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Abstract Primary production at Antarctic coastal sites is
contributed from sea ice algae, phytoplankton and benthic
algae. Oxygen microelectrodes were used to estimate sea
ice and benthic primary production at several sites around
Casey, a coastal area in eastern Antarctica. Maximum
oxygen export from sea ice was 0.95 mmol O, m~> h™!
(~11.7mg C m 2 h™!) while from the sediment it was
6.08 mmol O, m>h™' (~70.8 mg C m > h~'). When
the ice was present O, export from the benthos was either
low or negative. Sea ice algae assimilation rates were up to
3.77 mg C (mg Chl-a) ' h™! while those from the benthos
were up to 1.53 mg C (mg Chl-a)~' h™'. The contribution
of the major components of primary productivity was
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assessed using fluorometric techniques. When the ice was
present approximately 55-65% of total daily primary pro-
duction occurred in the sea ice with the remainder
unequally partitioned between the sediment and the water
column. When the ice was absent, the benthos contributed
nearly 90% of the primary production.

Introduction

Antarctic marine coastal primary production is contributed
from three main components: sea ice algae, phytoplankton
and microalgal and macroalgal benthic communities. Sea
ice dominates and structures most Antarctic marine eco-
systems (Eicken et al. 1991) and critically limits the
amount of light reaching the photosynthetic communities
(Palmisano et al. 1985; Smith et al. 1988; Cota and Smith
1991). The sea ice microbial communities are a significant
component of the photosynthesizing biomass, contributing
approximately 25-30% of annual primary production in
perennial ice-covered areas (Legendre et al. 1992; Lizotte
2001; Grose and McMinn 2003). In coastal areas fast ice
(i.e. annual ice attached to the shore) has an average bio-
mass of 150 mg chl-a m ™2, which is mostly located in the
bottom 20 cm (Knox 2006) and the production in this
community can vary between 0.053 and 1.474 mg C
m 2 h™! (Trenerry et al. 2002). Beneath the sea ice the
phytoplankton biomass remains low (<0.2 pg chl-a L.
There are few measurements of Antarctic benthic micro-
algal biomass, but values between 95 and 960 mg chl-
a m~? were reported from McMurdo Sound by Dayton
et al. (1986) and between 159.1 and 236.5 mg chl-a m~ 2 at
Casey Station by McMinn et al. (2004). The only published
Antarctic benthic primary production data comes from the
Antarctic Peninsula, where values between 313.4 and
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700.9 mg C m2 d~" were reported by Gilbert (1991). A
comparison of photosynthetic and primary production
data among the three major components has not previ-
ously been made in Antarctica before, although a com-
parable study was made in the Beaufort Sea (Horner and
Schrader 1982). Because of necessary differences in
methodology and units used in the different habitats and
the high variability of in situ irradiance and resultant
biomass, direct comparisons will always be difficult and
prone to inconsistencies.

Advances in the application of microsensor technology
to microbial mats have provided new insights and more
accurate information than previously available. The
application of oxygen microelectrodes to determine
oxygen production within sediment, benthic algal com-
munities has been documented over the past 25 years
(Jorgensen et al. 1983; Revesbech and Ward 1983;
Lorenzen et al. 1995; Klimant et al. 1997). Similar
techniques have also been explored to determine pro-
ductivity of sea ice algal communities (McMinn et al.
2000a; Kuhl et al. 2001; Trenerry et al. 2002; McMinn
et al. 2007). This method is based on the measurement
of the oxygen flux through the diffusive boundary layer
(DBL) (Jorgensen and Revsbech 1985; Roberts and
McMinn 2004) and thus allows calculation of the net
production of the whole mat (McMinn and Ashworth
1998; McMinn et al. 2000a; Trenerry et al. 2002). The
microelectrodes have a fine tip diameter (<40 pm), fast
response times to changes in oxygen tension (90%
response in <l s), low stirring sensitivity (<1%) and
relatively good long-term stability. They are thus a good
tool to investigate the spatial and temporal variability in
both production and consumption of O, in both the sea-
ice and benthic communities.

The development of fluorometric methods for aquatic
systems in the mid 1990s has also allowed measurement of
marine microalgal photosynthesis and thus estimation of
the relative contributions of microalgal groups in aquatic
ecosystems. McMinn et al. (2005) documented not only the
photo-physiological characteristics of sea ice algal, phy-
toplankton and benthic algal groups in northern Hokkaido,
Japan but also their estimated relative contribution to the
coastal production. This method involved the measurement
of the maximum relative photosynthetic electron transport
rate (rETR,.,), ambient irradiance and biomass (areal
chlorophyll a concentration).

The aim of the present study is to examine the diurnal
primary productivity of sea ice and benthic algal com-
munities at three sites near Casey Station using oxygen
microelectrodes. We also explore the relative contribu-
tions of microalgal groups in the three components of
the marine Antarctic ecosystem using fluorometric
methods.
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Materials and methods
Study sites

Field studies were conducted between 2 Dec and 30 Dec
2004 at three sites around Casey Station: Brown Bay (BB),
O’Brien Bay (OBB) and Casey Wharf (CW) (66°28'S,
110°52'E) in Antarctica (Fig. 1) Time of day is presented
as local time (GMT + 5 h). Measurements of primary
production occurred between 3 and 16 December. These
sites were chosen as they offer opportunities to work with
sea ice (under-ice), phytoplankton (in water column) and
benthic (in the sediment) microalgae before and after the
annual ice break out. Snow cover in these areas was vari-
able but <0.2 m. Ice thickness (when present) was
approximately 1.4 m over the study sites (Table 1). Surface
and subsurface irradiance was measured with a Biospher-
ical (San Diego, USA) QSP 200 radiometer with 27 and 47
sensors. Additional irradiance measurements were made
with a fibre optic light sensor (after Kuhl et al. 1994) in
conjunction with the oxygen microsensor measurements.
The weather during the study period was generally overcast
but measurements were also made on the less frequent
cloud-free days. At Brown and O’Brien Bays, sea ice algae,
phytoplankton and benthic algae measurements and col-
lections were made. At Casey Wharf only phytoplankton
and benthic algae were studied as no ice remained. Tem-
perature and salinity were measured at each site with a
WTW (Weilhelm, Germany) conductivity meter.

Chlorophyll a analysis

Chlorophyll a (chl-a) measurements of sea ice were taken
from 4-5 replicate ice cores within a 5 m radius. Ice cores
were obtained by drilling a hole to 1.2 m (Jiffy USA) and
then extracting the bottom 20-30 cm of core by coring
manually with an ice coring drill (Kovaks, USA) to the
bottom. The bottom 10 cm of the core sample was removed
and trimmed to small blocks before melting them into an
equal volume of filtered seawater (0.22 um filter). 100 ml
of the melted sample was filtered onto a Whatman GF/F
47-mm-diameter filter and the pigments were extracted
overnight in 10 ml of methanol. A Turner 10 AU fluo-
rometer was employed to measure chlorophyll-a biomass
following the acidification method of Strickland and
Parsons (1972). The fluorometer was calibrated against a
chlorophyll-a standard (Sigma Chemicals Co., St Louis).
While the oxygen flux measurements were measured on a
scale of mm, the chl-a biomass of the bottom 10 cm was
examined. More than 95% of the chl-a biomass is typically
found in the bottom few centimeters of the sea ice
(McMinn et al. 1999, 2000a) and so only this section of ice
core was sampled for biomass. Because the ice itself, above



Mar Biol (2010) 157:1345-1356 1347
Fig. 1 Location of the three 11020 10°30°
field sites, Casey Wharf, Brown e €
Bay and O’Brien Bay at Casey e e, ,‘_i_’ v 615
Station, Antarctica % ?jf %'L‘—i .Jl-)’f
Lo
i < Bl
”";}d East ‘\3 % ~
P | Casey Wharf _ O 51
N Sl
AT
Ll S ¥
4 k- Af .5"‘\' Brown Bay
e < Casey Station
- Y e B ]
‘-\. N / .
e g \
& ™ —, TN N A,
b Y ) \ ! ,‘6 (] . b
4 ,:"'I \O‘Bricn Bay
:.
% -
520 ? o N 820
.\". ] ‘1 / \
=i 1 0 1 )2 Kilometres
e
. s,
110°20 110°30
Table 1 Summary of site characteristics
Site Community Date Lat Long Ice thickness Snow depth Water depth
Brown Bay (BB) Sea ice algae 12/02 66°16.80'S 110°32.58'E 1.35 £ 0.11 0.15 £ 0.10
BB Benthic algae 12/01 66°16.80'S 110°35.58'E 1.35 £ 0.11 0.15 £ 0.10
BB Phytoplankton 12/02 66°16.80'S 110°35.58'E 1.35 £ 0.11 0.15 £ 0.10
O’Brien Bay (OBB) Sea ice algae 12/09 66°18.72'S 110°30.97'E 14 £0.15 0.05 £ 0.03 14
OBB Benthic algae 12/08 66°18.73'S 110°30.99'E 14 £0.15 0.15 £ 0.03 14
OBB Phytoplankton 12/10 66°18.73'S 110°30.99'E 1.4 £ 0.15 0.15 + 0.03 14
Casey Wharf (CW) Benthic algae 12/30 66°16.46'S 110°33.99'E - - 4
CwW Phytoplankton 12/28 66°16.46'S 110°33.99'E - - 4

Ice thickness, snow depth and water depth are measured in meters

a thin skeletal layer at the ice-water interface, forms an
effective cap to vertical oxygen diffusion, it is assumed that
all oxygen produced by photosynthesis diffuses down into
the diffusive boundary layer (DBL). Therefore, the total
biomass of the bottom few cm is required to estimate
assimilation numbers. Water column chl-a analysis was
based on the collection of a 1 L water sample from a depth
of 5 m (4 m at Casey Wharf) using a 2 L water sampler
(Niskin, USA). The water was subsequently filtered onto
Whatman GF/F 47 mm-diameter filters and extracted and
analyzed in the same way as the ice cores. Sediment
samples for chlorophyll-a analysis were collected with a
purpose built, 15 mm diameter gravity corer. The top 1 cm
of sediment core was removed and pigments extracted in

20 ml of methanol overnight. The resultant chlorophyll
extract was decanted and measured in the same manner as
the water and ice samples.

In situ net primary productivity

Sea ice and benthic algae net primary production was
measured using the in situ oxygen flux across the DBL
method (Jorgensen and Revsbech 1985; McMinn et al.
2000a). The equipment and oxygen microelectrodes (Uni-
Sense, Aahus), that were deployed to take the in situ
measurements of sea ice and benthic algae, were a modi-
fication of the equipment used by McMinn et al. (2000a)
and Trenerry et al. (2002) (Fig. 2). Both the flux of oxygen
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Fig. 2 Oxygen microelectrode
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from beneath the sea-ice algal mat or above the sediment
algal layer and the thickness of the DBL are necessary to
determine the net primary productivity. Oxygen concen-
tration was measured with oxygen microelectrodes that had
a tip diameter of approximately 40 pm, a 90% response
time of approximately 1s and a stirring sensitivity of
1-2%. They were calibrated on site immediately prior to
measurement using values from air-saturated seawater
(saturated by bubbling with a standard aquarium pump for
20 min at —1.8°C) and for deoxygenated seawater (using
sodium sulphite at —1.8°C). Oxygen concentration values,
in pmol O, L_l, for air saturated seawater at —1.8°C were
obtained from Weiss (1970). Measurement of both the
DBL thickness and the oxygen flux was carried out by
stepping the oxygen microelectrode at 10 pm intervals
through the first few millimeters of water under ice or
above the sediment. While for sea ice measurements the
equipment was deployed beneath the sea ice on extendable
arms (McMinn et al. 2000a), for benthic measurements the
equipment was lowered to a resting position with cables
and subsequently remained in communication with a
computer at the surface (Fig. 2).

The fibre-optic light sensor, which was constructed after
Kuhl et al. (1994), was compared with a Biospherical QSP
200 47 PAR sensor and a linear relationship across a range
of subsurface irradiances was obtained. Light measure-
ments were made just beneath the sea ice and just above
the sediment algal mats, for sea ice and benthos measure-
ments respectively. The light sensor had a maximum
detectable light level of approximately 71 umol photons
m 2 s™', resulting in some readings at Casey Wharf and
O’Brien Bay exceeding the maximum. For these mea-
surements the ambient underwater irradiance was calcu-
lated from surface light levels and extinction coefficients
determined from that part of the water column which had
irradiance levels less than 71 pmol photons m s .
Light, oxygen and position data were logged onto a PC at
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the surface approximately every second. Recognition of the
bottom of the sea ice DBL was with repeated O, values or
by a rapid decline in O, concentration associated with
touching the ice. The bottom of the DBL in the sediment
was recognized by a distinct change in slope of the oxygen
flux associated with a diffusional rate change as the
microelectrode entered the sediment (Fig. 3). The top of
each DBL was calculated by determining the depth at
which there had been an increase of 10% of the total
change in oxygen concentration (i.e. the oxygen export
equivalent of the 90% of free-flow concentration of
Jorgensen and Marais 1990; Trenerry et al. 2002). Under-
water video cameras were positioned 5 m from the mea-
suring equipment and 10 cm from the electrode tip to
ensure proper deployment of the equipment had occurred.
Full DBL profiles of sea ice and sediments were obtained
every 15-min for 24 h in sea ice and 12 h in sediments. Sea
ice productivity measurements were made prior to signifi-
cant ice melt to ensure the dominant mode of oxygen
transfer was by diffusive rather than advective processes.
As sea ice melts a layer of fresher water often develops
beneath the ice (Cota and Horne 1989; Kuhl et al. 2001) and
similarly, as ice forms, brine is excluded from the ice cre-
ating a flux of high salinity water. The development of these
gradients has the potential to significantly influence the
transport of solutes across the ice water interface (Glud
et al. 2002a, b). However, at Casey during this time there
was no detectable change in ice thickness over the experi-
mental period, the temperature remained between —1.7 and
—1.8°C and the salinity did not vary. This indicates that
diffusive rather than convective molecular transport was
responsible for most of the measured oxygen flux and val-
idates our approach. This method, however, would not be
appropriate if the ice was either rapidly growing or melting.

The oxygen diffusion flux (J) across the DBL is
equivalent to the net primary productivity of the algal mat
either under ice or above the sediment. It was calculated
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Fig. 3 Examples of oxygen profiles of the diffusive boundary layer
(DBL) obtained from oxygen microelectrode measurements of a sea
ice (Brown Bay at 2:44 pm, 2 December 2004) and b benthic algal
communities (Casey Wharf at 2:14 pm, 1 December 2004). Vertical
scale represents diffusive oxygen flux, horizontal scale is the distance
in microns from the start of the profile. The diffusive boundary layer
is marked by dashed lines

using the 1-dimensional version of Fick’s first law of dif-
fusion (Revsbech and Jorgensen 1986):

J = Do(d[oﬂ/dx)

where D, = molecular diffusion coefficient (at —1.9°C =
1.11 x 107° cm ™2 s_l); Broecker and Peng 1974),
dx = DBL thickness, d[O,] = change in oxygen concen-
tration across the DBL. To convert oxygen fluxes into
equivalent net productivity values the oxygen flux (mmol
0, m 2 h™") was divided by a photosynthetic coefficient
for Antarctic fast ice of 1.03 (Satoh and Watanabe 1988)
and multiplied by the atomic weight of carbon (12.01).
This value is equivalent to production in mg C m~> h™".
The assimilation number was obtained by dividing the
‘carbon equivalent’ productivity value by the chlorophyll
value to give units of mg C (mg chl-a)~' h™"'. This change
to a carbon equivalent assimilation number was made to
enable comparisons with productivity estimates made
using more familiar '*C methods.

Chlorophyll fluorescence measurements

Chlorophyll fluorescence of sea ice algae, phytoplankton
and benthic algae were measured using a pulse-amplitude-
modulated fluorometer (Water-PAM, Waltz, Effenberg,
Germany). The initial fluorescence (F) was measured by
applying a weak measuring light (<1 pumol photons

m s~ ') and a saturating pulse (>3,000 pmol photons
m~2 s~ for 0.8 s) was applied to determine the maximum
fluorescence (F,,’). The ratio of the change in fluorescence
(4AF = F,/ — F) and the maximal fluorescence, AF/F,, is
a measure of the effective quantum yield of PSII in the
illuminated sample. The relative photosynthetic electron
transport rate (rETR) was calculated as the product of the
effective quantum yield and quantum flux density of pho-
tosynthetically active radiation (PAR) (Genty et al. 1989).

All samples were taken as close as possible to midday.
Care was taken to ensure that the samples were not exposed
to direct sunlight. Sea ice algae were shaved off the bottom
of ice cores and placed in the measuring cuvette of the
Water-PAM with 1-2 ml of —1.8°C filtered seawater
(McMinn et al. 2005). The ice was not melted. This method
of measurement has the advantage of not melting the ice
and exposing the cells to osmotic and temperature shocks
while making no significant difference to subsequent
quantum yield measurements. Sediment samples (top
5 mm of each sediment core) were collected with a small
gravity sediment corer, with 15 mm diameter tubes, and
again carried under black plastic into a tent and placed into
the measuring cuvette. Sea-water was collected from 5 m
under the ice. To obtain the rapid light curves (RLC),
samples in the measuring cuvette were light-acclimated (to
an irradiance as close as possible to ambient, i.e. approx
10-20 pmol photons m~> s~ ') for 5 min using the internal
actinic light source of the PAM fluorometer. After 30 s of
darkness, rapid light curves were obtained by illuminating
the samples for 10 s before each AF/F, measurement at
each of a series of eight irradiances that increased in steps
from 0 to 577 pmol photons m~2 s~ (White and Critchley
1999; Ralph and Gademann 2005). Light was provided by
the internal actinic light source, which in the WaterPAM is
centred on 660 nm.

The rETR data generated by the rapid light curves were
fitted to the following equation with a multiple non-linear
regression (Platt et al. 1980):
rETR = rETRpax[1 — exp(—oEq/TETR nax )]

x exp(—PEq/TETR yax)

rETR,,.x represents the maximum potential rETR in the
absence of photoinhibition. « is the initial slope of the light
curve before the onset of saturation and represents the
efficiency of light utilization. E, is the irradiance (in the
general formula 400-700 nm). f is the parameter
characterizing photoinhibition. In the absence of
photoinhibition in the light curves, where f = 0, the
function becomes:

rETR = rETR [l — exp(—aEq/TETR ]

where tETR,.x is the maximum rETR at light saturation
and thus represents the photosynthetic capacity. Standard
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RLCs only generate 9 points in their P vs. E function,
unlike traditional '*C-based P vs. E functions, which typ-
ically have 20 or more data points (Lewis and Smith 1983).
This low number of data points makes correctly estimating
both alpha and beta unreliable. Therefore, because none of
the communities in this study were inhibited at their
maximum ambient irradiance, we removed any ‘inhibited’
data points (rarely more than one per RLC) from the
multiple non linear regressions. In this way we achieved a
more robust estimate of rETR,,,x and o.

Contribution of phytoplankton, sea ice algae
and benthic algae

The relative contribution of phytoplankton, sea ice algae
and benthic algae were calculated as in McMinn et al.
(2005), i.e. by multiplying the areal (m~?) chl-a concen-
tration of each component by their respective rETR at its
maximum ambient irradiance.
Total productivity = (Chl-aphy[ X rETRphyt)

+ (Chl-agj, x TETRg;,)

+ (Chl-aba X I”ETRba)

Relative production of sea ice algae
= (Chl-ag, x rETRg;,)/Total productivity

where phyt = phytoplankton, sia = sea ice algae and
ba = benthic algae.

This approach does not take into account light gradients
within each of the microenvironments or diurnal diatom
migration patterns. Instead it uses an average photosyn-
thetic response from the RLCs and spot measurements for
biomass calculations. Nevertheless, as each community is
largely dominated by the same diatom species, it still gives
a first order impression of the relative contribution of each
community.

Results

Physical and biological site parameters are summarized in
Table 1. Chl-a biomass during oxygen electrode experi-
mentation was variable among sites. Sea ice, benthic and
phytoplankton chl-a at O’Brien Bay (OBB) was approxi-
mately 50, 65 and 3 fold, respectively, higher than that at
Brown Bay (BB). The benthic and phytoplankton chl-a
biomass at Casey Wharf (CW) was almost 3 times higher
than that at O’Brien Bay. Benthic chl-a biomass was
generally the highest (CW = 186 £+ 146, OBB = 71.5 +
63.3, BB = 1.10 & 0.55 mg chl-a mfz) of the three sam-
pled ecosystem components (Table 1). The water temper-
ature beneath the ice during the experimentation time
remained around —1.9°C for the sea ice and benthos, while
it rose to —1.7°C after the ice broke out. The ice thickness
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was approximately 1.4 m at BB and OBB, while at CW it
had already melted prior to the sampling period.

Oxygen profiles from sea ice and sediment DBL mea-
surements were obtained between 2 and 30 December
2004. Examples of both under-ice and sediment profiles are
given in Fig. 3. Peak light levels beneath the sea ice and
above the sediment at BB were 39 and 4.6 umol photons
m 2 s~ ' (Fig. 4b). At OBB the under-ice light levels
peaked at approximately 86 pmol photons m—>s~' and
above the sediment at 19.4 pmol photons m™2 s !
(Fig. 4e). The highest recorded benthic light level at the
CW site was 191 umol photons m~> s~' (Fig. 4g). Under -
ice light levels were approximately eightfold higher than
benthic light levels at BB and 4 times higher in OBB.

The under-ice net oxygen export was generally higher at
OBB (maximum 0.95 mmol O, m~2 h™!, minimum
0.00216 mmol O, m~> h™! Fig. 4c) than at BB (maximum
0.406 mmol O, m~? h_l, minimum  0.00792 mmol
0, m~' h™?, Fig. 4a). The maximum benthos net oxygen
export was 0.350 mmol O, m~2 h™! and the minimum was
a net influx of 0.0446 mmol O, m > h™" at OBB (Fig. 4c).
There was a consistent net benthos oxygen influx at BB,
which varied between (—) 0.0385 mmol O, m 2 h™! and
(=) 0.390 mmol O, m>h~'. At CW, the benthos net
oxygen export was at a maximum of 6.08 mmol
0, m 2 h~! and a minimum of 1.51 mmol 0, m 2h!
(Fig. 4e). There was a substantial increase in the diurnal
production rates in the benthos when the ice was absent
(CW) compared to when the ice was present (at BB and
OBB).

The ‘carbon equivalent’ assimilation numbers of the sea
ice algae at BB and OBB was at a maximum of 0.15 and
3.77 mg C (mg chl-a)~' h™" respectively and at a mini-
mum of 0.0043 and 0.73 mg C (mg chl-a)~' h™' respec-
tively. The maximum and minimum assimilation rates of
the benthos at OBB, BB and CW were 1.53, —1.08,
0.38 mg C (mg chl-a) "' h™!, and —5.19, —7.08, —0.09 mg
C (mg chl-a)~' h™' respectively.

Maximum quantum yields of the different ecosystem
components varied between sites (Table 2). At BB the sea
ice algae had the highest Fv/Fm (0.668) followed by the
phytoplankton (0.586) and the benthos (0.543). At OBB the
benthos value was highest (0.587) followed by the phyto-
plankton (0.546) and the sea ice algae (0.485). There was a
significant difference (P < 0.05, n = 5) between Fv/Fm of
the sea ice, the benthos and the phytoplankton at BB. AT
OBB the Fv/Fm of the benthos was significantly different
(P <0.05, n =5) from both the sea ice algae and the
phytoplankton but the latter were not significantly different
from each other. At CW the Fv/Fm of the benthos and
phytoplankton were also significantly different (P < 0.05,
n =5). The maximum relative electron transport rates
(rETR,,,.x) were between 32—-64 (Table 2). At Brown Bay
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the tETR,,,.x for the ice algae, benthos and phytoplankton
were not significantly different (P < 0.05), being
31.9 £ 2.6, 37.2 &+ 7.7, 33.5 £ 4.0 respectively. At OBB,
although the values were higher, ie. 43.8 £5.2,
40.8 £ 3.7, 50.3 £ 13.2 respectively, there were still no
significant differences (P < 0.05). The rETR;,,x values
from CW, after the ice break out were higher, ben-
thos = 46.5 + 5.4, phytoplankton = 63.6 £+ 12.6, and
significantly different from each other (P < 0.05). There
were significant differences (P < 0.05) between the o
values, i.e. the photosynthetic efficiency, of the different
components at each site (Table 2). At BB the benthos had
the highest o value followed by the sea ice algae and then
the phytoplankton. At OBB the phytoplankton had the
highest value followed by the benthos and the ice algae. At
CW the benthos had a much higher o value than the
phytoplankton.

While it wasn’t possible to measure productivity of all
three components using the DBL method, the reliability of
using the PAM method to compare relative contributions
can be assessed by comparing the ratio of sea ice algae to
benthic algae production by both methods. In OBB the
ratio of sea ice algae to benthic algae production using
DBL methods was 2.71 (i.e. 0.95:0.35). Using the PAM

Time (30 December)

method, i.e. chl-a x rETR, the ratio was 2.43 (i.e. 1687.8
(274 x 61.6 mg chl-a mfz): 693.6 (9.7 x 71.5 mg chl-
a m~?)), which was quite similar to the ratio estimated by
the DBL method. This comparison was not possible at BB
because there was no net oxygen export and at CW because
there was no ice cover.

The WaterPAM was employed to estimate the relative
contributions to primary production by the sea ice algae,
phytoplankton and benthic algae (Table 2). When sea ice
was present, sea ice algae made the largest contribution to
primary productivity (BB and OBB). When sea ice was
absent (CW) benthic algae made the largest contribution.
The phytoplankton never made the largest contribution.

Discussion

Primary production of the three Antarctic/Arctic marine
ecosystem components of primary production has usually
been reported separately and in different studies. The rel-
ative contribution of the three primary production compo-
nents in polar environments is still debatable and has been
difficult to quantify due to inherent spatio-temporal vari-
ability and methodological inconsistency resulting in less
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Table 2 Photosynthetic parameters and productivity of the three Casey sites

Fv/Fm rETR ax o Ex Ox. export AN

Brown Bay 3-Dec-2004

Sea ice algae 0.668 £ 0.009 319 £ 2.6 0.534 £+ 0.054 60 £+ 8 0.406 0.15

Phytoplankton 0.586 + 0.021 335 +£5.96 0.359 £+ 0.169 137 + 100

Benthic algae 0.543 £+ 0.009 37.2 £ 7.67 0.686 £+ 0.230 50 £ 16 n/a n/a
O’Brien Bay 10-Dec-2004

Sea ice algae 0.485 £ 0.042 43.8 £5.19 0.511 £ 0.012 89 £ 20 0.95 3.77

Phytoplankton 0.546 £ 0.042 50.3 £ 13.2 0.852 £ 0.111 61 + 22

Benthic algae 0.587 £ 0.007 40.8 £ 3.7 0.641 £ 0.067 67 £ 12 0.351 1.53
Casey Wharf 30-Dec-2004

Phytoplankton 0.574 £+ 0.002 46.5 £ 54 0.599 £ 0.034 78 £ 12 6.08 0.38

Benthic algae 0.545 £+ 0.021 63.6 £ 12.6 0.378 £+ 0.057 171 + 46

Errors are standard deviations based on 7 replicate samples. Ox. export is oxygen export (mmol O, m~> h™"), Negative oxygen flux is indicated
with n/a. AN is the ‘carbon-equivalent’ assimilation number (mg C (mg chl-a)™' h™")

reliable comparative estimates. Recently, however, a
comprehensive carbon budget for an east Greenland fjord
was produced that examined all these components using
consistent approaches (Rysgaard and Glud 2007). They
estimated that phytoplankton contributed 65% of the
annual primary production, benthic microalgae 21% and
sea ice algae less than 1%. In west Greenland Mikkelsen
et al. (2008) likewise concluded that while sea ice algae
made a major contribution to primary production in spring
and summer, over a year it contributed less than 1% of the
total. Here we present combined in situ production and
relative contribution data from the sea ice algal, phyto-
plankton and benthic algal communities at three sites near
Casey Station, Antarctica.

McMinn et al. (2000a) and Trenerry et al. (2002) pre-
sented in situ oxygen microelectrode data measured from
Antarctic fast ice algal communities. Other sea ice micro-
electrode measurements of productivity have been pre-
sented by McMinn and Hegseth (2004), and (2007) from
Antarctic pack ice, by Rysgaard et al. (2001) and Kuhl
et al. (2001) from Arctic fast ice and McMinn and Hegseth
(2006) from Arctic pack ice. Maximum sea ice primary
productivity at Casey in spring 2004 was 3.77 mg C (mg
chl-a)™' h™" in O’Brien Bay and 0.46 mg C (mg chl-
a)""h™' in Brown Bay. This compares with values of
0.29-2.01 mg C (mg chl-a)™' h™' from spring 1997
(McMinn et al. 2000a) and 0.0059 mg C (mg chl-a)~' h™!
from spring 1999 in McMurdo Sound (Trenerry et al.
2002).

There have been very few previous measurements of
benthic primary production in any polar areas and only
two, Kuhl et al. (2001) and Glud et al. (2002a, b) that used
oxygen microelectrode methods. In the Casey area maxi-
mum light levels at the sediment surface when sea ice was

@ Springer

present were low, only 2.68 pmol photons m 2 s~' at BB
and 19.4 pmol photons m 2 s~ ' at OBB and consequently
rates of oxygen efflux were also very low, in fact mostly
negative. These low rates almost certainly represent net
community respiration from bacteria and micro zoobenthos
as it is difficult to envisage an algal community suffering
such extensive respiratory losses for the nine months they
are potentially covered by sea ice. After ice break out,
sediment surface light levels reached a maximum of over
190 pmol photons m™~2 s~ at Casey Wharf (CW) and
production increased to over 6.08 mmol O, m > h™'
(~66 mg C m~2 h™"). In the only other comparable study
Kuhl et al. (2001) reported primary production from a
benthic diatom mat in a Greenland fjord to be approxi-
mately 100 mmol O, m~2 d™', which compares with a
value of ~36.5 mmol O, m~> d~" at Casey Wharf. These
production levels at Casey Wharf, although high even
compared to values from temperate areas, reflect the high
benthic microalgal biomass. Benthic microalgal biomass
values from the Greenland study (Kuhl et al. 2001) were
not reported. The only other known measurements of
polar coastal benthic primary production are 13.06—
29.17mg Cm > h™', at Signy Island on the Antarctic
Peninsula (Gilbert 1991) and <0.01-0.07 mg C m 2h!
from the Arctic Beaufort Sea (Horner and Schrader (1982)
determined using "*C methods.

It is probable that differences between the PAM-based
photosynthetic parameters of BB, OBB and CW mostly
reflected the increasing light levels as the sea ice broke out
(Table 2). The Fv/Fm of the phytoplankton samples
decreased from 0.586 £ 0.021 on 3-Dec, to 0.546 + 0.056
on 10-Dec to 0.278 %+ 0.028 on 16-Dec. During the same
period the rETR,,.x of the water incrementally increased
from 33.5 £ 5.9 to 63.6 &+ 12.6. The Fv/Fm values of the
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benthos remained approximately constant at ~0.56 while
the rETR,.x values also incrementally increased from
372 £ 7.7 to 46.5 £ 5.4. The sea ice samples did not
show a clear trend. However, as these values were col-
lected from different, albeit nearby, sites, interpretations
should be treated with caution. These measurement were
all taken as close as possible to midday, a time when the
photosystems of these organisms are known to experience
down regulation or photoinhibition (McMinn et al. 2003).
Even though the samples were dark adapted for 15 min
prior to measurement, this period was probably insufficient
for full recovery as some recovery processes take minutes
to hours to complete (Beardall et al. 2009) and this is
reflected in the relatively low maximum quantum yields.

Benthic algae photosynthetic parameter values docu-
mented here are mostly consistent with those recorded by
McMinn et al. (2004) from the same area. While Fv/Fm,
Ey, o and tETR . (before ice break out) are comparable,
in the 2003 study (McMinn et al. 2004) rETR,,,x after ice
break was considerable higher. However, as no taxonomic
comparisons can be made it is not possible to determine the
cause.

A quantitative assessment of phytoplankton production
was not made. Instead, relative production was estimated
by measuring relative electron transport (rETR) using PAM
RLCs. This allowed a direct comparison between benthic,
sea ice and pelagic microalgal productivity to be made. The
validity of using this approach was tested by comparing the
ratio of sea ice algae and benthic algae production at OBB
using the two different methods. Using the DBL method
the ratio of sea ice production to benthic algae production
was 2.71; using the PAM method the ratio was a similar
2.43. The ratio at BB could not be compared as oxygen
output from the benthos remained negative. The two
methods, however, do not measure the same photosynthetic
parameters. The DBL method measures net community
productivity, while the PAM method measures gross pho-
tosynthesis and so does not include respiratory losses. As
the proportion of production lost due to respiration will be
greater at lower light levels, the slightly lower ratio esti-
mated by the PAM method at OBB is consistent and
demonstrates that the PAM method provides a realistic
estimate of the relative contribution of at least the benthic
microalgae and sea ice algae components and probably, by
extension, also the phytoplankton.

Microalgal production is a function of biomass, irradi-
ance and photosynthetic physiology. Biomass and irradi-
ance typically vary over several orders of magnitude while
physiological factors, such as maximum quantum yield of
photosynthesis, quantum efficiency, photosynthetic quo-
tients etc., vary on a much smaller scale. Consequently,
light and biomass differences have a much larger effect on
primary production measurements than physiological

differences. Furthermore, because biomass is the most
variable parameter in the measurement of productivity, it is
sometimes used as a proxy for productivity. However if
this were done at Casey it would sometimes lead to a
misinterpretation of the relative contribution of the three
microalgal components. For example, in BB the phyto-
plankton has the largest biomass, followed by the sea ice
algae and the benthic algae but because of higher irradi-
ances in the ice, this component contributes the most to
productivity. At the other two sites, differences in biomass
between the components is much greater and those with the
greatest biomass have the greatest contribution.

It is often not appropriate to directly compare rETRs of
different communities because different microalgal com-
munities are likely to have differing taxonomic composi-
tions, with differing pigment complements. Microalgal
taxa also have differing absorption cross-sectional area of
PSII and display differing ratios between electrons gener-
ated in PSII (proportional to fluorescence) and oxygen
synthesis, both of which also vary with acclimation status
(Flameling and Kromkamp 1998). However, in Antarctic
coastal environments the communities are often closely
coupled and in springtime are all dominated by diatoms
and often by the same species (McMinn et al. 2000b,
2005). It is likely therefore, that when the productivity
measurements were taken before ice break out (i.e. at OBB
and BB but not CW), melting sea ice contributed a sig-
nificant proportion of the microalgal cells to the benthic
microalgae and possibly the phytoplankton. While species
identifications were not made at the time, earlier studies
have shown that sea ice-derived microalgae make an
important contribution to benthic microalgal biomass
(McMinn et al. 2004; Cunningham and McMinn 2004) but
only a minor contribution to the phytoplankton (McMinn
and Hodgson 1993; McMinn 1996; McMinn et al. 2000a,
b). In a study in northern Hokkaido McMinn et al. (2005)
estimated the relative contribution of sea ice algae, phy-
toplankton and benthic microalgae by summing the product
of the chl-a biomass and rETR at the maximum ambient
environmental irradiance of each photosynthetic compo-
nent. They found that even though the greatest microalgal
biomass was in the sediments the greatest contribution to
primary production (54.3%) came from the sea ice mic-
roalgae. Horner and Schrader (1982), using 4C methods in
the ice covered Beaufort Sea in spring, similarly found
~65% of primary production was from the sea ice, ~35%
from the water column and only a negligible proportion
from the benthos.

The contribution from the three photosynthetic compo-
nents in the Casey area in December (2004) varied
depending on site and the ice state (Table 2). When the ice
was present, ice algae contributed between 57.1 and 64.6%
of the total. When the ice was absent the contribution from
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the benthos became increasingly important, up to 89.8%.
These results are predictable in a light-limited environment
such as under sea ice. The amount of light penetrating
Antarctic fast ice to the underlying water column varies
depending on ice thickness, snow cover and internal bio-
mass. In springtime maximum under ice irradiance has
varied between from as little as 0.5 pmol photons m > s~
(McMinn et al. 1999) to as much as 55 pmol photons
m 2 s~! (McMinn et al. 2000a). While most of these sea
ice algal communities show extreme dark adaptation
(Arrigo 2003), they often remain light-limited for much of
the day (Trenerry et al. 2002). However, once the ice has
broken out the light limitation is reduced and there is strong
evidence that the phytoplankton then become nutrient-
limited during late spring and summer (McMinn et al.
1995, 2000b). Benthic microalgal communities, on the
other hand, while receiving less light are less likely to
become nutrient limited because of their slower growth and
strong association with remineralizing microbial commu-
nities at the sediment surface (Dalsgaard 2003, Blackburn
et al. 1996, Glud et al. 1998). Although temporal trends in
the nutrient status of Antarctic benthic microalgae have not
yet been established, it is reasonable to assume they
function in a similar manner to such communities else-
where. Horner and Schrader (1982) were the first to esti-
mate the relative contribution of phytoplankton, sea ice
algae and phytobenthos to total primary production in polar
areas. Their study indicated that sea ice algae contributed
two-thirds of the total in spring and early summer. More
recently a comprehensive examination of carbon cycling in
Young Sound, east Greenland found that while sea ice
production was important during spring, contributing up to
one-third of total primary production, over a year it con-
tributed less than 1%. In the Antarctic the contribution of
sea ice to annual primary production is estimated to be
25-30% in the pack ice (Legendre et al. 1992; Arrigo and
Thomas 2004) and probably greater in the fast ice where
ice cover extends for a longer period (Table 3).

Climate change is likely to alter the future development
and importance of the different components of Antarctic
coastal marine primary production (Arrigo and Thomas
2004). With sea ice melting and breaking up earlier, ice
algal production is likely to decrease. The early disap-
pearance of the ice could lead to earlier spring phyto-
plankton blooms, but as these coastal blooms already
become nutrient limited by mid summer (McMinn et al.
1995, 2000), their earlier development could also lead to an
earlier demise. Maximum benthic microalgal development
currently, probably occurs after light to the bottom
increases following both ice break out and increasing water
transparency due to bloom decline. Because these com-
munities have access to remineralised nutrients from the
sediments, they are less likely to become nutrient-limited
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Table 3 Relative proportion of sea ice algae, phytoplankton and
benthic algae primary production

Biomass Emax rETR %

Brown Bay 3-Dec-2004
Sea ice 1.26 + 0.71 39 15.4 57.1
3.15 £ 0.21 10.3 4.1 38.0

1.1 £0.04 4.6 1.5 4.9

Phytoplankton (5 m)

Benthic algae (8 m)
O’Brien Bay 10-Dec-2004

Sea ice

Phytoplankton (5 m)

Benthic algae (14 m)
Casey Wharf 30-Dec-2004

Phytoplankton (4 m)

61.64 + 15.56 86 27.4 64.6
9.87 £1.43 51 235 8.9
71.5 £ 63.31 194 194 26.5

24.87 + 2.09 191 29.3 10.2

Benthic algae (4 m) 186.83 £ 146 191 343 89.8

Biomass is in mg chl-a m~2 (n = 3), Emax is the maximum ambient
irradiance at each habitat (umol photons m~2 s7"), rETR is the mean
(n = 5) relative electron transfer rate (ETR) at Emax, % is the rela-
tive proportion each community contributes to total productivity

and hence are likely to develop earlier and continue longer.
Hence, it is probable that in a future Antarctic coastal
environment where ice forms later and melts earlier, ben-
thic microalgal primary production will become a larger
component of net production. Our study has made a pre-
liminary attempt to quantify both the extent of sea ice and
benthic production and estimate the relative contribution
from these components and from phytoplankton. This data
will provide a useful snapshot to assess future environ-
mental change.

In summary, Antarctic coastal primary production is
derived from sea ice algae, phytoplankton and benthic
microalgae and for a short period these communities can be
highly productive. The presence of sea ice controls where
most primary production occurs. When the ice is present
approximately 55-65% of production occurs in sea ice with
the remainder partitioned between the sediment and the
water column. When the ice is gone, the benthos can
contribute up to 90% of the production.
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