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Abstract - The very low water temperatures existing in polar oceans that experience seasonal advance and retreat of pack ice do not
inhibit the presence of large bacterial populations. Bacteria may contribute significantly to the energy transfers within the Southern
Ocean. In the last decades, notable progress has been made in the knowledge of the role of marine bacteria in the Southern Ocean. A
short overview of the abundance and function of Antarctic marine bacteria is given, with respect to metabolic activity. The importance
of spatial and temporal variability is described. The ecological function of Antarctic marine bacterioplankton is discussed. Depending
on food web structure, bacteria may be either a link in food webs supporting metazoan production, or a sink where bacterial production
is metabolised by microorganisms. In the more oligotrophic areas and during certain periods of the year bacterial biomass dominates
phytoplankton. The microbial food web is therefore the dominant pathway for carbon and energy flow in Antarctic seawater.
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INTRODUCTION

Because the oceans may be an important sink for the
rapidly increasing concentration of anthropogenic CO2, a
central objective of major oceanographic programs is to
quantify, model and predict, at global and annual scales, the
flux of biogenic carbon to deep waters (122). The Southern
Ocean contributes 15% of the oceanic primary production
(63) and thus plays an important role in sequestering
atmospheric CO2 through both physical and biological
processes. Traditional portrayals of high primary
productivity in the Southern Ocean with a short, simple
food chain from large diatoms to krill and then to whales
are rapidly being modified. More recent views indicate that
levels of phytoplankton are generally relatively low over
most of the Southern Ocean (22) and suggest that
heterotrophs are exploiting all major production events
(117). The very low water temperatures existing in polar
oceans that experience seasonal advance and retreat of
pack ice do not inhibit the presence of large bacterial
populations (118). Bacteria may contribute significantly to
the energy transfers within the Southern Ocean (59).
During the past decades, notable progress has been made
in the knowledge of the role of marine bacteria in the
Southern Ocean. The information collected is useful and
valuable, but although we are aware that dominant species

probably vary among environments over time, most of the
work has been done at the level of bacterial assemblages
with little attention given to the specific components.
Molecular biological techniques recently developed or
under development make identification possible without
pure culture (47,54). These emerging new methodologies
can be used to provide a strong basic understanding of the
diversity of microbial behaviour and interactions. They
have been successfully used in Antarctic areas and are
developed elsewhere in this issue. The aims of the present
paper are to give a general overview of the role of bacteria
in the Southern Ocean.

TEMPERATURE DEPENDANCE

The rate of microbial degradation of organic matter is
affected by several physical, chemical and biological
parameters including the abundance and diversity of
microorganisms present, the conditions for microbial
activity (e.g. concentration of nutrients, oxygen and
temperature) and the nature, the quantity and
bioavailability of nutrients. Among the parameters
controlling microbial activity, temperature is generally
considered as one of the most important in polar areas,
since degradation is thought to obey the Arrhenius
relationship. Microbial metabolism increases as

543

Cellular and Molecular BiologyTM 50 (5), 543-551 ISSN 1165-158X
DOI 10.1170/T544                                                                                                                                                                   2004 Cell. Mol. Biol.TM

Review



temperature increases (71), usually doubling for each 10°C
increase in temperature from 10 to 40°C (11). However,
based upon the analysis of 66 published data Rivkin et al.
(100) reported a weak relationship between specific
growth rate of bacterioplankton and temperature with a
Q10=1.5. In any case, the metabolism of cold tolerant
bacteria is adapted to work and function at low temperature
(37,41,64,74). The lowest growth temperature of a
bacterium so far recorded is far below 0°C [-12°C (14)].

In temperate areas temperature is clearly one
environmental factor which can constrain bacterial growth
(107). The role of temperature is more complex in
Antarctic areas. Chemoautotrophic bacterial communities
seem effectively regulated by temperature (29). In contrast,
despite the extreme cold, a limited influence of temperature
on heterotrophic bacterial communities could be assumed
from the dissimilarity between the seasonal changes of
temperature and bacterial abundance (28).

The outcome of competition between psychrophilic
and psychrotolerant (often called "psychrotrophic") strains
may depend on the combination of temperature and
substrate concentration [see (94) for a review]. Some direct
measurements of bacterial activity (68) seem to indicate a
strictly psychrophilic metabolism. However, several
observations showed that increasing incubation
temperature from 0 to 15°C increased metabolism and
growth of Antarctic bacterial communities (31,83).
Physiological investigations conducted on isolated strains
clearly indicate that a large majority of Antarctic
heterotrophic bacterial isolates have substantial growth
rates for a wide range of temperatures 0 to 20°C (37,87).
Most of the reports on marine true psychrophiles
correspond to sea ice assemblages (27,61). In contrast,
Antarctic heterotrophic bacterioplanktonic communities
appeared as essentially psychrotolerant (31,37,59).
Technical artifacts can occur due to the selectivity of the
isolation procedures, the difference of behaviour between
natural communities and isolated strains, and the
difficulties in extrapolation of the substrate incorporation
data to the natural environment. In any case, the relative
importance of psychrophiles and psychrotolerants in the
Southern Ocean waters remains an open question (65,94).

BATERIALBIOMASS

In the first part of the XX century Antarctic seawater
had been considered as relatively sterile (108). But, in the
last few decades, clear evidences have demonstrated
bacterial abundances in the Southern Ocean, comparable to
those found elsewhere in the World (22,27,34). Bacterial
stocks are the result of growth and removal processes that
include grazing, viral infection and physical mixing. After
microscopic enumeration, the ability to convert bacterial
abundance or bacterial biovolume to carbon is crucial in

order to calculate bacterial biomass. Considering
variability due to differences in bacterial species
composition and bacterial growth conditions it is not
surprising to observe a wide spectrum of conversion
factors. One of most commonly used factor for biovolume
conversion is 121 fgC µm-3 (121). However, in the
Southern Ocean Bjørnsen and Kuparinen (10) found a
conversion factor of 400 fgC µm-3. Considering all the
available data the extreme values for the biovolume
conversion factor will be in the range of 50 to 500 fgC µm-3.
As a consequence of the low correlation between carbon
per cell and cell volume, a constant cell mass would seem
to be a logical choice for bacterial biomass estimation. Cell
mass is also subject to controversy. For instance, in some
specific species, cell mass is constant irrespective of cell
volume decreases during starvation (123), where as in
other species cell mass is dependent on cell volume
(52,121). Considering all the available observations, the
extreme values of bacterial cell mass will be in the range of
20 to 120 fgC cell-1. This very large variability of available
conversion factors induces a wide range of values of
bacterial biomass in the water column of the Southern
Ocean. Available data vary from 1 to 82 µg C l-1

(28,30,66,103).

BACTERIALPRODUCTIVITY

A relatively high fraction of non-active cells and ghosts
have been reported for seawater (52,132). Thus, as
previously suggested (26,131), the observed bacterial
abundance does not necessarily reflect the bacterial
activity. The use of 3H thymidine incorporation to derive
an estimate of heterotrophic bacterial growth rate has been
used extensively in aquatic microbial ecology [reviewed
by Moriarty (82)]. The range of values of bacterial
production determined in the water column of different
regions of the Southern Ocean, vary from nearly
undetectable to 1 µg C l-1 h-1 (22,32,61,69,109). However,
most of the measurements of Antarctic bacterial activity
have shown growth rates within the normal ranges found at
all latitudes.

Net community metabolism (i.e. the difference between
the production of organic matter by photosynthetic
organisms and the oxidation of organic matter by
respiration in ecosystems) is an important descriptor of the
role of biological processes in carbon flow of the
ecosystem (39,111). There is, however, a paucity of
estimates of net planktonic community metabolism in the
Southern Ocean (105) that makes the assessment of the
role of microplankton as a carbon sink in the Southern
Ocean difficult. However, a significant fraction of the
carbon fixed by phytoplankton in surface Antarctic waters
may be oxidized by the respiration of microheterotrophic
organisms (2,22,80,109). The net absorption of CO2 by

544 D. Delille



Southern ocean bacterial abundance 545

Antarctic biota may be, therefore, much less than that
expected from the planktonic primary production alone.

SPATIAL DISTRIBUTION

Both temporal and spatial variability in substrate
quality and availability may have an important influence
on the physiologic status and phylogenetic makeup of
pelagic bacterial communities (23,127). Most bacteria live
in microenvironments on length scales of millimeters or
less (physical discontinuities of the sea ice or seawater
column; plant, animal or detritus surfaces). Heterogeneity
exists at microscale levels, and changes in microorganisms
will produce a cascade of changes through the marine food
chain. On the other hand, the distribution, abundance, and
productivity of microorganisms are all influenced by
hydrographic processes, including large-scale ocean
circulation and mixing (65).

The frontal zones of the Southern Ocean (Fig. 1) are
known as areas of enhancement of phytoplankton biomass

and productivity (9,43,77). Physical, chemical, and
biological factors considered responsible for algal
accumulation at fronts include the enhancement of in situ
production based on renewal of nutrients due to cross
frontal mixing and mechanical accumulation of cells and
biomass by converging fronts (109). A relative uncoupling
at large phytoplankton biomass between bacterial and
phytoplankton production has been reported in Antarctic
waters (66,81). However, Agusti et al. (2) and Simon et al.
(109) demonstrated that the variability in phytoplankton
biomass and production could be the main drivers of the
net metabolism of Antarctic microplankton communities.
Hydrographic processes may have thus a strong effect on
bacterial distribution in the Southern Ocean.

One of the other key factors influencing the Southern
Ocean ecosystem is the annual advance and retreat of sea
ice (Fig. 1). The extent of sea ice ranges with seasons from
5 to 20 x 106 km2 (75). Ice assemblages, like their pelagic
counterparts, are hosts to a thriving microbial food web
known as the sympagic biota and consist of a wide range

Fig. 1 Southern Ocean frontal scheme after Belkin and Gordon 1996 (6). The dotted line correspond to the winter limit of the ice cover
(August 2003).



of taxa, from bacteria to metazoans (3,13,15,61). In sea ice
microalgal biomass can reach levels considerably greater
than those found in the underlying seawater (57,76). Sea
ice algae are estimated to contribute 20 to 24% of the total
primary production in the Southern Ocean (67). Archer et
al. (3) demonstrated that during the spring period bacterial
biomass contributed 4 to 16% of the total microbial
biomass in both interior and bottom sea ice. This
observation has been confirmed in a yearly basis in fast-ice
by Delille et al. (33) who showed that microalgal biomass
contributed on average 80.6% of total microbial biomass
whereas bacterial and protozoan biomass accounted for
only 16.4% and 3%, respectively. Although inoculation for
ice-edge phytoplankton blooms by sea ice algae during
spring ice melt (53) remain an open question (95), the
retreat of sea ice can play a relevant role on the spatial
distribution of microbial biomass across the Southern
Ocean (16,49).

According to Meyer-Reil (78), it can be assumed that
the nutrient supply rather than the temperature is the
dominating factor determining heterotrophic microbial
fluctuations in Antarctic marine environments (26). Due to
nutrient availability, some specific processes affect
bacterial distribution in Antarctic coastal areas.

Spring and summer phytoplankton blooms along the
Marginal Ice Zone (MIZ) and near coasts reach surface Chl
a concentrations above 8 mg m3 (45,116,124) and
productivity rates exceed 2 g C m-2 d-1 (62). These coastal
and MIZ ecosystems attain areal productivities at least 10
times greater than in the open waters of the Antarctic
Circumpolar Current (112), although estimates of their
contribution to total Southern Ocean primary production
vary widely, between 11% and 50% (4). Throughout the
region, phytoplankton production is influenced by low
light, extensive ice cover and periodic deep vertical mixing
(1,115). Such physical factors are a source of high spatial
and temporal variability in biological productivity and thus
in bacterial abundance.

In more restricted areas the penguins and other birds
transfer nutritive material from a large zone of the Antarctic
Ocean to a very small area of land. Viable bacterial counts
(72), bacterial biomass (101), bacterial activity (89) and
enzymatic activity (85) have all been investigated in soil of
the penguin rookeries. However, if ornithogenic soil
microbial ecology is now rather well understood, the
influence of bird�s manuring on the surrounding marine
zone has been largely neglected. In coastal seawater of
"Terre Adélie" area, the impact of ornithogenic soils on
marine bacterial microflora is clearly established (25).

In some subAntarctic coastal areas, the regular pulses
observed in seasonal changes of heterotrophic
communities (saprophytic abundance, heterotrophic
potentials) can be related to the influence of giant kelp beds
(12,38).

TEMPORALVARIABILITY

Temporal variations in critical parameters should not
be disregarded if powerful carbon budget are to be
completed (28,93). An important controlling factor for
the abundance and growth of heterotrophic planktonic
bacteria in the euphotic zone is the diel variability of
processes which supply bacteria with organic nutrients
(36,98). Diel periodicity in microbial processes could be
as important an aspect as the horizontal patchiness
(12,70). Most important among processes depending on
the solar irradiance, are primary production (113), release
of extracellular photosynthetic products and grazing by
protozoan (92) and metazoan zooplankton (97).
However, the existence of other processes such as viral
infection may be responsible for the diel variations of
bacterial production (126). At the present time, no
consistent pattern in the diel bacterial activity in the
Southern Ocean, can be deduced from the few available
studies (36). This is presumably due to the fact that
relationships between diel changes of phytoplankton,
zooplankton and bacterioplankton activity are very
complex and differ between various marine
environments.

In a larger scale, an intense temporal variability occurs
in Antarctic seawaters, perhaps the most extreme
seasonality observed anywhere in the world ocean (65).
The Antarctic marine environment is characterized by
low but stable temperatures and a highly seasonal food
supply. The seasonal variability in microbial biomass is
poorly documented due to scarcity of time series
observations conducted over one or several years
(26,60,79). However, seasonal changes have to be
understood if accurate carbon budgets are to be
constructed (93). In subantarctic coastal areas, there are
some dissimilarities between the seasonal pattern of
heterotrophic and autotrophic bacterial communities.
Two periods of increasing heterotrophic bacterial
abundance clearly occurred: spring (September-October)
and autumn (February-March). These periods
corresponded to maximal nutrient availability (24,26).
The spring increase is related to the phytoplankton bloom
while the fall increase is due to regenerated production.
Summer data (January) were among the minimal values
encountered during the year. In contrast, seasonal patterns
of chemoautotrophic bacterial communities were
unimodal and strictly parallel to temperature fluctuation.
This could be an indication of a strong sensitivity of
chemoautotrophic communities to temperature changes
that could explain the relatively low nitrification rates
found in the Southern Ocean (96). It must be noticed that
the marked seasonality of bacterial parameters observed
in the coastal areas is strongly reduced in more oceanic
area (30).
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TROPHIC RELATIONSHIPS

The regulation of bacterial community biomass and
productivity by resources and predators is a major concern
in the study of microbial food webs. Resource or bottom-
up regulation refers to the limitation of bacteria by carbon
and nutrients derived from allocthonous inputs, primary
production, and heterotrophic production. Predatory or
top-down regulation refers to the limitation of bacteria
below levels supportable by resources alone [see Pace and
Cole (90) for a review].

Of particular importance to energy and nutrients
cycling in oceanic habitats is the trophic relationship
between algae and heterotrophic bacteria. The pathways
that mediate the transfer of nutrients between the primary
producers and bacteria in seawater are extremely complex
and include numerous feedback mechanisms.
Heterotrophic bacteria are largely reliant on phytoplankton
for their energy fuelling, either directly through excretion
of dissolved organic matter (96) or indirectly after
decomposition of dead phytoplankton cells (99). On the
other hand, it is generally assumed that most of the primary
production in pelagic ecosystems is sustained by a
continuous and rapid recycling of the growth-limiting
inorganic nutrients (8). Depending on food web structure,
bacteria may be either a link in food webs supporting
metazoan production, or a sink where bacterial production
is utilised by microorganisms (40,130).

In sea ice and spring ice-free Antarctic seawater, when
light is available, the trophic system is classically
autotrophic (33,42,114). The bacterial abundance and
biomass are relatively low (25,28,66) and the ratios
between bacterial and algal biomass (84) are in agreement
with the general assumption that bacterial microflora
averages about 20% of the total microbial population (21).
With decrease of light the relative importance of bacterial
communities increases. Heterotrophic organisms become
dominant in winter when solar irradiation is not available.
As reported in some oligotrophic oceans (18,48) bacterial
biomass in seawater exceeds that of phytoplankton during
polar night. Beneath the permanent floating Ross ice shelf,
which prevents photosynthesis all the year round,
bacterioplankton comprise the majority of the microbial
assemblage (65). This observation is also valid for
wintertime under periodical land fast ice (35).

Availability of nutrients may also play a key role in the
relation between phytoplankton and bacterioplankton (20).
By prohibiting the growth of large phytoplankton species,
low level of iron of the polar open oceanic zone of the
Southern Ocean drive food web towards a short microbial
loop. Seasonal changes in growth rates and respiratory
demands of aerobic heterotrophic bacteria, which
dominate total community respiration, can induce change
from general autotrophy to heterotrophy (55,111). During

certain periods the microbial food web was the dominant
pathway for carbon and energy flow in the Southern Ocean
(5). During these periods bacterial biomass dominated
phytoplankton carbon (58,102). In a yearly basis the
bacterial biomass evaluated in Kerfix station (30) will at
least be equivalent to that of phytoplankton in the surface
layers. The integrated bacterial biomass in the upper 100 m
will be higher than 200 mg C m-2. This value is similar in
magnitude to the phytoplankton biomass (44). If integrated
over the whole water column bacterial biomass will reach
values higher than 1 g C m-2 which is obviously higher
than the autotrophic biomass. Such "inverted pyramid"
where heterotrophs exceed autotrophs is not surprising
[see (51) for a review] and will be an indication of the
oligotrophic characteristics of this part of the Southern
Ocean.

The structure of bacterial communities may also be
influenced by mortality, including grazing by bacterivores
(120) and viral lysis (129). Bacterivores are generally
considered the root of a system of trophic links that
transports carbon up the food chain (19,106). In an
Antarctic coastal area Vaqué et al. (125) demonstrated that
bacteria appear to be a fundamental direct resource for the
entire heterotrophic compartment of the microbial food
web. Microbial loop can thus be a substantial subsidy to
upper trophic levels, recovering carbon that would
otherwise be lost from the system. Relatively few studies
have addressed the abundance and ecological significance
of protozooplankton in Antarctic seawater (17,50). Several
short time studies of the standing stocks of flagellates and
ciliates in sea ice are available (104,110). In contrast, only
few studies have investigated the long-term changes in
protozooplanktonic Antarctic sea ice communities (3,33).
All available observations suggest that bacteria are a major
food source for protozoa in the Southern Ocean.

A number of comprehensive reviews describe the role
of viruses in the marine ecosystem (46,128,129).
Virioplankton abundance has been shown to correlate well
with bacterioplankton abundance and is numerically the
most abundant component of the plankton (7). Up to 20%
of marine heterotrophic bacteria have been shown to be
infected by viruses (88) and up to 10-25% of the bacterial
community can be lysed per day (119). The virus
concentrations and virus to bacteria ratios indicate that
viruses are no less important in the Southern Ocean
ecosystems than elsewhere in the World Ocean (73). In
one of the few Antarctic marine studies undertaken to date,
prokaryotic mortality was shown to result mostly from
viral infection rather than bacteriovory (56). In Southern
Ocean species-specific virus-induced mortality could be
responsible for maintaining biodiversity among the
microbial community, keeping population densities of
particularly successful species below critical levels [see
(91) for a review].
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