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While sailing on Her Majesty's Discovery ships Erebus and
Terror during the years 1839-43, J. D. Hooker observed rich
growths of diatoms in the antarctic sea ice (Hooker 1847). A
number of important descriptive papers followed this early
work on ice algae, revealing their importance in the productivi-
ty of polar oceans (Alexander 1974; Burkholder and Mandelli
1965; Meguro etal. 1967). More than a decade ago the work of J.
Bunt and colleagues provided preliminary information about
the physiological ecology of the ice microflora in Antarctica
(Bunt and Lee 1970). During the 1981 field season, our group
studied the distribution, production, and strategy for survival
in the dark of the sea ice microbial community in McMurdo
Sound.

Growth of the sea ice microbial community was observed at
nine stations in McMurdo Sound (figure 1). At each station an
ice auger was used to collect five ice core samples approximately
1 meter apart from one another. After 17 to 22 days a second set
of five samples was taken by removing ice cores from the sites
where the first cores had been collected. This repetitive sam-
pling scheme allowed us to determine changes in the standing
crop (chlorophyll a per square meter) of the ice community as a
function of time. At most stations we observed significantly
higher standing crops at the second sampling, indicating that
net growth and accumulation of the ice community had oc-
curred during the 3- to 4- week period. At one station the crop
increased approximately threefold during the sampling inter-
val. One exception was at New Harbor, where the crop was
unchanged on the second sampling date. However, late in the
season the ice was thinner at this station, indicating that a
portion of the under-ice community may have been lost during
the intervening period as a result of ice ablation.
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Figure 1. Sample locations for sea Ice microbial community studies
conducted during 1981 in McMurdo Sound, Ross Sea. Abbrevia-
tions: us, Ross Ice Shelf; CA, Cape Armitage; TR, Turtle Rock; CR,

Cape Royds; CB, Cape Bird; GP, Gneiss Point; NH, New Harbor; SM,

Strand Moraines; BG, Blue Glacier.

Early in the year the mean standing crop for nine stations was
63.8 ± 40.5 milligrams of chlorophyll a per square meter; later it
was 129 ± 90 milligrams per square meter. At the later sampling,
some of the stations approached the theoretical maximum
standing crop of diatoms, 400 milligrams of chlorophyll a per
square meter, estimated for natural waters by Steemann-
Nielsen (1962). This observation is remarkable because the un-
der-ice algal community probably receives less than 1 percent of
the surface irradiance. The late-season crop provides an esti-
mate of annual sea ice production of 4.9 grams of carbon per
square meter. Such a calculation is reasonable, since production
accumulates as the microalgal community is physically en-
trapped within the ice matrix, reducing losses from grazing and
sinking. This is an underestimate of production, because the
growing season was not complete at sampling time, and the
estimate does not take into account losses due to grazing at the
interface of ice and seawater. Also unaccounted for is secondary
production by the abundant and diverse ice bacteria described
previously (Sullivan and Palmisano 1981).
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Figure 2. Scanning electron micrograph depicting colony morphol-
ogy of a tube-dwelling pennate diatom collected at New Harbor
sampling station. Magnification, 200X.

Among the nine stations sampled, three had strikingly dif-
ferent assemblages of ice diatoms. At most stations the pre-
dominant diatoms were Amphiprora species, which grew as
long, ribbonlike colonies, and two other colonial diatoms occur-
ring as stellate growth forms. These pennate diatoms represent
as much as 86 percent of the observed ice algae at seven stations.
A distinctive algal assemblage was found at the New Harbor
station, including large numbers of at least two species of tube-
dwelling pennate diatoms (figure 2). Tubes as long as 10 cen-
timeters contained dark red-brown pigmented cells that were
particularly sensitive to light; their pigmentation changed
rapidly from red-brown to green when exposed briefly to more
light. The 92-centimeter-thick sea ice at Cape Royds harbored a
rich microalgal growth (294 milligrams of chlorophyll a per
square meter) dominated by a chain-forming, centric diatom
identified as Porosira pseudodenticulatus (Hustedt) Zhusé. Dense
chains of these diatoms penetrated into the ice only a short
distance (1-2 centimeters) but hung down into the underlying
water column 5 to 10 centimeters. Of the 143 ice cores examined
during our 2-year study, only those collected at Cape Royds
have shown centric diatoms in greater abundance than pennate
diatoms.

Preliminary evidence obtained during our work in 1980 in
McMurdo Sound suggested that light was a major factor limit-
ing growth of the sea ice microbial community. In 1981 we found
that snow cover on the ice was negatively correlated with chlo-
rophyll a per cubic meter. Since snow cover has a strong effect
on light penetration (Maykut and Grenfell 1975), the negative
correlation indicates the influence of light on the distribution of
standing crop in the ice.

In areas of known snow cover near Cape Armitage, scuba
divers measured the under-ice irradiance. Irradiance below
148-180 centimeters of ice with 4 centimeters of snow cover
ranged from 0.20 to 3.12 microeinsteins per square meter per
second at various times of the day, between 26 October and 10
December 1981. The ice algal layer increased during this period
from 3.3 to 100 milligrams of chlorophyll  per square meter, also
reducing the quantity and quality of light penetrating the ice.
We also noted the effect of diurnal changes in sun angle on the

under-ice light field. At the surface, light declined from 1,500 to
1,300 microeinsteins per square meter per second (a 13-percent
decrease), while beneath the ice the change was from 2.90 to
0.48 microeinsteins per square meter per second (an 83-percent
decrease). In contrast, Littlepage (1965) concluded from sea-
sonal studies that sun angle has little effect on the under-ice
light field.

During the period 26 October to 10 December 1981, the high-
est under-ice irradiance was less than 1 percent of surface light.
The 1 percent light level is conventionally used by biological
oceanographers as the compensation intensity for phy-
toplankton (the irradiance at which photosynthesis is just bal-
anced by respiration, i.e., no net photosynthesis). This provides
additional evidence that some antarctic phytoplankton and ice
algae are highly adapted to shade (Bunt 1968; Fogg 1977).

Our previous studies (Palmisano and Sullivan in press) sug-
gested that reduced light may be an important environmental
cue signaling the oncoming antarctic winter. Darkness may well
be the major environmental factor that ice algae must contend
with to survive the harsh winter. To examine the response of the
sea ice community to darkness, we covered a 100-square-meter
quadrat on the sea ice near Cape Armitage with 70 centimeters
of snow, thus excluding light from the under-ice community
(figure 3). An adjacent, unperturbed quadrat of the same di-
mensions, with a natural snow cover of 4 centimeters, served as
a control. We reasoned that a comparison of these two commu-
nities might reveal strategies required of ice algae to survive the
polar winter.

Samples for biomass analysis were taken by collecting five ice
cores with ice augers on 24 October, 18 November, and 17 De-
cember 1981. During this same pciod, in situ incubated experi-
ments were conducted using scuba to measure metabolic rate
processes such as (H' 4CO carbon-14--sodium bicarbonate)
primary productivity ( 3H-thymidine; tritiated thymidine), DNA
synthesis, and ('4C-amino acid; carbon-14—amino acid) hetero-
trophy. Biomass and metabolic rates were significantly lower in
the perturbed quadrat than in the control quadrat. This experi-

Figure 3. Light perturbation experiment on the annual sea ice near
Cape Armitage. U.S. Navy snow scoop was used to construct a 100-
square-meter quadrat with 70-centimeter snow cover in order to
darken the sea ice microbial community at this site; the adjacent
control site was left undisturbed with a 4-centimeter natural snow
cover.
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mental design will be expanded during the 1982-83 field season
to determine the factors that influence the growth and develop-
ment of the sea ice microbial community in McMurdo Sound.

We are grateful to Greta Fryxell for identifying Porosira pseudo-
denticulatus. We thank Sarah McGrath Grossi for reviewing the
manuscript and Linda Reppas for typing the manuscript. This
research was supported by National Science Foundation grant
DPP 79-20802.

References

Alexander, V. 1974. Primary productivity regimes of the nearshore
Beaufort Sea with reference to the potential role of ice biota. Sym-
posium on the Beaufort Sea, Coastal and Shelf Research. Arlington, Va.:
Arctic Institute of North America.

Bunt, J. S. 1968. Some characteristics of microalgae isolated from antarc-
tic sea ice. Antarctic Research Series, 11, 1-14.

Bunt, J. S., and Lee, C. C. 1970. Seasonal primary production in antarc-
tic sea ice at McMurdo Sound in 1967. Journal of Marine Research, 28(3),
304-320.

Burkholder, P. R., and Mandelli, E. F 1965. Productivity of microalgae in
antarctic sea ice. Science, 148, 872-874.

Fogg, G. E. 1977. Aquatic primary production in the Antarctic. Phi-
losophic Transactions of the Royal Society of London, B. 279, 27-38.

Hooker, J. D. 1847. The botany of the antarctic voyage of Her Majesty's
Discovery ships Erebus and Terror in the years 1839-1843. I. Flora Ant-
arctica (Reprinted 1963). Weinheim: J. Cramer.

Littlepage, J. L. 1965. Oceanographic investigations in McMurdo
Sound, Antarctica. Antarctic Research Series, 5, 1-37.

Maykut, G., and Grenfell, T. 1975. The spectral distribution of light
beneath first year sea ice in the arctic ocean. Limnology and Oceanogra-
phy, 20(4), 554-565.

Meguro, H., Kuniyuki, I., and Fukushima, H. 1967. Ice flora (bottom
type): A mechanism of primary production in the polar seas and
growth of diatoms in sea ice. Arctic, 20, 114-133.

Palmisano, A. C., and Sullivan, C. W. In press. Physiology of sea ice
diatoms. I. Response of three polar diatoms to a simulated summer-
winter transition. Journal of Phycology.

Steemann-Nielsen, E. 1962. On the maximum quantity of plankton
chlorophyll per surface unit of a lake or the sea. Internationale revue der
gesamten hydrobiolagie, 43, 330-338.

Sullivan, C. W., and Palmisano, A. C. 1981. Sea ice microbial commu-
nities in McMurdo Sound. Antarctic Journal of the U.S., 16(5), 126-127.

Ice algal communities
in the Weddell Sea
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Algae that live within sea ice may be important primary
producers and may serve as seed populations for communities
in the underlying water column. To study these ice populations

Table 1. Average chlorophyll a concentrations and total chlorophyll
biomass In the water column and In Ice algal communities

Total
Chlorophyll a	chlorophyll

concentrations	(milligrams	Ice
(milligrams per	per square	thickness
cubic meter)	meter)	(meters)

Water column (upper
50 meters)	 0.30	12.2	-

Sea ice
Newly forming	 8.04	 0.9	<.26
First year	 1.25	 1.6	1.3
Multiyear	 1.00	 4.8	4.2

achiorophyll biomass was integrated over the upper 50 meters in the
water column.

and to determine their relationships to pelagic communities, we
collected both water and ice samples from the Weddell Sea in
January and February 1980. From the samples we have deter-
mined chlorophyll a biomass and species composition and have
correlated our findings with data on the nutrient levels from
these environments (Ackley et al. 1980; Foster et al. 1980).

Our samples indicate that algal concentrations are higher in
sea ice than in the water column. However, since ice is limited to
a relatively thin surface layer, total standing crop in the water
column is usually greater than in sea ice (table 1). In newly
formed ice, high chlorophyll concentrations that could not be
explained by in situ growth led us to hypothesize that algae can
be physically harvested during frazil ice formation (Ackley 1982;
Buck and Garrison 1982; Garrison and Buck 1982).

We have used nutrient concentrations and salinity as indica-
tors of biological activity within ice. The pattern of reactive
silicate distribution was characteristic of that of other nutrients:
concentrations were high in surface waters and markedly re-
duced in ice samples (figure 1). If silicate functions as a con-
servative salt, its concentration can be predicted by salinity, and
salinity decreases in ice as a result of brine rejection. Deviations
from the silicate value predicted by salinity (i.e., residual con-
centrations) most likely indicate biological uptake or regenera-
tion. We tested for such biological processes by comparing
residual nutrient concentrations with algal biomass (figure 2).

In newly forming ice, residual nutrient concentrations were
small and were not correlated with algal biomass. Such results
are consistent with the hypothesis that these populations are
mechanically harvested during ice formation. In ice floes, on
the other hand, observed concentrations of reactive silicate were
considerably lower than predicted, indicating uptake by diatom
populations; however, algal biomass was unrelated to residual
concentrations, and chlorophyll concentrations were less than
would be expected if these residual nutrients had been incorpo-
rated into diatom populations. Siliceous heterotrophs were not
sufficiently abundant to explain the low silicate concentrations;
furthermore, there were relatively high concentrations of am-
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