Primary productivity in Arctic sea ice and ocean

Dissertation zur Erlangung des Doktorgrades der Naturwissenschaften

- Dr. ret. nat. -

dem Fachbereich 2 Biologie/Chemie der Universitit Bremen

vorgelegt von

Mar Fernandez-Méndez

Bremen, August 2014






Die vorliegende Arbeit wurde in der Zeit von Juni 2011 bis August 2014 am Alfred-Wegener-
Institut Helmholtz-Zentrum ftr Polar- und Meeresforschung und dem Max Planck Institut fiir

Marine Mikrobiologie angefertigt.

1. Gutachterin: Prof. Dr. Antje Boetius

2. Gutachterin: Prof. Dr. Anya Waite

1. Prufer: Prof. Dr. Kai Bischof
2. Prifer: PD Dr. Bernhard Fuchs

Tag des Promotionskollogiums: 16. Oktober 2014






,Nature improvises as she goes along. When we marine ecologists train ourselves to read
numbers as musicians read notes, we might learn to appreciate music where we have

previously only sensed cacophony.

Victor Smetacek, 1986






Summary

Primary productivity in the Arctic Ocean is heavily influenced by sea ice dynamics, which governs
light and nutrient availability. Until the last decade, the permanently ice-covered Central Arctic
north of 78 °N, was considered to have very low productivity and was often neglected in
estimates of primary production in the Arctic. Due to global warming, the Central Arctic is
shifting from a perennial to a seasonal ice zone. The reduction in ice cover and thickness leads to
an increase in the amount of light that penetrates the ice. In addition, ice melt strengthens

stratification that hinders nutrient upwelling, increasing nitrate limitation.

Our knowledge about how changes in light and nutrients affect carbon and nutrient budgets in
sea-ice algae and phytoplankton is limited, especially in the ice-covered oligotrophic Central
Arctic. Understanding the processes that control primary productivity is crucial to predict how

the Arctic ecosystem will react to further sea-ice decline.

The overall objective of this thesis is to better understand the physical and biological processes
that affect primary productivity in the Central Arctic. Specific goals are to investigate i) the role of
microbial algal aggregations in carbon and nutrient cycling, ii) the contribution of sea ice to total
primary productivity and the impact of sea-ice retreat on annual productivity, and iii) the diversity
of nitrogen-fixing bacteria in the Central Arctic. The methods used in this thesis included net
primary productivity (NPP) measurements by radioactive carbon (*C) uptake at different
irradiances, an irradiance-based model to upscale measured NPP and annual production estimates

from the seasonal nutrient drawdown in the mixed layer since last winter.

In Chapters I-IV the first specific goal was addressed. Our results showed that sub-ice algal
aggregates, such as Melosira arctica filaments, can sink rapidly to the seafloor in early summer when
the ice melts contributing to carbon export to the benthos (Chapter I). The aggregates that
remain floating below the ice can serve as a food source for ice-associated fauna in late summer
(Chapter II). A potential factor controlling the buoyancy of the aggregates was photosynthetic
oxygen production (Chapter III). The distribution of aggregates was very patchy and seemed to

be governed by ice topography (Chapter IV).

In Chapter V the second specific goal was examined. The NPP measurements showed that the

relative contribution of sea-ice algae to total NPP was as high as 60% in late summer, when



phytoplankton below the ice was light limited. According to the nutrient ratios in the water
column, nitrate and silicate were the main limiting nutrients in the Eurasian Basin. Although sea-
ice cover was substantially reduced in 2012, total annual new production was similar to estimates
of previous years. However, when including the contribution by algal aggregates, the estimated
annual production increased. This indicates that sub-ice algae are an important component of the

ice-covered Arctic.

Nitrogen fixation could increase the amount of nitrate available for new production.
Corresponding to the third specific goal, in Chapter VI the nitrogenase coding gene, #ifH, was
amplified to examine the diversity of nitrogen fixing organisms. A wide diversity of potential
nitrogen fixing bacteria was discovered, especially in sea-ice, seawater and algal aggregates. If the
observed diversity corresponds to an active community, then Arctic nitrogen fixing bacteria

might contribute to alleviate nitrate limitation.

In conclusion, the Central Arctic Ocean hosts low but significant productivity in and below the
ice and should be included in primary productivity models. As sea-ice retreats further, primary
productivity might increase locally due to higher light availability. However, the total amount of
carbon fixed will still be constrained by the nutrients available in the surface waters during the
productive season. Therefore, understanding the impacts of sea-ice retreat on nutrient

replenishment mechanisms is essential to predicting Arctic primary productivity.



Zusammenfassung

Primidrproduktion im Arktischen Ozean wird stark durch die Dynamik des Meereises beeinflusst,
welche die Verfiigbarkeit von Licht und Nihrstoffen bestimmt. Bis zum letzten Jahrzehnt wurde
der permanent eisbedeckte zentrale Arktische Ozean nérdlich von 78 °N als Gegend mit
niedriger Produktivitit angesehen und wurde oft in Abschitzungen der arktischen
Primirproduktion vernachldssigt. Aufgrund der weltweiten Klimaerwirmung verindert sich die
zentrale Arktis von einem ganzjihrig eisbedeckten Gebiet in ein Gebiet, das nur Teile des Jahres
eisbedeckt ist. Der Riickgang von Meereisbedeckung und —dicke fithrt zu einem Anstieg der
Lichtmenge, die in das Eis eindringt. Zusitzlich verstirkt die Eisschmelze die Stratifizierung der
Wassersdule, was den Nihrstoffaustausch mit tieferen Wasserschichten behindert und die

Nitratlimitierung verstirkt.

Unser Wissen dartber, wie die Verdnderungen von Licht und Nahrstoffen sich auf Kohlenstoff-
und Nahrstoffhaushalte von Meereisalgen und Phytoplankton auswirken ist besonders in der
cisbedeckten oligotrophischen Zentralen Arktis begrenzt. Um Vorhersagen treffen zu kénnen,
wie das Arktische Okosystem auf weiteren Meereisriickgang reagieren wird, ist es notwendig die

Prozesse zu verstehen, welche die Primarproduktion kontrollieren.

Das Ziel dieser Arbeit ist es daher, die physikalischen und biologischen Prozesse, welche die
Primarproduktion in der Zentralen Arktis beeinflussen besser zu verstehen. Konkrete Ziele
waren hierbei die Untersuchung i) der Rolle mikrobieller Algenaggregate im Kohlenstoff- und
Nihrstoftkreislauf, ii) des Beitrags von Meereis zur gesamten Primarproduktion und der Finfluss
des Meereisriickgangs auf die jihrliche Produktivitit, sowie iii) der Diversitit von Stickstoff
fixierenden Bakterien in der Zentralen Arktis. Die in dieser Arbeit verwendeten Methoden sind
die Messung der Netto-Primédrproduktion (NPP) durch Aufnahme von radioaktivem Kohlenstoff
(!C) bei verschiedenen Lichtintensititen, ein auf Irradianz basierendes Model zur hoch
Skalierung der NPP Messungen, sowie Abschitzungen der jahrlichen Produktion auf Basis des

Nahrstoffverbrauchs in der durchmischten Wasserschicht seit dem letzten Winter.

In den Kapiteln I-IV wird das erste der konkreten Ziele bearbeitet. Unsere Ergebnisse zeigen,
dass Algenaggregate unter dem Eis, wie beispielsweise die Filamente von Melosira arctica, im
Sommer wenn das Eis schmilzt schnell auf den Meeresboden absinken kénnen, was zum

Kohlenstoff-Export in das Benthos beitrigt (Kapitel I). Die Aggregate, die weiter unter dem Eis



treiben, konnen im spaten Sommer als Nahrungsquelle fur eis-assoziierte Fauna dienen. (Kapitel
IT). Ein moglicher Faktor, der den Auftrieb der Aggregate regelt ist Sauerstoffproduktion durch
Photosynthese (Kapitel IIT). Die riumliche Verteilung der Aggregate ist sehr ungleichmaf3ig und
wird durch die Eistopographie bestimmt (Kapitel IV).

In Kapitel 5 wird das zweite konkrete Ziel untersucht. Die NPP Messungen zeigen, dass der
relative Beitrag von Meereisalgen an der gesamten NPP bis zu 60% betrigt, wenn im spiten
Sommer das Phytoplankton unter dem FEis lichtlimitiert ist. Die Nahrstoffverhaltnisse in der
Wassersdaule zeigen, dass Nitrat und Silikat die hauptsiachlichen limitierenden Nihrstoffe im
eurasischen Becken sind. Obwohl die Meereisbedeckung im Jahr 2012 bedeutend reduziert war,
war die totale jahrliche neue Produktion dhnlich zu Abschitzungen aus den Jahren zuvor. Wenn
man jedoch den Beitrag von Algenaggregaten berticksichtigt ist die jdhrliche Produktion
angestiegen. Dies weist darauf hin, dass Untereisalgen ein wichtiger Bestandteil der eisbedeckten

Arktis sind.

Stickstofffixierung konnte die Menge des fiir neue Produktion verfiigharen Stickstoffs erhShen.
Entsprechend des dritten Arbeitsschwerpunktes, wurde in Kapitel VI das Nitrogenase
Kodierungs-Gen, nzfH, verstirkt um die Diversitit von Stickstoff fixierenden Organismen zu
untersuchen. Eine grofle Diversitit von potentiell Stickstoff-fixierenden Bakterien wurde
insbesondere in Meereis, Meerwasser und Algen-Aggregaten entdeckt. Wenn die beobachtete
Diversitit einer aktiven Gemeinschaft entspricht, dann kénnten arktische Stickstoff-fixierende

Bakterien dazu beitragen, die Nitrat-Limitierung abzuschwichen.

Im zentralen Arktischen Ozean gibt es geringe aber signifikante Produktivitit in und unter dem
Eis, die in Modellen der Primirproduktion berticksichtigt werden sollte. Mit einem weiteren
Rickgang des Meereises konnte die Primarproduktion lokal aufgrund der h6heren Verfiigbarkeit
von Licht ansteigen. Die gesamte Menge fixierten Kohlenstoffs wird jedoch weiterhin durch die
wihrend der produktiven Jahreszeit in den oberflichennahen Wasserschichten verfiigharen
Nihrstoffe begrenzt. Um arktische Primirproduktion vorhersagen zu kénnen ist es daher
unverzichtbar den Einfluss des Meereisriickgangs auf die Mechanismen des Nahrstoffkreislaufs

zu verstehen.
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1. Introduction

1.1. The Arctic Ocean in a changing world

The Arctic Ocean and its marginal seas are located in the Northern Hemisphere inside the
Arctic Circle (north of 66° 34'N). The Arctic Circle is defined as the region where the sun
can remain below or above the horizon for 24 hours consecutively. This means that this
region experiences 24 hours of sunlight during the three summer months (June-July-August)
and 24 hours of darkness during the polar winter (November-December-January). The Arctic
is the smallest and shallowest of the world’s oceans, is surrounded by land and has limited
exchange with the Atlantic and Pacific oceans. It is formed by a deep central basin
surrounded by shallow shelves. The continental shelves cover 50% of the Arctic Oceans total
extent (~14 Mio. km?). They have an average depth of 100 m and are relevant for sea-ice
formation (Michel et al., 2006). These broad coastal areas are seasonal ice zones that receive
10% of the global river runoff and can sustain high productivity (Carmack and Wassmann,
20006; Tremblay and Gagnon, 2009). In contrast, the offshore deep central basins (>4000 m
depth) are perennially ice-covered and are thought to be less productive (Sakshaug et al,,

2004).

The Central Arctic Ocean is divided into two deep basins, the Amerasian and the Eurasian
Basins, separated by the Lomonosov Ridge (Figure 1) (Jakobsson et al., 2004). These two
basins differ in the inflow of subsurface waters (Jones et al., 1998; Rudels, 1995). Low salinity,
phosphate rich and nitrate depleted Pacific waters enter the Amerasian Basin through the
Bering Strait. Warm, high salinity Atlantic waters with a higher nitrate to phosphate ratio
enter the Eurasian Basin through the Barents Sea and the Fram Strait. The Eurasian Basin is
divided by the Gakkel Ridge into the Amundsen and the Nansen Basin. Both branches of
Atlantic waters enter the Nansen Basin and flow eastward along the Siberian continental
slope (Rudels et al., 2004). These waters together with the river runoff that they absorb at the
shelves continue until the Laptev Sea before flowing into the deeper and more central
Amundsen Basin following the transpolar drift (Figure 1). Sea ice formation at the surface
ejects salt concentrated water, called brine, which causes the now denser water to sink. These
waters exit the Arctic through the Greenland Sea, driving the global thermohaline circulation
(Aagaard et al., 1985; Rudels, 1995).
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Figure 1. Bathymetry of the Arctic Ocean and its adjacent seas with superimposed surface
waters circulation. Orange lines indicate waters from Pacific origin (PW), red lines indicate
warm waters from Atlantic origin (AW), black lines indicate cold less saline polar water
currents such as the Beaufort Gyre (BG) and the Transpolar Drift (TPD), green lines indicate
river runoff inflow (RR) and the dark red dashed line indicates the formation of the polar

water area. (Modified from Jakobsson et al., 2004; Rudels, 2012).

The main characteristic of the Central Arctic, north of 78 °N, is the almost permanent ice
cover. In autumn, when temperatures drop below the freezing point of seawater, sea ice starts
forming at the surface. In the Eurasian Basin, pack ice forms offshore but close to the
Siberian shelf, and drifts with the wind and the water currents eastward and across the

Central Arctic with the transpolar drift (Pfirman et al., 1997). The sea ice that forms freshly in
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winter is referred to as first-year ice (FYI) and the sea ice that remains more than one year in

the Arctic is referred to as multi-year ice (MYI).

In summer, sea ice melts from below due to warmer incoming waters, forming a low salinity,
less dense upper water layer that leads to strong stratification (Korhonen et al., 2013). At the
same time, sea ice and its snow cover melt from above, forming freshwater ponds of diverse
shapes that can eventually melt through the ice allowing saline water to enter the pond
(Fetterer and Untersteiner, 1998; Lee et al., 2011; Polashenski et al., 2012). These melt ponds
are common features of Arctic sea ice and cover 40-60% of the pack ice in summer (Rosel et

al,, 2011).

The dynamic sea-ice cover has a profound effect in shaping the life conditions of Arctic
organisms because it strongly influences light and nutrient availability (Arrigo, 2014). Indeed,
the Arctic Ocean is unique due to the strong seasonal forcing that makes the water column
seasonally or permanently ice-covered depending on the latitude. Freezing and melting of sea
ice causes changes in the surface albedo (proportion of incident light reflected) and in the
temperature and salinity profiles of the upper water masses (Aagaard et al., 1981; Perovich,
1996). Therefore, sea ice regulates how much light reaches surface waters and defines the

vertical transport processes that replenish surface waters with nutrients.

Despite being the smallest of the five world’s oceans, the Arctic Ocean is of great economic
and environmental importance. Arctic ecosystem services include climate regulation, carbon
sequestration, biodiversity maintenance, fuel source and food production (Chapin et al., 2005).
Changes in Arctic water circulation or sea ice dynamics due to recent warming can cause
major perturbations in the Earth’s climate (Coumou et al., 2014; McGuire et al., 2000).
Regarding the global carbon cycle, the Arctic Ocean takes up 14% of the global carbon
dioxide (CO,) from the atmosphere (Bates and Mathis, 2009). This carbon uptake partially
contributes to equilibrate anthropogenic CO, emissions. However, the land and shallow
sediments around the Arctic Ocean contain vast amounts of frozen methane (CH,), a four
times more potent greenhouse gas than carbon dioxide, which could be released upon

warming (Shakhova et al., 2010). Therefore, changes in the Arctic marine and terrestrial



environment due to global warming might have consequences for the global carbon cycle

(McGuire et al., 2009).

Biogenic carbon flows through the unique food web of the Arctic Ocean (Forest et al., 2011).
The marine Arctic ecosystem has a complex food web formed by a great diversity of
organisms. At the center of this food web are phytoplankton and ice algae, which produce
organic carbon with energy from the sun. They sustain higher trophic levels such as
zooplankton, benthic organisms, fish, birds, and marine mammals like polar bears, walruses,
seals and whales (Bluhm and Gradinger, 2008; Michel et al., 2012). Microorganisms such as
bacteria recycle nutrients making them available again for the ecosystem (Bowman, 2013). All
these organisms are highly adapted to the extreme conditions of the Arctic Ocean and are
responsible for the proper functioning of the ecosystem (Thomas and Dieckmann, 2010).
Therefore, conserving the Arctic biodiversity is essential in order to maintain the ecosystem

services that the Arctic provides.

Some of these ecosystem services are highly relevant for human activities such as fishing,
transportation and mining. The extensive shelves host high productivity and are therefore
important for global fisheries (Carmack et al., 2006). Changes in primary production and in
the temperature and salinity of Arctic waters could influence fish populations with both local
and global impacts for fisheries (Reist et al., 2006). Shipping companies have always targeted
the North-West passage to reduce the transportation costs from FEurope to Asia (Lasserre
and Pelletier, 2011). With diminished sea-ice conditions in summer, more maritime traffic is
expected to cross the Arctic Ocean increasing the risk of spills and ballast water
contamination (Ho, 2010). In addition, the Arctic region is also one of the last un-exploited
fossil fuels reservoirs (Gautier et al., 2009). The risks associated with drilling in the Arctic
Ocean shelves are huge due to the unpredictability of sea-ice behavior. Thus oil spills might
occur in the Arctic Ocean with large negative impacts on the entire ecosystem (Burek et al.,
2008; Gerdes et al., 2005). Due to the relevance of the ecosystem services that the Arctic
provides, both at a local and global scale, it is important to monitor how environmental

changes affect the functioning of the Arctic ecosystem.



Global mean surface temperature on land and ocean has increased by 0.89 °C since the
beginning of the 20" century due to anthropogenic release of CO, to the atmosphere (IPCC,
2013). The Arctic region is warming at two to three times the global average rate. This
process is known as “Arctic amplification” (MacDonald, 2010). The increase in Arctic air
temperatures and the observed enhanced heat transfer to the Arctic Ocean by advection of
warm Atlantic waters can induce ice melt (Polyakov et al., 2010; Stroeve et al., 2012). Indeed,
the summer minimum ice extent has decreased by 45% in the last 30 years (Arrigo, 2014)
reaching a minimum record of 3.5 million km? in September 2012 (Parkinson and Comiso,

2013) (Figure 2).

This loss of ice cover is unprecedented in the past 1.5 millennia and has diverse consequences
on the Arctic ecosystem (Kinnard et al., 2011). If CO, emissions continue increasing, a
summer ice-free Arctic Ocean is predicted to occur in the next 30 years (Wang and Overland,
2012). Besides the reduction in ice extent, the proportion of thick MYI covering the Central
Basins is decreasing as well (Maslanik et al., 2007). Thus, the pack ice in the Central Arctic has
become thinner, less ridged, with less snow cover (Webster et al., 2014) and a higher melt
pond coverage (Rosel and Kaleschke, 2012; Rothrock et al., 1999). This implies that more
light is transmitted through sea-ice into the water column (Bélanger et al., 2013; Nicolaus et
al., 2012). In addition, the length of the productive season might be extended due to an
earlier melt onset and a later freeze up (Markus et al., 2009). This shift in the under-ice light
availability could favor the productivity of photosynthetic microorganisms living in and
below the ice (Arrigo et al., 2008; Tedesco et al., 2012). However, the lack of snow cover at
the beginning of the growth season and the increased cloudiness due to open water
evaporation, might hinder the increase in productivity (Bélanger et al., 2012; Bintanja and
Selten, 2014; Juhl and Krembs, 2010). Since photosynthetic organisms are the base of the

food web, cascading effects through the entire Arctic ecosystem are to be expected.

Another important factor for primary producers is nutrient availability. The way sea ice
retreat will affect nutrient supply is one of the key discrepancies between general circulation
models that try to predict trends in primary production (Popova et al., 2012; Vancoppenolle
et al., 2013). Further consequences of ice melt are surface water freshening and increased
stratification (Rabe et al., 2011). The increase in Arctic precipitations is likely to increase river

discharge and therefore the amount of freshwater that will additionally strengthen



Introduction

stratification (Peterson et al., 2002; Yamamoto-Kawai et al., 2009). These changes in the
freshwater surface layer might prevent mixing of nutrients from deeper waters (Arrigo, 2005;
Sarmiento et al., 1998). A possible increase in riverine nutrient input was hypothesized but a
recent study by Le Fouest and colleagues (2012) concluded that this slight increase in nutrient
input will not reach the Central Arctic Basins and will only have local influence on the shelves.
An increase in wind-driven mixing in newly open waters could partially counteract the strong
stratification (Mathis et al., 2012). However, in the deep Central Basins the mixing will
probably not reach the nutrient-rich deep waters (Stein and Macdonald, 2004). In summary,
several processes, which take place at different time and spatial scales, need to be considered

to assess the impact of sea ice retreat on nutrient dynamics.

Median ice edge 180°W Sea Ice concentration
1981-2010 Q-

September 2012

%

0
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Figure 2. Sea ice concentration in September 2012 (Data source: www.meereisportal.de

University of Bremen and Alfred Wegener Institute). The magenta line depicts the median

sea ice edge in September from 1981-2010 (Data source: http://nsidc.org National Snow and

Ice Data Center).
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Finally, rising atmospheric CO, concentrations can also increase the pCO, absorbed by
seawater causing ocean acidification. The fast retreat of sea ice exposes cold, fresh, pCO,
under-saturated waters due to ice melt to the atmosphere, accelerating CO, absorption and
consequently leading to acidification of Arctic waters (Bates et al., 2014). In the Arctic,
acidification is more pronounced than in any other ocean (Steinacher et al., 2009). The effects
of ocean acidification will be regionally variable and the Central Arctic will be one of the
most affected regions (Popova et al., 2014). Elevated CO, can stimulate carbon fixation by
phytoplankton and can also cause shifts in phytoplankton communities with the
corresponding implications for primary production (Riebesell and Tortell, 2011). Currently,
the Arctic Ocean accounts for 5-14% of total ocean carbon uptake (Anderson et al., 1998;
Bates and Mathis, 2009), and it is still heavily debated if sea-ice retreat will lead to a decrease
or an increase in the CO, uptake capacity of the Arctic Ocean (Cai et al., 2010b; Nishino et al.,
2011).

The effects of climate change are already visible in the Arctic marine ecosystem. However,
identifying ecological impacts and attributing them to Arctic climate change is very
challenging due to the lack of reliable baseline information. Therefore, well-documented

changes in the Arctic marine ecosystem are surprisingly rare (Wassmann et al., 2011).

Observed responses include a northward shift in various phytoplankton species ranges, such
as the coccolithophore Emiliania huxley (Lalande et al., 2014; Smyth, 2004) and the Pacific
diatom Neodenticula seminae (Reid et al., 2007). In addition, a general shift towards small
picoplankton has also been observed in the Arctic Ocean due to the nutrient impoverishment
of surface waters as a result of increased freshening and stratification (Ardyna et al., 2011; Li
et al., 2009; Seuthe et al., 2010). These shifts in plankton composition led to rearrangements
of food webs and communities. In higher trophic levels, the Atlantic amphipod Themisto
compressa (Kraft et al., 2013) and the fish Boreogadus saida, commonly known as Arctic cod
(Drinkwater, 2009), have also moved northward. The shift in prey will in turn also affect
Arctic marine mammals, such as walruses, seals, beluga whales and polar bears, that might
find new feeding grounds in the high Arctic if they are able to adapt (Bluhm and Gradinger,
2008; Moore and Huntington, 2008).



Besides the impacts on Arctic biodiversity, global warming affects the metabolism of Arctic
organisms as well. Community respiration rates of Arctic planktonic communities increases
steeply with warming (Holding et al., 2013; Vaquer-Sunyer et al., 2010). Furthermore, studies
derived from remote sensing, report increased phytoplankton biomass and productivity due
to sea-ice retreat (Arrigo et al., 2008; Brown and Arrigo, 2012). This has been confirmed by
modeling simulations that indicate that total primary production in the Arctic Ocean will
increase in the future (Palmer et al., 2014; Slagstad et al., 2011). However, the role of sea-ice
algae in this predicted increase is unknown. There is no data including the sea-ice production
from formerly ice-covered parts of the Central Arctic Basins because of the difficult access
and the inability of satellites to monitor ocean color in ice-covered waters. Model results
indicate that ice algal production might increase, while phytoplankton productivity would be
reduced due to stratification (Tedesco et al., 2012). However, as the sea-ice habitat continues
to decrease, the relative proportion of annual production contributed by ice algae will
probably decrease (Johannessen and Miles, 2011). Ground truth data (information collected
on location) especially from the Central Arctic is needed, to calibrate remote sensing data and

to confirm model results to improve Arctic primary production predictions.

Changes in timing and quality of sea-ice production affect the pelagic food web and therefore
the transfer of energy and matter to higher trophic levels (Ji et al., 2013; Leu et al., 2011),
extending to the benthos (Tamelander et al., 2009). The reproductive cycle of Arctic grazers
might be negatively impacted by sea-ice retreat, since the key herbivorous copepod, Calanus
Zlacialis, utilizes the high-quality sea-ice algae to fuel early maturation and reproduction
(Soreide et al.,, 2010). A mismatch between primary and seconday producers leads to an
increase in the amount of algae that sink through the water column to the seafloor
(Wassmann, 1998). For example, during the first sea-ice minimum record in 2007, the organic
carbon flux to the seafloor increased, probably due to an increase in primary production
(Lalande et al., 2009). In addition, sea-ice melt can release terrigenous particles trapped in it,

increasing the carbon flux to the seafloor (Wassmann et al. 2004).

To understand how global change affects the Arctic ecosystem, the concept of tipping points
needs to be clarified. Ecosystems have multiple stable states and can undergo sudden and
often irreversible change in response to smaller alterations of external factors. These
thresholds of environmental forcing beyond which ecosystems change abruptly are referred
to as tipping points (Duarte and Wassmann, 2011). In the Arctic Ocean, the main tipping

element is sea ice that responds quickly to changes in temperature. Therefore, the Central



Arctic Ocean, where the perennial sea-ice zone will be substituted by a seasonal ice zone, will
most likely trespass its tipping point within the next 50 years (Wassmann and Reigstad, 2011).
Furthermore, the increase in sunlight reaching the Arctic Ocean as sea-ice retreats is likely to
drive another tipping point that will affect primary producers (Clark et al., 2013). This thesis
focuses on Arctic primary producers at the basis of the tightly coupled marine food web,
since their activity determines the amount of fixed carbon made available for the rest of the

ecosystem.

1.2. Primary Production in the Central Arctic Ocean

Photosynthesis is the production of organic compounds from carbon dioxide using sunlight
as energy source and producing oxygen as a byproduct. The organisms responsible for this
process are known as phototrophs or primary producers because they constitute the basis of
the food web. There are various terms that define different aspects of primary production.
Net primary production is the gross carbon uptake minus losses by respiration (Falkowski
and Raven, 2007). Total primary production is comprised of new production and regenerated
production, with the former being based on the availability of the limiting nutrient (usually
nitrate) and the latter being based on remineralized nutrients (such as ammonium) (Dugdale
and Goering, 1967). New production represents the maximum biomass that can be
transferred to higher trophic levels. The amount of new production that escapes grazing and
reaches the seafloor, thereby feeding the benthic community, is the vertical export carbon
flux (Wassmann and Reigstad, 2011). In general, nutrient uptake for new production follows
the Redfield C:N:P ratio of 106:16:1. However, in the Arctic, and especially in the Central
Basins, ratios higher than Redfield have been measured in the phototrophic biomass (Frigstad
et al., 2013).

In the Central Arctic Ocean, primary producers are microscopic unicellular algae, mainly
diatoms, phototrophic dinoflagellates, chlorophytes and haptophytes, and other small
eukaryotic protists (Kilias et al., 2014). The autotrophic community living in the sea ice is
referred to as sea-ice algae, and the autotrophs living in the water column are called

phytoplankton. According to their size, phytoplankton can be divided into three categories:



picoplankton (0.2-2 pm), nanoplankton (2-20 um) and microplankton (20-200 pm). While
picoplankton is often the most abundant group (Booth and Horner, 1997), it is the diatoms,
included in the nano- and microplankton, that contribute the most to primary production

(Gosselin et al., 1997).

The most common phytoplankton diatom species in the Arctic Ocean belong to the genera
Chacetoceros, Thalassiosira and Coscinodiscns (Fig. 3A, B, and C). The most common sea-ice algae
are pennate diatoms from the genera Nitgschia, Navicula, Fragilariopsis and Entomoneis, and the
centric diatom Melosira arctica (Quillfeldt et al., 2009) (Fig.3 E, F and G). The latter species is
known to form meter long filaments attached to the underside of the ice (Melnikov and
Bondarchuk, 1987). Sea-ice algal mats, formed by Melosira arctica or by other species, are
referred to as sub-ice algal assemblages (Horner et al, 1988). Other unicellular
microorganisms found in sea ice are dinoflagellates, silicoflagellates and flagellates that can be
autotroph, heterotroph or mixotroph (Fig. 3D). In addition, sympagic meiofauna such as
ciliates, tintinnids, nematodes and foraminifera can be found in sea ice feeding on small
unicellular protists (Fig. 3H). Furthermore, during the Arctic summer, microalgae,

picoplankton and their grazers can also thrive in melt ponds (Carstens, 2002).

The Arctic receives as much daylight over a whole year as any other part in the planet, but it
receives less solar radiation due to the low angle of the sun. In the Central Arctic, north of 78
°N, the productive season, which is constrained by light availability, starts in May, almost one
month later than in southern Arctic regions (Leu et al., 2011). Sea-ice algae start growing in
and below the ice from May to June and reach their peak in productivity around July (Fig.4).
The Central Arctic is characterized by a high percentage of MYI and complete sea-ice melt
only occurs in some parts. As the ice starts to melt some sea-ice algae are released to the
water column and sink to the deep sea where they provide an important food source for
opportunistic benthic organisms. In July, the stronger surface layer stratification of the water
column, caused by ice melt, and the increased light penetration through the thinner and
ponded sea ice both create favorable conditions for phytoplankton growth (Nicolaus et al.,

2012; Sakshaug et al., 2004).
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Figure 3. Light microscopy images of typical pelagic and sympagic microorganisms. Panels A, B
and C correspond to phytoplankton diatom species, and panels E, F and G correspond to typical
sea-ice diatoms. Panels D and H correspond to Arctic microorganisms from other groups. (A)
Chaetoceros socialis, B) Thalassiosira sp., (C) Coscinodiscus sp., (D) dinoflagellate and silicoflagellate, (E)
Melosira arctica, (F) Navieula sp. and Entomoneis sp., (G) Fragilariopsis sp. chain and, (H) ciliate.
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Figure 4. Conceptual model of the seasonality of the Central Arctic ecosystem from January
(J left) to December (D right). Incoming irradiance is symbolized by yellow sky. The sea ice
thickness is 2 m in January and decreases as the season evolves until it fully melts. Only some
areas of the Central Arctic are ice-free in summer for a short period (August), the rest is
permanently ice-covered. Sea-ice algae (in and below the ice as sub-ice algal filaments) start
growing in the ice as soon as enough light is available in April. As the ice gets thinner and
melt pond appear at the surface, more light penetrates through the ice and phytoplankton
blooms occur below the ice. Different zooplankton groups feed on the ice algae and the
phytoplankton. Non-grazed algae and fecal pellets from the grazers sink to the seafloor.
Orange arrows indicate nutrient fluxes. Green arrows indicate carbon exportt to the seafloor.
The bigger size and the darker color indicate fresher and higher carbon flux. The yellow
dashed line represents the euphotic zone depth (1% incoming irradiance) and the orange

dashed line indicates the mixed layer depth.

Photosynthesis can only occur within the layer of the water column that receives more than 1%
of the incoming photosynthetically active radiation (PAR), also called the euphotic zone. As
the season evolves, the euphotic zone expands to greater depths and nutrients get depleted.
This leads to the formation of deep subsurface Chl ¢ maxima, and a shift from new to

regenerated production (Martin et al., 2012; Tremblay and Gagnon, 2009). In August sub-ice



algal communities can make up for >50% of the production in the Central Arctic (Gosselin
et al,, 1997). In late August, early September, heterotrophic processes dominate and only a
very small amount of degraded carbon reaches the deep-sea floor since zooplankton consume
most of the biomass produced (Olli et al., 2007). During the dark months from October to
March, sea-ice formation leads to deep haline convection processes (50-90 m), which mix the
water column. Thereby, the upper layers are replenished with nutrients (Korhonen et al.,
2013), which are utilized by sea-ice algae as soon as >1 umol photons m™ s™ are available in

the spring (Gosselin et al., 1986; Mock and Gradinger, 1999)(Fig.4).

During the productive season, the food chain in the Central Arctic Ocean evolves from an
export food chain, with new production taking place at the beginning of the season, to a
retention food chain, with the recycling of organic matter and nutrients at the surface and
only small amounts of carbon sinking to the seafloor (Wassmann, 1998). The highest
biogenic flux takes place between July and August (0.07-0.1 g C m™ d") and is followed by a
lithogenic flux in September-October influenced by lateral transport of sediments from the

shelves (Fahl and Nothig, 2007).

The Central Arctic Basins are >4000 m deep, therefore, the link between the pelagic realm
below the ice and the seafloor is not as direct as in the shallower Arctic shelves, where a tight
pelagic-benthic coupling has been observed (Wassmann et al,, 2004). Due to the low
productivity of MYI covered waters and the high carbon demand of the zooplankton
community (Olli et al., 2007), the carbon export to the deep basins from August to
September is low (0.001-0.1 g C m* d" Cai et al., 2010; Lalande et al., 2014) compared to the
more productive ice margin and shelf areas (Wassmann et al., 2004). This means that the
pelagic-benthic coupling in the Central Arctic is less tight than at the shelves, since most of
the carbon fixed by the autotrophs is retained in the water column and transferred to higher
trophic levels, rather than sinking to the deep sea and feeding the benthic community
(Piepenburg, 2005). However, the role of sea-ice algal aggregations that grow below the ice
and sink when the ice melts, such as those formed by Melosira arctica, is not well investigated

yet (Ambrose et al., 2005; Fahl and Néthig, 2007; Gutt, 1995).



The carbon to nitrogen (C:N) ratio of sinking particles in the European Arctic is higher than
Redfield stoichiometry, which is more typical in algal particles during the growth season
(Frigstad et al., 2013). This corresponds to the generally more degraded status of the sinking
particles. This indicates that carbon export estimates performed using Redfield might have
underestimated carbon export by 40% in the Central Arctic, where the C:N ratio is highest
(Tamelander et al., 2013). The role of light and nutrient concentrations in carbon to nutrient

uptake ratios during growth and sinking in the Arctic Ocean is not well understood.

The Arctic is a poorly-lit oligotrophic (nutrient poor) ocean. Thus, both light and nutrients
are bottom-up limiting factors of primary production. On an annual base, the depth of the
winter mixing and the total incoming irradiance are the two factors that constrain Arctic
primary productivity (Popova et al., 2010). Light determines the length of the productive
season that, north of 78°N, lasts for four months (roughly from mid-May to mid-September)
(Fig.4). The low incident angle and the thick sea-ice and snow cover strongly reduce the
amount of light that reaches the microalgae. Sea-ice algae living in the sea ice are low-light-
adapted and can thus start growing as soon as some light starts penetrating through the ice in
spring (Michel et al., 1988). Because they are low-light-adapted, snow seems to be an
important factor for their initial growth and if the snow is removed at the beginning of the
season sea-ice algae can be photoinhibited (Juhl and Krembs, 2010; Lund-Hansen et al.,
2014). Likewise, light is the main limiting factor for phytoplankton below thick ice, especially
at the beginning of the productive season (Sherr et al., 2003). Phytoplankton can start
utilizing nutrients in the water column when incoming irradiance and transmittance through
melting sea ice increases in summer. Indeed, massive phytoplankton blooms have been
observed below thin and heavily ponded sea ice in the Chukchi Sea (Arrigo et al., 2012, 2014).
As light is attenuated in the water column, the depth of the mixed layer and the rate of
mixing are essential in controlling the amount of light available for phytoplankton growth

(Sakshaug and Slagstad, 1991).

Nutrients are an important limiting factor for primary productivity in the Central Arctic since
upwelling events are not as common as on the marginal shelf seas (Codispoti et al., 2013;

Tremblay et al., 2008). Both sea-ice algae and phytoplankton use the nutrients available in



surface waters, albeit with a time shift (Matrai and Apollonio, 2013). The main mechanism
for nutrient replenishment is deep haline convection (50-90 m) during winter (Carmack and
Wassmann, 2006; Rudels et al., 2012). In addition, eddies can sometimes transport nutrients
from the shelves to the Central Basins (Watanabe et al., 2014). Other mechanisms of nutrient
replenishment for sea ice have been suggested, such as wind-driven dust deposition from the

land on the shelves (Arrigo, 2014).

In the water column, nitrate is considered the main limiting nutrient for primary production
in the Central Arctic (Tremblay and Gagnon, 2009). This is because most of the studies
regarding nutrient limitation in Arctic waters focussed on the Amerasian Basin, that has a low
N:P ratio due to denitrification processes on the shelves influenced by the Pacific inflow
(Devol et al.,, 1997). Nitrate concentrations in surface waters (0-50 m) in the Amerasian Basin
range between 0 and 10 umol L. in winter and decrease to 0 in summer (Codispoti et al.,
2013). In the Eurasian Basin, however, concentrations can be up to 20 umol L" below the
halocline in winter and decline to 2-8 umol L" below the mixed layer (30-60m) and 0-5 umol
L in the mixed layer (5-20 m depth) during summer (Codispoti et al., 2013; Lalande et al,,
2014). Therefore, nitrate may also be the main limiting nutrient in the Eurasian Basin
(Codispoti et al., 2013). In contrast, in sea ice, silicate seems to be the limiting factor in some
cases, probably due to the high demand of silicate by diatoms, which use it to build their cell
walls, and the low remineralization rate of silicate in the ice (Arrigo, 2014; Cota and Smith,

1991; Lee et al., 2008).

Grazing pressure also plays an important role in controlling the amount of organic matter
exported to the benthos (Olli et al., 2007), but the exact magnitude of its limiting role is
understudied in the Central Arctic. It is known that genera such as Calanus feed on sea-ice
algae (Soreide et al., 2010) and amphipods have been observed feeding below the ice
(Poltermann, 2001). However, grazers mainly influence the amount of carbon exported to the
seafloor. The amount of new production, which equals the amount of new organic matter
available for higher trophic levels, is finally constrained by nutrients, mainly nitrate. Sources
of allochthonous nitrate in other oceans are rivers, deep waters and nitrogen fixation. In the
Arctic, nitrate riverine input remains on the shelves, and haline convection is not very deep
and only happens once a year in winter. Regarding nitrogen fixation, nothing is known about

its possible role in the Central Arctic.



Nitrogen can only be made available for marine organisms via atmospheric deposition or
nitrogen fixation by bacteria (Gruber and Galloway, 2008). Microorganisms capable of
nitrogen fixation are known as diazotrophs. In the marine environment the most conspicuous
group of diazotrophs are autotrophic cyanobacteria, but several groups of marine
heterotrophic bacteria can also perform nitrogen fixation and have been recently found in all
oceans (Farnelid et al., 2011). Yet, nothing is known regarding nitrogen fixation in the Central

Arctic Ocean.

In general, diazotroph distribution is related to areas of low nitrate concentration, with
sufficient amounts of iron and phosphate and warm temperatures (Ward et al., 2013). Since
cyanobacteria are very rare in Arctic waters (Vincent, 2000), it has long been assumed that
nitrogen fixation does not take place in polar marine regions. The only two previous studies
on diazotroph diversity in the Arctic Ocean were conducted in the Canadian Arctic close to
the Mackenzie river (Blais et al,, 2012), and in the Fram Strait (Diez et al., 2012). The
community found in the Canadian Arctic originated from the Mackenzie River and was
mainly formed by heterotrophic bacteria and some cyanobacteria (Blais et al., 2012). In Fram
Strait, cyanobacterial nitrogen fixation genes could be amplified using molecular techniques,

together with .Apha and Gammaproteobacteria (Diez et al., 2012).

Diazotrophs could be advected into the Central Arctic Ocean from the North Atlantic
(Langlois et al., 2008; Turk et al., 2011) or drift together with sea ice from the shelves.
Diazotrophs thriving in river freshwater could potentially be frozen up in the ice that forms
on the shelves and then be transported to the Central Arctic. Another possibility would be
wind-driven transport of diazotrophs from land to the ice top (Harding et al, 2011).
Additionally, summer melt ponds would be a favorable habitat for riverine diazotrophs to

develop due to their low salinity.

Pacific influenced waters enter the Arctic through the Bering Strait where high denitrification
rates in the sediments reduce the nitrate concentration relative to phosphate (Devol et al.,
1997). In the Atlantic influenced Arctic Ocean, nitrate concentrations are higher, but N:P
concentrations are below Redfield at the end of the productive season. In addition, the strong
riverine and terrestrial influence in the Arctic Ocean leads to high concentrations of dissolved

iron (Klunder et al., 2012), which is a main component of the enzymes involved in nitrogen



fixation (Ward et al., 2013). Therefore, nitrogen fixation could potentially take place in
summer, when nitrate is low and phosphate and iron are sufficient. According to the few
measurements performed with the acetylene reduction method in the coastal Canadian Arctic,
nitrogen fixation could contribute 7% to new production (Blais et al., 2012). However, it has
been suggested that this method underestimates nitrogen fixation (Mohr et al., 2010). Hence,
the potential role of diazotrophs in the Arctic Ocean might have been underestimated, and
more studies are needed, particularly in the Central Arctic where nitrogen fixation

measurements have never been performed.

Current knowledge of the Central Arctic is based on snapshots derived from icebreaker visits,
usually in summer. Due to its difficult access, the biological data from this vast area that
covers 40% of the Arctic Ocean, is very reduced compared to the Arctic shelves (Wassmann,
2011). Table 1 shows a compilation of available primary productivity related data from the
Central Arctic. Pan-Arctic studies of primary production that are usually based on satellite
observations, assume that the ice-covered waters of the Central Arctic host no productivity
(Matrai et al., 2013; Pabi et al., 2008). However, we know that the ice-covered Arctic is not a
biological desert from the few measurements available (Wheeler et al., 1996). Furthermore,
the recent discovery of massive phytoplankton blooms below the ice challenges this paradigm

(Arrigo et al., 2014).

Areal and temporal estimates of Arctic primary production are not very accurate because they
are generally based on extrapolation and interpolation using simple models and basic
knowledge of algal physiology (Sakshaug et al., 2004). For example, the Chl « :C ratio,
commonly used to transform autotrophic biomass into fixed carbon estimates, is 0.036 on
average for Arctic diatoms during the growth season in the Arctic. However, ranges from
0.003 to 0.08 have been measured depending on the acclimation status of the algae (Sakshaug
et al,, 2004). In addition, the different methodologies to estimate PP (carbon or nutrient
uptake, oxygen production and changes in Chl a), together with the high spatial and temporal
variability result in a pootly constrained range of PP values for the Central Arctic Basins,
from 1 Tg C yr'', when assuming no production in ice-covered areas (Hill et al., 2013), up to
119 Tg C yr' when taking into account the total amount of nutrients used for PP (Codispoti

et al.,, 2013).



Besides three Arctic-wide synthesis studies (Codispoti et al., 2013; Hill et al., 2013; Matrai et
al., 2013), there are only two ecological studies in the Central Arctic Ocean that include sea-
ice and water-column PP and discuss nutrients, light and grazing as limiting factors. From the
Arctic Ocean Sampling expedition in 1996 we know that in the Central Arctic sea-ice algae
can contribute up to 57% of the net primary productivity in summer (Gosselin et al., 1997).
However, their patchy distribution, especially of sub-ice algal aggregates, and the
technological challenges of producing 7 situ estimates of their PP cause a high uncertainty in
the overall estimates (Legendre et al., 1992; Syvertsen, 1991). The annual areal NPP estimates
for the Eurasian Basin including sea-ice algae range between 10-15 g C m” yr', double that of
estimates for the Amerasian Basin (Codispoti et al., 2013; Gosselin et al., 1997; Sakshaug et al.,
2004; Wheeler et al., 1990).

Primary production determines the potential amount of carbon that could be exported to the
seafloor. However, the final amount of carbon that reaches the seafloor is strongly controlled
by grazers at the surface and the microbial loop that remineralizes the organic matter as it
sinks. Carbon export in the Central Arctic is strongly controlled by grazers such as
amphipods and copepods (Olli et al., 2007). The carbon export to the deep Central Basins is
generally very low (~1g C m” yr' (Sakshaug et al., 2004)), however in recent years with rapid

and extensive ice melt, higher carbon export rates have been measured (Lalande et al., 2009).

In summary, the Central Arctic Ocean has been long considered an area of very low
productivity but very few complete process ecosystem studies are available. There is still a
lack of a comprehensive baseline to compare future Central Arctic studies with, in order to
appropriately detect changes on the ecosystem caused by climate change (Wassmann et al.,
2011). Despite recent efforts, biogeochemical measurements of carbon and nutrient fluxes in

sea ice, melt ponds and water column of the Central Arctic are still scarce.



Table 1. Summary of biological parameters from the Central Arctic Ocean.

Sea Time of
Parameter Value Units Reference
Water/Ice measurement
Primary 0.26 =
g Cm?d! SW August 1994 Wheeler, 1996
Productivity 0.24
0.003 g Cm?d! ST August 1994 Wheeler, 1996
0.03 +
0.01 g Cm?d! SW August 1994 Gosselin, 1997
0.057 gCm?2d! SI August 1994 Gosselin, 1997
0.05-
015 gCm2d! SW August 2001 Olli, 2007
Primary 10 g Cm?2yrl SW+SI Annual 1994 Wheeler, 1996
Production 15 g Cm?2yr! SW+SI Annual 1994 Gosselin, 1997
11 g Cm?2yr! SW+SI Annual Sakshaug, 2004
New 1 g Cm?2yr! SW+SI Annual Sakshaug, 2004
production 15% 10 g Cm?2yr! SW+SI Annual Codispoti, 2013
Chlorophyll a 0.03-0.3 mg Chl ¢ m? SW August 2001 Olli, 2007
1.2-50 mg Chl ¢ m SW August 1994 Gosselin, 1997
0.2-14 mg Chl ¢ m- SI August 1994 Gosselin, 1997
POC 0.002-
gCm3 SW August 1994 Gosselin, 1997
0.05
0.003-
g Cm? SI August 1994 Gosselin, 1997
0.08
DOC 0.6-1 gCm?3 SW August 1994 Wheeler, 1997
Chl a:C 0.003-
WiW SI Booth, 1997
0.08
C:N 9.7 mol:mol SW Tamelander, 2013
6.6 mol:mol SW August 2001 Frigstad, 2013
Si:N 0.31 mol:mol SW Sakshaug, 2004
Carbon export 0.04-
g Cm?2yr! SW August 2001 Olli, 2007
0.09
July-October Fahl &Nothig
0.07-0.1 gCm2d! SwW
1996 2007
0.001-
o1 gCm?2d! SW September 2012 Lalande, 2014
0.002 g Cm2d! SW August 2007 Cai, 2010




1.3.  Obijectives

The Central Arctic has been covered by perennial sea ice since the early Holocene (120,000
years before present), and in the last 100 years extensive parts of it are now shifting towards
seasonal ice zones due to the fast summer sea-ice retreat caused by global warming (Fahl and
Stein, 2012; Miller et al., 2013; Polyakov et al., 2010). Due to the difficult accessibility for
sampling of this region, very little is known about how this rapid sea-ice retreat is affecting
the Central Arctic ecosystem. Microalgae living in the sea ice and in the water column
comprise the base of the entire ecosystem and, therefore, changes in their productivity and
export rates to the deep sea, will have cascading effects on the entire food web. Thus,
studying primary production, its limiting factors and its fate in the Central Arctic is urgent in

order to fill the gap of knowledge that actually exists for this vast area of the Arctic Ocean.

The overall aim of this thesis is to improve our understanding of the physical and biological
processes regulating the amounts of carbon fixed and exported to the seafloor in the Central
Arctic, including sea-ice algae and phytoplankton primary production, and to elucidate the

effect of sea-ice retreat on these photosynthetic communities and on the whole ecosystem.

The specific objectives are i) to examine the role of sub-ice algal aggregates, ii) to determine
the contribution of sea ice, melt pond and water column communities to total primary
productivity and to identify the factors controlling primary productivity’s magnitude and
distribution, and iii) to investigate the potential role of nitrogen fixers in the Eurasian Basin
of the Central Arctic at the end of the productive season. These objectives are addressed
using radioactive carbon uptake assays under different light and nutrient conditions, a simple
irradiance model for up-scaling, traditional biological and oceanographic measurements of
biomass and physicochemical environmental parameters and molecular nitrogen fixation gene

analysis.

The main questions addressed in this thesis are:

1) What is the role of sea-ice algal aggregates in the Central Arctic? Their patchy distribution
has made the quantification of sub-ice algae elusive. Although they can accumulate large
biomass below the ice, their contribution to primary production in the ice-covered

Central Basins may have been overlooked so far. In addition they may play an important



role by exporting nutrients and carbon to the deep sea, when the ice melts and algae sink
to the seafloor (Chapters I, I, III and IV).

2) What is the relative contribution of sea-ice algae, melt-pond phototrophs and water-
column phytoplankton to total primary productivity in the Central Arctic at the end of
the productive season and how will sea-ice retreat impact carbon fixation at different
spatial and temporal scales? Sea-ice cover and thickness are diminishing rapidly in the
Arctic Ocean making the central region shift from a perennial ice zone to a seasonally ice-
covered zone. Increased light irradiance transmitted through thinner ice and stronger
stratification due to ice melt are some of the physical constraints for future Arctic primary
productivity. Understanding which factors control the amount of carbon fixed in ice-
covered areas will allow us to make predictions about future trends in primary production
in the Central Arctic (Chapter V).

3) Could potential diazotrophs in the Central Arctic occur in nitrate limited waters of the
Eurasian Basin, and in the pack ice? Nitrogen fixers have been detected in the Canadian
Arctic and in the Fram Strait. Therefore, potential Central Arctic diazotrophs could
originate from the river influenced Laptev Sea and then be transported with the ice

following the transpolar drift (Chapter VI).

1.4. Methods used to measure primary productivity

Aquatic primary productivity can be measured using different approaches (Harrison, 1995).
The most common and direct ways of measuring the rate of primary productivity are
monitoring the uptake of carbon dioxide or the production of oxygen. Carbon uptake is
measured by adding an isotopic tracer as labeled bicarbonate, with radioactive ‘C or with
stable °C, and following its conversion into particulate organic carbon by photosynthesis
(Galloway, 1969). Oxygen production can be measured with classical chemical methods

(Winkler, 1888) or with chemical or optical sensors (Klimant et al., 1995).

A more indirect method of estimating primary production is measuring autotrophic biomass
accumulation, usually represented by the concentration of the main photosynthetic pigment:
chlorophyll 2 (Chl @) (de Vooys, 1979). This can be done by measuring the fluorescence of
the Chl @ molecules in a sample or by satellite with an ocean color algorithm (Westberry and

Behrenfeld, 2014), which is possible only for ice-free waters in the Arctic (Pabi et al., 2008).



The rate of photosynthesis is related to the electron transport between the two photosystems
and can be measured using a pulse-amplitude-modulated (PAM) fluorometer (Jakob et al.,
2005; Suggett et al., 2003). However, the transformation from the rate of electron transport
to primary productivity is not straight forward and algal self-shading makes the volumetric

upscaling prone to error, especially in sea ice (Glud et al., 2002).

All these methods provide estimates of net or gross primary productivity, depending on the
incubation time and if the amount of carbon lost by respiration was considered or not. These
estimates can be normalized by volume and time, and can be used to extrapolate to larger
areas and longer time scales. Nevertheless, the high variability of algal productivity reduces
the accuracy of these extrapolations. A way to estimate annual production without

extrapolating is to compute the seasonal draw-down of nutrients in the euphotic zone

(Codispoti et al., 2013).

In the Arctic Ocean, all of these methods have been used to measure primary productivity
(daily rate) and production (annual rate), both in the water column and in sea ice, except for
satellite ocean color estimates that are restricted to ice-free waters. In this thesis, seawater was
sampled using Niskin bottles attached to the ship’s Conductivity-Temperature-Depth (CTD)
rosette, while sea ice was sampled using an ice corer. The main limitation when estimating
sea-ice primary productivity is that the sea-ice structure generally needs to be destroyed to
perform the measurements, thus the estimated rates are only potential 7z situ rates. Some
sitn incubators have been developed to prevent melting the ice, but then other problems, such
as the lack of homogeneous distribution of the tracer, arise (Mock and Gradinger, 1999;
Smith and Herman, 1991). The only two methods that do not require melting the sea ice are
oxygen measurements below the ice and PAM fluorometry. However, these two methods
also have disadvantages and can lead to underestimations. Oxygen measurements below the
ice are affected by water column biological processes and by oxygen dynamics related to ice
melting and freezing (Glud et al., 2014). Fluorometric methods only measure the first layer of
algae in the ice and therefore, their volumetric upscaling is prone to error (Glud et al., 2002).
Nevertheless, the greatest challenge to estimate sea-ice primary productivity correctly at larger
scales is to take into account its spatial variability. The amount of Chl « in the ice can be
inferred from the spectra of the light transmitted through the ice. Measuring under ice light
transmittance with an under-ice remotely operated vehicle (ROV) that can cover wider areas

than traditional ice coring might be a step forward (Mundy et al., 2007). However, this



method only provides Chl # concentrations, which are not easily transformed to primary

productivity correctly, and it requires constant calibration.

Based on preliminary studies with sea-ice algae cultures, where different methods to measure
primary productivity were compared under different environmental conditions (Fernandez-
Méndez, 2011), the most accurate method to measure primary productivity in the Central
Arctic at the end of the productive season, when very few cells per volume are present, is the

incubation with radioactive carbon isotope "*C-bicarbonate due to its high sensitivity.

The "C-method to measure aquatic primary productivity was introduced by Steemann
Nielsen in 1952. It consists in adding a radioactive tracer to the samples (‘*C-bicarbonate),
incubating them in the laboratory under different light intensities, filtering the samples to
retain the particulate carbon and measuring the amount of tracer taken up with a scintillation
counter (Steemann Nielsen, 1952). Our custom-made incubator had 10 different light levels
from 0 to 420 umol photons m™ s” and was connected to a Julabo cooling system to keep the
temperature constant at -1.3°C, slightly above the freezing point of seawater, which was
roughly the light and temperature conditions that sea-ice related Arctic communities
experience i sitn. Plastic cell culture bottles with 20 ml of liquid sample each and 1 pCi/ml of
"*C-bicarbonate final concentration were incubated for 12 h (Fig.5). This incubation time is
enough to take into account carbon losses by respiration and therefore net primary
productivity estimates are obtained (Fernandez-Méndez, 2011; Gieskes et al., 1979). After
incubation, samples were filtered through 0.2 um pore size filters in which radioactivity was
measured with a scintillation counter by adding a liquid scintillation cocktail. The natural
dissolved inorganic carbon (DIC) present in the sample before spiking was used to calculate
the amount of labeled inorganic carbon fixed into the cells. The value of the dark bottle was
subtracted from the light values. The NPP rates obtained were then normalized by Chl a. By
plotting the NPP values against the incubation irradiances (I) and fitting the data to the
equation published by Platt et al., (1980) (shown in Fig.5), a photosynthesis versus irradiance
curve (PI curve) is obtained. P°, depicts the chlorophyll normalized theoretical maximum
carbon fixation rate which equals P, for cases with negligible photoinhibition parameter 3

and the initial slope is given by o. Photosynthetic parameters such as the photoacclimation



parameter (Ik) can be calculated from this curve to describe the photosynthetic community

studied (Forget et al., 2007).

Photosynthesis vs Irradiance curves using the *C method
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Figure 5. Workflow of the "C method to measure Net Primary Productivity (NPP) by
incubating the samples under different irradiances (I). The superscript / means biomass

normalized. The model used to fit the photosynthesis versus irradiance curve is described in

(Platt et al., 1980).

The PI curve equation describes the relationship between NPP and irradiance. Therefore, by
calculating the light profile through melt ponds, sea ice and water column from the measured
incoming irradiance at the moment of sampling, the 7z situ NPP at each depth in each
environment can be calculated. Subsequently, the NPP is multiplied by the measured Chl « at
each depth and integrated until the euphotic zone depth (1% PAR). Finally, the areal estimate

is multiplied by the day length to get a final NPP estimate in mg C m™” d"' (Fig.5).

PI curves are very powerful since they can be used to upscale NPP to larger areas and longer
time scales (Platt and Sathyendranath, 2007). To do this, a realistic light parameterization for

each environment is required. In open waters, this is straight forward since the light



extinction coefficient of seawater is well known (0.1 m™). On the contrary, sea ice transmits
light differently depending not only on its thickness but also on its internal structure
determined by its formation process and age (Ehn and Mundy, 2013; Katlein et al., 2014). In
collaboration with the Sea-ice physics department of the Alfred Wegener Institute, a light
parameterization model was developed for the Central Arctic including sea ice and melt
ponds (Arndt and Nicolaus, 2014; Nicolaus et al., 2012). Using this light parameterization
together with sea-ice thickness (assumed from age) and melt-pond coverage satellite data,
light profiles were calculated in and below the ice for the entire Arctic Ocean. In the same
way as explained above for 7 situ estimates, depth integrated NPP can be calculated for the
entire Arctic with a resolution of 10 km®. Similar approaches have been used to calculate NPP
in Arctic waters (Ardyna et al., 2013). However, prior to this thesis light parameterization for
sea ice did not account for the high spatial variability of the optical properties of sea ice

(Perovich, 1996).

To estimate the total amount of new production that can be transferred to higher trophic
levels, we used nutrient uptake in the euphotic zone during the productive season (Codispoti
et al., 2013). This method has been previously used in the Arctic giving total estimates of
annual sea-ice and phytoplankton new production based on the difference between nitrate
inventories in surface waters in early spring and in late summer (Codispoti et al., 2013; Matrai
and Apollonio, 2013). If no winter nutrient values are available, the initial nutrient
concentration can also be calculated from the temperature and nutrient profiles at the end of
the productive season. The minimum in the temperature profile at the end of the season is
indicative of the depth of the winter haline convection (Korhonen et al., 2013; Rudels, 1995).
Thus, assuming that there is no lateral transport through advection, the nutrient
concentration at that depth was the initial concentration of nutrients in the mixed layer
available for production. By assuming a constant profile in winter and depth integrating the
difference with the nutrient profile at the end of the season, the total amount of nutrients
used during the productive season can be calculated. Afterwards, using the carbon to nutrient
ratio of the autotrophic biomass, which is generally close to Redfield during growth (Frigstad
et al., 2013), the total amount of carbon taken up during the productive season can be

calculated.



Nutrient addition experiments or enrichment bioassays have been long used in marine
ecology to determine the limiting nutrient for phytoplankton primary productivity in the
water column (Tilman et al., 1982). The algal community’s response in terms of changes in
biomass or productivity to the addition of different nutrients gives indications about which
nutrient limits production at the moment of sampling. In the Arctic, several enrichment
bioassays have been performed in coastal areas, both with phytoplankton and sea-ice algae
(Cota et al., 1996; Maestrini et al., 1986; Taylor et al., 2013). The main problem with this
method in cold polar environments is the lag phase that the algae suffer when transferred to

the lab. Therefore, elongated incubation times are necessary to detect changes in productivity.

In addition, the nutrient ratios present in the studied environment can also indicate which
nutrient is limiting production. The Redfield ratio C:N:P:Si of 106:16:1:15 is generally
assumed to be the optimal ratio for algal growth (Redfield, 1958). Deviations from this ratio
usually mean nutrient limitation (Elser et al., 2009; Spilling et al., 2010). However, there is a
great variability in nutrient supply and biological demand, making generalizations difficult

(Moore et al., 2013).

Complementary to the primary productivity measurements, a range of environmental
variables were measured to study the entire ecosystem from a broader perspective. It is
important, when doing process studies, to include as much physical, chemical and biological
variables as possible, since they are strongly interlinked and will help in interpreting the

results correctly.

Through several collaborations with other teams on board, a comprehensive dataset of
environmental parameters was obtained. Physical parameters included sea-ice thickness and
coverage, melt-pond coverage, incoming irradiance, and temperature. Chemical parameters
included salinity, inorganic nutrient concentrations, dissolved inorganic carbon, dissolved
oxygen and pH. Besides primary productivity, other biological parameters such as
photosynthetic pigments, particulate organic carbon and nitrogen, bacterial abundance and

productivity, and transparent exopolymers concentration were obtained.



1.5. Publication outline

In the following chapters I will present evidence for sea-ice algal export to the deep sea in the
Central Arctic linked to sea-ice melt, as well as a comprehensive study at different spatial
scales on the abundance, composition, buoyancy regulation and role of sub-ice algal
aggregates in the carbon and nitrogen cycles. Subsequently, I will present recent estimates of
primary productivity in the three different Arctic environments: water column, sea ice and
melt ponds, at different spatial and temporal scales, as well as the main limiting factors for
primary productivity at the end of the productive season. These results are discussed in the
light of current anthropogenic climate change trends in the Central Arctic Ocean. Finally,
investigations of diazotroph diversity in the Central Arctic will reveal a high diversity of
potential nitrogen fixers in Arctic sea ice and the water column, with potential implications

for nitrate limitation in the oligotrophic Arctic Ocean.

Chapter I: Export of algal biomass from the melting Arctic sea ice.

Antje Boetins, Sebastian Albrecht, Karel Bakker, Christina Bienhold, Janine Felden, Mar Ferndndez-
Méndez, Stefan Hendricks, Christian Katlein, Catherine Lalande, Thomas Krumpen, Marcel Nicolaus,
Lika Pecken, Benjamin Rabe, Antonina Rogacheva, Elena Rybakova, Raguel Somavilla, Frank Wenzhifer,
and RV Polarstern ARK27-3-Shipboard Science Party.

Science (2013) 339:1430-1432

This study reports the deposition of sea-ice algal aggregates to the deep sea of the Central
Arctic in summer 2012. This observation supports the hypothesis that a reduction in sea ice
cover enhances under-ice productivity and carbon export causing changes in our

understanding of the pelagic-benthic coupling in the Arctic.

The study was designed by A. Boetius. Primary productivity measurements and microscopy
analysis were performed by M. Fernandez-Méndez. Sea-ice biological data was provided by I.
Pecken. Sea-ice physics data was provided by S. Hendricks, C. Katlein, M. Nicolaus and T.
Krumpen. Oceanographic data and nutrients were provided by B. Rabe, K. Bakker, C.
Lalande and R. Somavilla. Deep-sea surveys were performed by S. Albrecht, C. Bienhold, J.
Felden, A. Rogacheva, E. Rybakova and F. Wenzho6fer. The manuscript was written by A.

Boetius with support of all coauthors.



Chapter II: Floating ice-algal aggregates below melting Arctic sea ice.
Philipp Assmy, Jens K. Ebn, Mar Fernandez-Méndez, Haakon Hop, Christian Katlein, Arild Sundfjord,
Katrin Blubm, Malin Daase, Anja Engel, Agneta Fransson, Mats A. Granskog, Stephen R. Hudson,

Swvein Kristiansen, Marcel Nicolans, 1lka Peeken, Angelika H. H. Renner, Gunnar Spreen, Agnieszka
Tatarek, and Jozef Wiktor.
PLoS One (2013) 8(10): 76599

This study provides first descriptive and quantitative estimates of floating sea-ice algal
aggregates below Arctic sea ice. The study shows that these aggregations originate from
bottom-ice algal communities and despite their low biomass at the end of the season, the
abundant grazers found in them suggest that they have an important role in the ecosystem as

food source when no other algal biomass is available.

The study was conceived by P. Assmy, M. Fernandez-Méndez, C. Katlein, M. Nicolaus, H.
Hop, J.K. Ehn, S. Kristiansen and M.A. Granskog. Experiments and measurements were
performed by P. Assmy, M. Fernandez-Méndez, C. Katlein and M. Nicolaus. All other
coauthors contributed with environmental data. The manuscript was written by P. Assmy

with the support and input of all coauthors.

Chapter III: Composition, buoyancy regulation and fate of ice algal aggregates in the
Central Arctic Ocean.

Mar Ferndandez-Méndez, Frank Wenzhifer, Iika Peeken, Heidi 1ouise Sorensen, Ronnie Nohr Giud, and

Antje Boetius.
(18.08.2014 Accepted for publication in PLoS One)

This study describes the composition of sub-ice algal aggregates of different types and in
different degradation stages, as well as the mechanisms that regulate their buoyancy. A
conceptual scheme of Arctic algal aggregate formation and degradation is presented. The
study shows that algal aggregates are relevant for primary productivity, biomass and nutrient

cycling at a local scale.

The study was designed by M. Fernandez-Méndez and A. Boetius. Experiments were
performed by M. Fernandez-Méndez, F. Wenzhofer and H.IL. Serensen. 1. Peeken provided
sea-ice biological data. The analysis of the data was performed by M. Fernandez-Méndez and

H.L. Serensen with help from F. Wenzhofer and R.N. Glud. The manuscript was written by



M. Fernandez-Méndez with input from A. Boetius and R.N. Glud and support of all other

coauthorts.

Chapter IV: Distribution of algal aggregates under summer sea-ice in the Central
Arctic.

Christian Katlein, Mar Ferndandez-Méndez, Frank Wenzhifer and Marcel Nicolaus.

(23.06.2014 Submitted to Polar Biology)

This study shows that the floe scale distribution of sub-ice algal aggregates is determined by
ice topography. It further provides large scale quantification of aggregate biomass in summer
below melting ice, based on data obtained with a remotely operated vehicle (ROV).
Furthermore, this study reveals that differences in the upscaling procedure can lead to several

orders of magnitude differences in the final biomass estimates.

This study was designed by C. Katlein and M. Fernandez-Méndez. Data analysis was
performed by C. Katlein. M. Fernandez-Méndez and F. Wenzhofer provided biological
environmental data from the ice ecosystem. The manuscript was written by C. Katlein with

input from M. Nicolaus and support from M. Fernandez-Méndez and F. Wenzhofer.

Chapter V: Photosynthetic production in the Central Arctic during the record sea-ice
minimum in 2012,

Mar Ferndndez-Méndez, Christian Katlein, Benjamin Rabe, Marcel Nicolaus, 1ika Peeken, Karel Bakker,
Hanke Flores, and Antje Boetius.

In preparation for Biogeosciences.

This study shows that ice algae can contribute up to 60% to primary production in the
Central Arctic at the end of the season due to light limitation of the water column below
thick pack ice. Nitrate limitation was detected in the Siberian Seas (Laptev Sea area), while
silicate was the main limiting nutrient at the ice margin influenced by Atlantic waters. In
addition, the study shows that although sea-ice cover was substantially reduced in 2012, total
annual new production in the Eurasian Basin was similar to estimates of previous years.
However, when including the contribution by sub-ice algal filaments, the annual production
for the deep Eurasian Basin (north of 78°N) was higher than estimated before. This study

suggests that sub-ice algae might be responsible for potential local increases in net primary



productivity due to higher light availability under the ice, and their ability to harvest nutrients

from a wider area as they drift with the ice.

The study was conceived and designed by M. Fernandez-Méndez with help of A. Boetius.
Experimental work on board was performed by M. Fernandez-Méndez. Analysis and data
assimilation was done by M. Fernandez-Méndez, C. Katlein, H. Flores and B. Rabe.
Environmental parameters were provided by I. Peeken, K. Bakker and M. Nicolaus. The
manuscript was written by M. Fernandez-Méndez with input from A. Boetius, H. Flores, B.

Rabe and C. Katlein and support from all other coauthors.

Chapter VI: Diazotroph diversity in sea ice, melt ponds and water column of the
Central Arctic Ocean.

Mar Ferndndez-Méndez, Kendra Turk-Kubo, Josephine Z. Rapp, Thomas Krumpen, Antje Boetins and
Jobnathan Zebr.

In preparation for Aquatic Frontiers in Microbiology

This study shows a high diversity of non-cyanobacterial diazotrophs in sea ice and waters of
the Central Arctic Ocean. This is the first report of potential diazotrophs north of 78°N. This
study partially rejects the hypothesis that diazotrophs in the Central Arctic Ocean originate
from the river-influenced shelves and are transported with the ice. In addition, certain

nitrogen fixation phylotypes seem to be associated with specific bacterial communities.

The study was designed by A. Boetius and J. Zehr. Analysis and data assimilation were
performed by M. Fernandez-Méndez and K. Turk-Kubo. J.Z. Rapp performed the 16S rRNA
analysis. T. Krumpen provided the ice-drift information. The manuscript was written by M.

Fernandez-Méndez with input from A. Boetius, K. Turk-Kubo and J. Zehr.
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Export of algal biomass from the melting Arctic sea ice.

Antje Boetius'?, Sebastian Albrecht’, Karel Bakker®, Christina Bienhold'?, Janine Felden’, Mar
Fernandez-Méndez"?, Stefan Hendricks', Christian Katlein', Catherine Lalande', Thomas
Krumpenl, Marcel Nicolaus', Ilka Pecken'”, Benjamin Rabe', Antonina Rogacheva6, Elena
Rybakova6, Raquel Somavilla', Frank Wenzhéfer'?, and RV Polarstern ARK27-3-Shipboard

Science Party.

1Alfred Wegener Institute for Polar and Marine Research, 2Max Planck Institute for Marine Microbiology,
SMARUM University Bremen, 4 FIELAX Gesellschaftfiirwiss.DatenverarbeitungmbH, "NIOZ Royal
Netherlands Institute for Sea Research, SP.P. Shirshov Institute of Oceanology, Russian Academy of

Sciences.

Science (2013) 339:1430-1432



48



REPORTS

Export of Algal Biomass from
the Melting Arctic Sea Ice

Antje Boetius,>3*t Sebastian Albrecht,*t Karel Bakker,’t Christina Bienhold,"*t

Janine Felden,®t Mar Fernandez-Méndez, %1 Stefan Hendricks,*t Christian Katlein,*t
Catherine Lalande,*t Thomas Krumpen,*t Marcel Nicolaus,'t Ilka Peeken,™31 Benjamin Rabe,t
Antonina Rogacheva,®t Elena Rybakova,®+ Raquel Somavilla,t Frank Wenzhéfer,t

1430

RV Polarstern ARK27-3-Shipboard Science Partyt

In the Arctic, under-ice primary production is limited to summer months and is restricted not
only by ice thickness and snow cover but also by the stratification of the water column, which constrains
nutrient supply for algal growth. Research Vessel Polarstern visited the ice-covered eastern-central
basins between 82° to 89°N and 30° to 130°E in summer 2012, when Arctic sea ice declined to a
record minimum. During this cruise, we observed a widespread deposition of ice algal biomass of
on average 9 grams of carbon per square meter to the deep-sea floor of the central Arctic basins.
Data from this cruise will contribute to assessing the effect of current climate change on Arctic

productivity, biodiversity, and ecological function.

limited by light and nutrients. Photosyn-

thetically active radiation (PAR) for under-
ice primary production is only available from
May to August but is locally restricted by ice thick-
ness and snow cover (/—4). Owing to stratifica-
tion (3, 6), the mixed layer depth is limited to 10
to 30 m in summer (Table 1), which constrains
the nutrient supply for algal growth (7). Hence,
average estimates for primary production (PP) in
the ice-covered central Arctic are low, on the order
of 1 t025 g C m 2 year ' (8, 9). The contribution
of ice algae is not well constrained, ranging from 0
to 80% (/0-13). However, as a consequence of
Arctic warming, primary productivity in and under
the ice may be boosted by higher light transmis-
sion through thinning sea ice (3, /4, 15) and the
increase in melt-pond coverage during summer
4, 106).

Assessing the consequences of current climate
change in the central Arctic regions remains dif-
ficult because reliable baselines for Arctic produc-
tivity, biodiversity, and ecological function are
lacking [reviewed in (/7)]. During the 2012 sea-
ice minimum, research vessel (RV) Polarstern
visited the ice-covered eastern-central basins be-
tween 82° to 89°N and 30° to 130°E (Fig. 1). In
this area, thick multiyear sea ice has been largely
lost as a result of melt by atmospheric heat (/8).
Our airborne electromagnetic measurements con-
firmed that first-year ice dominated (>95%), with

Primary productivity in the central Arctic is

Alfred Wegener Institute, Helmholtz Center for Polar and
Marine Research, 27515 Bremerhaven, Germany. 2Max Planck
Institute for Marine Microbiology, 28359 Bremen, Germany.
3MARUM, Center for Marine Environmental Sciences, University
Bremen, 28334 Bremen, Germany. FIELAX Gesellschaft fiir
wissenschaftliche Datenverarbeitung mbH, 27568 Bremerhaven,
Germany. °NIOZ Royal Netherlands Institute for Sea Research,
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ology, Russian Academy of Sciences, 117997 Moscow, Russia.

*Corresponding author. E-mail: antje.boetius@awi.de
TAL authors with their contributions and affiliations appear
at the end of this paper, and all other contributors are listed
in the supplementary materials.

an average modal thickness of less than a meter
and a melt-pond cover of 30 to 40%.

Previous investigations of the underside of
Arctic sea ice found that the diatom Melosira
arctica grows meter-long filaments, anchoring
in troughs and depressions under ice floes and
covering up to 40 to 80% of the underside of
undisturbed ice floes (12, 19-24) (Fig. 2). Warm-
ing and melting leads to their rapid sedimenta-
tion (20-23). Deposition of Melosira strands had
been observed on the sea floor of Arctic shelves
(12, 21), but their contribution to carbon export in
the ice-covered basins remains unknown (25, 26).
Particulate organic carbon flux to the deep sea,
measured by sea-floor carbon demand (25) and

&
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by sediment traps moored in the Amundsen Basin
(27), was around 1 g C m 2 year ! (>1500 m) in
the 1990s, with a peak contribution of sub-ice
algae of up to 28% in August (27). Repeated mea-
surements during the first Arctic-wide sea-ice
minimum in 2005-2007 showed an increased
carbon flux of 6.5 g C m2 year ' (850 m), peak-
ing in July (28).

During the expedition IceArc in summer 2012,
we observed in seven out of eight regions sea-
floor deposits of fresh M. arctica strands and
other sub-ice algae at 3500- to 4400-m water
depth (Fig. 1, fig. S1, and movies). Patches of
algae of 1 to 50 cm in diameter covered up to
10% of the sea floor. This attracted opportunistic
megafauna—such as the deep-sea holothurians
Kolga hyalina (29) and Elpidia heckeri and the
ophiurid Ophiostriatus striatus—which were ob-
served to feed on the Melosira strands. Based
on their color, chlorophyll a content, and chloro-
plast morphology, the freshest algal deposits were
observed at the northernmost stations, 7 and 8
(>87°N). Stations 4 to 6 (82° to 85°N), north of
the Laptev Sea margin, showed degraded algal
deposits. In this area, megafauna biomass was
substantially elevated, as was the pigment con-
centration of holothurian gut content (Table 1).
The larger body sizes (>6 cm) and apparent fe-
cundity of the Kolga population (based on gonad
sizes) in this area suggested that sources of food
had been available for at least 2 months and that
the main algal flux had occurred before June.
This matches observations of rapid melt and ex-
port of ice from the Laptev Sea as early as May
2012. By July, large open water areas had ap-
peared within the ice zone up to 85°N (Fig. 1),
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Fig. 1. Ice conditions during RV Polarstern Expedition IceArc (ARK27-3, 2 August to 8 October 2012). (A)
Ice cover in July 2012 in percentages. Ice stations with fresh and degraded algal deposits are marked by
green and brown circles, respectively. White indicates no deposits. (B) Aerial image of station 3 in mid-
August. (C) Aerial image of station 6 in mid-September.
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causing a rapid decline of the sea-ice cover, re-
flected in 1 to 2 m of melt-water content above
the winter thermocline (Table 1).

Our surveys showed shreds of M. arctica
(Table 1), indicating their melt-out earlier in the
season (23). At 3500- to 4400-m depth, deposits
of coiled Melosira strands (diameters of 5 to
12 cm) covered 0.1 to 10% of the sea floor. The
carbon deposition by sub-ice algae was estimated to
be equivalent to 1 to 156 g C m ~ (median 9 g C m )
(Table 1). For comparison, the 2012 pelagic new
production in the same regions was estimated
to be 7 to 16 g C m > (median 11 g C m ?)
(Table 1), with a contribution by diatoms of
36% based on silicate inventories (Table 1).
Melosira strands are not used as food in the
pelagial and sink rapidly to the sea floor (23).
This results in a contribution of at least 45% of
total primary production and >85% of carbon
export in 2012.

The algal deposits at the sea floor and extracts
of Kolga gut at stations 3, 4, 7, and 8 contained

living Melosira cells with green chloroplasts and
lipid vesicles (Fig. 2). The algal deposits had
variable high concentrations of chloroplast pig-
ment equivalents (CPE) (27 £ 21 pg cm >; n =
18 aggregate samples) and a high chlorophyll
a to total pigment ratio (51 + 18%). In com-
parison, pigment contents of bare sediments next
to the patches were low at 0.8 + 0.3 ug cm >,
matching concentrations found in the 1990s (25).
The gut contents of Kolga specimens showed
even higher pigment concentrations of, on av-
erage, 51 + 47 ug cm > (Chla/CPE ratio of 41 +
14%; n = 15 gut samples), and algae recovered
from guts were still photosynthesizing when ex-
posed to light (30).

Previous investigations focusing on oligo-
trophic deep-sea sediments have found a direct
relationship between carbon flux, benthic bio-
mass, and remineralization rates (3/-35). How-
ever, despite the widespread deposition of algae
observed in the eastern-central basins, apparently
only sediment bacteria (as estimated from respi-

REPORTS

ration rates) (fig. S2) and large mobile megafauna
had profited from the ice-algae deposition. In-
fauna burrows and tubes were rare, indicating an
absence of the sediment-dwelling macrofauna
characteristic of other deep-sea basins with sea-
sonally sedimenting phytoplankton blooms [re-
viewed in (36)]. Furthermore, the bare sediments
next to the algal deposits maintained oxygen fluxes
of only 0.3 to 0.4 mmol O, m 2 day ', equivalent
to a carbon demand of 1 to 2 g C m > year . Such
low rates are typical for oligotrophic deep-sea
sediments (37, 38) and match carbon export
fluxes measured in the 1990s in this area (25, 27).
In contrast, in situ and ex situ microprofiling of
diffusive oxygen fluxes into sediments covered
by algal aggregates showed elevated rates of 5 to
6 mmol O, m 2 day ™, equivalent to carbon fluxes
of 25 ¢ C m ™2 year ! (stations 7 and 8) (fig. S2).
This suggests considerable microbial respiration
(13 to 60%) of the algal carbon input. According-
ly, in cores covered by Melosira strands, oxygen
penetration in the sediment was reduced to a few

Table 1. Distribution of algal aggregates and characteristics of sea-ice stations investigated. Methods are provided in the supplementary materials.
Where available, averages and standard deviations are given. FYI, first-year ice; MYI, multiyear ice; n.d., not determined.

Ice station (no.) 1 2 3 4 5 6 7 8
Event* PS80_224 PS80_237 PS80_255 PS80_277 PS80_323 PS80_335 PS80_349 PS80_360
Date 8/9/12 8/14/12 8/20/12 8/25/12 9/4/12 917112 9/18/12 9/22/12
Latitude (N) 84°3.03' 83°59.19* 82°40.24' 82°52.95' 81°55.53" 85°06.11' 87°56.01' 88°49.66'
Longitude (E) 031°6.83" 078°6.20' 109°35.37 130°7.77 131° 7.72'  122°14.72' 61°13.04' 58°51.81'
Sea-ice cover (%) 80 80 70 80 60 50 100 100
Ice thickness (m) 1.0-1.2 1.2-2.0 0.7-1.2 0.7-0.9 1.2-1.7 0.9-1.7 1.2-1.8 1.1-1.8
First/multiyear ice FYI FYI FYI FYI FY1 FYI/MYI FYI/MYI FYI/MYI
Melt-pond cover (%) 40 20 40 50 10 30 20 20
Drift (knots) 0.14 + 0.1 0.35 +0.2 0.55 + 0.2 0.24 + 0.1 0.26 £ 0.1 0.29 £ 0.2 0.01+£0.0 0.17 +£0.1
Surface radiation (W m=2)t 150 + 93 97 £ 59 60 + 38 56 + 45 62+ 76 26 £ 23 11+ 6 5+3
PAR under ice (W m™) 33 5 9 n.d. 3 2 <1 <<1
Atmospheric temperature (°C) -1.5 -1.2 0.3 -0.3 -3.3 -1.6 -3.9 -10.1
Seawater temperature (5 m, °C) -1.5 -1.5 -1.6 -1.5 -1.5 -1.5 -1.8 -1.7
Salinity (5 m) 33.0 33.2 32.8 31.2 30.6 30.3 33.1 329
Mixed layer depth (m) 15 21 16 23 20 20 31 30
Melt water (m) 0.5 0.7 0.7 1.1 2.3 2.2 0.8 0.9
Nitrate concentration (uM, $0—2 m) 2.89 3.08 0.29 0.42 0.1 0.08 0.97 0.49
N:Si/N:P ($0—2 m) 3/10 2/10 0.3/2 0.1/2 0.03/1 0.02/0.4 0.02/0.3 0.3/2
14C-PP (mg C m™2 day™ )& 62 9 19 36 39 10 5 4
New PP (g C m~2 year )t 16 7 12 7 9 10 16 15
Diatom contribution (%)} 40 28 32 24 n.a. n.a. 41 40
Sub-ice algal cover (%) 0.04 0.19 <0.01 n.d. 0.04 0.03 0.55 0.13
Ice algae composition dv. algaell div. algaell Melosira n.d. Melosira Melosira Melosira Melosira
Sea-floor algal cover (%) 0 0.03 £ 0.04 1.3+04 0.33£0.49 0.5=0.29 0.8 + 0.6 2.2+0.7 10.4 + 0.5
Sediment CPE (ug cm™3) 0.7 £0.1 14+03 1.0£0.3 1.0+ 0.4 0.7 £0.2 0.5+0.1 0.6 +0.1 0.8 +0.5
Sediment Chla/CPE ratio (%) 10 17 22 22 18 14 14 14
Megafauna biomass 0.42 1.01 3.36 1.07 3.19 5.49 3.46 0.33
(g wet weight m™)
Gut CPE (ug cm™) n.d. n.d. 130 + 20 41+ 15 30+2 3+1 48 + 12 n.d.
Gut Chla/CPE ratio (%) n.d. n.d. 43 49 66 22 51 n.d.
Ice algae composition sediment/gut n.d. n.d. Melosira Melosira Melosira Melosira Melosira Melosira
div. algaell  div. algaell  div. algaell div. algaell
Ice algae C deposition (g C m™?) 0 0.5 20 5 7 11 32 156
Water depth (m) 4014 3485 3569 4161 4031 4355 4380 4374

*Supplementary data available at http:/doi.pangaea.de/10.1594/PANGAEA.803293. tRefers to incoming global radiation at the surface. }Estimates based on seasonal inventories of
the mixed-layer depth of the previous freezing season (see supplementary materials). §Depth-integrated rates for the water column euphotic zone (1% PAR under the ice). |IDiverse
algae included in various ratios: Porosira sp., Pleurosigma, Nitzschia sp., Fragilariopsis sp., Entomoneis sp, Chaetoceros sp., Navicula sp., Cylindrotheca, and other chain-forming pennate
diatoms. 9lEstimates include discolored patches/degraded algal patches.
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Fig. 2. M. arctica aggregations. Strands (~20 cm) of Melosira (A) under ice (station 7), (B) recovered from
the sea floor (station 7), and (C) photographed in situ with K. hyalina grazing on deposits (station 3). (D to
F) Microscopic images of Melosira cells from (A), (B), and (C) (extract of Kolga gut), respectively.

millimeters compared with the surrounding sedi-
ment, where oxygen penetrated >50 cm (fig. S1).
Hence, if high exports of sea-ice algae had oc-
curred regularly before 2012, oxygen penetration
depth would have been less than observed, in-
dependent of the fresh Melosira deposits (30).
Hence, we conclude that massive algal falls
were rare.

Arctic climate models predict a further de-
cline in the sea-ice cover, toward a largely ice-free
summer in the Arctic in coming decades (39).
Our observations support the hypothesis (/4) that
the current sea-ice thinning and increasing melt-
pond cover may be enhancing under-ice productiv-
ity and ice-algae export, with ecological consequences
from the surface ocean to the deep sea.
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Abstract

During two consecutive cruises to the Eastern Central Arctic in late summer 2012, we observed floating algal
aggregates in the melt-water layer below and between melting ice floes of first-year pack ice. The macroscopic (1-15
cm in diameter) aggregates had a mucous consistency and were dominated by typical ice-associated pennate
diatoms embedded within the mucous matrix. Aggregates maintained buoyancy and accumulated just above a strong
pycnocline that separated meltwater and seawater layers. We were able, for the first time, to obtain quantitative
abundance and biomass estimates of these aggregates. Although their biomass and production on a square metre
basis was small compared to ice-algal blooms, the floating ice-algal aggregates supported high levels of biological
activity on the scale of the individual aggregate. In addition they constituted a food source for the ice-associated
fauna as revealed by pigments indicative of zooplankton grazing, high abundance of naked ciliates, and ice
amphipods associated with them. During the Arctic melt season, these floating aggregates likely play an important
ecological role in an otherwise impoverished near-surface sea ice environment. Our findings provide important
observations and measurements of a unique aggregate-based habitat during the 2012 record sea ice minimum year.
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Introduction

The ongoing thinning and loss of Arctic sea ice will lead to
changes in the surface energy budget of the Arctic Ocean [1,2]
and will have far-reaching ramifications for both sympagic (ice-
associated) and pelagic ecosystems [3]. Nonetheless, thorough
documentation of effects on Arctic marine biota in response to
climate change is limited, especially for planktonic and ice-
associated ecosystems [4]. Some knowledge gaps are
attributable to the limited amount of quantitative data on
production, consumption and biomass for Arctic marine
ecosystems [5]. A recent study revealed significant changes in
planktonic microbial community structure before and after the
September 2007 record sea ice minimum [6]. Achieving greater
understanding of these processes is important because the

PLOS ONE | www.plosone.org

increased and earlier loss of Arctic sea ice will not only affect
the timing of ice algal and phytoplankton blooms [7], but could
also lead to trophic mismatch scenarios between primary
producers and their dependant grazers [8].

Melting of summer sea ice results in habitat deterioration for
ice-associated organisms and the formation of a stratified
surface meltwater layer [9,10]. Ice algae, at the base of the
Arctic sea ice ecosystem, have to cope with being released into
freshening surface water during the melt season. Due to their
inherent stickiness, they are prone to aggregation [11] and
subsequent sedimentation [12]. Vertical flux and sedimentation
of ice-algal material will transfer energy to pelagic and benthic
ecosystems [13-16] and deprive ice-associated fauna of their
food resource [9]. In order to bridge the gap between release
from melting sea ice in summer and reincorporation into the ice
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Figure 1. Ice-algal aggregate observations recorded in the Eastern Central Arctic during the Centre for Ice, Climate and
Ecosystems (ICE12) cruise with RV Lance, IceArc expedition ARK-XXVII/3 with RV Polarstern, the Russian North Pole drift
station NP-23 and the Fram Expedition 1893-1896. The broken line and blue colour scale indicate the approximate position of
the ice edge at the end of July 2012 and the sea floor depth, respectively.

doi: 10.1371/journal.pone.0076599.g001

at the onset of freezing during autumn, ice algae must rely on
other means to stay in close proximity to the sea-ice habitat,
especially over the deep Central Arctic Basin. A recent study
[17] suggests that progressively thinning Arctic sea ice can also
lead to new ice-associated habitats. The authors propose that
incorporation of algal cells in the soft ice of open melt ponds
could account for the algal masses they observed at the
surface of refrozen melt ponds in early autumn. Buoyant, free-
floating ice-algal aggregates have previously been observed in
the Arctic [18-21], but due to their patchy distribution little is
known about their ecological significance during the melt
season. Moreover, their potential role in seeding the next
spring bloom has not been considered thus far. In addition,
current models of ice algal primary production and biomass do
not account for these aggregations or the metre-long mats and
strands formed by the under-ice diatom Melosira arctica [20],
and therefore underestimate the contribution of ice algae to
total primary production in the Arctic Ocean [22].

Large numbers of ice-algal aggregates were encountered
during two consecutive research cruises to the Eastern Central
Arctic Ocean in summer 2012: (1) the Centre for Ice, Climate
and Ecosystems (ICE) cruise with RV Lance (ICE12) and (2)
IceArc expedition ARK-XXVII/3 with RV Polarstern. In order to
elucidate the significance of these aggregates, we sampled
and quantified their abundance, biomass and production using
three different approaches: (i) trapping of aggregates in an ice
hole (“inverted sediment trap” approach), (ii) collection by
scuba divers, and (iii) under-ice video transects with a remotely

PLOS ONE | www.plosone.org
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operated vehicle (ROV). Combined, these different approaches
enabled us to extrapolate our findings to a square metre scale
and assess the significance of the floating ice-algal aggregates
for the ice-associated ecosystem during the oligotrophic
summer months.

Materials and Methods

Study area

The three drift ice stations were situated over the deep Arctic
basin and well north of the ice edge (Figure 1). The pack ice in
the area was dominated by first year ice (FYI) and featured
well-developed melt ponds. The first long drift ice station was
occupied from 26 July to 3 August 2012 during the ICE12
cruise and initially situated at 82.5° N, 21° E north of Svalbard
while the two shorter drift ice stations, centred at 84° N, 31° E
(station Ice1) and 84° N, 78° E (station Ice2) on 9-11 and 14—
16 August 2012 respectively, were undertaken during the
subsequent IceArc expedition.

ICE12

Sample collection and preparation. Throughout the drift
ice station from 26 July to 3 August, conductivity, temperature
and depth (CTD) profiles were taken daily using a rosette
system (Seabird Electronics SBE911) deployed from the side
of the ship. Seawater samples were collected on 26 and 30
July and daily from 1 to 3 August at five depths (surface, 10,
50, 100 m, Chl a maximum). Profiles of salinity, temperature,
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and dissolved oxygen from the under-ice water column were
obtained on 28, 30 and 31 July and 1 August using a hand-held
MicroCat sensor (Seabird Electronics 37-SM) lowered through
an ice hole. Subsequently, water samples from the meltwater
layer underneath the sea ice were pumped through the same
ice hole. Additionally video profiles (GoPro Hero2) provided
information on the distribution of floating aggregates in cracks
and openings in the sea ice. Three video profiles were
obtained: one on 29 July at 19:30 GMT and two on 31 July at
08:30 -09:00 GMT through the ice hole used to collect the
aggregates (further information below). On 29 July at 13:00
GMT, an additional video profile was obtained through an ice
crevice in close proximity to the ice hole. Biological sea ice
samples were collected on 28 July and 1 August using an ice
corer with an inner diameter of 9 cm (Mark Il coring system,
KOVACS Enterprises, Inc., USA). Immediately after collection,
ice cores were cut into 10-20 cm thick sections with a stainless
steel saw, transferred into polyethylene zip-lock bags, stored
dark and melted on board the ship at 4°C. Sea ice samples
were melted directly, not in filtered seawater, because nutrient
samples were taken from the same core sections. Comparison
between direct melting and melting in filtered seawater at 4°C
showed no significant differences in taxonomic composition of
sea ice assemblages [23]. Seawater and meltwater samples as
well as melted sea ice samples to be analysed for chlorophyll
(Chl a), particulate organic carbon (POC) and nitrogen (PON)
were filtered onto 25 mm @ GF/F and pre-combusted (500°C
for 4 h) GF/F filters, respectively. Between 500 and 1000 mL of
seawater, and meltwater and between 150 and 500 mL of
melted sea ice, were sampled for Chl a, POC and PON. One
replicate sample per depth was collected for each parameter
for seawater and meltwater, while sea ice samples were
obtained from ftriplicate ice cores collected within 10 cm of each
other. Fifty mL were sampled per analysis of ammonium. On
26 and 29 July, aggregates were collected for species
identification with a coarse-meshed sieve from the side of open
melt ponds and through a specially drilled ice hole also used to
collect accumulated aggregates (further details below).
Aggregate samples used for iodine, Chl a, and transparent
exopolymer particle (TEP) analysis were collected directly
underneath the sea ice on 31 July by divers using a slurp gun
(modified 3.5 L Trident® suction gun).

Chemical and biological measurements. Ammonium was
measured on fresh samples directly on board according to
Soléranzo [24]. Aggregate samples for iodine speciation were
filtered over polycarbonate filters (2 ym pore size) and the
filtrate stored frozen (-20°C) until analysis. lodide was
determined by cathodic stripping square wave voltammetry
according to the methods of Campos [25] and Luther et al. [26],
with a detection limit of 0.1 to 0.2 nmol L' and a precision
better than 5%. High iodide concentrations can be used as a
measure of phytoplankton senescence [27].

Eight subsamples (0.5 mL each) of a diver-collected
aggregate with a total volume of 38 mL were taken for Chl a
analysis, after having removed all supernatant seawater. Chl a
was extracted with 100% methanol at 5°C for 12 h [28] and
measured fluorometrically using a Turner Fluorometer 10-AU
(Turner Design, Inc.). Phaeopigments were measured after
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acidification with two drops of 5% HCI. Samples of POC and
PON were exposed overnight to 32% HCI prior to analysis in
order to remove all particulate inorganic carbon, and were
thereafter folded into tin capsules. The carbon content was
determined using a CHN elemental analyzer (Euro EA 3000).

For TEP analysis, two diver-collected aggregates were
transferred into 15 mL centrifuge tubes and immediately frozen
at -20°C. After thawing, the samples were each suspended in
169 mL of <0.2 pym filtered ISOTON (Beckmann Coulter) and
divided into subsamples. Subsamples of 3-5 mL, with 4
replicates each, were filtered onto 25 mm polycarbonate filters
(Nucleopore 0.4 ym pore size) and stained with Alcian Blue.
TEP was measured with the colorimetric method according to
Engel [29]. TEP concentrations (given in Gum Xanthan
equivalents [Xeq.] L") were converted to carbon (TEP-C, ug C
L") using a conversion factor of 0.63 [30]. In order to normalize
TEP-C to bulk aggregate carbon, the POC concentration of the
subsamples was also determined. POC filters were analyzed
with an elemental analyser (EuroVektor EA). Measurements of
TEP subsamples from samples one and two had a precision of
5 and 15 %, respectively, while measurements of POC
subsamples varied by 11%.

For species identification and determination of assemblage
composition, aggregates were transferred into brown glass
bottles, preserved with a buffered aldehyde mixture
(glutaraldehyde: 0.1% final concentration and
hexamethylenetetramine-buffered formaldehyde: 1% final
concentration) as suggested by Tsuji and Yanagita [31] and
stored cool (5°C) and dark for subsequent counting in the
home laboratory. An aggregate volume of 0.1-0.2 mL was
settled in sedimentation chambers for 24 h. Cells were
identified and enumerated using a Nikon Ti-U inverted light and
epifluorescence microscope according to the method of
Throndsen [32] and counted at 60x magnification. Each sample
was examined until at least 500 cells had been counted.

Radiation measurements. Ramses-ACC-VIS hyperspectral
radiometers (TriOS Mess- und Datentechnik GmbH) were used
to measure incoming energy fluxes at the ice surface and
transmitted fluxes at the underside of the ice. One instrument
was mounted 1.5 m above the ice surface, levelled and facing
upwards, while a second was swum by a diver with semi-
closed rebreather (60% O,) below the ice between two wooden
bars placed through core holes and connected by a rope with
marks every metre. The method was repeated three times
along 30 to 35-m profiles covering a mix of bare ice, and
various melt ponds. The spectral energy fluxes between 400
and 700 nm were converted to photon fluxes and integrated to
get values for photosynthetically active radiation (PAR).

By identifying measurements made more than about 2 m
from pond edges, typical transmittance values for PAR were
determined for the various surface types (bare white ice, dark
ponds and bright, blue ponds) as in Hudson et al. [1]. The
investigated ice floe was then classified into these three
surface types (and open water) using thresholds in the red and
blue channels, and the resulting surface areas were used to
calculate floe-scale transmittance [1].

“Inverted sediment trap” approach and relative under-
ice current velocities. We collected all aggregates
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accumulating in a 3.2 m? hole cut through the ice at 12 h
intervals from 29 to 1 August to obtain an estimate of
aggregate accumulation over time in the surface meltwater
layer. We likely underestimated the amount of aggregates as
not all of them would have floated up into the ice hole. The
aggregate material from each sampling interval was dried at
60°C and the dry weight determined. Triplicate subsamples of
0.5-2 pg dry weight were analyzed for POC and PON.
Triplicate measurements had a precision better than 7% for
both POC and PON.

Relative current velocities (relative to the drifting ice floe)
were measured below the ice with an ice-tethered acoustic
doppler current profiler (Nortek 600 kHz Aquadopp) in the
vicinity of the ice hole. The shallowest data cell was located
about 1.5 m below the ice. These data (means) were
extrapolated to 0.2 m below the under-ice surface through a log
decay formulation (law-of-the wall approximation [33]). Mean
relative current velocities for each sampling interval were then
used to extrapolate the accumulated aggregate biomass to the
area sampled by our “inverted sediment trap”. The aggregate
flux was calculated by correcting the accumulated aggregate
biomass for the time between each sampling interval.

IceArc

Sample collection. Aggregates were collected together
with ambient seawater using a plastic spoon or bucket. This
aggregate-seawater mixture was sub-sampled for POC, PON,
pigments and net primary production (NPP) analysis. In order
to estimate the dilution factor with ambient seawater, individual
aggregates of known volume (10-25 ml) were filtered through
pre-combusted GF/F filters for POC and PON analyses as
stated above. For pigment analysis including Chl a, 1-40 mL of
aggregate-seawater mixture, 1 L of melted sea ice, 1 L of
seawater and 0.5 L of melt pond water was sampled at stations
Ice1 and Ice2 respectively. The ice core was cut into 10 cm
sections and each section melted for 24 h in 2 L of 0.2 ym
filtered seawater. The samples were filtered on GF/F filters and
immediately frozen in liquid nitrogen. Sample storage prior to
analysis was at -80°C. Pigments were measured with high-
performance liquid chromatography as described in Taylor et
al. [34].

For NPP experiments, ice-algal aggregates were collected
from the same aggregate-seawater mixture sampled for POC,
PON and pigment analysis; seawater was collected 0-2 m
below the ice with a peristaltic pump while water from closed
melt ponds (without connection to the seawater below) was
sampled with a hand pump; ice cores were taken as stated
above and divided in two sections: top and bottom. The
aggregate mixture, seawater and melt pond samples were
directly transferred into incubation bottles (cell culture bottles,
Corning Inc., Corning, NY, USA). The ice core sections were
melted in the dark for 24 h at 4°C prior to incubation. No filtered
seawater was added during melting to avoid addition of
nutrients.

Chl a concentrations and NPP of the aggregate-seawater
mixture were corrected for dilution by a factor calculated from
the POC measurements performed in the aggregate-seawater
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mixture and in individual aggregates in order to derive
aggregate specific Chl a concentrations and NPP rates.

All samples were collected within 500 m of each other at
both ice stations. Water and sea ice samples were taken on the
same day while melt pond samples were obtained on the
subsequent day but always within 24 h of the other samples.

ROV transect analysis

Detection of aggregates and their spatial distribution was
monitored with an upward-looking video system (Osprey,
Tritech, Aberdeen, UK) mounted onto a remotely operated
vehicle (V8Sii ROV, Ocean Modules, Atvidaberg, Sweden)
navigated directly under sea ice at stations Ice1 and Ice2 [35].

Aggregates were automatically identified on the video
images using a threshold algorithm. Images were extracted
each 5 sec from the dive videos. All images were registered
according to the distance between camera and ice given by the
acoustic altimeter value and cropped leaving the central part of
the image in order to remove overlays and edge effects.
Images with an ROV tilt of more than 10° and those recorded
deeper than 5 m were discarded. Only the green channel of the
RGB image was used for analysis, as it showed the clearest
aggregate signal. Pixels with a green value <100 (dark pixels,
range 0 to 255) were considered as algae. Detection was
verified manually. To average over the spatially unevenly
distributed data (some locations were photographed several
times), all records were grouped in 3x3 m cells. Means were
calculated for each cell. Analysis showed that different cell size
choices did not significantly change calculated numbers with
the exception of total covered area. ROV video material at
station Ice1 consisted of four dives covering a total area of
5184 m? and 3 h 52 min of dive video, while at station Ice2 five
dives covered a total area of 1809 m? and 3 h 51 min of dive
video. Due to ROV-attitude or wrong detection, 34% and 35%
of the data from stations Ice1 from station Ice2, respectively,
had to be discarded. For details on ROV-dive statistics and up-
scaling calculations see Tables S1 and S2 respectively.

Net primary production

During the IceArc cruise NPP was measured using the “C
uptake method [36] with minor modifications. All samples were
spiked with 1uCi mL" of C sodium bicarbonate. At the end of
each incubation period, samples were filtered onto 0.2 pym
nitrocellulose filters and the particulate radioactive carbon
uptake was determined by liquid scintillation counting using
Filter count (PerkinElmer) scintillation cocktail. The average of
the dark values was subtracted from the light triplicates.
Dissolved inorganic carbon (DIC) was estimated for each
sample using the flow injection system [37] and the DIC
concentration was taken into account to calculate the amount
of labeled bicarbonate incorporated into the cell.

Aggregates were incubated at typical under-ice irradiances,
while seawater, sea ice and melt pond samples were incubated
at a range of irradiances to calculate the depth-integrated NPP.
Aggregates, diluted in ambient water, were mixed well and
distributed in 6 cell culture plastic bottles of 10 mL each. One
set of triplicates was incubated at 50 pmol photons m? s*' and
the other in the dark at -1.3°C for 24 h (long enough incubation
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to measure net and not gross primary production). Triplicate
measurements for the aggregates had a precision of 7 and 17
% for stations Ice1 and Ice2, respectively. For direct
comparison with depth-integrated seawater, melt pond and sea
ice NPP, the aggregate NPP was normalized to the dilution-
corrected Chl a concentration (see sample collection) and up-
scaled based on the ROV surveys (Table S3).

Seawater, sea ice and melt pond samples were distributed in
10 cell culture plastic bottles of 20 mL each. Subsequently,
they were incubated for 12 h at -1.3°C under a range of light
irradiances (0-420 uymol photons m? s*'). In situ NPP rates
were inferred for each metre of water depth and for each 10 cm
of sea ice and melt pond depth from the Chl a normalized
photosynthesis-irradiance curves (P-E curves) (r? = 0.83-0.96)
[38], as a function of the PAR available at each depth. These
values were calculated from the daily average incoming PAR,
measured with a pyranometer mounted on the ship, and the
light attenuation coefficients of 1.5 m™ for sea ice [39] and 0.1
m-* for Atlantic-influenced Arctic seawater, based on data from
the TransArc expedition ARK-XXVI/3 to the same area during
the previous year. Subsequently, these Chl a-normalized rates
were multiplied by the measured Chl a profile and summed up
to give the depth-integrated NPP rates. For the water column,
NPP was integrated over the euphotic zone (1% light depth).

Sea ice observations and station data from the IceArc cruise
are freely available in PANGAEA, the Data Publisher for Earth
& Environmental Science (http://doi.pangaea.de/10.1594/
PANGAEA.803221 and http://doi.pangaea.de/10.1594/
PANGAEA.803115) while aggregate NPP, TEP and species
composition, “inverted sediment trap” calculations and the
oxygen profiles are archived in the Marine data-base of the
Norwegian Polar Institute and publicly available under http://
data.npolar.no/dataset/67eede8a-fe8f-11e2-
ba11-005056ad0004.

Results

ICE12 cruise

The investigated ice floe consisted of FYI and covered a total
area of 0.5 km?. The ice was characterized by a modal
thickness of 0.8 m measured using an airborne
electromagnetic induction device (the “EM-bird”) towed above
the ice by helicopter [40] and a 23% melt pond fraction based
on aerial photography [1]. The average PAR transmittance of
white ice, bright ponds and dark ponds was 0.17, 0.32, and
0.61, respectively. For the investigated ice floe, the calculated
average transmittance for PAR was 0.25. On the three days
that radiation transects were made (all within an hour of local
noon under cloud cover), the incident PAR averaged 533 pymol
m2 s, with a standard deviation and range of 152 pmol m2 s
and 288-857 umol m? s, respectively. Melting was evidenced
by actual thinning of the sea ice measured during the
occupation of the drift ice station [1]. A roughly 0.5 m thick
freshwater layer was separated from the underlying seawater
by a sharp density gradient detected in cracks and openings in
the ice at approximately the ice-water interface. Meltwater was
also observed by scuba divers to accumulate in domes and
pock holes on the ice bottom. Throughout the occupation of the
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drift ice station, we observed macroscopic aggregates floating
within the meltwater layer beneath sea ice and accumulating in
under-ice domes, open melt ponds (Figure 2A) and leads. The
majority maintained buoyancy just above the sharp pycnocline
that separated meltwater and seawater layers (Figure 2B).

The aggregates were relatively compact, had a mucous
consistency and were light to dark brown in colour (Figure 2B-
D). Whitish aggregates were frequently observed drifting at the
surface of open melt ponds or settled onto the melt pond
bottom. The aggregates were dominated by typical ice-
associated pennate diatoms (Figure 2E, F), in particular
Navicula pelagica, Hantzschia weyprechtii, Entomoneis
paludosa and Cylindrotheca closterium (Table S4). The
aggregates were densely packed with cells as illustrated by
abundances of >2x105 cells mL' in case of N. pelagica. Centric
diatoms were represented by only two species, the epiphytic
Attheya septentrionalis and Thalassiosira bioculata (Table S4).
Cells were embedded in a mucous matrix (Figure 2E) and a
large fraction of embedded diatoms consisted of empty
frustules (Figure 2F). Non-diatom protists were numerically
dominated by flagellates and contributed 6-24% of the total
protist abundance (Table S4). High abundances of naked
ciliates were observed in the aggregates collected on 26 July
(Table S4). The species could not be identified with certainty,
but were possibly represented by holotrichous ciliates typically
found associated with sea ice [19]. These ciliates were actively
feeding within the mucous matrix of the aggregates. Larger
grazers included ice amphipods, in particular Apherusa
glacialis and Onisimus glacialis, feeding at the surface of the
aggregates (Figure 2D). lodide concentrations in aggregate
filtrate were 2.5-fold elevated compared to ambient seawater
(Figure S1), while Chl a concentrations of 15 +1 mg per liter of
aggregate were roughly five orders of magnitude higher than in
the bottom 20 cm of sea ice (1.35 +1.08 ug L), the under-ice
water column (0.22 +0.11 ug L) and melt ponds that had not
melted through (0.05 ug L'). Assuming a thickness of 0.5 m for
the meltwater layer (a square meter would thus correspond to
500 liter), that the majority of aggregates floated within this
layer and were similar in volume to the one measured (38 mL),
the Chl a concentration of aggregates in a random liter of
seawater corrected for their square metre abundances (Table
1) would amount to 0.93 ug L at station Ice1, 5.97 ug L at
station Ice 2 and 0.28 ug L' during ICE12. These estimates are
in the range of those measured for the sea ice and under-ice
water column.

TEP concentrations of the two aggregates were 4102 +205
and 6801 +997 ug Xeq. L. In the case of the first aggregate,
TEP concentrations normalized to aggregate carbon amounted
to 0.241 £ 4.7 x10° ug Xeq. ug™' C, which corresponds well to
earlier observations of aggregates of miscellaneous origin [41].
When converted to carbon, TEP accounted for 15% of bulk
aggregate carbon. The aggregate TEP-C:POC ratio lies within
the range 10-20% reported previously for seawater of the North
Atlantic [30].

During the six sampling intervals between 29 July and 1
August, the ice floe drifted 64 km with a largely southward
component and a mean velocity of 0.22 +0.06 m s*' (Figure 3A-
C). Mean under-ice current velocities relative to the drifting ice
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Figure 2. Distribution and composition of ice-algal aggregates. (A) Mass accumulation of aggregates in open melt pond. (B)
Accumulation of aggregates at the interface between melt and seawater layers in a natural crack through the ice. (C) Composite
aggregate floating beneath sea ice. (D) Porous aggregate colonized by the ice amphipod species Apherusa glacialis (white) and
Onisimus glacialis (yellow). (E) Light micrograph of pennate diatoms, mainly Hantzschia weyprechtii, embedded in the mucous
matrix. (F) Light micrograph of mainly empty frustules of different pennate diatom species. Scale bar = 0.5 m(A), 5 cm (C), 1 cm (D)
and 20 ym (E and F). In panel B the measuring bar (1 m) lowered into the ice crack in the background serves as a scale for

orientation. Picture A © Jenny E. Ross, pictures C and D © Peter Leopold.

doi: 10.1371/journal.pone.0076599.g002

Table 1. Aggregate parameters derived from ROV-dives and POC and PON measurements at the scale of the individual
aggregate (mg L") and up-scaled to area (mg m2) at stations Ice1 and Ice2.

Mean Median

Abundance Diameter POC PON Chla
Station (Agg. m2) (cm) (mg Cc L) (mg C m2) (mg N L) (mg N m-2) (mg L) (mg m2)
Ice1 0.79 1.04 399 0.19 56 0.03 3.67 0.0017
Ice2 5.06 0.87 873 1.33 94 0.17 4.16 0.0063
ICE12 0.24 - - 0.74 - 0.10 15 -

Aggregate abundance and POC and PON stocks estimated with the “inverted sediment trap” approach during cruise ICE12. See Tables S1 and S2 for details on the ROV-

statistics and up-scaling calculations.
doi: 10.1371/journal.pone.0076599.t001

ranged between 0.08 and 0.19 cm s during the sampling
period and showed a slight increase with depth. Mean relative
current velocity showed a linear relationship with accumulated
POC, except for the highest POC value (Figure S2). The
cumulative aggregate biomass over the entire sampling period
amounted to 0.4 g C m?2, while aggregate biomass for each
sampling interval increased from initially 48 mg C m to 200 mg
C m?2 by 31 July and declined thereafter (Figure 3D). The
aggregate flux increased from initially 104 mg C m2 d-' to 393
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mg C m2d" by 31 July and declined thereafter to values as low
as 3 mg C m? d' by 1 August. The mean (xSD) molar
POC:PON ratio of the aggregates was 9.7 +0.7. Corrected for
mean relative under-ice current velocities calculated for each
sampling interval, we estimated an aggregate standing stock of
0.74 mg C m? and abundance of 0.24 aggregates m over a
499 m? catchment area.

In an adjacent but smaller ice hole, exceptionally high
ammonium concentrations of 2.5 pymol L' were measured
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Figure 3. Aerial photograph (A) of the investigated ice floe during ICE12. Map (B) and close-up (C) of the 64 km ice floe drift
trajectory north of Svalbard. “Inverted sediment trap” ice-algal aggregate POC time series covering the sampling period from 29
July-1 August (D). The red oval highlights RV Lance while the red circle indicates the approximate location of the ice hole. The

length of RV Lance (60.8 m) can be used as a scale.
doi: 10.1371/journal.pone.0076599.g003

during the peak aggregate accumulation on 31 July. Oxygen
profiles measured through the same ice hole showed a
decrease in oxygen concentrations in the upper 3 m of the
under-ice water column between the two sampling occasions
on 30 and 31 July 2012 (Figure S3).

IceArc cruise

Sea ice covered 80% of the ocean surface and was
dominated by FYI with a thickness of 1.0-1.2 m and a melt
pond coverage of 40% at station Ice1, and a thickness of
1.2-2.0 m and a melt pond coverage of 20% at station Ice2
[42]. Different types of algal aggregates were observed at the
eight ice stations occupied during the IceArc cruise. A diverse
community of pennate diatoms dominated the aggregates at
stations Ice1 and Ice2, while Melosira arctica-dominated algal
aggregates were found at the remaining ice stations [42]. We
will only discuss the former aggregates as the latter have been
presented elsewhere [42]. The aggregates collected at stations
Ice1 and Ice2 were very similar in shape, texture and species
composition (dominance of pennate diatoms) to those recorded
during the ICE12 cruise. Aggregate-specific Chl a
concentrations were roughly four-times lower as compared to
ICE12 and aggregate POC and PON concentrations at station
Ice2 roughly twice as high as those measured at station Ice1
(Table 1). The almost-exclusive occurrence of the marker
pigments fucoxanthin and chlorophyll c1+2 at station Ice1
(Figure S4C) supports the dominance of diatoms. At Ice2, the
occurrence of 19-hexanoyl-oxy-fucoxanthin, chlorophyll ¢ 3 as
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well as chlorophyll b and prasinoxanthin indicated the
additional contribution of haptophytes and prasinophytes to the
aggregate biomass (Figure S4D). The aggregates from Ice1
showed no chlorophyll degradation products (Figure S4A)
indicating a healthy diatom population, which is further
reflected in the relatively low POC: Chl a ratio of 109 and the
near Redfield POC:PON ratio of 7.1. At Ice2, phaeophorbide a
and pyrophaeophobide a indicated grazing, and the relative
high proportion of phaeophythin a and high POC: Chl a (210)
and POC:PON (9.3) ratios further suggested the occurrence of
senescent algae in the aggregates (Figure S4B).

Ice-algal aggregates exhibited a patchy distribution
underneath the sea ice, with maximum abundances of >10
aggregates m? (Figure 4). Mean aggregate abundances at
stations Ice1 and Ice2 (Table 1) were higher than those
recorded during the ICE12 cruise. The aggregates covered on
average 0.01 and 0.03% of the area sampled during the ROV
surveys at stations Ice1 and Ice2 respectively. The vast
majority of aggregates ranged from <1 cm to 15 cm in diameter
and those between 3 and 12 cm in diameter accounted for 80
to 90% of the cumulative aggregate volume. Aggregates >15
cm were occasionally observed, but due to the limited number
of observations were not included in the statistical analysis.
Furthermore, the assumption of a spherical shape did not apply
to these large aggregates as they were more likely to represent
patches of individual aggregates closely aligned or stuck to
each other.

Aggregate NPP rates per volume exceeded those measured
in melt ponds, sea ice and the water column by 2-4 orders of
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Figure 4. Abundance distribution of ice-algal aggregates at stations (A) Ice1 and (B) Ice2 measured with an upward
looking camera mounted onto a remotely operated vehicle. The positions are coordinates (in m) within a floe fixed coordinate
system, which was established on both stations.

doi: 10.1371/journal.pone.0076599.g004
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Table 2. Net primary productivity (NPP) at the scale of the
individual aggregate (mg C m? d') and up-scaled to a
square-metre area (mg C m2d™).

NPP Up-scaling NPP

(mg C m3d) (mg C m2d-1)

Ice1 Ice2 Ice1 Ice2
Aggregate 3636 10304 0.002 0.02
Melt pond 8.6 0.2 8.4 0.04
Seaice 4.4 2.0 9.2 1.0
Water column 21 1.1 19.4 2.0

Depth-integrated water column NPP was calculated for the euphotic zone (1% light
depth). Depth-integrated melt pond and sea ice NPP was calculated for the entire
pond depth and ice thickness, respectively. See Table S3 for details on the NPP
up-scaling calculations.

doi: 10.1371/journal.pone.0076599.t002

magnitude (Table 2). ROV-derived aggregate abundances and
areal percentage of aggregate cover allowed us to upscale our
measurements of individual aggregates to a square-metre
basis. Carbon standing stocks differed by almost one order of
magnitude between station Ice1 (0.19 mg C m?) and Ice2 (1.33
mg C m2) (Table 1). The mean value derived from the “inverted
sediment trap” approach during ICE12 (0.74 mg C m™) falls in
between these two estimates (Table 1). Areal aggregate NPP
at station Ice2 was an order of magnitude higher than at station
Ice1 and in the same range as depth-integrated melt pond NPP
(Table 2). However, the remaining depth-integrated melt pond,
sea ice and the under-ice water column NPP rates were 2-3
orders of magnitude higher than those measured for the
aggregates (Table 2).

Discussion

Formation, source and properties of ice-algal
aggregates

The FYI encountered during this study was in a late stage of
melt as indicated by a low modal ice thickness, high PAR
transmittance, well-developed melt ponds and a freshwater
layer below the ice [1]. Chl a concentrations were low both in
sea ice and the underlying water column. As we did not
observe the formation of the floating ice-algal aggregates
described herein, the conditions conducive to their formation
had already been established prior to our investigation period.
Interestingly, all previous observations [18-21] were made
during the melt season, which in itself indicates that the
aggregates originated from the melting sea ice. Strong
supportive evidence of this is provided by the observed species
composition of the aggregates. Indeed, ice-associated diatoms
dominated within the aggregates while pelagic species were
conspicuously rare. We cannot rule out that the abundance of
flagellates and naked ciliates within the aggregates was
underestimated due to the aldehyde mixture used; however,
we chose this preservation method precisely because in
previous studies it resulted in no significant loss of fragile
flagellates [31,43]. The holotrichous ciliate species living within
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the aggregate matrix were rare in the water column, implying
that the aggregate matrix provided an optimal food supply and
possibly some protection from pelagic grazers. These ciliates
are usually predominantly bacterivorous, and were probably
feeding on bacteria fuelled by dissolved organic carbon and
TEP released from senescent diatoms [44].

The species composition clearly distinguished our
aggregates from the metre-long filaments or strand-like
aggregates formed by the centric sea ice diatom Melosira
arctica [17,42,45-47] and those formed after phytoplankton
blooms [48]. The ice-algal aggregates and those formed by M.
arctica have been summarized under sub-ice assemblages [49]
and further categorized by Melnikov [20] as plankto-benthic
and benthic types respectively. Strand-like aggregates formed
predominantly by M. arctica are attached to the underside of
the ice, but grow in the underlying water column. The floating
ice-algal aggregates we observed originated from the interstitial
assemblage dominated by pennate diatoms that grow in the
bottom of sea ice and are embedded in a mucous matrix,
reminiscent of a biofilm. This continuous, inter-connected
community likely already sloughed off from the bottom of the
sea ice during the initial stages of melting as the darker ice-
algal patches on the underside of sea ice accelerate bottom
ablation. Extensive flushing of sea ice through melt pond
drainage and higher light availability under thinning ice
[1,50-52] likely further facilitated the formation of the floating
ice-algal aggregates.

Extracellular polymeric substances (EPS) have been
proposed as a binding agent of aggregates [53] and an
adaptation employed by sea ice diatoms to survive the cold
and saline conditions characteristic of sea ice brine channels
[54]. Indeed, EPS made up >68% of dissolved carbohydrates in
different sea ice habitats encountered in the Weddell Sea in
2005 and 2006 [55]. Some researchers have addressed the
potential buoyancy of microorganisms upon release from
melting sea ice as a result of EPS produced by ice algae [56].
Ice-algal EPS may even contribute to the release of ice-algae
into the under-ice water column, as it has been suggested that
EPS alter the melting rate of Arctic sea ice [57]. Interestingly, a
considerable fraction of the EPS network seems to remain
attached to the ice bottom even after the loss of the algae and
could explain the carbon pools found in sea ice after the
termination of the ice-algal bloom [58]. TEPs constitute a
special type of sticky mucopolysaccharide gels, a subcategory
of EPS [30] that are formed from dissolved precursors released
from actively-growing or senescent phytoplankton and facilitate
the aggregation of solid, non-sticky particles [59]. In the Arctic,
it has been shown that the majority of TEP underneath first-
year summer pack ice is produced by diatoms [60]. Once algal
material is dislodged from melting sea ice, the sticky nature of
TEP and collision of individual particles, when they collect in
domes and crevices in the ice, will favour coagulation of the
free-floating algal material into larger composite aggregates.

Distribution and ecological significance

The distribution of ice-algal aggregates underneath sea ice
was very patchy as evidenced by the large temporal variability
in accumulated aggregate biomass inside our ice hole, and
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during diver observations and spatial ROV surveys. The
skewed size-frequency distribution illustrates that the majority
of ROV-detected aggregates were smaller <15 cm and likely
represent individual aggregates. This is supported by the
ICE12 drift station observations. However, occasional
detections of patches >15 cm represent accumulations of
individual aggregates that concentrate in under-ice domes,
open melt ponds or leads as observed by divers and when
surface sampling during ICE12. The lower aggregate
abundance estimated with the “inverted sediment trap”
approach, as compared to the ROV surveys, indicates that
aggregates are easily transported below the ice before they
settle in domes or crevices. This was also observed by divers,
since exhaled air or fin movements rapidly dislodged and often
dismantled the floating aggregates. Our “inverted sediment
trap” estimate of aggregate abundance is therefore
conservative because not every passing aggregate got
trapped. Nevertheless, it lies in the range reported from an
earlier study based on dive transects [20]. Changes in current
speed and direction also influenced the sampling by our
“inverted sediment trap”, as reflected in the positive, linear
relationship between mean relative current velocity and
aggregate flux. The fact that this relationship did not apply for
the highest accumulated aggregate biomass on 31 July was
likely due to the very patchy distribution of the aggregates or
changes in current direction. On that day, our “inverted
sediment trap” might have sampled an area with exceptionally
high aggregate abundance. Despite lower abundances overall,
aggregate standing stock extrapolated to the catchment area of
our “inverted sediment trap” lies within the range calculated
from the ROV surveys. This is because the aggregates were
generally larger than those measured during the ROV
transects. In addition to the differences in methodology,
comparisons are further complicated by differences in spatial
coverage and duration between the “inverted sediment trap”
approach and the ROV surveys. The ROV surveys covered,
within a few hours, a three to 10-fold larger area as compared
to the area sampled for 3.5 days by the “inverted sediment
trap”. Given the characteristically patchy nature of sea-ice
habitats, many of the differences (or similarities) in the data
may therefore simply be due to differences in location and/or
sampling duration.

Aggregate NPP and standing stocks m2 are small when
compared to depth-integrated ice-algal biomass and primary
production rates reported for the Arctic, which range from
1-340 mg C m2 in the former and <1-463 mg C m?2 d' in the
latter [61]. However, in locations where they accumulate, they
constitute a highly concentrated food source for the ice-
associated fauna during the oligotrophic summer months, as
revealed by high abundances of ice amphipods and ciliates
associated with them. Ice amphipods, such as Apherusa
glacialis, are able to swim in the boundary layer below the ice
and adapted to exploit patchy food sources [62]. Furthermore
the feeding mode of herbivorous, ice-associated amphipods is
not well-suited to efficiently feed on highly diluted and small-
sized suspended particles typical of the summer phytoplankton
community [63]. Such aggregations could thus constitute an
important trophic baseline for specialized sympagic fauna
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during the melt season, when many organisms, such as ice
amphipods, need to rely on degraded material or detritus as a
food source [62]. In cases when aggregates are refrozen into
the ice during autumn they could also extend food availability
into the winter months [17,64] and act as a seeding stock for
the next spring. Frozen-in algal aggregates have been
observed by divers, particularly during spring (H. Hop, diving
obs.). However, this fraction appears to be small compared to
the fraction that sinks once the aggregates have lost buoyancy
control. This has been shown for Melosira arctica dominated
aggregates [42,47]. The aggregates found on the sea floor in
3485 m depth at station Ice2 were dominated by pennate
diatoms [42] similar to those described herein which indicates
that a significant fraction of the floating aggregates eventually
lost buoyancy control and sank to the sea floor.

The algal aggregates supported high levels of biological
activity on the scale of individual aggregates as revealed by
Chl a concentrations and NPP several orders of magnitude
higher than in the surrounding water column and sea ice. High
POC:PON and POC: Chl a ratios inside the aggregates during
ICE12 and at station Ice2 were likely mediated by preferential
bacterial degradation of labile organic matter, in particular
PON, and could explain oxygen consumption and elevated
ammonium concentrations in surface waters where aggregates
accumulated. The occurrence of the Chl a degradation
products phaeophorbide a and pyrophaeophorbide a at station
Ice2 indicated increased grazing [65]. Older aggregates further
seem to accumulate prasinophytes and haptophytes while
floating through the under-ice water column because these
taxa are usually not prominent in sea ice biota. The high
proportion of phaeophythin a indicates a high fraction of
senescent algae [66] within the aggregates. This is
corroborated by the frequent occurrence of bleached
aggregates and elevated levels of iodide [27] within the
aggregates, indicating that a considerable fraction of
embedded algae was either in senescent condition or dead,
possibly due to photo-oxidative stress induced by high light
levels near the surface. Indeed, the majority of bleached ice-
algal aggregates were observed in open melt ponds and sea
ice crevices where they were exposed to high levels of incident
radiation.

Historical context

The aggregates studied herein are reminiscent in shape,
colour, dominance of pennate diatoms and association with the
meltwater layer of the aggregates reported from the Norwegian
Fram Expedition in 1894 [18,19] and the Russian North Pole
drift ice station NP-23 [20] in 1977 (Figure 1), indicating that the
floating ice-algal aggregates described herein are not a new
phenomenon. Free-floating algal masses were also observed
during the SHEBA (Surface Heat Budget of the Arctic Ocean)
ice camp drift in the Canadian Basin, but the aggregations
were dominated by two centric diatoms, Chaetoceros socialis
and Melosira arctica, and the epiphytic diatom Synedropsis
hyperborea [21], representing a different type of algal
aggregation. Common to all previous observations is that they
were made during drift ice stations that were occupied for at
least one full seasonal cycle and thus covered the critical time
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window during the melt season. Although intensively looked for
during a summer cruise to the Arctic Ocean in 2013, we did not
observe floating macroscopic aggregates in the same general
area and during the same time of the year as the ICE12 drift-
ice study. Also during the Fram Expedition, floating ice-algal
aggregates were observed in the summer of 1894 but not in
the following summer despite intensive efforts to find them [18],
suggesting that the occurrence of such events is likely
ephemeral and restricted to the melt season.

Conclusions

Although the biomass associated with the floating ice-algal
aggregates was low compared to ice-algal blooms, they
sustained high rates of biological activity at the scale of the
individual aggregate and provided a concentrated food source
for the ice-associated fauna during the oligotrophic Arctic
summer months. This type of aggregate-based habitat is likely
to be fairly unique because it constitutes an extension of the
sea ice community into the under-ice water column during the
Arctic summer melt season. The potential significance of the
ice-algal aggregates for surface consumption, energy transfer
to the benthos and seeding of the next spring bloom remains
an interesting topic for future studies, and is an urgent reminder
to improve our understanding of the rapidly changing Arctic sea
ice ecosystem.

Supporting Information

Table S1. Results of aggregate extraction from ROV video
transects at stations Ice1 (five dives) and Ice2 (four dives).
(DOCX)

Table S2. Up-scaling of aggregate biomass.
(DOCX)

Table S3. Up-scaling of Chl a normalized aggregate net
primary production (NPP).
(DOCX)

Table S4. Composition of ice-algal aggregates.
(DOCX)

Figure S1. lodide concentrations measured in aggregate
filtrate and ambient surface seawater during cruise ICE12,
July-August 2012. (SD = +1.8 nM and +2.4 nM for aggregate
sample and surface water samples respectively; n = 3).

(TIF)

Figure S2. Relationship between mean relative under-ice
current velocities (exemplified here for 3.5 m below the
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ice) and accumulated POC at each sampling interval
between 29 July and 1 August, 2012.
(TIF)

Figure S3. Oxygen profiles from the upper 5.5 m of the
under-ice water column measured with a MicroCat oxygen
sensor on 30 and 31 July, 2012.

(TIF)

Figure S4. Pigment composition of ice-algal aggregates.
Marker pigments and chlorophyll and its degradation
products at stations Ice1 (A, C) and Ice2 (B, D). Chlc 3 =

chlorophyll ¢ 3, Chl ¢1+2 = chlorophyll c1+2, 19-hex = 19-
hexanoyloxyfucoxanthin, Fuco = fucoxanthin, Prasino
prasinoxanthin, Chl b = chlorophyll b, Phorbid a =

phaeophorbide a, PyroPhorbid = pyrophaeophorbide a, Chl a
chlorophyll a, Phythin a = phaeophythin a.
(TIF)
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Abstract

Sea-ice diatoms are known to accumulate in large aggregates in and under sea ice and in melt
ponds. There is recent evidence from the Arctic that such aggregates can contribute substantially
to particle export when sinking from the ice. The role and regulation of microbial aggregation in
the highly seasonal, nutrient- and light-limited Arctic sea-ice ecosystem is not well understood.
To elucidate the mechanisms controlling the formation and export of algal aggregates from sea
ice, we investigated samples taken in late summer 2011 and 2012, during two cruises to the
Eurasian Basin of the Central Arctic Ocean. Spherical aggregates densely packed with pennate
diatoms, as well as filamentous aggregates formed by Melsira arctica showed sign of different
stages of degradation and physiological stoichiometries, with carbon to chlorophyll a ratios
ranging from 110 to 66700, and carbon to nitrogen molar ratios of 8-35 and 9-40, respectively.
Sub-ice algal aggregate densities ranged between 1 and 17 aggregates m?, maintaining an
estimated net primary production of 0.4-40 mg C m” d”, and accounted for 3-80% of total
phototrophic biomass and up to 94% of local net primary production. A potential factor
controlling the buoyancy of the aggregates was light intensity, regulating photosynthetic oxygen
production and the amount of gas bubbles trapped within the mucous matrix, even at low
ambient nutrient concentrations. Our data-set was used to evaluate the distribution and

importance of Arctic algal aggregates as carbon source for pelagic and benthic communities.

Keywords: Arctic, sea-ice algae, aggregates, diatoms, Melosira arctica, oxygen, buoyancy, carbon

export, nitrogen.



Introduction

In the Arctic Ocean, sea ice and water column microbial communities both contribute to
photosynthetic production, but the relative importance of the pelagic versus the sympagic
communities depends on season and geographical region [1]. Depending on light availability, the
ice-algal growth season begins in April, and ends in September [2]. The total amount of
productivity and standing stock formed seasonally in the water below the ice in the Central Arctic
is constrained by light, as well as nutrient availability in the euphotic zone. Annual production in
the ice-covered Central Arctic is estimated to be 9-10 g C m” yr', which is very low even
compared to other oligotrophic oceans [3,4]. Previous investigations before 1997 have indicated a
significant annual contribution by sea-ice algae to total photosynthetic productivity, on the order
of 4-57% [3, 5, 6]. The wide range (0-10 g C m™ yr') of sea ice primary production rates

including the Arctic shelves is due to a very high spatial variability [3].

Sub-ice algae can accumulate substantial biomass in the Central Arctic basins, at times exceeding
80% of the standing stock [5]. They offer an additional food source to planktonic grazers in early
spring [6] and in late autumn when other food sources are scarce [7,8]. Also their contribution to
carbon export from surface waters can be substantial (1-9 g C m™ yr') [9,10]. Ice algae comprise
pennate diatoms such as Nifgschia sp., Pseundonitzschia sp., Cylindrotheca sp., Entomoneis sp., and
Navicula sp., which inhabit the ice pores and brine channels of first year (FYI) and multiyear ice
MYT) (e.g., [11-13]). The endemic sub-ice diatom, Melosira arctica, has a hybrid strategy, growing
attached to the underside of ice-floes, of both FYI and MYI, forming filamentous strands of
several meters length below the ice [14-17]. Different types of large sub-ice algal aggregates (up
to 15 cm in diameter) have been observed in the Central Arctic since its first exploration in the
19" century, but due to sampling difficulties still little is known about their physiology, traits and
adaptations [18-21]. More recently, floating algal aggregations formed mainly by sea-ice pennate

diatoms have been observed in melting FYT north of Svalbard and in the Fram Strait [8,22].

Planktonic diatoms tend to collide and aggregate in nutrient depleted waters after a bloom due to
mucus secretion during senescence [23,24] and in general, sedimenting diatom aggregates
contribute significantly to the marine biological carbon pump [25,26]. Sea-ice algae are known to
produce large amounts of extracellular polymeric substances for attachment and cryoprotection
[27-29]. This may support their aggregation in summer when the ice cracks and melts, and when
nutrients become limiting [23]. Algal aggregates eventually sink into deeper water column layers

as a consequence of ice break up and melting [9,15]. Freshly deposited algal aggregates have been



observed at the seafloor of the shelves [30] and central deep basins of the Arctic [9], indicating
their rapid sedimentation at the end of the summer along the receding ice edge and in the event

of substantial under-ice melt.

Many questions remain about aggregate formation, decay, grazing and sinking, as well as their
contribution to carbon fluxes in the Central Arctic. Due to the rapid warming of the Arctic
leading to a decrease in sea-ice extent and thickness [31,32] and an increase in the amount of light
transmitted through the ice [33], both sea-ice and pelagic phototrophic communities are expected
to change with respect to composition and distribution [34,35], productivity [36,37], and life cycle
[2,9,38]. A better understanding of the factors regulating sea-ice productivity, aggregate formation
and sinking of sea-ice algae is important for future estimates of the Arctic carbon and nitrogen
cycling. By combining field observations with simple experiments, this study examines the
relevance of sea-ice algal aggregation for carbon and nitrogen turnover and reservoirs, as well as
the processes regulating buoyancy versus sinking. Our data are used to assess the potential
importance of algal aggregates for the export of organic matter from the surface ocean to the

deep sea.



Materials and methods

Sampling area

Samples were collected during two cruises to international waters of the Central Arctic Ocean
with RV Polarstern in August-September 2011 and 2012 (PS78/3 and PS80/3 respectively)
between 81°55°-87°56"N and 31°7°-131°7 E (Fig.1). Six stations were in international waters and
no specific permissions were required for these locations. For the two stations in the Russian
exclusive economic zone, the diplomatic permissions for sampling were obtained from the
responsible authorities. The field study did not involve endangered or protected species. Data

was submitted to PANGAEA (http://doi.pangaca.de/10.1594/PANGAEA.832345).

Replicates of two different algal aggregate types dominated either by pennate diatoms or by
Melosira were sampled at eight ice stations (Fig.1). For each station the ice type (MYT or FYT) and
the melt pond coverage were assessed [39]. Temperature and salinity of melt ponds containing
aggregates were measured zz situ using a hand-held conductivity meter (3151 with TetraCon
electrode cell, WIW GmbH, Weilheim in Oberbayern, Germany). Irradiance reaching the
aggregates was calculated using the light attenuation coefficients of 1.5 m™ for sea ice, 10 m™ for
snow [40] and 0.1 m™ for Atlantic influenced Arctic seawater (based on data from the first
expedition, PS78/3), and the daily average total incoming photosynthetically active radiation

(PAR) measured with a pyranometer (Kipp&Zonen, Delft, Netherland) mounted on the ship.

Chemical composition of aggregates

Several aggregates (between 2 and 20) were sampled at each station together with some ambient
water using a manually operated vacuum pump, when found in melt ponds (Fig.2A), or a plastic
ladle, when found in ice cracks. In general aggregates were pooled and homogenized to be able to
measure a wide range of biological parameters on standardized subsamples. On two occasions
individual aggregates were sampled at stations PS80/3_224 and PS80/3_349 for specific
experiments. When classified according to their species composition, pennate diatom aggregates
where sampled 6 times and Melosira arctica filaments 5 times (Table 1). Aggregate slurry was
filtered through a pre-combusted GF/F filter (0.7 um pore size, Whatman, Kent, United
Kingdom) and analyzed with an elemental analyzer (EA3024-IRMS, EuroVetorSpA, Milan, Italy)

to determine particulate organic carbon (POC) and particulate organic nitrogen (PON). POC was



used to normalize all parameters to carbon mass. For pigment analysis 1-200 ml of the algal slurry
(equivalent to 0.1-3 mg C) were filtered through GF/F filters, immediately frozen in liquid
nitrogen, and stored at -80°C. Chlorophyll « and phacopigments were measured using high-
performance liquid chromatography (HPLC) as described in [41]. The analytical error for the
POC, PON and Chl  measurements was generally below 2%. For transparent exopolymers
(TEP), 1-20 ml of the algal slurry (equivalent to 0.01-2.6 mg C) were filtered in triplicate on to
0.4 m pore size polycarbonate filters (Nuclepore, Whatman, Kent, United Kingdom), stained
with Alcian Blue and stored at -20°C. TEP concentration was measured with the colorimetric
method according to [42] and transformed to carbon equivalents as described in [43]. Occasional
dilution prior to filtration was accounted for using measured blank values of the dilution water.
For dissolved organic carbon (DOC) 10 ml of the algal slurry (equivalent to 0.07—1.3 mg C) were
filtered in triplicate through pre-combusted GF/F filters and the filtrate collected in pre-
combusted glass vials. The DOC concentration was determined by high temperature catalytic
oxidation with a Shimadzu TOC-VCPN analyzer (Shimadzu Scientific Instruments, Kyoto,
Japan). Samples were acidified in the auto-sampler and analyzed directly. Nutrients (phosphate,
silicate, and nitrate) were measured in seawater, ice and aggregate slurries in an air-conditioned
lab container with standard photometric method using a Technicon TRAACS 800 continuous

flow auto analyzer (Technicon Corporation) according to established methods [44].

Microscopy of aggregates

The qualitative algal aggregate composition was studied directly on board of the ship with a
plankton chamber (Hydro-Bios, Altenholz, Germany) and an inverted light microscope with
phase contrast optics (Axiovert 40C, Carl Zeiss, Jena, Germany) and an integrated camera
(AxioCamMRc, Catl Zeiss, Jena, Germany). The condition of the diatoms in each sample was
defined according to the color and shape of the chloroplasts visible in the interior of the frustules.
Green-brownish aggregates contained mostly healthy cells with bright green chloroplasts
occupying the entire cytoplasm, while white-yellowish aggregates contained many dead cells with
empty frustules or reduced yellowish chloroplasts. To determine bacterial abundance with
Acridine Orange direct counts (AODC), sub-samples of the algal slurry were preserved with 2%
formalin and sonicated (1 X 90 s). One milliliter was filtered on to a 0.2 um pore size
polycarbonate filter (Nuclepore, Whatman, Kent, United Kingdom) previously stained with

Irgalan black to eliminate autofluorescence [45]. Subsequently the filter was stained with a 0.01%



Acridine Orange solution as described in Meyer-Reil (1983) [46]. At least 1000 bacterial cells
were counted per filter, using an Axiophot HBO50 (Carl Zeiss, Jena, Germany) microscope.
Triplicate filters were counted per sample and the average error was 15%. The percentage of
POC contained in the prokaryotic biomass was calculated using the carbon conversion factor of

0.03 pg C per cell specific for Arctic bacteria [47].

Biomass and primary production in water column, sea ice and aggregates

Although green-brownish sub-ice algal aggregates were observed at all ice stations [9], for logistic
reasons we were only able to sample sufficient material at three stations. Here depth-integrated
biomass and net primary production (NPP) were calculated for sea ice and water column

(PS80/3_224, PS80/3_237 and PS80/3_349) and compared to the integrated sub-ice algal

aggregates per m?>.

Sea-ice algal biomass was determined by cutting a representative ice core at each station in 10-20
cm slices, melting them in filtered seawater (200 mL of 0.2 um filtered seawater were added per
cm of ice [48] ) and filtering them through GFF filters to determine Chl « and POC as for the
aggregate slurry. For the phytoplankton community in the water below the ice, samples were
taken with Niskin bottles disposed in a rosette attached to the Conductivity-Temperature-Depth
sensor (CTD) at discrete depths, the water was filtered, and Chl « and POC was analyzed as
above. Water column phytoplankton biomass was integrated over the euphotic zone (1%
incoming irradiance) while sea-ice algal biomass accounted for the ice thickness (Table 2).

Depth-integrated NPP was estimated from '“C uptake rates [8,49]. All aggregate samples were
homogenized before spiking the slurry with "“C bicarbonate 0.1 uCi ml' final concentration
(NaH"CO, solution 52 mCi mmol." specific activity, Moravek Biochemicals, Brea, California,
USA). Temperature was maintained stable at -1.3°C with a thermo bath (Julabo GmbH, Seelbach,
Germany). Three clear bottles with 10 mL each were incubated in the light and one in the dark.
The estimated error of the method from the triplicates incubated in the light was 15% on average.
Floating aggregate slutries collected at station PS80/3_224 and PS80/3_237 were incubated at 50
umol photons m” s”, which was a typical mid-day # situ value. Aggregate slurries from station
PS80/3_349, as well as sea ice and water column of all stations were incubated under a range of
irradiances (0, 8, 25, 50 and 90 umol photons m” s'l) during 24 hours to calculate the iz situ NPP
from photosynthesis vs irradiance curves (PI curves). Using this incubation time NPP is assessed

(gross PP minus respiration) [50]. The PI curve was obtained after fitting the data with the



equation from [51] using MATLAB®. Only regressions with R*> > 0.5 were retained. I situ NPP

was calculated applying the irradiance measurements at the ice station to the PI curve equation.

To quantify the aggregated biomass and calculate NPP per area, aggregate abundance was
quantified from scaled images. At stations PS80/3_224 (Aggregate P4) and PS80/3_237
(Aggregate P5) mean aggregate abundance under the ice was estimated from images taken by the
upward looking camera of a Remotely Operated Vehicle (ROV) as described in [8]. At station
PS80/3_349, Melosira filamentous biomass (Aggregate M5) was estimated from scaled images of
the open melt pond (Fig. 2B). The aggregates were photographed with a waterproof camera
(Lumix DMC-TS1). The diameter size range used to calculate the aggregate volume, assuming
spherical shape, was determined from 7 situ observations of ~10 aggregates per station before
mixing them to form slurry. Thus, the up scaled values in this study represent local estimates for
spatial scales of 1-10 m. This approach is different from that of [8] where the mean aggregate
diameter was calculated from the ROV dives and used for up scaling to the dimensions of the ice
floe. For spherical aggregates, the iz situ measured diameter size range used in this study was 3—10
cm, while in [8] the mean diameter for the floe scale used was determined to be 0.8-1 cm. For
the filamentous aggregates the measured length was 10-30 cm and the observed shape was
cylindrical. The minimum and the maximum aggregated biomass per m® was calculated by
multiplying the average volume of aggregates (n = 10) by the number of aggregates observed per
m” and by the carbon concentration of the aggregate per volume (mg C m™). The aggregate NPP
per m® was calculated similarly, by multiplying the total aggregate volume per m” by the measured
carbon fixation rate. Chl « was estimated from the C:Chl « ratio measured in the algal slurry from
the same aggregate type. A similar procedure was used for the C:N ratios. Since aggregates
showed a very patchy distribution, these calculations reflect local estimates at the sampling spot

and cannot be directly up scaled to the Arctic-wide ice-cover.

Oxcygen, carbon and nitrogen turnover of Melosira arctica aggregates

On 18 September 2012, station PS80/3_349 (87° 56.01' N, 61° 13.04' E), a piece of ice from the
frozen surface of an open melt pond was retrieved with algal aggregates attached (Fig. 2B). These
were kept in a glass beaker with 800 mL of ambient seawater, at simulated 77 sizu conditions: low
light (8 umol photons m™ s™) and cold temperature (0°C). The initial temperature of the melt
pond water collected for the experiment was -1°C. After 12 h in the cold lab-container (0°C)

under low light intensity (8 umol photons m™ s™), the water reached 0°C and the piece of ice



started melting. The vertical position of the aggregates was followed over time and as a function
of the salinity gradient and the light intensity, to assess their buoyancy at different environmental
conditions. In parallel, sub-samples of the algal slurry from the same type of aggregate were

incubated under different conditions to assess oxygen, carbon and nitrogen fluxes.

Five sub-samples were incubated under different light intensities to estimate NPP from "C
uptake rates, as described above. In addition, oxygen concentration was followed in the same
vials using fiber optic oxygen sensors (FireStingO2, PyroScience GmbH, Aachen, Germany).
Oxygen sensitive sensor spots were glued to the interior of the glass vials previous to the
experiment. The sensor spots contain an oxygen quenchable fluorophore (oxygen sensitive dye)
which changes its fluorescence properties according to the oxygen concentration [52]. After a
two point calibration at the temperature of the experiment, in air saturated and oxygen free
seawater, oxygen concentration was measured in each vial prior to the experiment, after 2, 7, 17
and 28 h of incubation. NPP was calculated from the slope between oxygen concentration at
each time point (regression R* > 0.93) and a photosynthetic quotient of 1.25 was used to convert

the oxygen exchange to carbon equivalents [53].

To measure the nitrate uptake, a 50 mL slurry sub-sample was incubated at 50 umol photons m™
s and nitrate was measured initially and after 1 and 4 days. In parallel, 18 subsamples of the algal
slurry were incubated in 12 mL exetainers (Labco Inc., Buckinghamshire, England) to measure
the denitrification and nitrification potential. Subsamples of the slurries were spiked either with
P"NO,, with "NH," or with a mixture of ""NO, and "NH," (final concentration 50 pumol L"),
using a modified version of the method described in [54]. One sub-sample of each treatment was
placed at 50 umol photons m™ s, while the remaining sub-samples were placed in darkness. The
gradual O, consumption was followed in both set ups using the optode system described above.
Anoxic conditions were reached after two days in the dark. The first time series was ended
immediately by injecting 100 uL. ZnCl, into the exetainers, while the remaining samples were
terminated as the oxygen level reached 67, 35, and 0%, after 0.8, 1.2 and 2 days respectively. The
isotopic composition of the N, was measured using a gas chromatograph coupled to an isotope
ratio mass spectrometer through a ConFlo-III interphase [55]. Calculations for denitrification
rates were done according to [56]. The remaining sample volume was subsequently filtered
through disposable, 0.45 um filters and concentrations of ammonium, nitrate and nitrite (NO,)

were determined [57,58].



Results

Sea ice and melt pond observations

During August and September 2011 and 2012, FYT in a late melting stage was the dominant ice
type at seven of the eight ice stations investigated (Table S1 and S2). Sea-ice thickness was
between 0.7 and 2 m and melt pond coverage ranged between 10 and 50%. Only one MYT floe
could be sampled during both cruises. The melt ponds sampled along the eight ice stations, had
different depths (0.3—1 m), salinities (0—32), were open or closed to the seawater below them, and
varied in ice cover. In partially open melt ponds at stations PS78/3_212 (Fig.2A) and
PS80/3_224 (Fig.2D), a steep salinity gradient with 0 at the surface and values of 28-30 at the
bottom (~0.4 m depth) was measured. Closed melt ponds at stations PS78_203, PS78/3_209,
PS80/3_224 and PS80/3_255 had a steep salinity gradient too, but the maximum salinity at the
bottom (0.3—0.6 m depth) was generally lower than in open melt ponds (Table S1 and S2).
Aggregates were located either at the bottom of the melt pond where the salinity was highest or

frozen within the ice cover (Fig. 2B).

Types of algal aggregates and their degradation stages

By macroscopic and microscopic observations of the diatom composition (Fig. 3), two different
types of algal aggregates were identified: (1) spherical aggregates floating under the ice or trapped
in melt ponds, mainly composed of pennate diatoms (N#tgschia sp., Navicula sp., Fragilariopsis sp.,
and Ewntomoneis sp.) (Table S1), and (2) hanging filamentous strings, mainly composed of the

centric diatom Melosira arctica (Table S2).

Both the pennate and centric diatom aggregates were present in different degradation stages (Fig.
3). Their characteristics are summarized in Table 1. Fresh, green-brownish aggregates of both
types were found below the sea ice, either floating or attached to the ice (Fig. 2B), while degraded,
yellow-whitish aggregates were usually found at the bottom of melt ponds in cryoconite holes
(Fig. 2A). Microscopic observations confirmed that the green-brownish aggregates were formed
by diatoms with healthy-looking chloroplasts in their cytoplasm (bright green under the light
microscope and occupying almost the entire cytoplasm), while the yellow and white aggregates

contained a high proportion of empty frustules (Fig. 2). Green-brownish aggregates generally



occurred where nutrient concentrations were above 2 umol L' nitrate, 0.2 umol L' phosphate,

and 2 umol L. silicate at the bottom of melt ponds or below the ice.

White-yellowish aggregates had higher C:N molar and C:Chl 2 mass ratios than green-brownish
aggregates (Table 1). The highest Chl « values were encountered in dark green-brown aggregates
(Fig. 3A), and the lowest values were observed in aggregates with white coloration (Fig. 3B). The
stickiness of the aggregates is reflected in the TEP:POC ratio (0.001-0.17), that was highest in
aggregates found in melt ponds where the nutrients were low (nitrate < 0.2 umol L., phosphate
< 0.02 umol L'and silicate < 2 pumol L") (M1 and M4, Table S2). In general, degraded
aggregates contained more TEP than fresh aggregates (Table 1).

Bacterial abundance in the aggregate slurries spanned two orders of magnitude, from 6.3 X 107 to
1.5 x 10’ cells mg POC™, making up 0.2-20% (Median of 1.2%) of the POC. Greenish-brownish
aggregates hosted one order of magnitude more bacteria than white-yellowish aggregates. The
DOC concentrations of the algal aggregates ranged between 5 and 35 umol DOC mg POC’
(Table 1), making up 4-30% of the total carbon (sum of POC and DOC). This corresponds to an
average of 295 umol L' DOC in the algal slurries, which is higher than the average DOC
concentration in Central Arctic surface waters (58 umol L' DOC [59]). White-yellowish Me/osira
filaments had slightly higher DOC concentrations than green-brownish filaments, although the
difference was not statistically significant. Even though no quantification of grazing rates was
performed, the observation of active ciliates, particularly in degraded aggregates and in some
fresh aggregates, suggests that aggregates served as food source for sympagic meiofauna. In
addition, grazing copepods and amphipods were observed in some spherical pennate aggregates.

However, no such grazers were observed on green-brownish Melosira arctica tilaments.

Contribution of algal aggregates to system scale phototrophic biomass and primary production

Due to their patchy distribution and inaccessibility, green-brownish sub-ice aggregates could only
be sampled at three stations although they were observed with the ROV at all eight stations
investigated. Yellow-whitish aggregates reached highest abundances in melt ponds (stations

PS78/3_212 (Fig. 2A) and PS80/3_224 (Fig. 2D)).

Table 2 compares the integrated phototrophic biomass of sea ice (1.2-1.4 m thickness), water

column euphotic zone (12-18 m depth), and the two different types of aggregates investigated,



including previous observations on pennate diatom [8,22] and Melosira based aggregates [5,14].
Under-ice ROV surveys revealed a high degree of horizontal patchiness in aggregate abundance
below the ice (Fig. 2C). Locally, spherical floating aggregates reached an abundance of 0.8-5.1
aggregates m” and a diameter of 3-10 cm, containing 0.1-3.7 mg Chl « m™, which corresponded
to 3—-38 % of total phototrophic biomass. Melosira arctica filaments observed in autumn 2012 were
10-30 cm long and reached abundances of 17 aggregates m” with 14—44 mg Chl 4 m?

corresponding to 57-80% of total phototrophic biomass.

At the sampled sites, floating aggregates contributed with 0.5-26% (pennate), and 55-78%
(Melpsira) to the particulate organic carbon pool of the integrated euphotic zone (Table 2).
Pennate-diatom aggregates showed Chl @/CPE values similar to the sea-ice algae at the same
station, while Me/osira filaments showed Chl 2/CPE values similar to the pelagic communities. In
general the C:N ratios of green-brownish aggregates (8—28) were higher than the values for the
phytoplankton (~5) and the sea-ice algae (6-8). Green-brownish Melosira aggregates showed
higher C:N ratios (9-28) than all pennate aggregates (8—11). In white-yellowish aggregates C:N

ratios were generally higher (11-35 in pennate and 10—40 in Melosira aggregates).

Regarding ## sitn NPP per m® spherical floating aggregates showed similar NPP as the
corresponding integrated value for sea ice, and 50% of the value for the depth-integrated water
columns euphotic zone (15-18 m) (Table 2). In contrast, up scaled Melosira arctica filaments
reached NPP rates one order of magnitude higher than the values of the integrated water
columns euphotic zone (12 m) and the sea ice in late September (Table 2). The daily average
irradiance received below the ice 7 sitn at stations PS80/3_224 and 237, where pennate
aggregates were found, was 99 and 52 umol photons m™ s™, respectively. Hence, i sitn NPP of
aggregates at station 224 may be underestimated, since the incubation performed at 50 umol

photons m” s’

For the Melosira arctica filaments found at station PS80/3_349, both carbon uptake and oxygen
production were monitored in homogenized algal slurries at different light intensities. The fitted
PI curve of the carbon uptake (R* = 0.986), showed a photosynthetic maximum (P,,.) of 3.7 mg
C L' d", an initial slope of 120 ug C L' d" (umol photons m” s")" and no photoinhibition at
irradiances lower than 90 umol photons m? s' (Fig. 4). Carbon uptake could be quantified even
at the lowest irradiance (8 umol photons m™ s™). However, no net oxygen production took place
at this irradiance, rather oxygen was consumed (Fig. 4). At light levels above 20 umol photons m™

s”', oxygen production was detected.



Buoyancy test

Besides the observations of floating aggregates in the laboratory, some aggregates were observed
floating below the ice, others at the pycnocline in open melt ponds and also coming up to the
surface through bore holes in the ice. To investigate the causes of buoyancy, a simple test was
performed with intact aggregates (n = 4) anchored to newly formed ice from station PS80/3_349,
composed of a mixture of Melosira arctica, Cylindrotheca sp., and Nitzschia sp. (Fig. 3C and G, Fig.
5A) (M5 in Table S2). Once the ice had melted, the four intact algal aggregates remained floating
at the surface (Fig. 5B). It was then observed that air bubbles of different sizes (0.01 to 0.7 cm)
were trapped in the mucous matrix of the floating aggregates (Fig. 5B bottom). To test if these air
bubbles were responsible for the aggregates buoyancy, the bubbles of one aggregate were
physically removed. The aggregate devoid of bubbles sunk to the bottom of the beaker,
regardless of the stable salinity gradient formed due to the ice melt (Fig. 5C). After 24 hours, the
remaining aggregates also sank to the bottom of the beaker (Fig. 5D). To test if
photosynthetically produced oxygen was the source of the aggregate bubbles, we increased the
light intensity reaching the sunken aggregates in the beaker. After increasing the irradiance to 50
umol photons m” s' for 48 h, the sunken aggregates formed bubbles and regained their
buoyancy (Fig. 5E), indicating that photosynthetically produced oxygen might be responsible for

the gas bubble formation.

Oxygen and carbon turnover in algal aggregates

The Melosira slurry showed a bulk oxygen consumption rate of 0.13 + 0.02 mmol O, L' d" at low
irradiance (8 wmol photons m? s'). Non-invasive measurements with microsensors on one
pennate-diatom also showed net oxygen consumption with almost anoxic conditions (10-120

umol L' Oxygen) in the center of the aggregate (see supplementary information and Fig. S1).

Assuming a 1:1.25 ratio of CO, production to O, respiration, we transformed the oxygen
consumption rate mentioned above into carbon respiration rate. Dividing the POC measured in
each sample (Table S2) by the carbon respiration rate, we estimated the carbon turnover in the
Melosira slurry. The turnover of particulate carbon at low irradiance (8 umol photons m? s
would be 8-11 days. Net oxygen consumption and carbon remineralization occurred at lower

light intensities in the Me/osira algal slurry than in the compact pennate-diatom aggregate. Floating



green-brownish aggregates incubated for 4-5 days at low irradiances lost their buoyancy and
became net heterotrophic. Oxygen production in both aggregate types was probably light
regulated. However, this observation is based on single measurements, with the two respective
types of aggregates. Further experiments are needed to fully conclude that light-regulated oxygen

production is responsible for aggregate buoyancy.

Nitrogen cycling in Melosira aggregates

Nitrate and ammonium concentrations were monitored in parallel in the Melpsira algal slurry
sample incubated under 7 situ representative light conditions (50 umol photons m™s"). During
the first 24 h, the nitrate consumption rate was 0.94 umol N L. and the ammonium consumption
2.47 umol N L. Denitrification and nitrification potential was measured in slurry samples spiked
with labeled nitrate and ammonium, respectively (°NO, and “"NH,"). During light, nitrate was
produced at a rate of 1.7 £ 0.001 umol L' d" and ammonium was consumed at a rate of 1.6 +
0.003 pumol L. "d". In the dark, nitrate was produced at lower rates (0.4-0.5 umol L' d) and
high net ammonification rates were measured (1.5-5.8 pmol L' d'). A potential for
denitrification could be detected (2-5 nmol L. d') under anoxic conditions. Aggregates appeared
to be hot spots for nitrogen cycling with potential for ammonification, nitrification and

denitrification, and the rates seemed to be regulated by ambient light availability.



Discussion

Aggregate formation, distribution and degradation

Different types of aggregations of algae have been described in Arctic sea ice, mostly by
observations made during summer, below pack ice [8,14,15,21,22]. At the end of the productive
season, floating sub-ice algal aggregates tend to accumulate in dom-shape structures below the ice
or in half open melts ponds or cracks. They have a very patchy distribution that seems to be

governed by ice topography.

Based on our measurements and a synthesis of previous studies, we propose a conceptual model
for aggregate formation and degradation in the Arctic (Fig. 6). This concept is based on the
current trends of thinning sea-ice and higher melt pond coverage [60,61], but it only applies to
the current situation and not to the Arctic ecosystem of three decades ago and it remains unclear
if and for how long it can be projected into the future. Considering an average ice thickness of 1—
2 m, light for photosynthesis is available to ice algae already in April-May, and single cells of sea-
ice algae that have survived the winter darkness [62,63] can grow in the brine channels of the ice
matrix [3] (Fig. 6.1). In summer, ice melting from the top and the bottom releases diatoms into
ice cracks, melt ponds and the water column, respectively [8,21,22] (Fig. 6.2). Since sea-ice
diatoms produce high concentrations of transparent exopolymers in the ice [27,64] they tend to

aggregate under moderate turbulence and shear, creating algal flocs [65,60].

Newly formed melt ponds are usually shallow, light blue, have low salinity, and contain little
visible life [67,68]. As melt ponds grow in depth during summer, the freshwater pool increases
and sea-ice algae living at the bottom of the ponds or in pond water are gradually exposed to
higher irradiances, lower salinity, and less nutrients (Fig. 6.3). Since sea-ice algae are adapted to
low light [69,70], low temperature and high salinity [48,71], these new conditions could trigger the
exudation of polysaccharides that create a mucous matrix around the cells [72], thereby increasing
their stickiness and their predisposition to aggregation. This is probably the case for pennate
diatom species growing in the ice as single cells and aggregating after their release during ice melt.
However, the centric diatom Melosira arctica, grows forming chains and excretes high amounts of
mucus that contribute to the formation of filament-shaped aggregates [73]. Nutrient depletion
can also increase diatom exopolymer exudation [23,28,74], contributing to aggregation. In
autumn 2011, we observed many previous ponds, which had opened to the underlying seawater,

allowing an exchange of phytoplankton species between seawater and the sea ice habitat (Fig.



6.4A), for example at station PS78/3_212 (Fig. 2A, Table S1). Around mid-September ice-melt
stops and melt ponds close again when their surface and bottom refreezes (Fig. 6.4B). Mostly
white-yellowish, apparently degraded aggregates were found in this type of closed melt pond in
late autumn (Fig. 3B). Some diatoms, such as Melosira arctica, build up dense biomass
accumulations despite nutrient constrains, that can be exported to the deep sea upon rapid
melting of the sea ice [9,75]. Probably the attachment to the lower part of the ice enables them to
harvest nutrients from a wider area while drifting over large distances. Some of them can

maintain buoyancy throughout summer and can then be refrozen into the newly formed ice in

early autumn (Fig. 6.5) [68].

Relevance of sea-ice algal aggregates for Arctic carbon and nitrogen fluxes

The spatial and temporal patchiness remains a challenge when estimating the importance of algal
aggregates for ecosystem productivity and carbon flux [8,30]. Assmy et al., 2013 measured rather
small Chl  concentrations (2—6 pg Chl @ m™) when up scaling the contribution of the observed
aggregates to the area of the entire ice floe. Here we assessed the standing stock and productivity
at a local scale, for two different types of sea-ice algal aggregates. Our study took place at the end
of the summer, when nutrient depletion limits pelagic productivity. During this period, we found
that algal aggregates contributed significantly to total biomass at a local scale in and below the

sea-ice.

The estimates of Chl « reported here for spherical aggregates formed by pennate diatoms (Table
2) is within the range of values reported earlier (2.9 + 1.2 mg Chl  m”; Fram Strait, [22]). Locally,
higher Chl a values were reached by Melosira arctica tilamentous aggregates in late September,
contributing 57-80% to total phototrophic biomass when phytoplankton activity is reduced in
the water column (Table 2). Also these values fall in the range of values previously reported for
this type of Melosira sub-ice assemblage associated with MYT (22 mg Chl @ m™ [14]) or FYI (52—
200 mg Chl  m™ [5]). This suggests that ice algal aggregations could be a relevant food source in
a wider area partly for under-ice zooplankton and for nekton at the end of the season and
potentially also in winter, before the aggregates freeze into the ice [8,76,77]. In contrast, for
Melosira aggregates, grazing has only rarely been observed [13] and much of their biomass may
sink out eatrlier in the season [9,15,30]. Observations of regionally widespread algal falls to the
seafloor indicate that algal aggregates are not only locally relevant as hot spots of microbial

activity, but may also contribute substantially to total carbon export [9].



Similar conclusions as to the relative contribution to biomass are reached using the POC values
of the aggregates compared to the total sympagic or pelagic community. The contribution to total
PON at a local scale was lower (0.3—18%) for pennate aggregates than for Melosira filaments (23—
47%). The overall relatively low mass ratios of C:Chl 2 of 110 and 212 for green-brownish
pennate and centric diatom aggregates, respectively, indicate a healthy algal community. However,
compared to the water column C:N ratio of 56, the green-brownish aggregates had an elevated
C:N ratio (8-11 and 9-28 for green-brownish pennate and centric diatom aggregates,

respectively). The white-yellowish aggregates containing many empty frustules even reached

ratios of 40. This suggests an important contribution of exudate-carbon to the aggregates.

Pennate aggregates can contribute 1-23% to total 7z situ integrated NPP at a local scale, and
Melosira arctica filaments as much as 83-94% of the total NPP north of 80°N in mid-September,
when very little production is taking place in the water column or in the sea-ice. Melosira filaments
can be more productive than the integrated euphotic zone in and below the ice in the Central
Arctic (Table 2). However, aggregate slurries may overestimate NPP, due to the reduction of light
adsorption by dilution compared to the naturally densely packed aggregates, hence the total
contribution of intact aggregates is likely lower [22]. Indeed, intact spherical aggregates incubated
for some days in the laboratory under low light conditions appear to be net heterotrophic (Fig.

S1).

Another aspect of the contribution of sea-ice algal aggregates to carbon fluxes in the Arctic
Ocean is the contribution to particle export. Diatom aggregates can substantially enhance carbon
flux from the pelagic realm to the benthos [24-26]. In the Arctic, sea-ice algae are main
contributors of the vertical export flux in summer [10,78]. In 2012 the direct export of sea-ice
algal aggregates was observed in relation to sea ice melt [9]. It was estimated that their
contribution to the total carbon flux could reach 85% and from our results we can estimate that
their contribution to the particulate nitrogen sinking flux potentially would be around 47% of the
PON present at the end of the productive season. Considering the already low nutrient
concentrations of the Central Arctic surface waters, such an export could only be sustained on
decadal scales, if more nutrients would be mixed in, e.g. by increasing wind mixing, or by
increasing transport from the Arctic shelves [79]. Due to their relevance at least for standing
stock and export flux, it is important to better understand the mechanisms of sea-ice aggregate

formation, buoyancy regulation and sedimentation.



Buoyancy regulation

Adaptations of phytoplankton cells to control buoyancy include the formation of gas vacuoles,
lipid accumulation, ion exchange and morphological features like hairs and spines [24,80,81]. In
the Arctic Ocean, the observation of algal aggregates floating below the pycnocline was
previously explained by accumulation at vertical density gradients [8,19,21]. However, in our
experiment the aggregates sank after physical removal of air bubbles trapped in the mucous
matrix (Fig. 5). The salinity gradients might determine where aggregates accumulate, but density
gradients were not the buoyancy regulating mechanisms per se. Both pennate and centric diatom-
formed aggregates studied here showed gas bubbles trapped in the aggregates mucous matrix,
which seem to be a relevant mechanism for aggregates to stay afloat. Previous physiological
studies with another centric diatom have shown a correlation between increased light input and
reduced sinking rates [81]. The results from our experiment that the sunken aggregates can regain
buoyancy in situations favorable for photosynthesis, i.e. by increased light intensity, suggests that
the balance between oxygen production by photosynthesis and consumption by respiration was
the key factor for buoyancy regulation in the aggregates we investigated. Since aggregates are not
closed systems, the rate of oxygen production plus the impeded diffusion across the mucus
matrix of the aggregate minus oxygen consumption by the sea-ice algae themselves, bacteria and
zooplankton, will determine the amount of gas available to maintain buoyancy [22]. However,

further experiments are needed to confirm this hypothesis.

Other factors affecting buoyancy are the density of the aggregate. Diatoms exudates have been
observed to be positively buoyant and to facilitate the attachment of bacteria to the aggregate [82].
Therefore, TEP do not only play an important role in aggregation but could also be important in
buoyancy regulation. The TEP:POC ratios presented in this study (0.001-0.2) were generally
lower than the ones reported for land fast sea ice in spring (0.08-0.72) [82], but in the same
range reported for other marine diatom aggregates (~0.25; [83]) and higher than the TEP:POC

ratios measured in the water column surrounding the aggregates.

Fate of the sea ice algal aggregates

Detrimental conditions to the aggregate community such as very low salinity from melt water,
seawater warming, high grazing pressure, or nutrient depletion will eventually lead to buoyancy
loss, degradation and sinking [9,15]. This could result in their accumulation at the bottom of melt

ponds, or export to the sea floor [9,30]. White-yellowish aggregates of high TEP:POC, C:Chl «



and C:N ratios indicating substantial degradation of algal cells [43] were often found trapped in
melt ponds where nutrients were depleted. Green-brownish aggregates contained more bacteria
than white-yellowish, degraded aggregates, following the general correlation between bacterial
abundance and Chl « observed in the ocean [84], suggesting that labile carbon supplies from the
algae to the bacteria are still present in green-brownish aggregates at the end of the season.
Despite the fact that bacterial abundances per carbon weight were in the lower range of values
published for Antarctic sea-ice [82], they were still two orders of magnitude higher (10'-10” cells
mg POC™) than in the ambient water (10°=10" cells mg POC") suggesting that aggregates are a
rich substrate for bacteria. The higher concentrations of DOC in the aggregates compared to the
average DOC concentrations of Arctic surface seawater [59] indicate that algal aggregates might

be a source of DOC, in which carbon is rapidly remineralized.

Net heterotrophic conditions were measured in floating sea-ice algal aggregates during summer
indicating a rapid decomposition of the algal biomass in the aggregates ([22] and this study, also
see supplementary information). Moreover, observations of photosynthetically active diatom cells
in aggregates exported to the deep-sea [9] and subsequent oxygen depletion in the seafloor
suggest rapid sedimentation and microbial remineralization of the aggregates. Nitrate production
matched the ammonium consumption in the Melosira aggregate slurry, suggesting that nitrification
might take place as well under photosynthetic conditions at high light intensities. This means that
decaying algal aggregates could be sources of nitrate to the surrounding seawater in an otherwise
nitrogen-limited system. Previously it has been speculated that internal nutrient regeneration by
bacterial remineralization inside aggregates can support growth of at least a fraction of the algal
population [85,86]. Denitrification, revealed by N, production, may occur in the anoxic center of
intact aggregates [87], but the potentials encountered in Melosira algal slurry were low (0.002—
0.005 umol 1" d ). This could indicate that the aggregates might remove considerable amounts
of carbon and nitrogen from surface waters by export. Using the aggregate carbon export of 9 g
C m™ estimated previously for 2012 (Boetius et al. 2013), and the median C:N ratio of 10 of the
fresh aggregates (n = 4), approximately 45% of carbon fixed as new production since last winter
and 36% of surface nitrogen consumed by sea-ice algae and surface water phytoplankton was

exported to depths >4000 m.

In conclusion, we suggest that pennate diatom and Melosira arctica-based ice-algal aggregates
contribute substantially to nutrient and carbon cycling and export in the Arctic. Preliminary
experiments suggest that their buoyancy is regulated by photosynthetically-produced oxygen.

With the current trend of warming of the Arctic causing sea ice retreat as well as thinning of the



ice cover that increases drift speed, it is likely that sea-ice algae can grow faster and earlier in the
season harvesting nutrients from a wider area of surface waters, but will more often meet
unfavorable conditions during summer, e.g. nutrient limitation, freshening and melting of their
habitat favoring aggregate formation and degradation. The advantages of the formation of
aggregates compared to the single-cell or short-chain life style of pelagic sea ice algae is uncertain.
Aggregation into large clumps and filaments may protect diatom species such as Melosira arctica
from high irradiances. Trapping of gas bubbles in the aggregates enhancing floatation and
eventually serving entrapment into the ice in late autumn might be another advantage. The
intense nitrogen cycling observed in the aggregates indicates that they could play a role in nutrient
cycling in the oligotrophic Arctic Ocean. It remains methodologically difficult, but important for
a better understanding of carbon and nutrient budgets as well as for the ecology of the Arctic
Ocean, to quantify temporal and regional variations in aggregate formation, distribution and fate

on the ecosystem scale.
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Figure 1. Map of the Arctic Eurasian Basin with sampling stations.

Yellow dots represent ice stations where algal aggregates were observed (Expedition PS78/3 took
place in summer 2011 and PS80/3 in summer 2012). The purple line corresponds to the
September monthly average sea ice extent in 2011 and the pink line in 2012 (Source:

http://nsidc.org/data/seaice_index/).
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Figure 2. Distribution of aggregates in melt ponds.

Degraded pennate aggregates in cryoconite holes at the bottom of a partially open melt pond at
station PS78/3_212 (A). Melvsira filaments hanging from newly formed ice covering an open melt
pond at station PS80/3_349 (B). Spherical floating aggregates below sea ice at station
PS80/3_237 (Image taken with the ROV Ronja (Courtesy Alfred Wegener Institute Helmholtz
Center for Marine and Polar Research (AWI)) (C). Degraded Melosira filaments trapped at the
bottom of a partially open melt pond at station PS80/3_224 (D). Scale bar = 20 cm.
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Figure 3. Representative types of aggregates observed.

Macroscopic images of the aggregates (A-D) and their microscopic composition (E-H). Fresh
spherical floating aggregates below the ice formed by pennate diatoms (A and E). Degraded
aggregate trapped in a closed melt pond formed by dead pennate diatoms with empty frustules (B
and F). Filaments hanging from newly formed ice over an open melt pond formed by Melosira
arctica cells that contain green chloroplasts (C and G). Degraded aggregate formed mainly by dead
Melosira arctica cells trapped at the bottom of a partially open melt pond (D and H). Scale bar = 5
cm (A), 2 cm (B), 10 ecm (C and D), and 20 um (E-H).

Pennate spherical Melosira filaments

AR G0
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Figure 4. Photosynthesis vs Irradiance curve of Melosira arctica algal slurry (MD5).

Carbon uptake measured with the "“C radioactive isotope method (green circles) and oxygen
production or consumption using optodes (purple diamonds) of the algal aggregate slurry from
the Melosira arctica aggregate used for the buoyancy experiment (Fig. 5). The threshold irradiance
for oxygen production is around 20 umol photons m” s”'. Oxygen rates have been transformed
to carbon equivalents using the photosynthetic quotient of 1.25 to improve the visualization of

the two different methods used to measure NPP.
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Figure 5. Buoyancy test.

(A) A piece of ice with several attached filamentous algal aggregates (Fig. 2C) was kept in a glass
beaker at simulated 7z situ conditions. (B) Once the ice disappeared it was observed that air
bubbles were trapped in the mucous matrix of the floating aggregates. (C) Despite the salinity
gradient, one of the aggregates sank when the air bubbles were removed. (D) 24 h later all algal
aggregates had sunk. (E) Only when increasing the light intensity, some of the algal aggregates

were able to produce enough oxygen to regain buoyancy. Scale bar = 2 cm.

Temp: 0°C
Light: 8 pmol photons m2s ! _Air bubbles observed Stable salinity gradient 24 h later ILight: 50 ymol photons m2 s
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Figure 6. Conceptual model of the mechanisms responsible for the formation and fate of the
different types of algal aggregates.

(1) In early spring sea-ice algal growth starts before that of phytoplankton. (2) In summer as the
sea ice melts and nutrients become limiting, some sea-ice algae are released to the water column
or grow into the water column. Due to their stickiness and the under-ice turbulence they form
aggregates. (3) In late summer melt ponds grow in depth and the sea-ice algae that are still in the
ice are gradually exposed to very low salinities, high irradiances, and nutrient depletion making
them accumulate and degrade in the pond. Depending on the environmental conditions, some
sub-ice aggregates sink and others remain floating. (4) In early autumn, the melt ponds can either
open completely allowing some phytoplankton species to come into the melt pond, or they can
refreeze again, becoming second year ice. (5) In autumn those melt ponds that were open to the
seawater freeze again, trapping the floating aggregates that were not grazed in the newly formed

ice.

1 Melt pond

Sea ice algae
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() ¢
Float or sink

Phytoplankton Aggregation
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New ice
Re-frozen closed melt
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@ / Sea Ice algae (Nitzschia sp., Navicula sp., Entomoneis sp., Fragilariopsis sp. and Cylindrotheca sp.)
Y Phytoplankton (Thalassiosira sp., Coscinodiscus sp. and Chaetoceros sp.)
F Filamentous sea ice algae (Melosira arctica)
// Degraded aggregates
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Table 1. Algal aggregate types and their degradation stages.

Aggregate type Pennate spherical Melosira filaments
Environment Below ice Melt Pond Below ice Melt Pond
Number of samples n=2 n=4 n=2 n=3
Size (cm) 3-15 1-15 1-30 2-15
Abundance (Agg m?) 0.8-5.1 0.1-600 17 9—-200

Green-
Color Green-brownish White-yellowish brownish White-yellowish
POC (mg C L-1)* 24-110 9-86 11-130 7-49
PON (umol N mg POC) 8-10 2-8 3-9 2-9
C:N molar 8-11 11-35 9-28 10-40
Chla (ug Chla mg POC) 5-9 0.01-2 3-5 0.2-1.2
C:Chla 110-210 500-66700 200-340 850-4600
DOC (umol DOC mg POC) | 7-9 7-11 5-17 7-35
TEP (ug C mg POC™) 0.5-2.5 4-170 2-8 4-17
TEP:POC 0.0005-0.002 0.004-0.17 0.002-0.008 0.004-0.02
NPP (mg C (mg POC)! d'1) 0.001-0.01 0.001 0.002-0.155 0.002-0.014
Bacteria (cells mg POC) 3.9E+08-1.5E+09 | 6.3E+07-6.0E+08 |5.6E+08 7.36E+07-6.1E+08

All chemical variables were measured from a homogeneous algal slurry prepared with the aggregates. Units presented are normalized by the POC content
of the slurry expressed in mg C per volume of slurry*. The carbon normalized NPP represents a carbon turnover estimate for the algae in the aggregate at

50 umol photons m™” s™.
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Table 2. Local areal estimates of fresh sub-ice algal aggregates per aggregate type compared to sea ice and water column at the same location and other

studies.
This Study Other studies
Number of stations
Literature reference 2 1 Glud etal. 2014 | Assmy et al. 2013 Melnikov et al. 1997 Gosselin et al. 1997
Algal type Pennate spherical Melosira filaments Pennate spherical Melosira filaments
Chl 2 (mg m2) Sea Ice 12-17 7.7 0.46 £ 0.29 0.1-14
Water 23-43 2.7 59-260 1-445
Aggregate 0.1-37 14 - 44 2.9411.21 0.0017-0.0063 22 52-200
% contribution aggregates 3-38 57 -80 0.6-6.5
POC (mg m?) Sea Ice 691 - 896 853
Water 1380 - 1563 1614
Aggregate 11-793 3020 - 9094 0.2-1.3
% contribution aggregates 0.5-26 55-78
PON (mg m -2 Sea Ice 72 -91 95
Water 229 - 231 267
Aggregate 1-72 108 - 324 0.03-0.17
% contribution aggregates 0.3-18 23-47
NPP (mg C m2 d) Sea Ice 1-13 1.5 1.32 57 £ 43
Water 25-31 1 60-204 30 £10
Aggregate 0.4-9.7 13-40 -3.72 0.002-0.02 included in ice
% contribution aggregates 1-23 83-94
Integration parameters Ice thickness (m) 12-14 1.4
Euphotic zone depth (m) 15-18 12 50
Aggregate coverage (%) 0.01 - 0.03 0.5 0.01-0.03 0.53
Aggregate abundance (Agg m2) 0.8-5.1 17
Aggregate diameter or length (cm) 3-10 10-30 (length) 0.8-1 40-50 (length)

[ 3adeyn)



Supplementary material

Table S1. Characteristics of pennate algal aggregates and sea ice stations investigated.

All variables except nutrients were measured from an homogeneous algal slurry and normalized

by POC. Nutrients were measured in the water surrounding the aggregates and are presented per

volume of watetr.

Individual aggregate samples (a total of 11) for each aggregate type are labeled with P for pennate

diatom aggregate and M for Melosira aggregates.

¥ Partially open melt pond.

Pennate
Aggregates P1 P2 P3 P4 P5 P6
Station PS78/3_203 | PS78/3_209 | PS78/3_212 PS80/3_224 PS80/3_237 | PS80/3_323
Date
(DD/MM/YYY
Y) 14.08.2011 17.08.2011 19.08.2011 09.08.2012 14.08.2012 04.09.2012
Latitude 85°58.56' N | 86°59.24'N | 88° 1.11' N 84° 3.03'N 83°59.19'N | 81°55.53' N
Longitude 59°25.16'E | 58°29.37"E | 59°58.53'E 31° 6.83'E 78° 6.20'E | 131° 7.72'E
Size (cm) 1 5 10£5 10£5 75 211

White- White- Green- White-
Color

yellowish yellowish White-yellowish Green-brownish brownish yellowish
Environment Melt Pond Melt Pond Melt Pond Below ice Below ice Melt Pond
Sea Ice type FYI FYI FYI FYT FYT FYI
Melt Pond depth
(m) 1 n.d. n.d.¥ - - 0.35
Floating No No No Yes Yes No
Melt Pond
coverage 50% 50% 50% 40% 20% 10%
Salinity
(aggregate) 0-11 (11) 9.6 1.9-5 (4.2) 29.7 0.1-32(32) 3.7-30.1 (28)
Temperature
(°C) -0.5 n.d. n.d. 0.5 n.d. -1
Irradiance (umol

160 211 130 99 52 78
photons m2 s1)

Nitzschia, Chacetoceros, Chacetoceros, Nitzschia, Navicula, Nitzschia, Fragilariopsis,

Psendonitzschia | Fragilariopsis, | Thalassiosira/ Coscinodi | Entomoneis, Pseudonitzschia, | Navicula,

, Navicula, Thalassiosira, | scus, Nitzschia, Fragilariopsis, Fossula arctica, | Nitzschia
Diatom species | Fragilariopsis, | Nitzgschia, Navicula, Fragilariopsis | Thalassiosira, Melosira

Chaetoceros, Plenrosigma, arctica,

Coccolithophore Cylindrotheca Navicula,

s Entomoneis
Grazing Amphipods and
observed Ciliates Ciliates No copepods No Ciliates
POC (mgCL1 |86 9 66 112 24 27




slurry)
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PON (pmol N

mg POC-Y) 8 5 5 10 8 2
C:N molar ratio | 11 17 17 8 11 35
Chl a (ng Chla

mg POC-) 2 0.6 0.3 9 5 0
C:Chl a ratio 505 1609 3306 110 212 66755
Chla/CPE (%) |62 95 89 92 33 26
DOC (umol C

mg POC-) n.d. 7.4 n.d. 4.2 5.8 11.2
TEP (pg C mg

POCY) 818 171+115 10+16 1.510.3 1.5+1 4+1
TEP:POC 0.008%0.008 | 0.17£0.11 0.01£0.01 0.001£0.0003 0.001£0.001 | 0.004£0.001
NPP at 50uE (ng

C mg POC-1d1) |nd n.d. n.d. 9.6 1.2 13
Bacterial counts

(cells 10 mg

POCY) 0.6 0.06 0.1 1.5 0.4 0.1
Bacterial POC

(%) 1.8 0.2 0.3 4.4 1.2 0.2
Nitrate (umol L-

1) n.d. n.d. n.d. 29 2.6 3.1
Phosphate (umol

LY n.d. n.d. n.d. 0.3 0.2 0.01
Silicate (umol L-

1) n.d. n.d. n.d. 1.2 1.3 0.0

109




Table S2. Characteristics of Melosira algal aggregates and sea ice stations investigated.

Melosira Aggregates M1 M2 M3 M4 M5
Station PS80/3_224 PS80/3_224 PS80/3_224 PS80/3_255 PS80/3_349
Date (DD/MM/YYYY) 09.08.2012 09.08.2012 09.08.2012 20.08.2012 18.09.2012
Latitude 84° 3.03'N 84° 3.03'N 84° 3.03'N 82°40.24'N 87°56.01' N
Longitude 31° 6.83'E 31° 6.83'E 31° 6.83'E 109° 35.37'E 61°13.04'E
Size (cm) 5 (filamentous) 5%3 2+1 105 15+10
Color White-yellowish White-yellowish | Green-brownish | White-yellowish | Green-brownish
Environment Melt Pond Melt Pond Melt Pond Melt Pond Frozen in ice
Sea Ice type FYI FYI FYI FYI MYI
Melt Pond depth (m) 0.3¥ 0.63 0.5¥% 0.3 Open
Floating Yes No No No Yes
Melt Pond coverage 40% 40% 40% 40% 20%
Salinity (aggregate) 1.5-20.3 (6.9) 0-32 (31.9) 0.1-31(31) 0.2-0.5 (0.5) 31
Temperature (°C) 0.1 -1.5 0.1 0.2 0.1
Irradiance (umol photons

260 252 255 101 24

m2 s1)

Melosira arctica,

Melosira arctica,

Melosira arctica,

Melosira arctica,

Melosira arctica,

Nitzgschia, Dinocysts | Nitzschia, Nitzschia, Navicula, Fragilariopsis,

Diatom species Dinocysts Navicula, Nitzschia Cylindrotheca
Fragilariopsis

Grazing observed Ciliates Ciliates No Ciliates Ciliates
POC (mg C L-1slumy) 7 49 132 16 11
PON (umol N mg POC-Y) 9 9 9 2 3
C:N molar ratio 10 10 9 40 28
Chl a (ng Chla mg POC-Y) 1.2 0.2 3 0.4 5
C:Chl a ratio 848 4623 337 2198 207
Chla/CPE (%) 82 96 98 94 77
DOC (umol C mg POC-1) 233 7.2 4.6 354 17.3
TEP (ug C mg POC-) 1716 4£0.6 2+0.02 1614 813
TEP:POC 0.02+0.01 0.004£0.001 0.002£0.0001 0.015%0.004 0.008%0.002
NPP at 50uE (umg C mg
POC1d?) 0.013.3 0.014.1 0.001.5 0.002.2 0.154.9
Bacterial counts (cells 107
mg POC-) 0.6 0.1 0.5 0.1 n.d.
Bacterial POC (%) 1.8 0.4 1.7 0.2 nd.
Nitrate (umol L-1) 0.4 1.3 22 0.3 0.9
Phosphate (umol L) 0.005 0.2 0.4 6.0 0.3
Silicate (umol L-1) 1.6 2.6 20.7 0.7 1.4




Figure S1. Oxygen profile inside degrading pennate diatom aggregate (P5).

Oxygen microprofiles (n=3) measured using an oxygen microoptode (FireStingO2, PyroScience
GmbH, Aachen, Germany) in a 5 cm diameter spherical pennate-diatom aggregate incubated in a
beaker in the lab for 3 days at 50 umol photons m™ s and -1.3°C. Oxygen microprofiles across
the water-aggregate interface were measured with steps of 0.5 mm and since the original spherical
diatom aggregate started to flatten the diffusive oxygen uptake (DOU, mmol m™ d") was
calculated using Fick’s first law of diffusion DOU = D, (dC/dz), where D, (cm™ s) is the
molecular diffusion coefficient in water, C (umol L") is the solute concentration, and z (cm) is
the depth within the aggregate. The total oxygen consumption rate of the aggregate was
calculated integrating the diffusive flux over the entire aggregate surface area [88]. Using a typical
pennate-diatom aggregate size of 5 ¢cm in diameter and a spherical shape (Volume of one
aggregate = 0.06 L) the corresponding O, consumption rate of a degrading pennate aggregate is
1.8 £ 0.2 mmol O,L"d" (n = 3).
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Abstract

The sea ice cover of the Arctic Ocean has been changing dramatically in the last decades and the
consequences for the sea-ice associated ecosystem remain difficult to assess. Algal aggregates
underneath sea ice are known to be of great importance for the ice associated ecosystem and the
coupling to benthic communities. However, their frequency but the frequency and distribution of
their occurrence is not well quantified. We used upward looking images obtained by a remotely
operated vehicle (ROV) to quantify ice algal aggregate biomass and to investigate their spatial
distribution. During the IceArc expedition (ARK-27/3) of RV Polarstern in late summer 2012,
different types of algal aggregates were observed floating underneath various ice types in the
Central Arctic basins. On the large scale, filamentous aggregates of Melosira arctica dominate the
inner part of the Central Arctic pack-ice, while closer to the ice edge under melting sea ice round
aggregates mainly formed by pennate diatoms dominate. Our results show that the floe scale
distribution of algal aggregates in late summer is determined by the topography of the ice
underside, with aggregates collecting in dome shaped structures and at the edges of pressure
ridges. The buoyancy of the aggregates was also evident from analysis of the aggregate size
distribution. Depending on the approach, differences in orders of magnitude result for biomass
estimates. This highlights the difficulties of upscaling observations and comparing results from

surveys conducted using different methods or on different spatial scales.

Keywords: Sea Ice algae, algal assemblages, size distribution, Melssira arctica fillaments, image

processing, remotely operated vehicle.



Introduction

The Arctic Ocean has changed dramatically in the last decades. Changes of physical processes in
the climate system such as decreased sea-ice extent (Serreze et al. 2007) and thickness (Haas et al.
2008; Kwok and Rothrock 2009), the trend from multiyear to younger first year sea ice (Maslanik
et al. 2007), a longer melt season (Markus et al. 2009), increased melt-pond coverage (Roesel and
Kaleschke 2012) and increased light transmittance through the ice (Nicolaus et al. 2012) will also
affect the sea ice ecosystem (Arrigo et al. 2008; Lee et al. 2011; Arrigo 2014). Assessing the
consequences of these changes in the ecosystem is difficult, as observations in the ice covered
Arctic Ocean are challenging and very little baseline data is available for comparison especially in

the central basins.

Sea ice harbors a complex diversity of life in and associated to its ice-water interface strongly
influenced by the physical conditions present (Horner et al. 1992; Legendre et al. 1992). Changed
melting conditions and increased light availability are expected to affect the life conditions of sea
ice algae (Lee et al. 2011). The presence of Aggregates formed by sea-ice algae floating or hanging
underneath sea ice has been described throughout the last century, however, little is known about
factors controlling their distribution. In this paper, the term algal aggregates refers to
macroscopic (>1 cm) mostly free-floating aggregations mainly formed by typical sea-ice
associated algae such as those described by Boetius et al. (2013) and Assmy et al. (2013). These
aggregates have previously been described in the literature using various names such as sub-ice
assemblages, algal filaments or aggregations (Melnikov and Bondarchuk 1987; Horner et al. 1988;
Horner et al. 1992; Gutt 1995). Already at the beginning of the last century algal aggregates were
observed during the drift of Frazz (Nansen 19006) in the Central Arctic. Observations are sparse
and usually only cover a small spatial range due to the limits of diving operations in icy waters
(Melnikov and Bondarchuk 1987; Syvertsen 1991; Melnikov 1997; Poulin et al. 2014; Glud et al.
2014). In general it is a great challenge to gather spatial datasets underneath sea ice. Only in the
last decades, the technological advance of remotely operated vehicles (ROV) and digital
underwater imaging enabled detailed research under polar sea ice on a larger spatial scale (Gutt
1995; Werner and Lindemann 1997; Perovich et al. 1998; Ambrose et al. 2005; Gradinger and
Bluhm 2010; Nicolaus and Katlein 2013).

However, it is known that sea—ice algae play an important role in the sea-ice ecosystem
supporting a substantial fraction of total primary productivity (Gosselin et al. 1997), seeding the

under-ice phytoplankton bloom in spring (Wassmann and Reigstad 2011) and providing an



important food source for zooplankton (Leu et al. 2010; Leu et al. 2011). When ice algae are
released to the water column due to ice melt, they are inherently prone to aggregation due to a
high production of transparent exopolymers (Riebesell et al. 1991; Krembs et al. 2011).
Aggregation can both lead to rapid sedimentation of biomass (Boetius et al. 2013) as well as
prolonged suspension underneath the ice (Assmy et al. 2013) due to oxygen entrapment within
the aggregates (Fernandez-Méndez et al. submitted 2014; Glud et al. 2014). Despite this long
history of observations of algal aggregates under Arctic sea ice, little is known about their spatial

distribution on both floe and basin scale.

The objective of this paper is to quantify the amount and distribution of algal aggregates
underneath Arctic summer sea ice on floe scale using ROV surveys. This includes an analysis of
the spatial distribution of aggregate abundance as a function of the physical properties of the
habitat. In addition geometric properties of under-ice aggregates are investigated and different
approaches for estimation of aggregate biomass assessed and compared to evaluate uncertainties

and recommend procedures for future work.

Materials and Methods

ROV observations

Observations were carried out during the IceArc cruise (ARK-XXVII/3) of the German research
icebreaker RV Polarstern to the Central Arctic in August and September 2012. Figure 1 shows
the cruise track and the positions of the investigated ice stations. Algal aggregate observations
were performed on eight ice stations with an average duration of two days. Ice stations were
selected along the retreating sea-ice edge as well as within the Central Arctic pack ice close to the
geographic North Pole. The ice floe of the first ice station was revisited at the end of the cruise,
enabling repeated sampling of the same ice floe after its transition from summer melting to

autumn freeze-up conditions.

We used a V8Sii-ROV (Ocean Modules, Atvidaberg, Sweden) launched through a hole in the ice
and operated from a tent directly on the ice floe. On each ice station the ROV achieved a diving
time between six and eight hours. The setup and operation procedure was very similar to the one
used in Nicolaus and Katlein (2013) with minor modifications: A Micron Nav (Tritech,
Aberdeen, UK) ultra-short baseline (USBL) positioning system was providing precise ROV
location in a floe fixed coordinate system, while the rear facing Ospray SD-camera (Tritech,

Aberdeen, UK) was repositioned to provide upward looking imagery.



Several additional sensors complemented the observations with measurements of the physical
properties of the under-ice habitat. Ice draft was calculated as difference between the ROV depth
and its distance to the ice measured by the upward looking DST micron echosounder (Tritech,
Aberdeen, UK) altimeter. Spectral light transmittance (320-950 nm) was calculated from
continuous synchronous measurements of downwelling irradiance using two RAMSES-ACC
spectroradiometers (TriOS GmbH, Rastede, Germany). While one sensor was mounted on the
ROV, a reference sensor was placed on a tripod on the ice close to the ROV launch hole. Data
processing, calibration and measurement uncertainties were described previously (Nicolaus et al.

2010; Nicolaus and Katlein 2013; Katlein et al. 2014).

At station ICE-7, under-ice aggregates could be sampled with the ROV using a custom built
sampling device. Samples were analyzed for particulate organic carbon (POC) and species

composition as described in Assmy et al. (2013).

Image classification

To quantify the spatial distribution of under-ice algal aggregates from the acquired ROV imagery,
we applied a simple threshold algorithm implemented in MATLAB. We extracted still images
(384 x 288 pixels) each five seconds from the videos of the upward looking camera using the
command line tool fimpeg. Extracting the images each five seconds from the video overcomes
problems with multiple detection of the same aggregates for most of the cases. To overcome
problems with inconsistent lighting of the entire image area and to mask out the overlay data
display, we cropped the image edges to obtain undisturbed RGB-images of 250x200 pixels.
Analysis of image histograms showed that aggregates could be detected well with a threshold
value, by selecting all pixels with a value between 0 and 100 (out of maximal 255) in the green

channel as aggregates. Thus images were converted into binary images for further analyses.

Two dimensional aggregate properties like perimeter and area as well as minor and major axis of
a fitted ellipse were calculated for each individual aggregate. For all aggregates covering more
than 10 pixels of the image we derived shape parameters, such as eccentricity, circularity and the
equivalent circular diameter. The measurements were transformed from pixel units to real units
using the distance to the ice measured by the altimeter and a laboratory calibration of the camera.
Uncertainties in the distance to the ice, ROV-tilt and lens distortion result in less than 15%

uncertainty in size measurements. This image registration to true geometric units also enabled us



to determine aggregate abundance per square meter as the number of aggregates in the image

divided by the area surveyed by the image.

All images taken at a depth greater than 5m and at ROV tilts greater than 10° were discarded
automatically. All other images were verified manually. Images where the algorithm detected
aggregates, which were in reality ice structures or other objects and images where clearly
identifiable aggregates where not detected by the algorithm were discarded. In the case that
several close lying aggregates were mistaken as a larger one, the image was excluded from shape
and size analysis. In total, the analysis of 23 800 images yielded 11 000 where useful information
could be deducted. These images were on average taken about one meter away from the ice

underside and yielded a spatial resolution of 4-5 mm.

The detection algorithm works well in most situations, but due to its simple nature detection is
problematic in some cases and 54% of the images had to be excluded from the analysis. This is
mostly related to inhomogeneous backlighting within the image at the transition between
different ice features, where dark features of the ice get misinterpreted as aggregates. In addition,
the separation of aggregates from small scale ice structures and air bubbles can be ambiguous
even to a trained observer verifying the detection. Finally, aggregates which are not dense enough

or too small to leave a significant signature in the pixels green value remain undetected.

To account for multiple sampling of some areas (e.g. in vicinity to the ROV-launch hole) all
obtained parameters were gridded on a regular grid with 3x3m cell size, corresponding to the
maximal uncertainty in the ROV position. All available images within a grid cell were selected and
the average of all measurements from these pictures assigned to the grid cell. This method is a
further improvement of the one used in Boetius et al. (2013) and Assmy et al. (2013) which were
both based on subsets of the same dataset. While Assmy et al. (2013) analyzed only data from ice
stations ICE-1 and ICE-2, Boetius et al. (2013) analyzed only one representative dive per ice
station. As the image registration required manual post-processing it was not available onboard
the ship and thus Boetius et al. (2013) reported only percent cover instead of aggregate

abundance or biomass.

Biomass estimation

To estimate aggregate biomass, the two-dimensional distribution deducted from the images was

converted into a three dimensional volumetric information, including assumptions about the



aggregate shape. While the assumption of a uniform algal layer thickness is more applicable to
typical ice algal bottom layers in spring, we chose to represent the typically very much rounded

aggregates by compact spheres. The diameter 4 of the aggregate was determined as the equivalent

circular diameter of the connected pixel region from the regions area 4 (d = 4A/m).

We used different methods to obtain an estimate of the aggregate volume per area. Comparison
between the different approaches enables us to evaluate the accuracy of our biomass estimates
and the disadvantages of single approaches. Names given in parentheses identify the different

approaches later in the text:

For a first approach, aggregate volume was calculated for every detected aggregate. The single
aggregate volumes were then added up and divided by the survey area (“aggregate list”). This
approach does not take into account multiple sampling of some aggregates and should thus result

in an overestimate of total biovolume.

In a second approach, the aggregate volume | was calculated using abundance z and diameter &

values averaged over all images (“global mean”):

3
V=a-m (Equation 1)

S I
N |

As sphere volume is dependent on the third power of diameter (Equation 1), this method was
repeated with a median diameter instead of average diameter, to avoid overestimation of

biovolume for large likely not spherical aggregates (“global median”).

To avoid influences from multiple sampling, the same calculation was repeated with average and
median values obtained after gridding of the results (“gridded mean” and “gridded median”). The

“gridded median” method was also used in Assmy et al. (2013).

As larger round aggregates can occur in some areas, they can contribute significantly to biomass
which gets lost when averaging over many grid cells. Thus in a last approach, biovolume was
calculated from abundance and diameter in each grid cell separately and averaged afterwards
(“raster cells”). In the case where aggregates deviate much from a spherical shape, the last

approach, however can significantly overestimate biovolume.

To convert the estimated biovolume to carbon content, we used the measured carbon content of

389.69 mg C L' of two sampled aggregates with known volume (Assmy et al. 2013).



Patchiness and size distribution

To analyze the spatial patchiness of the aggregate distribution, we used the index of mean
crowding and Lloyds Index of Patchiness (Lloyd 1967; George 1981; Gutt et al. 1991) on the
gridded data.

The frequency distribution of the size of aggregating particles is often described using a power

law
f d = cdP (Equation 2)

with d the diameter, b the characteristic slope and a normalization constant c. The characteristic
slope varies for different types of phytoplankton usually around a value of -3 (Alldredge and
Gotschalk 1989; Guidi et al. 2009). Equation 2 was used to fit a power law to the aggregate size
distributions obtained from the list of all detected aggregates and to determine the value of the
characteristic slope. The characteristic slope and size distributions were interpreted in comparison

with the marine particle aggregation model from Jackson (1990).

Results

ROV observations

ROV surveys underneath sea ice using upward looking video imagery provide a useful tool to
quantify the abundance and spatial distribution of ice algal aggregates. The upward-looking
imagery resulted in a continuous observation along the dive tracks, covering the entire variability
of summer sea ice conditions in this region. The large spatial coverage during rather short station
time is of great advantage to map the patchy under-ice ecosystem without bias towards sites with
more abundant biomass. The upward looking video imagery enabled us to quantify the amount
and distribution of ice algal aggregates. Subsequent analysis of several subsets of the entire
dataset reveals that due to the high spatial patchiness, the result is to some extent dependent on
the area covered by the survey. Reasonably good estimates of percent cover could be achieved
with the analysis of just one ROV transect if it was selected as representative from all available
dives by the ROV pilot. Nevertheless some transects differ significantly from the rest of the

station. A comparison of the results retrieved from three different approaches shown in Table 1.



Percent cover p and abundance « are correlated to some extent (@ = 2.6 + 60.9 - p, R?=0.2), but

show some differences as expected from different aggregate sizes.

We observed mainly two types of aggregates: The spherical aggregates floating free underneath
the sea ice were typically composed of pennate diatoms (Figure 2a), while more elongated
filamentous strings attached to or floating underneath the sea ice where mainly composed of
Melosira arctica (Figure 2b). Details on the composition, development and fate of these aggregates
have been described elsewhere (Assmy et al. 2013; Boetius et al. 2013; Fernandez-Méndez et al.
submitted 2014). Aggregates were observed both under first-year as well as under multiyear sea

ice.

During the cruise we observed different conditions of the sea-ice cover. While dense first-year ice
with a thickness of 1.0 to 1.5 m dominated the first two stations located in the transpolar drift,
the area of stations ICE-3 to ICE-6 was dominated by extremely rotten sea ice with a thickness
of less than 1.0 m in an advanced melting stage. Later in the cruise, we observed freezing
conditions, with ice covers of several cm forming on the melt ponds. Stations ICE-7 and ICE-8
in the central pack ice were formed of multiyear ice with a thickness of 1.8 m. In contrast to the
previous stations along the ice edge, the ice was less deteriorated by melt and we observed the
first snowfall at the end of summer. The repeated visit to the first floe during ICE-9 was strongly
affected by the fall freeze-up with a snow cover of about 10 cm and refrozen ponds. In contrast,
the topography of the ice underside had not changed dramatically. All observations were made at
the end of the productive season, so that algal biomass was in general low as compared to the

spring season and in particular no ice algal layer could be observed at the ice bottom.

Spatial distribution

The aggregate distribution is exhibits high variation, which is also indicated by high values of
Lloyd’s index of patchiness, especially for stations with low aggregate abundance (Table 2). Maps
of aggregate distributions were constructed from the data and an example can be found in Figure
3 and all other stations in the electronic supplement (Figure S1-§7).The average aggregate

properties are given in Table 2.

According to the visual impression from upward and forward looking ROV cameras, most of the
aggregates are floating freely up against the underside of the sea ice. Due to this buoyancy, most

of them are situated in dome like structures with a depth of just a few centimeters (Figure 2d).



The buoyancy state of the aggregates could be assessed after detachment from their original
position by thruster disturbance. After disturbance they slowly rose up against the ice-water
interface again, indicating slightly positive buoyancy. The aggregates are also frequently found in

rougher parts of the ice and particularly at the edges of transitions to thicker or ridged ice.

No direct correlation of the spatial distribution of light transmittance and the aggregate
distribution was found. As already indicated by the visual observations, the only relation of
aggregate abundance was found when comparing it to maps of ice thickness and roughness
(Figure 3 and Figures S1-87). High aggregate abundances often occurred at the boundaries of

ridge keels in level ice with moderate roughness (Figure 4).

Biomass estimation

Results of the biomass estimates obtained by the different calculation approaches are shown in
Table 3. While the different methods yield a consistent picture of relative aggregate biomass at
the different stations, they exhibit large quantitative differences. Biomass estimates are spanning
up to three orders of magnitude from <0.01 to 20.45 mg C m™? even though they are derived
with only slightly varying algorithms from the same dataset. When considering only the two most

reliable algorithms average aggregate biomass accounts for 0.1 to 6 mg C m™.

Aggregate Properties

Mean properties of the detected aggregates are given in Table 2. Mean aggregate diameters
ranged from 2.1 to 4.1 cm and mean abundances range from 1 to 5 aggregates per m?> with
extreme values from 0.3 up to 16.0 aggregates per m? Mean aggregate eccentricities ranged from
0.76 to 0.88. The minima and maxima of observed eccentricities coincide with the visual
observation of sole occurrence of round and filamentous aggregates. Thus we deduced aggregate
type fractions from a linear mapping to the eccentricity value (Figure 1). While elongated
filaments dominated the stations close to the Laptev Sea and in the central pack ice, the stations
further down the transpolar drift towards Fram Strait were dominated by round aggregates.
These contributions of different aggregate types estimated from ROV image analysis match the

observations of investigated aggregate sampled during the ice stations.



The size distribution of algal aggregates obtained from the image analysis for all stations generally
follows the expected power law (Figure 5). The characteristic slope obtained from power law
fitting ranges from -1.3 to -3.1 which is smaller than for typical phytoplankton (McCave 1984). It
showed a correlation to the latitude of the ice station (R*=0.67). However, some important
deviations between the different ice stations can be recognized. A distinct and unexpected feature
is that the size distribution on ice stations 3, 5, 6 and 9 is flattening out towards larger aggregates.
This flattening of the size distribution towards larger sizes could be reproduced, by deactivating

the sinking term in the aggregate formation model from Jackson (1990).

Discussion

Patchiness and biomass estimates

The patchy spatial distribution of algal aggregates makes accurate large scale estimates of the
aggregate biomass and thus their importance in the ecosystem very challenging. As our results
show, not only the choice and range of sampling sites, but also the method of estimating biomass
from the data may heavily impact the estimates. In consequence, small scale surveys of the under-
ice ecosystem such as diver observations are heavily influenced by the choice of sampling site.
When comparing between different surveys from ROVs and diver studies, differences of several
orders of magnitude might simply arise due to differences in sampling strategy and data
processing. These differences can be even more dramatic when comparing to results obtained by
classical ice coring. Larger scale surveys will likely give a more realistic estimate (Assmy et al.
2013) including large areas empty of aggregates, which are certainly under-represented in any kind
of spot measurements. Estimates obtained on smaller spatial scales can significantly overestimate
the areal average biomass (Gutt 1995; Glud et al. 2014), because observations are conducted
where something interesting can be observed without accounting for the empty stretches in
between. Hence, those should be considered as upper limits and if at all used carefully for
upscaling calculations. As estimates of aggregate biomass are highly dependent on diameter,
approaches that resolve spatial differences in aggregate properties (“raster cells”) and account for
multiple sampling (“gridded median”) should give the most reliable results. Due to their patchy
distribution, algal aggregates will be difficult to include in ecosystem models, as low areal average

biomass cannot describe their role as hotspots of biological activity (Assmy et al. 2013).



In comparison to our results, the study of (Ambrose et al. 2005) shows a much higher percent
coverage of 40-90% of algae. This is due to the fact, that the study was conducted much earlier in
the year on the shelf and apart from aggregations also included the thin algal layer at the ice
bottom into the analysis. Percent cover is a challenging proxy of total biomass. While in our
dataset percent cover was only weakly correlated to aggregate abundance (R*=0.29), it was a
better indicator of total aggregate volume (R*=0.79-0.97 for the different algorithms). Aggregate
abundance measured off Greenland in June/July varied between <1 and 50 aggregates m™ (Gutt
1995) and compare well to our study with an average abundance of <1 up to 16 aggregates m-2
with peak detections in few images of maximal 200 aggregates per m? Recent investigations
from an ice floe in the FRAM Strait also revealed abundances of 6.3 + 3.1 aggregates m” (Glud
et al. 2014). While abundance values compare well, Glud et al. (2014) derived biomass estimates
of up to 2.94 mg Chl @ m? which equals 319-616 mg C m™ assuming carbon to chlorophyll ratios
from Assmy et al. (2013). This is significantly exceeding our estimates of <0.01 to 20.45 mg C m’
2. The large difference can very likely be explained, by the different approaches of sampling and

biomass calculation as well as the seasonal variability in carbon to chlorophyll ratios.

Spatial distribution

Our results show that the spatial distribution of under-ice algal-aggregate biomass is mostly
dependent on the topography of the ice underside and the hydrodynamic regime. Ridge edges,
dome-like structures, pockholes and small scale roughness trap the loosely floating aggregates
leading to accumulations of aggregates in such topographic features. In contrast, pressure ridges
itself, did not host aggregate accumulations due to their large drafts, but rather act as barrier
hindering further aggregate movement. The aggregate distribution is likely very dynamic and can
easily be changed by changing ice relative currents, such as strong winds or tides (Assmy et al.
2013; Glud et al. 2014). In such events, algal-aggregates can get suspended in the mixed layer and
drift along the ice until they get trapped again in the next ice feature. These main mechanisms of
physical aggregate redistribution are summarized in Figure 6. This is different from the spatial
distribution patterns of actively swimming zooplankton, which can use pressure ridges as a
shelter (Gradinger et al. 2010). Typical habitat properties determining organism distribution such
as light availability could not explain the aggregate distribution, as the individual aggregate cannot
position itself actively. Its position is determined passively by a complex hydrodynamic

interaction between buoyancy, under-ice currents and turbulence as well as the topography of the



ice underside. Nevertheless, a wide range of habitat properties like the availability of light and
nutrients as well as grazing of course influence the growth of sea-ice algae, the formation of
aggregates, and their fate related to sinking or suspension. While these factors impact the overall
aggregate biomass and might be responsible for the large biomass variation observed in this and
other studies, the spatial distribution of aggregates is determined by the topography of the ice-

underside.

Aggregate biomass as quantified by abundance or percent-cover showed some positive
correlation to geographical latitude (R*=0.6-0.7) indicating, that aggregate biomass is greater
within the Central Arctic basin than at the ice edge at the end of the summer. According to the
shape analysis (Figure 1), the fraction of filamentous aggregates of Melsira arctica seems to be
decreasing with increasing distance from the Laptev Sea. This is consistent with previous
observations. Ambrose et al. (2005) and Melnikov (1997) described Melosira arctica to occur on the
shelves of the Arctic, where its spores can get incorporated during ice formation in polynias and
transported into the central basin (Smetacek 1985). The fraction of round aggregates composed
of pennate diatoms is increasing towards the ice edge. Syvertsen (1991) described a similar
succession of pelagic and ice-algal flocs in the Barents Sea, followed by filaments of Melosira

arctica towards the central pack-ice.

Implications for the aggregation process and carbon export

The ice-algal aggregates described in this study are of extraordinary size, when compared to size-
ranges observed in flocculation studies in other seas (Riebesell et al. 1991; Alldredge and
Gotschalk 1989). When applying relationships between diameter and sinking speed from the
literature (Jackson 1990) aggregates with a diameter of 3 cm will reach the deep-sea floor
surprisingly fast within a single day once they lose buoyancy at the surface. This is consistent with
observations of fresh ice-algal aggregates in water depths around 4000m from Boetius et al.

(2013).

The ice floe of ice station ICE-1 (10 August) could be resampled almost two months later on 29
September at the end of the productive season, when light availability was strongly reduced.
Assuming that the ice floe was in both cases representative for the area and that thus
deplacement of aggregates by advection can be neglected, we can deduce some information
about the changes of the aggregate distribution during that time period. Along with the decrease

of aggregate abundance from 2.8 to 0.4 aggregates per m? and the decrease in median diameter



from 2.1 to 1.5cm we estimate, that 67-94% of the biomass present during the first sampling sank
to the deep sea until end of September. The aggregate size distributions of both samplings reveal
significant differences in the buoyancy status of the aggregate population. While the size
distribution in August resembles a more typical distribution of aggregates prone to sinking, the
size distribution end of September levels out towards larger aggregates. This indicates, that
aggregates that are still present in September are buoyant and have so far avoided sinking, while
the non-buoyant portion of the aggregate population sank down between the first and second

sampling.

Analyzing the size distributions, we found a signature of buoyant aggregates mainly in the
stations closest to the Laptev Sea shelf edge. In this area we observed extremely rotten and
melting sea-ice with favorable conditions for aggregate floatation due to sufficient light available

for oxygen production (Glud et al. 2014; Chapter I1I).

The theory of particle aggregation also yields critical POC concentrations above which
phytoplankton exhibits a high aggregation potential (Jackson 1990). Water column
concentrations of 70-100 pg L' POC from our field sites (Chapter III) thus imply, that with
typical under ice shear rates between 0.001 and 1s"' (McPhee and Morison 2001), the sticking
efficiency must be very high. Accordingly the Kolmogorov length scale of turbulence, describing
the length scale at which aggregates are prone to breakup processes, is only 0.2 to 3 cm. The
aggregates must thus be bond together strongly, avoiding aggregate breakup. This matches
previous stickiness estimates (Riebesell 1991; Hansen and Kiorboe 1997) and our observations

that the aggregates even withstand thruster wash of the ROV.

Limitations of aggregate detection

Even though the analysis of upward looking ROV images yields good results, one needs to keep
in mind some limitations of the method. First, the method is only able to detect macroscopic
aggregates bigger than a few mm floating directly underneath the sea ice. This relatively high
detection limit leads to an underestimation of the total algal biomass but is irrelevant in the light
of the huge range of biomass estimates caused by the different estimation algorithms. Second,
close lying aggregates that are detected as a single one, as well as aggregates with a strong
deviation from the spherical shape can lead to an overestimation of total aggregate volume. To
reduce this effect, we excluded clumped aggregates from the analysis. Third, aggregates are often

located in transition zones between different ice types, which at the same time are often



discarded during image processing, as the darker background of the thicker ice type gets classified
as aggregates by the threshold algorithm. Overall, our method as used in this study might be
rather underestimating ice algal aggregates. Future studies could thus benefit from a more
sophisticated image classification technique and machine learning for automation of the

detection.

We conclude that the spatial distribution of under-ice algal aggregates is mainly governed by the
topography of the ice underside. Aggregates float up against any dome shape structures and ridge
edges inhibit further movement. Thus sea ice ridges play an important role in structuring the
spatial distribution of ice algal aggregates. On the large scale, filamentous aggregates of Melosira
arctica dominate the inner part of the Central Arctic pack-ice, while closer to the ice edge under
melting sea ice, round aggregates mainly formed by sea-ice algae dominate. The size distribution
of aggregates indicate, that at least some portion of them does stay afloat and can get
incorporated into the ice during freeze-up. Even though our ROV based method has proved to
be suitable to provide the first large scale quantitative estimate of aggregate biomass, it remains
difficult to compare biomass estimates to other studies due to uncertainties in both sampling and

in particular in different ways to derive areal average estimates from the observations.
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Chapter IV

Figure 1. Map of the cruise track of the IceArc expedition and positions of ice stations where
under-ice algal aggregates were observed with the ROV. The size of the circles represents
aggregate abundance, while the fraction of the two aggregate types as determined from mean
aggregate eccentricity is depicted by the pie charts. Green color stands for the fraction of
elongated aggregates, while yellow depicts the fraction of round aggregates. Mean sea ice

concentration during the cruise period is shown in the background.
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Chapter IV

Figure 2. Example images from the upward looking ROV camera: a) round aggregates
dominated by pennate diatoms b) filamentous aggregates of Melosira arctica c) a regular cover of
small aggregates close to the detection limit of the method d) a tilted view from greater depth
shows, that aggregates are often trapped within dome-like or rough ice structures.
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Chapter IV

Figure 3. Spatial distribution of aggregates (a), ice draft (b), ice roughness (c) and light

transmittance (d) on station ICE-8. Distribution maps of the other stations can be found in the

electronic supplement (Fig. S1-S7). Positions are given

to the ship’s GPS receiver.
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Figure 4. Dependence of aggregate abundance on a) sea-ice draft and b) sea-ice roughness

a)

50 i:%?(%(

XX

<I\|'_'40 ,,,,, "x%“"'x"x' ,,,,,,,, X ]
£ o : X ”
8 30 %)@(XXXX ,,,,,,,,,, X ]
c : o X
© X

20} xac. K SECAREEEREEE
2 10f s

.

draft [m] roughness [m]

Figure 5. Aggregate size distribution on the different ice stations. Size distributions that flatten

out towards big aggregates are shown by dashed lines.
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Chapter IV

Figure 6. Summary of the four main physical processes governing the spatial distribution of
aggregates: a) Buoyant aggregates are floating up against the ice and accumulate in level ice and
dome shaped structures; b) During Ice drift, pressure ridges skim through the water and can
press the aggregates towards ridge edges; ¢) Location of the aggregates in the level ice and dome
shaped structures provides shelter from under-ice currents; b) When these get stronger,

aggregates get transported further by turbulent water motion.

a) buoyant aggregates | b) ice drift

—

C) shelter from currents | c) repositioning




Table 1. Comparison of aggregate percent coverage and abundance retrieved from

different image treatment approaches using varying subsets of the dataset

Icestation ICE-1 ICE-2 ICE-3 ICE-5 ICE-6 ICE-7 ICE-8 ICE-9

%-coverage

Boetius etal. (2013)  0.04 0.9  <0.001 0.04 003 055 013 -
Assmyetal. 2013) 001 003 - - - - - -
full dataset 0026 0062 0005 0003 0008 0163 0093 0.0035

Abundance [agg m™]

Boetius et al. (2013)
Assmy et al. (2013) 0.79 5.06 - - - - - -
full dataset 2.85 5.69 0.48 0.32 1.13 3.85 16.07  0.41

1
1



Table 2. Environmental parameters at the ice stations and average aggregate properties
Ice station Units ICE-1 ICE-2 ICE-3 ICE-5 ICE-6 ICE-7 ICE-8 ICE-9
Station number 224 237 255 323 335 349 360 384
Latitude ° 84.00 83.95 82.86 82.88 85.06 87.93 88.83 84.35
Longitude ° 30.00 76.85 109.86  130.76  122.52  60.95 58.53 17.73
Date in 2012 10 Aug  15Aug 20 Aug 5 Sep 8 Sep 19Sep  22Sep 29 Sep
Water depth m 4300 4300 4290 4020 4000 3250 4090 3700
Ice-concentration % 80 80 70 60 50 100 100 100
Abundance Aggm? 2.8 5.6 0.4 0.3 1.1 3.8 16.0 0.4
Diameter (median) cm 2.1 2.0 3.4 2.1 1.6 3.5 2.0 1.5
Diameter (mean)  cm 2.5 2.9 41 2.9 2.2 4.0 24 2.1
Circularity - 0.79 0.77 0.66 0.70 0.68 0.64 0.71 0.84
Eccentricity - 0.79 0.81 0.89 0.87 0.85 0.88 0.87 0.76
Indexof Patchiness - 11.5 9.2 67.4 17.9 74.0 3.1 33 5.2
Distance to ice

edge km 180 190 380 300 510 600 700 320
Distance to Laptev

sea km 1450 910 580 490 740 1210 1210 1560
Melt water? m 0.5 0.7 0.7 2.3 2.2 0.8 0.9 -
Deep-sea algae

cover? % 0 0.003 1.3 0.5 0.8 2.2 10.4 -
slope of size

distribution - -1.9 2.2 -1.3 -1.7 -2.3 2.2 31 -1.6
slope (@>2cm) - -3.0 -3.0 -0.6° -1.2b -2.0° 3.2 -3.9 -1.0°

aData from Boetius et al. (2013), » R2<0.8



Table 3. Biomass estimates obtained by different approaches. “Global” refers to averages
over all images with valid information, while “gridded” refers to averages determined after spatial
gridding of the results. “Mean” and “median” refer to whether mean or median diameters where
used in the calculation. “Raster cells” refers to biomass calculation within the spatial grid cells
before averaging over the survey area, while “aggregate list” refers to a calculation based on the
list of all aggregate detections. The approaches “gridded median” and “raster cells” should

provide the most reasonable estimates.

Ice station ICE-1 ICE-2 ICE-3 ICE-5 ICE-6 ICE-7 ICE-8 ICE-9 mean

Aggregate volume [ml m™]

global mean 0.4 2.1 0.02 0.03 004 104 11 0.03 1.8
global median 0.2 0.5 <0.01 0.01 001 438 0.5 0.01 0.7
gridded mean 2.5 0.0 0.7 0.3 0.4 16.8 6.5 0.3 4.2
gridded median 0.9 1.4 0.5 0.1 0.2 219 41 0.3 3.7
raster cells 5.2 16.3 4.7 1.6 3.0 38.6 6.9 1.7 9.7
aggregate list 2.2 204 0.2 0.5 0.7 525 6.9 0.4 10.5

Carbon content [mg C m?]

global mean 0.2 0.8 0.01 0.01 0.02 4.0 0.4 0.01 0.7
global median 0.1 0.2 <0.01 <0.01 <0.01 19 0.2 <0.01 0.3
gridded mean 1.0 23 0.3 0.1 0.1 6.5 25 0.1 1.6
gridded median 0.4 0.5 0.2 0.03 0.07 8.5 1.6 0.1 1.4
raster cells 2.0 6.4 1.8 0.6 1.2 15.0 2.7 0.7 3.8

aggregate list 0.8 8.0 0.1 0.2 0.3 204 2.7 0.1 4.1
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Abstract

The ice-covered Central Arctic Ocean is characterized by low primary productivity due to light
and nutrient limitations. The recent reduction in ice cover has the potential to substantially
increase phytoplankton primary production, but little is yet known about the fate of the ice-
associated primary production and of nutrient supply with increasing warming. This study
presents results from the Central Arctic Ocean collected during summer 2012, when sea-ice
reached a minimum extent since the onset of satellite observations. Net primary productivity
(NPP) was measured in the water column, sea ice and melt ponds by '*CO, uptake at different
irradiances. Photosynthesis vs. irradiance (PI) curves were established in laboratory experiments
and used to upscale measured NPP to the deep Eurasian Basin (north of 78°N) using the
irradiance-based Central Arctic Ocean Primary Productivity (CAOPP) model. In addition, new
annual production was calculated from the seasonal nutrient drawdown in the mixed layer since
last winter. Results show that ice algae can contribute up to 60% to primary production in the
Central Arctic at the end of the season. The ice-covered water column had lower NPP rates than
open water due to light limitation. According to the nutrient ratios in the euphotic zone, nitrate
limitation was detected in the Siberian Seas (Laptev Sea area), while silicate was the main limiting
nutrient at the ice margin near the Atlantic inflow. Although sea-ice cover was substantially
reduced in 2012, total annual new production in the Eurasian Basin was 17 + 7 Tg C yr'', which
is similar to estimates of previous years. However, when including the contribution by sub-ice
algal filaments, the annual production for the deep Eurasian Basin (north of 78°N) could double
previous estimates with a plus of 16 Tg C yr'. Our data suggest that sub-ice algae are an
important component of the ice-covered central Arctic productivity, and it remains an important
question if their contribution to productivity could be fully replaced by phytoplankton with

increasing sea-ice retreat.

Keywords: Primary Production, Arctic, phytoplankton, sea-ice algae, melt ponds, nutrient

limitation, photosynthesis-irradiance curves, carbon cycle.



Introduction

Estimates of annual primary production (PP) in the ice-covered Central Arctic Basins are among
the lowest of all oceans worldwide (Sakshaug et al., 2004). On an annual base, the total incoming
irradiance and the depth of the winter mixing are the two main factors that constrain Arctic
primary production (Ardyna et al., 2011; Popova et al., 2010). Available irradiance is generally
sparse due to the low angle of the sun around the North Pole, and the attenuation effect of sea-
ice (Sakshaug and Slagstad, 1991). However, during the summer months the total incoming
irradiance increases since daylight is available during 24h. Nutrient supply is low due to strong
vertical stratification and reduced wind driven mixing affected by sea ice (Carmack et al., 2000).
The Central Arctic is divided into two deep basins separated by the Lomonosov Ridge: the
Eurasian and the Amerasian Basins. These central basins cover 40% of the Arctic Ocean, but due
to their inaccessibility, data for this region is scarce (Matrai et al, 2013). The different
methodologies to estimate PP in and under the ice, as well as in ice-free regions together with the
high spatial and temporal variability result in poorly constrained PP values for the Central Arctic
Basins. These range from 1 Tg C yr', when assuming no production in ice covered areas (Hill et
al., 2013), to 119 Tg C yr' when taking into account the total amount of nutrients used for PP
from water column budgets (Codispoti et al., 2013). The annual areal NPP estimates for the
Eurasian Basin including sea ice algae range between 10-15 g C m™ yr', twice as much as in the
Amerasian Basin (Codispoti et al., 2013; Gosselin et al., 1997; Sakshaug et al., 2004; Wheeler et
al., 1996). In the Central Arctic sea-ice algae can contribute up to 57% of the NPP in summer
(Gosselin et al., 1997), but their patchy distribution, and technological challenges in sampling
them and in producing 7z situ estimates of their PP cause a high uncertainty in the overall

estimates (Assmy et al., 2013; Fernandez-Méndez et al., 2014; Glud et al., 2014).

When enough light becomes available for PP between May and September (Arndt and Nicolaus,
2014; Leu et al,, 2011), Arctic phototrophs grow in the water column (phytoplankton), in and
below sea ice (sea-ice algae), and in melt ponds (melt pond algae). Light is the main limiting
factor for the phytoplankton below thick ice at the beginning of the productive season (Sherr et
al.,, 2003). North of 78 °N latitude, the productive season is shorter (June to September) than in
southern Arctic regions since it is restricted by the amount of light penetrating through the

formerly permanent sea ice cover (Leu et al, 2011). Nutrients become limiting as the season



advances (Tremblay and Gagnon, 2009). The two Central Basins differ in the inflow of waters:
low salinity, phosphate rich and nitrate depleted Pacific waters enter the Amerasian Basin
through the Bering Strait. Warm, high salinity Atlantic waters with a higher N:P ratio enter the
Eurasian Basin through the Fram Strait (Jones et al., 1998), but remain submerged under a layer
of fresher Arctic surface water until upwelling events bring them to the surface. Since most of the
studies regarding nutrient limitation in Arctic waters come from the Amerasian Basin, nitrate is
considered the main limiting nutrient for primary production in the Central Arctic (Tremblay and
Gagnon, 2009). However, nutrient ratios in the Furasian Basin are very different to the
Amerasian pointing towards silicate limitation rather than nitrate in some regions (Wheeler et al.,
1997). In late summer, mostly regenerated production based on ammonium takes place (Martin et
al., 2012). Grazing pressure and the microbial loop also play an important role controlling
recycling of nutrients vs export (Boetius et al., 2013; Olli et al., 2007; Yager et al., 2011), but

remain understudied in the Central Arctic.

Recent evidence suggests that the rapid Arctic warming and sea-ice retreat are changing key
factors governing primary productivity, including the Central Arctic Basins. The percentage of
thick multi-year ice (MY]) is decreasing rapidly (Laxon et al., 2013; Maslanik et al., 2007; Stroeve
et al., 2012). The lowest sea-ice extent since the beginning of recorded observations was reached
in September 2012 (National Snow and Ice Data Center (NSIDC), 2012) leaving 45% of the
Eurasian Basin north of 78°N ice-free (<15% ice cover). Furthermore, an increase in melt pond
covered sea ice has been observed (Rosel and Kaleschke, 2012), enlarging the habitat of
planktonic and sea-ice algae (Kramer and Kiko, 2011; Lee et al, 2011). All these changes
combined lead to an increase in the amount of irradiance reaching the water column in the
Central Arctic (Nicolaus et al., 2012). On the other hand, nutrient availability in the euphotic
zone is probably decreasing due to the stronger stratification caused by increased freshwater
storage. An increase in nutrients from river origin has been hypothesized, but a recent study by
Le Fouest et al., (2012) indicates that the contribution of these nutrients will not be enough to
increase primary production substantially, and any effect may be constrained to the shelf seas.
Furthermore, changes in light conditions and nutrient availability might affect the timing of sea
ice and water column blooms and the composition of the autotrophic biomass, this will have
implications for timing and food quality available for grazers (Leu et al., 2010; Slagstad et al.,

2011) and for total export to the deep sea (Lalande et al., 2013).



This study examines primary productivity in the Eurasian Basin of the Central Arctic at the time
of the sea ice minimum in summer 2012, in comparison to the few previous estimates available.
It aims to quantify the relative contribution of sea ice, melt ponds and water column to total
NPP, both 7z sitn and for the entire Eurasian Basin, with a focus on the bottom up limiting
factors of NPP (light and nutrients) at different time scales. We test the hypothesis that primary

productivity could increase significantly with decreasing ice-cover in the Central Arctic.

Methods

Study site and sampling

Sea ice, melt ponds and water column were sampled during the RV Polarstern expedition ARK-
XXVII/3 to the Eurasian Basin of the Central Arctic Ocean during summer 2012 (Boetius, 2013)
(Fig. 1). The expedition started in eatly August visiting the ice margin and heading towards the
Laptev Sea. At the beginning of September the ice-free shelf edge of the Laptev Sea (77-80°N,
118-133°E) was sampled and at the end of the month the Central Arctic was reached (85-88°N.
52-123°E). The expedition covered a large portion of the Eurasian Basin and included 33 water
stations in waters near the Atlantic inflow, and 8 ice stations expanding through different nutrient
regimes, ice coverage (from ice free waters to 100% ice cover) and ice types according to age,
thickness, pond and snow cover and topography: first year ice (FYI) is rather flat with a high

coverage of melt ponds and multiyear ice (MY]) is thicker and has more snow on top (Table 1).

Sea ice concentration and melt pond coverage were assessed during the entire cruise by
observations from the bridge (Hendricks et al, 2012) (Table S1). Sea-ice thickness was
additionally measured with an air-borne electromagnetic (EM) Bird as described in Haas et al.
(2009). Sea ice was sampled using an ice corer (Kovacs Enterprise, Roseburg, USA). Ice cores
were cut into two equal sections (top and bottom) for primary productivity measurements and in
10 cm sections for biomass and nutrient measurements. Ice cores were melted in the dark at 4°C
for 24 h on a shaker (Mikkelsen et al., 2008). Filtered seawater (200 ml per cm of ice) was only

added to the ice sections used for pigment analysis (Thomas and Dieckmann, 2010).



Melt pond water samples were obtained with a hand pump (Model 6132-0010, Nalgene, Penfield,
NY, USA) and melt pond depth, temperature and salinity were measured 7z st using a hand-held
conductivity meter (3151 with TetraCon electrode cell, WTW GmbH, Weilheim in Oberbayern,
Germany). Water column profiles of temperature and salinity were obtained using the
Conductivity Temperature Depth (CTD) system with a Carousel Water Sampler (Sea-Bird
Electronics Inc., Washington, USA).Water below the ice was sampled using a peristaltic pump
(Masterflex” E/S™ portable sampler, 115 VAC, Oldham, UK), while water samples in ice free
areas were collected during the upcast of the CTD Rosette sampler. To exclude the effect of
propeller mixing in the upper 20 m of CTD profiles, additional vertical profiles of under ice
salinity, temperature and fluorescence were obtained by manually lowering a CTD probe through
holes in the ice floes sampled (‘ice-CTD’; Sea and Sun Technology CTD75M, Trappenkamp,
Germany). Fluorescence in the water column was measured with two fluorometers (Turner
Cyclops, California, USA) attached to the ship CTD and the ice-CTD, respectively. Fluorescence
values were calibrated a posteriori with chlorophyll 2 (Chl ) concentrations from water samples
using high-performance liquid chromatography (HPLC) as described in Tran et al., (2013) and
David et al., (2014). Chl z in the ice and melt ponds was measured using the same HPLC method.

For the nutrient addition experiments, 20 L of seawater were collected at station 3 at the depth of
the maximum Chl # concentration (25 m) using the ships CTD sampler, and a piece of brown ice
of 40 cm x 40 cm was cut with an ice saw at station 8 and melted in the dark in 0.2 um filtered

seawater from the same location (Rozanska et al., 2009; Thomas and Dieckmann, 2010).

In situ Net Primary Production

Net Primary Production (NPP) was measured using the "“C uptake method (Steemann Nielsen,
1952) with minor modifications. Melted sea ice, seawater, and melt pond samples were spiked
with 0.1 uCi ml" of "C labelled sodium bicarbonate (Moravek Biochemicals, Brea, USA) and
distributed in 10 clear bottles (20 ml each). Subsequently they were incubated for 12 h at -1.3°C
under different scalar irradiances (0420 pumol photons m™ s™) measured with a spherical sensor
(Sphetical Micro Quantum Sensor US-SQS/L, Heinz Walz, Effeltrich, Germany). At the end of

the incubation, samples were filtered onto 0.2 um nitrocellulose filters and the particulate



radioactive carbon uptake was determined by liquid scintillation counting using Filter count
scintillation cocktail (Perkin Elmer, Waltham, USA). The carbon uptake values in the dark were

subtracted from the carbon uptake values measured in the light incubations.

Dissolved inorganic carbon (DIC) was measured for each sample using the flow injection system
(Hall and Aller, 1992). The DIC concentration was taken into account to calculate the amount of
labeled bicarbonate incorporated into the cell. Carbon fixation rates were normalized
volumetrically and by chlorophyll # (doi:10.1594/PANGAEA.834221). Photosynthesis-irradiance
curves (PI curves) were fitted using MATLAB® according to the equation proposed by Platt et
al. (1980) including a photoinhibition parameter (3) and providing the main photosynthetic
parameters: maximum Chl @ normalized carbon fixation rate if there were no photoinhibition (P")
and the initial slope of the saturation curve («). The derived parameters: light intensity at which
photosynthesis is maximal (1)), the carbon fixation rate at that maximal irradiance (P°,) and the
adaptation parameter or photoacclimation index (I,) were calculated according to Platt et al.

(1982).

Depth-integrated 7z situ rates were calculated for each environment as a function of the available
photosynthetically active radiation (PAR). Irradiance profiles were calculated for each
environment (sea ice, melt pond, water under the ice and open water) from the daily average
incoming solar shortwave irradiance measured by a pyranometer (Kipp & Zonen, Delft,
Netherland) mounted on the ship. We used light attenuation coefficients of 10 m” for snow, 1.5
m’ for sea ice (Perovich, 1996) and 0.1 m" for Atlantic-influenced Arctic seawater, based on
literature values and observations during the cruise. Planar irradiance was transformed to scalar
irradiance according to Ehn and Mundy (2013) and Katlein et al, (2014). Water column
production was integrated over the euphotic zone (1% of incoming irradiance) and sea ice
production over the ice core thickness. Melt pond coverage and sea ice concentration were taken

into account when calculating the total primary production per area.

Central Aretic Ocean Primary Productivity model

Integrated Chl & concentrations obtained from sea-ice Chl 2 measurements and water column

ship-based and ice-CTD casts (Table 1) and average PI curves were estimated for each



environment (Fig. S1): melt ponds (MP), multi-year ice (MYT), first-year ice (FYI), water under
the ice (WUI) and open water (OW). Key parameters for photosynthetic activity were calculated
from the available PI curves, excluding those were the coefficient of determination of the fit was
smaller than 0.5 (Table 2). Open water samples correspond to the Laptev Sea shelf edge. Net
Primary Production (NPP) was calculated analogous to section 2.2 for each point in a 10 km
polar stereographic grid as a vertical integration with a resolution of 10 cm in the ice and 1 m in
the water column. Downwelling solar irradiances at the surface (PAR) were calculated from the
European Centre for Medium-Range Weather Forecast (ECMWTF) Era Interim re-analyses (Dee
et al., 2011). Downwelling transmitted irradiances underneath the sea-ice were calculated using
the parameterization of Arndt and Nicolaus (2014) and light extinction in all media was assumed
to follow an exponential decay. For water and sea ice we used the same light extinction
coefficients as presented above. NPP was calculated as a function of PAR for every depth
multiplied with the according Chl # concentration and integrated over the euphotic zone (1%
incoming PAR). For pixels with a sea ice concentration >15%, the WUI average PI curve was
used, while for pixels with < 15% sea ice concentration the OW average PI curve was used. For
melt ponds, an average depth of 0.4 m was used based on observations during the expedition
(Hendricks et al., 2012). Since satellite-based melt pond cover data were not available for summer
2012, a constant melt pond concentration was used for FYI: 26% and for MYI: 29% following
Arndt and Nicolaus (2014) and Rosel and Kaleschke (2012). These values are similar to the
average melt pond coverage observed during our cruise (30£15 %) (Hendricks et al., 2012). Total
INPP was calculated as an average of the three compartments “open water”, “water covered by
sea ice” and “water covered by sea ice with melt ponds” weighted with the respective areal
fraction. To estimate the total range of INPP we ran the CAOPP model three times using the

average, the minimum and the maximum photosynthetic parameters.

Nutrient addition experiments

Two nutrient addition experiments were performed during the cruise at ice stations 3 and 8 (Fig.
1). For the first one, seawater from the depth of the Chl 2 maximum (25m) was collected, and for
the second one, multiyear ice with a brown coloration due to the high content of sea-ice algae,

was melted in filtered seawater taken at the same spot. Both samples were pre-filtered through a



100 um mesh to remove grazers and kept at 0°C and 65 umol photons m” s™ in 25 L transparent
bottles until the start of the experiment. Chl « was monitored every day with a Turner Trilogy
Fluorometer (model 7200-000) (Turner, California, USA) to identify the end of possible lag
effect. Once Chl a reached a stable concentration (6 days for sea water and 4 days for sea ice) the
sample was mixed and distributed in 10 transparent 5L.-Nalgene bottles (2L in each). The initial
biomass concentration in the samples was estimated by measuring Chl z and particulate organic
matter. A sub-sample (0.5 L) was filtered through a pre-combusted glass fiber filter (GF/F) (0.7
um poresize, Whatman, Kent, United Kingdom) and analyzed with an elemental analyser
(EA3024-IRMS, EuroVetorSpA, Milan, Italy) to quantify particulate organic carbon (POC) and
nitrogen (PON). For Chl # quantification a sub-sample (0.5 L) was filtered through a GF/F filter
and the pigments were extracted with 90% acetone during 24 h (Parsons et al., 1984) and the

fluorescence was then measured with a Turner Fluorometer (Turner, California, USA).

Nutrient concentrations (nitrate, phosphate and silicate) were measured with a standard
photometric method using a Technicon TRAACS 800 continuous flow auto analyzer (Technicon
Corporation) according to established methods (Boetius et al., 2013). Five different treatments in
duplicate were incubated at 75 umol photons m” s”. This irradiance corresponds to 33 W m?,
which is slightly higher than the average irradiance below the ice at the end of the productive
season to avoid light limitation and prevent photoinhibition. The five treatments consisted on a
negative control with no nutrient addition (C-), a positive control with the three nutrients added
(C+) and three treatments with one nutrient added in each (N+, P+ and Si+). In each treatment,
the added nutrient concentration resembled the concentration of that nutrient in deep waters
(>100 m) at the same ice station. Biomass (Chl 2, POC and PON) and nutrients were measured
in each treatment after 2 days and compared to the initial value. In parallel a sub-set of four
samples (20 ml each) from each treatment were spiked with "“C bicarbonate to estimate NPP as
described above. Three samples were incubated under light conditions (75 umol photons m™ s™)
and one in the dark for 24 h. At the end of the experiments the qualitative algal composition
from each treatment was studied with a plankton chamber (Hydro-Bios, Altenholz, Germany)
and an inverted light microscope with phase contrast optics (Axiovert 40C, Carl Zeiss, Jena,

Germany) with integrated camera (AxioCamMRc, Carl Zeiss, Jena, Germany).



Annual New Production

All oceanographic data used in this study are available from the Earth system data base
PANGAEA (Rabe et al, 2012) (Table S1). We determined the mixed layer depth during the
previous winter from temperature in our summer CTD profiles of the upper Arctic Ocean,
following Rudels (1995) and Korhonen et al.(2013). In the temperature profiles during the Arctic
Ocean melting season, the winter mixed layer depth is indicated by a temperature minimum
above the lower halocline. Any conservative property, such as salinity, observed at the depth of
this temperature minimum, represents the conditions of the mixed layer during the previous
winter. An estimate of the change from the previous winter is given by the difference between a
conservative property in summer and its reference value at the depth of the temperature
minimum. The vertical integral of these differences represents the addition or removal of a

quantity or substance, for example nitrate, since the previous winter.

Nutrients (phosphate, silicate, and nitrate) in the water column were measured at discrete depths
(2, 10, 20, 30, 50, 75 and 100 m) as described above (Bakker, 2014) (Table S1). Subsequently we
interpolated total inorganic nitrogen (TIN = NO;+NO',), phosphate and silicate to the vertical
resolution of the continuous temperature profiles (Reiniger et al., 1968), to calculate the nutrient
inventory in the layer above the temperature minimum. We then derived the uptake since last
winter by calculating the difference between the surface and the nutrient value at the temperature
minimum depth. This approach is similar to the one used by Codispoti et al., (2013) with the
main difference that they used the available winter nutrient concentrations. The annual TIN,
phosphate and silicate uptake was then transformed to carbon units using the Redfield ratio
106C:16N:158i:1P (Brzezinski, 1985; Codispoti et al., 2013; Cota et al., 1996; Harrison et al.,
1977; Smith et al., 1997) giving annual new production estimates for sea ice and water column
during the Arctic productive season. Since the description of new production refers to
production based on nitrate, most of the annual new production estimates are based on nitrogen
draw-down. Higher than Redfield C:N ratios (7.3-8.3) seem to be common in Arctic
phytoplankton and sinking material (Frigstad et al., 2013; Tamelander et al., 2013; Tremblay et al.,
2008). Using these ratios would result in a ~10% increase in the estimates, but to be able to
compare our results with previous estimates we chose the commonly used Redfield ratio. Silicate

can also be used to estimate diatom-based new production (Yool et al., 2007). Both, higher and



lower N:Si ratios have been reported for Arctic diatoms (Simpson et al., 2013; Spilling et al.,
2010) depending on the time of the year and the amount of detritus material present. To be
consistent with the nitrogen-based estimates, we used Redfield ratios for silicate as well. To
calculate an average daily rate, we assumed a productive season of 120 days (Gradinger et al.,
1999). This method assumes that lateral input of nutrients from rivers or shelves is negligible

which should be the case in the Central Arctic (Le Fouest et al., 2012).

Results

Environmental conditions

Sea ice, melt ponds, and water column environments were sampled in the Eurasian Basin in
August and September 2012 at the end of the productive season, including completely and
partially ice covered areas above the abyssal basins as well as open waters on the Eurasian shelf.
From the eight ice stations sampled, stations 1, 2 and 3 represent the ice margin (Nansen Basin)
in early August (Fig.1A); 4, 5 and 6 represent the degraded ice cover (average 1 m thickness)
above the continental slope of the Eurasian margin (Fig.1B), and 7 and 8 represent multiyear ice
(average 1.8 m thickness) in the Central Arctic (Amundsen Basin) in late September (Fig.1C). In
September, a thin snow cover of 0.02 and 0.06 m depth was observed. Melt pond cover varied
between 10 and 50%, and from mid-September most of the melt ponds were frozen over (<0.1
m ice thickness). Salinity in the ice (0-4) and the water column (30-34) were in typical ranges for
these environments, while steep gradients were found in melt ponds (vertical gradients of 0.4 at
the surface to 32 at the bottom), depending if they were open to the seawater below. The daily
mean incoming irradiance showed a strong temporal decrease from a 24 h average of 250 pmol
photons m” s™ in early August to 13 umol photons m” s in late September. In the water column
directly below the ice, photosynthetically active radiation (PAR) decreased from 20 pmol photons

m”s” in early August to 0.2 pmol photons m” s™ in late September.



Integrated nutrient inventories were very low in all environments in accordance with the time of
the year (Table 3). Nutrient distributions in the euphotic zone of the water column were reflected
in the N:P and N:Si ratios (Fig.S3) leading to the characterization of three distinct nutrient
regimes during the cruise: (1) silicate-depleted ice margin in early August, (2) nitrate-depleted
Laptev Sea margin, and (3) all nutrients depleted high Central Arctic (north of 85 °N) in late

September (Fig. 2).

Photosynthests and irradiance

Despite the high spatial and temporal variability present in our data set, certain patterns emerged
when comparing the photosynthetic parameters of sea-ice algae, melt pond phototrophs and
water column phytoplankton (Table 2). Sea-ice algae showed the best adaptation to low light
(initial slope of the PI curve «) and maximum photosynthetic rates (P°,). Photoinhibition (8) was
lower in sea-ice algae than in melt pond phototrophs and under-ice phytoplankton, but higher
than for phytoplankton in ice-free waters (Table 2). Sea-ice algae were adapted to light intensities

between 17 and 100 umol photons m™ s, similar to the under-ice phytoplankton (14-80 umol

b

photons m” s). These irradiances were generally higher than the average irradiance available

under the ice (0.2-20 umol photons m™® s', Table 2). Phytoplankton showed higher

photoinhibition below the ice than in ice-free waters. Furthermore, under-ice phytoplankton
showed a higher range of light intensities at which photosynthesis is maximal (I) than
phytoplankton in open waters or at the Chl 2 max. Melt pond phototrophs reached the highest
carbon fixation rates (P".), but they also showed the highest photoinhibition rates at high
irradiances (Table 2), despite being adapted to higher irradiances (I,: 30-290 umol photons m?s™)
than sea-ice algae and phytoplankton. In general, the light intensity to which the surface

communities were adapted (I,) and the light intensity at which photosynthesis is maximal (I,)

were similar to what they received (I) at the time of sampling.



Net primary production in sea ice, melt ponds and water column

Phytoplankton constituted most of the integrated phototrophic biomass, expressed in Chl # units,
in all FYT stations (70-98%), while sea-ice algae accounted for 68-86% of the biomass in the two
MYT stations (Table 1). MYI contained almost one order of magnitude more Chl & than FYL
Melt pond water, excluding algal aggregates located at the bottom (Fernandez-Méndez et al.
2014), contributed the least to integrated biomass (0.1-6%). The two melt ponds with the highest

Chl 4 values (~0.3 mg m™) had the highest salinity (18 and 30 respectively).

NPP of the water column was integrated over the depth of the euphotic zone, which varied
spatially. In open waters north of Svalbard and the Laptev Sea margin, the euphotic zone depth
was 45 m. In the partially ice covered areas of the ice margin it ranged between 24 and 33 m, and
below thicker ice, north of 85°N in late September, it was between 7 and 15 m deep (Fig.S2).
Water column integrated NPP (INPP) measured from samples collected with the ship’s CTD
varied from 18 to 308 mg C m” d" (Average 95+78, n=11) in ice-free waters of the Central
Arctic in summer 2012 and from 0.1 to 232 mg C m™ d" (Average 33150, n=22) in ice-covered
waters (Fig.2). The highest INPP rates occurred at stations close to the shelves at the beginning
of August in a water mass that was not yet nutrient depleted (Fig. 2). The area adjacent to the
Laptev Sea, which showed nitrate depletion, had INPP rates ~100 mg C m™® d'. The lowest
INPP rates of <1 mg C m” d"' were measured in nutrient-depleted ice-covered waters north of

85 °N in late September where PAR below the ice was 0.2-12 umol photons m™ s™ (Fig. 2).

Total INPP rates including water below the ice, sea ice and melt ponds (0.8-60 mg C m* d”,
n=8), also showed highest values along the ice edge and lowest in the northernmost stations,
decreasing from late summer to early fall (Table S2). INPP in the water under the ice (0.1-60 mg
C m? d"), sampled with the peristaltic pump from the ice floe, contributed 63-99.5% to total
INPP at ice margin stations (Ice stations 1 to 6), while sea ice, in an advanced melting stage,
contributed 0.1-33% (0.2-13 mg C m™ d'; Table S2 and Fig. 3). Melt ponds INPP ranged
between 0.01 and 4 mg C m” d”', and their contribution to total INPP was highly variable (0.05-
34%). They contributed significantly to INPP at stations 3, 7 and 8 (24-34%). Sea-ice algae
contributed significantly (50-62%) to total INPP at stations 7 and 8, despite their low total INPP



rates (1.5 and 0.5 mg C m™ d”' respectively), because the water column production was very low

(Fig. 3).

Abrctic primary production model: CAOPP estimates

Average PI curves were calculated for each environment and were used to calculate NPP as a
function of available PAR for the Eurasian Basin of the Arctic Ocean (78-90 °N, 135° E—45 °W/)
using the CAOPP model. We will present here the results calculated with average parameters, but
the minimum and maximum values are available in Table 4. The average total INPP for the
Eurasian Basin was 54 mg C m” d"' in August and 34 mg C m” d" in September 2012. From the
results derived using the CAOPP model, we observed a decreasing temporal trend from August
to September, in parallel with a decrease in incoming irradiance (Fig.4). On average, in late
summer/early autumn, sea-ice algae contributed 6% to total INPP in the Eurasian Basin, while
melt ponds were almost negligible at a basin scale (1%, Fig.S5). Algal aggregates trapped in melt
ponds were not taken into account due to their patchiness and difficulty to upscale their
contribution to NPP (Fernandez-Méndez et al., 2014; Katlein et al., 2014a)(Chapters I1I and 1V).
Ice covered waters contributed significantly less (36%) to total NPP per month than open water

(57%) notth of 78 °N.

We detected few regional differences between different sectors in the Eurasian Basin north of 78
°N. In general, in the Laptev, Kara and Barents Sea sectors similar amounts of carbon were fixed
per month during the summer season (average of 1.5, 1.7, and 1.2 Tg C during August and
September respectively), while in the Greenland Sea sector there was a lower net carbon fixation

(0.5 Tg C in August and September), mostly related to the small open water area in this sector

(Table 4).



Nutrient addition experiments

For the first nutrient addition experiment, seawater was collected from 25 m depth at ice station
3. It had low nitrate (1.3 pmol L"), phosphate (0.1 umol L) and silicate (1.2 pumol L)
concentrations, and a Chl # concentration of 1.6 ug L. Four days after the addition of 13 umol
L' NO;, 0.8 umol L' PO,”, and 10 umol L' SiO,”, to reach concentrations below the mixed
layer, NPP increased in the silica (Si+) treatment and in the positive control with all nutrients
(C+) (Fig.5A). POC, PON and Chl « only increased significantly when all nutrients were added
(Fig.S6A). The increase in NPP corresponded to a carbon yield of 1.3 mg C L' d, matching the
POC increase of 1.6 mg C L' d" and the increase in PON (0.15 mg N L." d). The C:N ratio in
the Si+ and C+ treatments increased from 10 to 14 compared to the other treatments. Silicate
uptake increased significantly in the Si+ and C+ treatments (1.7 and 1.9 pmol L' d") compared
to the control with no nutrient addition (0.2 umol L' d”, Fig. 5B). This would correspond to a
silicate yield of 0.07 mg Si L' d”. The organism responsible for the response was the chain

forming diatom Chaetoceros socialis (Fig.STA).

The sea ice sampled at station 8 was depleted in nutrients with very low nitrate (0.2 umol L),
phosphate (0.1 umol L") and silicate (1 umol L") concentrations. In this case, the addition of
nutrients resulted in measurable nutrient uptake, but neither in an increase in biomass nor in
NPP (Fig.5C, D and S7B). Nitrate yield in the N+ treatment was 0.019 mg N L" d”, twice as
much as the PON increase (0.008 mg N L' d"), indicating nitrate storage in the cells. The
community composition of this sample was formed by typical sea-ice diatoms in a healthy state
(with visible green chloroplasts): Nitzschia sp., Pseudonitzschia sp., Fragilariopsis sp. and Entomoneis sp.
(Fig. S6B).

Annual new primary production

The depth of the temperature minimum associated with haline convection during last winter had
a mean of 55 m but ranged from 15 to 93 m depth. Stations north of 85 °N showed the deepest

convection values. According to the nutrient profiles at the end of the productive season, the



total inorganic nitrogen (NO,+NO",) consumption was 119 + 46 mmol m™. Using the Redfield
ratio (106C:16N), we estimated the carbon used up for annual new production from nitrogen
consumption to be between 0.6 and 17 g C m” yr' (Average: 9.4 + 3.6 ¢ C m” yr', Fig. S8).
Assuming a productive season of 120 days, the average NPP rate for the Eurasian Basin was 78

+ 30 mg C m* d'

b

which is in the upper range of our 7z sitn measurements in late summer
including sea-ice NPP. This value decreases if we increase the length of the productive period.
We chose a productive season length of 120 days according to (Gradinger, 2009; Subba Rao et
al., 1984). However, due to earlier sea-ice retreat it might be that the productive season in the
Central Arctic was longer in 2012. Annual new production is homogenously distributed through
the Eurasian basin. Only the most northern stations show higher annual NPP (13-17 g C m? yr''),
corresponding to a deeper winter haline convection depth (70-80 m) and therefore, a higher

integrated depth for nutrient draw-down.

New production based on phosphate drawdown using Redfield gives a similar range (1-16 g C m’
? yr'). Using silicate draw-down in the ratio typical for diatoms (106C:15Si) gives an annual
carbon uptake range of 0.01-7 g C m™ yr' , meaning that around 10-50% of the annual carbon
uptake based on nitrate was performed by this group of phytoplankton (Fig. S8). Sea-ice algae
sampled in August-September showed an C:Si ratio average of 9. This value is higher than the
Redfield C:Si ratio we used to calculate new production based on silicate (7). Using the measured
sea ice C:Si ratio, assuming that sea-ice algae are the main consumer of silicate during the growth
season, would yield annual carbon uptake values 20-30% higher. However, sea-ice algae probably
have a C:Si ratio closer to Redfield during the growing season when new production occurs.
Therefore, we assume that both phytoplankton and sea-ice diatoms consume silicate during the
growth season, when nutrients are available, at a ratio closer to Redfield. Unfortunately, no
particulate biogenic silicate measurements are available for the sub-ice algal aggregates described
in Chapters I and III. Since, they seem to play an important role in annual production, future
studies should determine their silicate to carbon uptake rates so that they can be taken into

account for new production estimates using silicate drawdown.



Discussion

Limitations and uncertainties of Arctic NPP estimates

The Central Arctic remains one of the most challenging environments to sample due to the
restricted access to ice-covered waters. The majority of Arctic NPP estimates are from seasonally
ice-free waters, mainly shelves, sampled during the spring or summer months (Matrai et al.,
2013). Ice-associated NPP has been widely neglected in previous Arctic primary productivity
estimates probably due to methodological and logistical problems (Tremblay et al., 2012). Two
orders of magnitude uncertainties in NPP estimates for the Central Arctic reflect the high spatial
and temporal variability characteristic for this environment (Ferland et al., 2011; Tremblay et al.,
2012). Thus it remains difficult to establish regionally representative baselines in Arctic NPP, to

be able to detect significant changes in productivity related to the ongoing sea-ice retreat.

This study provides summer 7z szzu NPP data from the under-sampled Eurasian Basin north of 70
°N including water column, sea-ice and melt pond estimates that can be used to validate ocean
general circulation models that try to predict changes in Arctic primary production (Popova et al.,
2012; Vancoppenolle et al., 2013). Photosynthetic parameters derived from PI curves are a
powerful tool to model primary productivity (Behrenfeld and Falkowski, 1997). Most of the
Central Arctic is covered by ice during the entire year, making it inaccessible for satellite based
primary productivity estimates. Therefore, a combination of iz situ obtained photosynthetic
parameters and a light parameterization for light transmittance of sea-ice (CAOPP model)
enabled us to estimate INPP for the entire Eurasian Basin, including ice-covered areas. Although
the CAOPP model does not include nutrient information, the PI curves were measured at the
end of the season in nutrient limited waters. Therefore, estimates of NPP using the CAOPP
model for summer do consider nutrient limitation. However, when using the model for
estimations earlier in the season, when more nutrients are available, it might underestimate
productivity. In addition, since photosynthetic parameters can be very variable (Manes and
Gradinger, 2009; Palmer et al., 2011; Sakshaug and Slagstad, 1991), our calculations are only
representative for the phytoplankton and sea-ice algae adapted to late summer light and nutrient

conditions in the Eurasian Basin. Another limitation of our upscaling using the CAOPP model is



that the light parameterization assumes a constant extinction coefficient in the water column and
is not spectrally resolved (Alver et al., 2014). This could lead to NPP overestimation in open
water coastal areas (Arrigo et al.,, 2011; Bélanger et al.,, 2012). A recent INPP estimate for the
Arctic Ocean Basin including the Amerasian Basin where they measured NPP only in ice-free
waters (0.4 Tg C month™ Hill et al,, (2013)) is at the lower end of our estimated range for the
water under the ice in the Eurasian Basin in August (0.2-6.8 Tg C month™). This indicates that by
using an appropriate parameterization of light transfer in and under sea-ice, our summer INPP
estimates for the time period when the photosynthetic parameters where obtained, give realistic
estimates. Seasonality remains a critical issue in the Central Arctic since there are still no
measurements of early spring photosynthetic parameters from communities thriving in and under
the ice. Assessing the algal biomass below the ice using Ice Tethered Profiles (ITPs) that drift
with the ice during an entire year might be a great step forward to improve our understanding of

the annual cycle of primary production in the central basins (Laney et al., 2014).

Light and nutrients as limiting factors

Seasonal light availability in the Central Arctic Ocean drives photosynthesis (Leu et al., 2011;
Wassmann and Reigstad, 2011). Our /# situ measurements and modelling results clearly show the
strong effect of sea-ice cover and season on NPP (Fig. 2 and 4). The comparison between ice-
free and ice-covered waters of the Eurasian Basin reveals the indirect effect of sea ice through
light attenuation, limiting phytoplankton productivity in ice-covered waters. This is noticeable at
the end of the productive season (mid-September), north of 87 °N, below MYI, where the

euphotic zone is reduced to the upper 7-15 m (Fig.S2).

Sea-ice algae are adapted to low light but can profit from increased light availability in thin ice in
late summer (I, range from sea-ice and melt ponds 17-290 umol photons m? s™; Table 2).
However, lack of snow covering the ice at the beginning of the growth season can also be
detrimental for the sea-ice community due to photoinhibition and ice bottom ablation (Juhl and
Krembs, 2010; Lund-Hansen et al,, 2014; Mundy et al., 2011). In our study, evidence for
photoinhibition was only recorded in August on sea-ice algae trapped at the ice surface of melt
ponds where the irradiance was maximal (up to 340 umol photons m” s, Fig. S1). However, the

highest irradiance fluxes in 2012 occurred in June (Arndt and Nicolaus, 2014) so the potential for



photoinhibition was higher in the earlier summer months, especially if no snow was covering the
ice. Phytoplankton on the contrary showed almost no photoinhibition under irradiances up to
420 umol photons m” s, allowing them to potentially benefit even more from an increase in

irradiance reaching the water column.

Besides constraining the total amount of carbon that can be converted into biomass during the
productive season (Codispoti et al., 2013), nutrients also play an important role since they
determine algal photoadaptation (Sakshaug and Slagstad, 1991). During our cruise we identified
three different nutrient regimes from integrated molar ratios over the euphotic zone at the end of
the productive season (Fig. 2). Along the ice margin in the Nansen Basin in August, silicate was
the most depleted nutrient with N:Si ratios as high as 3 (Fig.S3), which were also reported in
summer 1994 by (Gosselin et al., 1997). This may be due to nitrate input from Atlantic waters
(Rudels, 2012), but little is known about upward nutrient mixing rates. In the area adjacent to the
Laptev Sea, silicate concentrations were higher, probably due to riverine input (Le Fouest et al.,
2012), with N:Si ratios below 1 and N:P ratios (6-8) below Redfield, indicating nitrate depletion.
In late September at the northernmost stations, all depth integrated nutrient concentrations were
low. This indicates a general nutrient and light depletion typical of the end of the season (Wheeler

et al., 1997), partly due to the reduced euphotic zone (7-15 m).

When calculating the annual new production from nutrient drawdown for the Eurasian Basin in
2012, estimates derived from nitrogen and phosphate yield similar results (1-17 g C m” yr'),
which are in accordance with the latest net community production estimates for this region based
on very scarce data (14 g C m” yr', Codispoti et al., 2013). Estimates derived from silicate, using
a C:Si ratio of 7 (Brzezinski, 1985; Harrison et al., 1977), yield annual NPP rates half of the
estimates derived from nitrogen or phosphate, suggesting that diatom production makes up for
about 50% of annual new production, as biogenic silica is the main component of diatom
frustules (Martin-Jézéquel et al., 2000). Assuming that sea-ice algae would contribute the most to
silicate uptake during the growth season and that they have a higher C:Si ratio (9) as measured at
the end of the season, the contribution of diatoms to annual production would increase up to
70%. However, both sea-ice algae and planktonic diatoms typically have Redfield carbon to
nutrient ratios during the growing season when nutrients are available, and ratios above Redfield

when nutrients are scarce (Harrison et al., 1977). This means that our assumption of a Redfield



ratio for nutrient uptake to estimate new production is probably more realistic than using
measured carbon to nutrient ratios measured in the cells at the end of the productive season. The
observed N:Si ratios (Fig.S3) suggest that nitrate was limiting NPP in the Amundsen Basin (from
the Laptev Sea slope to the North Pole), but silicate was limiting NPP in the Nansen Basin (close
to the ice margin in the Kara and Barents sectors) of the Eurasian Basin, that is influenced by
Atlantic waters. Thus, diatoms are probably limited in the Eurasian Basin as soon as the first
spring bloom has consumed all the silicate in the mixed layer. Indeed, the increase in NPP and
biomass of the diatom Chaetoceros socialis in a sample from the water below the ice at the ice
margin, after silicate addition, supports this idea (Fig. 5A and B). Taking into account the export
of sub-ice algae earlier in the season 2012 (Average 9 g C m?, Boetius et al., 2013) and the
average C:Si mass ratio measured in ice algae during the cruise (1.9 w:w), an average of 160 mmol
Si m? had already been removed from surface waters before August. Since sea-ice algal
production starts earlier than phytoplankton productivity, sea-ice algae might contribute to
nutrient removal in surface waters at the beginning of the season leaving only some nutrients left
for the phytoplankton bloom. However, since most of the sea ice in the Central Arctic originates
in the shelf areas of the Eurasian Basin and is then transported by the transpolar drift (Pfirman et
al., 1997), the sub-ice algae growing attached to the bottom of the ice might have had access to
the nutrients mixed up on the shelves, upwelled at the shelf-edge or ice-edge earlier in the season
and to the surface nutrients of a wider area while they drift with the ice (Carmack et al., 20006;

Syvertsen, 1991).

Besides the bottom-up control of primary production, there are other factors limiting the amount
of biomass present in the ice or the water column, such as grazing. Arctic zooplankton and
under-ice fauna is known to feed on sea-ice algae and phytoplankton (Ji et al., 2013; Slagstad et
al., 2011), transferring the fixed carbon to higher trophic levels. In the Central Arctic grazing has
been reported to consume 15% of NPP (Olli et al 2007). At the time of sampling, the theoretical
carbon demand of the dominant zooplankton and under-ice grazers (Calanus spp. and the ice
amphipod Apherusa glacialis) was on average 19 mg C m” d” in the Eurasian Basin calculated from
all stations investigated in this study (David et al., 2014). This would cortrespond to more than 80
% of the mean daily NPP measured in ice covered areas, indicating that algal biomass could
periodically be significantly controlled by grazers in the Central Arctic Ocean, especially at the
end of the productive season. However, the POC export fluxes measured in August/September

with short-time sediment traps was 31 mg C m~d’' on average (Lalande et al., 2014), which is



higher than the average NPP measured 77 sitn (24 mg C m” d'). However, the amount of algal
carbon exported in August/September was very low. The carbon flux was mainly composed of
debris and the few algae found in the sediment traps were flagellates. According to seafloor
observations in 2012 in the same area, the largest amount of algal carbon export had occurred
already in June/July in 2012 during the main melting event, and was due to the productivity of
sub-ice algal communities (Boetius et al. 2013). These results indicate that at the time of sampling
the system was predominantly heterotrophic and that most of the productivity is consumed

before sinking in late summer.

Using the CAOPP model and according to the light fluxes calculated by Arndt & Nicolaus
(2014), we estimate that 88% of the annual PP occurs between May-July, and only 12% in August
and September, using late summer NPP rates and biomass measurements to extrapolate to the
earlier part of the season. This model estimate matches very well with our estimates based on 7
sitn NPP in August and September and the annual new production estimate based on nitrate
drawdown, where we estimate that 15% of the annual PP occurs in late summer and the rest
earlier in the season. A more elaborate model taking into consideration seasonal shifts in standing
stock and nutrient availability, such as Palmer et al., (2014) would be necessary to improve this
estimate and to accurately predict primary productivity under different scenarios, but biological

ground truth data for the entire season in the Central Arctic are still needed.

Importance of sea-ice productivity in the Central Arctic

The role of sea-ice algae varies regionally and seasonally in the Arctic Ocean (Dupont, 2012;
Legendre et al., 1992). In agreement with previous data by Gosselin et al.,, (1997) for August
1994, sea-ice algae contributed up to 60% to total NPP in those parts of the Central Arctic
covered by MYT at the end of the productive season in 2012. However, our contribution estimate
is conservative, since the sub-ice algal aggregates formed by Melosira arctica that we observed at all
stations can contribute up to 90% of total NPP at a local scale (Fernandez-Méndez et al., 2014).
Due to their patchy distribution and the difficulties in upscaling their contribution to NPP
(Katlein et al., 2014a), they were not included in the sea ice NPP estimates presented in this

study.



In areas covered by FYI, sea-ice productivity contributed only 1-30% to total INPP (Fig.S4).
MYT has different physical properties than FYI (Lange et al., 2014; Spindler, 1994) and generally
hosts higher algal biomass concentration (Werner et al., 2007). In total, MYI and FYI together
fixed 0.31 Tg C during August and September 2012, without taking the patchily distributed
under-ice and melt-pond algal aggregates into account (Fernandez-Méndez et al., 2014). This
corresponds to 6 % of the total carbon fixed in the Eurasian Basin north of 78°N in summer.
This estimate is in agreement with annual estimates from a biophysical model where sea-ice

primary production contributes 7.5% to total annual PP for the whole Arctic (Dupont, 2012).

However, our sea-ice INPP measurements (0.1-13 mg C m? d") in August and September fell in
the lower end of the range of previously reported values (0.5-310 mg C m™ d", Gosselin et al,,
1997). The higher end of the range in that study (AOS expedition, 1994) refers to sub-ice algal
communities formed by sea-ice diatoms like Melosira arctica. This sub-ice diatom was also found to
comprise much of the total algal biomass during our expedition at station 7, showing an INPP of
13-40 mg C m™ d', similar to the AOS expedition estimates (Fernandez-Méndez et al., 2014).
The rapid sea-ice melt in July/August 2012 lead to a major export of fresh algal biomass to the
seafloor of the Arctic basins (Boetius et al. 2013). An estimated PP of 9 g C m™ by filamentous
sub-ice algae sedimented during July and August would result in an additional INPP of 16 Tg C if
upscaled to the Eurasian Basin north of 78 °N (1.8 x 10" m?). From our NO,+NO', annual
draw-down, we calculated a total carbon uptake of 17 £ 7 Tg C in the Eurasian Basin north of 78
°N. Considering that sub-ice algae drift together with the sea ice and have access to constant
nutrient replenishment during their drift, the total new production could be 17 + 16= 33 £ 7 Tg
C yr' in the deep basins of the Eurasian Basin. The overall contribution of sea-ice productivity
would be 50%. When including sub-ice algal aggregations such as Melosira arctica filaments, the
average total production of 33 Tg C yr' in the Central Arctic is higher than previously estimated

(22 Tg C yr', Codispoti et al., (2013)). Therefore, studies that do not include sea-ice productivity

and sub-ice algal aggregations may substantially underestimate annual NPP in the Central Basins.

Melt ponds contributed up to 4% to total INPP, which is in the range of previously reported
estimates (<1 to 10%, Arrigo, 2014; Lee et al., 2012). Some melt ponds also contain significant

accumulations of algal biomass (Fernandez-Méndez et al. 2014), and hence might also become



more important for total Arctic primary production as their coverage continues to increase (Lee
et al., 2011; Rosel and Kaleschke, 2012). Some of the sea-ice algae trapped in melt ponds can
rapidly adapt to the changing conditions as we observed in their high Chl « normalized maximum
photosynthetic rates compared to all other environments. Sea-ice algae are low light adapted
(Table 2; Cota, 1985) and show lower photoinhibition in late summer (Michel et al., 1988;
Mundy et al., 2011). However, in June-July when they receive 90% of the annual light flux (Arndt
and Nicolaus, 2014) they are probably able to adapt to higher light conditions and have their peak
in production. This would have already been exported to the deep sea when we did our sampling

in August-September.

An important question concerns the ability of sea-ice algae to deal with nutrient limitations.
Inside the sea-ice and in melt ponds, nutrient concentrations integrated over the ice thickness,
were significantly lower than in the water column. N:P molar ratios in sea-ice were in general
below Redfield (16:1) indicating prior production by ice algae limited by nitrate (Maestrini et al.,
1986; Smith et al., 1997). Very high N:Si ratios (> 3) at some stations point towards silicate
limitation as well. Sea-ice diatoms can store nutrients in their cytoplasma (Kamp et al., 2011;
Needoba and Harrison, 2004). Our nutrient addition experiment (Fig. 5D) suggests that sea-ice
algal communities can take up nutrients without increasing their biomass. This may be another
useful physiological advantage for sea-ice algae in the oligotrophic conditions of the Central

Arctic.

Effects of sea-ice reduction on primary production in the Central Arctic

An increase in open water NPP due to sea-ice retreat has already been observed by satellite in the
Eurasian Arctic (Arrigo and van Dijken, 2011; Vetrov and Romankevich, 2014), especially in the
Kara and Barents Seas (Pabi et al., 2008). However, changes in productivity in sea-ice and in the
water under the ice cannot be detected by satellites. In September 2012, during our cruise, sea-ice
extent reached its minimum ever recorded (Parkinson and Comiso, 2013) and a model study
predicted enhanced productivity in the East Siberian and Laptev Seas due to the great summer
cyclone (Zhang et al., 2013). By comparing our results with previous estimates from the Eurasian

Basin and recent syntheses of all PP data available (Codispoti et al., 2013; Hill et al., 2013; Matrai



et al., 2013), we have tried to assess the impact of sea-ice retreat on NPP. The sea-ice retreat in
2012 in the Eurasian Basin increased the open water area in August-September by 45%
compared to earlier years. The NPP rates measured in the open waters of the Laptev region (84
+ 38 mg C m” d") are higher than NPP measurements from the same area in August 1995 when
most of the Laptev Sea area was ice covered (21 £ 8 mg C m” d', Grossmann and Gleitz,
unpublished measurements from Polarstern expedition ARK XI/1). The average from satellite
data from 2003 to 2012 for open waters of this region is also slightly lower than our
measurements during the sea-ice record minimum (71 mg C m” d"' (Vetrov and Romankevich,

2014).

As retreating sea-ice leaves behind more open water areas in summer, different Arctic regions are
expected to react differently to the increase in irradiance received (Arrigo et al.,, 2008). To test
this, we removed the ice cover in our forcing input data from our CAOPP model and compared
the results from August and September with our 2012 results. Total INPP for the two summer
months would increase by 230% in the Greenland sector, 78% in the Barents, 74% in the Laptev
and 40% in the Kara sector. However, the loss of ice-attached biomass as sea-ice disappears
might counteract the increase in water column primary production. The regional variability of
changes is due to different sea-ice coverage of the different areas. However, sea-ice retreat will
not only affect light transmission, but also water column stratification that might hinder nutrient
upwelling (Carmack et al., 2006; Codispoti et al., 2013). Depending on the future role of winds
and sea ice drift vs stratification by freshening and warming, nutrient availability in the euphotic
zone could change. Most likely, sea-ice algal productivity might increase (Tedesco et al., 2012)
and shift to earlier periods of the year, and their rapid export from the melting of their habitat in
July and August will decrease nutrient availability (Boetius et al., 2013; Lalande et al., 2009). The
phytoplankton community will probably shift from diatoms towards small picoplankton,
especially in the silicate limited area of the Eurasian Basin (Ardyna et al., 2011; Li et al., 2009),

with potentially detrimental consequences for the Arctic food web.



Conclusions

The Central Arctic basins have been generally regarded as low productivity areas. Due to their
inaccessibility they have remained largely under-sampled leading to a lack of baseline data to
assess current changes. This study provides measurements of primary productivity during the
record sea-ice minimum in the Eurasian Basin in 2012, and new estimates for all environments
where phototrophs thrive: sea-ice, melt ponds and water column. Sea-ice algae can contribute up
to 60% to the total INPP in the Central Arctic at the end of the productive season. Comparing
our results from 2012 with previous estimates of NPP in the Central Arctic, we conclude that an
overall change in NPP magnitude would be foremost related to a change in the role of the ice
algal production and export of sub-ice algal aggregates. Melt ponds can contribute up to 34%
locally, but at a larger scale their contribution to INPP is <4 %, excluding local aggregations of
sea-ice algae. Ice-covered waters sustain lower NPP than open waters in the late summer season,
but over the annual productive period, the role of sub-ice algae may be increasing with the overall
thinning of sea-ice. Light is still an important limiting factor for NPP in the Central Arctic.
Therefore, an increase in irradiance transmitted through the ice will probably lead to an increase
in water column NPP in the Central Basins and a shift towards earlier sea-ice based NPP. These
shifts in the timing and location of ice algal blooms are likely to impact life cycle strategies and
community composition of zooplankton and under-ice fauna, with unknown consequences for
the under ice food-web and export fluxes. However, nutrients will still constrain the annual
budget of new production both for sea-ice algae and phytoplankton. In the Eurasian Basin,
nitrate limits NPP in the Amundsen Basin and silicate limits diatom-based NPP at the ice margin
near the Atlantic water inflow (Nansen Basin). Better understanding of the overall development
of Arctic productivity will need year-round long-term observations of nutrient supplies and light

availability, as well as of mixing processes and grazer populations.
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Table 1. Physical parameters and autotrophic biomass of the eight ice stations sampled during the expedition ARKXXVII/3 to the Eurasian basin

of the Central Arctic during August-September 2012.

Station Number 1 2 3 4 5 6 7 8

Station ID PS80/3_224 PS80/3_237 PS80/3_255 PS80/3_277 PS80/3_323 PS80/3_335 PS80/3_349 PS80/3_360
Date (dd/mm/yyyy) 09/08/2012 14/08/2012 20/08/2012 25/08/2012 04/09/2012 07/09/2012 18/09/2012 22/09/2012
Latitude 84° 3.03'N 83°59.19'N 82°40.24'N 82°52.95'N 81°55.53' N 85° 6.11'N 87°56.01' N 88° 49.66' N
Longitude 31° 6.83'E 78° 6.20'E 109° 35.37'E 130° 7.77'E 131° 7.72'E 122°14.72' E 61°13.04'E 58°51.81'E
Incoming PAR (umol photons m2 s1) 249 £ 90 174 £ 90 104 + 71 101 + 57 81 %63 49143 25+ 15 13+7

Ice cover 80% 80% 70% 80% 60% 50% 100% 100%

Ice thickness (m) 12 1.2 0.9 0.9 0.8 14 1.9 1.8

Ice type (FYI/MYI) FYI FYI FYI FYI FYI FYI MYI MYI

Melt Pond coverage (70) 40% 20% 40% 50% 10% 30% 20% 20%

Melt Pond depth (m) 0.6 0.2 0.3 0.4 0.3 0.2 0.3 0.3

Melt Pond Salinity 18 1 0.5 2 14 0.4 30 12

Euphotic zone depth (m) 24 29 30 29 33 29 15 7

Euphotic zone Chl z (mg m-2) 32 17 8 8 1 17 3 12

Sea ice Chl 2 (mg m2) 1.2 1.7 0.6 0.4 0.3 0.4 8 8

Melt ponds Chl 2 (mg m2) 0.3 0.02 0.1 0.02 0.1 0.02 0.3 0.04

Ice was classified in two types: first year (FYI) and multiyear (MYT) according to its structure and physical properties.
The euphotic zone depth is a weighted average of the euphotic zone depth below bare ice, ponded ice and open water at each station.

Chlorophyll a (Chl 4) was integrated for the melt pond depth, the sea ice thickness and the euphotic zone depth. A C:Chl # conversion factor of ~600could be
applied to obtain carbon units.



Table 2. Photosynthetic parameters and incoming irradiance of the different environments in the Central Arctic.

Photosynthetic parameters

pp PPy « B Im I I
Environment (n PI curves) (mg C (mg Chl o) h't) (mg C (mg Chl @) (umol photons m?2 s 1)1 h?)  (umol photons m?s1)  (umol photons m2s7)
Median (Min-Max)
Melt Pond (n=8) 34 (1.4-6670) 1.4 (0.4-8) 0.02 (0.002-0.15) 0.04 (0.001-50) 210 (135-785) 73 (30-290) 87 (12-340)
Sea Ice (n=20) 0.1 (0.04-380) 0.1 (0.04-0.7) 0.003 (0.001-0.01) 0 (0-2.3) 170 (96-876) 52 (17-98) 25 (1-220)
Water under the ice (n=8) 0.6 (0.2-1160) 0.4 (0.2-1.4)  0.015 (0.003-0.02) 0 (0-7.3) 200 (102-787) 35 (14-80) 2 (0.2-20)
Open water (n=7) 0.5 (0.4-0.9)  0.5(0.3-0.9) 0.03 (0.02-0.05) 0 (0-0.001) 85 (59-734)  15(9-26) 16 (1.3-240)

P, is the maximum Chl # normalized carbon fixation rate if there was no photoinhibition; « is the initial slope of the saturation curve; 3 is the
photoinhibition parameter; P _ is the carbon fixation rate at maximal irradiance; I, is the light intensity at which photosynthesis is maximal; I, is the
adaptation parameter or photoacclimation index. I is the average daily irradiance received in each environment from the surface to the bottom of
the pond, the ice or the euphotic zone in the water column.

" Open waters correspond to the Laptev Sea region.



Table 3. Nutrient inventories and molar ratios in each environment during summer 2012.

Nutrients
Nitrate Phosphate Silicate N:P N:Si
(mmol m-?) mol:mol

Melt Pond 0.06-0.81 0-0.15 0.1-0.54 1-114 0.2-8
Sea Ice 0.16-1.67 0.01-1.3 0.01-1.66 0.6-16 0.6-16
Water under the
ice 4-155 1.5-14 12-144 1.4-11 0.1-2.8
Open water 37-157 9.6-19 43-219 3.7-10 0.2-2

Nutrient concentrations in mol L are available in PANGAEA (doi in Table S1). Nutrient concentrations were integrated for melt pond depth, sea-

ice thickness and water column euphotic zone (1% incoming PAR).



Table 4. Integrated Net Primary Production in the Central Arctic at different times and spatial scales. The number of daily measurements is given

in Table 2. The values per sector include water, sea-ice and melt-pond productivity. Algal aggregates are not included.

Integrated Net Primary Production (INPP)

Daily Monthly Annual
In situ August September 2012

Mean = STDEV Mean (Min-Max) Mean = STDEV
INPP in the Eurasian Basin mg C m?2d! mg C m?2d! g Cm?2yr!
Total 24+ 19 54 (21-180) 34 (21-65) 94+£3.6
Sea Ice 22%41 5.8 (0.06-42) 2.6 (0.02-20)
Melt Ponds 09*13 0.5 0.2-1.7) 0.7 (0.06-3)
Water under the ice 20 £ 20 31 (4.5-110) 12 (3-50)
Open water 84+ 38 97 (62-115) 56 (43-50)

Mean*Area Sum Sum
INPP in the Central Arctic (78° N) Tg Cd! Tg C month! Tg Cyrt
Total 0.09 £ 0.07 5.7 (1.7-24) 3.4 (1.78-8.45) 36
INPP in the Eurasian Basin Tg Cd! Tg C month! Tg Cyr!
Total 0.04 £ 0.03 3.1 (1.2-10) 1.9 (1.1-3.6) 17.4%6.7
Sea Ice 0.004 = 0.007 0.2 (0.002-1.7) 0.08 (0.0008-0.6)
FYI 0.004 = 0.009 0.05 (0.002-0.4) 0.008 (0.0004-0.06)
MYI 0.002 £ 0.001 0.2 (0.0003-1.2) 0.07 (0.0002-0.5)
Melt Ponds 0.002 £ 0.002 0.02 (0.007-0.07) 0.02 (0.002-0.09)
Water under the ice 0.04 + 0.04 1.3 (0.2-6.8) 0.4 0.1-1.6)
Open water 0.16 £ 0.071 1.5 (1-1.8) 1.4 (1-1.3)
INPP per sector Tg Cd! Tg C month! Tg Cyr!
Laptev (78-90N, 90-135 E) 0.015 £ 0.011 0.9 (0.3-3.5) 0.6 (0.4-1.2) 47+1.7
Kara (78-90 N, 45-90 E) 0.006 £ 0.007 1.1 (0.6-2.4) 0.7 (0.5-0.8) 5.5£2.0
Barents (78-90N, 0-45 E) 0.019 0.77 (0.3-2.4) 0.5 (0.3-0.8) 47%+1.9
Greenland (78-90 N, 45W-0E) n.d. 0.34 (0.02-2.1) 0.1 (0.01-0.8) n.d.



Chapter V

Figure 1. Cruise track and stations sampled in the Eurasian Basin during summer 2012. The
different panels show the sea ice concentration at the time of sampling the first ice station in
early August (A), the fifth station at the beginning of September (B), and the last ice station in

early autumn (C). The sea ice extent minimum record was reached in early September 2012 and

refreezing started two weeks later.
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Chapter V

Figure 2. Integrated Net Primary Productivity (INPP) in the water column of the Central Arctic
Eurasian Basin in August-September 2012. The three boxes indicate different nutrient regimes
characterized by the concentrations of nitrate (N), phosphate (P), and silicate (Si) in the water
column. The superscripts on each nutrient indicate if there was high (+), medium (~) or low (-)
amounts of that nutrient in the euphotic zone. High is defined as concentrations of nitrate >3
umol L' nitrate, phosphate >0.3 pmol L, and silicate >3 uM. Low or depleted is defined as

concentrations of nitrate < 1 umol L', phosphate < 0.2 umol L', and silicate < 1.5 umol L.".
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Figure 3. Depth Integrated Net Primary Productivity (INPP) and the contribution of sea ice,
melt ponds and water at eight ice stations in the Eurasian Basin during summer 2012. The size of
the pie chart represents the magnitude being the smallest (Ice8) 0.8 mg C m” d"' and the biggest

(Ice5) 60 mg C m>d™".
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Figure 4. Total mean NPP and in each environment: melt ponds, sea ice and water in the
Central Arctic during August and September 2012 as modeled with the CAOPP model.
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Chapter V

Figure 5. Nutrient addition experiments on sea water from Ice station 3 (A and B) and sea ice
from Ice station 8 (C and D). Panels A and C show the NPP rate of each treatment after 24 h of
nutrient addition. Panels B and D show the nutrient uptake in each treatment after nutrient

addition. C negative control, N" nitrate, P" phosphate, Si" silicate, C" all nutrients added.
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Chapter V

Figure S1. Average photosynthesis versus irradiance curves (PI curve) for each environment.
The average fitted curve and the photosynthetic parameters derived from the PI curve equation,
were used to calculate the zz situ primary production in each environment during August and
September for the Eurasian Basin. The dots represent the experimental measurements, the black
solid line is the fitted curve, the dashed lines are the minimum and the maximum, and the grey

shaded area is the standard deviation. Average PI parameters are represented on the top left

corner.
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Chapter V

Figure S2. Euphotic zone depth (1% PAR) weighted average (A), and winter mixed layer depth
(B) estimated from summer temperature profiles. Average and standard deviations: Euphotic

zone depth 34 £ 6 m; Winter mixed layer depth 54 £ 15 m.
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Figure S3. N:Si and N:P molar ratios in the euphotic zone of the water column during summer
2012. The green range represents ratios according to Redfield, red marks an excess of N, blue-

purple represents depletion.
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Chapter V

Figure S4. Fraction contribution of NPP in each environment (melt ponds, sea ice and water
column) to total NPP in the Central Arctic during August and September 2012 according to
CAOPP model. The assumptions for key factors governing NPP are explained in the materials

and method section.
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Chapter V

Figure S5. Mean of NPP with ice concentrations as in summer 2012 (A) and for an ice-free
Arctic (B) calculated with CAOPP model assuming that only sea-ice cover changed. All other

parameters remain as in 2012 as described in the materials and methods.
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Figure S6. Biomass changes in nutrient addition experiments. (A) Nutrient addition experiment
with seawater from the Chl # max depth at station 3. (B) Nutrient addition experiment with sea

ice from station 8. Duplicates of each treatment were incubated for 2 days after nutrient addition.
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Figure S7. Microscopy images of the community composition of the two nutrient experiments:

(A) sea water phytoplankton and (B) sea-ice algae.
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Figure S8. New production in the Eurasian Basin during 2012. Carbon uptake since last winter
estimated from nitrogen (A), phosphate (B) and silicate (C) drawdown in the mixed layer.

Redfield ratio C:N:Si:P of 106:16:15:1 was used to convert nutrient uptake into annual new

production.
A. Nitrate-based B. Phosphate-based C. Silicate-based
C:N 6.6:1 C:P 106:1 C:Si 7:1
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Table S1. Datasets related to this publication stored in the Farth system science database

PANGAEA.

Dataset PANGAEA doi Reference

Sea-ice conditions doi:10.1594/PANGAEA.803221  (Hendricks et al., 2012)

Physical oceanography doi:10.1594/PANGAEA.802904  (Rabe et al., 2012)

Physical oceanography doi:10.1594/PANGAEA.819452  (Rabe et al., 2012)

Net primary productivity ~ doi:10.1594/PANGAEA.834221  (Fernandez-Méndez et al., 2014)
Nutrients water column doi:10.1594/PANGAEA.834081  (Bakker, 2014)

Nutrients sea ice doi:10.1594/PANGAEA.834084  (Bakker., 2014)




Table S2. In situ rates of depth integrated net primary productivity in melt ponds, sea ice and
water column at eight ice stations sampled during summer 2012. Sea-ice and melt pond
productivity were integrated through their thickness and depth respectively, and water column
was integrated for the euphotic zone (1% PAR). Ice thickness, melt pond depth and euphotic
zone depth are described for each station in Table 1. Only PI curves with an R*>0.5 were used

for the NPP calculations. The average error of the carbon uptake measurements was 15%.

Integrated Net Primary Productivity i situ

mg C m?2 d"! (% Contribution to total)

Station Number 1 2 3 4 5 6 7 8
Melt Pond 24 0.01 (0) 4 (24) 0.2 (2) 0.2 (0) 0.02(0) 134 0.2 (26)
Sea Ice 13 (33) 1(3) 0.8 (5 0.4 (7 0.1 (0) 0.2 (1) 1.5 (50) 0.5 (62)

Water under theice 25 (63) 31 (97)  11(71) 6(O1) 60 (100) 28(99) 05 (16) 0.1 (12)

Total 40 32 16 7 60 29 3 0.8
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Abstract

Recent studies indicate the presence of nitrogen fixing microorganisms, diazotrophs, in Arctic
coastal waters, and speculate about their potentially terrestrial origin with air or river outflow.
Here we investigated the presence of diazotrophs in the Central Arctic basins during the rapid ice
melt in summer 2012. We could identify diverse potential diazotrophic communities north of
78°N by amplifying the 7zl gene that encodes the iron protein of the nitrogenase enzyme. We
amplified 528 #ifH sequences that resolved into 106 clusters (97% amino acid sequence identity)
from 28 samples from different Arctic environments: melt ponds, sea ice and water column.
Most of the sequences recovered belonged to Cluster I, including putative .A/pha- Beta-, Gamma-
and Deltaproteobacteria, and to Cluster 111, including anaerobic microorganisms. One cyanobacterial
phylotype related to Nodularia sp. was retrieved from Arctic sea-ice and 105 non-cyanobacterial
phylotypes were retrieved from different Arctic marine environments. This implies that
heterotrophic diazotrophs were more diverse than autotrophic diazotrophs during our sampling
in the Central Arctic. Few phylotypes found in the ice could originate from the river-influenced
Laptev Sea where the ice floes were formed. However, in general both #/fH and 16StRNA tag
sequencing analysis revealed that surface waters close to the Laptev Sea had a distinct community
compared to the ice-related environments. These results reveal a potential for marine microbial
N, fixation north of 78°N and is the first record of diazotrophs in the Central Arctic. Further
studies should determine if the proteins encoded by these genes are metabolically active to assess

the importance of nitrogen fixation in the nitrate limited Arctic Ocean.



Introduction

The biological fixation of N, by diazotrophs is an important source of nitrogen to nutrient-
limited pelagic ecosystems (LaRoche and Breitbarth, 2005), influencing primary productivity and
carbon export to the seafloor (Codispoti et al., 2001, Arrigo, 2005). Diazotrophic cyanobacteria
contribute the most to nitrogen fixation rates in surface waters of tropical, subtropical and some
temperate oceans (Langlois et al, 2008; Moisander et al., 2010; Turk-Kubo et al.,, 2012).
Heterotrophic diazotrophs have also been characterized from numerous pelagic marine
environments (Falcon et al.,, 2004; Farnelid et al.,, 2011; Moisander et al., 2014; Riemann et al.,
2010), although the importance of non-cyanobacterial diazotrophs in oceanic nitrogen fixation

remains poorly understood (Turk-Kubo et al., 2014).

According to current estimates, denitrification in seafloor sediments and water column is greater
than nitrogen fixation rates in the world’s oceans, indicating an imbalance in the marine nitrogen
cycle (Codispoti, 2007; Gruber and Galloway, 2008), although this remains controversial
(Deutsch et al., 2007; Ward et al., 2007). Several factors are thought to constrain oceanic nitrogen
fixation: low temperatures, high dissolved oxygen, high N:P ratios, and iron or phosphate
limitation (Mills and Arrigo, 2010; Monteiro et al.,, 2011; Paerl and Zehr, 2000; Riemann et al.,
2010). These limitations are mainly due to the oxygen sensitivity of the iron-rich enzyme
responsible for nitrogen fixation (nitrogenase) and the competitive exclusion of diazotrophs if

nitrate is in excess, and phosphate and iron are not available (Ward et al., 2013; Zehr et al., 2003).

Nitrogen cycling is understudied in the polar oceans (Luo et al., 2012). In the highly stratified
Arctic Ocean, primary production is generally limited by nitrate most of which is delivered via
inflow of Pacific and Atlantic waters (Codispoti et al., 2013). The Arctic Ocean is surrounded by
broad shelves that contribute to denitrification (Devol et al., 1997; Rysgaard et al., 2004), but little
is known about the role of nitrogen fixation. Riverine input of nitrogen especially from the Lena
river that discharges into the Laptev Sea may be another important source of nitrate, as well as
atmospheric deposition with snow (Beine et al., 2003), recycling of organic matter, and nitrogen
fixation in the ice. Current nutrient budgets suggest an imbalance of the Arctic nitrogen supply,
demand and export, and a potential role for nitrogen fixation in closing the budget (Torres-

Valdés et al., 2013).

Diazotrophy has been hypothesized to be favored by the low N:P molar ratio (<9) in the western
Arctic (Tremblay et al., 2008). The high iron concentrations in Arctic waters (Klunder et al., 2012)

would also favor nitrogen fixation. However, cyanobacteria, which are the most common



diazotrophs in the ocean, are present in very low abundances in polar marine waters (Lovejoy and
Potvin, 2010; Vincent, 2000). This, together with the low temperatures and the high dissolved
oxygen in Arctic waters, supports the long-held assumption that nitrogen fixation is unlikely in
the Arctic Ocean. Nevertheless, nitrogen fixation rates and potential diazotrophs have been
recently identified close to the Mackenzie River in the Canadian Arctic shelves (Blais et al., 2012),
and high cyanobacterial #7fH gene diversity has been described in sea ice and waters of the Fram
Strait (Diez et al., 2012). Despite recent efforts, data on nitrogen fixation from the Arctic is scarce,
especially from the Central Basins, and to date there is no record of diazotroph presence north of
76 °N. Sea-ice retreat in northerly latitudes has caused an increase in light transmitted through the
ice, and potentially elevated primary productivity (Arrigo et al.,, 2008; Nicolaus et al.,, 2012),
enhancing the overall nitrogen demand. Nitrogen fixation in the Central Arctic Ocean could

potentially influence new production, alleviating the current nitrate limitation.

The nzfH gene, coding for the iron protein subunit of the highly conserved nitrogenase enzyme, is
commonly used to assess diazotroph diversity (Zehr and Mcreynolds, 1989; Zehr and Turner,
2001), especially to tackle low abundant diazotrophs that are usually missed by 16S rRNA
pyrosequencing (Diez et al., 2012; Taton et al., 2003). The database for 7l genes has become
one of the largest non-ribosomal gene datasets on uncultivated microorganisms (Luo et al., 2012;
Zehr et al, 2003). Since nitrogen fixing capacity can rarely be inferred from 16S rRNA
phylogenetic affiliation, and diazotrophs are usually outnumbered by other prokaryotes, 7 gene
studies are the best way to assess diazotroph diversity in the environment (Zehr and Turner, 2001;
Zehr et al.,, 2003). NifH gene sequences and their cluster affiliation correspond approximately
with 16S rRNA phylogeny for some subclusters of Cluster I and II, but not of Clusters III and
IV (Zehr et al., 2003). In addition, many uncultivated diazotrophs have been identified by using
the #ifH gene but their 16S rRNA is unknown.

Hence, we assessed the distribution of the #fH gene in melt pond, sea-ice and seawater samples,
to characterize the diazotroph diversity in different Arctic environments and to evaluate the N,-
fixing potential of their microbial communities. Specifically we wanted to test the hypothesis that
potential diazotrophs in the Central Arctic may occur in nitrate limited waters of the Eurasian
Basin, and that potential diazotrophs in the pack-ice originate from coastal areas where the ice is

formed.



Materials and Methods
Sampling

A total of 52 samples were taken for molecular analysis onboard the German icebreaker R/V
POLARSTERN during the ARKXXVII/3 cruise to the Central Arctic (77-88° N and 30-133° E)
from 7 August to 30 September 2012 (Fig.1). Sea ice, melt ponds and seawater were sampled at 9
ice stations and 13 water stations covering a wide range of ice conditions and nutrient regimes.
Sea-ice samples (n=21) were taken using an ice corer (Kovacs Entreprise, Roseburg, USA) and
were melted in the dark at 4°C in clean plastic containers that had been rinsed with ultrapure
water and ethanol. Melt pond water (n=8) and algal aggregates (n=>5) found in melt ponds were
collected using a hand pump (Model 6132-0010, Nalgene, Penfield, NY, USA). Water under the
ice (n=>5) was collected using a peristaltic pump (Masterflex” E/S™ portable sampler, 115 VAC,
Oldham, UK). Surface water at all other stations (n=13) was sampled with a rosette sampler
equipped with Niskin bottles and a Conductivity Temperature Depth (CTD) profiler (Sea-Bird
Electronics Inc., Washington, USA). Surface waters sampled with the Niskin bottles were
separated into two categories: surface waters below the ice and open waters from the Laptev Sea
region. In addition, ultrapure water was sampled to check for possible contaminations from the
onboard water purification system (Milli-Q Gradient A10, Millipore) when using this water to

rinse the sampling equipment.

Environmental parameters

Temperature and salinity were determined in sea ice and melt ponds with a hand-held
conductivity meter (3151 with TetraCon electrode cell, WTW GmbH, Weilheim in Oberbayern,
Germany), and in the water column with the CTD profiler. Inorganic nutrient concentrations
(nitrate, phosphate and silicate) in the different environments were measured with a standard
photometric method using a Technicon TRAACS 800 continuous flow auto analyzer (Technicon

Corporation) as described in Chapter V.

Ice thickness and melt pond coverage are stored in the public database PANGAEA (Hendricks
et al., 2012). To determine the origin of the ice floes that we sampled in late summer, an ice
tracking algorithm was used (Pfirman et al., 1997). The algorithms backtracks ice particles based
on different remote sensing ice drift products obtained from passive microwave satellites. The
tracking procedure is stopped, once the particles reach land or surrounding ice concentration

drops below 15 % (open water).



Molecular analysis

On board the ship, 0.3 to 2 L of melted sea ice, melt pond water, melt pond aggregate slurries,
water under the ice or surface seawater samples were filtered through Sterivex filters (0.2 um pore
size) (Durapore, Milipore, Darmstadt, Germany) using a multichannel peristaltic pump (Model

PD 51; Heidolph, Schwabach, Germany). Filters were stored at -80°C until further processing.

Total community DNA was extracted using the DNeasy Plant Mini Kit (QIAGEN, Valencia, CA,
USA) and partially automated using a QIAcube following the manufacturer’s instructions
(Bombar et al., 2013). To amplify the #/fH gene, a nested polymerase chain reaction (PCR) with
two sets of degenerate primers was used (Zehr and Turner, 2001). PCR amplifications were
performed in a MyCycler Thermal Cycler (BioRad, Berkeley, CA, USA). The first PCR
amplification of nzfH was performed for each sample with 2 pl of DNA template in 24 ul of PCR
reaction containing 4 mM MgCl,, 0.4 mM dNTPs, 1X GoTaq Buffer, 1.25 U (0.2 pl) Platinum
TagDNA Polymerase (Invitrogen) and 0.5 pM of the forward »zfH3 (5-ATR TTR TTN GCN
GCR TA-3) and reverse nfHH4 primers (5-TTY TAY GGN AAR GGN GG-3’) (Zehr and
Turner, 2001). The amplification protocol consisted of 25 cycles of 3 min at 95°C, 30 seconds of
denaturalization at 95°C, 30 seconds of annealing at 55°C and 45 seconds of elongation at 72°C.
The second amplification step was as described above except that we used 1ul of the PCR
product from the first amplification step as the template and the forward #fH1 (5-TGY GAY
CCN AAR GCN GA-3’) and reverse 7ifH primers (5-ADN GCC ATC ATY TCN CC-3) (Zehr
and Turner, 2001). In addition, the annealing temperature was increased to 57°C. In both steps

negative controls without addition of DNA template were performed.

PCR products from the second amplification were gel purified with a QIAquick Gel Extraction
Kit (Qiagen) and cloned with the TOPO® TA Cloning® Kit for Sequencing with One Shot®
TOP10 Chemically Competent E. c/i (Invitrogen) following the manufacturer’s guidelines.
Depending on the number of positive clones retrieved, 12 to 48 clones were selected for each
sample, the plasmids were extracted wusing the Millipore Montage Plasmid
Miniprep,KitsMiniprep kit (Millipore, Darmstadt, Germany) and the inserts were sequenced
using the Sanger sequencing method at the University of California, Berkeley. The 528 sequences

retrieved from 28 different samples will be submitted to GenBank prior to publication.

Nucleic acid sequences were trimmed and quality checked using Sequencher® sequence analysis
software (Gene Codes Corporation, Ann Arbor, MI, USA). Subsequently, they were imported

into the software program ARB (Ludwig et al., 2004), translated to amino acid sequences and



imported into the #ffH database of the Zehr Lab (Heller et al., 2014; updated in July 2012).
Amino acid sequences were aligned using a Hidden Markov Model from PFAM (Finn et al.,
2010). Subsequently, the nucleotide sequences were re-aligned to the amino acid sequences in
ARB. A total of 106 clusters with 297% amino acid sequence identity were identified using the
web server CD-HIT suite (Huang et al., 2010). A neighbor-joining tree of partial #/fH sequences
was constructed in ARB including our confirmed #zfH Arctic sequences, the closest relatives 7
sequences coming from complete genomes included in the Zehr database (Heller et al., 2014) and
representative sequences of two previous Arctic studies (Blais et al., 2012; Diez et al., 2012). Our
confirmed #ifH sequences included 1 PCR blank and 28 ultrapure water sequences that clustered
together with 16 of our environmental sequences. This cluster (>94% amino acid sequence
identity) was considered as contaminants. Branch lengths were computed using the Kimura
correction in the ARB software. Bootstrapping was also performed in ARB (1000 replicates).
Clusters were collapsed manually in ARB checking that they had an amino acid sequence identity
292%, and named according to the cluster classification of the closest genome relative following

the four cluster taxonomy of Zehr et al. (2003).

A combination of molecular fingerprinting using Automated Ribosomal Intergenic Spacer
Analysis (ARISA) (Fisher and Triplett, 1999) and 454 massively parallel tag sequencing (454
MPTS) of the V4-V6 region of the 16S rRNA gene were performed for a detailed description of
the total bacterial communities in which diazotrophs had been identified. Amplicon
pyrosequencing was performed by the company MR DNA in Texas, Arizona, USA using the
method described in Dowd and Sun (2008). The primers used were 16S rRNA universal
eubacterial primers 530F and 1100R. A single-step PCR was performed using the HotStarTaq
Plus Master Mix Kit (Qiagen, Valencia, CA). A total of 30 cycles were done under the following
conditions: 94°C for 3 minutes, 94°C for 30 seconds; 53°C for 40 seconds and 72°C for 1 minute;
after which a final elongation step at 72°C for 5 minutes was performed. Subsequently, all
amplicon products from different samples were mixed in equal concentrations and purified using
Agencourt Ampure beads (Agencourt Bioscience Corporation, MA, USA). Samples were
sequenced utilizing Roche 454 FLX titanium instruments and reagents and following
manufacturer’s guidelines. Nucleotide sequences were denoised using mothur (Schloss et al., 2009)

and classified using SILV Angs pipeline (Quast et al., 2013) as described in (Rapp, 2014).
Statistics

Differences in diazotroph community structure were visualized by non-metric multidimensional
scaling (NMDS) based on Jaccard dissimilarity measure using statistics package “vegan” in R

version 3.1.1 (Oksanen et al., 2013). Differences in total bacterial community structure were also



visualized by NMDS, but based on Bray Curtis dissimilarity measure. With NMDS, we mapped
the dissimilarities non-linearly onto a two-dimensional ordination space. Similarity of samples
based on the presence or absence of the different 7l clusters or 16S rRNA operational
taxonomic units (OTUs) is approximated by their distance to each other in the plot. Stress values
reflect the degree of correspondence between points in the NMDS plot and in the original
dissimilarity matrix. Analysis of similarity (ANOSIM) and a post hoc test were also performed in

R to test for significant differences between « priori defined groups based on Jaccard dissimilarity.

Results and Discussion

Presence of nifH genes in the Central Arctic

During our study in summer 2012, #zfH genes could be amplified from 28 of the 52 samples
collected in all Arctic environments: sea ice, melt ponds and water column (Fig.1). A total of 528
sequences were retrieved, 40% of them from the upper part of the sea ice (Table 1). The
degenerated primers used, #fH1 and nifH4, cover >94% of available 7 sequences allowing us
to cover the entire currently known diazotroph diversity (Gaby and Buckley, 2012). The nested
PCR approach, with a high number of amplification cycles applied (n=>50), is a high sensitivity
method. After the nested PCR approach, 5.6 x 10" copies of each nifH gene template are
obtained, corresponding to 2 x 10°ng of DNA. Consequently, enough amplicon product can be
obtained from a single template gene copy for cloning. However, the potentially extremely low
abundance of some diazotrophs (<1 cell L"), might have avoided their amplification in some
samples. Furthermore, in several water samples collected below the ice (stations 255, 263,277 and

323) unspecific amplification occurred and only a few 7fH gene amplicons were obtained.

Low temperatures have been suggested as a potential limiting factor for nitrogen fixation (Karl et
al., 2002). During our cruise in August-September 2012, seawater temperatures ranged between -
1.7°C below the ice and up to 4°C close to the Laptev Sea shelf (Fig.2). Nitrogen fixation genes
from putative heterotrophs were amplified from samples along the entire temperature range
sampled, indicating @ priori no temperature limitation for the presence of heterotrophic

diazotrophs. However, potential nitrogen fixing cyanobacteria were only amplified in one sample



(Ice top of station 224, -0.2°C), supporting previous hypotheses that this group of nitrogen fixers
might be temperature limited in the Arctic (Murphy and Haugen, 1985). However, cyanobacteria
are known to grow in glaciers (Telling et al, 2011; Yallop et al, 2012), and other cold
environments such as Antarctic lakes (Olson et al., 1998), hence it remains an interesting question

if they have also realized a niche in the nitrogen limited Arctic waters.

Marine nitrogen fixation rates are in general correlated with sea surface temperatures (Karl et al,,
2002). With current trends of warming in Arctic waters (Polyakov et al.,, 2010) this potential
temperature limitation might decrease. Nevertheless, the most important oceanic nitrogen fixing
cyanobacteria species such as Trichodesminm sp. and Nodularia spumigena are known to thrive in a
temperature range of 20-34°C (Breitbarth et al., 2006; Lehtimaki et al.,, 1997), that will not be
reached in the Central Arctic Ocean. The predicted increase in surface water temperatures in the
Arctic by the end of the century is between 1 and 6°C depending on the carbon dioxide emission
scenario (IPCC, 2013). The average fixation rates measured in the Canadian Arctic are at the
lower end of temperate and tropical oceans rates (average 0.14 nmol N L' d”, Blais et al., 2012).
However, the method used based on acetylene reduction might underestimate the real nitrogen
fixation rates (Mohr et al., 2010). According to Blais et al., (2012), the effect of temperature on
nitrogen fixation rates was only significant for estuarine samples and not for marine samples,
suggesting that an increase in Arctic water temperature will have a small effect on potential

nitrogen fixation rates.

Nitrogen fixation is favored in waters with low N:P ratios (Tyrrell, 1999). Diazotrophs are most
competitive in nitrogen limited marine regions where iron and phosphate are not limiting (Ward
et al., 2013). Iron is present in relatively high concentrations in the Eurasian Basin of the Arctic
Ocean due to riverine input (Klunder et al., 2012), although it can also have a co-limiting role in
some Arctic regions like the Beaufort Sea (Taylor et al., 2013). During summer in the Central
Arctic, two nutrient regimes could be identified in the euphotic zone of the water column
according to the nitrate and phosphate concentrations (Fig.3A). Although all N:P molar ratios
were below Redfield (>16:1) indicating general nitrate limitation, the Atlantic water influenced ice
margin in the Nansen Basin and the Laptev Sea have higher N:P ratios around 10, while the more
Central Arctic waters in the Amundsen Basin have N:P ratios below 5. In the sea ice, nutrient
concentration were in general lower than in the water column and the N:P ratios more variable.
N:P ratios at ice stations 335 and 349 were close to Redfield, while the rest ranged between 5 and
11 (Fig.3B). Presence of #ifIH genes in the different environments was not related to the N:P ratio
in sea ice and seawater at the time of sampling. This result suggests that diazotrophs in the Arctic

could be present independently of the nutrient regime.



Nitrogen fixation is an energetically expensive process and the set of genes encoding the enzymes
needed for it are only retained on evolutionary time scales if they are functional (Dos Santos et al.,
2012). However, the presence and diversity of diazotrophs does not imply high nitrogen fixation
rates (Moisander et al., 2007). Assuming that the upper limit of N, fixation estimated by Blais et
al., (2012) in the Canadian Arctic (up to 0.14 nmol N L' d transformed to carbon using a C:N
ratio of 7.3: 0.6 mg C m” d") would also take place in the Central Arctic, the nitrogen fixed by
the diazotrophs could sustain ~7% of the new primary production (9.4 + 3.6 g C m? yr',
Chapter V).

Composition of diazotrophic taxa and microbial communities

Diazotrophs have long been assumed to be absent from Arctic marine habitats, despite their
presence in Arctic terrestrial and freshwater environments (Yergeau et al., 2010). To the best of
our knowledge there are only three studies in which potential diazotrophs have been identified in
the Arctic Ocean: one in the Fram Strait (Diez et al., 2012) and two in the Canadian shelf close to
the Mackenzie river and Baffin bay (Blais et al., 2012; Farnelid et al., 2011). These studies include
water, snow and sea-ice samples. Our study adds melt ponds and algal aggregates to the range of
investigated habitats, and provides the first description of potential diazotrophs in the Central
Arctic, north of 78 °N. The nzfH sequences detected in this study are distributed across all four
main zifH clusters I-IV defined by Zehr et al, (2003) (Fig.4). Cluster I contained mainly
Proteobacteria, Cyanobacteria, Firmicutes and uncultivated microorganisms. Cluster II contained
Proteobacteria, Firmicutes, and members of the Archaea. Cluster III contained putative anaerobes
including sulfate reducing genera of the Deltaproteobacteria, and genera such as Clostridium. Cluster
IV contained non-functional nitrogenases. Comparing these results with a global surface waters
nifH study, showed that all prominent members of other oceans are also present in the Arctic,
although in this study only Cluster III and IV were amplified in Baffin Bay (Farnelid et al., 2011).
However, nifH sequences from the other two marine Arctic studies were mainly distributed

between Cluster I and III (Blais et al., 2012; Diez et al., 2012).

Cyanobacteria are rare in polar marine waters as indicated by microscopy and 16SrRNA analysis
(Lovejoy et al., 2011; Vincent, 2000). In this study, we could amplify only 5 cyanobacterial nzfH

sequences; limited to the upper part of the sea ice (top 50 cm of a snow-free core) of station 224



(Cluster 1B in Fig.5). These sequences were all closely related (292% amino acid sequence
identity) to Nodularia, a cyanobacterial genus that contributes to nitrogen fixation in the Baltic Sea
(Bostrom et al., 2007). In previous Arctic #7fH diversity studies, sequences from the same order,
Nostocales, were found in the Beaufort Sea (Blais et al, 2012). Also other cyanobacterial
phylotypes, such as Cyanothece and Trichodesminm, were retrieved in Fram Strait (Diez et al., 2012),
but not at the sites investigated here in the Central Arctic, neither by 7zfH clone libraries (Fig.5),

nor by 16SrRNA tag sequencing (Fig.S1).

The vast majority of sequences, which were retrieved in the different environments of the Central
Arctic belonged to heterotrophic diazotrophs, dominated by Cluster I (Fig.4). In this cluster, 53%
of the sequences belonged to the subcluster 1G that contains genera such as Azozobacter, Brenneria,
Teredinibacter and Psendomonas. Subcluster 1K comprised 29% of the sequences, containing both
Alpha- and Betaproteobacteria such as Bradyrbizobium and Agospirillum sp. Most of these genera
include nitrogen fixing species typical for soils. Cluster III sequences accounted for up to 20% of
the sequences retrieved by clone libraries (Fig.4). Cluster III sequences were thought to be rare in
brackish or marine surface waters (Moisander et al., 2007), but they are often recovered from
ocean waters (Langlois et al., 2008; Turk-Kubo et al., 2014) and they seem to be abundant in the
Canadian Arctic shelf (Farnelid et al., 2011). Only 12 sequences corresponding to non-functional
nitrogenases (Cluster IV) were retrieved from sea-ice and melt pond samples, but they were not
closely related to any cultivated organism. Heterotrophic marine bacteria are known to thrive at
low water temperatures (Riemann et al., 2010) and reported to be relevant for nitrogen fixation in
other oligotrophic oceans (Bombar et al., 2013; Moisander et al., 2014) and in the Baltic Sea
(Farnelid et al., 2013). In the 16S rRNA sequence tag data base obtained from the same study
sites, only Gamma and Alphaproteobacteria were prominently represented of all #fH gene clusters
detected. Our data suggest that nitrogen fixation in the Central Arctic could be dominated by
heterotrophic diazotrophs, although further quantitative studies together with rate measurements

are needed to confirm this.

Diazotroph and microbial community diversity patterns in different environments of the Central Arctic

Comparing the distribution of the il subclusters across the studied Arctic environments,
differences could be observed between the Laptev Sea open waters and the sea-ice related
environments. NMDS of 7l subclusters showed a clustering of the Laptev Sea samples

together, separated from all the sea-ice related environments, including melt ponds, ice top, ice



bottom, water under the ice and algal aggregates (Fig.6). ANOSIM confirmed significant
differences between the sea ice environment and the Laptev Sea diazotrophic communities
(ANOSIM R=0.46; Post-hoc test p=0.003), indicating that the majority of sea-ice related
diazotrophs were probably not originated from the Lena Delta river that influences the Laptev
Sea. In comparison, NMDS of the 16S rRNA showed that Laptev Sea and other surface waters

had similar bacterial communities and they both differ from the sea-ice related environments
(Fig.7).

Sea ice and Laptev Sea open waters showed the highest diversity of 7/l genes. These two
environments had four subclusters in common (1A, 1K, 1P and 2C) (Table S1). Most of the
recovered #zfH sequences in the ice top belonged to subclusters 1G and 1K containing Gamma-
and Alphaproteobacteria respectively, while at the ice bottom diversity was higher because of the
presence of sequences of subcluster 1A (Deltaproteobacteria) and Cluster 111 (Fig.4). Melt ponds,
formed on top of the ice, only shared 1G subcluster sequences with the ice top, and additionally
contained sequences from Cluster III and IV (Fig.4). These subclusters are also typically found in
fresh water lakes (Zehr et al.,, 2003), in accordance with the low salinity of the melt ponds
sampled (salinity 2-12). Algal aggregates composed by sea-ice algal species contained mainly
sequences from subcluster 1G and from Cluster 111, similarly to melt ponds. However, at a higher
phylogenetic resolution, Cluster III sequences differed between both habitats (Fig.5). It is
difficult to infer phylogeny from Cluster III sequences, yet, according to their similarity to zzfH
genes sequenced from cultured microorganisms in the phylogenetic tree, some of our sequences
are closely related to Deltaproteobacteria. For example four sequences retrieved from the floating
algal aggregate (AGG) were related to the genus Desulfobacter that is common in marine sediments,
brackish waters and anoxic zones (Herbert, 1999). Algal aggregates can have an anoxic interior
and therefore have the potential to host anaerobic processes such as denitrification (Fernandez-

Méndez et al., 2014; Lehto et al., 2014) (Chapter I1I).

Overall, the similarity of the microbial community structure according to the 16S rRNA tag
sequencing of ice vs water samples was low, with a significant difference between the water and
the ice samples (ANOSIM post hoc test R=0.29, p=0.008) (Fig.7). More than half of the #fH
sequences retrieved from the water collected below the ice clustered together with ice bottom
sequences, an anticipated result because these two environments are in constant connection.
However, the rest of the sequences found in the water belonged to subclusters not represented in
ice or melt ponds: 1F (Epsilonproteobacteria), 10 (Gammaproteobacteria) and 2B (Archaea). The 1F
subcluster also appeared in the open water samples from the Laptev Sea region (latitudes 77-

79N°) but in lower relative sequence abundance. This subcluster contains diazotrophs from the



genus Arcobacter that occur in roots of salt marsh plants but also sulfidic environments like cold
seeps and hydrothermal vents (Mehta et al., 2003). This genus was also detected with the tag

sequencing of the 16S rRNA, but only in the floating algal aggregates.

The major subclusters present in our Laptev Sea open water samples were 1A and 2A. Subcluster
1A contains non-sulfate reducing Deltaproteobacteria such as Geobacter sp. and subcluster 2A
contains fermenting bacteria from the genus Pelosinus and Paludibacter. Deltaproteobacteria from
Cluster III formed around 20% of the sequences from open waters (Fig.4). In Cluster I1I only a
few sequences retrieved from surface waters of stations 263 and 308 clustered close to previous
Arctic sequences (Fig.5) (Blais et al, 2012). Apba- and Gammaproteobacteria dominate
heterotrophic diazotrophic assemblages in the Atlantic and Pacific Oceans (Falcon et al., 2004)

and were present in lower abundances in the Canadian Arctic shelves (Blais et al., 2012).

Origin and potential role of Arctic diazotrophs

Our initial hypothesis was that potential diazotrophs in the Central Arctic’s pack ice, would come
from the coastal areas influenced by rivers such as the Lena River. The Lena River is a source of
organic matter and iron that could provide favorable conditions for nitrogen fixation in the
Laptev Sea (Lara et al., 1998). Our results, however, show a distinct diazotroph community in the
Laptev Sea region, close to the Lena Delta, when compared to the sea-ice communities (Fig.6 and

7).

The ice floes sampled at the end of the productive season originated in polynyas (area of open
water surrounded by ice) or from land fast ice in the Laptev and Kara seas (Fig.S2). This,
together with winds that might transport dust and microorganisms offshore (Harding et al., 2011)
might explain the high relative abundance of njfH sequences related to Bradyrhizobium sp.
(Alphaproteobacteria 1K subcluster), a symbiotic soil bacterium present in the nodules of
leguminose plants (Hennecke, 1990). In addition, some sea-ice sequences clustered with the
endospore forming Paenibacillus (subcluster 1E) that has also been found in high Arctic soils
(Jordan et al., 1978). However, some of these freshwater or soil diazotrophic bacteria might not

thrive in the marine environment due to its high salinity (Fernandes et al., 1993).



In general, neither the 16StRNA gene-based, nor the nfHH gene-based microbial community
composition of Laptev Sea water was similar to sea-ice or water under the ice, giving little
evidence for riverine origin of the diazotrophs present in the Central Arctic. Sequences retrieved
from the brown ice (with a high a concentration of phaeopigments from diatoms) collected at
station 335 are an exception, since they clustered with sequences from the Laptev Sea waters and
other riverine influenced environments from the Kugmallit Bay and the Mackenzie River in the
Canadian Basin (subcluster 1A in Fig.7). Hence, a coastal (land or riverine) origin of the potential
diazotrophs in the Central Arctic is possible, but our data indicates that it is not likely the main
process for diazotroph dispersal in the FEurasian Basin. In the extensive Arctic shelves,
denitrification is high (1 mmol N m? d", Devol et al 1997) and the overall mismatch in the
nitrogen budget may call for a more significant contribution of nitrogen fixation (Torres-Valdés

et al,, 2013).

Conclusions

The potential for nitrogen fixation was found in all Central Arctic environments, including sea ice,
melt ponds and water column. Nitrogen fixation genes were retrieved from environments with a
wide range of physical and chemical conditions. Potential diazotrophs were found in sea ice with
high N:P molar ratio (>16) and in waters with low temperatures (-1.7°C). Most of the sequences
retrieved belonged to heterotrophic diazotrophs from Clusters I and III. Only one cyanobacterial
phylotype was found in sea ice close to the Fram Strait. Sea ice appeared to host a great diversity
of diazotrophs, but only a few phylotypes were related with Laptev Sea phylotypes, which is the

area where the ice floes were formed.

This study reveals potential for nitrogen fixation in the Central Arctic, far away from the coastal
shelves, where diazotrophs had been identified before. The real contribution of these potential
diazotrophs to nitrogen fixation still needs to be assessed before any further conclusions can be
drawn regarding their role in the ecosystem. If their activity can be confirmed in future studies,
Arctic diazotrophs might alleviate nitrate limitation, fostering the expected increase in water

column primary production due to ice retreat.
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Table 1. Number of samples screened for zifH gene amplification and confirmed nzfH gene

sequences retrieved.

Total Samples Sequences
Environment

Samples with nifH  retrieved
Melt Ponds 8 3 26
Ice Top 8 8 211
Ice Bottom 13 4 91
Water under the ice 12 7 112
Open water ¢ 5 42

Algal aggregates 5 1 43
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Figure 1. Stations sampled for #/fH analysis in the Eurasian Basin of the Central Arctic during

summer 2012. Average sea-ice concentration data source: www.meereisportal.de.
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Figure 2. Surface water temperature during ARKXXVII/3 cruise in August-September 2012,
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Chapter VI

Figure 3. Nitrogen to phosphorous molar ratios in the water column and sea ice.

Values were calculated for the integrated euphotic zone (1% incoming irradiance) in the water
column and for the average sea-ice thickness at each ice station. Bathymetry of the Arctic from

Ocean Data View.
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Chapter VI

Figure 4. Relative sequence abundance of different subclusters of #jfH genes. The number of
sequences retrieved from each environment, are shown in brackets. Open waters correspond to

the region close to the Laptev Sea.
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Figure 5. Neighbor-joining phylogenetic tree of #7fH partial amino acid sequences.

Clones recovered in this study are in bold, #/fH sequences from genome analysis are in italics and
clones recovered in other Arctic marine studies are in grey (Blais et al. 2012 and Diez et al. 2012).
The numbers in the clusters indicate the number of sequence in that cluster. Relationships were
calculated with 1000 bootstraps and values >50% are shown. The origin of our sequences is
indicated in the name. The station number is followed by the environment from which it
originates: Ice Top (IT), Ice Bottom (IB), Brown Ice (BI), Melt Pond (MP), Algal aggregate
(AGG), Water under the ice (WUI) and Surface water (SW). The number of the subcluster is

indicated after the name.
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Chapter VI

Figure 6. Two dimensional NMDS ordination plot of #fH subclusters in each sample (Jaccard

dissimilarity index).

Laptev Sea (LS) samples are in dark blue, Ice Top (IT) in brown, Ice bottom (IB) in yellow,
Surface waters (SW) in blue, Melt Ponds (MP) in light blue, and Aggregates (AGG) in green.
Points within each group are connected to their group centroid with a spider diagram. The light
pink ellipses show 95% dispersion of each group. The stress of the plot is 0.08. An ANOSIM
post hoc test showed that the Laptev Sea samples are significantly different from the sea-ice

environment samples (R=0.46, p=0.003).
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Chapter VI

Figure 7. Two dimensional NMDS ordination plot of 16§ rRNA OTUs in each sample (Bray

Curtis dissimilarity index).

Laptev Sea (LS) samples are in dark blue, Ice Top (IT) in brown, Ice bottom (IB) in yellow,
Surface waters (SW) in blue, Melt Ponds (MP) in light blue, and Aggregates (AGG) in green.
Points within each group are connected to their group centroid with a spider diagram. The light
pink ellipses show 95% dispersion of each group. The stress of the plot is 0.13. An ANOSIM
post hoc test showed that the Surface water (R=0.29, p=0.008), Ice Top (R=0.22, p=0.01) and
Aggregate (R=0.8, p=0.02) samples are significantly different from the rest.
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Chapter VI

Table S1. Main subclusters and number of sequences retrieved in each Arctic environment.
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Chapter VI

Figure S1. Comparison between nzfH and 16SrRNA relative sequence abundance of samples
with potential diazotrophs at stations 224 and 349.
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Chapter VI

Figure S2. Ice flow tracking of ice floes sampled in summer 2012.

Grey lines represent the track of the ice floes sampled in summer 2012 from their formation

close to the coast to the moment of sampling.
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3. Discussion

The Central Arctic basins cover half of the Arctic Ocean, yet, due to their difficult access
little is known about the ecological processes occurring in and below the mostly perennial
(MYTI) sea-ice cover. When I started this thesis there were only two studies that included
measurements of primary productivity in water and sea ice of the Central Arctic basins
(Gosselin et al., 1997; Olli et al., 2007). Many questions were unanswered, such as, how much
productivity does the Central Arctic host, and how does sea ice affect the limiting factors of
photosynthetic carbon fixation. Moreover, the Arctic’s ice cover has been receding rapidly
due to global warming in the last decades (Polyakov et al., 2012; Stroeve et al., 2012),
emphasizing the urgency to understand the processes regulating the amount of energy
entering the ecosystem, as well as to define the boundary conditions in which change will
most likely occur. This is crucial to predict how further sea-ice retreat will affect primary

productivity in the Central Arctic Ocean.

In the following sections, first, the contribution of this thesis to improve our understanding
of the Central Arctic ecosystem at different scales will be discussed from a broader
perspective. Secondly, the role of sea-ice algal aggregates on carbon and nutrient fluxes, the
impacts of sea-ice retreat on primary production, and the role of diazotrophs in constraining
new production in the Central Arctic Ocean will be discussed. Finally, two potential future
scenarios for Central Arctic primary production based on the acquired knowledge will be

proposed.

3.1. Improvements in our understanding of the Central Arctic ecosystem.

The variety of methods used during this thesis allowed us to characterize and quantify
primary productivity in the Central Arctic, as well as enabling us to determine the factors
limiting primary production at different temporal and spatial scales. Yet, the main limitations
to assessing the impact of sea-ice retreat on Central Arctic primary production were the lack
of a comprehensive baseline, and high spatial variability. However, this thesis contributes
both to creating a baseline for future studies and to increasing the number of observations of

the highly variable and under-sampled Central Arctic.



We have shown that the ice-covered Central Arctic hosted substantial new annual production
in 2012 (9 + 3 g C m” yr', Chapter V). This value is low compared to some of the Arctic
shelves and adjacent seas (100-160 g C m” yr' in the Barents and Chukchi Sea, Sakshaug et
al., 2004), but is one order of magnitude higher than previous estimates for the Central Arctic
Basins (~1 g C m” yr', Sakshaug et al., 2004). Although sea-ice cover was substantially
reduced in 2012, we could not detect significant changes in annual new production compared
to other new production estimates calculated with the few pre-bloom nutrient profiles
available from all years for the Central Basins (Codispoti et al., 2013). To assess the impact of
sea-ice retreat on annual primary production in the Central Arctic, long term measurements

are required.

In agreement with one previous study from the Central Arctic in summer 1994 (Gosselin et
al., 1997), we have confirmed that sea-ice algae strongly contribute (up to 60%) to total net
primary productivity (NPP), in particular at the end of the productive season, north of 80 °N
(Chapter V). Furthermore, our results showed that sub-ice algal aggregates, which were not
considered before in estimates of primary productivity, can contribute between 20 and 90%
to total primary productivity at a local scale (Chapter III). Constraining this range and scaling
up their contribution to the entire basin still remains a challenge due to their patchiness.
Nevertheless, our results suggested that these sub-ice algal aggregates were relevant for
carbon export to the benthos eatly in the season (July), and relevant as a food source for

under-ice fauna at the end of the productive season (August-September) in 2012.

Previous to this study, the Amerasian and Eurasian Basins were both considered similarly
oligotrophic areas of the Central Arctic. However, according to our nutrient measurements in
the Eurasian Basin in August 2012, the areas influenced by Atlantic water inflow still
contained nitrate in the mixed layer (2-4 umol L"). Indeed, recent nutrient synthesis studies
suggest that the Amerasian Basin has lower nutrient concentrations than the Furasian Basin;
the first being more nutrient limited and the latter more light limited (Codispoti et al., 2013;
Popova et al., 2010). However, these synthesis studies point out that their conclusions are
based on very scarce data from the Central Basins. Our N:Si ratios in the euphotic zone in
2012, revealed two different nutrient regimes in the Eurasian Basin in late summer: a nitrate
limited region close to the Laptev Sea region in the Amundsen Basin and a silicate limited
region close to the ice margin in the Nansen Basin (Chapter V). This dataset refines and
increases our knowledge of the Eurasian Basin. However, further oceanographic data is

needed to understand inter-annual variability and seasonal nutrient supply mechanisms. In



particular, the role of advection needs to be quantified since in the strongly stratified Central
Arctic Ocean lateral transport is more likely to provide nutrients than vertical mixing (Popova

et al,, 2013).

From a modeling perspective, strong efforts have been made in the last 5 years to determine
the temporal and spatial scales on which nutrients and light modulate primary productivity to
predict future changes in productivity due to sea-ice retreat (Popova et al., 2012). However,
there is still a lack of ground truth data from the Central Arctic to validate remote sensing
data and model simulation results. To calculate NPP from available light, the photosynthetic
parameters derived from PI curves measured 77 sitn are needed (Behrenfeld and Falkowski,
1997). This thesis provides the first comprehensive set of photosynthetic parameters for sea
ice, melt ponds and water column of the Central Arctic (Chapter V). However, due to the
high spatial and temporal variability of the dataset, the ranges for each environment are not as
well constrained as in other studies in which samples were taken within a smaller area in a
shorter period of time (e.g. Palmer et al., 2014). Moreover, measurements presented in this
thesis, as well as in other studies, are only representative of algae in late summer (Huot et al.,
2013; Mundy et al, 2011). Therefore, further seasonal studies are needed to improve

predictions of annual primary production.

State of the art physical ice-ocean models capture seasonal and interannual variations of
Arctic sea-ice area and water circulation correctly (Jin et al., 2012). The light parameterization
developed during this thesis in collaboration with the sea-ice physics group has improved our
ability to quantify the amount of light that is transmitted through the ice and fuels under-ice
productivity (Arndt and Nicolaus, 2014; Katlein et al., 2014; Nicolaus et al., 2012). This light
parameterization can be applied to existing Arctic primary productivity models that include
sea-ice cover. However, despite improvements in sea-ice dynamics and light parameterization,
even state of the art predictive models disagree on the direction of change for primary
production in an ice-free Arctic (Vancoppenolle et al., 2013). The main reason for this
uncertainty is the lack of nutrient data from the Central Basins especially for pre-bloom
situations (Codispoti et al., 2013). Therefore, in order to improve the capability of models to
predict primary productivity in the Arctic Ocean, a better nutrient climatology needs to be
developed. Moreover, biological parameters such as zooplankton annual life cycles and

carbon demand need to be further investigated in the central basins to improve our primary



production predictions. Despite all the remaining unanswered questions, this thesis provides

insight into key processes that were previously uncharacterized in the Central Arctic.

3.2. The role of sea-ice algal aggregates on carbon and nutrient fluxes

Sea-ice algal aggregates have been observed trapped in melt ponds, floating or hanging below
the sea-ice and in the deep sea (Gutt, 1995; Melnikov, 1977; Syvertsen, 1991). However, their
role in the Arctic ecosystem has never been studied in depth mainly due to their patchiness
and difficulties in sampling them. There are two main types of sub-ice algal aggregates:
spherical aggregates formed by pennate diatoms and filamentous aggregates formed by
Melosira arctica (Chapter 11I). In this thesis, the characterization and quantification of the role
of Arctic sub-ice algal aggregates in carbon and nutrient cycling was carried out for the first

time.

Our observations of freshly-sedimented algal aggregates on the deep seafloor of the Eurasian
Basin during the sea-ice minimum record in summer 2012 showed that sea-ice algal aggregate
sedimentation is relevant (85%) for carbon export in years of extensive ice melt (Chapter I).
Increases in the carbon export flux to the seafloor due to sea-ice retreat had been previously
observed in the Lapteve Sea in summer 2007 when sea-ice extent reached its first minimum
record (6.5 g C m™ yr', Lalande et al., 2009). However, this carbon flux was mainly composed
by detritus and not fresh ice algae. The high amounts of ice algal carbon observed at the sea
floor in summer 2012 (median 9 g C m?), was 10 times higher than total carbon export fluxes
measured in the Central Arctic using the thorium disequilibrium method in summer 2007
(~0.1 g C m?, Cai et al., 2010) and two orders of magnitude higher than total carbon export
fluxes measured with short-term sediment traps in August-September 2012 during the same
expedition (Average 0.03 g C m” d”, Lalande et al., 2014). This indicates that the main ice
algal export event in 2012, occurred earlier in the season, probably in July, stressing the

importance of the time of sampling for carbon export estimates.

The contribution of these algal aggregates to total new annual production was estimated to be
45% in the Eurasian Basin (Chapter I). Thus, primary production studies or models that
neglect sea-ice algae are missing a potentially important part of the productivity. Furthermore,
the aggregates that remained below the ice at the end of the season contributed 20-90% to

depth integrated NPP at a local scale (Chapter III). Due to their patchiness it still remains a



challenge to extrapolate their contribution to larger scale. As discussed in Chapter IV, their
contribution can vary several orders of magnitude depending on the carbon conversion and
the upscaling method used. In general, improvements have been made in quantifying this
very patchy and rarely studied phenomenon (Ambrose et al., 2005), but further large scale
surveys are needed to be able to include sub-ice algal aggregates in primary productivity
models. Once they are properly quantified and the mechanisms responsible for their
distribution understood, their contribution to carbon fixation and export in a potentially ice-

free future Arctic can be predicted.

Besides their significant contribution to biomass and productivity, our studies indicate that
sub-ice algal aggregates have an important role in the ecosystem. At the end of the productive
season, sub-ice algal aggregates that did not sink, were either floating below the ice or trapped
in melt ponds. Aggregates trapped in melt ponds were mainly degraded (yellow-whitish color)
probably due to high irradiances and low nutrient concentrations (Kiorboe and Hansen,
1993), while aggregates floating below the ice were dark green-brownish and contained a
healthy algal community (Chapter III). Grazers such as ciliates, copepods and amphipods
were observed feeding on the green-brownish aggregates formed by pennate diatoms. In
addition, pigments indicative of grazing were detected in the aggregates (Chapter II). These
observations suggest that sub-ice algal aggregates were an important food source for ice-
associated fauna at the end of the productive season (September) when the sea-ice algae and
phytoplankton blooms were already over. Preliminary experiments to understand the
processes regulating buoyancy versus sinking showed that algal aggregate buoyancy might be
regulated by photosynthetic oxygen production (Chapter III). Previous physiological studies
with diatoms have shown a correlation between increased light input and reduced sinking
rates (Waite et al., 1992). If the regulating effect of light on aggregate buoyancy is confirmed,
we hypothesize that on the short term, as sea-ice is getting thinner in summer (Renner et al.,
2014), small aggregates (1-30 cm) below the ice will receive more light (Nicolaus et al., 2012)

and remain floating longer before sinking, depleting nutrients further in the mixed layer .
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Figure 6. Conceptual scheme of the life cycle of sub-ice algal filaments of Melsira arctica in
the Eurasian Basin.

The upper panels show the sea ice concentration evolution from winter to summer 2011-
2012. The red cross symbolizes the location of the processes presented in the lower panel.
The lower panel shows the evolution of sea ice from its formation in winter on the shelves to
its melt in the Central Arctic after being transported by the Transpolar Drift. The orange
dashed line symbolizes the mixed layer depth and the yellow dashed line the euphotic zone
depth. Sub-ice algal filaments take up nutrients (small orange arrows) during winter from the
shelves and the shelf edge upwelling and store them in their cytoplasm. When the ice gets
thinner (Im) and they get enough light they start growing and in a short period of time they
build up large biomass below the ice. In eatly July as the ice melts rapidly, the largest
filaments (15-100 cm) sink to the deep sea and some smaller (2-15 cm) aggregates remain as
food source for under ice fauna and zooplankton. Some filaments remain floating as the ice

melts and gets refrozen into newly formed ice in autumn.

Our experiments indicate that sub-ice algal aggregates contribute both to nutrient

remineralization (Lehto et al., 2014) and depletion below summer sea-ice while they remain



floating (Chapter I1I). An interesting question remains regarding the mechanism used by sub-
ice algal aggregates to retrieve enough nutrients to sustain their elevated biomass in such an
oligotrophic ocean. Apart from having high C:N ratios (10-28) and therefore, low nitrate
requirements (at least at the end of the season), sea-ice algae might have the capacity to store
nutrients in their cytoplasm (Kamp et al.,, 2011), as we observed in our nutrient addition
experiments (Chapter V). We suggest that the filament-forming sub-ice algae Melosira arctica
drifts together with the sea ice, accessing a wide area of surface water nutrients (Fig.6). With
the shift from MYI to FYI, sub-ice algae now have less time to grow and form long filaments,
but observations of up to 1m long strings hanging from FYI indicate that it is possible
(Poulin et al., 2014). Observations from sediments traps (Lalande et al., 2014) and with a
ROV under the ice (Chapter IV) indicate that Melosira filaments are mainly found in shelf
areas, following the transpolar drift. Sea ice is formed at the shelves, where vertical mixing
supplies the surface with nutrients (Rudels, 1995). In addition a large quantity of suspended
particulate matter is incorporated into this newly formed ice that is then transported into the
deep Arctic Ocean by strong southerly winds (Wegner et al., 2005). Sub-ice algae can store
nutrients while the ice is formed and use them later while the ice drifts. During the growth
season they can access nutrients from surface waters as they drift towards the Central Arctic.
When the bottom of the ice starts melting in July, the biggest filaments detach and sink to the
deep sea feeding the benthos (Chapter I), while some smaller filaments remain floating below
the ice (Chapter II-IV). The aggregates that avoid grazing and sinking can get refrozen in

newly formed ice and seed the sub-ice algal filaments next spring (Fig.0).

In the long term, however, when the Arctic crosses its tipping point and summer sea-ice
disappears - around 2050 as suggested by model results (Wang and Overland, 2012) - their
life cycle will not be sustainable anymore and they will disappear, resulting in a substantial
decrease in sea-ice related productivity and ice-algal export to the benthos. Moreover, if it is
confirmed that sub-ice algae’s initial growth takes place at the Arctic shelves, the effects of
catlier sea-ice retreat at lower latitudes will affect their life cycle even before the Central

Arctic is entirely ice-free.



3.3. Impacts of sea-ice retreat on primary production at different temporal

and spatial scales.

Climate driven sea-ice retreat is already affecting the Central Arctic marine ecosystem
(Wassmann et al., 2011). The reduction in MYT is causing a shift from perennial to seasonal
ice zones in large areas of the Eurasian Basin. Yet how this shift will affect the carbon and
nutrient cycles in the Central Arctic north of 78°N is difficult to predict due to the
complexity of the physical and biological feedback processes. Sea-ice retreat does not only
imply loss of habitat for sea-ice algae, but also for under-ice fauna (Johannessen and Miles,
2011), as well as increased light reaching the water column (Nicolaus et al., 2012), increased
freshening and stratification due to ice melt, and probably less upwelling events in the Central

Basins (Carmack and McLaughlin, 2011).

A straight forward approach to study the effect of all these changes on primary production is
to compare annual new production in years of low ice cover, such as the record minimum in
2012, with previous years of higher sea-ice cover. However, we encountered two problems
when trying to do this for the Central Arctic Ocean. First, due to high spatial variability, the
range of primary production estimates was quite large. Secondly, there was a lack of a proper
baseline to compare our results to, with only one study using a similar method to estimate
new production based on nutrient draw-down (Codispoti et al., 2013). Therefore, despite
sampling during the sea-ice extent minimum record in summer 2012, when 45% of the
Eurasian Basin was ice-free, we found no significant difference in the annual new production
(9.4 £ 3.6 g C m” yr', n=33) compared to previous estimates from years with more ice cover
(13 £ 11 g C m” yr', n=56, Codispoti et al., 2013) (Chapter V). Nevertheless, when adding
the estimates of carbon exported to the deep sea early in the season to our calculations, the
Eurasian Basin annual production estimate doubles (from 17 to 33 Tg C yr''). This calculation
assumes that sub-ice algae access nutrients from broader areas and are therefore not taken
into account when calculating nutrient draw-down from individual profiles. However, this
does not necessarily mean that total annual production in the Central Arctic was higher due
to sea-ice retreat. It could as well mean that previous estimates neglected sub-ice algal

aggregate productivity due to the difficulty in sampling them and upscaling their contribution.

Primary productivity in the Arctic Ocean is bottom-up constrained by light and nutrient

availability and top-down by grazers (Olli et al., 2007; Tremblay and Gagnon, 2009). Sea-ice



retreat will indirectly affect both physical and biological limiting factors with consequences
for primary productivity. As sea ice gets thinner (Renner et al., 2014) and melt-pond coverage
increases (Rosel and Kaleschke, 2012), more light is transmitted through sea ice (Frey et al.,
2011; Nicolaus et al.,, 2012). Since sea-ice algae and under-ice phytoplankton in the ice-
covered Central Arctic are light limited (Chapter V), this would enhance primary productivity
in and below sea ice as observed in other Arctic regions (Palmer et al., 2014). This initial
increase could be limited by photoinhibition as we observed for sea-ice algae trapped in melt
ponds (Chapter V). NPP in the Central Arctic was lower below the ice than in open waters
probably due to light limitation (Chapter V). Therefore, the increase in proportion of ice-free
waters could favor phytoplankton productivity on a regional scale (Arrigo et al., 2008).
However, increased cloudiness due to enhanced evaporation in open waters might lessen this
increase (Bélanger et al., 2013; Bintanja and Selten, 2014). In addition, sea-ice retreats earlier
in the season increasing the length of the productive season (Stroeve et al., 2012). As we
hypothesized in Chapter V, this could promote an eatlier sea-ice algal bloom that could
consume most of the nutrients in surface waters and then sink to the seafloor, followed by a

weak phytoplankton bloom below the ice.

The magnitude of the increase in primary productivity caused by higher light availability is
also constrained by nutrients. Melting of sea ice can both enhance and reduce nutrient supply.
Freshwater accumulation increases stratification limiting the nutrient supply from deep layers
and shelves, while uplifted isohaline surfaces can supply nutrients from the deep layers in the
Eurasian Basin (Nishino et al., 2011) as we observed at an ice station close to the ice margin
(Chapter V). In addition, later freezing facilitates wind-driven mixing that can promote a
second phytoplankton bloom in autumn as it was observed in the Amerasian Basin (Ardyna
et al, 2014). On the shelves, nutrient input may increase due to enhanced river runoff
(Peterson et al., 2002). However, nutrients of riverine origin will probably be consumed at the

shelves and will not reach the Central Basins (Le Fouest et al., 2012).

Our nutrient addition experiments and the nutrient ratios in the euphotic zone at the end of
the productive season in 2012 showed that nitrate and silicate were the main limiting
nutrients in the Eurasian Basin (Chapter V). According to a recent model study that included
horizontal nutrient transport, the Eurasian Basin is replenished with nutrients through the
Atlantic inflow waters that reach the surface by upwelling events after 5 years (Popova et al.,
2013). According to our observations in 2012, the Atlantic influenced waters are rich in

nitrate (3-8 umol L") and influence the Nansen Basin, where silicate is the limiting nutrient



for diatom growth (N:Si ratios >2). Current nutrient budgets suggest that there is an
imbalance in the nitrate supply and demand in the Arctic Ocean and that there is a net export
of silicate to the North Atlantic (Torres-Valdés et al., 2013). This indicates that there is a
potential role for nitrogen fixation to close the nitrogen budget, and that silicate limitation

may become more severe in a few decades.

The quantity and quality of particles sinking to the deep-sea floor in the Central Arctic is
constrained by the amount of new production, which is dependent on nutrients, and by the
carbon demand of grazers (Lalande et al., 2014; Olli et al., 2007; Wassmann et al., 2004). Our
observations of entire algal filaments that had sunk to the seafloor without being grazed
(Chapter I) may reflect a mismatch between primary and secondary producers in spring due
to earlier sea-ice retreat (Ji et al., 2013; Soreide et al., 2010). In late summer, however,
potential carbon demand was 80% of the measured NPP below the ice and the carbon flux
contained almost no diatoms (Lalande et al.,, 2014). In addition, copepods and amphipods
were observed grazing on the pennate diatom aggregates floating below the ice (Chapters 1I
and III) indicating that almost no ice algae were sinking to the deep sea at the end of the
productive season when the system was dominated by heterotrophy (Chapter V). Hence,
grazers control primary productivity at the end of the productive season, but the total amount
of biomass available to graze on an annual time scale is determined by the amount of

nutrients in surface waters.

All these changes point towards a more oligotrophic Arctic Ocean in the future. In general,
changes in light availability due to sea-ice retreat will increase primary productivity locally but
for reduced periods of time, while nutrient availability will probably decrease, constraining

primary production at a regional and annual scale.

3.4. The role of diazotrophs in constraining new production

The total amount of carbon entering the ecosystem every year is determined by the amount
of primary production derived from allochthonous nutrients. This new production is
constrained mainly by available nitrate in the Central Arctic, although other nutrients such as
silicate also play a role as discussed before (Chapter V). During our studies in the Eurasian

Basin in summer 2012, nitrate concentrations in the water column were low in surface waters



far away from the Atlantic inflow (0.1-3 umol L") and the N:P ratio was below Redfield. Such
low Redfield ratios were most noticeable in the Laptev Sea area and in the northern most part

of the Central Arctic in late September (Chapter V).

A potential role for nitrogen fixation in the Arctic Ocean as a nitrate source to balance
nitrogen loses by denitrification on the shelves has been hypothesized (Devol et al., 1997,
Torres-Valdés et al.,, 2013). In addition, the potentially elevated primary productivity due to
increased light has elevated the overall nitrogen demand. Available nitrate is depleted in
surface waters through uptake by phytoplankton and sea-ice algae to form new biomass
(Fig.7). This nitrate is incorporated into organic nitrogen in autotrophic biomass and can
either be transferred to higher trophic levels, remineralized by bacteria, or sink to the seafloor.
At the seafloor organic nitrogen is remineralized to inorganic nitrogen and it is then
replenished to surface waters of the Central Basins via haline convection in winter. Other
sources of inorganic nitrogen to surface waters are vertical mixing and lateral transport from
the shelves, upwelling events from deeper water masses at the shelf and ice edges, riverine
input, and fixation of atmospheric nitrogen by diazotrophic bacteria (Fig.7) (LaRoche and
Breitbarth, 2005; Popova et al,, 2012; Rudels et al., 2004). However, the magnitude and
frequency of mixing and upwelling events as well as the contribution of nitrogen fixers to the

nitrogen cycle in the Central Arctic are still unknown.

Our results from molecular analysis targeting the nitrogen fixation gene, #7fH, revealed a high
diversity of non-cyanobacterial diazotrophs in sea ice and water column of the Central Arctic
in summer 2012 (Chapter VI). Furthermore, the statistical analyses rejected the hypothesis
that the diazotrophic community originates from the river influenced Laptev Sea waters,
indicating that a marine nitrogen fixing community is present in the Central Arctic (Chapter
VI). This is the first indication for potential nitrogen fixation north of 78 °N. Although
nitrogen fixation genes are usually only retained in evolutionary scales if they are functional
(Dos Santos et al., 2012), a high diversity of diazotrophs does not imply high nitrogen
fixation rates (Moisander et al., 2007). Only one previous study included nitrogen fixation
measurements using the acetylene reduction method in the Canadian Arctic shelf (Blais et al.,
2012). Assuming that the same maximum nitrogen fixation rate would also occur in the
Central Arctic, diazotrophs could sustain 7% of the total annual production estimated at the
moment (Chapter V). However, this might be an underestimate since the acetylene reduction
method has been shown to underestimate nitrogen fixation rates (Mohr et al., 2010). In

addition, diazotrophs require phosphate in high proportions to maintain growth. According



Discussion

to the N:P ratios measured in the water column at the end of the season (5-11), which were
below Redfield (16), phosphate would not limit diazotroph growth. Considering the vast
understudied area of the Central Arctic, if nitrogen fixation is proven to contribute to nitrate

availability, nitrate limitation might diminish in some areas.

Ice-covered waters Open waters
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haline convection
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# Phytoplankton
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Figure 7. Conceptual model of the main processes affecting carbon and nitrogen cycles in
the Arctic Ocean. The left part represents ice-covered waters and the right part open waters.
Carbon dioxide (CO,) is transformed into particulate organic carbon (POC) by primary
producers (sea-ice algae and phytoplankton). If the nitrate (NO;) used in this process comes
from the winter haline convection or from nitrogen fixation it is considered to be new
production. If primary producers use remineralized nitrate or ammonium produced by under-
ice fauna, zooplankton or bacteria, it is considered to be regenerated production. The orange
arrows symbolize nutrient supply mechanisms and the black arrows nutrient sinks. The
yellow dashed line indicates the euphotic zone depth (1% PAR). High diazotroph diversity is

symbolized by a star, while a triangle indicates low diversity.
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According to previous studies of nitrogen fixing organisms in the coastal Arctic (Blais et al.,
2012) and due to the fact that diazotrophs have been identified in several habitats related to
land and rivers in the subpolar regions (DeLuca et al., 2013), a plausible origin of nitrogen
fixing organisms in the Central Arctic is riverine input. However, our results showed a
distinct diazotrophic community in the river-influenced Laptev Sea, compared to the Central
Arctic pack-ice community (Chapter VI). Only a few groups of microorganisms, one of them
closely related to Geobacter sp. (Subcluster 1A in Fig. 5 of Chapter VI), seem to be present in
both environments. A more detailed study following the plume of the Lena River would be
necessary to test if these organisms originate from riverine inputs. Furthermore, activity
measurements to investigate if they are alive, in spore form, or dead, would be necessary to

confirm this spreading theory from the shelves to the Central Arctic.

In the light of ongoing changes in the Arctic ecosystem, the diversity of potential diazotrophs
observed in the Central Arctic could be amplified by a reduction in the temperature limitation
for some nitrogen fixing groups such as Cyanobacteria. Although Cyanobacteria are not very
abundant in the Arctic Ocean, they have been detected in several Arctic environments such
as ice, snow and glaciers (Diez et al, 2012; Telling et al., 2011). The heavily studied
representatives of this group, Trichodesminm sp. and Nodularia sp., have optimal growth
temperatures that range between 20 and 35 °C (Breitbarth et al., 2006; Lehtimaki et al., 1997).
Although these temperatures will not be reached in the Central Arctic Ocean with ongoing
climate change, the predicted increase in sea surface temperatures of 1-6°C over the next 100

years (IPCC, 2013) might allow some cyanobacterial species to thrive in Arctic waters.

In terms of activity, all metabolic rates, including nitrogen fixation, will increase with
increased temperature (Holding et al., 2013; Vaquer-Sunyer et al., 2010). In the Eurasian
Basin, the biological processes affecting the nitrogen cycle (Fig.7) include bacterial
denitrification in sediments (Rysgaard et al., 2004) and new production that consumes nitrate,
remineralization in the water column that produces nitrate and ammonium, and regenerated
production that consumes ammonium. Apart from denitrification in sediments and new
production in the water column, none of these processes of the Arctic nitrogen cycle has
been adequately quantified in the Eurasian Basin. Therefore, in order to test the hypothesis
that nitrogen fixation could enhance new production in the Central Arctic, further

investigations are needed to quantify all sinks and sources of nitrogen.



3.5. Potential future scenarios for Arctic primary productivity.

The total amount of carbon fixed in the Arctic Ocean by primary producers is relevant in
terms of total energy entering the ecosystem. Changes in primary production affect the entire
food web, including the top predators such as polar bears and seals, as well as fish
populations, which are of relevance for human populations. Due to global warming, it is very
likely that many fish species will shift their distribution northwards (Reist et al., 2006). Hence,
accurate predictions of the fate of Arctic primary productivity are of crucial importance, not
only for the local Arctic communities living and fishing there, but also for the entire world

population.

The timing of primary production and its composition is critical for the ecosystem.
According to recent studies from other Arctic regions and the results presented in this thesis,
we propose two possible scenarios for primary productivity in a summer ice-free Eurasian

Basin, north of 78°N, likely to happen by 2050 (Wang and Overland, 2012).

In the first scenario, phytoplankton will replace sea-ice algae when summer sea ice disappears
from the Central Arctic. This will only occur if phytoplankton species are able to adapt to the
higher light intensities reaching the euphotic zone (Frey et al., 2011; Nicolaus et al., 2012)
and enough nutrients are available. Arctic phytoplankton are most efficient at low irradiances
(Cota, 1985) but showed no photoinhibition in summer at irradiances up to 420 pmol
photons m™ s (Chapter V). Arctic phytoplankton in open waters showed higher NPP rates
than in ice-covered waters, indicating that adaptation is possible (Chapter V). Enhanced
phytoplankton blooms have been observed below the ice due to increased light transmission
through melting ice, supporting this scenario (Arrigo et al, 2014)Regarding nutrient
availability in the Eurasian Basin in summer 2012, significant concentrations of nutrients were
available below the euphotic zone (e.g. 10-15 pmol L' nitrate), meaning that if light
penetrates further (up to 45-50 m as in open waters in summer 2012), these nutrients will be

available for phytoplankton.

A possible variant of this first scenario could be that sea ice remains present in winter and
early spring and part of the nutrients would be consumed by increased sea-ice algal
productivity earlier in the season (Matrai and Apollonio, 2013; Tedesco et al., 2012). Our
observations of high sub-ice algal biomasses that sunk to the deep sea eatrlier in the season

(July) (Chapter I and V) resulting in nutrient reduction in surface waters might be a



transitional phase towards this kind of scenario. To sustain an increase in annual
phytoplankton productivity, nutrients would need to be replenished in summer. This might
occur in an ice-free Arctic due to increased wind-driven upwelling in summer (Carmack et al.,
20006). An additional process for nutrient replenishment would be nitrogen fixation that
might play a role in a warmer Arctic Ocean (Chapter VI). If enough nutrients are available, an
early sea-ice algal bloom would be followed by an extensive phytoplankton bloom during the
ice-free summer. If under-ice fauna and zooplankton are not able to adapt to the new
phytoplankton dominated regime, this might lead to a mismatch between primary producers
and grazers (Ji et al., 2013; Leu et al.,, 2011), leading to an increase in the carbon export
favoring benthic communities. This would avoid carbon transfer to pelagic higher trophic
levels inducing cascading effects through the entire ecosystem. Our observations of large
algal aggregates in the deep sea indicate that these processes may already be happening in the

Central Arctic (Chapter I).

In the second scenario sea-ice algae, which contribute significantly to total annual production
(Chapter V) (Gosselin et al., 1997; Matrai and Apollonio, 2013), will not be able to maintain
their life cycle in an Arctic free of ice in summer. . The disappearance of MYI, which sustains
high biomasses of sea-ice algae (Chapter V), and the lack of ice formation on the shelves,
which is a key process in the life cycle of sub-ice algae such as Melosira arctica (Fig.6), would
contribute to the decrease in the contribution of sea-ice algae to total annual production and
would lead to a general decrease in total productivity. This would be aggravated if
phytoplankton would not be able to adapt to higher light intensities. In addition, in a summer
ice-free Arctic Ocean, freshening due to complete melt of sea-ice cover in spring will increase
stratification, hindering nutrient upwelling (Carmack and McLaughlin, 2011). Note that the
stronger stratification due to ice melt would lead to a lower diffusion rate of nutrients across
the mixed layer but this layer would not necessarily become shallower. In general all these
changes would transform the Eurasian Basin to an even more oligotrophic region with low
productivity. Freshening and nutrient depletion may lead to a shift in phytoplankton species
composition towards smaller species with lower nutrient requirements (Ardyna et al., 2011; Li
et al., 2009), which would reduce the amount of carbon exported to the benthos (Guidi et al.,

2009).

There are limitations in our ability to predict how primary production will change in the
Central Arctic Ocean. Whether phytoplankton blooms replace sea-ice algae in the ecosystem

or not, changes in primary production will only occur within certain limits. The boundary



conditions for changes in primary production in an ice-free Arctic, assuming that nutrient
upwelling does occur, are summarized in Table 2. It is worth noticing that even if all nutrients
below the present-day mixed layer in the Eurasian Basin of the Central Arctic would be
accessible for phytoplankton growth; annual new production would not increase more than
60 g C m” yr' (Assuming Redfield ratio of 6.6 and an euphotic zone depth of 50 m). This
would be 6 times higher than present-day new production but still lower than current
Chukchi and Bering Sea annual production (70-100 g C m™ yr', Codispoti et al., 2013). This
compilation of existing data and possible future scenarios points out that the most important
determining factor that is still unknown is the rate of nutrient supply. Indeed, state of the art
predictive models for Arctic primary production disagree on nutrient dynamic predictions,
especially in the vast Central Basins where a good nutrient climatology is missing
(Vancoppenolle et al., 2013). The remaining challenge for the future is to be able to constrain
those ranges and at the same time be able to account for the immense variability in the Arctic
Ocean. Our focus needs to go towards interdisciplinarity and integration, since the Arctic
ecosystem cannot be understood in regional isolation nor by studying only one of its

components.



Table 2. Present and potential future ranges of environmental parameters related to primary

production in the Eurasian Basin north of 78 °N.

Parameter (Unit)

Present range

Future range

Potential cause of change

Irradiance at surface water
(umol photons m2 s1)

Euphotic zone depth (m)

Mixed layer depth (m)

Nutrient concentrations in the
mixed layer (umol L)

Nitrate

Phosphate

Silicate

Net primary productivity (mg
Cm2d?)

Sea ice

Water column

Annual new production (g C
m2yrl)
Zooplankton carbon demand

(mg C m?2 d-)

Carbon export to the deep sea

(g Cm2yr)

0.2-20

10-30

10-20

0-4
0.05-0.2
0.5-6

0.1-15

0.1-60"

9-15

10-20

0.1-10

10-400

30-50

5-20

6-15
0.4-1
7-12

0
100-300

Up to 60

Unknown

0-30

Thinning of sea ice and increased
melt- pond cover.

Greater light penetration in open
waters.

Stronger stratification due to ice
melt.

Wind-driven vertical mixing,.

Enhanced upwelling events.

Loss of habitat.

Increased irradiance and nutrient
supply to surface waters.

Increased nutrient availability in the
euphotic zone.

Mismatch between primary and
secondary producers. Shift in
species composition.

Depends on nutrient availability and

grazing,.

*Water column below the sea-ice. Net primary productivity and annual new production rates are from

August-September 2012 (Chapter V).
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4. Perspectives

Earth’s climate is changing due to anthropogenic greenhouse gas emissions (IPCC, 2013).
Changes in the Arctic Ocean are more pronounced than elsewhere, making it an ideal
laboratory for studying the manifestations of global change. Furthermore, changes in the
Arctic Ocean will have repercussions beyond the Arctic by impacting oceanic circulation
patterns, global transportation, fisheries and weather in lower latitudes (Coumou et al., 2014).
Primary production provides energy to fuel the ecosystem and is strongly linked to sea-ice
dynamics in the Arctic Ocean. Therefore, understanding the mechanisms influencing primary
production in the Arctic Ocean to improve predictions of its fate as a response to increasing

temperatures and sea-ice retreat is of crucial importance.

The two main limitations to assess changes driven by sea-ice loss in the Arctic ecosystem are
the lack of a comprehensive baseline, especially in the Central Arctic, previous to the start of
sea ice decline (around 1980), and the high spatial variability of Arctic biomass. This thesis
has contributed to improving our knowledge of the under-sampled Central Arctic.
Nevertheless, future studies focusing on solving seasonality and nutrient dynamics are needed
to predict how sea-ice retreat will affect the deep Central Arctic basins. Additional challenges
for future Arctic research are to identify and protect key areas of nutrient upwelling and sea-

ice formation.

4.1. Remaining key scientific questions for Arctic primary productivity

research.

Despite the global implications of changes in the Arctic, there are still significant deficiencies
in our understanding of the Arctic marine ecosystem. Sea-ice decline is probably the most
studied process in the Arctic Ocean, due to the available satellite record since 1978. However,
model simulations to project changes in Arctic sea-ice cover still show large variations
(Stroeve et al., 2012). Arctic ice-ocean models coupled to biogeochemical models are scarce
and the large variability in their simulations points towards their low confidence in projecting
future primary productivity (Vancoppenolle et al., 2013). This is partly due to the complexity
of the Arctic system with numerous non-linear interactions between atmosphere, cryosphere,

ocean and biosphere. The key questions that need to be answered in order to improve our



understanding of how each of those compartments might affect Arctic primary productivity

in the future are:

- Atmosphere: What is the radiative effect of clouds? Will more open water enhance cloud
formation dampening the increase in irradiance reaching the water column?

- Cryosphere: By which factor will the summer melt season increase? Which parts of the
Central Arctic will shift first from perennial to seasonal sea-ice conditions?

- Ocean: At which temporal and spatial scales do vertical and lateral transport supply
nutrients to surface waters? To which depth are winds expected to mix the water column
in open waters? How strong and deep will stratification be due to freshening and
warming?

- Biosphere: Can Arctic phytoplankton adapt to increased irradiances and lower salinities?
Can sea-ice algae maintain their life cycles in the Central Arctic in a summerly ice-free
Arctice How much carbon fixed by primary producers is transferred to higher trophic
levels, how much is exported to the deep sea and how much is recycled in the water

column? What is the role of nitrogen fixers in the Arctic Ocean?

To answer these questions, interdisciplinary research in key Arctic locations is needed.
Although keeping a pan-Arctic perspective is important to understand how different Arctic
regions are linked, there are certain locations in the Arctic Ocean that are fundamental to
include in future observations due to the processes occurring there. The Central Arctic, north
of 78°N, is relevant to monitor because of the dramatic changes that the ecosystem will suffer
when it becomes a seasonal ice zone. In particular, areas becoming ice-free for the first time
in millennia are important to identify, to study changes in ice-covered versus open waters.
The Eurasian Basin will likely play an important role in the future of Arctic productivity as it
contains more nutrients than the Amerasian Basin. Hence, waters entering the Arctic through
Fram Strait from the North Atlantic, providing nutrients to the Arctic Ocean, should be
closely monitored. In addition, prominent upwelling areas where deep waters reach the

surface replenishing it with nutrients need to be identified and monitored.



4.2. Assessing the impact of sea-ice retreat on primary production in the

Central Arctic.

Due to the complexity of the problem, the challenging logistics required to work in the
Central Arctic Ocean and the increasing speed at which changes are happening, international
and interdisciplinary scientific efforts are required to address the remaining key questions.
The main focus on the field should be put on obtaining seasonal data and identifying the
most relevant regions for nutrient supply to the surface waters of the Central Arctic. In the
laboratory, key species for the Arctic food chain such as Melosira arctica, should be investigated
from the genetic to the physiological level to understand how they will cope with changes in

environmental conditions.

The Arctic Ocean has a strong seasonality, which controls productivity. Hence, it is crucial to
reproduce this seasonal variability correctly in Arctic predictive models. Seasonal data from
the atmosphere and ice surface can be obtained by satellite year round up to 88 °N. However,
oceanographic and biological seasonal data can only be obtained by autonomous buoys
drifting with the ice, moorings or by scientists on drift ice camps. A combination of annual
drift camps on representative FYI and MYI floes, together with several autonomous
platforms spread through the Central Arctic for one or several years would be the ideal
solution to obtain simultaneous and complementary datasets to understand the seasonality of

biological and physical factors below the ice.

Drift camps could host a team of multidisciplinary scientists including atmospheric scientists,
sea-ice physicists, oceanographers, biologists and deep sea ecologists. One drift camp should
be deployed in autumn on the Siberian shelf on newly formed ice that is expected to drift
through the Central Arctic following the Transpolar Drift. Another drift camp could be
deployed on multiyear ice north of Greenland. The two drift camps could be supplied by
icebreakers or airplanes. In parallel, in autumn, autonomous platforms should be deployed on
the Laptev Sea shelf, the Siberian shelf and in the Central Arctic. These autonomous
platforms should consist of a buoy array buried in the ice with an upper part on top of the ice
and a hanging part below the ice. The upper part could provide various meteorological data
including information about the radiation and water vapor budget, as well as snow cover,
while a part in the ice could provide thermal information to assess ice mass balance and melt
processes. Below the ice, an ice tethered profiler (ITP) with a fluorometers (Laney et al.,

2014), nutrient sensors (Alkire et al., 2010; Glibert et al., 2008) and an oxygen sensor could



measure the upper 50 m of the water column below the ice once per day. Regular checks and
calibrations of the autonomous platforms could be done by research vessels. All components

should be water resistant and buoyant in case the ice melts.

Sea ice Chl a profiles are more complicated to obtain remotely. This is added to by the fact
that sea-ice algae distribution is very patchy and the high spatial variability needs to be taken
into account to upscale sea-ice biomass estimates. Recently developed methods to assess sea
ice properties and biomass distribution from below the ice with a remotely operated vehicle
(ROV), could cover large areas (1-2 km? around drift camps (Mundy et al., 2007; Nicolaus
and Katlein, 2013) and describe the spatial variability.

To address the seasonal variability of sea-ice algae and phytoplankton productivity, besides
Chl @, C:Chl @ and C:N:P:Si uptake ratios and 7 situ carbon uptake rates at different light and
nutrient conditions are needed. As shown in Chapter V, photosynthesis-irradiance curves are
the key to upscaling and modeling primary productivity, and carbon to nutrient ratios are
essential in estimating new production from nutrient draw-down. Therefore, constraining the
range of photosynthetic parameters and carbon to nutrient ratios for sea-ice algae and
phytoplankton for each season and ice type is a priority to improve primary productivity
models. Currently there is no autonomous device available that could collect and analyze
biological samples. Therefore, field work is still needed to perform biogeochemical analysis of
the carbon and nutrient fluxes in Arctic water column and sea ice. In addition, grazing
pressure must be accurately determined, since it can control the algal standing stock,
especially at the end of the season (Chapter V). This work could be performed from drift
camps or research vessels. Under-ice cameras mounted on the autonomous platform might

also help determining under-ice fauna behavior and abundance.

Long-term sediment traps are also a good tool to study seasonality in the Arctic Ocean since
they autonomously collect and store samples during an entire year. Available carbon export
datasets from the marginal seas should be complemented with data from sediment traps in
the Central Arctic (Lalande et al., 2014). These export fluxes could be complemented with
deep sea surveys to quantify the amount of carbon and nutrients reaching the deep-sea floor

and the remineralization rates taking place in the deep-sea sediments by bacteria.

Nevertheless, as discussed in this thesis, the missing key factor to predict the fate of primary

production in an ice-free Arctic is nutrient dynamics. Oceanographic profiles of temperature



and salinity obtained with a CTD profiler enable us to track water masses and their properties,
but are not enough to confirm nutrient supply events to surface waters, in particular when
the profiles are measured from moorings that do not reach the upper 50 m of the water
column. Comparing turbulence measurements at the base of the mixed layer from ice-
covered waters (measured from drift camps or autonomous platforms) and from open waters,
would help to predict how nutrient supply for phytoplankton growth might change in ice
covered waters when they become open waters (Cota et al, 1987). The frequency and
magnitude of upwelling events reaching the surface waters of the Central Arctic are likely to
be observed close to the continental slope (Rudels et al., 2004). Therefore, including nutrient
sensors on the drifting autonomous platform ITPs would help resolve vertical and lateral
nutrient variability in the upper water column (Glibert et al., 2008). If specific areas are

identified where upwelling events are more frequent, they should be monitored with mooring

arrays.

In addition, for a decadal understanding of nutrient input to the Arctic Ocean, the nutrient
content of the inflowing Atlantic waters at ~150 m depth through Fram Strait should be
permanently monitored since it is one of the main sources of nutrients to the upper water
layers (Popova et al., 2013; Rudels et al., 2004; Torres-Valdés et al., 2013). This could be
achieved by adding nutrient sensors to the moorings at the HAUSGARTEN Long Term
Observatory (Soltwedel et al., 2005). In general, the establishment of further long-term
observatories in the Arctic Ocean would improve our ability to predict changes in Arctic
primary productivity. In parallel, some efforts are needed to make the historic Russian
literature and data from the North Pole ice camps available in English for the international
scientific community (Wassmann et al., 2011). This would in some cases provide further

baseline data to allow comparison of measurements.

Moreover, the role of nitrogen fixation in the Arctic nitrogen cycle needs to be verified. As
described in Chapter VI, a high diversity of diazotrophs has been found in the Arctic but
their activity remains unknown. Nitrogen fixation rate measurements with a more sensitive
method (Mohr et al., 2010), should be performed not only zz sit« but also in the laboratory
under different nutrient and light conditions to be able to predict the potential role of

nitrogen fixation in the future Arctic Ocean.



Further laboratory investigations should be performed on key Arctic species, such as the sub-
ice algae Melosira arctica and the abundant planktonic diatom Chaetoceros socialis. Their
photosynthetic and sinking rates should be studied under different light and nutrient
conditions to predict how changes in their natural environment might affect them.
Physiological studies could be complemented with genomic and transcriptomic analysis to

assess their genetic potential for adaptation.

Finally, as demonstrated in this thesis, interdisciplinary work is fundamental in Arctic research.
Independently of the platform from which measurements are taken, improvements in our
understanding of the Arctic ecosystem will only happen if sea-ice physicists, oceanographers,

modelers and biologists work together and benefit from each other’s knowledge.
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