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Every autumn a fundamental transition occurs in the surface waters of
polar oceans. Millions of square kilometres of surface waters freeze to
form an ice layer that varies from a few centimetres through to several
metres thick, and which effectively separates the ocean from the
atmosphere above. Ice made from seawater is a porous, semi-solid
matrix permeated by a labyrinth of brine channels and pores, and
within these a diverse microbial assemblage, including viruses, Archaea,
bacteria, flagellates and unicellular algae can thrive. These assemblages
can reach such high abundances that the ice becomes a rich coffee
colour. The microbial assemblages are in turn a rich food source for
grazing protoplankton and zooplankton, especially in winter when
food in the water column is scarce.

40C) and the extent of insulating
snow cover. In contrast, the temperature at the underside of an ice
floe will be at or close to the freezing point of the underlying seawater. This results in gradients of
temperature, brine salinity and
volume of brine channels and
pores throughout an ice floe.
During autumn and winter, the ice
is generally colder, brine salinities
are higher and brine volume is
lower in surface ice, compared
with underlying ice. Naturally,

Frozen seawater

of metres thick. The majority of the

as ice begins to warm and melt in

ice in the Southern Ocean lasts only

spring and early summer, these

Seawater freezes at approximately

less than 1 year, and the average

gradients break down.

1.8C, and the salts contained

Antarctic sea ice thickness is 1 m.

within the water are expelled from

In contrast, in the Arctic Ocean sea

the growing ice-crystal matrix. The

ice can last several years and the

first visible stage of ice formation is

average thickness is generally 2 m.

the accumulation of ice crystals that
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perature of the ice, as is the brine

matrix 2. The interest in these
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Despite the obvious low tem-
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extracellular polymeric substances

peratures, sea ice is also character-
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particular, the CFB (Cytophaga/
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Acclimatization to life
in the ice
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produced mainly while sea ice is

from Baltic Sea ice which
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produces extracellular
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cryoprotectants, such as antifreeze,
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Ice shelf, sea-ice and
open water (Antarctica)

fluidity is one of the most impor-

tron transport and incorporation of

between primary (QA) and second-

tant acclimatization during temper-

protein–pigment complexes. The

ary (QB) electron acceptors and thus

ature reduction and is therefore

regulation of membrane lipid com-

the velocity of electron flow. Beside

well-documented, particularly for

position in sea-ice diatoms has been

this influence of lipids on electron

bacteria10. It is clear that a decrease
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electron transport under low temper-

structure of thylakoid membranes11.

combination of the following

atures, low irradiances and nitrogen
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increased production of bilayer-
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fatty-acid chain length; an increase

ance in sea ice. Light also regulates
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of bilayer-stabilizing proteins and
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branching. Furthermore, polyun-

synthesis in sea-ice diatoms . At low

rupted entire chloroplast membranes

saturated fatty acids (PUFAs) are

irradiances, there are increased

and photosynthetic potential with-

not normally detected in temperate

amounts of PUFAs in monogalacto-
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bacteria, but 3 and 6 fatty acids
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Besides temperature, salinity is

such as C20:5, n–3 are often found in

lipid class of thylakoid membranes.

probably the factor that has the

significant amounts in lipids of sea-
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greatest influence on the organisms

ice bacteria.

tion of sea-ice diatoms, in terms of

living within the brine-channel sys-

lipid metabolism, is tightly con-

tem, especially in cold ice where the

concentrated in chloroplast lipid

nected with light acclimation, espe-

brine salinities can be three or four

classes where they have essential

cially for photosystem II processes.

times higher than in seawater1. The

roles in membrane structure, elec-

PUFAs support the interactions

ability of diatoms to acclimatization

Most of the PUFAs in diatoms are
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to hyperosmotic brine solutions is

when the ambient salinity decreases.

based on accumulation of free amino

Furthermore, DMSP is cleaved to

acids, such as proline, and other cryo-

DMS in alkaline conditions, such

gases in sea-ice brines collected to

protectants, such as dimethyl

that the shifts of pH (up to a pH of

date indicate that when there is high

sulphoniopropionate (DMSP) . The

approximately 10) that have been

primary production, and accumula-

intracellular concentrations are

measured in sea-ice brine may

tion of large algal standing stocks in

dependent on environmental condi-

enhance this reaction within the sea-

sea ice, the brines are characterized

tions, but also on the physiological

ice habitat. Lastly, DMSP is broken

by substantial reductions in total

potential of each species. Some

down to DMS and acrylic acid

inorganic carbon, exhaustion of

diatom species are able to produce

through the action of the enzyme

aqueous CO2, pH values up to 10 and

more of these cryoprotectants and are

DMSP-lyase and also from grazing

O2 supersaturation15. The ability to

therefore able to grow at lower tem-

by protozoans and metazoans, as

sustain photosynthesis at high O2 and

well as viral infection.

low CO2 levels in a strongly alkaline
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peratures and in higher salinities. In

and therefore into the atmosphere.
The limited data on dissolved

In remote ocean regions, DMS

lific producers of DMSP and proline.

accounts for most of the non-sea salt

requisite for survival of algae within

Studies in the Antarctic have shown

sulphate in the atmosphere, and the

the ice. For example, the ability of

that very high concentrations of

oxidation of DMS in the atmosphere

algae to actively assimilate HCO3 at

DMSP can be produced by ice algae

to aerosol particles and cloud con-

very low aqueous CO2 concentra-

assemblages reaching concentrations

densation nuclei is part of a complex

tions is considered to be a decisive

of over 1500 nM, much higher than

system of localized and global cli-

factor for the success of small diatom

open seawater values which typically

mate control. The greatest release of

species, such as Chaetoceros cf.

range from 0 to 50 nM14.

DMS from sea-ice regions is associ-

neogracile, that are common in estab-

ated with melting ice and the corre-

lished sea-ice algae assemblages.

supply, all influence the production

sponding reduction in ambient

of micro-algae

Low CO2 conditions can be exper-

of DMSP. In sea ice, however, salin-

salinity, when cells containing hyper-

ienced by phytoplankton in seawater,

ity is the dominant factor influenc-

salinity-induced high concentrations

but hyperoxic conditions are rare in

ing DMSP production by the ice

of DMSP are released into the sea-

marine systems. It is also possible

algae, with DMSP being synthesized

water. Periods of ice ablation are also

that toxic photochemical products

and accumulating in hypersaline

times when elevated grazing activity

may accumulate in such environ-

conditions. DMSP degrades to DMS

in ice edge waters will increase the

ments, especially under conditions of

(dimethyl sulphide) and acrylic acid

release of DMS into surface waters

high incident UV radiation associated
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environment will be a critical pre-

contrast, pelagic diatoms are less pro-

Light, temperature and nutrient
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with depletions in atmospheric ozone

solved gases and other inorganic

in both the northern and southern

nutrients. The sea ice can be a place

hemispheres. Despite ice being an

of both high and low light stress for

effective barrier to light, UV radia-

photosynthetic organisms. While we

tion has been shown to penetrate

have identified many of the organ-

snow-free ice to a depth of over 1

isms that are found in the ice (at least

metre16. These products include sub-

groups), the challenge for the future

stances such as hydrogen peroxide

will be to identify the biochemical

and hydroxyl radicals, which can

and genetic adaptations of sea ice

damage nucleic acids, proteins and

organisms, not simply to single

other cell constituents. Diatoms have

stress factors but to the complex

been shown to have high activities of

interaction of factors that are present

antioxidative enzymes, such as cata-

within the ice matrix4,5.

lase, glutathione peroxidase and glutathione reductase, to cope with these
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