
tion there. Our results indicate that nitrifier activity may also be
an important pathway of carbon dioxide fixation in the water
under annual sea ice at certain times of the year.

Carbon dioxide fixed by nitrifiers in the bottom 20 cen-
timeters of congelation ice averaged 1.5 micromoles of carbon
per square meter per hour (table). The rate of carbon dioxide
fixation by nitrifiers in congelation ice was less than 0.05 percent
of the primary productivity by congelation ice microalgae (ap-
proximately 3,796 micromoles of carbon per square meter per
hour (Palmisano et al. 1985). However, nitrification in sea ice
may play an important role in the nitrogen cycle within the ice
which deserves further attention.

In conclusion, carbon dioxide fixation by nitrifying bacteria
during our study period was an important component of pel-
agic primary production under the annual ice of McMurdo
Sound but was a small component of primary production with-
in the sea ice. Because nitrifying activity is not light mediated,
this avenue of primary production can predominate during the
austral winter when photoautotrophic production is minimal.
Therefore, on an annual basis, chemoautotrophic nitrifying
bacteria may supply a significant amount of new organic carbon
to the region which can provide basal support to higher trophic
levels when photoautotrophs are absent or inactive. A seasonal
and spatial study would be required to test this hypothesis
thoroughly.
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Sea-ice pressure ridge microbial
communities
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Significant biological material has been found within ant-
arctic sea ice and, because of the unique ecological setting, this
material has been called sea-ice microbial communities (e.g.,
Ackley, Buck, and Taguchi 1979; Garrison, Ackley, and Buck
1983; Sullivan and Palmisano 1984). Depending on the ice for-
mation mechanisms, season, and particular region, these com-
munities have differing characteristics. We have broadly classi-
fied the communities into surface, interior, and bottom depend-
ing upon where within the ice the community is found. Within
this broad framework, there is high variability that appears to be
more directly linked with variations in ice structure and overall
morphology of the ice cover (Clarke and Ackley 1984).

Pressure ridges—the ice pileups above and below the ice
surface that result from pack ice deformation—apparently con-
tribute unique environments for the development of ice micro-

On leave 1985-1986, Office of Naval Research Arctic Marine Sciences
Chair, Naval Postgraduate School, Monterey, California.

bial communities. The significance of pressure-ridge commu-
nities to the total productivity of the pack ice is linked to the
level of deformation resulting in increased ridge density of one
region compared to another.

In this article, two mechanisms are described which can lead
to the development of microbial communities near pressure
ridges. The first mechanism is associated with the initial ridge
formation process which occurs during deformation periods in
the interior regions of the pack ice. The second effect arises after
the ridges have formed and is related to floe breakup processes
near the ice edge in the decay phase of the pack ice cycle.

The first mechanism is illustrated in figures la and lb. The
pressure-ridge building causes ice blocks to be loaded onto one
of the two overriding ice sheets. As the sheet is loaded, it cracks
at some radial distance from the loading and the edge of the
sheet between the blocks, and the crack is deflected below sea
level. Surface flooding occurs which leads to the gray-white
appearance of the snow cover just adjacent to the ridge. If an
appropriate seed population is available in the water column
and appropriate temperatures and light levels are present, a
bloom of phytoplankton can occur in the flooded areas on the
ice floes. These would then be called "surface communities" in
our previous classification. During the 1981 joint U.S-U.S.S.R.
Weddell Polynya Expedition, we obtained a sample of one of the
communities apparently formed by this process. We found a
chlorophyll a concentration of 43 milligrams per cubic meter,
which was about 10 times that found in ice cores from adjacent
flat areas of the ice floe (Clarke and Ackley 1984). The species
composition of the ridge samples was dominated numerically
by Tropidoneis glacialis (more that 90 percent) while the cores
contained T. glacialis but in much lower percentages. Oxygen
isotope analysis determined how much of the ice sample was
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Figure 1 a and lb. Photographs of new ridges in the Weddell Sea pack ice showing the surface flooding caused by ridge loading, deflection, and
cracking of the adjacent flat ice. Flooded areas are the darker gray near the ice blocks in the foreground of each photo.

derived from atmospheric precipitation compared to sea water.
This value was determined as 12 percent plus or minus 4 per-
cent snow in the total ice volume of the ridge sample. The
presence of snow in significant amounts therefore defined this
as a surface sample. In other analysis of ice cores, no ice sample
taken below 10 centimeters from the surface was found to have
an isotope content different from that derived from sea water
alone. The presence of atmospherically derived precipitation
using isotope analysis therefore effectively determines the sur-
face nature of these ice samples.

The second mechanism associated with ridge microbial com-
munities occurs in the outer margins of the pack near its bound-
ary with the open ocean. As large floes are advected toward the
open ocean, waves and swell penetrate into the ice pack because
of less attenuation as the floes approach the ice edge. The floes
are broken up into smaller diameters, typically from kilometer
sizes to diameters less than 100 meters (Ackley, Smith, and
Clarke 1982). If the floe breakup takes place along or near a
ridge, the level surface nearby is placed out of isostatic balance
by the weight of the ridge and is deflected below sea level,
flooding the surface with sea water. These features quickly
develop large blooms of phytoplankton, coloring them, and
because of their circular pond-like appearance with a large algae
bloom, they have been called "farm ponds." Figure 2 shows
floes of about 10 to 30 meters diameter found near the ice edge
in the Weddell Sea. The center floe has one of these farm ponds
as well as a "farm lagoon" with a visible surface connection to
the open ocean, both adjacent to the old pressure ridge on the
ice surface. These structures have been found to contain a rich
diversity of microbial life as well as small zooplankton (Garrison
and Buck personal communication). With their proximity to the
open ocean and more equatorward (northern) latitudes in the
Southern Hemisphere, these flooded areas are relatively warm
and well-lit, compared to interior pack ice, and not as heavily
grazed as open ocean areas nearby so they contain high con-
centrations of phytoplankton of the order of 10 to 100 times that
found in unflooded ice areas or adjacent open ocean. These
features are distinguishable from melt ponds formed by the
surface melt of snow. Farm ponds are always associated with
ridges and, while melt ponds are above sea level and consist of
fresh water derived from surface melt, the farm ponds are high-
salinity, sea-water intrusions that are at or below sea level.

Figure 2. Photograph of a "farm pond" on a floe in the marginal ice
zone of the Weddell Sea pack ice. The pond is the gray area with new
ice formation appearing on the central floe near the pressure ridge
in the picture. A smaller lagoon with a visible surface connection to
the open ocean is to the left of the farm pond. The floe is about 30
meters across and has been broken up by wave action in the mar-
ginal ice zone.

The tendency of a particular region to form these ridge micro-
bial communities is related to the ridge density, i.e., how many
ridges per kilometer are available in the region. Govoni, Ackley,
and Holt (1983) estimate Ross Sea pack ice to have about 1.8
ridges per kilometer while our estimates from Sornov measure-
ments suggest Weddell Sea pack ice has 3 to 4 ridges per kilo-
meter. The observations of farm ponds and enhanced microbial
growth have been taken from the Weddell Sea so far. Based on
the preliminary ridging estimates we currently have, it is sug-
gested that Weddell Sea pack ice may have significantly greater
number of pressure ridge associated microbial communities
than the Ross Sea ice cover.
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Annual sea-ice in McMurdo Sound in known to provide an
extensive microhabitat for microalgae. These communities con-
tain a high biomass within the lower 5 centimeters at the water/
ice interface, with an estimated annual production of 4.1 grams
of carbon per square meter (Palmisano and Sullivan 1983). Upon
senescence, this microalgal population contributes a large
amount of carbon to the benthic biota. Annually this ice algal
fall-out adds to the already substantial benthic microbial bio-
mass shown to be present (White, Smith, and Stanton 1984;
White et al. 1985).

Total biomass as measured by membrane phospholipids of
benthic microorganisms from three sites in McMurdo Sound
were comparable to those of a Florida estuary and greater than
those of deep-sea trenches (White et al. 1984). In addition to
total biomass, changes in community structure of the sediments
at the McMurdo study sites of Cape Evans, Cape Armitage, and
New Harbor (figure) are detectable by detailed fatty-acid pro-
files of phospholipid membranes (Smith, Nichols, and White in
press). These data are comparable to studies of the benthic
macrofauna from McMurdo Sound which indicated that the east
Sound sites are more productive than the west (Dayton and
Oliver 1977; Hodson et al. 1981). The east Sound sediment sites
were found to contain the greatest amount of the phospholipid

fatty acid, 16:1w7c (16 carbon atoms in chain, one unsaturation,
7 carbons from the alkyl end of the molecule with unsaturation
in the cis confirmation) a major component of the sea-ice diatom
Nitzschia cylindrus (Nichols et al. 1985).

Bacterial biomarkers indicated little difference in total bio-
mass between the sites but did reveal community structure
differences. Saturated, branched, and odd carbon fatty acids,
14:0, i15:0, a15:0, 15:0, i17:0, a17:0, and 17:0 (14:0 indicates a 14
carbon chain with no unsaturation, suffixes c and g indicate iso

ii

McMurdo Sound study sites. "CE" denotes "Cape Evans"; "CA"
denotes "Cape Armitage"; and "NH" denotes "New Harbor:' Arrows
indicate dominant current flow.
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