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USCGC Polar Sea Ross Sea cruise,
1983-1984

M. J . SMITH and J. B. ANDERSON

Department of Geology
Rice University

Houston, Texas 77251

The Ross Sea continental shelf is the most highly sampled
region of the antarctic continental margin. However, investiga-

tions of sediment distribution patterns and sedimentary pro-
cesses have been hindered by a scarcity of surficial sediment
samples, particularly from the outer shelf. During the 1984
oceanographic expedition of the USCGC Polar Sea, 59 phleger
core and grab samples were collected in the Ross Sea (figure 1,
table). These additional samples enable us to better define Ross
Sea sedimentary processes.

Ross Sea surficial sediments include unsorted ice-rafted de-
bris (IRD), siliceous biogenic material (mostly diatom frustules),
calcareous shell debris, and suspension deposited silts and
clays. Differences in the relative concentrations of these compo-
nents reflect the relative influence of glacial, oceanographic,
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Figure 1. Ross Sea bathymetry and austral summer 1983-1984 sample locations. (Open circles are grab samples; solid circles are phieger core
samples.)
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and biologic processes. The main features of surficial sediment
distribution (figure 2) are outlined as follows:
• Sulzberger Bay, the eastern and outer shelf of the central Ross

Sea, and the relatively narrow shelf of the northern Victoria
Land coast contain sediments with greater than 50 percent
IRD. These are the only areas where ice-rafting is a significant
contributor to bottom sediments today.

• The shelf edge-upper slope, and the tops of banks in the
western Ross Sea are covered by residual (current winnowed)
glacial marine sediments with abundant calcareous shell
debris.

• Terrigenous silts and clays comprise more than 85 percent of
those surface sediments collected along the front of the Ross
Ice Shelf east of 180°.

• Biogenic silica comprises 10-40 percent by weight of surficial
sediments west of 180°.
The concentration of IRD increases in an offshore direction

away from the Ross Ice Shelf (figure 3). Grain-size data show
that most samples contain some bed load material (3.00 to 2.750
traction modes, figure 3), implying that bottom currents are
strong enough to winnow finer (>30) sediments and concen-
trate the coarser ice-rafted component. Although the silt/clay
content increases in an onshore direction, the size of bed load
populations (3.00 to 2.750) and the size of the coarsest material
eroded from the bottom remain constant. This suggests that the

1984 Geologic stations

Station	Latitude	Longitude	Depth	Samplenumber	 (in meters)

1	77025.9'S	174000.9'E	740
2	70030.0'S	175058.0'E	690	G
3	78°01.1'S	179059.8'E	713	G
4	78008.8'S	177044.7'W	630	G
5	78010.3'S	177009.3'W	610	G

6	78008.8'S	176029.4'W	615	G
7	77057.7'S	175028.7'W	588	G
8	78006.2'S	175029.6'W	556	G
9	78011.2'S	175000.5'W	540	G

10	77047.9'S	173059.6'W	556	G

11	78000.5'S	174025.9'W	560	G
12	78012.1'S	173048.5'W	540	G
13	78013.9'S	172031.1'W	440	G
14	78014.8'S	171009.4'W	548	G
15	78016.2'S	169048.9'W	556	G

16	78017.2'S	168030.5'W	580	G
17	78018.9'S	165050.1'W	490	G
18	77053.2'S	161047.7'W	706	G
19	77043.2S	159007.5'W	302	G
20	77000.9'S	161026.5'W	520	G

21	77°00.1'S	162059.7'W	604	G
22	77000.4'S	165059.8'W	420
23	76056.8'S	167031.3'W	472	P
24	76052.8'S	169000.2'W	487	P
25	76049.9S	170036.2'W	456	P

26	76042.0'S	173036.2'W	490	P
27	76028.9'S	178°03.1'W	585	P
28	76024.9'S	179°27.1'W	588	P
29	76018.9'S	177038.0'E	405	P
30	76017.0'S	176006.4'E	438	P

a Grab sample.
b Phleger core sample.

IQ

Figure 2. Surface sediment distribution map for the Ross Sea.
("RCM" denotes residual glacial marine sediment; "CGM" denotes
compound glacial marine sediment; "DCGM" denotes di-
atomaceous compound glacial marine sediment; "SiM" denotes
siliceous mud; "Sf0" denotes siliceous ooze; "CZ" denotes clayey
silt; and "S" denotes sand.) (Samples are from Eltanin cruises 27,
32, and 52, and Deep Freeze cruises 76, 78, 80, 83, and 84.)

1984 Geologic stations (continued)

Station	Latitude	Longitude	Depth	Samplenumber	 (in meters)

31	76015.3'S	174024.9'E	605
32	76014.9'S	172059.9'E	608
33	76012.5'S	171027.5'E	612
34	76°12.1'S	169054.5'E	630
35	77004.7'S	164031.1'E 	425

36	77004.7'S	167000.3'E	870
37	75039.6'S	166012.2E	544
38	75029.8'S	165051.7'E	752
39	75019.4'S	165036.4'E	760
40	75014.5'S	165013.5'E	950

41	75010.1'S	164°56.1'E	1,100
42	71043.4'S	172005.7'E	575
43	72013.9'S	170034.6'E	450
44	77048.5'S	173059.2'W	530
45	77030.0'S	173029.8'W	533

46	77006.9'S	172°41.7'W	498
47	76001.2'S	170016.3'W	740
48	75056.3'S	170°04.1'W	1,016
49	75034.5'S	169014.9'W	2,020
50	75005.9'S	176018.9'W 	1,005

51	75020.9'S	176028.9'W	567
52	76049.3'S	177000.9'W	572
53	77001.5'S	177029.9W	570
54	77015.5'S	178001.1'W	610
55	77028.6'S	178029.7'W	642

56	77041.9'S	178059.6'W	665
57	77051.9'S	179017.8'W	692
58	77056.9'S	179024.9'W	704
59	78001.2S	179031.3'W	716

a Grab sample.
b Phleger core sample.

78	 ANTARCTIC JOURNAL



41
40

30
cr
If>-20

EO

OF I45'

o i 234 5 678
PH SIZE

*cd .-
P(MtLt.

COAST

( aCgP

maximum velocity of bottom currents on the shelf is relatively
constant [11-13 centimeters per second, based upon total grain
size distribution/velocity determinations of Singer and Ander-
son (1984)]. Because the finer sediments will settle from suspen-
sion only when and where current velocities fall below 4 cen-
timeters per second (Singer and Anderson 1984), the associa-
tion of residual ice-rafted modes and bottom-traction modes
with fine-grained material implies episodic flow conditions.

During high velocity episodes, finer material is swept from
the bottom, leaving behind a thin surficial lag. When current
velocities decrease, fine material settles to the bottom. These
two components are mixed by burrowing and scavenging or-
ganisms. Thus, a decrease in the residual IRD/current-derived
sand mode in an onshore direction (toward the Ross Ice Shelf) is

attributed to a decrease in the frequency of strong flow events in
that direction. In this manner, fine-grained sediments, includ-
ing diatom frustules, are gradually transported toward the
deeper, ice-shelf marginal basins where more quiescent bottom
conditions exist. Despite their relatively high opaline silica con-
tent (15 percent), sediments of central Ross Sea basins have low
organic carbon contents (less than 0.75 percent) compared to
siliceous sediments in basins of the western Ross Sea (total
organic carbon greater than 1 percent). This suggests enrich-
ment of biogenic phases via reworking of modern deposits in
the region.

Aside from shallow banks, the western shelf is covered main-
ly by siliceous muds and oozes (figure 2). Results from analyses
show that biogenic silica content increases from east-to-west
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Figure 3. Contour map of the relative percentage of ice-rafted debris (unsorted sand and gravel) on the Ross Sea shelf, along with
representative grain size curves from the outer shelf.
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across the shelf (see Dunbar, Dehn, and Leventer, Antarctic
Journal, this issue). This distribution was first noted by Trues-
dale and Kellogg (1969), who attributed it to less extensive
summer sea ice cover in the western Ross Sea. This is probably
not the sole factor regulating the distribution of siliceous sedi-
ments on the shelf, because open seas are also prevalent across
the inner shelf near the Ross Ice Shelf and western shelf sedi-
ments contain low biogenic silica. There is also an east-to-west
increase in organic carbon content across the shelf (see Dunbar,
Dehn, and Leventer, Antarctic Journal, this issue). Higher
organic carbon/opal ratios in biogenic sediment of the western
Ross Sea indicate less reworking via suspension within the
water column than occurs in the central Ross Sea.

Diatomaceous oozes from the Ross Sea shelf are mainly in the
16-63-micrometer size range. This size material is maintained in
suspension by currents with velocities above 5 centimeters per
second. Thus, the distribution of diatomaceous ooze will be
strongly influenced by marine currents. Westerly flowing sur-
face currents on the shelf may significantly contribute to the
corresponding westerly increase in biogenic silica. In addition,
diatom frustules may be transported onto the shelf by the im-
pinging warm core water. As this water mass overridçs high
salinity shelf water as an impinging surface layer, bottom cir-

culation may be more sluggish on the western shelf so that these
fine-grained sediments can accumulate there.

This research was supported by National Science Foundation
grant DPP 81-16623. We are indebted to the officers and crew of
the USCGC Polar Sea for their support during the expedition.
Participants assisting in sampling were Doug MacAyeal, Greg
Crocker, Jay Ardai, and Susan Trumbore. We are especially
grateful to Stan Jacobs who kindly provided us with the oppor-
tunity to collect grab samples during the 1983-1984 austral
summer.
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Marine geological and geophysical
investigations in the Ross Sea,

Antarctica

A. K. COOPER

U.S. Geological Survey
Menlo Park, California 94025

F. J. DAVEY

Department of Scientific and Industrial Research
Geophysics Division

Wellington, New Zealand

During February 1984, the U.S. Geological Survey (usGs)
conducted marine geological and geophysical studies of the
Ross Sea continental margin as the second half of the 1984 USGS
marine antarctic program. Several thousand kilometers of
geophysical trackline data and numerous geologic samples
were collected aboard the i/v S.P. Lee in the Victoria Land basin
and Iselin Bank areas of the Ross Sea (figure 1). A geophysical
trackline, with multichannel seismic-reflection data, was re-
corded along the western side of McMurdo Sound and crossed
existing MSSTS (McMurdo Sound Sediment and Tectonic Stud-
ies) and planned CIROS (Cenozoic Investigation in western Ross
Sea) shallow drilling sites.

Special emphasis was placed on the collection of multichan-
nel seismic-reflection data (2,350 kilometers) although a large
suite of other underway geophysical measurements were
made, including single-channel seismic-reflection (850 kilo-
meters), sonobuoy seismic (39 stations), high-resolution seis-
mic-reflection (1,850 kilometers), 3.5-kilohertz and 12-kilohertz
bathymetry (4,500 kilometer), magnetic gradiometer (3,100

kilometers), and gravity data (3,950 kilometers). Sampling oper-
ations included 3-meter gravity coring (15 cores from 10-258
centimeters in length), chain-bag dredging (two stations with

Figure 1. Index map of the Ross Sea, Antarctica, showing locations
of geophysical tracklines and geologic sampling sites occupied by
the U.S. Geological Survey research ship RI'! S.P Lee during Febru-
ary 1984.
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excellent recovery), and measuring heat flow (3 sites). A de-
tailed high-resolution seismic-reflection survey of an area of
irregular seafloor bathymetry was also conducted (figure 1).
During the cruise, analytical measurements of organic gas con-
centrations and sediment shear strength were routinely made
on the gravity cores immediately after core recovery. Thermal
conductivity determinations were also done on cores from heat-
flow stations.

Unusually good ice conditions were encountered in the west-
ern Ross Sea and multichannel seismic-reflection tracklines
were continued to within a few kilometers of the shore line in
the southern part of the survey area. Operations were ham-
pered by frequent periods of bad weather and by an accidental
loss (and fortunate recovery) of the entire 2,400-meter multi-
channel streamer, which snagged on an automobile-sized
"bergy bit."

The broad Ross Sea continental shelf lies under 400-1,100
meters of water and is floored by three north-south trending
sedimentary basins. The two easternmost basins (figure 2) have
been traversed by multichannel seismic-reflection surveys and
are believed to contain 4-6 kilometers of Cenozoic, mostly post-
Oligocene, glacio-marine sedimentary rock (Davey, Hinz, and
Schroeder 1983; Hinz 1983). However, the westernmost basin,
the Victoria Land basin, had no previous multichannel seismic
surveys, yet is believed to be filled with similar thicknesses of
possibly older sediment (Davey et al. 1983).

Structural highs separate the basins. Iselin Bank, the north-
ward projection of one of these basement highs, is believed to
be a feature of probable continental origin. In Gondwana recon-
structions, the Iselin Bank lies at the junction of Australia,
Antarctica, and New Zealand prior to breakup.

The objective of leg 2 was to study the crustal structure and
geologic processes of the Victoria Land basin and the Iselin
Bank areas. The new multichannel seismic-reflection data re-
corded over the Victoria Land basin suggest that the basin has
had a more complex history of Cenozoic deformation than the
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Figure 2. Map showing approximate locations of structural features
and existing multichannel seismic-reflection surveys in the Ross
Sea [modified from Hinz (1983) and Behrendt (1983).]

other two basins of the Ross Sea. Extensional tectonics, crustal
heating, and vertical displacements appear to dominate the
basin's history and are probably closely related to the Cenozoic
uplift of the Transantarctic Mountains. Figure 3 shows regional
unconformities and faulting that may be related to these pro-

LINE 407	 NEAR FRANKLIN ISLAND	 E

l	I
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Figure 3. Line drawing and multichannel seismic-reflection data from line 407 across the Victoria Land basin in the western Ross Sea. Faults
and unconformities are evident in the sedimentary section along the entire line.
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cesses. The enlarged seismic section (figure 3) crosses the major
fault that is the basin's western boundary and illustrates uplifted
and truncated basin sediments as well as a possible unconfor-
mity beneath these sediments.

In the Victoria Land basin, high-velocity (1.9 kilometers per
second) sediment is found at the seafloor where stiff indurated
glacial marine sediment (diamictite) have been sampled in the
3-meter cores. These sediments are marked by large shear
strengths, high thermal conductivities, and low concentrations
of only methane gas. Preliminary temperature gradients in the
upper 3 to 4 meters of these sediments are large and suggest
high heat flow. In the northeast part of the basin, high resolu-
tion seismic reflection profiles indicate that areas of the seafloor
at depths of 265-725 meters are covered by unusual hummocky
features with 5-25 meters of relief. These features are probably
related to glacial processes during the last ice-shelf advance.

Multichannel seismic-reflection data across Iselin Bank show
that basement rocks are incised by two north-south trending
grabens and are covered by a thin sedimentary section. Base-
ment crops out along the bank's crest and eastern flank and
rocks dredged there include volcanic, plutonic, and sedimen-

tary rocks. Although most rocks are rounded and appear to be
erratics, several subangular assemblages are present and in-
clude a quartzite that is similar to Paleozoic rocks of the Transan-
tarctic Mountains (Laird personal communication). If these
rocks are from seafloor outcrop, then Paleozoic basement rocks
extend at least 300 kilometers beneath the western Ross Sea to
Iselin Bank.
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Marine geological and geophysical
investigations of the Wilkes Land

continental margin, 1984

S. L. EITTREIM and M. A. HAMPTON

U.S. Geological Survey
Menlo Park, California 94025

Because the continent of Antarctica is so remote and the
prevailing weather and ice conditions are so adverse, little is
known about the geologic framework of the antarctic continen-
tal margin. What is known has been pieced together by extrapo-
lating from widely spaced observations and by inferring from
the known geology of the passive continental margins (par-
ticularly those conjugate margins of the Gondwana group)
which have been studied in greater detail. Although the Na-
tional Science Foundation supported reconnaissance-style ma-
rifle geophysical and geological studies on the RIv Eltanin for
many years, the area covered by the Eltanin's study tracks is a
very small percentage of the total area of the southern ocean. In
addition, very few of the Eltanin's tracks have crossed the almost
totally ice-covered continental margin but rather have been
limited to deep-water areas farther offshore. Those marine
geophysical and geological studies that have been focused on
the continental margin have dealt with only small areas
(Anderson et al. 1980; Behrendt 1983).

In January 1984 the U.S. Geological Survey research vessel
iJv S.P. Lee carried out marine geological and geophysical sur-
veys, including multichannel seismic surveys, on the Wilkes
Land continental margin to outline the basic seismic stratigra-
phy and geologic framework of this passive margin. This report
is a summary of our survey (figures 1 and 2) and includes a
description of the types of data collected and a brief discussion

Figure 1. Leg 1 tracklines of the R/V S.P. Lee. Generalized bathymetry
in meters are from Gebco chart no. 5-18. Sea-ice edge indicated Is
from visual observation. ("km" denotes kilometers.)

3U

Figure 2. Location of gravity-core sites, rock dredge hauls, seismic-
refraction sonobuoy stations and a side-scan sonar profile. ("km"
denotes kilometer.)
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of preliminary results based primarily on shipboard analyses of
unprocessed seismic and other geophysical data. Participants
included scientists from academic institutions and government
agencies of Australia and New Zealand as well as the U.S.
Geological Survey and the National Oceanic and Atmospheric
Administration.

The cruise began in Lyttleton Harbor on 5 January 1984 and
ended at McMurdo Station on 2 February. During the 13 days
spent in the survey area (between longitude 130°E and 150°E),
we collected multichannel-seismic (Mcs) and other geophysical
data, sampled the seafloor by gravity corer and rock dredge,
and mapped the shelf seafloor by side-scan sonar. The work
area overlaps the 1982 survey by the French Petroleum Institute
(Behrendt 1983) and extends farther to the west. During our
survey, weather conditions were favorable but sea-ice condi-
tions were not, affording only limited access to the continental
shelf.

During non-MCS operations, the Lee at times moved through
loose multiyear, 3-meter thick ice floes of approximately five-
tenths sea surface coverage to locate sites for sampling. All MCS

profiling was carried out in ice-free areas to maintain straight
tracks. Because we had to skirt the ice front, we could not

maintain straight tracks on some of the inshore lines, so some of
those lines contain doglegs.

The Lee attempted to enter McMurdo Sound via the ice chan-
nel that is maintained by the U.S. Coast Guard; however, wind-
pressured brash ice filled the ice channel and made passage
impossible. The Lee was beset in the ice of the McMurdo Sound
channel for a period of 12 hours, after which the USCGC Polar Sea
extricated the Lee, replenished our supplies, and exchanged
crews for us.

After 9 days of MCS surveying with a 2.4-kilometer long hy-
drophone streamer and 1,300-cubic-inch airgun array, we had
collected 1,800 kilometers of seismic data. Shot intervals of 50
meters provide 24-fold coverage for common depth-point pro-
cessing. An additional 400 kilometers of single-channel seismic
reflection data were recorded using one 80-cubic-inch airgun.
Thirty-three sonobuoy-re fraction profiles were also recorded.
Along all lines (including most of the transit lines) gravity,
magnetic gradiometer, and 3.5- and 12-kilohertz acoustic reflec-
tion profiles were recorded. During lines run on the continental
shelf, Uniboom (1-kilohertz) acoustic profiles were recorded
and one 30-kilometer long side-scan sonar record was made.
Eight gravity cores of bottom sediment were obtained with a 3-
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Figure 3. Multichannel seismic profile across the presumed continent-ocean boundary (COB). One second of two-way reflection time in the
sedimentary section equals approximately 1 kilometer; less for the shallower sediment and more for the deeper strata. Location is shown in
figure 1.
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meter corer in various sedimentary environments on the shelf,
slope, and rise. Physical properties were measured on these
samples and gas analyses were made in the ship's laboratory.
Two dredge hauls for rocks were made: one on the shelf and the
other on the upper slope. Navigation was by "Transit" satellite,
supplemented by high-accuracy "Global Positioning System"
satellite for 9 hours each day.

The five north-south lines in the western part of the survey
span the region from the continental shelf break or slope out
across the continent-ocean boundary (COB). The COB typically is
characterized by a ridge that forms the southern boundary of
oceanic basement (figure 3). Using the seismic reflection data
and seismic velocities from sonobuoys, we determined that the
sediment wedge of the slope and rise ranges from about 3 to 6
kilometers thick. Thicknesses measured on the shelf are greater
than 3 kilometers, but exact measurements are difficult to make
from the unprocessed seismic data.

The continental rise is underlain by a sedimentary wedge that
has a lower unstratified sequence, which is largely confined to
the region landward of the COB, and a stratified upper sequence
that extends out over oceanic crust, beyond the COB (figure 3).
The younger stratified sequence was deposited in an environ -
ment of active bottom currents that have shaped and eroded the
deposits and turbidity currents that have dissected the upper
rise and slope to form many submarine canyons and fans.
Seafloor truncation of beds of this stratified sequence on the
upper continental rise indicate that the erosion is recent.

Capping this upper stratified sequence, sharp-crested depo-
sitional ridges spaced about 35 kilometers apart dominate the
morphologic fabric of the seafloor upper continental rise. Some
of the valleys between ridges are occupied by erosional
canyons.

On the continental shelf, side-scan sonar images of the sea-
floor reveal ice gouges in water depths greater than 500 meters
that are produced by large tabular icebergs. Ice-gouge features
typically are multiple-grooved incisions a few meters deep and
tens of meters wide. Semicircular to circular depressions about
100 meters in diameter (ranging from 30 to 150 meters) are also
common on shelf bank tops and slopes. Commonly these de-
pressions occur in an overlapping sequence that forms a linear
feature. In some places these depressions are associated with
the grooved features that are more obviously identifiable as ice

gouges. Coast-perpendicular ridges and furrows a few meters
high and spaced about 100 meters apart are believed to be
related to glacial advances onto the shelf. During the cruise, we
frequently observed that tabular icebergs were aligned on the
shelf indicating their grounding along the flanks of seafloor
ridges. Apparently modern and ancient ice-related processes
are dominant in determining the shape and character of the
seafloor in this shelf environment.

The sediment core samples collected on the continental shelf
consist of: (1) diatom ooze from a deep-shelf basin, probably
deposited in this quiet sedimentary environment by modern
biogenic processes; (2) a pebbly mud on the flank of the basin,
probably emplaced by Pleistocene glacial or glacial-marine pro-
cesses; and (3) sand on a bank top that is either material deposi-
ted in shallow water during a Pleistocene low stand of sea level
or a modern winnowing product of poorly sorted Pleistocene
glacial sediment. Cores from the continental slope and rise
contain mud and sandy mud that, as X-radiographs show, is
deposited as highly bioturbated, unstratified units (hemi-
pelagites?) sharply interbedded with thinly laminated slightly
bioturbated units (contourites?).

Gases were extracted from the nine sediment cores and ana-
lyzed for hydrocarbons. Samples from tops and bottoms of
cores, which are up to 3.8 meters in length, showed methane to
be the most abundant hydrocarbon, with concentrations typical
of shelf environments. The other higher order hydrocarbon
gases occur in much lower concentrations. It is likely that all the
hydrocarbons have a biogenic source. No obvious evidence was
found for thermogenic gas migration or diffusion, and no gas
seeps were observed. Thus gases were probably generated in
place by low-temperature bacterial decay.
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Deep-sea benthonic foraminifera were analyzed from three
Eltanin piston cores (E45-21, E49-53, E50-2) to infer bottom water
circulation fluctuations in the western South Australian Basin
during the past 3.2 million years. This study provides the most
detailed record of Quaternary and late Pliocene Antarctic Bot-
tom Water history in the southeast Indian Ocean at the present
time. Two bottom water masses, Antarctic Bottom Water (AABW)
and Circumpolar Deep Water (CDw) are currently found in the
southeast Indian Ocean. AABW is believed to be a blend of
bottom waters formed along the Adélie Coast and in the Ross
Sea, which mixes with Antarctic Circumpolar Water as it travels
northward away from the antarctic continental shelf (Gordon
1974; Gordon and Tchernia 1972). The AABW in the South Indian
Basin has potential temperatures of -0.5-0.4'C, salinities of
34.68-34.70 parts per thousand, and dissolved oxygen values of
5.0-5.6 milliliters per liter. The CDW has potential temperatures
of 0.8-1.2°C salinities of 34.72-34.74 parts per thousand, and
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dissolved oxygen values of 4.4-4.8 milliliters per liter. In the	ated (potential temperatures of 0.6-0.8°C and dissolved oxygen
South Australian Basin, mixing of these two water masses re-	values of 4.8-4.9 milliliters per liter) AABW is present. The sur-
suits in bottom water with intermediate hydrographic proper-	face distribution of these faunal associations suggested that
ties (potential temperatures of 0.4-0.8°C, salinities of	AABW flows northward through the Southeast Indian Ridge at
34.70-34.72 parts per thousand, and dissolved oxygen values of	approximately 110°E, and then forms a cyclonic western bound-
4.8-5.0 milliliters per liter).	 ary undercurrent in the South Australian Basin (figure 1). The

Factor analysis of surface benthonic foraminiferal census data	three cores considered in this study were taken from water
from the southeast Indian Ocean (Corliss 1979) revealed two	depths of 4,237-4,242 meters, just north of the inferred path of
faunal assemblages associated with these water masses. One	AABW, in a region presently overlain by water with hydro-
assemblage, marked by the presence of Epistominella umbonifera,	graphic properties intermediate between AABW and CDW (po-
Planulina wuellerstorfi, Globocassidulina subglobosa, Pullenia bull-	tential temperature of 0.7°C, salinity of 34.72 parts per thou-
oides, and Oridorsalis tener, was found coincident with AABW.	sand, and dissolved oxygen value of 4.9 milliliters per liter).
Two subgroups were found within this association. Epis-	The relative abundances of E. umbonifera, Uvigerina spp., and
tominella umbonifera dominated the fauna where the colder and	E. exigua are plotted against depth for each core in figure 2. The
fresher (potential temperatures of - 0.2-0.4°C and dissolved	magnetostratigraphy of each core (figure 2) is from Allison and
oxygen values of 5.2 milliliters per liter) AABW is found and G.	Ledbetter (1982), with the magnetic polarities in E45-21 rein-
subglobosa dominated the fauna where warmer and less oxygen-	terpreted using biostratigraphic data of Daniel (1983). Age as-
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Figure 1. Physiographic map of the southeast Indian Ocean showing the 2,000-,3,000-,4,000-meter depth contours (Heezen, Tharp, and Bentley
1972), as well as the locations of the three cores analyzed in this study and the Recent distribution of dominant benthonic foraminifera
established by Corliss (1979). The shaded area Is marked by a dominance of Uvigerina spp. and Epistominella exlgua, the cross-hatched area
by a dominance of Globocassiduilna subglobosa, and the hatched area by a dominance of Epistominalla umbonifera. The route of Antarctic
Bottom Water (&Bw), suggested by the faunal data, is Indicated by closed arrows. An additional route for AABw, inferred from hydrographic data
(Gordon and Molinelli 1975; Rodman 1977), is indicated by open arrows.
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Figure 2. A. Percentage of E. umbonifera and 0. tener versus depth and magnetostratigraphy. B. Percentage of Uvigerina spp. and E. ex!gua
versus depth and magnetostratigraphy. Connecting lines are drawn between the three cores at known polarity boundaries (Gauss-Matuyama,
the bottom of the Gilsa Event, and the bottom of the Bruhnes Chron) to aid in intercore correlations. ("cm" denotes centimeter.)
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signments are made to polarity boundaries using Harland et al.
(1982). A continuous stratigraphic record was found in E50-2,
but a hiatus is present from the middle Matuyama Chron
through the upper Bruhnes Chron in E49-53, and in the upper
Matuyama Chron in E45-21.

In all three cores, E. umbonifera dominates discrete intervals
during the Gauss and Matuyama Chrons. During the Gauss
Chron, F. umbonifera displays a general decrease in abundance,
from high values around 60 percent at about 3 million years, to
approximately 40 percent at the end of the Gauss. From the
Gauss-Matuyama boundary (2.48 million years) to the bottom of
the Olduvai Event (1.87 million years), the abundance of E.
umbonifera first drops dramatically to about 10 percent, then
increases to high fluctuating values (20-60 percent). During the
upper Matuyama (1.87-0.73 million years), which is best repre-
sented in E50-2 due to hiatuses in E45-21 and E49-53, the abun-
dance of E. umbonifera first fluctuates about high values (40-50
percent), and then decreases to approximately 10 percent. Dur-
ing the Bruhnes (0.73 million years to the present) the abun-
dance of E. umbonifera stays low (2-15 percent), except for values
fluctuating about 35 percent in E45-21 during the late Bruhnes.
In all three cores, the periods of low E. umbonifera abundance
during the Gauss and Matuyama Chrons are marked by high
abundances (15-35 percent) of 0. tener.

The Uvigerina spp. and E. exigua abundance records in all
three cores display low values throughout the Gauss and lower
Matuyama Chrons. During the upper Matuyama, the abun-
dance of E. exigua increases steadily, and the abundance of
Uvigerina spp. maintains values between 0 and 2 percent until
the end of the Matuyama when there is a sharp increase. During
the Bruhnes Chron, the abundances of both F. exigua and
Uvigerina decrease slightly before showing a general increase to
the present.

The variation in the relative abundances of E. umbonifera is

inferred to reflect changes in AABW circulation during the past
3.2 million years. A number of studies have demonstrated a
correlation between the distribution of E. umbonifera and AABW
(Streeter 1973; Schnitker 1974; Lohmann 1978, 1981; Resig 1981;
Corliss 1979, 1983). Recent work (Bremer and Lohmann 1982)
indicates that the most likely property of AABW responsible for
its association with E. umbonifera is undersaturation with respect
to calcium carbonate. Periods of high abundance of E. urn-
bonifera in E45-21, E49-53, and E50-2 suggest time intervals
when more AABW was produced, relative to today, enabling the
colder, fresher AABW which is presently found in the South
Indian Basin and along the southern flank of the Southeast
Indian Ridge, to flow through fracture zones into the South
Australian Basin. This caused a widening of the AABW western
boundary current in the South Australian Basin relative to the
present, at least to the extent that the locations of E45-21, E49-53,
and E50-2 were overlain by this colder, fresher AABW.

The abundance of Uvigerina spp. in surface sediments has
been related to high levels of organic carbon (greater than 1
percent) (Miller and Lohmann 1982; Lutze and Coulbourn
1984), and shown not to be related to bottom-water dissolved
oxygen (Corliss 1983). The presence of high abundances of
Uvigerina spp. in the tops of all three cores in this study is
inferred to reflect higher amounts of organic matter in the
sediments at the Matuyama-Bruhnes boundary and during
most of the Bruhnes.

Little can as yet be inferred from the fluctuations in abun-
dance of 0. tener and E. exigua since previous studies have not
yielded consistent associations between these taxa and specific
environmental parameters. 0. tener has been shown to be a

cosmopolitan species, associated with a variety of environ-
ments (Belanger and Streeter 1980; Corliss 1979; and Lohmann
1981). The presence of 0. tener during relative lows of E. urn-

bonifera abundance during the Gauss and Matuyama Chrons
suggest that it is an opportunistic species which dominated the
fauna during periods of moderation in AABW circulation.

This study supports previous work in the southeast Indian
Ocean which has shown that E. exigua coexists with Uvigerina

spp. in association with CDW and with bottom water with hydro-
graphic properties intermediate between AABW and CDW (Cor-
liss 1979). The environmental parameter(s) which is controlling
the presence or absence of E. exigua is not yet clear, however,
since data from the North Atlantic indicate that an association
exists between F. exigua and colder, fresher water masses
(Streeter 1973; Schnitker 1974).

The benthonic foraminiferal census data from E45-21, E49-53,
and E50-2 provide a detailed record of AABW circulation in the
South Australian Basin during the past 3.2 million years. The
data suggest three periods of increased influx of colder, fresher
AABW relative to present day conditions: the lower to middle
Gauss (3.2-3.6 million years), the lower Matuyama (2.3-2.0 mil-
lion years), and the middle Matuyama (1.87-1.3 million years).
During the Bruhnes Chron, the influx of cold, fresh AABW
waned, causing a decrease in the lateral extent of the AABW
western boundary current in the South Australian Basin, and a
shift in bottom water characteristics over the locations of E45-21,
E49-53, and E50-2 to those intermediate between AABW and
CDW. Surface-water productivity is suggested to have been
higher for a brief period at the end of the Matuyama, and then
during the Bruhnes, than during the Matuyama and Gauss
Chrons.

This work was supported by a graduate student research
fellowship through the Woods Hole Oceanographic Institution
Education Department and by National Science Foundation
grant DPP 82-16539.
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Preliminary report on diatoms from
the Deep Lake terraces, Vestiold Hills,

Antarctica
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Deep Lake* (latitudes 68°22' and 68°40'S longitudes 77°49'
and 78°33'E) is one of the two most saline lakes in the Vestfold
Hills. (See figure 1.) This thalassic lake is one of the largest in
area (1.1 by 0.7 kilometers) and has a depth of 36 meters. Deep
Lake originated from the sea. Through slow evaporation, its
salinity increased and its elevation decreased over time until it
attained its present-day levels: a salinity of 28 parts per thou-
sand and an elevation of 50.4 meters below sea level. The lake is
thermally stratified with a surface temperature of - 20°C during
winter and + 10°C in summer while the bottom 15 meters re-
main constant at about - 14°C throughout the year (Kerry etal.
1974). Figure 2 shows depth, temperature, and daily wind run
at Deep Lake from October 1973 through July 1975. A variety of
blue-green algae, diatoms, and bacteria live at all depth of the
lake (Kerry et al. 1974).

During December 1974, K.R. Kerry and R. Williams of the
Antarctic Division of the Australian Department of Science and
Technology collected 72 samples (numbered ACTC-1 through

ACTC-36 for samples from the southeastern shore terrace and
ACTC-37 through ACTC-72 for samples from the western shore
terrace). Samples were collected at 1.6-meter intervals. We then
studied sediment composition, faunal content, and diatom
structures of the samples.

The sediment is loose, powdery, and unconsolidated. It is
composed of coarse, angular, and rounded grains of sand to silt-
size fractions. Its constituents are pyroxene, garnet, biotite, and
quartz with fragments of pyroxenite, quartzite, permatite,
gneiss, and glacial debris. Halite and mirabilite crystals are
common.

Crespin (1960) made a general study of foraminifera of the
lake sediments of the Vestfold Hills. She restricted her report to
the six new species identified and some rare forms, but Setty,
Williams, and Kerry (1980) made a detailed study of all the
foraminifera occurring in Deep Lake terraces. The associated
ostracode fauna revealed the presence of psychrospheres in the
sediment (Setty and Williams in press).

wasters $hors
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*The Deep Lake referred to in this article is located in the Vestfold Hills,
Princess Elizabeth Land and is shown in a map produced by the
Division of National Mapping, Department of Resources and Energy,
Canberra, Australia in Association with the Antarctic Division, De-
partment of Science and Technology, Hobart, Tasmania. "Deep Lake"
is not an official name.
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Figure 1. Map of Deep Lake and Its terraces, Vestfold Hills, Ant-
arctica (Setty et al. 1980).
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Figure 2. Depth, temperature, and daily wind run data from October
1973 to July 1975 of Deep Lake area, Vestfold Hills, Antarctica (Setty
et al. 1980).

The faunal content of the sediment is sparse and restricted to
a few stations. This disparity in abundance, scarcity, or even
total absence of microfauna at various stations of the two trans-
ects at identical depth levels/terraces appears to be unnatural;
however, it may possibly be due to the changes in the wind run,
velocity, and wind direction in the region and the continuous
decrease in salinity of the lake. It is likely that the microfossils
are wind blown differentially and deposited elsewhere. A few
benthonics are common to both the Ross Sea and Deep Lake.

Ten samples from the Deep Lake terraces were prepared for
diatom analysis using the method described by Setty (1966).
Prepared samples were examined using a Leitz Dialux 20 micro-
scope at 630x and 1000x (oil immersion). Each sample was exam-
ined exhaustively. Five of the samples (ACTC-39 7-4, ACTC-39
7-5, ACTC-39 7-6, ACTC-38 3-2, and ACTC-38 3-3) were barren.
One sample (ACTC-39 7-7) was broken and could not be exam-
med. The remaining four samples contained a total of only eight
diatom specimens. Therefore, the results reported here are
tentative and subject to modification when more material from
the Deep Lake terraces becomes available.

Sample ACTC-39 7-1 contained one specimen of the genu
Cyclotella, possibly C. stelligera Cleve and Grunow in van
Heurck (1881) or C. glomerata Bachmann (1911). Samples
ACTC-39 7-2 and ACTC-39 7-3 contained a total of three spec-
imens of the genus Triceratium, which we tentatively identify as
T arcticum Bnghtwell (1853). Sample ACTC-38 3-1 contained
four specimens of the genus Porosira, probably P. glacialis
(Grunow) Jorgensen (1905), of all which appeared to be rela-
tively large for this genus.

The paucity of the diatom flora in the Deep Lake terrace
samples would normally inhibit us from publishing for lack of

data. In the present case, however, data are presented because
several details concerning these samples have not been noticed
previously in antarctic material, suggesting that further work
might provide information useful for describing diatom dis-
tributions in the Antarctic.

Cyclotella stelligera and C. glomerata are common non-marine
species (Hustedt 1930, p. 340) found inlacustrine deposits, melt
ponds, and lakes in the dry valley region of Antarctica (D.
Kellogg et al. 1980; unpublished data). They are also present in
low abundance in marine sediments from the Ross and Weddell
Seas (D. Kellogg, unpublished data), although they were not
previously mentioned by Truesdale and Kellogg (1979) or Kel-
logg and Truesdale (1979). We believe that occurrences in ma-
rine sediments represent transport of diatom frustrules from
adjacent non-marine environments, possibly by ice rafting.
This belief stems from our observation that both species are
commonly found in melt ponds and sediments on the McMur-
do Ice Shelf (Kellogg and Kellogg 1984). The presence of either
C. stelligera or C. glomerata in Deep Lake terrace sample ACTC-39
7-1 is completely consistent with the fossil distributions of these
species in the dry valley region of Antarctica.

The four specimens of Porosira found in sample ACTC-38 3-1
are somewhat larger than other specimens of this genus we
have seen previously. We have observed the species Porosira
pseudodenticulata (Hustedt)Jouse (1962) in sea-ice samples from
McMurdo Sound. In these samples, collected at various times
during the year, P. pseudodenticulata was abundant in summer
ice. Krebs (1977) found both P. pseudodenticulata and P. glacialis in
sea-ice samples from Arthur Harbor, and also reported P.
glacialis in plankton samples from Arthur Harbor. The arrange-
ment of aereolae in our samples more closely resembles P.
glacialis, but if our four specimens from the Deep Lake terraces
belong to either of these species, we would have to infer a
marine component in the diatom flora. Because the large size of
the specimens (over 100 micrometers) in ACTC-38 3-1 exceeds
the published size for P. glaciallis (30-70 micrometers), we are
unable to assign the specimens to this species with certainty (we
may be looking at a new species). We know of no other species of
the genus Porosira that have been reported from Antarctica.

We have not encountered the genus Triceratium previously in
our studies of antarctic sediments, but McCollum (1975, figure
8) apparently recorded three different species in Deep Sea Drill-
ing Project site 274 (collected north of the Ross Sea). Most
species of this genus inhabit the littoral marine environment
(Hustedt 1930). Our specimens are tentatively identified as T.
arcticum Brightwell (1853), a marine species (Hustedt 1930, p.
816-818) not reported by McCollum (1975). This is the same
taxon reported by Krebs (1977) as Trigonium arcticum (Bright-
well) Cleve (1868), a benthic species. We follow Hustedt (1930),
who preferred Grunow's (1880) classification of this species as
Triceratium arcticum.

The one clear conclusion we can draw from diatoms in the
Deep Lake terraces is reworking, or mixing, of marine and non-
marine material. This conclusion is based on the co-occurrence
of marine (Porosira and Triceratium) and non-marine (Cyclotella
cf. stelligeralgiomerata) diatoms. Further support for the presence
of marine material comes from the foraminiferal study of the
Deep Lake terraces by Setty et al. (1980). Documentation of
reworking suggests that further diatom work in the Vestfold
Hills area has the potential for providing useful information on
the glacial history of this portion of the east antarctic ice sheet,
following procedures like those used in our earlier studies (Kel-
logg, Truesdale, and Osterman 1979; Kellogg and Kellogg 1981).
This is a particularly important conclusion because little is cur-
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rently known about this part of Antarctica, much less its glacial
history.
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Recycled palynomorphs and the age
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Surficial sediments on the seafloor near Antarctica are often
rich in recycled palynomorphs—spores, pollen and dinoflagel-
lates. These derive from the erosion of sedimentary sequences
either on the continent, where they are usually hidden beneath
thick ice cover, or on the continental shelf. The palynomorphs
have been transported seaward by processes of glacial entrain-
ment, followed by meltout beneath grounded ice shelves or
floating ice. Their distribution and density are useful in predict-
ing the location of hidden sedimentary sequences; their value is
much enhanced where patterns of ice flow to the depositional
area are understood, allowing constraints to be placed on the
provenance of the recycled fossils. For example, in the Ross Sea,
Truswell and Drewry (1984) correlated high palynomorph den-
sities in the southeastern Ross Sea with discharge from Ice
Streams D and E flowing from West Antarctica; source beds

were thus predicted to lie in the catchment areas of these
streams near the head of the Ross Ice Shelf.

Palynomorphs in the Weddell Sea. In the Weddell Sea, recycled
palynomorphs were reported previously (Kemp, 1972;
Truswell, 1983) but sampling was too sparse for these occur-
rences to be related to source areas. Recently, more material has
become available from the eastern Weddell Sea, and, although
geographic coverage of the region is still meagre, there is now
enough information to make 'educated guesses' about the posi-
tion and age of sedimentary sequences on the continental shelf.
Samples were obtained by piston coring during cruises of the
USCGC Glacier in 1969-1970, and the ARA Islas Orcadas in 1978.
They cover an area from the Princess Martha Coast, where the
samples come from the continental shelf and slope offshore
from the Riiser-Larsen Ice Shelf (sites 3-11-4, 3-13-1, 3-17-1 and
1578-28) southwest to a region on the continental shelf offshore
from the Luitpold Coast and immediately to the north of the
Filchner Ice Shelf (sites G15, G16, 3-1-2, G17, G2 and 2-19-1 (see
figure). Lithologically, samples at the sites include both basal
tills and transitional glacial marine sediments.

Palynomorphs were recovered, in varying densities, from all
sites. At most sites several samples were examined from each
core, from depths of up to 2 meters. No appreciable vertical
variation in palynomorph composition was observed at any site.
At all sites, palynomorph assemblages are dominated by taxa
which elsewhere have stratigraphic ranges spanning the Late
Jurassic to Late Cretaceous. Tertiary forms are present at most
sites but are a very minor component. Most of the material
suggests derivation from source beds of Neocomian through
Cenomanian age. This situation differs from that of the Ross
Sea, where Paleogene palynomorphs dominate.

The sites fall into two regions or provinces on the basis of
their palynomorph content. The northeastern suite of sites, off
the Princess Martha Coast (viz, sites 3-11-4, 3-13-1, 3-17-1 and
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1578-28) all contain assemblages dominated by marine dino-
flagellates; spores and pollen are present, but subordinate. The
most common dinoflagellate is Cribroperidinium muderongense,
which in Australia ranges from Aptian to Cenomanian. Also
present in all samples is Diconodinium davidii, with a range in
Australia of mid-Aptian to Albian (Morgan 1979). Other less
common elements are Cyclonephelium membraniphorum, of Late
Albian to Cenomanian range, and Pareodinia ceratophora, which
is most common in the late Neoconian to Albian. Spores and
pollen in the samples are mainly long ranging within the Cre-
taceous. This assemblage suggests derivation from source beds
of marine origin, and of Aptian through Cenomanian age.
Present too in this province are rare Paleogene dinoflagellates;
these include Areosphaeridium diktyoplokus, Vozzhenikovia rotun-
dum, Deflandrea macmurdoense and Deflandrea antarctica, all of
which belong to a distinct high-latitude Eocene suite (Wilson
1967; Haskell and Wilson 1975; Wrenn 1981).

Sites in the southwest, (sites G15, G16, 3-1-2, G17, G2, and
2-19-1), in contrast to those from the Princess Martha Coast,
contain no dinoflagellates. Spores and pollen are abundant and
usually well preserved. Commonest are fern spores referable to
Cicatricosisporites and Contignisporites; also Leptolepidites ver-

rucatus. Common too is pollen referable to the podocarpaceous
taxa Podocarpidites and Microcachryidites. A few species have
restricted ranges within the Cretaceous—included here are Ap-

pendicisporites distocarinatus, which in Australia ranges from Al-
bian to Turonian, Coptospora paradoxa, which in Australia is a
zone fossil for the Albian, and the megaspore Balmeisporites

glenelgensis, with a Cenomanian to Santonian range. The aggre-
gate ranges of the material recycled in this province suggests
that source beds span an Early through Late Cretaceous inter-
val, Neocomian to perhaps Santonian. In the samples of this
suite, there is also a greater abundance of fine woody debris and
plant tissue than there is in the Princess Martha Coast samples.
This, together with the notable absence of dinoflagellates, sug-
gests derivation from strata of terrestrial origin.

Ice flow patterns and possible provenance. Examination of pat-
terns of ice flow into the Weddell Sea allows some constraints to
be placed on the possible sources of the recycled fossils. Ice flow
patterns summarized by Drewry (1983), show that the north-
eastern suite of samples, off the Princess Martha Coast, is likely
to have been deposited during phases of expansion of the
Riiser-Larsen Ice Shelf (see figure). Ice feeds into this shelf from
a relatively small catchment area in the northwestern sector of
Dronning Maud Land. Thick sequences of sediments have re-
cently been identified by seismic reflection profiling offshore
from the Riiser-Larsen Ice Shelf. On the continental margin
there, Hinz and Krause (1982) identified four depositional units
separated by unconformities. The deepest unit, a prism of sea-
ward-dipping strata, they termed the 'Explora Wedge,' suggest-
ing a pre-Cretaceous age for it. Overlying units, on the basis of
theoretical considerations of erosive events, they suggested to
be of Cretaceous through Neogene age. It seems likely that the
source of the recycled palynomorphs at sites 3-11-4, 3-13-1,
13-17-1 and 1578-28 are correlative sequences on the continental
shelf. Norwegian seismic records from this region do show a
widespread glacial(?) erosional surface on the shelf (Elverhoi
and Maisey 1983) perhaps resulting from phases of expansion
of the Riiser-Larsen shelf. Cores 3-17-1 and 1578-28 display all
the characteristics of tills (Anderson et al. 1980). Cores 3-13-1
and 3-11-4, which lie on the continental rise and slope respec-
tively, are thought to have penetrated fine-grained turbidites
and debris flow deposits, probably derived through glacial ero-
sion of the shelf.

Core locations, ice flow lines, bathymetry, and distribution of non-
marine and marine Cretaceous palynomorphs.

The recycled material confirms a Cretaceous age for part of
the sequence, and indicates too that much of it is marine in
character. There is a suggestion of a marine Eocene interval, too,
but no indication of pre-Cretaceous sediments. Little weight
should be placed on this negative evidence for older strata,
however, because palynomorphs can be destroyed by meta-
morphism associated with burial or volcanism.

Sites in the southwestern Weddell Sea (G2, G15, G16, G17,
2-19-1 and 3-1-2, figure), which are dominated by non-marine
Cretaceous forms, lie just seaward of the discharge points of ice
streams flowing in a northwesterly direction through the Fil-
chner Ice Shelf (figure). All of the cores penetrated sediments
that are interpreted as basal tills (Anderson et al. 1980). The
catchment area drained by these ice streams encompasses a
large area of Coats Land and Dronning Maud Land, and in-
cludes major streams passing through the Theron Mountains
and the Shackleton Range. Given this pattern of ice flow, it is
perhaps striking that there is only minor evidence of input from
Palaeozoic strata as sequences of this age occur in the Theron
Mountains and Whichaway Nunataks. Samples 2-19-1 and G2
do contain isolated specimens of taeniate disaccate pollen
grains, probably of Permian age, and sample G15 contains a
small percentage of darkened unidentifiable spores which
could be Palaeozoic, but these are very minor components. It is
possible that they derive from the Beacon Supergroup se-
quences mentioned; spore preservation in these must be much
affected by dolerite intrusion.

The predominantly Cretaceous composition of the as-
semblages in this sector suggests that the major area of deriva-
tion has not been the Transantarctic Mountains, but rather,
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sedimentary sequences lying seaward of these mountains. The
source of the Mesozoic palynomorphs seems most likely to be
in topographically low regions such as the northern end of the
Thiel Trough and the Crary Trough, beneath the Filchner Ice
Shelf (figure). The presence of substantial thicknesses of sedi-
ment below the Filchner and Ronne Ice Shelves has been sug-
gested on the basis of Russian and Norwegian geophysical data
(summarized in Behrendt 1983) and deep seated glacial erosion
of Crary Trough has been demonstrated by Elverhoi and Maisey
(1983).

The two northernmost sites in this province, sites G2 and
2-19-1, could have lain in the path of ice from a previously
expanded Filchner Ice Shelf; their palynological composition is
essentially the same as those sites immediately north of the
present front of that ice shelf. Expansion and grounding of the
Filchner Ice Shelf through Crary Trough and to the edge of the
continental shelf has been suggested on the basis of till distribu-
tion (Anderson et al. 1980; Elverhoi and Maisey 1983); such
expansion seems likely to have effected the transport of pal-
ynomorphs in this area.

Finally, it should be pointed out that sampling density in the
Weddell Sea is as yet too sparse to allow detailed and confident
assessment of source area localities to be made. Correlation
between the palynomorph provinces described here and the
petrologic provinces identified by Andrews (Antarctic Journal,
this issue) is broad; the southwestern microfossil province cor-
responds approximately to provinces I to IV of those authors
which are characterized by a variety of rock types; the north-
eastern palynological province, with its marine Cretaceous
component, corresponds to petrological province V. Basalt and
andesite pebbles distinguish the latter province, which sug-
gests that sediments providing a source for the recycled micro-
fossils may be part of a largely volcanic sequence.

These preliminary data suggest that palynomorphs were
transported and deposited in the Weddell Sea by processes
associated with either ice sheet or ice shelf expansion. The
recognition of clear provinces on the sea-floor suggests that, as
in the Ross Sea, there has been little redistribution of the re-
cycled microfossils by bottom currents after their deposition.
These interpretations are consistent with those of Andrews
(Antarctic Journal, this issue) who conducted an independent

petrologic examination of glacial and glacial-marine deposits of
the eastern Weddell Sea.
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Petrology of Weddell Sea glacial
sediments: Implications for

provenance and glacial history

B. A. ANDREWS

Department of Geology
Rice University

Houston, Texas 77251

Limited outcrop exposure restricts our understanding of ant-
arctic subglacial geology. Additional evidence for the geology of
this ice-covered continent is perhaps best obtained through
investigations of terrigeneous sediments deposited on the ant-

arctic continental margin. In this study, petrologic analyses
were conducted on glacial and glacial-marine deposits cored on
the Weddell Sea continental shelf to gain increased understand -
ing of the subglacial geology and glacial history of land areas
contiguous to the eastern Weddell Sea.

Piston cores were collected from the Weddell Sea continental
shelf, between 5°W and 50°W, during cruises of the USCGS Glacier
in 1969-1970 and the Am Islas Orcadas in 1978. Basal tills and
glacial marine units were previously identified within the
piston cores by Anderson et al. (1980) using sedimentologic
criteria. Downcore lithologic analyses from this study support
the basal till and glacial marine identifications. The basal tills are
characterized by constant composition downcore, and each till
is distinct in composition from other tills, reflecting the
character of underlying bedrock along particular ice flow lines
(figure 1). Glacial-marine units are also compositionally homog-
eneous downcore, and derivation from the basal zone of an ice
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Figure 1: Ternary diagram of quartz/feldspar (0/F), sedimentary rock
fragment (s), and igneous rock fragment (i) percentages of the
coarse sand fraction of samples taken downcore within basal till
units. Note clustering of samples from common till units, indicating
compositional homogeneity of individual tills.

shelf close to its grounding line is suggested (transitional glacial
marine facies of Anderson et al. 1983).

The presence of basal tills on the Weddell Sea continental
shelf suggests a major expansion and coincident grounding of
the east and possibly the west antarctic ice sheet as far as the
shelf edge. Till lithologies are correlative with east antarctic
rocks, suggesting that expansion within the study area was
chiefly of the east antarctic ice sheet. However, little data exists
for the southwestern shelf of the Weddell Sea where an ad-
vanced west antarctic ice sheet would have grounded, and a
dual expansion of both ice sheets remains a possibility.

The basal tills and transitional glacial marine units were
grouped to form six distinct petrologic provinces on the Wed-
dell Sea shelf (figure 2) using cluster analysis techniques ap-
plied to pebble and coarse-sand data. Most of the province
boundaries extend inland along the east antarctic coast parallel
to reconstructed ice paleoflow lines. Identical lithologies with
similar percentages of occurrence are observed in both the
pebble and coarse-sand modes of basal tills located up to 100
kilometers from coastal outcrops, indicating that comminution
is not effectively biasing till compositions.

The basal tills and transitional glacial marine units are com-
prised chiefly of basic volcanics and quartzose sedimentary
rocks in direct contrast to outcrops of the eastern Weddell Sea
sector, which are dominated by metamorphic lithologies. Till
lithologies suggest that the mountainous outcrops of the region
are not representative of the overall subglacial geology and that
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Figure 2: Petrologic provinces l--Vi on the Weddell Sea shelf. Provinces were defined by cluster analysis groupings of basal tills and glacial-
marine units with similar iithologic distributions.
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a number of sedimentary depocenters must exist beneath the
antarctic ice sheet.

Four provenance areas for the Weddell Sea are recognized: (1)
the Cretaceous-Tertiary prograding shelf of the Weddell Sea, (2)
the recently uplifted Transantarctic Mountains, (3) the Pal-
eozoic-Mesozoic Beacon sedimentary basin, and (4) the Brunt
Megatrough (Kamenov and Ivanov 1983). Correlation between
these provenance areas (as defined by geophysical data) and till
petrologic provinces are remarkably good.

I wish to thank Dennis Cassidy for providing pebble samples
for this study. This research was supported by National Science
Foundation grant DPP 81-16623 to John B. Anderson.
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Sedimentologic and
paleoceanographic implications of

terrigenous deposits on the Maurice
Ewing Bank, southwest Atlantic Ocean

S. E. MACDONALD

Department of Geology
Rice University

Houston, Texas 77251

The Maurice Ewing Bank (MEB), representing the easternmost
portion of the Falkland Plateau (figure 1), provides a remarkably
unique environment in which to study deep-sea clastic sedi-
mentation. A number of key sedimentological problems in this
region have not been previously addressed. One of the impor-
tant questions concerns the existence of terrigenous deposits in
this deep-sea environment. Visual examination of piston cores
reveals the presence of a widespread, coarse-lag deposit and
sand bodies on the MEB. It has been well established that ter-
rigenous material reached the bank as ice-rafted detritus (IRD)
(Plafker, Bartsch-Winkler, and Ovenshine 1977; Bornhold 1983).
Strong impinging currents, developed primarily as a result of
the opening of Drake Passage, have subsequently eroded,
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Figure 1. Bathymetric and physlographic map of the Falkland Plateau and adjacent environs (after Rabinowitz et al. 1978). Maurice Ewing Bank
study area is outlined by rectangle. (Bathymetry measurements are in meters.)
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sorted, redistributed, and ultimately deposited this glacially
derived material.

Studies of surface sediment distribution, micropaleontology,
and oceanographic data were previously used to infer the late
Miocene to Recent oceanographic and climatic regimes influ-
encing sedimentation on the MEB (Ciesielski and Wise 1977;
Ciesielski, Ledbetter,and Ellwood 1982). Causal relationships
between bottom scour, current intensification, and glacial epi-
sodes were postulated. The purpose of this study was (1) to
investigate sedimentary processes responsible for deep-sea
sand occurrences on the bank and (2) to explore the possibility
that the observed form of sedimentation is related to intensifica-
tion of circumpolar currents resulting from climatic
fluctuations.

Grain-size distributions of sediment samples were used to
identify styles of sediment transport and current velocities at
the benthic boundary layer. These data, along with physical
oceanographic information, allowed for examination of the rela-
tionship between sedimentation on the bank and circumpolar
currents. Similar analyses were conducted for down-core sam-
ples to investigate the history of bottom current flow.

Grain-size analysis indicates that modern sediment distribu-
tion is controlled by both bottom and surface currents and is
modified by mass-flow processes. Present and past energy regi-
mes acting on the Maurice Ewing Bank were determined using a
newly derived velocity curve (Singer and Anderson 1984) relat-
ing grain size to current speeds. Results of this data suggest a
uniform energy regime of 8-12 centimeters per second over the
bank. Physical oceanographic data, in the form of temperature
versus depth profiles and geostrophic velocity profiles, were
used to locate the bank spatially within the Antarctic Circum-
polar Current system. The MEB is situated within the Polar
Frontal Zone. Geostrophic velocity profiles constructed from
hydrographic stations over the bank indicate current speeds on
the order of 5-10 centimeters per second, which is in reasonable
agreement with the velocities derived from the grain-size data
(8-12 centimeters per second).

The results of this study also demonstrate that misinterpreta-
tions regarding current velocities may result when statistical
parameters such as mean grain size and standard deviation
(sorting) are used as indicators of bottom current strength.
Sediment distribution on the bank is one in which the gravel,
sand, silt, and clay concentrations vary in a rather random
fashion, and grain-size parameters fail to show any coherent
pattern. However, total grain-size data, examined in light of
sediment transport modes and current velocities, along with
hydrographic information, indicate a constant energy regime
acting on the MEB.

Current velocities assigned to down-core samples indicate
that no major fluctuations in circumpolar current flow over the
bank have occurred since Plio-Pleistocene time (figure 2). These
results refute the previously inferred causal relationship be-
tween current intensification and glacial conditions based on
the identification of biostratigraphic hiatuses. An alternate ex-
planation to bottom erosion and the subsequent creation of
hiatuses is suggested by the abundant occurrence of soft sedi-
mentary clasts, which are largely composed of glauconite and
ice-rafted quartz grains. The presence of these clasts within
pelatic units, containing virtually no IRD, strongly indicates
slumping and debris flow transport. Misinterpretations con-
cerning the existence of hiatuses could result from mass-flow
deposits. The source material on the bank spans Miocene to
Plio-Pleistocene time. Therefore, mass-flow deposits of dif-
ferent ages and from different sources could separate sediments
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Figure 2. Current velocities assigned to down-core samples from the
Maurice Ewing Bank. Cores contain Pliocene Pleistocene to Recent
sediment. ("cm" denotes centimeters. "cm/s" denotes centimeters
per second.)

that were deposited in place. In this fashion, the time stratigra-
phy of the sedimentary units could be artificially altered.

A plausible hypothesis for the MEB is that during Plio-
Pleistocene time, IRD accumulation increased markedly. After
the fine material had been winnowed from the sediment, ar-
mouring occurred which prevented further erosion. Tectonic
activity in the area most likely initiated mass movement allow-
ing clasts, composed of current-sorted IRD, to be incorporated
into the underlying pelagic oozes as they flowed down slope.
Ice-rafted gravels and sands were still accumulating during this
time and were redistributed over the bank and across the sur-
face of mass-flow deposits by moderate bottom currents.

This study has shown that the application of grain-size dis-
tributions to identify styles of sediment transport and current
velocities at the benthic boundary layer, along with physical
oceanographic information, can yield meaningful information
in terms of the sedimentologic and paleoceanographic history
of deep-sea environments. This approach is particularly useful
for regions that are characterized by deposition of poorly
sorted, glacially derived sediments and where the dynamics of
circumpolar currents are poorly understood.

This research was supported by National Science Foundation
grant DPP 81-16623 to John B. Anderson.
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Paleoclimatological indices in the
southern ocean based on

morphological parameters in the
radiolarian genus Antarctissa

A. GRANLUND

Department of Geology
Stockholm University

S-106 91 Stockholm, Sweden

Relationships between radiolarian assemblages and climatic
parameters have been noted by many workers (Hays 1965;
Keany 1973; Lozano and Hays 1976). Such relationships have
been used for establishing paleoclimatologic equations (transfer
functions) (Williams and Keany 1977). In this study, the mor-
phology of the radiolarian genus Antarctissa (A. denticulata—A.
strelkovi complex) is analyzed in relation to physical parameters.
The Antarctissa complex is very abundant in the southern ocean;
it is one of the most common representatives of the Antarctic
radiolarian fauna (Hays 1965; Nigrini 1967; Petrushevskaya
1967; Keany 1973; Lozano and Hays 1976; Williams and Keany
1977). This group is, therefore, suitable for a morphometric
study.

The study area is a latitudinal transect from the southern
Indian Ocean sector of the southern ocean (45°S to 65°S). A pilot
study of five core-top samples from each of the South Atlantic
Ocean, South Pacific Ocean, and southern Indian Ocean
showed that morphologic gradients do not differ among these
oceans. Since more core-top material is available from the
southern Indian Ocean, this ocean was chosen to represent the
southern ocean.

Initially, 50 core-top samples were selected for this study.
Only those 21 samples that contained more than 100 specimens
of Antarctissa per gram sediment were included. These samples
are from an area between 45°S and 65°S. The remaining 29
samples mainly came from the north of 45°S.

To determine whether the core-tops are Recent, counts were
made of the relative abundances of Cycladophora davisiania. In
none of the samples, C. davisiana exceeded 5 percent. Thus,
they reflect Recent conditions (Lozano and Hays 1976). The
absence of Stylatractus universus in all samples indicated that
they are not older than 400,000 years (Hays and Shackleton
1976). The greater than 60-micrometer fraction was used for the
morphologic study. The samples were prepared using an im-
proved version of Moore's (1973) settling technique (Granlund
1983), which provides 32 slides with equally distributed radi-
olarian faunas from each sample. For the measurements, 10
slides, containing about 100 specimens, were randomly se-
lected from each sample.

Seven morphological characters were measured on each
specimen (cephalis width, contour width, thorax width, length

Correlation coefficients for two morphological parameters versus some physical parameters for the South Indian Ocean transect In the
southern ocean

Physical parameters
Morphological	 Silica	Phosphate	.	Oxygen
parameters	 Temperature	Temperature	Temperature	(micromoles	(micromole	 (microlitersA°	 Bb	 Cc

per liter)	per liter)	 per liter)

—0.200

—0.153

Width of cephalis
(in micrometers)
(Vi)	 _0.662d

Width of thorax
(in micrometers)
(V2)	 0.715'

	

_0.631e	_0.685d

	

0.696'	_0.723d

	

0.223	_0.695d	0.6430

	

0.309	- 0.532	0.487

a Annual average temperature, °C
b Winter temperature, °C

Summer temperature, °C
d Denotes significance at the 0.1 percent level.

Denotes significance at the 1.0 percent level.
Denotes significance at the 5.0 percent level.
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Width of cephalis and width of thorax compared to annual average surface-water temperature.

to maximum width of cephalis, length of cephalis, length to
maximum width of thorax, and total length). The measure-
ments were carried out using a microcomputer-based measur-
ing device. This system permits very rapid acquisition of mor-
phologic data. In total more than 7,000 measurements were
made.

Several physical parameters (silica, phosphate, dissolved
oxygen, salinity, summer surface-water temperature, winter
surface-water temperature, annual average surface-water tem-
perature, water-depth, average number of Antarctissa per gram
sediment, and latitude) (Reid 1981) were compared with these
morphological dimensions to determine possible relationships.

Analyses revealed close correlations between surface-water
temperature and the morphological parameters. The width of
the cephalis and the width of the thorax showed the highest
correlation with annual average surface-water temperature (ta-
ble) and are used to illustrate morphological gradients (figure).
The width of the thorax ranges between 90 micrometers at
temperatures of about 0°C and 60 micrometers at 8°C. Similarly,
the width of the cephalis ranges between 55 urn at temperatures
of about 0°C and 40 micrometers at 8°C.

The correlationship between temperature and morphological
parameters thus determined is potentially useful for paleo-
climatological studies in the southern ocean. This may be es-
pecially so in antarctic waters, where calcareous organisms
(planktonic foraminifera and coccoliths), which are widely used
for palecimatic analyses, are rare.

I thank Dennis Cassidy (Florida State University) who gener-
ously provided the core-top samples used in this study; Björn
Malmgren (Stockholm University) who gave valuable com-
ments and suggestions on the manuscript; and Otto Hermelin
(Stockholm University) who helped me with the figures.
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Ranking of selective dissolution of
modern cool-water planktonic
foraminifera, South Atlantic

B. A. MALMGREN

Department of Geology
Stockholm University

5-106 91 Stockholm, Sweden

Because of their abundance in most oceanic environments
and rapidity of evolution, planktonic foraminifera are amongst
the most important indicators of past oceanographic changes.
Their calcite test makes them susceptible to dissolution in the
water column or on the ocean floor. Dissolution is a selective
process; some species are more susceptible to dissolution,
whereas others are more tolerant. Knowledge of differential
dissolution susceptibility of planktonic foraminiferal species is
essential for valid interpretations of faunal changes through
time. Several studies have dealt with ranking of dissolution in
modern planktonic foraminiferal species (Ruddiman and
Heezen 1967; Berger 1968, 1970; Parker and Berger 1971; Adel-
seck 1977; Thunell and Honjo 1981), but none has dealt ex-
clusively with cool-water species that are deposited in areas less
favorable for calcium carbonate preservation. I here summarize
the results of a study of dissolution effects on modern cool-
water planktonic foraminifera from the South Atlantic Ocean.
The study has permitted the integration of these forms within
previous dissolution ranking schemes.

I have analyzed 32 surface-sediment samples from the
Maurice Ewing Bank (eastern Falkland Plateau), South Atlantic
Ocean. The Maurice Ewing Bank is an ideal area for studies of
dissolution in cool waters, because it permits sampling of carbo-

nate-rich sediments from a wide range of water depths. Further-
more, there are no major biogeographic differences along this
narrow latitudinal belt, so differences in faunal compositions
should be due to dissolution. Samples were taken at water
depths of between 1,200 meters and 3,500 meters. The calcium
carbonate compensation depth in this area is at about 3,500
meters (Berger and Winterer 1974). Biostratigraphic analyses
indicate that all samples are of a Holocene age.

Relative abundances of eight species or varieties of planktonic
foraminifera were determined in each sample, using the greater
than 90-micrometers fraction: Globorotalia inflata, G. trun-
catulinoides, Globigerina bulloides, G. quinqueloba, Neoglobo-
quadrina pachyderma sinistral form, N. pachyderma dextral form,
Globigerinita glutinata, and G. uvala. The same fraction was used
to quantify the relative abundances of the following sedimen-
tologic particles: mineral grains (quartz and feldspar), radi-
olarians, benthonic foraminifera, and planktonic foraminiferal
fragments (unidentifiable remains). In addition, I determined
the calcium carbonate contents and also ratios of a dissolution
tolerant species of planktonic foraminifera (G. inflata) in relation
to a more susceptible species (G. bulloides). These variables are,
taken separately, potential dissolution indices, but to determine
a single index, they were subjected to a principal components
analysis. The rationale was to isolate the portions of their vari-
ability that result from dissolution. The first principal compo-
nent displays calcium carbonate contents in an inverse rela-
tionship with relative abundances of mineral grains, radi-
olarians, planktonic foraminiferal fragments, and G. inflata to
G. bulloides ratios and is interpreted as a dissolution index. This
is supported by a general direct relationship observed between
component scores and water depths.

Several species (G. inflata, G. truncatulinoides, and N. pachyder-
ma sinistral form) increase in abundance with increasing dis-
solution, whereas others (G. quinqueloba, N. pachyderma dextral
form, and G. uvula) decrease in abundance (see figure). Two
species (G. bulloides and G. glutinata) do not show any obvious
trends.

Changes in relative abundances of the various species with increasing dissolution (higher scores on the dissolution index).
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To rank the order of susceptibility, I divided the samples into
two groups, the one composed of samples showing moderate
signs of dissolution (negative scores on the dissolution index;
see figure) and the other of more strongly dissolved samples
(positive scores). The differences in relative abundances be-
tween these dissolution regimes were quantified, using gener-
alized distance analysis; these distances form the basis for rank-
ing the species. The order of tolerance to dissolution was found
to be the following: N. pachyderma sinistral form, G. inflata, G.
truncatulinoides, G. bulloides and G. glutinata, N. pachydernia dex-
tral form, G. uvula, and G. quinqueloba. This order generally
agrees well with other ranking schemes (see table). The only
major difference is the relatively low rank given to G. bulloides by
Berger (1970). This might be explained by a difference in dis-
solution between warm- and cool-water morphotypes of this
species.

Sediment samples for this study were obtained from cores
taken during USNS Etanin and ARA Islas Orcadas cruises. The
samples were provided by the Florida State University antarctic
marine geology and core facility, which is supported by the
National Science Foundation.
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Ice-edge zone studies

AMERIEZ 1983: A summary of
activities on board the i/v Melville

and USCGC WeStwind

D. C. AINLEY
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Stinson Beach, California 94970

C. W. SULLIVAN

Department of Biological Sciences
University of Southern California

Los Angeles, California 90089-0371

As part of the Antarctic Marine Ecosystem Research at the
Ice-Edge Zone (AMERIEZ), 41 scientists on two ships collaborated
in an interdisciplinary oceanographic project in the southern
Scotia and northwestern Weddell Seas. Studies focused on two
major hypotheses: (1) the pack-ice edge is associated with a
major oceanographic front where, due to little-understood pro-
cesses, enhanced biomass and productivity occur and (2) the
seasonal advance and retreat of the ice margin, which is an
ecological interface between two communities, strongly affects
the natural history of most organisms residing in the vicinity. I/
V Melville, from Scripps Institution of Oceanography, provided
a research platform in open waters. Simultaneously, on a com-
plementary track, USCGC Westwind provided a research platform
in the pack ice (figure 1). Scientists on both ships communicated
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daily to maintain coordination and to transfer information. The
ships departed Punta Arenas, Chile, on 5 November, arrived in
the study area 4 days later, and departed the study area on 3
December 1983. The Melville then steamed to Cape Town, arriv-
ing on 13 December, and the Westwind returned to Punta
Arenas, arriving on 5 December.

The first activity was a joint hydrographic station where in-
struments were intercalibrated between the two ships. This
station was located in the southeast corner of Melville's study
area and the northeast corner of the Westwind's study area (1-3
in figure 1). Before following the station track illustrated in
figure 2, the Melville steamed rapidly along a track designed to
gain an overview of the open-water portion of the study area.
During the preview, along a 100-nautical-mile front (ice edge),
six transects roughly perpendicular to the front and 60-120
nautical miles long were made. Six types of data were gathered
underway on a continuous or repetitive basis (see table).

While the Melville conducted its rapid survey, the Westwind
penetrated the pack ice southward (figure 1). The marginal ice
zone was found to be a broad expanse, including a series of
longitudinal bands of ice in the open ocean to ten-tenths ice
coverage 120 to 190 kilometers south (figure 2). Stations were
occupied 10-20 nautical miles apart, a spacing deemed appro-
priate to resolve mesoscale physical, chemical, and biological
features. On 16 November, the Westwind steamed from loose
pack into an area of ten-tenths coverage, 120 kilometers from
the northern edge of the marginal ice zone. At this position (6 in
figure 1) a 36-hour "superstation" study was conducted includ-

ing scuba diving operations from nearby ice floes. "Winter"
water conditions were observed in this region. The ship then
returned to the ice edge for a 20 November rendezvous with the
Melville, where scientific personnel, equipment, and samples
were transferred. Next, the Westwind made an even deeper
penetration of the pack ice, occupying stations at regular inter-
vals as before.

The Melville completed the preview in 2.8 days and began the
station plan (4 of figure 1). The track started with a long ex-
tended excursion from the marginal pack northeasterly across
the edge of the Scotia-Weddell confluence and then south-
easterly, along the first preview leg, to the position of the
calibration station and the marginal pack ice. Within the south-
ern third of this large triangle, the Melville followed an M-
shaped track, making two 60-nautical-mile-long excursions
away from the two returns toward the ice. Stations were spaced
20-30 nautical miles apart. This brought the ship back to where
the station plan had begun 2 weeks earlier (4 and 31). After a
third rendezvous with the Westwind, the Melville repeated the
western leg of the triangle, occupying stations at the same
positions as on the earlier pass. This track was extended two
station intervals farther north into water that had remained ice-
free during the previous winter.

These tracks allowed us to investigate (1) spatial phenomena
relative to the pack-ice edge, the region of maximal winter
extent of the ice, and the region where "winter" conditions still
existed, and (2) temporal phenomena relative to the retreat of
the marginal ice zone. In all, the Melville and the Westwind

Figure 2. Observations of sea-ice characteristics and concentrations (in tenths) In the marginal Ice zone of the western Weddell Sea during the
AMERIEZ experiment in November and December 1983. Note that the northernmost Ice bands occurred just south of Westwlndstations 2 and 20.
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Additional station
activities, Melville

Micronekton species com-
position, biomass, and
metabolic rates by mid-
water trawl (surface to
1,000 meters) and by
respirometry.

Macrozooplankton com-
position/abundance by
stereophotography.

Additional station
activities, Westwind

Stratification of sea-ice
structure, nutrients,
chlorophyll, microflora,
and fauna by analysis of
ice cores.

Species composition and
abundance of birds by
stationary count.

Underway sampling

Species composition,
abundance, and dis-
tribution of macronekton
(birds and mammals) by
strip census.

Species composition and
abundance of macro-
zooplankton by hydro-
acoustic assessment.

Species composition,	Fluorometric determination
abundance, and dis-	of surface chlorophyll
tribution of mammals by	concentration.
helicopter survey.

Scuba diving for sampling	Expendable bathythermo-
and under-ice photogra-	graph profiling of tem-
phy.	 perature structure of the

upper 200 meters.
Weather and ice condi-

tions.

Oceanographic observations made during AMERIEZ 1983

Standard stations,
both vessels

Temperature/salinity/density structure in the
upper 400 meters by conductivity-
temperature-depth measurements.

Dissolved nutrients in the upper 150 meters by
chemical analysis.

Spectroradiometric measurement of surface
downwelling irradiance and spectral
composition with depth (to 150 meters).

High-pressure liquid chromatographic analysis
of surface dissolved/free amino acid.

Analysis of chlorophyll, biogenic silica
concentration, phytoplankton floristics, and
primary production in the upper 150 meters.

Microscopic analysis of bacterioplankton
biomass and radiochemical estimates of
macromolecular synthesis in the upper 150
meters.

Microfloral and faunal composition and division
rates in the upper 100 meters by vertical
tow.

Macrozooplankton composition in the upper
200 meters by downward fishing net on the
Westwind and by bongo tow on the Melville.

Macrozooplankton abundance by
hydroacoustic assessment.

Presence/absence of squid by automatic
jigging.

Seabird diet by collections and stomach
contents analysis.

completed 43 and 22 stations, respectively (see figure 1). In-
cluded were several "superstations" up to 30 hours long during
which finer resolution time series observations were
conducted.

We are now in the early stages of data analysis. Some trends,
however, are already emerging. At all trophic levels, gradients
of increasing or decreasing abundance/activity were present (1)
along the edge of the marginal pack ice, east to west (upstream
in the Weddell Gyre), and (2) perpendicular to the ice edge,
from the winter water and consolidated pack, to the marginal
ice, to adjacent open water, to water that had been covered by ice
some time earlier, and finally, to water that is always ice free.
Nutrient concentrations (ammonia was not examined) were
abundant at all stations and could not be responsible for the
observed gradients of distribution of phytoplankton blooms.
Not only were spatial changes in biological activity/conditions
evident, but seasonal changes precipitated by the retreating ice
were apparent as well. So rapid was the retreat of the ice edge

that it left behind a biological "vacuum" in recently uncovered
waters which was subsequently colonized in 1-2 weeks, from
northern water.

A second large-scale pattern beginning to emerge involves
the contrast between "winter" conditions in the water column
beneath consolidated pack and "summer" conditions in the
water without ice or covered by loose ice. "Winter" conditions in
pelagic waters of the Antarctic have rarely been investigated in
detail. We were surprised to discover in the "winter" under-ice
community, several micronektonic organisms previously
known to exist only below 300 meters depth in ice-free, "sum-
mer" waters. More detailed analysis should provide insight into
the interaction of light, food availability, and predation in the
vertical migration of these deep-living creatures.

We are gaining an appreciation for the importance of decay-
ing ice floes as faunal and floral refugia. We have observed the
luxuriant growth of algal, bacterial, and protozoan commu-
nities at the surface, interior, and bottom regions of floes which
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are honeycombed with interconnecting pores and channels.
There appears to be a labyrinthine system in some floes which is
freely connected to the underlying water column. Krill (Eupha-

usia superba) and large decapods (Gennados pp.) were observed
to enter the interior regions of the ice through those channels.
This behavior by pelagic invertebrates may relate both to use of
the ice as a refugium and as a grazing area where food is
abundant. These floes may act as small island-like ecosystems
where the biological activities of all trophic levels—algae, bacte-

ria, protozoans, amphipods, decapods, krill, birds, and seals—
are concentrated within the pack ice.

We would like to thank Captain Haines and crew on the
Melville, Captain Honke and the crew on the Westwind, and ITT
Antarctic Services for their support. The direct field assistance
and untiring efforts of Robert Wilson and Lt. J. Leonard were
particularly valuable. Support was provided by National Sci-
ence Foundation grant DPP 82-18752 and by the National Marine
Fisheries Service.

Growth rates, distribution, and
abundance of bacteria in the ice-edge
zone of the Weddell and Scotia Seas,

Antarctica

M.A. MILLER, D.W. KREMPIN,
D.T. MANAHAN, and C.W. SULLIVAN

Marine Biology Research Section
Department of Biological Sciences
University of Southern California

Los Angeles, California 90089-0371

The overall hypothesis of the Antarctic Marine Ecosystem
Research at the Ice-Edge Zone (AMERIEZ) project is that the
marginal ice zone is associated with an oceanographic front
where biomass and biological productivity are enhanced. Our
specific goal was to examine the hypothesis that bacterial pro-
duction contributes significantly to enhanced productivity and
biological activity in the marginal ice zone. To test our hypoth-
esis, data were collected on board the iIv Melville and USCGC
Westwind from 5 November through 2 December 1983 at 59
stations in a 70,000-square-kilometer region of the Weddell and
Scotia Seas (See Ainley and Sullivan, Antarctic Journal, this is-
sue). The vertical and horizontal distribution, activity and
growth rates (u) of bacteria were examined in the sea ice and
water column. In addition, cores of sea ice were obtained at
selected Westwind stations for analysis of nutrients, biomass,
and metabolic activities of the sea-ice microbial community. To
assess the levels of potential heterotrophic substrates present,
we made measurements of naturally occurring dissolved free
amino acids (DFAA) using newly developed techniques involv-
ing high-performance liquid chromatography (HPLC).

The coupling between primary and secondary (bacterial) pro-
duction was also examined.

We looked for a correlation between water column fluores-
cence and bacterial biomass. In vivo fluorescence at the surface
was measured during a 3-day synoptic presurvey of the region
to the north of the ice edge. A Turner Designs flow-through
fluorometer calibrated with extracts of discrete phytoplankton
samples (Strickland and Parsons 1972) taken every 20 kilo-
meters along the cruise track was used to generate a chlorophyll
a surface map of the study area. Surface chlorophyll a con-
centrations ranged from 0.03 to 7.49 milligrams per cubic meter

being greater to the west, as well as toward the ice edge to the
south, as anticipated.

At each station, Niskin bottles were used to obtain discrete
samples through the upper 200 meters of the water column for
fluorometric analysis of chlorophyll a (See Nelson, Smith, and
Gordon, Antarctic Journal, this issue). Simultaneously, replicate
samples were taken and preserved for epifluorescence micro-
scopy (Hobbie, Daley, and Jasper 1977) to obtain corresponding
bacterial cell number and biomass distribution. A four-fold
increase in both bacterial cell numbers and biomass was ob-
served along a combined Melville and Westwind transect which
extended from 120 nautical miles into the pack ice to 160 nautical
miles north of the ice edge. Bacterial cell numbers and biomass
integrated through the water column to a depth of 150 meters
ranged from an average of 7 x 1012 cells per square meter (100
milligrams of carbon per square meter) at the southernmost
Westwind stations to an average of 33 x 1012 cells per square (400
milligrams of carbon per square meter) to the north.

Along this same transect 3 tritiated-thymidine incorporation
rates suggested maximum bacterial growth rates (Fuhrman and
Azam 1980, 1982) in the upper 50 meters of the water column in
the region most recently uncovered by the receding ice, just
north of the ice-edge zone (figure 1). The thymidine incorpora-
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Figure 1. Oceanographic section of western transect in AMERIEZ
study area. Isopleths indicate bacterial cell production rates in units
of 106 cells per liter per day. Distance is along the combined West-
wind/Melvilecruise track north of 62°43.0". (See Ainley and Sullivan,
Antarctic Journal, this issue, for station map.) ("M" denotes meter;
"KM" denotes kilometer.)
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lion rates steadily declined by two orders of magnitude to the
south and by one order of magnitude to the north of the ice-
edge zone. Growth rates ranged from 0.02 per day deep within
the pack ice to 0.4 per day just north of the ice-edge zone,
declining to 0.03 per day further north in the Drake Passage.
These growth rate estimates fit within the range calculated for
other southern ocean regions (Fuhrman and Azam 1980; Hans-
on et al. 1983:0.001-0.45 per day, mean growth rate was 0.09 per
day for 21 samples).

Surface DFAA concentrations along this north-south transect
were low (about 10 nanomoles total). HPLC tracings from three
stations demonstrate the maximum differences that were ob-
served among all samples (figure 2). Westwind station 22, just
north of the ice edge region in an area of high phytoplankton
biomass (see Nelson, Smith, and Gordon, Antarctic Journal, this
issue), had the highest DFAA concentrations found at any sta-
tion. Glutamic acid and an unidentified peak (labelled "?") were
characteristic of the bloom region and did not appear in other
areas. The low DFAA concentrations encountered could be the
result either of low DFAA production rates, or rapid DFAA uptake
by heterotrophs.

Epifluorescence microscopy of samples prepared from seven
sea ice cores revealed a unique vertical distribution of bacterial
numbers, biomass, and cell size frequency for each ice floe
(figure 3). These results will be compared to a variety of other
physical, chemical and biological measurements to investigate
the cause of such variation. The range of bacterial biomass
present in 1-2 meters of sea ice is from 6.15-99.6 milligrams of
carbon per square meter ice, the range of bacterial biomass in
the 100 meters of the water column below the ice is from 24 to
97.5 milligrams of carbon per square meter. Thus the sea ice is a
habitat for a highly concentrated microbial community. We pro-
pose that a Microheterotroph-based food web is associated with
the Weddell Sea pack ice similar to that proposed for McMurdo
Sound (Sullivan and Palmisano 1984). This proposition is based
on the abundance of bacteria within sea ice and ice pore water,
and the observation of large numbers of bactivorous protozoans
such as flagellates and ciliates, which are present in the sea-ice
microbial community (see Garrison, Buck, and Silver, Antarctic
Journal, this issue).
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Figure 2. High-performance liquid chromatographic analyses of
amino acids and ammonia in samples taken from three stations.
Each analysis Is of 400 microliters of 0.2-micrometer-filtered sea-
water taken from a surface hydrocast. The bottom tracing (Blank) is
an analysis of 400 microliters of HPLc-grade distilled water. The high
levels of contamination seen in this tracing are due to the fact that
solvents, etc., had to be prepared and placed aboard ship several
months prior to their use. ("Glu" denotes glutamic acid; "nM' de-
notes nanomole; "NH" denotes ammonium.)
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Phytoplankton dynamics of the
marginal ice zone of the Weddell Sea,

November and December 1983
D. M. NELSON and L. I. GORDON

College of Oceanography
Oregon State University
Corvallis, Oregon 97331

W. 0. SMITH

Graduate Program in Ecology
University of Tennessee

Knoxville, Tennessee 37996

During November and early December of 1983 we conducted
a coordinated two-ship study of the phytoplankton and nu-
trient dynamics of the marginal ice zone of the Weddell Sea
aboard the oceanographic research vessel! RIv Melville and the
USCGC Westwind. This work was performed in connection with
the National-Science-Foundation-supported Antarctic Marine
Ecosystem Research at the Ice-Edge Zone (AMERIEZ). The
Melville, with the larger scientific party and greater sampling
capabilities, directed its efforts at the open-water areas to the
north of the ice edge, while the icebreaker Westwind worked
primarily in areas of significant ice cover. Data collected at every
station included nutrients (nitrate, nitrite, ammonium, silicic
acid, and phosphate), chlorophyll, particulate carbon and nitro-
gen, and biogenic and mineral particulate silica. At most sta-
tions carbon-14, nitrogen-15, and silicon-30 tracer experiments
were performed to measure rates of production of biogenic
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particulate matter by the phytoplankton. In addition, silicon-29
tracer experiments to measure biogenic silica dissolution rates
and settling column experiments to measure particle sinking
rates were conducted at selected Melville stations.

The ice-edge zone has often been reported to be the site of
intensified phytoplankton biomass and primary production in
both northern and southern polar regions (e.g., Marshall 1957;
El-Sayed 1971; McRoy and Goering 1974; Alexander 1980; El-
Sayed and Taguchi 1981). We had previously observed elevated
biomass and production levels near the circumpolar ice edge
southeast of New Zealand (Nelson and Gordon 1982) and an
intense phytoplankton bloom at the Ross Sea ice edge near
Victoria Land (Smith and Nelson in preparation). Calculations
based upon the seasonal nutrient depletion predict that there
should be an ice-edge bloom in the Weddell Sea of sufficient
magnitude to increase estimates of the annual primary produc-
tivity of the Weddell Sea by approximately 100 percent (Jen-
nings, Gordon, and Nelson 1984).

During the AMERIEZ cruise we observed a phytoplankton
bloom in the marginal ice zone of the Weddell Sea that was of
approximately the right magnitude to confirm our earlier pre-
dictions. The figure shows the distributions of chlorophyll and
nitrate in relationship to the ice-cover field along a 600-kilo-
meter north-south transect through the marginal ice zone. (See
Miller et al. Antarctic Journal, this issue.) The high biomass core
of this bloom (greater than 1 microgram chlorophyll per liter)
had a north-south extent of 200-250 kilometer and began some-
what to the north of the ice-edge (figure). (It is difficult to define
exactly the location of the "ice edge" because of the complexity
of the ice field, but the bloom began about 100 kilometers north
of the zone where the north-south gradient in ice cover was the
greatest.) The high-biomass core of the bloom had associated
with it a zone of surface nutrient depletion (figure). Comparison
of this nutrient section with the salinity data of Huber and
Mountain (unpublished data) indicates that the nutrient deple-
tion was too severe to have been produced simply by meltwater
dilution. Thus both the chlorophyll maximum and the nitrate
minimum shown in the figure were primarily the result of active
phytoplankton growth within the water column, rather than
simple release of algae-rich, nutrient-impoverished water from
the melting ice.

While all nutrient distributions showed minima at the site of
the bloom, the absolute concentrations of all nutrients re-
mained very high by oceanographic standards (approximately
23 micromolar nitrate, 1.4 micromolar phosphate, 75 micro-
molar silicic acid). These concentrations are well above those
that have been shown to limit phytoplankton growth. Thus,
while nutrients transported to the surface by wind-driven up-
welling have been implicated as a possible mechanism for gen-
erating ice-edge phytoplankton blooms in northern polar seas
(e.g., Alexander and Niebauer 1981) processes other than nu-
trient transport must be involved to produce the Weddell Sea
bloom. One of the central aims of the AMERIEZ project is to
understand what the causal mechanisms are that initiate and
sustain phytoplankton blooms in the marginal ice zone of the
southern ocean.

Our scientific party was divided between the two ships as
follows: aboard the Melville were Walker 0. Smith and Tina
Johnson of University of Tennessee and Joe C. Jennings, Jr.,
Julie A. Ahern, and Margaret Sparrow of Oregon State Univer-
sity; aboard the Westwind were David M. Nelson of Oregon
State University and James Elser of University of Tennessee.
This research was supported by National Science Foundation
grant DPP 82-18758.
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Phytoplankton, ice algae, and
choanoflagellates from

AMERIEZ, the southern Atlantic and
the Indian Oceans

C. A. FRYXELL,
E. C. THERIOT*, and

K. R. BUCK**
Department of Oceanography

Texas A&M University
College Station, Texas 77843

As a part of the Antarctic Marine Ecosystem Research: Ice-
Edge Zone (AMERIEZ) project, collections from the water column
and the ice were made on board the USCGC Westwind, 2

November to 7 December 1983. The icebreaker penetrated
deeply into the sea ice, returned to the edge of the ice for a
rendezvous with the iJv Melville, and then penetrated 190 nau-
tical miles into the ice by 24 November 1983. In the stations
farthest south that still had ice cover and other near-winter
conditions, the phytoplankton from net hauls from the top 200

meters were sparse but diverse, with few resting spores. The
classical antarctic flora was present, mostly diatoms. Chains of
cells were short; single cells were common. There were only a
few dinoflagellates, mostly in the genera Dinophysis and Pro-

toperidinium. There were many empty thecae, but phy-
toplankton in the vegetative stage evidently survived the
winter in cold storage and darkness under the ice.

Small grazers were abundant in all net tows at the farthest
south stations, as were fecal pellets. Animals were more abun-
dant in net hauls than had been expected. The food web is
apparently complex.

In the transect out of the ice after Thanksgiving (24

November), the phytoplankton in the net tows became more
and more abundant. Chains of cells became longer, with some,
such as Eucampia antarctica (Castracane) Mangin, forming spi-
rals, and others, such as Corethron criophilum Castracane (inerme
form) and Rhizosolenia hebetata forma semispina (Hensen) Gran,
forming long, straight golden chains. Thalassiosira tumida (Cas-
tracane) Hasle (figure 1) was well represented and was isolated

*present address: Great Lakes Research Division, University of Michigan,
Ann Arbor, Michigan 48109

**present address: Center for Coastal Marine Studies, University of Califor-
nia, Santa Cruz, California 95064

Figure 1. This Thalassiosira tumida (Janisch) Hasle in a long chain
in the water column outside the ice is living material showing
growth. (Taken 1 December 1983 on board the USCGC Westwlnd.)
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in culture successfully. Beyond the ice edge, the early spring
bloom was dominated by the gelatinous colony formers
Thalassiosira gravida Cleve (a diatom, see figure 2) and the prym-
nesiophyte, Phaeocystis pouchetii (Hariot) Lagerheim. The ant-
arctic phytoplankton population was building up under the
dominants, as well. Even the coarser krill nets were clogged
with these colonies from 29 November through 2 December.
Grazers were not lacking, however, and the bacteria-consuming
choanoflagellates appeared in large colonies at the last station,
even in the net hauls.

The ice algal flora was much more limited and variable in its
flora, and the golden slushy layer under the snow, which was
topped by hard ice, was dominated at times by Phaeocystis and
Nitzschia closterium (Ehrenberg) Smith (a pennate diatom). It

Figure 2. This gelatinous colony of Thalasslosira gravida (not pre-
viously seen in gelatinous colonies, but dominating the diatom
population outside the Ice) Is living material. Each colony contained
up to several hundred cells. (Taken 29 November 1983 on board the
USCGC WeswInd.)

appears that the dominant species in the nearby spring increase
could have been seeded in part by the Phaeocystis in the melting
ice, but the Thalassiosira gravida was not well represented in the
ice and probably came from the water column.

Quantitative work is underway on the ice flora and that from
the water column below after the successful return of the sam-
ples to the U.S. Those samples preserved by glutaraldehyde
and kept refrigerated on the return trip are far superior in
preservation of original morphology to those preserved in the
traditional formalin, although the gelatinous matrix of the colo-
ny formers is destroyed by both preservatives.

Choanoflagellates mentioned above as abundant in the
southern Atlantic have also been found at all depths (0-70
meters) at 12 stations in the Indian Ocean sector of antarctic
waters from samples collected on the SA Aguihas, 16 February to
5 March 1981, in conjunction with the First International Bio-
mass Experiment (FIBEX). Quantitative work just completed on
this cruise shows that numbers have ranged from 4,000-190,000
cells per liter (Buck and Weber in preparation). Thirteen species
were found in 78 samples examined. Although all species oc-
curred throughout the water column, individual species ex-
hibited maxima at different depths. Phytoplankton abundance
from the same Aguihas samples was generally at least an order of
magnitude greater than choanoflagellate abundance, and dif-
ferent kinds of species were characteristic of different geograph-
ic areas (Theriot, Buck, and Fryxell in preparation). Canonical
correlation analysis is being used to relate some of the variance
within individual species of antarctic phytoplankton to en-
vironmental variables (Weber and Buck in preparation).

Comparison of the diatom species found on 12 net hauls from
the Aguihas with those from 64 stations in a tight grid around
South Georgia on the British Antarctic Survey cruise of the RRS
John Biscoe cruise 3, 24 November through 19 December 1981,
showed that generally, species dominant in one area were also
important in the other. However, principal component analysis
of the frequently occurring species in both areas provides some
separation of the Biscoe and the Aguihas samples (Theriot and
Iryxell in preparation). The influence of krill on the species
composition of the net phytoplankton is being explored for both
Agulhas and Biscoe samples (Theriot, Buck, and Fryxell in prepa-
ration; Weber and Theriot in preparation.)

It is interesting to note that the diatom species Thalassiosira
'ravida was once again found as one of the dominants at a series
of stations west of South Georgia, although it was small enough
to slip through the mesh of the net. Perhaps gelatinous colo-
nies, seen alive on the AMERIEZ collections but preserved only as
unicells, were once again involved. The diatom species show
differences in the water masses involved, and these geographic
patterns are related to a number of environmental variables
measured at the same stations in work underway with
B. Heywood and J. Priddle (Theriot, Priddle, and Heywood in
preparation).

Work has continued on the genus Thalassiosira, with a key to
species we have encountered in antarctic waters (Johansen and
Fryxell in press), as well as individual species studied in depth
(Fryxell and Hasle 1983), and progress has been made in under-
standing ultrastructure (Doucette and Fryxell in press). Tem -
perature effects on morphology of diatoms mentioned pre-
viously as an effect in laboratory experiments (Fryxell, Buck and
Theriot 1983; Villareal and Fryxell 1983) are being noted in the
field. Although overwintering does not appear to be the role of
resting spores from the AMERIEZ observations, spores are pres-
ent in antarctic waters at least after blooms, and a change in
chemical composition with initial formation of resting spores
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has been noted in culture (Doucette and Fryxell 1983). The
carbon-to-nitrogen and carbon-to-chlorophyll a ratios are lower
in vegetative cells than in spores. Spores subjected to darkness
for over 1 week appeared to retain most of the carbon and
chlorophyll a previously synthesized but modified their com-
position while maintained in a cyclic light/dark regime for about
1 1/2 weeks, increasing the carbon and chlorophyll a per cell.

Because literature used for identification is widely scattered,
work has been started on an antarctic phytoplankton handbook
(Priddle and Fryxellin preparation) and this handbook has been
field tested for one season.

This research was supported by National Science Foundation
grants DDP 82-18491 and DDP 80-20381.
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Microheterotrophs in the ice-edge
zone

D. L. GARRISON,
K. R. BUCK, and
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Center for Marine Studies
University of California

Santa Cruz, California 95064

Microheterotrophs (protozoans and small metazoans) play a
key role in pelagic systems. Because they consume bacteria and
nanoautotrophs, they provide an important trophic link be-

tween these sources of production and larger pelagic consum-
ers (Conover 1982). As part of the Antarctic Marine Ecosystem
Research in the Ice-Edge Zone (AMERIEZ) program aboard the
USCGC Westwind, we conducted a study to assess the importance
of microheterotrophs in the ice-edge system.

To determine the abundance and distribution of micro-
heterotrophs, we collected samples from sea ice and
throughout the water column at the ice-edge zone. Ice samples
consisted of ice cores and 'pore water' samples (i.e., when a
partial core is removed from an ice floe brine from adjacent ice
fills the void). Samples from the water column included uncon-
centrated, whole-water samples from several discrete depths in
the upper 100-200 meters, large volume samples (approx-
imately 31 samples were collected at 5-meter depth, and were
later concentrated to approximately 200 milliliters by settling
and reverse flow filtration), and net-collected samples. Abun-
dance was determined by counting settled samples with an

Summary of the abundance and biomass of heterotrophs in the ice-edge zone

Sample
Number per liter

2.3 x 10-7.5 x 10

1.9 x 10-1.2 x 10
Approximately

0-9.0 x 10

1.0 x 102_5.5 x 10

Ice

Micograms of
carbon per liter

0.3-94.7

0.03-0.80
Approximately 0

4.0-22.1

Number per liter

7.6 x 102_9.0 x 10
5.1 x 101.1 x 10
1.9 x 101_4.8 x 10
1.2 x 102_1.4 x 10

1.0 x 101_4.8 x 101

Water

Micrograms of
carbon per liter

0.2-9.3
0.04-4.1
0.0001-0.36
0.25-2.9

0.31-1.49
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Heterotrophic flagellates
Heterotrophic dinoflagellates
Choanoflagellates
Naked ciliates

Tintinnids
Metazoans

a U-,' denotes not found.
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inverted microscope, and biomass was estimated by determin-
ing cell volumes and converting volume to carbon (e.g., Beers
and Stewart 1970). This report is based on a preliminary exam-
ination of several near-surface water samples and several sea-ice
samples.

Microheterotroph abundance and distributions in the ice-edge sys-
tem. The ranges of abundance among various micro-
heterotrophs are presented in the table. In general, populations
were more developed in sea-ice communities than in water.
Among water samples abundance and biomass was generally
low (less than 1,000 organisms per liter; approximately 1 micro-
gram of carbon per liter) at ice-covered stations but both num-
bers and biomass increased reaching a maximum at ice-edge
stations (more than 10,000 organisms per liter; more than 10
micrograms of carbon per liter). (See figure 1.) The increasing
abundance of microheterotrophs paralleled increasing primary
production and bacterial production along a western transect
across the ice-edge zone (i.e., stations 15-21; see Ainley and

Sullivan, Antarctic Journal, this issue; Nelson, Smith, and Gor-
don, Antarctic Journal, this issue). Naked ciliates were the domi-
nant forms throughout the ice-edge zone, tintinnids only oc-
curred in countable numbers at stations near the ice edge, and
heterotrophic flagellates became increasingly abundant at ice-
edge stations. Other protozoans and micrometazoans were ob-
served in net collected samples but in very low abundance.

Microheterotrophic populations in sea ice. In contrast to the rela-
tively low abundance of microheterotrophs in ice-covered
water, these populations were abundant in overlying sea ice (see
figure 1). (Algal biomass was also high in ice communities
ranging from 1 to more than 50 milligrams of chlorophyll a per
square meter, unpublished observations.) Within these com-
munities autotrophic biomass was divided among diatoms,
naked dinoflagellates, and autotrophic flagellates. Hetero-
trophic flagellates were often more abundant than ciliates, and
micrometazoans (naupliar larvae) were occasionally present
(see figure 2 as an example).

A. Microzooplar-kton in Water: Lo91(g C / I)

East Transect West Transect

2 
Ice Covered Ice Cover Open Water

21
20

17 19
IS ni!fl, F

a 6

I IN	 L
Microzooplankion in water: LoglO(# / I)

6

62 0 44S 60'19S
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39'58W38°53W

Microzooptonkton in sea ice Logle(og C / I)

MicrozoopIank€or in sea ice: Lo916(4 / I)

Figure 1. A. Microheterotrophs in the upper 10 meters of the water
column. B. Microheterotrophs in sea-ice communities. Data include
one set of stratified sample throughout an ice floe (Core L: surface
samples Is left histogram bar) and several 'pore water' samples. The
location of ice stations is shown in Ainiey and Sullivan (Antarctic
Journal, this issue). ("i.g c/I" denotes micrograms of carbon per
liter; "#/l" denotes number per liter.)

Pore K
Log 10(#) / I

AFL

LogIO(g C) /1

Figure 2. Composition of sea Ice communities. Abundance (number
per liter) is shown in upper histogram; biomass (micrograms of
carbon per liter) is shown in lower figure. "DIA" denotes diatom;
"DIN" denotes dinoflageliates; "AFL" denotes autotrophic flagel-
lates; "HFL" denotes heterotrophic flagellates; "CIL" denotes cili-
ates; "MET" denotes metazoans (naupllar larval stages); "FEC"
denotes fecal pellets.
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Microheterotroph abundance in the water column during the
present study is within ranges reported from the Antarctic later
in the season (von Brockel 1981) and from temperate regions
(e.g., Beers and Stewart 1970), suggesting that these forms
probably have a similar role and importance in all pelagic sys-
tems. Moreover, the changing abundance and composition
across the ice-edge zone appears to reflect directly increased
primary and secondary production throughout this dynamic
region. If microheterotrophs are closely coupled to production
sources and serve as a link to larger consumers they may par-
tially explain enhanced activity among higher trophic levels in
the ice-edge zone.

The general abundance of microheterotrophs in sea ice sug-
gests these are active sites of production and may be particularly
important in late winter or early spring when the water column
is mostly ice covered and pelagic production low. The diversity
among micropopulations in ice was somewhat surprising.
Among autotrophic forms, flagellates and naked dinoflagellates
often dominated biomass (and probably the activity as well) in
spite of the prevailing view that ice diatoms predominate in
these communities (see figure 2). The variety of heterotrophic
forms suggests a complex food web develops within ice com-
munities. The presence of metazoans (naupliar larvae and ap-
parently their fecal pellets) indicates that ice communities may

be exposed to pelagic consumers. During the cruise, krill (Eu-
phausia superba) were observed under ice floes and were occa-
sionally found in core samples suggesting that krill may be
utilizing food resources from ice communities.

This study was supported by a National Science Foundation
grant DPP 82-18747 to D.L. Garrison and M.W. Silver.
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Reproductive dynamics of ciliates in	 CYMATO! SPP

the ice-edge zone

J. F HEINBOKEL and
D. W. COATS

Chesapeake Bay Institute
Johns Hopkins University

Shady Side, Maryland 20764

The classic model of the antarctic marine food chain is the
simple one of large phytoplankton—krill—carnivores (whales,
seals, birds, etc.). Data from tropical and temperate seas,
however, have recently shown that such models are over-
simplified and do not consider the important contributions of
the bacteria, nano- and microplankton, and gelatinous zoo-
plankton. Data on those organisms from the Antarctic are
scarce but the work of Hada (1970), Fay (1973), and von Brockel
(1981), suggest that the very small autotrophs and the ciliates
which prey upon them may be considerably more important in
the Antarctic than previously realized.

We recently began a study to define the role and significance
of the planktonic ciliates in the antarctic food web. During the
Antarctic Marine Ecosystem Research at the Ice-Edge Zone

p.
Figure 1. Cumulative percentages of dividing individuals as a func-
tion of time of day for Cymatocylis spp. collected during three 24-
hour stations aboard RIv Melville during the AMERIEZ cruise in the
Weddell Sea, November and December 1983 (a-c). Panel d repre-
sents the pooled data from all stations sampled during this cruise.
Solid areas represent the mitotic stages; hatched area is the DNA-
synthesis stage. ("N" denotes number of individual ciliates exam-
ined; "GMT" denotes Greenwich Mean Time.)
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(AMERIEZ) cruise in the Weddell Sea (4 November 14 to De-
cember 1983) aboard iJv Melville, we sampled and examined
populations of two genera of tintinnids (free-living ciliates of the
suborder Tintinnina) to define the reproductive dynamics of
these plankters. We had two goals for this phase of our work:
• To characterize the die! periodicity (if any) in the cell division

cycle of these ciliates,and
• To determine how the reproductive dynamics of these ciliates

respond to the gradients of bacterial and phytoplanktonic
biomass and productivity expected near the edge of the sea-
sonal pack ice.

Reproducing tintinnids were microscopically identified aboard
ship employing epifluorescence microscopy, following fixation
and nuclear staining to distinguish individuals in the DNA-

synthesis or the subsequent mitotic phases of the cell cycle
(Coats and Heinbokel 1982). One or more vertical net tows (35
micrometer mesh) were made at each of 27 stations to collect
material: at three of the stations repetitive tows were made over
a 24-hour period to determine the significance of diel
periodicity in reproduction. Samples were obtained from the
area within 37-41°W 58-61°S.

Data for the genus Cymatocylis are presented as figure 1. The
proportion of dividing cells in these samples rarely exceeded 30
percent (intemperate, estuarine settings dividing cells typically
comprise 40-60 percent of the tintinnid populations), and there
was no indication of a diel periodicity in the division process.
Data from a second genus, Laackmanniella, were similar and are
not presented here. In the absence of diel periodicity, the less
frequent samples from the remaining 24 stations can be consid-

ered representative of those stations, regardless of the time of
day at which they were obtained.

Chlorophyll concentrations and rates of primary production
were determined and made available to us at each station by a
team headed by D. Nelson and L. Gordon from Oregon State
University and W. Smith from the University of Tennessee.
Chlorophyll concentrations (as average concentration in the
layer sampled by our net) were used as estimates of the con-
centration of particulate food available to the populations of
tintinnids. The proportion of dividing individuals of the two
genera of tintinnids are plotted as functions of chlorophyll
concentration in figure 2. Little obvious relationship exists. Total
chlorophyll concentration is, at best, an imperfect measure of
available food, however, since the large diatoms and gelatinous
colonies of Phaeocystis in these waters are unlikely to be available
to the tintinnids. For the same reason, it was not surprising that
division frequencies were not related to primary productivity
either.

A relationship in the proportion of dividing tintinnids of the
two genera does exist, however, in these samples. Division
frequencies appear to be related to latitude (figure 3) with high-
er proportions of dividing Laackmanniella found at the more
southern stations; Cymatocylis is characterized by the inverse
pattern. While probably not of significance itself to the organ-
ism, latitude may be reflecting the spatial or temporal separa-
tion of the stations from coverage by the pack ice. Relationships
of tintinnid reproduction to bacterial dynamics have not yet
been examined nor have the reproductive dynamics of the non-
tintinnid ciliates which were also sampled during this cruise.
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Observations of plankton organisms
obtained by bongo nets during the
November-December 1983 ice-edge

investigations

E. BRINTON

Scripps Institution of Oceanography
Llnivesity of California at San Diego

La Jolla, California 92093

During November 1983 to March 1984 RIV Melville engaged in
two investigations of the southern Scotia Sea and its adjacent
waters. An ice-edge study, to the east and northeast of the South
Orkney Islands, designated Protea Expedition, leg IV, took
place in early spring, November 10 to December 2. During late
summer, 5-27 March (Protea, leg VI), studies were concentrated
near the South Shetland Islands. This report is concerned pri-
marily with early results of the November and December
plankton sampling.

Bongo nets were towed at all hydrographic stations and,
elsewhere, where acoustical records indicated high con-
centrations of organisms. Tows were oblique, with the ship
steaming at about 2 knots, and were usually 0-200-0 meters in
depth. Volumes of water strained by each net averaged near
1,000 cubic meters. The standard tow used nets with mesh
widths of 333 micrometers and 505 micrometers.

The study area was traversed twice. During 10-20 November,
14 tows were made, and during 21 November to 2 December
there were 27 tows (figure 1). Our objectives were to determine
kinds and amounts of net-plankton and their distribution in
relation to the ice-cover history of the waters in the vicinity of
the ice edge. The area encompassed part of the Scotia-Weddell
Sea confluence, from the banks of the South Scotia arc,
northward.

Predominant organisms collected were pelagic tunicates, or
salps (Salpa thompsoni), concentrations of large phytoplankton
cells, and euphausiid crustaceans. Euphausia superba (krill) have
been analyzed for size-frequency and state of maturity. Amphi-
pod crustaceans, at varying abundances, were associated with
the salps. Their distinguishable role as acoustical targets is of
interest.

Copepods were sparse but consistently present; a single tow
was dominated by copepods (Calanoides acutus). The stocks of
copepods are presumed not yet to have ascended from their
winter depths of 500 meters or so. Gymnosome and
thecosomatous Pteropoda (Limacina and Clio spp.) were reg-
ularly present, as were Chaetognatha, and polychaetous an-
nelids (Tomopteris). Fish larvae averaged only 3 or 4 per sample.

Salpa thompsoni was consistently at higher density than had
been observed during the 1981 season, when salps were rare.
During 10-20 November (Phase I), highest volumes (displace-
ment) were at the northernmost stations, 58-59°N, farthest
from the ice-edge (figure la). This was within the zone of max-
imum north-south surface temperature gradient, -0.1'C to
0.25°C. During the second phase of sampling, highest densities
extended further south, to about 60°S. Lowest densities re-

1984 REVIEW	 113



So/pa thompsorn,cc per Bongo Net sample	Phytoplankton retained by Bongo Net (333mesh)

A	 C

(S
-	SORKNEY	 -1.5°C

ISLAND	-

-,, Nov. 10-20,1983 Stations 1-13

•\
00,r	 .

SOXNEYISLAND	-

,.Nov. 10-20, 1983 Stations 1-13

o 0

•
	 -125	-

600-800 
800-1500	 \

U
U >I 500	 .

0 0cc
• <500cc
• 500-1000
• 1000

Eup/aus/a superba, Bongo Net catches
I	I	I	I	 I	10	I

Adults, 36-55mm

E	 0
58°S

cP°

CIO
0

0 00	 0

• • '-9	 0
• • 10-99	 0 0

• • 00	
° 0 • - 60°

130 00 	0

SOOm	 (S
SORIINE'r

5, ISLAND

,.Nov. 10 - Dec. 2, 1983 Stations I -35
62°

	

___________	 ____________________________________	46°	44°	42°	40°	38°	36°

	

I	I	 I	I	II	 I	I	 I	I	I	I

B•	D	 .	Year -I Juveniles (<36mm)

os°c—	-	 - - F	 580
• -	 .	 • a

0 0	 025—	 0 0cc
o°c—• 600	-0 5	 -	• < 500cc	 - -	 • o

• 600-800	-075--..	 • 500-1000
•eoo-isoo	 •0 /	 1>1000	 '- ir

— 	>1500	
-	 SN o	- —	 e0	 -600

-°-.	 •f/__	 •,0	0	 •• S.
SOOm	 -10C	

°	
SOOm	

• •

•	S ORKNEY	 ":	 -1.25 -1.5-	SORKNEY	 ,,	 - -	SORKNEY	 'f
ISLAND	 ', ISLAND	 I	 ', ISLAND	-

	,J'Jov. 21- Dec. 2, 1983 Stations 15-35	,JJov. 21-Dec. 2, 1983 Stations 15-35	'-	,Nov. 10-Dec. 2,1983  Stations 1-35

	

-I--I	_t____I___i-I-- i___I 
460'' 	42	40

I	_i_____I	_i_•__I_•___l	 0'b	44	4	4O	j"	Ib' 	'I'4	'1C	'lu-	.a'	.b	-o	-'-'	 -'v	o-
M

Figure 1. Distributions of predominant organisms caught by bongo nets during each of two traverses of Protea IV Expedition study area. A and
B. Salps, showing surface isotherms. C and D. The larger (net-caught) phytopiankton. E. Euphausia superba juveniles, stations of the two
sampling traverses combined. F. Adults.

mained in the southeasterly sector, where lowest surface tem-
perature (less than - 1.0°C) indicated influence of Weddell Sea
conditions.

Net-phytoplankton amounts showed no obvious rela-
tionship to saips. However, during phase I, most high densities
of these components of the plankton were toward the north, in
the zone of temperature transition. During phase II, the densest
net-phytoplankton was in a distinct patch toward the southwest
(figure Ic), in an area of low to moderate salp densities. Surface
temperatures had increased by up to 1.0°C between the two
phases of sampling.

Euphausia superba was not abundant in the study area.
However, 31 representative catches were obtained (figure le-f)
and are useful for distribution and life-history study. Juvenile
and adult E. superba were most consistently present toward the
southwest, in and near the 21 November to 2 December area of
high net-phytoplankton, south of the zone of temperature
transition.

A comparison of the age (size) structure of the E. superba
population (figure 2) from this early spring (1983) period with
(1) early summer and (2) late summer populations sampled in
the same and nearby areas in 1981 (Brinton and Antezana 1984;
Brinton and Townsend 1984) contributes to our studies of
growth in this species. Larvae had not yet appeared by 10
November-2 December 1983, though a few females with nearly
mature ovaries were found. Completion of analysis of the
March 1984 material should provide evidence as to the amount
of similarity between events of the 1980-1981 and 1983-1984
seasons here. If it turns out that growth in E. superba was at

similar rates during the two periods, we can generalize as fol-
lows: January-February (1981) larvae of 2-8 millimeters (mainly
calyptopes) attain 3-10 millimeters by 7-8 March and 4-12
millimeters by 20-23 March. The 1983 data shows this group to
have become 10-31 millimeters juveniles (mostly 12-26 milli-
meters) by the following spring (figure 2). In the same sequence
of four time intervals, year-2 adults grow insignificantly during
the January-March reproductive period, remaining at 30-42
millimeters, but attain 43-47 millimeters by the next spring.
Year-3 adults (Brinton and Antezana 1984) of 45-57 millimeters
show indistinct further growth.

The other abundant antarctic euphausiid, Thysanoessa mac-
rura, occurred widely during the 1983 sampling. Most of the
youngest larvae (calyptopis 1) were toward the south. Older
larvae extended far north, indicating that earliest recruitment
occurred there. Adults were more evenly distributed; some
particularly high densities were observed from special tows
adjacent to the ice in late November. The November-December
size-frequency structure of T macrura shows that larvae through
furcilia 5 are numerous, but none have reached furcilia 6. This
means that reproduction in this species commenced 30-40 days
prior to our study, probably under the ice. The third euphausiid
of the region, Euphausia frigida, was also widely occurring and
most abundant toward the north. Like T macrura, E. frigida
initiated recruitment well before 10 November, as seen in the
abundance of larvae through the furcilia phase.

Data from the March 1984 zooplankton samples indicate per-
sistence of low numbers of E. superba, relative to 1981, par-
ticularly of larvae and large adults, through the 1983-1984 sea-

114	 ANTARCTIC JOURNAL



NOV. I0—DEC.2, 1983,SOUTHERN SCOTIA SEA

BODY LENGTH (mm)

[SI

r,.)
E000

ci::
Id
CL 1.0
0
Z
Ix

JAN. 24-FEB. 14, 1981, AVERAGE FOR SCOTIA SEA

Euphausia superba

A

102

I—
w
Z
o
(9
Z
0
	w	 YEAR - I

cx
	

k

	

0.01 4	 ADULTS \
-J

Id
C1-C3 F1-F6
	 30	40	50	60

U-
0

son in the southern Scotia Sea. At the same time, Salpa thorn psoni
continued to be at densities near 1,000 cubic centimeters per
1,000 cubic meters of water in most places sampled near the
South Shetlands. Thus, consistent amounts of salps were ob-
served across the region of occurrence of the species during
spring and summer. Peak and average densities differed by a
factor of only about two, suggesting maximum use of available
resources. Numbers of krill, on the other hand, were variable
and spatially spotty, both during 1981, when salps were rare,
and during 1983-1984, when salps were abundant.

This research was supported by National Science Foundation
grant DPP 82-19147.
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Figure 2. Mean size-frequency distributions of Euphausia superba,
A. Summer 1981 (after Brinton and Antezana 1984). B. Spring 1983.

Acoustic and net assessment of the
distribution and abundance of
micronekton and nekton in the

Weddell Sea, November and December
1983

M. C. MACAULAY, K. L. DALY

and
T. S. ENGLISH

School of Oceanography
University of Washington

Seattle, Washington 98105

We used hydroacoustic methods to survey and assess the
abundance and distribution of micronekton and nekton in rela-
tion to the ice-edge zone in the Weddell Sea. We made real-time

observations to detect regions of biological interest and to coor-
dinate net catches (Brinton, Antarctic Journal, this issue) and
underwater stereo photography observations made by J. Step-
ien Lamont-Doherty Geological Observatory (Stepien, un-
published data) for target identification and target-strength es-
timations. We used three frequencies to provide the basis for
discriminating between sizes and identities of many target or-
ganisms. The analyzed acoustic data will be used to provide net-
independent estimates of abundance and to estimate net avoid-
ance, particularly by larger krill. In conjunction with net sam-
ples, these observations will be used to relate the abundance
and distribution of target organisms to the physical, chemical,
and biological observations of the other projects aboard the RIv
Melville.

We made acoustic observations in open water aboard the RIv
Melville, both underway and at fixed stations. (See figure.) We
made acoustic observations and collected net samples at the ice
edge and in the pack ice aboard the USCGC Westwind at fixed
stations. The Melville and the Westwind began the field study
with a joint calibration station on 10 November 1983 near the ice
edge at 60°33.7'S 37°0.4.6'W. The Westwind completed its sam-

1984 REVIEW	 115



ft,'

I
& Iw$	'd

-

Acoustic echogram from 105 kilohertz system showing patches of
krill in the upper 110 meters of water column underneath the pack
Ice.

pling program on 2 December 1983 at 59'41.5'S 400 09.4'W. The
Melville continued its acoustic program until 4 December 1983
near South Georgia Island.

Three downward-looking frequencies (50 kilohertz, 120 kilo-
hertz, and 200 kilohertz) were used aboard the Melville. The
transducers were mounted in a 4-foot V-fin (Endeco) depressor
and towed behind the ship. Echos from the face of the trans-
ducer to a depth of 400-700 meters were stored as envelope-
detected voltage in frequency-modulated form on an instru-
ment recorder. We recorded data from each frequency on sepa-
rate channels, and in addition, we recorded a bottom detection
signal, synchronizing (transmit) signal and time of day (in hour-
minute-second plus day number) on the tape. A single down-
ward-directed frequency (105 kilohertz) was used aboard the
Westwind. On station, we lowered a transducer 1 meter below
the surface. We recorded the signal on analog magnetic tape.

In conjunction with the acoustics program on the Westwind,
the so-called "Plummet" net was towed vertically at every sta-
tion. The Plummet net is a 1-meter square net that I found to be
accurate for comparisons with acoustic measurements (Mac-
aulay 1977). The mesh size used was 560 micrometers. Haul
depth was generally determined by the depth of the acoustic
targets. We took some day/night tows and subtractive depth
tows for vertical stratification.

For our detailed analysis of the acoustic data, we are using the
methods recommended in BIOMASS Handbook 7 (SCAR 1981)
and Johannesson and Mitson (1983). Echo-integration analysis
will produce estimates of biomass (where acoustic targets can be
identified) or mean-volume-backscattenng-strength (where un-
certain or unknown targets are present). The estimates will be
by 1 meter depth strata down to 400 meters or bottom, which-
ever occurs first. The net samples collected aboard the Westwind
have been analyzed for euphausiid identification, sexual matu -
rity and length-frequency composition. Jeanne Stepien of La-
mont-Doherty will conduct further analysis to determine gut
contents of euphausiids and for species identification of other
zooplankton taxa.

Acoustic observations made in open water indicated very few
occurrences of krill in patches (as compared to our observations
in 1981, Macaulay 1981), instead large concentrations of salps
were found. Other investigators on the Melville confirmed the
acoustic observations; their net catches did not contain large

concentrations of krill and there were few krill patches observed
by Stepien's camera system (Antarctic Journal, this issue). The
small patches of krill that we observed acoustically were found
in the near proximity (less than 1/2 nautical mile) to the ice edge
with a rapid decrease in occurrence away from the ice edge.
These patches were usually Thysanoessa macrura rather than
Euphausia superba. We observed euphausiids acoustically on all
three frequencies (50 kilohertz, 120 kilohertz, and 200
kilohertz).

Preliminary analysis of the acoustic data collected aboard the
Melville indicates that the 200 kilohertz system was very effec-
tive in detecting the presence of salps down to 400 meters. Salps
were less visible on the 120 kilohertz system and not visible on
the 50 kilohertz system, indicating a strong frequency depen-
dency of scattering from these targets. This pattern was distinct
from that associated with krill. Salps were detected acoustically
across the Scotia Sea to within a few miles of the Scotia trench.
They were observed to be a nearly continuous scattering layer
varying in thickness between 15 and 20 meters to as deep as 100
meters.

The camera and net sampling on the Melville strongly corre-
lated the presence/absence of acoustic targets of zooplankton
and micronekton in the water column. Various species of am-
phipods were found to be a major component of the occasional
patches observed at the ice edge. Also the presence of certain
types of targets on the chart records strongly correlated with the
occurrence of some species of birds feeding at the surface. The
general lack of patches of krill in the more open water might be
attributed to the survey being conducted early in the seasonal
cycle; however, the Melville passed through this area in March
1984 and found the occurrence of patches was still low.

Preliminary analyses of acoustic and net data collected
aboard the Westwind revealed some clear differences in zoo-
plankton abundance and diversity between the ice-edge and
pack-ice zones. Acoustic chart records from the 105-kilohertz
system show concentrations of saips at the ice edge but not
within the pack ice. This observation was substantiated by the
vertical net samples. Patches of krill were not observed at the ice
edge. However, three species of krill of several life stages were
collected; late furcilia and juvenile E. superba, and adult and
larval E. frigida and T. macrura. Adult T. macrura were found in
November and December while the larval stages were found
only in early December. Some adults and larval E. frigida were
also collected in early December. Larval T. macrura and adult
and larval E. frigida were not observed in the pack ice.

Chart records from the pack ice are characterized by small
scattered patches of krill present at all stations in the upper 100
meters of the water column. The net samples, in conjunction
with the acoustic observations, indicate that juvenile E. superba
and juvenile and adult T. macrura were present throughout the
pack ice. Adult E. superba were found in bird and seal stomachs
(Ainley and Fraser, Antarctic Journal, this issue; Erickson, Ant-
arctic Journal, this issue) at a number of locations including the
station of maximum penetration, 200 kilometers into the ice. T.
macrura appeared to maintain a low population density
throughout the water column sampled, while E. superba ap-
peared to concentrate into small dense patches of juveniles or
adults and were more likely to occur near the surface in associa-
tion with ice floes. Divers observed juvenile E. superba in brine
channels inside an ice floe. Investigators taking ice cores found
them coming up in the hole left after removal of the core.
Juvenile E. superba were also observed being thrown up onto the
surface of ice floes as the icebreaker churned up the broken ice.

M. Macaulay and G. Bishop participated aboard the RJv
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Melville and K. Daly participated aboard the icebreaker West-
wind. This work was supported by National Science Foundation
grant DPP 82-18784 with contributions of equipment and re-
sources from the Northwest and Alaska Fisheries Center and
National Oceanic and Atmospheric Administration.
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Distribution and abundance of fishes
and saips in relation to the marginal
ice zone of the Scotia Sea, November

and December 1983

J. J. TORRES, T. M. LANCRAFT, B. L. WEIGLE, and
T. L. HOPKINS
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University of South Florida

St. Petersburg, Florida 33701

B. H. R0BIsON
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University of California
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As part of the AMERIEZ (Antarctic Marine Ecosystem Research
at the Ice Edge Zone, see Sullivan and Ainley, Antarctic Journal,
this issue) expedition to the Scotia Sea, we investigated the
distribution, abundance, and metabolism of zooplankton and
micronekton in the top 1,000 meters of the open water north of
the marginal ice zone (figure 1). Our research program was
designed to assess latitudinal variation in species composition
and biomass as related to the marginal ice zone and to describe
for the first time the vertical distributions of mesopelagic fauna
in the Scotia Sea. Frozen and preserved specimens were re-
turned to our home laboratories for analysis of diet, proximate
and elemental compositions, growth, reproductive state, and
intermediary metabolic enzyme activities. Metabolic rates of
dominant micronektonic species were determined at sea and
are reported in a separate article (Torres, Weigle, and Lancraft,
Antarctic Journal, this issue).

All references to study area in this paper refer only to the
cruise track of the iIv Melville (figure 1). Twenty-nine midwater
trawl samples (including a complete day-night vertical series
and several 0-1,000 meter oblique tows) were taken going away
from most of the Melville hydrostations. Sampling was done

with a 9-square-meter-mouth-area, mouth-closing Tucker trawl
made of 6 millimeter knotless nylon mesh with a nested 0.75
meter, 163-micron, plankton net in the mouth. A thermal-tur-
bulence protecting cod end (Childress et al. 1978) was used to
enhance survival of captured specimens for respiration
measurements.

The considerable saip biomass encountered in the study area
usually (90 percent of all trawls) necessitated taking a volume
measurement then subsampling the catch. We used the volume
measurements of the total catch to estimate saip biomass by
assuming that the total volume consisted of salps and that 1 liter
of saips weighed 1,050 grams. All fishes were removed from
each catch. We have identified and measured 99 percent of
captured fishes. We calculated fish biomass from size/weight

\I-

17j 11	 83-9

59	
883_e)4)M8329	j1183_10

20	/	 M83-14	20/11130 11	

I

L	83	
8 3

N883-2

Figure 1. Location of midwatertra 's taken on the A/V Mel vllleduring
AMERIEZ 1983. Dashed line is cruise track; solid lines indicate loca-
tion and duration of trawls. Numbers refer to trawls only and not to
hydrostations.
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regressions for that species or similar species; we weighed rarer
species separately. As sample analysis progresses the absolute
numbers reported here may change slightly; trends will remain
unaltered.

The study area is best characterized as a low diversity, high
biomass system in the midst of a saip bloom (mean saip biomass
for the study area was 23.9 kilograms per 100 square meters for
the upper 600 meters). Saips, dominated by Salpa thorn psoni,
were the dominant micronektonic organisms in the upper 500
meters of the water column. The dominant fishes in the upper
500 meters were Electrona antarctica and Gymnoscopelus braueri
(Myctophidae) and Notolepis coatsi (Paralepididae). Dominant
fishes in the lower 500 meters of the water column were
Bathylagus antarcticus (Bathylagidae) and Cyclot hone rnicrodon
(Gonostomatidae). Mean fish biomass for the upper 1,000
meters of the study area was 327 grams per 100 square meters, a
figure somewhat lower than that found by Frost and McCrone
(1979) for the subarctic-transitional waters off Washington (450
grams per 100 square meters for myctophids only) but consider-
ably higher than that found in the tropical-subtropical systems
studied by Maynard, Riggs, and Walters (1973; 214 grams per
100 square meters, Hawaii) and Hopkins and Lancraft (in press;
212 grams per 100 square meters, Gulf of Mexico). Piscivorous
fishes were extremely rare in the study area; two specimens of
Neoscopelarchoides elongatus (Scopelarchidae) and four spec-
imens of Paradiplospinosus antarcticus (Trichuridae) represent the
entire predatory fish catch in 29 midwater trawls.

There was a clear trend of increasing biomass moving from
south to north away from the marginal ice zone followed by a

sharp drop in biomass north of 58°S (figure 2). The biomass peak
corresponded to a pronounced phytoplankton bloom found in
the vicinity of 59°S during the eastern transect in the early
portion of the AMERIEZ cruise (see Nelson, Smith, and Gordon,
Antarctic Journal, this issue). There was a pronounced temporal
component in our trawl data that mirrors the results obtained by
Nelson, Smith, and Gordon (Antarctic Journal, this issue) when
superimposed on observed latitudinal trends. There was a
marked increase with time in both fish and saip biomass in the
southern portions of the study area. The increase corresponded
to an intensifying phytoplankton bloom identified at the ice
edge during the western transect. This suggests a gradual
southward displacement of mobile micronektonic species in
response to the increased production of the ice-edge bloom and
its associated increase in prey species. In the case of saips it
suggests an increased population size through reproduction.

Eight species of mesopelagic fishes were sufficiently common
to determine their diel vertical distributions (figure 3). Six of the
eight species exhibited diel vertical migrations: Electrona ant-
arctica, Gyrnnoscopelus braueri, Protornyctophurn anderssoni, Pro-
torn yctophurn bolini (Myctophidae); Notolepis coatsi (Para-
lepididae); and Bathylagus antarcticus (Bathylagidae). Neither of
the Gonostomatid species Cyclothone surniaen or Cyclothone mi-
crodon exhibited an upward vertical migration at night. Only one
species, E. antarctica, was captured above a depth of 100 meters.
The rest of the myctophids and N. coatsi remained below 100
meters and B. antarcticus remained below 250 meters. Salpa
thorn psoni showed no evidence of diel vertical migration;
however, there was a distinct trend toward finding larger num-
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Figure 2. Biomass of fishes and saips in the upper 1,000 meters of the water column for each 1 degree of latitude of the AMERIEZ study area.
Results from all trawls taken within each 1 degree of latitude of the study area were combined to produce the histogram. The figure is designed
to show trends from one sector to the next only and does not Imply anything about trawl location within that sector. The approximate northern
extent of the marginal ice zone is indicated to orient the reader. Note that biomass of saips and total biomass are 100 times the figures shown on
the ordinate. ( 11g100 m2" denotes grams per 100 square meters; "g•10 2" denotes that saips and total are 100 times the figures shown on they
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Figure 3. DIel vertical distribution for all fishes in the Scotia Sea.
Each box in the figure represents the depth stratum sampled and the
number of fish captured in a single trawl. The dashed line represents
a trawl with an extraordinarily large catch. ("m" denotes meter;
"Nos. of Fish 10,000 rn -3" denotes number of fish per 10,000 cubic
meters.)

bers of saips deeper in the water column as the study
progressed.

Our data at the present stage of analysis suggest the following
conclusions concerning the micronekton of the study area:
• The area up to 300 kilometers north of the marginal ice zone is

a biologically rich area with wet weight biomass comparable

to the highest reported in the literature (cf. Wiebe etal. 1979).
• Beyond 300 kilometers north of the marginal ice zone there is

a sharp drop off in biomass. This could be due to the absence
of ice-edge influence, water mass effects, or patchiness. The
latter possibility is unlikely.

• There was a trend toward increased fish biomass and num-
bers of species in the southern portions of the study area with
increasing time in the study area. This trend mirrored the
observed intensification of an ice-edge bloom in the southern
portion of the study area.
The authors gratefully acknowledge the help of Bob Wilson of

the Scripps Institution of Oceanography for technical assistance
beyond the call of duty. Captain Haines and the fine crew of the
Wv Melville all went the extra mile to make our cruise an ex-
tremely successful one.

This research was supported by National Science Foundation
grant DDP 82-10437.
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AMERIEZ 1983: Oceanographic factors
affecting seabird occurrence in the

Scotia and Weddell Seas
D. C. AINLEY and W. R. FRASER

Point Reyes Bird Observatory
Stinson Beach, California 94970

It is becoming increasingly clear that pelagic seabirds, even
with their great powers of mobility, are constrained as are many

other marine organisms to specific, physically defined water
masses and water types. It is also becoming more clear that
within respective ranges, seabird occurrence is affected strong-
ly by those oceanographic phenomena which increase prey
availability (for example, environmental discontinuities such as
fronts). Previous work in the Antarctic has indicated the exis-
tence of two especially distinct assemblages of pelagic seabirds
separated by a particularly obvious environmental discon-
tinuity: the presence or absence of pack ice. Also indicated is a
marked increase in the abundance of seabirds at the marginal
ice zone. In conjunction with AMERIEZ, we studied the pack-ice/
open-water system in greater detail than ever before to deter-
mine whether occurrence patterns of seabirds were responses
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to changes in prey availability and prey types or to changes in
the physical features of the environment. Essentially, we were
looking for overlaps and discontinuities in species distributions
relative to the pack-ice edge, and we were looking for corre-
sponding changes or similarities in diets. Other components of
AMERIEZ were important to our work because they supplied
information on the physical environment as well as the avail-
ability of potential prey. We made observations from both USCGC
Westwind and R/vMelville: a summary of the cruise is provided in
the article by Ainley and Sullivan (Antarctic Journal, this issue).
Data on abundance, distribution, and diets of seabirds north
and south of the marginal ice zone were obtained through 421
half-hour strip censuses and the collection of 329 specimens of
12 seabird species. Specimens were collected with the intent of
sampling diet in different habitats, including interior pack ice,
the ice-edge zone and ice-free water, as well as different water
types.

The changes we observed in the overall abundance and dis-
tribution of seabirds relative to the ice edge and to other impor-
tant oceanographic feaures are indicated in figure 1, which
summarizes data gathered on the last pass of Westwind from
deep within the pack (at 63°S) of the Weddell Sea to the pack
edge and a continuation of that track by Melville from the ice
edge well north into the Scotia Sea (to about 57°S). Birds were
most abundant at the pack-ice edge, particularly the edge of the
consolidated pack, and at the confluence of the Scotia and
Weddell Seas about 600 kilometers north of the ice-edge zone. A

Figure 1. The biomass, species diversity (Shannon-Weaver diversity
Index), and density of seabirds along a cruise track In the Weddell
and Scotia Seas, November and December 1983. Distance Is from
63°S. ("km" denotes kilometer; "Km 2" denotes square kilometer;
"Kg/km2" denotes kilogram per square kilometer.)
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Figure 2. The biomass, species diversity and density of seabirds
along a cruise track in the Weddell and Scotia Seas during mid-
November (thin lines) and 2 weeks later (thick lines). The data Indi-
cated by thick lines are also Included in figure 1. Distance is from
630S. ("km" denotes kilometer; "Km 2" denotes square kilometer;
"Kg/km2" denotes kilogram per square kilometer.)

minor peak occurred about 120 kilometers north of the ice edge.
A pass along this track by the Melville, 2 weeks earlier, indicated
that the ice-edge peak and the smaller peak between the ice-
edge peak and the peak associated with the confluence had both
migrated south with the ice (figure 2). Chlorophyll con-
centrations, as well as other factors, also indicated generally
greater biological activity in these same areas. South of the ice
edge, seabird concentrations were associated with both increas-
ing biological activity in the lower food web and with distinct ice
types, including floes exhibiting especially high organic
activity.

Seabird diets changed to some degree from one area or hab-
itat to another, but within these habitats the diets of individual
species overlapped broadly. In the pack ice, large amphipod
and decapod crustaceans predominated, while euphausiids
and myctophid fishes increased in importance in the marginal
ice zone. In open water, the predominance of myctophids,
euphausiids, amphipods, and salps shifted in the diets; overall,
the importance of these prey changed in approximately the
order just listed. Surprisingly, few seabirds ate squid. Results
indicated that physical features of the environment are impor-
tant in affecting seabird occurrence in the pack-ice/open-water
situation; however, distributions of the few species exhibiting
more specialized diets especially squid eaters, indicated that for
these birds, prey availability may have been relatively more
important in affecting their occurrence. One totally unex-
pected, but particularly interesting observation was the pre-
dominance of deep-water organisms in the diets of surface-
feeding seabirds of the inner areas of heavy pack ice. Several of
these prey had never before been known to occur in waters
shallower than 300 meters. This discovery underlined the po-
tential importance of the study of top trophic predators as a
means to learn more about trophic interactions among organ-
isms of the pelagic community. Why the deep-water micronek-
ton occurred at the surface in heavy pack ice and their potential
significance to seabirds during winter conditions will be impor-
tant questions for future research.
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This project was funded by National Science Foundation
grant DPP 82-18925. Assisting us in the field were R. Ferris and
E.F. O'Connor; assisting with identification of prey were E.
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support provided by the crews of Rlv Melville and USCGC
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Aerial census of seals, whales, and
penguins in the pack ice of the

northwestern Weddell Sea, November
1983

A. W. ERICKSON

Fisheries Research Institute
University of Washington
Seattle, Washington 98195

In November 1983, an aerial census was taken of seals,
whales, and penguins distributed within the pack ice of north-
western Weddell Sea, Antarctica, as part of the joint Antarctic
Marine Ecosystem Research at the Ice-Edge Zone (AMERIEZ)
project. The census consisted of north-south transect strips
centered on the oceanographic stations of the AMERIEZ project
(figure 1). The transects extended one-quarter nautical mile to
either side of the survey helicopter, were flown at an elevation of
300 feet, and were otherwise taken according to the SCAR-1310-
MASS format (Laws 1982). I made the counts and ice classifica-
tions from the copilot's seat and relayed them to a recorder.

I censused a total of 598 square nautical miles of pack ice
yielding a count of 830 seals (or a density of 1.39 seals per square
nautical mile) and counts of 548 Adélie penguins (Pygoscelos

adeliae), 319 chinstrap penguins (P. antarctica), and 13 emperor
penguins (Aptenodytes forstori), and four minke whales (Bal-
aenoptera acutorostris) (table 1). The species composition of the
censused seal population was 77 percent crabeater seals (Lob-
odon carcinophagus), 18 percent leopard seals (Hydrurga leptanyx),
4 percent Weddell seals (Leptonychotes weddelli), and 0.4 percent
Ross seals (Omatophoca rossi).

As shown in figure 1, the distribution of the aerial census
effort was irregular throughout the study area. Inclement
weather hampered aerial flight operations during the startup of
the AMERIEZ field studies, and coordination difficulties pre-
cluded censuses during the project's termination phase. De-
spite these difficulties, enough censuses were performed to
permit a meaningful evaluation of the seal populations present
in the study area once the data have been corrected for diurnal
effects. The basic data together with related information have
been placed in a permanent data file in preparation for analysis.

The population density of seals observed in the AMERIEZ cen-
sus was lower than population densities observed during the
1968 and 1969 International Weddell Sea Oceanographic Expe-
ditions (IwSOE) (Siniff, Cline, and Erickson 1970; Erickson et al.
1971). Unadjusted crabeater seal densities for the IWSOE surveys
were 1.87 (1968 count) and 3.34 (1969 count) seals per square
nautical mile, as compared with a density of 1.06 seals per
square nautical mile in the AMERIEZ study. However, there were

major differences between the two census efforts. The IWSOE
censuses were conducted during the late austral summer when
the extent of the ice pack is markedly reduced and seals become
concentrated. Also, the IWSOE studies were dispersed widely
along the outer eastern periphery of the entire Weddell Sea ice
pack. Conversely, the AMERIEZ censuses were concentrated
within a 3,600-square-mile study area and the census effort was
dispersed more deeply into the ice pack where lesser seal densi-
ties occur (Gilbert and Erickson 1977). Furthermore, approx-
imately 50 percent of the AMERIEZ census effort occurred during
the midday peak haulout period for seals; in contrast, only
approximately 15 percent of the IWSOE census taking occurred
during this period (Condy 1976, 1977; Gilbert and Erickson
1977). The significance of these differences remains to be
assessed.

Table 2 presents uncorrected population density data for cra-
beater, leopard, Weddell, and Ross seals observed during the

1̂ 0 Ts'.
Figure 1 Aerel Seal Census Transects	 1
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Figure 1. Aerial seal census transects AMERIEZ project, 1983.
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Table 1. Seals, whales, and penguins observed during aerial pack-Ice surveys, northwestern Weddell Sea, November 1983
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(November) number	numbera	(5)	(W)	Local time	 .	 <	i.	 .	< c	seals	mile
CliO	0	q)	

00	C	V-_l	W.j

13	1	5	62005'	36046'	1408-1459	39	4	22	0	2	0	6	0	1	21.5	67	3.12

15	2	6	62015'	36040'	1853-1953	16	3	1	0	0	25	1	0	0	20.7	20	0.97

19	3	10	61006	36029'	1138-1305	37	0	0	0	1	111	0	78	1	34.1	38	1.11

21	4	12	61020	37018'	1040-1158	36	2	0	0	1	14	0	0	0	45.5	39	0.86
22	5a	13	61051'	38010'	1101-1237	65	26	0	0	0	18	2	0	0	47.7	91	1.91
22	5b	13	61053'	38°11'	1329-1440	34	9	0	0	0	49	0	0	0	45.6	43	0.94

23	6a	14	62036'	3854'	1103-1237	31	17	0	0	2	33	3	0	0	58.9	50	0.85
23	6b	14	61006'	38049'	1329-1455	43	16	1	0	1	16	0	0	2	50.2	61	1.21

24	7	15	62048'	38°51'	0842-1000	25	8	0	1	1	42	1	0	0	57.1	35	0.61

25	8a	16	62023'	38058'	1337-1512	40	19	0	1	0	0	0	0	0	55.5	60	1.08

25	8b	16	61051'	39003'	1556-1721	21	16	2	1	0	20	0	0	0	52.6	40	0.76

28	9a	19	61030'	39028'	1252-1424	129	20	1	1	0	83	0	9	0	60.5	151	2.50
28	9b	19	61044'	39031'	1505-1631	118	10	7	0	0	137	0	232	0	48.5	135	2.78

Total	 634	150	34	4	8	548	13	319	4	598.4	830	1.39

a AMERIEZ station at the time the census was flown.
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Table 2. Seal densities observed during aerial pack ice-surveys, northwestern Weddell Sea, November 1983

Aerial	Midcensus	Mean distance	Mean ice Predominant	
Crabeater	Leopard	Weddell

census	time	from ice edge	coverage ice type	Observed	Adjusted	observed	observed
number	(local time)	(in nautical miles)	(in tenths)	 density	density	density	density
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several AMERIEZ censuses and approximated time-corrected
densities for the crabeater seal. The overall time-corrected den-
sity for the crabeater seal was 1.48 seals per square nautical mile.
Although there were obvious differences in the density abun-
dance of the several seal species between individual censuses,
there were no major discernible differences in seal numbers
between the west and east sectors of the AMERIEZ study area as
noted by Frazer (personal communication) for seabirds. Con-
versely, there were differences in the density abundance and
species composition of seals at various depths within the pack
ice (figure 2). The AMERIEZ study included four censuses with
midsurvey positions less than 50 miles from the ice edge, Five
with midpositions ranging from 51 miles to 100 miles from the
ice edge, and four with midpositions exceeding 100 miles. Non-
time-corrected crabeater seal densities for these three zones
averaged 1.83, 1.04, and 0.61 per square nautical mile, respec-
tively. These density relationships reflect patterns experienced
in previous antarctic censuses.

A major difference observed between the results of IWSOE

censuses (Condy 1976, 1977; Gilbert and Erickson 1977) and the
results of the AMERIEZ census was in the species composition of
the seals observed. The species composition of the IWSOE cen-
suses was 97 percent crabeater, 2 percent Weddell, 1 percent
leopard, and 0.01 percent Ross seals. This compositional array
differs markedly from the 77 percent crabeater, 18 percent leop-
ard, 4 percent Weddell, and 0.4 percent Ross seal composition
observed in the AMERIEZ census. This difference was primarily
due to the large contribution of leopard seals in the AMERIEZ

counts. The 18 percent leopard seals observed was, in fact, three
times greater than the generally observed occurrence of this
species in most major surveys (Oritsland 1970; Condy 1976).
The apparent explanation was that the AMERIEZ census coin-
cided with the whelping period of the leopard seal. Con-
sequently, a large number of female leopard seals were hauled
out on ice floes tending their young.

Leopard seals in the AMERIEZ census were also distributed
deeper in the ice pack than has been observed in other censuses
taken later in the season (Gilbert and Erickson 1977). Distribu-
tional densities averaged 0.15, 0.31, and 0.22 seals per square
nautical mile in the outer-pack, mid-pack, and deep-pack, re-
spectively (figure 2). Presumably, pregnant females retreat into

the ice pack to avoid unstable ice conditions for whelping and
initial care of their young.

Sightings of Weddell and Ross seals were too few to warrant
comment beyond the observation that the sighting of only four
Ross seals in the AMERIEZ censuses corroborated early census

5.00.

400	Crabeater Seal

300

200	 /•_\ /
100	 /N

613S	 62S	 61 
ioo	Leopard Seal

 1+1 and Ross 101 Seals

Cr
Ch

•	700-
z

600-
CL

Total Seals

:::z

100-	/•.•

61 5

Figure 2. Density abundance of seals in the AMERIEZ Weddell Sea
project area as a function of distance from the pack-ice edge.
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results which show low abundances of Ross seals in the Wed-
dell Sea (Oritsland 1970; Siniff et al. 1970; Erickson, Hanson,
and Kehoe 1983).

Collections of seals included five crabeaters, one adult male
and one adult female Ross seal, and two leopard seal females
and their pups. The stomachs of the two Ross seals contained
squid remains and minor krill segments. The krill may have
been present as remains from the stomach contents of the
squid. The stomachs of the adult leopard seals were empty but
the lower gastrointestinal tracts, particularly the colons, were
engorged with krill remains. Thus, the animals had been ac-
tively feeding while tending their pups. The stomachs of the
pup leopard seals contained milk only. Only two of the cra-
beater seal stomachs contained food (euphausiid krill). These
specimens indicated the significant presence of this prey in the
study area despite the fact that relatively few euphausiid krill
were taken in net hauls of other scientific team members (Mc-
Cauley and Daly Antarctic Journal, this issue).

Other biological specimens taken from the collected seals and
awaiting analysis include skulls and reproductive tracts. This
work was supported by National Science Foundation grant DPP
82-18339.
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Marine biology
Biomass, community structure, and

metabolic activity of the microbiota in
benthic marine sediments
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Application of quantitative chemical measures of biomass
and community structure (White 1983) to the microbiota (pro-
karyotes and microeukaryotes) of near-shore marine sediments
and sponge spicule mats in McMurdo Sound at Cape Armitage
yielded four distinctive microbial communities with a biomass
equivalent to a subtropical Florida estuary and low metabolic
activity.

Sediment cores and sponge spicule mats were recovered by
divers from three areas: an anchor ice area (14 meters under the
ice), a nonspicule mat area (18 meters under the ice), the sponge
spicule mat area (22 meters under the ice), and the subspicule
mat sediment. The spicule mat was about 10 centimeters thick in
this area. The sediments and mats were extracted with a one-
phase chloroform-methanol solvent; the lipid and lipid-
extracted material was dried and returned to the Florida State
University laboratory for analysis. The lipids were fractionated
on silicic acid, and the polar lipid fraction was treated by mild
alkaline methanolysis. The alkyl fatty acid methyl esters (FAME)
that were ester-linked were purified and then analyzed by gas-
liquid chromatography/mass spectrometry. Macroscopic inver-
tebrates were removed from the spicule mat prior to extraction.
The major invertebrate was the giant Deontostoma sp. nematode.
The proportions of the polar lipid ester-linked FAME were ana-
lyzed by a stepwise discriminant analysis and each of the four
areas showed a distinctive composition. By knowing the pro-
portions of 15 FAME (of 45 used in the analysis), it was possible to
distribute samples into the four classes with 100 percent ac-
curacy. The subspicule mat sediments were characterized by
low proportions of diatom "signature" fatty acids. The non-
spicule mat sediments showed decreased proportions of sulfate
reducing bacterial "signatures" possibly reflecting the relatively
high level of sedimentary bioturbation. The anchor ice sedi-
ment stripped of its epibenthic invertebrates by the ice platlet
and the subspicule mat sediments under 10 centimeters of
spicule mats showed higher proportions of FAME characteristic
of anaerobic bacteria.

Microbial biomass (ester-linked phospholipid fatty acids) in marine sediments
(In nanomoles per gram of dry weight)

Location
	 Under ice, McMurdo	 Deep sea

Anchor ice	Nonspicule mat	Spicule mat	HEBBLE	Venezuela	Florida estuary

Depth (in meters)	14
	

18
	

22
	

4,500
	

5,000

Fatty acid 
15:0	 0.6	(0.5)

	
0.3
	

(0.3)
	

33	(33)
	

0.1
	

(0.02)
	

0.01	(0.006)
	

(0.7)
i + a 15:0	2.5	(0.9)

	
1.4
	

(1.0)
	

142	(100)
	

0.8
	

(0.1)
	

0.1	(0.05)
	0.7 (0.4)

16:0	 16.0	(11)
	

9.0
	

(9.0)
	

1020	(940)
	

1.3
	

(0.3)
	

0.2	(0.1)
	

12.6 (8.0)
16:1w7 cis	1.6	(2.7)

	
8.1
	

(8.0)
	

61	(62)
	

1.8
	

(0.6)
	

0.1	(0.06)
	

3.0 (2.0)

10 me 16:0	0.3	(0.2)
	

0.2
	

(0.2)
	

12	(17)
	

0.2
	

(0.03)
	

0.06	(0.04)	0.2 (0.08)
cyclo 17:0	0.2	(0.2)

	
0.01
	

(0.1)
	

8	(9)
	

0.08
	

(0.01)
	

0.03	(0.01)	0.4 (0.4)
cyclo 19:0	0.06 (0.08)

	
0.03
	

(0.03)
	

13	(16)
	

0.1
	

(0.02)
	

0.06	(0.02)	0.2 (0.04)
20:4w6	 0.3	(0.2)

	
0.3
	

(0.5)
	

3	(3)
	

0.1
	

(0.8)
	

0.001	(0.02)	0.4 (0.8)
22:6w3	 0.04 (0.06)

	
0.009 (0.004)
	

17	(38)
	

0.062 (0.037)
	

0.0007 (0.003)

Phospholipid	 37 (39)	 72 (57)	2240 (3050)	16 (5)	 2.2 (0.7)	 44 (17)

a Data are given as mean with the standard deviation in parentheses. Phospholipids are measured as extractable lipid phosphate.
Fatty acids are designated as number of carbon atoms: number of double bonds, position of unsaturation nearest the methyl (w) end with cis or trans
configuration for monoenoic acids. Prefixes 'i," 'a," "cyclo," and 10 me" indicate isoanteiso branching, the presence of a cyclopropane ring, or methyl
branching 10 carbons from the caboxyl end.
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The biomass of these sediments calculated from the extracta-
ble phospholipid and polar lipid ester-linked alkyl FAME
showed levels equal to those in a highly productive Florida
estuary. The antarctic sediments contained about 10 times the
biomass of a deep-sea area subjected to abyssal storms [high
energy benthic boundary layer experiment (HEBBLE)], and 100
times that of the relatively undisturbed deep sea (Venezuela)
(see table). The antarctic sediments showed a diversity essen-
tially equivalent to that of the subtropical Florida estuary. The
sponge spicule mat contains a rich microbial (algal and bacteri-
al) community.

These antarctic microbial communities are probably very old.
In preliminary experiments the bacterial rate of synthesis of DNA
from thymidine was some 300-fold slower than that in the
Florida sediments. A six-fold decrease would be expected on
the basis of temperature. A three-fold increase in bacterial DNA
synthesis in the nonspicule mat sediments occurred late in the
summer season as the ice algal "rains" began. In collaboration
with A.C. Palmisano, we were able to prepare carbon-13-la-
beled Nitzschia cylindrus which was injected into perspex cores
in the nonspicule mat areas. This attracted starfish who de-
stroyed some of the experiments possibly consuming the algae.
The Phaeocystis bloom precluded recovery of the starfish or
sediments for examination of carbon-13 incorporation rates.

Distribution of biogenic components
in surface sediments from the

antarctic continental shelf

R. B. DUNBAR, M. DEHN,
and A. LEVENTER

Department of Geology
Rice University

Houston, Texas 77251

In collaborative work with A. C. Palmisano, the sponge
spicule mats were shown to contain a giant diatom Trachyneis
aspira as a major component. This algae has a low light satura -

tion level and no evidence for photoinhibition of carbon fixation
(Palmisano et al. in preparation).

The dynamics of the benthic food web and the regulation of
microbial metabolic activity will be the focus of our study during
next year's field season.

This work was supported in part by National Science Founda-
tion grant DPP 82-13796-01. We thank A.C. Palmisano, S.
Kottmeier, and J. Wood who made our first season productive;
J. S. Nickels and P. S. Vashio for help with the fatty acid analysis;
and L. Burckle and D. Hope for identifying the benthic diatom
and the spicule mat nematode.
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The surface sediments used in this study were collected from
box core tops (0-1 centimeters) derived from the coring pro-
grams of North Carolina State University, Kiel University, and
the Alfred-Wegener-Institute, für Polarforschung and grab
samples, Phleger, and trigger coretops collected by Rice Univer-
sity. Samples consisting primarily of sands and gravels were not
analyzed. All samples were ground and sieved through a 500-
micrometer screen to remove ice-rafted debris. Organic carbon
and carbonate contents were determined by standard LECO
techniques. Biogenic silica content was measured by a silica
dissolution technique modified from DeMaster (1981).

Biogenic silica contents of antarctic shelf surface sediments
range from less than 1 percent to 48 percent by weight (figure 1).

ANTARCTIC SURFACE SEDIMENTS
DF79 DF80 DF81 DF82 DF83 DF84 ANT 11/3

During the 1983-1984 austral summer, large numbers of sur-
face sediment samples were collected from the Ross Sea (by the
USCGC Polar Sea) and the Antarctic Peninsula/Weddell Sea region
(Antarktis 1113, FS Polarstern). These samples supplement those
collected during previous expeditions: austral summer
1978-1979 (George V Coast), austral summer 1979-1980 (Ross
Sea and Pennell Coast), austral summer 1980-1981 (Amundsen
Sea and Bransfield Strait), austral summer 1981-1982 (Penin-
sula), austral summer 1982-1983 (Ross Sea and Sulzberger Bay).
With a data set of more than 500 samples, we have begun to map
the distribution of organic carbon, biogenic opal, and calcium
carbonate in surface and near-surface sediments of the antarctic
continental shelf. Our principal objective is to provide a base-
line study of the variability in styles of organic sedimentation on
the antarctic shelf during an interglacial interval. We view this
as a necessary first step in the interpretation of downcore proxy
records of paleoceanographic events in the antarctic seas. Sec-
ondary objectives are to estimate the degree of sediment re-
working based on biogenic components and to assess preserva-

tion in the sediments of patterns of primary productivity in
surface waters.
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Figure 1. The percent by weight of organic carbon vs. blogenic silica
in surface sediments from all study areas on the antarctic continent-
al shelf. (Samples were taken during austral summers 1978-1979,
1979-1980,1980-1981,1981-1982,1982-1983, and 1983-1984 from
the USCGC Polar Sea and during Antarktls 11/3 from the FS Polarstern.)
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Organic carbon contents range from 0.1 percent to nearly 2
percent by weight. In general, the siliceous sediments are also
enriched in organic carbon. We note that the average organic
carbon/opal ratio in antarctic shelf sediments is low (approx-
imately equal to 1A5) compared with siliceous shelf sediments
from mid-latitude areas [approximately equal to 1/2 in Santa
Barbara Basin and the Monterey Formation and approximately
equal to 1/7 in the Gulf of California (Dunbar in press; Donegan
and Schrader 1981)]. We believe this is due in part to greater
degradation of organic carbon compared with silica dissolution
during deposition on the antarctic shelf. Although considerable
scatter is evident in figure 1, samples from specific geographic
locations often exhibit a very well defined relationship between
organic carbon and opal contents. We believe this ratio may be
of value as a diagnostic tool to determine environment of depo-
sition and the degree of reworking.

Siliceous, organic rich sediments are accumulating at depths
between 500 and 1,000 meters (figure 2) in many deep basins
and glacial troughs of the antarctic shelf. At depths shallower
than 300 meters, organic carbon and opal are removed from the
sediments by dissolution, degradation, and transport under the
influence of bottom currents. The basins apparently act as sedi-
ment traps for material which is winnowed from shallower
regions. The moderate opal contents at depths greater than 1
kilometer represent sediments accumulating in the Bransfield
Strait basins of the Antarctic Peninsula, where biogenic sedi-
mentation is masked by a significant supply of terrigenous
material. In contrast, the high biogenic content of the Ross Sea,
George V Coast, and Pennell Coast basins reflects only minor
input of terrigenous material from the continent in these higher
latitude glacial settings. The observation that sedimentation
rates in basins and other protected shelf areas may be as high as
2-3 millimeters per year (Cochran and DeMaster personal com-
munication) suggests that significant quantities of organic car-
bon may be sequestered on the antarctic shelf.

Surface sediment collection by Mike Smith (Rice University)
during austral summer 1983-1984 has resulted in a sample
coverage of sufficient density to produce a map of biogenic

ANTARCTIC SURFACE SEDIMENTS
DF79 DF80 DF81 DF82 DF83 DF84 ANT 11/3
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Figure 2. Weight percent biogenic silica vs. depth for antarctic shelf
surface sediments. (Samples were taken during austral summers
1978-1979, 1979-1980, 1980-1981, 1981-1982, 1982-1983, and
1983-1984 from the USCGC Polar Sea and during Antarktis 11/3 from
the FS Polarstern.)

Figure 3. Biogenic silica concentrations in surface sediment sam-
ples from the southern Ross Sea shelf (light contours indicate depth
in meters, heavy contours, weight percent blogenic silica). Black
circles indicate sample locations.

components in surface sediments of the southern Ross Sea
(figure 3). The increase in silica content from east to west has
been previously noted by Truesdale and Kellogg (1979) and
DeMaster, Nittrouer, and Hoffman (1983). This distribution
may partially be due to greater net productivity in the western
Ross Sea but also reflects the influence of shelf currents. Re-
working by impinging bottom currents is a major process con-
trolling the distribution of biogenic components in the eastern
Ross Sea. Transport of winnowed material to the south and west
is reflected by the accumulation of biogenic sediment in the lee
of banks. Evidence for reworking and transport is provided by
the occurrence of siliceous (greater than 20 percent opal) sedi-
ment depleted in organic carbon (less than 0.5 percent) in
shallow shelf basins of the central Ross Sea adjacent to the ice
shelf (figure 3). Deep circulation in the western Ross Sea may be
more sluggish resulting in the accumulation of biogenic sedi-
ments over an extensive area. The high biogenic contents on the
southern flank of Crary Bank represent deposition on a quies-
cent region of the seafloor sufficiently shallow so as not to be
diluted by terrigenous material which is trapped in deep basins
adjacent to the Victoria Land coast.

This work was supported by National Science Foundation
grants INT 83-14541 and DPP 83-12486.
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Benthic life under thick ice
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and J. P. BARRY

Scripps Institution of Oceanography
La Jolla, California 92093

The Ross Ice Shelf in southern McMurdo Sound is an impen-
etrable barrier to marine biologists; however, there are a few
spots where biologists have set traps or made scuba dives (Lit-
tlepage and Pearse 1962; Dayton and Oliver 1977) and sampled
isolated spots. Our field team used a deep submersible camera
(figure) to make several benthic photographic surveys along
tidal cracks and rifts at White Island (50-, 140-, and 150-meter
depths), Heald Island (130- and 200-meter depths), The Strand
Moraines (140-meter depth) and near Scott Base (200- and 316-
meter depths). While the early workers assumed that life in
these areas was sparse, our results corroborate more recent
work at White Island (Dayton and Oliver 1977; Knox 1981;
Kooyman unpublished photographs) which shows that the
strong southerly current advects nutrients to support a rich and
varied biota and 25-30 well nourished Weddell seals. The cam-
era surveys cover many meters each and give good data on the
degree of patchiness of the bottom fauna.

Preliminary analyses of these photo transects show that the
Scott Base and White Island bottom communities are similar to
those off McMurdo Station -in that they are dominated by rich
associations of sponges and bryozoans (Dayton et al. 1974). The
pattern from McMurdo Station—that zonation of bryozoans
becomes more dominant than sponges in deeper depths
(Dayton 1979)—appears to hold on some transects of the pres-
ent survey but not in others. This may result from growth
differences on very steep cliffs (Scott Base) and steep unstable
cobble (White Island) bottoms. Both The Strand Moraines and
the shallow Heald Island surveys showed benthic communities
intermediate between those observed at White Island and Car-
wood Valley (Dayton and Oliver 1977) because they had patches
of bryozoans on a cobble bottom. The deeper Heald Island
transect was over a muddy bottom reminiscent of the relatively
depauperate New Harbor sites (Dayton and Oliver 1977).

The explanation of these patterns rests with understanding
the complicated hydrographic regimes of southern McMurdo
Sound. Preliminary analysis of the oceanographic data taken
with each transect supports the rough model of strong shallow
southerly flow at Hut Point and White Island advecting much
pelagic plankton and a weak (perhaps deeper) northerly flow
along the west sound with no plankton (Dayton and Oliver
1977; Heath 1977).

Deep submersible camera suspended 30 meters below a seal hole.
This camera Is being used to survey by photographs the bottom of
the areas under shelf Ice. (Photographed by R.W. Davis.)

This work was supported by National Science Foundation
grant DPP 83-00189. We appreciate field support of R. Davis, T.
Williams, and P. Mauluf. We are especially grateful to the many
antarctic support personnel who have helped in so many ways.
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Ecology of sea-ice microbial
communities in McMurdo Sound,

Antarctica, in 1983
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KASTENDIEK, and C. W. SULLIVAN
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Department of Biologica Sciences
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Los Angeles, California 90089-0371

Annual sea ice in McMurdo Sound provides several micro-
habitats for the growth of rich and diverse sea-ice microbial
communities (Bunt and Wood 1963; Palmisano and Sullivan
1983-a) and sea-ice fauna (Dayton, Robilliard, and DeVries 1969;
Bunt and Lee 1970). Microalgae (predominantly diatoms), bac-
teria, and protozoa grow in this environment where seawater
temperatures average - 1.81°C (with a standard deviation of ±
0.08) (Littlepage 1965), salinity is up to 5 times normal seawater,
and light typically measures less than 1 percent of incident
(Sullivan et al. 1983). Microalgal growth accumulates in
amounts approaching the theoretical maximum for phy-
toplankton of 400 milligrams of chlorophyll a per square meter
(Steemann Nielsen 1962), while the underlying water may be
relatively depauperate. A diverse sub-ice fauna including
pteropods, copepods, amphipods, and fish has also been de-
scribed. Thus sea ice may be of considerable importance in both
primary and secondary production of polar marine ecosystems
(Palmisano and Sullivan 1983-a; Sullivan and Palmisano 1984).

During the 1983-1984 austral summer, we addressed the fol-
lowing research questions concerning the physiology and ecol-
ogy of sea-ice microbial communities:
• What is the influence of temperature on microalgal

photosynthesis?
• What are the rates of primary and bacterial production in the

annual sea ice and underlying water column during the aus-
tral spring/summer?

• What microfauna and macrofauna are associated with the sea
ice, and do they graze on microalgae of the sea-ice microbial
community?
In temperature experiments, sea-ice microbial community

slurries were incubated in a temperature-controlled chamber,
under simulated in situ downwelling irradiance. Blue-green
filters approximated the spectral composition at an irradiance of
41 micro Einsteins per square meter per second, which is sat-
urating for photosynthesis of sea-ice microbial community mi-
croalgae (Palmisano and Sullivan 1983b; see Palmisano, Soo
Hoo, and Sullivan, Antarctic Journal, this issue). Peak fixation of
carbon was observed between 4°C and 8°C (figure). This can be
compared to a peak at 5-15°C found for microalgae of the sub-
ice platelet layer by Bunt (1964-b) and approximately 7°C found
for antarctic phytoplankton (Neori and Holm-Hansen 1982).
These results indicate that while microalgae carbon at the an-
nual mean temperature of seawater in McMurdo Sound of
-1.81°C, maximal fixation of carbon occurs at elevated
temperatures.

In situ rates of radio labeled carbon-14 dioxide fixation (photo-
synthetic performance) and bacterial production (incorporation
of radiolabeled tritiated thymidine) were measured in a light
perturbation experiment, designed to study the effect of ex-

TEMPERATURE (° C)

Relative rate of carbon-14 dioxide fixation for sea-Ice microbial
community microalgae derived from congelation ice (relative to
ambient —1.8° C) versus temperature. Different symbols represent.
six separate experiments, performed In triplicate over a range of
temperatures.

tremes in downwelling irradiance on the growth and develop-
ment of the sea-ice microbial community. A snow-free quadrat
(100 square meters), representing natural snow cover at the
onset of the experiment, and a snow-covered quadrat (100
square meters with 1-meter snow cover), were maintained on
annual sea ice south of Winter Quarters Bay. Downwelling
irradiance beneath the snow-free quadrat was maximally 8 per-
cent of surface irradiance, while beneath the snow-covered
quadrat it was 0.02 percent. The low irradiance beneath the
snow-covered quadrat prevented significant microalgal photo-
synthesis, set limits for determination of compensation inten-
sity, and served as a control for accumulation of the sea-ice
microbial community by physical processes including ice accre-
tion, ice nucleation and scavenging, and microbial adhesion to
ice crystal surfaces.

A bloom of microalgae was observed to begin during early
November in the sea ice beneath the snow-free quadrat, and
continued until mid-December, when ice ablation occurred. No
comparable bloom was observed in the sea ice beneath the
quadrat covered with 1 meter of snow. Maximum amounts of
chlorophyll a, carbon fixation, and bacterial production were
1-2 orders of magnitude greater in the snow-free quadrat than
the snow-covered quadrat (table 1). These results further sub-
stantiate our previous work, which suggested that light avail-
ability controls the growth and development of the sea-ice
microbial community in McMurdo Sound (Sullivan et al. 1983).

Microbial biomass and activity were low in the water column
beneath the sea ice until mid-December, when a Phaeocystis
bloom appeared, possibly advected into the region from further
north in the Ross Sea. Prior to the bloom, maximum amount of
chlorophyll a and carbon fixation were two orders of magnitude
lower, while bacterial production was virtually the same (table
2). During the early Phaeocystis sp. bloom, rates of carbon fixation
were greater than reported by Bunt (1964-a), while bacterial
production was comparable to that reported by Fuhrman and
Azam (1980). These results suggest that an integrated water
column of 10-1,000 meters contains the same amount of chlo-
rophyll a, carbon fixation, and bacterial production as con-
gelation ice and sub-ice platelets totaling 3 meters in thickness.
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Table 1. Maximum amounts of chlorophyll a, in situ carbon
fixation, and in situ bacterial production found in sea ice from a

light perturbation experiment.

Snow-free	1-meter
snow-covered

Table 2. Maximum amounts of chlorophyll a, in situ carbon
fixation, and in situ bacterial production found In the water
column (3 meters), below sea ice from a light perturbation
experiment, before and during a Phaeocystis sp. bloom.

Pre-bloom	Early bloom

Chlorophyll a	 Ca	29	 6
(in milligrams per
square meter)	 pb	20	 2

Total	 49	 8

Carbon fixation	 C	12	 ndc

(in milligrams of carbon per
square meter per hour)	P	10	 0.24

Total	 22	 ^0.24

Bacterial production	 C	2.11	0.06
(in 1010 cells per square
meter per day)	 P	0.16	0.06

Total	 2.17	0.12

a Congelation ice.
b Sub-ice platelet layer.

Not detected.

In contrast to the rich and diverse sea-ice microbiota, scuba
divers observed a relatively depauperate macrofauna associated
with the sea ice. Amphipods (tentatively identified as two
benthic species, Paramoira walkeri and Orchemenia plebs) were
present at densities of 5-10 per square meter in the sub-ice
platelet layer beneath both quadrats. Unidentified calanoid
copepods, at densities of 1,000 per cubic meter were isolated
from the microalgal bloom in the sub-ice platelet layer beneath
the snow-free quadrat. Motile epibenthic fauna associaed with
detached anchor ice were observed in the sea ice as Dayton,
Robilliard, and DeVries (1969) described. Fingerlings of the
nototheniid fish, Trematomus bernacchii, a benthic carnivorous
species, were observed swimming beneath the ice and
perched" on sub-ice platelets, which may serve as refugia from

predation. Numerous pteropods were present beneath the sea
ice before the Phaeocystis bloom, while during the bloom many
ctenophores and salps were also observed.

Experiments were performed with amphipods in the pres-
ence of microalgal slurries to test the effect of amphipods on the
growth of microalgae. The presence of P. walkeri was found to
decrease the amount of microalgae during incubation and mi-
croalgae were observed microscopically in its gut. Presence of
0. plebs enhanced the growth of the microalgae. These results
suggest that grazing on microalgae by P. walkeri may occur in
situ. Due to the low density of amphipods in our study area,
grazing probably had a minimal impact on the accumulation of
microalgae in the sea ice.

Our continuing research suggests that the sea-ice microbial
communities contribute significant primary and secondary
production to polar marine ecosystems by growth in sea ice at
temperatures close to - 1.81° C, despite optimal metabolism at
temperatures well above freezing. Large accumulations of mi-
croalgae result from growth with adequate nutrients and light,
and possibly low grazing pressure by macrofauna.

The authors thank Glen Smith and Greg Stanton of Florida
State University and John Wood of ITT Antarctic Services, Inc.

Chlorophyll a	 0.044	 5.260
(in milligrams
per cubic meter)

Carbon fixation	 0.006	 0.404
(in milligrams of carbon
per cubic meter per hour)

Bacterial production	 1.09	 1.12
(in 109 per cubic
meter per day)

for diving support. Brian Matter of ITT, is also commended for
drilling dive holes through sea ice and bulldozing snow on sea
ice to create the light perturbation experiment. Anna Palmisano
and Janice Beeler Soo Hoo assisted in the field. This research
was supported by National Science Foundation grant DPP
81-17237 to Sullivan.
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Photoadaptation in sea-ice microalgae
in McMurdo Sound

A. C. PALMISANO,

J. B. SooHoo, and
C. W. SULLIVAN

Allan Hancock Foundation and
Department of Biological Sciences
University of Southern California

Los Angeles, California 90089

Microalgae living in the bottom of annual sea ice in McMurdo
Sound, Antarctica are uniquely adapted to ambient low-light
conditions. Irradiance beneath annual sea ice is typically less
than 1 percent of surface downwelling irradiance; light is at-
tenuated when it passes through surface snow, 2 to 3 meters of
sea ice, and the algal layer. Despite irradiances often less than 15
microEinsteins per square meter per second, standing crops as
high as 300 milligrams of chlorophyll a per square meter have
been reported for sea-ice microalgae in McMurdo Sound (Pal-
misano and Sullivan 1983). Over two decades ago, Bunt (1964)
suggested that sea-ice microalgae are "shade" adapted; since
then, however, this problem has received little attention.

In the austral spring of 1983, we began a study of photoadap
tation in sea-ice microalgae. Our study site was offshore of Cape
Armitage where annual sea ice was 230 centimeters thick. Sam-
ples were collected from the bottom of hard congelation ice
using a SIPRE ice auger and from the unconsolidated ice-platelet
layer by scuba divers. The mean standing crop of sea-ice micro-
algae at our study site was 169 milligrams of chlorophyll a per
square meter. Carbon-to-nitrogen ratios averaged 7.5. Pha-
eopigments in Cape Armitage sea ice were low, with phaeopig-
ment-to-chiorophyll ratios consistently below 0.1.

We studied the relationship between photosynthesis and ir-
radiance over a range of 0-300 microEinsteins per square meter
per second. Photosynthetic rate was estimated by the uptake of
NaH 14CO3 at - 2°C, the ambient water temperature in
McMurdo Sound. We fit the data to the empirically derived
equations of Platt, Gallegos, and Harrison (1980) which describe
photosynthesis as a continuous function of light. A photo-
synthesis/irradiance curve for sea-ice microalgae from Cape
Armitage congelation ice collected on 1 December 1983 is
shown in the figure. A maximum photosynthetic rate (P max) of
0.06 milligrams of carbon per milligram of chlorophyll a per
hour was reached at 5 microEinsteins per square meter per
second. This P max is significantly lower than those for tempe-
rate phytoplankton whose P max rates usually range from 2-10

milligrams of carbon per milligram of chlorophyll a per hour
(Falkowski 1981). Photosynthesis was inhibited at irradiances
greater than 60 microEinsteins per square meter per second.
Our data demonstrate the extremely shade-adapted nature of
photosynthesis in ice microalgae.

We are currently using sea-ice microalgae as a model to study
the rate of photoadaptation to altered light fields. By manipulat-
ing light available to sea-ice algae using snow cover, we followed
shifts in photosynthetic parameters in algal cells exposed to
higher or lower irradiance. Moreover, shifts in in vivo absorp-
tion and fluorescence excitation spectra were evident in sea-ice
microalgae at reduced irradiances. These results may indicate
changes in photosystems or an increasing role of accessory
pigments in light harvesting and energy transfer (SooHoo et al.
in preparation). We also obtained evidence that the end prod-
ucts of photosynthesis vary considerably between congelation
and platelet ice communities.

We thank Ann Muscat, Jon Kastendiek, Lin Craft, and John
Wood for diving support and Steve Kottmeier and Glen Smith
for field assistance. This research was supported by National
Science Foundation grant DPP 83-04985.

Photosynthesis-irradiance relationship In sea-ice microalgae col-
lected from the bottom of congelation ice at Cape Armitage. ("MG C/
MG CHL A/HR" denotes milligrams of carbon per milligram of chlo-
rophyll a per hour; "pEIM2ISEC" denotes microEinsteins per
square meter per second.)
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Species-specific productivity in an ice-
edge phytoplankton bloom in the

Ross Sea

D. L. WILSON and W. 0. SMITH

Department of Botany
University of Tennessee

Knoxville, Tennessee 37996

Recent studies have shown the importance of phytoplankton
blooms in marginal ice zones (e.g., El-Sayed and Taguchi 1981),
yet little is known concerning the duration, extent, or control
mechanisms of such blooms. During January and February
1983, we conducted a study of the ice-edge phytoplankton
bloom in the Ross Sea. The purpose of this study was to deter-
mine the level and nature of phytoplankton production within
the bloom and to assess the relationship between the spatial and
temporal distribution of this production and the physical and
chemical characteristics of the water column. As part of this
project, grain-density autoradiography, coupled with quan-
titative cell counts, was used to determine the relative contribu-

tion of individual species to the overall production of the bloom.
This procedure allowed us to assess the productivity of each
species encountered so we could determine if epontic species
were physiologically active upon release into the water column.

Between 26 January and 2 February 1983, 36 hydrographic
stations were occupied along three transects situated perpen-
dicular to the receding ice edge (figure). Those stations closest
to shore (e.g., station 36) were in 100 percent ice cover while
those most seaward (e.g., stations 41-43) were in open water.
Two transects can be defined by stations at which species-
specific productivity was measured: transect 1: stations 2, 3, 4,
5, 11; and transect 2: stations 34, 35, 32, 29, 27. At each station
along these two transects water samples were collected from the
depths of 100-, 30-, and 5-percent light penetration and were
used to measure standing stock and relative abundance of spe-
cies present as well as for autoradiographic analysis. Auto-
radiography was completed using the methods of Paerl and
Goldman (1972). Routine primary productivity was measured
from water samples collected at seven depths at each of the
hydrographic stations.

The study area was characterized by elevated levels of pri-
mary production and phytoplankton biomass which extended
some 250 kilometers seaward of the ice edge. The mean surface
and integrated euphotic productivity within the study area
were 2.39 ± 1.12 milligrams of carbon per cubic meter per hour
and 936.5 ± 497.1 milligrams of carbon per square meter per

Study area. Stations represented by squares indicate stations at which autoradiography was performed.
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day, respectively. The highest integrated productivity (22.53
milligrams of carbon per square meter per day) was observed at
station 18. Smith and Nelson (in preparation) provide a more
detailed description of the spatial distribution of biogenic mate-
rial within the study area and its relationship to the hydro-
graphic characteristics of the water column.

Quantitative cell counts revealed that the bloom was domi-
nated primarily by a single species, Nitzschia curta (section Frag-
ilariopsis) with Nitzschia clostrium being the second most com-
mon species. Total cell counts were 9.52 X 10, 9.15 x 10, and
9.22 x 109 cells per cubic meter at the 100-, 30-, and 5-percent
light depths, respectively. N. curta accounted for 63.13 ± 5.44
percent, 67.50 ± 7.88 percent, and 78.16 ± 12.98 percent of the
standing stock at the same depths, respectively, and did not
show a high degree of variability between the two transects. In
contrast, N. closterium accounted for 16.04 ± 10.95 percent,
19.55 ± 11.28 percent, and 5.89 ± 4.41 percent at depths
sampled along transect 1 and less than 5 percent of the standing
stock along transect 2.

Autoradiographic analysis of the relative activity of each spe-
cies coupled with relative abundance data allowed the calcula-
tion of relative or "species-specific" productivity. N. curta ac-
counted for 86.6 ± 12.40 percent of the total productivity at the
surface, 87.23 ± 10.74 percent at the 30 percent light depth, and
93.58 ± 7.03 percent at the 5 percent light depth. In contrast, N.

closterium accounted for 17.55 ± 13.88 percent of the productivi-
ty at the surface, 17.43 ± 12.27 percent at 30 percent light depth
and 4.77 ± 7.53 percent at the 5 percent light depth at stations
along transect 1 but less than 2.0 percent of the productivity
along transect 2.

Much attention is currently being focused on ice-edge phy-
toplankton blooms and their causative mechanisms. Several
processes have been hypothesized as being important to the
initiation and development of these blooms. These include:
wind dampening effects of ice, meltwater-induced vertical sta-
bility, and seeding of surface waters by epontic-algae. Smith and
Nelson (in preparation) have demonstrated that meltwater in-
put was important to the development of a vertically stable
regime favorable for phytoplankton growth. In addition, since
both N. curta and N. closterium are known to be significant
components of the ice-algal communities in the Ross Sea and
since we observed these species in ice samples obtained near
our study area, the autoradiographic data provide indirect evi-
dence that melting pack ice released viable cells into the ice-
edge waters, and we suggest that this process was of critical
importance in the development of the observed bloom.

We wish to thank David Nelson, P. Whaling, J. Elser, S.
Moore, C. Weimer, M. Carbonell, and the captain and crew of
the USCGC Glacier for their assistance in this study. This work
was sponsored by National Science Foundation grant DPP

81-19572.
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Phytoplankton studies of the Scotia
Ridge

C. D. HEWES

Polar Research Program, A-002
Scripps Institution of Oceanography
University of California at San Diego

La Jolla, California 92093

This study was carried out during the Protea Expedition on
board RJ1V Melville between 20 February and 31 March 1984.
Regions proximal to four island groups (South Georgia, South
Orkney, Elephant Island, and King George Island) were investi-
gated with respect to surface concentrations of nanoplankton
(less than 10 micrometers in diameter) and microplankton
(greater than 10 micrometers in diameter) chlorophyll, ade-
nosine triphosphate, particulate organic carbon, and auto-
trophic and heterotyrophic microbial eucaryotes (via micro-
scopical analysis). These samples were taken during transects
which were between deep oceanic and shallow shelf waters
north of the Scotia Ridge. In addition to the samples taken along
the Scotia Ridge, four samples were obtained during the trans-
ect up the Bransfield Strait.

A relationship was found between the percentage of surface
nanoplankton chlorophyll concentration and depth of the
ocean bottom for the South Orkney Islands. The data indicate
that near this island group, surface phytoplankton stocks con-
tained more than 50 percent microplankton cells in oceanic
regions which were less than approximately 2,000 meters in
depth (figure, part A). This trend, however, was not found for
the other island groups which were transected.

Several recent studies have indicated that krill are much more
efficient grazers of microplankton-sized particulates than they
are of nanoplankton (Boyd 1982; McClatchie and Boyd 1983;
Meyer and El-Sayed 1983; Quetin and Ross in press). It is ex-
pected that krill graze down microplankton stocks (Hardy and
Gunther 1935; Marr 1962), but nanoplankton biomass should be
much less affected. Therefore, because krill are thought to be
the dominate herbivore around the Antarctic Peninsula, the
percentage of nanoplankton biomass in specific localities may
reflect the extent of predation by krill.

Macaulay, Daly, and Mathisen (Antarctic Journal, this issue),
with an acoustical array, continuously monitored net zoo-
plankton density. They found that krill population density var-
ied greatly between the islands studied (e.g., Elephant Island
was higher than King George Island, both were much higher
than South Georgia Island, and all, in turn, were much higher
than the South Orkney Islands). With respect to their findings,
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a trend between the ratio of nanoplankton chlorophyll to total
chlorophyll concentrations with respect to the depth of the
water column and krill population density can be described
(figure).

Data from close to the South Orkney Islands, which showed
an inverse relationship between surface microplankton chlo-
rophyll and bottom depth, also contained the lowest krill bio-
mass. At Elephant and King George Island (highest krill abun-
dance), the shallow waters were found to contain a much lower
proportion of microplankton chlorophyll, and the transition in
the size spectrum for the phytoplankton with respect to bottom
depth was not obvious (figure, part B). South Georgia Island
and the Bransfjeld Strait (intermediate krill concentrations)
showed characteristics common to both the South Orkney Is-
land transect and the King George/Elephant Islands transects
(figure, part C). The chlorophyll samples taken in these regions
at stations having krill "patches" (open symbols in figure, part
C) indicated that a transition of dominance in the phy-
toplankton particle size distribution could result (figure, part
C). These data thus indicate that both the depth and stability of
the water column and grazing activities of krill define the condi -
tions under which microplankton stocks are able to develop.

The crew of the R/V Melville is sincerely thanked for their
cooperation during the expedition, and much appreciation goes
to M. Macaulay for his personal input concerning acoustical
surveys. The Polar Research Program at Scripps Institution of
Oceanography is gratefully acknowledged for donating all the
equipment and supplies to carry out this research, while the
Division of Polar Programs supplied round trip transportation
to the Southern Hemisphere. C.D. Hewes was the sole partici-
pant on this project.
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Spatial variability of phytoplankton
biomass in the Indian sector of the

southern ocean

L. H. WEBER and
S. Z. EL-SAYED

Department of Oceanography
Texas A&M University

College Station, Texas 77843

Data collected during the 1981 S/A Aguihas cruise (El-Sayed
and Hampton 1981) in the southern oceans region south of
Africa (15-30°E 62-69°S) have been analyzed using multivariate
and spectral analysis techniques. Interrelationships between
phytoplankton and krill, in the context of the physico-chemical
environment, are expressed as (1) correlations between krill
density-aggregations and phytoplankton biomass, (2) shifts in
the size distribution of the phytoplankton prey community, and
(3) spatial patterns of predator and prey biomass distribution
(Weber and El-Sayed 1984; Weber and El-Sayed in press; Weber
in preparation).

Niskin bottle water samples collected from seven depths
within the euphotic zone at each of 21 daytime stations were
analyzed for physical (temperature, sigma-t), chemical (salinity,
nitrate, phosphate, silicate, dissolved oxygen), and biological
(chlorophyll a, phaeopigments, adenylates, energy charge, pri-
mary productivity) characteristics. These data were coupled
with acoustically derived estimates of krill biomass and swarm
characteristics within a 10-kilometer radius of each station
(mean krill density integrated from near surface to a depth of
100 meters, number of swarms, mean radius of swarms, max-
imum biomass of an individual swarm) and subjected to simple
correlation, multiple regression, and canonical correlation ana-
lyses. Although mean integrated krill density was negatively
correlated with chlorophyll concentration, there was a positive
correlation between chlorophyll and the size and biomass of
individual swarms. Stations with relatively high concentrations
of krill had more phaeopigments relative to chlorophyll in the
greater than 20 micrometer phytoplankton size fraction. If the
chlorophylllphaeopigment ratio is taken as an index of grazing,
this suggests that krill were selectively feeding on larger cells.

Continuous horizontal profiles of temperature, surface in vivo
fluorescence, and integrated krill density were subsampled at
2-, 1-, and 1-kilometer intervals respectively, for 12 daytime
transects within the study area. The mean power spectra (vari-
ability as a function of inverse wavelength) for these three
parameters are shown in the figure. The general similarity
between the variance spectra of temperature and fluorescence
suggests that the phytoplankton variability was determined to a
large extent by physical mixing processes over horizontal scales
of 5-20 kilometers (Platt and Denman 1980). However, the
steeper slope of the fluorescence spectrum suggests input of
variance by nonlinear interactions, such as the predator-prey
relationship described in the Lotka-Volterra system of equations
(Steele and Henderson 1979). A flattening of the spectrum at
higher frequencies indicates that finer sampling resolution will
be required to characterize completely the variability of in vivo
fluorescence. As evidenced by a nearly horizontal variance
spectrum, heterogeneity in krill abundance occurred over all

length scales resolved (roughly 2-20 kilometers). Spectra for the
individual daytime profiles of krill had a consistent variance
peak at a scale of 2-5 kilometers, suggesting that aggregations
are characteristically separated by such a distance. Cross-spec-
tral analysis revealed that the horizontal daytime profiles of krill
and phytoplankton displayed consistent positive coherence at
the scale of 2-5 kilometers.

We are indebted to Ian Hampton, Denzil Miller, John Henry,
and their associates at the South African Sea Fisheries Research
Institute. They not only extended the invitation for us to partici-
pate in the s/A Aguihas cruise but also have freely shared their
krill and hydrographic data. This research was supported, in
part, by National Science Foundation grant DPP 81-11107.
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Cycles/Km

Mean, normalized power spectra for temperature, in vivo fluores-
cence, and krill biomass for 12 daytime transects from the 1981 S/A
Agulhas cruise. Estimates at 0.0 frequency have been assigned
arbitrarily to a frequency of 0.01 for plotting on a log scale. ("Temp."
denotes temperature; "Fluoro." denotes fluorescence; "Km" de-
notes kilometer.)
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Net sampling of the zooplanklon and
krill in and around Elephant Island

J. H. WORMUTH

Department of Oceanography
Texas A&M University

College Station, Texas 77843

I spent several weeks (from 19 March to 1 April 1984) doing
acoustic survey work in all the areas suspected of having krill
swarms, mostly around Elephant Island and islands along the
north side of the Bransfield Strait. I found no large swarms were
found; in fact, I found few krill. Salps appeared to be the
dominant organism. I established a major station just north of
Elephant Island (60058iS 55°6.0'W). In this area 31 multiple
opening/closing net and environmental sensing system (Moc-
NESS) tows were taken. The last two tows were for special
studies. Most tows were to an 80-meter depth so that they
would be comparable to the water column samples from this
area taken in 1981. Several tows went as deep as 250-350
meters. The samples from all tows were documented pho-
tographically, and some tows were examined using silhouette
photography. Both procedures were done on an experimental
basis.

A subjective review of the photographs of each tow leads me
to a few generalizations:
• During the day salps were usually found from 30 to 80 meters

(see figure 1).
• At night salps were usually found from 0 to 80 meters sug-

gesting a diel migration of some 30 meters (see figure 2).
• Copepods were in much lower concentrations in this area

than in 1981.
• Adult krill were spotty in their occurrence and low in abun-

dance overall.
• Larval krill were quite rare or absent in all tows.

Tow MOC1-89 was made during the day to test the effect of
net speed on net angle. This was done to see whether the
coarser mesh nets and added weight would allow faster towing
for a given net angle thereby making it harder for the krill to
avoid the net. A depth of about 50 meters was chosen to max-
imize the probability of encountering a patch of krill during the
test. Net speed was calculated from a flowmeter mounted di-
rectly in front of the net. Our net speed ranged from 2.75-3.95
knots. In the past maximum angles sometimes ranged from
55-60° during a tow at speeds of 3 knots. This reduces the
mouth area from 1 meter at 45° to 0.7 meter at 60°. A comparable
tow with the finer mesh (333 micrometers) and a single weight
has not been done so an unqualified comparison is not possible.
It appears, however, that the new configuration allows towing
about 1 knot faster for a given net angle.

A final tow, MOC1-90, was a day-time tow to explore the
usefulness of acoustics attached to the MOCNESS frame. It was
necessary to tie wrap coaxial cable to the conducting cable so
deployment took almost 1 hour. The net was lowered to about
100 meters at steerage speed and then speed was increased to
bring the net up to about a 70-meter depth. Unfortunately no
swarms were encountered during the tow, but I did note the
approach of targets to the net. With the addition of a transducer
looking across the net as well as one looking up or down, targets
could be tracked into the net. The forward-looking transducer
used needs input from other directions to have the correct
geometry for recording certain capture, but this preliminary
test was very promising.

This work was supported by National Science Foundation
grant DPP 82-18890. Other investigators on this study were M.
Macaulay, E. Shulenberger, E. Lange, V. Loeb, and H. Sleeper.

Figure 1. A day-time tow near Elephant island. Samples represent
10-meter intervals starting from 0-10 meters (left) to 70-80 meters
(right).

Figure 2. A night-time tow at the same station. Samples are in the
same order as above, but the two jars on the right are from 70-80
meters.
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Development, swimming, and feeding
of early stages of krill

H. P. MARSCHALL

Alfred- Wegener-Institut
für Polarforschung

Bremerhaven, Federal Republic of Germany

During austral summer, January to March 1984, I conducted
studies of early development stages of krill including swim-
ming and feeding behaviors. I did my research at Palmer Station
and on three cruises with RIv Hero.

Gravid females, captured in the Gerlache Strait area, were
incubated in the laboratory at Palmer Station in 3-liter jars to
obtain eggs and to raise larval krill.

Fertilization of eggs seemed to take place shortly before or
during spawning. The fertilization rate was always high. Sperm
were usually attached to eggs; free floating sperm were not
observed. During incubation, some gravid females moulted.
One to two days after moulting, they released fertilized eggs,
which developed normally. When observed immediately after
spawning, usually a single sperm was attached to the egg (fig-
ure 1). Egg and sperm were covered by a gelatinous layer, which
was clearly visible only when using phase-contrast microscopy.
Perivitelline space developed within 1-2 hours. One polar body
developed within this space, in the subsequent division plane
(figure 2). During development to the first calyptopis, I pre-
served a series of specimens for light- and electron-
microscopical studies to follow the formation of internal organs.
From first calyptopis stage onward, I fed larvae with various
diatom cultures. I observed cannibalism on several occasions.
Larvae spawned at the beginning of February, reached second
furcilia stage by the time heft Palmer Station at the end of March
when the temperature was (4.5 ± 0.5°C). For further studies, I
brought larvae to the Alfred-Wegener-Institut in Bremerhaven;
some 50 of them are still alive at this time (end of October 1984).
They are presently 9 months old and have reached a total length
(interior margin of the eye to the posterior tip of the felson) of 20
to 25 millimeters.

Using data on sinking rates of eggs and timing of develop-
ment, Marschall and Hirche (1984) and Quetin and Ross (1984)
predict that the majority of nauplii may hatch at a depth of 1,000
to 1,200 meters and 800 meters, respectively. This depth is
considerably less than the 2,500 meters suggested by Marr
(1962). Nevertheless, even a "developmental ascent" of about
1,000 meters from the depth of hatching to the surface layer
where calyptopis aggregate for feeding means a great effort for
the small larvae.

Therefore in my studies, I emphasized swimming behavior
and swimming and sinking rates from nauplius to meta-
nauplius. I continued these studies on all developmental stages
until second furcilia inclusively. All experiments were per-
formed with laboratory-reared specimens. Larvae were filmed
in glass jars using a 16 millimeter movie camera (64 frames per
second) or a video system (25 frames per second).

Nauplii and metanauplii showed relatively uniform swim-
ming behavior. For short intervals, they swam straight upward
by flapping their appendages even when I changed the position
of the light source. Then they stopped flapping and hence
started to sink.

1
Figure 1. Egg of Euphausia superba few minutes after spawning.
Intrusion of the sperm. (400 x.)

2
Figure 2. Egg of Euphausia superba 1.5 hours after spawning (still
one-cell stage). Showing (from outside the egg to the inside) gela-
tionous layer, sperm, chorion, perivitelline space, and polar body.
(400x.)

During ontogenetic migration it would be energetically ad-
vantageous for larvae to swim straight upward. Nauplii show
three, metanauplii two swimming appendages which are inser-
ted in the anterior parts of their bodies well in front of the center
of weight. Thus, merely by beating the appendages equally on
both sides, they should swim straight upward.

Experiments revealed that nauplii, which had become buoy-
ant due to air-bubbles attached to their abdomen, showed an
inverted swimming behavior: upside down, they swam straight
downward and floated upward when they stopped swimming.
I observed no efforts to change swimming direction.

So far, only a few of the video tapes have been analyzed.
Swimming speed measured over distances of 1-4 centimeters
ranged in nauplii between 0.4 and 1.0 centimeters per second
and in metanauplii between 0.6 and 1.1 centimeters per second.
Single-frame analysis (25 frames per second) revealed that
swimming speed varied considerably as a result of the syn-
chronous flapping of appendages. Maximum swimming ve-
locities during the propulsion stroke were 1.4 and 2.4 cen-
timeters per second for nauplius and metanauplius stages,
respectively. They nearly stopped when they had retracted
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their appendages in the recovery stroke. Reaching meta-
nauplius stage the same specimens swam more frequently and
over longer distances than before. From video recordings, I
measured sinking rates of nauplii and metanauplii during the
phase of no flapping. Nauplii (with three swimming appen-
dages) sank with 0.07-0.15-centimeters-per-second rate, and
metanauplii (with two swimming appendages) sank with
0.22-0.25-centimeter-per-second rate, hence far more slowly
than they swim upward.

When first calyptopis stage was reached, swimming behavior
changed. From this stage on the larvae frequently swam in
different directions. Swimming speed of first calyptopis varied
between 0.4 and 0.8 centimeters per second and between 0.4
and 1.0 centimeters per second in first furcilia stage. Experi-
ments with different light levels showed that from first calyp-
topis onward the larvae seemed to avoid higher light intensities.

To measure sinking rates of these stages, I anaesthetized
larvae with nitrogen-saturated seawater. The drag of their ap-
pendages caused them to turn on their backs and they sank with
their long axis in an almost horizontal position. Sinking rates for
first calyptopis were 0.16-0.26 centimeters per second and
0.40-0.61 centimeters per second for first furcilia.

Using a 16 millimeter movie camera and a video system, I also
recorded movements of feeding and swimming appendages as
well as the water currents they produced. Because the early
larvae are so small, an inverted microscope was used to gain
higher magnification and proper illumination. To obtain film

sequences over longer periods, the larvae were glued to hairs
using cyanoacrylat.

The results of these studies and an investigation of the mor-
phology of feeding appendages (Marschall in press) should
lead to an understanding of the functional morphology of the
feeding appendages of krill larvae.

I thank the National Science Foundation for the opportunity
to work at Palmer Station and R.Y. George for preparing my
stay. The support personnel at Palmer Station, the crew of the
iIv Hero and Captain Lenie contributed outstanding help. I am
also grateful to L. Quetin and W. Hamner and their field parties
for their assistance during my time at Palmer Station.
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Analysis of data on the feeding
biology of antarctic sea stars and

brittle stars

J. H. DEARBORN and K. C. EDWARDS

Department of Zoology
University of Maine
Orono, Maine 04469

During the period August 1983 to June 1984, we completed
analyses at the University of Maine at Orono of the diets of 11
species of sea stars and 9 species of brittle stars obtained be-
tween 1981 and 1983 around the South Shetland Islands and
along the Antarctic Peninsula. The field work which provided
material for these studies was conducted aboard the R/v Hero
and has been described in prior reports (Dearborn, Edwards,
and Pratt 1981; Dearborn et al. 1982; Dearborn et al. 1983).

To date we have (1) identified the stomach contents from a
total of 7,315 individual specimens of asterozoan echinoderms,
(2) entered these data into computer files and completed appro-
priate statistical analyses, (3) prepared and examined by scan-
ning electron microscopy tissue samples from 18 species of
echinoderms, and (4) completed examination of a large number

of photographs of the sea floor and of living specimens feeding
in the laboratory at Palmer Station. All of these activities were
part of our continuing long-term goals of investigating the
diets, feeding behavior, and functional anatomy of feeding
structures of antarctic sea stars and brittle stars. Formal support
for this project terminated on 30 June 1984 but our activities
have continued with the preparation of manuscripts dealing
with individual species (e.g., Fratt and Dearborn in press, for
the brittle star Ophionotus victoriae).

Antarctic asterozoan echinoderms exhibit a wide variety of
dietary patterns and feeding behaviors. Some species such as
members of the genus Acodontaster which feeds on sponges and
Granaster nutrix which feeds primarily on small gastropods have
diets restricted to few prey items. In contrast, opportunistic
animals like Ophionotus victoriae and Labidiaster annulatus have
catholic food habits and may interact with 50 or more prey
species. Some of these echinoderms obtain their food primarily
from the water column as in the case of the large euryalid
ophiuroid Astrotoma agassizii which eats copepods and other
small planktonic crustaceans. Some echinoderms have signifi-
cant amounts of krill in their diets. Food of the large, multi-
armed sea star Labidiaster annulatus consists of up to 80 percent
by volume of krill at some locations. At least six other asterozoan
species have diets which include 40 percent or more by volume
of krill. Clearly the interactions between asterozoans and their
prey are complex and foods are obtained from both the sea floor
and the water column above.
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We are grateful to a number of taxonomists for aid in the
identification of prey organisms. Most recently these include
James A. Blake, Battelle New England Marine Research Labora-
tory (Polychaeta), Frank D. Ferrari, Smithsonian
Oceanographic Sorting Center (Copepoda), Joseph Rosewater,
U.S. National Museum of Natural History (Mollusca), Les E.
Watling, University of Maine at Orono (various crustaceans),
and Judith E. Winston, American Museum of Natural History
(Bryozoa). We thank David B. Fratt, Gordon F Hendler, and
William E. Zamer for technical assistance and continued collab-
orative efforts.

This work was supported by National Science Foundation
grant DPP 79-21537.
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Lipid composition of antarctic
midwater invertebrates
S. B. REINHARDT and E. S. VAN VLEET

University of South Florida
Department of Marine Science
St. Petersburg, Florida 33701

Total lipid, hydrocarbon, wax ester, triacylglycerol, and phos-
pholipid contents were determined by gas-liquid chromatogra-
phy and combined gas chromatography/mass spectrometry for
16 major macrozooplankton biomass species of a midwater
community in the East Wind Drift system. Samples for this
study were collected by T.L. Hopkins and B.H. Robison during
March and April of 1983 in basins (depths of 800-1,200 meters)
of the Croker Passage off the Antarctic Peninsula (figure) using
a discrete depth Tucker trawl. Principal biomass species in-
cluded: Euphausia superba, Salpa thompsoni, Metridia gerlachei,
Calanoides acutus, and Euchaeta antarctica. Before this study, the
lipid composition of a comprehensive sample of an antarctic
midwater community had not been analyzed.

Total extractable lipid content, expressed as percent of dry
weight, ranged from 0.5 percent in the coelenterate Diphyes
antarctica to 59.7 percent in the euphausiid Thysanoessa macrura
(table 1). Species with high lipid levels (greater than 40 percent)
included: the amphipod Eurythenes gryllus; the copepod Cal-
anoides acutus; and the euphausiid Thysanoessa macrura. These
organisms were caught at depths greater than 230 meters. In
general, total lipid levels in this study were similar to values
reported for more temperate species. Antarctomysis ohlinii (16.8
percent) did not have a significantly higher lipid content than
the 9-13 percent reported for temperate and subtropical mysids
(Linford 1965; Morris and Hopkins 1983). Lipid levels in the
antarctic chaetognath Sagitta gazellae (17.4 percent) were similar
to the 19 percent found in the bipolar species Eukrohnia hamata
by Lee in 1975, and less than the 30 percent measured in tempe-
rate species (Blumer, Mullin, and Thomas 1964). Lipid levels in
antarctic copepods Calanoides acutus (45 percent) and Metridia
gerlachei (21.4 percent) were lower than the 50-64 percent de-
tected in arctic copepods (Lee 1975), but within the 12-47 per-

cent range found in temperate and subtropical species (Sargent
and Lee 1975; Lee, Nevenzel, and Paffenhofer 1971). The 59.7
percent lipid in Thysanoessa macrura, however, exceeded the
23-40 percent range found for the temperate species T raschii

(Sargent and Lee 1975).
Hydrocarbons generally comprised less than 1 percent of the

total lipids in all species studied. Two types were analyzed:
aliphatic hydrocarbons and polycyclic aromatic hydrocarbons
(PAH's). No PAH compounds were detected in any of the organ-
isms analyzed in this study. These compounds may be trans-
ported too quickly to the sea floor to allow incorporation into
the mesopelagic food web.

Aliphatic hydrocarbons, measurable in all samples, ranged
from less than 0.01 percent of the total lipids in several samples
to 4 percent in Calanoides acutus. The ratio of odd carbon chain-
length (0) alkane abundances to even chain-length (E) abun-
dances was calculated. Seventy-four percent of the antarctic
invertebrates studied had o/E values less than one, indicating a
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Triglycerides
(expressed as
percentage of

total lipids)

71.3
68.8
60.9
45.8
57.6

14.5
19.4
<BL

17.2

28.4

22.2
27.1

55.2

56.0

Phospholipids
(expressed as
percentage of

total lipids)

17.3
11.5
16.6
21.3
33.5

17.1
28.7

69.4

68.8

30.1
56.1

42.4

23.3

Table 1. Lipids of antarctic invertebrate zooplankton and micronekton from the Croker Passage

Sample

Amphipoda
Cyphocaris richardi	 20.5
Eurythenes gryllus	 55.2
Eusirus (perdentatus?)	 21.5
Parandania boecki	 19.4
Parathemisto gaudichaudi	 18.5

Copepoda
Calanoides acutus	 45.0
Metridia gerlachei	 21.4
Rhincalanus gigas	 8.1

Polychaeta
Tomopteris carpenteri	 8.4

Chaetognatha
Sagitta gazellae	 17.4

Coelenterata
Atolla wyvillei	 1.1
Diphyes antarctica	 0.5

Tunicata
Salpa thompsoni	 24.3

Mysidaceae
Antarctomysis ohlinii	 16.8

Euphausiacea
Euphausia superba H82	 6.4
Euphausia superba H83	 25.6
Euphausia superba 4.0-4.6 centimeters	28.4
Euphausia superba 34-3.6 centimeters	23.8
Thysanoessa macrura	 59.7

Other
Mixed plankton	 41.7

Less than blank.
b Not detected.

predominance of even chain-length alkanes (table 2). Hydrocar-
bons isolated from the vast majority of marine organisms are
primarily odd chain-length alkanes. In an earlier study (P.M.
Williams unpublished data), even carbon-chain hydrocarbons
predominated in the lipids of Euphausia crystallorophias,
Pleuragramma antarcticum, and Dissostychus mawsoni from
McMurdo Sound. In the present study, all five euphausiid sam-
ples had OlE values less than one. The mysid Antarctomysis
ohlinii, both coelenterate species, the chaetognath Sagitta
gazellae, the polychaete Tomopteris carpenteri, two of the three
copepod species, and four of the five amphipod species studied
also had an even carbon-chain alkane predominance.

Lipid composition was used to identify food web interac-
tions. Total lipid content, total hydrocarbon levels, and pristane
content provided the best information. For example, all samples
from depths greater than 900 meters had high lipid levels,
except Parandania boecki (19.4 percent), suggesting that this am-
phipod occupied an ecological niche different from other deep-
dwelling species. Concurrent gut content analyses showed that
P. boecki fed on coelenterates (Atolla and Periphylla) which were
very low in lipids, possibly accounting for the low lipid content
of this amphipod. High total hydrocarbon concentrations sug-

	

0.8	 47.2	 40.9	 11.1

	

<0.1	 7.4	 63.7	 28.9

	

<0.1	 3.4	 60.8	 35.8

	

<0.1	 20.5	 53.1	 26.4

	

0.7	 50.1	 11.7	 37.5

	

0.1	 60.2	 23.0	 16.7

gested a predator-prey relationship between Thysanoessa mac-
rura and Calanoides acutus. High pristane contents in both spe-
cies allowed prediction of predator-prey relationships for T.
macruralC. acutus and for Eurythenes gryllus/Atolla wyvillei.
These feeding relationships were confirmed by gut content
analyses.

This work was supported by National Science Foundation
grant DPP 80-23961.
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Total lipid	Hydrocarbons	Wax esters
(expressed as	(expressed as	(expressed as
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dry weight)	total lipids)
	

total lipids)
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Sample

Table 2. Hydrocarbons of antarctic mesopelagic Invertebrates

Branched	Saturated	Monounsaturated Saturated-to-hydrocarbons	hydrocarbons	hydrocarbons	 Odd-to-evenunsaturated(expressed as	(expressed as	(expressed as	 ratio ofratio ofa percentage of	a percentage of	a percentage of	 hydrocarbonshydrocarbonstotal hydrocarbons)	total hydrocarbons)	total hydrocarbons)

Amphipoda
Cyphocaris richardi	 65.2
Eurythenes gryllus	 67.9
Eusirus (perdentatus?)	 4.2
Parandania boecki	 69.1
Parathemisto gaudichaudi	 _a

Copepoda
Calanoides acutus	 73.2
Metridia gerlachei	 -
Rhincalanus gigas	 -

Polychaeta
Tomopteris carpenteri	 1.7

Chaetognatha
Sagitta gazellae	 3.5

Coelenterata
Atolla wyvillei	 50.4
Diphyes antarctica	 0.0

Tunicata
Salpa thompsoni	 8.8

Mysidaceae
Antarctomysis ohlinii	 29.1

Euphausiacea
Euphausia superba H82	 <0.1
Euphausia superba H83	 60.1
Euphausia superba 4.0-4.6 centimeters	2.0
Euphausia superba 3.4-3.6 centimeters	0.0
Thysanoessa macrura	 61.8

a Not detected.
I No unsaturated hydrocarbons detected (division by zero).

Morris, M.J., and T.L. Hopkins. 1983. Biochemical composition of crust-
acean zooplankton from the Eastern Gulf of Mexico. Journal of Experi-
mental Marine Biology and Ecology, 69, 1-19.

	

1.2
	

1.4
	

0.9	 0.3

	

2.6
	

1.9
	

1.3	 0.1

	

8.6
	

69.4
	

0.1	 1.0

	

7.2
	

2.1
	

3.5	 1.0

	

1.1	 0.3

	

<0.1
	

0.7
	

0.1	 1.5

	

0.4	 0.1
0.4

	

15.9
	

0.5
	

34.9	 0.7

	

29.4
	

6.3
	

4.7	 0.1

	

13.8
	

2.4
	

5.8	 0.3

	

17.8
	

0.6
	

27.7	 0.4

	

62.3
	

16.2
	

3.9	 1.8

	

7.4
	

23.1
	

0.3	 3.6

	

10.2
	

0.2
	

67.7	 0.8

	

28.7
	

2.2
	

12.9	 0.6

	

18.0
	

2.0
	

9.0	 0.1

	

14.9
	

3.3
	

4.5	 0.1

	

0.3
	

4.4
	

0.1	 0.6

Sargeant, J. 	and RE Lee. 1975. Biosynthesis of lipids in zooplankton
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Acoustic assessment of the
distribution and abundance of

micronekton and nekton in the Scotia
Sea, March 1984

M. C. MACAULAY, K. L. DALY,
and

0. A. MATHISEN

College of Ocean and Fisheries Science
University of Washington

Seattle, Washington 98105

1984 REVIEW

We used hydroacoustic methods to survey and assess the
abundance and distribution of micronekton and nekton in the
Scotia Sea. We made real-time observations to detect regions
of biological interest and to coordinate net catches (Brinton,
Antarctic Journal, this issue; Wormuth et al., Antarctic Journal,
this issue). We used three frequencies to provide the basis for
discriminating between sizes and identities of many target or-
ganisms. The analyzed acoustic data will be used to provide net-
independent estimates of abundance and to estimate net avoid-
ance, particularly by larger krill. These observations will be
used to relate the abundance and distribution of target organ-
isms to the physical, chemical, and biological observations of
the other projects aboard RJv Melville.

We made acoustic observations in open water aboard the R/V
Melville, both underway and at fixed stations. Sampling aboard
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Figure 1. Echogram from downward-directed 50 kilohertz frequency showing net position and two patches (A and B) observed approaching
MOCNESS net.
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Figure 2. Echogram from downward-directed 200 kilohertz frequency showing net position and two patches (A and B) observed approaching
MOCNESS net.

the Melville began on 4 March 1984 near South Georgia Island
54031.5'S 35036. 1'W and continued until 25 March 1984 near
Elephant Island.

We used three downward-looking frequencies (50 kilohertz,
120 kilohertz, and 200 kilohertz) and one sideward-looking
frequency (105 kilohertz) aboard the Melville. The transducers
were mounted in a 4-foot V-fin (Endeco) depressor and towed
behind the ship. Echos from the face of the transducer to a
depth or range of 400-700 meters were stored as envelope-
detected voltage in frequency-modulated form on an instru-
ment recorder. Some information (e.g., bottom depth) is avail-

able on these signals to a maximum depth of 1,000 meters (50
kilohertz). We recorded data from each frequency on separate
channels, and in addition, we recorded a bottom detection
signal, synchronizing (transmit) signal and time of day (in hour-
minute-second plus day number) on the tape.

For our detailed analysis of the acoustic data, we are using the
methods recommended in BIOMASS Handbook 7 (SCAR 1981)
and Johannesson and Mitson (1983). Echo-integration analysis
will produce estimates of biomass (where acoustic targets can be
identified) or mean-volume-backscattering-strength (where un-
certain or unknown targets are present). The estimates will be
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by 1-meter depth strata down to 400 meters or bottom, which-
ever occurs first.

Acoustic observations made in open water indicated very few
occurrences of krill in patches (as compared to our observations
in 1981). Other investigators on the Melville confirmed the
acoustic observations; their net catches did not contain large
concentrations of krill. This is not to imply that patches were not
observed but that their size and frequency was much less than
that enumerated from a similar cruise in 1981 (Macaulay 1981).
South Georgia Island and South Orkney Island had some
patches of krill with the most numerous observations occurring
near Elephant Island and north of King George Island; the
quantities in these areas were similar to the post-superswarm
quantities of 1981. In contrast to conditions we observed in
1981, patches of krill were most sparse in Bransfield Strait. We
spoke with Chilean scientists working in Bransfield Strait and
they indicated that they, too, believed krill were less abundant
than in previous years. The British Antarctic Survey team work-
ing around South Georgia indicated that only 1/3Q of the biomass
of krill was present this year. A very rough estimate of biomass
from the data collected by this project would be that 1983 bio-
mass is 25-40 percent of that observed in the same area in 1981.
We also observed very few trawlers harvesting the krill this year
in the area surveyed in contrast to the many we saw in 1981.

The concentration of saips was large this year. Preliminary
analysis of the acoustic data collected aboard Melville indicates
that the 200 kilohertz system was very effective in detecting the
presence of saips down to 400 meters. Saips were less visible on
the 120 kilohertz system and not visible on the 50 kilohertz
system, indicating a strong frequency dependency of scattering
from these targets. This pattern was distinct from that associ-
ated with krill. Saips were detected acoustically across the Scotia
Sea from South Georgia to the end of the survey. From South
Georgia to the South Orkney Islands, they were observed to be
a nearly continuous scattering layer varying in thickness be-
tween 45-60 meters to as deep as 100 meters. This was similar,
though deeper, than the saip layer observed in the same area in
December 1983.

The experimental redeployment of the 105 kilohertz system
as a forward-looking acoustic system on the MOCNESS net gave
very promising indications of being able to determine if a net:
(1) is sampling a given population, (2) has more than one type of
target presented to it, and (3) is experiencing avoidance. Future
experiments are planned to use an additional system to observe
the passage of zooplankton and micronekton into the net as
well as approaching it. Three echograms are included (figures
1-3) which show the approach of targets to the net as observed
from the downward-pointing systems on the towed fin (figure
1, 50 kilohertz; figure 2, 200 kilohertz) and the corresponding
traces made with the forward-pointing system on the net (fig-
ure 3, 105 kilohertz). One patch of krill is observed approaching

105 k8	 22 080QI 1984
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Figure 3. Echogram from forward-directed 105 kilohertz transducer
mounted on the MOCNESS net. Two patches (A and B) are seen
approaching net, top of echogram is position of net bottom of echo-
gram is more than 100 meters from net. Time marks are vertical lines
and the patches are seen as streaks which get nearer with time.
(Time progresses to the right.)

and passing above the net (A on figures 1-3) and another (B on
figures 1-3) is observed to come close to, if not into, the mouth
of the net. Further analysis of these data will be performed in
conjunction with the telemetry data from the MOCNESS.

M. Macaulay, K. Daly, and H. Mathisen participated aboard
the iIv Melville. This work was supported by National Science
Foundation grant DPP 82-18997 with contributions of equipment
and resources from the Northwest and Alaska Fisheries Center
and National Oceanic and Atmospheric Administration.
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Lipid composition of antarctic
midwater fish

S. B. REINHARDT and E. S. VAN VLEET

University of South Florida
Department of Marine Science
St. Petersburg, Florida 33701

Total-lipid and lipid-class composition were determined by
gas-liquid chromatography and combined gas chromatogra-
phy/mass spectrometry for the major mesopelagic vertebrate

Table 1. Lipids of antarctic fish from Croker Passage

Sample	 T" HCb WE- TG 	PL"

Bathylagus antarcticus H82 V t 13.1 <BL	7.3 59.3 33.4
F	51.1	<BL	5.1 60.7 34.2
1 23.2 _h - -

Electrona antarctica H82	51.1	3.9 45.4	8.2 42.5
Electrona antarctica H83	61.3	0.1 60.0 25.5 14.4
Electrona antarctica H83'	Vi	63.3	0.1 41.1 48.3 10.5

F	46.6	0.1	61.8 18.3 19.8
L	65.8	0.2 57.2 19.7 22.9
1 56.6 - - - -

Electrona antarctica H83	V	-	-	43.9 43.8 -
F	66.1 <0.1 34.7 27.4 37.9
T 73.2 - - - -

Electrona carisbergi H82	37.4 <0.1	6.7 75.3 17.9

Gymnoscopelus nicholsi	V	41.3 <0.1	3.8 78.9 17.3
F	62.7	0.2 19.6 74.8	5.4
L	84.7	0.3 45.6 52.4	1.7
S	69.9	0.1	0.9 50.5 48.5
T 72.8 <0.1 - - -

Pleuragramma antarcticum	V i 73.4 <0.1	2.4 77.7	1.9
F	45.6 <0.1 48.1 44.7	7.2
L	42.9 <0.1 23.2 67.8	9.0
T 47.7 - - - -

P antarcticum larvae	 11.8	41.0	4.2 22.1 32.7

Protomyctophum bolini H82	26.1	29.7	5.4 63.4	1.5

Protomyctophum bolini H82 i V i 33.4 <0.1	4.7 62.5 32.8
F	26.5 <0.1	7.7 82.3 10.0
L 26.9 <BL <BL <BL -
T 29.2 - - - -

" "T" denotes total lipid (percentage of dry weight).
b "HC" denotes hydrocarbons (percentage of T).
"WE" denotes wax esters (percentage of T,).
d "TG" denotes triglycerides (percentage of I).

"PL" denotes phospholipids (percentage of T).
"V' denotes viscera; "F" denotes flesh; "L" denotes lipid sacs; "T" de-
notes total fish; "5" denotes skeleton.
"BL" denotes blank.

""-" denotes samples not analyzed.
Includes gut contents.
Duplicate entries denote separate fish analyzed.

biomass species in the Croker Passage off the Antarctic Penin-
sula. Samples were collected by T. L. Hopkins and B. H. Robison
in February 1982 and during March and April of 1983 using a
discrete depth Tucker trawl. Samples collected in 1982 were
labelled "H82," all other samples were collected in 1983. The
major biomass species were Pleuragramma antarcticum and Elec-
trona antarctica. Selected fish were dissected to produce: a vis-
cera fraction; a flesh fraction, including the skeleton; and the
lipid-sac fraction, when present.

Total extractable lipid content, expressed as percentage of dry
weight, ranged from 11.8 percent in Pleuragrainma antarcticum
larvae to 73.2 percent in Elect rona antarctica (table 1). Whole fish,
with a mean lipid level of 40.3 ± 19.7 percent, contained larger
amounts of lipid than did the zooplankton species analyzed
(23.0 ± 15.8 percent). Midwater myctophid fish showed no
obvious difference in lipid content with latitudinal distribution.
Cold-temperate species contained 26-56 percent lipid (Ne-
venzel et al. 1969; Childress and Nygaard 1973). Lipid values of
Protomyctophum bolini (26.1 percent) and Elect rona antarctica (51.1
percent and 61.3 percent) analyzed in this study fell within this
range. Bathylagus milleri, a temperate species congeneric to B.
antarcticus, contained 28.5 percent lipid (Childress and Nygaard
1973), compared to 23.2 percent found in the antarctic species.

Hydrocarbons generally constituted less than 1 percent of the
total lipids in the fish studied, although Elect rona antarctica H82
(at 3.9 percent), Protomyctophum bolini H82 (at 29.7 percent), and
Pleuragramma antarcticum larvae H82 (at 41.0 percent) contained
unusually high levels. No polycyclic aromatic hydrocarbons
were detected. The ratio of odd carbon chain-length alkanes (0)
to even chain-length (E) abundances was calculated. Eighty
percent of the fish studied had o/E values less than one, indicat-
ing a predominance of even chain-length alkanes (table 2). Only
E. antarctica H82 contained hydrocarbons with an 0/E value
greater than one.

Analysis of total lipid distribution in three different body
fractions revealed lipid partitioning in mesopelagic fish. All five
species of fish examined stored a higher percentage of their
body lipid in flesh than in viscera (table 3, column A). This is in
contrast to some temperate cartilagenous fish which store the
majority of their body lipids in their livers (Van Vleet et al., in
press). Subcutaneous lipid sacs in Elect rona antarctica and Gym-

Table 2. Hydrocarbons of antarctic mesopelagic fish

Sample-Vertebrata	Br" C:0 C:1 c C:2d 5/IJ O:E

Electrona antarctica H82	16.0 26.4 2.5	0.1	7.0 1.1
Electrona antarctica H83	65.0	0.7 0.0	1.2	0.6 0.4
Electrona carisbergi H82	52.4	0.8 0.0	0.0 _h 0.4
Pleuragramma antarcticum	1.3 31.0 7.3 <0.1	4.3 0.9

larvae
Protomyctophum bolini H82	1.0 35.7 08	0.0 47.3 0.9

"Br" denotes branched hydrocarbons (percentage of total
hydrocarbons).

b C:O denotes saturated hydrocarbons (percentage of total
hydrocarbons).
"C:1" denotes monounsaturated hydrocarbons (percentage of total
hydrocarbons).

d "C:2" denotes phytadienes (percentage of total hydrocarbons).
"S/U" denotes saturated/unsaturated hydrocarbons.
"O/E" denotes odd/even hydrocarbons.

denotes no unsaturated hydrocarbons detected.
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noscopelus nichcolsi stored the highest proportion of total body
lipid in these fish, whereas Pleura gramma antarcticum and Pro-
tomyctophum bolini contained more lipid intramuscularly than
subcutaneously. E. antarctica, P. antarcticum, and P. bolini had
higher percent lipid in their viscera (table 3, column B), but
more total lipid in their flesh. Internal organs of P. antarcticum
were coated with lipid deposits not noticeable in E. antarctica or
P. bolini (Robison personal communication). Flesh lipid content

Table 3. Lipid partitioning in antarctic mesopelagic fish

Sample	 A	B'

Bathylagus antarcticus	 VC	 41.6	13.1
F	58.4	51.1

Electrona antarctica	 V	14.7	63.3
F	38.0	46.6
L	47.3	65.8

Gymnoscopelus nicholsi	V	3.7	41.4
F	26.7	62.7
L	55.4	84.7
S	14.1	69.9

Pleuragramma antarcticum	V	15.2	73.4
F	62.9	45.6
L	21.9	42.9

Protomyctophum bolini	V	44.0	33.4
F	50.4	26.5
L	5.6	>26.9

a "A" denotes percentage of the total body lipid found in given tissue.
b "B" denotes lipids as a percentage of dry weight of given tissue.

"V" denotes viscera; "F" denotes flesh; "L" denotes lipid sacs; "S 11

 skeleton.

of Bathylagus antarcticus and Gymnoscopelus nicholsi exceeded
visceral lipid content per gram of tissue.

In Pleuragramma antarcticum, visceral lipid stores were tn-
acylglycerols, intramuscular stores were wax esters, and sub-
cutaneous lipid sac deposits were a mixture of the two lipid
constituents (table 3). Since wax esters are less dense than
triacyiglycerols (density of 0.86 versus 0.93 at 00 C), wax esters
may be stored intramuscularly to offset the high density of the
muscle tissue. Wax esters were also stored in the large sub-
cutaneous lipid sacs in E. antarctica, possibly for increased
buoyancy.

Our data gave little support to the hypothesis that low tem-
peratures lead to an increase in muscle lipid content, as evi-
denced by a noticeable increase in muscle phospholipid
content. Only two of the five species analyzed for flesh lipid
content, Bathylagus antarcticus and Electrona antarctica, had
phospholipid levels over 30 percent, whereas total flesh lipid
was very high (ranging from 27-66 percent of the dry weight
extracted). This suggests that higher lipid contents result from
intramuscular fat accumulation in mesopelagic fish rather than
an increase in phospholipid membrane tissue.

This work was supported by National Science Foundation
grant DPP 80-23961.
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Metabolism of two antarctic
mesopelagic fish species

J. J. T0RREs,
B. L. WEIGLE, and
T. M. LANCRAFT

Department of Marine Science
University of South Florida

St. Petersburg, Florida 33701

Studies on the metabolism of mesopelagic micronekton have
demonstrated a marked decline in species' metabolic rates with
increasing depth of occurrence (Childress 1971-a, 1975; Smith
and Hessler 1974; Childress and Somero 1979; Gordon, Belman,
and Chow 1976; Torres, Belman, and Childress 1979; Smith and
Layer 1981). However, all previous investigations on the metab-
olism of deep-living (200-2,000 meters) micronekton have con-

cerned species living in the waters of the California Borderland,
a system with a thermally stratified water column where dif-
ferences in temperature between 0 and 1,000 meters are as great
as 13°C. Because of this fact, it has been impossible to separate
the effects of temperature from the effect of species depth of
occurrence on the observed decline in metabolic rates. The
southern ocean provides a natural experimental system because
it has a small temperature change (2-3°C depending on location
and season) between the surface and 1,000 meters, allowing us
to sort out the influence of temperature on the decline of respi-
ration rate with depth. As part of the AMERIEZ expedition (Ant-
arctic Marine Ecosystem Research at the Ice-Edge Zone) to the
Scotia Sea in November-December 1983, we determined the
metabolic rates of over 20 species of mesopelagic micronekton,
including most of the dominant fishes and crustaceans living
between 0 and 1,000 meters. In this paper, we present data on
the metabolic rates of two dominant antarctic fish species, com-
pare them with similar species found off California and briefly
discuss some of the implications of the data.

All specimens were collected using a 9-square-meter-mouth
area, mouth-closing Tucker trawl equipped with a thermal-
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turbulence protecting cod end (Childress et al. 1978). Upon
reaching the surface the contents of the cod end were imme-
diately trasferred to a large volume of seawater at 0°C. The
liveliest specimens were quickly removed and placed in poly-
ethylene cylindrical tanks with fresh seawater at approximately
0°C where they were kept for 1 to 2 hours before use.

Oxygen consumption rates were determined by allowing in-
dividuals to deplete the oxygen in a sealed, water-jacketed
chamber filled with seawater. Temperature was maintained at
0.5°C (± 0.1°C) using a refrigerated water bath. Oxygen partial
pressure (P0 2) was continuously monitored using a Clark po-
larographic oxygen electrode (Clark 1956) as the animal re-
duced the oxygen levels to low (0-40 millimeters of mercury)
partial pressure (Childress 1971-b). The fish treated in this study
had generally suffered considerable trauma by capture and
confinement, so the rates should be regarded as estimates of
metabolism. Despite the condition of these animals, agreement
among individuals was excellent (table 1).

Cyclothone microdon, a Gonostomatid fish living below 500
meters, exhibits an oxygen consumption rate approximately
one third of that of Elect rona antarctica, a Myctophid fish with a
minimum depth of occurrence of 50 meters (table 1; minimum
depth of occurrence is the depth below which 90 percent of the
population lives). This trend is almost identical to the decline in
respiration seen in mesopelagic fishes in the California Bor-
derland (Torres et al. 1979); it supports the hypothesis that
reduced metabolic rates are an adapted characteristic of deeper-
living pelagic species, even those living in a virtually isothermal
sea. Further, if the oxygen consumption rates of Scotia Sea
species are compared directly with similar species from Califor-
nia waters (table 2), it can be observed that the absolute rates are
very similar, despite the fact that the respiration rates of Califor-
nia species were determined at a temperature 4.5°C higher (5°C)
than that of Scotia Sea fishes. Thus, it appears that Scotia Sea
mesopelagic fishes exhibit the cold adaptation seen in shallower
dwelling benthic Nototheniid fishes (Wohlschlag 1964).

Recent work by Reinhardt and Van Vleet (in preparation) on
the lipid composition of antarctic midwater fauna suggest that
Elect rona antarctica has a very high concentration of wax esters
and triglycerides, compounds normally used in energy storage.
If we compare our respiration measurements with the data in
Reinhardt and Van Vleet (in preparation), we calculate that
Electrona antarctica could live for 335 days on its stored wax
esters and triglycerides, more than enough to survive the
winter. The question now remains whether the animal uses its

Table 1. Oxygen consumption rates and depth of occurrence of
two mesopelagic fish species in the Scotia Sea

Oxygen
consumption

rate (in

	

Minimum	microliters

	

depth of	per milligram

	

Genus and occurrence	wet weight
Family	 species	(in meters)	per hour)	Number

Myctophidae	Electrona
antarctica	50	0.045 ± .0088	28

Gonostomatidae Cyclothone
microdon	500	0.016 ± .001	3

a Oxygen consumption rates are expressed as mean ± standard
deviation.

Table 2. Comparison of oxygen consumption rates for species
living in the Scotia Sea and California Borderland

Scotia Sea Species	 California Species

Electrona antarctica	 Lampanyctus ritteri
0.045 ± .0088	0.041 ± .004b
Cyclothone microdon	California species same MDOc
0.016 ± .001	 0.013 d

a Rates are expressed in microliters of oxygen per milligram wet weight
per hour, mean ± standard deviation.

b From Torres et al. 1979.
"MDO" denotes minimum depth of occurrence.

d The rate was obtained from the curve of oxygen consumption vs. depth
of occurrence in Torres et al. 1979.

stores for that purpose. Cooperative research with Van Vleet on
the specimens obtained on the AMERIEZ cruise will provide
insight into this and other important questions on the natural
history of antarctic midwater fauna.

The authors would like to thank Bob Wilson, Captain Haines,
and the excellent crew of the iIv Melville for their considerable
support during this study. Jeanne Stepien was our fourth hon-
orary team member; she gave up valuable sleep time to help
with the deployment and recovery of every trawl. This work
was supported by National Science Foundation grant DPP

82-10437 to J.J. Torres.
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Otolith
markerb

Approximate
no. of fish

Maximum time
maintained

(days)

Growth and feeding ecology studies
on coastal antarctic fishes

T. E. TARGETT*

Skidaway institute of Oceanography
Savannah, Georgia 31416

R. L. RADTKE

Hawaii Institute of Marine Biology
Kaneohe, Hawaii 96744

Knowledge of growth rates and patterns of growth in ant-
arctic fishes is necessary to develop our understanding of the
biology and ecology of fishes in the antarctic marine ecosystem,
and the functional relationship of fishes to other components of
the ecosystem. Research on growth in antarctic fishes has been
limited. Much of the previous work on aging these fish has
relied on analyses of scale annuli which are often difficult to
interpret (e.g., Everson 1970; Crisp and Carrick 1975; Shcher-
bich 1975; Shust and Pinskaya 1978; Hureau and Ozouf-Costaz
1980). Otoliths (calcium carbonate concretions in the inner ear

*present address: University of Delaware, College of Marine Studies Lewes,
Delaware 19958

of fishes) have been used less frequently since they are often
small and difficult to analyze and interpret using conventional
methods (Hureau 1964; Freytag 1980; Daniels 1983).

Microstructural growth rings present in antarctic fish otoliths
(Townsend 1980) resemble daily growth increments present in
the otoliths of temperate and tropical fishes. We are using
recently developed techniques to examine otoliths and enumer-
ate microstructural increments with scanning electron micro-
scopy to determine very precisely age and growth rates for
dominant antarctic fishes (Radtke and Targett in press). We are
also investigating the effects of biotic and abiotic factors on
growth processes and otolith microstructure.

During February and March, 1984 we worked at Palmer Sta-
tion and aboard iIv Hero collecting fishes and conducting labo-
ratory experiments to validate the presumed daily periodicity of
microstructural growth rings, and investigate the effects of light
duration and intensity on ring formation. Trawling was con-
ducted around Low Island in the South Shetland Islands in
February, and in Dallmann Bay north of Anvers Island during
February and March. Eight species were captured in sufficient
numbers of laboratory experiments: Notothenia coriiceps neglecta,
N. gibberifrons, N. larseni, N. nudifrons and Trematomus newnesi
(Nototheniidae—antarctic cods); Chaenocephalus aceratus (Chan-
nichthyidae—icefishes); Harpagifer bispinis (Harpagiferidae-
plunder fishes) and Parachaenichthys charcoti (Bathydrac-
onidae—dragonfishes).

Growth experiments. In the laboratory, fishes were injected
intramuscularly with either tetracycline hydrochloride or
acetozolamide at a dosage of 20 milligrams per kilogram. Both
chemicals produce a permanent mark in otoliths at the time of

Summary of experiments conducted to validate the daily periodicity of microstructurai growth increment formation in the otoiiths of
Antarctic fishes

Nototheniidae
Notothenia larseni	 Natural light

	
T
	

14
	 6

N. nudifrons	 Natural light
	

T
	

47
	

35
Total darkness	 A

	
17
	

32
18D:6L @ 5 lux	 A

	
17
	

32
6D:6L:6D:6L
	

A
	

13
	

32
N. gibberifrons	 Natural light

	
I
	

59
	

32
Total darkness	 A

	
6
	

32
18D:6L @ 5 lux	 A

	
3
	

16
6D:6L:6D:6L
	

A
	

28
	

32
N. corllceps neglecta	 Natural light

	
A&T
	

15
	

30
Artificial light cycle	 A&T

	
7
	

40
Trematomus newnesi	 Natural light	 A&T

	
21
	

32
Channichthyidae

Chaenocephalus aceratus	 Natural light
	

Ii
	

16
	

33
Harpagiferidae

Harpagifer bispinis	 Natural light	 T
	

20
	

13
Total darkness	 A

	
20
	

32
18D:6L @ 5 lux	 A

	
18
	

32
6D:6L:6D:6L
	

A
	

16
	

32
Bathydraconidae

Parachaenichthys charcoti	 Natural light
	

I
	

33

a "Natural light" denotes an approximately 18 hour Iight:6 hour dark cycle. 18 D:6L @5 lux" denotes an 18 hour dark:6 hour light cycle at  lux light intensity.
"6D:6L:6D:6L" denotes an alternating 6 hour dark:6 hour light cycle. "Artificial light cycle" denotes an irregular illumination regime.

b "T" denotes tetracycline hydrochloride and "A" denotes acetozolamide, injected at dosages of 20 milligrams per kilogram of body weight.
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injection, providing a reference point from which to count
growth increments deposited during subsequent experiments.
Fishes were then maintained under various light/dark regimes:
(1) natural light cycle (approximately 18 hours of light to  hours
of dark), (2) total darkness, (3)18 hours of dark to 6 hours of light
cycle at 5 lux light intensity, or (4) a 6 hours of light to 6 hours of
dark: 6 hours of light to 6 hours of dark cycle (table). During the
course of the experiments, fish were sacrificed and the otoliths
removed and stored in glycerol. Scanning electron microscope
and light microscope analyses are now underway and initial
results indicate that microstructural growth increments in the
otoliths of antarctic fishes form once per day. Trematomus newnesi
(figure 1), for example, maintained under natural light condi-

0	 5cm

Figure 1. Trematomus newnesi a plankton feeding species which
reaches approximately 24 centimeters (cm) total length.

lions for 32 days had between 30 and 35 increments subsequent
to the tetracycline mark (figure 2). Using otolith microincrement
counts from N. larseni we have determined that this species
grows more slowly than has been previously indicated by other
workers using conventional techniques on scales (Radtke and
Targett in press).

During this research, otoliths from 800 fishes were removed
from the above eight species as well as from Pleuragramma
antarcticum, N. rossii, T. hansoni, Champsocephalus gunnari,
Chionodraco hamatus, Pseudochaenichthys georgian us, Prionodraco
evansii, and Artedidraco skottsbergi. These otolith samples are
being examined, with those from a collection of 900 otoliths
obtained in 1975 and 1976 around South Georgia, the South
Sandwich, and South Orkney Islands. We are concentrating
these efforts on developing growth models for T. newnesi, C.
aceratus, N. gibberifrons and N. nudifrons.

Feeding experiments. Experiments were conducted to investi-
gate processes of digestion and absorption of prey leading to
growth in antarctic fishes. Five N. gibberifrons (a benthos feeder)
and five T. newnesi (a plankton feeder) (Targett 1981) were main-
tained in separate aquaria and fed 2 percent rations of live krill
(Euphausia superba) every 48 hours for 8-10 days. Fecal material
was collected and samples of krill and fecal material were dried
at 60°C. Caloric, biochemical, and carbon-hydrogen-nitrogen
analyses are presently underway to determine digestion and
absorption efficiencies for these two species preying on krill.
Samples of gastric mucosa and anterior intestine were dissected
from experimental fish as well as from fish which had not
preyed on krill. These samples were frozen for later assays of
chitinase activity.

Six N. coriiceps neglecta, an omnivorous benthic feeder, were
fed species of macroalgae collected subtidally at Palmer Station.
Algae removed from fecal material were dried with samples of
fresh algae at 60°C. Caloric, biochemical, and carbon-hydrogen-
nitrogen analyses will determine efficiencies of macroalgal di-
gestion by this fish species. Gastric and intestinal pH were
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Figure 2. Light micrograph of microstructural growth Increments at
the margin of an otolith from a 18.5 centimeters total length Trem-
atomus newnesi. The bottom panel was visualized with ultraviolet
light and Illustrates the fluorescent band deposited at the time of
tetracycline Injection. During maintenance under a natural light
cycle, the fish produced 30-35 growth increments during 32 days,
providing evidence of daily increment formation. Acetozolamide
Injections cause a physical disruption band In otoliths and these
samples are presently being analyzed with scanning electron micro-
scopy. ("p.m" denotes micrometers.)

generally 2.5-3.2 and 7.7-8.2, respectively. Gastric pH appears
to be sufficicent to lyse cell walls and make macroalgal material
available for assimilation and contribution to the nutrition of
this fish.

Other material collected. A small number of larval and juvenile
fishes were collected from waters adjacent to Palmer Station.
Otoliths will be examined for microstructural growth incre-
ments to provide information on larval and juvenile growth.

We thank the station personnel and other investigators at
Palmer Station and the captain and crew of RIv Hero for their
help and cooperation during our research. This research was
supported by National Science Foundation grant DPP 82-14492.
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Role of glycopeptide antifreeze in
freezing avoidance of antarctic fish

J. A. AHLGREN and A. L. DEVRIEs

University of Illinois
Urbana, Illinois 61801

Our 1983-1984 study began in early October with the arrival
of Jeffrey Ahigren, Jeffrey Turner, Joseph Schrag, and Steve
Munsell, all from the University of Illinois. We established
several fishing houses on the annual sea ice outside of
McMurdo Station and maintained them until mid-December.
Our fishing operation resulted in the capture of over 500 spec-
imens of Dissostichus mawsoni, which averaged 34 kilograms
(range was 9 to 74 kilograms). Most fish were weighed, meas-
ured, tagged, and released immediately after their capture. A
few smaller specimens were transported to the aquarium facili-
ty in McMurdo and used in experiments on the freezing avoid-
ance of antarctic fish. In addition to D. mawsoni, numerous
specimens of Trematomus bernacchii, T. hansoni, T. centronotus,
and Pagothenia borchgrevinki were caught and held until used in
the aquarium facilities in McMurdo.

This season we studied the distribution of antifreeze
glycopeptide (AFGP) in the body fluids of fish and how it relates
to freezing avoidance. The relevance of this question is that by
determining where antifreeze glycopeptides are present and
the manner in which they distribute, an assessment of how
antifreeze protects fish from freezing in ice-laden seawater may
become clear.

Several studies have shown that the antifreeze glycopeptides
are synthesized in the liver as are most serum proteins and are
secreted into the blood (O'Grady, Clarke, and DeVries 1982;
Hudson, DeVries, and Hashmeyer 1979); whether or not the
liver is the only site of synthesis has not been completely re-
solved. To determine the distribution of AFGP in antarctic fish, a
tritium labeled AFGP was injected systemically into Trematomus

bernacchii and after a 12-hour equilibration period (which is long
enough to reach relatively constant levels of plasma radioac-
tivity while minimizing the probability of radiolabel reutiliza-
tion) the major body fluids and tissues were analyzed for radi-
olabeled AFGP. The extracellular space marker (carbon-14)

polyethylene glycol (PEG) (which has a molecular weight of
5,000 daltons) was also injected to allow us to correct for labeled
AFGP trapped in the blood and interstitial fluid of the tissue. The
presence of antifreeze glycopeptides in the body fluids of Dis-

sostichus mawsoni was also determined and estimates of their
concentrations made by several methods, including high-per-
formance liquid chromatography (HPLC), polyacrylamide gel
electrophoresis (PAGE), and the determination of the freezing/
melting point difference of these fluids.

After its secretion into the blood, the AFGP spanning the
molecular weight range from 2,600 to 34,000 daltons appears to
be distributed to the rest of the body in the same manner as
other serum proteins. The level of radioactivity found in the
peritoneal, pericardial, and extradural fluids approached that
measured in the blood after 12 hours. This was as we predicted
because these fluids are most likely formed as filtrates of the
blood. Polyacrylamide gel electrophoresis and HPLC showed
that samples of the peritoneal, pericardial, and extradural fluids
from D. mawsoni contained all of the AFGP's found in the blood
and in the same relative proportions. These samples also
showed significant freezing/melting point differences, with
freezing points below the freezing point of seawater. However,
the presence of antifreeze in these fluids may not be indicative
of their susceptibility to freeze if they were absent, because it
appears that partitioning from the blood into these fluids is
nonspecific. First, they contain many proteins that are appar-
ently derived from the blood, as seen by sodium dodecyl sulfate
(SIDS) SDS-PAGE. Second, the extracellular space marker (car-
bon-14) PEG partitioned into these fluids at the same rate as the
AFGP's, which again suggests that the movement of large mole-
cules is through relatively large pores.

In contrast to the fluids which are formed as blood filtrates,
which contain all of the AFGP's, fluids formed by secretory
processes appear either to lack or to contain only very low levels
Of AFGP's. Both HPLC and PAGE indicate that the ocular fluids,
urine, and endolymph contain only very low levels of AFGP.
These fluids also have a very small freezing/melting point dif-
ference, and all have freezing points significantly warmer than
- 1.9°C. Twelve hours after the injection of [3H] AFGP into the
blood, the ocular fluids and urine had very low levels of radioac-
tivity, indicating that there is a barrier present which prevents
the influx of radioactive AFGP from the blood (endolymph was
not obtained from T. bernacchii). The fact that the freezing points
are warmer than the freezing point of seawater indicates that
these fluids are undercooled by 0.5 to 1.0°C when the fish are in
freezing seawater.
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When tissue hydrolysates were examined for the presence of
radioactive AFGP's, the results indicate that all tissues except
brain contain all of the AFGP's in the extracellular space. How-
ever, the results also showed that only small amounts of the low
molecular weight AFGP's were able to permeate into the intra-
cellular fluid. None of the higher molecular weight AFGP's en-
tered the cells. The intracellular concentration of AFGP was not
measured, so the freezing point of the intracellular fluid cannot
be ascertained. However, it appears that the intracellular fluid is
also undercooled when fish are in freezing seawater. Cell mem-
branes are apparently barriers to ice propagation at tem-
peratures as low as - 10°C (Mazur 1977); therefore it is likely
that the intracellular compartment of polar fish would not have
a requirement for antifreeze.

We conclude from these and previous studies that the role of
AFGP in the prevention of freezing is to provide a barrier to the
inward propagation of environmental ice into any undercooled
body fluid. These fluids include the aqueous and vitreous
humor, endolymph, and urine. In a separate series of experi-
ments, it was shown that the cornea as well as the corneal
epithelium are effective barriers to ice propagation. Therefore,

it appears that the undercooled ocular fluids cannot be seeded
by environmental ice (Turner, Schrag, and DeVries in prepara-
tion). It may be that the extracellular spaces of the integument of
antarctic fish contain high levels of GPAF and that their role is to
prevent ice from entering the undercooled fluids by stopping
propagation through the extracellular spaces of the skin.

This research was supported by National Science Foundation
grant DPP 81-16917.
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The Weddell seal (Leptonychotes weddelli) can dive to depths in
excess of 500 meters and remain submerged for more than an
hour. Bradycardia in Weddell seals has been measured in the
laboratory during forced head immersion (Zapol et al. 1979),
and while free diving beneath the 3-meter thick annual ice
using 80-meter break-off electrocardiogram leads (Kooyman
and Campbell 1972), which examined the first few minutes of
the seal's dives. To monitor the seals while free diving, Hill
designed and constructed a microprocessor-controlled monitor
which could be attached to freely diving seals to measure and
store frequent records of their average heart rate, seawater
depth, velocity, and core temperature.

We had to overcome a number of difficulties in designing a
microcomputer monitor of heart rate and depth for the Weddell
seal. First, the monitor had to be able to withstand high pres-
sure (50 atmospheres) and low temperatures. Second, the
monitor had to conserve power to extend the life of its batteries.
This was achieved by using low-power semiconductor tech-
nology which consumed only 10 milliamperes average. The
microprocessor-controlled monitor and 64 kilobytes of memory
were assembled onto three circuit boards each measuring 10
centimeters x 10 centimeters. The three boards were sand-
wiched and cast into a block of rigid epoxy. The computer was
powered by two epoxy-encapsulated lithium "C" cells which
provide 7.8 volts at 7 ampere-hours.

One of the experimental protocols that we followed was de-
veloped by Kooyman et al. 1980. An adult male seal was se-
lected at one of the colonies near McMurdo Station on Ross
Island, Antarctica and sledged to a previously surveyed field
site at which two holes, 20 meters apart, were drilled through
the annual ice on McMurdo Sound. The field site was chosen to
be at least 6 kilometers from the nearest natural ice crack so that
when a computer-monitored seal was released at this site, it
could not surface to breathe elsewhere. A fish hut, acting as a
field laboratory, with a hole in its floor was placed over one of
these holes and the other entry and exit hole was blocked
during an experiment so that the seal would be obliged to
surface in the field laboratory between dives. The field laborato-
ry contained a Zenith Z90 minicomputer, to which heart rate,
velocity, and depth data were transmitted at 57.6 K baud (57,600
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Figure 1. Sample tracing of heart rate (Measured in beats per min-
ute), velocity (measured in meters per second), and depth (meas-
ured in meters) during free diving.

bits per second) via a fiber-optic lead which we connected for a
few seconds when the seal surfaced. Figure 1 provides a sample
tracing of heart rate, velocity, and depth during free diving.

The microcomputer monitor and battery pack were fastened
to the seal in an indirect manner. A neoprene sheet, through
which some stainless steel bolts had been previously mounted,
was glued to the dorsal fur of the seal using cyano-acrylate glue
(Loctite 422). This glue was fast setting and created a very strong
bond. The computer and batteries were then bolted onto the
neoprene sheet. At the conclusion of an experiment the outside
hole was re-opened and after the seal hauled out, the computer
and batteries were unbolted; the neoprene sheet was left at-
tached to the seal. The seal was then returned to its capture site.
When the glue degraded sufficiently or the seal moulted, the
neoprene sheet fell off.

Depth, heart rate, velocity, and/or core temperature were
recorded on four male seals in 1983. Figure 2 provides a sample
of heart rate, core temperature, and depth during free diving.
With each submersion a bradycardia is evident and the core
temperature is maintained at a lower level during diving. We
also used the diving computer to initiate and control an aortic
blood sampling roller pump. We obtained hundreds of single

Time (hours)

Figure 2. Sample of heart rate (measured in beats per minute), core
temperature, and depth (measured in meters) during free diving.

arterial blood samples drawn during undersea free diving at
depths up to 350 meters. A serial sampler to obtain up to 8
sequential blood samples during a single dive was also de-
signed and successfully tested in metabolic studies of free
diving.

This research was supported by National Science Foundation
grant DPP 81-00212.
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Population dynamics and behavior of
Weddell seals (Leptonychotes
weddelli) in McMurdo Sound,

1983-1984

W. TESTA, S. E. BRAUN, L. M. FERtvI, A. F. BEHREND,
and D. B. SINIFF

Department of Ecology and Behavioral Biology
University of Minnesota

Minneapolis, Minnesota 55455

R. A. REICHLE

Cedar Creek Bioelectronics Laboratory
University of Minnesota

Minneapolis, Minnesota 55455

This season's major objectives were to continue monitoring
trends in parameters of the Weddell seal population adjacent to
McMurdo Station and to broaden our knowledge of age specific
parameters and behavior, especially in regard to weaned pups
and other subadult seals.

Tagging and census of Erebus Bay pupping colonies con-
tinued as in previous years. Estimates of adult numbers and the
total count of pups produced were similar to those of the past 3
years (Testa etal. 1984). Preliminary Jolly-Seber mark-recapture
estimates for the various groups are: adult females with pups
369, nonparous females 356, and adult males 288. Thus, we
found relative stability of the adult population but at a decreased
level from those reported in the 1960's and early 1970's (Stirling
1971; Siniff et al. 1977).

Surveys were conducted in November to study age and sex
class distribution in the fast ice away from the colonies and
continued into January as the colonial seals dispersed. Disper-
sal of weaned pups was studied by tag resightings from snow
machines and by aerial surveys for radio-tagged pups.

Social interactions between seals of known age and sex were
studied from an under-ice observation chamber in an experi-
mental colony that was established and maintained during the
month of November (figure). The primary objectives were to
establish the effect of age in determining social hierarchies that
developed around isolated breathing holes in the fast ice and
determine the utility of the under-ice observation chamber in
future seal behavior studies. A seal-free fast ice location was
selected for the artificial colony; holes were drilled and selected
seals were moved by sled. Ice conditions led to only marginal
success in controlling the colony's composition, though the
utility of the chamber and the observations on underwater be-
havior have encouraged us to continue this line of investigation.

Preliminary study of maternal investment in pups of different
sexes was initiated with the aid of a sled-mounted platform scale
to measure rates of pup growth and decline in the weights of
maternal females during lactation. The technique was found to
be very effective and will be continued in the coming season.

A second pilot study on the behavior of killer whales in the
ice-breaker channel and the possible effect of the whales' pres-

ence on Weddell seals at the time of channel break-in was
conducted this year on the USCGC Polar Sea. No predation was
observed and anecdotal accounts of whales "followed" the ice
breaker were not substantiated, but it is apparent that the new
channel is quickly used by whales and a study of their predatory
impact is feasible.

This research was supported by National Science Foundation
grant DPP 80-20097.
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Support personnel place the under-ice observation chamber in an
isolated area of McMurdo Sound for study of Weddell seal behavior.
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Observations of Weddell seals
(Leptonychotes weddelli) at

Nelson Island, Antarctica

F. S. TODD and

J. A. THOMAS

Hubbs-Sea World Research Institute
1700 South Shores Road

San Diego, California 92109

From 4 November to 11 December 1983, a team from the
Hubbs-Sea World Research Institute established a field camp on
Nelson Island (South Shetland Islands). The project focused on
the acquisition of fertile eggs of a number of species of antarctic
avifauna, but some data also were collected on Weddell seals
(Leptonychotes weddelli).

The field camp was established at Harmony Cove (62°19'S
59°12'W). Snow cover was more extensive than that encoun-
tered on previous visits and in most areas was 1.5 meters deep
and hard packed. Perhaps for this reason, the population of
Weddell seals was large; hundreds were observed between, the
Argentine refugio and Harmony Point alone. Observations
from a helicopter along the north coast of Nelson Island indi-
cated that approximately 1,000 Weddell seals occupied the is-
land during this period. We do not know if these numbers are
typical because the island has not been surveyed by air pre-
viously. Todd returned to Nelson Island in January; most of the
snow was gone and very few seals remained.

Apparently pupping occurred on the snow above the high
tide-line (figure 1). Weddell seals typically breed on fast ice, but
this cannot form at Nelson Island because of the heavy surf and
configuration of the beach. Thus, the Nelson Island colony may
represent a unique breeding situation for this species. At least
25 recently weaned pups were observed, most still with traces of
lanugo fur. On 23 November, a brown skua (Cat ha racta lonnbergi)

was observed picking at the remains of a newborn pup. Another
newborn pup was found dead on 9 December. On 14
November, eight large pups were seen on the beach at the
Chilean base of Edwardo Frei on King George Island. One of the

Figure 1. Pupping site of Weddell seals on Nelson Island. (Note the
rocky beach and packed snow above.)
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Figure 2. A recently awakened Weddell seal is surrounded by cape
pigeons as the water level rises around it.

personnel there told Todd that he had witnessed a Weddell seal
birth at that site.

Many seals had wounds which varied from minor to severe;
we suggest that many of these wounds, particularly those on
the foreflippers and belly, probably resulted from the seals
hauling over the large rocks to the snow-covered regions. At
low tide, the distance from the high-line to the water exceeded
several hundred meters. Weddell seals are not adapted to move
Over rocky terrain; bloody tracks through the snow were
conspicuous.

The open wounds and blood attracted the interest of some
birds. The extent of "harassment" that Weddell seals receive
from birds is not well documented. In McMurdo Sound, south
polar skuas (C. maccormicki) remain at the perimeter of a breed-
ing colony and consume afterbirths, feces, and pup carcasses.
Female Weddell seals protect very young pups from attacks by
skuas; however, there is little threat to adults.

At Nelson Island the opportunities for intra-specific interac-
tions is far greater. Southern giant petrels (Macronectes giganteus)

and sheathbills (Chionis alba) were observed picking at the open
wounds of seals. Sheathbills also were observed picking at the
wounds of a leopard seal (Hydruga leptonyx). Once a Weddell
seal entered an antarctic tern (Sterna vittata) colony and was
driven out by the diving terns. Brown skuas occasionally roost-

Figure 3. A totally albino Weddell seal pup was sighted twice at
Nelson Island.
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ed on the back of a dozing seal. Chinstrap penguins (Pygoscelis
antarctica) confronted seals and pecked at them. Todd also saw
50-60 sheathbills and two giant petrels converge around a seal
to feed on excreta.

At low tide some Weddell seals dozed on the rocky tidal flat.
When the incoming tide reached them, birds were attracted. On
24 November, for example, 30-40 cape pigeons (Daption capense)
settled on the rising water around a seal (figure 2). They were
feeding and quarrelsome and, at times, almost landed on the
seal. Two giant petrels scattered the cape pigeons, but within
minutes, more than 100 returned, and the seal went to sea. We
suggest that the birds have learned to feed nearby when incom-
ing water disturbs dozing seals. The resulting movement of the
seal could create turbulence in the water circulating food parti -
cles to the surface, thus facilitating feeding.

On 29 November just west of the refugio, a totally albino
Weddell seal pup was discovered (figure 3). It was a pup of the
year and the remaining lanugo fur was pure white. The skin was
pink and the eyes were red. The pup was very reluctant to open
its eyes, undoubtedly because the bright light was painful. It
eventually swam out to sea where kelp gulls (Larus dominicanus)
mobbed it. An albino pup was sighted again on 8 December
approximately 2 kilometers from the original location. Al-
though earlier its chances for survival had seemed poor, at the
second sighting the pup was fat, robust, and had no injuries.

The work was funded by Sea World, Inc. and logistic support
was provided by the Chilean Air Force and the Chilean Ant-
arctic Institute. We are particularly grateful for the enthusiastic
support of the highly skilled helicopter pilots who routinely
performed seemingly impossible tasks on our behalf.

Investigations on geographic variation
of Weddell seal vocalizations around

the Antarctic
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The fundamental underwater repertoire of Weddell seals was
documented by Thomas and Kuechle (1982) in McMurdo
Sound. The repertoire consists of numerous frequency-modu-
lated sweeps, chirps, pulses, and clicks. Functions for these
sounds have been determined using playback studies (Thomas,
Zinnel, and Ferm 1983). At the same time, Ian Stirling recorded
vocalizations of Weddell seals near the Palmer Peninsula. Upon
examination, one of us found distinct geographic variations in
vocalizations between the two sites (Thomas and Stirling 1983).
Thomas and Stirling predicted that the degree of vocal dif-
ferences reflects the degree of geographic isolation between the
two breeding populations. They also hypothesized that examin -
ing the vocal repertoire around the antarctic continent would
allow them to examine the degree of mixing between breeding
colonies and measure discrete populations.

The Australian station at Davis is in East Prydz Bay, a great
distance from the previously mentioned sites, which therefore
makes it an ideal site for sampling vocalizations of Weddell seals
and testing the hypothesis put forth by Thomas and Stirling
(1983). Davis Station was established in 1957, and Weddell seals
have been tagged annually for population studies since the base
was established. About 3,000 Weddell seals inhabit the near
vicinity of Davis Station. Two research teams using similar
sampling schemes and equipment conducted studies of under-
water vocalizations of Weddell seals in East Prydz Bay.

Rhys Puddicombe made monthly recordings near Davis Sta-
tion from May to September and fortnightly recordings from
October to December 1983. During each recording session a 24-
hour cycle was sampled using 10-minute recordings every 2
hours. He made recordings at five sites: Brookes Hut, Powell
Point, Shirokaya Bay, Gardener Island, and Barrier Island in and
off Vestfold Hills (68°30'S, 78°10'E).

At the same time Mimi George and David Lewis on a pri-
vately funded winter expedition made underwater recordings
of Weddell seals along the coast extending from 30 to 100 kilo-
meters southwest of Davis Station. Sites included colonies at
Cape Drakon, Rauer Islands, Brattstrandoyana Island, Hov-
doyana Islands off Amanda Bay, and Larsemann Hills (69°15'S,
76°53'E). Recordings were made using equipment compatible
with past studies.

Analysis of these data is underway. Real time sonograms will
be made to measure frequency, time, and amplitude charac-
teristics of vocalizations. Calls will be classified into existing
categories reported from McMurdo Sound or the Palmer Penin-
sula or will be assigned new categories if no similar sounds have
been previously reported. Once sounds have been categorized,
the number per minute will be counted for each recording. Data
will be summarized by hour of the day, month of the year, and
breeding colony. Comparison of these statistics will allow us to
report whether Weddell seals at Vestfold Hills have similarities
with McMurdo Sound and/or Palmer Peninsula or whether they
represent a distinct breeding population. Upon first inspection,
it appears that the sounds are more like the McMurdo vocaliza-
tions rather than the Peninsula ones; however, subtle dif-
ferences in trills and chugs indicate another geographic variant
in the repertoire.
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Analysis of data will be conducted at the acoustics lab at
Hubbs-Sea World Research Institute. Data collection by Rhys
Puddicombe was supported by the Australian Antarctic Re-
search Program. Funding for the expedition by Mimi George
and David Lewis was from public donation and sponsorship of
the Oceanic Research Foundation.

The authors wish to thank Harry Burton of Australian Na-
tional Antarctic Research Expedition for his involvement and
assistance with this project. In addition, Gill Cracknell and
Jamie Miller of the Oceanic Research Foundation assisted in
making recordings.
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From 9 October to 15 November 1983, a variety of soft and
hard tissues were collected from the pygoscelid penguins
(Pygoscelis adeliae, Pygoscelis papua and Pygoscelis antarctica) on
Ardley Island, South Shetlands, Antarctica.

Priority was given to obtaining sufficient amounts of material
with which to establish precise methods and techniques
needed to yield high-quality, well preserved tissue samples for
subsequent histochemical and morphologic analysis.

Tissue samples were taken from the following organ systems:
hematopoietic, cardiovascular, visual, respiratory, integument,
endocrine, reproductive, digestive, urinary, biliary, and mus-
culoskeletal. In addition, parasites and/or cystic nodules of the
gastrointestinal tract were collected and preserved for subse-

quent processing and identification. Many of the tissue samples
collected have been made available to other investigators in an
effort to maximize the scientific information about these birds.
The sharing of the tissue samples has resulted in three coordi-
nated yet separate grant proposals to the National Science
Foundation to continue and expand the investigation of the
hematopoietic, integumentary, and urinary systems (Zins-
meister, DPP 84-17552; Stromberg, DPP 84-15339; Hinsman DPP
84-17833). The goal of these studies is to define the cells and
tissues of these systems by means of quantification, mor-
phology, and chemical composition in relationship to their de-
velopmental and functional status and to use that information
to establish a comparative data base with other wild antarctic
and subantarctic penguin genera with a possible extension to
captive penguin genera.

Laboratory facilities, supplies, and equipment for this type of
research are not currently available at Teniente Rodolfo Marsh
on King George Island. We established a makeshift laboratory
in the Argentine hut across the bay from the base on Ardley
Island, and transported all supplies, chemicals, and equipment
from the U.S. and Santiago, Chile.

Fixatives.

1. 10 percent neutral buffered formalin in 0.1 mole Sorenson's
phosphate buffer, pH 7.4 was used for light microscopic
examination of the following tissues.
a. Ends of weight-bearing and non-weight-bearing bones,
b. Kidney, liver, lung, gonads, muscle, heart, gut, skin,

pancreas, thyroid glands, spleen, eyes, vessels, para-
sites, and cystic nodules in gut.

2. Trumps fixative (1 percent glutaraldehyde, 4 percent for-
maldehyde) in 0.1 mole sodium cacodylate buffer, pH 7.4
was used for both light and electron microscopic examination
of the following tissues: Kidney, liver, lung, muscle, heart,
gut, skin, gonads, pancreas, thyroid glands, spleen, and
vessels.

3. 2.5 percent glutaraldehyde in 0.1 mole sodium cacodylate
buffer, pH 7.4 was used for electron microscopic examination
of the blood and bone-marrow samples.

4. 2.5 percent glutaraldehyde in 0.1 mole Sorenson's phos-
phate buffer, pH 7.4 was used for electron microscopic exam-
ination of the blood and bone-marrow samples.
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Figure 1. Granulocytes of the genera, Pygoscelis. (1) Heterophil, Pygoscelis adel!ae, 12,450 x. (2) Heterophil, Pygoscelis papua, 12,450 x. (3)
Heterophil, Pygoscelis antarctica, 12,450 x. (4) Eosinophil, Pygoscelis adeliae, 12,450 x. (5) Eosinophil, Pygoscelis papua, 12,450 X. (6)
Eosinophil, Pygoscelis antarctica, 12,450 x. (7) Basophil, Pygoscelis adeliae, 12,450 x.(8) Basophil, Pygoscelis papua, 12,450 x. (9)
Pygoscelis antarctica, due to the paucity in numbers of the avian basophil, we were unable to observe a basophil in the few sections examined
at this time. Additional material will be processed.

Methods.

Peripheral blood. Blood samples were obtained from halothane
anesthetized adult male and female penguins via cardiac punc-
ture. Blood smears were made, air-dried, and stored unfixed for
subsequent transport and processing in the U.S. Anticoagu-
lated blood (1 milligram per milliliter ethylene dimitrilo
tetraacetic acid) was centrifuged (hand centrifuge) at approx-
imately 2,000 revolutions per minute for 5 minutes. Without
disturbing the buff y coat, all but the last drop of plasma was
removed using a Pasteur pipette. The fixative was carefully
layered over the sedimented cells with minimal disruption of
the buffy coat. Due to the amount of fat and viscosity of the
penguin blood, the tubes containing the fix and buffy coat were
allowed to fix for approximately 2 hours. After this time, a
button of thrombocytes and leucocytes embedded in solidified

plasma was removed with only a thin layer of erythrocytes
adhering. The buttons were rinsed in buffer and stored in fresh
fix in small leak-proof containers for transport to the U.S.

Bone-marrow samples. The ends of the long bones of the lower
limb were removed and the bony shafts were gently split open,
placed in the fixative, and stored in leak-proof containers for
transport. Unlike other birds and mammals, aspirates could not
be obtained at this time.

Tissue samples. Samples of kidney, spleen, heart, lung, skin,
liver, pancreas, thyroid glands, gonads, gut, musculo skeletal,
etc., were removed, sliced into suitable size for proper penetra -
tion of the fixatives, and prepared for transport.

Depending upon the choice of fixation, two standard embed-
ments were employed. We used paraffin for light microscopic
analysis of those tissue samples preserved in 10 percent neutral
buffered formalin and in the Trump's solution; we used spurr
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Figure 2. Agranulocytes of the genera Pygoscelis. (1) Monocyte, Pygoscelis adeliae, 12,450 x. (2) Monocyte, Pygoscelis papua, 12,450 x. (3)
Monocyte, Pygoscelis antarctica, 12,450 x. (4) Lymphocyte, Pygoscelis adeliae, 12,450 x. (5) Lymphocyte, Pygoscelis papua, 13,200 X. (6)
Lymphocyte, Pygoscelis antarctica, 12,450 x.

resin for electron microscopic analysis of the tissues preserved
in Trump's solution and the 2.5 percent glutaraldehyde
solutions.

At present, we have employed standard procedures of fixa-
tion of the blood smears in methyl alcohol and stained them
with Wright's blood stain. Preliminary examination of the light
and electron microscopic sections (figures 1, 2, and 3) attest to
the overall success of the procedures employed in collecting,
preserving, and processing of the tissue samples and have
resulted in two manuscripts in preparation (Zinsmeister in
preparation; Zinsmeister and Van Der Heyden in preparation).

This work was supported by the National Science Foundation
Grant INT 83-14929. Round trip air tickets were provided by the
National Science Foundation. Travel and accommodations to
and from Antarctica from Santiago were graciously arranged
through the Instituto Antartico Chileno.
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Figure 3. Thrombocytes and erythrocytes of the genera, Pygoscelis. (1) Thrombocyte, Pygoscelis adeliae, 12,450 x. (2) Thrombocyte,Pygoscelis papua, 12,450 x. (3) Thrombocyte, Pygoscelis antarctica, 12,450 x. (4) Erythrocyte, Pygoscelis adeliae, 9,900 x. (5) Erythrocyte,Pygoscelis papua, 7,500 x. (6) Erythrocyte, Pygoscelis antarctica, 9,900 x.

Possible human impact on penguin
populations in the Antarctic Peninsula

area

D. MULLER-SCHWARZE

College of Environmental Science
and Forestry

State University of New York
Syracuse, New York 13210

Between 1980 and 1984 I visited colonies of the three pygos-
celid penguin species in the areas of the Antarctic Peninsula and
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South Shetland Islands repeatedly and counted the breeding
birds. I compared these counts with earlier ones, notably by
Muller-Schwarze and Muller-Schwarze (1975) and the compila-
tion by Croxall and Kirkwood (1979).

A table summarizing the results has been published
elsewhere (Muller-Schwarze 1984). Two important conclusions
can be drawn: (1) there have been drastic population changes at
some sites, both increases and decreases in numbers of breed-
ing penguins and (2) it appears that frequently visited rookeries
tend to decline, while more remote ones have not changed or
are increasing in size.

Adélie penguin (Pygoscelis adeliae). At Torgersen Island in
Arthur Harbor (64'41'S 64°05'W), we counted 6,500 chicks on 27
January 1982, 5,523 nests on 2 January 1983, and 5,575 nests on
30 December 1983. Taking into account the loss of nests and
offspring over the breeding season, this represents a 9-36 per-
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cent drop from the original census of 8,650 nests in 1971
(Muller-Schwarze and Muller-Schwarze 1975).

Chinstrap penguin (P. antarctica). The number of breeding
chinstrap penguins has increased at remote sites and decreased
in responses to human interference. Entrance Point (63°00'S
60°33'W) at Deception Island is a seldom-visited rookery. On
our 25 January 1982 visit there, I noted a 207 percent increase in
breeding pairs since 1965 (Croxall and Kirkwood 1979). At Wa -
terboat Point (64°49'S 62°52'W), on the other hand, now the site
of the Station Gonzalez Videla, the chinstraps decreased at one
of the two rookeries (Coal Point) from 350 nests in 1922
(Bagshawe 1938) to 60 in December 1980 and from 225 to 2 nests
in the other rookery on the Island, where this represents 83
percent and 99 percent drops, respectively. On the island there
were still 125 nests in 1964 (Croxall and Kirkwood 1979). Thus, a
98 percent decrease occurred during the 16 years preceding
1980.

Gentoo penguin (P. papua). At Port Lockroy (64°49'S 63°30'W),
an often-visited site, the gentoos have been holding their
own. During the 1980-1981, 1981-1982, and 1983-1984 seasons,
counts differed by —20 percent, +11 percent, and +18 per-
cent, respectively, from our 1971 count (Muller-Schwarze and
Muller-Schwarze 1975). At Waterboat Point, site of the Station
Gonzalez Videla, the Coal Point rookery had decreased by 91
percent since 1922 to 153 nests in December 1980 and the rook-
ery at the Island by 14 percent since 1964 (Croxall and Kirk-
wood 1979). Two less often visited gentoo rookeries have in-
creased within a decade: the rookery of Harmony Point (62°19'S

59°15'W) on Nelson Island in the South Shetlands grew from
about 800 nests in 1971-1972 to 1,514 in 1982-1983 (plus 89
percent) and on the remote Danco Island (64°44'S 62°37'W) in
Errara Channel, the rookery increased from 229 to 453 nests
(+98 percent) between December 1971 and December 1982.
Danco Island may be especially subject to population fluctua-
tions, rather than clear trends, due to varying snow cover at the
beginning of the breeding season in different years. There are
few rocky outcrops available on that ice-capped island.

In conclusion, particular attention should be paid to the influ-
ence of frequent human visitation on penguin breeding be-
havior, breeding success, and rookery size.
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Trematode parasites of marine birds in
Antarctica: The distribution of

Gymnophallus deliciosus (Olsson
1893)

E. P. HOBERG
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During continuing studies of avian helminths at Palmer Sta-
tion, Antarctica (Hoberg 1983) trematodes were found as para-
sites only of charadriiform birds. Digeneans were not repre-
sented in extensive collections (including several thousand
specimens of helminths) from spheniscids, procellariids, and
phalacrocoracids.

Gymnophallus deliciosus (Olsson 1893) was the only species of
trematode found in birds examined during the present study. It
was found as a parasite in the gall bladder of three species of
charadriiforms: American sheathbills, Chionis alba (Gmelin);
southern black-backed gulls, Larus dominicanus Lichtenstein;
and south polar skuas, Catharacta maccormicki (Saunders) col-
lected in the immediate vicinity of Palmer Station during the
austral summer of 1982-1983 (table).

Specimens of G. deliciosus were found in nearly all adult and
nestling gulls that were examined (table). This trematode had
not been previously reported from L. dominicanus although it is
a geographically widespread parasite characteristic of gulls
(Jones and Williams 1968; Hoberg 1979). It is of interest that
Szidat (1964) did not find it infecting southern black-backed
gulls examined in Argentina. It is clear that the cycle of this
trematode is completed in the area near Palmer. The distribu-
tion of immature specimens and metacercariae of G. deliciosus in
nestling gulls suggests the importance of avian breeding
gounds for the acquisition and maintenance of infections by this
trematode.

Digeneans have not previously been reported from south
polar skuas in Antarctica. G. deliciosus occurred with low preva-
lence and intensity of infection in this host (table).

G. deliciosus had been reported from American sheathbills in
the South Orkney Islands and at South Georgia (Jones and
Williams 1968, 1969-a; Williams et al. 1974) but it had not been
found at localities adjacent to the Antarctic Peninsula or at the
latitude of Palmer Station (about 65°S). Sheathbills appear to be a
typical host for this trematode.

Prey consumed by adult and nestling gulls at Palmer was
dominated by the limpet, Nacella polaris (Hombron and Jac-
quinot 1841) (Hoberg unpublished data). This suggests the im-
portance of this mollusc as an intermediate host of G. deliciosus.
Food-habits of south polar skuas at Palmer were more varied,
and molluscs were not represented as prey. It is possible that
limpets are infrequent prey for skuas and would likely be ac-
quired by kieptoparasitism from gulls. Jones and Williams
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Occurrence of the trematode Gymnophallus deliciosus (Olsson
1893) in seabirds collected near Palmer Station, Antarctica

Species of	Number	Prevalence	Intensity of
infection	Intensity of

host	 infected	percentage range 	infection Xb

Larus	 16	76	1-22	8.4
domincanus

Adults
(N=21)c

Larus	 17	85	1-44	9.0
domincanus

Nestlings
(N =20)

Chionis a/ba	3	60	1-8	4.0
Adults
(N = 5)

Catharacta	3	15	2-7	4.3
maccormicki

Adults
(N =20)

a Intensity of infection represents the number of parasites per infected
host.

b "X" denotes mean number of parasites per infected host.
"N" denotes the number of birds of each species examined for parasites.

(1968, 1969-a) and Graefe (1968) indicated that limpets and other
intertidal molluscs were likely intermediate hosts for G. deli-
ciosus and additional species of trematodes from sheathbills.

Previously, only species from three genera, Gymnophallus,
Notocotylus, and Paramonostomum had been reported from cha-
radriiform birds in Antarctica (Jones and Williams 1968, 1969—a,
1969—b; Graefe 1968; Williams et al. 1974; Odening 1982). Avail-
able data suggest that these trematodes probably complete their
life cycles in the subantarctic and antarctic. Continued studies
are planned at Palmer to attempt to elucidate the cycle for G.
deliciosus and other trematodes and to determine the influence
of intertidal foraging patterns by birds on the distribution of
trematodes in avian hosts in Antarctica.

Among pelagic birds trematodes are generally incidental par-
asites that occur with low prevalence and intensity of infection.
In the Northern Hemisphere, digeneans are characteristic of
lands feeding in shallow littoral environments, but they occur
less frequently in diving birds which forage in pelagic regimes
(Hoberg 1979, 1984). The structural attributes of marine eco-
systems and composition of avian communities in Antarctica
suggest that digeneans should be rare parasites of seabirds in
this geographic region.

The pattern of distribution of trematodes in marine birds in
Antarctica is influenced by the availability of suitable intermedi-

ate hosts (mollusca) and the foraging behavior of potential final
hosts. Littoral environments near Palmer are structurally sim-
ple and of low diversity due to ice scouring. The limpet, Nacella
polaris, is the dominant intertidal invertebrate and one of the
few molluscs that could serve as a potential intermediate host
for trematodes (Jones and Williams 1968, 1969—a, 1969—b). The
scarcity of suitable intermediate hosts and the predominance in
the avifauna of pelagic foragers would further reduce the pos-
sibility for the successful completion of some life cycles (von
Linstow 1878; Hoberg 1984).

Field studies at Palmer Station (austral summer 1982-1983)
and continuing laboratory investigations at the University of
Washington were supported by National Science Foundation
grant DPP 81-15975.
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Chitin degradation in Adélie penguins
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Chitin, a polymer of the amino sugar N-acetyl-D-glucosa-
mine (figure 1) is a principal exoskeletal component of the
antarctic krill, Euphausia superba (Raymont, Srinivasagan, and
Raymond 1971; Clark 1980). Some bacteria, as well as certain
invertebrates, fish, birds, and terrestrial mammals produce
chitinases which permit the breakdown of polymeric chitin to
oligosaccharides and monomeric sugar subunits (Jeuniaux and
Cornelius 1978). Chitinase production in birds and mammals
could occur in either of two ways: (1) through a chitinoclastic
bacterial gut flora, or (2) by glandular production of chitinases
(Jeuniaux 1966; Jeuniaux and Cornelius 1978).

During the austral summer of 1984 (January-February), we
investigated the ability of the Adélie penguin, Pygoscelis adeliae,
to degrade the chitinous exoskeleton of their primary food
source, E. superba. Our work at Palmer Station was directed in
these areas: (1) isolation, identification, and quantification of
chitinoclastic bacteria from the digestive tract of Adélie pen-
guins; (2) examination of various penguin tissues for the pro-
duction of chitinase; and (3) quantification of amounts of chitin
degradation occurring in the digestive tract.

The isolation of bacteria from the gastrointestinal tract of
Adélie penguins was carried out under aerobic and anaerobic
conditions at 37°C, using a variety of bacterial media (2216,
Difco; Trypticase Soy, BBL I ; CDC blood agar). For the detection of
bacterial chitin degradation, chitin overlay agar was prepared
by adding 1.0 milliliter purified colloidal chitin, final con-

"BBL" is a trademark of Baltimore Biological Division of Becton, Dick-
inson and Company "CDC" denotes Center for Disease Control.

centration 1.4 percent, to 9.0 milliliters of a 1.5 percent agar
solution. After autoclaving, molten chitin agar was overlayed
onto the previously described media. Zones of clearing around
bacterial colonies indicated chitin breakdown. Digesta material,
beginning in the proventriculus and continuing through to the
colon was used for bacterial enumeration. Preliminary results
indicate the presence of mesophilic chitin degrading bacteria
and this suggests that bacterial chitinolytic activity occurs both
aerobically and anaerobically in the colon region. Total aerobic
counts were in the range of 40,000-200,000 cells per milliliter
digesta whereas anaerobic counts ranged from 40,000-400,000
cells per milliliter digesta. Identification of chitinolytic and non-
chitinolytic isolates from the gastrointestinal tract of Adélie
penguins is currently in progress.

The presence of chitinase in various Adélie penguin organs
was determined by a spectrophotometric assay using a dye-
bound chitin substrate (chitin azure, Sigma) (Hackman and
Goldberg 1964; Bowman and Childs 1982). Chitinase hydro-
lyzes the dye-bound chitin substrate with concomitant release
of dye (Bowman and Childs 1982). To enable the quantitative
measurement of chitinase, a standard curve was determined
using commercially available chitinase (Sigma). Digestive tract
tissue samples, along with liver and pancreas tissues were
analyzed for chitinase activity. One gram of tissue was mixed
with 1.0 milliliter buffer (MoPs2 pH 7.0) and ground in a tissue
grinder. After centrifugation, 50.0 microliter of supernatant was
added to 1.0 milliliter buffer, 10.0 milligram dye-bound chitin,
and 10.0 microliter thimerosal, which inhibits bacterial growth
(Sigma). The tubes were incubated for 24 hos at 37°C. Results
were assayed using a spectrophotometer at 575 nanometer
(Hitachi). Initial results revealed chitinolytic activity in the pan-
creatic tissue of all three Adélie penguin samples. These results
suggest that Adélie penguins may possess two chitinolytic deg-
radation systems.

To quantify the amount of chitin being degraded during
digestion, a penguin dietary study was initiated. Quantitative
chitin degradation can be calculated knowing the chitin content
per dry weight of the food and feces over a known feeding
period.

For the dietary studies, three nonbreeding adult Adélie pen-
guins were captured on Humble Island and held in cages at
Palmer Station. To define a beginning and end to the feeding
study, thin slivers of red surveyor's tape, an inert plastic mate-
rial, was employed as a marker. After an initial adjustment

2 "MOPS" denotes (3-[n-morpholino] propanesulfonic acid).

CHITIN

Figure 1. Schematic diagram of chitin, a polymer of N-acetyl-D-glucosamine.
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Figure 2. Force feeding of Adélie penguin.

period, during which time a force feeding procedure was estab-
lished (figure 2), the Adélie penguins were fed the markers. The
markers were voided after about 24 hours. The cages were then
cleaned and the subsequent food input and fecal output were
measured. On the sixth day, markers were again force-fed to

mark the end of the dietary study. During the study period, the
experimental penguins were force-fed a precisely known
weight of krill daily. All collected fecal material and subsamples
of the krill feed were dried to constant weight at 70°C. These
samples were used to determine the percentage dry weight.
Work is now under way to determine the amounts of chitin
present and the caloric value of the food and fecal material from
the dietary work.

The help of Palmer Station personnel is gratefully acknowl-
edged; with special thanks to Jay Fields, Bryan Obst, Bill
Hamner, Robin Ross, and Langdon Quentin.

This research was supported in part by National Science
Foundation grant DPP 83-00719.
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Pygoscelid penguin and skua
reproductive success and foraging

behavior of penguins in Admiralty Bay

S. C. TRIVELPIECE, W. Z. TRIVELPIECE,
and N. J. VOLKMAN

Point Reyes Bird Observatory
4990 Shoreline Highway

Stinson Beach, California 94970

J. L. BENGTSON

Department of Ecology and Behavioral Biology

University of Minnesota
Minneapolis, Minnesota 55455

We arrived at the Polish Academy of Sciences' Arctowski
Station in Admiralty Bay, King George Island (62°10'S 58°30'W),
on 16 January 1984, and departed on 13 February 1984. Our
main objectives were:
• To band the chicks of the three penguin species, the Adélie,

gentoo, and chinstrap (Pygoscelis adeliae, P. papua, and ant-
arctica, respectively) and flying birds [brown skua (Cat ha racta
lonnbergi), south polar skua (C. maccormicki), American
sheathbill (Chionis alba), southern giant fulmar (Macronectes
giganteus), and southern black-backed gull (Larus domin-
icanus)] for a population study of this avian community to
begin in 1984-1985.

• To determine the survival, reproductive success, mate
fidelity, and nest-site tenacity of banded breeders and
known-age birds of all species.

• To determine the feasibility of tracking penguins at sea via
radio telemetry.
We located several hundred banded breeders of each penguin

species and 106 known-age pre-breeders. Penguin reproduc-
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tive success was low this season, based on chick counts at
known-sized colonies. Reports of heavy snows and continued
low temperatures into the spring may have partly accounted for
this. Conversely, both skua species had above average success,
compared to previous seasons, with 58 percent of the successful
pairs fledging two chicks. Brown skuas fledged 0.93 chicks per
pair overall; pairs that defended penguin feeding territories
fledged 1.38 chicks. South polar skuas fledged 1.08 chicks per
pair; the most successful season we have recorded since 1978
and a great contrast to last season when no chicks survived.
Four hybridizing pairs of brown and south polar skuas fledged
1.25 chicks per pair.

We attached radio transmitters to 13 breeding penguins (7

gentoos and 6 chinstraps, see figure) and collected data on their
foraging areas and behaviors. Two tracking huts, consisting of
receivers and antennae, were erected approximately 2.5 kilo-
meters apart. Penguins were tracked as they left shore to feed,
and position fixes were established by triangulation from head-
ings taken every 15 minutes. In addition, a strip-chart recorder,
connected to a third receiver, registered signals from penguins
we were tracking. Radio signals were received only when the
penguin's transmitter was out of the water; therefore, the strip
chart recorded peaks when the bird was on the surface and a
baseline when it was submerged. The pattern of surface to dive
times varied with a penguin's behavior. We were able to dif-
ferentiate among porpoising, underwater swimming, search-
ing, stationary diving, and resting on the surface. As a result,
we obtained a record of the foraging behaviors of penguins
throughout their trips at sea, and we knew where in Admiralty
Bay these behaviors occurred.

Gentoo penguins made longer dives and spent a greater
percentage of time in feeding behaviors (i.e., searching or sta-
tionary diving) than did chinstrap penguins. Further analysis
suggested vertical partitioning of feeding areas, with gentoos
feeding at greater depths than chinstraps. We feel this tech-

Radio transmitter epoxied to a chinstrap penguin.

nique will provide valuable new insights into the feeding ecolo-
gy of penguin species and expect to continue this project with
all three pygoscelid species over an entire breeding season.

We are grateful to the Polish Academy of Sciences, base leader
R. Stepnik, and all the members of the 8th expedition for their
helpfulness and generous hospitality during our stay at
Arctowski Station. We also thank the Fuerza Aerea de Chile for
transportation to and from Antarctica, and the U.S. Antarctic
Research Program for logistical support.

This research was supported by National Science Foundation
grant DPP 81-17205.

Energetics and feeding ecology of
free-living penguins and petrels

K. A. NAGY and
B. S. OBST

Department of Biology
University of California

Los Angeles, California 90024

R. P. WILSON

Percy FitzPatrick Institute
University of Cape Town

Rondebosch 7700, South Africa

The quantity of krill consumed by seabirds along the Ant-
arctic Peninsula is an important consideration when evaluating
potential krill harvesting by man. Between late December 1983
and early February 1984, K. Nagy and B. Obst conducted three

field studies on aspects of energetics and feeding behavior of
seabirds nesting on small islands near Palmer Station, Anvers
Island. R. Wilson is collaborating by sending equipment and
providing analyses needed for measuring swimming speeds
and distances swum by penguins. Sample analyses are still in
progress, so this paper contains only preliminary results.

Adélie penguins. We measured field metabolic rates and water
flux rates using doubly labeled water (Nagy 1980) over a 2-week
period in seven pairs of Adélie penguins nesting on Torgersen
Island, 1 kilometer west of Palmer Station. We adjusted recap-
ture intervals to yield measurements of energy metabolism,
water influx, and water efflux during periods on and off the nest
and periods integrating both activities. Time budgets of marked
penguins were recorded. We attached speed meters (Wilson
and Bain in press) for measuring high-speed swimming ve-
locity and duration (and distance swum as the product of the
two) to penguins that were just relieved of nest duties by their
mates and removed the meters when the penguins returned to
the nest. At the end of the study, we took samples of stomach
contents of several penguins to determine diet (it was 100 per-
cent krill). Results of these measurements will be combined
with determinations of energy assimilation efficiency (Stem-
mler et al., Antarctic Journal, this issue) to calculate food require-
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ments of nesting adults. These will be combined with measure-
ments of growth rates of chicks to estimate food consumption
per nest, which will then be multiplied by our count of active
nests on Torgersen Island (8214) to estimate daily krill consump-
tion by the entire colony.

Preliminary results indicate that Adélie penguins had field
metabolic rates that were somewhat higher than those of jackass
penguins living in warmer conditions in South Africa (Nagy,
Siegfried, and Wilson in press). We crudely estimated food
consumption to be about 2 kilograms per nest per day, or about
15-20 metric tons per day for the whole colony.

Giant petrels. We measured field metabolic rates and water
fluxes using doubly labeled water, in eight nesting adults on
Humble Island, 2 kilometers northwest of Palmer Station. We
set recapture intervals at 2-3 days to obtain integrated measure-
ments of daily energy metabolism, and with two birds, we
attempted to estimate metabolic rate during the period on the
nest. If our attempt was successful (depending on isotope ana-
lyses yet to be done), metabolism while foraging can be calcu-
lated by subtraction. We will also estimate food consumption by
these birds.

Adélie, gentoo, and chinst rap penguins. One of the islands in the
Joubin Islands group (about 15 kilometers west of Palmer Sta-
tion) had these three species nesting on it together. In other
areas where two or three species of penguins nest sym-
patrically, they apparently reduce competition for food re-
sources by foraging in different areas or at different distances
from the rookeries, by foraging at different times, or by feeding
on somewhat different foods (Croxall and Prince 1980; Vol-
kman, Presler, and Trivelpiece 1980; Volkman, Trivelpiece, Triv-
elpiece, and Young 1982; Trivelpiece, Trivelpiece, Volkman, and
Ware 1983). To determine whether the penguins on the Joubin
Islands also used different foraging modes, we measured times
of day each species foraged, duration of periods off the nest,

and stomach contents to assess diet, as well as swimming
speeds, duration of swimming, and distances swum [all three
determined by using speed meters (Wilson and Bain in press)].
Preliminary results do not indicate major differences in any of
these parameters among the three species of penguin.

This research was supported primarily by National Science
Foundation grant DPP 83-02852 to W. Hamner, and secondarily
by contract DE-AM03-76-5F00012 between the Department of
Energy and the University of California, and by the Percy
FitzPatrick Institute of African Ornithology, University of Cape
Town. We are grateful to Rick Elmasian, U.S. Coast Guard, and
Jay Fields for valuable assistance in the field.
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Status of known-age birds
banded as chicks near Palmer Station

in the 1970's

D. F. PARMELEE and C. RIMMER

Itasca Biology Program
University of Minnesota

Minneapolis, Minnesota 55455

During the 1970's Parmelee and graduate students banded a
number of juvenile birds in the vicinity of Palmer Station. The
purpose of the current study was to determine how many of
these birds returned to the Palmer area as breeding adults. The
following is a summary of the results of our initial survey from
26 December 1983 to 10 March 1984.

Southern giant petrel (Macronectes giganteus). From 1975
through 1979, 1,034 chicks were banded. Of these, 11 were
recovered at nests in 1984. All had been banded during 14-28

March 1977 by Brian Glass; seven of the 11 returned to islands
where they had hatched, the remaining four to islands nearby.
Earliest breeding age recorded was 7 years.

Blue-eyed shag (Phalacrocorax atriceps). Five chicks in 1977 and
251 chicks in 1979 were banded on Cormorant Island. Four of
these, all from 1979 bandings, were recovered at nests on Cor-
morant Island. In addition, three of 110 chicks banded there is
1980 were at nests in 1984 (two nests were empty, one had a
single chick). Earliest breeding age recorded was 4 years.

South polar skua (Catharacta maccormicki). From 1975 through
1979, 541 chicks were banded. Of these, 10 were recovered at
nests, five at islands where they had hatched, and the remain-
ing ones at islands nearby. Earliest breeding age recorded *as
years. A number of paired nonbreeding south polar skus ob-
served on territories in the nesting areas were probably pre-
breeders, perhaps from the 1979-1980 season when 277 chicks
were banded.

Brown skua (Catharacta lonnbergi). From 1975 through 1979, 80
chicks were banded. Of these, two were recovered: one banded
on Litchfield Island on 18 January 1976 was recovered at a nest
nearby on Humble Island on 3 January 1984 and one banded on
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Christine Island on 12 January 1977 was recovered at a nest on
one of the Joubin Islands off southwest Anvers Island on 12
January 1984. Earliest breeding age recorded was 7 years.

F1 hybrid skua (Catharacta maccormicki x lonnbergi). From 1975
through 1977, 16 F 1 hybrid chicks were banded. Of these, one
was recovered at a successful nest on 26 January 1984 on Chris-
tine Island, about 4.5 kilometers from where it had been band-
ed as a chick on Humble Island by David Nielson on 18 January
1976. The F 1 hybrid was mated to a south polar skua and pro-
duced an F2 hybrid. This successful nesting is significant be-
cause it is the first solid evidence that the gene pools of the two
skuas are mixed in the Antarctic Peninsula area. The 8-year-old
hybrid had been recovered once before: at Parangual, Brazil on

23 May 1980 by Edson Cunico, who released the bird with band
intact.

We expect to find considerably more breeding birds banded
as chicks as the birds attain sexual maturity. Large numbers
were banded during the 1979-1980 and 1980-1981 seasons.
During 1983-1984, the following chicks were banded: southern
giant petrel (277), blue-eyed shag (158), south polar skua (384),
brown skua (18), hybrid skua (2), southern black-backed gull
(Larus dominicanus) (214), and antarctic tern (Sterna vittata) (21).
Blood samples for protein analysis were taken from 15 south
polar skuas, 16 brown skuas, 3 F 1 hybrids, and 1 F2 hybrid.

This project was supported by National Science Foundation
grant DPP 82-13688. Kenneth Nagy assisted us in the field.

Hydrographic fronts and marine bird
distribution in antarctic and

subantarctic waters

R. R. VEIT and
B. M. Braun

Department of Ecology and Evolutionary Biology
University of California
Irvine, California 92717

During the 1983-1984 austral summer, we continued our
studies of antarctic seabirds (Hunt 1982; Hunt and Veit 1983)
while aboard the USCGC Polar Sea. This year we focused our
interest on the effects that hydrographic fronts near or over
continental slopes have on the distribution of oceanic birds. We
rode the Polar Sea from Valparaiso, Chile, to Palmer Station,
Antarctica, with a stop at Punta Arenas, Chile; from Palmer to
McMurdo Station and back; and from Palmer north to Rio de
Janeiro, Brazil, with stops at Punta Arenas, Chile, and at Mon-
tevideo, Uruguay.

Our most interesting findings resulted from three transects
across shelf-break fronts: (1) in the northwestern Ross Sea, (2) to
the northeast of King George Island in the South Shetland
Islands, and (3) off the eastern coast of South America. In each
case, we found that bird density in the vicinity of the shelf-break
front was very much higher than over either deep water farther
offshore or shallower water farther inshore, and that the fronts
also served as a distinct boundary between two discrete com-
munities of pelagic birds.

In the northwestern Ross Sea, we had the opportunity to
work in collaboration with Stanley S. Jacobs and his team from
the Lamont-Doherty Geological Observatory. During our trans-
ect there on 5 February 1984 we discovered more than a 10-fold
increase in bird abundance and biomass as we crossed the shelf-
break front (figure 1). The increase involved primarily Adélie
penguins (Pygoscelis adeliae) and Wilson's storm petrels
(Oceanites oceanicus). This pattern is similar to that described by
Ainley and Jacobs (1981), except that in this case we were able to
show that the increase in bird density at the shelf break occurred
even in the absence of pack ice, the presence of which in Ainley

and Jacobs' study tended to obscure the relative influence of the
ice edge and the hydrographic front on the increased numbers
of birds. This front also served as a boundary between commu-
nities of birds; we observed light-mantled sooty albatross (Phoe-
betria palpebrata), mottled petrel (Pterodroma inexpectata), and
dove prion (Pachyptila desolata) only offshore from the front,
while the dominant species inshore from the front were Adélie
penguin and Wilson's storm petrel.

Off King George Island on 22 December 1983, we found a
similar increase in bird abundance as we crossed a front at the
continental slope (figure 2). In this case, the roughly six-fold
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Figure 1. Bird densities along a transect in the northwestern Ross
Sea running from shelf water across the continental slope into deep
water: A. Number of birds/Km 2. B. Bird Biomass (Kg)/Km2. (11Km2"
denotes square kilometer; "kg" denotes kilogram.)
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