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Abstract During summer 2007, Arctic microphytoben-
thic potential primary production was measured at several
stations around the coastline of Kongsfjorden (Svalbard,
Norway) at <5 m water depth and at two stations at five
different water depths (5, 10, 15, 20, 30 m). Oxygen planar
optode sensor spots were used ex situ to determine oxygen
exchange in the overlying water of intact sediment cores
under controlled light (ca. 100 pmol photons m 2 s ') and
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temperature (2—4°C) conditions. Patches of microalgae
(mainly diatoms) covering sandy sediments at water depths
down to 30 m showed high biomass of up to
317 mg chl @ m~2. In spite of increasing water depth, no
significant trend in “photoautotrophic active biomass” (chl
a, ratio living/dead cells, cell sizes) and, thus, in primary
production was measured at both stations. All sites from
<5 to 30 m water depth exhibited variable rates of net
production from —19 to +40 mg O, m > h™' (—168 to
+360 mg C m > day ') and gross production of about
2-62 mg O, m 2> h™' (17-554 mg C m~2 day "), which is
comparable to other polar as well as temperate regions. No
relation between photoautotrophic biomass and gross/net
production values was found. Microphytobenthos demon-
strated significant rates of primary production that is com-
parable to pelagic production of Kongsfjorden and, hence,
emphasised the importance as C source for the zoobenthos.

Keywords Arctic benthic diatoms - Biomass and
chlorophyll @ - Sediment characteristics -
Respiration and production

Introduction

Benthic microalgae contribute significantly to the subtidal
coastal ecosystem production. Studies from lower latitudes
have documented the importance of microphytobenthos for
stabilising sediments and supporting shallow water food
webs (e.g. reviewed in Maclntyre et al. 1996; Underwood
and Kromkamp 1999; Cahoon 1999). Thus, sediment-
dwelling microalgae, which are often dominated by dia-
toms, are the most important primary producers in sandy
sediments most common in coastal regions and covering
approximately 70% of the world’s shelf regions (Emery 1968).
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Subtidal benthic microalgae on the continental shelves can
account for 42% of the marine benthic primary production
(Nelson et al. 1999). According to Cahoon’s review (1999)
and references therein, the global production of benthic
microalgae ranges from 8.9 to 14.4 Gt C m~ 2 year ' and
represents approximately 20% of the global ocean
production.

While the importance of microalgae in marine benthic
habitats has long been recognised and studied extensively
over decades in cold- to warm-temperate and even tropical
waters (reviewed op. cit.), the role of polar microphyto-
benthos has received much less attention. The majority of
studies on polar benthic microalgae have focussed on
freshwater habitats and ice-algae mainly from Antarctica
(e.g. Wulff et al. 2009). This is surprising, because unlike
other marine systems, the Arctic Ocean is almost com-
pletely landlocked. Associated with this extensive land
margin, the broad continental shelf of 5 x 10° km* com-
prises about 53% of the total Arctic Ocean (Pabi et al.
2008). Furthermore, the open water area has increased over
the continental shelf at a rate of 0.07 x 10° km* a™'
(determined since 1998). Pelagic production of the Arctic
Ocean has increased by 5-6% as a consequence of the
resulting increased light availability annually (Arrigo et al.
2008). However, the rising light availability can increase
the competition for nutrients. Consequently, benthic pri-
mary production may be particularly stimulated in the
Arctic Ocean because benthic microalgae can exploit
nutrients from sediments released by mineralisation pro-
cesses directly (Glud et al. 2009).

So far, the number of studies presenting benthic pro-
duction estimates is very low for the Arctic region. To our
knowledge, only 10 studies have been published, of which
6 were written in Russian only (but reviewed in Glud et al.
2009). Assuming 90 days of an open water period, the
yearly benthic gross primary production extrapolated to the
Arctic coastal region amounts to 1.1-1.6 x 107 t C year™'
(Glud et al. 2009). This number seems low when compared
to the many existing estimates on the pelagic production of
the Arctic Ocean ranging from 21 to 42 x 10’ t C year™"
(e.g. Platt et al. 1982; Subba Rao and Platt 1984;
Wassmann and Slagstad 1993; Gosselin et al. 1997). While
the annual primary production of Arctic phytoplankton
seems generally to be controlled by nitrogen limitation (Pabi
et al. 2008), it benefits from a better underwater light climate
compared to the microphytobenthos. Thus, nutrient avail-
ability often regulates the relative importance of pelagic
versus benthic microalgal productivity (Glud et al. 2009).

Although lots of ecological investigations were done at
the “Arctic model ecosystem Kongsfjorden”, there is a
lack of benthic microalgal studies. In the Kongsfjorden
review of Hop et al. (2002), microphytobenthos was
described as a “largely unknown part of the autotrophic
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system”. Therefore, the aim of the present study was to
quantify Arctic benthic microalgal production in Kongsf-
jorden. It was hypothesised that living benthic diatoms are
important primary producers (1) along the coastline of
Kongsfjorden at least at sandy areas and (2) also at deeper
waters down to 30 m. The depth gradient (0-30 m) will be
reflected in the composition of microalgal assemblages and
potential primary productivity. We also determined diatom
abundance, which consists of motile cells easily detaching
from sediment particles by cell counts and cell size com-
position. We used a laboratory setup (so called ex situ) for
primary production measurements. This setup recorded
oxygen changes over undisturbed sediment cores resulting
in consumption rates in the dark (respiration) and produc-
tion at a probably saturating photon flux (potential net
production). We applied planar oxygen sensor spots as the
detection systems, which are easily accessible and advan-
tageous in this type of experiment. The potential net pro-
duction will finally be compared to production rates of
other phototrophic communities in Polar Regions, such as
macrophytobenthos and phytoplankton, to evaluate the role
of benthic diatoms for polar matter fluxes and food webs.

Materials and methods
Study site, sampling and conditions

The study was performed during the polar summer from
July to August 2007 in Kongsfjorden (79°N, 12°E) at the
west coast of Svalbard (Fig. 1). Kongsfjorden extends
26 km from north-west to south-east and its width ranges
from 3 to 8 km. The fjord is influenced by the presence of
four tidewater glaciers (Fig. 1). Particularly during sum-
mer, influxes from the glaciers and terrestrial melt fresh-
water (enriched with sediment particles) can create steep
turbidity, nutrient and salinity gradients along the length of
this fjord. Maximum water depth is about 400 m and the
tidal range is about 2 m (Svendsen et al. 2002). Compared
to other locations at this high latitude, air temperature is
much higher with an annual mean temperature ranging
from —15°C in winter to about 5°C in summer. The annual
mean water temperature is around 0°C. The inner part of
Kongsfjorden usually becomes ice-covered around
December/January. However, the area becomes entirely
ice-free during spring and complete ice cover is an
exceptional event (Svendsen et al. 2002).

In this study, surface water (<1 m) temperature in July
2007 varied slightly between 5 and 7°C and salinity ranged
from 28 to 33 (data not shown). Temperature and salinity
were measured with a WTW Salinometer Multiline P4
(WTW GmbH, Weilheim, Germany) as conductivity
using the Practical Salinity Scale. Decreasing in water
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Fig. 1 Location of the sampling stations in Kongsfjorden in 2007. Kongsfjorden on Svalbard (Spitsbergen) is depicted in the map inlet. The four
adjacent glaciers are shown as grey areas. The two intensively investigated stations: Brandal (BRL) and London (LON) are marked

transparency was observed in early June. In July, small
changes in the vertical attenuation coefficients and PAR
data (0.2-0.3; Table 1) indicate that irradiance reduction in
the water was marginal. Photon fluence rates varied
according to weather conditions (May to July 2006; July
2007 cf. Table 1) with maximum and minimum values
ranging from 56 to 288 pmol m~2 s at 5 m water depth
(Woelfel et al. 2009a). Thus, light availability was rather
similar at all sites down to 5 m water depth throughout the
study period, except in the near vicinity of glaciers, where
more turbid water was observed but not analysed.
Sediment samples were taken throughout the fjord and
from different water depths, to get an overview of the
dependence of benthic microalgal primary production on
the glacier’s influential factors. At 18 stations at a water
depth of 5 m SCUBA divers collected sediment cores
directly in Plexiglas® core liners (inner diameter 50 mm,
length 250 mm). Some of these stations (especially at the
outer area of Kongsfjorden, e.g. W3, W4, NW5) were
dominated by rocky substrates and thus not easy to sample,
at these stations sandy areas (sediment traps) were chosen.
All stations were sampled once and a detailed description
of geographical locations (longitude, latitude) is given in

Table 1 Underwater PAR intensities [pumol m~2s7!], vertical
attenuation coefficients of downward irradiance (Kd) (calculated:
0.5-5 m) and secchi depths [m] measured closed to the Ny Alesund
harbour in Kongsfjorden (2007) under different weather conditions,
using a spherical quantum meter (Quantum Li-192 SA. LiCor,
Lincoln, USA)

Water depth PAR [pmol m~2 s7']

10.07. 20.07. 27.07.
Surface 800 500 870
0.5m 1,000 £+ 70 286 + 23 543 £ 117
1 m 670 £ 0 228 £+ 23 478 £ 133
3m 338 £ 17 122+ 4 294 + 49
S5m 215 £ 10 80 =1 187 £ 25
Weather Sunny Overcast Fair to cloudy
Local time 14:06 13:04 13:08
Kd 0.34 0.28 0.24
Secchi depth [m] 5.5 6 6.6

Data are means + SD

Woelfel et al. (2009a). In addition, at two stations (Brandal
(BRL) and London (LON)) further sediment samples were
taken in transect order at water depths of 5, 10, 15, 20 and
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30 m (BRL at 26th and 28th July and LON at 3th and 8th
August 2007). The sampling site Brandal (BRL) was more
exposed in Kongsfjorden and located off the northern
shore, London (LON) was located off the southern shore
and sheltered due to its location in a small inlet (Fig. 1).
Both stations are representative of Kongfjorden’s rare
sandy areas and were chosen because of their good
accessibility for diving as well as for comparison to a
former study of Woelfel et al. (2009a).

Due to high patchiness of microphytobenthic biomass,
three replicate cores were taken from each sampling
location (sampled from within a 1 m? area). Intact,
undisturbed sediment cores with clear overlying water
were selected for production measurements. All sediment
cores were transported inside their tubes to the labora-
tory within a couple of hours under undisturbed, cool
and dark conditions. The cores were kept in a cooling
room at 2°C until subsequent determination of produc-
tion and biomass (chl a, organic matter, cell number),
which was done within 2 h after sample transfer from
the field to the lab.

Bottom substrata from echo sounding

Sediment grain sizes at BRL and LON were only deter-
mined in 2006 (Woelfel et al. 2009a). However, for com-
parison in the present study water content was measured as
weight loss after drying pre-weighed sediment samples for
24 h at 105°C in an oven.

Since bottom types were only characterised at these two
stations, the question about sediments around Kongsfjor-
den’s coastline had to be addressed. A field survey in 2007
included systematic, co-registered, single-beam and multi-
beam echo sounder measurements (Kruss et al. 2008). The
primary tool for this study was a Biosonics DTX-03-030
single-beam echo sounder (SBES) (BioSonics, Seattle,
USA). It operates at 420 kHz with a narrow 3-dB
beam width of 5.2°. At a range of 0.5-30 m and with
a pulse length of 0.1 ms, it achieves a resolution of
~0.3-0.9 m (according to depth) x 0.08 m. Research
transects were taken perpendicular to the coast, closely
following the shores’ shape. Based on single beam echo
envelopes, statistical features of each clipped ping corre-
sponded to morphological and physical properties of ben-
thic habitats (Tegowski et al. 2003). All data were put into
a Matlab-based classification system which used probabi-
listic neural network for analysis (Kruss et al. 2008). The
training set was prepared from representative subsets with:
rocky bottom, sandy, muddy and with algae. As echo
sounder frequency was very high, it was possible to
distinguish with good accuracy only bare bottom, bottom
with algae and no bottom, the latter corresponding to
depths beyond the range of the echo sounder (30 m).
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Biomass analyses

Three replicate cores were horizontally sectioned into
5-mm slices. Each top 5 mm slice was weighed and gently
homogenised with a spatula. It is unlikely that these sam-
ples taken mostly from sandy sediments were modified or
crashed during this mixing process. Sand dwelling diatoms
are more robust than those from muddy sediments which
are less exposed to mechanical stress. Afterwards, subs-
amples were taken and weighed again for photometric
pigment and organic content analysis (POC: particulate
organic carbon, PON: particulate organic nitrogen) as well
as for cell counting, respectively.

For photometrical chlorophyll analyses, subsamples of
ca. 24 g fresh weight were extracted in the dark at 4-5°C
in 5 ml 90% acetone (v/v) for 24 h with occasional vortex
mixing. Afterwards, samples were centrifuged for 5 min at
7,200g and 5°C, supernatants were collected and absor-
bance was determined. Pellets were 2 times re-extracted by
the same procedure to improve the extraction efficiency in
2.5 ml 90% acetone each time. All chl a values were
quantified according to Jeffrey and Humphrey (1975). Due
to no correction for pheopigments, these values may be
overestimated.

POC and PON contents were determined in dried sam-
ples (6 h at 105°C). Samples of 100-150 mg dry weight
(DW) were combusted in an elementar analyser (Vario EL,
Elementar GmbH, Hanau, Germany) according to Verardo
et al. (1990) following acidification of the samples in silver
cups with 50-100 pl 10% HCI (v/v) to remove inorganic
carbonates. The dry and carbonate free samples were
repacked air-tight in tin foil and then measured.

Pre-weighed subsamples for cell counts (abundance)
analyses were suspended in 20 ml 0.2-um filtered sea water
from Kongsfjorden and preserved with 2% glutaraldehyde
(v/v) (final concentration). For microscopic analysis, sand
particles and organic matter were removed by sieving
through a mesh size of 200 pm. Cell counting chambers
with a defined volume of ca. 1 ml were filled with
20-90 times further diluted algal samples. Cells deposited
for 6-14 h. Counting was performed with an Olympus
microscope CH 20 equipped with a x10/0.25 objective.

Photoautotrophic biomass was composed of >99% dia-
toms. Differentiation between dead/living cells indicates
processes of deposition or resuspension of benthic diatoms
and plankton cells (water flow conditions) as well as the
proportion of “real” active cells to dead organisms. Since
no epifluorescence microscope was used, the differentia-
tion was imperfect and is considered for further studies.
Since no attempt was applied to remove diatom cells that
were attached to sediment particles, the results mainly
represent the unattached fraction. However, first, diatom
cells were grouped into empty (dead) and filled (living)
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valves. Second, for detailed analyses, cells were grouped
into four different size categories: <20, 20-60, 60—100 and
>100 um. Besides the intact cells, frustules, which were
broken but constituted to more than half of the probable
original size, were also counted. This remaining amount of
smashed frustules in all samples was always <5%.

Ex situ primary production

Optical O, indicators have shown many advantages in
comparison to conventional oxygen measurement approa-
ches, like Clark-electrodes or the Winkler-method. They
exhibit the highest sensitivity at low O, concentrations and
are not affected by hydrogen sulphide (Kiihl and Polerecky
2008), which is often present in sediments. Optodes are
especially recommended for on-line measurements over a
long time with low oxygen change rates, chemically oxy-
gen consumption, because they do not consume oxygen
and do not require subsampling (Woelfel et al. 2009b).

Planar oxygen sensor spots (diameter: 5 mm) were glued
to the inner wall of air-tight Plexiglas® incubation chambers.
Changing oxygen concentrations were measured in the
overlying water phase above sediment cores with a Fibox 3
(PreSens GmbH, Regensburg, Germany). The fluorescence
signal changes were measured by a 5-m-long glass fibre and
the recorded parameter was the phase (°). The amplitude
signal was additionally used to evaluate the signal quality
(>10,000, Christian Krause, Presens Co., personal commu-
nication). The reproducibility of planar sensor spots is around
+0.5% at 85 pmol oxygen 17! and £5% at 2.83 pmol 17!
(Presens, cited in Warkentin et al. 2007). Calibrations were
performed in 30 min aerated ambient sea water (100% sat-
uration) and in seawater saturated with sodium dithionite
solution (0% oxygen) at 2-4°C. The phase values were
converted into oxygen concentrations using the mathematical
conversion matrix of the manufacturer PreSens.

For each location, three replicate sediment cores were
sampled directly into respective Plexiglas tubes. The tubes
were closed air-tight with a “measuring module” at the top
and with a rubber plug at the bottom, which was adjustable
for height (tubes: maximal 300 mm height, inner diameter
50 mm, maximal 589 ml) (Fig. 2). The volume of each
chamber (height of sediment core as well as of the water
phase) was determined and integrated into the calculations.
The “measuring module” was equipped internally with a
planar oxygen sensor spot and a 3 cm magnetic stirring
cross (driven by an external rotating magnet at 67 rpm),
which guaranteed optimum mixing in the water column.
The measuring module was approximately 110-250 mm
away from each sediment surface. Incubation chambers
were filled completely with Kongsfjorden water from the
respective sampling sites. Oxygen oversaturation was
reduced by short nitrogen bubbling.

halogen lamp (ca. 100 pmol photons m2 s)
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Fig. 2 Schematic illustration of an air-tight incubation Plexiglas®
chamber; the sizes are not drawn to the scale

All cores were pre-incubated in the dark at 2°C, and
measurements were run at 2-4°C using an ambient seawater
flow. Oxygen concentrations in the three respective incu-
bation chambers were read 3—10 times. Each measurement
lasted for 5-10 min providing oxygen values every 5 s. Up
to 10 min of initial data were omitted because of changes in
phase due to temperature equilibration between sample and
spot/chamber. The deviations of oxygen concentrations
measured several seconds apart were 0.2%. All cores were
first incubated for 2—4 h in the dark to record oxygen con-
sumption due to community respiration followed by 2—6 h
light treatment for potential production. A halogen lamp
(fibre optics of Leica MZ 6 binocular) was used as the light
source. Studies of Glud et al. (2002), Leu (2006) and
Woelfel et al. (2009a) as well as our values (Table 1)
reported an average photon fluence density (PFD) of PAR
of about 100 pmol photons m~2 s~ at 5 m water depth in
Kongsfjorden. Since most samples were taken at approxi-
mately 5 m water depth, our samples were equally

@ Springer



1244

Polar Biol (2010) 33:1239-1253

irradiated with ca. 100 pmol photons m~2 s™! (core 1: 95—
98; core 2: 80-92; core 3: 91-98 pmol photons m~? sfl).
The exchange rates were calculated from the slope of O,
consumption in darkness (respiration) and the O, change in
light (potential net primary production = NPP) in the
supernatant water volume. Gross primary production rates
(GPP) were calculated as the sum of respiration and NPP
rates. These rates were normalised to core (sediment)
surface (potential production) or chl a contents (produc-
tivity), respectively. All hourly rates were multiplied by 24
(polar day) to obtain daily rates. A photosynthetic quotient
(PQ = AO,/AC) of 1 was used to transform the oxygen
values into carbon equivalents (Hargrave et al. 1983).

Data plotting: geographic information system

According to the presentation of data in Peine et al. (2005,
2009), point values from echo sounder measurements were
converted into a grid (1 m x 1 m) covering the study area
using Arc-View Spatial Analyst extension software for
Arc-View GIS 3.2a. The operation “Neighbourhood
Statistics” in this software computes a result grid that
represents a mean value on a specified “neighbourhood”
around each cell (Wackernagel 1995). In this study, a
“circle neighbourhood” of 150 m was chosen. The values
in the result grid are set to the centre cell of each neigh-
bourhood and reflect the function (statistics) applied to the
neighbourhood. The echo sounder data were categorised
into 5 groups of equal interceptions: water depth >30 m,
mud, sand, rock and algae. The total area of the different

Fig. 3 Schematic map of the

four main substrata down to Substrata
30 m water depth of Sand [
Kongsfjorden derived from Rock [l
single- and multibeam echo Algae [}
sounding. Potentially covered Mud
areas of extrapolated results are >30ml
shown as different coloured (0.6 kmz)

areas as well as in the pie chart
inlet. The four adjacent glaciers e
are shown as grey areas —
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substrata was calculated with the internal “Arc-View
Spatial Analyst areal calculation” tool and plotted as pie
chart within the map (Fig. 3).

Using the same software, increasing values of chl aq,
POC and gross production were plotted as circles of
increasing diameter (Fig. 4). The different results were
categorised into six groups of equal interceptions.

Results
Sediment properties

At Kongsfjorden, finer sediments (fine mud to sand) cover
the deeper areas (>10 m water depth). In the inner fjord,
the sea floor of depths <5-10 m is composed of soft mud
most likely deposited from the outflow of the adjacent
glaciers (Fig. 3). The classification accuracies of echo
sounding division of the bare bottom into sand, rock and
mud were only 50% at this stage, because the survey was
designed mostly to investigate spatial distribution of sea-
weeds and no sediment/bottom samples were taken. Since
no bathymetric data exist so far, it is difficult to evaluate
the total area down to 30 m depth of Kongsfjorden’s
shallow waters.

The total coastline of Kongsfjorden amounts 106.92 km
(coastline without islands: 37.52 km) of which we inves-
tigated 37.41 km (coastline without islands: 26.55 km) by
echo sounding. Thus, 35% of the total coastline of
Kongsfjorden down to 30 m water depth was characterised.

Glacier . X I
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Fig. 4 Photoautotrophic biomass [mg chl @ m™2], particulate organic carbon [POC, mg C mg~' DW] and rates of gross production
[mg O, m~? h™'] at coastline of Kongsfjorden. All data are mean values of three replicates

Consequently in total, 3.7 km? (32%) of our investigated
area was covered with sandy and muddy sediments, which
were inhabited by sediment dwelling microalgae. How-
ever, the dominant bottom types are rock and macroalgae,
which were not investigated for epiphytic and epilithic
diatom assemblages.

The water content data of BRL and LON sediments
were in the same range as reported in Woelfel et al. 2009a
(data not shown). Consequently, there were no changes in
sediment grain size at both stations from 2006 to 2007. The
sediment became more fine-grained at both stations with
increasing water depths. The predominant sediment type of
BRL was middle-grained, well sorted sand (modal particle
size of 0.2-0.3 mm). At station LON coarser, middle-
grained sediments were also determined (0.44 mm) at
water depths of 10 and 15 m and the grain size decreased to
0.15 mm at a water depth of 30 m.

Biomass variability

The microphytobenthic chl a concentrations of all stations in
Kongsfjorden indicated a large spatial scale heterogeneity

with values ranging from 13 to 317 mg chl ¢ m~2. A con-
spicuous geographical trend of biomass in relation to sedi-
ment characteristics, turbidity and salinity gradients along
the length of this fjord could not be detected (Fig. 4).
However, biomass values were lower at both western ends of
the coast (stations W4, W3 and NW3-NWS5), also called
“exterior” area of the fjord, than in the inner fjord. Highest
biomass values of >140 mg chl @ m~? were measured at
stations OS5, NO5 and N3 in front of the glaciers,
respectively.

Significant differences in biomass values were not
determined at stations LON and BRL, where many samples
were taken and compared (Fig. 5). In transects from the
shore to 30 m water depth, chl a concentrations were rather
similar and, thus, did not decrease with water depth at LON.
At BRL, lowest biomass values of 44 mg chl a m~2 were
determined at 10 m, while at 30 m significantly highest
values of 129 mg chl a m~2 were measured (Fig. 5).

This chl a pattern was well reflected in the unattached
diatom cell numbers (Fig. 6). At LON lowest cell numbers
were counted in 15 m water depth with 21.5 x 10° living
cells cm ™ and 90-120% of all counted valves were empty

@ Springer



1246

Polar Biol (2010) 33:1239-1253

Fig. 5 Gradient of
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compared to living cells. In contrast at BRL, the fraction of
empty valves increased with water depth and highest value
of living «cells was determined at 15 m with
98 x 10° cm™? (Fig. 6). A conspicuously high number of
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175 x 10° empty valves cm > was counted at 20 m. The
fraction of living centric diatoms (planktonic or benthic
ones, e.g. Paralia sulcata (Ehrenberg) Cleve) in relation to
total pennate cell number was moderate with 1-13%.
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Higher percentages of centric diatoms were counted with
26, 19 and 21% (data not shown) only in the deeper waters
of BRL at 15, 20, and 30 m, respectively.

Total (living and dead) pennate diatom cell sizes in
relation to water depth indicated only slightly differences
between BRL and LON (Fig. 7). Both stations were char-
acterised by the dominance of 20-50 pum cell size fraction
at almost all water depths as well as higher numbers of
larger diatom cells in deeper waters. At LON, the >100 pum
cell size fraction in 5 m was lower with 10 x
10° cells cm™ as in 20 m and 30 m with 15 x 10° and
33 x 10° cells cm ™2, respectively. The cell size fraction of
20-50 um was more abundant than other sizes and highest
at 20 m with 105 x 10* cells cm™> at BRL.

High C:N and C:chl a ratios were associated with high
particulate organic carbon (POC) content especially at LON
with 24 mg C g DW™' followed by BRL with
1-2.5 mg C g DW ™' (Table 2). A high POC content (a sum
of detritus, autotrophic as well as heterotrophic organisms) but
chl a poor material (reflected in C:chl a ratios of 540-
1,040 pg C (ug chl a)~") was found at LON. In comparison

Fig. 7 Cell numbers
[10° cm™3] of different pennate a
diatom cell sizes (unattached

to BRL, onefold to twofold higher C:N rates as well as onefold
to threefold higher C: chl a ratios were determined at LON. It
is likely that this high amount of organic carbon and chl a poor
material tends to result in high oxygen consumption (due to
high bacterial respiration/degradation) of this organic matter
associated with low net primary production rates.

Primary production

Respiration rates ranged from —2to —46 mg O, m > h™"at
all stations along the coastline at <5 m water depth (Fig. 8).
At seven stations (KB1, NO1, NO5, NO7, N3, NW3, NW5),
the potential net primary production (NPP) was higher from
6t040mg O, m~> h™" than respiration from —2 to —27 mg O,
m~2 h™!, indicating the high production activity of benthic
microalgae. Three of these stations are located in front of the
glaciers (KB1, NO1, NOS) and four stations (NO7, N3, NW3,
NWS5) at the southern coast. Gross primary production (GPP)
rates were strongly influenced by high respiration and showed
large spatial scale heterogeneity without any trend in relation to
the location at the coastline (Fig. 4). Highest GPP rates from 49
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Table 2 Particulate organic carbon [mg C g DW™'], C:N ratio of
organic content and C:chl a ratio of biomass in sediments determined
in different water depths [m] at two sampling stations Brandal (BRL)

and London (LON) in Kongsfjorden (at 28th July and 6th August
2007, respectively) (n = 3-4)

Water Particulate organic carbon C:N ratio of C: chl a ratio of biomass

depth [m] [mgCg DW™ 1 organic content [Mg C DW (Mg chl a FW)™ ]
BRL LON BRL LON BRL LON

5 1.54 1.83 26.82 54.77 388.78 543.23

10 1.14 4.13 41.79 59.03 587.43 620.03

15 1.33 3.69 33.53 78.15 379.08 1039.28

20 1.81 3.49 28.35 32.76 407.65 777.15

30 2.50 4.04 31.81 58.17 387.94 612.66

Fig.‘8 .Rates of ex situ . 80 - glaciers impact

respiration and net production

[mg O, m~2 h_l] at various 60 { — —

stations from the coastline in
Kongsfjorden at ca. 5 m water

northern shore

40

depth in July/August 2007. The fal
geographical aspects of the =
stations, west to east and east to ‘:‘E 20
west, in the fjord are given as o
arrows; data are mean + SD E 01
(n =3-9) S
o -20
>
X
o
-40 -
-60 -
-80 -

Y 4 S %, %, T %

<

to 62 mg O, m~2 h™' were measured at stations KB4, BRL,
NO5 and NO1.

Significant differences of productivity between shallow
and deeper water were found at LON and BRL (Fig. 9). At 5
and 10 m water depth (shallow waters), respiration values
were 1.5 and 15 fold higher at BRL than at LON. Highest NPP
rates from 300 to 243 mg O, g chl a h™' were determined in
the deeper waters (15—30 m) at BRL. In contrast, highest rates
of 221 and 250 mg O, g chl @ h™' were measured at 5-10 m
water depth at LON. Since NPP and respiration rates were
different at LON and BRL, only minor differences between
the cumulative GPP rates were calculated. Additionally, the
station BRL showed higher productivity than LON.

Discussion
Primary production set-up

Benthic incubation chambers equipped with oxygen sensor
spots open many possibilities to estimate benthic
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production rates, for example, under different radiation
levels (PI-curves) or temperatures. This set-up allows the
determination of respiration and net production from
sediment samples with a defined area without subsampling
or destructing. Replicate cores can be easily incubated and
analysed in parallel. However, there are also some meth-
odological limitations. The measuring time is relatively
high (4-10 h per station) due to temperature equilibration
between sample and spot/chamber. Furthermore, although
core or chamber incubations well integrate total activity of
the whole sediment dwelling community they provide only
a limited insight into their vertical distribution and activity.
For vertical measurements, oxygen microelectrode profil-
ing allows a very detailed characterisation of production
and consumption at a given depth point. However, the
extrapolation of such time-consuming results to larger
sediment areas (mm? to m? scale) is not always simple due
to high biomass patchiness. Our benthic incubation
chamber set-up integrates the patchiness of organisms
corresponding to the covered sediment area of 19.6 cm”.
Furthermore, the respective biomass parameters are
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Fig. 9 Rates of ex situ
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available (in contrast to micro-profile approaches), i.e. chl
a per sediment area, volume or mass, from which micro-
phytobenthos productivity can be easily calculated. In
conclusion, the combination of microsensors (either optical
or Clark-electrodes) and benthic chambers is recommended
for an overall characterisation of areal (horizontal/vertical)
primary production of microphytobenthos.

The calculation of primary production rates especially
the differentiation of gross or net production is difficult. A
common procedure to measure gross primary production
(GPP) is to add oxygen exchange rates measured in dark-
ness to those determined during light incubations (Glud
et al. 2009) as we did in the present study. However,
heterotrophic activity in benthic communities is markedly
stimulated by light due to a rapid turnover of freshly pro-
duced organic material such as exudates (Kiihl et al. 1996;
Fenchel and Glud 2000). Furthermore, respiration rates of
phototrophs are different in darkness and during light
exposure (Falkowski and Raven 2007). Additionally, the

infauna of shallow waters frequently exhibits a daily
variation in their activity level and feeding mode that
affects the O, consumption rate (Wenzhofer and Glud
2004). Since macroalgal fragments still carry living, active
algal cells such as epiphytes, they may contribute to the
measured photosynthetic activity and, hence, might result
in an overestimation of net primary production (NPP) rates.

Compared to temperate waters (e.g. Woelfel et al. 2007),
similar chl a values ranging from 13 to 317 mg chl ¢ m™>
were determined under the much lower Arctic water tem-
peratures (cf. Table 6 in Woelfel et al. 2009a). High ratios
of C:chl a (380-1,039) as well as of C:N (27-78) (Table 2)
indicated a carbon-rich organic matter, which was rela-
tively poor in chl a and nitrogen. It is possible that detritus
from heterotrophic organisms or macroalgal fragments
were extracted from our sediment samples which, of
course, would contribute to the data presented. In many
sediments only a small portion of POC represents indeed
microalgae as up to 10% of the measured POC was
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Table 3 The existing gross primary production estimates of benthic microalgae for polar regions as determined by in situ incubations as well as

some examples from other regions

Location Water GPP range Chl a Measurement Method Study
depth [m] [mg C m2h7Y [mg m~2] time interval
Antarctic
McMurdo Sound 18 51-95 47-533 Sept-Nov 1975; 4c Dayton et al. (1986)
Mar-Aug 1977
Signy Island 8 13-29 10-500  Dec, Jan, Mar Hc Gilbert (1991a)
1987/1988
Arctic
Chukchi Sea near Barrow, Alaska 5 0.5-57 35-321 Feb—Aug 1972 ¢ Matheke and
Horner (1974)
Narwhal Island, Beaufort Sea 7 <0.01 1-28 Apr-Jun 1980 e Horner and Schrader
(1982)
Young Sound, NE Greenland® 5-30 0.07-16° Jul-Sep 2000 0, Glud et al. (2002)
Kongsfjorden, Spitsbergen® 5-30 1-23°¢ 13-317 Jun-Aug 2007 0, This study
Temperate waters
Westerschelde, SW Netherlands Sandy 15-80 15-32 Sept 1995-Oct 1996 Barranguet et al. (1998)
intertidal flat
German Wadden Sea <2 29-51° 176-194  Apr, Aug 2002 0, Billerbeck et al. (2007)
(coarse sandy site), Germany
Shallow coastal lagoon 25 6-18 135-209  May, Jul, Sep 1996; O, Meyercordt and

Southern Baltic Sea, Germany

Jan, Apr 1997 Meyer-Reil (1999)

# Laboratory incubations of intact sediment cores

° Daily net photosynthesis rates were converted into hourly rates (divided by 24)

¢ Conversion O, values into C assuming a photosynthetic quotient (PQ = AO,/AC) of 1 (Hargrave et al. 1983)

allocated to living microorganisms (K. Sundbick, personal
communication). Nevertheless, the values presented here
are mainly within the range of published data (cf. De Jonge
1980) although almost all C:chl a ratios were obtained
from phytoplankton assemblages. In conclusion, since
C:chl a ratios are insufficient to describe changes in benthic
microalgal standing stock, diatom cell counts should be
used as biomass reference values.

All NPP rates were highly depended on respiration rates.
We observed that almost all sediment samples and 30-80%
of each sediment surface was strongly populated by poly-
chaetes and nematodes. Sediments of BRL at 20 m water
depth, for example, showed abundances of 12,210-
16,130 animals cm ™2 dominated by nematodes and cope-
pods (Veit-Kohler et al. 2008). These dense communities
of meiobenthic organisms as well as protozoa and bacteria
probably strongly contributed to the measured high respi-
ration rates. Thus, determination of NPP and respiration
enables a more detailed discussion of sediment ecology.

Oxygen exchange was transformed into a CO, fixation
rate assuming a photosynthetic quotient (PQ). For inte-
grated benthic communities, most determinations of PQ
range between 0.9 and 1.3 depending on light and nutrient
availability (Hargrave et al. 1983; Cahoon and Cooke
1992; Ni Longphuirt et al. 2007). Based on 50 incubations
of sediment cores, the community PQ of a high Arctic

@ Springer

sediment averaged at 1.19 &+ 0.48 (Glud et al. 2002).
However, most published primary production studies do
not provide sufficient information in respect to terms and
values of carbon- or oxygen-based measurements (e.g. PQ,
incubation period, respiration, etc.) to recalculate the
reported values as GPP or NPP rates. Consequently, a PQ
of 1 was used in this study and, thus, probably underesti-
mates the true carbon NPP and GPP values. Although
primary production of benthic microalgae from Polar
Regions has mostly been estimated from '*C-incubations,
our GPP rates down to 30 m water depth in Kongsfjorden
were similar (Table 3). However, the cumulative GPP does
not represent the high respiration activity in sediments.

Heterogeneity in productivity

Only minor changes of chl a concentrations (Fig. 5) as well
as of the ratios of living/dead cells (Figs. 4, 5) were
determined with increasing transect depth. The GPP did not
change likewise indicating that light availability is suffi-
cient for microalgal growth down to 30 m. However,
benthic diatoms are capable to quickly optimise their
photosynthetic apparatus to the actual irradiance and to
thrive well under low-light conditions (Glud et al. 2002;
Karsten et al. 2006). Some taxa are motile (epipelic) and
migrate depended on light and nutrient conditions.
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Consequently, any expected depth-specific light acclima-
tion of the transect biomass was neglected when exposed to
similar radiation conditions in the laboratory.

Diatom cell sizes of 20-50 pm were dominating both
stations at all water depths. At LON, a slight increase in
diatom cell size with increasing water depth was deter-
mined (Fig. 7). This might indicate grazer selectivity for
certain size classes or growth stimulation of this special
group. In addition, large diatoms seem to be particularly
well adapted to low-light levels (cf. Gillespie et al. 2000).
Generally, diatoms can grow and/or survive under very low
irradiances (single photons m~2 s~ (Wulff et al. 2005;
Cahoon 1999). A preference for moderate depths was
found along a depth gradient on the Swedish West coast,
where higher chl a was found in 14-16 m (Sundbéck and
Jonsson 1988). However, this preference could also been
related to less physical disturbance such as wave action. A
negative correlation between diatom diversity and depth
(7-25 m) was found in sediments of the Gullmar fjord
(Swedish West coast) (Wulff et al. 2005). Temperature,
salinity and light intensities explained only 57% of diatom
taxa variation, and light was not the main environmental
factor. Consequently, for further studies, a multivariate
qualitative and quantitative analysis of light intensities,
hydrodynamic conditions, grazing impacting biomass,
species composition and primary production is necessary.

Importance of benthic microalgae in Kongsfjorden

Primary production rates of benthic microalgae on sandy
sediments of the permanently cold Arctic Kongsfjorden
were similar to those in temperate waters (Table 3).
However, this study represents potential primary produc-
tion rates since the communities were exposed to an
(artificial) radiation of ca. 100 pumol m~2 s~!, which most
likely reflected the upper limit of polar environmental
conditions in Kongsfjorden. Although this radiation level
was moderate, benthic microalgal communities rarely
exhibit photoinhibition or even photodamage (Glud et al.
2009). Moreover, a downward migration of motile diatoms
counteracts efficiently inhibiting light levels at the sedi-
ment surface (Kiihl et al. 1997). Total diatom cell numbers
including attached microalgae are typically in the order of
10°-10° (K. Sundbick, personal communication). In our
study, cell number of the unattached fraction was signifi-
cant with 10°, which may point to a high migration
potential of these microalgae. However, further studies on
attached microalgae have to be done.

Relatively high potential GPP rates ranging from 12 to
23 mg C m~2 h™' seem to coincide with smaller grain size
and lower wave exposure (water depth <5 m). Thus, at the
“exterior” area of the fjord, where the water flow is higher
and grain sizes coarser (3-9 mg C m~? h_l), biomass and

production rates were lower than in the inner fjord (Fig. 4).
Only 32% of the area investigated by echo sounding was
covered with sandy and muddy sediments, whereas mac-
roalgal biomass covered about 44% (Kruss et al. 2008).
This coverage clearly indicates rocky substrates, which are
most common in Kongsfjorden. Although not investigated
in the present study, thick mats of microalgae are reported
to grow on nearly all surfaces including rocks and sea-
weeds in shallow waters along Kongsfjorden (Hop et al.
2002). For a more precise calculation of total micro-
phytobenthic production, investigations into epiphytic and
epilithic microalgae are urgently needed.

The number of studies quantifying microphytobenthic
biomass is much larger than those determining micro-
phytobenthic activity, although chl a was often used as an
indicator for production of these microalgae (Cahoon 1999;
Glud et al. 2009). It is beyond dispute that biomass values
are dependent on the “balance” between accumulation
(e.g. growth, deposition, migration) and removal (e.g.
grazing, resuspension, senescence) processes as well as on
abiotic conditions. In respect to the low water temperatures
of the Arctic, the degradation of organic matter could be
slower than in temperate regions. Furthermore, the photic
zone only extends a few mm into the sediment, but the chl
a concentration is averaged over the uppermost cm and,
therefore, it poorly represents phototrophic production
(Kiihl 2005). Consequently, chl a concentrations or POC
values represent poor proxies for benthic productivity as
well as for production values (photoautotrophic or hetero-
trophic) especially when they are extrapolated to larger
areas. Due to the high oxygen consumption by heterotro-
phic processes in the sediment the three parameters bio-
mass, net production and respiration have to be jointly
determined for precise estimation of production as well as
productivity.

The ice-free summer of 90-120 days in the Arctic
reflects undoubtedly the main period for benthic production
(Cahoon 1999). So far, not much is known to what extent
polar benthic microalgae are able to cope with prolonged
periods of low light or even darkness in winter and beneath
sea-ice. Microalgae were present in sediments at Signy
Island (Antarctica) all year round and rapidly increased in
biomass following the onset of light in following spring
(Gilbert 1991b). Benthic microalgae became the most
important primary producers after the breakup of the
nearshore ice in the Chukchi Sea (Alaska, USA) (Matheke
and Horner 1974). In the latter study, primary production
of benthic microalgae was 8 times higher than that of ice
algae and twice than of phytoplankton. However, benthic
productivity was found to be negligible at another Arctic
site during spring when ice algae contributed most to total
primary production (Horner and Schrader 1982). This
indicates that benthic production may only occur at specific
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times during polar summer or that substantial differences
occur between sites. Based on an average of 90 days of
open water and 24 h light, a mean summer potential pri-
mary production rate of 212 mg C m™~ day ' was esti-
mated for Kongsfjorden, which equals 19 ¢ C m™2 year ™'
per summer period. Yearly GPP rates of microphytoben-
thos extrapolated to the Kongsfjorden sandy and muddy
areas (sum = 3.7 km? of the investigated area down to
30 m depth) amounts to 76-1,900 kg C year™' on average.
However, further work is required to assess diatom
behaviour under low-light conditions and seasonal pro-
duction of benthic microalgae.

At all investigated sites (5-30 m), benthic microalgal
production was with 1-23 mg C m~2 h™" similar to pelagic
production values of 3-5 mg C m~2 h™" in Kongsfjorden
and of 14-87 mg C m~2 h™' in Hornsund (West Spitsber-
gen coast) during July 2002 (Piwosz et al. 2009). From these
data, the annual pelagic primary production (5-100 m) can
be calculated as 2-14 g C m~? year ' in Kongsfjorden. In
comparison to our estimates, the potential of benthic mic-
roalgal production was 2 times higher and at least in the
same range as the pelagic production values, which supports
the important ecological role of microphytobenthos as a
food source for the heterotrophs in Kongsfjorden. In sum-
mary, the entire Arctic region is still undersampled and
further studies on benthic primary production either of
macroalgae or microalgae should be encouraged.
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