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ABSTRACT: Dunng the austral spring, a characteristic microbial community develops in the sub- 
surface brine pockets and channels of the annual land-fast sea-lce in Mch4urdo Sound. This community 
IS distinct from the d~atom-dominated commun~ty  that develops in the channels at the base of the sca- 
ice, at the seawater/icc interface, and In the platelet layer The photosynthetic biomass In the brlne 
pockets is domlnated by athecate dinoflagellates Chrysophyte statocysts (sometimes known as 
archaeomonads) and <5 l m  photosynthetic flagellates are  also charactel-~stlcally found in thls assem- 
blage. In December, chlorophyll a content and blornass peak,  and photosynthetic gymnodinloid 
dinoflagellates can reach densities of over 10' ml-' of brine The photosynthetic d~noflagellates form 
cysts (hypnozygotes) during late December and early January,  and chrysophyte statocysts also become 
abundant DUI-lng austral summer, total auto t roph~c biomass In the upper Ice brine decreases due  to 
dilutlon by melt water, flushlng of brine Into the water column, and grazlng. By late summer,  the annual 
sea-ice in McMurdo Sound has broken out. The yearly decay and retreat of sed-ice introduces a 
characteristic set of brlne protists and thelr cysts into Mcblurdo Sound. 

INTRODUCTION 

During the austral winter, annual sea-ice covers 
about 17 million km2 of ocean surrounding the 
Antartica continent, an  area larger than the continent 
itself (Zwally et al. 1983). Sea-ice exerts an  important 
influence on ocean circulation, weather and climate 
as well as being a crucial habitat for Antarctic biota 
(reviewed in Hornei- 1985, Maykut 1985, Garrison et 
al. 1986, Vincent 1988, Glasby 1990, Garrison 1991) 
The microbial communit~es associated with sea ice are 
important in several respects. Absorpt~on of heat by 
sea-ice microbes is thought to influence ice melting, 
porosity and ice strength and hence break-up of the 
annual ice (Meguro 1962, Buynitskiy 1968, McConville 
& Wetherbee 1983, Maykut 1985, Eicken et al. 1991). 
Production by sea-ice protists contributes to food webs 
in the plankton and in the benthos (Knox 1990, 
Matsuda et al. 1990, Garrison 1991). 

Sea-ice varies in its formation, structure and biota 
(reviewed in Garrison 1991). In the pack-ice of the 

Weddell Sea, microbial communities are usually inter- 
nal or concentrated in a surface or subsurface brine 
layer (Garrison & Buck 1989, 1991) In land-fast Ice, 
microbial communities are often most conspicuous 
at or near the base of the sea-ice (Hosh~ai  1972, 
Palmisano & Sullivan 1983, McConv~lle & Wetherbee 
1983, S a s a k ~  & Watanabe 1984) However In some 
coastal areas of Antarct~ca, microb~al commun~ties 
occur in surface pools, In subsurface brine pockets 01 

in internal bands in the land-fast ice (Meguro 1962, 
McConville & Wetherbee 1983, Watanabe et a1 1990) 
D~atoms are reported to dominate the biomass In both 
land-fast (reviewed in Horner 1985) and pack ice 
(Gar~ison & Buck 1989, 1991) 

Recently, we ieported a dinoflagellate-dominated 
assemblage in the upper land-fast ice from McMurdo 
Sound (Stoeckei et a1 1990, 1991) This assemblage 
inhab~ts  b l ~ n e  channels and pockets that extend from 
about 10 cm below the ice surface into the congelation 
Ice This b r ~ n e  community is distinct froin the diatom- 
domlnated ~ n l c ~ o b ~ a l  communlt~es at the base of the 
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sea-ice in McMurdo Sound (Palmisano & Sullivan 
1983, Grossi et al. 1984). The brine community appears 
to have many taxa in common with subsurface brine 
communities and internal ice assemblages reported 
from land-fast ice at other locations along the Antarctic 
coastline (McConville & Wetherbee 1983, Takahashi et 
al. 1986) and with assemblages found in pack-ice 
(Garrison & Buck 1989, 1991, Buck et al. 1992). In the 
Antarctic, pack ice is much more extensive than land- 
fast ice, but most seasonal and experimental studies of 
sea ice biota have been conducted on bottom type 
microbial communities that are typical of land-fast ice 
(Garrison et al. 1986). There have been few time series 
or experimental studies of the surface-layer and inte- 
rior microbial communities that are typical of pack ice 
because access to pack ice is difficult (Garrison 1991). 
The occurrence of an upper ice brine microbial com- 
munity in McMurdo Sound allowed us to investigate 
seasonal changes in a land-fast ice community that had 
many environmental attributes (extremes of tempera- 
ture and salinity, high irradiance during the austral 
spring and summer) and species in common with the 
pack ice microbial community. 

In this study we report on the composition and suc- 
cessional changes in the upper ice brine community 
during the spring to summer transition in McMurdo 
Sound. It has been hypothesized that the extremes of 
temperature and salinity that occur in the upper ice at 
McMurdo limit microbial growth to the lower congela- 
tion ice (Kottmeier et al. 1985, Palmisano et al. 1987, 
Kottmeier & Sullivan 1988). Temperatures of -24.0 to 
0.0 "C and brine salinities from 150 to < 20 O h  have 
been reported in the upper layers of Antarctic sea-ice 
(Kottmeier et al. 1985, Kottmeier & Sullivan 1988, 
Garrison & Buck 1991). Our data indicate that a spe- 
cialized set of photosynthetic protists actively grow in 
the brine and that some of them produce resting cysts 
(dinoflagellate hypnozygotes and chrysophyte stato- 
cysts) just prior to ice melt and break-out. 

METHODS 

This investigation was focused on changes in compo- 
sition and abundance of the photosynthetic compo- 
nents of the microbial community found in the upper 
annual land-fast ice in McMurdo Sound during the 
spring to summer transition. To document seasonal 
patterns, the study was conducted during 2 field sea- 
sons. During the 1989-90 field season, samples were 
taken twice a week at the H89 site from 11 December 
to 1 January and at 14 locations in southeast McMurdo 
Sound between 12 December and 12 January (Fig. 1A; 
Stoecker et al. 1990). During the 1990-91 field season, 
samples (1 to 4 at each location) were taken at  12 

locations on the eastern and 7 locations on the western 
side of McMurdo Sound between 30 November and 
31 January (Fig. 1B; Stoecker et al. 1991). To better 
document successional changes, triplicate samples 
were taken at 1 location, H90, on 4 dates between 30 
November 1990 and 5 January 1991 (Fig. 1B). Samp- 
ling after 5 January was not possible at H90 because of 
ice deterioration. 

During the second field season, we took samples 
from sites on both the western side of the Sound and 
near the southern border of the annual sea ice as well 
as from the eastern side of the Sound in order to deter- 
mine if the brine community was present in sea-ice 
throughout McMurdo Sound (Fig. 1B). To assess spa- 
tial variability on one date, samples were taken on l 7  
January 1991 at 4 widespread locations (Fig. 1B). 

Samples were collected by drilling holes approxi- 
mately 50 cm into the approximately 2 m thick annual 
ice with either a power drill or a Kovacs hand auger. 
Loose ice was removed and then the brine was allowed 
to accumulate in the hole until the brine level ceased to 
increase. The temperature of the brine was taken by 
immersing a thermometer m the brine In the hole 
(1990-91 season only). The accumulated brine was 
collected by gently pumping it with a hand vacuum 
pump into a bottle. The samples were then stored in a 
dark, insulated box until return within 3 h to the labo- 
ratory. During the 1990-91 season, a Sipre corer was 
used to collect a core from the upper 50 cm of ice at 
H90 on 30 November and 24 December. On 5 January 
the ice at H90 was too slushy to remove an intact core. 

In the laboratory, the brine salinity and bulk salinity 
(from the melted Sipre cores) was determined with a 
refractometer. Brine volume was calculated from brine 
temperature and bulk salinity (Frankenstein & Garner 
1967). For chlorophyll determinations, triplicate 100 m1 
samples were filtered onto GF/F glassfibre filters. The 
filters were extracted at -20'C for 24 h in 90 % acetone 
and the chlorophyll content determined by fluorome- 
try (Parsons et al. 1984). 

For enumeration of protists <20 pm in size, 50 m1 
subsamples were preserved with glutaraldehyde (final 
conc. 0.3 %) and then 5 to 20 m1 volumes, as appropri- 
ate for the cell densities, were stained with proflavine 
(final conc. 0.5 pg ml-') and collected onto 1.0 pm pore 
size black-stained polycarbonate f~lters. Filters were 
mounted on slides and stored frozen until examination 
using epifluorescence microscopy (BP 450 to 490 nm 
excitation filter, FT 510 nm chromatic beam splitter, LP 
520 nm barrier filter). Cells were classified as photo- 
synthetic based on the presence of chlorophyll auto- 
fluorescence (modification of technique of Haas 1982). 
Cell sizes were measured with an ocular micrometer 
and converted to cell vol.umes using appropriate geo- 
metric formulae. 
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Flg. 1. Sampling locations during the (A)  1989-90 and (B) 1990-91 field seasons. (W) Hut sites H89 ( A )  and H90 (B), where 
samples were taken several times during the season. Shading indicates areas on the SE side of McMurdo Sound within which 
during 1989-90 (A)  6 and during 1990-91 (B) 10 sites near the retreating ice edge were sampled. (a) Five sites along a transect 
on the SE side of McMurdo Sound sampled on 9 and 10 Jan 1990; (*) Stns A, B, C and D sampled on 17 Jan 1991; (A)  sites 
where qualitative samples were taken to determine if the brine community occurred in the annual ice in all parts of the sound. 
( . .-- .-)  Approximate location of ice edge at the beginning of our sampling season; (----) margin between the annual sea ice and 

the Ross Ice SheLf. CB = Cape Bryd, CR = Cape Royds, EIT = Erebus Ice Tongue 

For enumeration of protists 220 pm in size, 150 m1 photosynthetic (plastidic) or not, representative sam- 
samples were preserved with 10 % acid Lugol's ples were preserved in 2 % (final conc.) buffered 
solution and 50 m1 settled samples were examined formaldehyde and examined using transmitted light 
using an inverted microscope. To classify species as and epifluorescence microscopy (Stoecker et al. 1989). 
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Average cell volumes were determined based on 
formaldehyde-fixed specimens because shrinkage is 
less extreme than in Lugol's (Choi & Stoecker 1989). 

Various ratios have been used to convert biovolumes 
to biomass; the ratio appears to be influenced by taxon 
as well as fixation method. In the absence of empiri- 
cally derived conversion factors for sea-ice protists, we 
decided to use the same conversion factor, 0.14 pgC 

for all taxa. This value has been suggested for 
dinoflagellates fixed with glutaraldehyde and for cili- 
ates fixed with 2 % formaldehyde (Putt & Stoecker 
1989, Lessard 1991). 

For scanning electron microscopy (SEM), samples 
were preserved in 10 % Bouin's solution and settled on 
polylysine coated coverslips. The samples were then 
post-fixed in osmium tetroxide, serially dehydrated in 
acetone in 10 % steps and critically point dried 
(Thomsen et al. 1991). 

RESULTS 

Physical-chemical parameters 

In late November, when our sampling program com- 
menced, the land-fast sea ice was near its maximum 
extent in McMurdo Sound. Between December and 
January in both years, most of the annual land-fast ice 
in McMurdo Sound decayed and broke out (Fig. 1). By 
late January, frazil ice was beginning to form in the 
Sound. This seasonal cycle is reflected in the changes 
in brine temperature and brine salinity (Fig. 2). 
Between late November and the end of December, 
brine temperatures increased from about 2 . 0 ° C  to a 
high of -0.2 "C; this corresponded to a decrease in 
brine salinity from 52 to about 15 %O (Fig. 2) and an in- 
crease in brine volume from a calculated 9.7 % to 25 % 
in the upper 50 cm of ice at the H90 location (data not 
shown). During January, temperatures in the brine 
declined and brine salinities were generally lower than 
that of seawater, salinities below 10 %O were occasion- 
ally observed (Fig. 2 ) .  

Chlorophyll a 

Around 1 December, chlorophyll a values were 
about 0.75 pg 1.' in the brine (Fig. 3). With a brine vol- 
ume of about 9.7 %, this would be a calculated chloro- 
phyll content of 0.07 pg 1-' of ice volume. Chlorophyll 
a (chl a) values in the brine peaked around the time of 
the austral summer solstice (Fig. 3) at about 3.5 yg I-'; 
with a brine volume of 25 %, this would result in a 
value of 0.88 yg chl a 1-' in the upper 50 cm of the ice. 
These rough calculations indicate that chlorophyll in 

0 
0 

DEC JAN 

DATE 

Fig. 2. Seasonal var~atlon in (A)  brine temperature (1990-91 
data only) and (B) salinity. (0) 1989-90 data; (0) 1990-91 

data 

the upper 50 cm of ice increased by a factor of 12.5 dur- 
ing December 1990. Coincident with the increase in 
brine temperature and rapid decrease in brine salinity 
at the end of December (Fig 2), the chl a values in the 
brine dropped to < 1.0 pg 1-' and stayed low through- 
out January. 

I DEC l JAN 

DATE 

Fig. 3 Seasonal variation in chl a ml-' brine (U) 1989-90 
data; (01 1990-91 data 
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Fig. 4 Scanning electron micrographs of athecate, photosynthetic dinoflagellates from Antarctic sea ice; scale bar = 5 pm, except 
(D) where scale bar = 2 pm (A) Small quadnflagellated planozygote. (B) Large quadnflagellated planozygote with trichocysts. 
Sulcal offset is ca 2 pm. (C) Vegetative cell of small dinoflagellate with long cingular (girdle) and short sulcal flagella. (D) Higher 

magnificat~on showing the c~ngu lum and the origin of the flagella In the small vegetative cell 
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DEC 
I 

DATE 
JAN 

Fig. 5. Density (ml-' brine) of flagellated cells of the small 
photosynthetic gymnodlnioid d~noflagellate (shown in Fig. 4C) 

during the (A) 1989-90 and (B) 1990-91 field seasons 

Photosynthetic protists 

At all locations and in all samples from the brine, we 
observed small photosynthetic dinoflagellates or their 
cysts (Fig. 4). The most common dinoflagellate was a 
small (- 6 X 10 pm) gymnodinioid species. Population 
densities were variable, but during December we ob- 
served cell densities of over 103 ml-' of brine during 
both field seasons (Fig. 5). 

At H90 (Fig. l),  the density of the small dinoflagel- 
late increased from 219 to 2796 cells ml-' of brine be- 
tween. 30 November and 12 December 1990 (Table 1). 
Since bnne volumes were increasing during this time, 
the dinoflagellate populations must have undergone a 
greater than 12.8-fold increase during this 12 d period. 

In January, the cell density of the small dinoflagel- 
late dropped to <103 cells ml-' of brine throughout 
McMurdo Sound (Fig. 5). At H90, the small dinoflagel- 
late had a density of 230 cells ml-' of brine on 5 
January 1991 (Table 1). During mid to late December, 
hypnozygotes of this dinoflagellate (Fig. 4) first appear 
in the brine (Fig. 6, Table 1) .  The hypnozygotes were 
12 pm cysts with recurved spines (Fig. 4). These cysts 

DEC 
I 

DATE 

JAN 

Fig. 6.  Density (ml-L brine) of cysts (hypnozygotes) of the 
small photosynthetic gymnodinioid dinoflagellate dunng the 

(A) 1989-90 and (B) 1990-91 field seasons 

are morphologically indistinguishable from ones ob- 
served in pack ice by Buck et al. (1992). During early 
January 1991, we observed cyst densities of over 103 
ml-' of brine in several samples. At H90, we observed 
an average of 259 dinoflagellate cysts ml-' of bnne on 
5 January 1991 (Table 1). 

At some locations, we also observed larger photosyn- 
thetic dinoflagellates (Fig. 4). These cells varied from 
17 to 40 pm in size. Examination by SEM indicates that 
this size class included planozygotes of the small 
gymnodinioid dinoflagellate (Fig. 4A) as well as a 
larger athecate dinoflagellate species (Fig. 4B). All of 
the large dinoflagellate cells we examined with SEM 
were planozygotes, but vegetative cells of this species 
may also have been present in our samples. Photo- 
synthetic dinoflagellates in the 217 pm size class were 
not found in all samples and seemed to be extremely 
variable in occurrence (Fig. 7). The dinoflagellates in 
this size class occurred at lower densities than the 
small vegetative gymnodinioid cells except in the 30 
November samples from H90 (Table 1). By the end of 
December, the larger photosynthetic dinoflagellates 
were rare in all samples (Flg. 7, Table 1). 
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Table 1. Changes in physical and chemical properties of brine at H90 during late austral spring and early summer, 1990-1991 

30 Nov 12 Dec 24 Dec 5 Jan 
- -  

Brine temperature ("C)' -2 0 -2.0 to -1.3 -0.7 to -0.2 -0.2 to 0.0 

Salinity 51 to 5 2  31 to 42  3 to 31 < l  to2 

Autotrophs (cells m1 ' ) "  

Dinoflagellates 
Flagellated cells 5 10 pm 219 (37) 2796 (226) 467 (203) 230 (32) 
Flagellated cells > 10 pm 404 (76) 102 (37) 9 (9) 0 
Cysts ( l 2  pm) 0 0 43 (28) 259 (81) 

Non-flagellates 
2-4 pm 1421 (225) 1679 (579) 807 (294) 517 (168) 
2 6 pm chrysophyte cysts 0 135 (116) 65 (50) 653 (283) 

Plastidic ciliates 
Strombidlum spp. 0.12 (0 03) ND 0.11 (0.11) 0 
Mesodinium rubrum 0 N D  0.10 (0.05) 0 

dRange of 3 replicates, bmean of 3 replicates, standard deviation in parentheses; ND: no data 

Small (55 pm) photosynthetic cells and cysts oc- type '1B' observed by Takahashi e t  al. (1986) in the 
curred in most samples (Fig. 8, Table 1). This category land-fast ice near Syowa Station. Phaeocystis sp. was 
included Mantoniella sp. (Fig. 9D) and small siliceous present in about one-third of the samples; the average 
cyst-like forms (Fig. 9B) that were reminiscent of cyst density of this species was about 100 ml-' (data not 

I 

DEC JAN 
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I 
DEC 

- I 
JAN 

Fig. 7. Density (ml-l brine) of 2 12 pm photosynthetic dino- 
DATE 

flagellates during the (A) 1989-90 and (B) 1990-91 field sea- 
sons. This size class included planozygotes of the small Fig. 8. Density (ml-' brine) of S 5  pm photosynthetic protists 

gymnodinioid species and cells of a larger species during the (A) 1989-90 and (B) 1990-91 field seasons 
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Fig. 9 Scanning electron micrographs of cysts and small photosynthetic protists from Antarctic sea ice Scale bar = 2 pm except 
(A) where scale bar = 5 pm. (A) Hypnozygote (cyst) of the small photosynthetic gymnodinio~d dinoflagellate with cingulum 
(girdle) indicated by an arrow and intratabular processes (spines). Also present are a gymnodinioid vegetative cell (upper left- 
hand corner) and several Mantoniella sp. cells (lower right-hand corner). (B) Small siliceous cyst-like organism of unknown 
affinity. No opercula or plugs were observed in conjunction with these organisms. (C) Chrysophyte statocysts with characteristic 

reticulation and collar encircling the plug. (D) Mantoniella sp. with one long and one short flagellurn 

shown). The < S  pm photosynthetic cells (all types com- 
bined, except for diatoms) varied in abundance from 
about 103 to 10' cells ml-' of brine (Fig. 8). 

We observed thick-walled chrysophyte statocysts 
6 to 10 pm in diameter (Fig. 9). The statocysts had a 
bright red (and sometimes also yellow) autofluores- 
cence. They were similar in morphology to silicious 
cysts which have been described from pack ice in the 
Wed.del1 Sea by Silver et al. (1980) and from land-fast 
ice in east Antarctica by Takahashi et al. (1986). We 
found chrysophyte statocysts from mid-December 
through January in the brine, but they were not found 

in all samples (Fig. 10). At H90, they were not observed 
in the triplicate samples from 30 November, but were 
observed in samples from later dates (Table 1). Stato- 
cysts were not observed or were rare in the brine in the 
early austral spring, but densities of over 500 ml-' of 
brine were common in late December and January 
(Fig. 10). These data suggest that the statocysts were 
produced in situ. 

Diatoms occurred in about one-third of the samples, 
the most cornmon species was a 2 X 8-10 pm pennate. 
Averdge diatom densities were c 10 ml-' (data not 
shown). 
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Fig. 10 Dens~ty  (ml- '  brine) of 6 to 10 pm chrysophyte Fig 11 Density (ml- '  brine) of (A) Mesodlnium ruhr~lm and 
statocysts (archaeomonads) durlng the ( A )  1989-90 and (B) plastidic Stromhldium spp.  1990-91 data only 

(B)  1990-91 field seasons 

In some bnne samples we observed photosynthetic 
ciliates, including small (15 to 20 pm) and medium- 
sized (20 to 40 pm) A4esodinium rubrum and plastidic 
oligotrichs (Strombldlum spp.) (Fig. 11). During Jan- 
uary, Mesodinium reached densities of over 5 ml-l in 
some samples. The most common photosynthetic 
oligotrich was a 25-30 pm X 50-60 pm conical 
Strombidium sp. which appeared to contain isolated 
plastids (Stoecker, 1991); this species occurred in some 
samples at densities of over 5 n~l- ' .  The occurrence of 
photosynthetic ciliates in the brine was extremely vari- 
able (Fig. 1 l ) ,  with many samples not containing them. 

Biomass 

Seasonal trends in the biomass of photosynthetic 
protists were evident at both H90 (Fig. 12) and in sain- 
ples from various locations on the ice (Fig. 13). At H90, 
total biomass of autotrophs decreased from > 200 ng C 
ml-' to <50  ng ml-' of brine between the end of 
November and the beginning of January (Fig. 12). 
During December 1990, the average biomass of photo- 
synthetic protists was about 125 ng C ml-',  while it 

had decreased to about 50 ng C m1 ' in January 1991 

(F19 13) 
Photosynthetic dinoflagellates and theii cysts domi- 

nated the biomass (Figs 12 & 13), comprising over 
80 % of the autotrophic biomass in December and over 
50 'X in January Duiing December, motile dinoflagel- 
lates made up most of the autotrophic biomass, in 
January dinoflagellate cysts dominated the biomass 
At H90, 6 to 10 um chrysophyte statocysts were a dom- 
inant component of the autotrophic biomass in early 
January, but overall the < 5  pm category contributed 
mole to biomass than the larger chyrsophyte statocysts 
(Fig 12) Diatoms and photosynthetic ciliates each con- 
tributed, on average, < 5  % of the autotrophlc biomass 
(data not shown) 

Although seasonal trends in biomass were evident 
both at H90, which was sampled on 4 dates and at 
samples taken from various locations on the ice there 
was also considerable spatial variability in b~omass  
(Fig 1 4 )  On 17 January 1991, total autotrophic bio- 
mass per unit bnne ranged from a low of 22 ng C m1 ' 
at Stn A near the ice edge,  to a high of 188 ng C m1 ' at 
Stn C on the west side of the sound (Figs 14 & 1B) 
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Nov. 30 Dec. 12 Dec. 24 Jan. 5 

Fig. 12. Changes in the biomass at H90 during the 1990-91 

field season of (1) photosynthetic dinoflagellates; ([) dino- 
m 

flagellate hypnozygotes (cysts); (H) 55 pm photosynthetic 

prot~sts; (I) chrysophyte statocysts; and (U) total photo- 
synthetic biomass 

Fig. 14. Spat~ttl variability in biomass at Stns A, B, C and D 
(see Fig. 1Bj on 17 January 1991. See Fig. 12 for explanation 

of bars 

DATE 

Fig. 15. Occurrence of flagellated life history stages of (0) 
photosynthetic dinoflagellates; (0) flagellated cells and their 
cysts; or (*) their cysts in McMurdo Sound upper ice brine 
during both field seasons. Each symbol represents one sample 
location/date. After mid-December, dinoflagellate cysts were 
found in most samples and brine salinities were usually 
<32 'A. At all sample locations/dates, photosynthetic dino- 

flagellates and/or their cysts were found in the brine 

DISCUSSION 

100 
\ 

The dinoflagellate-dominated brine community ap- 
0 
Cn 

pears to be a re-occurring feature of the upper land- 
C fast sea-ice in McMurdo Sound. During both years of 

50 our study, this assemblage was present during the 
spring-summer transition and underwent similar suc- 
cessional changes although the exact timing and mag- 

0 nitude of the changes differed slightly between the 2 
Dec. 90 Jan. 91 years. We found this community at every location we 

Fig. 13. Average biomass during December 1990 and January sampled on the land-fast ice in McMurdo Sound. 
1991 Data from all locations were averaged for each month. However, we do not know if this community occurs in 

See Fig. 12 for explanation of bars 1a.nd-fast ice at other locations along the Antarctic 
coastline. 

Compared to the diatom-dominated bottom type ice 
communities at McMurdo, the chl a concentration in 
the upper ice bnne is low; the highest chlorophyll con- 
centrations we observed were ca 4 pg 1-' in the upper 
ice brine. At times the chlorophyll concentration in the 
bottom 20 cm of ice can reach 656 11g 1-' (Palmisano & 
Sullivan 1983), but it is important to remember that the 
bottom type community is very patchy in distribution 
(McConville & Wetherbee 1983, Palmisano & Sullivan 
1983). 

The upper ice brine community in the fast ice at 
McMurdo is more similar to the surface-layer and in- 
ternal ice communities reported from pack ice 
(Garrison & Buck 1989, 1991) than to bottom type land- 
fast ice microbial communities. Chl a levels in our 
brine samples were comparable to chlorophyll levels in 
first year pack ice but about an order of magnitude 
lower than levels reported In cores from multi-year 
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pack ice (Garrison & Buck 1989, 1991). Surface-layer 
assemblages from the Weddell Sea pack ice are very 
variable in chlorophyll concentration, ranging from 0.1 
to 54.0 p g  chl a 1V' of brine or slush, but with more than 
half the samples containing 5 pg chl a 1-l (Garrison & 
Buck 1989, 1991) Thus, the chlorophyll values we ob- 
served in upper layer :land-fast ice brine are within the 
lower range of those reported from pack ice surface 
brine. Likewise, photosynthetic biomass in the upper 
land-fast ice brine (range ca 20 to 220 ng C ml-') is 
similar to values reported from about 70 % of the brine 
samples from surface pack ice. In samples from the 
pack ice brine pockets, a few extremely high chl a and 
biomass levels are reported (Garrison & Buck 1991), 
thus development of the brine community in pack ice 
seems to be much more variable than in land-fast ice. 

Although pack ice (Garrison & Buck 1989) and land- 
fast ice brine appear to have many dominant taxa in 
common, the composition of the pack ice is more di- 
verse and variable. The greatest difference in commu- 
nity composition appears to be the dominance of di- 
atoms in many brine samples from pack ice (Garrison 
& Buck 1989, 1991) and their comparative scarcity in 
brine samples from the upper land-fast ice. 

Pack ice usually contains a larger frazil ice compo- 
nent and is usually more heterogenous than annual 
land-fast ice (reviewed in Garrison 1991). In the 
Weddell Sea, pack ice is composed of both first year 
and multiyear sea ice and thus floes or parts of floes 
may have radically different histories. Formation of in- 
filtration ice at  the snow-water interface appears to be 
more common in pack ice than in land-fast ice, which 
should increase biological variability (reviewed in 
Garrison 1991). We hypothesize that the more con~plex 
physical structure and history of pack ice is responsible 
for the greater variability observed in the composition 
and abundance of photosynthetic protists in pack-ice 
brine communities than in land-fast sea-ice brine com- 
munities. Consequently, land-fast sea-ice brine com- 
munities may be excellent experimental systems in 
which to investigate the life histories and the physio- 
logical ecology of sea-ice biota which occur in both 
types of environments. 

During austral spring, dinoflagellate populations 
reach densities of over 103 ml-' and dominate the au- 
totrophic biomass in the upper ice brine. Although di- 
noflagellates have been reported previously from pack 
ice (Garrison & Buck 1991), the observation of 'bloom' 
densities in the upper ice brine was surprising. 
Dinoflagellates are rare or absent from most hyper- 
saline habitats (Wright & Burton 1981, Javor 1989). 
Data from H90 suggest that the dinoflagellates started 
to grow in the brine prior to our first sample (30 
November) when salinities must have been > 50 ?So and 
temperatures <-2.0 "C. 

The growth of Chlorophyta and Chrysophyta is per- 
haps less surprising, these taxa have been previously 
reported from sea-ice (reviewed in Garrison 1991) and 
are  often dominant inhabitants of extreme environ- 
ments such as hypersaline lagoons (Javor 1989) and 
snow algal assemblages (Vincent 1988). 

During winter and early spnng, the temperature and 
salinity regime in the upper ice brine pockets is 
extreme compared with the lower congelation ice, 
platelet ice or underlying water column, but in some 
respects the brine pockets may be a more favorable 
habitat for algal growth than these other habitats. 
When sea-ice is initially formed, salts, including nutri- 
ents for algal growth, are  excluded forming the hyper- 
saline brine (Lake & Lewis 1970); thus, initial nutrient 
concentrations in brine are  predicted to be high com- 
pared to seawater (Garrison et al. 1990). However, 
nutrient depletion may occur in the brine pockets 
and channels a s  the growing season progresses 
(Dieckmann et  al. 1991). The high algal biomass at  the 
base of the sea-ice in McMurdo Sound is thought to be  
supported by substantial nutrient fluxes from the water 
column (Cota & Sullivan 1990). 

The upper sea-ice is a high light environment com- 
pared to the base of the sea-ice or the underlying water 
column. In early spring, when light is limiting to plant 
growth, the ice is particularly transparent (Buckley & 
Trodahl 1990). In late November in McMurdo Sound, 
Arrigo et  al. (1991) measured photosynthetically avail- 
ble radiation (PAR) of approximately 425 pE m-2 s-' at  
a depth of about 10 cm into the congelation ice, the 
position where the brine pockets are concentrated 
(Buckley & Trodahl 1990), but an  under-ice PAR rang- 
ing from only about 25 in late September to 2 PE m-' 
S-' in early December. Assuming miminal snow cover 
with a n  albedo of about 0.75 and a KD of 1.5 m-' (Arrigo 
et al. 1991), about 18 % of the incident irradiation 
should penetrate to about 10 cm into the congelation 
ice. In contrast, under-ice irradiance is generally < 1 %, 
and sometimes ~ 0 . 1  % of incident surface irradiance 
during the austral spring in McMurdo Sound (SooHoo 
et  al. 1987). Algal growth at the base of the sea-ice and 
in the underlying water colun~n is further limited by 
spectral quality, most of the light which penetrates to 
the base of the sea-ice is concentrated in the green 
region of the spectrum where microalgae do not 
absorb light effectively (SooHoo et  al. 1987). 

During austral spring, the presence of brine pockets 
and of photosynthetic protists in these pockets proba- 
bly accelerates melting, thus increasing brine volume 
(ice porosity) and weakening ice structure (Meguro 
1962, Buynitskiy 1968, McConville & Wetherbee 1983, 
Maykut 1985, Eicken et al. 1991). Water has a lower 
albedo and a higher heat capacity than ice, therefore 
the presence of brine pockets themselves would tend 
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to increase local absorbance of light, resulting in local- 
ized heating and expansion of the brine pockets 
(Vincent 1988). The absorbance of light and localized 
heating should be enhanced by the presence of photo- 
synthetic organisms and other particulates in the brine. 
The efficiency of photosynthesis, in terms of absorbed 
light energy, is usually $25 % (Platt & Jassby 1976, 
Platt et al. 1984); 275 O/o of the absorbed light energy 
is directly converted into heat (Letvis e t  al. 1983). The 
affects of chlorophyll concentration on thermal struc- 
ture and localized melting of sea ice should be quite 
significant because of relatively low rates of convec- 
tional heat transfer (mixing) in sea-ice systems. 
Therefore, during early austral spring, a positive feed- 
back is hypothesized to exist between expansion of 
brine pockets and growth of photosynthetic micro- 
organisms. In McMurdo Sound, the brine volume of 
the surface ice layer increases dramatically in early 
November, resulting in reduced percent transmittance 
of light to the lower ice and water column until the ice 
breaks out (Buckley & Trodahl 1990). 

During spring, another advantage to living in the 
brine may be relative freedom from predation. 
Although microbial predators, such as Cryotheco- 
rnonas spp.  (Garrison & Buck 1991, Thomsen et al. 
1991) occur in the brine, larger microbial and meta- 
zoan grazers are  rare in annual land-fast ice brine 
pockets during early spring (Stoecker unpubl.). 
However, in late December and January, microbial 
grazers from the water column invade the upper ice 
brine (Stoecker unpubl.). 

The most dramatic change in the upper ice brine 
community during late austral spring and early sum- 
mer is the formation of cysts. The small cyst-forming 
gymnodinioid dinoflagellate was found at all sites sam- 
pled. This cyst is quite unusual and distinctive (Buck et  
al. 1992), most gymnodlnioids are  thought to produce 
mucoid cysts rather than thick-walled cysts such as we 
and Buck et al. (1992) observed. During late November 
and early December, only swimmlng cells of the dino- 
flagellate were observed, but by mid-December dino- 
flagellate cysts were observed at most sites and in 
January dinoflagellate cysts predominated (Fig. 15). 

Although chrysophyte statocysts were not as ubiqui- 
tous as the dinoflagellate cysts, they were observed in 
most brine samples taken from mid-December through 
January. Dinoflagellate cyst formation and perhaps 
also formation of chrysophyte statocysts coincides with 
a drop in brine salinity to 530  %, although changes in 
salinity probably do not trigger cyst-formation 
(Stoecker unpubl.). Surface melt and major ch.anges in 
ice salinity generally coincide with flushing of the ice 
(Weeks & Ackley 1982). From early January onward, 
dlnoflagellate cysts and chrysophyte statocysts were 
observed free in the water column or in fecal pellets in 

the water column (Stoecker & Putt unpubl.). The same 
or very similar dinoflagellate cysts and chrysophyte 
statocysts have been observed in association with sea- 
ice from other Antarctic locations (Silver et al. 1980, 
Takahashi et al. 1986, Buck et al. 1992). 

During late December and January, photosynthetic 
biornass ml-' of brine decreases drastically. This is 
probably because of a combination of physical and bio- 
logical factors. Due to surface melt, brine volume in- 
creases rapidly during late spring and summer; this 
must dilute populations within the brine. At the same 
time, brine is flushed into the water column (Weeks & 
Ackley 1982), thus removing some of the biomass. 
Biological factors, including cyst formation (2 vegeta- 
tive cells produce 1 hypnozygote) and grazing, may 
also contribute to the observed decreases in population 
density ml-' of brine. 

Our data suggest that a specific set of photosynthetic 
protists are adapted to life in sea-ice brine and are  
characteristically associated with it. The small gymno- 
dinioid dinoflagellate produces cysts after a period of 
vegetative growth in the brine. Our observation that 
abundance in the brine of chrysophyte statocysts in- 
creases during late austral spring is in accord with the 
conclusion of Takabashi et al. (1986) that the statocysts 
a re  produced from mother cells that grow in the sea- 
ice. Resting stages are  formed prior to or during ice 
melt and break-up and thus may be  an  adaptation for 
survival in the water column. Chrysophyte statocysts 
(archaeomonads) have been suggested a s  indicators of 
sea-lce conditions in the fossil record (Mitchell & Silver 
1982). Use of dinoflagellate cysts as palaeoenviron- 
mental indicators is also developing (reviewed in 
Goodman 1987). The cysts of brine organisms may be 
excellent markers in the sedimentary record for annual 
sea ice. 
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