
Chapter 36H. Southern Ocean 

 

Contributors: Viviana Alder, Maurizio Azzaro, Rodrigo Hucke-Gaete, Renzo Mosetti,  







 
Figure 3. Model of the global ocean circulation, emphasizing the central role played by the Southern 
Ocean. NADW = North Atlantic Deep Water; CDW = Circumpolar Deep Water; AABW = Antarctic 
Bottom Water. Units are in Sverdrups (1 Sv = 106 × m3 of water per second). The two primary 
overturning cells are the Upper Cell (red and yellow), and the Lower Cell (blue, green, yellow). The 
bottom water of the Lower Cell (blue) wells up and joins with the southward-flowing deep water 
(green or yellow), which connects with the upper cell (yellow and red). This demonstrates the global 
link between Southern Ocean convection and bottom water formation and convective processes in 
the Northern Hemisphere. From Lumpkin and Speer (2007; ©American Meteorological Society.  Used 
with permission.) in Turner et al. (eds.), 2009. 

 

About 50 per cent of the Southern Ocean is covered by ice in winter, decreasing to 
10 per cent in summer.  Ice cover has important effects both on climate and on the 
biota (e.g., Ainley et al., 2003). It is a defining structure in polar ecosystems. 
Antarctic sea ice is inhabited by prokaryotes, protists, algae, crustacea, worms 
(Schnack-Schiel et al., 1998), fish eggs and larvae (Vacchi et al., 2012), birds and seals 
(Ainley and DeMaster, 1990). 

Overall, the Antarctic sea-ice cover has been increasing in the satellite records from 
1978 to 2010 (Parkinson and Cavalieri, 2012; see Chapter 47), but modelling predicts 
a reduction of 33 per cent by the end of this century. This masks dramatic regional 
trends; declines in sea ice in the Bellingshausen Sea region have been matched by 
opposing increases in the Ross Sea (Maksym et al., 2012). Besides the seasonal sea 
ice, large portions of coastal waters are covered by permanent ice shelves. Ice 
shelves derive from land ice where glaciers or whole ice sheets flow towards the 
coastline and over the ocean surface (Trathan et al., 2013). Ice cover defines three 
biogeographic zones (Tréguer and Jacques, 1992): the northernmost part of the ACC, 
permanently ice free with high nutrient concentrations but low primary productivity 
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(see below); the region that is covered seasonally, where the movements of the ice 
margin significantly affect the cycle of primary production and zooplankton 
aggregations, and the sea below ice shelves where the fauna develop under unique 
oligotrophic conditions (Gutt et al., 2010). Of particular interest are the regions of 



environmental variables, such as nutrient and/or prey availability and light. 
Phytoplanktonic communities comprise at least three main size classes of algae: 
picoplankton (<2 µm), nanoplankton (2-20 µm) and microplankton (>20 µm). Blooms 
of microplanktonic and nanoplanktonic algae (e.g., diatoms, dinoflagellates, colonial 
and flagellated Phaeocystis cells) are mostly detected during the summer within the 
marginal ice zone (e.g., Buma et al., 1992; Olguín and Alder, 2011). However, little 
knowledge exists about the importance of mixotrophic groups, such as flagellates 
and dinoflagellates, as food for primary consumers (some of commercial 
importance) and their contribution to phytoplanktonic biomass (and chlorophyll-a 
levels) and primary productivity.  

Finally, from 1990 on, many investigations on productivity have been largely based 
on data provided by satellites equipped with colour scanners. At present, ocean 
color remote sensing is our most effective tool for understanding ocean ecology and 
biogeochemistry at basin-to-global scales (Figure 4). Many of the algorithms used in 
satellite data processing and a number of predictive mathematical models employed 
at different ecological levels (fisheries, CO2 dynamics, etc.) are based on in situ 
measurements which yield differing results depending on the methods used and are 
a cause of much current debate (Strutton et al., 2012). 

At any scale, light and nutrients are the most crucial resources for phytoplankton 
growth. In addition, diverse physical, chemical and biological variables act as 
conditioning factors for phytoplankton development and biomass levels. For 
example, temperature, water column stability, advection, grazing, sinking, bottom 
topography, offshore distance, etc., usually lead to temporal and spatial variations in 
primary producers at different scales and also in primary productivity levels.  

The overall distribution of phytoplankton biomass and primary production is 
associated with the position of frontal zones and water circulation resulting from the 
cyclonic circulation linked to the topography. This general scheme of distribution has 
been known since the first reports on Antarctic phytoplankton (Hardy and Gunther, 
1935; Balech, 1968; El-Sayed, 1968a; 1968b; 1970).  High local variability is 
superimposed on this general pattern as demonstrated by satellite information 
showing spots of very high chlorophyll concentration within areas of generally low 
concentration (El-Sayed and Hofmann, 1986).  

Knox (2007) reviewed the levels reached by phytoplankton, chlorophyll and primary 
productivity in distinct Antarctic areas and showed the strong variability associated 
with different processes and sectors. In the case of Antarctic phytoplankton, 
variability is generally attributed to (a) extreme seasonal variability in solar radiation, 
(b) availability of iron (Fe), which is considered as a key limiting factor in the deep 
and open waters of the Southern Ocean, and (c) the extent, duration, and 
seasonality of sea ice and glacial discharge, which influence the life cycles of most 
Antarctic organisms (Ducklow et al., 2013). The annual retreat and melting of sea ice 
in spring causes the stratification of the upper ocean layer, thus activating the 
development of important phytoplankton blooms. The magnitude of these blooms is 
related to the winter extent of ice cover, which acts as a barrier to wind mixing 
(Ducklow et al., 2012; 2013).  



Antarctic continental shelf regions have an annual productivity  that ranges from 10 
g C m-2 to 200 g C m-2; the greatest rates occur in the Ross Sea and the western 
Antarctic Peninsula, but elevated productivity is found in nearly all coastal polynyas 
(Catalano et al., 2010; Smith et al., 2010).  

Large variability in primary productivity was observed along a twelve-year time 
series (1995-2006; Palmer Long-Term Ecological Research). The average daily 
integrated primary productivity varied by an order of magnitude, from 250 C m�>�î d�>�í 
to 1100 mg C m�>�î d�>�í, with an average of 745 mg C m�>�î d�>�í. A marked onshore–
offshore gradient from 1000 C m�>�î d�>�í to 100 mg C m�>�î d�>�í t2(re)ary





2. Zooplankton and Nekton 

 

Multicellular animals in the water column are generally divided by size and 
swimming ability. This distinction is not always clear, however; some active 
swimmers may be quite small, whereas some large animals may be such poor 
swimmers that they are little more than drifters. Zooplankton species range from 
microscopic animals so small that the water is for them a very viscous environment, 
to large (sometimes very large) but slow-moving gelatinous animals from several 
evolutionary lineages. In addition to animals that are planktonic throughout their life 
cycles, zooplankton sometimes include eggs and larvae or, for some species, 
spawning stages of bottom-living (benthic) animals. The nekton include generally 
larger animals 



 

Salps, which are megaplankton with jelly-like bodies, are chordates more closely 
related to vertebrates than to true jellyfish. They have complex life cycles, including 
both sexual and asexual (budding) reproduction and alternating generations of 
solitary individuals and chain-like colonial aggregates. Because they are capable of 
asexual reproduction, population abundance can respond rapidly to favourable 
conditions, resulting in a “bloom” (i.e., very high abundance). 

Because a developmental stage of krill is dependent on ice algae and therefore on 
the amount of sea-ice habitat during that stage in the krill life cycle, alternation 
between high abundances of krill and salps is related to the amount of sea ice during 
the previous winter (Loeb et al., 1997). This alternation has very important 
implications for food webs in the Southern Ocean, especially pelagic food webs, but 
for benthic food webs as well. Krill are the preferred prey of many mid-level 
Antarctic predators (Knox, 2007). Although many of them can also feed on salps, the 
food quality obtained from salps compared with the energy expended in feeding is 
much less than for krill. Therefore, krill swarms are very important to maintain 
population levels for many species in the Southern Ocean. 

Other than salps and krill, the numerically dominant group of zooplankton is the 
copepod crustaceans. Copepods are also the most diverse group of zooplankton, 
with more than 70 species in the upper 100 m of the water column. Another 
important crustacean group is the amphipods, which may be free-swimming or 
associated as predators or commensals with gelatinous megaplankton.  

Other important zooplankton groups, sometimes abundant although not diverse, 
include pteropod mollusks, pelagic polychaete worms, chaetognaths (arrow worms), 
larvaceans, and ostracods.  

Because many Antarctic species develop directly in large eggs rather than as larvae 
hatching from  many small eggs, benthic species that spend their early life history in 
the water column (meroplankton) make up a less important component of the 
zooplankton in the Southern Ocean than elsewhere, although larvae may be 
seasonally abundant in some coastal areas. 

Among the nektonic fish



The octopods include one finned (Cirrrata) species that can be locally very abundant 
(Vecchione et al., 1998) and a surprising diversity of incirrate species. Whereas the 
incirrate fauna were 



3. Microbes 

 

The microbial community plays a pivotal role in the pelagic food web of the Southern 
Ocean; it controls many processes, including primary production, turnover of 
biogenic elements, degradation of organic matter and mineralization of xenobiotics 
and pollutants (Azam et al., 1991; Azzaro et al., 2006; Fuhrman and Azam, 1980; Karl, 
1993; Manganelli et al., 2009; Smith et al., 2010; Yakimov et al., 2003). Prokaryotic 
abundance and activity shift significantly over the annual cycle as sea ice melts and 
phytoplankton blooms develop (Ducklow et al., 2001; Pearce et al., 2007). Microbial 
food chains develop even in regions where large euphausiids are abundant. These 
chains involve small metazoans and predominate in the northern open waters 
(Atkinson et al., 2012) with multiple trophic levels (copepods, chaetognaths, 
amphipods, myctophids, fish and birds) in contrast with the classical short chain of 
diatoms – krill – vertebrates. Marine microbes exhibit a diversity which also depends 
on the timing, location and  sampling method (Pearce 2008; Murray et al., 1998); 
research devoted to this group is increasing, using genetic and molecular approaches 
in Antarctic surface (Murray and Grzymski, 2007) and deep waters (Moreira et al., 
2004). Studies on diversity of bacterioplankton suggest that the diversity seems to 
rival that found in other ocean systems, although many polar phylotypes host a 
distinct biogeographic signal (Pommier et al., 2005). The Archaea (DeLong et al., 
1994) have a distinct seasonal cycle in which Marine Group I. the Crenarchaeota, are 
abundant in late winter in surface Antarctic waters (Murray et al., 1998; Church et 
al., 2003;  Murray and Grzymski, 2007). Southern Ocean environmental genomic 
studies focusing on identifying organisms and metabolic capabilities of the microbial 
community are limited (Béja et al., 2002; Grzymski et al., 2006). Grzymski et al. 
(2012) found that the most noteworthy change in the bacterioplanktonic community 
in nearshore surface waters of the Antarctic Peninsula was the presence of 
chemolithoautotrophic organisms in winter and their virtual absence in summer 
when incident solar irradiance is at a maximum and primary productivity is high.  If 
chemolithoautotrophy is widespread in the Southern Ocean in winter, this process 
may be a previously unidentified carbon sink. Research trends point to microbial 
diversity in marine invertebrates (Webster et al., 2004; Webster and Bourne, 2007; 
Riesenfeld et al., 2008). 

 

4. Benthos  

 

Antarctic shelves are very deep, a process that developed from the glaciation that 
began with the isolation of the Southern Oceans because of the weight of the 
continent’s massive ice sheet. Due to the isostatic depression of the Antarctic 
continent by the extant ice sheets, the features of Antarctic continental margins are 
distinct from those of the rest of the ocean and the continental shelf break occurs at 
a depth of ca. 1,000 m compared to about 200 m and less elsewhere in the world 
(Smith et al., 2010). Such evidence implies that (a) the continental margins tend to 
be narrow and often have deep canyons, (b) essentially no organic matter is derived 
from continental sources, and (c) the only significant effects of the continent are to 
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provide mineral material to the continental shelves via ice-rafted debris and glacial 
meltwater to restricted coastal environments. More than 95 per cent of the shelves 
are at depths outside the reach of photosynthetically active radiation (Turner et al. 
(eds.), 2009). Some 33 per cent of the continental shelves are covered by the floating 
ice shelves.  

The shelf benthic fauna are dominated by sessile particle feeders with high biomass 
and low productivity. Many species are long-lived, have low metabolic rates, lack the 
pelagic larval phase and need longer development time. Benthic communities cover 
a full range from an extremely high biomass of several kg wet-weight m-2 to 
extremely low biomass, abundances and metabolic processes below ice shelves 
(Azam et al., 1979). 

Knowledge of the benthic fauna has developed from historical surveys, individual 
national projects and cooperative projects, such as the European Polarstern Study 
(EPOS), Ecology of the Antarctic Sea Ice 







(sharks and rays) are also found with bottom dwelling (e.g. Somniosus antarcticus, 
Amblyraja spp. and Bathyraja spp.) and mesopelagic species (e.g. Lamna nasus). 

The Southern Ocean lacks the epipelagic fish typically found in surface waters of 
other oceans. The few species of mesopelagic fish, living in the open ocean down to 
depths of about 1000 m, are members of cosmopolitan families. Typically antarctic is 
the nothotheniid Pleurogramma antarctica. Closely related with ice are the species 
Trematomus borchgrevinki, 

T. amphitreta, and Pagothenia brachysoma. A recent revision of Southern Ocean 



6. Higher-order predators 

 

Many sub-Antarctic species of birds, pinnipeds and cetaceans occur in northern ice-
free waters of the Southern Ocean, and move south in the summer as the pack ice 
recedes (see chapter 36B). Oceanic fronts present sharp discontinuities in the 
properties of surface water and food availability; it is well known that predators 
associate with fronts where they find favourable feeding conditions and are critical 
for the distribution of seabirds and marine mammals (Bost et al., 2009).  

Numerous species of seabirds have been recorded in the Southern Ocean; most are 
vagrant with only 16 of them nesting in the Antarctic continent (Clements, 2000; 
Woehler et al., 2001; Harris et al., 2011; Coria et al., 2011; Santora and Veit, 2013; 
Joiris and Dochy, 2013; Ropert-Coudert et al., 2014). Vagrant species forage within 
the productive Southern Ocean waters during summer and come mainly from sub-
Antarctic islands, although some, such as the Arctic tern Sterna paradisaea, fly 
thousands of kilometres from very distant places (Egevang et al., 2010). A 
community of seabirds with very stable composition is found in the pack ice; it is 
probably the most unvarying of any seabird assemblage in the Southern Hemisphere 
(Ribic and Ainley, 1988). Penguins (Adélie and Emperor) are the typical species, 
together with snow and Antarctic petrels and, in summer, the South Polar skua and 
Wilson and storm petrels.  

Penguins are the dominant component of the seabird communities in the Southern 
Ocean in terms both of biomass and prey consumption (Croxall and Lishman, 1987). 
Nine out of the 18 penguin species inhabit the Southern Ocean; their distributions 
are reflected in their diets and adaptations to the particular environmental 
conditions found in their respective ranges, as summarized by Ratcliffe and Trathan 
(2011): 

- Emperor penguins (Aptenodytes forsteri) are inhabitants of the high Antarctic; this 
is the only species that breeds on the land-fast ice along the Antarctic coast during 
winter.  When foraging during winter, emperor penguins have to travel to the edge 
of the fast ice to feed (Wienecke and Robertson 1997; Zimmer et al., 2008).  

- King penguins (Aptenodytes patagonicus) feed close to the Polar Front in summer,  
predominantly on myctophids (Krefftichthys anderssoni and Electrona carlsbergi). In 
winter the birds move closer to the ice edge.  

- Adélie penguins (Pygoscelis adeliae) breed on the Antarctic continent and nearby 
islands, but their breeding season is in summer, roughly from October to March, and 
their foraging activity is heavily dependent on sea-ice conditions (Ainley, 2002). Their 
diet is dominated by euphausiid crustaceans and fish (e.g., Coria et al., 1995; 
Libertelli et al., 2003). Foraging is mainly confined to pack ice, and seasonal 
variations in the distribution of this ice 











of the ecosystem approach, aiming to limit the changes induced by the fisheries to 
those reversible in two to three decades. Catch limits and inter alia, fishing methods 
and data collection requirements are established by a Comission, based on the 
assessments and advice provided by the Scientific Committee. To date, no methods 



structuring the pelagic ecosystem, the consequences of these changes cannot be 
foreseen. 

 

Ship observations suggest that the extent of sea ice was greater in the first half of 
the twentieth century, but satellite measurements from 1979 to 2006show a 
positive trend of around 1 per cent per decade. The greatest increase, at around 4.5 
per cent per decade, occurred in the Ross Sea; the reduction in sea-ice cover 
affected the Bellingshausen sea. 

The pelagic ecosystem was affected by the consequences of the regional sea-ice 
reduction. Krill population has not increased after the near-extinction of some whale 
stocks. Although predation by seals and birds increased, the total bird and seal 
biomass remains only a fraction of that of the former whale population (Flores et al., 
2012). The krill stock, of which 150 million tons were being eaten by whales, would 
have been an estimated three times larger in the pre-whaling time. Commensurate 
primary production would be around that estimated for the North Sea, not leaving 
much for other grazers and copepods. This means that phytoplankton also 
decreased, but the details of the phenomenon are still unclear.  

Sea bird monitoring in the Scotia Sea has shown a significant decline in the 
abundance of krill predators, such as the cape petrel, Daption capense, the southern 
fulmar, Fulmarus glacialoides, and Wilson’s storm petrel, Oceanites oceanicus; other 
species with generalist diets have increased their number: the Antarctic Prion, 
Pachyptila desolata, and the Black-browed Albatross, Thalassarche melanophris 
(Orgeira and Montalti, 1998).  Other non-Antarctic species, such as the white-
chinned petrel, Procellaria aequinoctialis, have extended their pelagic ranges further 
south, (Montalti et al., 1999).  

At least a conceptual model of the structure and functioning of the ecosystem is 
necessary to understand these phenomena. In-situ iron fertilization experiments 
demonstrated that iron, as a micronutrient, may limit phytoplankton growth even in 
presence of large concentrations of nitrate and phosphate. In the whale feeding 



predators also contribute to iron recycling while accumulating blubber and excreting 
nutrients in surface waters; a significant proportion of plankton biomass is degraded 
below the euphotic zone. Thus the productive “chain of the giants” may have 
maintained itself via recycling the nutrients at a rate compatible with the growth of 



 

11. Contamination  

 

At the local level, contaminants from coastal stations are introduced through waste 
water, dump sites and particulates from the activity of stations and ships. Persistent 
organic pollutants (POPs) have been found in water, sediments and organisms in the 
vicinity of several stations (e.g., UNEP, 2002; Bargagli, 2005). Since 1991, the 
Protocol on Environmental Protection to the Antarctic Treaty1 has imposed severe 
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