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Microorganisms are ubiquitous in Southern Ocean habitats and playa vital role in production and ttans­
fcnnation of organic matter. Compared to other coastal and oceanic habitats, however, microbial processes 
in antarctic marine habitats are poorly understood. One major reason is the spatially and temporally variable 
nature of the habitat and the general inaccessibility of selected habitats (e.g., multi-year pack ice in austral 
winter). Despite these limitations, the region west of the Antarctic Peninsula is beginning to provide an op­
portunity for yeaHound field investigations. Progress to date has focused on the role of microorganisms in 
the biogeochemical cycling of carbon and associated elements, the regulation of bacterial populations and the 
relationships between primary production and particulate matter export from the euphotic zone. 1be emergent 
patterns of carbon and energy flow and of microbial population inter-actions comprise a prospectus and a 
challenge for future studies in this region. 

1. INTRODUCTION 

Microorganisms, defined here as organisms with a diam­
eter of approximately 150 IUI1 or less, are ubiquitous in the 
world ocean. In most marine environments they generally 
comprise the greatest biomass (i.e., g C m") of living or­
ganisms. This large and diverne assemblage includes all 
three major phylogenetic domains: Archaea; Bacleria and 
Eucarya [Olsen el ai, 1994]. and virus panicles. 

In the sea, microorganisms are largely responsible for the 
production and decomposition of organic matter, for the up­
take and regeneration of inorganic nutrients and for the con­
trol of the chemical redox state. One unique characteristic 
of microorganisms is their ability to use a variety of carbon 
and energy sources during metabolism. Photoautotrophs use 
sunlight as their energy source and dissolved inorganic car­
bon (DIC) as their carbon source. Photoautotrophic marine 
microorganisms are responsible for a major portion of the 
organic matter and oxygen production on earth. All other 
groups of marine micro-organisms rely direcUy or indirectly 
upon the chemical energy produced during photosynthesis. 
Although most microorganisms are free-living, certain 
groups exist in symbiotic associations either with microbes 
or metazoans. 
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Marine microbes have a major impact on both local and 
global environments. In addition to their primary metabolic 
activities, many species produce, or consume, growth-stim­
ulatiqg and growth-suppressing organic compounds (e.g., 
vitamins, organic toxins), while othern emit "greenhouse" or 
ozone-destroying gases (e.g., methane and nitrous oxide) as 
normal by-products of cellular metabolism. Complex inter­
actions and nutritional interdependencies of organisms occur 
in the marine environment. Consequently, it may be in­
appropriate to extrapolate data derived from pure culrures of 
laboratory-reared cells to microbial processes in silu. 

Superimposed on these integrated metabolic processes are 
numerous physical and chemical interactions that define the 
complex and temporally variable marine habitat. Some of 
the higher frequency temporal variability is predictable (e.g., 
diurnal, tidal, seasonal) but other processes (e.g., storms, vol­
canic eruptions) are stochastic. On longer time scales (e.g., 
decades to cenruries), coupled ocean-atmosphere interactions 
and other global processes can cause habitat variability and 
provide a mechanism for biodivernity or evolutionary 
change. Such is the complex narure of microbial life in the 
sea. . 

Of all the marine habitats investigated to date, those in the 
Southern Ocean are among the least well underntood [Fried-



304 ECOLOGICAL RESEARCH WEST OF THE PENINSULA 

mann, 1993]. Although the antarctic marine environment 
(including all ocean, sea ice and island components south of 
the Antarctic Convergence zone) is one of the largest eco­
systems on Eanh (36 x 10' km') [Pelil el al., 1991], it is 
undersarnpled relative to other more accessible locations. 
Furthermore, the extreme variability in climate, solar radia­
tion and sea-ice extent yields a physically and biologically 
variable habitat that is difficult to fully appreciate from a 
single field expedition. Repeated observations over several 
years and during all seasons, and comprehensive synoptic 
assessments of ocean circulation, chemistry and biology will 
be required to elucidate ecosystem structure and function. 

The Palmer Long-Term Ecological Research (Palmer 
LTER) program was established in 1990 at Palmer Station, 
Antarctica as an interdisciplinary study to seek a general 
understanding of ecosystem processes and to model the in­
teractions between key groups of organisms and the physical 
environment [Smilh el al., 1995]. For the past several years, 
one component of the Palmer L TER study ("Microbial Dy­
namics and Carbon Flux," D. Karl, P.!') has focused on 
microbiological oceanography in the coastal and shelf waters 
west of the Antarctic Peninsula and within the seasonal ice 
pack. The cen!ral hypothesis of the Palmer L TER program 
is that the annual advance and retreat of sea ice is a major 
physical determinant of spatial and temporal changes in the 
structure of antarctic ecosystems. II is well known that sea 
ice can influence the liming and magnitude of primary pro­
duction, krill recruitment and reproductive success of apex 
predators [Fraser el al., 1992; Smith el aI., 1995]. Sea ice 
also provides one of the major habitats for microorganisms 
and certain food webs are entirely ice-associated [Palmisano 
and Garrison, 1993]. 

This chapter will provide information on Southern Ocean 
habitats and the microbial processes therein, including select­
ed data summaries from recent field programs. A majority 
of the chapter discussion focuses on four topics in con­
temporary microbiological oceanography that are relevant to 
our long-tenn investigations of the western portion of the 
Antarctic Peninsula: (I) oxygen dynamics including photo­
synthesis, respiration and photorespiration, (2) bacterial 
growth and population regulation, (3) bioelement cycling as 
exemplified by dissolved nitrogen cycling rates and proc­
esses, and (4) export production and mesopelagic microbial 
processes. Although presented as separate subsections in this 
review, these four sets of processes are interdependent. This 
review will concentrate on marine habitats in the region west 
of the Antarctic Peninsula (Figure I), however, some pub­
lished data from other antarctic ecosystems are also present­
ed. The information summarized here is intended to comple­
ment other chapters in this volume that also deal with 
various aspects of marine microbiology. in particular those 
prepared by Garrison and Mathot (part m, Chapter I), 
Bidigare el aL (part m, Chapler 2) and Smith et al. (pan N, 
Chapter 2). This work is also meant to build upon the recent 
reviews by Vincent [1988], Karl [1993J and Knox [1994]. 

2. CHRONOLOGY OF RECENT FIELD 
OBSERVATIONS 

Pioneering microbiological studies conducted in a variety 
of antarctic marine habitats during the first half of the 20th 
century documented bacteria as an important component of 
the indigenous microbial assemblage [Mclean, 1918; Dar­
ling and Siple, 1941; and references cited in Sieburth, 1965 
and Bunt, 1971]. During the 1950's J. Bun~ H. McBee, J. 
Sieburth and A E. Kriss initiated what we consider to be the 
beginning of antarctic marine microbial ecology as a scien­
tific discipline. However, the methods that were at their dis­
posal are, today, considered inappropriate and inaccurate. 
Furthermore, most of these investigations retained the tra­
ditional view of bacteria as isolated components of the eco­
system, and none of these studies was interdisciplinary in 
scope. Quantitative, in situ investigations of planktonic mi­
crobial communities south of the Antarctic Convergence 
during the past two decades are now forming • coherent 
picture of marine microbial processes in Southern Ocean 
habitats. Foremost among these interdisciplinary studies are 
the multi-year Second International Biomass Experiment 
(SmEX), Antarctic Marine Ecosystem Research at the Jce­
Edge Zone (AMERIEZ) [Sullivan and Ainley, 1987; Smilh 
and Garrison, 199OJ, Research on Antarctic Coastal Ecosys­
tem Rates (RACER) [Hunlley el al., 1991aJ, and the on­
going Palmer Long-Term Ecological Research (palmer­
LTER) [Quelin and Ross, 1992; Smilh et al., 1995J and the 
Southern Ocean Joint Global Ocean Flux Study (JGOFS) 
research programs. These modem studies have focused on 
precise and accurate physical and chemical descriptions of 
the microbial habitats, their associated populations and popu­
lation interactions, including bacteria, viruses, unicellular 
algae, protozoans and small metazoans. 

3. HABITAT CHARACfERlSTICS 

Although antarctic waters are perenniaUy cold, and in 
some locations pennanently ice-covered, there is neverthe­
less a large diversity of microbial habitats and, therefore, 
microbial assemblages. These microbial habitats range from 
hypersaline and supercooled sea-ice micro-environments to 
the open-ocean pelagic realm of the Antarctic Circumpolar 
Current (ACC). Superimposed on these spatially diverse 
marine habitats is an intense temporal variability, perbaps the 
most extreme seasonality observed anywhere in the world 
ocean. This is especially true for coastal ecosystems, which 
experience an annual cycle of sea-ice formation and ablation, 
as well as large variations in phytoplankton biomass and 
rates of primary production due to changes in mixed-layer 
depth and solar radiation. An excellent discussion of the 
physical setting of the region west of the Antarctic Penin­
sula, including geography, bathymetry, meteorology and hy' 
drography, is presented elsewhere in this volume [Hofmann 
el al., this volume]. 
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Fig. 1: Map of the Antarctic Peninsula showing the locations of Bransfield Strait. Gerlache Strait and the 
Weddell Sea. Pennanent ice sheets are indicated by the diagonal line patterns. The Palmer L TER study 
region extends along the western side of the Antarctic Peninsula from Livingston Island to Alexander Island 
and seaward to approximately 200 km from the coast. 

Ice is a dominant feature of the antarctic environmen~ and 
is known to play an important role in structuring antarctic 
ecosystems. For example, sea ice growth during austral fall 
and winter effectively divides the oceanic ecosystem into 
two dissimilar compartments: the water column and the pore 
spaces within the accreting pack [Eicken, 1992]. Further­
more, ice cover affects light quality and quantity as well as 
gas exchange rates. Complex ice structures and morpho­
logical processes, including frazil ice growth, snow layer 
flooding, pressure ridge genesis, thennally driven brine 
drainage and platelet ice fonnation all affecl the sea ice 
community structure and function [Ackley and SuI/ivan, 19-
94]. 

Satellite remote sensing of the antarctic sea-ice zone be­
tween 1973 and 1975 showed a minimum coverage of 3 x 
10' km' in February and a maximum of 20 x 10' km' in 
September-October [Zwally el al., 1983]. The latter figure 
represents approximately 50% of the touti area of the South­
ern Ocean and emphasizes the importance of the annual sea­
ice cycle. The seaward boundary of the sea-ice zone is ir­
regular in shape and variable in northern extenl and in lotal 
coverage from year to year. This interannual variability has 
a direcl influence on the biological productivity of the mar­
ginal ice-edge zone [Smilh el al. , 1988]. 

The timing of Ihe annual advance and retreat of sea ice in 
the Palmer L TER study is highly variable. Analysis of salel-
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lite passive microwave data, available from the past 17 
years, shows that the Palmer L TER study area has a mean 
annual ice cycle that typically involves a period of ice 
advance (-5 months), followed by a longer period of ice 
retreat (-7 months) [Slammeljohn, 1993; Stammeljohn and 
Smith, this volume]. In addition, these satellite data show 
evidence of a recurrent 6 to 8 year cycle, with high ice years 
(1979-82, 198&-87 and 1991-92) and low ice years (1983-85, 
1988-90 and 1993-94). It is important to mention that the 
interdisciplinary RACER-I (198&-87) experiment was during 
the most extensive ice year on record, and that RACER-2 
(1989) was conducted during the lowest ice year on record 
[Stammeljohn and Smilh, this volume]. Sea-ice extent and 
dynamics in the region west of the Antarctic Peninsula may 
be controlled by the upwelling of relatively warm Circum­
polar Deep Water (COW) onto the continental shelf. These 
upwelling events modify heat and salt fluxes, alter nutrient 
budgets and may provide a mechanism for control of plank­
ton dive .. ity. 

Extreme seasonal variability in day length, low tempera­
tures, generally high nutrient levels, and springtime water 
column stability mediated by sea ice melting and surface 
heating, are key facto .. controlling phytoplankton and bac­
terial population growth in wate .. of the Southern Ocean 
[Smith el al., this volume]. In addition to providing in­
creased light for the growth of photoautotrophic micro­
organisms, the seasonal changes in radiant energy result in 
local healing of the upper ocean, which stabilizes the surface 
wate .. , especially in coastal regions protected from deep, 
wind..<friven mixing. lbe ablation of sea ice further stabilizes 
the water column through the addition of low-density melt­
water. The net biological effect is a phytoplankton bloom 
[Sverdrup, 1953; Smilh and Nelson, 1985; Holm-Hansen el 
aI., 1989; Mitchell and Holm-Hansen, 1991]. These poten­
tially extensive blooms provide the bulk of carbon and 
energy required to sustain the entire antarctic food web and 
are important in the production and removal of particulate 
organic matter from the surface layer of the ocean and, per­
haps, in the control of atmospheric carbon dioxide. 

4. DIVERSITY AND DISTRIBUTIONS OF 
MICROBIAL POPULATIONS 

Microorganisms are classified on the basis of size, phy­
logenetic relationships or nutritional requirements. The latter 
scheme includes both the energy source and the carbon 
source required for growth. Among bacteria in particular, 
there is a remarlcable dive .. ity of metabolic pathways [Rit­
tenberg, 1969]. In addition to nutritional diversity, microbial 
assemblages in antarctic marine environments appear, initial­
ly, to be as phylogenetically dive ... as temperate marine 
ecosystems. Among the most significant and unexpected 
results of the riboscmal RNA-based phylogenetic analysis of 
natural populations of anlarctic micro-organisms was the dis­
covery of a high abundance of archaebacteria in the marine 
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Fig. 2: Particulate A TP concentration profiles for a station located 
in Gerlache Strait sampled dnring the RACER program. [LEFT] 
Conditions during the spring·summer bloom in the 1986--87 austral 
summer showing surface A TP concentration of nearly 1500 ng t-I 

(equivalent to a microbial biomass of approximately 375 mg C m-~ 
and a Sleep concentration gradient with depth to a value of 15 mg 
C mol at 200 m. These summertime A TP concentrations are among 
the highest measured in non-polluted ocean waters. [RIGHT] Con­
ditions in winter showing a rather uniform depth distribution o.nd a 
much reduced microbial biomass of 2.5-4 mg C m·l throughout the 
upper 200 m of the water column. These wintertime A TP concen­
trations are among the lowest ever reported for a surface ocean ec0-

system [From: 1ien t:/ al. , 1992] . 

picoplankton [DeLong el al., 1994]. Archaebacteria were 
previously thought to thrive only in hypersaline, hyper­
thermal or strictly anoxic habitats. The physiology and ecol­
ogy of these antarctic archaebacteria is, at present, unknown. 

The ocean wate.. west of the Antarctic Peninsula are 
characterized by a dive ... and seasonally variable assem­
blage of microorganisms. During the spring-summer bloom 
of phytoplankton, the Slanding stock of living micro­
organisms (i.e., biomass) is equal to or greater than that 
found in any other non-polluted coastal wate... Total micro­
bial biomass of -375 mg C mol in the surface wate .. is not 
uncommon (Figure 2) [Karl el al., 1991a]. During winter, 
these same surface waters are among the most oligotrophic 
on earth with microbial biomass of -4 mg C m·'. This near­
ly Ihree orde .. of magnitude seasonal change in epipelagic 
biomass must have a -major influence on the structure and 
function of the microbial food web and on the winter sur­
vival of metazoans dependent upon primary production as 
their ultimate food scurce. This feast-or-famine existence for 
microbial assemblages in the coastal wate .. of the region 
west of the Antarctic Peninsula emphasizes the importance 
of year rouod investigations of the marine ecosystem to un­
de .. tand bioelement cycling. 
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4,1, Phy/op1lln/rJqn and BacluiDp1lln/rJqn Uncoupling 
During /Ju Spring Bloom 

Field results from the RACER program revealed signif­
icant regional variability in the distribution and abundance 
of micro- (20-200 JlI11) and nano- (2-20 JlI11) phytoplankton, 
often with order of magnirude changes in surface ocean 
chlorophyll a (chl a) or particulate adenosine triphosphate 
(P-A1P) over horizonlal scales of 100 kIn or less [Bird and 
Karl, 1991a; Karl el al., 1991a; Holm-Hansen and Milchell, 
1991]. The geographic distribution of microbial assemblages 
in the coastaJ water.; of the Antarctic Peninsula is the result 
of the oomplex hydrography and biological interactions [Bird 
and Karl, 1991a]. The distribution of biomass and primary 
productivity was strongly inlJuenced by upper water oolumn 
physical dynamics, specifically the depth of the surface 
mixed layer [Milchell and Holm-Hansen, 1991]. During the 
spring bloom of photoautotrophic microorganisms, a sub­
stantial removal of tolal dissolved CO', [NO,'+NO;], and 
POt was observed, which corresponded to an upper water 
oolumn (0-50 m) seasonal net production of 8410 mmol C 
m", 827 mmol N m", and 53 mmol Pm" [Karl el al., 
1991b]. However, in spite of the strong spatial gradients in 
chl a and photoautolrophic production, bacterial biomass did 
IlOI show strong spatial covariance with phytoplankton bio­
mass either during or immediately after the bloom [Karl el 
01., 1991a; Karl, 1993]. 

Results from the RACER program indicate that bacterial 
biomass, even during the spring bloom (i.e., at chI a con­
centrations >10 mg m") are <1-2% of the contemporaneous 
phytoplankton standing stock (fable I). In most other 
oceanic regions, bacterial biomass is ~ 10% of the phyto­
plankton standing stock. Surface water bacterial cell abun­
dances as low as 3-5 x 10' mi" are common in the coaslal 
waters of the Antarctic Peninsula [Karl, 1993; D. Bird and 
D. Karl, unpublished RACER and Palmer LTER dala] . 
Similar results have been reported for other Southern Ocean 
eoosystems [Zdanowski and Donathie, 1993]. 

As expected, bacterial productivities are also low (relative 
to phytoplankton productivities), especially during the spring 
bloom periods. Based on 'II-leucine incorporation, Tupas el 
01. [1994a] reported bacterial production rates of 1-10 mg C 
m"d" for a station in Gerlache Strait. Depth-integrated pro­
ductivities (0-50 m) at the height of the bloom were <0.6 g 
em" d" for bacteria compared to >5 gem" d" for the 
phytoplankton community. 

The apparent uncoupling of bacterioplankton and phyto­
plankton assemblages contrasts with analyses of temperate 
aquatic eoosystems [Bird and Kalff, 1984; Cole el 01., 1988]. 
By comparison to previous field studies, the RACER data 
suggest a defici~ of up to an order of magnitude, in bacterial 
cells at chl a concentrations of 2.5 g chl a 1" or greater (Fig­
ure 3). A similar result was also evident in the AMERIEZ 
[Cola et al., 1990] and Prydz Bay [Lancelol et aI., 1989] 
data sets collected outside the Antarctic Peninsula region, 

suggesting that eulrophic ecosystems of the Southern Ocean 
exhibit autotrophic-heterotrophic relationships that are funda­
mentally different from other marine habitats srudied to date. 

Possible mechanisms for the apparent uncoupling include 
differential temperarure effects on microbial metabolism 
[Pomeroy and Deibel, 1986], enhanced substrate require­
ments at minimum growth temperarures [Wiebe et 01., 1993], 
direct oompetition for limiting organic substrates [Karl and 
Bird, 1993] and chemical antagonism [Karl and Bird, 1993]. 
None of these hypotheses can he rejected at the present time. 
However, it should be mentioned that both dissolved or­
ganic carbon (DOC) and nitrogen (DON) concentrations in 
coaslal regions of the Antarctic Peninsula are sometimes 
lower than those reported for most surface ocean waters 
(Figure 4). Even at the height of the spring bloom when chl 
a is >20 ~g 1", DOC and DON concentrations are much 
lower than the concentrations typically measured in the 
oligotrophic North Pacific subtropical gyre [Karl et al., 
1993b; Tupas el al., 1994b]. Either dissolved organic matter 
(DOM) is IlOI produced during phytoplankton blooms in ant­
arctic coastal water.; or DOM production is efficiently cou­
pled to bacterial uptake. However without additional infor­
mation on the chemical oomposition, rather than the DOC: 
DON elemental stoichiometJy, it is difficult to predict the 
efficiency of DOM utilization (see also BACI'ERIAL 
GROwrn AND POPULATION REGULATION section). 

These data on phytoplankton-bacterioplankton population 
dynamics raise interesting questions about the in situ growth 
states of antarctic bacteria and the possible existence of 
starved cells in the bacterial assemblages. Grossman [1994] 
has recently reported that only a small percentage «15%) of 
the total bacteria in several diverse open water Southern 
Ocean habitats are responsive to 'II-leucine, and even a 
smaller percentage are responsive to 'H-thymidine. These 
microautora.<fiographic data are oonsistent with a starvation 
survival state for a majority of the bacterial cells [Morila, 
1993]. On the other hand, data collected during independent 
investigations (see REGULATION OF BACI'ERIAL POPU­
LATIONS section) suggest that bacteria may be growing at 
near maximal rates. TItis apparent discrepancy is almost 
certainly related to the spatial and remporal habitat vari­
ability that is a hallmarlc of the Southern Ocean eoosystem. 

4.2. Microzoop1lln/rJqn 

Microzooplankton are a diverse group of organisms that 
includes planktonic protowans (e.g., ciliates, flagellates, 
radiolarians) and small metazoans (primarily larval and 
natipliar stages of macrozooplankton). As the name im­
plies, these organisms are heterotrophic, "animal" plankton, 
feeding primarily on bacteria and small algal cells. How­
ever, certain choanoflagellate groups thought to feed on 
bacteria can also readily consume organic molecules over the 
molecular weight range 4 x 10" to 2 x 10' daltons [Mar­
chanl and Scon, 1993]. These observations suggest that they 
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TABLE 1. Comparison of Phytoplankton and Bacterioplankton Standing Stocks at a Station in Gerlache 
Strait during the Development and Demise of the Austral Spring Bloom [From: Karl alld Tien, 199 1] 

Sampling Phytoplankton Bacterial BACf-C! 
Dale Biomass' Biomassb PHYTO-C' 

(1989) Depth ()lg c r') (~g c r" (x 100%) 

31 October 5 379 0.46 0.12 
10 389 0.60 0.15 
20 365 0.43 0.12 
30 100 0.83 0.83 
50 45 0.29 0.64 
75 21 0.21 1.0 
100 14 0.18 1.3 

7 November I 850 1.71 0 .20 
5 805 1.36 0.17 
10 830 0.79 0.10 
20 191 1.39 0.73 
30 88 0.62 0.70 
75 14 0.08 0.57 
100 6 0.17 2.8 

15 November I 710 1.27 0.18 
5 763 1.15 0 .15 
10 711 0.53 0 .08 
20 453 0.51 0 .11 
30 328 0.41 0.13 
50 38 0.29 0.76 
100 9 0.05 0.56 

19 November I 334 3.02 0.90 
5 369 3.95 1.0 
10 378 5.34 1.4 
20 382 1.11 0.29 
30 55 0.94 1.7 
50 24 0.39 1.6 
75 12 0.36 3.0 
100 9 0.17 1.9 

8J>hytoplankton biomass carbon is estimated from measured chlorophyll a concentrations, assuming a 
C:chlorophyll a ratio of 50 [Vernet et aJ., 1991 J. 
bSacteriaJ biomass carbon is estimated from measured P·LPS concentrations. assuming a C:P·LPS ratio 
of 6.35 [Watson and Hobbie, 1979]. 

%ytoplankton biomasslbacterial biomass expressed as a percentage. 

may utilize colloids and DOM in addition to bacteria as food 
sources. Marchant [1985] reported that choanonagellates 
readily assimilate the excreted mucilage of Pluuocystis spp. 

Alder and Boltovskoy [1991] have investigated the dis­
tributional patterns of microzooplankton in the region west 
or the Antarctic Peninsula. Silicoflagellates were the num­
erically dominant group of organisms, followed by dino­
flagellates and tintinnids. The total microzooplankton bio­
masses ranged from <0.01 mg C m-l in Bransfield Strait to 

> 10 mg C m-l in Marguerite Bay [Alder and Boltovskoy, 
199/]. An authoritative review of antarctic protozooplank­
ton has recently appeared [Garrison and Gowing, 1993]. 

4.3. Viruses 

In the past decade, viruses have been identified as a dy­
namic component of microbial food webs [Bratbak et al., 
1994; Smith et aI., 1992; Bird et al., 1993]. For samples 
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Fig. 3: Phytoplankton-bacterioplankton rolationships for the RACER 
program study area. [TOP] Bacterial cell numbers versus chI a 
concentrations during the 1986-87 RACER experiment [From Karl 
et al., 1991a]. The two lines represent the predictions based on 
previously published empirical relationships from a variety of aquat­
ic environments: solid line, Bird and Ka!ff[1984]; dashed line, Cole 
., aI. [1988]. [BOTTOM] Regression plot of the logarithm of bac­
teria1 biomass (log Bact-C) in units of ng C .. ' as determined by 
particulate lipopolysaccharide (P-LPS) [bacterial-C = P-LPS x 6.35; 
Walson and Hobbie, 1979] analyses v""us the logarithm of chloro­
phyll a (log Chi a) in units of ng chI a ),1 for 132 surface water 
samples collected in the nonhero Gerlache Slnlit during the RACER 
program (October and November 1989) [From: Karl and Tien, 19-
91]. 

collected on two separate Drake Passage crossings, virus 
particle abundances ranged from 0.07 to 5.4 x 10' mr' with 
order of magnitude higher numbers in austral summer (Jan) 
compared to austral winter (Aug). The virus-to-bacterium 
ratios (VBR) were also substantially higher in Jan (VBR 
[Jan] = 16.8 ± 10.0, n = 9; VBR[Aug] = 5.6 ± 3.9, n = 8) 
[Smilh el aI., 1992]. There was no systematic variation of 
virus particles with depth in the upper 200-300 m of the 
water column which may be a reflection of the deep surface 
mixed-layers that are characteristic of Drake Passage. In 
Paradise Harbor near the entrance to Gerlache Strait in aus-

Iral spring, Bird ., al. [1993] reported relatively low num­
bers of virus particles (<1 x 10' ml") and low VBR ratios 
(i.e., <5). These authors noted distinct near surface virus 
particle depletions that could reflect either ultraviolel 
radiation damage or removal of viruses by adsorption onto 
sinking particles [Bird ., aI., 1993]. The downward flux 
(i.e., loss rate) of virus particles at 60 m was 1-3 x 10" m-' 
do', approximaJely 4% of the standing stock [Bird et al., 19-
93]. On a subsequent Palmer-LTER program cruise, the 
surface water distributions of virus particles were evaluated 
over a broad habitat range from near shore coastal regions 
to the open ocean. In general, there was an onshore-to-off­
shore gradient in virus particles in surface wale!> with abun­
dances of 3.2 x 10' to 1.7 x 10' ml" [Maranger., aI., 19-
94]. Again virus particle abundance was consistently lower 
in the surface waJers (0-10 m), with a peak in abundance 
between 20-60 m [Maranger.' al., 1994]. An interesting 
aspect of this work revealed that subregions within the study 
area had substantially different virus assemblages as shown 
by a quantiJative analysis of capsid dimensions. At selected 
stations, virus particles of aU capsid diameter classes (e.g., 
<30 nM, 30-60 nM, 60-80 nM and >80 nM) were present 
while at other sites only small virus particles «60 nM) were 
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Fig. 4: Dissolved organic carbon [DOC. TOP] and dissolved or­
ganic nitrogen (DON, BOTTOM} concentrations versus phyto­
plankton abundance (expressed as chI a concentration) for samples 
collected in the RACER study area. IX>C was measured using high 
temperature catalytic oxidation [Tupas el al., 1994] and DON was 
measured using UV oxidation [Karl el al., J993b]. By comparison. 
the surface waters of the oligotrophic North Pacific subtropical gyre 
have the following values: DOC = 100- 125 J.1M. DON = 6-8 ~. 
chi a = 0.05-0.15 ~g )". 
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observed [Maranger el al., 1994]. Because of host species 
specificity of viral infections, these data suggest that 
different microbial assemblages give rise to distinct viral 
assemblages. 

While it is generally assumed that free virus particles are 
bacteriophages, there is little direct evidence to support that 
view at the present time. In a recent assessment of vira1 
abundances in aquatic ecosystems it was concluded that "chi 
a explained more of the variance in vira1 abundance in 
aquatic ecosystems than did bacterial abundance" [R. Maran­
ger and D. Bird, per.;onal communication]. In antarctic 
water.; where bacterial abundances are low, both in absolute 
number.; and in relationship to algal biomass, it seems un­
likely that virus infection is an efficient mechanism of popu­
lation control. 

S. SOUTIlERN OCEAN FOOD WEBS 

Prior to 1980, energy flow in Southern Ocean habitats was 
thought to be dominated by relatively short and, therefore, 
efficient transfer.; from large (>20 fUll) phytoplankton cells 
to krill and, subsequently, to apex predator.;. More recently, 
our concept of the antarctic marine food web was expanded 
to reflect the potential roles of heterotrophic microorganisms, 
including bacteria and protowa [Hewes el al., 1985]. These 
detrirus-driven microbial loops [Azam el a/., 1983] are fueled 
by non-respiratory community carbon losses, i.e. , dissolved 
and particulate organic matter released by excretion, preda­
tion and mortality (Figure 5). Because microbial food webs 
are composed of small organisms, they require an increased 
number of trophic levels to transfer carbon and energy from 
primary producer.; to apex predators. Most detritus-based 
food webs, therefore, constitute major energy sinks. 

The structure and efficiency of the Southern Ocean food 
web is temporally variable [Karl, 1993]. Carbon and ener­
gy processing during the spring-summer phytoplankton 
bloom bears little resemblance to the mid-winter starvation 
coridition It is reasonable to expect several independent and, 
pernaps, overlapping (in time, space or both) food webs, 
especially in coastal and shelf waters. The situation created 
during the shift of the phytoplankton community from large 
diatoms in early spring to smaller (<20 fUll) flagellates 1-2 
months later [Holm-Hansen and Milchell, 1991] is one ex­
ample of overlapping food webs. 

6. OXYGEN DYNAMICS: 
PHOTOSYNTHESIS, RESPIRATION AND 

PHOTORESPIRATION 

Plankton community production and respiration are the 
fundamental processes that drive carbon and energy flow in 
antarctic coastal ecosystems. In most marine ecosystems, 
there is a spatial and temporal separation between 0, pro­
duction (with concommitant CO, consumption) which is 
restricted to the near surface waters and 0, consumption 
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fig. 5: Schematic representation of the flow of carbon and energy 
among lite various components of the food web. At the center of 
the cartoon is the large and generally uncharacterized pool of dis­
solved organic matter (DOM) that consists of gases, low and high 
molecular weight (LMW and HMW) compounds and colloids. 
DOM quality and quantity control the existence and intensity of the 
microbial food weh shown on the right-hand side of this scbematic. 
The "Ecto" compartment shown attached to the bacteria represents 
the combined ectoenzymatic activity of this group. Ectoenzymes 
are largely responsible for the utilization of the large HMW pool of 
OOM that is now thought (() control carbon (and nitrogen) flow to 
bacteria. (Adapted from: Karl, 1994J. 

(with concommitant CO, production) which occurs at all 
ocean depths. For ecosystems that support large phyto­
plankton populations or experience rapid bloom phenomena, 
there is also a transient and sometimes large accumulation of 
dissolved oxygen in the surface ocean. The ecological con­
dition of dissolved 0, in excess of the equilibrium air satu­
ration value is termed hyperoxia [Raven el aI., 1994 a,b]. 

During phytoplankton blooms in antarctic coastal waters, 
hyperoxia results from the combined effects of extremely 
high rates of net photosynthesis, extremely low rates of 
chemoheterotrophic respiration and low rates of physical 
dissipation of the accumulated dissolved 0" and may have 
an effect on community metaboUsm and carbon flow. Hy­
peroxia may be an even greater ecological consideration in 
ice algal communities where the diffusive fluxes of 0, and 
CO, may be restricted. Biochemical effects of hyperoxia 
include inhibition of carbon fixation by ribulose-I ,5-bisphos­
phate carboxylase/oxygenase (i.e., Rubisco), inhibition of 
nitrogenase and increased production of potentially toxic 
oxygen species including hydrogen peroxide (H,O,), super­
oxide radical anion, hydroxyl radical and singlet oxygen. 

Photosynthesis and respiration largely control the ambient 
pools and turnover rates of dissolved inorganic carbon 
(DIC), DOC, oxygen (0,) and inorganic nutrients. Under 
ideal growth conditions, carbon, nitrogen, phosphorus and 
oxygen vary in predictable stoichiometry [Ret!field el aL, 19-
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TABLE 2. Dissolved Oxygen Concentration Changes for the Water Collected at RACER Station A in 
Gerlach. Strait for the Period 0130 hr, 15 Nov to 0040 hr, 16 Nov 1989 (Local Time) during the 

Declining Phase of the Spring Bloom (Data from D. Karl and D. Hebel, Unpublished). 

11115 11/15 11115 11115 11116 
Depth 0130 0600 1200 1800 0040 
(m) hI" 1102t> hr dO, hr dO, hr dO, hr 

1.5 395.4 -4.0 377.6 -+4.5 404.6 +3.1 423.0 -10.1 355.4 
5 391.3 -2.0 382.1 +3.0 399.9 +3.4 420.3 -12.7 335.3 
10 376.5 -3.4 361.3 +1.9 372.4 +2.5 387.6 -9.2 326.4 
50 259.8 -1.8 251.6 +0.5 254.8 +0.1 255.2 +1.0 261.9 
75 235.8 0.0 235.9 -0.4 233.3 +0.3 235.2 +0.7 239.8 
150 247.3 -0.9 243.4 +0.9 248.8 -0.7 244.4 +0.6 248.7 

'All concentrations, in units of ~oll-l. 
bA02 = signed change in O2 concentration between consecutive casts, in units of ~o11 · 1 hr ' ], 

63). For nitrate-based photosynthesis and nitrate-regenera­
ting respiration, the quantitative expectations are: 

106 CO, + 122 H,O + 16 RNO, + H,PO, 

Photosynthesis ..... 

<--Respiration 

(CH,O},,,(NH,},,(H,PO') + 138 0, 

Rates of photosynthesis and respiration can be assessed 
directly by changes in 0, or CO, concentrations during 
timed incubations or by using isotopic tracers (e.g., "CO" 
"CO~ 'H,O, "0''0, H,''O). Analytical techniques such as 
CO, coulometry and computer-assisted micro-Winkler titra­
tion now achieve measurement precisions of -0.05% and, in 
the case of 0" can detect respiration rates ~IO nmol 0, 1" 
hr' following a I day incubation. Indirect estimates based 
on the measurements of diagnostic enzyme activities (e.g., 
Rubisco, electron transport system) are also possible. Other 
techniques include estimation of OICO, production or con­
sumption rates from concentration changes in a gjven water 
mass. Wbile tltis latter approach requires several assump­
tions concerning the importance of horiwntal and vertical 
water advection and air-sea gas exchange. the major advan­
tage is that measurements of seasonal (or longer) changes in 
metabolic reactants or products are less likely to be influ­
enced by sampling bias [Karl et aI., 1991b). 

Despite its technical simplicity and recognized impor­
tance, few measurements exist for total plankton respiration 
in marine ecosystems [Williams, 1984; Jahnke and Craven, 
1995). For antarctic microbial assemblages, these measure­
ments are almost non-existent. During RACER-2, (Oct.­
,Nov. 1989), we conducted several experiments to measure 

changes in the 02 concentrations in the water column of 
Gerlache Strait (fable 2 and Figure 6). The most remark­
able feature of these field data was the relative constancy of 
0, over time for aU water depths below approximately 20 m, 
whereas large temporal changes were observed in the upper 
portion of the water column (Figure 6). These diel fluctua­
tions suggest that the majority of 0, production and 0, con­
sumption occur in the upper euphotic zone (typically 0-10 
m). Light-dependent increases in 0, concentration ranged 
from 1.9-4.5 j.UOol 0,1" br' which was equivalent to a net 
carbon fixation rate of 23-54 mg C m" hr' (fable 2). 
Nighttime respiration rates in the upper water column were 
highest between 1800-0040 hr and averaged -10 j.UOol 0,1' 
, h" (fable 2). Daily respiration exceeded photosynthesis in 

~r---------o---------~--------' 
DAY' DAY, DAY, 

Tlme, hr 

Fig. 6: Changes in dissolved oxygen concentrations measured from 
consecutive hydrocasts at a station in the northern portion of Ger­
lache Strait (64°11.7'5, 61°19.5'W) from 19-21 November 1989. 
The sym,bols are: solid square-2 mt open square-S m. solid trio 
angle-lO m, open triangle-20 m, solid circle-3D m and open cir­
cle-50 m. 
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Fig. 7: Plot of dissolved oxygen (OJ concenlralions versus dis· 
solved nitrate (NO)-) concentrations for water samples collected 
over the 0-200 meter depth range at a station in the northern ponion 
or Gerlache Strait (64'11.7'5, 61' 19.5'W) during the RACER field 
experiment (31 October 1989 to 19 November 1989). The re­
gression analysis is: 0, <lunol r') = -8.507 NO]' (junol r') + 533; 
n = 40; r'= 0.813 [From Karl and Hebel, 199OJ. 

the upper 10 m of the water columo. These net hetero­
trophic conditions are characteristic of the post-bloom period 
[Karl, 1993]. 

Spring bloom conditions in antarctic coastal waters do not 
exhibit a balance between photosynthesis and community 
respiration. 1bis results in significant accumulations of O2 

(Figure 7), and deficits in Die (and hence CO, partial 
pressure) and nutrients coupled with an accumulation of 
phytoplankton biomass [Karl er al., 199Ib]. If grazing 
pressure on the phytoplankton population is low and tur­
bulent mixing is minimal, complete removal of inorganic 
nutrients would predict an ambient 0, concentration of >600 
fJM (i.e., -200% air saturation) which may have significant 
biological effects. Surface water 0, concentrations in Ger­
lache Strait during the spring bloom of phytoplankton may 
exceed 500 fJM, which is consistent with the above mass 
balance predictions (Figure 8). Similar hyperoJtic conditions 
have been reported for Arthur Harbor in Dec. 1970 where 
dissolved 0, and CO, partial pressures (pO, and pCO,) were 
120% and 15% of their respective air saturated values 
[Shabica et al., 1977]. If inorganic nutrients are exhausted, 
the relatively large bloom-forming diatoms aggregate and 

Fig. 8: Regional distribution of surface water (5 meters) dissolved oxygen content (in J.UTloi 1 ' ~ over the 
RACER study area for the sampling period (16-19 November 1989). Seawaters in equilibrium with at· 
mospheric 02 would have an O2 concentration of -350 JJM [From Karl and Hebel, 1990]. 
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sink from the euphotic zone resulting in a net removal of 
reduced carbon and other bioelements from the 0, enriched 
surface waters. A further separation of dissolved 0, from 
dissolved CO, and nutrients may result from the importance 
of ocean-feeding. air-breathing predators (e.g., seabirds and 
marine mammals) in coastal ecosystems of Antarctica [Huw­
ley el al., I99Ib]. Their metabolic activities exacerbate the 
already large oeean-to-atmosphere gradients in pCO, and 
pO, by removing marine biomass (reduced carbon) for com­
bustion by atmospheric 0,. 

There are at least two major implications of hyperoxia in 
antarctic coastal waters: (I) phytoplankton photorespiration 
and reduction in net photosynthesis, and (2) accelerated pho­
tolytic degradation of dissolved organic matter. Photores­
piration is the light-dependent uptake of 0, and release of 
CO, by photosynthetic organisms [Beardall, 1989]. Plant 
photorespiration has been described as an inevitable conse­
quence of the existence of atmospheric oxygen [Lorimer and 
Andrews, 1973] and is reported to occur in marine algae 
[Burris el al., 1976; Burris, 1981]. Photorespiration should 
not he confused with light-dependent uptake of 0, in the 
Mehler reaction [Geider, 1992]; the latter does not release 
CO2 or result in the oxidation of carbon intermediates. Dur­
ing photorespiration, ribulose-I,5-bisphosphate (RuBP) is ox­
idized to glycolate, glycine and CO,. The same active site in 
Rubisco is responsible for the carboxylase and oxygenase 
reactions (photosynthetic CO, fixation and 0, consumption 
by photorespiration, respectively). Under normal atmospheric 
conditions the rate of the carboxylase reaction is four times 
faster than that of oxygenase. However, cellular increases in 
O2 concentration relative to CO2 lead to the competitive 
inhibition of the carboxylase reaction. The high O2 concen­
tration during antarctic blooms combined with the low CO, 
concentrations results in an 02:C02 ratio that is far removed 
from the air saturated equilibrium state. Consequently, the 
environmental conditions existing during coastal plankton 
blooms in Antarctica would theoretically favor phytoplank­
ton photorespiration over photosynthesis. 

In contrast to "normal" heterotrophic respiration, photo­
respiration is not an energy-conserving mechanism. Because 
photorespiration involves net consumption of Calvin-Benson 
cycle intermediates, it can have a significant negative effect 
on the efficiency of gross photosynthesis [Geider, 1992]. 
Burris [1981] estimates that the photosynthetic quotient (PQ; 
i.e., rate of 0, production divided by rate of CO, consump­
tion) for marine phytoplankton decreases at high oxygen con­
centrations, most likely as a result of photorespiration. 
While a "normal" molar PQ is assumed to be near unity, the 
PQ may drop to 0.1 at 0, concentrations of approximately 
200% saturation (-600-650 J1M for antarctic waters) [Burris, 
1990]. Consequently, it is very likely that photorespiration 
may be an important but previously ignored aspect of phyto­
plankton metabolism in antarctic coastal ecosystems. It is 
possible that photorespiration may contribute to the "pre­
mature" demise of the spring bloom (i.e., termination of net 

photosynthesis in presence of sufficient light and inorganic 
nutrients). Because of the large demand for 0, and the non­
Redfield stoichiometry of the photorespiratory pathway (i.e., 
at least 3 moles 0, consumed for each mole of CO, released 
[Tolbert, 1974]), this pathway would also cause an uncou­
pling of C and 0 cycles, at least in coastal waters. 

Shipboard experiments conducted using phytoplankton 
cells collected from the LTER study area have documented 
a response to the addition of dissolved O2 that is consistent 
with photorespiration. Relative to control samples incubated 
at ambient 0, concentrations (372 J1M), the "C-HCO, 
incorporation for samples incubated at 593 J1M, 790 J1M, 
1133 J1M and 1405 J1M 0 , was 74%, 18%, 15% and 11 %, 
respectively, documenting a dramatic decrease in short-term 
rates of photosynthesis [D. Karl, unpublished resUlts]. The 
addition of HCO,' partially restored the rates of photo­
synthesis, a result that is also consistent with the photo­
respiratory response to high O2 concentrations. 

Glycolate is a diagnostic by-product of photorespiration 
and a substrate for heterotrophic bacterial metabolism 
[Wrighl and Shah, 1975; Fogg, 1983]. Consequently, pho­
torespiration might he expected to stimulate a secondary 
chemoheterotrophic community metabolism which will con­
sume additional 0 , and produce respiratory CO,. If tightly 
coupled from a community metabolism perspective, the 
entire algal photorespiration/bacterial respiration pathway 
which is triggered by high 0, and low CO, could effectively 
lower ambient O2 and replenish CO2 resulting in a recovery 
of efficient net photosynthesis. However, to our knowledge 
these important metabolic processes have not been syste­
matically investigated in Southern Ocean waters. 

A second major effect of hyperoxic conditions is the in­
creased potential for production of photoreactive 0 , deriva­
tives and increased rate of photooxidation of dissolved and 
particulate organic matter. Laane el al. [1985J have em­
phasized the importance of considering photooxidation reac­
tions in O2 budget calculations of natural waters. The forma­
tion of superoxide radicals and H20 2 can occur biologically 
as a result of O2 photoreduction in algae or abiotically 
through interactions between detrital organic matter and 
light. Consequently, an increased rate of free radical produc­
tion during hyperoxia is very likely [Raven, 1991]. These 
reactions could lead to photolytic alteration of otherwise 
refractory organic matter, thereby providing substrates for 
chemoheterotrophic metabolism and growth. Mopper alld 
ZlIOU [I990] have reported that deep-water DOM, possibly 
typical of the upwelled waters of the Antarctic Peninsula re­
gion (Figure 4), is nearly an order of magnitude more reac­
tive to light than DOM collected from temperate surface 
waters. Studies of H20 2 distributions and nuxes in antarctic 
coastal waters arc beginning to reveal the extent and impor­
tance of these processes [Karl el al., 1993a; Tien alld Karl, 
1993; Karl and Resing, 1993]. Finally, photooxidative death 
resulting from the combined effects of hyperoxia, low CO, 
concentrations and high light levels has been hypothesized 
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to be the mechanism responsible for the sudden demise of 
hypereutrophic algal blooms in closed ecosystems [Abelio­
vich and Shilo, 1972) thus providing a precedent in nature. 
In fac~ the effects may be exacerbated in cold climates 
where metabolic rates (and, hence, cellular repair rates) are 
slower. 

7. BACfERlAL GROWTH AND POPULATION 
REGULATION 

The microbial loop plays an important role in marine and 
freshwater plankton ecosystems in all climatic zones 
[Hobbie, 1994). However, general models of microbial eco­
system dynamics continue to elude scientific understanding. 
Abundance (biomass) and growth rate (production) are 
among the most widely measured parameters in aquatic 
microbial ecology and the collective data set on these meas­
urements has provided the necessary guidance for the design 
of the next generation of field experiments. A major ob­
stacle. however. is our inability to characterize much of the 
DOM pool in the cx;ean, and to determine the rates at which 
its various components are utilized by bacteria. 

Although a comprehensive model of microbial food web 
dynamics in the Scotia-Weddell Sea region has been pub­
lished [Lancelol el ai., 1991), the general applicability of this 
model to Southern Ocean ecosystems is questionable. 
Growth of heterotrophic bacterioplankton is far more diffi­
cult to parameterize in ecological models than that of phy­
toplankton or microzooplankton. A functional response based 
on the Monad [1942) equation (a hyperbolic function analo­
gous to the Henri-Michaelis-Menten equation) has been 
widely used to simulate nutrient limitation in plankton popu­
lations. What nutrients regulate bacterioplankton growth? 
Can bacterial growth be modelled as a functional response 
to bulk dissolved organic carbon or dissolved organic nitro­
gen? 

Several plankton ecosystem models [Fasham el al., 1990; 
Moloney and Field, 1991) have used mass-balance models 
based on Goldman el aI. [1987) to predict ammonium up­
take or remineralization depending on the C:N ratio of the 
organic substrate, but have neglected non-nitrogenous organ­
ic substrates such as carbohydrates [Duck/ow, 1994). While 
similar models morlified to correct this oversight may simu­
late anunonium uptake and remineralization correctly, it is 
not clear that they can accurately represent the effects of 
nutrient limitation on bacterial growth rate. These simu­
lations also utilize extremely simple parameterizations of the 
processes by which nonliving organic matter is produced, 
because realistic estimates of the rates of these processes, let 
alone models of the governing processes. are not possible 
with current knowledge. Specific respiration rates. or growth 
efficiencies. are also poorly constrained [Bjllmsen. 1986; 
Kirchman el al. , 1991; Jahnke and Craven, 1995). Simu­
lations of the global carbon cycle incorporating DOM with 
a constant turnover time, or "half-life," have shown better 

agreement with observed distributions of oxygen and phos­
phorus than those that exclude it [Bacaslow and Maier­
Reimer, 1991; Najjar el al., 1992). However. the rate of 
DOM utilization is unlikely to be constan~ and turnover 
rates of significant components may differ by orders of mag­
nitude between different oceanographic provinces [Christian 
and Karl, 1995). 

Microbial food web interactions are complex, and many 
siguificant pathways of transfer of carbon or energy within 
the food web are difficult to quantify. This applies in par­
ticular to production of nonliving dissolved and particulate 
organic mailer. While the excretion of low-molecular-weight 
organic compounds (LMW-DOM; ';10,000 daltons) by phy­
toplankton is well documented [Fogg, 1983; Bj;msen, 19-
88), much of the organic matter available to bacteria is be­
lieved to be polymeric compounds {P-DOM} [Billen, 1990) 
and the pathways by which phytoplankton biomass enters 
this pool are poorly understood. Grazing by both macro­
[Jumars el al. , 1989) and microzooplankton [Caron el al., 
1985; Nagata and Kirchman, 1992) plays a role as may viral 
[Bralbak el al., 1994) and bacterial [/mai el al., 1993) in­
fection. But the relative importance of these, and possibly 
other, mechanisms is not known with any accuracy for any 
marine environmen~ and is likely to vary gneatly among 
oceanograpic regions, and, at high latitude, with the seasons. 

Dissolved organic matter concentrations in the Antarctic 
Peninsula region include some of the lowest as well as the 
highest concentrations ever measured (fable 3). B611er and 
Dawson [1982) observed extraordinarily high levels (>1000 
JIM) of DOC as well as dissolved amino acids, in the 
northern Bransfield Strait Prego [1991) observed >200 JIM 
DOC in the sarne area and using a similar technique. On the 
other hand, DON values of less than 3 JIM have also been 
observed in surface waters of Bransfield Strait (fable 3 and 
Figure 4). These latter values are among the lowest ever 
measured in the surface ocean. 

Tupas el al. [1994a) observed dissolved free amino acid 
(DFAA) concentrations of 200-700 nM in Gerlache Strait 
during RACER which is much higher than typically ob­
served in temperate oceanic environments, despite the very 
low "total" DOC and DON concentrations discussed above. 
B611er and Dawson [1982) give similar concentrations, but 
also reported extraordinarily high (up to 30 JIM glycine 
equivalent) concentrations of dissolved combined amino 
acids (DCAA). Manahan el al. [1990) report concentra­
tions similar to those of Tupas el al. [19940) for selected 
amino acids in McMurdo Sound, but do not give the total 
DFAA concentration. The extremely high values observed 
by BOller and Dawson [1982) occunred.in conditions dom­
inated by Phaeocystis poucheltii blooms. The RACER pro­
gram did not encounter such blooms; during RACER the 
bloom phytoplankton conununity was diatom-dominated, ex­
cept for a bloom of the prasinophyte Pyramimonas sp. [Bird 
and Karl, 1991b). As these conditions both occur in the 
L TER area at the sarne season of different years, there may 
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TABLE 3. Measurements of Dissolved Organic Compounds in the Region West of the 
Antarctic Peninsula 

Compound or Sample Concenlration 
Compound Class l Location Season Range Reference 

TOC Elephant Island Dec-Jan 27-200 11M Prego [1991] 
DOC Bransfield Strait Nov-Dec I 8()' I 000 11M Bolter and Dawson 

[1982] 
DOC Admiralty Bay Mar 100-480 11M Dawson., 01. 1985] 
DOC Bransfield Srrait Dec-Jan 5.8-252 11M Zdanows/d [19851 
DOC Gerlache Strait Nov-Dec 36-72 11M Karl and Tien [unpub!'] 
DOC Gerlache Strait Dec \03-119 11M Pakulski and Benner 

[1994] 
DON Gerlache Strait Nov-Dec 1-6 11M Karl [unpub!'] 

DFAA Bransfield Strait Nov-Dec 0.7-2.0 ~M Bolter and Dawson 
[1982] 

DFAA Bransfield Strait Dec-Jan ()'0.76 11M Zdanows/d [1985] 
DFAA Geslache Strait Feb 0.8-4.6 11M Haberstroh el al. 

Drake Passage Feb 0.3-6.0 ~M [1987] 
DFAA Gerlache Strait Nov-Dec 0,2-0.7 11M Tupas ., aI. [1994] 
DCAA Bransfield Strait Dec-Jan ()'1.I611M Zdanowski [1985] 
DCAA Bransfield Strait Nov-Dec 1-30 11M BOlter and Dawson 

[1982] 
D-MCHO Bransfield Strait Nov-Dec 0.3-1.4 11M BOlter and Dawson 

[1982] 
D-MCHO Admiralty Bay Mar 1.2-2.2 11M Dawson., 01. [1985] 
D-PCHO Bransfield Strait Nov-Dec 0.5-5 11M Bolter and Dawson 

[1982] 
D-PCHO Gerlache Strait Dec 9-18 11M Pakulsk.i and Benner 

[1994] 
D-TCHO Gcrlache Strait Dec 14-21 11M Pakulski and Benner 

[1994] 
glutamic acid Gerlache Strait Feb 2().200 nM Haberstroh et al. 

Drake Passage 3-300 nM [1987] 
glucose Drake Passage Jan ()'0,0411M Hanson el 01. [ 1983a] 

D-ATP Drake Passage Jan 0.13 nM Nawrocki and Karl 
Gerlache Strait Jan 1.2 nM [19891 
Gerlache Strait Mar <0.01 nM 

Bl1IJ1sfield Strait Jan 0.3-1.3 nM 
Bransfield Strait Mar 0.06 nM 

DMS Drake Passage Mar-Apr 0.7-3.2 nM Berresheim [1986] 
Bransfield Strait Mar-Apr 0.8-2.8 nM 
Gerlache Strait Mar-Apr 0.6-8.6 nM 

D-DNA Gerlache Strait Dec 2-3 ~g 1" Bailiffand Karl [1991] 
Jan-Feb 0.1 ~g 1" 

Mar <0,0\ ~g 1" 
methane Drake Passage Dec-Mar \.5-3 nM Tilbrook and Karl 

Bl1IJ1sfield Strait Dec-Mar 4-9 nM [1994] 
Gerlache Strait Dec-Mar 4-5 nM 

D-LPS Gerlache Strait Oct-Nov 7()'990 ng 1" Karl and Tien [1991] 
urea Admiralty Bay Mar 0.5-1.6 11M Dawson er 01. [1985] 

·Abbreviations: TOe = total organic carbon, DOC = dissolved organic carbon, DON = dis-
solved organiC nitrogen, DFAA = dissolved free amino acids in glycine equivalents, DCAA 
= dissolved combined amino acids, D-MCHO = dissolved monosaccharides in glucose 
equivalents, D-PCHO = dissolved polysaccharides in glucose equivalents, D-TCHO = dis-
solved total carbohydrates, D-A TP = dissolved adenosine triphosphate, DMS = dimethyl-
sulfide, D-DNA = dissolved deoxyribonucleic acid, D-LPS = dissolved lipopoly-saccharide. 
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be inter-annual variations in climatic or hydrographic forcing 
that result in dominance by different groups of autotrophs, 
affecting in tum the quantity and quality of DOM available 
to the bacteria. 

7.1. Regulation of Bacterial Populations 

When considering limitation of bacterial populations, the 
difference between limitation of standing crop (numbers or 
biomass) and limitation of growth rate is significant. 
Nutrient limitation in the sense implied by Liebig's Law is 
limitation of standing crop, and implies exhaustion of some 
essential nutrient. Even if the rate of growth is limited by 
some nutrient or combination of nutrients, the standing crop 
may be controlled by grazing or some other factor. It is also 
important to keep in mind that discussing what "limits" the 
rate of growth canies the ecological connotation that rapid 
growth maximizes fiblesS. 

Bacterial numbers in the Antarctic Peninsula region are 
consistently lower than in most other aquatic environments, 
relative to chl a [Karl el al., 1991a]. Bacterial growth rates, 
however, are comparable to other systems [Bird and Karl, 
1990; Tupas el aI., 1994a], and A TP turnover experiments 
with 'H-adenine indicate that the <1 IlI11 fraction of the mi­
crobial community is as active as the larger cells [Karl and 
Winn, 1986]. 

In a recent experimental mesocosm evaluation of bottom­
up versus top-down controls of the Southern Ocean micro­
bial food web, bacterioplankton populations were found 10 

be controlled (both in numbers and in growth rate) by het­
erotrophic nanoflagellate grazers [Kuparinen and Bj~msen, 
1992]. Baclerial growth rates in the absence and in the pres­
ence of grazers was 0.75 and -0.25 d", respectively. 

The role of DOM as a proximate control on bacterial 
growth rate is uncertain. Rivkin el aI. [1991] found no stimu­
lation of bacterial growth in McMurdo Sound by glucose, 
glycine or glutamic acid, and concluded that the bacteria 
"had sufficient organic nutrients to sustain maximal or near­
maximal growth." A greater vanety of subslrates should be 
tested before this conclusion is accepted, however. Extensive 
respiration of amino acid carbon, including glycine [TlIpas 
el al., 1994a] suggests that synthesis of Ihe basic amino acid 
"skeleton" is not rate-limiting for growth of antarctic bac­
terioplankton. Synthesis of the R groups of some of the rarer 
amino acids may be the rate-limiting step, and experimental 
addition of a grealer variety of amino acids should be 
attempted before a conclusion of substrate sufficient growth 
is warranted. Calabolism of thymidine [Karl el al., 1991a] 
also suggests that antarctic seawater is far from being a 
medium rich enough to permit maximal growlh on Ihe or­
ganic substances present. 

7.2. Ecosytem-Ievel Processes 

Bacteria evolve quickly. We can generalize that bacteria 
adapt to their "metazoan environment" ralher Ihan the other 

way around. In the 1 billion years that eukaryotes have 
exisled, Ihey have provided the bacteria with a variety of 
specialized niches. These environments change and the bac­
teria adapt. For this reason it may be useful to consider what 
is unusual about the antarctic marine environment as it re­
lates to chemoheterotrophic bacterioplankton. 

Antarctica is the only "eutrophic" environment where ter­
restrialiy derived organic matter is almost completely absen~ 
although it is likely to playa smali role in selected ice-free 
coastal environments. Eutrophic environments c;m be either 
"auloeutrophic" or "heteroeutrophic" (i.e., primary eutrophi­
cation can be inorganic or organic). There may be environ­
ments where the primary eutrophication is with inorganic 
nutrients, that become enriched in organic nutrients through 
phytoplankton production, but it is difficult to think of an 
example, except perhaps for blooms of Plw.eocyslis pOllchel­
Iii [Boller and Dawson, 1982; Davidson and Marclw.nt, 19-
92]. A highly seasonal environment dominaled by large cells 
gives a relatively small input of detrital organic matter. 
Phytoplankton excretion of LMW-DOM compounds is 
related to surface-ta-volume ratio of phytoplankton [Bjpm­
sen, 1988], and possibly to nutrient depletion [Joiris el aI., 
1982]. In either case this excretion is minimal during a dia­
tom bloom, except possibly in the late slages when nutrients 
are exhausted. This could very well explain why dense 
phytoplankton blooms that occur in the coastal regions of the 
Antarctic Peninsula are not enriched in DOM (Figure 4). It 
could explain, as well, the uncoupling between chi a con­
centrations and bacterial cell numbers when compared to 
previous results from other, mostly, temperate aquatic eca­
syslems [Bird and Kalff, 1984]. Furthermore, many coastal, 
estuarine and lacustrine systems are enriched in inorganic 
nutrients derived in part from remineralization of alloch­
thonous organic matter, i.e., the primary eutrophication is 
organic. These ecosystems comprise the majority of the data 
used by Bird and Ka!ff[1984]. 

Picophytoplankton are now recognized to be nearly ubiq­
uitous in the world's oceans; Antarctic environments, how­
ever, may be an exception. Abundance of cyanobacteria in 
the Drake Passage decreases to insignificant levels south of 
the Antarctic Convergence [Lelelier and Karl, 1989]. Pica­
phytoplankton-dominated systems north of the Antarctic 
Convergence support a large microheterotroph biomass 
[Chrislian and Karl, 1994] relative to coaslal antarctic 
habitats [Karl and Tien, 1991]. Reasons for this may be: (1) 
that small phyloplankton cells excrete a greater fraction of 
primary production due 10 high surface:volume ratios, (2) 
that microzooplankton grazing on picophytoplankton relaxes 
grazing pressure on heterotrophic bacteria or (3) that recy­
cling of nitrogen by grazing microzooplankton slimulates 
bacterial production. 

Furthermore, antarctic surface waters in winter are pos­
sibly the most oligotrophic on earth, with less biomass of 
microorganisms Ihan Ihe subtropical gyre of the North 
Pacific [Tien el al., 1992]. Organisms having evolved in 
such a habitat have evolved mechanisms for surviving 
through Ihe winter. The need 10 survive ·3-6 months of prey 
scarcity may explain why antarctic micrograzers have 
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Fig. 9: Schematic representation of the "open water" and "ice· 
associated" N cycles in the region west of the Antarctic Peninsula. 
The dissolved N pools include: NP = nitrous oxide, NO; = 
nitrate, NO; = nitrile, NH/ = ammonium and DON = dissolved 
organic nitrogen. The dotted lines and arrows represent the proc­
ess of bacterial nibification. Not shown in this schematic are 
atmospheric deposition of organic and inorganic compounds or the 
flux of dissolved nitrogen gas (N ~ into the marine plankton via the 
process of N2 fixation. Neither of these processes is considered to 
be a major flux of N in marine ecosytems in the Antarctic Penin­
sula region. 

adapted 10 grazing oplimally at low prey concenlmtions and 
provide a mechanistic interpretation of the pennanent low 
abundance of bacterioplankton based on simple models of 
predator-prey dynamics. 

8. DISSOLVED NITROGEN DYNAMICS 

Nitrogen is an essential element for the growth of all or­
ganisms. While the supply of fixed nitrogen (as nitrate) in 
antarctic waters is high and rarely growth-limiting excepl 
under extreme bloom conditions [Holm-Hansen et al., 1989; 
Karl el 01 .. 1991b], a thorough slUdy of N-dynamics yields 
useful infonnation on the struclUre and functioning of the 
entire ecosystem (Figure 9). In this section, we focus on the 

productive coastal areas of the western Antarctic Peninsula 
and ilS seasonal ice pack. The following topics are consider­
ed: (1) the roles of phytoplankton, bacteria, prolozoa and 
macrozooplankton in N cycling, (2) atmospheric N fluxes, 
both biotic and abiotic in origin, (3) nilrile distributions and 
dynamics, (4) nitrification and nitrous oxide production and 
(5) sea-ice nitrogen cycling. 

S.l. Phytop/ankUm Assimilation of Nitrogen 

Despile the abundance of nilmle in the Southern Ocean, 
ammonium appears to be the preferred and, perhaps, pri­
mary source of nitrogen supporting the growth of phyto­
plankton during spring and summer [Olson, 1980; G/iber1 eI 

01., 1982; Ronner el 01.,1983, Probyn and Painling, 1985; 
Koike el 01., 1986]. TIlis is true even under bloom condi­
tions, indicating that as the large nilmle pool (20 ~, or 
more) is being depleted, the small ammonium pool (<2~) 
is rapidly recycled. Uptake of ammonium can range from 
about half of total N uptake in the Scotia Sea during early 
spring [Olson, 1980], to >90% of the total in late summer 
[Koike el 01., 1986]. Nevertheless, under certain conditions 
nitrate is reduced to undeteclable levels by phytoplankton 
growth [Holm·Hansen el 01., 1989; Dare el aI., 1992]. This 
implies that regeneration processes, in particular ammoni­
fication. are ab~nt, repressed or separated in space. This 
probably resullS from the 3bsence of grazers dunng the 
initial phase of the bloom which also accounlS for the 
accumulation of phytoplankton biomass. Reduced grazing 
and ammonification may also account for the large relative 
uptake ofnitrale (87%) vs. ammonium and urea (13%) dur­
ing winter [eochlan el 01., I 993b]. 

The observed shift in the nitrogen source from nilmte 10 

ammonium generally parallels a shift in the size spectrum of 
the microbial community from larger to smaller organisms 
as described for the Bransfield Strail area by Karl et 01. [19-
91a]. This is also consistent with the size fractionation ex­
perimenlS of Koike et 01. [1986], showing that ammonium is 
taken up almost exclusively by the <20 ~ fraction. These 
resullS indicale that despile the observed depletion of nilmle 
during the spring bloom, most of the primary production in 
antarctic waters is recycled and hence not available for 
export from the euphotic zone. 'These findings also imply an 
important role for the bacteria and grazers that remineralize 
nitrogen in maintaining the inlensity of the bloom. 

Dissolved organic nitrogen, while largely uncharacterized, 
may play an important role in the nutrition of antarctic 
phytoplankton. While DON is generally assumed 10 be ex­
creted by phyloplankton [Bronk et 01., 1994] and utilized by 
helerotrophic bacteria, there is also the possibility of facul­
tative algal heterotrophy. Antarctic diatoms (benthic, plank­
tonic and ice-associated species) can rapidly assimilate 
amino acids al ambient concentrations [Rivkin and Purr, 19-
87]. This may be an importanl adaptation to an environmenl 
where light intensity is low for a significant portion of the 
year. 
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8.2. Th. Role of Bacleria in Antarctic Marin. Nitrog.n 
CycUng 

Marine bacteria are both a source of regenerated ammo­
nium and a sink for ammonium. Recent studies by Tupas 
and Koike [1991] and Tupas el al. [1994a] demonstrnted that 
mixed bacterial assemblages simultaneously assimilate and 
regenerate ammonium; however. it is not clear whether in­
dividual cells do both. In the fonner study, ammonium sup­
plied up to 80% of the new bacterial nitrogen, yet at the 
same time more than half of the DON taken up by these 
bacteria was remineralized to free ammonium. The authors 
suggested that amino acids are largely used in anabolic 
salvage pathways or respired while the subsequent assimi­
lation of released ammonium provides nitrogen for growth 
via separate biosynthetic pathways. While not necessarily 
energy-efficient, this strategy allows greater versatility in the 
synthesis of amino acids. In contrast to previous studies, this 
indicates that the availability or lack of important amino 
acids rather than overall CoN ratio of the substrate pool may 
dictate whether bacteria act as net sinks for or net reminer­
alizers of nitrogen in their natural environments. 

In Gerlache Strait during the 1989 spring bloom, Tupas el 
al. [1994a] found that bacteria accounted for 8-25% of total 
ammonium assimilation, while at the same time, bacteria 
regenerated ammonium at 2-4 times the rate at which they 
assimilated it. Ammonium supplied 35-60% of the bacterial 
nitrogen demand; the rest must have been supplied by DON 
or nitrate. These data imply that bacteria both compete with 
phytoplankton for available anunonium and help to replenish 
that ammonium and also rely on phytoplankton and z0o­

plankton for DON, making their role in the nitrogen cycle 
and the food web difficult to model. Overall, however, bac­
teria were net remineralizers during this study, suggesting 
that the rapid recycling of nitrogen by bacteria is crucial in 
maintaining the high rates of primary production seen in the 
coastal embayments of the Antarctic Peninsula 

8.3. The Roles of Nano-, Micro- and Macrowop/ankWn 
in Antarctic Marine Nitrogen CycUng 

Macrograzers, particularly krill, are conspicuously abun­
dant components of the antarctic marine environment. Krill 
are the primary food source for most apex predators and 
they represent a crucial link in the flow of energy. Krill and 
other large zooplankton playa role in the recycling of nitro­
gen as well. It is well known that krill and other netplank­
ton excrete ammonium [Bidigare, 1981 ; Ikeda and Milchell, 
1982; Biggs, 1982; Biggs et ai., 1985]. even during the aus­
tral winter when food is scarce [Huntley and Nordhausen, 
1995]. However, both Biggs [1982] and Huntley and Nord­
hausen [1995] concluded that the macrozooplankton contri­
bution to phytoplankton ammonium demand is negligible. 
Biggs [1982] suggested that either aggregations of zoo­
plankton are undersampled, or that seabird nutrient recycling 

and ammonium from ice melt or microheterotrophic re­
mineralization are also important in the ammonium budget 
of polar waters. 

In our opinion, a systematic undersampling of macrozoo­
plankton of the magnitude alluded to by Biggs [1982] seems 
unlikely. Seabird contributions to marine nitrogen recycling 
may be significant as they deposit a majority of their feces 
into the sea [Staley and Herwig. 1993]. However. their bio­
mass and feeding rates are not well constrained [Bans., 
1994]. Ammonium from ice melt is probably not very im­
portant, as will be discussed later. A likely explanation is 
that most nitrogen recycling is done by small organisms: 
protozoa and bacteria [Holm-Hansen, 1985]. Howev"" dense 
swarms of krill may be locally important sources of ammo­
nium [Johnson el ai., 1984]. 

A number of recent studies have provided evidence on the 
role of nano- and micrograzers [Silver el al., 1980; von 
Brockel. 1981; Biggs el al., 1985; Hewes el al., 1985; Mil­
ler.1 al., 1985; Koike.1 ai., 1986]. As the phytoplankton 
community composition shifts from large diatoms to small 
flagellates through the summer, these become the link be­
tween the bacteria and small algae, and larger zooplankton 
such as krill. The relatively low growth efficiencies of mi­
crozooplankton result in substantial losses of nitrogenous 
compounds to the dissolved phase. Tupas el al. [1994a] 
estimated that bacteria can regenerate 27-55% of the total 
recycled ammonium during the spring bloom, and as Biggs 
[1982] estimates that netplankton can only regenerate 2% of 
the phytoplankton demand for ammonium, we conclude that 
at least one-half of the recycling of ammonium is carried out 
by nano- and microzooplankton. The most abondant of these 
small zooplankters are the choanoflagellates [Buck and Gar­
rison, 1983; Bird and Karl, 1990]. 

8.4. Atmospheric Inputs of Fixed Nitrogen and Th.ir 
Sources 

Upwelled nitrate and microbially regenerated ammonium 
are usually considered to be the only significant sources of 
fixed nitrogen for primary production in the antarctic marine 
environment. However, Parker el al. [1978] reported high 
levels of ammonium and nitrate in antarctic ice and snow. 
Parker el al. [1978] suggested an auroral source of fixed 
nitrogen, and supporting evidence relating nitrate concen­
tration to sunspot activity exists [Parker and Zeller, 1980]. 
In reporting high levels of fixed nitrogen, the authors assert­
ed that the melting of nitrogen-rich continental ice may 
represent a significant input of new nitrogen to the coastal 
marine ecosystem. Biggs [1978] challenged their calcula­
tions, stating that the oceanic fixed N reservoir is underesti­
mated, and that ammonium excretion by zooplankton is a 
larger source of nitrogen. 

Ice derived from continental sources can represent new 
nitrogen to the marine ecosystem. However, estimation of 
nitrogen input from terrestrial ice melt is not straightfor-
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ward, Greenfield [1992] points out that the impact of pre­
cipitation nitrogen to the marine environment is highly 
variable in both space and time. For example, the fir.;t few 
centimeters of each precipitation event deposits the highest 
levels of N. Further complicating the issue is the recent dis­
covery that levels of ni!r.lte in (at least) continental precipi­
tation have shown an increase in recent years [Mayewski a1ld 
Legrand, 1990]. Given such heterogeneity, accurate estima­
tion of N input to antarctic ecosystems by precipitation 
requires broader coverage of measurements in both time and 
space. 

The sources of the N (nitrate and ammonium) may well 
differ between continental and maritime precipitation. 
Greenfield [1992] found that precipitation falling in areas 
near penguin rookeries had greater ammonium content than 
precipitation in remote areas, indicating local atmospheric 
cycling of guano-derived N. Myrcha et al. [1985] measured 
the rates of guano transport during summer at King George 
Island and found that about 50% of the fresh guano was lost 
over a three-week period. Loss rates were correlated to 
ground temperature, hence insolation. High levels of am­
monium in antarctic ice have also been noted by Oradovskiy 
[1974] and Dare et al. [1993]; the former aUributed ammo­
nium-rich layers in pack ice to a physical concentration 
mechanism, while the lauer author.; suggested the activity of 
ice-bound microheterotrophs, as the abundance of ammo­
nium was correlated with active dark carbon assimilation. 
Again, sources of nitrogen derived from metabolic activity 
are recycled, while auroral or other abiotic sources which 
have been implicated in continental precipitation are con­
sidered new. 

B.S. NilriJe Distributions alUl Dynmnics in the Marine Ant­
arctic Environment 

Most studies of nitrogen in Antarctica have focused on 
nitrate and ammonium, with few considering the redox inter­
mediate nitrite. Accumulations of nitrite in the water column 
indicate zones of active nitrogen cycling; the distribution of 
nitrite can be used to elucidate the nutritional state and 
regenerative capacity of the resident microbial communities. 
Dare and Karl [1992] used nitrite profiles to track the pro­
gression of the spring bloom in the Gerlache Strait. From 
12-30 December 1991, depth-integrated nitrite increased sys­
tematically while depth profiles exhibited surface maxima 
and decreasing concentrations with depth. The authors JXJstu­
lated that these profiles followed the progression of nitrate 
assimilation during the early stages of the bloom, as nitrite 
is released during light-dependent assimilation [Kiefer et al., 
1976]. 

Blooms of phytoplankton are often associated with the 
edges of the receding antarctic seasonal ice packs, and may 
playa major role in the biogeochemical cycles of the South­
ern Ocean [Smith and Nelson, 1986]. The initiation of the 
ice edge bloom is thought to be dependent upon stabi lization 

of the water column, either because of a low-density melt­
water lens or because of reduced wind stress near the region 
of ice cover, or both. Receding ice edges display a grada­
tion of nitrogen cycle processes, with evidence of rapid 
nitrate assimilation near the ice and evidence of increased 
heterotrophy and nutrient regeneration in the wake of the 
receding ice [Nelsoll and Smith, 1986; Smith and Nelson, 19-
90; Karl et al., 1992; Dare et 01., 1992]. 

Dare et al. [1992] examined a series of nitrite profiles 
from a transect perpendicular to a receding ice edge in Mar­
guerite Bay; the near-ice stations showed profiles similar to 
those collected during the same cruise in Gerlache Strait . 
indicating early bloom conditions. By contrast, the open 
waters of the bay showed nitrite accumulations at depth, 
indicating regeneration of nitrate through nitrification and a 
well-developed heterotrophic community. Nitrite production 
in surface waters by phytoplankton nitrate reduction and in 
deeper waters by nitrification have also been examined in 
the Scotia Sea in spring 1978 and the Ross Sea in summer 
1978-79 by O/SOIl [1981]. 

8.6. Nitrification in the Antarctic Marine Environment 

Nitrification is the bacterially-mediated chemoautotrophic 
oxidation of ammonium to nitrite to nitrate, and is the funda­
mental process responsible for the long-term regeneration of 
oxidized nitrogen compounds (Figure 9). Few nitrification 
rate measurements exist for the Southern Ocean, Olson [19-
81] used 15N tracer techniques to estimate nitrification rates 
in the Scotia Sea in spring 1978 and the Ross Sea in sum­
mer 1978-79. He found low rates, comparable to those 
measured in the oligotrophic North Pacific Ocean. Priscu et 
al. [1990], using a selective inhibitor ''<: uptake assay, also 
found low rates in the seawater of McMurdo Sound and 
along the Ross Icc Shelf, often too low to detect. Dare et 
al. [1993] and 1. Dare [unpublished data] have used the 
same inhibitor-sensitive 14C assay in the waters along the 
Antarctic Peninsula, with similar results. It appears that 
while nitrification is occurring in antarctic waters, it occurs 
at rates of less than a few nM per day. At these rates it is 
probably not a major source of oxidized nitrogen nor a 
significant mechanism of carbon fixation in the Southern 
Ocean, except perhaps in areas that lack photosynthetic 
activity, such as under the Ross Ice Shelf [Horrigan, 1981]. 
Within-ice nitrification, however. may be of much greater 
consequence, and will be discussed in a subsequent section 
of this review. 

Nitrous oxide (N20), an important greenhouse gas impli­
cated in ozone destruction, has also been undersampled in 
the antarctic marine environment. N20 is a by-product of 
nitrification and is also produced during dissimilatory nitrate 
reduction. Attempts to measure N20 proouction rates in Ant­
arctica have been unsuccessful [Priscu el al., 1990]. How­
ever, N20 levels within the snowcover overlying ice in 
McMurdo Sound have shown a stight enrichment compared 
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to atmospheric values [Gosink, 1980], indicating a possible 
flux from the ice or undedying seawater to the atmosphere. 
Evidence from the North Atlantic [Hahn, 1975] has indi­
cated that N,O can be supersaturated in surface waters 
during phytoplankton blooms although the production 
mechanism in this case is unknown. Surface N,9 satu­
rations of 94-106% have been reported for the McMurdo 
Sound region [Priscu el al., 1990], 104-120% for the eastern 
Weddell Sea [Weiss el al., 1992] and 103-113% for the 
Antan:tic Peninsula region near Elephant Island [Weiss el al., 
1992]. In some cases, supersaturations may result from up­
welling of N,O-enriched deep waters along fronts and ice 
shelves. However, seasonal measurements of N20 at a sta­
tion in Gerlache Strait [/. Dore and D. Karl, unpublished] 
provide evidence for a biogenic soun:e of N,O in the surface 
waters of the Antan:tic Peninsula region. N,O concen­
trations in surface waters were on average slightly below air 
saturation in winter to approximately 110-115% saturation 
during the spring-summer perind. These data suggest that 
coastal waters of the Antarctic Peninsula may be a sea­
sonally variable source of N,O to the atmosphere. 

8.7. Nitrogen Cycling within Antarctic Sea Ice 

Nutrient concentrations within antarctic sea ice have been 
measured by Dieckmann el al. [1991], who found seawater 
values of nitrate and silicate in young ice «2 months old), 
depletions of silicate in older ice, and both depletions and 
enrichments of nitrate in older ice. They also found ammo­
nium enrichments within older ice that they attributed to in 
situ nutrient regeneration by organisms living within the 
brine channels of the ice. High ammonium levels in ice 
have also been described by Oradovskiy [1974] and Dore el 
al. [1993]. They also found that this ammonium was not 
restricted to the lower portion of the ice, suggesting that 
heterotrophs were active throughout the ice or that ammo­
nium was transported by brine flow or other mechanisms. 
Ammonium concentration was higher in thicker ice, sug­
gesting that active microbial loops within ice take time to 
develop. Both Dore el al. [1993] and PriSCIt el al. [1990] 
measured substantial nitrification rates within antarctic sea 
ice, the latter investigators finding within-ice rates as much 
as 3 orders of magnitude higher than rates in the undedying 
water. While measured nitrification rates do not indicate a 
significant chemoautotrophic contribution to the total pri­
mary production of antarctic waters, they may indicate in 
situ nitrate production sufficient to support up to 70% of the 
nitrate demand of fast-ice algae. The time lag between for­
mation of new sea ice and the establishment of an active 
microbial food web is evident in the data of Dieckmann er 
al. [1991], and their data further confirm that nitrification 
may be a significant source of nitrate. However, physical 
exchange of brine with underlying seawater driven by tidal 
processes [Gosselin er aL,1985; Demers el al., 1985], or dur­
ing refreezing of multi-year ice [Frilsen er al. 1994] is 

another potential source of fixed nitrogen for ice-associated 
microbial communities. 

9. EXPORT PRODUCl10N AND MESOPELAGIC 
MICROBIAL PROCESSES 

The role of the ocean as a reservoir in the global carbon 
cycle is dependent largely upon the export flux of plank­
tonic primary production from the euphotic zone [Eppley 
and Pelerson, 1979; Williams and von Bodungen, 1989]. 
This supply of reduced carbon and energy to intermediate 
ocean depths occurs by downward advection and diffusion 
of dissolved organic marter [Toggweiler, 1989], gravita­
tional settling of particulate matter [McCave, 1975] and by 
the vertical migrations of pelagic animals [Longhursl and 
Harrison, 1989] and phytoplankton [Villareal el al., 1993]. 
Each of these individual processes, collectively termed the 
"biological pump" [Volk and Hoffel1, 1985] is controlled by 
a distinct set of environmental factors and, therefore, the 
relative contribution of each process may be expected to 
vary with changes in habitat or with water depth for a given 
habitat. 

Results from broad-scale, cross-ecosystem analyses sug­
gest that the export of living and non-living materials from 
the euphotic zone is a positive, non-linear function of total 
integrated primary production [Sltess, 1980; Pace el al., 19-
87; Mal1in el al., 1987; Wassman, 1990], with values rang­
ing from less than \0% in oligoorophic waters to greater 
than 50% in productive coastal regions. It should be empha­
sized, however, that the field data from which the existing 
export production models were derived are limited and that 
open ocean and antarctic habitats are both underrepresented. 
A majority of the Southern Ocean is characterized by high 
surface nutrient concentrations but low rates of primary pro­
duction and export production [Holm-Hansen el al., 1977; 
Honjo, 1990]. Broecker [1982] suggested that if all the 
surface nutrients in the Southern Ocean were efficiently used 
by the phytoplankton, the biological pump activity could 
transfer a significant amount of atmospheric CO, to the 
ocean's interior. However, at the present time the biological 
pump appears to be functioning at less than full capacity in 
polar environments [Knox and McElray, 1984]. A resolution 
of this Southern Ocean biological pump enigma is a topic of 
great importance in the study of oceanic carbon cycles. 

9.1. Epipeillgic Zone Processes: Pat1kle Formation and 
Removal 

The concept of new production, introduced by Dugdale 
and Goering [1967] and later expanded by Eppley and 
Pelerson [1979] provides a conceptual framework for studies 
linking organic matter production in near surface waters with 
export to the mesopelagic zone. If compared over appro­
priate time and space scales, new production in a given ec0-

system is equivalent to the amount of primary production 
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that is available for export, a value that is quantitatively 
balanced by the resupply of production nue-limiting nulrienlS 
[Eppley, 1989). 

The intensive austral spring/summer phytoplankton bloom 
in the Anlarctic Peninsula region can result in phytoplank­
ton slanding stocks in excess of 20 mg chi a m" and sus­
tained production rates of 2-5 g C m-' d'] [Holm-Hansen and 
Milchell, 1991). Though the phytoplankton bloom produc­
tivity is well-documenled, we know less about the fate of 
this seasonally-accumulated organic matter. In order to 
model carbon and energy flows in the anlarctic coastal eco­
system, we require additional infannation on the residence 
time of particulate organic matter in the euphotic zone and 
on the processes responsible for controlling the rates of 
export_ 

In theory, phytoplankton production can be passed through 
the food web by the feeding activities of grazer populations, 
removed by gravilational settling of whole cells, converted 
to soluble organic matter or respired to carbon dioxide. 
During the past decade, numerous field experimenlS using 
particle interceptor traps (Le., sediment traps) were con­
ducled to delermine the amount and nalUre of the particulate 
matter exported from representative marine and freshwater 
ecosystems [Honjo, 1990). Various technical considerations 
and poIential limitations of sediment traps in field studies are 
presented elsewhere [Knaller and Asper, 1989; Wassman, 
1991). A fairly extensive particle flux dala base exislS for 
the Anlarctic Peninsula region (Table 4). 

A major problem with direct field measurements of ex­
port production in Southern Ocean habilalS is the spatial and 
seasonal variability in plankton rate processes. Phytoplank­
ton blooms are transitory evenlS. The herbi vores adapted to 
feeding on blooms must be able to respond quickly either by 
coupled and equally rapid growth or through the use of 
active chemosensory mechanisms and motility [Smetacek et 
ai., 1990). ProtiSIan grazers (e.g., cilialeS, choanoflageUates) 
belong to the former category and krill (EuphallSw sllperha) 
to the latter. In fac~ krill appear to use area-intensive search­
ing and rapid feeding behaviors to exploit locally high food 
concentrations [Hamner el 01., 1983). Dense krill swarms 
are common in the Antarctic Peninsula region [Knox, 1994). 

Sediment-trap derived particle flux estimates in the Ant­
arctic Peninsula region (Table 4) are among botl1 the high­
est (> I g C m" d' ] during and immediately following the 
spring bloom) and the lowest « 0.05 mg C m" d'] during 
austral winter) values reported for the world ocean. Fur­
thennore, during the initial stages of the spring-summer 
phytoplankton bloom, particle export may be decoupled 
from contemporaneous new production for periods of sev­
eral weeks or more [Karl, 1993). Direct measuremenlS of 
the downward particulate carbon (PC) and nitrogen (PN) 
fluxes at selecled Slations in Drake Passage (Sta. #20), 
Bransfield Strait (Sla. #39) and Gerlache Strait (Sla. #43) 
during the 1986-87 RACER experiment revealed different 
relationships between primary production and flux at each of 

these sileS (Figure 10). In Drake Passage where biomass (chJ 
a and A TP) and primary production were low and decreased 
gradually during the 3-month observation period, PC and PN 
flux also decreased in phase with total production. At Sta. 
#39, we observed a moderate bloom in Dec. 1986 with an 
abrupt decrease in production and biomass thereafter (Figure 
10). The treod for PC and PN flux, however, was the oppo­
site of that for production with a gradual increase during the 
4-month period. The raleS of particle formation and export 
appear to be decoupled at this site. At Sla. #43 in Gerlache 
Strait we encountered a large phytoplankton bloom with the 
highest biomasses and production rates measured in the 
RACER experiment. The patterns observed for production 
and particle flux were coherent but approximately I month 
out of phase (i .e. , particle flux lagged particle production; 
Figure 10). Both the highest and the lowest PC and PN 
fluxes measured during the 1986-87 4-month RACER pro­
gram were at Sla. #43 [Karl el 01., 199Ib). Although post­
bloom production processes continued at moderate levels, 
particle export exhibiled a much greater decrease, These re­
sults suggest that other removal or in situ consumption proc­
esses (i.e., epipelagic recycling and respiration) ·dominate. 

Silica is a required macronutrient for diatoms and several 
other groups of anlarctic microorganisms. Because of dif­
ferences in the temperature effects on microbial decom­
position of particulate organic carbon compared to the dis­
solution of biogenic Si (opal), the cold waters of Southern 
Ocean habilalS preferentially preserve particulate Si relative 
to other bioelemenlS. For example, DeMasler el 01. [1991) 
estimate that sedimenlS near the Polar Front are enriched 50-
600 fold in biogenic Si relative to organic carbon. Further­
more, based on Si mass balance estimates for the Ross Sea, 
Nelson el 01. [1991) suggest that virtually all of the biogenic 
Si exported from the euphotic zone must reach the sea floor 
indicating little dissolution during sinking. This contrasts 
sharply with the depth-dependent decrease in particulate 
organic carbon fluxes regardless of habilat. 

Spatial and temporal (both seasonal and interannual) vari­
ability in antarctic habitats is dramatically reflected in the 
results of recent time-series sediment trap experiments (Fig­
ure II). One of the most impressive anlarctic sediment trap 
experiments conducted was the 3D-month continuous record 
of t01a1 particle flux measured in the King George Island 
Basin of Bransfield Strait (Figure II, top) [Wefer, 1989). For 
each of the 3 consecutive spring bloom periods that were 
recorded, the timing, the peak flux, the t01a1 integrated flux 
and the temporal flux patterns were different. For example. 
the 1983-84 austral bloom was characterized by a relatively 
large and sustained (...{i() d) export pulse which amounted to 
a seasonally-integrated value of > 100 g m" before ending 
abruptly in early Feb. 1984. In the following austral sum­
mer, the entire export pulse amounted to only 12 g m", 
nearly an order of magnitude less, and was restricted to a 2-
week period in early Dec. (Figure II, top). The export pulse 
during the third year was intermediate in t01a1 mass (-38 g 
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TABLE 4. Selected Particulate Carbon Aux Results from Sediment Trap Experiments Perfonned 
in the Region West of the Antarctic Peninsula 

Sediment Type or 
Station Location Trap Sediment Carbon 

and Period of Depth Trap Aux 
Coordinates Collection Range (m) Array (mg m-2 d-') Reference 

Bransfield Strait Nov-Dec 100 Drifting 97-546 von Bodungen 
(62'30'S, 57' W) 1980 et al. [1986] 

Bransfield Strait Nov-Dec 100 Drifting 450-1,400 von Bodungen 
(62'45'S, 55' W) 1980 et al. [1986] 

Bransfield Strait Dec 1980 100 Drifting 28-39 Liebezeir [1985] 
(62' 30'S, 58' W) 
Bransfield Strait Dec 1980 100 Drifting 120-160 Liebeuir [1985] 

(62'45'S, 55' 15'W) 
Bransfield Strait Feb 1982 150 Moored 115 Dwtbar [1 984] 

(62' 45'S, 57' 57'W) 

Bransfield Strait Nov 1985 120 Moored 103 von 80dllngen 
(62'43'S, 56'21'W) et al. [1987] 

Bransfield Strait Dec 1986- 100 Drifting 187-251 Karl el al. 
(63' 25.5'S, Mar 1987 [199lb] 
62' 24.5'W; 

RACER Sta. #13) 

Bransfield Strait Dec 1986- 100-200 Drifting <36-251 Karl et 0/. 
(63'12.8'S, Mar 1987 (199Ib) 
6 I' 2.8'W; 

RACER Sm. #48) 

Bransfield Strait Dec 1986- 100 Drifting 87-149 Karl el al. 
(63' 34.5'S, Mar 1987 [199lb) 
6I'27'W; 

RACER Sm. #39) 

Drake Passage Dec 1980- 965-2,540 Moored 13.1-14.8 Wefer el al. 
(6O' 55'S, 57' Q6' W) Jan 1981 (1982J 

Drake Passage Dec 1986- 100-200 Drifting 41-97 Karl el aI, 
(6 I' 56.3'S, Mar 1987 (199lb) 
62' 18'W; 

RACER Sm. #20) 

Bellingshausen Sea Feb 1982 50-100 Drifting 29-70 Schnack (1985J 
(two stations near 

66' II'S, 68' 12'W) 

King George lsI. Nov-Dec 323-1,835 Moored 8 1-132 Liebez.eit and 
Basin 1983 von Bodllngen 

(62' 16'S, 57'23'W) [1987) 

King George lsI. Dec 1983 100 Drifting 30 von Bodwigen 
Basin (1986) 

(62'23'S, 57' 52'W) 
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TABLE 4. (continued) 
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Station Location 
and 

Coordinates 

King George lsI. 
Basin 

(62'15.4'S, 
51'31.7'W) 

King George lsI. 
Basin 

(62'21 'S, 57'44'W) 

King George lsI. 
Basin 

(62' 22'S, 57'56'W) 

Gerlache Strait 
(64'14'S,61'I7'W; 
RACER Sta. #43) 

F " 0 J F 

STA,. STA,. " 

Period of 
Collection 

Dec 1983-
Nov 1984 

Nov-Dec 
1984 

Nov 1985 

Dec 1986-
Mar 1987 

Sediment 
Trap 
Depth 

Range (m) 

494-1 ,588 

100-680 

170-1,480 

100-200 

o J F M 

STA" 

Fig. 10: Relationship between depth-integrated euphotic zone chi 
a (mg m''), primary production (mg C m" d"), ATP (mg m'') and 
particle flux (solid bar= carbon, in mmol mo2 d"\ shaded bar: 
nitrogen x 6.6, in mmol m·2 d· l) for three representative stations in 
the RACER-l study area. The station coordinates were: #20 
(61'56.25'S, 62'18.0'W), #39 (62' 34.5'S, 61 ' 27.0'W) and #43 
(64°14.0'5, 61°17.0·W) [From: Holm-Hallsen mid Mitchell, 1991 
and Karl et a!., 1991b]. 

m-2
), but the onset was earlier than in either of the previous 

two years. The fall export (Mar.-May) that was evident in 
1984 and 1986 was absent in 1985. Particle flux during the 
1-2 week periods immediately prior to the largest export 
values observed were indistinguishable from zero (<0.1% of 
the peak). ClearJy both the onset and termination of the 

Type of 
Sediment 

Trap 
Array 

Moored 

Moored 

Moored 

Drifting 

Carbon 
Flux 

(mg m" d") 

<0.05-93 
(annual avg. 

= 8.20) 

46-79 

49-57 

<36-373 

Reference 

WeIer et 01. 
[1988J 

von Bodungen 
etal. [1987J 

von Bodwigen 

et al. [1987J 

Karl et oJ. 
[199lbJ 

spring bloom are rapid phenomena in this coastal antarctic 
habiiat. 

The abrupt termination of the spring bloom export may 
be conlrOlIed, at least in part, by stono events which have 
the net effect of dissipating the phytoplankton crop and 
reducing net photosynthesis and growth. If the water col­
umn is allowed to restratify, a second spring bloom is pos­
sible (Figure II, center). The total time-integrated mass flux 
observed during this approximately 2-month intenupted 
spring bloom in Gerlache Strait was >100 g m", a value 
similar to the largest of the three austral spring events 
recorded at the King George Island Basin site. 

A novel experiment conducted in the north-central 
Weddell Sea examined the changes in particle export asso­
ciated with the fonoation and ablation of the annual pack 
ice. A time-series sediment trap mooring was deployed in 
open water near the retreating ice edge in Jan. 1985 and was 
recovered approximately 18 months later having recorded 
the particle export from two consecutive ice edge blooms 
(Figure II, bottom). Several imponant features were evident. 
First, both the overall pattern of particle export and the ab­
solute magnitude were quite different from the spring bloom 
features observed in King George Island Basin and Gerlache 
Strait. In 1985, the Weddell Sea particle export lagged, by 
approximately one month, the reJreat of the ice edge over 
the trap mooring. Furthenoore, there was a gradual increase 
in particulate flux which lasted for approximately 2 months. 
The peak export pulse occurred in mid-March followed by 
a gradually decreasing flux towards the winter minimum. 
This flux paltern contrasts sharply with the nearly instania-
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Fig. 11 : Seasonal variability in the downw flux of particulate 
matter at three antarctic time-series sediment trap stations. [TOP] 
30-month record of particle flux (total dry weight) from the Brans· 
field Strait ecosystem showing the intense annual and interannual 
variability observed in this region [From: Wefer, 1989J. [CENTERJ 
Particle mass flux (total dry weight) versus time for a continuous 5-
month period during the 1989- 1990 austral summer. Inset presents 
an expanded view of the flux data collected from 9 December 1989 
10 II March 1990 [From: Karl and Asper, 199OJ. [BOrrOMJ 
Total flux for each period at the north-central Weddell Sea station 
during 1985 and 1986. Superimposed is the closest distance from 
the approximate ice edge to the sediment trilp site 3 weeks before. 
during. and after the experiment, based on weekly Antarctic Ice 
Chans (NPOC) compiled from the NOAA polar oroiter, NASA 
Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR). 
GEOSAT altimeter, and visual data using NOPe ice coverage 
scales. (a) Jce-edge passage over the trap site during the 1985 re· 
gression. (b) The maximum opening of ice laslCd about 60 days. 
The ice edge rapidly moved northward after early April 1985. (c) 
Ice edge passage over the trap site during the 1985 transgression. 
(d) 1985 maximum ice extension. The ice edge was 550 km north 
of the trap site. (e) Ice edge passage over the trap site during the 
1986 regression. (f) Maximum ice opening during 1986. (g) Ice 
edge passage over the tr.lp site during the 1986 transgression [From: 
Fischer tt al.. 1988 and Honjo, 1990] . 

neous and isolated peaks observed in the coastal regions 
[Figure I I). A similar flux pattern was also observed in the 
Weddell Sea in 1986; however, the seasonally·integrated 
export of total mass varied considerably belween consecutive 
years for the central Weddell Sea ice·edge ecosystem. The 

1985 export pulse was -0.25 g m", and for 1986 it was 
-0.025 g m" , one order of magnitude lower. In general, 
these open ocean particle fluxes are lower, by 2-3 orders of 
magnitude, than the fluxes measured in King George Island 
Basin and Gerlache Strait (Figure J1). The coastal 
ecosystem winter fluxes were below detection limits (<0.05 
mg m" d" ). 

The low to undetectable fluxes of total mass and biogenic 
matter consistently observed during austral winter periods 
are enigmatic. Although the antarctic winter is known for 
harsh environmental conditions of deep-mixed layers and 
low solar radiation, most oceanic regions in the Antarctic 
PeninsuJa region support measurable net primary production 
year round. Coeh/an et al. [1993a] measured chi a concen· 
trations of 4 mg m" (0·75 m) and photosynthetic rates of 
35·50 mg C m" d" at the RACER Station A (64° I I.3'S, 
61' 19.5'W) in Gerlache Strait during July 1992. Further· 
more, it was reported that the f·ratio of the wintertime 
phytoplankton assemblage (e.g., [NO;] uptake rate divided 
by the sum of [NO,' + NH: + urea] uptake rates) was 0.87, 
suggesting that the majority of primary production was sup­
ported by "new" nitrogen [Cachlan et 01., 1993b]. In spite 
of these substantial production and new production rates, the 
measured wintertime export fluxes in antarctic coastal waters 
are <0.5 mg C m" d". 

Similar experiments conducted in the Weddell Sea in late 
winter revealed ice edge zone (60'S, 2'E) chi a values of 12 
mg m" and primary production rates of 300-400 mg C m" 
[Marra and Boardman, 1984]. More recent results obtained 
during the first antarctic drifting ice station in the western 
Weddell Sea during Feb.·June 1992 documented the fall·to­
winter development of a diverse microbial assemblage 
within porous layers of the multi·year ice. The ice camp was 
estabUshed at 71.4'S and the drift was northward to 65.8°S, 
along 53°W. During the period of observation, 1760 mg C 
m" and 200 mg N m" of algal biomass had accumulated in 
the porous ice, with daily production rates of 22·176 mg C 
m" [Fritsen et aI., 1994]. However, wintertime Weddell Sea 
export fl uxes were undetectable «0.001 mg C m" d") 
[Fischer et 01., 1988]. 

There are several possible C·f1ux pathways for the win· 
tertime primary production. It can either accumulate in place 
as phytoplankton biomass or be consumed by grazers, con· 
verted to DOM or respired (recycled) close to the souoce of 
production. Of these, the most feasible pathway appears to 
be respiration as both micro- and macrozooplankton grazing 
and biomass accumulation would sustain a finite particulate 
matter export. During the extended dark periods at these lati· 
tudes (-18 hr d") the community consumes a larger fraction 
of contemporaneous pri mary production than during summer 
periods. Clearly, a resolution of these field measurements of 
moderate wintertime new pnxluction in the absence of meas­
urable particulate export must be viewed as one of the major 
challenges to our under.;tanding of the antarctic carbon 
cycle. 
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9.2. The NaJure of Ihe Export Flux 

The nature (i.e., bulk chemical composition, particle iden· 
tities and physical state) of the materials collected in free· 
drifting and bottom-moored sediment traps is variable in 
time and space. For example, Dunbar [1984], NOlhig and 
von Bodungen [1989] and Wefer and Fischer [1991] report­
ed that feces are the dominan~ recognizable organic com· 
ponent in sediment traps, suggesting that macrozooplankton 
grazing controlled the export of organic matter from those 
habitats. In contras~ von Bodungen el al. [1986] and Karl el 
aL [199Ib] report a dominance of aggregated phytoplankton 
cells. Bienfang and Ziemann [1992] conclude that the size 
structure of the phytoplankton community is the most im· 
portant parameter influencing sedimentation. Furthermore. 
Riebesell el al. [1991] have reported that aggregated phyto· 
plankton derived from melting sea ice sink at rates that are 
three orde" of magnitude greater than dispe..oo cells, im· 
plying a rapid sedimentation. At certain times of the year. 
"marine snow" may also comprise a majority of the collected 
particulate matter. Using a non-contact photographic pro· 
filing system, Asper el al. [1993] provided the fi"t direct 
measurements of the concentrations and distributions of 
marine snow in Antarctica. Their results revealed very high 
marine snow concentrations, especially below 150 m, and 
support the hypothesis that suspended aggregates are scav­
enged from the water column thereby contributing to the 
downward vertical flux. 

The variable nature of sinking particulate matter has im­
portant implications for 'modeling export processes and for 
gaining a general unde"tanding of antarctic food webs. For 
example, if the primary produce" themselves are exported 
by cell aggregation and gravitational settling, one might 
expect a much higher total sinking particle flux (when ex­
pressed as a percentage of primary production) when com­
pared to ecosystems where 2nd or 3rd trophic level grazing 
activities dominate particle production and export. When 
graze" are abundan~ most of the carbon (and other bio· 
elements) initially produced during photosynthesis would be 
recycled and export flux ratio (i.e., export:total production) 
would be substantially reduced. Consequently, the largest 
export pulses might be expected to occur when phytoplank· 
ton populations begin to aggregate (e.g., when ice algae are 
melted from the seasonal pack or when open ocean blooms 
terminate) rather than during episodes of intense macrozoo· 
plankton grazing [Malsuda el al., 1987]. 

9.3. Life Beneath Ihe Euphotic Zone 

In marine ecosystems, net photosynthesis is restricted to 
the upper 100-200 m of the water column depending upon 
water clarity. However, in antarctic coastal ecosystems dur­
ing spring bloom events, the depth of the euphotic zone 
becomes progressively shallower as the phytoplankton com· 
munity develops, and may be 20 m or less at the height of 

the bloom [Holm-Hansell and MilChell, 1991]. Under these 
conditions, living phytoplankton cells are usually found in 
the permanently aphotic zone as a result of gravitational 
settling. Although these cells may still be photosynthetically 
competen~ their ecological role at depth is not well known. 
Furtbermore, ecosystems that exhibit relatively thin epi­
pelagic zones (-20 m) are unstable, despite the seawater 
density stratification that creates them. Periodic stonns are 
important for mixing cells downward and nutrients upward 
and thereby rapidly change the dimensions of both the epi­
pelagic and mesopelagic zones. 

A systematic study of the habitat beneath the euphotic 
zone in Antarctica has not been conducted. The microbio­
logical focus has been on algal-bacterial-protozoan coupling 
in surface wate". A pioneering study of meso-pelagic zone 
microbial processes in Drake Passage was conducted by 
Hanson and colleagues [Hanson and wwery, 1983; Hanson 
el al., 1983 a,b]. The mesopelagic wne total microbial com­
munity biomass was 0.5-2.5 fig C 1", consistent with other 
oligotrophic ocean habitats [Karl, 1980]. All activity and 
growth measurements (e.g., glucose, thymidine and adenine 
assimilation) indicated that microbial activity beneath the 
euphotic zone decreased by 1-3 orde" of magnitude com­
pared to surface values [Hanson and Lowery, 1983; Hanson 
el al., 1983a]. 

An interesting observation made during the Drake Passage 
expedition was a shift in the size spectrum of heterotrophic 
activity with increasing water depth. Below 100 ro, hetero­
trophic activity was largely particle-associated (>3 ~). The 
autho" suggested that particle export, fragmentation and 
colonization processes may be important in the mesopelagic 
zone of Drake Passage. Observations from our field experi­
ments conducted in Gerlache Strait support their model. 
During the seasonal spring bloom, the downward flux of 
particulate biogenic matter changes rapidly from >200 mg C 
m" d" at 40 m to <75 mg em" d" at 140 m (Figure 12). 
The change in particle flux with depth implies an efficient 
recycling or rapid conversion of the particulate matter to 
dissolved and suspended particulate matter. The C:N ratio 
of the collected particulate matter is consistent with bacterial 
growth on C rich (polysaccharide) particulate matter with a 
coupled conve"ion to bacterial biomass which has a char­
acteristically low C:N ratio. This pattern of decreasing C:N 
ratio for sinking particulate matter with increasing depth is 
opposite to the trend observed in most open ocean habitats, 
and may be unique to the export of materials during these 
hypereutrophic coastal blooms. The previously-discussed uni­
formity of bacterial biomass and productivity in water 
samples collected from the upper mesopelagic zone regard­
less of season may simply indicate the low activity back­
ground onto which the metabolically-active, seasonally­
phased vertical flux processes are superimposed. Without a 
proper, quantitative assessment of these particle-associated 
processes, carbon and energy flow within the antarctic meso­
pelagic zone may be underestimated. 
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Fig. 12: [LEFT} Downward venical flux of particulate carbon at 
various subeuphotic lone reference depths measured using a drift­
ing sediment trap array. Samples were collected in Gerlache Strait 
(64°11.1'5, 61°19.5'W) during the RACER-2 expedition (Nov. 
1989). [RJGHT] Particulate caroon 10 particulate nitrogen (C:N), 
expressed on a mass:mass basis. for maleriil1s collected in the 
RACER-2 sediment trap experiment 

10, SUMMARY AND PROSPECfUS 

This review has tried to integrate several independent but 
interrelated topics in microbiological oceanography. Al­
though a more "traditional" review on antarctic microbi­
ology might have focused exclusively on bacteria, such a 
view, in our opinions. is inappropriate. It is difficult to dis­
cuss isolated groups of microorganisms if the stated intent is 
to understand ecosystem level processes. On the other hand, 
an integrated discussion is sometimes unsatisfactory because 
it lacks surticient detail about individual orgartisms or their 
metabolic processes. We hope that our attempts to integrate 
selected information on antarctic microbial ecology will 
stimulate thought and encourage additional research in bio­
geochemical dynamics in the region west of the Antarctic 
Peninsula. 

Although it is difficult to predict future developments in 
any field of science, it is likely that observational ocean­
ography in the Southern Ocean will expand during the neXl 
decade as global environmental change threatens all of the 
earth's ecosystems. Antarctica may be particularly sensitive 
to greenhouse gas-induced global warming and to destruc­
tion of the stratospheric ozone layer, so these and other in­
vestigations are likely to be conducted there. Also, because 
the Southern Ocean presently contains a large reservoir of 
unused inorganic nutrients in the surface waters, it is a 
potential sink for atmospheric carbon dioxide. A thorough 
understanding of what limits primary production, especially 
in the high nutrient low chlorophyll offshore regions, and 
how both systematic and stochastic changes in primary pro­
duction are coupled to higher trophic levels will also be 

required. Other ecological observations such as the apparent 
decoupliog between heterotrophic bacteria and phytoplankton 
and the uncoupling of carbon and silica cycles need to be 
resolved before accurate ecological models can be construct­
ed. Future oceanographic investigations must focus on these 
and other urgent global environmental issues. Finally, the 
hostile and remote conditions that characterize of much of 
Antarctica demands greater reliance on innovative measure­
ment technologies such as instrumented ice-ocean environ­
mental buoys [Holljo et al., 1995] and autonomous under 
water/under ice vehicles for multidisciplinary ocean meas­
urements. These and other engineering and intellectual 
developments will help bring these contemporary challenges 
into scientific focus. 

Acknowledgements. We thank our numerous RACER program 
and Palmer-LTER colleagues for field assistance and especially G. 
Tien, T. Houlihan, U. Magaard. A. Amos, D. Bird. R. Maranger, 
and D. Hebel for their contributions. We rusa thank the Captains 
and crew members of the RN Polar Duu and the R1V N.B. Pal­
mer and ASA staff for their help in sample collection. O. Holm­
Hansen, M. Huntley, R. Smith, R. Ross and L. Quetin served as 
Chief Scientists for the RACER and Palmer·L TER cruises sum­
marized herein. This review was prepared under funding from the 
National Science Foundation grant OPP91·18439 awarded to D. M. 
Karl. This is SOEST contribution #3935 and conrribution #79 of the 
Palmer L TER program. 

REFERENCES 

Abeliovich, A., and M. Shilo, Photooxidative death in blue-green 
algae, J. Bacterial., I II, 682-689, 1972. 

Ackley, S.F., and C.W. Sullivan, Physical controls on the develop­
ment and characteristics of Antarctic sea ice biological communi· 
ties-a review and synthesis, Deep·Sea Res., 41, 1583· 1604, 1994. 

Alder, V.A., and D. Boltovskoy, Microplanktonic distributional 
patterns west of the Antarctic Peninsula, with special emphasis on 
the Tintinnids, Polar Bioi., II, 103-112, t991. 

Asper, V.L., A.R. Diercks, and D.M. Karl, The H"t promes of ma­
rine snow aggregate abundance from Antarctica, Anlan:t. J. U.S., 
28,223-225, 1993. 

Azam, F., T. Fenchel, 1.G. Field, 1.S. Gray, L.A. Meyer-Reil , and 
F. Thingslad, The ecological role of water-column microbes in 
the sea. Mar. £Col. Prog. Str., /0,257- 263, 1983. 

Bacastow, R., and E. Maier-Reimer, Dissolved organic carbon in 
modeling oceanic new production, Glob. Biogeochem. Cycles, 5, 
71-85, 1991. 

Bailiff, M.D., and D.M. Karl, Dissotved and particulate DNA dy­
namics during a spring bloom in the Antarctic Peninsula region, 
1986-87, Deep-Sea Res., 38, 1077-1095, 1991. 

Banse, K., Antarctic marine top predators revisited: homeothenns 
do not leak much CO2 to the air, Polar Bioi., 15, 93-104, 1995. 

Beardall, 1., Photosynthesis and photorespiration in marine phyto­
plankton, Aquat. Bot .. 34, 105-130, t989. 

Berresheim, H., Biogenic sulfur emissions from the sub-antarctic 
and Antarctic oceans, J. Geophys. Res., 92, 13245-t3262, 1986. 

Bidigare, R.R., Biochemicru, physiological and ecologicru aspects 
of ammonium regeneration by marine crustaceans, Ph.D. Disserta­
tion , Texas A&M University, 1981. 



I 
I 
I 
I 
I 
I 

I 

KARL ET AL.: MICROBIAL DYNAMICS. NITROGEN CYCLE AND CARBON FLUX 327 

Bidigare. R.. J.L. lriane. S.-H. Kang. D. Karentz, M.E. Ondrusek. 
and GA. Fryxell. Phytoplankton: Quantitative and QuaJitative 
Assessments, this volume. 

Bienfang. P.K., and D.A. Ziemann. The role of coasta1 h.igh Inti· 
tude ecosystems in global expo" production, in Pri17UJry Pro­
ductivity and Biogeochemical Cycles in the Sea, edited by P.O. 
Falkowski and A.D. Woodhead. pp. 285-297. Plenum Press. New 
York. 1992. 

Biggs, D.C., Non-biogenic fixed nitrogen in Antarctic surface 
waters. Nature, 276, 96-97, 1978. 

Biggs, D.C., Zooplankton excretion and ammonium cycling in near· 
surface waters of the Southern Ocean. I. Ross Sea, austral sum­
mer 1977-1978, Polar Bioi., 1,55-67, 1982. 

Biggs, D.C., A.F. Amos, and O. Holm-Hansen, Oceanographic 
studies of epipelagic ammonium distributions: The Ross Sea am­
monium flux experiment, in Antarctic Nutrient Cycles and Food 
Webs, edited by W.R. Siegfried, P.R. Condy, and R.M. Laws, pp. 
93-103, Springer-Verlag. Berlin. Heidelberg, 1985. 

Billen, G., Delayed development of bacterioplankton with respect 
to phytoplankton: a clue for understanding their trophic rela­
tionships, Arch. Hydrobiol. Beih. Ergebn. Limnof.. 34. 191-201, 
1990. 

Bird, D.F., and J. Kalff, Empirical relationships between bacterial 
abundance and chlorophyll concentration in fresh and marine 
waters, Can. J. Fish. Aq. Sci., 41, 1015- 1023, 1984. 

Bird, D.F., and D.M. Karl, RACER: Bacterial growth, abundance 
and loss due to protoroan grazing during the t 989 spring bloom, 
Antarct. J. U.S .. 25, 156-157, 1990. 

Bird, D.F., and D.M. Karl, Spatial patterns of glutamate and thy­
midine assimilation in Bransfield Strait, Antarctica during and fol­
lowing the austral spring bloom, Deep-Sea Res., 38, 1057-1075, 
1991a. 

Bird, D.F., and D.M. Karl, Massive prasinophyte bloom in nonh­
em Gerlache Strait, Antaret. 1. u.s., 26, 152-154, 19-9Ib. 

Bird, D.F., R. Maranger, and D.M. Karl, Palmer LTER: Aquatic 
virus abundances near the Antarctic Peninsula, Antaret. 1. U.S., 
28, 234-235, 1993. 

Bj¢rnsen, P.K., Bacterioplankton growth yield in continuous sea­
water cultures, Mar. &01. Prog. Ser., 30, 191-196, 1986. 

Bj¢msen, P.K., Phytoplankton exudation of organic matter: why do 
healthy cells do it?, Limnol. Oceanogr., 33, 151-154, 1988. 

Bodungen, B. von, Phytoplankton growth and krill grazing during 
spring in the Bransfield Strait, Antarctica-Implications from sedi­
ment trap collections, Polar Bioi., 6, 153- 160, 1986. 

Bodungen, B. von, V.S. Smetacek, M.M. Tilzer, and B. Zeitzschel. 
Primary production and sedimentation during spring in the Ant­
arctic Peninsula region, Deep-Sea Res., 33, 177-194, 1986. 

Bodungen, B. von, G. Fischer, E.-M. Nothig, and G. Wefer, Sedi­
mentation of krill faeces during spring development of phyto­
plankton in Bransfield Strait, Antarctica, Milt. Ceol. Palaont. lnst. 
Univ. Leipzig. 62. 243-257, 1987. 

B/jlter, M., and R. Dawson, Heterotrophic utilization of biochem­
ical compounds in Antarctic waters, Nerh. 1. Sea Res. , 16. 315-
332, 1982. 

Bratbak, G., F. Thingstad, and M. HeldaJ, Viruses and the micro­
bial loop, Microb. Ecol., 28, 209-221. 1994. 

Br&kel, K. von. The importance of nanoplankton within the pelagic 
Antarctic ecosystem, Kieler Meeresforsch., Sonderh., 5, 61-67, 
1981. 

Broecker, W.S., Glacial to interglacial changes in ocean chemistry, 
Prog. Oceanogr .. II. 151-197, 1982. 

Bronk, D.A., P.M. GUbert. and B.B. Ward, Nitrogen uptake, dis­
solved organic nitrogen release and new production, Science, 265, 
1843-1846. 1994. 

Buck, K.R., and D.L. Garrison, Protists from the ice edge region of 
the Weddell Sea. Deep-Sea Res .. 30.1261-1277, 1983. 

Buck, K.R., and D.L. Garrison, Distribution and abundance of che­
anoflagellates (Acanthoecidae) across the ice-edge zone in the 
Weddell Sea, Antarctica, Mar. Bioi., 98, 263-269. 1988. 

Bunt, J.S., Microbial productivity in polar regions, Soc. Gen. Mi­
crobial. Symp., 21, 333- 354, 1971. 

Burris, J.E., Respiration and photorespiration in marine algae, in 
Primary Produclivity in the Sea, edited by P.G. Falkowski, pp. 
411-432, Plenum Press, New York, 1980. 

Burris. J.E., Effects of oxygen and inorganic carbon concentrations 
on the photosynthetic quotients of marine algae, Mar. BioI., 65. 
215-219. 1981. 

Burris, J.E. , O. Holm-Hansen, and c.c. Black, Glycine and serine 
production in marine plants as a measure of photorespiration, 
Awt. J. Plant Physiol., 3, 87-92. 1976. 

Caron, D.A., J.c. Goldman, O.K .. Anderson, and M.R. Dennett , 
Nutrient cycling in a microflagelJate food chain: II. Population 
dynamics and carbon cycling, Mar. &01. Prog. Ser .• 24, 243-254, 
1985. 

Christian, J.R., and D.M. Karl, Microbial community structure at 
the U.S.-JGOFS Station ALOHA: Inverse methods for estimating 
biochemical indicator ratios, 1. Geophys. Res., 99, 14269-14276, 
1994. 

Christian, J.R., and D.M. Karl, Bacterial ectoenzyme activities in 
marine waters: activity ratios and temperature responses in three 
oceanographic provinces, Limllo[. Oceatlogr., in press, 1995. 

Cochlan, W.P., J. Martinez, and O. Holm-Hansen, RACER: Pri­
mary production in Gerlache Strait. Antarctica, during austral 
winter, Allrarct. 1. U.S., 28, 172-174, 1993a. 

Cochlan, W.P., J. Martinez, and O. Holm-Hansen, RACER: Util­
ization of nitrate, ammonium. and urea during austral winter in 
Gerlache Strait, Antarctica, Antarct. J. U.S., 28. 169-172, 1993b. 

Cole. JJ., S. Findlay, and M.L. Pace, Bacterial production in fresh 
and saltwater ecosystems: a cross-system overview, Mar. Ecol. 
Prog. Ser., 43, 1-10, 1988. 

Cota, G.F., S.T. Kottmeier, D.H. Robinson, W.O. Smith, Jr., and 
C.W. Sullivan, Bacterioplankton in the marginal ice zone of the 
Weddell Sea: biomass, production and metabolic activities during 
austra1 autumn. Deep-Sea Res., 37, 11 45·1 167, 1990. 

Darling, C.A .• and P.A. Siple. Bacteria in Antarctica, 1. Bacr. , 42, 
83-98, 1941. 

Davidson, A.T., and HJ. Marchant, Protist abundance and carbon 
concentration during a Phaeoc),stis-dominated bloom at an Ant­
arctic coastal si te, Polar Bioi., 12, 387-395, 1992. 

Dawson, R., W. Schramm, and M. B/jlter, Factors influencing the 
production. decomposition and distribution of organic and in­
organic matter in Admiralty Bay, King George Island, in An/­
arctic Nutrient Cycles and Food Webs, edited by W.R. Siegfried, 
P.R. Condy, and R.M. Laws, pp. 109-114, Springer, Berlin, 1985. 

Delong, E.F., K.Y. Wu, B.B. Prezelin, and R.Y.M. Jovine, High 
abundance of Archaea in Antarctic marine picoplankton, Natllre. 
371,695-697, 1994. 

DeMaster, DJ., T.M. Nelson, S.L. Harden, and C.A. Nittrouer, The 
cycling and accumulation of biogenic silica and organic carbon 
in Antarctic deep-sea and continental margin environments, Mar. 
Chem .. 35. 489-502, 1991. 

Demers, S., L. Legendre, J.c. Therriault, and R.G. Ingram. Biologi-



328 ECOLOGICAL RESEARCH WEST OF THE PENINSULA 

cal production at the ice-water ergocline, in Marine Interfaces 
Ecohydrodynomics, edited by J. C 1. Nihoul, pp. 31·54, Elsevier, 
1986. 

Dieckmann. G.S .. M.A. L:tnge, S.F. Ackley, and 1.C. Jennings, Jr., 
The nutrient status in sea ice of the Weddell Sea during winter: 
effects of sea ice texture and algae, Polar Bioi .• JJ, 449-456. 
1991. 

Don:, J.E., T. Houlihan, and D.M. Karl, RACER: Nitrogen n:. 
mineralization within antarctic sea ice during the 1992 austral 
winter, Antarct. J. U.S .. 28, 167·169, 1993. 

Dare, J.E .• and n.M. Karl, RACER: Distribution of nitrite in the 
Gerlache Slrai~ An/arct. J. U.S., 27, 164-166, 1992. 

Dore, lE., G. TieD, R. letcHer, G. Parrish, 1. Szyper, 1. Burgett. 
and D.M. Karl, RACER: Distributions of nitrogenous nutrients 
near receding pack ice in Marguerite Bay, Amoret J, U.S .• 27. 
m·179, 1992. 

Duck.low, H.W .• Modeling the microbial food web. Microb. Ecol.. 
28,303·319, 1994. 

Dugdale, R.e .. and 1.1. Goering. Uptake of new and regenerated 
forms of nitrogen in primary productivity. Limnol. Oceanogr., 12, 
196·206, 1967. 

Dunbar, R.B .• Sediment trap experiments on the Antarctic conti­
nental margin, An/arct. J. U.S .. 19, 70-71, 1984. 

Ecken, H., The role of sea ice in stnicnuing Antarctic ecosystems, 
Polar Bioi., 12, )·13, 1992. 

Eppley, R W., New production: History, methods, problems, in 
Produch'vity of the Ocean: Present and Past, edited by W.H. 
Berger, V.S. Smetacek, and G. Wefer, pp. 85·98, John Wiley & 
Sons, Ltd., 1989. 

Eppley, R.W .• and B.1. Peterson. Particulate organic matter flux and 
planktonic new production in the deep ocean. Nature. 282, 677-
680, 1979. 

Fasham, M.1.R, H.W. Ducklow. and S.M. McKelvi~, A nitrogen­
based model of plankton dynamics in the oceanic mixed layer, J. 
Mar. Res., 48, 591·639,1990. 

Fischer. G., D. Futterer, R Gersonde, S. Honjo, D. Ostermann, and 
G. Wefer, Seasonal variability of particle flux in the Weddell Sea 
and its relation to ice cover, Nature, 335. 426428, 1988. 

Fogg. G.E., The ecological significance of extracellular products of 
phytoplankton photosynthesis. Bot. Mar., 26, 3-14, 1983. 

Fraser. W.R.. W.Z. Trivelpiece. D.G. Ainley, and S.G. Trivelpiece, 
Increases in Antarctic penguin populations: reduced competition 
with whales or a loss of sea ice due to environmental warming?, 
Polar Bioi .. 11,525·531 , 1992. 

Friedmann, E.1. (Ed.), Antorctic Microbiology, 634 pp., Wiley-Liss. 
Inc., New Yolk, 1993. 

FrilSen, C.H., V.1. Lytle, S.F. AckJey, and C.W. Sullivan, Autumn 
bloom of antarctic pack. ice algae, Science, 266. 782-784, 1994. 

Garrison, D.L .. and M.M. Gowing. Protozooplankton. in Antarctic 
Microbiology, edited by E. 1. Friedmann. pp. 123-165, John 
Wiley and Sons. New York, 1993. 

Garrison, D., and S. Mathol, Pelagic and Sea Ice Microbial Com­
munities, this volume. 

Geider, RJ., Respiration: Taxation without representation?, in Pri­
mnry Productivity and Biogeochemical Cycles in the Sea. edited 
by P.G. Falkowski and A.D. Woodhead, pp. 333·)60, Plenum 
Press, New York. 1992. 

Gliben, P.M., D.C. Biggs, and J.1 McCarthy, Utilization of ammo­
nium and nitrate during austaJ summer in lhe Scotia Sea. Deep­
Sea Res., 29, 837·850, 1982. 

Goldman, 1.. D.A. Caron, and M.R. Dennen. Regulation of gross 

growth efficiency and ammonium regeneration in bacteria by sub­
strate C:N ratio, Limnol Oceanogr., 32, 1239·1252, 1987. 

Gordon, A.L., and E.1. Molinelli, Southern Ocean Atlas: Themo­
halint and Chemical Distributions and tht Atlas Data, 233 pp .• 
Amerind Pub!. Co, New Delhi, 1986. 

Gosink. T.A., Atmospheric trace gases in association with sea ice, 
Antarer. J. U.S .. 15, 82-83, 1980. 

Gosselin, M .. L. Legendre, S. Dome", and R.G. Ingram, Responses 
of sea-ice microalgae to climate and fortnightly tidal energy 
inputs (Manitounuk Sound. Hudson Bay), Can. J. Fish. Aquat. 
Sci., 42, 999·1006, 1985. 

Greenfield. L.G .• Precipitation nitrogen at maritime Signy Island 
and continental Cape Bird, Antarctica. Polar Bioi., II , 649-653. 
1992. 

Grossman, S .• Bacterial activity in sea ice and open water of the 
Weddell Sea, Antarctica: A naicroaulOrndiographic study, Microb. 
Ecol., 28, 1·18, 1994. 

Habe"troh, P.R .. M.D. Bailiff, G. Tien, G.T. Taylor, D. Jones, B. 
Tilbrook, M. Nawrocki, and D.M. Karl, RACER: Dissolved free 
amino acid concentrations. molecular composition, and microbial 
uptake rates in lhe Bransfield Strait, Antan:t. J. U.S., 22, 153-156, 
1987. 

Hahn. 1., Np measurements in lhe Northeast Atlantic Ocean, 
Meteor. Forsch.-Ergebnisse. 16. 1-14. 1975. 

Hamner, W.M. , P.P. Hamner, S.W. Strand, and RW. Gilmer, Be­
havior of antarctic krill, Euphausia superba: Chemoreception, 
feeding, schooling, and molting, Science, 220, 433-435, 1983. 

Hanson, RB .• and H.K. Lowery, Nucleic acid synthesis in oceanic 
microplankton from the Drake Passage, Antarctica: evaluation of 
steady·stale growth, Mar. Bioi .. 73, 79·89, 1983. 

Hanson, RB., H.K. Lowery, D. Shafer, R Sorocco, and D.H. Pope, 
Microbes in antarctic waters of the Drake Passage: vertical pal­
terns of substrate uptake, productivity and biomass in January 
1980, Polar Bioi., 2, 179·188, 1983a. 

Hanson, R.B., D. Shafer, T. Ryan, D.H. Pope, and H.K. Lowery, 
Bacterioplankton in antarctic ocean waters during the late austral 
winter: abundance. frequency of dividing cells, and estimates of 
production, Appl. Environ. Microbiol., 45, 1622·1632, 1983b. 

Hewes, C.D., E. Sakshaug, and O. Holm-Hansen, Alternative palh­
ways at lower trophic levels in the Antarctic food web, in Ant­
arctic Nutrient Cycles and Food. Webs, edited by W.R Siegfried, 
P.R. Condy, and RM. Laws, pp. 277·283, Springer.Verlag, Ber· 
lin, 1985. 

Hobbie, 1.E., The state of the microbes: a sununary of a symposium 
honoring Lawrence Pomeroy, Microb. Ecol., 28, 113-116, 1994. 

Hofmann, E.E., J.M. Klinck, CM. Lascara. and D.A. Snaith, Water 
Mass Distribution and Circulation West of the Antarctic Peninsula 
and Including Bransfield Strait, this volume. 

Holm-Hansen. 0., Nutrient cycles in Antarctic marine ecosystems, 
in Antarctic Nutrient Cycles and Food Webs, edited by W.R 
Siegfried, P.R Condy, and RM. Laws, pp. 6-10, Springer-Verlag, 
Berlin, Heidelberg, 1985. 

Holm-Hansen, 0 .• S.Z. EI-Sayed, G.A. Franceschini, and RL. 
Cuhel, Primary production and Ihe factors controlling phyto­
plankton growth in the Soulhern Ocean, in Adaptations Within 
Antarctic Ecosystems: Proceedings of the Third SCAR Symposium 
on Antarctic Biology, edited by G.A. Llano. pp. II-50, Gulf 
Publishing Company. Houston, Texas, 1977. 

Holm-Hansen. 0., and B.G. Milchell. Spatial and temporal distri­
bution of phytoplankton and primary production in the western 
Bransfield Strail region, Deep-Sea Res., 38. 961-980, 1991. 



KARL ET AL.: MICROBIAL DYNAMICS, NITROGEN CYCLE AND CARBON FLUX 329 

Holm-Hansen, 0., B.G. Mitchell, C.D. Hewes, and D.M. Karl, 
Phytoplankton blooms in the vicinity of Palmer Station, Antan:­
tica, Polar BioI. , 10, 49-57, 1989. 

Hanjo. 5 .. Particle fluxes and modem sedimentation in the polar 
oceans, in Polar Oceanography. Part B: Chemistry. Biology, and 
Gtology, edited by W.O. Smith, Jr., pp. 687-739, Academic 
Press, San Diego, Califomia. 1990. 

Honjo, S., T. Talcizawa. R. Krishfield, J. Kemp, and K. Hatake­
yama, Drifting buoys make discoveries about interactive proc­
esses in the Arctic Ocean, £OS, Trans., 76, American Geophysi­
cal Union, Washington, D.C., 209, 1995. 

Horrigan, 5.G., Primary production under the Ross Ice Shelf, Ant­
arctica.limnol. Oceanogr .. 26, 378-382, 1981. 

Huntley, M.E., D.M. Karl, P.P. NliIer, and O. Holm-Hansen, Re­
search on Antan:tic Coastal Ecosystem Rates (RACER): an inter­
disciplinary field experiment, Dup-Sea Res., 38, 911-941, 1991a. 

Huntley, M.E., M.D.G. Lopez, and D.M. Karl, Top predato" in the 
Southern Ocean: A major leak in the biological carbon pump, 
Scitnce, 253, 64-66, 1991b. 

Huntley, M.E .. and W. Nordhausen, Ammonium cycling by Ant­
arctic zooplankton in winter, Mar. BioI .. /21,457-467, 1995. 

Ikeda. T .. and A.W. Mitchell, Oxygen uptake, anunonia excretion 
and phosphate excretion by krill and other Antan:tic zooplankton 
in relation to their body size and chemical composition, Mar. 
Bioi .. 71, 283-298, 1982. 

lmai,l., Y. lshida. and Y. Hata, Killing of marine phytoplankton by 
a gliding bacterium Cytopllaga sp.t isolated from the coastal sea 
of Japan, Mar. Bioi., J/6, 527-532, 1993. 

Jahnke, R.A., and 0 .8. Craven, Quantifying the role of heterotro­
phic bacteria in the carbon cycle: A need for respiration rate 
measurements, Limnol. Oceanogr., 40, 436-441, 1995. 

Johnson, M .A., M.e. Macaulay, and D.C. Biggs, Respiration and 
excretion within a mass aggregation of Euphausia superba: impli­
cations for krill distribution, J. Crusl. Bioi., 4,174-184, 1984. 

Jairis, C., G. BilIen, C. Lancelot. M.H. Daro, J.P. Mommaerts, A. 
Bertels, M. Bossicart, J. Nijs, and I .H. Hecq, A budget of catbon 
cycling in the Belgian coastal zone: relative roles of zooplankton, 
bacteriopJankton and benthos in the utilization of primary pro­
duction, Nelh. J. S,o Res .. 16, 260-275, 1982. 

JUmal>, P.A., D.L. Penry, lA. Baross, MJ. Perry, and B.W. Frost, 
Closing the microbial loop: dissolved carlxm pathway to hetero­
trophic bacteria from incomplete ingestion, digestion and absorp­
tion in animals, Detp-Sea Res., 36, 483-495, 1989. 

Karl, D.M., Cellular nucleotide measurements and applications in 
microbial ecology, Microbial. Rev .. 44, 739-7%, 1980. 

Karl, D.M., Microbial processes in the Southern Oceans, in Ant­
arctic Microbiology, edited by E.1. Friedmann, pp. 1-63, Wiley­
Liss, Inc .. New York, 1993. 

Karl, D.M., Accurate estimation of microbial loop processes and 
mtes, Microb. &oL, 28, 147-150, 1994. 

Karl. D.M., A. Amos. O. Holm-Hansen. M.E. Huntley. and M. 
Vemet, RACER: the Marguerite Bay ice-edge reconnaissance. 
Antorci. J. U.S .. 27, 175-177. 1992. 

Karl, D.M., and V.L. Asper. RACER: Particle flux measurements 
during the 1989-90 austral summer, Antarcl. J. U.S., 25, 167-169, 
1990. 

Karl, D.M .. and D.F. Bird. Bacterial-algal interactions in Antarctic 
coastal ecosystems, in Trends in Microbial Ecology, edited by R. 
Guerrero and C. Pedros-Alio. pp. 3740, Spanish Society for Mi­
crobiology, 1993. 

Karl, D.M., and D.V. Hebel, RACER: Dissolved oxygen and nitrate 

dynamics during the 1989 austral spring bloom, Amarcl. J. U.S., 
25, 149-151, 1990. 

Karl, D.M., O. Holm-Hansen, G.T. Tayl ... , G. Tien, and D.F. Bird, 
Microbial biomass and productivity in the western Bransfield 
Strait., Antarctica during the 1986-87 austral sununer, Dup-S~a 

Res., 38, 1029-1055, 1991a. 
Karl, D.M., and 1. Resing, Palmer LTER: Hydrogen peroxide in the 

Palmer LTER region: IV. Photochemical interactions with dis­
solved organiC matter, Antarcl. 1. U.S., 28, 231- 234, 1993. 

Karl, D.M., l Rosing, G. Tien, and R. Letelier, Palmer LTER: Hy­
drogen peroxide in the Palmer L TER region: I. An introduction, 
Anlarcl. J. U.S .. 28, 225-226, I 993a. 

Karl, D.M., and G. Tien, Bacterial abundances during the 1989-
1990 austral summer phytoplankton bloom in the Gerlache Strait. 
Anlarcl. J. U.S., 26, 147-149, 1991. 

Karl, D.M., G. Tien, J. Dore, and C.D. Winn, Total dissolved 
nitrogen and phosphorus concentrations at U.S.-JGOFS Station 
ALOHA: Redfield reconciliation, Mar. Chern., 41, 203-208, 19-
93b. 

Karl, D.M., B.D. Tilbrook, and G. Tien. Seasonal coupling of or­
ganic matter production and particle flux in the western Brans­
field Strai~ Antan:tica, Deep-Sea Res., 38, 1097-1126, 1991b. 

Karl, D.M., and C.D. Winn. Does adenine incorporation into 
nucleic acids measure total microbial production?: a response 10 

comments by Fuhnnan et a1 .. Limnol. Oceanogr., 31, 1384-1394, 
1986. 

Kiefer, D.A., RJ. Olson, and O. Holm-Hansen. Another look at the 
nitrite and chlorophyll maxima in the central North Pacific, Deep­
Sea Res., 23, 1199-1208, 1976. 

Kirchman, D.L., Y. Suzuki, C. Garside, and H.D. DuckJow, High 
turnover rates of dissolved organic carbon during a spring phyto­
plankton bloom, Nalure, 352, 612-614, 1991. 

Knauer, G.A., and V. Asper, Sedimenl Trap Technology and Sam­
pling, U.S. GOFS Planning Report, 10, 94 pp., U.S. GOFS Plan­
ning Office, Woods Hole, Massachusetts. 1989. 

Knox, G.A., The Biology of the Southern Ocean, 444 pp .. Cam­
bridge University Press. Great Britain, 1994. 

Knox, F., and M.B. McElroy, Changes in atmospheric CO2: Influ· 
ence of the marine biota at high latitude, J. Geophys. Res .. 89, 
4629-4637, 1984. 

Koike. I., 0 . Holm-Hansen, and D.C. Biggs, Inorganic nitrogen 
metabolism by Antarctic phytoplankton with special reference to 
anunonium cycling. Mar. &01. Prog. S~r .. 3D, 105·116, 1986. 

Kuparinen, J., and P.K. Bj~rnsen, Bottom-up and top-down con­
trols of the microbia] food web in the Southern ocean: experi­
ments with manipulated microcosms. Polar Bioi .. 12, 189-195, 
1992. 

Laane, R.W.P.M., W.W.c. Gieskes, G.W. Kraay, and A. Eversdijk, 
Oxygen consumption from natural waters by photo-oxidizing 
processes, Nelh. J. StO Res., 19, 125-128, 1985. 

Lancelot. c., G. Billen, and S. Mathot, Ecophysio/ogy of Phylo- and 
Bacterioplankton Growth in Ihe Southern Ocean. Belgian Scien­
tific Research Programme on Antarctica Scientific Results of 
Phllse One (OCI 85 - Jan 89), Volume I: Planklon &ology, 97 
pp., 1989. 

Lancelot, c., G. Billen. C. Veth . S. Becquevort, and S. Mathol, 
Modelling carbon cycling through phytoplankton and microbes in 
the Scotia-Weddell Sea area during sea ice retreat. Mar. Chern., 
35, 305-324, 1991. 

Letelier. R.M .. and D.M. Karl. Phycocrythrin-containing cyanobac­
teria in surface waters of the Drake Passage during February 



330 ECOLOGICAL RESEARCH WEST OF THE PENINSULA 

1987. Mtan:t. J. U.S .. 24. 185-188. 1989. 
Liebezeit. G., Residual amino acid fluxes in the upper water col­

umn of the Bransfield SIrai~ Oceanol. Acta. 8. 59.{j5. 1985. 
Leibezeit, G., and B. von Bodungen. Biogenic fluxes in the Srans­

field strait: planktonic versus macroalgaJ sources, Mar. &01. 
Prog. Ser., 36, 23-32, 1987. 

Longh"",~ A.R, and W.G. Harrison, The biological pump: Profiles 
of plankton production and consumption in the upper ocean, 
Prog. Oceanogr .. 22, 47-123, 1989. 

Lorimer, O.H, and T.1. Andrews. Plant photorespiration-an in­
evitable consequence of the existence of atmospheric oxygen. 
Nature, 243, 359-360, 1973. 

Manahan, D.T .. F.M. Shilling, J.R. Wellborn, and S.J. Colwell, 
Dissolved organic material in seawater as a source of nutrition for 
invertebrate larvae from McMurdo Sound. Antarctica, Amaret. J. 
U.S., 225, 206-208, 1990. 

Maranger. R., D.F. Bird, and n.M. Karl, Spatial distribution of vi­
ruses in the Palmer-LleR region. Antoret. 1. U.S .• in press, 1994. 

Marchant, H.1., Choanoflagellales in the antarctic marine food 
chain. in Antarctic Nutri~nl Cycles and Food Webs , edited by 
W.R. Siegfried, P.R. Condy. and R.M. Laws. pp. 271 -276, 
Springer-Verlag, Berlin, Heidelberg, 1985. 

Marchant, H.1., and R.A. Perrin, SeasonaJ variation in abundance 
and species composition of choanoflagettates (Acanthoccideae) 
at Antarctic coastal sites, Polar BioI., 10,499-505, 1990. 

Marchant. H.1 ., and F.1. Scott, Uptake of sub-micrometrc particles 
and dissolved organic material by Antarctic choanoflagellates, 
Mar. Ecol. Prog. Ser .. 92, 59-64, 1993. 

Marra, J., and D.C. Boardman, Late winter chlorophyll a distri­
butions in the Weddell Sea, Mar. Ecol. Prog. Ser., 19, 197-205, 
1984. 

Martin, J.H., G.A. Knauer. D.M. Karl, and W.W. Broenkow, 
VERTEX: carbon cycling in the northeast Pacific, Dup-Sea Res., 
34, 267-285, 1987. 

Matsuda. 0 ., S. Ishikawa, and K. Kawaguchi, Seasonal variation of 
downward flux of particulate organic matter under the antarctic 
fast ice, Proc. NIPR Symp. Polar 8iol., 1,23-34, 1987. 

Mayewski, P.A., and M.R. Legrand, Recent increase in nitrate con­
centration of Antarctic snow. Nature, 346, 258-260, 1990. 

Maykut, G.A., The ice environment, in Sea Ice Biota. edited by 
R.A. Homer, pp. 21-82. CRC Prus, Florida. 1985. 

McCave. I.N.,VenicaJ flux of particles in the ocean, Dup-Sea Res., 
22,491 -502, 1975. 

Mclean, A.L., Bacteria of ice and snow in Antarctica. Natllre. 102. 
35-39, 1918. 

Miller. M.A.. D.W. Kremplin, D.T. Manahan. and C.W. Sullivan, 
Growth rates, distribution, and abundance of bacteria in the ice­
edge zone of the Weddell and Scotia Seas. Antarctica, Amarel. J. 
U.S .. 19, 103-105, 1985. 

Mitchell, B.G., and O. Holm-Hansen, Observations and modeling 
of the Antarctic phytoplankton crop in relation to mixing depth, 
Deep-Sea Res., 38, 981-1007, 1991. 

Moloney, C.L., and J.O. Field, The size-based dynamics of plank­
ton food webs. I. A simulation model of carbon and nitrogen 
flows. J. Plankton Res., 13, 1003-1038, 1991. 

Monod, J., Recherches sur [a Croissance des Cultures Baeteri­
ennes. 2nd ed., 210 pp., Hermann, Paris. 1942. 

Mopper, K.. and X. Thou. Hydroxyl radical photoproduction in the 
sea and its potential impact on marine processes, Science. 250. 
661.{;64, 1990. 

Morita, R.Y .. Bioavailability of energy and the starvation state, in 

Slan'(lljon in Bacleria, edited by S. Kjellebc:rg, pp. 1-23, Plenum 
Press, New Yark, 1993. 

Myrcha, A., S.1. Pietr, and A. Tatur, The role of pygoscelid pen­
guin rookeries in nuttient cycles nt Admiralty Bay, King George 
Island, in Anlarctie NUlrienl Cycles and Food Webs, edited by 
W.R. Siegfried, P.R. Condy, and R.M. Laws, pp. 156-162, 
Springer-Verlag, Betlin, Heidelberg, 1985. 

Nagata. T., and D.L. Kirchman, Release of macromolecular organic 
complexes by heterotrophic matine flagellates, Mor. &01. Prog. 
Ser., 83, 233-240, 1992. 

Najjar, R.G., J.L. Sarmiento, and J.R. Toggweiler, Downward tran­

sport and fate of organic matter in the ocean: simulations with a 
general circulation model Glob. Biogeoehem. Cycles, 6, 45-76. 
1992. 

Nawrocki, M.P .• and D.M. Karl, Dissolved A TP turnover in the 
Bransfield Strait, Antarctica during a spring bloom, Mar. &01. 
Prog. Ser., 57. 35-44. 1989. 

Nelson, D.M., J.A. Ahem, and L.J. Herlihy, Cycling of biogenic 
silica within the upper water column of the Ross Sea, Mar. 
Ch,m. , 35, 461-476, 1991. 

Nelson, D.M .• and W.O. Smith, Jr., Phytoplankton bloom dynamics 
of the western Ross Sea ice edge-II. MesoscaJe cycling of nitro­
gen and silicon, Detp-Sea Rts., 33, 1389-1412. 1986. 

Nothig, E.-M., and B. von Bodungen, Occurrence and vertical flux 
of faecaJ pellets of probably protozoan origin in the southeastern 
Weddell Sea (Antan:tica), Mar. Ecol. Prog. Str., 56, 281-289, 
1989. 

Olsen, 0.1 .• C.R. Woese. and R. Overbeck, The winds of (evolu­
tionary) change: Breathing new life into microbiology, J. Bact., 
176, 1-6, 1994. 

Olson, RJ., Nitrate and ammonium uptake in Antarctic waters. 
Limnol. Oceanogr., 25, 1064- 1074, 1980. 

Olson, R.1., UN tracer studies of the primary nitrite maximum. J. 
Mar. Rts., 39, 203-226, 1981. 

Oradovskiy. S.G., Investigation of the chemical composition of ru:-l­
arctic sea ice, Oceanology, 14,50-54, 1974. 

Pace, M.L., G.A. Knauer. D.M. Karl, and 1.H. Manin, Primary 
production, new production and verticaJ flux in the eastern Pacific 
Ocean, Nature. 325. 803-804. 1987. 

Pakulski, J.D., and R Benner. Abundance and distribution of car­
bohydrates in the ocean, Limnol. Oceanogr., 39, 930-940. 1994. 

Palmisano, A.C., and C.W. Sullivan. Sea ice microbial commu­
nities. t. Distribution, abundance, and primary production of ice 
microaJgae in McMurdo Sound, Antarctica, in 1980. Polar Bioi., 
2, 171-177. 1983. 

Parker, B.C., and E.1. Zeller. Nitrogenous chemical composition of 
antarctic ice and snow, Antarct. J. U.S., 15.79-81, 1980. 

Parker, B.c., L.E. Heiskell, W.J . Thompson, and E.J. Zeller, Non­
biogenic fixed nitrogen in Antarctica and some ecologicaJ impli­
cations, Nature, 271 , 651-652, 1978. 

Peti~ 1.R., J.W.C. White, N.W. Young, 1. louzel. and Y.S. Korot­
kevich, Deuterium excess in recent antarctic snow, J. Geophys. 
Res .. 96(03). 5113-5122,1991. 

Pomeroy. L.R., and D. Deibel, Temperature regulation of bacteriaJ 
activity during the spring bloom in Newfoundland coastaJ waters, 
Science, 233. 359-361 , 1986. 

Prego, R., Total organic carbon in the sea-ice zone between Ele­
phant Island and the South Orkney Islands at the stan of the nus­
Irai surruner (1988-89). Mar. Ch,m .. 35, 189-197, 1991. 

Priscu. I.C .. M.T. Downes. L.R. Priseu, A.C. Palmisano, and CW. 
Sullivan, Dynamics of ammonium oxidizer activity and nitrous 



I 
r 
I 

KARL ET AL.: MICROBIAL DYNAMICS, NITROGEN CYCLE AND CARBON FLUX 331 

oxide (NP) within and beneath Antarctic sea ice, Mar. £Col. 
Prog. Su., 62, 37-46, 1990. 

Probyn, T.A., and S.J. Painting. Nitrogen uptake by size-fraction­
ated phytoplankton populations in Antarctic surface waters, Lim­
ncl. Oceanogr., 30, 1327-1332, 1985. 

Quetin, L.B.. and R.M. Ross, A Long-Tenn Ecological Research 
strategy for polar environmental research, Mar. Pollul. Bull .• 25. 
233-238, 1992. 

Raven, I.A .• Implications of inorganic carbon utilization: ecology. 
evolulion, and geochemistry, Can. J. BOI., 69, 908-924, 1991. 

Raven, I .A., A.M. Johnston, R. Parsons, and 1. Kubler, The oc­
currence, and influence on photolilhotrophs, of high oxygen con­
centrations, Proc. Royal Soc. Edinburgh, 102B, 193-201, 1994a 

Raven, I .A., A.M. Johnston, R. Parsons, and 1. Kubler, The in­
fluence of natwal and experimental high 02 concentrations of Ot 
evolving phOIDtrophs, BioI. Rev., 69, 61-94, 1994b. 

Redfield, A.C., B.H. Ketchum, and FA Richards, The influence of 
organisms on the composition of seawater, in The Sea, Ideas and 
Obst!rvatioru on Progress in the Study of the Seas, vol. 2, edited 
by M.N. Hill, pp. 26-77, Interscience, New York, 1963. 

Riebesell, U., I. Schloss, and V. Smetacek, Aggrogalion of algae 
released from melting sea ice: implications for seeding and sedi­
mentation, Polar Bioi., J J, 239-248, 1991. 

Rittenberg, S.c., The roles of exogenous organic matter in the phys­
iology of chemolithotrophic bacteria, Adv. Mierob. Physioi .. 3, 
159-196, 1969. 

Rivkin, RB" M,R Anderson, and D.E. Gustafson, Jr., Dynamics of 
bacterioplankton growth in McMurdo Sound, Antarctica: Evi­
dence for substrate sufficient growth, Antoret. J. U.S., 26, 145-
146, 1991. 

Rivkin, RB., and M. P\Iu, Heterotrophy and phoIDheterotrophy by 
Antarctic microalgae: Light-dependenl incorporation of amino 
acids and glucose, J. Phycol .. 23, 442-452, 1987. 

R6nner, U., F. Sorenson, and O. Holm-Hansen, Nitrogen assimila­
tion by phytoplankton in the Scolia Sea, Polar BioI., 2, 137-147, 
1983. 

Schnack, S.B., A note on the sedimentation of particulate maner in 
Antarctic waters during sununer, Meeresforschungen, 30, 306-
315, 1985. 

Shabica, S.V., J.W. Hedgpeth, and PK Park, Dissolved oxygen and 
pH increases by primary production in the surface water of Ar­
thur Harbor, Antarctica, 1970-1971, in AdaptatiorlS Within Am­
arclie Ecosyslems, edited by G.A. Llano, pp 83-97, Smithsonian 
Institution, Washington, D.C" 1977. 

Sieburth, lM., Microbiology of Antarctica, in Biogeography and 
Ecology in Antarctica, edited by 1. van Mieghem and P. van Oye, 
pp. 267-295, Junk, The Hague, 1965. 

Silver, M.w., J.G. Mitchell, and D.L. Ringo, Siliceous nanoplank­
ton. Il. Newly discovered cysts and abundant choanoflagellales 
from the Weddell Sea, Aotarclica, Mar. BioI., 58, 211-217, 1980. 

Smetacek, V., R Scharek, and E.-M. Nothig. Seasonal and regional 
variation in the pelagial and its relationship to the life history 
cycle of krill, in Anlarctic Ecosyslems. Ecological Change and 
Conservalion, edited by K.R. Kerry and G. Hempel, pp. 103-114, 
Springer-Verlag. Berlin, 1990. 

Smith, D.C., G.F. Steward, F. Azam, and J.T. Hollibaugh, Virus 
and bacteria abundances in the Drake Passage during January and 
August 1991, Anlarc/. J. U.S .. 27,125-127, 1992. 

Smith, R.C .. K.S. Baker, W.R. Fraser, E.E. Hofmann, D.M. Karl, 
J.M. Klinck, L.B. Quelin, B.B. Prezelin, RM. Ross, W.Z. 
Trivelpiece, and M. Vernet, The Palmer LlER: A Long-Tenn 

Ecological Research program at Palmer Station, Antarctica, 
Oceanogr. Mag., in press, 1995. 

Smith. R.. H. Diemen, and M. Vernet, Phytoplankton Biomass and 
Productivity in the Western Antarctic Peninsula Region, tltis vol­
ume. 

Smith. W.O., Jr., Primary productivity of a Phaeocystis bloom in 
the Greenland Sea during spring, 1989, in The Polar Oceans and 
Their Role in Shaping the Global Environment, edited by O.M. 
Johannessen, RD. Muench, and lE. Overland, pp. 263-272, 
American Geophysical Union, Washington, D.C., 1995. 

Smith, W.O., Jr., and D.L. Garrison. Marine ecosystem research ai 
the Weddell Sea ice edge: the AMERIEZ program, Oceanogr. 
Mag., 3, 22-29, 1990. 

Smith, W.O., Jr., N.K. Keene, and lC. Comiso, Interannual vari­
ability in estimated primary productivity of the Antarctic marginal 
ice zone, in Antarctic Ocean and Resources Variability, edited by 
D. Sahrhage, pp. 131-139, Springer-Verlag, Berlin, Heidelberg, 
1988. 

Smith, W.O., Jr., and D.M. Nelson, Importance of ice edge phyto­
plankton production in the Southern Ocean, BioScience, 36, 251-
257, 1986. 

Smith, W.O., Jr., and D.M. Nelian, Phytoplankton bloom produced 
by a receding ice edge in the Ross Sea: spatial coherence with the 
density field, Science, 227, 163-166, 1985. 

Smith, W.O .. Jr., and D.M. Nelson, Phytoplankton growth and new 
production in the Weddell Sea marginal ice zone during austtal 
spring and autumn, Limnol. Oceanogr" 35, 809-821, 1990. 

Staley. IT., and R.P. Herwig, Degradation of particulate organic 
material in the Antarctic, in Antarctic Microbiology, edited by E.I. 
Friedmann, pp. 241-264, Wiley-Liss, New York, 1993. 

Stammerjohn, S.E., Spatial and temporal variability in Southern 
Ocean sea ice coverage, M.S. thesis, University of California at 
Santa Barbara, Santa Barbara, CA, 1993. 

Stammerjohn, S.E., and RC. Smith, Spalial and Temporal Variabil­
ity in Western Antarctic Peninsula Sea Ice Coverage, this volume. 

Suess, E.. Particulate organic carbon flux in the oceans-surface 
productivity and oxygen utilization, Nalure, 288, 260-263, 19-80. 

Sullivan, C.W., and D.O. Ainley. Antarctic marine ecosystem re­
search at the ice-edge zone, 1986, Amarct. J. U.s., 22, 167-169, 
1987. 

Sverdrup, H.U" On conditions for the vernal blooming of phyto­
plankton, J. du Conseil., 18, 287-295, 1953. 

Tanoue, E., Organic chemical composition of fecal pellet of the krill 
Euphausia superba Dana. I. Lipid composition. Trans. Tokyo 
Univ. Fish., 6,125-134, 1985. 

Tien, G .• 1. Burgett, 1 Dore, M. Geren, T. Houlihan, R LeteHer, U. 
Magaard, G. Parrish, 1. Szyper. and D. Karl, Seasonal variability 
in microbial biomass in the Gerlache Strait: A feast or famine 
existence, Anlarct. J. U.S .• 27, 166-167, 1992. 

Tien, G., and D.M. Karl, Palmer L lER: Hydrogen peroxide in the 
Palmer LTER region: III . Local sources and sinks. Amoret. J . 
U.S., 28, 229-230, 1993. 

Tilbrook. B.D., and D.M. Karl, Dissolved methane distributions, 
sources, and sinks in the Western Bransfield Strait, Antarctica, J. 
Geoph)'s. Res., 99, 16383-16393, 1994. 

Toggweiler, J.R.. Is the downward dissolved organic matter (DOM) 
flux imp:n1ant in carbon transport? in Productivity of the Ocean: 
Present and Past, edited by W.H. Berger, V.S. Smetacek and G. 
Wefer, pp. 65-83, John Wiley & Sons, New York, 1989. 

Tolbert, N.E., Photorespiration by algae, in Algal Physiology and 
Biochemistry, edited by W.O.P. Stewart, pp. 474-504. University 



332 ECOLOGICAL RESEARCH WEST OF THE PENINSULA 

of California Press, Berkeley, 1974. 
Tupas, L., and I. Koike, Simultaneous uptake and regeneration of 

ammonium by mixed assemblages of heterotrophic marine bac­
teria. Mar. Ecol. Prog. Ser., 70, 273·282, 19·91. 

Tupas, L.M., I. Koike, D.M. Karl, and O. Holm·Hansen, Nitrogen 
metabolism by heterotrophic bacterial assemblages in Antarctic 
coastal wale~. Polar Bioi., 14, 195-204, 1994a. 

Tupas, L.M., B.N. Popp. and D.M. Karl, Dissolved organic carbon 
in oligotrophic waters: experiments on sample preservation, 
storage and analysis, Mar. Chern., 45, 207·216, 1994b. 

Vcrne~ M., R. Letelier, and D.M. Karl, RACER: Phytoplankton 
growth rates in the northern Gerlache Strait during the spring 
bloom of 1989, Anlaret. J. U.S., 26, 154-156, 1991. 

Villareal, T.A., M.A. AlUlbe~ and K. Culver·Rymsza. Nitrogen tnl!l. 

sport by migrating diatom mats in the North Pacific Ocean, 
NatuT<, 363, 709·712, 1993. 

Vincent. W.F., Microbial Ecosystems of Antarctica. 304 pp., Cam­
bridge Univmity Press, Cambridge, 1988. 

Yolk. T., and M.I. Hoffert, Ocean carbon pumps: Analysis of rela­
tive strengths and efficiencies in ocean-driven atmospheric CO2 
changes. in The Carbon Cycle and Almospheric C02" Natural 
Variations Archean 10 Present, edited by E.T. Sundquist and W.S. 
Broecker, pp. 99·110, American Geophysical Union, Washington, 
D.C .. 1985. 

Wassman, P., Relationship betwetn primary and ex.port production 
in the boreal coastal rone of the North Atlantic. Limnol. Ocean­
ogr., 35, 464-471, 1990. 

Wassman, P., Dynamics of primary production and sedimentation 
in shallow fjords and polls of western Norway, Oceanogr. Mar. 
Bioi. Ann. Rev .. 29, 87·154, 1991. 

Watson. S.W .• and J.E. Hobbie, Measurement of bacterial biomass 
as lipopolysaccharide. in Native Aquatic Bacteria: Enumeration, 
Activity, and Ecology, edited by IW. Costerton and R. R. Colwell, 
pp. 82-88, American Society for Testing and Materirus. Philadel­
phia, PA, 1979. 

Wcfer. G .• Particle flux in the ocean: Effects of episodic produc­
tion, in Producliviry of Ihe Ocean: Present and Pasl, edited by 
W.H. Berger, V.S. Smetacek, and G. Wefer, pp. 139·153, lohn 
Wiley & Sons, New YOtk. 1989. 

Wefer. G., and G. Fischer, Annuru primary production and ex.port 
flux. in the Southern Ocean from sediment ttap data.. Deep-Sea 
R" .. 35, 597·613, 1991. 

Wefer, G., G. Fischer, D. Fuetterer, and R. Gersonde, Seasonal par­
ticle flux in the Bransfield Strait, Antarctica. Deep-Sea Res., 35, 
891·898, 1988. 

Wefer, G., E. Suess, W. Balzer, G. Liebezeit, P.l. Muller, C.A. 
Ungerer, and W. ank. flux.es of biogenic components from sedi-

ment trap deployment in circumpolar waters of the Drake Pas­
sage, Nature, 299, 145·147, 1982. 

Weiss, R.F., F.A. Van Woy, and P.K. Salameh, Surface Waler and 
Atmospheric Carbon Dioxide and Nitrous Oxide Observations by 
Shipboard Automated Gas Chromatography: Results from Expe· 
ditions between 1977 and 1990, Repo~ IICDlAC·59, 123 pp., 
Oak Ridge National Laboratory, Oak Ridge, Tennessee, 1992. 

Wiebe, WJ., W.M. Sheldon, and L.R. Pomeroy, Evidence for an 
enhanced substrate requirement by marine mesophilic bacterial 
isolates at minimal growth temperatures, Microb. &01., 25, 151-
159,1993. 

Williams, PJ. leB., A review of measurements of respiration rates 
of marine plankton populations. in Heurotrophic Acrivity in the 
Sea, edited by I.E. Hobbie and P.l . leB. Williams, pp. 357·389, 
Plenum Press, New York. 1984. 

Williams, PJ. leB., and B. von Bodungen, Group report: Export 
productivity from the photic zone, in Productivity of the Ocean: 
Present and Past, erlited by W.H. Berger, V.S. Smetacek. and O. 
Wefer, pp. 99·115, John Wiley & Sons, New York. 1989. 

Wrigh~ R.T .. and N.M. Shah, The trophic role of glycolic acid in 
coastal seawater. I. Heterotrophic metabolism in seawater and 
bacterial cultures, Mar. Bioi., 33, 175· 183, 1975. 

Zdanowski, M.K., Distribution of bacteria, organic carbon and 
amino acids in the southern part of Droke Passage and in Brans­
field Strait during the BIOMASS·SIBEX (December 1983·Jan· 
uary 1984), Polish Polar Res., 6, 43·63, 1985. 

Zdanowski, M.K., and S.P. Donachie. Bocteria in the sea-ice zone 
betwetn Elephant Island and the South Orkneys during the Polish 
se.·ice expedition, (December 1988 to January 1989), Polor Bioi .. 
13, 245·254, 1993. 

Zwally. HJ., C.L. Parkinson, and lC. Comiso, Variability of Ant­
arctic sea ice and changes in carbon diox.ide, Science, 220, 1005-
1012, 1983. 

D.M. Karl, I.R. Christian, and lE. Dore, School of Ocean and 
Earth Science and Technology, Department of Oceanography, Uni­
versity of Hawaii, Honolulu, HI 96822 and R.M. Letelier. College 
of Oceanic and Atmospheric Sciences. Oregon State University, 
Corvallis, OR 97331. 

(Received July 20, 1995; accepted September 19, 1995.) 


