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It has been noted by many investigators that the
paucity of plant and animal life on the Antarctic
Continent is in marked contrast to that of the seas
around it. This marine environment is among the
richest in the world's ocean, and recent estimates
indicate that productivity in these waters approaches
four-fold that of others (Llano, 1970). The belt of
circumpolar marine water is a deep oceanic region
extending from the continent's edge, followed by a
narrow shelf, to the Polar Front (Antarctic Converg-
ence), across which there are steep thermal, salinity,
and inorganic nutrient gradients resulting from the
unique hydrographic features of this region (Deacon,
1963; Brodie, 1965). Owing to the polar position of
these waters, there is a wide flux in light intensity
during the seasonal solar cycle, and a variable ice
cover ranging from 1 to 2 million square miles in late
summer to approximately 10 million square miles in
winter (Mackintosh and Brown, 1953). Seasonal and
vertical differences in light penetration, chemical dif -
ferences among the principal vertical water masses,
and salinity differences vertically and with sea-ice
formation and melt combine to provide different en-
vironments for the endemic biota.

The annual freezing and thawing of the sea surface
within this pack-ice zone lead to changes in salinity
(34.1-34.9 %o ; Brodie, 1965). However, the tempera-
ture range is relatively narrow, being some 4-5°C.
throughout most of this region both seasonally and
vertically (Knox, 1970). In summer, surface water
temperature ranges from 3° to 5°C., and in winter
from 1 ° to 2°C. Despite this apparent constancy in
temperature, animals are found regionally distributed
within the water column. From a study of copepods,
which constitute the majority of the mesoplankton
(estimated at 60-67% by Hopkins, 1971, and 73%
by Voronina, 1970, exclusive of euphausids), it has
been found that these animals are always more ad-
vanced at more northern latitudes (59°-60°S.) in any

particular season (Voronina, 1970). Moreover, during
the austral winter they select the warm deeper water,
concentrating at the 1000 to 500-meter layer, while in
summer they move upward to less than 500 m. In a
general way, the predominant copepod species show
seasonal vertical migrations which also relate to
developmental stages. During the summer months,
Rhincalanus gigas, Calanus (Calanoides) acutus, and
C. propinquus show two maxima in biomass within
the surface layers. The first occurs in spring after the
upward migration and growth of the over-wintering
populations. This increase in density of the surface
population results only from its redistribution from
deeper layers.

It has also been determined (Ommaney, 1936;
Voronina, 1970) that breeding begins in April-May
and by the following spring the larval stage of cope-
podite IV is the dominant form in the population,
increasing the biomass a second time. Subsequently,
the population disperses and is grazed down, and the
biomass declines accordingly.

In addition to seasonal growth changes and their
influence on biomass, there are irregular distributions
in the population resulting from water movements
which carry plankters to convergences and divergences.
With a far south vertical translation of the adult popu-
lation to the surface layers, an increased concentration
of mature forms results at the Antarctic Divergence in
spring (first biomass increase). Food conditions are
favorable in this area: a large brood is produced and
surface currents carry a rich plankton northward.
These populations move predominantly in the upper
100 to 200 meters in summer, ranging from a high
concentration at 66°-61°S. in January (77°E.) to
64°-60°S. in February. At 58°E., they range from
63°-56°S. in February and from 63°-50°S. in April.
Annual cycles of copepod distribution are similar,
showing only slight temporal shifts according to the
species. Thus, the biomass maximum in summer, from
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south to north, is reached first by Calanoides acutus,
subsequently by Calanus proinquus, while Rh in-
calanus gigas attains its biomass maximum later and
further north, reaching 50° to 42°S. by April. Corres-
pondingly, in late summer C. acutus descends from the
surface layers earlier than does R. gigas. Such a tem-
poral and spatial distribution increases the grazing
period and the extent of utilization of phytoplankton.
Another vertical variation with respect to copepods
has been shown by Hardy (1967), who reported that
the upper surface layers (400-0 m), while high in
biomass, are low in diversity (ca. 38 species), and that
in deeper layers (900-600 m) there is greater diversity
(54-56 species).

The annual variation in light must also have a
profound effect on the amount of organic carbon
produced in that oceanic area. In addition to the
solar cycle, the large ice cover plays an important
role in the amount of radiant energy available to
aquatic populations. At the edge of the continent,
large belts of fast ice remain for years while the ice
shelves (Ross, Filchner) have covered large water
areas throughout known history. These permanent
ice covers must exert a strong effect on all organismic
populations. Radiant energy penetration into the
water column is greatly reduced by the cover, but
there is little information at present on what amount
or quality of light is actually available under the ice.
El-Sayed (1966) reported that only one-fifth of the
incident light penetrated through an ice layer one
meter thick. Very significant in the matter of avail-
able light is its quality, which is also generally un-
known. Bunt (1968) has discussed the polarization
of light by ice crystals, which would influence the
wavelength of light available to sub-ice phytoplankton.

Biological studies have been conducted for more
than a century by investigators of many nations.
Initially, these studies were directed primarily at
taxonomy, zoogeography, and population distribu -
tion, and from them a considerable body of informa-
tion has been gained on commercial species (seals,
whales) as well as others. Specific biometric studies
have been carried out on a number of antarctic
zooplankton species, including euphausid shrimp
(Marr, 1962; Mackintosh, 1960; Nemoto, 1968;
Makarov et al., 1970), amphipods (Foxton, 1956,
1964), and copepods (Mackintosh, 1934, 1960;
Ommaney, 1936; Voronina, 1970). Studies on benthic
population (Tressler, 1964; Gruzov and Pushkin,
1970; Dayton et at., 1970; Connell, 1961; Littlepage,
1965), including reproductive patterns of some
echinoderms (Pearse, 1965, 1966), have been made
also, as have selective studies on lipids in zoo-
plankton (Littlepage, 1964), metabolic activity of
fishes (Wohlschlag, 1964), euphausids and selected
zooplankton (McWhinnie, 1964; McWhinnie and
Johanneck, 1966; McWhinnie and Urbanski, 1971).

Through these and other biological studies, there is
now a broad overview of some aspects of the south
circumpolar marine environment.

Some comparisons of phytoplankton standing crops
indicate that whereas the average value for the Eng-
lish Channel, the North Indian and North Atlantic
Oceans has been measured at 0.26 g/m 3 (range 0.14
to 0.48), for areas of South Georgia and the Gerlache
and Bransfield Straits the average crop was 1.72 g/m3
(range 1.10 to 2.76) (Holdgate, 1967; Hart, 1942).
Similarly, standing crops of zooplankton show a gradi-
ent in Southern Hemisphere oceanic waters: integrat-
ing the 1000-0 m values, Foxton (1956) reported
25.6 mg/m' for antarctic waters and 20.9, 9.8, and
9.0 mg/M3 for subantarctic, tropical, and subtropical
waters respectively. Hopkins (1971) concluded that
more than half of the zooplankton biomass is in the
upper 250 rn from late spring to early fall and de-
scends to below this depth during the winter. The
data of Foxton (1956) and Hopkins (1971) provide
an estimate of approximately 18 X 107 tons of zoo-
plankton in antarctic waters. While the point of rela-
tive productivity has been questioned by some meas-
ures, majority evidence strongly indicates its validity,
and only further study will provide the quantitative
data, on a regional and temporal basis, necessary to
define the actual standing crop and productivity and
the magnitude of energy flow through this aquatic
ecosystem. It should be emphasized that values stated
for biomass and productivity have been derived from
study only at given seasons and/or locations. Regional
differences in phytoplankton productivity have been
reported in surface layers of the Atlantic and Pacific
sectors; however, the difference diminished when in-
tegrated values for the euphotic zone of these regions
were determined (El-Sayed, 1970). Discontinuities in
zooplankton populations, best known for the krill,
Euphausia superba, as well as vertical and seasonal
migrations of many groups make it very difficult to
obtain reasonably accurate estimates on these popula-
tion parameters.

Related to the yet undefined potential of biological
productivity, the indications that these are highly rich
waters and the possibilities for developing a commer-
cial fishery, if only for harvesting animal protein, have
made it imperative that intensified and comprehensive
studies of the antarctic marine ecosystem be under-
taken. It is generally accepted that, in contrast to the
large biomass of these waters, there is reciprocally
moderately low diversity, demonstrating a rather sim-
ple and direct sequence through trophic levels (food-
chain; web). These relations have been described by
Hart (1942) and Marr (1962) and re-presented by
El-Sayed (1971 a, b) in detailed pictorial form. Fish-
ery exploitation of this resource should await a more
comprehensive understanding of standing crops, pro-
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ductivity, and energy transfer through this specialized
ecosystem. With moderately low diversity, and with
minimum and yet undescribed cross-linking at given
trophic levels, significant imbalances which could re-
suit from precocious harvesting at one level would
elicit more drastic alteration of this community than
would be realized in populations at lower latitudes.
However, some considerations have been presented to
justify the harvesting of krill, whose large numbers
are no longer being grazed down by a whale stock
estimated to have decreased some 80-90% since the
1930s (Makarov et al., 1970; Zenkovich, 1970; Mack-
intosh, 1970; Moiseev, 1970; Gulland, 1970). It is
stated that this decrease in the grazing cetacean stock
leaves, in a conservative estimate, an annual krill sur-
plus of approximately 30 million tons.

The foregoing considerations, coupled with a more
fundamental need to understand this unique environ-
ment and its biota, have led to the organization of in-
tegrated programs of biological, physical, and chemi-
cal studies to elucidate the functional dynamics
(El-Sayed, 1971a) of the south polar marine ecosys-
tem. Through the Office of Polar Programs of the
National Science Foundation, these studies to under-
stand the antarctic ecosystem were initiated in 1969

with the research ship USNS Eltanin's Cruise 38, its
first special biological cruise. They were continued on
Cruise 46 (1970-1971), and are currently being ex-
tended on Cruise 51 (1972). As data are collected
and analyzed, our understanding, and the future di-
rection, of such coherent studies should become more
clear.

In its broad perspective, the goal of these studies is
to determine the energy input and flow through the
ecosystem, with investigations of the relationships be-
tween trophic levels of the aquatic biota in the upper
water column. The benthic realm will be studied by
another group of scientists on similar special biologi-
cal cruises.

To obtain a quantitative assessment of energy input
and flow through the pelagic realm, the intensity and
spectral distribution of solar radiation is being meas-
ured at all locations where biological studies are
made; the available energy will be defined, ideally for
all seasons or at least at representative periods for each
season. Downwelling and upwelling radiation (cor-
recting for reflection, etc.) is measured by the use of
precision spectral radiometers mounted to avoid the
ship's shadow (fig. 1 and 2); recordings are made in
the electronic lab (fig. 3). The instruments measuring

Figure 1. Spectral radiometers
mounted on the helicopter
pad of USNS Eltanin to meas-
ure downwelling solar radia-

tion continuously.

Figure 2. Spectral radiometers
mounted forward of the ship's
bow to measure upwelling

solar radiation.

Figure 3. Continuous record-
ings of total solar radiation
and three spectral bands.
Energy recorded is by differ-
ence obtained from the radi-
ometers shown in figs. 1 and 2.
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the downwelling and upwelling energies as well as the
net energy penetrating the water column are operated
continuously. Because of absorption by suspended par-
ticles, angle of incidence, and internal reflectance, it is
necessary to measure the available radiant energy
within the water column to achieve quantitative data
on energy transfer to the photosynthetic system (popu-
lation). Underwater photometric measurements are
made each day to relate available solar energy at the
sea surface to energy levels within the euphotic zone
and to photosynthetic rates. The study of radiant
energy transmission within the zone of primary pro-
ductivity is accomplished with a submarine photome-
ter (measuring total radiant energy) that is released
to a depth of 1% illumination of the sea-surface
energy; percent illumination with depth on Cruise 46
was recorded with descent and ascent of the sensor.

For the most accurate assessment of energy capture
and its transfer to the marine ecosystem, in situ meas-
urement of carbon fixation is conducted at levels of
known intensities of radiant energy through the photic
zone. Subsequent to the measurement of light penetra-

by study of chlorophyll and phaeopigments. Species
composition and relative abundance of members of
the phytoplankton populations are studied with sam-
ples collected in plankton net (mesh, 35 p) hauls.
Dense phytoplankton blooms have been reported for
the Weddell Sea (El-Sayed, 1970) and were encoun-
tered at several locations on Cruise 46 in the free pack
ice in the southern Indian Ocean sector (58°S.
74°E.). Several liters of packed algae were taken re-
peatedly in vertical plankton net hauls through the
upper few hundred meters. A composite of the results
obtained from the foregoing studies should provide a
more complete understanding of energy capture and
transduction than has yet been obtained from south
polar waters.

The chemical matrix within which this high pro-
ductivity occurs is continually measured to allow a re-
finement of understanding of the discontinuities in
population density and to support future estimates
concerning total potential productivity. Conventional
hydrographic measurements are made at each biologi-
cal station. Temperature and salinity profiles are
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Figure 4. Buoy and marker flag at sea during an in situ photosynthesis measurement. Carbon-14 incorporation is allowed
to continue from local apparent noon to sundown each day.

tion with depth, sea water samples are collected from
predetermined levels; these are enriched with carbon-
14 bicarbonate and returned to the levels from which
they were taken for subsequent measurement of photo-
synthetic rates (fig. 4).

To evaluate the accuracy of more conventionally
conducted studies of radiocarbon incorporation into
algal compounds under simulated conditions of both
ambient sea-surface illumination and temperature,
equivalent samples of phytoplankton are incubated
concurrently each day aboard ship; sea water pumped
to the assembly maintains ambient temperature. Com-
parisons between the latter method of simulated in
situ (S.I.S.) measurements of photosynthetic rate and
of in situ (I.S.) measurements at depths from which
the algal populations have been derived and incu-
bated under natural conditions of known light inten -
sity should provide the data essential to an assessment
of true oceanic organic productivity.

The primary productivity study includes determina-
tion of the standing crop as well as cellular viability

made, and concentrations of phosphate, nitrate, and
silicate are determined to define the nutrient available
to the algal populations. It has been shown that dur-
ing a period of a large phytoplankton bloom in the
southern Weddell Sea, nutrient salt concentrations re-
mained high through an area of more than 15,000
km 2. The abundant supply relates to areas of upwell-
ing (El-Sayed, 1970).

Populations of fungi are known to occur in the
marine environment and live on algal cells as well as
on other organisms within sediments. To determine
their number and kind, as well as their relationship to
antarctic phytoplankton populations, studies are being
conducted to identify the composition and distribution
of fungal species. Understanding of the impact of such
parasites on algal populations will contribute to a
more accurate estimate of regional primary produc-
tivity and its potential to support the large biomass of
antarctic fauna.

Within the purview of populations, trophic levels,
and energy flow, studies relating to primary produc-
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tion and the chemical and physical milieu in which
this occurs will provide data for the nutrient base
upon which all populations of antarctic fauna depend.
It is generally held that antarctic food chains are
short and direct, passing through an herbivorous zoo-
plankton population of moderately low diversity and
dominated by the euphausid shrimp Euphausia
superba (and other species), followed in abundance
by copepods. The true specificity of their food selec-
tivity remains to be confirmed, and increasing atten-
tion is being given to the nature of the food taken by
this large filter-feeding population. Systematic analy-
sis of the distribution of copepods is being investigated
down to 1000 meters.

Related to nutrient flow and efficiency of energy
transfer to higher trophic levels is the abundance of
organic compounds in marine water. The amount of
dissolved and particulate organic compounds (carbon,
nitrogen, phosphorus), vitamins, and high-energy
phosphates in south polar sea water is being measured.
Moreover, through study of naturally occurring radio-
isotopes at all trophic levels of this ecosystem, rates of
carbon transfer will be estimated from the level of
photosynthetic incorporation of radiocarbon isotopes
to the upper levels of animal carnivores (fishes). The
pathway taken by carbon and hydrogen through mul-
tiple levels of the system is being analyzed by tracing
the ratios of naturally occurring isotopes (C 1 /C12 and
H2 /H'). Large volumes of water are concentrated to
provide sufficient sample volumes for these multiple
analyses. Water samples are collected in Gerard-Ewing
bottles (fig. 5) and transferred to sterilized carboys for
subsequent concentration and chemical analysis.

To further understand trophic interrelations and
transfer of molecular species between them, studies of
long-chain, highly unsaturated fatty acids will con-
tinue. These fatty acids appear to originate in phyto-
plankton and may be passed as complex lipids to zoo-
plankton and fish. Differences may exist between or-
ganisms of open oceanic areas and those in coastal
regions. In addition, the influence of low light inten-
sity and low temperature on lipid and fatty acid com-
position throughout the food-chain will be studied.

Utilization of soluble organic compounds by hetero-
trophic bacteria could provide a route of energy trans-
fer to filter-feeding zooplankton. The extent of hetero-
trophic activity by marine bacteria is being studied
by use of carbon-14 labelled substrates. Quantitative
data on rates of assimilation and respiration will allow
the assignment of proper values to the magnitude of
energy transfer to these ultraplankton. Samples are
collected from the same levels in the water column as
those studied for other biological evaluations by use
of sterile samplers (fig. 6).

To determine energy transfer through an aquatic
ecosystem and, in particular, one characterized by a
continuously low and narrow temperature range, it is

Figure 5. Gerard-Ewing sampler used for large water volumes
(200-liter capacity).

Figure 6. Sterile "butterfly" samplers collect water employed in
the study of bacterial heterotrophic nutrition.
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Figure 7. One-meter plankton net equipped with flow-
meter. This net is towed horizontally. When in ice, it is used

vertically only.

Figure 8. Brown-McGowan opening and closing nets ("bongo
nets") sample zooplankton quantitatively at two levels with

each setting.

essential to determine the metabolic rates of popula-
tions at all trophic levels. The metabolic rate of biotic
concentrates derived from large water volumes is
studied by measurement of oxygen consumption and
nucleotide reduction; net plankton is also studied in
this manner. These micropopulations are collected
throughout the upper 500-m layer. Similarly, macro-
zooplank ton, which constitute the physical basis of the
deep scattering layer, are studied for oxygen consump-
tion, using conventional respirometric apparatus. The
latter study includes measurement of metabolic rates
of coelenterates, annelids, pteropod molluscs, chaetog-
naths, copepods, amphipods, euphausid crustaceans,
etc. Data obtained from these studies will be em-
ployed to assess the energy required to support mixed
zooplankton populations as well as individual species.
Reciprocally, calorimetric determination of the energy
content of zooplankton will provide the quantitative
data needed to estimate the amount available to the
next trophic level (e.g., carnivores).

Within the concept of Raymont (1963), the nutri-
tional mode of zooplankton is also being investigated
with respect to the utilization of soluble organic nutri-
ent. Zooplankton samples are collected with flow-
metered plankton nets and with quantitative open-
ing/closing (Brown-McGowan) nets (figs. 7 and 8).
The ultimate description of antarctic zooplankton bio-
mass and an understanding of its metabolic require-
ments depends upon study of numerous populations
measured seasonally at a variety of locations.

Zooplankton populations often segregate spatially,
and net hauls may result in samples containing one
or a few species only. Amphipods occur throughout
the Atlantic, Pacific, and Indian Ocean sectors, and
common to the diurnally migrating populations are
various scyphozoan coelenterates, squid, and pelagic
turbeilarians, among other less common taxa. It is
these biotic elements which support the better known
animal groups including fishes, winged birds, pen-
guins, seals, and whales. Understanding of population
densities and productivity at all trophic levels is essen-
tial to the conservation and balanced utilization of
this marine resource; to achieve this end, the inte-
grated biological programs have been designed and
are projected into the future.

In these multiple studies, stations are occupied for
the greatest part of a cruise, numerous biological sam-
ples are taken, and specimens are shared among the
programs. In addition, many samples and specimens
are appropriately preserved for investigators at Amer-
ican institutions whose work would be assisted through
study of biota taken from antarctic waters. Some sci-
entists have an interest to study special taxonomic
groups; others are studying the levels of contaminant
chemicals as they might occur in, or be concentrated
by, the biota of southern circumpolar waters.

Computer storage of biological data, refinement of

10	 ANTARCTIC JOURNAL



Fishes found within and below the
deep-scattering layer.
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Above, left. Adult Euphausia superba
(krill). This species occurs in swarms
of considerable dimensions -A...
stitutes the principal species of ant-	 -

arctic zooplankton.

Above, center. Euphausid larvae col-
lected at 6005. 115°E. from the deep

scattering layer.
Above, right. The common polar am-
phipod Parathemisto gaudichaudii
represents a ubiquitous component
of the zooplankton in south polar
waters; it is also found north of the	 -
Polar Front (Antarctic Convergence).

ci
Larger carnivores common to the
deep-scattering layer (scyphozoan
jellyfish; squid and turbellarian

worms).

January—February 1972	 11



data recording, program development, and data
analysis are prerequisite to the understanding, simula-
tion, and modelling of this complex biological system.
These requirements are serviced by the antarctic natu-
ral-history data bank at the Smithsonian Oceano-
graphic Sorting Center (SOSC), working in concert
with these biological cruises. Additionally, biological
collections are sent to the SOSC for use by investiga-
tors who may request them. The availability of his-
torical data on such samples and specimens is essen-
tial and will provide the basis for a numerical design
of this rich ecosystem.
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