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Chapter 8

Living on Cold Substrata: New Insights
and Approaches in the Study

of Microphytobenthos Ecophysiology
and Ecology in Kongsfjorden

Ulf Karsten, Iris Schaub, Jana Woelfel, Duygu S. Sevilgen, Carolin Schlie,
Burkhard Becker, Angela Wulff, Martin Graeve, and Heiko Wagner

Abstract Organisms in shallow waters at high latitudes are under pressure due to
climate change. These areas are typically inhabited by microphytobenthos (MPB)
communities, composed mainly of diatoms. Only sparse information is available on
the ecophysiology and acclimation processes within MPBs from Arctic regions. The
physico-chemical environment and the ecology and ecophysiology of benthic
diatoms in Kongsfjorden (Svalbard, Norway) are addressed in this review. MPB
biofilms cover extensive areas of sediment. They show high rates of primary
production, stabilise sediment surfaces against erosion under hydrodynamic forces,
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and affect the exchange of oxygen and nutrients across the sediment-water inter-
face. Additionally, this phototrophic community represents a key component in the
functioning of the Kongsfjorden trophic web, particularly as a major food source for
benthic suspension- or deposit-feeders.

MPB in Kongsfjorden is confronted with pronounced seasonal variations in solar
radiation, low temperatures, and hyposaline (meltwater) conditions in summer, as
well as long periods of ice and snow cover in winter. From the few data available, it
seems that these organisms can easily cope with these environmental extremes. The
underlying physiological mechanisms that allow growth and photosynthesis to
continue under widely varying abiotic parameters, along with vertical migration and
heterotrophy, and biochemical features such as a pronounced fatty-acid metabolism
and silicate incorporation are discussed. Existing gaps in our knowledge of benthic
diatoms in Kongsfjorden, such as the chemical ecology of biotic interactions, need
to be filled. In addition, since many of the underlying molecular acclimation
mechanisms are poorly understood, modern approaches based on transcriptomics,
proteomics, and/or metabolomics, in conjunction with cell biological and
biochemical techniques, are urgently needed.

Climate change models for the Arctic predict other multifactorial stressors, such
as an increase in precipitation and permafrost thawing, with consequences for the
shallow-water regions. Both precipitation and permafrost thawing are likely to
increase nutrient-enriched, turbid freshwater runoff and may locally counteract the
expected increase in coastal radiation availability. So far, complex interactions
among factors, as well as the full genetic diversity and physiological plasticity of
Arctic benthic diatoms, have only rarely been considered. The limited existing
information is described and discussed in this review.

Keywords Microphytobenthos - Benthic diatoms - Polar regions - Climate change

8.1 Introduction

The Arctic Ocean is characterised by a large shelf area (depths of <200 m) that
comprises approximately one-fifth of the global shelf (Menard and Smith 1966),
resulting in extensive coastal regions with a mean water depth of less than 80 m
(Gattuso et al. 2006; Jakobsson et al. 2008). The biomass of infaunal and epifaunal
organisms in this extensive area is generally high compared to other, similar
communities in temperate shallow-water regions, and thus responsible for high
biological activity (Piepenburg et al. 1995; Sejr et al. 2000), in conjunction with
high levels of benthic mineralisation (Rysgaard et al. 1998). All these organisms are
strongly dependent on primary producers. Although pelagic and ice-related primary
production in the Arctic can be high (Arrigo et al. 2008; Hodal et al. 2012), it
typically has a narrow seasonal and local significance (Hsiao 1988). In addition,
efficient microbial turnover rates for carbon and nutrients have been documented in
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the Arctic water column (Rysgaard et al. 1999), resulting in reduced sedimentation
of particulate organic material. Consequently, at many locations in the Arctic,
heterotrophic benthic organisms benefit little from the primary production of
phytoplankton and ice-algae, and hence are dependent on benthic primary producers
as their main food source (Glud et al. 2002). Benthic primary production in Arctic
shallow-water regions is mainly mediated by seaweeds (Wiencke 2004; Fredriksen
et al., Chap. 9), which form high standing-stock biomasses on hard substrata such
as rocks; and by microphytobenthos (MPB) communities that grow mainly on soft
sediments and as epiphytes on macroalgae (Karsten et al. 2006; Glud et al. 2009).

MPB communities are generally dominated by diatoms, which play an important
role in the ecology of many Arctic coastal habitats (Glud et al. 2009). Glud et al.
(2002) reported that at shallow depths, benthic microalgal productivity far exceeds
that of pelagic microalgae, and can account for more than 90% of the total
production. Similar studies on MPB productivity in subtidal Arctic regions remain
scarce (Woelfel et al. 2010, 2014; Sevilgen et al. 2014), mainly due to the logistical
constraints of high-latitude fieldwork. Nevertheless, the few data available from
Arctic locations clearly indicate relatively high MPB primary production rates that
are comparable to those from temperate regions (Glud et al. 2002, 2009; Woelfel
etal. 2010, 2014; Sevilgen et al. 2014). In addition, MPB communities stabilise and
modify sediment surfaces by the excretion of sticky extracellular polymeric
substances (EPS) (De Brouwer et al. 2005), thereby reducing hydrodynamic erosion
and acting as a biological filter (biofilm) for fluxes of oxygen and other elements at
the sediment-water interface (Risgaard-Petersen et al. 1994). Consequently, MPB
communities seem to be a key component in the functioning of trophic webs on soft
substrates in Arctic coastal regions.

Many components of the pelagic and benthic food webs of higher trophic levels in
the Arctic Kongsfjorden, a model ecosystem for high latitudes, are well described
(Hop et al. 2002; Wiencke 2004). However, little information is available on the differ-
ent primary producers, particularly benthic diatoms. The Arctic is currently facing a
strong temperature increase due to global climate change (IPCC 2007; Bischof et al.,
Chap. 14). In addition to changes in hydrodynamics and local water temperatures,
warming will entail enhanced freshwater input from melting snow, ice, glaciers and
permafrost. This has consequences for coastal water salinity, sediment and nutrient
runoff, as well as for the underwater light regime due to rising turbidity. In addition,
drastic changes in the extent of sea-ice cover influences the light regime and conse-
quently the potential time of onset of Arctic primary production throughout the year
(Serreze et al. 2007; Zhang et al. 2012; Laxon et al. 2013), which might be beneficial
for benthic primary producers. Furthermore, rising levels of pCO, will lead to increased
ocean acidification. Thus, the possible effects on MPB communities are indeed com-
plex, and they must cope with altering conditions in the Arctic. The present review
discusses ecological, physiological, bio(geo)chemical, cell-biological and molecular-
biological aspects of benthic microalgae, in order to highlight their performance, inter-
actions and acclimation potential under Arctic environmental conditions and
global-change scenarios. Most of the data presented were obtained for benthic diatoms
collected at different stations in Kongsfjorden and nearby Adventfjorden (Fig. 8.1).
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Fig. 8.1 Map of Svalbard showing Kongsfjorden and Adventfjorden, where all benthic diatoms
were sampled. The black dots (a) and (b) indicate the London and Brandal stations in Kongsfjorden;
dot (c) is the sampling location in Adventfjorden. For station details, see Woelfel et al. (2010)

8.2 Physico-Chemical Environment of Kongsfjorden
and MPB Acclimation and Adaptation

Seasonally fluctuating solar radiation, low temperatures, and long periods of ice and
snow cover are the key environmental factors controlling primary production in the
Arctic (Hop et al. 2002).

8.2.1 The Polar Night

Benthic diatoms experience only short periods of sufficient light over the course of
the year, with the polar day extending from mid-April until the end of August, and
twilight conditions prevailing in spring and autumn (Svendsen et al. 2002). The
polar night lasts for about 4 months, from the end of October to mid-February, and
the annual surface incident solar radiation at 80°N is about 43% less than at the
equator (Thomas et al. 2008). In the inner part of Kongsfjorden, the long period of
winter darkness is further extended by the formation of sea ice, which breaks up
sometime between April and July (Svendsen et al. 2002), although there has been
much less ice in Kongsfjorden after 2006 (Cottier et al. 2007; Pavlova et al., Chap.
4). If the ice is also covered by snow, solar radiation can decrease to less than 2% of
the surface level. Consequently, MPB communities may undergo as much as about
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10 months of darkness or very low light conditions (Chapman and Lindley 1980;
Dunton 1990). In addition, MPB experience shifts to dark and partly anoxic
conditions due to vertical migration into the sediment and because of burial by bio-
turbating animals (Petrowski et al. 2016).

8.2.2 Dark Survival of Polar Benthic Diatoms

Polar benthic diatoms from Kongsfjorden show a high potential for dark survival, as
they can live up to 5 months in complete darkness (Schlie et al. 2011), which may
be beneficial in the polar night. Other studies have shown that polar pelagic and
benthic diatoms survive these long periods of darkness, although the maximum
survival time seems to be species-specific (Bunt and Lee 1972; Palmisano and
Sullivan 1983; Peters and Thomas 1996; Zhang et al. 1998). The underlying
physiological, biochemical and molecular mechanisms are still poorly understood,
such as, for example, the physiological state in which polar diatoms survive
darkness.

Different potential adaptive mechanisms for long-term dark survival have been
described (McMinn and Martin 2013). These mechanisms include the utilisation of
stored energy products (Palmisano and Sullivan 1982), adjustment of metabolic
rates (Peters and Thomas 1996), formation of resting stages (reviewed by McQuoid
and Hobson 1996), or a facultative heterotrophic lifestyle (Hellebust and Lewin
1977; Armbrust et al. 2004). These adaptive mechanisms are not considered to be
mutually exclusive, and probably vary in relative importance among polar species
(Palmisano and Sullivan 1985).

8.2.3 The Physiological State of Overwintering Diatoms
in Kongsfjorden

From an ecological perspective, growth is the most relevant indicator to describe the
ecophysiological performance of algal species in a specific habitat, because it
integrates all intracellular acclimation processes, both positive and negative (Schlie
et al. 2011). Positive growth rates indicate that algae have intact cell structures and
hence an intact metabolism. In order to assess biological changes in the cells during
dark incubation, two fluorescent stains were applied to benthic diatoms from
Kongsfjorden (C. Schlie unpubl.). The stains were SYTOX® Green Nucleic Acid
Stain and PDMPO [2-(4-pyridyl)-5{[4-dimethylaminoethyl-aminocarbamyl-
methoxy] phenyl}oxazole]. SYTOX® attaches to the DNA of the target organism
(Veldhuis et al. 1997), which is only possible in non-vital cells with damaged cell
membranes. The fluorophore PDMPO is co-deposited with silica into the newly
synthesised cell wall of diatoms, so in addition to cell vitality, active growth can be
observed and followed as bright-green fluorescence (Shimizu et al. 2001) (Fig. 8.2).
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Fig. 8.2 Epifluorescence images of the benthic diatom Surirella cf. minuta from Kongsfjorden.
(a) New silica deposition in the diatom valves as observed by using PDMPO [2-(4-pyridyl)-5{[4-
dimethylaminoethyl-aminocarbamyl-methoxy] phenyl}oxazole] fluorescence probe (green
colour), while the red colour originates from Chl. a autofluorescence. Red colour is typical for
older cells not involved in the latest cell growth, together with younger cells. The bright green-
coloured structures (white arrows) indicate newly synthesised valves (silica incorporation), viewed
from above. (b) Newly synthesised valves seen from lateral position. (C. Schlie et al. unpubl.)

Applying SYTOX and PDMPO to the benthic diatom Surirella cf. minuta during
5 months of darkness indicated that an increasing number of cells exhibited damage
over time, although after 1 month about 80% were still viable (C. Schlie et al.
unpubl.). In addition, active silica incorporation in the dark was measured, i.e. 5%
of all diatom cells showed staining after 2 months of darkness, indicating that
growth processes were continuing (Schlie et al. unpubl.) (Fig. 8.2).

Experiments on the dark-survival potential were performed with a Kongsfjorden
isolate of the benthic diatom Cylindrotheca closterium (Schlie et al. 2011). This spe-
cies was kept for more than 5 months in darkness, and sub-samples were re-irradi-
ated each month with continuous low irradiances (2.2-3.3 W m™2). After 1, 2, 3 and
5 months of dark incubation, C. closterium showed high growth rates in the light
within a few days, indicating a high capability of withstanding the polar night (Schlie
etal. 2011). However, chloroplast size was reduced with increasing incubation time.

Originally ovoid chloroplasts of S. cf. minuta from Kongsfjorden shrunk after
2 weeks in darkness (C. Schlie unpubl.). Photosynthetic pigments begin to degrade
after a few days without light. In particular, chlorophyll degradation provides nitro-
gen for maintenance metabolism. Karsten et al. (2012) mentioned that the benthic
Fragilaria striatula from Kongsfjorden showed a 30—40% reduction in chloroplast
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length after 3 months of darkness, indicating a reallocation of energy towards main-
tenance metabolism through the decomposition of organelle components. After re-
irradiation, this diatom had a long lag-phase before growth resumed. Other benthic
diatoms from Kongsfjorden showed increasingly long lag-phases as a function of a
longer dark incubation period, before optimum growth could be re-established
(Karsten et al. 2012). This lag-phase includes a recovery period, in which the dia-
toms acclimate to sudden light conditions after dark treatment, rebuilding their cell
structures and metabolism. The length of the lag-phase seems to be species-specific
in benthic diatoms from Kongsfjorden (Karsten et al. 2012).

8.2.4 The Biochemical State of Overwintering Diatoms
in Kongsfjorden

From a biochemical viewpoint, the utilisation of storage products, such as carbohy-
drates and lipids, can provide energy for the cellular maintenance metabolism dur-
ing long-term darkness. The principal storage products in diatoms consist of the
carbohydrate chrysolaminarin and the neutral lipid triacylglycerol, which are stored
in cell vacuoles and in cytoplasmic lipid droplets, respectively (Beattie et al. 1961;
Darley 1977).

High proportions of lipid droplets have previously been detected in species of
polar phytoplankton and ice diatoms in late autumn (Fryxell 1989; Zhang et al.
1998). In the benthic diatom Nifzschia cf. dubiiformis, from Adventfjorden,
Svalbard, large amounts of cytoplasmic lipid droplets were observed (Schaub
et al. 2017; Fig. 8.3). During 12 weeks of dark incubation, this species exhibited
a continuous decrease in the volume of the lipid droplets, indicating intracellular

Light 2 weeks dark incubation 8 weeks dark incubation 12 weeks dark incubation

———
10 pm

Fig. 8.3 Cells of the benthic diatom Nirzschia cf. dubiiformis from Adventfjorden, Svalbard,
grown under light conditions (late log phase) and after 2, 8 and 12 weeks of darkness. Black arrows
indicate lipid droplets in the cell. Cells were kept in a batch culture under 25 pmol photon m=2 s~!
in a 16:8 h light:dark rhythm, at 8 °C in F/2 medium with metasilicate (0.6 ml 1-') and a salinity of
33. Photomicrographs were made with an Olympus BX51 microscope and ColorView12
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degradation and, most probably, utilisation for maintenance metabolism (Schaub
et al. 2017). Smith and Morris (1980) observed that diatoms from the Southern
Ocean showed enhanced incorporation of 80% of the assimilated carbon into the
lipid fraction under conditions of low irradiance (12.5 W m~2 PAR - photosyn-
thetically active radiation, 400-700 nm) and low temperature (—1.0 °C), com-
pared to carbohydrate synthesis under higher temperature (+0.2 °C) and irradiance
(305.4 W m~ PAR).

The two major lipid classes in diatoms are (i) polar lipids (glycolipids, sulfo-
lipids and phospholipids), and (ii) neutral lipids such as triacylglycerols (TAG)
and free fatty acids (Dunstan et al. 1993). Polar lipids are common membrane
components, consisting of high proportions of polyunsaturated fatty acids
(PUFA). TAG generally have more saturated (SFA) and monounsaturated fatty
acids (MUFA) (Sukenik and Wahnon 1991), and serve primarily as a form of
carbon and energy storage (Dunstan et al. 1993). Since lipids are important for
energy storage in polar benthic diatoms, qualitative and quantitative analytical
methods are crucial to understand the catabolic pathways that contribute to dark-
survival mechanisms. Examining different lipid classes or fatty-acid composi-
tion of diatoms requires the use of high-performance liquid chromatography
(HPLC) or gas-liquid chromatography (GC), often in combination with mass
spectrometry (MS) (Christie 1996; Kattner and Fricke 1986; Nordbick et al.
1998; Graeve and Janssen 2009). Total lipid content can be determined in intact
diatom cells using Fourier transform infrared (FTIR) spectroscopy (Wagner et al.
2014; Schaub et al. 2017).

In order to understand the utilization of lipophilic storage products during
the polar night, Nitzschia cf. dubiiformis from Adventfjorden was exposed to up
to 8 weeks of darkness, with weekly analyses of fatty acid and total lipid content
using GC-MS (Fig. 8.4) and FTIR in parallel (Fig. 8.5). Total fatty acid content
per cell decreased sharply (by about 50%) in the first 2 weeks, with much slower
degradation rate thereafter (Fig. 8.4). The ratio of SFA + MUFA/PUFA decreased
continuously from 1.70 after the first week of darkness to 1.47 after 8 weeks
without light, indicating greater reduction of MUFA and SFA than of
PUFA. Since TAG consists mainly of MUFA and SFA, it can be assumed that
Arctic benthic diatoms preferentially use this storage product during long-term
darkness. In contrast, FTIR measurements showed a decrease in the overall lipid
content (Fig. 8.5a, b; lipid ester, wavenumber 1700-1800 cm™") after the first
week, and a sharp second decrease after the fourth week of dark incubation,
which was also reflected in a strong increase in the amide/lipid ratio (Fig. 8.5¢c).
This confirms that lipids are the principal storage products during prolonged
darkness. Furthermore, the chrysolaminarin peak (Fig. 8.5a, wavenumber
1300-1400 cm™') decreases strongly during the first week of darkness, indicat-
ing a rather short-term degradation of this carbohydrate storage compound
(Schaub et al. 2017).
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Fig. 8.4 Total fatty-acid content (pg cell™') in the benthic Nifzschia cf. dubiiformis from
Adventfjorden, Svalbard, under 1, 2, 4, and 8 weeks of dark incubation at a temperature of
8 °C. Total fatty-acid content, determined with GC/MS, is separated into polyunsaturated (PUFA),
monounsaturated (MUFA) and saturated (SFA) fatty acids. Incubation in F/2 medium with
metasilicate (0.6 ml 17!) at a salinity of 33

8.2.5 The Underwater Light Climate in Kongsfjorden

With the onset of the polar day in spring, the ice cover in Kongsfjorden produces
dim light conditions, even in shallow waters. After the sea ice break-up in spring,
solar radiation penetrates deeply into the water column, except in the inner bay.
UV-radiation (UVR) and blue light are strongly attenuated in coastal waters because
of the prevailing optical properties, which are influenced by particles (from e.g.
glaciers) and yellow substances originating from meltwater and terrestrial runoff
(Hanelt et al. 2001; Pavlov et al., Chap. 5). In the Arctic summer, even at noon the
angle of the sun is always low, resulting in maximum surface irradiances of
283 W m~2 PAR (400-700 nm), 19 W m~ UV-A (320400 nm) and 1.1 W m™>
UV-B (280-320 nm) (Bischof et al. 1998). The 1% depth for UV-B radiation, which
represents the approximate threshold irradiance of UVB with potential to negatively
affect primary plant productivity, is between 4 and 8 m in Kongsfjorden (Hanelt
et al. 2001). Peak irradiances during clear-water periods may reach a maximum of
40 W m~2 PAR at 5 m water depth, however for a few weeks only, followed by much
lower values between 5 and 10 W m~2 PAR due to increasing turbidity (Bischof
etal.2002). During late spring and early summer, water transparency in Kongsfjorden
decreases sharply, due to the development of phytoplankton blooms and the inflow
of meltwater (Pavlov et al., Chap. 5). With increasing turbidity, the irradiance
decreases and spectrum shifts from blue to green wavebands in deeper waters
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Fig.8.5 Fourier transform infrared (FTIR) spectra of Nitzschia cf. dubiiformis from Adventfjorden,
to determine changes in the cellular macromolecular composition according to Wagner et al.
(2010). Cell spectra were measured after prolonged darkness of 8 weeks at 0 °C to follow the
changes in lipid content (a). Inset (b) shows a magnification of the waveband range between 1500
and 1800 cm™!. Peak ratios (¢) for the protein:lipid content have been quantified from the amide I

absorption band (showing the amide bond of proteins at 1649 cm™') and the lipid ester bond
(1740 cm™) (b). Spectra were plotted as relative units (r.u.)

(Jerlov 1976). Consequently, benthic diatoms in Kongsfjorden experience widely
fluctuating radiation conditions both seasonally and diurnally, and most of the time
they live under a low light environment of <5-10 W m~2 PAR, without biologically
harmful UVR (Woelfel et al. 2014).

8.2.6 The Acclimation of Polar Benthic Diatoms to Low Light

The few data available on benthic diatoms from Kongsfjorden indicate a very high
capability to acclimate to the prevailing irradiances and continue photosynthesis
(Karsten et al. 2006, 2012; Woelfel et al. 2010, 2014; Sevilgen et al. 2014).This high
adaptive capacity is well supported by similar studies from Greenland (Kiihl et al.
2001) and Antarctica (Wulff et al. 2008, 2009). Even under extremely low irradiances
of 0.1, 1.1 and 2.2 W m~2 PAR, high growth rates were reported for Nitzschia cf.
aurariae (Karsten et al. 2012) and two Fragilaria species (Karsten et al. 2006).
Support for the shade acclimation of benthic diatoms in polar areas derives also
from their low light requirements for photosynthesis. The Antarctic benthic diatom
Trachyneis aspera was able to grow at ambient radiation of <0.6 pmol photons
m~2s7!(=0.13 Wm2PAR), with saturated photosynthetic rates (E, values) between
7 and 16 pmol photons m=2 s~! (=1.5 and 3.5 W m~2 PAR) (Palmisano et al. 1985).
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Adaptation to low light is also apparent in the reported low half-saturation and
compensation irradiances for the entire MPB community from Brandal,
Kongsfjorden (Sevilgen et al. 2014). By virtue of their low light requirements for
photosynthesis, benthic diatoms are capable of successfully colonising deep
bottoms. McGee et al. (2008) found living benthic diatoms even at a water depth of
191 m, where the midday insolation averaged 0.1 pmol photons m= s7! (=
0.02 W m™2 PAR), i.e. <0.03% of surface incident radiation. The ability of benthic
diatoms to acclimate not only to such extreme low-light conditions but also to high-
light conditions in Antarctica (up to 350 W m~2 PAR) has been reported, emphasising
that polar benthic diatoms are very well adapted to fluctuating radiation conditions
(Wulff et al. 2008; Salleh and McMinn 2011).

8.2.7 Vertical Migration as a Response to Fluctuating Light
Conditions

Vertical migration of benthic diatoms has been recognised as a main factor control-
ling the short-term variability of MPB productivity. The migratory patterns in sub-
tidal benthic diatoms are closely linked to the diel cycle, and vertical migration is
more affected by the photoperiod than by a combination of light and physical/
hydrodynamic regimes (Longphuirt et al. 2006; Du et al. 2010).

Published studies on vertical migration of benthic diatoms in high-latitude
regions with polar day and night conditions are lacking. Sevilgen et al. (unpubl.)
recorded ex situ surface chlorophyll a concentrations in MPB communities in intact
sediment cores from Kongsfjorden using back-reflectance spectra of the surface as
a proxy for migration patterns. Two scenarios reflecting the Arctic summer and a
temperate day/night light cycle were applied (Fig. 8.6). Chl. @ showed a decline in
concentration with decreasing photon fluence rates, and vice versa, indicating
vertical migration of MPB (Fig. 8.6). In addition, the appearance and disappearance
of the typical brownish benthic diatom layer (fucoxanthin) on the sediment surface
could be followed visually.

In a similar study, the heterogeneity of benthic diatom occurrence, caused by
vertical migration as well as patchiness, was studied by IMAGING-PAM (Pulse
Amplitude Modulation) analysis (IMAG-MIN, Walz, Efferich, Germany) in
sediment cores from Kongsfjorden (Fig. 8.7) (J. Woelfel unpubl.; stations according
to Woelfel et al. [2014]).

The top 5 mm sections of sediment cores were measured at 2 °C, following a
specific protocol: (1) 2-D images of the fluorescence parameters F, (minimum
fluorescence of dark-acclimated cells) and F,, (maximum fluorescence under
saturating light) were taken after 10 min dark adaptation. (2) The cores were then
exposed to three increasing photon fluence rates, each provided for 15 min: low
light (LL, 15 pmol photons m~2 s~!), medium light (ML, 100 pmol photons m~2 s7})
and high light (HL, 1000 umol photons m=2 s7!). After 5, 10 and 15 min, F, and F,
(fluorescence in the light) were determined with low measuring light, followed by
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Fig. 8.6 Relative surface chlorophyll a (Chl. a) changes as derived from back-reflectance mea-
surements in sandy sediment cores from Brandal station (5 m), Kongsfjorden, in July 2012. (a)
Relative Chl. a changes with mimicked in situ light dynamics (polar summer); and (b) changes
with mimicked light conditions of a temperate region (6 h of darkness). Vertical lines in photon
fluence rates reflect temporal shading of the setup due to experimental reasons. Grey line: photon
fluence rate; black line: relative Chl. a units. (D.S. Sevilgen et al. unpubl.)

maximal fluorescence F, and F,, (maximum fluorescence under actinic light) after
applying a 800 ms saturating light pulse. (3) Exposure to 30 min darkness followed
by measurements of all parameters during dark recovery.

All fluorescence parameters decreased with increasing photon fluence rates, fol-
lowed by a subsequent increase during the 30-min dark period (Fig. 8.7). These
changes in Fy/F, and F/F,, could, in principle, reflect either vertical migration of
benthic diatoms or a down-regulation of Chl. a fluorescence excitation. The strong
decrease of both Fy/F, and F,/F,, is interpreted as a migratory response to increasing
light levels due to the short time intervals used in the experiments. Non-
photochemical quenching (NPQ) is a photoprotective mechanism against excessive
irradiance. NPQ increased continuously under more-intense light, and decreased
during the dark treatment. This pattern led, partly, to decreases in F,,,. The incomplete
recovery within 30 min in darkness can be explained by the possible “resting” of
motile diatoms in the sediment, since these algae need a radiation impulse for
upward migration (L. Polerecky, MPI for Marine Microbiology, Bremen, pers.
comm.).
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Fig. 8.7 Changes in the
fluorescence parameter F,
(a), after irradiation
parameter F,, (b) and
non-photochemical
quenching (NPQ) (¢) in
surface sediment cores.
Data, shown as

mean = SD, were plotted
over time (min) and as a
function of irradiance: Low
light (LL) = 15, medium
light (ML) = 100 and high
light (HL) = 1000 pmol
photons m~2 s~!. Data
represent samples from
three stations in
Kongsfjorden (BRL, NAT,
LON). Grey bars indicate
periods of dark adaptation
as well as increasing levels
of irradiance. (J. Woelfel
et al. unpubl)

New Insights and Approaches in the Study...

315

£
[F 9
1 1 1 1
1 I : | c
] ]
3.0 | " | X
1 1 1 |
1 I 1 1
| I | 1
1 1 !
1 I 1
o 204 , ' | :
(-9 ] ] I ]
2 1 1 1 I
| I ! 1
1 I 1
I 1
104 | ' . !
| I I 1
I | | 1
I ! I
1 ! 1
BOe— L
& S L e &85
& b@@\‘ N g,@‘ & \c;s;(,e \9& 0,6‘6,@ RN oga“‘\
F YV ‘s\é\ » ‘?}"2‘\'&& &o‘b&@b&

Treatments



316 U. Karsten et al.
8.2.8 The Prevailing Water Temperature in Kongsfjorden

While solar radiation exhibits extreme seasonal qualitative and quantitative vari-
ability, temperatures in Kongsfjorden change only slightly, between —1.8 °C in win-
ter and about 5.0 °C in summer (Hanelt et al. 2001), although local temperature
fluctuations can reach 8.8 °C (D.S. Sevilgen unpubl.). However, there are strong
indications that this rather typical temperature regime changed after a massive
intrusion of warmer Atlantic-derived water masses into the fjord in February 2006
(Cottier et al. 2007). The resulting warmer period of Kongsfjorden over the last
7-8 years overlapped with a period of very small amounts of drift ice on the shelf
west of Svalbard (Kwasniewski et al. 2012). Arctic water masses have generally
warmed by 0.7-1.2 °C per decade since 1981 (Serreze and Francis 2006), with
unknown consequences for the MPB and other marine organisms (Hegseth and
Tverberg 2013). Independently of the underlying mechanisms, the signs of
continuing warming of the Arctic Ocean are numerous (Polyakov et al. 2005;
Overland et al. 2014). The annual mean temperature from June 2011 until June
2012 was 2.4 +/— 2.1 °C at the shallow (5 m water depth) coastal sandy sediment
site of Brandal in Kongsfjorden (Sevilgen et al. 2014). However, during summer,
water temperatures can temporarily increase to over 8 °C at this station, and exhibit
a wide dynamic range, with daily temperature fluctuations of up to 5 °C (Sevilgen
et al. unpubl.). In contrast, the temperatures in deeper waters >5 m were relatively
constant, ranging from 1 to 5 °C from June through August in 2006, 2007, 2008 and
2011 (Woelfel et al. 2009, 2010, 2014; D.S. Sevilgen unpubl.).

8.2.9 The Influence of Water Temperature on Growth

Temperature has a major influence on MPB growth rates (Karsten et al. 2006; Schlie
et al. 2011). Arctic benthic diatoms seem to require higher temperatures than do
endemic Antarctic species. Two Fragilaria species from Kongsfjorden showed
optimum growth rates at 12—14 °C, grew more slowly at 0 °C, and did not survive
at 20 °C (Karsten et al. 2006). Similarly, Nitzschia cf. aurariae from the same
location grew at temperatures between 5 and 15 °C, did not grow at 0 °C, and died
at 23 °C (Karsten et al. 2012). The optimum growth temperature for N. cf. aurariae
was 15 °C, which clearly indicates moderate temperature requirements. Schlie and
Karsten (2017) studied eight benthic diatom species isolated from Adventfjorden
(Svalbard, Norway), and confirmed as a general response patterns a preference for
6-15 °C. Thus, Arctic benthic diatoms can be characterised as eurythermal and
psychrotolerant microalgae (organisms tolerant of low growth temperatures), and
hence they will be able to cope well with the predicted increasing water temperatures.
This is in sharp contrast to a related endemic Antarctic benthic diatom, Odontella
litigiosa, which typically exhibits maximum growth at 0 °C and complete inhibition
of cell division at 7-9 °C (Longhi et al. 2003). It is reasonable to assume that other
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Antarctic benthic diatoms might also be rather polar stenothermal and psychrophilic
(i.e., require low temperatures for growth), as has been reported for many Antarctic
seaweeds (Wiencke and tom Dieck 1990).

8.2.10 Salinity Fluctuations in Kongsfjorden and Their Effects
on Benthic Diatoms

While salinity is a relatively constant factor in the offshore region of all oceans, it
may vary both locally and seasonally in the near-shore water of Kongsfjorden due
to the high volume of meltwater runoff, particularly during summer (Hanelt et al.
2001). Horizontal and vertical gradients between freshwater and fully marine
conditions are apparent in the fjord (Svendsen et al. 2002). In addition, hydrological
conditions, wind, precipitation and evaporation can influence salinity. During
periods of calm weather, water bodies often develop a freshwater layer above the
denser seawater. However, due to wave- and wind-induced vertical mixing, deeper
water layers in Kongsfjorden can also be affected by freshwater runoff, with
reductions in salinity from 33 to 20, down to about 20-m depth (Hanelt et al. 2001).

The effect of salinity on benthic diatoms in Arctic waters is generally little stud-
ied. Nitzschia cf. aurariae from the Kongsfjorden MPB grows in salinities between
15 and 45 (Karsten et al. 2012). The highest growth rates occur between salinities
of 20 and 40, and growth is inhibited at 10 and 50 (Karsten et al. 2012). Therefore,
Nitzschia cf. aurariae exhibits a growth-response pattern that can be characterised
as moderately euryhaline. The underlying mechanisms, such as osmotic acclima-
tion, have not yet been studied in Arctic benthic diatoms.

8.2.11 Nutrient Availability in Kongsfjorden for Benthic
Diatoms

The European Arctic is one of the most productive marine regions in the world
(Arrigo and van Dijken 2011), since nutrient-rich water enters from the south during
part of the year via the West Spitsbergen Current. While nitrogen and phosphorus
concentrations in the water column are relatively high during the winter months,
both macronutrients are almost fully depleted in summer after the phytoplankton
blooms. In contrast, benthic diatoms benefit from the high nutrient levels in the
sediment pore water, where dissolved inorganic nitrogen (DIN) levels, ranging from
1.9 to 36.7 mM and soluble reactive phosphorous (SRP) from 0.9 to 5 mM, are
generally much higher (approximately 5-20-fold) than in the overlying water
column (Woelfel et al. 2009), and probably available year-round. This suggests that
benthic diatoms in Kongsfjorden are not nutrient-limited.



318

U. Karsten et al.

Table 8.1 Annual primary production (g C m~2 year™') estimates in Kongsfjorden, Svalbard

Study period g Cm~?year™! Reference

Pelagic July 1996 4-180 Hop et al. (2002)
July 1979/1980 150 Eilertsen et al. (1989)
April/May 2002 27-35 Hodal et al. (2012)*

Benthic July 2008 71 Woelfel et al. (2010) (Kongsfjorden)®
July 2008 165 Woelfel et al. (2010) (Brandal)®
June—July 2010 49.2 Sevilgen et al. (2014)°

aSpring only (18 April-13 May); *Estimates calculated for 90 light days

8.2.12 Hpydrodynamic Conditions

In polar coastal areas with high wave energy, benthic communities are often
strongly impacted by icebergs and rafted sea ice, which can reach depths of about
40 m and thereby scrape the sea floor, resulting in disturbance or even mechanical
damage (Gutt 2001). In Kongsfjorden, area Chl. a values as a proxy for MPB
biomass varied from 49 to 165 mg m~2 (Table 8.1), and were related to water
depth, current or wave exposure, as well as geographical location (Woelfel et al.
2009, 2010). In contrast, MPB biomass was independent of other abiotic param-
eters such as sediment properties, salinity or temperature (Woelfel et al. 2009),
and Chl. a levels did not correlate with primary production rates (Woelfel et al.
2010). However, hydrodynamic conditions seem to be a driving force for differ-
ences in sediment colonisation by benthic diatoms. One study from a temperate
region indicates that increasing the current velocity from 15 ¢cm s7!' to 40 cm s™!
stimulates photosynthesis and other physiological and biochemical processes in
benthic diatoms (Lamb and Lowe 1987).

8.3 Biodiversity of Benthic Diatoms in Kongsfjorden

Biodiversity is important for the function of benthic diatoms. Recent investigations
of benthic diatoms from Kongsfjorden and Adventfjorden have provided the first
floristic list for these ecosystems (Stachura-Suchoples et al. 2016; Fredriksen et al.,
Chap. 9). The list of 47 identified diatom species forms a baseline for a high-latitude
fjord system (Fredriksen et al., Chap. 9). The data from these studies reveal a highly
variable community with a patchy, heterogeneous distribution of most taxa. The
MPB communities likely change over time because of prevailing dynamic, season-
ally changing environmental parameters, which act as strong structuring forces
(Fredriksen et al., Chap. 9).
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8.4 Primary Production of Benthic Diatoms in Kongsfjorden

In contrast to temperate coastal ecosystems, only a few studies have examined MPB
primary production in Arctic regions. The latest review of benthic microalgal
production in Arctic waters (Glud et al. 2009) comprised 10 peer-reviewed and
three unpublished studies of shelf areas off Siberia, Svalbard, Greenland and North
America. As indicated in this review, the productivity of benthic polar microalgae
exceeds the pelagic productivity by a factor of 1.5 for water depths down to 30 m,
and hence benthic diatom assemblages may represent an important organic food
source for zoobenthos. Since the review of Glud et al. (2009), few additional studies
have addressed Arctic MPB primary production (Woelfel et al. 2010, 2014; Attard
et al. 2014; Sevilgen et al. 2014). All these studies pointed out that Arctic MPB
communities contribute significantly to coastal ecosystem production, and therefore
need to be taken into account for carbon budget calculations.

Although Kongsfjorden is considered a model high-latitude ecosystem with
abundant available data, basic information on benthic primary production of the
different phototrophic organisms was lacking for a long time (Hop et al. 2002). To
fill this gap, primary production of MPB was determined during various summer
expeditions between 2006 and 2012 at several soft-sediment stations along the
coastline of Kongsfjorden (Woelfel et al. 2010, 2014; Sevilgen et al. 2014). The
production data were obtained from experiments with benthic chambers (ex and in
situ), using samples from water depths of <5 to 30 m (Woelfel et al. 2010, 2014),
and oxygen microsensor measurements (ex and in sifu) with samples at water depths
of <5 m (Sevilgen et al. 2014).

Gross primary production rates (ex situ approach) ranged between 0.2 and
46 mmol O, m=2 d~! at 18 sites in Kongsfjorden from <5 m to 30 m water depth
(Woelfel et al. 2009). Three sites showed low but variable rates of net primary
production (NPP) (in situ approach), ranging from —7.2 to +14.4 mmol O, m=2 d-!
(Woelfel et al. 2014). Based on these data, the numerical model of Walsby (1997)
was applied to estimate seasonal and regional rates of near-shore NPP, using in situ
photosynthesis-light curve parameters (derived during the same measuring
campaign), total solar radiation, wind data and satellite-derived sea surface
temperatures (SSTs). The highest daily NPP rates, calculated for the entire Arctic
spring-summer season at depths <15 m, ranged from 15 to 18 mmol O, m=2 d!,
slightly higher than but well in accordance with values determined from benthic-
chamber measurements. Primary production rates under stratified and fully mixed
water-column conditions were also calculated by the model, which showed small
differences (<10%) between the two conditions (Woelfel et al. 2014).

Sevilgen et al. (2014) combined laboratory measurements of photosynthesis and
respiration with in situ measurements of oxygen profiles and photon fluence rates,
to derive daily oxygen budgets of 10.1-23.0 mmol O, m=2 d-! for one of the sites
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(Brandal) previously studied by Woelfel et al. (2010). While the latter authors based
their calculations on fixed photon fluence rates that generally were higher than those
measured under in situ light conditions, Sevilgen et al. (2014) integrated in situ
photon fluence rates for their calculations. The two approaches resulted in only
slightly different production rates, and confirmed the range of values derived from
the benthic chambers.

The results of these studies highlight one of the most common problems in study-
ing MPB primary production, namely the high degree of spatial and temporal het-
erogeneity (Glud et al. 2009; Sevilgen et al. 2014). This is explained by the typical
heterogeneous micro- and mesoscale distribution (patchiness) of MPB abundance
and community composition on sediments, which can change dynamically over
both short and long time periods; as well as by methodological constraints such as
the application of technological approaches (e.g. microsensors, benthic chambers),
which can provide low numbers of replicates. All MPB production estimates for
Kongsfjorden are within the same range as the data for pelagic primary production
(Table 8.1).

8.5 Grazing

Grazing pressure is difficult to assess, and represents an obstacle to the comparison
of MPB primary production from different habitats, as well as extrapolations to
secondary production. Both the organic matter that is produced by benthic diatoms
and the organic matter that originates from the overlying water column are consumed
by herbi- or omnivorous grazers, mainly zoobenthos. Dense populations of
macrozoobenthic organisms have been described for Arctic waters (Glud et al.
2009), as well as for soft sediments from different depths in Kongsfjorden (e.g.
Brandal station) (Laudien et al. 2007). A dense infauna population at the same site
(Brandal station, 5 m) and correspondingly high respiration rates were documented
by Sevilgen et al. (2014), with subsurface respiration rates 6 times higher
(=31.8 mmol O, m~2 d!) than rates within the euphotic zone (—5.4 mmol O, m™>
d™h.

High infaunal abundances can be linked to increased organic matter input from
phytoplankton blooms. Spring blooms in Kongsfjorden produce a large amount of
bio-available organic matter, which, if not grazed in the water column, sinks to the
sea floor where it either is used directly or buried (Hodal et al. 2012). As discussed
by Sevilgen et al. (2014), this spring bloom production can support a high abundance
of infauna, which in turn affects the sediment biogeochemistry and the biomass of
MPB, and consequently also their production rates. Thus, in addition to bottom-up
factors that control MPB primary production, locally top-down mechanisms may
also play an important role.
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8.6 Benthic Diatoms as an Important Food Source

Although the role of MPB communities as a food source has not yet been deter-
mined in Kongsfjorden, benthic diatoms are vitally important for ecological func-
tioning in many other marine shallow-water habitats, where they can directly sustain
grazers, deposit-feeders and suspension-feeders (Cahoon 1999). The MPB commu-
nities in Kongsfjorden, as in other regions, likely constitute an important trophic
link, directly and indirectly, between bacteria and organisms at higher trophic lev-
els, from micro- to meio- and macrofauna. Furthermore, benthic diatoms produce
extracellular polymeric substances (EPS), an important source of carbohydrates for
bacteria and deposit-feeders (Goto et al. 2001). Analysis of the gut contents and
scanning electron microscopy examination of the benthic hydroid Silicularia rosea
from intertidal communities of Potter Cove (King George Island, Antarctica)
indicated that benthic diatoms comprised more than 95% of the food source (Gili
et al. 1996). The same was true for Antarctic sponges and ascidians (Kloser 1994).
The gastropod Nacella concinna is abundant along the Antarctic Peninsula (Bréthes
et al. 1994) and feeds on benthic microalgae (Zacher et al. 2007). Furthermore, the
abundance of benthic diatoms was correlated with the soma and gonad mass of
N. concinna (Bréthes et al. 1994), which emphasises the trophic link between ben-
thic microalgae and this gastropod. In a stable-isotope analysis (**C), Corbisier et al.
(2004) demonstrated the existence of a tight coupling between Antarctic benthic
diatoms and benthic grazers, deposit-feeders and nematodes. Surprisingly, benthic
diatoms proved to be an important food element for krill in both summer and winter,
particularly when phytoplankton biomass was low (Ligowski 2000). In the Arctic, a
detailed study of carbon cycling in a fjord system showed that the primary production
of pelagic and ice algae could not meet the carbon requirements of the benthos, and
hence benthic diatoms supplied a substantial part of their carbon intake (Glud et al.
2000; Rysgaard et al. 2001).

8.7 Modern Approaches to Study Polar Benthic Diatoms

Modern molecular approaches provide important information on gene expression
and regulation in relation to stress and adaptation. In addition, these data help to
distinguish whether the host diatom cell itself or the associated bacteria contribute
to the mechanisms of interest. Over the last decade, various modern molecular
genomic, transcriptomic, proteomic and metabolomic tools have been successfully
applied to polar microalgae (reviewed by Lyon and Mock 2014), contributing to a
new fundamental understanding of adaptation and acclimation mechanisms.
Metagenomics and metatranscriptomics provide molecular tools to evaluate the
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biodiversity and ecology of all algae present at the same time, directly from an envi-
ronmental sample (Tyson et al. 2004). Metagenomics is, in principle, even capable
of sequencing nearly complete microbial genomes. The impact of the different
stressors on algae under natural conditions can be assessed based on such results
combined with transcriptomes of algae cultured under controlled stress conditions.
In parallel with new developments in sequencing technologies, bioinformatic tools
to process the enormous amounts of data generated have also improved.

A (meta)transcriptomic approach was undertaken for the first time on
Kongsfjorden benthic diatoms in connection with a recent research project
(B. Becker, University of Cologne, Germany). Cultures of Surirella cf. minuta were
exposed to constant light or darkness for 1 week, followed by mRNA isolation and
sequencing (Holzinger et al. 2014). About 80% of the analysed sequences yielded
significant BLAST-Hits (BLAST: Basic Local Alignment Search Tool; Fig. 8.8),
and nearly half could be functionally annotated. The BLAST results allowed easy
assignment of the sequences to Surirella cf. minuta from Kongsfjorden, as well as
to two bacteria species present in the culture. The top-hit species distribution of the
BLAST analysis indicated that 55% of the sequences were represented by other
diatoms (Phaeodactylum tricornutum, Thalassiosira oceanica, Thalassiosira
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Fig. 8.8 Data distribution of the BLAST2GO (BLAST: Basic Local Alignment Search Tool) auto-
matic annotation. About 23% of the Arctic benthic Surirella sequences yielded no BLAST hits. For
15% of the sequences, we retrieved similar proteins by BLAST, although the similarity was too
low to map the sequences on KEGG pathways, and no Gene Ontology terms could be retrieved
from the BLAST results. For roughly 50% of the sequences, the GO and/or KEGG mapping was
specific enough that the putative function of the protein could be inferred, and the sequence was
annotated. For 12% of the sequences, GO terms were retrieved, but the results were not specific
enough to infer function
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Fig. 8.9 Top-hit species distribution using about 26,000 contigs (a set of overlapping DNA seg-
ments that together represent a consensus region of DNA) with a length of at least 600 bases and
the BLAST program as implemented in the BLAST2GO software (www.blast.ncbi.nlm.nih.gov/).
BLAST (Basic Local Alignment Search Tool) is a bioinformatic tool for comparing primary bio-
logical sequence information, such as the nucleotides of DNA sequences, which can be used to
help to identify members of gene families

pseundonana) (Fig. 8.9). Sequences related to Emiliania huxleyi, Ectocarpus
siliculosus and Guillardia theta most likely also represent specific sequences from
Surirella cf. minuta, since the genomes of diatoms are characterized by a complex
combination of genes acquired from a variety of different source organisms
(Armbrust 2009).

According to the BLAST analysis (Fig. 8.9), the two most frequent bacteria were
a Marinobacter species (y-Proteobacteria) and a Sulfitobacter species
(a-Proteobacteria). Using known 16S rRNA sequences from both species, it was
possible to find the corresponding rRNA sequences in the (meta)transcriptomic
data. Blasting of the putative 16S rRNA sequences similar to Marinobacter 16S
rRNA confirmed the presence of a Marinobacter species in the Surirella culture.
However, the second bacterium proved to be an Algimonas species (an
a-proteobacterium related to Sulfitobacter). Algomonas has previously been isolated
from a culture of Porphyra yezoenis (Fukui et al. 2013). It seems that both bacteria
strongly interact with Surirella cf. minuta.
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8.8 MPB Ecology in the Context of Global Warming
and Outlook

It has been estimated that the annual pelagic production of the Arctic Ocean has
already increased by 5-6% because of enhanced light availability (Arrigo et al.
2008). Based on field data from Kongsfjorden in combination with ecological
modelling, Woelfel et al. (2014) concluded that rising temperatures in the Arctic
will have only a marginally stimulating effect (<3%) on MPB primary production.

Besides increasing light availability, the number of “newly” available shallow-
water areas with different types of substrate is expected to expand. In recent decades,
most of the fjordic tidal glaciers of Spitsbergen have been continuously regressing
(e.g. Kongsbreen and Kongsvegen glaciers, inner Kongsfjorden; Lefauconnier et al.
1994; Kramer et al. 2013), thus providing new areas of seabed for settlement of
benthic organisms (Wtodarska-Kowalczuk et al. 1998). While bedrocks represent
only 35% of the Arctic coastline, unlithified, ice-bonded sediments characterise 65%
of the remaining coast (Lantuit et al. 2011). Ice-released sediments of the four
Kongsfjorden glaciers will likely affect the fjord water regime (e.g. DOC load, tur-
bidity). On the other hand, increasing meltwater runoff and precipitation may lead
to arise in the sea level, unless the isostatic rebound is higher (e.g. most of Svalbard).
The effects of these changes (both individually and combined) on MPB ecology and
primary production in the Arctic environment remain unstudied. Hence, more field-
work, holistic/multi-factorial experiments and modelling approaches are needed to
fill this gap in knowledge as well as to make realistic predictions for the future.

Higher temperatures generally stimulate metabolic activity, influencing both
autotrophic and heterotrophic microbenthic organisms. In a subarctic spring com-
munity, the presence of benthic diatoms appeared to moderate the temperature
response (4 °C elevation) of particularly heterotrophic but also autotrophic vari-
ables (Alsterberg et al. 2011). It was concluded that the photosynthetic activity of
benthic diatoms could dampen the ecological consequences of global warming in
shallow-water sediment systems, thus maintaining the system in a net-autotrophic
state. Initial estimates have shown that a suggested increase of summer sea sur-
face temperatures by 2 °C, according to the IPCC scenario (A1B in 2007) and
MacDonald (2010), would only marginally stimulate MPB NPP in Kongsfjorden
(Woelfel et al. 2014). A sensitivity analysis of the model used clearly showed the
crucial dependence of NPP on the Q,, values. Therefore, additional studies on Q,
values are needed for input into existing eco(physio)logical models, in order to
improve their power. Interestingly, at least one study showed that increased pCO,
levels might have negative effects: the growth rate of the polar benthic diatom
Navicula directa was reduced by 5% (Torstensson et al. 2012) when pCO, rose
from 380 ppm to 960 ppm. In the same study, the combination of elevated tem-
perature and increased pCO, had no synergistic effects, but the growth rate at
4.5 °C was 43% higher than at 0.5 °C.

In summary, stressors act synergistically, and although species-specific treatment
responses of polar benthic diatoms are apparent, at the community level the effects
on associated bacteria, grazers etc. could both reduce and enhance these effects. In
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the coming years, more long-term studies should be undertaken and permanent in
situ observatories installed, which will aid our understanding of the annual
performance and dynamics of MPB communities and their responses to changing
environmental parameters in the course of global climate change. Deeper knowledge
of the molecular mechanisms involved in bioenergetics, resource allocation,
metabolic fluxes and community composition are expected to improve our ability to
understand the influence of polar benthic diatoms on biogeochemical processes and
the responses to global-change scenarios.
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