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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)
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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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