, Biology Department, University ofNew Mexico,
Albuquerque, New Mexico 87131

T
he Ad6lie penguin (Pygoscelis adeliae) and the south polar
skua (Catharacta maccormicki) are the only species of

birds that nest at Cape Bird, Ross Island. The south polar skua
is a long-lived seabird that breeds around Antarctica. For
most of the year, south polar skuas are entirely pelagic, and
they complete one of the longest migrations known in birds
(Furness 1987). They travel from Antarctica as far north as the
Gulf of Alaska in the Pacific Ocean or Greenland on the
Atlantic side. During the breeding season (November to
March), they come ashore 

all 
around the antarctic continent

to put their nests on land (Watson 1975). Similarly, Ad6lie
penguins are pelagic for most of the year, spending their time
on pack ice. During their breeding season (October to Febru-
ary), they come ashore around Antarctica and breed in very
densely populated rookeries. Skuas often breed near penguin
colonies because penguin eggs and chicks are a major food
source for skuas.

The purpose of this study was to determine the species
distribution of coccidian parasites in Ad6lie penguins and
South polar skuas. These species have been surveyed for
helminth parasite faunas and commonly carry cestodes and
nematodes (Hoberg 1983), but neither species has been sur-
veyed for coccidia.

During the 1991-1992 summer season, we collected 26
fecal samples from south polar skuas (15 adults, 11 chicks)
and 4 fecal samples from adult Ad6lie penguins at Cape Bird,
Ross Island. Samples were collected opportunistically as we
studied other aspects of skua and penguin reproductive biol-
ogy. All the samples were collected fresh and immediately
placed in 2 percent (weight- to -volume) aqueous potassium
dichromate (K2Cr2O7) solution. On return to the United
States, the samples were processed by filtering the fecal sus-
pension through 60-mesh wire screens and incubating the
material at room temperature for 2 weeks in covered petri
dishes (Aquino -Schuster and Duszynski 1989). They were
then inspected for oocysts following the methods of Duszyns-
ki, Eastham, and Yates (1982).

All the samples except one (taken from a breeding adult
male skua on 4 January 1992) were negative for parasite stages
in their feces. The one positive sample had a heavy infection
with coccidia, as evidenced by tens of thousands of oocysts in
the sample. Such a high density of oocysts indicates that the
infection was not incidental. Unfortunately, none of the
oocysts completed their development during the incubation.
We were, thus, unable to positively identify the genus or
species of the coccidian present. The size and shape of the

oocysts, however, allow us to make two conclusions. First, it is
likely that there is only this single species in the sample (that
is, there was not a mixed infection with more than one
species of coccidia). Second, the coccidian that discharged
these oocysts is probably a new species since the structure
and size of the unsporulated oocysts do not match any coc-
cidian oocysts described from birds in the literature.

Coccidians are parasites with a direct life cycle. They do
not pass through an intermediate host. For the infection to be
continued, a susceptible host must ingest sporulated oocysts
from fecal -contaminated objects or food. Given the pelagic
habits of south polar skuas and Ad6lie penguins and the
harshness of the antarctic environment during the breeding
season when the birds are concentrated, it seems surprising
that coccidians should be present at all. Nevertheless, our
results from so few samples indicate that coccidians may be
common in skuas, although we had too few samples from
penguins to make conclusions. Skuas are predators and scav-
engers and eat almost anything present around the rookery.
Adult penguins, however, never eat anything that they did not
catch themselves at sea. The only way they could acquire an
infection is from picking up and carrying fecal- contaminated
stones when they build their nests. Based on these life-history
characteristics, we would predict that infection is more likely
in skuas. It would be interesting to collect and analyze more
fecal material to be able to describe this new species of coc-
cidia more completely and to give us a better indication of the
prevalence of infection.

This research was supported by National Science Foun-
dation grant OPP 89-16353 to G.D. Miller. We thank Bridget
Keimel, Paige Martin, George Wallace and Beth Speirs for
their assistance in the field.
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Emperor penguin foraging behavior in
the western Ross Sea, 1992

GERALD KooymAN, MARKUS HORNING, PAUL PONGANIS, TORY KoOYMAN, and CARSTEN KoOYMAN, Centerfor Marine
Biotechnology and Biomedicine, Scripps Institution of Oceanography, University of California at San Diego,

LaJolla, California 92093-0204
YVES CHEREL, Laboratoire dEtude des Regulations Physiologiques, Centre National de la Recherche Scientifique,

Strasbourg, France

M
ost of the emperor penguin colonies in the Ross Sea
were not discovered until the 1960s. Since that time,

they have been visited sporadically except for Cape Washing-
ton, which has been studied intensively by Gerald Kooyman
since 1986. In 1990, Gerald Kooyman and Paul Ponganis
stayed overnight at Cape Roget and for a week at Coulman
Island. These preliminary visits provided the needed informa-
tion about the sites to begin a program of study at these
colonies that is similar to the research at Cape Washington.
The goal was to study foraging behavior simultaneously at
these three major colonies and to obtain some related infor-
mation about Cape Crozier. Because of logistic limitations,
studies were done only at Cape Washington and Coulman
Island. This was the first time an extended stay was made at
Coulman Island, and it was observed that weather there
severely limits outdoor activity. Weather at both Coulman
Island and Cape Washington was recorded every 10 minutes
with a semiautomatic weather station.

The objectives were to compare the foraging traits
between the two colonies, to determine the distribution of
foraging birds from four colonies (Cape Washington, Coul-
man Island, Cape Roget, and Cape Crozier) in the Ross Sea,
and to census all colonies. Weather and flight scheduling pre-
vented overflights of Beaufort and Franklin Islands. Otherwise
all tasks were completed.

Foraging and distribution data were obtained with time-
depth and satellite transmitters attached to the birds.
Detailed analyses of the data are not complete, but some of
the salient features are as follows:
• General foraging patterns of birds from Cape Washington

and Coulman Island are similar.
• Foraging trips last about 7 to 15 days.
• Diving depths ranged broadly from near the surface to 500

meters (m). All birds engaged in several deep diving bouts
in excess of 400 m during the foraging trip.

• The Coulman Island birds appeared to make more deep
dives.

• Maximum distance traveled from the four colonies was

about the same and averaged about 200 km.
• The foraging areas for all colonies were distinct, except

Cape Roget and Coulman Island, which overlapped (see
Ancel et al. 1992 for Cape Washington).

• Census of the chicks indicated a very successful year with
little early-season chick mortality. The Cape Roget popula-
tion was constant from the 1990 count, but both Cape
Washington and Coulman Island continue to increase
(Kooyman and Mullins 1990). There were nearly 35,000
chicks fledging from Coulman Island, and at Cape Wash-
ington, there were over 26,000.

• Additional observations at Cape Washington were made
on leopard seal predation, killer whale behavior, and, for
the first time, the extended presence of bottlenose whales.
Ice-edge behavior of penguins at Coulman Island was also
occasionally noted when weather permitted.

This work was supported by a Creative Scientist exten-
sion award to Gerald Kooyman from the National Science
Foundation OPP 87-15863. We are especially grateful to Neil
Swanberg, Dave Bresnahan, and Rick Campbell who helped
to make this complex air support program work in the face of
some serious and unplanned scheduling limits. As in the past,
the Italian Antarctic program provided us with some reassur-
ing communications back-up. The Antarctic Support Associ-
ates staff, led by Steve Kottmeier, Kristen Larsen, Jill
Vereyken, and Kirk Kiyota were of great help in support of the
field camps, the Cape Crozier traverses, and the McMurdo
ice-edge studies.
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Reproductive effort and foraging energetics in Ad6lie penguins
DONALD N. JANES, VAUGHAN H. SHOEMAKER, MARK A. CHAPPELL, and COREY J. PETERSON, Biology Department,

University of California, Riverside, California 92521

W

continued our studies of the physiology and behavior

of Ad6lie penguins (Pygoscelis adeliae) at a rookery near

Palmer Station, Antarctica. Our project concerns reproductive

effort in males and females in a species with a monogamous

breeding system and extensive parental care by both sexes.

This season we concentrated on studies of energetics and

osmoregulation in Addlie penguin chicks.

Addlie penguin chicks are fed regurgitated food from the

parents within several hours after hatching. Addlies eat

almost exclusively antarctic krill (Euphausia superba), so this

is what is fed to the chicks (Volkman, Presler, and Trivelpiece

1980). All marine invertebrates, including krill, have high elec-

trolyte concentrations in their extracellular body fluids

(Schmidt-Nielsen, Jorgensen, and Osaki 1958). We are inter-

ested in how small, altricial chicks handle such apparently

high salt loads and how their salt-handling changes as they

develop. When measuring reproductive effort, it is also inter-

esting to know how much food energy is delivered to the

chicks and how the chicks allocate that energy.

In our study, we are using a combination of field and lab-

oratory techniques to measure input and output of energy,

salts, and water in Addlie penguin chicks. To measure input,

we used isotopic measurements of field metabolic rate and

water turnover. We also measured the energy, salt, and water

contents of the regurgitated food. Using these measurements,

we can calculate the total input rates of energy, salt, and

water into chicks of different sizes. To measure output, we

collected urine, feces, and salt-gland secretion samples in the

field and measured the caloric content, the salt content, and

the water content of each sample. We also brought chicks into

the laboratory, where we either administered an oral salt load

or fed the chicks for several days. During these experiments,

we collected and weighed all excreta. Thus, we intend to con-

struct total budgets for energy, salt, and water for chicks and

to calculate how these budgets change as chicks grow to

fledgling size.

Our field team arrived at Palmer Station on 9 December

1992. We counted 2,400 breeding pairs in our study colonies.

This is about 400 fewer breeding pairs than during the previ-

ous 2 years. Approximately 100 birds banded previously

returned this year to breed. We banded an additional 65

adults, most of which were unbanded mates of previously

banded birds. There was only one hatched chick in our

colonies on 9 December 1992, and we consider that to be the

date of first hatching. To establish a population of known age

chicks to study, we recorded hatch dates for all chicks of

banded birds. We collected regurgitated food samples and

excreta samples from these chicks during the entire breeding

season. We also marked a group of 25 chicks and measured

their growth periodically until fledging.

We have discovered a positive relationship between urine

solute concentration and chick mass (figure 1). Further, the

smaller chicks excrete less of a salt load via the salt glands

than the larger chicks (figure 2). In both large and small

chicks, however, more of a salt load is excreted via the urine

than via the salt glands. These differences may reflect differ-

ences in diets of small vs. large chicks. Regurgitated food con-

tained equal concentrations of sodium (Na) [129 micromoles
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Figure 1. Relationship between total urine solute concentration (in

milliosmoles per kilogram) and body mass in Ad6lie penguin chicks

at Palmer Station, Antarctica. Urine was collected from chicks in the

field, and osmolality was measured on a Wescor Vapor Pressure

Osmometer (Wescor, Inc., Logan, Utah). Each point represents

urine collected from a different individual.

Figure 2. Relationship between the rate of sodium excretion and

body mass in Ad6lie penguin chicks at Palmer Station, Antarctica.

The top line represents sodium excretion via the kidneys, and the

slope is not significantly different from zero. The bottom line repre-

sents sodium excretion via the salt glands, and the slope is signifi-

cantly different from zero (r=0.41, P<0.05).
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of Na per milliliter ([tmol Na/mL) free water in food], regard-

less of the size of the chick, but the food—water content and

isotopically measured mass-specific water intake rate are sig-

nificantly higher in small chicks than in large chicks (figure 3).

Although, based solely on our data from this study, we cannot

rule out physiological changes that may occur as chicks devel-

op, we hypothesize that the relatively lower water intake of

large chicks creates a higher demand for use of the salt glands

to excrete a salt load. The salt glands can excrete large

amounts of salt with very little concomitant water loss. Small

chicks are less water limited and use their kidneys to excrete

more of the salt load than do larger chicks.

This research was supported primarily by National Sci-

ence Foundation grant OPP 89-17066. We are very grateful to

the Palmer Station staff for their invaluable assistance at vari-

ous stages of our work. We especially thank Mark Melcon and

Jim Close, who often worked long hours to meet our con-

struction and boating needs.
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Continuin r studies of the dem raphy and
Iforaging betavior of the Pygoslcoefi^ penguins

D.F. MCCORMICK, S.D. EMSLIE, N.J. KARNovsKy, L.W. KEITH, S.G. TRIVELPIECE, and W.Z. TRIVELPIECE,

Department ofBiology, Montana State University, Bozeman, Montana 59717

W

e were at Copacabana Field Station, Admiralty Bay,

King George Island, from mid-October 1992 to the end

of February 1993. The bay and surrounding waters were ice

free upon our arrival and had been for most of the winter (XVI

Polish Expedition members personal communication). Polish

scientists at nearby Arctowski Station reported that the winter

had been mild and that most of the snow and ice in evidence

at the time of our arrival was from recent storms.

Our research consisted of three interrelated projects: the

continuation of the previous years' demographic study on the

Ad6lie, gentoo, and chinstrap penguin populations; a study of

Addlie foraging behavior; and a study examining penguin

band loss using implanted transponders. Ad6lies reoccupied

their colonies in early October and began laying eggs shortly

after our arrival. A severe snow storm in late October deposit-

ed several feet of heavy snow on the nesting Ad6lies, resulting

in large egg losses throughout the rookery. Gentoos and chin-

straps, which began egg laying in mid to late November, were

unaffected by the storm.

The demographic study followed the methodology of

previous years. A random sample of 200 breeders of each
species, as well as all known-age birds, were followed

throughout the reproductive season. Ad6lies fledged less than

one chick per pair, about average for Ad6lies; however, gen-

toos and chinstraps fledged well over one chick per pair.

These results suggest that food availability was high in the

1992-1993 season and that all three species would have had

high reproductive success if not for the adverse effect of envi-

ronmental factors on the Ad6lies.

The Ad6lie foraging behavior study involved epoxying

radio transmitters to the back feathers of 20 adults with

chicks. The transmitters were left on for 4 weeks, from mid-

December 1992 to mid-January 1993. A data logger, hooked
up to a receiver, automatically recorded the times on land
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(signal present) and at sea (signal absent). The data collected
are under analysis and will be compared with previous years'
foraging trip durations. The amounts of food brought back to
feed the chicks averaged over 600 grams per trip by adults,
which is comparable to food load sizes delivered to chicks in
previous seasons.

A study on band loss was begun with Ad6lies and gen-
toos. Transponder implants were injected under the skin of
the penguins, enabling us, with the aid of a hand-held scan-
ner, to identify individual birds without bands. Three differ-
ent groups of Ad6lie males were set up: banded only, implant-
ed only, and banded and implanted. Since Ad6lie males are 99
percent nest-site faithful if they survive the winter (Trivel-
piece and Trivelpiece 1990), we will be able to determine next
season if band loss is significant and if bands contribute to
mortality. A small sample of gentoos was also implanted, in
hopes that we would get some idea on band loss and band-
induced mortality in the largest of the three species.

Reproductive success was below average for both the
brown and south polar skuas. There were many non-weather-
related losses of both eggs and chicks. This was probably due

to poor food availability in the study area, particularly a lack
of the antarctic silverfish in diet samples. This leads to
marauding by failed breeders and nonbreeders, resulting in
increased chick mortality among pairs that were successful.
The other flying birds breeding in the area seemed to have an
average summer.

As in past seasons, we were visited by a few nonresident
incidentals. Several macaroni penguins and arctic terns were
seen, and a black-necked swan was sighted in the bay in
December.

We thank the crew of the R/V Polar Duke and the U.S.
Antarctic Program for logistical support, and the members of
the XVI and XVII Polish Antarctic Expeditions for their hospi-
tality and assistance. This research was supported by National
Science Foundation grant OPP 91-21952.
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Splenic contraction, blood volume, and muscle
0 0saturation of free-diving Weddell seals

WILLIAm E. HURFORD, GREGORY P. GuYTON, WARREN A ZAPOL, ROBERT C. SCHNEIDER, KEVIN STANEK, and DAVID G.
ZAPOL, Department ofAnesthesia, Massachusetts General Hospital, Boston, Massachusetts 02114
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T
he Weddell seal (Leptonychotes weddellh) is capable of
dives of over I hour (h) to depths greater than 500 meters

(in). Common dives of up to 20 minutes (min) duration usual-
ly take place under aerobic conditions, suggesting that highly
refined strategies control the usual storage and utilization of
oxygen (Kooyman 1981). Because the seal's lungs collapse
during diving, oxygen storage during diving is limited to that
stored in the blood and myoglobin (Falke et al. 1985). We
sought to explore the behavior of these oxygen stores during
diving. Weddell seals increase their circulating hemoglobin
concentration by 60 percent during the first 10-12 min of a
dive Qvist et al. 1986). We hypothesized that the spleen of the
Weddell seal would contract, similar to the contraction
observed in exercising thoroughbreds (Persson et al. 1973),
and inject erythrocytes into the peripheral circulation during
diving. Because Weddell seals have a very large spleen,
approximately two-thirds of the seal's erythrocytes might be
sequestered in the spleen at rest (Qvist et al. 1986). To test this
hypothesis, splenic dimensions were measured by ultrasound
during recovery from diving and correlated with changes of
venous hemoglobin concentration and hematocrit.

Oxygen may also be stored as oxymyoglobin (Mb02) in
muscle and utilized during exercise. The evidence for this is
largely indirect. Arterial lactate concentrations remain low
during dives of less than 20 min duration in the Weddell seal
(Kooyman et al. 1980). It is possible that swimming muscles
remain sufficiently perfused to permit aerobic metabolism
during diving. It is also possible that the circulation to exercis-
ing muscle dilates periodically to allow resaturation of
oxymyoglobin stores (Elsner et al. 1985; Kooyman 1989). We
employed laser spectrophotometry in this study to measure
changes of Mb02 stored in the swimming muscle of unre-
strained diving seals. Rates of Mb02 utilization could then be
correlated with dive duration and swimming velocity. In addi-
tion, the pattern of perfusion (pulsatile vs. continuous) could
be ascertained.

During November and December 1992, five subadult
male Weddell seals [estimated body weight 365±50 kilograms
(kg), mean ± standard deviation (SD)l were captured near
Ross Island, Antarctica (77.8 0S 168'E), and sledged to a field
camp constructed for isolated hole diving (Kooyman et al.
1980; Qvist et al. 1986). Epidural venous sinus catheters were
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placed under general anesthesia. A near-infrared (NIR) spec-

trophotometer probe was applied to the surface of the latis-

simus dorsi muscle and connected to a custom microproces-

sor that logged time, depth, swimming velocity, and NIR mus-

cle absorbance at 750 nanometers (nm) and 810 nm. Initial

measurements of NIR muscle absorbance, hemoglobin con-

centration, hematocrit, and splenic dimensions were per-

formed while the seal was anesthetized. Plasma volume was

measured by the dilution of indocyanine green. Red cell mass

was estimated by the dilution of autologous erythrocytes

labeled with chromium- 5 1.

After full recovery from anesthesia, the seal was allowed

to dive freely from the hole within the fish hut. Blood samples

were withdrawn during recovery from the dives and during

rest periods. Data from the microprocessor were stored con-

tinually. Splenic size was measured at the surface with a real-

time 2.5- or 3.5-megahertz (MHz) mechanical- sector trans-

ducer and a portable ultrasound scanner (Ausonics, MI 1000,

Universal Medical Systems, Inc., Bedford Hills, NY). Stan-

dardized views were obtained along the left posterolateral

cephalo-caudal axis of each seal. Although these views did not

yield the maximum dimensions of the spleen, they permitted

rapid and reproducible imaging in the awake animal in the ice

hole. At the conclusion of each study, the seal was reanes-

thetized and the catheters and monitors removed. After

recovery, the seal was returned to its capture site and

released.

The size of the spleen was decreased to 65 percent of

resting values immediately after diving. During the first 2 min

of recovery, cephalo-caudal length was 23±2 centimeters (cm)

(71±2 percent of maximum resting values, P<0.05) and splenic

thickness was 8.1±0.5 cm (71±4 percent of maximum resting

values, P<0.05). Splenic size increased rapidly and exponen-

tially (t,/2 =6-9 min) during recovery (figure 1).

Hemoglobin concentration and hernatocrit were

increased 67 percent above baseline immediately upon sur-

facing. Hemoglobin concentration was increased from

17.5±5.3 grams per deciliter (g-dL- 1) (measured under anes-

thesia) to 21.9±3.7 g-dL- 1 (measured in the first 2 min of

recovery). Measured at the same times, the hematocrit was

increased from 44±12 percent to 55±8 percent. These values

decreased monoexponentially 
(t1/2 

=12-16 min) during recov-

ery (figure 2).

Compared to dives of less than 17 min, longer dives

demonstrated a greater degree of splenic contraction and a

larger increase of hemoglobin concentration and hernatocrit

during the first 2 min of recovery (P<0.05 for all comparisons).

The seal's total body blood volume was 67.0±3.1 liters (L);

total body red cell volume was 37.3±3.1 L with plasma volume

29.6±0.6 L. These values are equivalent to a calculated total

body hernatocrit (assuming no splenic sequestration) of 56±2

percent. This value is identical to the maximum hematocrit

measured immediately after surfacing. At rest, 23.2 L of ery-

throcytes were sequestered, the majority presumably in the

spleen.

Muscle oxygen saturation was successfully measured in

all five seals. (See figure 3.) Four of the five seals had a monot-

onic decline in muscle saturation beginning immediately

upon descent. For dives of less than 17 min and more than 17

min, the decrease of saturation was -7.33±4.37 percent per

minute and -2.93±1.95 percent per minute, respectively

(P=0.0001). The lowest Mb02 saturation measured during div-

ing was 8 percent. The fifth seal had a variable slope of desat-

uration during diving that correlated with relative muscle

blood volume. There was no correlation between the power

consumed by swimming and the desaturation rate. Two seals

(numbers 3 and 5) demonstrated occasional single partial

muscle Mb02 resaturations late in long dives, suggesting

transfer of oxygen from hemoglobin to myoglobin during div-

ing.

Splenic contraction appears to be an integral part of the

diving reflex in free-diving Weddell seals. As in other exercis-

Figure 1. Splenic thickness (expressed as a percentage of maximum

value for each seal) during recovery from diving. The line indicates

the regression for the pooled data:

[94.3-36.0e(-ti me/9- 5);r=0.83,t
i/̂  
=7 min].

Figure 2. Venous hematocrit changes (expressed as percentage of

maximum value for each seal) during recovery from diving. The line

indicates the regression for the pooled data:

[61.6+34.3e(-time/17.1 );r=0.78,t
l/
^ =12 min].
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Figure 3. Depth, muscle saturation, 810-nm swimming, and trans-
mission velocity (top to bottom of figure) for a 27-min dive by seal
number 2. Muscle oxygen saturation decreased monotonically dur-
ing the dive. The 810-nm transmission signal suggests early vaso-
constriction. This returned to baseline late in the dive and is fol-
lowed by hyperemia during recovery. Swimming velocity remained
relatively constant.

ing mammals, splenic contraction was associated with an
increased peripheral hemoglobin concentration and hemat-
ocrit. During recovery from free diving, splenic relaxation and
decreases of hemoglobin concentration and hematocrit pro-
ceeded monoexponentially.

In animals such as dogs, sheep, and thoroughbred race
horses, splenic contraction occurs during exercise and is
associated with a large increase of hematocrit (Barcroft and
Stevens 1927; Turner and Hodgetts 1959; Persson et al. 1973).
In these animals, the exercise-induced polycythernia. is great-
ly reduced by splenectomy. The role of splenic contraction
during diving is less clear. At the surface, acute polycythernia
may aid in the uptake of oxygen and unloading of carbon
dioxide when surface time is short. Splenic contraction at
depth would inject erythrocytes, possibly well oxygenated
and previously sequestered at ambient pressure, into the cen-
tral circulation. This would increase peripheral oxygen deliv-
ery and dilute nitrogen compressed into arterial blood during
diving descent. Upon surfacing, the increased hemoglobin
concentration could increase the ability to take up oxygen at
the surface during dives. The reduction of hernatocrit occur-
ring when surface time is prolonged, such as during sleep,

would reduce blood viscosity and ameliorate problems asso-
ciated with sustained polycythernia.

Oxymyoglobin stores were progressively decreased dur-
ing long dives. The low desaturation rates of long dives sug-
gest that anaerobic metabolism probably begins in portions
of swimming muscle early in the dive. The variable rate of
desaturation and the unusual changes of muscle blood vol-
ume in the fifth seal suggest heterogeneous diving strategies
may exist in free-diving seals.

The NIR spectrophotometer receives signal contributions
from both myoglobin and blood. The contribution of each of
these undoubtedly changes during diving and recovery. For
most of the dives we monitored, the muscle saturation curves
were qualitatively similar to those reported for arterial blood
desaturation during free diving (Qvist et al. 1986). Several
important differences between the muscle and arterial satura-
tion curves, however, are apparent. First, two seals (numbers
3 and 5) demonstrated small, but unmistakable, resaturations
at depth. These resaturations would be apparent only if the
NIR probe was measuring myoglobin that, because of its
increased oxygen affinity as compared to hemoglobin, may
resaturate at depth if muscle perfusion is increased. In addi-
tion, the initial slope of muscle resaturation was increased in
long dives, compared with shorter dives. If the probe was
measuring only arterial saturation, then resaturation would
be limited only by oxygen uptake in the lungs. The rate of
arterial resaturation, however, is identical for long and short
dives, as was demonstrated for the partial pressure of oxygen
(P02) in arterial blood by Qvist et al. (1986).

Interestingly, any role of myoglobin as an oxygen store
during diving appears to be very limited. During short dives,
the muscle typically desaturated by only 50-70 percent.
Under these conditions, myoglobin stores could account for
only 1 to 2 min of aerobic metabolism in active swimming
muscle. The seal's large myoglobin stores might also act as a
buffer for intracellular acid (Castellini and Somero 1981)
and/or facilitate diffusion of oxygen into swimming muscle
under steady-state conditions of low arterial P02 (Wittenberg,
Wittenberg, and Caldwell 1975).

These studies were funded by National Science Founda-
tion grant OPP 91-18192. They were performed under U.S.
National Marine Fisheries Service Marine Mammal permit
number 600 and approved by the Massachusetts General
Hospital Subcommittee on Animal Studies.
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Physiological and behavioral ecoloffv of juvenile Weddell seals
4ZP Or

J. WARD TESTA, MICHAEL A. CASTELLINI, and LORRIE D. REA, Institute ofMarine Science,
University ofAlaska, Fairbanks, Alaska 99775-1080

T
he long-term emphasis of this project has been the under-
standing of mechanisms and causes of population change

in seals and other large mammals. In recent years, the fate of
juvenile animals has surfaced as a key factor to be understood
in relation to declining pinniped populations in the Northern
Hemisphere. This project attempts to integrate information
on the physiological and behavioral development of juvenile
Weddell seals in relation to their ecology and survival. It was
motivated, in part, by the need for comparative studies to
similar work being conducted by our laboratories on North-
ern Hemisphere pinnipeds that are showing significant popu-
lation declines.

In 1992, we continued population studies of Weddell
seals in Erebus Bay and McMurdo Sound (77 045'S 166030'E).
The adult population was estimated at 258 [standard error
(SE)=171 males and 595 (SE=8) females, a population that was
somewhat smaller than in the previous two seasons (Matsuki
and Testa 1991; Schreer and Testa 1992). Such changes can
result from interannual variation in population size or sighta-
bility in a given year (Testa and Siniff 1987). Pup production,
however, was only 349 pups, compared to the range of
390-440 over the last 10 years. Pup mortality was also higher
(9 percent) than normal (5 percent; Thomas and DeMaster
1983). This decline in reproduction continues to follow a pat-
tern of lower reproduction during El Nifio—Southern Oscilla-
tion (ENSO) events reported by Testa et al. (1991). Necropsies
were performed and assessment of the causes of pup mortali-
ty will be reported elsewhere.

Our work on Weddell seal physiology was divided into
two major sections: development of diving physiology and
nutritional physiology. In both cases, we took measurements
from over 20 pups from soon after birth in October until the
pups dispersed in February. We investigated several compo-
nents of the development of diving physiology, including
changes in oxygen-carrying capacity in the blood as moni-
tored by the relative number of red blood cells [hematocrit

(Hct)] and the concentration of hemoglobin (Hb) in whole
blood. We found that Weddell pups followed normal patterns
of mammalian development: they had high Hct immediately
after birth, a period of decline for several weeks, and then a
slow increase up to juvenile levels. This pattern is unlike that
seen in another excellent pinniped diver, the elephant seal
(Mirounga angustirostris), whose Hct levels are high immedi-
ately after birth and then continue to increase without a peri-
od of postnatal decline (Castellini, Castellini, and Kretzmann
1990). We are testing whether the pattern of Hct and Hb
changes correlates with changes in diving and breath-hold
activity. We also began work on development of apnea pat-
terns and heart-rate changes that occur during development,
but most of that work will be conducted during the
1993-1994 season. Finally, we conducted a series of experi-
ments looking at development of pressure tolerance in blood
cells. These tests examined the metabolic rate of red blood
cells under pressures simulating deep dives. Weddell seal
cells showed small changes with pressure, and these tests are
now being conducted on terrestrial mammals for compar-
isons.

Nutritional studies were conducted on many of the same
pups to determine when Weddell seal pups become nutri-
tionally independent from their mothers. There were four
major objectives. First, we monitored the growth of pups
(length, girth, weight) to follow changes in body condition
during the nursing period and afterward. We are conducting
identical work on other pinniped species to look at compara-
tive patterns. Second, we followed the hydration state of the
animals to check for alterations in body water that may occur
at the point of weaning. Third, we used a series of blood
chemistries that react to feeding and fasting states to test for
nutritional status. All of these tests have been utilized by our
laboratory on other pinnipeds and usually indicate whether
animals are fed, fasting, or starving (Castellini and Rea 1992).
Preliminary results suggest that Weddell seal pups undergo
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several days of fasting after they are weaned. Finally, we fol-
lowed general veterinary blood examination procedures on all
seal pups to look for obvious changes in blood condition that
might indicate stress, disease, or metabolic alterations that
occurred either over time or in various groups of seals.

Time-depth recorders (TDRs) and satellite -linked TDRs
(SLTDRs) were employed to study the diving behavior of both
pups and yearlings in McMurdo Sound. Preliminary results
indicate that pup diving capabilities developed rapidly after
weaning at 6 weeks of age, and within a few weeks, pups were
capable of reaching the same depths as yearlings. Overwinter
movements and diving behavior of pups have been moni-
tored since January 1993 through the Argos data-collection
and location system.

We thank Amal Ajmi, John Blake, Stephen Lewis, and
Brad Scotton for field assistance from 5 October to 20 Decem-
ber 1992, and Brian Fadely and Kate Wynne for their assis-
tance from 1 January to 12 February 1993. This work was sup-
ported by National Science Foundation grant OPP 91-19885.
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Research on antarctic coastal ecosystem rates
(RACER) program

.0.

RACER: Data reports
ANTHONY F. Amos, University of Texas atAustin, Marine Science Institute, PortAransas, Texas 78373

r]ro
hfe austral winter of 1992 saw the fourth and final field season

the RACER (research on antarctic coastal ecosystem rates)
program (Huntley et al. 1990). The RACER program study area
was primarily the Gerlache Strait with some stations in the Brans-
field Strait to the north and the Grandidier Channel to Marguerite
Bay in the south. The table shows the details of each of the cruis-
es. This article describes the availability of standard physical,
chemical, and biological oceanographic station data as well as
surface data (including meteorological parameters) when the
ship was underway. The data reports are intended to disseminate
the conventional oceanographic information. The considerable
body of more specialized biological and experimental data is not
included and is published by the individual investigators else-
where. Data reports will be available for RACER 11 through IV by
the time this appears in press (Amos et al. in press a,b,c).

RACER cruises

	

I	PD 86-08/11	12-86 to 04-87	216

	

if	PD 89-08/09	10-89 to 12-89	197

	

III	PD 91 -10	11 -91 to 01 -92	213

	

IV	NBP 92-04	07-92 to 08-92	101

aPD denotes Polar Duke; NBP denotes Nathaniel B. Palmer
bCTD denotes conductivity-ternperature-depth.

Any bound paper document reporting on the huge quan-
tities of data collected electronically during a modern oceano-
graphic expedition presents a chaflenge—how to display the
data efficiently with minimal use of paper. Data will be avail-
able through the National Oceanographic Data Center in
standard format and on disk, but there is still utility in graphi-
cally presenting the data in hard copy.

The reports are in two parts. The first part presents the sta-
tion data. Station information appears on two facing pages per
cast. On the left (figure), information is presented graphically,
and the standard listings and bottle data are on the right side.
Vertical profiles of temperature, salinity, sigma-T, sound velocity,
oxygen, chlorophyfl-a, beam- attenuation coefficient, and down-
welling light (PAR) are on the top of the page. (The example

shown was a night station in winter when some of these parame-
ters were near zero.) Independently obtained values from rosette
bottle samples are plotted on the profiles. Beneath the profiles, a
group temperature/ salinity (T/S) diagram is on the left, with the
current station highlighted in bold and annotated for depth. To
the right, a station map is given with the particular station listed
identified with an arrow. Block B in the figure is the right-hand
page showing standard level and rosette bottle listings.

The underway data (figure, block Q comprise daily plots
of meteorological and sea surface data, station listings, and
cruise tracks. A single page is presented for each day. On the
left appear plots (5-minute interval) of wind vectors, air tem-
perature, relative humidity, barometric pressure, sea temper-
ature, air minus sea, salinity, chlorophyll-a, beam attenuation
coefficient, and solar radiation (PAR). To the right is a listing
of the day's station activity, below which is the cruise track for
that day. The reports will be produced in limited numbers.

The reports have a narrative introduction describing
methodology and a brief outline of each cruise. They may be
obtained by contacting me at the University of Texas Marine
Science Institute. Compressed station data on diskette is also
available upon request.

This work was supported by National Science Foundation
grant OPP 89-07287. Jian-Hwa Hu, Margaret Lavender, Tan
Teek Neng, Michel Panouse, Judy Roberson, Stan Jacobs, Andi
Wickham, and I constituted the various University of Texas
Marine Science Institute field parties aboard R/V Polar Duke
and R/V Nathaniel B. Palmer. We thank the officers and crews
of those vessels, the Antarctic Support Associates shipboard,
and Punta Arenas personnel for their invaluable assistance.

References
Amos, A.F., 0. Holm-Hansen, M. Huntley, and D. Karl. In press a.

RACER data reports: Volume 1, RACER 11, 1989 (Technical report
93-004). Austin: University of Texas Marine Science Institute.

Amos, A.F., 0. Holm-Hansen, M. Huntley, and D. Karl. In press b.
RACER data reports: Volume Z RACER 111, 1991-1992 (Technical
report 93-005). Austin: University of Texas Marine Science Institute.

Amos, A.F., 0. Holm-Hansen, M. Huntley, and D. Karl. In press c.
RACER data reports: Volume 3, RACER IV., 1992 (Technical report
93-006). Austin: University of Texas Marine Science Institute.

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),
126-128.

ANTARCTIC JOURNAL — REVIEW 1993
157



63 Dow	62 Dow	61 DIV
.0	33.5	34 0	34.5

Salinity 
(PSU)

630 45'S

6400'S

64 0 15'S

64 0 30'15

64 0 45'S

63 0 45'

64 0 O'S

64 0 15'

64 0 30-

64 0 45'

CRUISE TRACK - 08-10-1992
63 0 W	620W	 610w

E530 IN	520W	610w

	

A TWAPKab- (Q	$*-T	02 (MuND	Ruor"Cancem

	

Salinity (PSQ	SwAW Vol. On/sec)	Bwn Aftenuation	PAR M

Station RA4 A I - 1 2
Dde	Tkm I.Wholle Lon0bille DWh Air SST Salin Ith Barom Wopd

RT
", " " 1

-1&1"2 2209 .64.1928 -61.3113 371 .2.6 -1.17 34.286 ".2 980.7 2.0 , 78.7 STA
10077 18.1"2 2249 -64.1920 -61.3111 346 -2.6 .1.17 34.307 "A 980.9 5.4 82.6 kNO

T/S Diavam	RACER W/Gerlache Strait

Station PoWtkm

B	N. B. PAIAIER Cruise RACER IV - 92; Station RA4-A112

64 11.5" S 06118.677 W

Station Conme Dy-No-Year Tim Ompth Air M Sarom Innill Wind Im Fluor PM
mudw	a)	POR (0 (1) O41b) Spad Dir Trans	(V)	(a)

At 12 MM12 01-IS-1992 2209	371 -2.6 99.2 900.7 2.0	170 OMO 0.1014 0.230

MES! TEMP THETA SALIN $16-T SIGO SIGA SIGI S162 OXYG ANON DYMIT SVEL	FLUOR PAR

	

1 -1.628 -1.628 34.1262 27.466 17.486 MOW 32,270 36.	6.625 60.7 0.00 1440.5 0.87 0.435	1.61

	

I - 1.6N - 1 .624 34.1261 27 ' 486 Z7.485 29LB92 32^270 36.	6.429 60.7 0.24 1440.6 0.92 0.016	0.92
10 '1.668 -1.668 34,1239 27.494 27.494 29.892 32.271 36.	6.459 60.7 0.61 1440.5	0.75 0.010	0.32
is '1, 583 - 1 .593 34. 1264 27.464 27.484 29.890 32.268 36.	6,436 60.7 0.86 1441.0	0.72 0. DOB	0.18
20 -1.432 -1.432 34.1437 274941 27.494 29.8% 32,273 36.	6.332 59.6 1.21 1441.8 O.0 0.084	0.00
25 4.416 -1.417 34.1474 27.496 ZIA% 29.900 32.276 36.9	6.288 69.6 1.46 1441.9 0.57 0.0"	0.04
30 -1.360 -1.361 34. 

1 
519 27.496 27.4" 29.901 32.275 36.	6.382 69.3 1.82 1442.3 0.53 0.063	0.02

35 -1,374 -1.375 34.1501 Z7.4197 27.497 29,900 32.274 36.	6.320 59.4 2.10 1442.3	0.50 0.029	0.02
40	 27.50 21,.3 ..111 36.93 6. 188 S9	1 

0.' 0. '34 1 44 Z	 1 ':4	1 4'119	27.02 27.50 29,904 32.276 36.354 : 11:2	 6.11 11 2 73 '144421 0^1 0	1 .145 :
1
 91	01 14 1.6"'	2	 .0%	. 1

50	-1^ 230, 334^^1594,ZVSGZ 11.502 21,904 32.217 36.	6.252 58	
1	N14	01 646	. I

_ I	4 1616	
21 155 -	 V. 504 V.504 29.905 32.276 36..	1.2.6	3	44423:! 1 46 1: '	0 11

60 1 226	 27,507 27.507 29.908 32.279 36..	6,071 58 , 3 3.68 1443.6 
0 : , 00 - 1"	011165 1.181 -1,1	34.1734 27,610 27.510 29.910 32.261 35..	6.046 56.1 3.87 1443.8 1 46	.069	0.

70 - I . 103 - 1 .1	34. 1796 27,612 27.512 29.910 32.M 36.9	:.110 67.9 4.16 1444.2 0.46 0.001	0.01
75 - 1 .081 - 1.083 34. 1822 27.614 27.614 29, 

912 
32.281 36.	.056 57.7 4.45 1444.4 0.46 0.084	0.01

80 -0.9% -0.957 34,1958 27.6211 Z7.620 29.916 32,264 36,
	- 

020 57 1 4.74 1445.1	0.46 0.027	0.01
90 - 0 741 -0.7 34.2439 27.661 V.551 29.943 32.306 36.	N60 64:2 6.31 1446.3 0.46 

0 
.063	0 . at

0 -0	.814 34,2563 V .664 27.664 29 95	 936 52.9 5.85 1446.2 0.45 0 23	0.012 6 91 1	0	0:0
96 0	86	

1 * 

8% St.	
'	a". 

6	0"	0. 
0 
1

140 -0.749 
_

O 
. 
753 34,3123 27.604 27,606 29.	 5.814 48.0	7.93 1447.2	

1 
.44 

1. 
005	0 . .1

"' 3(33 3'

I 
32^3

10	"It :'	34,27 
27.581

120 -0 7	7"	 27.681 29 "41 

U

0,
160 -0.127 -0.732 34.3431 27.631 V. 630 3D. 13 3^. 11 3;1.0	6.717 46.5 8.91 1447.7 0.43 0.024	0.01
too * .111 -0.713,34 1	48 27.. 30.01 32.402 37.	5.612 44.8 9.81 14488 1 0 

43 
0: 

046	
0.01I , 34 L, IV : 461

200 0.660 -	
I 

V.60 30.051 32.414 37.	5.513 43.5 10, , 144 
^ 7 0^ 

43 
a 

092	0.01
225 0 .636 -1	1 43112	1 1.1 30.069 32.421 37.	5.405 42.7 11,q 

1.9 3	'-01

0	
:1

250	.626 -	
4, V :6.4 

V.694 30.074 22.436 37.07 5.3S7 41.2 12.	1441 1 1	0 077	0.01
275 

.0 

.631 -0.	1312 '
	- M 

32."1 37.0	5.246 0.6 13, ^ 1450.1 0.43 0,070	0.011
300 

.0 

.00 
-0 
W N4337 2;:112 V1 :'701 '300.092 32.464 37.	S.228 39.4 14. 1450.4 

0 
.43 

0 
.031	

0 
.0

325 

.0 

.697 -0. 
",1	

27.716 27.715 30.107 32,469 37.10 
1. 

205 39 :00 1.	141.7 1.* 0. 1	0.01
327 

.0 

.697 -0.70	V. 716 27,716 30.107 32.469 37.	230 36	16,	'450.7	
1 
.46 

0 
.013	

1 
.01

PDSETTE BOTTLE DATA

BDTLP DEPTH SALIN 02MI1113 02MM) S103 PO4 ND3+NO2 NO2 ATP Chl-m
01	002	34.134	6.994	11.77	83.93	2.31	32.05	0.24	17.8	0.061

	

63 4SS	02 111 34.158 7.006 312.73 MAI 2.30 31.84	045 17.1	0.067
03	010 34.174 6.911	308.53 93.62 2.27 31.23	0.25	15.7	0,058
04 020	34. 146 

6 
906 308.31	83.73	2.29 32.02	0.21	16.1	0.061

15 030 34.149 6 664 306.43 93.65 2.27 32. 17	
a ."	14 - '	'-069

	

64 DOS	06 050 34. 169 6 W 306-15 
93.70 2.28 32.27	0.11 16.4	0.047

07	060	34.175	6 843	305.47	83.72	2.29	32.52	0.17	18.5	---
08 070 34.196 6.768 302.14 03.88 2.32 32.44	0.16 13.8	0.036
09	090 34.224 6.699 299.07	$3.52 2.37	32.65	

0 
.07	13.0	---

0	091	34.234	6.773	302.36	82.89	2.33	32.13	0.05	11. 9
	

---

	

64 15'S	 11	10 
1	

34+277	6 ' 769 302.20 93.07	2,35 31.61	0.06	11.2	
0 

'025
12	111	34.319 6.933 

309-51	
93.16 2.20 31.%	0.25	15.9

13	121	34.307	736 300.69	. I 1	2.22	1 
1	0 

A4	
12 . 4

1 4 
1 1	:. '. 29,

	3 	34.314	.	.90	93.18	2.22	31.43	0.03	08.8	...

	

64 30S	 15 141 34.331 6.633 M .13 93.32 2.23 31.77	0.01 09.1	...
16	151	34.345	6.666	297.58	$3.36	2.21	32.11	0.01	09.8	---
17	160	34.355	

6 
.623	295.69	93+21	2.19	32.18	0.01	12.3	...

18	171	34.367	6.580	293.77	83+51	2.30	32.35	06.4	...

	

43'S	19	181	34.373 6.603	294.76 84.48 2.31	32.27	10.2	...
20	190	34.361	6.493	289.87	84.96	2.31	32.16	10.5	---
21	201	34.385	6.493	289.41	95.38	2.32	32.38	10.0	0.011

22	250	34.415	6.35	283.5	86.16	2.33	32.76	08.4	0.01

C
	

N.B. PALMER RACER IV UNDERWAY DATA; 08-10-1992

--0 --

	-X= Oct)	
0
	STATION ACTIVITIES THIS DAY;

to -	 100	
0
	

CTO CAM
TIME LATITUDE LONOITUDE EVENT-10 -	 -to
0154 64 34.58S 61 38.34W 1907-20 -	 -20

40	 0 [kt)	 40
	0751 54 11.67S 61 19.91W A201

101,4 64 11.55S 61 19.04W A202
32i"	 20

30
1106 64 Ii.98S 51 19.71W A203
15iB 64 11.85S 61 19.06W A204to
LIVE NETD

102:	
SM. PFIEBBLFIE WAS	

1021
	TINE LATITUDE LONGITUDE EVENT

lot : 
1	

1011

	0045 64 34.49S 61 38.117W 1-911
1154 64 11.39S 61 19.47W A201

1001 1

	
NOCNE341
TINE LATITUDE LONGITUDE EVENT

10i 

I	

PlEL- HUMIDITY W	 100
	0830 64 11.52S 51 20.04W A201

9 
3	

90
	

1307 :4 1:.46S 51 1:.04W A202
900	 a7O

0
	

1724	4 1 .09S 61 1 .44W A204
1953 0:4 08.47S 61 13.73W T10I

60	
so

50	 50
	

ANO41 FID M
TIME LATITLADE LONGITUDE EVO4T0

	

-5
	

1000 64 0:.22S :1 16.:7w SO43

3-W	
10	

1912 64 0 .15S	1 12. 3W E043,	

15
	

1948 64 07.61S 61 09.92W SO44
-2;	 -20

	
2014 64 07.395 61 06.78W E044

A	(cl	 8
I	 L 5

4
:3	 3
2

	

	 2
Twum IPA

D	 0
-!5	-5

-11	 to
-15
-20
	

-20

34.15
	

[not)	
34.5

34.1	 34.4
34. :

2	 34.2
3;	 34

33.8	 33.8

9 ,

5	
BEAM TRAN11,1110	 95

go
	 go

75	 887!51
GiD	 0

I	

. t-o/Cd	 1
.75	 .75
.5	 L 

5
.215	 .25
0	 0

1	 P.A.R	 1
.75
	

.7
.5

.25	 250

1	
119.11.110

.75
.5

.25
	

.25
0	

r-T-T-I=-	 0

0 0 0 0 0 0 1 0 0 0 . . .8 § N w & 9 0 .4 9 0 0 8 N w	m ^4 m 0 0	N w0 0 0 0 0 
0 

0 0 0 0 0 0 0 0 0 0 0 0 00	0 0	0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

A. Data report: Station graphical representations (see text for explanation). B. Data report: Station data listings (see text
for explanation). C. Data report: Daily data sheets (see text for explanation).

ANTARCTIC JOURNAL - REVIEW 1993

158



7' '71 ^v

RACER: Racer Rocks
ANTHONY F. Amos, University of Texas atAustin, Marine Science Institute, PortAransas, Texas 78373

Among the many islands in the Gerlache Strait are a group

I-1of rocky islets that have now been officially named Racer
Rocks. The following is the U.S. Board on Geographic Names

entry in their official listings.

Racer Rocks 64'04'S 61'36W

A small cluster of some 10 rocks in water, the largest rising to

ca. 17m., located in the Gerlache Strait and lying about I mi.

equidistant from Auguste 1. and Lobodon 1. Probably first seen

by the Belgae (1897-99) under Lt. A. de Gerlache during his

exp. here. The name derives from the placement of an auto-

matic weather station (AWS 9301) in Nov. 1989 by a research

team (A.F. Amos, leader), embarked from the R/V Polar Duke
representing the Univ. of Texas, Marine Science Institute.

Racer is an acronym for the NSF sponsored Research on

Antarctic Coastal Ecosystem and Rates program [Huntley et al.

19901. In this instance, conducting multi -disciplinary studies

on the physical and mass transport systems and its effect on

the biological productivity in the Gerlache Strait area.

Approved by US-ACAN in April 1992.

Racer Rocks is of interest to our project as a site for an

automatic weather station (Stearns and Weidner 1990), which

monitored the windfield in the Gerlache Strait to aid in our

understanding of the surface-water circulation (Amos 1990).

This paper serves to introduce Racer Rocks with a brief

overview of the physical, biological, and meteorological set-

ting. During the several visits made there by RACER

researchers since 1989, 1 have made an attempt to survey the

rocks. It has been by no means an exhaustive study because

the main project and difficult weather conditions precluded

doing a proper survey.

Physicalsetting

F

igure 1 shows Racer Rocks' location, rough outline, and a

profile sketch of the main islets. Table 1 gives a brief histo-

ry. Racer Rocks is part of the Antarctic Peninsula Volcanic

Group complex of basalts and andesites (Bell 1984). As far as

we know, the rocks had not been visited prior to our landing

in October 1989. The position of the AWS on the summit of

Racer Rocks is 64 004.019'S 061 036.668'W with an error of ±33

meters (m). Figure 1B shows the rough island outlines

obtained by radar surveys from R/V Polar Duke with details
filled in by visual observation. The size is probably exaggerat-

ed by the inaccuracies of the radar method, and the location

of Lobodon and Auguste islands relative to Racer Rocks may

be distorted. The largest island is the site of the AWS and has

an altitude of 17 m. We do not know exactly how many rocks

make up the complex because some are barely awash and

snow bridges may join one or more islets. The count is some-

where between 20 and 24 separate rocks. They are not perma-

nently glaciated although pockets of ice and snow remain

year-round. Figure 1C is my sketch of the islands' profiles

made in November, looking to the southwest. A natural

"lagoon" fringed by submerged rocks forms a sheltered

entrance to the landing site. Landing must be made by small

boat, and the research vessel must anchor some 1,000 m off to

the east. Both the anchorage and landing must be made with

care because several shoals surround Racer Rocks. The lagoon

is often filled with icebergs making landing impossible. In

winter, shifting sea ice can also prevent small-boat usage.

Biological setting

S

outhern black-backed gulls (Larus dorninicanus) nest on

the "summit" of the largest islet. There were about 12

active nests in December 1991 and numerous deep limpet

middens indicated that this has been a long- established nest-

ing site. Antarctic terns (Sterna antarctica) were observed

performing nuptial rituals and may also nest there. A large

flight (250+) of antarctic shags (Phalacrocorax bransfieldensis)

Table 1. History ofRacer Rocks

09 Oct 1989	PD 89-08	Zodiac exploration
Lobodon/Auguste group

28 Oct 1989	PD 89-08	First landing on Racer Rocks.
Selected site for AWS on
largest of the islets.

01 Nov 1989	PD 89-09	Attempt landing with

equipment. Icebergs blocked
the way.

05 Nov 1989	PD 89-09	Staged equipment on island for
early morning installation.

06 Nov 1989	PD 89-09	Erected AWS. Fix on summit
from ship's Magnavox was
64004.021'S 061036.254'W

26 Nov 1989	PD 89-09	Inspection of AWS.
08 Nov 1989	PD 89-09	Radar and visual survey of

Racer Rocks. Abandoned
when Polar Duke drifted over
shoal water.

08 Dec 1991	PD 91 -10	Removed faulty control box and
installed new one. Had to
remove humidity sensor.

19 Jul 1992	NBP 92-04	Inspection of AWS. Global
positioning system (GPS) fix
(Trimble Transpac 11),
64004.01TS 061036.716'W.

11 Aug 1992	NBP 92-04 Attempt to remove faulty
anemometer. Failed, weather
turned bad.

12 Aug 1992	NBP 92-04 Removed anemometer. Had no
replacement. GPS fixed
64004.001'S 061036.699-W,
64004.018'S 061036.664'W

13 Nov 1992	PD 92-09	Landing attempt abandoned.
19 Nov 1992	PD 92-09	Replaced anemometer with one

donated by Rothera. Trimble
GPS fixes, 64*04.020'S
061 036.630'W, 64004.035'S
061036.635'W.

aPD denotes Polar Duke; NBP denotes Nathaniel B. Palmer.
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Figure 1. Location and profile of Racer Rocks. A. Gerlache Strait and principal islands. B. Racer Rocks and Auguste and Lobodon islands. The

symbol points to the location of the AWS on Racer Rocks. C. Sketch of Racer Rocks' profiles made in November 1989.
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Figure 2. Wind rose from AWS on Racer Rocks. Data from November
1989 through December 1990. The open circle at the center shows
the magnitude and direction of the resultant mean annual wind
vector. Lines point in the direction to which the wind is blowing.

Table 2. Racer Rocks clintate data

Air temperature (O C)	+5.9	-16.3	-2.14
Relative humidity (%)	100	31	79.8
Wind speed (in meters

persecond)	 26.0	0	5.5
Barometer (in millibars) 1,029.6	963.8	992.6

was observed in November 1989 and a like number in
November 1992. They may have a colony on adjacent
Lobodon Island. Stray individual gentoo, chinstrap, and
Ad6lie penguins were observed on the rocks, but no rookeries
were found. Crabeater seals haul out on the snow-covered
slopes of Racer Rocks. There are no grasses, but lichens are
common on the upper crags. In midwinter, under a thick
cover of snow, colonies of several species of mites were
observed in association with the lichens.

When the AWS was first installed, several L. dominicanus
were grouped on the completely snow-covered summit. We
were concerned about disturbance to the gulls by the installa-
tion of the AWS. At the time, we did not know the birds were
nesting in the immediate area. All equipment was hauled to
the site by sled. Guy wires were secured by expansion bolts

anchored to the rock; a generator- powered drill was used to
make the holes. Gulls apparently do not roost on the AWS
structure or guy-wires. By late November 1989, the birds were
incubating eggs. To minimize disturbance, our visits have
been limited to an hour or two. After observing disturbance
when several people visited in late November, we have
restricted personnel to the minimum necessary to do any
required AWS maintenance during the nesting season. A visit
in late November 1992 showed that the same nests were
active as in 1989.

The climate

W
e selected Racer Rocks as an AWS site because of its
location near the center of the RACER project's station

grid. A potential problem was the proximity of the twin 700-m
peaks of Two Hummock Island, which may shield Racer
Rocks from recording the open Gerlache Strait windfield. Fig-
ure 2 shows hourly wind vectors for a period of 13 months.
There seems to be no seasonal directional bias, the 1-year
pattern looks similar to any 3-month pattern. Winds rotate
through the compass, reflecting the frequent passage of low-
pressure systems approaching from the west. The lack of
winds in the east-northeast and west-northwest quadrants
may be due to the location of the paths of most cyclones rela-
tive to the station. The resultant velocity of 1.8 in per second
toward 245 is in the opposite sense to the general water circu-
lation in the Gerlache.

Table 2 shows the yearly extremes and means for AWS
8930 on Racer Rocks. Humidity and barometer are from
incomplete records.

Several people from the RACER group, Antarctic Support
Associates, and Edgeton, Germerhausen, and Grier support
personnel helped install and service the AWS on Racer Rocks
on various occasions. Among these were Andy Brittain, Dale
Hebel, Stan Jacobs, Cole Mather, Skip Owen, Bruce Polking-
horn, Judy Roberson, Tony Schanzle, Karen Schmidt, Rory
Smythe, and Andi Wickham. Thanks are due to the officers
and crews of the R/V Polar Duke and R/V Nathaniel B. Palmer
and to Chuck Stearns. This work was supported by National
Science Foundation grant OPP 89-07287.
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RACER: The tides at Palmer Station
ANTHoNy F. Amos, University of Texas atAustin, Marine Science Institute, PortAransas, Texas 78373

n a review of antarctic tidal measurements, Lutieharms and
Stavropoulos (1985) state that "Of all the regions in the

world ocean, the Antarctic continent is particularly poorly
served." Although more tidal data have been obtained in the
decade since the data they reviewed were collected, a scan of
papers in the annual review issue of the Antarctic Journal of
the U.S., volumes I through 26, reveals very few with the word
"tide" in the title. At Palmer Station, sporadic efforts have
been made over the years to measure tides, but there has
been no permanent tide-station established. The utility of
having a tide gauge at the station and ultimately a model for
tide prediction is considerable. Operationally, there is a need
to navigate and dock ships safely in the harbor. Any operation
such as the possible salvage of the sunken Bahia Paraiso
would require detailed knowledge of the tidal cycle. Scientifi-
cally, the results of the tidal measurements and predictions
are many. For example, Peterson (1988) used one of the
longest records of sea-level elevation (recorded at Faraday
Station) to find coherence with a multiyear time-series of
ocean-bottom pressures in the Drake Passage. The 18.6-year
nodal period, governed by the cycle of the Moon's declina-
tion, has been shown to affect oceanic processes at high lati-
tudes (Royer 1993). Such lengthy records are important too in
providing data for the long-term ecological research (LTER)
program. Continuous records of barometric pressure are now
being acquired with an antarctic weather system installed at
Bonaparte Point opposite Palmer Station. Work is in progress
to make accurate sea-level measurements at an Argentine sta-
tion on the Palmer Peninsula in a joint U.S. National Oceanic
and Atmospheric Administration-Argentine project (anony-
mous 1993).

In January 1992, an ENDECO model 1029 water-level
recorder was installed at the dock at Palmer Station. The goal
of the project was to obtain tide data during the research on
antarctic coastal ecosystem rates (RACER) and Antarctic
Marine Living Resources (AMLR) projects (Amos, Jacobs, and
Hu 1990; Amos and Lavender 1991). The pressure gauge is
located at a mean depth of 3.275 meters (m) in a heavy-walled
steel pipe welded to the dock bulkhead, and the recording
module is mounted directly above it. The pipe acts as a still-
ing well. Differential pressure and sea temperature are
recorded on a digital data cartridge at 10-minute intervals. At
monthly intervals, the cartridges are removed and read on-
station using the personal computer reader/ interface. The
raw data record is "zipped" (compressed), encoded, and
transmitted via e-mail to the University of Texas Marine Sci-
ence Institute.

The following discussion is based on a preliminary analy-
sis of data acquired from January 1992 through May 1993.
There have been some notable gaps, primarily due to battery
failure. These problems seem now to have been resolved. The

PXX - X Power Spectral Density

0.1	 0.15	 0.2

Frequency

Figure 1. Power spectrum of water levels from a nearly complete
year-long record of tides at Palmer Station. The frequency scale is in
cycles per hour.

mean annual tidal range between a successive high and the
subsequent low is 65 centimeters (cm) with a maximum of
1.65 m. The daily range would be closer to I m if the semidiur-
nal tide were ignored. The maximum excursion from the
extreme high to the extreme low of the year was 2.19 m. A pre-
liminary spectral analysis (figure 1) shows that the principal
tide is the diurnal K, with the lunar constituent 0 1 nearly as
prominent. Of the semidiurnal tides, K2 is the most promi-
nent, closely followed by the principal lunar tide M2. Thus,
variations in the Moon's and Sun's declinations appear to be
a major contributor to water-level fluctuations at Palmer Sta-
tion. The combination of these with the lunar tides produces
a mixed tide. There are intervals of several days when only
diurnal tides occur and other times when the semidiurnal
tides nearly predominate.

Figure 2 shows the February and June tides. Contrast the
first week and last week in February 1993 (figure 2A). In June
1992 (figure 2B), the tides are diurnal throughout most of the
month. In figure 2, sea temperature is also plotted. Note that
in February there is evidence of a diurnal signal, probably due
to solar warming. There is also evidence of tidal advection of
cold water into Arthur Harbor around 19-21 February. There
is little evidence of diurnal fluctuations in June with a mean
temperature of -1.8'C. A preliminary spectral analysis of the
year-long temperature field yields a peak at 23.98 hours.

Another aim of this program is to predict the tides at
Palmer Station. Given at least a year-long record of uninter-
rupted measurements of water level, a tidal prediction model
can be constructed. The process requires computation of the
phase angles and amplitudes of the tidal harmonic con-
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Figure 2. Water levels and sea temperatures measured at Palmer Station. A. February 1993. B. June 1992.

stituents. To include all 37 harmonic constituents that can be	water levels shown in the figure are observed from the tide
input to the program, more than a year of data is required.	gauge data rather than predicted and are presented here as an
Nonetheless, the diurnal, semidiurnal, and higher frequency	example of the future product).
components can be predicted from a 365-day record. The	This was an unsupported "project of opportunity" done
incomplete record I've obtained so far shows a semiannual	while I was visiting Palmer Station during the RACER cruises.
signal that may be related to astronomical, meteorological, or	I thank the University of Texas Marine Science Institute for
thermosaline cycles.	 the permission to use the tide gauge and data- acquisition

Once these computations have been made, the tides can	equipment. I am most grateful to the Antarctic Support Asso-
be predicted for any future period with some degree of confi-	ciates personnel at Palmer who installed the gauge and who
dence. Monthly water-level predictions will be produced in	download the data regularly, in particular, Ritchie Skone, Al
calendar form, an example of which is given in figure 3 (the	Oxton, Jim Meiss, and Jim Binford.
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Figure 3. Water levels at Palmer Station illustrated in the form that the predictive diagrams will be presented
(but using actual data). A. January 1993. B. June 1992. Shading shows the duration of darkness. The zero line
is the mean sea level calculated from a nearly complete, year-long data set.
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RACER: Methane enrichments in
Port Foster, Deception Island

B.D. TILBROOK, Commonwealth Scientific and Industrial Research Organization, Division of Oceanography, Hobart,
Tasmania, 7001 Australia

D.M. KARL, School of Ocean and Earth Science and Technology, University ofHawaii, Honolulu, Hawaii 96822

P
revious investigations in diverse habitats have shown that
the surface waters of the world ocean are slightly super-

saturated with respect to atmospheric methane, and they are
a small source of methane to the atmosphere (Lamontagne et
al. 1973; Lamontagne, Swinnerton, and Linnenbom 1974;
Scranton and Brewer 1977; Ward et al. 1987; Conrad and Seil-
er 1988). The magnitude of the global ocean source is uncer-
tain, however, because of sparse data coverage and a general
lack of understanding of the processes that regulate oceanic
methane distributions. This is especially true for coastal
regions where methane supersaturations tend to be the great-
est and most variable (Scranton and Farrington 1977; Brooks
1979; Ward et al. 1989).

Methane data are particularly sparse in the southern
oceans, even though the region covers about 10 percent of the
surface area of the world's oceans. A few dissolved methane
measurements made in the vicinity of the Ross Sea indicate
that during the early austral summer, surface waters vary
from saturated to slightly undersaturated, whereas closer to
shore the concentrations increase above saturation (Williams
and Bainbridge 1973; Lamontagne et al. 1974). The undersat-
urations are a particularly unusual feature of the surface
ocean and indicate that part of the southern oceans may
actually be a net sink for atmospheric methane.

During the resea.-ch on antarctic coastal ecosystem rates
(RACER) program, methane distributions in antarctic coastal
waters of the Bransfield Strait, the Gerlache Strait, and in the
southern oceans waters of the Drake Passage were examined.
The objectives of the study were to identify the factors con-
trolling methane distributions in antarctic shelf and open
ocean environments and to evaluate the contribution these
regions make to the sea-air flux of methane. As one small
component of this larger study, we also occupied a single
hydrostation in Port Foster, Deception Island (figure 1). In
this report, we present the water-column methane distribu-
tion from this unique, partially submerged volcanic caldera
and compare these values with samples collected in sur-
rounding surface waters.

Dissolved methane samples were collected using 10-liter
polyvinyl chloride Niskin bottles mounted on a General
Oceanics rosette fitted with a SeaBird conductivity- tempera -
ture-depth device (Mitchell and Holm-Hansen 1991). The
water samples were transferred into 260-milliliter (mL)
borosilicate glass bottles, poisoned with I mL of a saturated
solution of mercuric chloride and sealed with ground-glass
stoppers. All samples were returned to shore for analysis.
Methane was measured by gas chromatography using a gas-
stripping method (Tilbrook 1992). The solubility equations of

Weisenburg and Guinasso (1979) were used to calculate the
concentration of dissolved methane in equilibrium with the
atmosphere.

Saturation ratios (R) were calculated by dividing the mea-
sured concentration by the calculated atmospheric equilibri-
um concentration. Values of R less than 1.0 indicate undersat-
uration relative to the atmosphere, and values of R greater
than 1.0 indicate supersaturation.

60 d 40'	\,,_	 600 30'

6255'

,63000'

1	
5 km	

I 

t

Figure 1. Map of Deception Island showing the location of the Port
Foster hydrostation.

Methane concentrations in Port Foster were the highest
recorded in the entire RACER study area; they ranged
between 9.37 nanomolar (nM) at the surface to 22.45 nM at a
depth of 125 meters (m) (figure 2). The surface values exceed
the air-saturated equilibrium values by more than 300 per-
cent (11>3). By comparison, methane concentrations at the
nearby RACER station 48 in Bransfield Strait varied between
2.67 and 3.40 nM, which is at or slightly below the air-saturat-
ed methane concentration (table). Similarly, throughout the
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Figure 2. Vertical distribution of dissolved methane at a station in Port
Foster, Deception Island, sampled on 27 February 1987. The solid
line is the calculated atmospheric equilibrium methane concentration.

RACER study area, we never observed surface-water methane
supersaturation that approached those measured in Port Fos-
ter, and at selected stations methane was slightly undersatu-
rated (table). These data clearly identify Port Foster as a local
methane source in the RACER study area. In view of the
recent volcanic activity on the island (SEAN Bulletin 1989), a
hydrothermal source for the methane is possible, but bio-
genic methane formation cannot be ruled out. Distinguishing
between these sources generally requires information on the
isotopic composition of the methane (Whiticar, Faber, and
Schoell 1986), which is currently unavailable.

We thank the RACER program participants for their assis-
tance with sample collection. This research was supported by
National Science Foundation grant OPP 88-18899, awarded to
D. Karl. (SOEST contribution number 3347.)
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0	 0RACER: Nitrogen remineralization within antarctic sea ice
during the 1992 austral winter

J.E. DORE, T. HOULIHAN, and D.M. KARL, School of Ocean and Earth Science and Technology, University ofHawaii,
Honolulu, Hawaii 96822

A
arctic sea ice provides a number of habitats for thriving

Lcrobial communities. Such communities play impor-
tant roles in the overall ecology of the southern oceans
(Palmisano and Garrison 1993). Although a number of investi-
gations have been made of the sea-ice microbial communities
of the Weddell Sea (for example, Clarke and Ackley 1984; Gar-
rison and Buck 1989) and the McMurdo Sound and Ross Ice
Shelf regions (for example, Palmisano and Sullivan 1983;
Priscu et al. 1990), comparatively few data exist on the sea-ice
biota of the western Antarctic Peninsula, particularly during
the winter. Kottmeier and Sullivan (1987) made a preliminary
study on the primary production and bacterial production of
winter sea ice in this region. They describe active ice microal-
gal populations and significant bacterial production. Garrison
and Buck (1989) presented some additional information on
the flora and fauna of the sea ice in this area. Neither study
included measurements of ammonium distributions within
the ice nor an assessment of nitrogen remineralization (that
is, nitrification). Priscu et al. (1990) reported a single nitrifica-
tion rate measurement on a sample of pack ice from this
region.

During the final expedition of the research on antarctic
coastal ecosystem rates program (RACER IV, July and August
1992), several stations along the Antarctic Peninsula were
occupied in coastal waters completely covered by the winter
ice pack.

At three stations, ice cores [7.6 centimeters (cm) in diame-
ter] were obtained with a hand auger, cut into approximately
10-cm long sections, and returned to the R/V Nathaniel B.
Palmer for analyses. In addition, snow samples were collected
in polycarbonate tubes and under-ice sea-water samples were

taken both with a hand-operated vacuum pump and with
Niskin bottles lowered through a nearby bore hole. Deep
[more than 5 meters (m)] sea-water samples were collected
nearby with a conductivity- temperature- depth rosette system
after the ship had cleared a section of the ice. We describe here
data on ammonium distributions and microbial nitrification
rates within and below the ice at three of these stations.

Ammonium concentrations were measured by colorime-
try (Strickland and Parsons 1972) after complete thawing of
the core pieces at room temperature. Nitrification rates are
presented as the dark incorporation of carbon-14-labeled
bicarbonate with and without the addition of specific nitrifi-
cation inhibitors (modified from the method used by Priscu et
al. 1990). Briefly, water samples, or core samples diluted with
filtered sea water and slowly thawed at O'C, were incubated in
glass serum vials in the dark at -I'C after the addition of
approximately 100 microcuries ([tCi) of radiolabeled bicar-
bonate. Acetylene gas [3 milliliters (mL) per 60-ml, vial] was
used to inhibit ammonium oxidation; chlorate [final concen-
tration = 16 micromolar ([tM)l was used to inhibit nitrite oxi-
dation (see Ward 1986 for information on nitrification
inhibitors).

Figure I shows the distributions of ammonium within the
ice and in the water below and the snow above the ice at sta-
tions 13 and 14 in the Grandidier Channel and 19 in Charlotte
Bay near the Gerlache Strait. Zero-meters depth is chosen to
be at the ice-water interface for simplicity and does not repre-
sent isostatic equilibrium. Figure 2 shows the ammonium dis-
tributions at these same stations on an expanded depth scale.
Note that the ice at station 14 is much more developed than at
the other two stations, indicating greater age; it also has a

Ammonium Concentration (W)

2

E0
4=
ID0
C

Figure 1. Vertical profiles of ammonium concentrations in snow, ice,
and underlying sea water at RACER IV stations 13, 14 and 19. Vertical
scale is depth below or height above water-ice interface, in meters.
Concentrations are micromolar; estimated analytical precision is 0.05
micromolar.

Ammonium Concentration (uM)

ID

ID0
r_

11.0
0

Figure 2. Same as figure 1, except vertical scale is expanded to show
ammonium concentrations to a depth of 100 m below the water-ice
interface.
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Sea water, just below ice	0.016 0.016	ND

Ice, lower 10 cm of core	0.212 0.196	ND

Dark carbon assimilation rates of water and ice samplesfrom RACER IV
stations 13, 14, and 19, with and without introduction of specific
nitrification inhibitors. Autotrophic ammonium oxidizing and nitrite
oxidizing activities are estimated from the differences between controls
and acetylene or chlorate treatments, respectively. Units are nanomoles
rarbon assimilated per liter per hour.

13	66037.03'S	Sea water, 2 m below ice	0.037 0.026a	NDb
67 027.1 VW

13

13

thicker snow cover. Ammonium concentra-
tions in the overlying snow are fairly uniform at
about 0.3-0.5 RM. This ammonium is probably
atmospheric in origin (Parker and Zeller 1979).

Within the ice, all three stations show ele-
vated ammonium levels. Although a physical
process for concentrating ammonium from
snow and sea water into ice has been suggested
(Oradovskiy 1974), it has not been demonstrat-
ed. Moreover, it hardly seems likely here, given
the comparatively low concentrations in the
surrounding snow and sea water, particularly
at station 19. A more likely source is the regen-
erative activity of heterotrophic bacteria, pro-
tozoa, and small metazoa living within brine
pockets in the ice (Dieckmann et al. 1991). At
station 19, two ice cores were taken about 5 in
apart. Ammonium data from the two cores
show different patterns, indicating a high	14
degree ot variability in sea-ice properties on a
small horizontal scale. It should be noted as	14
well that the actual ammonium concentrations	14within liquid brine pockets and channels are
probably greater than the values for the melted	19
h" 11"- v	f ;,al	I-+ 'A h

%J %, LILIEL V11	Lupu L;	qE_1 L 1-1.

lullvaL L V LV, L c; a111111011 U111 eve s aL
stations 13 and 14 are fairly uniform at about 1

Tuf tr% -a AQ A% r%f Qn	A	I	+	A +
F4	F	 111, V-%,1 1UCLa 116 V ULI q-, C%,L-

able (less than 0.05 RM) levels by 50 in (figure
2). At station 19, however, ammonium in the water column is
undetectable everywhere except within a few centimeters of
the ice. Two conclusions are derived from these data:
• there is negligible diffusion of the ice-bound ammonium

into the water column below, and
• the processes responsible for the presence of under-ice

ammonium at stations 13 and 14 are inactive at 19.
We suspect that the latter is due, at least in part, to the low
abundance of grazing macrozo o plankton, particularly krill,
noted in the region around station 19 (Zhou, Nordhausen, and
Huntley in press). Our measurements of under-ice silicate
and nitrate (not shown) indicate surface depletions at stations
13 and 14 but uniform vertical profiles at station 19. This sug-
gests an active diatom population on the underside of and/or
in the water just beneath the ice at the former stations and
absent at the latter. Krill are known to graze on such algal
food sources (Garrison and Buck 1989) and to excrete copious
amounts of ammonium (Biggs 1982).

The table shows the dark carbon incorporation of water
and ice samples with and without nitrification inhibitors. Val-
ues from core samples have been corrected for the initial dilu-
tion with filtered sea water. Two trends are evident:
• both the total dark microbial carbon assimilation and that

fraction attributable to nitrifiers are enhanced within the
lower sea ice compared with the underlying water, and

• the older, thicker ice (station IQ shows much higher activi-
ty than either of the stations with younger, thinner ice.

Caution must be used in interpreting the nitrification data,

Sea water, 0.5 m below ice 0.023 0.037	0.035

Sea water, just below ice	0.020 0.025	0.016

Ice, lower 10 cm of core	1.589 1.256	1.529

Ice, lower 10 cm of core	0.068 0.041	ND

however, because the differences between triplicate controls
and treatments are statistically significant (a=0.05) in only
one case.

In conclusion, the winter pack-ice ecosystem of the west-
ern Antarctic Peninsula contains an active heterotrophic
component and an active nitrifying component, which serve
to regenerate nitrogen within the ice. It appears, however,
that diffusion of this recycled nitrogen into the underlying
water column is limited. Also, the properties of pack-ice
microbial communities in this region appear to be as hetero-
geneous as the ice itself Far more extensive study of the sea-
ice ecosystem is needed to understand fully its role in the
antarctic marine environment.

We would like to thank all of our RACER colleagues, espe-
cially J. Burgett, U. Magaard, and G. Tien, as well as the crew
of the R/V Nathaniel B. Palmer and Antarctic Support Associ-
ates personnel for their assistance with sample collection.

This research was supported by National Science Foun-
dation grant OPP 88-18899, awarded to D.M. Karl. (SOEST
contribution number 3485.)
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P
ersistently elevated nutrient concentrations [nitrate
(NO31, phosphate, silicic acid] in the surface waters south

of the antarctic polar front (approximately 55'S), due to large-
scale upwelling and turbulent mixing, are characteristic of the
southern oceans and do not appear to limit phytoplankton
growth (for example, review by Harrison and Cota 199 1). Dur-
ing intense diatom blooms, however, low and colorimetrically
undetectable levels of nitrogen have been reported for the
western Ross Sea ice-edge (Nelson and Smith 1986) and the
coastal waters of the Antarctic Peninsula (Kocmur, Vernet,
and Holm-Hansen 1990) in the austral summer and spring,
respectively. It is generally considered that the supply to the
euphotic zone of nitrogenous nutrients is of major impor-
tance in regulating phytoplankton production in the oceans.
Nitrogen forms (due to the relationship between their oxida-
tion state and origin) provide a convenient means of parti-
tioning primary production into "new" and "regenerated"
production, based on the supply processes fueling them
(sensu Dugdale and Goering 1967). In this regard, the con-
cepts of "new" (here defined as NO3--based) and "regenerat-
ed" [ammonium (NH4+) and urea-based] production are of
particular interest for the sequestering of carbon to the deep
ocean and sediments and for the assessment of the overall

role of the southern oceans in influencing global climatic
change. Previous studies of the nitrogenous nutrition of phy-
toplankton of the southern oceans have been conducted
exclusively in the austral spring/summer months, and the
dynamics of nitrogen utilization during the less productive
winter months are largely unknown. As part of the phyto-
plankton component of the research on antarctic coastal
ecosystem rates (RACER) program (Huntley et al. 1991), we
measured nitrogen (NO3-, NH4+ , and urea) uptake by natural
planktonic communities within the euphotic zone of the
coastal waters of the Gerlache Strait during the austral winter
of 1992. We present here preliminary information on the
uptake rates of new and regenerated nitrogen in the RACER
area.

Experiments were performed with water collected from
three "fast" grid stations: FA-58, FA-30, FA-08, and from sta-
tion A (Stn A) during the period from 20 July to 10 August 1992
(see table for locations). Discrete samples were collected from
2, 5, 10, 20, and 50 meters (m) by means of PVC Niskin bottles
(equipped with Teflon-coated springs) mounted on an instru-
mented rosette. The rosette was equipped with sensors to
measure conductivity, temperature, chlorophyll-a fluores-
cence, beam attenuation, and photosynthetically available
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Integrated values (0-50 m) of nitrogen uptake and

average ambient inorganic nitrogen concentrations in

the euphotic zone of the Gerlache Strait, during austral
winter

	

FA-58 64 007.6' S 32.4 0.30 450 158	15	0.72
61016.9'W

	

FA-30 64002.9' S 31.7 0.19 226	19	3	0.91
61031.0'W

	

FA-08 64029.5' S 33.1 <0.03 317	33	22	0.85
62021.6'W

Stn-A

	

	64011.3' S 32.1 <0.03 401	41	20	0.87
61019.5'W

aAverage concentration expressed in [tg-at N L-1.
bIntegrated uptake rates expressed in [tg-at N M-2 d-1.
cf =pNO3/(pNO3+pNH4+PUrea).

radiation. Water was also collected from 1, 2.5, and 5 rn

beneath the sea ice at two pack-ice stations (ice-3 at 66037.I'S

67*27.2'W and ice-9 at 64*34.9'S 61 038.6'W) with similarly

equipped Niskin bottles hand-lowered through drilled holes

in the ice and immediately transferred within insulated con-

tainers to the ship. Within 1 hour after sampling, incubations

for the nitrogen-uptake experiments were started by adding

nitrogen- 15-labeled ( 15N-labeled) nitrate, ammonium, or
urea (all 99 atom percent, Cambridge Isotope Laboratories) to

the samples in 1.0-liter (L) clear polycarbonate bottles (Nal-

gene). In the NO3- experiments, sodium nitrate (Nal5NO3)

was added to bring the final 15N concentration to 3.0 micro-

gram-atoms nitrogen per liter ( [tg-at N L- 1), and in the urea
and NH4+ experiments, urea 

[CO( 15NH2) 21 and ammonium

chloride (15NH4C') were added in final concentrations of 0.10

^tg-at N L- 1. The latter enrichments were not true tracer addi-
tions (usually defined as less than or equal to 10 percent of

ambient concentration), but the term "tracer" will be used

here to distinguish these low enrichments from saturating

additions of 15NH4C1 (10 [tg-at N L- 1 ); the saturating additions
were used at selected depths to assess nutrient preference.

Enriched samples were then placed within neutral-density

screening to simulate the in situ irradiance of collection and

incubated on deck. Temperature was regulated with flowing

surface sea water. After 24 hours, incubations were terminat-

ed by filtration [pressure differential less than 150 millimeters

of mercury (mm Hg)] onto combusted Whatman GF/F filters

and frozen for transport to the United States. Dried filters

(less than 60'C) were analyzed for 15N enrichment and partic-

ulate nitrogen (PN) content with an Europa Scientific Robo-

Prep Tracermass mass spectrometer. Absolute (transport) and

particulate nitrogen- specific uptake rates were estimated

according to equations 3 and 5, respectively, of Dugdale and

Wilkerson (1986). The "tracer" NH4+ and urea. uptake rates

should be considered conservative estimates because correc-

tions were not made for possible isotopic dilution from rem-

ineralization of 14NH4 (for example, Glibert et al. 1982b) and
14N-urea (Hansell and Goering 1989) during the incubation,
and the ambient urea concentrations used in these calcula-

tions are considered to be zero (Eppley et al. 1977). Ambient

concentrations of NO3- and nitrite were analyzed with an Alp-

kem Rapid Flow autoanalyzer and NH4+ was manually ana-

lyzed in duplicate (using 10-centimeter curvettes) with a

Beckman DU-64 spectrophotometer, according to Sol6rzano

(1969).

In high NO3- environments, nitrogen forms are generally

utilized at rates proportional to their availability, and thus,

the nitrogen demands of phytoplankton are usually supplied

by NO3- and not the reduced nitrogen forms—NH 4+ and urea

from regenerative processes (for example, Dortch 1990; Harri-

son, Platt, and Lewis 1987). In this regard, the nitrogenous

nutrition of the winter phytoplankton of the Gerlache Strait

conforms to this generality with ratios W of NO3-
uptake/total (NO3-+NH4++urea) uptake of 0.7-0.9 (see table),

values that approximate those found for ice-algal and water

column assemblages in the Weddell Sea during late winter

and early spring (greater than 0.88; Kristiansen, Syvertsen,

and Farbrot 1992). Researchers know from previous nitrogen

uptake studies, conducted mainly in the Scotia and Weddell

seas, that there appears to be a seasonal shift from approxi-

mately equal utilization of NO3- and NH4+ during the late

winter and early spring to greater dependence on regenerated

nitrogen during the austral summer coincident with higher

ambient NH4+ concentrations (see, for example, Tupas,

Koike, and Holm-Hansen 1990; Goyens et al. 1991 and refer-

ences therein). These studies, however, did not measure urea

uptake, and according to our results, conservative urea-

uptake rates were low but similar to rates of NH4+ uptake
throughout the water column (figure 1) and may be a quanti-

tative significant nitrogenous source later in the season when

regenerative processes dominate.

Based on the relative magnitude of potential (maximal)

NO3- and NH3+ specific uptake rates, NO3- is the preferred

nitrogen source for uptake at all stations studied. (See figure

2.) Although most phytoplankton "prefer" NH4+ over NO3-
for uptake and growth (review by Dortch 1990), our results

agree with the NO3- preference reported for phytoplankton in

other NO3--rich upwelling areas (see for example, Cochlan,

Harrison, and Denman 1991 and references therein). Our

measure of preference should not be confused with the rela-

tive preference index (RPI; McCarthy, Taylor, and Taft 1977)

which is of limited ecological use in natural systems.

Uptake rates in this study (and most other recent studies)

were calculated from the 15N enrichment of particulates col-

lected by filtration onto Whatman GF/F filters; these filters do

not discriminate completely between bacteria and phyto-

plankton, and we found that approximately 30 percent of the

bacteria were captured during routine 15N filtrations. Because

natural assemblages of bacteria can utilize NH4+ (for example,
Wheeler and Kirchman 1986) and NO3- (for example, Kirch-

ANTARCTIC JOURNAL — REVIEW 1993

170



1.00

7
ZE

E

0
E
E

0	0.50

.0
^L_
Q

Z

1.00	2.00

0.00

0.00

Figure 2. Relationship between nitrogen-specific uptake rates of NH4+

and NO3_- Solid line represents theoretical 1:1 relationship between

the two maximal (potential) uptake rates which is realized if there is

no nitrogen preference. Stations: FA-30 (0), FA-08 (A), A (0), ice-3

(N), ice-9 ([I).
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man et al. 1991), the uptake rates reported in this study may

include a heterotrophic component as well, although at pre-

sent, the bacterial contribution to total N uptake in antarctic

waters is unknown.
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T

he overall objective of this study, which was one compo-

nent of the multidisciplinary research on antarctic coastal

ecosystem rates (RACER) program (see Huntley et al. 1991),

was to document the biomass and primary productivity of

phytoplankton throughout the Gerlache Strait during the aus-

tral winter. Massive spring blooms have been reported previ-

ously in this coastal area (for example, Holm-Hansen and

Mitchell 1991; Vernet, Letelier, and Karl 1991). Chlorophyll-a

concentrations in the surface waters have been reported to be

20-25 milligrams of chlorophyll-a per cubic meter (mg chl-a
M-3) [500-700 milligrams of chlorophyll-a per square meter

(mg chl-a M-2) and estimates of daily rates of primary pro-

ductivity within the euphotic zone have been 2-5 grams of

carbon per square meter per day (g C M-2 d- 1 ). It is anticipat-

ed that the winter data reported in this article will provide suf-

ficient baseline data to estimate the annual primary produc-

tion more accurately in this otherwise well-studied area.

Field data were obtained on the R/V Nathaniel B. Palmer
cruise between 11 July and 17 August 1992. Primary produc-

tion experiments were performed with water collected from

"fast" grid stations: FA58, FA57, FA46, FA38, FA30, FA08, and

also from station A (Stn A) (the principal RACER time-series

station). Discrete samples were collected 1-2 hours (h) before

sunrise from 2, 5, 10, 15, 20, 30, 50, and 75 meters (m) by

means of PVC Niskin bottles (equipped with Teflon-coated

springs) mounted on an instrumented rosette. The rosette

was equipped with sensors to measure conductivity, temper-

ature, chlorophyll-a fluorescence, beam attenuation, and

photosynthetically available radiation. Carbon uptake rates

were measured by adding 10 microcuries (^LCi) of sodium

bicarbonate (NaH14CO3) to duplicate samples in 250-milliliter

(mQ borosilicate glass bottles (with Teflon lids). After thor-

ough mixing, the bottles were incubated for the duration of

the light day (approximately 6 h) in simulated in situ deck
incubators corresponding to the light levels from which the

samples were taken (achieved with neutral density screening),

and in situ temperature was maintained with continuously

flowing near-surface sea water. Dark bottles were collected

from 2 and 75 m, and the average radiocarbon counts were

used for correction of nonphotosynthetic carbon uptake.

Incubations were terminated by filtration [pressure differen-

tial less than 150 millimeters of mercury (mm Hg)] onto 25

mm Whatman GF/F filters and placed directly into scintilla-

tion vials, exposed to concentrated hydrochloric acid fumes

for approximately 15 h, dried, and vented (for 8 h or more).

The incorporated radiocarbon was then determined by stan-

dard liquid scintillation procedures, using a Wallac model

1409/11 liquid scintillation counter and Ecolume scintillation

cocktail. Daily rates were calculated from hourly rates based

on the portion of the light day (determined with a continu-

ously recording Biospherical Instruments, Inc., quantum

meter QSR-250) that the incubation period covered.

Samples for chlorophyll-a measurements (280 mQ were

collected on 25 mm Whatman GF/F filters (pressure differen-
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V

tial less than 150 mm Hg) and immediately extracted in	
Integrated values (0-75 m) of biomass (chlorophyll-a) and10 ml, of absolute methanol (6 h in the dark at 4'Q

according to procedures outlined in Holm-Hansen and	primary productivity (14C-uptake) of natural phytoplankton

Riemann (1978) After extraction extracts were shaken	communities in the Gerlache Strait, during austral winter

centrifuged, and fluorescence- measured before and

after acidification in a Turner Designs model 10-005

fluorometer, recently calibrated with pure chlorophyll-

a (Sigma Chemical Co.), whose concentration was

determined by spectrophotometric analysis.	I

The concentration of chlorophyll-a in the surface	
St

waters throughout the RACER fast grid of Gerlache

Strait was uniformly very low [0.03-0.07 micrograms

per liter (^tg L-1)] and no subsurface chlorophyll maxi-	St

ma were observed during the July-August period of

study. Integrated values of chlorophyll-a throughout	St

the euphotic zone (0-75 m) were less than 5 Mg M-2

(see table) suggesting very little phytoplankton bio-	F/
mass at this time. Rates of primary productivity were

also very low with maximal values generally in the	
F/

upper 30 m of the water column. A 3-day time-series of

primary productivity experiments was conducted at

Stn A which demonstrated that although the vertical	F/

structure of productivity varied somewhat, the inte-

grated euphotic zone daily uptake remained constant	H

(see table). The problem of correcting for nonphoto-

synthetic uptake of carbon during 14C incubations has	H
been a subject of continued debate in the literature

because it is clear that nonphotosynthetic 14C uptake	
H

may occur at very different rates in the light and dark

(for example, Hecky and Fee 1981). In a recent review,

however, Li, Irwin, and Dickie (1993) concluded that	aR

even in oligotrophic waters the question of whether to	
bR

correct for dark uptake is of real concern only in the

deeper areas of the euphotic zone, where photosynthesis is

severely limited by light. During the antarctic winter, the

availability of light for phytoplankton growth throughout the

Carbon Uptake (ug C / liter / hour) & Chlorophyll a (ug / liter)

n-A	640 10.8'S	17 July	4.11
	

49.9	63.9
61020.6'W

n-A	640 11.7'S	18 July	3.98
	

34.8	41.7
61019.7'W

n-A	640 10.6'S	19 July	4.11
	

35.6	46.5
61018.5'W

-58	64007.6'S	20 July	2.97
	

45.4	55.6
61016.9'W

-57	64058TS	21 July	2.40
	

12.0	44.6
60042.8'W

-30	64002.9'S	22 July	4.16
	

12.8	93.5
61031.0'W

-46	640 12.5'S	23 July	3.93
	

15.6	44.5
61056.2'W

-08	64029.5'S	24 July	3.87
	

25.0	55.5
61021.6'W

-38	64012.7'S	26 July	2.33
	

59.6	131.1
61 0 1 0.9'W

eported rates are corrected for dark bottle uptake.
eported rates are not corrected for dark bottle uptake.
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water column is severely limited both by the declination of
the Sun and the shortened daylight period (approximately 6
h), and it is likely that heterotrophic processes dominate in
this nutrient-rich environment during this time. We have
reported both uncorrected and dark-corrected hourly rates
(see figure) and also daily rates of primary productivity (see
table); the integrated (0-75 m) water column rates are slightly
higher than the low values found by Brightman and Smith
(1989) for the Bransfield Strait during June (approximately 7
Mg C M-2 d- 1), but show that primary productivity during this
season is relatively minor. These results clearly demonstrate
the oligotrophic nature of the coastal waters of the Gerlache
Strait during austral winter.

This research was supported by National Science Founda-
tion grant OPP 88-17635 to 0. Holm-Hansen and M. Vernet.
The chlorophyll analyses were performed by C. Castaflos and
E. Sar (Universidad Nacional de La Plata, Argentina). We
acknowledge C. Castaflos, C. Fair, J. Ruel, E. Sar, and D.M. Karl
(and his associates and students) for their assistance at sea and
on the ice. We thank the shipboard personnel of Antarctic Sup-
port Associates for their excellent support and cooperation.
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RACER: Euphausia superba in Gerlache Strait, Antarctica,
springs of 1989 and 1991

E. BRINTON, Marine Life Research Group, Scripps Institution of Oceanography, University of California at San Diego,
La Jolla, California 92093

"I )rarious degrees of spatial separation of age or size groups
V of Euphausia superba have been frequently reported, par-

ticularly with respect to maturing and mature sizes (see, for
example, Brinton and Antezana 1984; Siegel 1988). There
were, however, particularly puzzling characteristics of popu-
lation groups and their distributions during the first research
on antarctic coastal ecosystem rates (RACER) program,
1986-1987, in the region of Bransfield Strait (Brinton 1991).
These characteristics raised questions as to place of origin
and parental stock of abundant larvae in the northern Ger-
lache Strait. Sampling during the course of the season,
December-March, indicated that there had been intense lar-
val recruitment associated with a strong December-January
phytoplankton bloom in a warm (2-3C) pool of Gerlache
water. Experiments showed larval growth to be more rapid in
Gerlache larvae than in Bransfield larvae, many of which had
apparently been transported from the Gerlache center (Hunt-
ley and Brinton 1991). We found no evidence, however, of
adult E. superba at or near the Gerlache sampling stations at
any time.

Collecting during the 1989 season (November) was by
two methods: (1) a I-square-meter MOCNESS, with either
eight or nine nets sampling at intervals to 300 meters (m)
depth and an additional net sampling 0-300 m and (2) a 1.25-

m ring-net (without bridle), also towed obliquely to 300 m.
MOCNESS catches were larger by night than by day but dif-
fered insignificantly from day or night ring-net catches. In
1991, only the MOCNESS was used. For the preliminary infor-
mation presented here, integrated numbers of krill from the
MOCNESS serial nets (night) were combined with the corre-
sponding 0-300-m samples from MOCNESS and the ring-net
(day and night). Krill were measured tip of telson to tip of ros-
trum. Study of E. superba and other euphausfid species dur-
ing the two seasons in Gerlache Strait is still in progress,
together with analyses of certain zooplankters including
abundant larvae of the prawns Chorismus antarcticus and
Neocrangon antarcticus. Gaining understanding of relation-
ships of environment with species recruitment during spring
bloom to early January is one of the objectives of RACER 11
and III.

Paths traced by drift drogues monitored during RACER II,
November 1989, together with geostrophic calculations, con-
firmed that a northeastward current flowed through the west-
ern Gerlache, giving rise to branches extending across Brans-
field Strait to the north (Niiler, Amos, and Hu 1991, and later
data). These branches either merged with the Antarctic Cir-
cumpolar Current north of Livingston Island or, south of King
George Island, turned southwestward, flowing back along the
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peninsula. By the latter route, drift might return water toward

the northern Gerlache via Orleans Channel south of Trinity

Island.

The four surveys of Gerlache Strait during the onset of the

spring bloom in November 1989 (RACER II) and the three in

December 1991 (RACER III) eventually provided evidence of

maturing E. superba in the Gerlache. Largest specimens from

the November 1989 cruises were 33-40 millimeters (mm) and

showed gonadal development but with ovaries and male

petasmas still in early adolescence. Most of these krill, togeth-

er with the much more numerous juvenile krill without sec-

ondary sexual characteristics,

URING KRILL	
were in the northern Gerlache

(figure 1).

Small numbers of still larg-

er adult krill (to 53 mm) were

present in December 1991

These included mated pres-

pawning females and fully

mature males, and most were

in the southern neck of the Ger-
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By far the bulk of Gerlache

krill of both years, however,

were juveniles, each in a prin-

cipal modal frequency (figure

2): in November 1989, 25-33

mm, and in late December

1991, 20-25 mm. In each

instance, a pair of secondary

peak frequencies was distin

0	
guishable within the principal

mode. In 1989, these were near

27 and 30 mm, with a sugges-
0 0	tion of perhaps 2 mm of
0	0

growth during the course of

the four November cruises. In
.	..............

	

^-11 ......	late December 1991 (cruise Q,

	

.........	.
..	....	....

the secondary peaks were at
A TARCTIC:..-.,...._.. 20-21 mm and 24-25 mm,

:........PENINSULA:..

-21-min krill domi-with the 20

nant in the north and the
..	...........	...........

.	.............::.q.::p:^: X:	 24-25-mm krill dominant in

the southeast (figure 3). Analy-

ses of samples from two of the

three December 1991 cruises

have not been completed.

Vertical distributions of

krill based on the approxi-

mately 200 MOCNESS series to 300 
in 

in the Gerlache in

December 1991 show a frequent pattern of layering of size

groups, usually with most of the largest krill and 22-30-mm

juveniles at 15-50-m depth, and 12-21-mm postlarvae above

15 in, but with overlap.

The striking interannual. differences in body sizes of the

predominating juvenile krill in Gerlache Strait (figure 2), pre-

sumed to be year- 1 krill, seem likely to have been due either to

differences in environmental circumstances affecting timing

of their respective recruitments a year earlier or to differences

in winter growth. There is the further lingering possibility that
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Figure 1. Abundances of Euphausia superba in Gerlache Strait during one of the four November 1989

RACER cruises (upper panels) and one of the three December 1991 cruises (lower panels), based on

sampling to approximately 300 m. Juveniles are considered to be 11-32 mm and maturing krill (with visible

sexual characteristics), 33-55 mm. Gerlache quadrants considered in figure 3 are indicated at lower left.
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Figure 2. Length-frequency distribution of Euphausia superba, com-
paring data from the four November 1989 cruises in Gerlache Strait
and one of the three in December 1991. The vertical line drawn at
25.5 mm is included to assist in estimating growth of the smaller krill
during the November period.
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Figure 3. Regional variation in length-frequency distributions of
Euphausia superba, from four quadrants of Gerlache Strait (see figure
1) during cruise C, 1991 (25-30 December).

only the relatively small (20-25 mm) November 1989 krill are
year- 1, whereas the larger (25-32 mm) November 1989 krill are
year-2 stock. The tendencies in E. superba to perform mass
migrations resulting in geographical segregation of age groups
on a broad scale make it difficult to rule out the latter possibili-
ty entirely. Inasmuch as year-O krill of late March or April are
rarely found to have developed to postlarvae (larger than
approximately 13 mm), and subsequent winter growth is pre-
sumed slow, the appearance in November-December of 20- or
25-mm juveniles (with 3-5 times the March-April body
weight) will remain an enigma until winter habitats of larvae
and early postlarvae are identified and sampled.

The RACER program was supported by National Science
Foundation grant OPP 88-17779.
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RACER: Ichthyoplankton abundance, species composition,
and distribution in Gerlache Strait, Antarctica, October to

November 1989
VALERIE J. LOEB, Moss Landing Marine Laboratories, Moss Landing, California 95039

T

he antarctic fish fauna is dominated by coastal forms

associated with continental and island shelf waters.

Prominent are numerous species representing families of

notothenioid fish endemic to antarctic waters: Nototheniidae,

Channichthyidae, Bathydraconidae, Artedidraconidae, and

Harpagiferidae. Although the adults of most of these species

are bottom dwelling and produce demersal eggs, the larvae

are pelagic (Loeb et al. in press; North 1991). Plankton surveys

in the Antarctic Peninsula region have shown that these lar-

vae are generally confined to shelf and slope waters. Although

most of the coastal and mesopelagic fish species reported

from this region have been represented in the samples, the

larvae of some known abundant species are rarely encoun-

tered (Kellermann and Kock 1988; Kellermann 1989a). This

dearth could result in part from retention of the larvae of

some species within coastal spawning areas and the paucity

of inshore sampling by the surveys. High primary production

and plankton biomass in coastal areas may also support ele-

vated larval fish abundance relative to offshore waters (Loeb

1991).

The detailed study in Gerlache Strait during 1989 by the

research on antarctic coastal ecosystem rates (RACER) pro-

gram (Huntley et al. 1990) makes it possible to examine the
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Figure 1. RACER study area and station locations, 20 October-24

November 1989. Numbers denote survey grid stations; A is the time

series station.

importance of coastal environments to larval fish, including

aspects of abundance, composition, and retention in

nearshore waters.

Larval fish were obtained from vertically stratified multi-

ple opening closing net and environmental sensing system

(MOCNESS) samples collected in Gerlache Strait and adjacent

Bransfield Strait waters between 30 October and 24 Novem-

ber 1989. Tows were made at stations arranged in a grid pat-

tern across a 4, 000- square- kilometer (kM2) survey area at

approximately I -week intervals for a period of I month (figure

1). Replicated tows were made at a time-series station (station

A) located in the eastern Gerlache Strait during three of the

four sampling intervals. Larval fish were sorted from 1,732

samples resulting from 103 tows. Tow depths were to 290

meters (m) or to within 40 m of the seafloor in shallower

waters (Huntley et al. 1990). Combined sample data for the

whole water column are presented here. Abundance,

expressed as numbers per 10 M2, was derived from the

summed sample abundance for each tow. Average values for

each of the 22 grid stations and for the replicated tows at sta-

tion A are used to describe overall ichthyoplankton abun-

dance and species composition during the study.

Only one of the 103 tows did not contain larval fish; the

other tows had between 2 and 88 larvae and yielded a total of

1,578 larvae. The overall averaged abundance of 19.0 larvae

per 10 M2 (table) is similar to that found in the northern Ger-

lache Strait during the December 1986 RACER cruise (18.8 lar-

vae per 10 M2; Loeb 1991). Nineteen larval fish taxa were rep-

resented in the collections (table). Nineteen is a relatively

large number of taxa, especially given the restricted sampling

area. lchthyoplankton collections from a much greater area of

the Antarctic Peninsula region during three spring (Octo-

her-December) sampling periods by Kellermann (1989a)

Oelded between 13 and 19 species and a cumulative total of

'14 species.
Three Nototheniid species, Lepidonotothen larseni,

1'rernatornus newnesi, and T. lepidorhinus, numerically domi-

nated and constituted 84 percent of the total averaged abun-

(lance. Two mesopelagic species, Bathylagus sp. (Bathylagi-

dae) and Electrona antarctica (Myctophidae), together repre-

,,ented 8 percent of the total. The Channichthyiid Chionodraco

'-astrospinosus was also relatively abundant (3 percent). Two

other channichthyids, Champsocephalus gunnari and Chiono-

bathyscus dewitti, were collected. L. larseni, T. newnesi, C. ras-
trospinosus, and E. antarctica typically are the dominant
species in ichthyoplankton collections from the Antarctic

Peninsula region during October-December (Kellermann and

Kock 1988; Kellermann 1989a,b). T. lepidorhinus, C. gunnari,
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Youngfish abundance and composition in the RACER
samples collected in Gerlache Strait, October-November
1989. Presence in the percent of the total 23 stations at
which each species was collected.

Lepidonotothen larseni	10.74	57.63	538	100.0
Trematomus newnesi	3.72	19.97 599	82.6
Trematomus lepidorhinus	1.25	6.69 242	65.2
Electrona antarctica	0.89	4.77	19	56.5
Bathylagus sp.	 0.65	3.51	44	52.2

	

Chionodraco rastrospinosus 0.63	3.36	34	47.8
Bathydraconic! #1	0.23	1.24	7	26.1

	

Champsocephaius gunnari 0.16	0.88	9	17.4
Lepidonotothen nudifrons	0.12	0.66	10	26.1
Racovitzia glacialis	0.07	0.37	2	13.0

Artedidraco skoftsbergi	0.07	0.35	21	26.1

	

Gobionotothen gibbefifrons 0.04	0.22	14	13.0
Chionobathyscus dewitti	0.03	0.14	6	4.3
Notolepis sp.	 0.01	0.04	2	8.7
Harpagifer antarcticus	<0.01	0.04	2	8.7

Unidentified B	<0.01	0.02	1	4.3
Unidentified A	<0.01	<0.01	1	4.3
Unidentified C	 <0.01	<0.01	1	4.3
Bathydraconid #2	<0.01	0.01	1	4.3
Pieuragramma antarcticus

6uvenile)	 0.01	0.05	1	4.3

Lepidonotothen kempi
Uuvenile)	 0.01	0.04	1	4.3

Damaged/unidentified	0.33	 23
Figure 2. Distribution patterns of four relatively abundant larval fish
species in Gerlache Strait during October-November 1989.TOTAL	 18.97	1,578

Number of stations	 23
Number of tows	 103

and C. dewitti have been rare and Bathylagus sp. uncommon
in previous collections. The relatively high abundance of
Bathylagus sp. may in part result from sampling depth: previ-
ous collections (Kellermann and Kock 1988; Kellermann
1989a) were generally from tow depths less than or equal to
200 m and substantial proportions of Bathylagus sp. in Ger-
lache Strait were found to occur between 200 and 290 rn (Loeb
1992). Reported nearshore distributions of adult T. lepidorhi-
nus (DeWitt, Heemstra, and Gon 1990) and inshore spawning
migrations by channichthyids (Kock and Kellermarm 1991)
suggest that proximity to coastal source areas may explain
their elevated larval abundance in Gerlache Strait.

The more abundant species demonstrated extensive but
characteristic distributions (table, figure 2). L. larseni was col-
lected at all stations but was most abundant to the west and
downstream of a strong current flowing northeast along the
axis of Gerlache Strait (Amos, Jacobs, and Hu 1990; Niiler, Ille-
man, and Hu 1990). T. newnesi was present at more than 80
percent of the stations and was uniformly distributed across
Gerlache Strait. T. lepidorhinus was also widely distributed
across the Strait (present at 65 percent of stations) but was

more abundant in the north. Bathylagus sp. was distributed in
the eastern and downstream areas of the strait; it was collect-
ed at about half of the stations. These differing distribution
patterns probably reflect an interaction of various parameters
including bathymetry, the location of spawning areas, hydro-
graphic features such as currents and gyrals, and larval verti-
cal distribution patterns and behavior.

This work was supported by National Science Founda-
tion grant OPP 91-17832. Thanks go to M. Huntley, E. Brinton,
W. Nordhausen, and J. Lovett for their support and assistance
in the sample collecting and processing.
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RACER: Larval feeding ecolo2v of three species of antarctic
fishes (hevnidonotothen 1arsen4z2.,'Trematomus newnesi, and T.

1%evnidorhinus) from Gerlache Strait, Antarctica, November 1989
EDWARD A. LAMAN and VALERIE J. LOEB, Moss Landing Marine Laboratories, Moss Landing, California 95039

R
elatively few studies have investigated the feeding ecolo-
gy of antarctic larval fishes. Kellermann (1986, 1990)

reviewed the early biology and feeding habits of five species
of notothenioid fishes from the Antarctic Peninsula region
and performed a detailed analysis of the seasonal and diel
feeding habits as well as food preferences of larval Lepidono-
tothen (Nototheniops) larseni. North and Ward (1989)
described the larval feeding habits of four fish species from
South Georgia (Trematomus hansoni, Harpagifer georgianus,
Parachaenichthys georgianus, Pseudochaenichthys geor-
gianus). North and Ward (1990) investigated the larval feed-
ing ecology of Champsocephalus gunnari and other species
collected from Cumberland East Bay; these species are
important to the finfish industry at South Georgia. By con-
trast, a cursory literature search for feeding studies of larval
fishes from tropical and temperate regions yielded more than
3,000 references.

We present here the preliminary results from feeding
studies on larval fishes collected in Gerlache Strait during
November 1989 by the research on antarctic coastal ecosys-
tem rates (RACER) program (Huntley et al. 1990). During this
program, vertically stratified MOCNESS (multiple opening-
closing net environmental sensing system) tows were made at
stations arranged in a grid pattern across a 4, 000- square -kilo -
meter (kM2) survey area (see Loeb, Antarctic Journal, in this
issue). The survey was repeated at approximately 1 -week
intervals for a period of 1 month. Replicated tows were made
at a time-series station (station A) located in the eastern Ger-
lache Strait during three of the weekly sampling intervals. The
feeding studies concentrate on three numerically dominant
species in the samples: Lepidonotothen larseni, Trernatornus
newnesi, and T. lepidorhinus (Loeb 1992; Loeb, AntarcticJour-
nal, in this issue). In addition to conventional feeding-habit
analysis, which involves recording feeding incidence and prey

identification, number, and volume, our studies include
aspects of larval fish nutritional condition and the ecological
role of yolk reserves. A new method will be used to evaluate
feeding success based on a combined analysis of yolk reserves
and larval condition factor as defined by various morphomet-
ric indices.

Kellermann (1990) noted long yolk resorption times
among antarctic fish larvae relative to the larvae of temperate
or boreal fish and hypothesized the importance of yolk
reserves to enable the larvae to survive extended periods of
poor food availability in the highly variable antarctic environ-
ment. Kellermarm (1990) also suggested that observed differ-
ences in the incidence and size of yolk reserves of L. larseni
larvae may result from spatial and temporal variations in the
planktonic environment and early feeding success. The sam-
pling coverage of the 1989 RACER program permits an exami-
nation of variations in the rate of yolk utilization in conjunc-
tion with feeding success within Gerlache Strait over a I-
month period.

Preliminary analyses of the yolk reserves were made
using image analysis software (Image 1.37; National Institute
of Health) applied to larval fish displayed on a Macintosh Ilcx
computer screen via television microscopy. The initial mea-
surements were taken as area from a lateral view of the yolk
reserve. This was done by outlining the yolk, which is easily
visible on the screen, and employing an area-estimation func-
tion. The results for L. larseni and T. lepidorhinus are present-
ed in the table. T. newnesi is not included here because none
of the 41 larvae examined had visible yolk remains. It must be
noted that yolk utilization is a dynamic process and that all of
the larvae so far examined were obtained at station A near the
end of sampling period (19-22 November). The T. newnesi in
samples collected 3 weeks earlier had obvious, and at times
large, yolk reserves.
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Based on reported hatching length of approximately 7-8
millimeters (mm) and a growth rate of 0.08 mm per day
(Kellermann 1986, 1990), the smallest L. larseni larvae repre-
sented (table) are probably I week posthatch. Hatch length
and growth rates of T. lepidorhinus have not yet been report-
ed, but the smallest larvae are likely to be recently hatched.
Despite differences in age structure, it is clear that the two
species differ in their yolk-resource and -utilization character-
istics (table). The overall yolk size of the larger T. lepidorhinus
larvae was substantially greater than that of the smallest L.
larseni larvae and probably reflects differences in the original
maternal investment. T. lepidorhinus had a higher incidence
of yolk resources than L. larseni of similar length classes, sug-
gesting differences in feeding histories. The average yolk size
of L. larseni decreased with increasing fish length and may
reflect reliance on endogenous as well as exogenous nutrition
during the early growth period. By contrast, the average yolk
size of T. lepidorhinus larvae did not change significantly with
increasing larval length, suggesting retarded yolk utilization
due to early feeding by the larvae, a possibility that supports
the observations by Kellermarm (1990). Differences in feeding
histories could result from different vertical and horizontal
distributions of the larvae (Loeb 1992; Loeb, Antarctic Journal,
in this issue) relative to the temporal availability and distribu-
tion of their planktonic food. This contingency will be exam-
ined once the feeding habits, yolk reserves, and nutritional
condition of larvae from all of the 1989 RACER samples have
been analyzed.

This work was supported by National Science Founda-
tion grant OPP 91-17832. Thanks go to M. Huntley, E. Brinton,
W. Nordhausen, and J. Lovett for their support and assistance
in the sample collecting and processing.
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Antarctic Marine Living Resources
(AMLR) program

The U.S. Antarctic Marine Living Resources (AMLR) program:
1992-1993 field season activities

JANE E. ROSENBERG, ROGER P. HEWITT, and RENNIE S. HOLT, Antarctic Ecosystem Research Group,
Southwest Fisheries Science Center, La Jolla, California 92037

T
he U.S. Antarctic Marine Living Resources (AMLR) pro-
gram has developed and initiated a research plan tailored

to the goals of the Convention for the Conservation of Antarc-
tic Marine Living Resources (CCAMLR), part of the Antarctic
Treaty System. The primary objective of the convention is to
preserve the marine species that are harvested in antarctic
waters, as well as all organisms dependent upon them.
CCAMLR's unique management regime has come to be
known as the "ecosystem approach." In keeping with
CCAMLR's mandate, the impact of the krill (Euphausia super-
ba) fishery upon dependent predators must be understood.

The AMLR program monitors finfish and krill fisheries,
projects sustainable yields where possible, and formulates
management. advice and options. In addition, the program
conducts field research with the long-term objective of
describing the functional relationships between krill, their
environment and their predators. The field program is based
on two working hypotheses:
• Krill predators respond to changes in the availability of

their food.
• The distribution of krill is affected by both physical and

biological aspects of their habitat.
As in past field seasons, AMLR field studies were con-

ducted in the vicinity of Elephant Island, one of the South
Shetland Islands at the tip of the Antarctic Peninsula. Similar
to the past four field seasons, the 1992-1993 field program
included a 2-month research cruise aboard the National
Oceanic and Atmospheric Administration (NOAA) ship Sur-
veyor and land-based studies at a seasonal field camp on Seal
Island, off the northwest coast of Elephant Island, and at
Palmer Station, a U.S. scientific station on Anvers Island on
the Antarctic Peninsula (figure 1).

The specific objectives of the 1992-1993 field season were
the following:
• to map the physical structure of the upper 750 meters (in),

including the thermohaline composition, oceanic fronts,
water-mass boundaries, surface currents, eddies, and tur-
bulent mixing;

• to map the distribution of phytoplankton biomass and
production;

• to map the distribution of zooplankton (including krill),
encompassing the horizontal and vertical variations in krill
density and demographic characteristics;

• to conduct directed studies on acoustic characteristics of
krill, diel changes in krill behavior, and seabird foraging
patterns in relation to prey distribution; and

• to describe the reproductive success, feeding ecology, and
growth rates of land-based krill predators throughout the
reproductive season on Seal Island and at Palmer Station.

The Surveyor departed Punta Arenas, Chile, on 11 Janu-
ary 1993 to begin Leg I of the AMLR cruise; the leg was com-
pleted on 9 February. Following a midcruise port call, Leg 11
was conducted 14 February to 15 March. A large-area survey
of 91 conductivity- temperature- depth (CTD)/rosette and net

Figure 1. Locations of the U.S. AIVILR field research program: Ele-
phant Island Study Area, Seal Island, and Palmer Station.
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Figure 2. The large-area surveys for AMLR 1993 (Leg 1: Survey A;
Leg 11: Survey Q.

sampling stations, separated by acoustic transects, was com-
pleted once during each leg in the vicinity of Elephant,
Clarence, and King George islands (Survey A on Leg I, stations
AI-A91; Survey E on Leg 11, stations El-E91). The grid for this
season's large-area surveys was extended, as compared to
previous seasons, by 19 stations surrounding the east end of
King George Island (figure 2). Data for physical oceanography,
primary productivity, and krill distribution and condition
studies were collected during the large-area surveys. Opera-
tions at each station included the following:
• measurements of temperature, salinity, oxygen, light,

transmissometer, and fluorescence profiles;
• collection of discrete water samples at standard depths for

analysis of chlorophyll-a content, absorption spectra, par-
ticulate organic carbon and nitrogen concentrations, pri-
mary production, adenosine triphosphate (ATP) and
deoxyribonucleic acid (DNA) content, size fractionation,
floristics, and inorganic nutrient content; and

• deployment of a 1.8-m (6-foot) Isaacs-Kidd Midwater Trawl
(IKMT) to obtain samples of zooplankton and nekton.

Longitude

Figure 3. The small-area surveys for AMLR 1993 (Leg 1: Surveys B
and C; Leg 11: Surveys D and F).

A series of CTD/rosette stations was conducted across a
frontal zone north of Elephant Island (Leg 1: stations Xl-X5;
Leg II: stations X13-X27), as well as across Bransfield Strait
south of King George Island (Leg II: stations X6-X12), to delin-
eate hydrographic and biological features. Small-area acoustic
surveys were conducted during both legs north of Elephant
Island to describe krill distribution and abundance within for-
aging range of predators breeding on Seal Island (Surveys B
and C on Leg 1, Surveys D and F on Leg 11; figure 3). In addi-
tion, a study to assess the spatial association between pelagic
seabirds and krill swarms was conducted during both legs.

A field team occupied the seasonal field camp on Seal
Island from 4 December 1992 to 10 March 1993. The team
conducted extensive research on the reproductive and feed-
ing behaviors of antarctic fur seals (Arctocephalus gazella),
chinstrap penguins (Pygoscelis antarctica), and macaroni
penguins (Eudyptes chrysolophus) breeding on the island.
Field work at Palmer Station was initiated on 6 October 1992
and completed on I April 1993; studies on aspects of the ecol-
ogy of Ad6lie penguins (Pygoscelis adeliae) were conducted.
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AMLR program: Distribution and abundance of krill around
Elephant Island, Antarctica, in the 1993 austral summer

ROGER P. HEWITT, Southwest Fisheries Science Center, La Jolla, California 9203 7
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0 ne of the principal goals of the Antarctic Marine Living
Resources (AMLR) program is to relate the feeding ecolo-

gy and reproductive success of krill predators to aspects of the
prey field. Bio-acoustic methodology was used to map the
distribution of krill and to estimate biomass (Hewitt and
Demer 1993). Specific objectives for the 1993 field season
included the following:
• to map mesoscale [10s to 100s of kilometers (km)] features

of the distribution, density, and abundance of krill in the
area around Elephant Island;

• to map the microscale (1-10s of kilometers) features of the
distribution, density, and abundance of krill immediately
north of Elephant Island, within the foraging range of krill
predators breeding at Seal Island;

• to investigate possible survey biases caused by vertical
movement of krill in and out of the acoustic observation
window;

• to collect target strength measurements on both individual
and aggregated krill over a range of animal size, sexual
maturity, condition, and gender; and

• to describe the dominant horizontal and vertical scales of
krill aggregation patterns.

To address the first three objectives, two large-area surveys
(Surveys A and E) and four small-area surveys (Surveys B, C, D,
and F) were conducted in the vicinity of Elephant Island
between mid-January and mid-March 1993 (see Rosenberg,
Hewitt, and Holt, Antarctic Journal, in this issue). Distribution
and abundance results from these surveys are presented here;
work relating to the other objectives will be reported elsewhere.

Acoustic data were collected with a Simrad EK500 echo
sounder configured with a 120-kilohertz (kHz) split-beam
transducer. During Surveys A, B, and C, the transducer was
attached to a hydrofoil and towed at 6 knots (kn) and a depth
of 7 meters (in). During Surveys D, E, and F, a different trans-
ducer was housed in a dead-weight body and towed at 10 kn
and a depth of 7 m. Both systems were calibrated after the
cruise using the standard sphere method outlined in Demer
and Hewitt (1992). Data from Surveys A, B, D, E, and F were
adjusted for consistency with the calibration results. Survey C
was terminated prematurely and the results are not reported
here. Furthermore, the first transect on the western end of
Survey A was not included because the towed-body used to
collect these data was lost at sea.

Echo power levels for each ping were sampled approxi-
mately every 3 centimeters (cm) (25-kHz sampling rate), and
adjustments were made for spherical spreading and absorp-
tion losses. These data were averaged every 0.5 m over
depths ranging from 10 in to 250 m, and the resulting set of
mean volume backscattering strength measurements were
used to generate echograms. The threshold volume
backscattering strength was set at -81 decibel (dB) [equiva-
lent to approximately 0.1 krill per cubic meter (M3)], and
portions of the echogram attributed to nonkrill (bottom
return, system noise, and other scatterers) were filtered from
krill echoes. The ship's position was recorded every 10 sec-
onds and time-keyed to the acoustic data set. To generate
distribution maps and biomass estimates, volume backscat-
tering strength attributed to krill was integrated from 10 to

60

J

61

62 E=NK-----L
Figure 1. Distribution of krill biomass density [in	 58	57
grams per square meter (g/M2)] for Survey A.
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weight of an individual krill and its backscattering strength
(Hewitt and Demer 1993). We used average size distributions
of krill caught during the surveys (Loeb and Siegel, Antarctic
Journal, in this issue) to calculate average weight [using
Siegel's (1986) length/weight relationships] and average
backscattering strength [using Greene et al.'s (1991) defini-
tion of krill target strength as a function of length]. The
resulting data sets, indexed by time and ship's position, were
gridded and contoured for each of the five surveys. Total bio-
mass was estimated by treating the mean biomass density on
each transect as an independent estimate of the mean densi-
ty over the survey area (jolly and Hampton 1990; Simmonds
et al. 1992).

During Survey A, highest krill densities were located
northwest of Elephant Island and between Elephant and
Clarence islands (figure 1). During Survey B, the highest den-
sities of krill were found along the northeast edge of Elephant
Island and in deeper water to the north and northeast (figure
2A). During Survey D, conducted 18 days after Survey B, high-
est krill densities were mapped along the northwest edge of
Elephant Island in the immediate vicinity of Seal Island (fig-
ure 2B). During Survey F, conducted 20 days after Survey D
and 38 days after Survey B, highest krill densities were imme-
diately adjacent to Seal Island and 30-40 nautical miles north
of the island (figure 2Q; results from directed sampling sug-
gested that the northern area of high krill density may be
reproductively mature animals emigrating into the survey
area from the north and west. Survey E was conducted 30
days after Survey A; low densities of krill were mapped
throughout the eastern half of the survey area, except near the
northern and southern shores of Elephant Island. Krill densi-
ties in the western half of the grid were higher, with highest
densities 50 nautical miles (92.6 km) north of Seal Island, 30
nautical miles (55.6 km) southwest of Elephant Island, and
immediately north of King George Island (figure 3).

David A. Demer was supported by the Hertz Foundation.
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"LR program: Krill and macrozooplankton in the
Elephant Island area, January to March 1993

VALERIE LOEB, Moss Landing Marine Laboratories, Moss Landing, California 95039
VOLKER SIEGEL, Institulffir Seefischerei, Bundesforschungsanstaltffir Fischerei, Hamburg, Germany

N
et sampling operations during the Antarctic Marine Liv-
ing Resources (AMLR) 1993 field season provided infor-

mation on krill (Euphausia superba) stock structure and the
distribution and abundance of other macrozooplankton com-
ponents in the Elephant Island area. Sampling was done at
large-area survey stations (Rosenberg, Hewitt, and Holt,
Antarctic Journal, in this issue) using a 1.8-meter (m) (6-foot)
Isaacs-Kidd Midwater Trawl (IKMT) fitted with a 505-
micrometer ([tm) mesh plankton net. Data presented here are
derived from 87 hauls made during Survey A (15-31 January)
and 80 hauls made during Survey E (21 February to 6 March).
Sample processing was done on board. Fresh or freshly frozen
krill were measured (total length), sexed, and staged accord-
ing to the classification scheme of Makarov and Denys (1981).
One-liter (L) samples or 1-L subsamples of larger catches
were preserved in 10 percent formalin prior to identification
and enumeration of the larger sized zooplankton con-
stituents. Counts of copepod and chaetognath categories
were made only during Survey A. Abundance estimates of krill
and the dominant macrozooplankton taxa are expressed as
numbers per square meter (M2) and/or numbers per 1,000
cubic meters (M3). Data are presented for the large-area sur-
veys and for the more restricted "Elephant Island area" (a box
around Elephant Island; 60-62'S 53-57'30'W) to allow com-
parison with previous AMLR cruises.

The Survey A tows yielded approximately 22, 100 krill. The
median abundance value was 1.6 krill per M2 (table 1). The
catch sizes showed no obvious spatial pattern other than that
the larger catches were relatively frequent northeast of King
George Island; whereas small catches were generally charac-
teristic of the area south of Elephant Island (figure 1). The krill
were dominated by reproductively mature (66 percent) and

immature (29 percent) stages; juveniles made up only 5 per-
cent of the total (table 2). Females and males were equally
represented. The majority of the females were mature stages
3a and 3b (73 percent); few demonstrated advanced ovarian
development (stage 3c, 14 percent) or were gravid (stage 3d, 2
percent). The maturity-stage composition is reflected in the
overall length- frequency distribution, which shows domi-
nance by 35-50-millimeter (mm) size classes and few individ-
uals less than 30 mm (figure 2). Cluster analysis indicates that
two length-maturity categories were included in the survey
area. One was composed primarily of immature and juvenile
krill of 31-41-mm length (35-mm mode) and represents the
2+ age group (that is, 1990-1991 year class; Siegel 1987) that
was a dominant component in last year's catch. These krill
generally occurred in Bransfield Strait waters south of King
George and Elephant Islands. The other category was com-
posed primarily of 41-51-mm (47-48-mm mode) mature krill.
These generally occurred in Drake Passage waters to the
north of the islands. Mixtures of the two groups occurred in
the transition and Weddell-Scotia Confluence (WSC) water
masses (Amos, Antarctic journal, in this issue).

Forty-three macrozooplankton species were identified
during Survey A. Salps (Salpa thompsoni) were present in all
samples and were the overall dominant macrozooplankton.
The maximum catch was 47 L with an estimated abundance of
more than 16,000 salps per 1 , 000 M3 (table 1); the median
catch was 2.5 L and about 175 salps per 1 ,000 M3. The largest
salp concentrations occurred in the eastern portion of the
study area (figure 3). The euphausiid Thysanoessa macrura was
the second most abundant species. It was present in 92 per-
cent of the tows and had a median abundance of 30 per 1,000
M3. Krill was third in overall abundance. Two other relatively
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	22.5	173.6

	

48.1	1,001.5

	

57.0	2,313.3

	

0.0	0.9

	

233.7	16,078.8

	

245.8	14.0

	

1,213.4	94.3

	

2,536.7	192.3

	

6.9	0.0

	

16,078.8	1231.1

Salps

1993	1993

Table 1. Abundance of krill and dominant zooplankton species collected in the Survey A area and in the Elephant
Island area during (A) January 1993 compared to January 1992 and (B) February-March 1993 compared to February
and March 1993. Zooplankton data are not availablefor February-March 1992.

Area

Number of tows

Median number
per square meter

Mean number
per square meter

Standard deviation

Median number per 1,000
cubic meters

Mean number per 1,000
cubic meters

Standard deviation
Minimum
Maximum

Area

Number of tows

Median number
per square meter

Mean number
per square meter

Standard deviation
Median number per 1,000

cubic meters
Mean number per 1,000

cubic meters
Standard deviation
Minimum
Maximum

T. macrura

	1993	1993	1992

SurveyA Elephant Elephant
Island	Island

	87 	70	63

	

30.2	27.5

	

51.1	48.6

	

60.8	60.1

	

0.0	0.0

	

307.1	307.1

T. macnira

	1993	1993

Survey E Elephant
Island

	80 	67

	

29.1	22.1

	

35.0	128.9

	

93.4	235.1

	

0.0	0.0
1,176.3 1,141.5

Salps

1993	1993	1992

Survey A Elephant Elephant

	

Island	Island

87	70	63

Survey E Elephant
Island

80	67

	

701.2	605.9

	

1,567.1	1,585.9

	

2,532.4	2,725.5

	

2.2	2.2

	

16,662.5	16,662.5

E superba

	1993	1993	1992

Survey A Elephant Elephant

	

Island	Island

	87	70	63

	

1.6	1.7	0.9

	

8.0	5.8	3.5

	

28.2	11.6	11.7

	

7.0	8.2	5.7

	

44.0	28.8	23.7

	

181.0	64.4	78.0

	

0.0	0.0	0.0

	

1,623.4	438.9	594.1

E superba

	1993	1993	1992

Survey E Elephant Elephant

	

Island	Island

	80	67	67

	

0.3	0.6	1.1

	

6.7	6.8	6.0

	

18.3	17.8	12.0

	

1.5	3.0	7.1

	

34.5	35.0	38.0

	

92.9	89.7	77.4

	

0.0	0.0	0.0

	

542.0	542.0	389.9

abundant and frequently occurring species were the amphi-
pod Vibilia antarctica and the euphausiid Euphausiafrigida.

About 15,000 krill were collected during Survey E. The
median abundance value (0.3 krill per M2) was about 20 per-
cent of that during Survey A (table 1). As during Survey A the
catch sizes showed no obvious spatial pattern (figure 1).
Immature stages represented a much greater proportion of
the krill than during Survey A (56 percent vs. 29 percent);
juveniles continued to make up a small portion of the total (4
percent; table 2). Females and males were fairly equally repre-
sented. Half of the females were immature (stage 2), and 26

percent were mature but without attached spermatophores
(stage 3a). The shift in maturity-stage composition is reflected
in the overall length-frequency curve (figure 2), which shows
significantly greater proportions of krill less than 40-mm
length than during Survey A (Kolmogorov-Smirnov test,
N0.01). Cluster analysis indicated that the 2+ age group krill
(primarily immature krill of 35-44-mm length, 37-40-mm
mode) were broadly distributed across most of the survey
area; whereas the large reproductively mature krill (44-51-
mm length, 48-49-mm mode) were largely confined to the
northernmost stations in the Drake Passage.
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Twenty-five macrozooplankton species were identified

during Survey E. Salps were even more abundant than during

the previous month. The maximum and median catch sizes,

92 L and 5.5 L, respectively, were twice those of Survey A; the

median abundance of approximately 700 salps per 1 ,000 M3

was four times that of Survey A (table 1). Large salp concen-

trations (less than 1,000 per 1 ,000 M3) occurred over most of

the survey area (figure 3). T. macrura remained the second

most abundant species: it was present in 96 percent of the

tows and had a median abundance value (29 per 1 , 000 M3)

similar to that during Survey A. Krill was third in overall abun-

dance. Three amphipods, V. antarctica, Themisto gau-

dichaudii, and Cyllopus magellanicus, were also relatively

abundant.

Salp abundance within the Elephant Island area during

January 1993 was ten times greater, and krill abundance

about two times greater, than during January 1992; abun-

dance of T. macrura was similar between the 2 years (table 1).

During February and March 1993, the median krill abundance

was less than half that during the corresponding period in

1992. It is conceivable that the decreased krill abundance with

advancing season in 1993 was related to the increasing abun-

dance of (and possible competition by) salps. The coinciden-

tal change in krill length -frequency distribution and maturity-

stage composition and apparent movement of large-sized

krill out of the survey area suggests that the more nektonic

individuals were actively avoiding the area and/or that physi-

cal processes mediating their presence and concentration in

the area were weak or absent.

The overall krill maturity-stage composition and length-

frequency distribution observed during the 1993 surveys dif-

fered substantially from those during 1992 (table 2; Loeb and

Siegel 1992). The greatest difference was the absence of a dis-

tinct juvenile mode around 28 mm and presence of an inter-

mediate-sized mode around 35 mm, during 1993. The paucity

of small juveniles in 1993 suggests poor spawning and/or lar-

val survival during the 1991-1992 season. The relative abun-
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Figure 1. Krill abundance in lKMT samples collected during Survey
A (15-31 January) and Survey E (21 February to 6 March).
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ing Survey A and Survey E.

M.

M

62*

Krill Abundance
(Numbers m-2)

0 0

1 0

1.0-9.9

10.0-99.9

>100

ANTARCTIC JOURNAL — REVIEW 1993

187



3alp Abundance
(Numbers 1000 M,3)

100

<1,000

00,000

>10,000

Salp Abundance
(Numbers 1000 M,3)

F-1-100
1,000

<10.000
'10,000

ON M.

63 S ..........................	................
Go* W	59.	Sal	57*	56'	

55.	SO	53'

AMLR 1993 Large-Area Survey E

60' -

----	----------	-------
61 1 -

Table Z Maturity-stage composition of krill collected in the large

survey areas and Elephant Island area during 1993 compared to

the Elephant Island area during 1992

Area	Survey Elephant Elephant Survey Elephant Elephant

	

A	Island	Island	E	Island	Island

Juveniles	 5.2	7.2	37.1	3.6	3.5	33.6

	Immature stages 29.2	30.7	19.1	55.8	51.4	27.1

Mature stages	65.6	62.2	44.1	40.6	45.1	39.2

Females:
F2	5.4	7.8	0.8	23.2	21.8	0.8

F3a	20.4	11.7	0.6	12.1	12.4	10.3

F3b	16.1	14.3	12.3	5.6	6.2	10.2

F3c	7.0	5.1	9.2	3.2	3.7	4.3

F3d	0.6	1.2	0.4	1.0	1.1	1.2

Me	0.0	0.0	0.0	1.1	1.2	<0. 1

Males:
M2a	5.8	6.8	8.7	6.9	6.9	4.3

M2b	13.2	11.9	7.3	22.2	19.1	19.8

M2c	4.7	4.2	2.3	3.5	3.6	2.2

M3a	3.9	3.7	2.8	1.8	2.1	2.5

IV13b	17.6	26.2	18.8	15.7	18.4	10.7

Male:Female ratio 0.91	1.31	1.71	1.11:1	1.11	1.51

	Number measured 5,135 4,283	2,472	3,878	3,669	3,646

References
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Figure 3. Salp abundance in IKMT samples collected dur-

ing Survey A and Survey E.

dance of intermediate- sized krill of 31-41 mm (the 2+ age

group) reflects apparent success of the 1990-1991 year class.
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AMLR program: Ultraviolet and visible solar irradiance around
Eleptiant Island, Antarctica, January to March 1993

E. WALTER HELBLING and OSMUND HOLM-HANSEN, Polar Research Program, Scripps Institution of Oceanography,
University of California at San Diego, La Jolla, California 92093-0202

PATRICIO MORAN, Universidad Nacional del Sur, (8000) Bahia Blanca, Argentina

S
ince the discovery of the seasonal ozone hole over Antarc-
tica (Farman, Gardiner, and Shanklin 1985), great efforts

have been made in measuring incident ultraviolet radiation
(UVR) at high latitudes in the Southern Hemisphere (for
example, the National Science Foundation UVR monitoring
program), as well as the impact that enhanced UV-B radiation
[280 to 320 nanometers (nm)] could have on the terrestrial
and aquatic environments (see Weiler and Penhale in press).
As one component of the Antarctic Marine Living Resources
(AMLR) program, our phytoplankton group has been measur-
ing total and spectral U`VR, as well as photosynthetically avail-
able radiation (PAR, 400 to 700 nm), reaching the surface of
the ocean and its attenuation in the water column throughout
the AMLR study area in the vicinity of Elephant Island. The
measurements described in this article were conducted on
board the National Oceanic and Atmospheric Administration
(NOAA) ship Surveyor, a description of operations and a list-
ing of the station locations are given in Rosenberg, Hewitt,
and Holt (Antarctic Journal, in this issue).

Ultraviolet radiation at four wavelengths (308, 320, 340,
and 380 nm) and PAR were measured using a spectrora-
diometer (PUV-500/510, Biospherical Instruments, Inc.),
which was mounted in a shade-free area on the helicopter
deck close to the stern of the ship. The irradiance values for
each channel were recorded on a 386 computer every minute
throughout the entire cruise. A profiling underwater unit
(with the same five channels mentioned above) and sensors
for temperature, pressure, and 683-nm upwelling light were
deployed down to 50-100 meters (m) at all stations when
weather conditions permitted. The signals from all sensors on
this unit were recorded on the same computer, at a rate of
once per second. A 2-pi collector (model QSR 240, Biospheri-
cal Instruments, Inc.) for PAR and an Eppley radiometer
(TUVR) for total U`VR from 295 to 385 nm, were mounted in a
shade-free area on the ship's superstructure. Signals from
these sensors were recorded every minute on a Data World
computer. To determine the attenuation of PAR in the upper
water column, a PAR sensor (model QCP-200L, Biospherical
Instruments, Inc.) with a cosine response was mounted on
the rosette that was lowered at every station to 750-m depth
or to within 10-m of the bottom at the shallower stations.

The incident solar radiation during both legs of the cruise
is shown in figure 1. The mean daily irradiance at 308 nm (in
the UV-B region of the spectrum) had values of 0.45 and 0.3
microwatts per square centimeter per nanometer ( [,W CM-2

nm- 1) for Legs I and II, respectively, with a range of 0.23-0.79
gW CM-2 nm- 1 for Leg I and 0.09-0.63 tLW CM-2 nm- 1 for Leg 11
(figure 1A). The mean daily irradiance values at 380 nm (in the

UV-A region of the spectrum) were 35.3 and 28.4 IAW CM-2

nm- 1 for Legs I and II, respectively (figure 1B). The irradiances
at 320 and 340 nm showed the same pattern of variations as
the above wavelengths, with the mean daily values being 12.4
and 9.5 [LW CM-2 nm- 1 (for 320 nm) and 25.2 and 20.1 [tW
CM-2 nm- 1 (for 340 nm) for Legs I and II, respectively. The
mean daily PAR (figure I Q had means of 787 and 651 microe-
insteins per square meter per second ( [tEinst M-2 S- 1 ) for Legs
I and II, respectively. The observed length of the solar day,
sunrise to sunset, decreased continuously during the time of
our cruise (solid line in figure I Q. The irregular nature of this
line is due to changes in latitude as the ship steamed in
north-south directions within the survey grid. Because the
region around Elephant Island is characterized by prolonged
cloud cover, most of the daily PAR values are much less than
the values that would prevail under a cloud-free atmosphere.
The mean irradiance for PAR at 61'S on a cloud-free day in
early January would be approximately 1,500 gEinst M-2 S-1.

The attenuation of solar irradiance in the water column
at two representative stations, one with high and the other
with low chlorophyll-a concentrations, is shown in figure 2. At
station A43, which had low chlorophyll-a values (figure 20,
the attenuation coefficients for the four UVR wavelengths and
for PAR were 0. 124, 0.119, 0.069, 0.042, and 0.036, respectively
(see figure 2A). The 1 percent light level for PAR was at
approximately 128 m. Solar radiation was attenuated much
more rapidly (see figure 2B) at station A77, which had much
higher chlorophyll-a concentrations (figure 2Q. The attenua-
tion coefficients for UVR at 308, 320, 340, and 380 nanometers
and for PAR were 0.242, 0.23, 0.192, 0.154, and 0.144, respec-
tively. The I percent light level for PAR was at approximately
32 m.

Data in figure 3 show the relationship between the dif-
fuse attenuation coefficients (KpAR) in the upper mixed layer,
obtained with the cosine collector on the rosette, and chloro-
phyll-a concentrations in the upper mixed layer. There was a
good correlation between KpAR values and chlorophyll-a con-
centrations (figure 3), with the equation for the relationship
being KpAR=0.0374 * chl-a+0.038 (r2=0.85, n=91). Because this
relationship is good, it enables one to estimate the depth of
the euphotic zone on the basis of chlorophyll-a concentra-
tions in the upper water column. This would be useful when
stations are occupied at night or when no PAR sensor is avail-
able for use in profiling studies.

This research was supported by NOAA Cooperative
Agreement No. NA37FR0001-01. We thank the officers and
crew of NOAA ship Surveyor for excellent support during field
operations, and also Alternative Fluorocarbon Environmental
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Figure 1. Mean daily incident solar radiation reaching the surface of
the ocean during the AMLR cruise in January-March 1993, and
duration of the solar day. A. Radiation at 308 nm. B. Radiation at
380 nm. C. PAR and solar day length in hours.
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Figure 2. Spectral attenuation of solar irradiance in the water col-
umn and pigment content at two stations within the AMLR study
area. A. Station A43. B. Station A77. C. Chlorophyll-a concentra-
tions at stations A43 and A77.
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AMLR program: Rates of primary production around
Elephant Island, Antarctica
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,A,; important goal of the U.S. Antarctic Marine Living
esources (AMLR) program is to improve understanding

of the temporal and spatial characteristics of primary produc-
tion in the area around Elephant Island. Villafafte et al.
(Antarctic Journal, in this issue) have described various fea-
tures of the standing stock of phytoplankton throughout the
AMLR study area during the period from January to March
1993. In this article, we report the daily rate of primary pro-
duction in the AMLR study area and discuss various factors
that influence rates of phytoplankton photosynthesis.

The AMLR survey grid consisted of 91 stations, each of
which was sampled once during Leg I and once during Leg II
between January and March 1993. The station locations
have been described by Rosenberg, Hewitt, and Holt
(Antarctic Journal, in this issue). Upper water column char-
acteristics and water samples from 11 depths were obtained
at every station with an instrumented profiling unit consist-
ing of a rosette containing sensors for depth, temperature,
and conductivity; a pulsed in situ fluorometer (Sea Tech); a
25-cm transmissometer (Sea Tech); a solar irradiance sensor
(Biospherical Instruments, Inc.,) for photosynthetically
available radiation (PAR) between 400 to 700 nanometers
(nm); and 11 10-liter (L) Niskin bottles equipped with
Teflon-covered springs. A profiling PUV-510 unit (Biospheri-
cal. Instruments, Inc.,) was also deployed at selected stations
[surface to 100 meters (m)] to record upwelling radiance at

683 nm as a function of depth and downwelling irradiance
of PAR.

Water samples obtained from eight depths between 5 to
75 m were dispensed into 120-milliliter (mQ borosilicate glass
bottles (two light and one dark), which were inoculated with
5.0 microcuries ( [tCi) of carbon-14 ( 14C) bicarbonate. The bot-
tles were placed in a shade-free deck incubator, which was
cooled with flowing sea water, and incubated for 8-10 hours
(h) centered around local apparent noon. Neutral density fil-
ters were used to attenuate solar radiation so that the samples
were exposed to eight different irradiance regimes, which
ranged from 95 percent to 0.5 percent of incident radiation.
Incident PAR was continuously recorded (every minute), so
that the amount of carbon dioxide (CO2) fixed during the
incubation period could be extrapolated to estimate total
daily primary production.

Rates of photosynthesis as a function of mean irradiance
during the incubation period are shown in figure 1. The pho-
tosynthesis-irradiance parameters as calculated by the equa-
tion of Platt and jassby (1976) are as follows:
• Pmax=2.7 milligrams of carbon per milligram of chloro-

phyll-a per hour (mg C mg chl-a- I h-1);
• I k= 94.5 microeinsteins per square meter per second

4AEinst M-2 sec-1);
• alpha=0.029 mg C (mg chl-a hour)- 1 (VEinst M-2 sec-l)-l.
There were no significant differences in photosynthetic
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Figure 1. Photosynthetic assimilation numbers as a function of the

mean irradiance to which the samples were exposed during the

incubation period. Clear circles represent data from Leg 1, and solid

circles are from Leg 11. The inset shows photosynthetic response

data at only the low irradiance values of less than 100 REinst M-2
sec-1.
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Figure 3. Upwelling radiance at 683 nm (dashed line) and chloro-

phyll-a concentrations (solid circles) in the upper water column at

stations representative of different water masses in the AMLR study

area. Profiles for each station show chlorophyll-a concentrations at

standard depths and relative rates of photosynthesis (not absolute

rates) as estimated with the profiling radiance meter. Data on

upwelling radiance in the upper 5 rn have been deleted at each sta-

tion because scattered downwelling solar irradiance at 683 nrn can

be detected down to at least 5 m depth. A. Station E41 (water mass

1). B. Station A73 (water mass 11). C. Station A34 (water mass IV). D.

Station A83 (water mass V).
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Figure 2. Profiles of chlorophyll-a distribution (solid circles) and

rates of primary production (clear squares) throughout the euphotic

zone at representative stations in water masses 1, 11-111, IV, and V as

described by Amos (Antarctic Journal, in this issue). Note change of

abscissa scales in the four sets of profiles. A. Station E28 (water

mass 1). B. Station A48 (water masses 11 and 111). C. Station A06

(water mass IV). D. Station E86 (water mass V).

response between samples from Leg I as compared with Leg

II. The assimilation numbers are fairly high (2 to 4) at saturat-

ing light levels and show no significant inhibition at the high-

est irradiance values.

The distribution of phytoplankton in the upper water col-

umn was quite different in the major water masses described

in the AMLR study area by Amos (Antarctic Journal, in this

issue), and this was reflected in the profiles of primary pro-

duction in the euphotic zone (figure 2). Lowest values for

chlorophyll-a and primary production are found in water

masses I and V. In water mass I, chlorophyll-a values are low
(0.1 Mg M-3) in the upper 50 rn and increase significantly

between 50 and 100 m (figure 2A). Phytoplankton biomass in

water mass V is also low (0.1 mg chlorophyll-a M-3) but does

not increase with depth in the euphotic zone (figure 2D).

Highest chlorophyll-a values, as well as rates of primary pro-

duction, were found in water masses 11, 111, and IV (figures 2B

and 2C, respectively). The integrated rates of primary produc-

tion at stations A48 (figure 2B) and A06 (figure 2 Q were 1, 149

and 927 mg C fixed M-2 per day (d- 1 ), respectively, as com-

pared to values of 75 and 160 for stations E28 (figure 2A) and

E86 (figure 2D), respectively. The mean primary production

values when integrated for the entire euphotic zone through-

out the entire AMLR grid were 716 Mg C M-2 d-1 in Leg I and

20 40 60 80 100
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311 ing C M-2 d- 1 in Leg 11. The decrease in rates of primary
production from Leg I to Leg II reflects the lower standing
stock of phytoplankton in Leg 11 as compared to that in Leg I
(Villafafte et al., Antarctic journal, in this issue), in addition to
lower incident irradiance values in February and March as
compared with January (see Helbling, Mordn, and Holm-
Hansen, Antarctic Journal, in this issue).

Profiles of upwelling radiance at 683 nm, which are
indicative of in situ rates of photosynthesis (Chamberlin et al.
1990), are shown in figure 3. It is seen that the profile
obtained in water mass I (figure 3A) is very different from the
other profiles in that there is a deep subsurface maximum in
the rate of photosynthesis at approximately 50-in depth. The
fluorescence profiles at stations A34 (figure 3C, water mass IV)
and A83 (figure 3D, water mass V) are highest in surface
waters and decrease rapidly with depth in the upper water
column. Station A73 (figure 3B, water mass 11) has a small
maximum at 22 in, a maximum that corresponded to the bot-
tom of the upper mixed layer where the chlorophyll-a values
were also slightly higher than at 10 in.

This research was supported by National Oceanic and
Atmospheric Administration (NOAA) cooperative agreement
number NA3717110001-01. We thank the officers and crew of
NOAA ship Surveyor for excellent support during the entire

cruise and also Samuel Hormazabal and Sandra Rivera for help
on board ship. Shipboard personnel included E. Walter Helbling
and Virginia E. Villafafte (11 January to 9 February) and Osmund
Holm-Hansen and Livio Sala (14 February to 15 March).
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AMLR program: Distribution of phytoplankton biomass
around Elephant Island, Antarctica, January to March 1993

VIRGINIA E. VILLAFA&E, OSMUND HOLM-HANSEN, and E. WALTER HELBLING, Polar Research Program, Scripps
Institution of Oceanography, University of California at San Diego, La Jolla, California 93093-0202

SANDRA G. RivERA, Universidad Nacional de la Patagonia, Facultad de Ciencias Naturales, Chubut, Argentina

0 ne of the major objectives of the phytoplankton compo-
nent of the Antarctic Marine Living Resources (AMLR)

program is to determine the distribution and abundance of
the food reservoir available to herbivorous zooplankton,
including the antarctic krill Euphausia superba. In this arti-
cle, we report on the distribution and biomass of phyto-
plankton throughout the AMLR study area (see Rosenberg,
Hewitt, and Holt, Antarctic Journal, in this issue) and provide
data on the relative abundance of nanoplankton and
microplankton and the dominant species in the microplank-
ton size category.

Using Niskin bottles mounted on a rosette (General
Oceanics), we collected water samples at 10 standard depths
between 5 and 200 meters (in). In addition to sensors for con-
ductivity, depth, and temperature, the profiling unit, which
was deployed at all stations, had attached to it a 25-centime-
ter (cm) pathlength transmissometer (Sea Tech), a sensor for
photosynthetically available radiation [PAR, 400-700
nanometers (nm)], and a pulsed fluorometer (Sea Tech).
There were 91 stations in the survey grid, all of which were

occupied two times between January and March. The station
positions are given in Rosenberg et al. (Antarctic Journal, in
this issue).

Phytoplankton biomass was estimated by three different
methods:
• determination of chlorophyll-a concentrations,
• direct microscopic counts, with cell measurements, and

subsequent calculation of cellular organic carbon, and
• estimation of particulate organic carbon (POC) from

beam- attenuation coefficients measured with the trans-
missometer.

The total concentration of chlorophyll-a in phytoplank-
ton was determined by filtering 100 milliliters (mL) of
unscreened sample onto a GF/F Whatman glass fiber filter
and extracting the chlorophyll in 10 mL of absolute methanol
(Holm-Hansen and Riemann 1978). The fluorescence of the
extract was then measured in a Turner Designs fluorometer,
model 10-005R (Holm-Hansen et al. 1965). To determine the
chlorophyll-a content of nanoplankton [less than 20 microm-
eters ([tm) in diameter], replicate water samples were first fil-
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Figure 1. Chlorophyll-a concentrations (mg m- 3) at 5 m depth throughout the AMLR study area. Solid lines indicate depth contours in meters. A.
Survey A (15 to 31 January 1993). B. Survey E (22 February to 6 March 1993). Note change of scales between A and B.

tered through a 20-[tm Nitex mesh and the filtrate treated as

mentioned above for total chlorophyll-a.

Water samples for floristic analyses were preserved in

buffered formalin for the determination of species composition

and cell numbers. Inverted microscope techniques (Utermbhl

1958; Reid 1983) were used to determine cell numbers and vol-

umes on settled aliquots of these samples, from which total cel-

lular carbon can be estimated

(Kovala. and Larrance 1966;

Strathmann 1967). To obtain 0^% 11AU

larger samples of the micro-	E
plankton fraction, a net (15-Rm	CD
mesh size) was deployed from E 100
the stem of the ship for about 5	E
minutes, and the concentrated 8	

80microplankton were preserved

as described above. These net

samples were examined with a

compound microscope on	60

board ship to determine the	CL
0

dominant species in the micro-	I-
0 40plankton fraction.	7

Particulate organic carbon
70

in water samples was estimated	0)
7^6	20

from the particulate beam coef-
CDficient (cp) data obtained from	(D

the transmissometer mounted	
4-0

.G	n
on the rosette using the enua-

tion described in Vdlafafie, Hel-	
0

bling, and Holm-Hansen (1993).

The distribution of chlo-

rophyll-a at 5 
in 

is shown in

figure 1. During Leg I (figure

1A), chloronhvil-a values were

relatively low [less than 0.5 milligrams of chlorophyll-a per

cubic meter (mg chl-a M-3)] in the northwestern and south-

eastern portions of the grid and in waters close to Elephant

Island and Clarence Island. Higher concentrations (0.5 to 1.5
mg chl-a M-3) were found in a broad region extending from

King George Island to northeast of Elephant Island. The high-

est chlorophyll-a values (3.5 mg chl-a M-3) were found over

1	2	3	4

Chlorophyll-a at 5 m depth (mg/m3)

Figure 2. Relationship between chlorophyll-a concentrations at 5 m depth and integrated chlorophyll-a
concentrations (0 to 100 m). Open circles are for Survey A and solid circles are for Survey E. The line rep-
resents the mean square fit (r2=0.67; n=1 80).
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the shelf slope (1,000 to 3,000 m) in the northeastern corner of
the survey grid. Chlorophyll-a concentrations during Leg 11
(figure IB) were, in general, lower throughout the entire grid
as compared to Leg I, but the distribution pattern was similar
to that of Leg I. The highest values during Leg 11 (around I mg
chl-a M-3) were found near the 1,000-m depth contour to the
north of King George Island.

Previous studies in antarctic waters (Holm-Hansen and
Mitchell 1991) have shown a good correlation between sur-
face chlorophyll-a values and chlorophyll-a values when inte-
grated to 50 m (r2=0.91) or to 200 m (r2=0.94). The correlation
between chlorophyll-a values at 5 m and when integrated to
100 m during Legs I and II of the AMLR program is shown in
figure 2. The lower r2 value (0.67) for the AMLR data set may
be due to the fact that various water masses found within the
survey grid often have distinctly different patterns of chloro-
phyll-a with depth; in water types II and III (see Amos,
Antarctic journal, in this issue), maximal chlorophyll-a values
are generally at or close to the surface, whereas in water type I
there is generally a subsurface maximum at approximately 50
to 80 m (see Holm-Hansen et al., Antarctic Journal, in this
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Figure 3. Distribution of particulate organic carbon (in Mg C M-3)
estimated from particulate beam attenuation coefficients. Solid lines
indicate depth contours in meters. A. Survey A. B. Survey E.

issue). The data in figure 2 also show that both surface and
integrated values for chlorophyll-a declined significantly from
Leg I to Leg II.

The nanoplankton fraction was relatively high (more
than 65 percent) during both Leg I and Leg 11 and at all
depths, except for some low values ranging from 40 to 60 per-
cent at some stations at 100 m in Drake Passage waters. Pre-
liminary analyses of the net samples (more than 15-[tm frac-
tion) show the predominance of diatoms at all stations, with
Rhizosolenia antermata f. semispina being characteristic in
water mass I and Corethron criophilurn in water masses Il and
111. The same pattern of species distribution was observed
during both legs.

The pattern of estimated POC concentrations (figure 3)
throughout the grid was similar to that of chlorophyll-a values
(figure 1). During Leg I (figure 3A), POC values were highest
[approximately 150 milligrams of carbon per cubic meter (mg
C M-3)] to the northeast of Elephant Island and lowest (25-50
Mg C M-3) in Drake Passage waters and in shallower waters
around Elephant Island. Higher values (50-100 mg C M-3)
were found in water masses 11 and III. A more uniform distrib-
ution of POC was estimated for Leg 11 (figure 3B), with the
highest values (approximately 100 Mg C M-3) being found
north of King George Island and the lowest values (25-50 mg
C M-3) in water masses I and V. The phytoplankton carbon to
chlorophyll-a ratios were in the range of 40 to 100, a ratio sim-
ilar to previous reports from this area (Villafafie et al. 1993).

This research was supported by National Oceanic and
Atmospheric Administration (NOAA) cooperative agreement
number NA37FR0001-01. We thank the officers and crew of
NOAA ship Surveyor for excellent support during field opera-
tions. Grateful acknowledgment is also made to Aldo Aguilera
(Universidad Austral de Chile), Christian Bonert (Servicio
Hidrogrdfico de la Armada, Chile), Samuel Hormazdbal (Uni-
versidad Cat6lica de Valparaiso, Chile), Patricio Mordn (Uni-
versidad Nacional del Sur, Argentina), and Livio Sala (Univer-
sidad Nacional de la Patagonia, Argentina) for their generous
help on board ship. Shipboard personnel included E. Walter
Helbling (11 January to 9 February), Virginia E. Villafafte (I I
January to 9 February), Sandra G. Rivera (I I January to 9 Feb-
ruary), and Osmund Holm-Hansen (14 February to 15
March).
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AMLR program: Inorganic nutrient concentrations
in near-surface waters around

Elephant Island, Antarctica, January to March 1993
NELSON SiLvA S. and SAMUEL HORmAzABAL F., Escuela de Ciencias del Mar, Universidad Cat6lica de Valparaiso,

Valparaiso, Chile
E. WALTER HELBLING and OSMUND HOLM-HANSEN, Polar Research Program, Scripps Institution of Oceanography,

University of California at San Diego, La Jolla, California 92093-0202

T

he Antarctic Marine Living Resources (AMLR) program is

a multidisciplinary study designed to investigate the

interrelationships between the antarctic krill (Euphausia

superba Dana) and physical-b io logical factors in the area

around Elephant Island. As one component of this program,

our phytoplankton group has been analyzing the major inor-

ganic nutrient concentrations in waters surrounding Elephant

Island. In this article, we present the distribution of major

nutrients (nitrate, phosphate, and silicic acid) at 5 meters (m)

within the AMLR study area.

The station locations and dates of sampling are given by

Rosenberg, Hewitt, and Holt (Antarctic Journal, in this issue).

At each of the 91 stations surveyed during both Leg I and Leg

II, water samples were obtained at four depths (5, 50, 200, and

750 m) with 10-liter (L) Niskin bottles mounted on the rosette

system. Water from the Niskin bottles was poured directly

into 60-milliliter (mL) clean (soaked in 1.0 normal hydrogen

chloride) polyethylene bottles, shaken and discarded two

times, and then the bottles were filled with approximately 45

mL and frozen (-20*C) immediately. The samples were kept

frozen until analyses were performed at the UnIversidad

Cat6lica de Valparaiso, Chile, using an autoanalyzer and the

techniques described by Atlas et al. (197 1).

Nitrate concentrations at 5 m were generally high

throughout the study area, with values ranging from 18 to 32

micromolar (gM) (figure 1). Relatively high values were

observed in the southeast comer of the survey grid in Weddell

Sea waters (Amos, Antarctic Journal, in this issue). The most

notable depletion was found in the northeast corner of the

study area during Leg I (figure 1A) and to the east of King

George Island during Leg 11 (figure 1B). Both of these areas

were characterized by high phytoplankton biomass and ele-

vated values of particulate organic carbon (Villafafte et al.,

AntarcticJournal, in this issue).

Phosphate concentrations at 5 m (figure 2) varied between

1.65 and 2.45 RM, with relatively high values being found in the

southeast area of the survey grid (Weddell Sea waters). Areas

showing most depletion of phosphate corresponded to the

low-nitrate areas previously mentioned. The nitrate-phos-

phate ratio had a value of 14.95 (r 2=0.88) for 
all 

samples taken

during Leg I and Leg II, a value that is close to the theoretical

value of 16 (Redfield, Ketchum, and Richards 1963).

Concentrations of silicic acid throughout the study area

varied much more than did nitrate or phosphate concentra-

tions. Silicic acid concentrations at 5 m (figure 3) were rela-

tively low (less than 32.5 ^tM) in the northwest corner of the

study area, a finding that corresponds to Drake Passage

waters (Amos, Antarctic Journal, in this issue) and increased
progressively toward Elephant Island, reaching maximum

values of close to 110 RM in Weddell Sea waters. The pattern

of distribution of silicic acid concentrations followed very

closely the water-mass distributions described by Amos

(Antarctic Journal, in this issue), with the silicic acid concen-
trations in Drake Passage waters being less than 40 1AM and

about 80-90 [tM close to Elephant island (Weddell-Scotia

Confluence water).

The general distribution of inorganic nutrients is in

accordance with previous findings of Silva (1985, 1986) for

waters around the South Shetland Islands, but silicic acid

concentrations during AMLR 1993 showed a higher range

than the concentrations found for the AMLR 1992 field season

(Silva, Helbling, and Holm-Hansen 1992). The nitrate-phos-

phate ratio did not show any significant difference between

the two seasons.

Our data on inorganic nutrient concentrations in the

upper water column (samples from 50, 200, and 750 m, in

addition to the 5-m data discussed above) will be analyzed in

regard to data on phytoplankton biomass (Villafafie et al.,
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Figure 1. Nitrate concentrations ( I.0) at 5 m depth in waters around	i-igure z. i-nospnate concentrations ( 4m) at b m aeptn in waters

Elephant Island. A. Data from Survey A (15 to 31 January 1993). B.	
around Elephant Island. A. Data from Survey A (15 to 31 January

Data from Survey E (22 February to 6 March 1993).	 1993). B. Data from Survey E (22 February to 6 March 1993).

Figure 3. Silicic acid concentrations ( RIVI) at 5 m depth in waters around Elephant Island. A. Data from Survey A (15 to 31 January
1993). B. Data from Survey E (22 February to 6 March 1993).
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Antarctic Journal, in this issue) and rates of primary produc-
tion (Holm-Hansen et al., Antarctic Journal, in this issue). The
results of these calculations will provide insight into the
importance of nutrient recycling in maintaining relatively
high nutrient concentrations in the euphotic zone and also
will help researchers estimate the relative loss of organic mat-
ter to deep water by settling of cells or through grazing by
zooplankton.

This work was supported by National Oceanic and
Atmospheric Administration (NOAA) cooperative agreement
number NA37FR0001-01. We thank the officers and crew of
the NOAA ship Surveyor for excellent support during the field
operations. We also thank No6 Cdceres and Marfa Ang6lica
Varas for their help on chemical analyses and data processing
and Aldo Aguilera and Christian Bonert for help on board
ship. Shipboard personnel included Samuel Hormdzabal F.
(11 January to 15 March 1993), E. Walter Helbling (11 January
to 9 February 1993), and Osmund Holm-Hansen (14 February
to 15 March 1993).
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0"LR program: Foraging behavior and spatial
0pattern of pelagic birds at sea

RICHARD VEIT, GABRIELLE NEviTT, EmiLy SILVERMAN, MARTHA GROOM, BEVERLY AGLER, DANIEL
GRUNBAUM, and DAVID SECORD, Department ofZoology, University of Washington, Seattle, Washington 98195

0 ur aim during Antarctic Marine Living Resources (AMLR)
1993 was to assess the spatial association at sea between

seabirds and swarms of krill and to quantify the birds' forag-
ing behavior to determine whether changes in bird behavior
might provide a reliable cue to the location of krill swarms. A
description of cruise activities is given by Rosenberg, Hewitt,
and Holt (Antarctic Journal, in this issue). We used standard
strip-transects (Tasker et al. 1984) to map the positions of
birds. We conducted the strip-transects while the ship was
underway between stations, concurrent with acoustic mea-
surements of krill abundance (Hewitt and Demer, Antarctic
Journal, in this issue). We counted birds in a 100-meter (m)
strip centered on the track followed by the acoustic towed
body and partitioned our continuous counts of birds into
0.1-nautical-mile (nmi) intervals. We lagged the bird counts
in such a way that they were temporally aligned with the
acoustic data (that is, since the acoustic array was towed off
the fantail, records of birds preceded estimates of krill by
about 40 seconds). To quantify behavior of birds, we needed
to use two teams of observers working simultaneously; one
team recorded counts of birds within the 100-m strip men-

tioned above, while the second team recorded the actions of
individual birds. To do this, one observer picked a bird at ran-
dom and followed it until it disappeared from view. While the
bird was in view, the observer noted whether it was flying, sit-
ting, or feeding and, if flying, the direction of flight. All behav-
ioral data were entered into a microcomputer that had a cali-
brated clock, so that we could subsequently calculate propor-
tions of time that birds devoted to each of the activities that
we recorded.

To assess spatial association between krill and krill
predators, we focused our analyses on the numerically domi-
nant species of the Elephant Island area that are known to
feed substantially upon krill: chinstrap penguins (Pygoscelis
antarctica) and antarctic fulmars (Fulmarus glacialoides). At
the scale of the whole survey (10s to 100s of kilometers),
aggregations of chinstrap penguins coincided with aggrega-
tions of krill, whereas aggregations of antarctic ftilmars did
not (figure 1). The penguin/krill spatial association was inex-
act when examined at finer scales; we calculated pearson cor-
relation coefficients between penguin and krill abundance
using as samples intervals ranging in size from 0.1 nmi up to
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Figure 1. Spatial distributions of chinstrap penguins and antarctic

fulmars, two species that specialize on antarctic krill, from Survey A.

Bird numbers integrated over 0. 1 -nmi intervals.
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Figure 2. Spatial distribution of white-chinned petrels from Survey A.

Zero values are not plotted. Birds are summed over 0.1-nmi inter-

vals.

1.6 nmi, and we obtained values of 0. 1 to 0.33. The maximum

correlation occurred for samples of length 1.0 nmi. This mag-

nitude of spatial coherence is similar to that recorded for

macaroni penguins (Eudyptes chrysolophus) near South Geor-

gia (Veit, Silverman, and Everson in press). We saw several

aggregations of up to 1,000 antarctic fulmars, but none of

these was associated with a large swarm of krill. The largest

fulmar aggregation was located north of Elephant Island

beyond the shelf break. The acoustic trace revealed a large

patch of plankton directly beneath the fulmars, but the patch

appeared to contain mostly salps. In contrast to the penguins,

several species of birds that do not feed mainly on krill had

distributions that were dissimilar to the distribution of krill.

For example, white-chinned petrels (Procellaria aequinoc-

tialis), which feed primarily on fish and squid, were distrib-

uted offshore in Drake Passage water (see Amos, Antarctic

journal, in this issue) (figure 2).

To see whether birds behaved in a predictably different

fashion when near krill swarms, we chose a type of behavior

that was both easily measurable and likely to reflect detection

of prey on the part of the bird: frequency of direction change

during flight. Our rationale for this choice was that a foraging

bird is likely to continue traveling in a straight line when no

prey is present but to double back on its track or to "mill

around" when it detects prey. We counted the number of

direction changes greater than 45' that a bird made during

the time interval that we watched. We anticipated that this

turning frequency should be larger in krill-rich than in krill-

poor areas. For antarctic fulmars, we found no relation

between turning frequency and krill abundance, but because

the vast majority of fulmars that we saw were sitting on the

water, we suspect that most of their feeding was done at

night. For cape pigeons (Daption capensis) (another krill spe-

cialist, though not as abundant near Elephant Island as

Cape Pigeon
0.0
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Figure 3. Rate at which cape pigeons changed their flight direction

in relation to krill abundance. Units of krill abundance are backscat-

tering strength within a 0.1-nmi interval in which the bird was first

sighted.
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antarctic fulmars), however, turning frequency tended to
increase with increasing krill abundance (figure 3). This find-
ing is encouraging because it suggests that bird behavior can
be used as an index of the availability of krill to the predators
that depend on it for food.

The distribution of cetacean biomass during both Leg I
and Leg II was different from the distribution of bird biomass.
Instead of being clustered near the islands, peak numbers of
whales occurred along 57'W, due east of King George Island
(mainly humpback whales) and at the shelf break northwest
of Elephant Island (mostly beaked whales, pilot whales, and
hourglass dolphins). The elevated density of cetaceans east of
Elephant Island was associated with elevated densities of krill,
as suggested by net haul data (Loeb and Siegel, AntarcticJour-
nal, in this issue), and the concentrations of beaked whales
northwest of Elephant Island was associated with a large,
acoustically detected patch of krill (Hewitt and Demer,
Antarctic Journal, in this issue). The lack of bird aggregations
at either locality suggests that whales and birds may use dif-
ferent cues for locating prey. For example, whales may choose

dense swarms of krill that are too far below the surface for for-
aging birds to reach.
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"LR program: Fur seal and seabird studies at Seal Island,
South Shetland Islands, during the 1992-1993 austral summer
JOHN L. BENGTSON, JOHN K. JANSEN, WILLIAm R. MEYER, RN. MILLER, MICHAEL K. SCHWARTZ, and BRIAN

R. WALKER, National Marine Mammal Laboratory, Alaska Fisheries Science Center, National Marine Fisheries Service, National
Oceanic and Atomospheric Administration, Seattle, Washington 98115

T
he National Marine Mammal Laboratory's Antarctic
Ecosystem Program conducts pinniped and seabird

research as part of the Convention for the Conservation of
Marine Living Resources (CCAMLR) Ecosystem Monitoring
Program (CEMP). The underlying objectives of this research
are to determine what factors are primarily responsible for
influencing the population dynamics of antarctic pinnipeds
and seabirds, to detect significant changes in key components
of the southern oceans ecosystems, and to distinguish
between changes due to commercial fisheries and those due
to natural causes. An important aspect of this work is focused
on understanding the relationships among land-breeding
seabirds and pinnipeds, their prey, and environmental condi-
tions. Studies are conducted annually at the National Oceanic
and Atmospheric Administration (NOAA) field camp at Seal
Island, near Elephant Island in the South Shetland Islands,
Antarctica. Major objectives of the Seal Island research activi-
ties are as follows:

To assess long-term trends in pup growth rates and atten-
dance patterns ashore of adult female antarctic fur seals
(Arctocephalus gazella) according to CEMP protocols;
To conduct directed research on fur seal pup production
and on female foraging behavior, diet, abundance, sur-
vival, and recruitment;

To evaluate long-term patterns in the breeding success,
reproductive chronology, foraging behavior, chick diet,
abundance, survival, recruitment, and fledgling size of
chinstrap penguins (Pygoscelis antarctica) and macaroni
penguins (Eudyptes chrysolophus) according to CEMP pro-
tocols;
To conduct directed research on penguin chick growth
and condition, seasonal patterns in diving behavior, and
changes in foraging patterns throughout the breeding sea-
son;

• To assess the reproductive success and survival of cape
petrels (Daption capensis) breeding on Seal Island; and

• To investigate the relationships among seabirds' and pin-
nipeds' performance (behavior and vital rates), prey avail-
ability, and environmental features.

For the field study of antarctic fur seals, growth rates of
fur seal pups were measured by weighing pups at intervals of
approximately 2 weeks between 30 December 1992 and 25
February 1993. Male pups grew at a mean rate of 134.6 grams
(g) per day (SE=5.7), and female pups grew at a mean rate of
100.6 g per day (SE=4.5). Biweekly mean estimates of mass
for both sexes in the 1992-1993 season were lower by
500-1,500 g than comparable measurements from the
1991-1992 season.
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During their 4-month lactation period, female antarctic
fur seals make a series of feeding trips to sea, returning to
shore between each trip to suckle their pups for 1-2 days. Lac-
tating females' attendance on the rookery beach was moni-
tored continuously for 40 females using radio transmitters
and an automated radio reception/ data- logging system. For
the 21 females that completed six trips to sea without losing
their pups (CEMP Standard Method C.1), the average forag-
ing-trip duration was 107.2 hours (SD=45.5, n=126 trips).
Mean trip duration for the 1992-1993 season was greater than
averages recorded in the 1991-1992 season for all of the first
six trips, with the exception of trip 1, which was approximate-
ly 2.7 hours longer than the mean duration in 1992-1993.

Fifteen female fur seals in the foraging- trip/ attendance
studies were also instrumented with time-depth recorders
(TDRs) to document diving behavior as a measure of foraging
effort expended while at sea. Some of these TDR-instrument-
ed fur seals were at sea during the small-area survey conduct-
ed by the NOAA ship Surveyor (see other AMLR program
papers in this volume), which will allow subsequent compar-
isons of ftir seal dive profiles and the distribution of antarctic
krill (Euphausia superba) as detected acoustically.

At least 306 fur seal pups were born on Seal Island during
the 1992-1993 season, a small increase (5 percent) over the
previous season. A census of the breeding colony of ftir seals
on nearby Large Leap Island (1 kilometer north of Seal Island)
produced a count of 304 pups on 21 January 1993, an increase
of 46 pups over the previous season's total.

For the field study of seabirds, a total of 21,717 chinstrap
penguin nests was counted during an islandwide census of
Seal Island at the beginning of the field season, a level close (4
percent less) to that observed during the previous season. The
island's breeding population of macaroni penguins (266
nests) was slightly larger (5 percent) than the previous year.
Observations at a chinstrap penguin study plot revealed that
of nests active at the start of observations on 13 December,
1.3 chicks per active nest were raised to creching. Chinstrap
chick weight at fledging was similar to the 2 previous years'

values [3.1 kilograms (kg) in 1992-1993; 3.1 kg in 1991-1992;
2.9 kg in 1990-199 1 ]. The number of macaroni penguin chicks
per active nest raised to creching was 0.85; the fledging suc-
cess rate (chicks that survived to fledging) was 0.77 fledglings
per active nest.

The chronology of penguin reproductive events from
hatching through creching was documented for comparisons
to other years. For chinstrap penguins, hatching occurred 21
December to 28 January; creching began 25 January; and
fledging occurred 13 February to 8 March. For macaroni pen-
guins, hatching occurred 24 December to 12 January; creching
began 18 January; and fledging occurred 19 to 26 February.

Preliminary analyses of chinstrap penguin diet indicated
that, as in past seasons, krill was the major prey species evi-
dent from stomach lavaging. However, evidence of fish prey
was present in diet samples taken from birds returning from
nocturnal feeding trips. Sixty percent of the samples taken
from nocturnal/early morning foragers (n=15) contained fish
in addition to krill. In contrast, only 10 percent of the samples
taken from diurnal foragers (n=20) had evidence of fish.

The durations of foraging trips of 40 chinstrap penguin
adults were monitored by radio transmitters to determine the
amount of time at sea required by breeding adults to meet
their own energetic needs and procure food for their chicks.
In addition, TDRs were deployed on 49 chinstrap penguins to
obtain detailed information on their diving behavior at sea.

The breeding success of cape petrels at Seal Island in
1992-1993 (0.90 chicks per active nest) was intermediate
between values for the two previous seasons (0.93 vs. 0.62 for
1991-1992 and 1990-1991, respectively). The mean mass of
cape petrel chicks (540 g, n=76) just prior to fledging was
comparable to that observed in 1991-1992 and 1990-1991
(570 g and 630 g, respectively).

The authors thank the officers and crews of the NOAA
ship Surveyor and the M/V Explorer for providing spirited
logistical support. This research was supported by NOAA' s
National Marine Fisheries Service, as part of its Antarctic
Marine Living Resources (AMLR) Program.

AMLR program: Interannual variability in the Elephant Island
surface waters in the austral summer

ANTHONY F. Amos, University of Texas atAustin, Marine Science Institute, PortAransas, Texas 78373

T
he austral summer of 1992-1993 was the fourth field sea-
son of the U.S. Antarctic Marine Living Resources (AMLR)

program (Rosenberg, Hewitt, and Holt, Antarctic Journal, in
this issue) that included a physical oceanography component
to study the Elephant Island regional hydrography. A grid of
conductivity- temperature -depth (CTD)/rosette stations
around the Elephant Island group has been occupied annual-
ly during the summer since 1989-1990. Each year, two

month-long cruise legs are so planned that Leg I stations will
be made from early January through early February and Leg 11
stations from mid-February through mid-March. The bulk of
CTD stations are done on a grid during the large-area surveys.
The grid is repeated during Leg II. Cross-shelf transects of
more closely spaced stations are usually done on each leg. A
Sea-Bird SBE 9 (upgraded for AMLR 1993 to SBE-9 Plus) CTD,
with fluorometer, beam- transmissometer, and dissolved oxy-
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gen and photosynthetically available radiation (PAR) sensors
attached, is lowered to 750 meters (m) or less, depending on
water depth. The same CTD sensors have been used all 4
years and are calibrated prior to and following each cruise.
Calibration differences are minor compared to the interannu-
al variability. Consequently, the sampling scheme with its
close temporal similarity allows us to examine the year-to-
year variability in the upper water structure and ultimately
relate that to the findings of the other component studies in
AMLR.

The preliminary evaluation of the interannual variability
in the upper water column has been made using a simple
quasivolumetric analysis technique. In total, 654 CTD stations
were used in the analysis (figure 1). 1 calculated the overall 4-
year mean at I-m depth intervals grouped into 0.25*-Iatitude
by 0.5*-Iongitude [approximately 750 square kilometers
(kM2)] columns. Annual departures from the mean were then
computed as anomalies of temperature, salinity, and sigma-T.
Similar techniques were used to investigate the variability of
the depth of various near-surface extrema (temperature mini-
mum, oxygen, and chlorophyll-a maxima, beam-transmission
minimum). There is room here to show only some aspects of
the temperature variability (figures 2 and 3).

In the figures, each square contains two numbers: those
in bold are the parameter value or anomaly and those itali-
cized are the number of stations (n) used in calculating the
values. Squares are shaded according to the key, with darker
shading representing higher values. To aid in visualization,
white lettering is used on the darker background positive, and
black lettering is used on the lighter negative values. There is
some statistical weighting error inherent in calculating the
means because of the preponderance of stations north of Ele-
phant Island and in certain grid squares. Also, the AMLR sta-
tion survey grid pattern has been refined and has changed
from year to year (figure 1) as we learn more about the area.
Some of the squares were not surveyed in all 4 years. Finally,
stations falling just outside a given square will be included in
an adjacent square when ship-drift took Surveyor off-station
(although between events at each location, the ship maneu-
vered to re-occupy the position).

The temperature range for the complete data set of
500,000 I-m-averaged bins is from -1.49C at 101 m (1993) to
3.59"C at the surface (1993), a span of 5.08'C. Salinity ranged
from 33.624 practical salinity units (psu) at the surface (1991)
to 34.730 psu at 753 m (1990), a span of 1.106 psu. Figure 2
shows the 4-year mean temperature field at selected depths.

A	AAMR 90	 B	AMLR 91
Jan - Mar 19%	 Jan - Mar 1991

C	AMLR 92	 D	AMLR 93
Jan -Mar 1992	 Jan - Mar 1993

Figure 1. Locations of CTD stations used in this study. A. 1990. B. 1991. C. 1992. D. 1993. Positions are
shown by the letter of the survey (A through E for the standard large- and small-area surveys, X for cross-
shelf surveys).
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Figure 2. Mean temperature in the Elephant Island waters, 1990-1993. A. 1990. B. 1991. C. 1992.
D. 1993.

At the surface (figure 1A), the dividing line between the Drake
Passage water and Bransfield Strait water can be clearly seen
given the constraints of the coarse grid used. At a depth of 100
m (figure IB), the boundary between the summertime Drake
water with its Winter Water minimum less than O'C can also
be discerned. Note that although there is a west-to-east mean
temperature gradient at the surface of -1.4'C, the reverse is
true at 100 in with a +1.1'C gradient (compare figures IA and
IB between 60'30'S and 61'00'S). Circumpolar Deep Water
(CDW) begins to show at 200 in (figure 1Q and dominates the
Drake Passage at 500 in. At this depth, the Drake- Bransfield
boundary is abrupt, but some evidence of CDW penetrating
into the Bransfield is evident. Amos and Lavender (1991,

Variability at selected depths, 1990-1993

1990	+0.513	+0.096 +0.150	+0.093	+0.038
1991	-0.154	+0.168 +0.053	+0.002	+0.019
1992	-0.410	-0.036	-0.020	-0.027	-0.063
1993	+0.225	-0.093	-0.059	+0.025	+0.050

1992) outline the water masses and dynamics of the AMLR
region, and Capella et al. (1992) discuss the role of CDW using
temperature data alone.

Few, however, have looked at the year-to-year variation
in these waters. In figure 2, 1 show the temperature anomalies
at the surface: 1990 and 1993 were "warm" years; whereas
1991 and 1992 were "cold." Note that 1992 was as much as
1.7"C cooler than 1990 in some locations and overall about
1'C cooler at the surface than 1990 and 1993. Differences
were also recorded at other depths and in other parameters.
There is not room here to show details, but the table summa-
rizes the overall temperature variability for each of the 4 years
at selected depths.

What biological significance do these variations have for
the AMLR program? Loeb and Siegel (Antarctic journal, in this
issue) report that salps were ten times more abundant in 1993
than they were in 1992; whereas Euphausia superba were in
similar abundance in those years. Do salps prefer warmer sur-
face waters? Villafahe et al. (Antarctic Journal, in this issue)
have investigated the relationship between the Winter Water
temperature minimum and the chlorophyll-a maximum.
How does the variation in the depth of this water mass affect
the phytoplankton? These and other questions related to
annual variability are being investigated by the AMLR
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researchers. What has emerged from the hydrographic inves-
tigations is that interannual variability exists both spatially
and vertically in the AMLR study area.

This work was supported by National Oceanic and
Atmospheric Administration (NOAA) cooperative agreement
number NA37FR0004-01. Margaret Lavender, Chuck Rowe,
Andi Wickham, and I constituted the University of Texas
Marine Science Institute field party aboard the NOAA ship
Surveyor. We thank Surveyor's officers, crew, and survey and
electronic technicians for their invaluable assistance.
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D
uring U.S. Antarctic Program 1992-1993 (USAP 92-93),
the Palmer LTER (as described in Ross and Quetin 1992)

staged three major research efforts: the nearshore sampling
program in the spring and summer, the annual summer
cruise on the R/V Polar Duke (I January to 7 February 1993),
and an austral autumn process cruise on the R/V Nathaniel B.
Palmer (25 March to 15 May 1993). The original five compo-
nents (Ross and Quetin 1992) were joined by a microbial loop
component led by David Karl from the University of Hawaii
during both research cruises.

The annual cruise is viewed as a time-series cruise with
complementary research on processes important to ecosys-
tem functioning. The LTER January 1993 cruise was divided
into three phases. During phases I and III the R/V Polar Duke
occupied stations on five transects, the 600 and 500 transects
in phase I and the 400, 300, and 200 transects in phase III (fig-
ure 1). Hugo Island was also surveyed to identify a location for
an automatic weather station during USAP 93-94. The objec-
tive of phases I and III was to document mesoscale variability
in the ecosystem and its functions. Stations were occupied at
20-kilometer (km) intervals on the four transects nearest to
Palmer Station and at 40-krn intervals on the 200 transect.
Station work included sampling for hydrographic and optical
characteristics of the water column, dissolved inorganic and
organic carbon levels, microbial loop activity, phytoplankton
biomass, photosynthetic potential and community composi-
tion, macronutrients, and distribution, abundance, and phys-
iological condition of selected secondary producers (particu-
larly antarctic krill, Euphausia superba, and antarctic silver-
fish, Pleuragramma antarcticum) (see table). Four diel sta-
tions to document variability in in situ primary production in
different regions were also occupied for 24 hours.

Phase 11 (18-25 January 1993) of the summer cruise was
designed to investigate interactions between seabirds nesting
near Palmer Station and the marine ecosystem within their
foraging range and coincided with a critical period for repro-
ductive success in the Ad6lie penguins. During this phase,
intensive work conducted on penguin diets on shore and
observations of seabird abundance and distribution at sea

were coupled with a small-scale oceanographic subgrid (fig-
ure 2) sampling protocol within the foraging range of the
Ad6lie penguins (Lascara, Quetin, and Ross, Antarctic Journal,
in this issue).

The major objectives of the austral autumn cruise (figure
3) were the following:
• to conduct a hydrographic survey of all 10 transects within

the entire study region with a resolution of 10 km in the
onshore/ offshore direction and 100 km alongshore (Hof-
mann et al., Antarctic Journal, in this issue);

• to extend the temporal (autumn season) and spatial (fur-
ther northeast and southwest) scale of LTER data set col-
lections (table);

• to form the basis for defining the prewinter physiological
condition, distribution, and abundance of larval krill to
compare with postwinter data in the same year; and

• to retrieve and redeploy three sediment traps deployed
near the 600 transect in November 1992. The nearshore
stations within the Palmer grid Maters and Smith 1992)
were also sampled in both early April and early May to pro-
vide a seasonal extension of the austral spring and summer
nearshore sampling regime.

Several processes were intensively studied during the
autumn cruise. The hydrographic grid, which is the first
extensive hydrographic coverage of this region west of the
Antarctic Peninsula extending south of Adelaide Island, will
form the basis of the LTER's understanding of circulation in
the study region. The prewinter data on krill larvae is critical
to a test of a working hypothesis about the effect of the extent
of winter ice cover on larval survival, and ultimately recruit-
ment into the adult population. Newly formed pancake ice
was encountered at the inshore stations on the 100 and 000
transects and behind the Biscoe Islands. Most objectives were
accomplished, although a significant number of days were
lost to a medical evacuation and to high winds (greater than
36 knots), which prevented deployment of the scientific
equipment. To retain full coverage of the entire LTER grid,
resolution on the 900, 100, and 000 transect lines was
increased to 20 km.
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Data sets collected during the annual Palmer LTER cruise (January to February 1993) and the austral autumn process
cruise (March to May 1993). Number in each cruise column represents the principal investigator(s) responsible for data
collection: (1) Palmer L TER, (2) W. Fraser and W. 7rivelpiece, (3) R PrAzelin, (4) E. Hofmann and 1. Klinck, (5) R. Ross and
L. Quetin, (6) R.0 Smith, (7) A Karl. (nd denotes no data.)

BOPS	 Bio-optical profiling system with rosette (conductivity, temperature, fluorescence,
transmittance, irradiance, radiance, PAR)

CHL	 Chlorophyll, phaeopigments (discrete fluorometer)
SALT	 Salinity (discrete)
ATCTD	 Along-track CTD (conductivity and temperature)
ATK	 Aiong-track position, light

XBT	 XBT (expendable bathythermograph)
HPLC	 HPLC (high-pressure liquid chromotography, six plant pigments)
PRODPI	 Primary production vs. irradiance
PRODSIS	Primary production simulated in situ
PRODIS	 Primary production in situ

NUT	 Nutrients
POC/PON	Particulate carbon and nitrogen
TRWL1 M	Zooplankton (1 -meter trawl)
TRWL2M	Micronekton (2-meter trawl)
TRWLMW	Nekton (midwater trawl)

BIOFISH	Biofish acoustic transects (120 kilohertz)
PHYCONL	Physiological condition (growth, condition factor, chemical composition), larval krill
PHYCONA	Physiological condition (growth, condition factor, chemical composition), adult krill
SPF	 Spawning frequency, adult krill
SFISH	 Silverfish (otolith analysis, chemical composition)

ATP	 Microbial biomass (adenine triphosphate activity)
DOC	 Dissolved organic carbon
BAC#	 Bacterial cell numbers
LPS	 Total and soluble lipopolysaccharide
LEU	 Microheterotrophic production (3H leucine)

EXO	 Exoenzymatic activity of luecine aminopeptidase
H202	 Hydrogen peroxide
02	 Dissolved oxygen
DIC/ALK	Dissolved inorganic carbon and alkalinity
GLU	 Exoenzymatic activity of B-glucosidase

CENSUS	Seabird census, along track
CTD	 CTD with rosette, profiles to seafloor
ADCP	 ADCP (acoustic doppler current profiler)
ACOU	 Simrad acoustic transects (38 kilohertz)
TRMETZO	Trace metals in zooplankton

FINGEST	Field ingestion of krill
SALPPIG	Phytoplankton pigment in salps,
BIRD	 Bird observations at BOPS stations
SEDTRP	Sediment trap pickup and redeployment

6	 6
6	4,6

4,6	4,6
4,6	4,6

4,6	4
3	 3
3	 3
3	 nd
3	 nd

3	3,7
3	 3
5	 5
5	 5
5	 5

4,5	4,5
5	 5
5	 5
5	 5
5	 5

7
7
7
7
7

2	 nd
nd	 4
nd	 4
nd	 4
nd	 4

nd
nd
2,6
nd

In addition to the fieldwork this season, data manage-
ment for the Palmer LTER underwent further development
and now takes advantage of Internet connectivity to facilitate
communications among our distributed principal , investiga-
tors. Such an approach is encouraged by the LTER Network
Office for intersite communications (Nottrott and Porter
1992). Documentation and data storage for the Palmer LTER
is centralized at one site (CRSEO, Center for Remote Sensing
and Environmental Optics, at the University of California at
Santa Barbara) where a 500-megabyte disk was installed and
currently provides sufficient online storage for much of the
Palmer LTER documentation and data. Definition of core data

sets and development of data forms continues in order to
provide both a common vocabulary as well as a similar struc-
ture across the diverse data sets. The data structure has been
organized to encourage rapid data documentation and report
generation as well as to promote data exchange.

In addition to a centralized archive site, an online browse
program was developed for data documentation but has been
superseded by the implementation of a local Internet gopher
server to provide an online menu catalog of the documenta-
tion. This effort is aimed specifically at providing realtime
accessibility for online browsing of the Palmer LTER docu-
mentation to all Palmer LTER investigators as well as to any
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outside investigator over the Internet. Our goal is to make our
large data sets easily available since this is a requirement for
effective interdisciplinary, long-term research.

Connectivity, the ability to communicate and exchange
information between computers, is an important objective of
our system since it facilitates the sharing of computer resources
in addition to the sharing of information using existing com-
puter systems. The rapid developments in computer technolo-
gy and the decrease in computer equipment costs have permit-
ted connectivity to remote sites. For example, a remote Univer-
sity of California at Santa Barbara campus site Appletalk net-
work was linked using gatorboxes to the central Palmer LTER
Appletalk network at the university. The gatorboxes perform
tunneling across the campus network; the tunneling links the
remote site with the central Palmer LTER UNIX network.
Rather than encouraging a standardization of equipment, we
are working to accommodate diverse platforms by providing as
powerful a connectivity as possible to provide transparent data
access from IBM/ PCs to Macintosh's to UNIX workstations.

Those deserving acknowledgment include each principal
investigator and his or her team, the Antarctic Support Asso-

ciates teams, and the Captain and crew of both the R/V Polar
Duke and R/V Nathaniel B. Palmer. This work was supported
by National Science Foundation grant OPP 90-11927. (LTER
publication number 14.)
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Palmer LTER: Hydrography in the LTER region
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H

istorically, the hydrography of the coastal and shelf

waters of the region west of the Antarctic Peninsula has

received little attention; observations were confined to a few

cruises with relatively large station spacing or to a few indi-

vidual stations (see, for example, Gordon and Molinelli 1982;

Olbers et al. 1992). This area is believed to be a site of spawn-

ing and recruitment for antarctic krill, Euphausia superba.

Hence, characterization of the water-mass distribution and

circulation in this habitat is necessary to understand krill dis-

tribution and recruitment success. From 25 March to 15 May

1993 an extensive hydrographic survey was made of the

Palmer long-term ecological research (LTER) peninsula grid

(Waters and Smith 1992; Hofmann, Lascara, and Klinck

1992b) as part of a multidisciplinary cruise aboard the R/V

Nathaniel B. Palmer. The survey covered an area that extend-

ed about 900 kilometers (km) alongshore and about 200 km

offshore along the western side of the Antarctic Peninsula

(figure 1). These measurements represent the first extensive

hydrographic regional coverage of the area west of the

Antarctic Peninsula, an area that extends from the Bransfield

Strait to the Bellingshausen Sea. This article presents prelimi-

nary results from analysis of these hydrographic data.

Vertical profiles of temperature, salinity, and oxygen were

collected at about 250 stations. Measurements were made

using either a Sea-Bird conductivity- temperature- depth

(CTD) system or a Bio-Optical Profiling System [BOPS; see

Smith, Booth, and Star (1984) for a description]. Water was

taken at discrete depths with either Niskin or Go Flo bottles

for nutrient and oxygen determinations, as well as for calibra-

tion of salinity sensors.

For most of the hydrographic casts, observations were

made to within a few meters of the bottom. At the outermost

stations on the across-shelf transects, CTD casts were made

to the bottom or 3,000 m. Horizontal spacing between the
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Figure 2. Potential temperature-
salinity diagram constructed from
CTD observations.
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-2 L-
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hydrographic stations was 10 km on most transects. Spatial
resolution in the temperature field along and between tran-
sects was increased by using 151 expendable bathythermo-
graphs (XBTs). For some transects, the combined observa-
tions from the CTD, BOPS, and XBTs provide horizontal reso-
lution of the temperature field of less than 5 km. Along-shelf
spacing between hydrographic transects was 100 kin. This
article presents some results about the general water-mass
distributions in the LTER region and the westward extent of
the Polar Slope Current that were obtained from the CTD and
XBT observations. Apparent gaps between CTD and XBT sta-
tions, such as on the outer part of the 700 line (figure 1), were
actually filled with BOPS casts. Results from the BOPS mea-
surements will be presented elsewhere.

The general water-mass properties in the LTER region
can be seen from a potential temperature- salinity (0-S) dia-
gram constructed from the CTD observations (figure 2). Salin-
ity in the LTER region ranges from about 33.0 practical salini-
ty units (psu) to slightly greater than 34.72 psu; temperature
ranges from -1.8'C to 2'C. The most prominent feature in O-S
space is Circumpolar Deep Water (CDW), characterized by a
salinity maximum (salinities up to 34.729 psu) and a potential
temperature maximum (O>O*C). CDW is the most voluminous
water mass transported by the Antarctic Circumpolar Cur-
rent, which flows eastward through Drake Passage. Through-
out the LTER sampling region and west of 63*W, CDW fills the
bottom layer of the continental shelf. In some regions, CDW
warmer than 1.3 0C was sampled more than 130 km inshore of
the continental shelf break. This represents a large volume of
warm, nutrient-rich water that is relatively near the sea sur-
face. The presence of CDW near the sea surface along the
Antarctic Peninsula has important implications for krill repro-

duction since the descent-ascent cycle of krill embryos and
larvae is affected by water temperature (Hofmann et al.
1992a).

Above CDW, temperature and salinity decrease to values
that are typical of Winter Water (salinity about 34.2 psu and
O<O'C). Surface waters of the LTER region show a wide range
of temperature and salinities, a finding that accounts for the
large scatter in O-S space at salinities below about 34.2 psu.
The inshore stations and the inner stations on the southern-
most three transects show low salinity (<34 psu) and cold
(6<-1.0 0C) water in the upper water column. These regions
were influenced by newly formed sea ice.

A second region of tight correspondence between 0 and
salinity can be identified in figure 2, which corresponds to
water of Bransfield Strait origin. This water is characterized by
temperatures less than O'C and salinities between 34.5 psu
and 34.6 psu. This water was found at the inner stations on
the 900 and 800 lines, which extend into the western portion
of Bransfield Strait.

At the outer stations on the 800 and 900 transects, hori-
zontal resolution in the temperature field was increased to
about 2-5 kin when crossing the shelf break region to define
the Polar Slope Current. This current is narrow (about 10 km),
is characterized by cold (0<0"C) antarctic shelf water, extends
to depths of up to 800 in, and is believed to be trapped to the
upper slope-shelf break region (Nowlin and Zenk 1988). The
Polar Slope Current is apparent in the temperature field from
the 900 line as a narrow cold-core (O<O'C) current centered at
about 300 in (figure 3A). Offshore of the current is CDW.
Interestingly, the inshore edge of the current is displaced off
the shelf-slope region, and CDW is found between the inshore
edge of the current and the shelf. Only 100 kin to the south-
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west of the 900 line, the temperature distribution on the outer
800 line (figure 3B) shows no evidence of antarctic shelf water
on the continental slope. Similarly, temperature sections
from the transects further west also show no evidence of the
Polar Slope Current.

Nowlin and Zenk (1988) suggested that the Polar Slope
Current may be a circumpolar feature. An analysis of histori-
cal temperature data from the South Shetland Islands—Brans-
field Strait region, however, led Capella et al. (1992) to ques-
tion the circumpolar nature of the Polar Slope Current. The
results from the LTER hydrographic survey support the con-
clusions of Capella et al. (1992) and suggest that the Polar
Slope Current is interrupted immediately west of the Brans-
field Strait. The supply of antarctic shelf water from the Wed-
dell Sea mixes with CDW and the Polar Slope Current loses its
identity at about 63'W.

This work was supported by National Science Founda-
tion grant OPP 90-11927. We thank Elizabeth Sharp for assis-
tance in hydrographic data collection. Thanks are also
extended to Bill Weber for his invaluable help in maintaining
and operating the CTD system.
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Palmer LTER: Overview of krill acoustic studies and results
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S
everal research programs [for example, Biological Investi-
gations of Marine Antarctic Systems and Stocks (BIO-

MASS) and Convention for the Conservation of Antarctic
Marine Living Resources (CCAMLR)l have shown that bioa-
coustics is an effective tool for quantitatively mapping the
abundance of antarctic krill (Euphausia superba). The Palmer
long-term ecological research (LTER) program has included
acoustical measurements as part of the multidisciplinary
sampling conducted at stations within the large-scale penin-
sula grid, which covers a coastal region [approximately 900
kilometers (km) by 200 km] west of the Antarctic Peninsula
(Waters and Smith 1992). The acoustic information is used to
characterize the spatial and temporal distribution of antarctic
krill, which is one of the key species of the LTER program
(Ross and Quetin 1992).

This overview describes the methods of collection and
postprocessing of acoustical measurements and presents pre-
liminary results from the 1993 field season. Replicate acoustic
tows (two to three) are made over short distances (1-2 km)
centered on each grid station and are concurrent with zoo-
plankton or nekton net tows. This approach provides acoustic
sampling that is coincident with other data collected at the
stations, for example, hydrographic and primary production
measurements, and allows local and regional variability in
krill biomass and distribution to be correlated with other
habitat characteristics.

Echo integration estimates of volume backscattering are
obtained with a Biosonics echo sounder connected to a towed
downward-looking 120-kilohertz (kHz) dual-beam transduc-
er. The voltage returns are binned into 2-meter (in) intervals
over a depth range of 6-190 in and are integrated over 3 pings,
which gives a horizontal resolution of 2-1.0 in depending on
ship speed. The volume- scattering data [in square meters per
cubic meter (M2 M-3)] are then converted to krill biomass [in
grams per cubic meter (g M-3)] using estimates of krill target
strength (TS). The following TS-weight relationship, adopted
by the LTER, is based upon the empirically derived regression
equation of Wiebe et al. (1990) as modified by Greene et al.
(1991) for 120 kHz:

TS120 = 10 logobs = -98.64 + 10.28 log WW	(1)

where abs is the weight specific backscattering cross section
[in square meters per milligram (M2 mg- 1 )], WW is krill wet
weight (mg), and TS is in decibels (dB).

Because krill length-weight (L-W) relationships vary
with season and year, a L-W regression is determined for

each cruise. Length -frequency data from net samples are
converted to a weight -frequency distribution using these
L-W regressions; this conversion allows krill biomass esti-
mates to be made from the TS-weight equation. The resul-
tant two-dimensional maps of krill biomass are then ana-
lyzed to determine patch characteristics, to compute average
krill biomass (g M-2 , integrated vertically from 6-190 in) for a
given spatial scale, and to identify patterns of swarm distrib-
ution.

For our purposes, a patch or swarm is defined to be a
contiguous group of cells in the acoustic matrix with biomass
values exceeding a minimum threshold of 0.5 g M-3. Patch-
finding software (details presented in Nero and Magnuson
1989) is used to quantify the following internal and external
parameters of each krill swarm: horizontal and vertical
dimensions; cross-sectional area; middepth of swarm from
sea surface; mean and peak biomass; variance and horizontal
and vertical grain of biomass values; and distance and angle
to nearest neighbor.

During the 1993 field season, two cruises were conducted
within the Antarctic Peninsula grid. Acoustical measurements
were made at 39 stations during the summer (January and
February) cruise and at over 80 stations during the fall (March
to May) cruise (see figures 1 and 2 in Quetin, Ross, and Baker
Antarctic Journal, in this issue). The remainder of this article
will focus on krill distributions observed acoustically during
the summer cruise (transect lines 200-500).

Over 1,500 swarms were identified from 98 acoustic tows,
totaling 150 linear km. The horizontal dimension of these
swarms ranged from 4 in to almost I kin with a median value
of 15 in (figure 1A); the vertical dimension varied between 4
and 76 in, with a median value of 6 in (figure IB). Over half of
the swarms were positioned shallower than 40 in depth from
the surface, but some swarms ranged as deep as 170 in (figure
1D). The areal extent (figure 1C) of the swarms was generally
smaller than 500 M2 but values as high as 104 M2 were
observed. The mean swarm biomass ranged from 1 to 635 g
M-3 but values less than 30 g M-3 predominated (figure 1E).
Multiplying the mean biomass of a swarm by its areal extent
gives the total biomass of the swarm in kg m- 1 . No assump-
tions were made concerning the extent of the unknown third
dimension of the swarms; total biomass ranged from less than
1 to almost 300 kg m- 1 (figure 1F). The range and median val-
ues of krill swarm parameters observed during this study are
very similar to results obtained off the Antarctic Peninsula
during the BIOMASS program (Witek, Kalinowski, and
Grelowski 1988, pp. 237-244) and for recent acoustic studies
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(n=1,508) observed acoustically during austral summer 1993 off the Antarctic Peninsula.
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Figure 2. Mean krill biomass (g M-2) detected acoustically at sta-
tions located 20 km apart along transect lines (100 km spacing) off
the Antarctic Peninsula during austral summer 1993.
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Palmer LTER: Krill distribution and biomass within
coastal waters near Palmer Station

CATHY M. LAscARA, Centerfor Coastal Physical Oceanography, Old Dominion University, Norfolk, Virginia 23529
LANGDON B. QUETIN and ROBIN M. Ross, Marine Science Institute, University of California,

Santa Barbara, California 93106

T
he annual Palmer long-term ecological research (LTER)
cruise comprised three phases in 1993 Quetin, Ross, and

Baker, Antarctic Journal, in this issue). Phase 11 (18-25 Janu-
ary) was an intensive multidisciplinary sampling effort
designed to characterize hydrographic and bio-optical prop-
erties and the distributions of phytoplankton, antarctic krill
(Euphausia superba), antarctic silverfish (Pleuragramma
antarcticum), and seabirds within coastal waters south of
Anvers Island. These waters encompass the summer foraging
grounds for AdOlie penguins (Pygoscelis adeliae) and south
polar skuas (Catharacta maccormicki) found nesting near
Palmer Station. The objectives of phase II were to establish
biological and physical linkages within the ecosystem and to
investigate the trophodynamic relationships of representative
species selected by the Palmer LTER (Ross and Quetin 1992).
The sampling scale was established to complement both the
fine-resolution sampling conducted within the Zodiac boat-
ing limits of Palmer Station and the coarser resolution sam-
pling conducted further offshore and along the Antarctic
Peninsula.

A small-scale subgrid was defined within the LTER penin-
sula grid system (Waters and Smith 1992) with transect lines
spaced 10 kilometers (km) apart and extending about 60 krn
offshore from Palmer Basin (figure 1). Sampling along this
grid was implemented twice within a 1 -week period in two
different modes. First, to provide a nearly synoptic view of the
region, the grid was traveled at a constant ship speed of 6
knots. Along-track sampling included continuous surface
conductivity- temperature -depth (CTD) measurements,
expendable bathythermograph (XBT) drops every 10 km, and
surface chlorophyll and nutrient samples every 5 km. In addi-
tion, a 6-km acoustic tow centered within each 10-km seg-
ment of the transect grid was made, coincident with an along-
track census of all seabirds. This first survey will be referred to
as the fast survey because all sampling was conducted under-
way and the entire grid (280 linear km) was completed in 30
hours.

To allow for more detailed studies of several biological
and physical processes the grid was surveyed a second time
over a 3 1/2-day period, during which the ship occupied select-
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ed stations at 20-km intervals. At each station, vertical profiles

were made of hydrographic variables, bio-optical parameters,

and total chlorophyll; acoustic targets were verified with net

collections. During transit between stations, along-track sur-

face hydrography and acoustical measurements were coupled

with seabird censuses as described for the fast survey. A

strong weather event (force 11 winds) interrupted sampling

for 30 hours between the fast and slow surveys.

This article focuses on the acoustically derived krill distri-

bution obtained from the 6-kin acoustic tows using a down-

ward-looking 120-kilohertz (kHz) dual-beam transducer. Zoo-

plankton net samples provided verification that krill were the

dominant acoustic scatterers. Echo- integration data were

postprocessed as described in Lascara et al. (Antarctic
journal, in this issue).

During the fast survey, 26 acoustic transects totaling 148

kni were made; 794 krill swarms were identified in these tran-

sects. Similarly during the slow survey, 831 swarms were

found within 27 acoustic transects totaling 151 km. Based on

general patch statistics (table) and frequency- distribution

curves of various patch parameters (not shown), the charac-

teristics of krill swarms were very similar between the two sur-

veys and similar to those observed throughout the peninsula

region (Lascara et al., Antarctic Journal, in this issue).
The vertically integrated krill biomass [in grams per

square meter (g M-2)] was averaged for I-kni subsamples of

each 6-krn acoustic transect. The along-track distribution of

krill biomass (figure 2) shows that, in general, krill were found

throughout the entire survey region with average biomass val-

ues ranging from 0-750 g M-2 (mean=100 g M-2). Krill bio-

Figure 1. The sampling grid in relation to Palmer Station (on Anvers
Island). The transect lines extend offshore from the Antarctic Penin-
sula and have along-shelf spacing of 10 km (LTER grid lines,
560-620). Sampling locations are indicated as follows: (x) XBTs and
surface nutrients; U) BOPS and zooplankton nets on slow grid only;
(!^s) surface nutrients; (—) 6-km acoustic tow and bird census.

mass exceeding 200 g M-2 was observed in several areas dur-

ing the fast (for example, near 570.035, 580.045, and 600.055)

and slow (for example, near 570.030, 600.045, 600.070, and

610.075) surveys. The concentration of krill along the 590 grid

line is noticeably lower than adjacent lines during both sur-

veys. The cumulative frequency distributions (figure 3) of

average biomass for all 1-kni subsamples were almost identi-

cal between the two sampling periods. Therefore, over the

time scale of I week, the krill distribution within the study

area did not change despite the passage of a strong storm.

Integrating a mean biomass value of 100 g M-2 over the forag-

ing grounds (2,500 kM2) yields a total of 250xI06 kg, or 0.25

million metric tons, of krill in the region.

An aggregation form resembling a cross between the

superswarm and layer classification types of Kalinowski and

Witek (1985) was observed for acoustic profiles of several

transects during both surveys. These swarms contained dense

concentrations of krill, extended horizontally for lengths of

several hundred meters, appeared layerlike with vertical

thicknesses ranging from 20 to 30 in, and were eneralIv9
restricted to the upper 50 

in 
of the water column. The longest

swarms (1-2 km) were found during the fast survey (before

the storm). Because this aggregation type was sometimes

observed for consecutive 10-km segments of the grid, the bio-

logical and/or physical processes responsible for the pattern

were likely operating on the scale of tens of kilometers, even

though individual patches were at most 2 kin in length. Simi-

lar aggregation structures have been described from acoustic

observations made in the Gerlache Strait during March 1978

(Cram et al. 1979).

This research was supported by National Science Foun-

dation grant OPP 90-11927. We thank Tim Newberger, Karen

Haberman, Karen Hacecky, Caroline Shaw, Brad Seibel, and

James Marquez for support in the field. (This is Palmer LTER

contribution number 17.)

Summary of statistics determinedfor acoustically

derived krill swarms from the fast (n= 794) and slow
(n=831) surveys

Length (m)	Fast	15	2,244	26	57
Slow 15	398	26	40

Height (m)	Fast	4	48	6	8
Slow	4	52	6	8

Area (M2)	Fast 60	43,036	156	547
Slow 62	6,380	164	310

Depth (m)	Fast	8	103	37	40
Slow	8	171	36	40

Mean biomass (g M-3) Fast	0.4	325	19	39
Slow	0.6	409	30	55

Total biomass (kg m-1) Fast	0.03	973	3	16
Slow	0.04	440	5	18
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Palmer LTER: Grazing by the antarctic krill Euphausia superba
on Nitschia sp. and Phaeocystis sp. monocultures

KAREN L. HABERMAN, ROBIN A Ross, and LANGDON B. QUETIN, Marine Science Institute, University of California,
Santa Barbara, California 93106

P
revious studies suggest that growth and reproduction of
antarctic krill are generally food limited in the southern

oceans (Ross and Quetin 1986). Although antarctic krill are
primarily herbivores, it is not known whether they ingest and
assimilate different types of phytoplankton with similar rates
and efficiencies. Such knowledge is important if we want to
understand how the patterns of phytoplankton abundance
and species composition affect the krill's food availability. In
particular, can food availability be accurately determined
from measurements of total chlorophyll, or do we need to use
more detailed measurements of species composition? The
prymnesiophyte Phaeocystis spp. is a relevant example.
Although it periodically occurs in thick blooms and can domi-
nate the southern oceans phytoplankton assemblage at cer-
tain places and times (Pr6zelin et al. 1992), the question of its
edibility and nutritional value for various grazers has been the
subject of several investigations (Verity and Smayda 1989;
Estep et al. 1990; Hansen, Tande, and Berggreen 1990; many
others). Results vary widely between these studies, and none
has been published on euphausiids. Here we report the
results of preliminary experiments comparing the ingestion
rates of krill on diatoms to those on Phaeocystis sp. in labora-
tory feeding experiments.

Between January and March 1993, ingestion rates on
Nitschia sp. and Phaeocystis sp. by subadult and immature

krill between 25 and 35 millimeters (mm) total length were
quantified in the laboratory. Krill were collected in the Palmer
nearshore area using a 500-micrometer ( [tm) mesh ring net
deployed from a Zodiac. Experiments were conducted in large
tubs containing 50 liters of a mixture of unialgal phytoplank-
ton culture and filtered sea water. Phytoplankton were kept
suspended with a plunger-type stirrer (Frost 1972). They were
also mixed by hand prior to taking water samples for phyto-
plankton growth rates. Controls were monitored prior to a 6-
hour (h) experimental period during which krill fed. Immedi-
ately prior to the experimental feeding period, krill were accli-
mated to the experimental food type and level by feeding for 6
h in experimental size tubs. Five 100-milliliter (mQ water
samples were collected during each sampling period. Sam-
pling intervals varied between experiments (see figures). Sam-
ples were filtered onto GF/C filters, the contents extracted in
90 percent acetone and measured on a Turner Design Model
10-005 fluorometer (Smith, Baker, and Dunstan 1981).

Experiments were conducted in parallel on Phaeocystis
sp. and Nitschia sp. Initial chlorophyll-a concentrations were
approximately equal, and krill were from the same net tow
and holding aquarium. This approach allowed direct compar-
isons to be made between ingestion rates on different phyto-
plankton types while controlling for variability in experimen-
tal conditions and krill nutritional history.
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Figure 1. Grazing by krill on Nitschia sp. and Phaeopystis sp., 5 Jan-
uary 1993 experiment. Graph depicts the change in chlorophyll-a
concentration through time in each of the control tubs (Nitschia:
open squares; Phaeocystis: open circles) and experimental tubs
with n=35 krill (Nitschia: filled squares; Phaeocystis: filled circles).
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Figure 2. Grazing by krili on Nitschia sp. and Phaeocystis sp., 1
March 1993 experiment. Graph depicts the change in chlorophyll-a
concentration through time in each of the control tubs and experi-
mental tubs (see figure 1 caption for symbol description).

In the first of the three paired experiments (5 January),
grazing rates were similar for both Nitschia sp. and Phaeocys-
tis sp.: 1.20 and 0.84 micrograms ([tg) of chlorophyll-a/krill-h,
respectively (figure 1, calculations modified from Marin,
Huntley, and Frost 1986). In contrast, during the second and
third paired experiments (22 February and I March), there
were significant differences between the grazing rates on
Nitschia sp. and Phaeocystis sp. The diatom, Nitschia sp., was
ingested during the two experiments at the rates of 0.88 and
0.49 [tg chlorophyll-a/krill-h, respectively, but ingestion rate
on Phaeocystis sp. was not detectable during either experi-
ment (see figure 2 for I March data). One major difference
among the experiments was the form of Phaeocystis sp.
Although Phaeocystis sp. from the same monoculture was
used in all experiments, during the 5 January experiment,
Phaeocystis sp. appeared almost exclusively in its flagellated,
single-celled form. The cells were actively moving, and there
was only an occasional colony. In contrast, during the 22 Feb-
ruary and I March experiments, there were many fewer single
cells, no motility was noted, and most of the Phaeocystis sp.
occurred in its colonial form, with most colonies 100-200 [trn
in diameter. The cultures were also more "mucousy" in
appearance. Their brownish-green gut coloration indicated to
researchers that krill in the Phaeocystis sp. treatments for 22
February and I March were ingesting some phytoplankton.
Many of these krill had boluses of food in their feeding bas-
kets, and similar boluses were seen in the water, perhaps
indicative of active rejection of Phaeocystis sp. colonies. The
fact that Nitschia sp. was eaten in all cases during these
paired experiments rules out the possibility that the krill sim-
ply were not feeding.

The experiments described here are preliminary in
nature, but they suggest that the physiological state of Phaeo-
cystis sp. affects its usefulness to antarctic krill. The impor-
tance of Phaeocystis sp. in the antarctic phytoplankton com-
munity, shown by other Palmer LTER researchers (Pr6zelin et
al. 1992) emphasizes the need for further investigations on
Phaeocystis sp. as a possible food source for antarctic krill.

This work was supported by National Science Founda-
tion grant OPP 90-11927. We wish to acknowledge the help of
those who built and manned the Zodiac trawling rig: Tim
Newberger, Dave Vella, Mark Talkovic, Robert Duran, Vance
Vredenberg, Sharon Starnmerjohn, and Mike Hearne. (This is
Palmer LTER publication number 18.)
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Palmer LTER: Dissolved silicic acid-nitrate relationships
during austral autumn 1993

TERRENCE HoULIHAN and DAVID M. KARL, School of Ocean and Earth Science and Technology, University ofHawaii,
Honolulu, Hawaii 96822

T
he study of biogeochernical processes in representative
antarctic marine ecosystems is a high-priority scientific

objective of the U.S. Joint Global Ocean Flux Study (JGOFS)
program (Anderson 1993). Carbon and bioelement (especially
silica) fluxes in the southern oceans are significant on global
scales but are, at present, poorly constrained due to under-
sampling. Consequently, we are unable to construct accurate
coupled physical - bio geochemical models or to predict the
response of the southern oceans to global environmental
change.

The southern oceans ecosystem has traditionally been
viewed as a macronutrient- saturated (that is, nitrate-, phos-
phate-, and silicic-acid-saturated) habitat (Holm-Hansen et
al. 1977; Nelson and Treguer 1992). Substantial depletions in
mixed-layer nutrients have been reported, however, in select-
ed coastal and ice-edge ecosystems (Holm-Hansen et al. 1989;
Karl, Tilbrook, and Tien 1991; Karl et al. 1992). Furthermore,
the downward flux of biogenic particulate matter measured
for selected habitats appears to be among the highest report-
ed for any marine ecosystem (Honjo 1990; Karl et al. 1991), yet
the export of particulate silica appears to be uniquely decou-
pled from the export of particulate carbon in the southern
ocean (Anderson 1993). As one component of the austral
autumn Palmer long-term ecological research (LTER) cruise
aboard the R/V Nathaniel B. Palmer, we measured nutrient
concentrations throughout the 1.8x10 5 square kilometer
(km2) LTER study area to help define the regional variability
in water-mass distributions (Hofmann et al., Antarctic Jour-
nal, in this issue) and to map the patterns and magnitudes of
the regional upper-ocean nutrient depletions resulting from
biological activity. We focus here on the dissolved silicic
acid-nitrate relationships which have been the subject of
considerable discussion in recent years (Zentara and
Kamykowski 1981; Le Jehan and Treguer 1983; Kamykowski
and Zentara. 1985; Nelson and Treguer 1992).

Vertical profiles of silicic acid concentrations along the 10
across-shelf LTER station transects Waters and Smith 1992),

exemplified by selected data for LTER line 800 (figure 1), dis-
played systematic patterns of nutrient depletion with increas-
ing distance from shore (also see figure 2). Nitrate concentra-
tions also revealed surface-water depletions but did not dis-
play the strong spatial coherence (figure 3) observed for silicic
acid. Based on a model 2 linear regression analysis of water
samples collected at all stations and water depths [that is,
nitrate (in micromoles per liter)= 17.61+0.16 1 x silicic acid (in
micromoles per liter); n=1,0881, we conclude that the LTER
study region exhibits a potential for "excess" nitrate at total
silicic acid depletion. This contrasts sharply with data collect-
ed from the Ross Sea, data that exhibit a silicic acid excess
(Kamykowski and Zentara 1985).

These regional distribution patterns were contrary to our
expectations for at least two additional reasons. First, we had
not expected to see significant upper water-column silicic
acid or nitrate depletions—especially the large silicic acid
depletions at selected offshore stations—in these waters in
late austral autumn. Second, we did not anticipate the large
implied silicon- to -nitrogen (Si:N) export ratio (6.2 by moles)
for these waters.

We hypothesize that these two characteristic features
could be the result of a late season production of diatom
spores, which are characteristically more silicified than vegeta-
tive cells (French and Hargraves 1980). This could explain the
high Si:N "uptake" ratios which we deduce from these data.
The onshore -to -offshore gradient in surface-water silicic acid
concentrations may be a direct result of deeper mixing off-
shore and corresponding effects on photosynthetically avail-
able radiation. Physiological processes, including light limita-
tion, are known to induce spore formation in diatoms. Due to
their increased sinking rates (Smayda and Boleyn 1966; Davis,
Hollibaugh, and Seibert 1980) and high Si:N contents, the
export of diatom spores from the euphotic zone could explain
the distributional patterns observed during the austral
autumn LTER cruise. One prediction of this hypothesis is a
high Si:N ratio in particulate matter collected by sediment
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Figure 1. Selected data from the LTER line 800 transect sampled between 31 March and 6 April 1993. For
clarity, only 5 of the 11 transect stations are shown here, but the full data set is displayed in figure 2. The
decimal designation in the station number is the approximate distance, in kilometers, from the Antarctic
Peninsula (see figure 2).
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Figure 2. Surface-water contour plot for silicic acid concentrations
(in micromoles per liter) for the LTER study region during the period
from March through May 1993.
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Figure 3. Surface-water contour plot for nitrate concentrations (in
micromoles; per liter) for the LTER study region during period from
March through May 1993.
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traps. The eventual analysis of samples recovered in April 1993
from a set of three bottom-moored, time-series sediment traps
deployed for a 1 -year period near LTER station 600.120 should
test this diatom spore formation hypothesis.

We would like to thank the R/V Nathaniel B. Palmer
cruise participants for their help with sample collection. This
research was supported by National Science Foundation
grant OPP 91-18439, awarded to D.M. Karl. (SOEST contribu-
tion number 3346.)
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0	0Palmer LTER: Bacterial exoprotease activity in the Antarctic
Peninsula region during austral autumn 1993

JAMES R. CHRISTIAN and DAVID M. KARL, School of Ocean and Earth Science and Technology,
University of Hawaii, Honolulu, Hawaii 96822

E
xtensive in vivo measurements of exoprotease (leucine
aminopeptidase, or LAPase) activity of antarctic marine

bacterioplankton were made on the austral autumn 1993
long-term ecological research (LTER) cruise of the R/V
Nathaniel B. Palmer. The LTER grid consists of 10 transect
lines running approximately perpendicular to the Antarctic
Peninsula at 100-kilometer (km) intervals, extending from the
coast to 200 krn offshore. The lines are numbered 000 to 900
from south to north, and the stations are given numbers from
000 to 200 from inshore to offshore (Waters and Smith 1992).

LAPase activity was measured using the fluorescent sub-
strate analog L- leucyl - beta- naphthylamine (LLBN; Somville
and Billen 1983). LLBN is added to a 6-milliliter water sample
to a final concentration of I millimole per liter. This ensures
saturation of all available sites so that the measured activity
represents an index of the amount of enzyme present in a
sample. Samples are incubated for 24 hours at O'C and the
free beta- naphthylamine liberated is measured in a Perkin-
Elmer LS-513 spectrofluorometer.

Average activity for each station is based on depth-inte-
grated (trapezoid rule) activities from individual water sam-
ples. Integration is to 80 meters (in) or to the greatest sam-
pling depth at a few shallow-water stations. Enzyme activity is
expressed in nanomoles per liter per hour (depth- integrated
activity divided by integration depth).

Onshore -offshore gradients are largely absent. Several
lines show regions of elevated activity that may correspond to
frontal zones (figure 1), but in general, activities are as great in
the offshore waters of the Antarctic Circumpolar Current as in
Bransfield Strait and near the coastal islands of the Palmer
Archipelago. Activities are typically fairly constant from the
surface to a depth of 80-120 in, where they decline sharply.

LAPase activity in the upper 80 in is not correlated with
water depth, which ranges from less than 100 m to greater
than 3,000 in (figure 2). LAPase activity is relatively constant
from the 900 to the 400 line and then declines toward the
southern end of the grid (figure 3). Because the cruise took
place in the austral autumn and the southern stations were
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Figure 1. LAPase activity (in nanomoles per liter per hour) along the

length of the LTER 400, 500 and 600 lines. Activities are mixed-layer

averages based on depth profiles integrated (trapezoid rule) to 80 rn

or the greatest sampling depth.
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Figure 2. Relationship of depth-averaged mixed layer LAPase activi-

ty (in nanomoles per liter per hour) to water depth. Depths greater

than 3,000 meters are listed as 3,000 meters.
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Figure 3. Depth-averaged LAPase activity (in nanomoles per liter per

hour) on LTER lines 100 through 900. Bars in each histogram are

individual stations, inshore to offshore from left to right.

sampled last, it is difficult to distinguish between latitudinal

and seasonal variation. Repeat visits to several stations near

the center and at the northern end of the grid after the south-

ern stations were completed show activities that had declined

substantially from a month earlier. However, these are still

higher than the activities at the southernmost stations, and it is

uncertain whether this indicates a year-round geographic dif-

ference or simply the earlier onset of winter at higher latitude.

Seasonality in antarctic waters is characterized by large

changes in insolation and day length with minimal change in

water temperature. The decrease in aminopeptidase activity

in winter probably results from reduced availability of organic

substrates derived from phytoplankton production and pho-

tolysis of dissolved organic matter.

LAPase activity in the shelf and oceanic waters of the

Antarctic Circumpolar Current are surprisingly high and

extend to significant depths. LAPase activity tends to decline

sharply around the pycnocline. In Gerlache Strait during aus-

tral summer 1991-1992, LAPase activities declined sharply at

depths of 10 to 40 meters (Christian and Karl 1992). On the

seaward edge of Anvers Island on this cruise, activities com-

parable to those at the surface extended to depths as great as

100 in. Although summertime activities in Gerlache Strait are

higher than those measured on this cruise, the depth-inte-

grated activity may be greater in outer shelf and oceanic

waters where wind mixing extends to greater depths.

The absence of a strong onshore -offshore gradient has

significant implications for the remineralization of organic

matter in the southern oceans. The data presented here are

potential activities measured at saturating substrate concen-

trations. The rate of enzymatic hydrolysis in situ is controlled
by the rate of supply of suitable substrate. If turnover rates are

high, there will be little horizontal advection of phytoplank-

ton-derived detritus. If turnover rates of dissolved peptides

and proteins are low, however, as might be expected in a per-

manently cold environment (Pomeroy and Deibel 1986), pro-

duction and consumption of dissolved organic matter may be

uncoupled in time and space, and attempts to "close the

loop" and balance photosynthesis and respiration must inte-

grate over fairly large space and time scales.

We thank G. Tien, J. Dore, and T. Houlihan for their assis-

tance in sample collection. This research was supported by

National Science Foundation grant OPP 91-18439, awarded to

D. Karl. (SOEST contribution number 3338.)
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