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INTRODUCTION

The sea ice habitat is still a relatively under-explored
research area. Although we have a reasonable under-
standing of the physics and ecology of sea ice-covered
seas (Brierley & Thomas 2002, Thomas & Dieckmann
2002), biogeochemical processes taking place within
the sea ice matrix are still largely unknown. This is due
to limited access to sea ice throughout the year and the
difficulties with sampling and in situ measurements
(Smith & Hermann 1991, Mock & Gradinger 1999,
McMinn et al. 2000, Kühl et al. 2001, Rysgaard et al.
2001). In the past decade, sea ice research has begun
to benefit from the development of new technologies
that enable the investigation of the sea ice interior

(Mock & Gradinger 1999, Eicken et al. 2000, Junge et
al. 2001) and the elucidation of small-scale oxygen dis-
tribution within brine channels during sea ice forma-
tion (Mock et al. 2002) and at the ice water interface
(McMinn et al. 2000, Kühl et al. 2001, Rysgaard et al.
2001, Glud et al. 2002, Trenerry et al. 2002). 

For the first time oxygen micro-optodes have
enabled us to measure oxygen directly within sea ice
brine channels or pockets without disturbing the ice
matrix or the brine chemistry (Mock et al. 2002). How-
ever, this was only possible by freezing the sensors into
growing ice. In consolidated ice, processes are best
measured by adapting non-invasive methodologies
such as NMR (nuclear magnetic resonance) (Eicken et
al. 2000), cryo-microscopes (Junge et al. 2001) or PAM
(pulse amplitude modulated fluorescence measure-
ments) while sensors and microelectrodes are ideal for
studying the ice water interface (McMinn et al. 2000,
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Kühl et al. 2001, Rysgaard et al. 2001, Glud et al. 2002,
Trenerry et al. 2002). Microelectrodes have been used
to measure the diffusive boundary layer (DBL) of oxy-
gen at the ice water interface in order to quantify net
photosynthesis of algae (McMinn et al. 2000), which
grow there. Sufficient nutrient supply, relatively con-
stant temperatures and large spaces between the ice
lamellae support the rich growth of sea ice algae
within these few mm of sea ice called the skeletal layer
(Horner et al. 1992). The most successful organisms
living under these conditions are diatoms, which
contribute a large proportion of the total polar primary
productivity (e.g. Warwick 1988, Gleitz et al. 1998,
Lizotte 2001).

The skeletal layer of sea ice consists of ice lamellae
with pore spaces up to 1200 µm wide (Williams et al.
1992, Wettlaufer et al. 1997a, Krembs et al. 2000). The
spacial complexity of this layer results from small-scale
differences in pore space, which is related to lamellar
growth and brine movement (Wettlaufer et al. 1997b).
The skeletal layer and lamellae are a very dynamic
interface due to fluctuating ice and water tempera-
tures (Worster & Wettlaufer 1997). The critical factor
affecting ice growth and the ablation of the skeletal
layer is the flux of energy through the ice; hence, the
steepness of the temperature gradient. Traditional
investigations into ice cores or the use of divers to
deploy chambers in situ have not yet been able to
explain the complex processes at the ice water inter-
face. There is an evident need for laboratory experi-
ments and defined conditions to understand the conse-
quences of variability of the ice water interface
(Worster & Wettlaufer 1997) and the photosynthetic
dynamics of ice-algae under simulated in situ condi-
tions. 

The aim of this study was to cultivate ice algae at the
ice water interface using a microcosm under simulated
in situ conditions, and to investigate the variability of
DBLs on small spatial scales to infer the net photo-
synthesis of ice algae using oxygen microsensors
(optodes). This approach was a further step towards
unravelling the effect of small-scale variability on pri-
mary productivity at the sea ice water interface.

MATERIALS AND METHODS

Microcosm experiment. Artificial sea ice was
formed in a 25 l acrylic-glass cylinder (height = 80 cm;
radius = 10 cm) fixed in a supporting frame and placed
in a freezer room (Fig. 1). The microcosm was filled
with 0.2 µm filtered Antarctic seawater and inoculated
with f/2 nutrients (Guillard & Ryther 1962). The cylin-
der was insulated with polystyrene plates to ensure
freezing from the water surface downwards and not

from the sides. After a decrease in the air temperature
to –20°C, the ice thickness reached 40 cm within 2 d.
The seawater below the ice was then exchanged with
nutrient-enriched seawater (f/2) of 34 salinity, using a
flow-through system at the base of the cylinder. The
circulation system ensured a homogenous salinity and
nutrient regime below the ice. Once these conditions
had been established, 50 ml of a dense axenic
Fragilariopsis cylindrus culture (5 × 105 cells ml–1) was
added through a septum in the bottom of the cylinder.
The polystyrene insulation was removed and subse-
quent cooling continued at –10°C air temperature.
Further freezing was controlled by transparent heating
foils (Minco Products) surrounding the bottom 7 cm of
the cylinder. Freezing was continued and regulated to
allow incorporation of algae into the growing skeletal
layer. The continuous flow-through system ensured a
stable salinity of ca. 36 and constant nutrient supply.
Seawater below the ice (ca. 2.5 l) was exchanged
completely every 3 d. Continuous illumination was
provided from above by a 250 W metal halide lamp
(Siemens). A heat cut-off filter (KG1 Schott) between
the lamp and the cylinder prevented melting of the ice
surface. A stable skeletal layer of approximately 1 cm
thickness harbouring growing algae was established
after ca. 6 mo, following which the micro-optode
experiments were started. 

Pumps, fresh medium and a bottle for the overflow
were maintained at ca. +10°C air temperature in a
room adjacent to the freezer. Flexible tubes (inlet and
outlet) linking this room and the microcosm were insu-
lated to avoid freezing of the flow-through system.

Temperature and light measurements. Ice and water
temperatures were monitored at irregular intervals
prior to the establishment of stable sea ice conditions
using an array of thermistors on the inside of the
cylinder wall. Temperature recordings and visual
observation of the skeletal layer helped to maintain
stable conditions therein. The thermistor array com-
prised 8 Siemens K17 thermistors with a vertical
spacing of 9 cm, installed 3 cm above the bottom of the
cylinder. The thermistors extended horizontally 1.5 cm
into the ice column. 

Scalar irradiance (PAR = photosynthetically active
radiation [400 to 700 nm] in µmol photons m–2 s–1) was
measured on the top of sea ice with a LI-COR 1000
radiometer and a 4πsensor during each experiment. In
order to determine PAR at the ice water interface,
fluxes were calculated from the surface scalar irradi-
ance using Beer’s law:

(1)

where Et = PAR on the sea ice surface; Ei = PAR at ice
water interface; a = albedo (0.7 for frozen white ice)
(Perovich 1996); ki = diffusive attenuation coefficient
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for ice (1.5m–1) (Maykut 1985); dz = ice layer thickness
(m); kchl = mean spectral attenuation coefficient for
chlorophyll a (chl a) (0.035 m2 mg–1) (Smith et al. 1988);
chl(z) = chl a concentration in ice (mg m–2).

Oxygen measurements. Micro-optodes of Type A,
with a measuring range from 0 to 500 % air saturation
(PreSens, Precision Sensing), were used to measure
the oxygen dynamics within the skeletal layer, under
ice water and the diffusive boundary layers. The sen-
sor fibre has a diameter of 140 µm and is tapered to a
tip of ca. 40 µm. This makes them ideal for inserting
into the spaces (up to a diameter of 3000 µm) of the
skeletal layer (ca. lowermost 10 mm of sea ice). To
introduce the sensor into the ice, the optical fibre was
passed through a standard syringe (1 ml) with a 30 cm
needle. Micro-optodes were calibrated at –2°C in
aerated seawater with a salinity of 36 and 100% air
saturation and a solution of 0.5% NaSO3 (0% oxygen).
This calibration was conducted before and at the end
of each measurement. The maximum sensor drift

observed was a decrease of 7.3% air saturation (pri-
mary Microx meter signal), after 24 h sensor deploy-
ment in sea ice. A micro temperature sensor was
pushed through a silicon septum into the lowermost
mm of the skeletal layer to determine whether a tem-
perature gradient, which would effect the optode sig-
nal, existed between the water below the ice and the
lowermost mm of the skeletal layer. No gradient was
measured. Since salinity and temperature are corre-
lated we also ruled out a salinity gradient (Cox &
Weeks 1983). Oxygen sensors were operated from
below the cylinder using a motorised micromanipula-
tor (NL4 Isel), to guide the sensors through the silicon
septum visually to a position between the ice lamellae.
The ice underside was defined as the zone where the
micro-optode tip disappeared between ice lamellae.
Visual guiding was possible because the ice water
interface was relatively flat.

The micromanipulator was connected to a computer
and a Microx I sensor control box (PreSens). Oxygen
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Fig. 1. Scheme of microcosm experiment. Scale given in mm
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measurements were based on the luminescence life-
time of the immobilised luminophore as the oxygen-
dependent parameter (for further details see: www.
presens.de). Signals of the micromanipulator (sensor
depth) and the micro-optodes (oxygen as % air satura-
tion) were processed and visualised using custom
made Labview software (National Instruments), which
also controlled the propulsion of the sensor into the ice. 

The sensor was moved through the spaces between
the ice lamellae in 6 to 100 µm steps with more than 4
measurements of oxygen per step and a temporal
resolution of 1 s. A 24 h time series measurement of
oxygen concentration was also conducted. Calcula-
tions of oxygen concentrations were made according to
the Microx manual. The oxygen concentration as % air
saturation was calculated according to Eq. (2):

(2)

where Φ0 = phase angle of oxygen-free water; Φ =
measured phase angle; KSV = Stern-Volmer constant;
[O2] = oxygen content as % air saturation.

The conversion of % air saturation into µmol O2 l–1 is
obtained with Eq. (3):

(3)

where patm = actual atmospheric pressure; pN = stan-
dard pressure (1013 mbar); 0.2095 = volume content of
oxygen in air; pw(T) = vapor pressure of water at tem-
perature T (K); M(O2) = molecular mass of oxygen
(31.25 g mol–1); VM = molar volume (22.414 l mol–1);
α(T;Cl–) = Bunsen absorption coefficient at water tem-
perature T (271°K) and chlorinity (20), which is
assumed to be the same within the lowermost few mm
of sea ice.

Photosynthesis. Net photosynthesis was calculated
by using diffusive oxygen fluxes (J) based on the 1-
dimensional version of Fick’s first law of diffusion
(Revsbech & Jørgensen 1986):

(4)

where DO is the molecular diffusion coefficient (at
–1.9°C = 1.11 × 10–5 cm2 s–1; Broecker & Peng 1974) and
dC/dz is the concentration gradient. 

Micro-optode experiments were conducted in a
stable skeletal layer for a period of 5 d. This was an
important prerequisite for the growth of diatoms. With-
out stable conditions the skeletal layer would either
disappear by melting or advance by continuing lam-

ellar growth. Both processes cause strong biomass
fluctuation and changes in mass transfer of salt and gas
(Glud et al. 2002). An outflow of dense brine was only
observed during the initial stages of ice growth and
not during oxygen measurements within the stable
skeletal layer. The optode sensor tips were placed into
the spaces of the skeletal layer up to a maximum dis-
tance of 2 mm without damage to the fragile tips or the
ice lamellae. Whenever ice lamellae appeared to flake
off, the measurements were abandoned. Sixteen
micro-profiles were successfully completed, of which 3
examples are shown (see Fig. 4a,b,c). Five successful
time series measurements were carried out, 1 of which
is shown in Fig. 3. 

Salinity, nutrient and pigment measurements. After
the micro-optode experiments were completed, the sea
ice column was removed from the cylinder. The bottom
10 cm of the ice column was cut into 5 and 10 mm
horizontal sections using a stainless steel saw and
melted at 4°C in the dark. Salinity of the melted ice sec-
tions was determined with a WTW (Wissenschaftlich
Technische Werkstätten) salinometer and the brine
volume fraction of ice was calculated according to Cox
& Weeks (1983). Nutrient concentrations were deter-
mined according to standard seawater procedures in
Grasshoff et al. (1983). For the determination of algal
pigment concentrations (chl a and phaeopigments),
thawed core sections were filtered onto Whatman GF/F
filters extracted in 90% acetone and analysed fluoro-
metically with a Turner Designs Model 10-AU digital
fluorometer according to Arar & Collins (1992).

RESULTS

Sea ice formation began from the seawater surface
after cooling below –2°C. A sea ice column of 60 cm
had developed down to the heating foils after 8 d. The
sea ice column was characterised by higher tempera-
tures at the top and bottom with a minimum in the cen-
tre (Fig. 2). The air temperature increase from –20 to
–10°C caused a general increase in sea ice tempera-
tures and a reduction of the steep gradient in the
bottom of the sea ice. A stable skeletal layer had devel-
oped ca. 1 mo later without any measurable variance in
sea ice thickness. The micro-optode experiments were
conducted 18 d later. 

Dissolved oxygen concentrations between ice lamel-
lae fluctuated over time as indicated by results
obtained during 24 h period and under continuous
light (Fig. 3). Strong fluctuations were recorded within
the first 11 h, followed by a stable period for 5 h and a
steep rise and continued increase in oxygen.

Oxygen microprofiles across the ice water interface
and within the ice were highly variable. Three differ-
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ent scenarios were observed: (1) a linear increase in
oxygen concentration, which represented the diffusive
boundary layers beginning with increasing concentra-
tions in the water below the ice (Fig. 4a), (2) an
increase beginning at the ice water interface (Fig. 4b)
or (3) an increase beginning only between the ice
lamellae (Fig. 4c). Only diffusive boundary layers
within ice lamellae were used to determine net oxygen
flux using Eq. (4). Net oxygen export ranged between
0.0064 and 0.0225 nmol O2 cm–2 s–1 depending on the
steepness of the dissolved oxygen gradient. The
strongest gradient was measured within the ice,
1.5 mm from the ice water interface (Fig. 4c).

Chl a in the sea ice column was detectable to a
distance of 100 mm from ice water interface (0.03 µg

chl a l–1) (Fig. 5) increasing steadily to a maximum of
42.06 µg chl a l–1 in the bottom 5 mm. The ice was
characterised by a bulk salinity gradient (Fig. 6) with a
minimum at 40 cm below the surface and a maximum
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Fig. 2. Thermistor measurements in sea ice and seawater from
the beginning of surface sea ice development at Day 1 to fully

stabile ice conditions at Day 167

Fig. 3. Continuous measurements of dissolved oxygen
concentrations within 1 brine channel of the skeletal layer

measured over 24 h and continuous illumination

a

b

c

Fig. 4. Micro-profiles of dissolved oxygen measured at the sea
ice water interface: (a) linear increase in oxygen concentrations,
which represented the diffusive boundary layers beginning with
increasing concentrations in the water below the ice; (b) in-
crease beginning at the ice water interface; (c) increase be-

ginning only between the ice lamellae
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at the ice water interface, which coincided with
the biomass peak of Fragilariopsis cylindrus. The
maximum brine volume of 50% also occurred at
the ice water interface (Fig. 6). Nutrient concen-
trations were exceptionally high as expected for
artificially enriched seawater (Fig. 7). The verti-
cal distribution of nutrients through the bottom
100 mm of sea ice followed the bulk salinity pro-
file with lowest nutrient concentrations in the
interior and increasing concentrations towards
the ice water interface. 

Scalar irradiance at the top of the ice was
561 µmol photons m–2 s–1 during the experiments.
Calculated scalar irradiance experienced by the
algae at the ice water interface was 40 µmol
photons m–2 s–1. 

DISCUSSION

The skeletal layer is characterised as a 3-di-
mensional network of ice lamellae, interspersed
with layers of brine (e.g. Weissenberger et al.
1991), and differs structurally from sediment or
stone surfaces. This was shown by our fluctuating
oxygen measurements. Strongly fluctuating oxy-
gen concentration in a brine channel, observed
during a 24 h period of continuous illumination, is
probably related to several factors. Percolation of
brine occurred within the ice, which could cause a
local decrease of oxygen concentration (Glud et
al. 2002), although brine drainage was not ob-
served. Brine from the interior of colder ice has a
higher salinity and consequently lower oxygen
concentration (Sherwood et al. 1991, Mock et al.
2002). Photosynthetic activity is reduced as
salinity increases (Bates & Cota 1986, Mock &
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Fig. 5. Chl a distribution in the bottom 10 cm, where Fragilariopsis
cylindrus was cultured

Fig. 6. Vertical profile of salinity in melted ice sections and relative
brine volume as % of ice volume over the bottom 10 cm

Fig. 7. Vertical profiles of nutrients in melted ice sections over the bottom 10 cm
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Gradinger 1999). The general trend, however, was an
increase in oxygen concentration over time due to
photosynthetic activity of Fragilariopsis cylindrus.

Oxygen micro-profiles revealed varying thicknesses
of the DBL within a distance of a few cm. This implies
a complex surface topography and thus an intricate
DBL topography (Jørgensen & DesMaris 1990). We
assume that DBLs develop at the base of each ice
lamella, which also appears to be the locality of the
algae. Thus a 1-dimensional geometry for 1-dimen-
sional diffusion calculations still exists, albeit on a
small scale. The 1-dimensional geometry changes to a
radial geometry with increasing distance from the ice
water interface, where vein-like brine channels domi-
nate. The DBL thickness ranged from ca. 460 µm to
>1000 µm across the ice water interface (Fig. 4).
Differences in DBL thickness of the ejected seawater
are affected by flow velocities and turbulence which
are dependent on surface roughness (Jørgensen &
Revsbech 1985). The roughness of the ice water
interface which existed over different metric scales is
assumed to be the main reason for strong variability of
the boundary layer thickness. Our results demonstrate
that the DBLs at the ice water interface and below the
ice are in fact influenced by different sizes of ice
lamellae (Fig. 8). It is well known from sediment stud-
ies that grains or pellets above 0.2 to 0.4 mm in size
cause measurable deviations of the DBL thickness
(Jørgensen & Revsbech 1985). The ice lamellae at the
ice water interface were longer than 0.4 mm (Fig. 8).
Gas bubbles, which formed during ice formation as a
result of increasing salinities (salting-out effect) could

also have contributed to the complex behaviour of oxy-
gen at the ice water interface (Tsurikov 1979). How-
ever, this physical effect is assumed to be small within
the stable skeletal layer. 

The complex DBL topography can affect the transport
coefficient and thus would invalidate the use of a 1-
dimensional diffusion approach to estimate solute fluxes
(M. Kühl pers. comm.) This is obviously even more the
case under natural conditions. For instance, a significant
mass transfer of salt and gases occurs, particularly during
sea ice growth or melt or any other physical force, which
causes advection of brine at the sea ice water interface.
Such processes are probably negligible in our micro-
cosm. Nonetheless, our calculated fluxes are comparable
to oxygen fluxes measured under natural conditions
(Table 1) (McMinn & Ashworth 1998, McMinn 2000, Buf-
fan-Dubau 2001, Trenerrry et al. 2001). This could pos-
sibly be related to similar stable conditions whenever
these natural oxygen fluxes were measured. 

Strong differences in net photosynthesis determined
in studies of natural sea ice populations were related to
differences in assimilation numbers. The reported
assimilation numbers for sea ice studies ranged from
0.0002 (Trenerry et al. 2001) to 2.0100 mg C mg–1 chl a
h–1 (McMinn 2000), which was attributed to large
differences in algal biomass between studies and large
spatial heterogeneity of the sea ice algae. In future, we
will have to measure chl a in the spatially confined
areas in which we have determined the oxygen distri-
bution (Kühl & Fenchel 2000). As the chl a measure-
ments were imprecise, we did not attempt to calculate
assimilation numbers for the algae.
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Fig. 8. ice water interface with
large ice lamellae in the ske-
letal layer (bottom 10 mm of

sea ice)

Ice lamellae

heating
foil

ice water interface

10 mm
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The multi-factorial influence of oxygen distribution
debilitates the quantification of photosynthesis or the
estimation of overall large-scale productivity from
microprofiles. Primary production estimates of natural
ice algal communities should therefore, in the foresee-
able future, be conducted with radio-labelled tracers
under in situ conditions (Mock 2002).

CONCLUSION

Fine-scale studies of oxygen measurements at the
ice water interface, especially within the undisturbed
sea ice skeletal layer, are still rare (McMinn et al. 2000,
Kühl et al. 2001, Rysgaard et al. 2001, Glud et al. 2002).
The described culture chamber used to grow sea ice
and microalgae within sea ice over an extended time
period (1 yr and longer) enables visible and mechani-
cal access with micro-optodes to an undisturbed ice
water interface. This preliminary investigation opens
new perspectives in the use of new sensors such as
micro PAM (pulse amplitude modulated fluorometer)
sensors (Walz), CO2 and pH sensors (PreSens) in sea
ice research. The microcosm also enabled us to study
ice algal photosynthesis, simulation of ice melt pro-
cesses, changes in light intensity/spectrum (UV) and
nutrient limitation via the flow-through system. Chem-
ical processes in sea ice can be studied without the
influence of biology (Glud et al. 2002). Consequently
this microcosm is a tool for future research to bridge
gaps in our knowledge of micro-environmental con-
trols at the sea ice water interface.
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