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The specific objective of our group's research was to inves-
tigate the photoadaptive characteristics of microalgae in the
ice-edge zone of the Weddell-Scotia Sea in relationship to the
availability and spectral quality of light in sea-ice and water-
column environments. The winter period is of particular in-
terest because incident irradiance reaches an annual minimum,
while the extent of ice cover reaches an annual maximum. In
combination, these conditions are hypothesized to limit pri-
mary productivity to its seasonal minimum and to create con-
ditions requiring a maximal photoadaptive response among
microalgae to permit net production.

As a result of the irradiance extremum for these latitudes,
we predicted the following sequence of events. Low-incident
irradiance and short days may induce microalgae to attain
extreme physiological adaptations to low light. Primary pro-
duction may be restricted to sea ice and shallow depths. In
addition, winter provides an opportunity to investigate the
development of sea-ice microalgal communities from the ear-
liest stages of ice formation through consolidation of the pack
ice.

These studies were conducted as part of the Antarctic Marine
Ecosystem Research at the Ice-Edge Zone (AMERIEZ) project
during two cruises to the western Weddell-Scotia Sea in June-
August 1988. A project summary and chart with station lo-
cations are provided in the article by Ainley and Sullivan (Ant-
arctic Journal, this issue). These measurements were made on
both cruises: continuous recording of incident photosynthet-
ically available radiation (400-700-nanometer range); vertical
profiles of photosynthetically available radiation and its spec-
tral composition in surface waters; absorption spectra and pig-
ments (by high-performance liquid chromatography) of
particulates from seawater and sea ice; and photosynthesis-
irradiance relationships for ice algae and phytoplankton. In
addition, profiles of upwelled radiance at 683 nanometers
("natural fluorescence") were measured at 11 stations in the
water column during leg 2.

In this paper, we present preliminary results obtained for
particulate pigment composition and photosynthesis-irradi-
ance characteristics to compare ice algae and phytoplankton
with regard to their photoadaptive status during the winter.
We will also discuss our plans for using this data in conjunction
with information on the flux and spectral composition of light,
absorption properties of the phytoplankton, and natural flu-
orescence in the water column, with the objective of improving
our understanding of seasonal aspects of primary production
in the southern ocean.

Pigment composition of particulate material was determined
by reverse-phase, high-performance liquid chromatography

techniques (Lizotte 1989). Photosynthesis-irradiance curves were
derived from the uptake of carbon-14 bicarbonate using the
small volume, short incubation technique of Lewis and Smith
(1983). Incident irradiance was measured with a Biospherical
Instruments model QSR-240 hemispherical irradiance meter.

Chlorophyll a, chlorophyll c, and fucoxanthin were the most
common pigments in all particulate samples from sea ice
(N = 28) and the water column (N = 27). This combination
of photosynthetic pigments probably reflects algal communi-
ties dominated by diatoms. Concentrations of chlorophyll a
were generally higher in sea ice than in underlying waters, as
seen at station 143 (table 1). Ratios of photosynthetic accessory
pigments to chlorophyll a increased with depth in the water
column and through profiles of first-year pack ice, possibly as
an adaptation to lower irradiance or to changes in the spectral
quality of light (SooHoo et al. 1987). Pigment ratios for recently
formed grease ice and a young ice sheet (table 1) suggest that
microalgae in young ice were more similar to phytoplankton
than to microalgae inhabiting thicker, older pack ice.

Particulate absorption spectra showed a large detrital influ-
ence, more so in suspended particulates than sea-ice partic-
ulates. If the origin of this detrital material was diatoms that
had recently died or been grazed, then we might expect to
find high molar ratios of chlorophyll c to chlorophyll a (Jeffrey
1974); however, chlorophyll c to chlorophyll a ratios were sim-
ilar to those reported for cultured "healthy" diatoms (Stauber
and Jeffrey 1988). Other sources of detrital particulates include
microalgae of other taxa, non-living refractory material, non-
pigmented protozoa, or bacteria. Future analyses will include
quantifying chlorophyll degradation products, and analyzing,
by microphotometry, individual particles to compare the rel-
ative contribution of different particle types to total particulate
absorption spectra and the bio-optical properties of sea ice and
seawater.

Ice algae removed from pack ice by melting into seawater
were able to fix carbon-14 bicarbonate, indicating that ice mi-
croalgae were photosynthetically competent. Moreover, mi-
croalgae from various depths in the ice column showed
physiological adaptations to the gradient in irradiance. Spe-
cifically, sea-ice microalgae from increasing depths in the ice

Table 1. Concentration of chlorophyll a (micrograms per liter)
and molar ratios of accessory pigments to chlorophyll a in sea

ice and underlying seawater at station 143, collected on 12
August 1988 during the second leg of the AMERIEZ curises.

Chlorophyll a Chlorophyll c to Fucoxanthin to
Sample	 concentration	chlorophyll a	chlorophyll a

Ice core
0- 29 centimeters	0.86	0.43	1.5

29- 49 centimeters	1.08	0.39	1.7
49- 80 centimeters	0.95	0.47	2.6
80-111 centimeters	0.66	0.50	3.0

111-146 centimeters	0.60	0.55	3.5

New Ice
(20 centimeters)	0.35	0.22	1.2

Grease Ice	 0.99	0.32	2.3

Seawater
12 meters	 0.121	0.30	1.6
80 meters	 0.065	0.30	1.8

120 meters	 0.056	0.27	2.1
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column had photosynthesis-irradiance characteristics that were
increasingly shade adapted (table 2). Photophysiological char-
acteristics of sea-ice microalgae adapted to lower irradiance
through ice profiles showed decreasing photosynthetic capac-
ity (P max) without increasing photosynthetic efficiency (a). 'k'
the quotient of Pma, over a, which is frequently used as an
index of photoadaptation, also showed a steady decrease with
depth profiles. Such a vertical gradient of photosynthetic char-
acteristics is interpreted to indicate that algae are physiologi-
cally active within the microenvironments of pack ice.

There was little evidence of differences in photoadaptative
state with depth by phytoplankton, based on results from 11
stations (see table 2 for one example). These results suggest
that the upper water column was well mixed and that phy-
toplankton were vertically mixed faster than they could adapt
to the changes in irradiance experienced through the mixed
layer. In contrast, microalgae from young ice had higher 'k
values than phytoplankton, presumably an adaptation to higher
and more constant surface irradiances.

In general, microalgae collected from both sea ice and the
water column had photosynthetic characteristics suggesting
adaptation to the low irradiances that prevail during winter.
Integrated daily values for incident photosynthetically avail-
able radiation are presented in the figure. Mean daily irradi-
ance (einsteins per square meter per day) on leg 1 was one
half that of leg 2, although mean day length was not much
longer: 7.1 hours for leg 1 and 8.6 hours for leg 2. The range
for instantaneous photosynthetically available radiation flux
(microeinsteins per square meter per second) was large and
similar on both legs: maximum values for each day ranged
from 75 to 1,290 on leg 1 and from 80 to 1,570 on leg 2. Thus,
on overcast days, incident irradiance was not high enough to
saturate microalgal photosynthesis in sea ice or surface waters.
On clear days, incident irradiance would have saturated (or

DATE IN JULY/AUGUST

Daily incident irradiance (photosynthetically available radiation—
PAR) measured from the RN Polar Duke during the AMERIEZ cruises
of austral winter, 1988. (m 2 denotes square meters.)

Table 2. Photosynthetic characteristics of sea-ice microalgae
and phytoplankton at station 143, collected on 12 August 1988

during the second leg of the AMERIEZ cruises.

Sample	 aa	Pmaxb

Ice Core
0– 29 centimeters	0.0100	1.16	116

29– 49 centimeters	0.0100	0.99	98
49– 80 centimeters	0.0101	0.66	65
80-111 centimeters	0.0082	0.44	53

111-146 centimeters	0.0108	0.38	35

New Ice
(20 centimeters)	 0.0076	0.90	117

Grease Ice	 0.0129	1.27	99

Seawater
12 meters	 0.0103	0.82	79
80 meters	 0.0117	0.87	75

120 meters	 0.0127	0.90	71

a Units are micrograms of carbon per microgram of chlorophyll a per
microeinstein per square meter per second.
b Units are micrograms of carbon per microgram of chlorophyll a per
hour.
c Units are microeinsteins per square meter per second.

possibly photoinhibited) microalgae at or near the sea surface.
In either case, the large day-to-day variation in incident irra-
diance should be considered in attempts to estimate the pri-
mary production of this region.

Future analyses will allow us to compare several approaches
for estimating primary productivity in sea ice and the water
column based on the photosynthetic characteristics of the mi-
cro-algae and the ambient spectral irradiance field. The first
approach is to estimate primary production on the basis of
photosynthesis-irradiance characteristics and absorption spec-
tra of the microalgae (which will be derived from particulate
absorption spectra) relative to the flux and spectrum of light
available in situ. The second approach is to estimate instan-
taneous in situ primary production from the profiles of natural
fluorescence. This new, rapid method (which takes less time
than a hydrocast), could greatly expand our ability to measure
primary production in polar seas, where ice cover makes it
difficult to measure the light environment and conduct in situ
incubations.

We thank David Penny, Katherine Boettcher, and Josefino
Comiso for their assistance in the field. We would also like to
thank R. Booth of Biospherical Instruments, Inc., for arranging
the loan of the natural fluorometry radiometer. This work was
supported by National Science Foundation grant DPP 84-44783
to C.W. Sullivan.
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Field work principally from two cruises allowed valuable
phytoplankton collections. In the austral summer (December
1987 to February 1988) the drill ship JOIDES Resolution and its
service vessel Maersk Master conducted the Ocean Drilling Pro-
gram (ODP) Leg 119 over the Kerguelen Plateau, in the south-
ern Indian Ocean, and over the antarctic continental shelf into
Prydz Bay. During austral winter June to August 1988, the RI
V Polar Duke completed two legs into the northern Weddell
Sea for the AMERIEZ (Antarctic Marine Ecosystem Research
at the Ice-Edge Zone) National Science Foundation program.
Quantitative phytoplankton estimations from the water col-
umn are being made from both cruises with interesting im-
plications for seasonal dynamics and allowing a continuation
of life history interpretations (Fryxell, Reap, and Kang 1988;
Fryxell 1989).

ODP leg 119 into Prydz Bay. Biological collections were made
in Prydz Bay from the Maersk Master (Fryxell and Shipboard
Party 1988). A new quantitative method with water-soluble
resin (HPMA, 2-hydroxypropyl methacrylate) using filtered
samples (Crumpton 1987) was used on board and tested against
the classical UtermOhl method (Kang and Fryxell 1989). Since
the filter itself is used as part of the mount, there is no actual
loss of cells. The recovery of nanoplankton has been particu-
larly interesting because the problem of distinguishing the
trophic mode of nanoplankton is a major concern of biological
oceanography. The filtering technique was found to be su-
perior to the UtermOhl technique for the nanoplanktonic dia-
toms, Nitzschia cylindrus (Grunow) Hasle and N. closterium
(Ehrenberg) William Smith, and all empty cells, which are
assumed to be dead when collected (figure 1).

Over 40 diatom species were found in Prydz bay. Estimated
numbers of total full diatoms (assumed to be alive when col-
lected) integrated under 1 square meter of the water column,
weighted by depth, ranged from 37.6 x 10 to 288 x 10 cells

per square meter, while total empty diatoms (assumed to be
dead when collected) ranged from 71.6 x 109 to 122 x 10
cells per square meter. Main components of total full diatoms
were small pennate diatoms N. cylindrus, N. closteriuin, and N.
curta and larger-celled diatoms Chaetoceros dichaeta, Cli. neglec-
tus, and Corethron criopliilum.

AMERIEZ winter cruise. Two legs of the winter cruise on the
Polar Duke, out of Punta Arenas, Chile, (4 June to 6 July; and
14 July to 17 August 1988), allowed study of the living phy-
toplankton winter stages on board ship (figure 2, C/zat'toceros
atlanticus Cleve). Quantitative counts were made using the
Filter-Transfer-Freeze technique (Hewes and Holm-Hansen
1983). Highest integrated counts of phytoplankton in the top
150 meters were found at the open water station near the ice-
edge and the lowest counts were found at ice-covered stations
on the 40°W transect of the second leg of AMERIEZ 88 (figure
3). Although the integrated numbers of phytoplankton in the
open water were intermediate to that of the ice-edge and pack-
ice counts, the most concentrated samples of net plankton were
collected in open water. Diatoms (full) were a dominant corn-

INTEGRATED CELLS PER SQUARE METER
OCEAN DRILLING PROGRAM (ODP)
LEG 119, SITE 740

Figure 1. Comparison of mean integrated diatom abundances (cells
per square meter) between filtered (HPMA) and settled (Utermähl)
techniques for station 8 of Ocean Drilling Program site 740, col-
lected on 27 January 1988 (68 042'S 76039'E) from the Maersk Master
collections. A. Total diatoms (full cells). B. Total diatoms (empty
cells), C. Nitzschia cylindrus. D. N. closterium.
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