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ALcrobial
arctic sea ice provides a number of habitats for thriving

 communities. Such communities play impor-
tant roles in the overall ecology of the southern oceans
(Palmisano and Garrison 1993). Although a number of investi-
gations have been made of the sea-ice microbial communities
of the Weddell Sea (for example, Clarke and Ackley 1984; Gar-
rison and Buck 1989) and the McMurdo Sound and Ross Ice
Shelf regions (for example, Palmisano and Sullivan 1983;
Priscu et al. 1990), comparatively few data exist on the sea-ice
biota of the western Antarctic Peninsula, particularly during
the winter. Kottmeier and Sullivan (1987) made a preliminary
study on the primary production and bacterial production of
winter sea ice in this region. They describe active ice microal-
gal populations and significant bacterial production. Garrison
and Buck (1989) presented some additional information on
the flora and fauna of the sea ice in this area. Neither study
included measurements of ammonium distributions within
the ice nor an assessment of nitrogen remineralization (that
is, nitrification). Priscu et al. (1990) reported a single nitrifica-
tion rate measurement on a sample of pack ice from this
region.

During the final expedition of the research on antarctic
coastal ecosystem rates program (RACER IV, July and August
1992), several stations along the Antarctic Peninsula were
occupied in coastal waters completely covered by the winter
ice pack.

At three stations, ice cores [7.6 centimeters (cm) in diame-
ter] were obtained with a hand auger, cut into approximately
10-cm long sections, and returned to the RIV Nathaniel B.
Palmer for analyses. In addition, snow samples were collected
in polycarbonate tubes and under-ice sea-water samples were

taken both with a hand-operated vacuum pump and with
Niskin bottles lowered through a nearby bore hole. Deep
[more than 5 meters (m)] sea-water samples were collected
nearby with a conductivity-temperature-depth rosette system
after the ship had cleared a section of the ice. We describe here
data on ammonium distributions and microbial nitrification
rates within and below the ice at three of these stations.

Ammonium concentrations were measured by colorime-
try (Strickland and Parsons 1972) after complete thawing of
the core pieces at room temperature. Nitrification rates are
presented as the dark incorporation of carbon-14-labeled
bicarbonate with and without the addition of specific nitrifi-
cation inhibitors (modified from the method used by Priscu et
al. 1990). Briefly, water samples, or core samples diluted with
filtered sea water and slowly thawed at 0°C, were incubated in
glass serum vials in the dark at -1°C after the addition of
approximately 100 microcuries (tCi) of radiolabeled bicar-
bonate. Acetylene gas [3 milliliters (mL) per 60-ml, vial] was
used to inhibit ammonium oxidation; chlorate [final concen-
tration = 16 micromolar (tM)] was used to inhibit nitrite oxi-
dation (see Ward 1986 for information on nitrification
inhibitors).

Figure 1 shows the distributions of ammonium within the
ice and in the water below and the snow above the ice at sta-
tions 13 and 14 in the Grandidier Channel and 19 in Charlotte
Bay near the Gerlache Strait. Zero-meters depth is chosen to
be at the ice-water interface for simplicity and does not repre-
sent isostatic equilibrium. Figure 2 shows the ammonium dis-
tributions at these same stations on an expanded depth scale.
Note that the ice at station 14 is much more developed than at
the other two stations, indicating greater age; it also has a
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Figure 1. Vertical profiles of ammonium concentrations in snow, ice,
and underlying sea water at RACER IV stations 13, 14 and 19. Vertical
scale is depth below or height above water-ice interlace, in meters.
Concentrations are micromolar; estimated analytical precision is 0.05
micromolar.
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Figure 2. Same as figure 1, except vertical scale is expanded to show
ammonium concentrations to a depth of 100 m below the water-ice
interlace.
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Sea water, just below ice	0.016 0.016	ND

Ice, lower 10 cm of core	0.212 0.196	ND

Dark carbon assimilation rates of water and ice samples from RACER IV
stations 13, 14, and 19, with and without introduction of specific
nitrification inhibitors. Autotrophic ammonium oxidizing and nitrite
oxidizing activities are estimated from the differences between controls
and acetylene or chlorate treatments, respectively. Units are nanomoles
carbon assimilated per liter per hour.

13	66037.03S	Sea water, 2 m below ice	0.037 0.026a	NDb
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thicker snow cover. Ammonium concentra-
tions in the overlying snow are fairly uniform at
about 0.3-0.5 RM. This ammonium is probably
atmospheric in origin (Parker and Zeller 1979).

Within the ice, all three stations show ele-
vated ammonium levels. Although a physical
process for concentrating ammonium from
snow and sea water into ice has been suggested
(Oradovskiy 1974), it has not been demonstrat-
ed. Moreover, it hardly seems likely here, given
the comparatively low concentrations in the
surrounding snow and sea water, particularly
at station 19. A more likely source is the regen-
erative activity of heterotrophic bacteria, pro-
tozoa, and small metazoa living within brine
pockets in the ice (Dieckmann et al. 1991). At
station 19, two ice cores were taken about 5 in
apart. Ammonium data from the two cores
show different patterns, indicating a high	14
degree of variability in sea-ice properties on a
small horizontal scale. It should be noted as	14
well that the actual ammonium concentrations	14within liquid brine pockets and channels are
probably greater than the values for the melted	19
h"11"- ore material reported here.

Beneath the ice, the ammonium levels at
stations 13 and 14 are fairly uniform at about 1
tM to a depth of 30 m, decreasing to undetect-
able (less than 0.05 1sM) levels by 50 in
2). At station 19, however, ammonium in the water column is
undetectable everywhere except within a few centimeters of
the ice. Two conclusions are derived from these data:
• there is negligible diffusion of the ice-bound ammonium

into the water column below, and
• the processes responsible for the presence of under-ice

ammonium at stations 13 and 14 are inactive at 19.
We suspect that the latter is due, at least in part, to the low
abundance of grazing macrozooplankton, particularly krill,
noted in the region around station 19 (Zhou, Nordhausen, and
Huntley in press). Our measurements of under-ice silicate
and nitrate (not shown) indicate surface depletions at stations
13 and 14 but uniform vertical profiles at station 19. This sug-
gests an active diatom population on the underside of and/or
in the water just beneath the ice at the former stations and
absent at the latter. Krill are known to graze on such algal
food sources (Garrison and Buck 1989) and to excrete copious
amounts of ammonium (Biggs 1982).

The table shows the dark carbon incorporation of water
and ice samples with and without nitrification inhibitors. Val-
ues from core samples have been corrected for the initial dilu-
tion with filtered sea water. Two trends are evident:
• both the total dark microbial carbon assimilation and that

fraction attributable to nitrifiers are enhanced within the
lower sea ice compared with the underlying water, and

• the older, thicker ice (station 14) shows much higher activi-
ty than either of the stations with younger, thinner ice.

Caution must be used in interpreting the nitrification data,

Sea water, 0.5 m below ice 0.023 0.037	0.035

Sea water, just below ice	0.020 0.025	0.016

Ice, lower 10 cm of core	1.589 1.256	1.529

Ice, lower 10 cm of core	0.068 0.041	ND

however, because the differences between triplicate controls
and treatments are statistically significant (a=0.05) in only
one case.

In conclusion, the winter pack-ice ecosystem of the west-
ern Antarctic Peninsula contains an active heterotrophic
component and an active nitrifying component, which serve
to regenerate nitrogen within the ice. It appears, however,
that diffusion of this recycled nitrogen into the underlying
water column is limited. Also, the properties of pack-ice
microbial communities in this region appear to be as hetero-
geneous as the ice itself. Far more extensive study of the sea-
ice ecosystem is needed to understand fully its role in the
antarctic marine environment.
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p
ersistently elevated nutrient concentrations [nitrate
(NO3-), phosphate, silicic acid) in the surface waters south

of the antarctic polar front (approximately 55°S), due to large-
scale upwelling and turbulent mixing, are characteristic of the
southern oceans and do not appear to limit phytoplankton
growth (for example, review by Harrison and Cota 1991). Dur-
ing intense diatom blooms, however, low and colorimetrically
undetectable levels of nitrogen have been reported for the
western Ross Sea ice-edge (Nelson and Smith 1986) and the
coastal waters of the Antarctic Peninsula (Kocmur, Vernet,
and Holm-Hansen 1990) in the austral summer and spring,
respectively. It is generally considered that the supply to the
euphotic zone of nitrogenous nutrients is of major impor-
tance in regulating phytoplankton production in the oceans.
Nitrogen forms (due to the relationship between their oxida-
tion state and origin) provide a convenient means of parti-
tioning primary production into "new" and "regenerated"
production, based on the supply processes fueling them
(sensu Dugdale and Goering 1967). In this regard, the con-
cepts of "new" (here defined as NO3 -based) and "regenerat-
ed" [ammonium (NH 4 ) and urea-based] production are of
particular interest for the sequestering of carbon to the deep
ocean and sediments and for the assessment of the overall

role of the southern oceans in influencing global climatic
change. Previous studies of the nitrogenous nutrition of phy-
toplankton of the southern oceans have been conducted
exclusively in the austral spring/summer months, and the
dynamics of nitrogen utilization during the less productive
winter months are largely unknown. As part of the phyto-
plankton component of the research on antarctic coastal
ecosystem rates (RACER) program (Huntley et al. 1991), we
measured nitrogen (NO 3-, NH4 , and urea) uptake by natural
planktonic communities within the euphotic zone of the
coastal waters of the Gerlache Strait during the austral winter
of 1992. We present here preliminary information on the
uptake rates of new and regenerated nitrogen in the RACER
area.

Experiments were performed with water collected from
three "fast" grid stations: FA-58, FA-30, FA-08, and from sta-
tion A (Stn A) during the period from 20 July to 10 August 1992
(see table for locations). Discrete samples were collected from
2, 5, 10, 20, and 50 meters (m) by means of PVC Niskin bottles
(equipped with Teflon-coated springs) mounted on an instru-
mented rosette. The rosette was equipped with sensors to
measure conductivity, temperature, chlorophyll-a fluores-
cence, beam attenuation, and photosynthetically available
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