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Foreword

The sea ice ecosystem in the remote Arctic Ocean is the fastest changing habitat on
Earth yet it is the least studied. To forecast its fate in a future ocean impacted by
anthropogenic change we need to understand how organisms adapt and thrive under
highly unpredictable conditions where thermodynamics, divergence and deforma-
tion processes continuously alter habitat characteristics.

Life in the ocean begins at its surface as one-way energy from sunlight supports
primary production at the base of the marine trophic network — a phenomenon that
is constrained in the Arctic Ocean by the presence of sea ice as well as extreme
seasonal changes that limit the amount of light available in the upper ocean. The sea
ice biota consists of a complete food web with primary and secondary producers, a
microbial loop and three to four trophic levels. The bottom ice layer is typically the
most biologically productive habitat as nutrients are mostly provided by the under-
lying water column.

Sea ice algae constitute a major carbon source in the Arctic food chain during
early spring before ice melt, and understanding the dynamics and drivers of ice
algae carbon production is absolutely essential as they, to a large extent, dictate the
response of the entire Arctic marine ecosystem.

A cornerstone of the book is the concept that sea ice is an ecosystem on its own,
and the only ecosystem which melts and partly disappears every summer to be rees-
tablished during autumn and winter. The authors take the reader on a journey to the
Arctic covering the different seasons from ice formation where algae and bacteria
are incorporated into the newly formed sea ice, to maximum ice thickness and opti-
mal growth conditions for ice algae during spring, to summer conditions where sea
ice melt away and organisms are released to the underlying water.

A large part of the research presented in the book is based on extensive fieldwork
in Greenland by the authors, and four case studies from the field are included to
examine different complex phenomena under natural settings to further our under-
standing of the dynamic nature of sea ice and its inhabitants. A thorough description
of methods and techniques provides information on how to sample and handle sea
ice and how to process, analyse and quantify various physical, chemical and bio-
logical parameters in sea ice.



vi Foreword

Finally, a description of the role and importance of sea ice and sea ice biota at
large scales and in relation to the effects of climate change is included. Given the
rapid changes in sea ice conditions, the question is whether more light in an ice-free
water column will increase pelagic primary production in the Arctic Ocean. There
is still a lot to be discovered in the Arctic and hopefully the book will inspire a new
generation of researchers with interest for the Arctic.

Arctic Research Centre, Aarhus University Sgren Rysgaard
Aarhus, Denmark
1 June 2020



Preface

This book deals with sea ice ecology, with a focus on sea ice algae and other
microbes such as bacteria and small metazoans (meiofauna) residing inside or at the
bottom of the sea ice, all referred to as the sympagic biota of the ice. Sea ice also
provides a habitat for a wide and ecologically important range of organisms includ-
ing zooplankton, fish, seals, whales, walruses, birds, and polar bears. Some of these
organisms are entirely dependent on sea ice for feeding, resting, and/or breeding but
are not part of the sympagic biota. These organisms may also depend on the exis-
tence of the bacteria and ice algae which form the basis of the ice-associated Arctic
food webs. This book is organized by season, describing the physical, optical, bio-
logical, and geochemical conditions typical for each specific season, recognizing
that a large part of this ecosystem actually disappears (melts) in summer and is
reestablished again in autumn and winter. This book, its case studies, and its descrip-
tions of seasonal processes are very much focused on the Arctic. There are signifi-
cant differences in sea ice types and conditions between the Arctic and Antarctic
though sampling and methods are similar for both polar regions. This book targets
university students at the master’s or PhD level and scientists in general.

Aarhus C, Denmark Lars Chresten Lund-Hansen
Nuuk, Greenland Dorte Haubjerg Sggaard
Aarhus C, Denmark Brian Keith Sorrell
Tromsg, Norway Rolf Gradinger

Hobart, Australia Klaus Martin Meiners
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Chapter 1
The Book, and Ecology of Sea Ice

Abstract This chapter describes the structure of the book and the diverse signifi-
cance and importance of sea ice. The first section explains how and why the book is
structured following the seasonal events governing the abiotic and biotic parameters
in sea ice (1.1). The second section places sea ice into a physical and geopolitical
perspective with the new and developing international borders in the Arctic Ocean
(1.2). Sea ice ecosystems are then compared to other ecosystems (1.3), followed by
a section describing the important and global ecological features of sea ice (1.4).

Keywords Seasonal variability - Arctic marine ecosystem - Ecological role
of sea ice

1.1 Follow the Seasons

In this book, we emphasize the seasonal sea ice dynamics, highlighting the strong
seasonal signal from development of the ice during autumn, all through the winter,
and through to the melt and eventual disappearance of the ice in summer. Most eco-
systems on Earth experience seasonal variations in the physical environment as with
light or temperature, but it is difficult to envisage any other system where such a large
part of the ecosystem simply disappears during spring and summer to be regenerated
the following autumn and winter. The book is therefore organized differently to a
traditional “The Ecology of ....” textbook, which in different chapters would focus
on the physical, chemical, and biological components. Here we have strongly empha-
sized the seasonal variation in all parameters, considering that a large part of this
ecosystem melts and disappears in spring and summer, and is re-established again in
autumn and winter. The physical, optical, biological, and chemical conditions are
then described in each chapter according to their seasonal context. For instance,
physical ice growth and ice formation are more prominent features during autumn
compared to winter when there is solid ice with minor variations in the physical con-
ditions. Accordingly, the book is organized in three seasonal chapters: autumn, win-
ter, and spring/summer, with focus on important and dominant seasonal parameters,
and how these affect and relate to the sympagic biota of ice algae, bacteria, and meio-
fauna. The chapters also include several case studies based on the authors fieldwork

© Springer Nature Switzerland AG 2020 1
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Fig. 1.1 Schematic representation of the evolution of bacterial productivity (net heterotrophic in
orange) and algal productivity (net autotrophic in green) in ice-covered seas during all phases of
the sea ice formation and decay cycle in the Arctic

in Greenland, the Arctic Ocean, Fram Strait, and Antarctica to exemplify themes and
topics from the general text. The final chapter is a methods section, where methods
commonly applied in sea ice ecology research are described in more detail, for the
benefit of readers seeking a deeper understanding. The scenario of the book is envis-
aged in Fig. 1.1, which depicts the seasonal progress of the sea ice from its establish-
ment in autumn, through a period of thick ice with a snow cover in winter. This is
followed by the decay cycle of thinner ice and snow, and development of melt ponds
on the surface of the ice, and finally the complete ice melt. The seasonal succession
from yellow/orange colours to greenish depicts the change from a net heterotrophic
bacteria-based activity in autumn/winter, to a net autotrophic ice algae-based activity
in spring/summer. Grey and branched lines in the ice are the brine channels illustrat-
ing that the ice is a porous medium.

1.2 Physical and Geopolitical Perspectives of Sea Ice

Seaice is an inherent, characteristic, and extremely important entity in polar regions,
from physical, chemical, biological, economical, and political perspectives. Sea ice
in the Arctic and Antarctic together covers about 10% of the world’s oceans at its
average winter maximum extent of about 34 million km?, an area larger than Africa
(30.4 million km?). The Arctic sea ice extent varies between a minimum of
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4.7-7.7 million km? and a maximum of 14.3-16.3 million km? (median values,
1981-2010). The seasonal difference of about 8.0 million km? between summer and
winter extent is comparable to the total area of the USA (9.6 million km?). Sea ice
cover is also an important indicator and mediator of climate change, as seen from
the significant decrease in sea ice extent and volume over recent decades in the
Arctic Ocean. Changes in sea ice extent have far-reaching consequences. For exam-
ple, ice and snow reflect light and radiation back into space, while most of this
radiation would otherwise be absorbed in an ice-free water column. It is foreseen
that the entire Arctic Ocean will reach an ice-free state for several weeks in summer
within three to four decades, except for a few remaining areas of multiyear ice north
of Greenland. The sea ice extent during winter is also decreasing, but at a lower rate
compared to the rate of the summer ice extent. This decrease in sea ice extent is also
driving a growing economical and thereby political interest in the Arctic, with less
and less summer ice opening up both the Northeast and Northwest Passages for
commercial shipping. These routes are shorter and safer than classical shipping
routes and would save expensive fuel. The decreasing extent of summer sea ice has
also opened the extensive and shallow (<200 m) Arctic shelf areas, many of which
contain huge amounts of oil and gas reserves. Nearly 50% of the Arctic Ocean con-
sists of such shelf areas. Deep-sea mining in the Arctic Ocean for rare elements will
also be an issue in the future, and a reduced sea ice cover with more light and more
photosynthesis in the water column is predicted to increase fishery catches in the
Arctic Ocean. All of the five Arctic countries (USA, Canada, Russia, Greenland,
and Norway) have borders in the central Arctic Ocean. These countries have a 200
nautical mile wide zone from their coast and outwards as their sovereign region.
However, borders in the central Arctic Ocean have not yet been agreed upon and the
countries have specified their territorial claims based on several years of geological
exploration in the Arctic Ocean. The UN-founded organization United Nations Law
of the Sea Convention (UNCLOS) validates the data presented to support the terri-
torial claims.

1.3 Sea Ice as an Ecosystem

Seaice ecosystems comprise a physical environment of ice, snow, brine channels and
seawater at a particular location with specific pathways and exchanges of energy and
matter, and with a variety of organisms that live and thrive there. Organisms living
inside the ice in the brine channels or at the bottom of the ice are called sea ice or
sympagic biota, and include bacteria, viruses, algae, fungi, ciliates, heterotrophic
flagellates, amphipods, copepods, and several others as shown in Fig. 1.2. These
organisms form a unique food-web inside the ice, and facilitate specific pathways of
matter and transport of energy, as heterotrophic bacteria digest particulate organic
material (POM) and or dissolved organic matter (DOM) excreted by the ice algae.
Ciliates and flagellates ingest ice algae and bacteria, and their breakdown of organic
material also generates inorganic nutrients available for the ice algae and their
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Fig. 1.2 Sea ice ecosystem with microhabitats for a variety of biota including single-celled
eukaryotes (labelled algae), meio- and macrofauna, bacteria and viruses, under-ice fauna (amphi-
pods and copepods), and polar cod (Boreogadus saida). (Courtesy: State of the Arctic Marine
Biodiversity Report, https://www.caff.is/marine/marine-monitoring-publications/
state-of-the-arctic-marine-biodiversity-report)

photosynthesis. Metazoans small enough to fit into the brine channel network are
termed meiofauna and are mainly herbivores. In addition to the brine channel com-
munity, other organisms also inhabit the ice-water interface. Here the in-ice biota
interact with other organisms such as larger zooplankton in the water column that
also graze on ice algae (Fig. 1.2). The focus of this book is the in-ice biota and espe-
cially the ice algae and bacteria. An understanding of the living conditions for ice
algae and bacteria implies descriptions of (1) the physical growth and structure of the
sea ice as a habitat, (2) the optical properties of the ice and the overlying snow, espe-
cially concerning how much light reaches the ice algae for photosynthesis, and (3)
the availability and concentrations of nutrients. Sea ice is an extreme environment
where survival is challenging for most organisms, though bacteria and ice algae are
both halophiles i.e. can live at very high salinities and cryophiles i.e. can live at very
low temperatures. Oceans covered with ice are also found elsewhere in the solar
system, such as on Saturn’s moon Enceladus, and given this resemblance, sea ice is
also of great interest in an astrobiological context given that sampling there is not an
option yet (Martin and McMinn 2018). Ice algae attached to the sea ice or inside the
brine channels are species of microalgae that have adapted to this high saline, low
light, and cold environment. Some of the ice algae species also occur as drifting
organisms in the water column below termed phytoplankton, where the main differ-
ence is that ice algae are fixed in position in or on the ice. It is estimated that sea ice
algae account for a modest 4-6% of the pelagic primary production in the entire
Arctic Ocean, but their major importance is being the only carbon source during late
winter and early spring for higher trophic levels in the Arctic food chain (i.e. ice
algae — zooplankton — fish — seals — polar bears). The pelagic carbon production
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is based on phytoplankton in the water column and commences after sea-ice surface
melt and ice break-up. The important role of the sea ice algae is illustrated in a recent
study suggesting that 70-100% of the polar bear diet is derived from sympagic ice
algae rather than pelagic phytoplankton, meaning that 70-100% of their food intake
occurs during the ice-covered season, and further emphasizes the animals depen-
dence on sea ice (Brown et al. 2018).

1.4 Ecological Role of Sea Ice

Seaice algae primary production in the Arctic Ocean is about 20 Tg C year~! (Arrigo
2017) compared to a pelagic primary production in the Arctic Ocean of
350-500 Tg C year™! (Sakshaug 2004). Primary production rates in Arctic sea ice
vary between 0.2 and 463.0 mg C m~2 day~! (Arrigo 2017) which is low compared
to e.g., estuarine ecosystems with rates up to 4101.0 mg C m=2 day~! (Stiling 1996).
The highest ice algal production rates are comparable to the 342.0 mg C m=2 day™!
reported for oligotrophic open oceans (Stiling 1996). There is, on the other hand,
considerable spatial variation in rates of ice algae primary production in the Arctic,
with average rates of 116.8 mg C m™* day™' and 93.7 mg C m~? day™' reported for
the Canadian Arctic Archipelago and the North Water polynya area in Northern
Baffin Bay, respectively (Arrigo 2017). Much lower rates of 0.1 mg C m™2 day™',
8.6 mg C m~ day~! and 21 mg C m~2 day~! have been reported from various areas
around Greenland (Rysgaard et al. 2001; Mikkelsen et al. 2008; Lund-Hansen et al.
2018). Ice algae production data in Fig. 1.3 comprise mostly coastal and shelf areas,
based on the *C incubation method (Sect. 6.6). These differences in production
rates between Greenland and the Canadian Arctic Archipelago are significant
despite possible minor methodological variations. The reasons for the differences

250

200
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50
0 ‘ T T T . T L

T
Beaufort  Canadian North Greenland Greenland Barents
Sea Arctic Water Sea/Fram Sea
Archipelago Strait

Primary production (mg C m2 d")

Fig. 1.3 Ice algae primary production in different Arctic regions. Data points represent treatment
mean = SD (Compiled from Barber et al. 2015; Leu et al. 2015; Arrigo 2017)
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are unknown but studies have pointed towards the effects of nutrient availability and
differences in water column stratification. A strong stratification inhibits vertical
mixing and transport of nutrients from below to the surface layer (Schuback et al.
2017), and is important at points in time when the surface layer is depleted of nutri-
ents. Exchange of sea ice brines and seawater between the ice and the water column
induced by under-ice currents may additionally transport nutrients into the ice, and
may be a key driver of productivity in land-fast sea ice regimes open to coastal cur-
rents and tidal influence (Cota and Horne 1989; Meiners and Michel 2017). Areas
with high primary production rates as in the Canadian Arctic Archipelago (Fig. 1.3)
are generally also areas of high Chlorophyll a (Chl a) concentrations as a proxy for
ice algae biomass, which also varies between sites and over time (Fig. 1.4). Ice algal
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Fig. 1.4 Seasonal development of Chl a concentrations in sea ice in different regions of the Arctic.
(Modified from: Leu et al. 2015) with additional data from the Baltic Sea (Kaartokallio 2004),
Young Sound (Sggaard et al. 2019, Rysgaard and Glud 2007), Greenland Sea (Gradinger 1999),
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production, and the increase in biomass, can potentially start at first light and
depends on snow and sea ice thickness as well as latitude. Time-series of seasonal
irradiance (PAR) from three research stations at 81°, 74° and 64° N in Greenland
demonstrate how the sun rises later and sets earlier with increasing latitude (Fig. 1.5).
PAR is the photosynthetic active radiation between 400 and 700 nm (visible light)

2500

a Villum Research Station 81°N

2000

1500 —

1000 —

b Zackenberg 74°N

1500 —

1000 —

500

PAR (umol photons m2 s°*)

2500

c Kobbefjorf 64°N

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 1.5 Seasonal irradiance (PAR) at Villum Research Station, NE Greenland (81°N) (a), at
Zackenberg Research Station, NE Greenland (74°N) (b), and at Kobbefjord, SW Greenland
(64°N) (¢)
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utilized by the algae for photosynthesis. Midnight sun prevails between mid-April
and the middle of August at 81° N but for a shorter period at Zackenberg at 74° N. In
comparison there is no midnight sun at lower latitudes (64° N), but the sun is always
above the horizon during winter. The summer PAR maximum decreases with lati-
tude from a maximum of 1800 pmol m=2 s~! at 64° N in Kobbefjord near Nuuk to
about 1200 pmol m~2 s~! at Station North. In accordance, there is a general increase
in Chl a concentrations from mid to late April between latitudes 70°-80° N, and
earlier at lower latitudes (Leu et al. 2015) (Fig. 1.4). This is exemplified by the
beginning of April increase in Chl a in the Northwater Polynya (76° N), which starts
in late February further south (64° N) in the Godthéabsfjord (Fig. 1.4). There is an
average time span of about 90 days (3 months) between the initial increase in Chl a
and when Chl a once again decreases to minimum concentrations. The size of the
bloom varies significantly between a maximum of nearly 120 mg Chl ¢ m™ in
Resolute Bay, Canada, and around 0.5 mg Chl @ m~2 in Young Sound, NE Greenland.
Organisms living inside the ice together form the sympagic communities and com-
prise taxonomically diverse groups including Eubacteria, Archaea, ice algae,
viruses, fungi, ciliates, heterotrophic flagellates, amphipods, copepods, polychaetes,
nematodes and more (Fig. 1.2). The communities can be divided into three main
groups based on the size of the organisms (Bluhm et al. 2017). The first group is sea
ice microbes including ice algae, Eubacteria, and Archaea; the second group is sea
ice meiofauna consisting of multicellular organisms in the range 62—-500 pm such as
rotifers and nematodes; the third group comprises sea ice macrofauna organisms
>500 pm such as amphipods and large copepods. The Eubacteria and Archaea use
and decompose the organic material produced by ice algae, thereby remineralizing
nutrients for primary production by the ice algae (Deming and Collins 2017). The
sea ice meiofauna grazes on the ice algae as observed in Arctic Canada, where
Grainger and Hsiao (1990) estimated that the meiofauna in the ice could consume
about a quarter of the ice algal biomass. Typical estimates of meiofauna biomass
from other areas in the Arctic and Antarctic are lower and often below 10% of the
algal biomass (Gradinger 1999). Amphipods such as Gammarus wilkitzkii, Onisimus
glacialis and Apherusa glacialis also graze directly on the ice algae, with relatively
high grazing rates for all three species, e.g., Gammarus wilkitzkii can graze up to
73% of the ice algae biomass (Brown et al. 2017). The zooplankton species grazing
on ice algae are generally Calanus hyperboreus, C. finmarchius, and C. glacialis,
which are dominant species in the Arctic (Espinasse et al. 2017) but with different
ecologies (Scott et al. 2000) (Fig. 1.6). Lgnne and Gulliksen (1991) gave a compre-
hensive study of the sympagic fauna and food chain in the Barents Sea. Ice algae
grazed by amphipods and zooplankton are consumed and establish a secondary
pathway of organic material in the ice-pelagic-benthic coupling. Studies have estab-
lished organic carbon budgets for the various components in the Arctic marine food
web of the Barents Sea (Reigstad et al. 2011; Kortsch et al. 2015), where stable
isotope compositions are often applied in carbon budget and food web structure
analyses (Pineault et al. 2013). The zooplankton and the amphipods are again con-
sumed by fish and especially the polar cod (Boreogadus saida), a circum-Arctic
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Fig. 1.6 The Arctic copepod Calanus hyperboreus. (Photograph by: Authors)

Fig. 1.7 A deep sea
cucumber (Kolga hyalina)
(5-6 cm) feeding on
clumps of the ice algae
Melosira arctica at 3569 m
depth in the Arctic Ocean.
(Photograph by: Antje
Boetius)

species that occurs in high numbers near sea ice (David et al. 2016). The polar cod
is strongly dependent on the occurrence of ice algae, as stable isotope analyses have
shown that between 34% and 65% of the carbon taken up by polar cod is derived
from ice algae through grazing on amphipods and copepods (Kohlbach et al. 2017).
Much of the organic material produced by the ice algae and not grazed by the zoo-
plankton sinks towards the ocean bottom (Juul-Pedersen et al. 2008; Szymanski and
Gradinger 2016) where it is available for benthic organisms on the shelf (Tamelander
et al. 2006) and in the fjords (McMahon et al. 2006). It was recently observed that
ice algae contribute organic material to the deep sea where invertebrates (Kolga
hyalina) feed on clumps of the ice algal diatom Melosira arctica at 3569 m depth in
the Arctic Ocean (Boetius et al. 2013) (Fig. 1.7). During late spring or early summer
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when the sea ice starts to break up, some of the ice algae leave the ice, either due to
formation of larger brine channels and flushing at increased sea ice temperatures, or
due to melting of the ice at the bottom. This transfer of ice algae from the sea ice to
the pelagic water seeds the water column, and can initiate the pelagic primary pro-
duction (Gradinger 2009; Selz et al. 2018). It was until very recently assumed that
the pelagic primary production below the ice was extremely low and insignificant
during the ice covered period, but several recent observations of pelagic phyto-
plankton blooms below sea ice have changed this view (e.g. Mundy et al. 2009;
Arrigo et al. 2014). With younger and thinner sea ice, coupled with an earlier onset
of snow melt and increased melt pond formation, it is foreseen that such under-ice
blooms will be more frequent in the future (Arrigo et al. 2014; Horvat et al. 2017).
It is, on the other hand, unknown how the under-ice blooms will affect ice algae
communities and if this bloom is driven by seeding from the sea ice to the underly-
ing water column.
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Chapter 2
Autumn, Development and Consolidation
of Sea Ice

Check for
updates

Abstract This chapter describes the period of development of new ice during
autumn freeze-up, different ice types, and development of the brine channels (2.1).
Optical properties of young and developing sea ice are described in terms of the
transition from open water to bare sea ice, that later can be covered by snow (2.2).
The incorporation and scavenging of ice algae, bacteria and meiofauna from the
water column during ice growth and freeze-up are then described (2.3). Development
of platelet ice, a prominent under-ice feature in Antarctica and recently observed in
the Arctic, is described (2.4). The final section describes frost flowers and brine
skim development, and the dynamics of the bacteria communities in the frost flow-
ers and brine skim on top of newly formed sea ice (2.5).

Keywords Sea ice formation - Development of brine channel - Optical properties
- Incorporation of organisms - Frost flowers - Platelet ice

2.1 Sea Ice Formation, Growth and Properties

In autumn and winter, when the ocean surface layer cools to temperatures close to
—1.86 °C (the freezing point of seawater with a salinity of 34), ice crystals start
growing on the surface (Weeks 2010) and form a soupy suspension consisting of
frazil ice crystals of 3—4 mm in diameter (Fig. 2.1). Organic and inorganic particles
in the water are centres for ice condensation, called nucleation. Under calm condi-
tions, the ice crystals freeze together to form a sheet of new ice called nilas, which
forms a sea ice crust up to 10 cm thick with randomly oriented ice crystals termed
granular ice texture (Timco and Weeks 2010) (Fig. 2.2a) that can cover dozens of
km? of sea surface during calm weather conditions. At this point frost flowers may
form from the brine skim on the ice surface (Sect. 2.5). The transitional granular/
columnar ice layer forms as the sheet ice thickens through congelation, called ther-
modynamic ice growth, at the ice-water interface (Eicken and Lange 1989). This
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Fig. 2.1 Sea ice development stages — agitated conditions with ice growth in wave fields (a), and
calm conditions with ice growth through quiescent bottom freezing (b). (Photographs by: Authors)

layer is a transition zone a few cm thick that is characterized mainly by elongated
grains (Fig. 2.2a). Below the transitional granular/columnar layer, the sea ice con-
sists of columnar ice, characterised by vertically elongated ice crystals, where indi-
vidual ice crystals can have lengths of several mm to cm (Fig. 2.3). A skeletal layer
is found at the bottom of the growing sea ice with ice crystals and relatively large
brine-filled gaps in-between the lamellae (Fig. 2.2b). The thickness of the skeletal
layer varies from 1 to 3 cm and with a distance of 0.5-1.0 mm between the tips of
the lamellae. Sea ice is classified as young ice when the ice sheet becomes thicker
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Fig. 2.2 Schematic representation of the main ice growth conditions and resulting textures in first-
year sea ice (a), and the structure and dimensions of the skeletal layer with lamellae of ice at the
bottom of the sea ice (b). (Modified from: Eicken 2003 and Sggaard 2014)

Fig. 2.3 Thin section of
first-year sea ice with ice
lamellae (a), and brine
pockets along the grain
boundaries (b).
(Photographs by:

M. Pucko)
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than 10 cm and as first-year sea ice when the ice sheet becomes thicker than 30 cm
(Weeks 2010). If the first-year ice survives at least one melting season, which is one
summer, it is termed multi-year ice (or second year ice after the first summer). Multi-
year ice can reach ages of typically 4-5 years or more (Weeks 2010). In more
dynamic conditions with ice growing in wave-fields, frazil crystals consolidate into
grease. The grease ice layer can consolidate into ice discs known as pancakes
(Fig. 2.1a). As they grow from a few cm to a few metres across, they solidify and
thicken by mechanically rafting on top of each other. Pancakes freeze together to
form ice cakes and floes, which contain a large amount of ice with a granular texture.
With ongoing freezing, the pancakes adhere into a continuous ice sheet by bottom
freezing at the ice-water interface. The frazil-congelation process described above is
the most frequent, but other sea ice types exist, e.g. snow-ice and superimposed ice
formation. Snow-ice forms by surface freezing after surface flooding of ice floes due
to snow loading that submerges the ice below freeboard levels and an infiltration
layer is developed (Fig. 2.2a, Eicken 2003; Fritsen et al. 1998; Rysgaard et al. 2012).
Superimposed ice develops during spring and summer when the snow melts inter-
nally and melt water refreezes either in the snow or at the snow-ice interface, e.g.
when the temperature gradients within snow and ice are reversed (Haas et al. 2008;
Nicolaus et al. 2010). When sea water solidifies, some of the salts and solutes includ-
ing inorganic and organic nutrients and gases present in the seawater are rejected
into the water column below, whereas the rest is trapped within the brine pockets,
channels and tubes (Fig. 2.3b) (Weeks and Ackley 1982; Petrich and Eicken 2017).
Thus, the initial concentrations of solutes in sea ice are mainly controlled by the
composition of the seawater from which the sea ice is formed and by the freezing
process itself. Recent studies indicate a preferential incorporation of dissolved
organic carbon (DOC) and extracellular polymeric substances (EPS) into sea ice
compared to other substances (Meiners and Michel 2017). This suggests that the
classical concept of conservative incorporation of substances (e.g., salt, gases, and
dissolved nutrients) into sea ice needs further investigation. Once the ice has formed,
a reduction in sea ice temperature decreases the brine volume with a concurrent
increase in brine salinity (Cox and Weeks 1983; Papadimitriou et al. 2004) (Fig. 2.4).
Dissolved inorganic and organic nutrient pools will be further modified within the
sea ice and may be enriched (Fig. 2.5) or depleted (Fig. 4.3) due to biological
activity by the bacteria and ice algae. Bulk salinity is the salinity of a sample of
melted sea ice and is generally around 2—-10 depending on type and age of the ice
(Cox and Weeks 1983). Bulk inorganic nutrient concentrations in newly formed sea
ice are equivalent to bulk salinity and concentrations are normally lower than in the
underlying seawater column (Vancoppenolle et al. 2013). Their concentrations in the
sea ice are proportional to the bulk salinity following a theoretical dilution line, pro-
vided that there is no biological accumulation or depletion of nutrients in the sea ice.
In a recent study of newly formed sea ice, plots of concentrations of phosphate
(PO,*), silicic acid (Si(OH),), nitrate (NO;~) and nitrite (NO,"), dissolved organic
carbon (DOC) and dissolved organic nitrogen (DON) concentrations versus bulk
salinity were generally all above the dilution line (Fig. 2.5). This implies that there
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Fig. 2.4 Tllustration of the
fate of the brine and brine
solute concentrations when
sea ice temperatures
decrease, and accordingly
the brine volume

must have been a production and accumulation of these nutrients in the ice by het-
erotrophic bacteria, being the most active components of the biological community
in this newly formed sea ice (Fig. 2.5). Sea ice DOC and DON concentrations are
also generally enriched in newly formed sea ice when compared with the seawater
from which the sea ice has formed, and the high concentrations in sea ice indicate
biological production (Fig. 2.5d, ). DOC and DON comprise a diverse pool of
complex organic compounds that are defined as smaller than 0.2 pm. In practice,
dissolved organic matter (DOM) is often operationally defined as material that
passes through glass-fibre filters with a nominal pore size of 0.7 pm (Meiners and
Michel 2017). The sea ice DOC and DON pool consists of carbohydrates, amino
acids as well as more complex substances such as humic acids. The DOC and DON
pools remain poorly characterized at the molecular level and can range in size from
monomers to large polymers. Molecular size can indicate the bioavailability of
compounds and the pools are often grouped into bioavailable (biolabile) and non-
bioavailable (refractory) fractions. Sea ice DOC and DON includes material that
has been produced in situ through biological release from organisms living in the
sea ice, which is termed autochthonous (Underwood et al. 2010; Aslam et al. 2012).
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This is opposite to material trapped during the sea ice formation, which is termed
allochthonous (Stedmon et al. 2007). The former can be orders of magnitude higher
than the latter and can reach concentrations of up to 2.5 mmol L~!' (Thomas et al.
2001; Riedel et al. 2007). High DOC/DON ratios, increasing with total DOC con-
centration, have been reported from Arctic sea ice (Thomas et al. 2001) and are
probably a result of DOC-rich riverine supply. The high carbon content of sea ice
DOM has also been attributed to high concentrations of biologically produced sea
ice carbohydrates, which may be a result of high concentrations of sea ice
Extracellular Polymeric Substances (EPS) (Juhl et al. 2011; Underwood et al. 2010).
EPS can contribute a significant fraction of the total sea ice carbon pool (Meiners
et al. 2008; Riedel et al. 2007) and are thought to be extracellular cryoprotectants
and likely osmoprotectants for bacteria surviving in the sea ice (Ewert and Deming
2013). This was observed at extremely low temperatures around —27 °C and cor-
responding high brine salinities of 220 (Collins et al. 2008). Importantly, DOC and
DON can be chromophoric, and this coloured dissolved organic matter (CDOM)
has a strong absorption in the ultraviolet (UVR) (280—400 nm) and blue part of the
visible (400-700 nm) PAR spectrum. This absorption affects the energy budget of
the sea ice as well as the exposure of ice-associated organisms to UVR and PAR
(Belzile et al. 2000). Photochemical degradation of DOM can lead to direct remin-
eralization of DOM, but also to the formation of biolabile organic compounds that
can fuel sea ice microbial food webs (Thomas et al. 2001; Norman et al. 2011).

2.2 Optics of Young and Newly Formed Sea Ice

The occurrence and formation of ice on an ocean water surface causes dramatic
changes in the ocean’s optical properties, shifting from a highly transparent element
(water) with a very low albedo (the ratio between reflected and incident irradiance)
to a low transparency element (ice) with a high albedo and attenuation, with or
without a snow cover. This proceeds from autumn towards winter, but the changes
are likewise established when moving from open sea and towards an ice-covered
fjord, for instance. Changes in optical properties over time from open water to a
state with a cover of sea ice were studied by Perovich (1991) in a two-stream multi-
layer model. Two-stream refers to modelling of downwelling irradiance (first-
stream) where absorption and scattering of the irradiance in the layers of snow, ice
and water (multi-layer) are quantified along with the upwelling irradiance (second-
stream) from the water through the same layers. The model was run between 16
October and 5 November when ice thickness increased from 0.0 to about 25 cm
with a snow cover of 4.0 cm from about the middle of the period (Fig. 2.6).
Transmittance, the ratio between under the ice PAR and surface PAR, decreased
from 0.95 to 0.30 with a connected increase in ice thickness. Transmittance
decreased further to 0.1 with a snow cover established on top of the ice around 25
October. Under-ice light availability was reduced from 67 to ca. 3 pmol photons
m~2 s7! through the same time and remained low. During the period of ice growth,
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Fig. 2.6 Ice and snow thickness (cm) and transmittance (a), albedo, surface and under ice PAR (b)
between 16 October and 5 November. (Modified from: Perovich 1991)

there was a strong increase in albedo from 0.05 to about 0.64, which increased fur-
ther to 0.85 with the snow cover. The transition from open water to ice with snow
strongly resulted in a decrease in irradiance at the bottom of the ice, though in com-
bination with a seasonally related decrease in surface irradiance during autumn. The
modelling demonstrates that significant changes in optical properties can occur
within a relatively short time of ice formation, here about 10 days.

2.3 Scavenging of Bacteria and Algae in Developing Sea Ice

In autumn the water column still contains quantities of microscopic algae, hetero-
trophic protists, bacteria, and small metazoans and these are incorporated into the
ice during freeze-up and ice growth. The incorporation is facilitated by different
processes including scavenging, e.g. harvesting of organisms by ice crystals rising
through the water column as well as wave-field pumping, i.e., accumulation of
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organisms that get trapped into an existing ice cover by wave action (Spindler 1994).
Garrison et al. (1983) pointed out that algae and bacteria adhere to the surfaces of
the frazil ice particles and are incorporated into the ice when the ice is developing.
Gradinger and Ikévalko (1998) developed an enrichment index, which expresses the
concentrations of Chl a, nutrients or an organism in the ice relative to the
concentration in the water column below at the time of ice development. Water
concentrations of Chl a were around 1.0 pg L~! but high concentrations of
19.8 pg L' were measured in newly formed pancake ice during the autumn
freeze-up, proportionate to an enrichment index of 20. Enrichment factors varied
between groups and significantly with ice type, with an enrichment index for
diatoms of 10 in grease ice, 200 in nilas and minor pancake ice, and increasing to
20,000 in large pancake ice (Gradinger and Ikévalko (1998). Enrichment factors for
bacteria during ice formation and incorporation varied between 5 and 10; even
higher factors up to 54 have been reported (Deming and Collins 2017). Incorporation
processes and sources for sea ice meiofauna taxa are not well understood, but in
nearshore waters sediment with benthic micro- and meiofauna can be incorporated
into the sea ice with strong mixing and high current speeds (Carey and Montagna
1982; Reimnitz et al. 1993). In offshore deep water regions, multi-year ice floes or
zooplankton can act as seed stocks (Bluhm et al. 2010) for incorporation in the sea
ice. Once ice algae are incorporated into the ice they are dormant or almost inactive
throughout the cold and dark winter and start growing at first light in spring (Leu
et al. 2015). Little is known about how the cells, often forming spores and cysts,
actually survive the winter in the ice, but they are there and become viable around
first light. A seasonal study showed a gradual increase in Chl a in the entire ice from
around March (Fig. 2.7), presumably related to spring awakening of the cysts and
spores (S@gaard et al. 2010). The ice interior remains cold in February—March with
a low brine volume, so that inflow of seawater into the brine channels and thereby
seeding of the channels is limited. The Chl a increase co-occurs with increased
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Fig. 2.7 Seasonal development of Chl @ (mg m-3) in the sea ice, Malene Bight, SW Greenland.
(Modified from: Sggaard et al. 2010)
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irradiance levels in the ice. In contrast, the heterotrophic microbial community in
newly formed sea ice is able to establish an ice-adapted and active bacterial biomass
within a week of ice formation. The productivity of the microorganisms inhabiting
sea ice during the first stages of ice formation is poorly understood, but recent
studies have shown that the ice-associated biological community in newly formed
sea ice is net heterotrophic with very high ratios (average of 14) of bacterial
production to primary production (Sggaard et al. 2019).

2.4 Platelet Ice

Platelets are crystal discs of about 5-30 cm in diameter and a few mm thickness and
are found below the sea ice in ice shelf areas (Fig. 2.8a). They are formed by super-
cooling of the water below the ice shelf and can form an up to a 10 m thick layer of
platelets accumulating under sea ice after they rise from depth. Platelet ice is a com-
mon phenomenon of Antarctic land-fast sea ice that abuts an ice shelf (Langhorne
etal. 2015), and has just recently been observed at sites in Greenland (Kirillov et al.
2018). A video from below the ice at Cape Evans, Antarctica, shows the three
dimensional structure at the bottom of the ice established by the platelets (Fig. 2.9).
There are green and brownish aggregations of ice algae on the bottom of the sea ice
with the platelets sticking out of the bottom of the ice (Fig. 2.8b—d). The occurrence
of the platelets establishes a complex three-dimensional structure with algae grow-
ing on the platelets and a significant increase of the sea ice surface area. Brown
colours at the bottom of the cores are related to the presence of ice algae. Figure 2.8e
shows an upward directed photo perpendicular to the bottom of the sea ice. An
under-ice video from Station Nord, NE Greenland also shows some clear platelets
frozen into the bottom of the ice (Fig. 2.10).

2.5 Frost Flowers

During the initial phase (hours) of sea ice formation, a highly saline layer of brine
skim is often observed on the surface of newly forming ice (e.g. Isleifson et al.
2014) (Fig. 2.11). The skim layer is typically 1-2 mm thick and is highly saline,
with salinities up to 120 (Barber et al. 2014). This skim layer is formed by brine
expulsion towards the surface in the brine channels as these constrict during sea ice
growth (Martin et al. 1995). Highly saline water or brine leaves the ice not only
through brine channels at the bottom of the ice, but can also be expelled to the sur-
face of the sea ice. Frost flowers will develop on top of the brine skim if the air is
cold enough and there is a strong temperature gradient between ice and air
(Fig. 2.12). The skeleton of the frost flowers is pure ice but later the brine skim will
move up and cover the skeleton with brine. Formation of frost flowers requires low
(<5 ms™") wind speeds and calm conditions, as the structures are very fragile (Style
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Illustration showing the formation of platelet ice around an Antarctic ice shelf (a)

(Courtesy: AWI, Bremerhafen, Germany), pictures of three cores with ice algae (brown colouring)
and platelets frozen into the bottom of the ice (b—d), and under ice picture showing platelets stick-
ing out of the ice partly covered with greenish and brown ice algae (e). (Photographs by: Authors)
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Fig. 2.9 A video from below the ice at Cape Evans, Antarctica, shows the three dimensional struc-
ture at the bottom of the ice established by the platelets. Video: V. Lucieer (https://doi.org/10.100
7/000-05g)

Fig. 2.10 An under-ice video from St. Nord NE Greenland also shows some clear platelets frozen
into the bottom of the ice. Video: K. Hancke (https://doi.org/10.1007/000-05f)
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and Worster 2009; Barber et al. 2014). There is still an ongoing debate regarding
whether frost flowers form due to sublimation or evaporation from the sea ice sur-
face or from deposition from the atmosphere (Domine et al. 2005). The initial §'*0
values in frost flowers are close to 0%o, which is similar to the signature of the sur-
face brine skim layer, suggesting that newly formed frost flowers are composed
primarily of the surface brine skim (Barber et al. 2014). Frost flowers become sig-
nificantly modified within a few days since they are extremely effective collectors
of drifting snow on the ice, which suggests an increase over time in their atmo-
spheric fraction (Barber et al. 2014). As a consequence, they are integrated into the
snow layer on top of the sea ice (Perovich and Richter-Menge 1994). Ice crystals
with brine will be detached from the frost flowers at higher wind speeds and trans-
ported up into the atmosphere as marine aerosols containing a variety of elements
such as Na*, CI-, Mg*, Br~, and others. These elements are enriched 1.4-3.7 times
in concentration compared to seawater as they originate from the concentrated
brine. Frost flowers provide a significant source of atmospheric Br~, which reacts
with other elements and is an efficient depleter of the ozone layer (Kaleschke et al.
2004). The flowers also play a key role in the dynamics and exchange of Hg,**
between sea ice, snow, and atmosphere (Douglas et al. 2005, 2012). Although the
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Fig. 2.12 Frost flowers on sea ice. (Photographs by: D. Barber, S. Rysgaard, and authors)

mechanisms behind frost flower formation are relatively well-described, the bio-
logical components in frost flowers are poorly known. Recent studies have shown
that bacterial concentrations generally increase with salinity in frost flowers, and
that bacteria in frost flowers survive the challenging conditions encountered as the
frost flowers age (Fig. 2.13). In frost flowers as noted in Sect 2.1 for sea ice, bacteria
produce EPS which serve as extracellular cryoprotectants and osmoprotectants. The
only combined study of the bacterial community and EPS production in frost flow-
ers shows that EPS values increase over time in both frost flowers and the surface
brine skim layer (Fig. 2.13). This suggests that the bacteria are struggling to survive
when they are transported upward from sea ice into the even more extreme condi-
tions in the surface brine skim layer and frost flowers. This is supported by the
higher EPS values in frost flowers and brine skim layer as compared to EPS values
reported for Arctic sea ice (Barber et al. 2014; Underwood et al. 2010).
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Fig. 2.13 Abundance of bacteria (solid symbols) and viral-like particles (open symbols) in
frost flowers (blue circles), brine skim (red circles) and in seawater (green circles) as a function of
salinity (a), concentration of total EPS (solid) and dissolved EPS (dEPS, open) in frost flowers
(blue circles), brine skim (red circles) and in seawater (green circles) as a function of salinity. The
saltiest samples are the youngest samples (19 h for frost flowers and 25 h for brine skim) and the
freshest samples are the oldest samples (44 h); i.e. EPS values in these samples are not only higher
than in seawater but also appear to have increased over time (b), and bacterial abundance in frost
flowers (blue circles), brine skim (red circles) and in sea water (green circles) as a function of time
(¢). (Modified from: Barber et al. 2014)
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Chapter 3
Winter, Cold and Mature Sea Ice

Abstract This chapter describes a period of low air temperatures, darkness or very
little light, cold ice, minimum brine volumes, and strongly reduced ice permeability.
The first section provides an overview of the physical and optical conditions of this
winter ice (3.1). Both snowfall and snowdrift are frequent during winter and an
overview of the effects of a thick snow cover on sea ice is provided (3.2). Increased
colonization of the sea ice bottom by bacteria and ice algae is initiated in late winter
around first light, and an example is given (3.3). Once these microorganisms have
colonized the ice the important growth limitations of bacteria and algae are consid-
ered (3.4), along with how they are able to adapt to these extreme conditions, and
their seasonal species succession (3.5). The purposes of EPS and the functioning of
different pigments found in ice algae are described (3.6). This is combined with a
description of low light conditions and related photosynthesis (3.7), and exemplified
with a case study from Station North, NE Greenland (3.8).

Keywords Cold ice - Snow - Low light - Colonization

3.1 Physics and Optics of Winter Sea Ice

The polar winter provides very low air temperatures and cold sea ice, very little to
no surface light depending on latitude, and a snow layer of varying thickness that
covers the ice surface. Ice reaches its maximum thickness and there is very little or
no under-ice light. In spite of this, there is still a desalination of the ice by which the
ice is losing salt. This is an ongoing process though at different rates, depending on
the permeability of the ice. There are three types of desalination mechanisms: (1)
brine expulsion, (2) gravity drainage, and (3) brine pocket migration, but only brine
expulsion and gravity drainage are of quantitative importance (Eicken 2003). Brine
expulsion is the flow of liquid brine driven by the freezing of the sea ice, which
results in pressure buildup in the brine pockets. This mechanism forces the brine to
escape from the brine pocket and migrate towards the warmer end, which is the bot-
tom of the sea ice (Weeks 2010). Brine drainage (under the influence of gravity)
includes all processes in which the brine drains out of the sea ice into the underlying
seawater column (Cox and Weeks 1974). A brine channel opening at the bottom of
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Fig. 3.1 Image of the bottom section of an ice core with a brine channel in lower center, from
where brine is released to the underlying water. Diameter of the brine channel is about 1 cm. Ice
lamella with ice algae (brown spots) are clearly visible. (Photograph by: Authors)

an ice core is shown in Fig. 3.1. The two desalination mechanisms explain the typi-
cal “C-shape” of the bulk salinity profiles, which evolves into the “L-shape” during
the melting season in spring and summer (Eicken 2003). Furthermore, these two
mechanisms result in the rejection of gases and other impurities to the underlying
water column along with the expelled brine during sea ice growth. In the cold winter
ice, brine volumes are low and generally below 5%, and the permeability of the ice
is strongly reduced. The permeability of sea ice increases significantly at a brine
volume > 5%, which is reached at a temperature of —5 °C for a typical bulk salinity
(salinity of a melted sea ice sample) of 5, which is termed the “rule of five”” (Golden
et al. 1998). A brine volume of 5% is generally considered as the threshold at which
the sea ice matrix becomes impermeable, minimizing brine and gas transport in the
ice. An example of seasonal ice and snow conditions from Kobbefjord, SW
Greenland shows that the ice cooled to —3.7 °C in the interior of the ice in February—
March, during which brine volume decreased to 5% or below for about 1 month
(Fig. 3.2b). At this point the brine channel system is not fully interconnected, result-
ing in no or only very little exchange of water and nutrients from below the ice
(Golden et al. 2007). Accordingly, brine volume can be calculated depending on ice
temperature, bulk salinity, and density of the ice (Sect. 6.2). Optical properties are
independent of season per se, but some properties are more prevalent in winter
compared to summer, as winter ice is often covered with a snow layer of specific
optical properties. Irradiance intensity and its spectral composition below the ice



3.1

Ice and snow thickness (cm)

Ice thickness (cm)

Physics and Optics of Winter Sea Ice 33

40

20

a Thickness and cover

—20

—40 -

-60

Ice

Water

—20 -

—40 ]

b Temperature (°C)

—60 T T T T T T
0

—20 4

. BRSO

Xl
. c . 8.0
—40 R ©
* o
¢ Brine volume (%)
—60 T T T T T T
Dec Jan Feb Mar Apr May

Fig. 3.2 Sea ice and snow thickness (cm) from December until May (a), contour plots of ice tem-
perature (b), and brine volume (c), in Kobbefjord, SW Greenland. (Modified from: Mikkelsen
et al. 2008)

depends on the albedo of the snow and ice surface, as well as absorption and scat-
tering of the irradiance on its way through the column of snow and ice (Perovich
2017). Dry cold snow has a very high albedo (0.8-0.9) compared to bare ice
(0.5-0.6) and the presence of a snow cover changes optical properties significantly.
Transmittance is related to both absorption and scattering, with absorption in the
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snow and ice, in the brine (and solutes therein), in solid salts, biota, sediments, and
by dust particles, and the energy of the light photons is generally transformed into
heat (Kirk 1994). Scattering in the ice and snow occurs at boundaries between
substances with different refractive indexes, e.g., air bubbles, brine inclusions and
sediment grains. Scattering in sea ice is complex and difficult to measure directly,
but can be modelled. Hamre et al. (2004) produced scattering coefficients of around
1100 m~! for brine channels and around 25 m~! for air bubbles in typical first-year
landfast ice, with air and brine volumes of 3% and 12%, respectively. Absorption is
likewise expressed through an absorption coefficient (m~') as how much light is
absorbed per metre in the substance, and can be quantified for the substances
involved (Light et al. 2008). Absorption by snow, sea ice and its constituents including
algal pigments such as Chl a can strongly alter the spectral composition of light
transmitted through the ice. There is in ice a relatively stronger absorption in the red
part of the spectrum compared to the blue part, whereas scattering is independent of
wavelength. Ice algal derived changes in spectral composition are taken advantage
of in remote sensing, applied for mapping of ice algae and dealt with in detail later
(Sect. 6.5).

3.2 Effects of a Snow Cover on Sea Ice

During ice growth and when a solid ice surface develops, snow can accumulate on
the ice and is redistributed by winds (snow drift) and melts at increasing air tem-
peratures and during rain-on-snow events (Fig. 3.1 in Sturm and Massom 2017).
There are three major ways by which snow on sea ice can affect or influence ice
algae and bacteria inside or at the bottom of the sea ice. First, a snow layer will
significantly decrease light available for photosynthesis in the sea ice and at the bot-
tom. Scattering of light inside the snowpack dominates light attenuation compared
to absorption, and snow has a very high albedo of 0.7-0.9 (Perovich 2017). Examples
of time series of under-ice PAR in snow-cleared and snow-covered areas of ice,
clearly demonstrate that the snow cover governs light transmittance in sea ice
(Fig. 3.3). In this example, snow thickness during 12—18 March was about 5 cm in
the snow-covered area but a snowfall event between 18 and 19 March reduced trans-
mittance from about 0.3 to 0.1 by the increase in snow thickness to 8 cm. The new
snow further increased albedo from 0.82 to 0.91. The reverse situation where snow
on sea ice melts and thereby increases under-ice irradiance is very common and
especially at increased air temperatures and melt during spring (Perovich 2017).
This all demonstrates very clearly the strong variability in under-ice irradiance that
ice algae and other biota must cope with, and ice algae have developed a range of
coping strategies. Ice algae respond closely in all seasons to changes in under-ice
irradiance in different ways: (1) by increasing intracellular Chl a concentrations, (2)
by developing photoprotective “sunscreen” pigments and amino acids, and (3) by
downregulation of the photosynthetic apparatus in high light (Kono and Terashima
2014). Snow not only changes the amount of light but also its spectral composition,
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Fig. 3.4 Spectral distribution of under-ice irradiance with snow (+Snow) and with no snow (—
Snow), March 2016, Kangerlussuaq, W Greenland. (Modified from: Lund-Hansen et al. 2020)

compared to ice without a snow cover. Figure 3.4 shows two under-ice light spectra
from sites with an ice thickness of 79 cm with and without a snow cover of about
2 cm thickness. Ultraviolet light, and here UV-A (315400 nm) below the ice
increased from 0.4 Wm=2 with snow to 0.7 Wm~= without snow. The effect of the
snow cover layer on the under-ice irradiance is so significant due to the high albedo
and the strong scattering and absorption causing high light attenuation coefficients
K4(PAR) of ~11.9 m~! in the snow, compared to ~0.84 m~"! of the ice below (Sect.
6.3). Apart from the thickness of the snow, there are several other variables that
affect the optical properties of the snow, including its grain size, water content,
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moisture, packing of the snow grains, and age of the snow (Perovich 2017; Hamre
et al. 2004). Snow metamorphosis at higher air temperatures increases the transmit-
tance, and thereby the irradiance reaching the bottom of the sea ice, as shown in
Case study I (Sect. 3.8). The second way snow on ice can affect ice algae and bac-
teria is by development of an infiltration layer. This layer comprises seawater that
floods the ice when the weight of the snowpack on top of the ice is higher than the
buoyancy forces acting on the ice. The thickness ratio between snow and sea ice is
approximately 1:3 before the ice is flooded, exemplified by 50 cm of ice where only
15 cm of snow is required before the ice is flooded (Sturm and Massom 2017).
Infiltration layers are generally located near the surface where the increased Chl a
around 100 cm is more likely an ice bottom from a previous year that has been
trapped in the ice (Fig. 3.5). Infiltration layers have historically not been prominent
features in the Arctic, but recent studies suggest these layers may be more common
in the future with an ongoing thinning of the sea ice (Kwok and Rothrock 2009;
Kwok 2018) as supported by current observations (Ferndndez-Méndez et al. 2015).
The third way in which snow on sea ice can affect ice algae and bacteria inside the
ice is related to the low thermal conductivity of snow, whereby heat loss from the
ice to the atmosphere is strongly reduced with a snow cover. The snow insulates the
ice from the cold air, and temperatures in sea ice with a snow cover will be relatively
higher, which affects living conditions of ice algae and bacteria as brine volume and
brine salinity strongly depend on temperature. The colder the ice the smaller the
brine volume and the higher the brine salinity (Cox and Weeks 1983) (Sect. 6.2).
Snow is a matrix of solid ice crystals and air (Sturm and Massom 2017), and its low
thermal conductivity was observed during an experiment where ice cores were
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Fig. 3.6 Air temperatures and ice thickness with snow (+Snow) and without snow (—Snow) from
18 March to 4 April 2011, Kangerlussuaq, W Greenland. (Modified from: Lund-Hansen et al. 2013)

collected from an area with a 10 cm snow cover and an area with no snow (Fig. 3.6).
Ice cores were about 40—41 cm thick at first sampling on 20 March, followed by a
clear growth of the ice in both areas but significantly higher in the snow-cleared
area, reaching a thickness of 48.5 cm. Without a snow cover the heat loss was higher
here which enhanced ice growth rates. Air temperatures were down to —35 °C at the
beginning of the experiment and later increased to nearly 0 °C and the ice stopped
growing with the onset of the warm period (Fig. 3.6). The low thermal conductivity
of snow and its insulating properties also affect the brine volumes and brine salini-
ties of the ice, as mentioned above, and is demonstrated for two ice cores with and
without snow cover in Fig. 3.7. The sea ice without snow cover was relatively cold
down to —7 °C at the surface compared to about —5 °C with snow, and brine salini-
ties were also higher around 110 without snow and 80 with snow. Calculated mean
brine volumes were 3.6% with no snow and 5.1% with snow which are small differ-
ences, but brine channels become interconnected at brine volumes >5% (Golden
et al. 2007; Morawetz et al. 2017). Thus, the snow-covered ice in this experiment is
permeable, and nutrients from the water below the ice have access to the network of
brine channels to sustain ice algae growth inside the ice in the snow-covered ice
(Legendre et al. 1991). The insulating effects of the snow can accordingly stimulate
the microbial life in the brine channels due to more favourable growth conditions
such as higher temperatures, lower brine salinities and increased nutrient availabil-
ity in snow-covered ice. Arctic snow cover and snow thickness can now be mea-
sured using satellite remote sensing combined with ground truth data where satellite
signals are compared to actual measured snow depths (Sturm and Massom 2017).
The mean snow depth on sea ice in the Arctic Ocean has reportedly decreased from
about 28 cm in 1980 to 26 cm in 2015 (Blanchard-Wrigglesworth et al. 2018).
Figure 3.8 shows how to clear a snow patch for experiments in Kangerlussuaq in
West Greenland. Figure 3.9 shows how to work in a snow pit on sea ice at Station
Nord in North East Greenland.
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Fig. 3.7 Ice core temperatures, brine salinity, and brine volume with (+Snow) and without (—
Snow) snow, March 2011, Kangerlussuaq, W Greenland. (Modified from: Lund-Hansen et al. 2013)

Fig. 3.8 Clearing of a snow patch for experiments, March 2013, Kangerlussuaq, W Greenland.
(Photographs by: Authors)
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Fig. 3.9 Working in a
snow pit on the sea ice,
May 2017, Station Nord,
NE Greenland.
(Photograph by:

K. Hancke)
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3.3 Colonization of Sea Ice by Ice Algae

Ice algae are algae which use the sea ice as a habitat, both inside the brine channels
and attached to ice surfaces, and described here are different mechanisms by which
algae get into the ice and attached to the ice (Fig. 3.10). The examples illustrate two
notably different ice algae distributions (Chl @), with a nearly even vertical distribu-
tion in the Godthabsfjord, compared to Kangerlussuaq with most of the Chl a
located at the bottom of the ice. Why are distributions so different in two first-year
ice cores, and what mechanisms can explain the distributions? Besides the develop-
ment of interstitial layers related to flooding of the ice as mentioned earlier, there
are four main mechanisms to explain vertical distributions of ice algae in sea ice.
Note that most of the algae in sea ice are taxa such as diatoms and dinoflagellates
that are able to form cysts, an inactive stage of the microorganism that can become
active when requirements such as light or nutrients improve (Enberg et al. 2018).
Accordingly, the first mechanism is conservative incorporation, where the cysts are
passively frozen into the ice during autumn freeze-up as the sea ice develops. The
second is inflow of seawater containing algae into the brine channels and thereby
seeding the channels (Stoecker et al. 1997). The pm-sized algae can easily pass into
the mm-sized brine channels, though the dominant flow direction of the high-den-
sity brine is from the channels to the ocean, at least when the ice is growing (Petrich
and Eicken 2017). The third mechanism is freeze-in, where active viable algae from
the water below are captured in the growing ice and continue to photosynthesize in



40 3 Winter, Cold and Mature Sea Ice

70

a Godthabsfjord b Kangerlussuaq

60 —
3
o
® 50 —
L
()
=
G 40 -
IS
o
3
= 30
S
[0]
e
& 20
)
a

10+

0 T T T T T T T T T T T T
0 0.5 1.0 1.5 20 O 1 2 3 4 5 6
Chl a (ug L)

Fig. 3.10 Chl a distribution in two cores, February 2017, Nuuk Fjord, SW Greenland (a), and in
March, 2011, Kangerlussuaq, W Greenland (b)

the brine channels inside the ice (Syvertsen 1991). Continued growth requires that
algal freeze-in occurs at a time of sufficient light and nutrients. The nearly constant
Chl a in the Godthabsfjord ice core (Fig. 3.10) is presumably a result of freeze-in,
as the sea ice developed rapidly during a short and cold period in late January and
February with a surface light level of about 250 pmol photons m=2s~! (Fig. 1.5). The
fourth mechanism is actual colonization, by which algae from the water column
adhere to the bottom of the ice either by a physical process or in combination with
the development of biofilms at the bottom of the ice. Bacteria develop the biofilm,
being the first organisms to colonize a new surface, followed by attachment to the
biofilm by larger organisms such as algae, which is the dominant succession
observed at exposed marine surfaces (Kohler et al. 1999). The potential role and
development of sea ice biofilms is an understudied topic, but it has been observed
that ice algae apply EPS to attach to ice surfaces (Meiners and Michel 2017). A
field-based time series experiment showed that the colonization expressed as a sig-
nificant increase in Chl a concentrations at the ice bottom was amplified by the
development of a skeletal layer (Fig. 2.2b) during a period of ice growth (Fig. 3.11).
The figure is analogous to Fig. 3.6 but includes Chl a and Chl a-specific primary
production (mg C m~? day~'/mg Chl ¢ m™) in addition to ice thickness. Chl a
increased from 0.3 to 1.0 mg Chl a m~2 between 20 and 26 March, in parallel with
an increase in Chl a-specific primary production from 0.09 to about 0.6 mg C m™>
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Fig. 3.11 Ice thickness (blue bars), Chl a (green bars), and Chl a-specific primary production
(grey bars and divided by 20 for scaling) with a 10 cm snow cover from 20 March to 1 April 2011,
Kangerlussuaq, W Greenland. (Modified from: Lund-Hansen et al. 2016)

day~'/mg Chl ¢ m~? (Fig. 3.11). The biomass specific production (Fig. 3.11) of the
sea ice algae increased during the study period, suggesting that the algae in the ice
became more efficient. Chl a specific primary production takes into account the
changes in the biomass of the algae. Chlorophyll fluorescence-based images of the
ice bottom sampled at 20 March show only traces of active algae (small green spots)
and no specific structure of the ice (Fig. 3.12a), as compared to 26 March with
larger green areas of active algae which are clearly organized in elongated structures
(Fig. 3.12b). A macro-photo (RGB) of the bottom ice shows that clumps of algae
(brown) are located and concentrated at the tip of the ice crystals in the skeletal
layer (Fig. 3.12c). The skeletal layer developed at the bottom of the ice during ice
growth from 20 to 26 March (Fig. 3.11) and ice algae became attached to the tip of
the ice crystals, where the algae started to colonize the bottom of the ice (Fig. 3.12).
Analogous colonizations of tips or protrusions have been observed in other marine
studies (Kohler et al. 1999; Krembs et al. 2002). A 1-month long study of coloniza-
tion of newly formed sea ice north of Svalbard showed a significant increase in Chl
a and carbon biomass, and also that species composition became more dominated
by a typical ice algae Nitzschia frigida (Kauko et al. 2018). Colonization of the
young ice was facilitated by algae from the water column, but seemingly also from
older multi-year sea ice that acted as a repository (Olsen et al. 2017). Once incorpo-
rated into the sea ice, the microorganisms are challenged by changes in space, tem-
perature, light availability, salinity, nutrients, TCO,, grazing, and O,
concentrations.
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Fig. 3.12 Imaging-PAM
minimum chlorophyll
fluorescence images (F) of
the bottom section of an
ice core on 20 March (a),
and on 26 March (b), and
an image (RGB) of the sea
ice underside 26 March
2011 with clumps of algae
on tip of the ice lamellae in
the skeletal layer (c),
Kangerlussuaq, W
Greenland. (Modified
from: Lund-Hansen

et al. 2016)

3.4 Growth Limitations of Sea Ice Bacteria and Algae

The seasonal variation in light availability in polar regions is primarily a function
of latitude (Figs. 1.5; 3.13). Sea ice further reduces the amount of light available,
particularly in areas with heavy snow cover or heavy incorporated sediment loads
that attenuate incoming light. Therefore, the light availability will be different in
various regions of the Arctic, even during the darkest phase of the polar night. In
winter, light availability in polar sea ice is insufficient for algal bloom development,
so the sympagic communities remain net heterotrophic with a high bacterial carbon
demand which varies between 0.80 mg C m~*day~' and 26 mg C m~2 day~' (Sggaard
et al. 2019; Glud et al. 2014; Long et al. 2012). Regardless of location and bacterial
carbon demand, minima in bacterial abundances are also observed in the sea ice
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Fig. 3.13 Differences in
light climate according to
the angle of the sun with
civil twilight between the
polar circle and 72°N (a),
civil polar night between
72°N and 78°N (b), and
nautical polar night at
latitudes above 78°N (c).
(Modified from: Berge

et al. 2015)

during winter, ranging from 4.0 - 10° to 1.5 - 10° mL~" in cold winter ice (Sggaard
et al. 2019). The low bacterial abundance in sea ice during winter (compared to ice
bottom summer abundances) might be due to virally-mediated cell death (Collins
et al. 2008) or grazing by bacterivorous protists (Rézanska et al. 2008). Other rea-
sons could be low organic substrate availability, reduction in habitable space, or the
formation of intracellular ice crystals and puncturing of cells by ice crystals (Collins
and Deming 2011). High brine salinity is the key parameter influencing the consti-
tution and activity of the bacterial community in winter sea ice, influencing bacteria
directly and indirectly the rest of the sea ice-based food web (Kaartokallio et al.
2013). Bacterial adaptation to sea ice conditions may involve intracellular processes
such as production of osmolytes and membrane proteins, release of antifreeze pro-
teins, or the release of extracellular polymeric substances (EPS). Sea ice interstitial
habitats resemble a biofilm-like system rather than being analogous to mixed open—
water systems, which may help protect the heterotrophic community in this hostile
environment (Kaartokallio et al. 2013). It is not surprising that early season sea ice
is taxonomically diverse, given the wide range of colonization mechanisms for the
winter sea ice discussed previously, with several different large and small algae
groups being able to incorporate from a variety of sources. The overall progression
during the season is one of a steadily decreasing species and taxonomic group
diversity, with the characteristic sea ice specialists, especially diatoms, gradually
increasing in number and replacing other groups as the biomass increases.
Identifying single driving factors during this early growth phase is difficult given
that light, salinity and nutrients are changing simultaneously in the ice matrix. There
is, however, much evidence linking early increases in biomass to increasing irradiance
at the ice-water interface, and recent data suggest that this can be triggered even
at extreme low irradiances (Hancke et al. 2018). There are also other interactions
taking place within the community that are not light-dependent, but important in
determining species composition and biomass.
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3.5 Ice Algae, Photosynthesis, and Their Species Succession

The different mechanisms discussed above can contribute different taxa in different
locations and this can differ from year to year. Before the first photon hits an algal
cell in spring, the mix of taxa reflects the species present in the under-ice water, how
close the ice is to benthic sources or any multi-year ice, and to open water where
phytoplankton cells may have survived into autumn. Even before any light-driven
productivity, the community is therefore already starting stochastically. As the first
photosynthesis begins, allowing new cell division to occur, all these taxa can in
principle respond (Kauko et al. 2018). However, it appears that none of the normal
abiotic factors that algae respond to control the species composition at this stage.
There is no apparent correlation between irradiance, nutrients, salinity or tempera-
ture with the changes in species composition that occur during the winter to spring
transition, or during the early bloom phase. Nor is grazing by zooplankton or sea ice
meiofauna an important factor controlling species diversity, but biotic competition
between algal taxa appears to be the important process driving succession (Kauko
et al. 2018). Some types of algae are simply more suited to growth in sea ice, and
these will displace the other early colonizers with time. Light controls biomass, but
interspecific competition controls species composition. At the end of the winter, the
community that is about to undergo this competition is typically dominated by flag-
ellates and dinoflagellates, with relatively few diatoms. The succession during the
bloom is then from flagellate-dinoflagellate dominance to diatom dominance, and
within the diatoms from centric to pennate diatoms, provided irradiance remains
low. This succession is largely a matter of characteristics of these different groups.
Flagellates and dinoflagellates are present in the winter ice mainly as cysts, and
cysts may remain the dominant biomass for several weeks early in the season.
Resting cysts are characteristic of these species, but less so for diatoms (McMinn
and Martin 2012). The dominance of flagellates in early season ice therefore reflects
their abundance in the water as ice freezes, and the greater likelihood of their per-
sistence without light. There is then a selection process as diatoms, which are better
adapted for life in ice, replace the flagellates. Some pennate diatoms are motile, can
attach to and move along the ice surface, and are also tolerant of the high salinity
there. Nitzschia frigida, the species most characteristic of sea ice communities in the
Arctic, forms large colonies as shown with a microscope image and a chlorophyll
fluorescence-based image (Fig. 3.14). This species can penetrate brine channels and
is also salinity-tolerant, as are Fragilariopsis species (Petrou et al. 2011). Throughout
the spring as light increases, the growth rate of the diatoms greatly exceeds that of
the other taxa, due to the ability of species such as N. frigida to maintain very high
growth rates at low temperatures. That diatoms do not dominate earlier is simply
because they are starting from a low abundance and need time to catch up and over-
take the other groups. The specialist ice algae are present in extremely low numbers
in the water or at the sediment surface during winter, and their colonizing cells in
offshore areas are now generally agreed to be derived solely from other ice, either
adjacent multi-year ice, or wind-blown fragments of ice that fall into the water and
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Fig. 3.14 Microscope
image of the sea ice alga
Nitzschia frigida, and a
fluorescence image

(32 x 24 mm) of sea ice
with visible colonies of
Nitzschia frigida, August
2012, Amundsen Basin,
Arctic Ocean. (Photograps
by: Authors)

are trapped in the newly forming ice. Another implication of this is that relatively
few of the species present in the water column are adapted for life in ice, and those
species well-adapted for the sea ice habitat are only ever present in small numbers
in the water. This is a largely universal pattern: the species composition of the sea
ice community and the seawater community is usually different, and this reflects the
limited ability and lack of adaptations to the sea ice habitat in most Arctic marine
microalgae. Only in the very newest winter ice (usually <30 cm thick) does the spe-
cies composition of the ice reflect that of the underlying water, before any selection
can take place (Rdézanska et al. 2009).
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3.6 Extracellular Polymeric Substances, Algal Pigments
for Identification, and Seasonal Species Composition

As the season progresses, there are further traits of the sea ice specialists that lead
to their dominance. The production of EPS by some sea ice diatoms changes the
microstructure of growing sea ice (Krembs et al. 2001), further enhancing their
habitat suitability at the expense of other taxa. Taxa that produce EPS become pro-
gressively more dominant during the season over non-EPS taxa, apparently being
selectively incorporated in growing early season ice (R6zanska et al. 2008). Other
possible biotic interactions that may be important include allelopathy and parasit-
ism, neither of which have been studied in any great detail. Following and docu-
menting these changes in species composition requires multiple sources of evidence,
especially as cysts are so prevalent. Cysts have little or no chlorophyll content, and
their large contribution to the biomass is therefore not reflected if biomass is mea-
sured as Chl a alone. Studying the early bloom therefore relies heavily on cell
counts and microscopic identification of algal groups, and can be greatly enhanced
by documenting pigment composition, which is a key method for determining
microalgal species composition, especially as not all taxa are easily identified in the
microscope e.g., when the community is dominated by very small picoplankton
(Hancke et al. 2018). However, some pigments are shared across groups and so the
best data are produced by combining pigment and microscope data. The taxonomic
distribution of pigments is an especially important tool during this early bloom
when the species diversity is high and many of the taxa are small. The key pigments
are alloxanthin for cryptophytes, gyroxanthin for dinoflagellates and the coccolitho-
phore Emiliana huxleyi, and occasionally some cryptophytes, peridinin in dinofla-
gellates, and fucoxanthin in diatoms. Chlorophylls ¢; and ¢, are also pigments
associated with diatoms and dinoflagellates, and Chl 4 is only found in green algae.
Note that it is the ratio of concentrations of these pigments to Chl a that is used for
identification and description of relative abundance, as Chl a is present in all taxa
and provides a useful total pigment indicator to normalize against. Pigment analysis
has become a highly sophisticated tool for identification and quantitative analysis of
algal species composition at the class level, and the CHEMTAX program for calcu-
lating abundances at the class level (Mackey et al. 1996) is now an almost universal
tool for taxonomic analysis of HPLC data. Note that pigments become less useful at
lower taxonomic levels as they cannot, for example, usefully distinguish between
centric and pennate diatoms.

The convergence of species composition to a pennate diatom community as the
season progresses is typical for the Arctic (Leu et al. 2015) given that taxa such
as N. frigida are cryophilic. Their ability to dominate is only limited by the
distance to a colonization source at the start of the season. Multi-year ice is an
essential seeding stock (Olsen et al. 2017), such that the loss of multi-year ice with
climate change is a concern for the future persistence of this community. Higher
light transmittance due to reduced snow cover with climate change is likely to
favour centric diatoms over pennate diatoms. Dominance of centric over pennate
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Fig. 3.15 Development of ice algal (Chl a) biomass at Resolute Bay Canada between end of
March and end of June under different snow depths. Snow cover has been divided into three
classes: low (<10 cm), medium (10-20 cm) and high (>20 cm). (Modified from: Leu et al. 2015)

diatoms is common in thin ice or ice with a thin snow cover (R6zanska et al. 2008)
and they may also be very common within pressure ridges. Across the Arctic, the
process of diatom biomass increase in sea ice bottom layers seems very consistent
during this early light-limited phase. Leu et al. (2015) have documented a wide
range in Chl a biomass between different sites in the Arctic. Values <1 mg Chl ¢ m~
have been noted in Greenland Fjords with first-year ice (Sggaard et al. 2010).
Slightly higher values occur in the Central Arctic (< 2 mg Chl ¢ m~2), increasing to
20 mg Chl a m~2 over much of the Arctic, with some of the highest values (up to
120 mg Chl @ m~2) in Resolute Bay, Canada (Fig. 1.4). Time-series analysis from a
single study site shows that snow cover, compared to other factors such as local
weather and daylength, is responsible for most of the variation in ice algae biomass,
and in particular snow thickness (Fig. 3.15). There is a clear difference in maximum
ice algae biomass between areas, which is reached with a snow cover <10 cm and
thus highest transmittance. It would have been interesting if this study had data from
areas with no snow, but it is a solid verification of the strong link between ice algae
biomass, irradiance, and transmittance. Despite sea ice algae being extreme shade-
adapted organisms, they remain strongly light-limited during the early growth
phase. Rapid changes in snow cover and sudden increases in irradiance might inhibit
photosynthetic processes due to photoinhibition, but the overall pattern at this time
of year is acclimation to the prevailing low irradiance and light being a limiting
resource rather than a stress factor. Much of our current understanding of the devel-
opment of the sea ice algal community is based on such biomass data, but less is
known about the productivity in the ice and when the community is heterotrophic or
autotrophic. At some point in winter there is a shift from net heterotrophy to net
autotrophy (Fig. 1.1). Development of new productivity methods such as eddy cova-
riance (Long et al. 2012), which measures net rather than gross photosynthesis,
offers new insights into these seasonal changes in productivity. Net productivity



48 3 Winter, Cold and Mature Sea Ice

methods have the advantage of providing a combined measurement of respiration as
well as photosynthesis, allowing better identification of when the community, and
hence the sea ice, shifts from net heterotrophic to net autotrophic. Respiration in
darkness (dark respiration) rates of algae can be 10-30% of their photosynthetic
rates, and there is also the heterotrophic bacterial and eukaryotic respiration as an
additional load on net heterotrophy of the community (Holtappels et al. 2015). Eddy
covariance methods are revealing that net daily heterotrophy does occur, and is
probably widespread during winter and in the early mixed community phase in
spring. This net heterotrophy is likely driven by large bacterial populations still
present, and with a respiratory demand that exceeds the inorganic carbon assimila-
tion of the algae (Rysgaard et al. 2008; Sggaard et al. 2019). At this time, even
though Chl a and algal cell numbers are increasing during the winter to spring tran-
sition period, the community remains a net carbon source during the early bloom.
There is no clear indication of a consistent point in different communities when the
switch from net heterotrophic to net autotrophic occurs, but these studies are show-
ing that respiration has been greatly neglected and is quantitatively significant.

3.7 Photosynthesis Under Very Low Light

The extreme shade adaptation of ice algae is their most widely recognised and dis-
cussed attribute. They are able to photosynthesise at a fraction of the irradiances
required by pelagic phytoplankton despite having similar photosynthetic processes.
Sea ice algae have chloroplasts with a photosynthetic machinery that includes a
biophysical light harvesting component and biochemical carbon fixation, with the
enzyme Rubisco used for fixing CO, into sugars as in all photosynthetic organisms.
The pH (approximately 8.2) of seawater and the brine in the brine channels is too
high for there to be any appreciable availability of free CO, for photosynthesis. All
of the algal groups found in sea ice communities have bicarbonate usage, a CO,-
concentrating mechanism for photosynthesis, which allows them to exploit bicar-
bonate ions (HCO;™) as an inorganic carbon source (Falkowski and Raven 2007).
The usage of HCOs™ is almost universal in diatoms — the most important micro-
algae group in sea ice (Matsuda et al. 2001). HCO;~ use is an active process that
requires energy, which puts an additional demand on the energy produced in photo-
synthesis. A basic question is how do ice algae manage to capture sufficient photons
to fix carbon and produce new cell growth at these extremely low under-ice irradi-
ances? To answer this we must consider the light reactions of photosynthesis and the
machinery that autotrophs use to capture light, but we also need a mechanism that
can adjust the machinery to changes in irradiance. The amount of carbon that ice
algae can assimilate at any given irradiance can be assessed from the photosynthesis-
irradiance (P-E) curve where E is the energy in the photons used in photosynthesis
(P). An example of P-E curves for ice algae is shown in Fig. 3.16. The photosyn-
thetic carbon assimilation is represented as gross photosynthesis, a measure that is
quantified by the most common methods for algal photosynthesis, here as “C uptake.
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Fig. 3.16 Examples of photosynthesis-irradiance (P-E) curves for a hypothetical high-light (blue
solid line and blue dots)), and low light (black dashed line)-acclimated ice algal community during
the spring bloom. The fitted curves are based on the formula of Jassby and Platt (1976); and pho-
tosynthetic parameters (P, Ei, and a) are shown for the low-light (black dashed line) and with
photoinhibition (red solid line). If the low-light acclimated community suffers photoinhibition, it
will lose activity and a reduction in P at high irradiances as shown by the red symbols

A net photosynthesis P-E curve would have a negative y-axis intercept rather than
passing through the origin, representing cellular mitochondrial respiration in the
dark. Methods that measure net photosynthesis include dissolved oxygen methods or
the eddy covariance technique (Holtappels et al. 2015). Modelling the P-E response
involves fitting an appropriate curve to the discrete data points produced in an exper-
iment as shown in Fig. 3.16. The Jassby and Platt (1976) equation has been the most
widely applied and is suitable for sea ice algae. It describes the P-E response as:
P =P, X tanh(at X Epag/Ppy.y) Where P is the photosynthetic rate (mg C m=—=h~!) ata
particular irradiance Epyg (pmol m=2s7!), P, is the maximum photosynthetic activ-
ity (mg C m~3 h™"), and o is the initial slope of the light-limited response (mg C
m~* h~!/umol m~2 s7!). The onset of light saturation E, the irradiance at which pho-
tosynthesis is reaching a maximum and becoming independent of irradiance, is cal-
culated as Ey = P,,/a. In higher light conditions (high light), the photosynthetic
activity is upregulated and P, is higher than in low-light conditions (shade), allow-
ing maximum exploitation of available light. The higher E| in the high-light vs low
light-curve represents the greater light demand of the high-light community. In low-
light conditions, there is less investment in photosynthetic capacity as this would be
wasteful when light is severely limiting, and more investment in capturing as much
light as possible at low photon fluxes. A low-light, or shade-adapted, P-E curve will
therefore have a lower P, and E; consistent with reduced demand for light when
less is available, and a higher initial slope (higher a), showing that the cells have
upregulated their ability to capture light at extreme low irradiances. The ability to
acclimate and therefore change the P-E response is widespread in aquatic
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autotrophs, which reflects the low light intensities and variable light climate of
aquatic compared to terrestrial environments (Raven et al. 2000). This applies espe-
cially for ice algae where extreme low irradiances are typical, but where also sudden
changes in irradiance associated with snowmelt are common. The major challenge
for ice algae in relation to light is the need to be an organism that can do much with
very little. They should also be able to deal with the fact that irradiance will exceed
E\ at some point during the growth season, when they are exposed to too many pho-
tons for photosynthesis to handle (Sect. 4.4.) Here we focus on the low-light condi-
tions during the early bloom, and especially how early season algae can enhance
their ability to capture photons and maximise «. These early season ice algae need to
find ways to enhance the flux of photons into the photosystems, which they do with
applying a range of accessory pigments, as they are accessories to the main Chl a
pigment. The most important of these are termed photosynthetic accessory carot-
enoid pigments (PSC), and comprise fucoxanthin, peridinin, neoxanthin, and allox-
anthin used to increase photon flux to the algae cells (Kirk 1994). Other chlorophylls
(Chl b and ¢ chlorophylls) also enhance light capture. These different pigments
absorb photons most effectively at different wavelengths, but they all absorb green
light more efficiently than Chl a, which absorbs light mostly in the red and blue part
of the spectrum. It should be emphasized that it is the ratio of these pigments nor-
malised to Chl a that allows comparisons between communities over time for their
light acclimation. Ice algae can further adapt to very low light conditions by increas-
ing the numbers of light-harvesting complexes (LHC) in the chloroplast, which are
complexes of proteins and chlorophylls in the chloroplast that transport photons to
the photosystems. In microalgae including diatoms, a reduction in irradiance
triggers the rapid assembly of more LHCs, and this is reversible with LHCs being
disassembled or broken down when irradiance suddenly increases (Falkowski and
LaRoche 1991). The very low E; and high a values associated with sea ice algae
are therefore a function of these pigment and light-harvesting acclimations. Ice algae
are some of the most shade-adapted autotrophs on earth, where E; values of
< 20 pmol photons m~2 s~! are common (Selz et al. 2018), and irradiances necessary
for growth have often been reported in the range of < 10 pmol photons m= s~
(Gosselin et al. 1986), and recently < 0.17 pmol photons m=2 s~! (Hancke et al.
2018). These values are more than an order of magnitude lower than those of ter-
restrial autotrophs and also considerably lower than phytoplankton. Ice algae are
essentially pushing low-light acclimation in photosynthesis almost as far as theoreti-
cally possible, on energetic grounds. As cells usually need about 10 mol of photons
to fix 1 mol of C, this is close to the minimum light that allow cells to exist.

3.8 Photosynthesis at Extreme Low Light — Case Study 1

This case study focuses on the very early development of the ice algal community
at extremely low irradiances. It will further illustrate the principles of transmittance
through snow and ice, and the physical properties of snow that govern when the
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Fig. 3.17 Map of sampling area with five sampling stations (A to E) along a 20 km transect from
the shoreline outside the Villum Research Station (VRS) at Station Nord. Main station is at
C. (Modified from: Hancke et al. 2018)

earliest productivity can occur. Algal biomass, species composition, and variable
chlorophyll fluorescence methods are applied in the case study, which also includes
modelling of transmittance through a snow package to evaluate observational data.
The study was carried out at 81.3 °N during April-May 2015 in NE Greenland at the
Villum Research Station (VRS) and at Station Nord (Fig. 3.17). The study site is
located in a glacier-covered fjord with a mixture of first- and multi-year ice. The sun
is above the horizon from late March until about 10 October, resulting in 6 months
of darkness or very dim light (Fig. 1.5). Sea ice thickness here is generally about
1 m and the ice is covered by a snowpack of 1.0-1.5 m except for a few summer
months. The central research question was under which conditions, when, and
which ice algae species would start to develop spring growth. We established a
20 km long transect with five sampling stations to resolve any spatial variations and
all stations were sampled 5-6 times between mid-April and mid-May to observe
this early development (Fig. 3.17). During this period surface light (PAR) increased
gradually from an average of 100 pmol photons m=2s~! on 1 April to about 800 pmol
photons m~2 s~! 1 July (Fig. 3.18a). Chl a concentrations at the bottom of the ice
were zero at the end of April, but increased gradually to about 0.002 mg Chl ¢ m~2
between 29 April and 13 May. Although these concentrations are extremely low,
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Fig. 3.18 Surface PAR measurements (black line) with daily average (blue line) (a), snow thick-
ness at Villum Research Station (VRS; red line), snow thickness (cm) at sampling station C (red
dots) and air temperature (blue line) (b), and under-ice Chl a (green dots), PAR at the sea ice bot-
tom (grey line), and albedo at VRS (blue line) (¢) between 1 April and 1 July 2015. (Modified from
Hancke et al. 2018)

they clearly demonstrate that the spring ice algae development was initiated in early
May in near darkness below the ice. On 5 May we measured PAR of 0.17 pmol
photons m~2 s~! at the ice bottom near noon with a surface PAR of about 750 pmol
photons m~2 87!, It was a real surprise that the algae were able to photosynthesize
and increase their biomass at such very low PAR levels. The algae were clearly
above the light compensation point for positive net primary production, even at this
low irradiance. We expected low irradiances under a package of about 1 m snow and
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Fig. 3.19 Algal cell abundance (brown bars) and Chl a (green lines) in bottom first-year (FYI) sea
ice at sampling station C between 15 April and 20 May (a), algal cell abundance (brown bars) and
Chl a (green lines) in under-ice seawater (UIW) at C (b), Chl a (green bars) in bottom of first-year
sea ice on a transect with sampling station C as centre station (¢), and Chl a (green bars) in under-
ice seawater on a transect with sampling station C as centre station (d). Note different units for Chl
a concentrations in bottom sea ice and in under-ice seawater. (Modified from: Hancke et al. 2018)

1.2 m thick sea ice (Fig. 3.18b), but that ice algae were able to photosynthesize
at such low irradiance was a new discovery. Ice bottom Chl a was measured along
the transect with the central station C (Fig. 3.17) and there were no significant
differences in concentrations, which demonstrates that the ice algae growth was not
only restricted to the central site C (Fig. 3.19¢). It could be that what we observed
in the ice was just phytoplankton that somehow got attached to the ice, and not algae
actually growing there. There were clear differences, however, between the ice
bottom and water column as ice algae cell numbers were about 10 times higher in
the bottom of the sea ice (maximum 1.5 - 10° cells L™") compared to the water col-
umn (maximum 0.15 - 10° cells L™"). Ice algae were also more viable with maxi-
mum quantum yields F,/F,, of 0.31 compared to the phytoplankton below the ice of
0.13. (Fig. 3.20). Algae species composition in the ice was dominated (>70%) by
very small unidentified picophytoplankton and flagellates, and a small amount of
dinoflagellates and diatoms (e.g., Nitzschia closterium, Nitzschia longissima).
However, what triggered the increase in under-ice irradiance and bottom-ice pro-
ductivity? One explanation is that the snow depth at station C reduced by about
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Fig. 3.20 Maximum 0.4
quantum yield (F\/F,,) of
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(Modified: from Hancke
et al. 2018) £
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10 cm between the end of April and beginning of May, which could have suffi-
ciently increased ice bottom irradiance (Fig. 3.18b). Based on snow depths and
under ice irradiance data, we estimated the increase in under-ice PAR per cm loss
of snow depth, and showed that PAR increased by 0.44 pmol photons m~2 s~! for
a 15 cm decrease in snow depth. Another explanation might be that the optical
properties of the snow changed over time and thereby increased light transmittance
in the snow. Snow and ice temperature data were obtained from a thermistor string
at station C, which measured temperatures in 25 cm of air above the snow, 90 cm of
snow, 115 cm of ice, and 10 cm of water below the ice at high resolution (every
2 cm) (Fig. 3.21). There was a strong diurnal variation in air temperatures with night
temperatures down to —25 °C and noon temperatures of —12 °C with a significant
heat flux into (daytime) and out (nighttime) of the upper 50 cm of the snow in early
May. However, it is the increase in snow temperature over time which is important,
going from —8 °C to —3 °C at 50 cm depth between 8 and 19 May (Fig. 3.21). The
ice was isothermal, meaning that the temperature was vertically constant, and at
—1 °C. The snow temperature increase likely resulted in snow metamorphosis
which increases the grain sizes of the snow, and as scattering of light in the snow
decreases with increasing grain sizes, this could explain the higher irradiance that
reached the bottom of the ice. A model (https://nar.ucar.edu/2016/acom/3 1-release-
tropospheric-ultraviolet-visible-tuv-model-version-53) was used to quantify the
increase in irradiance at the bottom of the ice during snow heating and snow meta-
morphosis. The purpose was to validate the optical properties of different snow
types in relation to PAR transmittance and to compare modelled under-ice irradi-
ance with our measurements in the field. The model describes PAR transmittance
through the atmosphere, snow, and ice based on measured snow and ice densities,
thickness, albedos, and was run for three types of snow, i.e. cold polar snow, coastal
wind packed snow and melting snow. Model results showed an under-ice PAR of
0.24 pmol m~2 s~! for the cold snow and an under-ice PAR of 0.65 pmol m~* s~! for
coastal wind-packed snow, and demonstrate that under-ice PAR actually increased
with the increase in snow temperature. Results also show that the increase in under-
ice PAR was comparable to the 0.17 pmol photons m=2 s~! that was measured below
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the ice on 5 May. Irrespective of what actually triggered the bloom, the scientifically
most interesting aspect of this study is that sea ice algae were able to start growing
at very low PAR levels, and illustrates the extreme shade adaptation of sea ice algae

(Fig. 3.22).
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Chapter 4
Spring, Summer and Melting Sea Ice

Abstract This chapter describes one of the most dynamic and ecological important
seasons. The onset of ice melt initiates significant changes in the physical properties
of the ice (4.1), and the related biotic processes in the spring/summer sea ice are
addressed (4.2). Ice algal spring blooms are described and exemplified with two
studies from contrasting Arctic sites (4.3). A Case Study 2 has a focus on effects and
consequences for ice algae of increased irradiances at the ice bottom in terms of
pigments, fatty acids, and MAAs (4.4). Ice algae bloom dynamics are investigated
in a combined model and field study (4.5). Melt ponds termed “windows to the
ocean” develop on the surface of the ice with increased light transmittance (4.6).
Seeding of the ice or water column below with viable ice algae can initiate ice algae
or pelagic blooms, and mechanisms are explored in model and field studies (4.7).
Case study 3 show that species of meiofauna graze directly on the ice algae, and that
the meiofauna establishes an important ecological component in the sea ice (4.8).

Keywords Spring bloom - High PAR - Melt ponds - Meiofauna

4.1 The Melting Sea Ice

The spring warming of sea ice is accompanied by a reduction in ice salinity result-
ing in characteristic “L-shaped” profiles, because of internal ice melt and the flush-
ing of the brine channels due to the draining of meltwater from surface melt ponds
(Cox and Weeks 1974; Fetterer and Untersteiner 1998). Brine inclusions and chan-
nels enlarge upon warming and form new pathways for brine and melt water.
Generally, brine channels and pockets become interconnected at brine volumes
above 5% allowing fluid transport (Golden et al. 2007). These new pathways form
longer and wider channels than the original pathways. The melt water percolates
downwards through the ice, flushing out salts and nutrients into the ocean below the
ice (Petrich and Eicken 2017). In spring, air temperatures increase with increased
solar zenith angle and snow on sea ice will start to melt, and the insulating effects of
the snow disappear and the sea ice is directly exposed to higher air temperatures,

Electronic Supplementary Material The online version of this chapter (https://doi.
org/10.1007/978-3-030-37472-3_4) contains supplementary material, which is available to autho-
rized users.

© Springer Nature Switzerland AG 2020 61
L. C. Lund-Hansen et al., Arctic Sea Ice Ecology, Springer Polar Sciences,
https://doi.org/10.1007/978-3-030-37472-3_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-37472-3_4&domain=pdf
https://doi.org/10.1007/978-3-030-37472-3_4#DOI
https://doi.org/10.1007/978-3-030-37472-3_4#DOI
https://doi.org/10.1007/978-3-030-37472-3_4#DOI

62 4 Spring, Summer and Melting Sea Ice

0-a -b
£
S
o 50— —
Q
@®
[0
2]
£
£1004 o June 13 T
8 * May 28
© May 21
150 | ® March 5 _
I I I I I I I I I I I
-8 -6 —4 -2 0 0 5 10 15 20 25
Temperature (°C) Brine volume (%)

Fig. 4.1 Sea ice temperatures (°C) (a) and brine volume (%) (b) during a spring period at 84°N of
Svalbard. (Modified from: Olsen et al. 2017)

which again increases the temperature of the ice. A time series of sea ice tempera-
tures and related brine volumes from north of Svalbard (~84 °N) between March
and June provides an example of the progression from a cold (—6.5 °C) to a warmer
(—1.5°C)ice surface (Fig. 4.1a). In this example there was some ice growth between
March and May by about 40 cm and melting of the ice during May and June, but
temperatures of the upper part of the ice increased with time, with only minor tem-
perature changes deeper in the ice. Brine volume increased similarly over time,
reflecting that brine volume is mainly governed by the temperature of the ice, as the
warmer the ice the higher the brine volume (Sect. 6.2). Ice algae and bacteria resid-
ing inside the brine channels or attached to the bottom of the ice are released from
the ice and can seed the water column below. Thereby they contribute to pelagic
algal and bacterial production, a theory or concept termed seeding (Olsen et al.
2017). Seeding presupposes that the ice algae seeding the water are viable and that
conditions in the water column are beneficial for algal growth. Alternatively, the ice
algae can be rapidly exported to the deep ocean where they can fuel benthic food
webs (Boetius et al. 2013).

4.2 Biotic Processes in Spring/Summer Sea Ice

It is the ice algae bloom that marks the transition from winter to spring/summer in
ice—covered waters. Ice algae typically start blooming after light levels in the sea ice
have passed a critical level ranging from 0.17 to 20 pumol m~2 s~! (Gradinger and
Ikdvalko 1998; Mock and Gradinger 1999; Campbell et al. 2014; Hancke et al.
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2018). Light has previously been identified as the major limiting factor for algal
productivity, with snowpack depth largely controlling light transmittance in snow
and sea ice during winter and early spring. Hence, the snow depth influences the
transition from winter to spring, and the thicker the snow cover, the more the transi-
tion is delayed. The spring/summer period can roughly be divided into four main
phases based on rates of ice algal growth and photosynthesis in relation to light and
nutrients: (1) Early season and light limitation; (2) Transition period of light and
nutrient limitation; (3) Late season of nutrient limitation and excess light; (4) Late
summer with ice bottom ablation.

Early Season During this stage the ice algal community is generally light-limited.
Nutrient concentrations in the ice are replete, either due to nutrient incorporation
during initial ice formation, increased exchange with the underlying water due to
increasing brine volumes, as well as bacterial nutrient remineralisation in the ice
(nutrient production). At the beginning of this phase the ice will be transitioning
from a net heterotrophic into a net autotrophic system when primary production
increases, draws down nutrients, and strongly influences their concentrations, and
nutrients can be depleted in the ice.

Transitional The algal bloom in the Arctic is usually initiated at the ice-water
interface, in the lamellar bottom skeletal layer (Fig. 2.2b) that harbours one of the
highest algal concentrations in the world’s oceans (Arrigo et al. 2014). It is domi-
nated by pennate diatoms often accounting for >90% of the total biomass (R6zanska
et al. 2008) and is generally highly productive. Seasonal studies have shown that at
this time of year the integrated vertical biomass in the ice is often ten times higher
than in the water column, and in some locations ice algae can contribute up to
50-60% of the total primary production (Gosselin et al. 1986; Fernandez-Mendez
et al. 2015). The biomass evolution of the bloom is closely related to the increase in
spring irradiance. By the time the bloom is accelerating towards maximum growth
rates, the transition to diatoms is already underway and the diatoms are already
beginning to acclimate their photosynthetic activity to higher irradiances, while
other algal classes progressively disappear or become a quantitatively insignificant
part of the community. This temporal change in pigment composition is summarised
in Fig. 4.2 for newly formed spring ice where the pigment peridinin is especially
utilised by dinoflagellates, whereas the pigment fucoxanthin is typical of diatoms.
In this transitional phase the sea ice algae community sustains itself as long as suf-
ficient amounts of nutrients remain, however dissolved inorganic and organic nutri-
ents may become depleted. The temporal development of inorganic nutrient levels
in sea ice is summarized in Fig. 4.3. This study indicated that the algal community
in the sea ice is nitrate and phosphate limited. In other studies silicic acid limitations
have also been observed, which strongly affects the growth of the sea ice diatoms.
Another potential factor limiting sea ice algal growth and photosynthesis is high pH
levels. The pH in sea ice follows a C—shape profile i.e., high pH (> 9) in the surface
and bottom sea ice and slightly lower pH (8.5) in the internal sea ice layers (Fig. 4.4a)
(Hare et al. 2013). There is little information about how high pH affects growth rates
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Fig. 4.2 Development of Chl a biomass in the ice over time with a decrease in the peridinin:Chl a
ratio and an increase in the fucoxanthin:Chl «a ratio. A progression from diverse flagellates to a
Nitzschia-dominated ice algal community is reflected in the higher fucoxanthin concentrations.
(Modified from: Kauko et al. 2018)

of Arctic ice algae and bacteria. However, high extracellular pH is known to cause
gross alterations in membrane transport processes and metabolic functions involved
in internal pH regulation (Raven 1993), and alters cellular content of amino acids
and their composition, which might affect cellular growth (Taraldsvik and Myklestad
2000). Changes in pH also influence the speciation of inorganic carbon (CO, (aq),
HCO;, CO;™). At pH 8.2 in seawater (TCO, is approximately 2.000 pmol L' in
ocean water), approximately 1% of TCO, is present as CO, while at pH 9, only
0.1% of TCO, is present in this form (Hinga 2002). The limited CO, supply due to
elevated pH may restrict photosynthesis and growth of algae in the brine channels
(Hansen 2002). However, most ice algae species have active ion transport across the
plasmalemma allowing them to use HCO;™ in photosynthesis and thereby avoid
inorganic carbon limitation at elevated pH (Korb et al. 1997; Huertas et al. 2000;
Hansen 2002). Nevertheless, the growth rates of some sea ice diatoms species (e.g.,
Fragilariosis nana and Fragilariopsis sp.) are affected by increasing pH levels and
they stop growing altogether at pH = 9.5 irrespective of TCO,, indicating that pH
directly affects their growth (Fig. 4.4b) (S¢gaard et al. 2011). In contrast,
Chlamydomonas sp., a chlorophyte genus commonly encountered in sea ice has
extreme pH—tolerance as there is only a small reduction in its growth rate above
pH = 9.5, but it is sensitive to low TCO, concentrations suggesting that elevated pH
may be involved in the seasonal succession of Arctic sea ice algae (Fig. 4.4b).
Extremely high pH (i.e. pH as high as 10.0) has been observed in sea ice with high
primary production (Gleitz et al. 1995; Thomas et al. 2001) and, thus, prevails dur-
ing spring when the irradiance increases (Cota and Horne 1989; Kiihl et al. 2001).
An interesting feature of the succession is that the communities higher up in the sea
ice, within the brine channels, remain more similar to the early season composition
and essentially fail to achieve the pennate diatom climax community that forms in
the skeletal layer. Whereas the bottom climax community is largely similar irrespec-
tive of the type of ice, the community that persists in the interior of the ice differs
between ice types, with pennate diatoms for example being far more numerous in
first-year sea ice than in multi-year ice. If the interior community in the brine chan-
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nels is truncated in its development and prevented from reaching the pennate diatom
dominance, this is presumably related to the harsher conditions in the channels. The
smaller brine volume in the semi-enclosed sea ice interior likely leads to earlier
nutrient limitation and thus limits succession towards a diatom-dominated commu-
nity as well as overall biomass accumulation. As mentioned above, the bottom ice
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in this period is dominated by pennate diatoms, and an explanation for the domi-
nance of diatoms in spring and summer ice is that diatom species are only slightly
affected by decreasing salinities, whereas the decreasing salinity may result in sub-
stantial losses of species such as ciliates and flagellates (Garrison and Buck 1986;
Ryan et al. 2004; Ralph et al. 2007; Mikkelsen and Witkowski 2010). Thus, sea ice
diatoms may have a competitive advantage during spring and summer thaw when
sea ice salinity becomes low (Sggaard et al. 2011).

Excess Light Period The extent to which ice algae suffer photoinhibition and
become chronically photodamaged in this late season period deserves further study.
One important issue is the length of exposure to the excess irradiance, compared
against the nocturnal period when photosystems can relax and photorepair mecha-
nisms can operate. The long day lengths and absence of sufficient night periods in
the polar summer for relaxation and repair of photosystems suggest that chronic
photoinhibition is likely to be increasing for ice algae with latitude. Unlike phyto-
plankton, which are periodically mixed into deeper water and escape high irradi-
ance, ice algae are fixed in position and unable to escape, and hence may be subject
to photo-damaging irradiance for days or weeks without any opportunity for repair
(Falkowski and Raven 2007). Photoinhibition occurs in ice algae when the photon
flux exceeds photosynthetic capacity (Fig. 3.16). The excess energy generated by
the photosystems needs to be managed to avoid damaging proteins in the chloro-
plasts, especially the highly sensitive D1 proteins in the machinery of Photosystem
II. In normal daily cycles of illumination, irradiances in excess of Eyx are managed
by the carotenoid pigments in the cellular xanthophyll cycle; in diatoms these are
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diadinoxanthin (Ddx) and diatoxanthin (Dtx). These two pigments rapidly intercon-
vert, and the energy-demanding reaction of Ddx to Dtx allows cells to avoid damage
from excess light (photodamage) as the excess photons are converted to and lost as
heat, and are therefore not allowed to strike the sensitive photosystem proteins
(Goss and Jacob 2010). At the same time, photorepair mechanisms become active to
repair any proteins that have become denatured by energy not managed by the Ddx-
Dtx system. This normal, daily photoinhibition is termed dynamic photoinhibition
and is a routine feature already early in the season, and is more or less harmless. As
the algae are exposed to greater irradiances during the season, the cellular contents
of Ddx and Dtx increase, and synthesis of new xanthophylls can occur within a few
hours of sudden increases in irradiance. Increases in the ratio of (Dtx + Ddx):Chl a
are frequently observed as photoinhibition becomes more prolonged (Kauko et al.
2018). Longer exposures to excess light that cannot be managed by the xanthophyll
cycle and reduced photosynthetic capacity of the cells, as quantified by decreases in
the maximum quantum yield in photosynthetic activity (F,/F,), are termed chronic
photoinhibition. This type of inhibition can be countered by production of photo-
protective pigments that absorb light not only in the photosynthetically active spec-
trum, but also other harmful radiation such as UV light (Marcoval et al. 2007). In
recent years, other non-photosynthetic compounds that strongly absorb UV wave-
lengths have been identified. Prime among these are mycosporine-like amino acids
(MAAS) (Piiparinen et al. 2015). These are a family of amino acids with peak absor-
bance in slightly different ranges of the UV spectrum, and increase in sea ice algae
as snow melts during the season and algae are exposed to longer periods of higher
light intensities (Ha et al. 2018). Recently, more attention has been paid to ice-
associated algae in higher-light environments such as the surface of ice floes, frac-
tured pressure ridges, and refrozen leads (Kauko et al. 2018; Assmy et al. 2017).
These types of environments are likely to become more widespread and frequent in
the Arctic with the ongoing trend from multi-year ice to first-year ice (Fig. 5.4).
Unsurprisingly, such communities are acclimating to higher-light environments
with higher E, values and preferred irradiance ranges, often showing little sign of
photoinhibition at irradiances up to 250 pmol photons m= s~'. Ridges and lead
habitats can have very high algal biomass by Arctic standards (> 70 mg Chl a m~2)
and could support some 30-70% of all Arctic algal biomass (Lange et al. 2015;
Assmy et al. 2017). Nutrient limitation becomes increasingly important in these
habitats, limiting activity and productivity as the season progresses (Fig. 4.3). This
is particularly so for nitrogen, as its main function is in photosynthetic enzymes and
nitrogen deficiencies will both limit carbon uptake and enhance photoinhibition.
Normally sea ice bacteria follow the progress of the ice algal bloom near the seawa-
ter interface, which is attributed to the ice algal release of new DOM (Deming and
Collins 2017). However, bacterial density and production is also increasing in upper
regions of the ice where the ice algae are not blooming, which is attributed to the
consumption of old DOC and possibly EPS. This old DOC and EPS is concentrated
in the sea ice during autumn or produced during autumn and winter for cryoprotec-
tion. High bacterial production with rates in the order of 3.80-290 mg C m™ day™'
have been measured in spring sea ice (Glud et al. 2007, 2014). Although these rates
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are much higher than reported in autumn and winter, bacterial production rates typi-
cally represent less than 10% of primary production rates during spring and sum-
mer, and often peak during post-bloom condition in spring/summer ice. However,
integrated measurements from sea ice in Young Sound, NE Greenland (Glud et al.
2007) and in melting sea ice in the Fram Strait (Glud et al. 2014), revealed that the
sea ice was net heterotrophic during summer in these areas. In some areas with high
enough net heterotrophic activity the oxygen is fully consumed in the sea ice, leav-
ing pockets of anoxia in the sea ice that support both denitrification and anaerobic
ammonia oxidation in the ice (Rysgaard et al. 2008). An example from NE Greenland
shows that oxygen concentrations in the ice are low, but remain nearly constant in
the water below (Fig. 4.5). These processes might influence nutrient availability for
the ice algae and therefore impact the total primary productivity in these areas.

Late Summer When the sea ice begins melting, the dissolved inorganic and
organic nutrients are released into the seawater column where they can influence
pelagic microbial processes, or contribute to particle export (Meiners and Michel
2017). Differential retention of different classes of organic matter have been
described for coastal Arctic fast ice (Juhl et al. 2011). This indicates that the type
and quality of the dissolved substances exported from the ice will change as the melt
season progresses. Ice algae can contribute a large proportion of the total algal car-
bon export from ice-covered waters, with the timing of snowmelt likely affecting
the timing of ice algae release and total carbon export (Lalande et al. 2009). Overall,
algal development is controlled mainly by the physical, optical, and chemical envi-
ronment within the ice — a process called bottom-up control. Alternatively, their
development could be controlled by food web interactions, mainly grazing by her-
bivores (ie., top-down control). Many herbivores are found within the ice through-
out the growth season, including rotifers, polychaetes, and nematodes (e.g.,
Gradinger 1999). Their abundance and biomass follows closely the seasonal cycle
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Fig. 4.5 Comparison of vertical bulk oxygen concentration in a melt pond, sea ice and underlying
seawater from 7 to 16 July in Young Sound, NE Greenland (unpublished data)
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of the ice algae, but is never large enough to cause a major loss of algal biomass —
current estimates are all below 10% of daily ingestion related to the algal stand-
ing stock.

4.3 The Sea Ice Algal Spring Bloom

Classically the term “spring bloom” refers to a situation where pelagic phytoplank-
ton develop high concentrations due to high primary production rates at a specific
time during spring when irradiances and water temperatures increase, and when
nutrients are still available in stratified surface waters (Falkowski and Raven 2007).
For sea ice algae, the term ‘spring bloom’ refers to the bloom of ice algae inside or
at the bottom of the ice, which also occurs during spring and summer when the
reducing snow cover results in higher light levels in the sea ice. The ice algal spring
bloom is likewise controlled by nutrient availability in the brine channels and at the
bottom of the ice (Gradinger 2009; Sgreide et al. 2010; Leu et al. 2015; Leeuwe
et al. 2018). The ice algae bloom can then seed the water column with viable algal
cells that can then fuel the pelagic production following the ice melt. There are sev-
eral time-series studies of the development of ice algae during spring blooms, but
few covering several months such as those described here. Time-series are estab-
lished by sampling at the same site, sampling for a specific or several parameters
over a specified period of time, and with a specified frequency of sampling. To
illustrate how different the sea ice algae spring bloom development is between sea
ice sites we compare two time-series: one from Arctic Canada (70°N) (Horner and
Schrader 1982), and one from Kobbefjord, SW Greenland (64°N) (Mikkelsen et al.
2008). In Arctic Canada, there is a gradual increase in sea ice algal productivity
from late April until the end of May with a maximum of 63 mg C m™2 day~' and a
similar peak in the beginning of June (Fig. 4.6a). The SW Greenland time series
covers about 6 months but sampling frequency is lower. Here, ice algal production
reaches a maximum of 21 mg C m~2 day™' at the beginning of March and there is a
second peak of 15 mg C m~2 day~! at the end of April (Fig. 4.6b). At this location,
the primary productivity increases to maximum when snow cover is thin but
decreases again when new snow (up to 40 cm) accumulated on top of the ice in
March—April. The blooming period is initiated about 2 months earlier in Kobbefjord
at 64°N compared to the Canada site at 70°N. Considerable snowfall is typical of
the Arctic Canada site and there is no sunlight during December and January.
Nevertheless, maximum primary productivity and Chl a concentrations at the Arctic
Canada site are about three times higher compared to the Kobbefjord site. The “C
incubation method was applied in both studies to measure primary production, with
incubation of samples in the ice (Canada) and in the laboratory (Kobbefjord).
Therefore, despite possible minor methodological variations, the results are compa-
rable. Recent studies have pointed towards the effects of nutrient availability, differ-
ences in water column stratification and period of melting of the sea ice from below
but the reason for the very low productivity in sea ice in Greenland is still unknown.
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Ice algae species composition was dominated (about 50%) by small flagellates and
about 50% pennate diatoms at the Arctic Canada site with no significant changes in
this ratio during the 2-month study period. In contrast, in the 6-month long
Kobbefjord study, there was a clear succession from flagellates in December and
January, to a bloom of a centric diatoms in March, which were replaced by pennate
diatoms in the April-May bloom.

4.4 Sea Ice Algae and Effects of Increased Under-Ice PAR
and UV - Case Study 2

We have carried out several sea ice research experiments in Kangerlussuaq Fjord, W
Greenland (Fig. 4.7). This case study illustrates the principles governing the critical
importance of snow depth on irradiance in the spring as one of the driving factors of
the spring bloom. The stochastic variability between seasons due to different pre-
ceding light history is noteworthy, and the dramatic changes that can occur when
irradiance suddenly increases after loss of snow cover. The two experiments in this
case study involve snow-clearing experiments and application of ice coring, bio-
mass and species composition, and primary productivity, including variable chloro-
phyll fluorescence methods (Sect. 6.8).

4.4.1 Experiment I

The sea ice here is land-fast first-year ice, which starts to develop in late November
and breaks up in late May. Kangerlussuaq is only about 25 km from the Greenland
Inland Ice cap, where a persistent high air pressure secures a climate with very low
winter temperatures down to —35 °C, generally low wind speeds and low annual
snowfall (10-40 cm). The sea ice at Kangerlussuaq varies from 50-80 cm in

Inland Ice

i

Fig. 4.7 Map of Greenland with location of Kangerlussuaq field site. (Modified from: Lund-
Hansen et al. 2013)
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Fig. 4.8 Experimental design of the snow clearing experiment, with sampling dates. (Modified
from: Lund-Hansen et al. 2013)

Fig. 4.9 Snow-cleared area (a), and a typical ice core with a clear white skeletal layer at the bot-
tom of the ice core, and brownish colouring due to the presence of ice algae (b) Kangerlussuaq,
March 2011, W Greenland. (Photographs by: Authors)

thickness depending on winter air temperatures and snow cover. We artificially
removed the snow cover and followed over time the development and changes in sea
ice Chl a, algal physiological parameters, their absorption properties, and species
composition induced by increased PAR at the bottom of the ice, and changes in
spectral composition. Our design was a control area with an intact snow cover and
an area where the snow cover of 10 cm was artificially removed (Fig. 4.8). Ice cores
were collected every three days between 20 March and 1 April in the control area
with intact snow cover (+Snow) and no snow cover (-Snow). Photos of the snow-
cleared area and a sea ice core with brown colouring by ice algae in the skeletal
layer are shown in Fig. 4.9. The main purpose of this snow clearing experiment was
to test the hypothesis that ice algae photosynthesis is light-limited, and snow
removal should then increase photosynthesis and thus enhance primary production.
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We measured some significantly different optical properties between the snow-
cleared and uncleared areas, with an albedo of 0.8 in the +snow area, and an albedo
of 0.25 for the bare ice in the — snow area. The change in albedo increased the PAR
transmittance from 0.05 to 0.36, equivalent to an increase from 32.4 to 293.1 pmol
photons m=2 s~! at the bottom of the ice at a surface PAR of 648 pmol photons
m~2 s7! (Fig. 4.10). The ice thickness at the -snow area was 50 cm with a PAR sea
ice attenuation coefficient K4(PAR) = 0.84 m~!, as compared to the +snow area with
a snow attenuation coefficient Ky(PAR) = 11.9 m~!, which clearly demonstrates that
snow is far more effective in irradiance attenuation than ice. There were some sig-
nificant differences and changes in parameters over time between the two areas e.g.,
for Chl a, which decreased exponentially in the -snow area from 0.77 to 0.04 mg
Chl a m~2. There was, in comparison, a gradual increase in Chl a from 0.34 mg Chl
a m~2 on 20 March to a stable level of about 0.95 mg Chl a m=2 during the last three
samplings in +snow area (Fig. 4.11a). The maximum quantum yield parameter
(F/F,), a measure of how viable and photosynthetically active the algae are,
increased both in the -snow and + snow areas, but was below zero in the -snow area
on 1 April. The *C-based primary production showed a pattern comparable to the
quantum yield with an increase in production in the +snow area, but a significantly
lower in the -snow area, and only 0.5 mg C m~ h~! during the last sampling on 1
April (Fig. 4.11c). Ice algae species composition showed that total number of cells
mL~! decreased significantly in the -snow area, especially the diatoms Fragilariopsis
oceanica and Navicula vanhoeffni, but increased in the +snow area along with a
third diatom, Achnantes taeniata. Chlorophyll fluorescence images obtained on 26
March by the Imaging-PAM fluorometer (Sect. 6.8) clearly demonstrate that values
for the minimum fluorescence F, are relatively high in the +snow area (Fig. 4.12a)
where also F,/F, is higher (Fig. 4.12b) compared to the -snow area with reduced F,
(Fig. 4.12¢) and F,/F,, (Fig. 4.12d). Our initial hypothesis was that even though ice
algae are strongly adapted to low light conditions below the ice and snow, giving
them more light by removing a snow cover would boost and increase the primary
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Fig.4.11 Chla
concentrations in bottom
ice with snow (orange
bars) and without snow
(blue bars) (a), maximum
quantum yield (F\/F,,) in
bottom ice with snow
(orange bars) and without
snow (blue bars) (b), and
primary production in
bottom ice with snow
(orange bars) and without
snow (blue bars) (c),
between 20 March and 1
April, Kangerlussuaq, W
Greenland. (Modified
from: Lund-Hansen

etal. 2013)
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production. Surprisingly, the algae biomass and production was lower at the -snow
compared to the +snow areas indicating that the ice algae at the -snow area were
suffering from photoinhibition. Some algae at the -snow area might have actively
abandoned the ice in favour of the water column, as pennate diatoms are motile.
Other algae might not have been able to survive the sudden increase in UV-A which
increased from 1% with a snow cover to about 17% of surface radiation in the
cleared area. Under-ice PAR levels increased 9-fold by the snow clearing and the



4.4 Sea Ice Algae and Effects of Increased Under-Ice PAR and UV — Case Study 2 75

0 Fluorescence intensity (a.u.) 1.0

Fig.4.12 Fluorescence images of the base of ice cores on 26 March, Kangerlussuaq, W Greenland.
F, for ice with snow (a), F,/F,, for ice with snow (b), F, for ice without snow (c¢), and F,/F,, for ice
without snow (d). All images are 30 x 23 mm. (Modified from: Lund-Hansen et al. 2013)

experiment mimics a sudden snow melt/disappearance at increased air tempera-
tures, which would expose the ice algae to similar conditions and with similar
effects for the ice algae community as described.

4.4.2 Experiment Il

Ice algae have several strategies for protection of the photosynthetic apparatus
against a sudden increase in irradiance and UV radiation, which we studied in a
follow-up project also in Kangerlussuaq. Three separate rectangular areas of 15 -
10 m were established on the ice in March 2016. These areas established a gradient
of PAR treatments: high light, intermediate light, and low light, where we mea-
sured a selection of optical and algal parameters over time. A snow layer (5-10 cm)
was removed from high and intermediate light areas and left undisturbed in the low
light, and the intermediate light area was then covered with a white semi-transpar-
ent tarpaulin that reduced bottom-ice irradiance to 50% of the high light area. High



76 4 Spring, Summer and Melting Sea Ice

150

a High light
125

100

75 -

50

N UL

T T T T T T T T T T T T T T
150

b Intermediate light
125

100
75

50

"TULLAA

150

PAR (umol photons m? s)

c Low light
125

100 —
75
50

25

OQQQQQ AARAAMRSL

"17 71819 "20 "21 ' 22" 23" 24" 25 " 26
March

Fig. 4.13 Under-ice PAR time series without snow (High light) (a), ice with shade (Intermediate
light) (b), and under ice with snow (Low light) (¢) between 12 and 26 March 2016, Kangerlussuaq,
W Greenland. (Modified from: Lund-Hansen et al. 2020)

and intermediate areas were cleared of any small snow patches each day of the
experiment but not in the low light area, and a snowfall between 18 and 19 March
reduced the initial 25% light levels of the high light area to just 10% (Fig. 4.13).
Irradiance was strongly attenuated at intermediate and low light compared to high
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Fig. 4.14 Spectral composition of under-ice irradiance without snow (High light), ice with shade
(Intermediate light), and with snow (Low light), March 2016, Kangerlussuaq, W Greenland.
(Modified from: Lund-Hansen et al. 2020)

light, but with blue light around 480 nm being least attenuated (Fig. 4.14). UV-A
levels were 0.4 W m~2 in the low light area, and 2.0 W m~2 and 3.7 W m~? in the
intermediate and high light areas, respectively. Ice algae were initially adapted to
low light, but exposed to both higher PAR and UV-A levels with the snow clearing.
Selected pigments were measured in the ice algae, including fucoxanthin, a light
harvesting pigment (photosynthetic carotenoid), and diatoxanthin+diadinoxanthin
(Dtx + Ddx, photoprotective carotenoids), so-called ‘sunscreen’ pigments. As
mentioned previously, ice algae can regulate the concentrations of these pigments
inside the cells relative to light conditions, increasing fucoxanthin at low light and
increasing (Dtx + Ddx) at high light and UV to protect the photosynthetic system
(Sect. 4.2). The experiment showed that the fucoxanthin:Chl a ratio increased at
the last sampling in the low light treatment compared to the intermediate and high
light treatments (Fig. 4.15a). This is likely a response to the snowfall that reduced
low light even further. Note that pigment concentrations are shown as ratios to the
concentrations of the main light harvesting pigment Chl a, to take into account any
possible variation in this pigment during the experiment. There was, in compari-
son, a clear increase in the Dtx + Ddx:Chl a ratio, especially in the high and inter-
mediate light areas, which demonstrates that the algae developed sunscreen
pigments as a response to the increased light here (Fig. 4.15b). When ice algae are
exposed to increased irradiance and accordingly also high UV levels, they can also
develop mycosporine-like amino acids (MAAs). These compounds have strong
absorption properties in the UV-A band to protect the cells from photodamage, and
each MAA has specific wavelengths of maximum absorption. The procedure is to
measure the spectral absorption of the ice algae on a filter, i.e. how much of
the irradiance at a specific wavelength is absorbed by the algae (Fig. 4.16a).
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(Modified from: Lund-Hansen et al. 2020)
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The ordinate is the Chl a specific absorption coefficient as the absorption is nor-
malized to Chl a concentration to take into account any variations in Chl a and thus
biomass concentrations between samples. The unit of the Chl a- specific absorp-
tion coefficient is m? (mg Chl a)~!. Besides the two significant and strong absorp-
tion peaks at 440 nm and 670 nm related to Chl a for all light treatments, there is a
gradual development over time of a strong peak at 360 nm and particularly at high
light, and also at intermediate, but not at low light (Fig. 4.16b—d). The absorption
peak centered at 360 nm is related to a specific compound (palythene), which the
algae develop as protection against the UV-A at the bottom of the ice (Fig. 4.16).
There are about 18 identified MAAs, and nearly all have maximum absorption
peaks in the UV-A band (400-320 nm), and only a few in the UV-B band. It is
unknown which MAAs ice algae develop in which conditions, but this might be
related to spectral composition, intensity, and algae species composition. A third
objective of the study was to detect any possible changes in the composition of the
algal fatty acids in relation to increased PAR and UV. Only ice algae and phyto-
plankton species can synthesize the marine based essential fatty acids such as
Omega-3, which is up-concentrated in the food chain via ice algae grazed by zoo-
plankton, that are eaten by fish. Omega-3 belongs to the group of polyunsaturated
fatty acids (PUFA), but not to the monounsaturated (MUFA) fatty acids group. We
actually observed an increase in the MUFA:PUFA ratio over time in all three treat-
ments, but most significantly in the high light treatment. The ratio was around 0.5
at first sampling in all treatments, and increased to about 1.3 in the high light treat-
ment (Fig. 4.17). It illustrates that an increase in UV irradiance at the ice bottom
can change the fatty acid composition, and that especially the Omega-3 fatty acid
concentration will decrease and accordingly the nutritional value of the ice algae.
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Fig. 4.17 The ratio of MUFA (monounsaturated fatty acids) to PUFA (polyunsaturated fatty
acids) content in sea ice algae in ice without snow (High light), ice with shade (Intermediate light)
and ice with snow (Low light) between 15 and 26 March 2016, Kangerlussuaq, W Greenland.
(Modified from: Lund-Hansen et al. 2020)



80 4 Spring, Summer and Melting Sea Ice

Thus, bottom-ice irradiance and UV will inevitably increase with the ongoing thin-
ning of the sea ice (Sect. 5.1), and this change in sea ice irradiance and UV will
most likely affect also the Omega-3 content of the algae. At the end of our sam-
pling we conducted an experiment to examine the extent of any photodamage in
the ice algae when suddenly exposed to increased irradiances and UV in the inter-
mediate and high light treatments. Ice samples were collected every three hours
from each of the treatment areas between sunrise and sunset. We measured effec-
tive quantum yield Y(II), which is the quantum yield of photosynthesis of a sample
exposed to light and measured directly after sampling (see Sect. 6.6). Y(II) is high-
est in the low light treatment (0.41) and lowest in the high light treatment (0.34)
before sunrise, which indicates some degree of photodamage in both the medium
and high light areas (Fig. 4.18). Y(II) decreased gradually during the day until
around midday, after which it again increased in response to the decreasing bot-
tom-ice irradiance. This diurnal decrease of Y(II) with increasing irradiance is the
excess energy dissipation associated with the diadinoxanthin cycle, as described
earlier. This means that the algae can protect the cells from excessive and damag-
ing light. The experiment was continued in the laboratory where samples collected
at 17.00 h were kept in the dark to measure how long it would take for the algae to
recover back to the initial Y(II) levels, which occurred after 3—4 h (Fig. 4.18). This
experiment demonstrated that the sea ice algal communities were photodamaged to
some degree, but that they were still able to react to increased irradiances by energy
dissipation mechanisms (Fig. 4.18).

0.55 150
Z 0.45- 120 o
B : In’termediate E
= — c
g 0.35+ L] L 90 _g
2 <
|, 3
g 0.25 High —60 :E:.
= ~
5 o
& 0154 30 &
L

0.05 r 1 17 T T T T T T T T T T T T T 1 0

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Time (hours)

Fig. 4.18 Diurnal effective quantum yield Y(II) in ice without snow (High light), ice with shade
(Intermediate light) and ice with snow (Low light) and under ice PAR between sunrise at 5:00 and
21:30, March 2016, Kangerlussuaq, W Greenland. (Modified from: Lund-Hansen et al. 2020)
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Fig. 4.19 Experimental site with transparent tarpaulin and shaded ice (Intermediate light) (a),
work on the sea ice with the Imaging-PAM fluorometer in a tent (b), and cutting a sea ice core on
the ice (c¢) Note the black cloth to protect the ice core from sunlight. (Photographs by: Authors)

4.5 A Numerical Model and Observations of Ice
Algal Dynamics

A model is a set of differential equations that describe the state or the change of
something over time in relation to input variables. For example, the equation:

@ = Production of carbon — Loss of carbon
d(t) 4.1

comprises the terms that govern the production of carbon as irradiance, nutrients
etc., and the terms that govern the loss of produced carbon as grazing, sinking etc. to
list the most basic terms. When production is higher there is a surplus of carbon
produced and vice versa. All equations describing governing parameters as PAR,
water temperature, meteorological parameters, nutrient concentrations, species
compositions, grazing etc. and how they influence carbon production or loss are then
combined into a model. Input data to the model are the above-mentioned and the
model is now able to calculate carbon production or loss for a specific site and spe-
cific time. The final model is validated in a comparison with field measurements of
actual carbon production or loss. With a high correlation between model and obser-
vations, the model can then be applied to answer questions such as how will carbon
production change with a reduced and thinner sea ice cover? There will be a higher
irradiance, but are there still nutrients available? A high correlation between model
output data and measurements shows that all general governing equations and pro-
cess rates of the system are known and included. There might be small differences
but this shows in principle that the right terms were selected in the equation, and that
we know the variables that govern carbon production. Lavoie et al. (2005) developed
a model that comprised modules of sea ice growth or melt, snow dynamics, distribu-
tion of light in snow and ice, and an ice algae module. This module described ice
algae growth or loss based on input of nutrients and the amount of light at the ice
bottom available for photosynthesis, and grazing (loss) by large protozoa such as
flagellates and ciliates. Input parameters to force or run the model were incoming
light, air and water temperatures, current speeds, and water level measured at the
study site. The model was run for 1.5 months between 10 May and 29 June during
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Fig. 4.20 Time-series of PAR, snow cover and ice thickness, Chl a, algal growth, and ice melt in
areas with thick (0.25 cm) and thin snow (0.08) between 9 May and 28 June, Resolute Passage,
Canadian Arctic. Blue line is modelled ice thickness (m), dots are observations, and orange dots
are snow thickness with interpolated line (a—b), green dots are measured Chl a, line is modelled
Chl a, and full black line is PAR (c—d), and green line is ice algal growth, red line is biological melt
loss of algae, and thin black line is the combined physical and biological related melt loss of algae
(e-f). (Modified from: Lavoie et al. 2005)

the snow and ice melting season for two areas with different snow thicknesses of 20
and 10 cm and compared with observations. Snow disappeared earlier in the thick
snow area, and the gradual decrease in ice thickness was accelerated with the disap-
pearance of the snow and the area was ice-free by day 180 (29 June) (Fig. 4.20).
Model output and observations compare quite well for ice thickness, both with a thin
and a thick snow cover (Fig. 4.20a, b). Note that snow cover was not modelled but
based on interpolations of observations. There is a good agreement between mod-
elled and the ice with observed ice algae biomass (Chl @) with maximums of about
80 mg Chl a m~2 in thin snow cover and about 50 mg Chl @ m~2 in the ice with thick
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snow cover (Fig. 4.12¢, d), with integrated biomasses of 2150 and 1310 mg Chl a
m~?, respectively. Higher biomass in sea ice with thin snow cover was attributed to
the higher under ice PAR levels here. Algal growth rates were quite stable until day
173 after which they declined at both high and low snow thickness sites. There is a
loss of algae biomass related to increased air temperatures, changes in ice thickness
and melting of the ice at the bottom whereby ice algae are lost, which is the physical
melt loss (Fig. 4.20e, f). Biological melt loss is loss of biomass due to absorption of
solar energy and melting of the ice whereby ice algae are lost. Ice algal growth
decreases around day 170 when the combined physical and biological melt loss is
increasing, e.g., where the loss of ice algae and biomass exceeds the growth. Based
on a set of equations similar to Eq. (4.1) the model was able to describe the seasonal
development and Chl a concentrations in the ice. This demonstrates that we know
which parameters govern Chl a growth and lost, and that the model can predict Chl
a based on input data as irradiance, nutrients, etc. The model shows further that
biological melt loss related to heat absorption is very low compared to the physical
melt loss. This exemplifies how a numerical model can give answers based on
parameters that are difficult/impossible to measure directly, such as how big is the
physical melt loss of algae relative to the biological melt loss?

4.6 Melt Ponds — Windows of Light

Melt ponds develop on the surface of the sea ice during early and late summer,
depending on latitude, and comprise accumulations of freshwater from the melted
snow and surface ice (Fig. 4.21). Using ship-based observations Liithje et al. (2006)
estimated an 80% total melt pond coverage by area for the entire Arctic Ocean.
More detailed satellite image based studies have shown that up to 50% of a first-
year sea ice area in the Arctic Ocean can be covered by melt ponds at their maxi-
mum (Webster et al. 2015). Coverage varies with season with a maximum in July in
the Arctic Ocean (Fetterer and Untersteiner 1998). The coverage is lower at about
38% in multi-year ice, as the surface of this ice type is more hummocky, which
prevents the spread of the melt water on the surface (Polashenski et al. 2012). First-
year ice surfaces are generally more flat and melt water will cover a relatively larger
area. It has been estimated that Arctic Ocean sea ice in 2006 consisted of about 50%
first-year ice and 50% multi-year ice (Maslanik et al. 2011) but there is a clear ten-
dency of multi-year ice being replaced by thinner first-year ice (Fig. 5.4) (Comiso
2012). The albedo in a first-year ice area is 0.37 compared to 0.62 in a multi-year
ice area with transmittances of 0.11 and 0.04, respectively (Nicolaus et al. 2012).
Thus, the decrease in multi-year ice coverage will raise the absorption of heat and
irradiance in the water column below.

Melt ponds occur in a variety of sizes from as low as 1-2 m? and up to several
hundred m? (Fetterer and Untersteiner 1998). The melt ponds are shallow with water
depths between a few cm and up to 0.5 m and rarely more, depending on the amount
of snow and ice that have melted, and the surface topography of the ice. Melt ponds
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Fig. 4.21 Sea ice with a high density of melt ponds as viewed from a helicopter and a close-up
photo taken from the bridge of an icebreaker, August 2012, Amundsen Basin, Arctic Ocean. Note
the Polar Bear footprint in lower right corner. (Photographs by: Authors)
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Fig. 4.22 Structure of
closed (top) and open
(bottom) melt ponds Closed melt pond

Open melt pond
-\ e
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can be open at the bottom and in direct contact with ocean water, and salinities in
the melt ponds are then similar to those of the water below. A closed melt pond is in
contrast not open at the bottom and salinities in the melt pond are very low with
salinities of <1-2 or lower (Fig. 4.22). Closed melt ponds are more frequent in
multi-year ice, which is generally thicker compared to first-year ice. The multi-year
ice melt ponds appear more bluish in colour as they are closed at the bottom, com-
pared to the more dark-appearing melt ponds in first-year ice. The differences in
melt pond colours can be seen in the upper photo in Fig. 4.21. An example of why
melt ponds are called “windows to the ocean” is from the Canadian Arctic where
light transmittance was determined below two closed melt ponds in relatively thin-
ner (0.6 m) and thicker (1.2 m) ice (Fig. 4.23). Light transmittance is about 0.1
below the thin ice but increases significantly to about 0.6 at the edges of the melt
pond with a maximum of 0.65 in the center. There is a similar pattern for the thick
ice but with significantly lower maximum transmittance (0.38), which demonstrates
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Fig. 4.23 PAR transmittance (red line) below melt ponds at two locations in summer 2016 in
Canadian Arctic. Upper horizontal dashed line with dots is water level in the pond and lower is
depth of the rope pulling the unit mounted with PAR sensor. (Modified from: Ehn et al. 2011)

that ice thickness strongly regulates the light windows (Ehn et al. 2011). The absorp-
tion and scattering in the section of water between the PAR sensor head and sea ice
bottom is accounted for in the transmittance calculations. An under-ice video
(Fig. 4.24) from near the North Pole in August 2012 shows strong light in the back-
ground related to the high transmittance of nearby melt ponds. The very sculptured,
eroded bottom of the ice is related to melting of the ice from below, and the brown
spots in some places are remnant patches of ice algae attached to the ice bottom
(Figs. 4.25 and 4.26).

The few studies of melt pond ecology have shown that primary production in the
ponds is low (Mundy et al. 2011) and lower than primary production rates within
sea ice. For instance, melt pond production rates were 0.04-0.4 mg C m~2 day~' and
sea ice rates were 3.7-5.7 mg C m~2 day~!, i.e. rates in ponds were about 45-100
times lower than in thawed sea ice as demonstrated in a study from Young Sound,
NE Greenland (Sggaard et al. unpubl.). The bacterial production is also low in melt
ponds and about 5-6 times lower than algal primary production (Sgrensen et al.
2014). Meiofauna abundances are also low in melt ponds but increase slightly with
increasing salinity (Gradinger unpubl.). There are observations of very high algal
blooms of a green algae (Carteria lunzensis) in some melt ponds in the Arctic Ocean
with Chl a concentrations up to 15.2 pg L=" (Lin et al. 2016). Such blooms are con-
sidered to be rare and Lee et al. (2012) estimated that melt ponds (2005-2008)
contributed less than 1% of the total carbon production in the Arctic Ocean. Fig. 4.27
shows a variety of melt ponds from Young Sound (upper left) and from the
Arctic Ocean.



Fig. 4.24 An under-ice video from near the North Pole in August 2012 shows strong light in the
background related to the high transmittance of nearby melt ponds. (https://doi.org/10.100
7/000-05j)

Fig. 4.25 Melt ponds on land-fast first-year sea ice in Young Sound and Arctic Ocean. Mixture of
open and closed melt ponds. (Photographs by: Authors)


https://doi.org/10.1007/000-05j
https://doi.org/10.1007/000-05j
https://doi.org/10.1007/000-05j

88 4 Spring, Summer and Melting Sea Ice

Autumn Spring Summer

—_—

° .
Colonization l . Seeding

Porosity of ice,

Light, EPS, bacteria, brine flush

roughness

Water

Fig. 4.26 Conceptual model showing ice algae dynamics with colonization of the sea ice and
governing parameters (light, EPS, surface roughness, and bacteria) in early spring and develop-
ment of a bottom ice algae community of high biomass. Seeding of the water column can take
place when the ice algae melt out at increased porosity where brine is flushed containing ice algae
that can initiate or enhance the pelagic phytoplankton bloom. Ice algae inside the ice column were
supposedly scavenged into the ice when it developed in autumn. Green lines below are relative Chl
a concentrations in the ice and water column

4.7 Seeding of the Water Column and the Ice

Ice algae can colonize the sea ice around early spring at sufficient light, followed
by a bloom at the bottom of the ice around spring-summer, and they again leave the
ice during summer and ice melt. Ice algae released from the ice can then seed the
water column and thereby initiate or enhance the pelagic primary production. In
Fig. 4.26 the green rectangles symbolize cysts or viable ice algae that were incor-
porated during autumn freeze-up, which will add to the seeding. In the figure the
green lines are relative Chl a concentrations in the ice and water column over time
(Fig. 4.26). Higher pelagic water column Chl a concentrations in summer reflect
that pelagic production generally exceeds the sympagic production, as demon-
strated in a SW Greenland study (Mikkelsen et al. 2008). Seeding is the transfer or
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Fig. 4.27 Model showing
the Chl a concentrations in
the sea ice and in the
pelagic zone for an entire
year where both sea ice
and pelagic diatoms have
low light utilization
coefficients (o, = 4.6 -
107°) (a), both ice and
pelagic diatoms are
adapted to high light
utilization coefficients
(o1, = 1.8 - 107%) (b), and
pelagic diatoms are
adapted to low light and
ice diatoms to high light
(¢). (Modified from:
Tedesco et al. 2012)
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transport of viable ice algae from the ice to the water column during melt of the ice
at higher tempertatures and thereby larger brine volumes, and flushing of brine
channels. That ice algae leave the ice during melt is obvious and can be quantified
using traps below the ice (Riebesell 1991), but it has been a challenge to actually
measure and quantify the effects of seeding (Szymanski and Gradinger 2016).
Tedesco et al. (2012) has analyzed the seeding process in a biogeochemical flux
model for sea ice and water column based on governing variables such as algal
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viability, light acclimation, PAR, nutrients, and formation of aggregates. This com-
bined biogeochemical flux model for sea ice and the water column was run for
different scenarios of the governing variables to analyze precisely where the bloom
took place (sea ice or water column), dominant algae species of the bloom, and
specifically the effects of adaptation and acclimation to different light levels. Both
ice and pelagic algae (phytoplankton) are adapted to high light in the first scenario
(Fig. 4.28a), and the model show that there is only a pelagic bloom of diatoms and
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Fig. 4.28 Time series of algal abundance, algae species groups, and Chl a in multi-year ice in
April to May 2015, 84° N of Svalbard. Time series - (a) 22 April, (b) 14 May, (c¢) 21 May, (d) 28

May - of algal. (Modified from: Olsen et al. 2017)
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flagellates at increased light in the water column. In the second scenario both ice
algae and pelagic diatoms are low light-adapted, and there is a significant bloom in
the sea ice followed by minor pelagic blooms of diatoms and flagellates (Fig. 4.28b).
Ice algae are adapted to high light in the third scenario, and pelagic diatoms are
adapted to low light. The model shows a small bloom of ice algae at the end of the
season where there is also more light and a significant bloom of pelagic diatoms
(Fig. 4.27¢). The light utilization parameter o’y , (mg C (mg Chl @)~! (pmol pho-
tons m~2 s71)~!) was applied in the model, and is the carbon content per unit Chl a
and irradiance. A low number such as &’ , = 4.6 x 10~° mg C (mg Chl a)~! (pmol
photons m=2 s7)~! indicates that the algae are adapted to high light, as oy, is
inverse proportional to the irradiance. Conversely, a high number as oy
«=1.8x 107 mg C (mg Chl a@)~! (pmol photons m=2 s~!)~! indicates that the algae
are adapted to low light conditions. As mentioned previously, the algae will tend to
increase the amount of light harvesting pigments at low light, which is still an
effect in the model, though the changes in irradiance are more dominant regarding
the light utilization parameter o, .. The effects of aggregation, e.g. when both ice
and pelagic algae tend to stick together and form larger mm-sized aggregates, is
also a significant parameter in the seeding process. The sinking velocity of aggre-
gates in the water column depends mainly on aggregate size (Riebesell 1991) and
with aggregation of ice algae diatoms, the bloom in the water column was mainly
driven by flagellates (Tedesco et al. 2012). In summary: the model shows that seed-
ing of the water column is governed by a composite of parameters as photosyn-
thetic activity of the ice algae, time of year, productivity, and especially the
aggregation of algae and whether they sink out of the water column. In this sce-
nario the ice algae formed large aggregates with high sinking rates, and they sank
out of the water column towards the seabed before the pelagic bloom was initiated.
A seeding field study north of Svalbard tested the hypothesis that multi-year sea ice
can act as a depository of seeds that seed the bottom of the ice, which promotes or
enhances an ice algal bloom (Olsen et al. 2017). A time-series of depth profiles in
ice cores, which comprise Chl a, ice algae species, and number of cells shows a
relatively high concentration of pennate diatoms and resting cells in the central part
of the ice (Fig. 4.28). The ice is second-year ice and the algal resting cells might be
ice algae that formed the bottom layer last summer, and new algae that were frozen
into the ice during freezing and new ice growth. There was a tendency for cell
numbers and Chl a in the centre of the ice to increase until 21 May, and concur-
rently a significant bloom of the diatom Nitzschia frigida at the bottom of the ice
where Chl a increased from about 2 pg Chl @ L=! on 14 May to about 6 pg Chl a
L' on 21 May (Fig. 4.28c, d). The number of pennate diatoms inside the ice
decreased between 21 and 28 May, concurrent with an increase in ice core tempera-
tures and an increase in brine volume especially at the bottom of the ice (Fig. 4.1b).
It is highly likely that the ice algal bloom of Nitzschia frigida was promoted by
seeds from the upper part of the ice column, but also likely that the water column
below was seeded with the increased brine volumes and flushing, but there are no
data available to clarify this. The study pointed out that the gradual loss of multi-
year ice will reduce this seeding mechanism and thereby probably also the size of
ice algal blooms. There is clearly still much work needed to quantify the impor-
tance of the seeding process, whether seeding of the ice and or water column.
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4.8 Sea Ice Meiofauna: Unknown Diversity and Food Web
Interactions — Case Study 3

This case study addresses the importance of meiofauna in the sea ice through the sea
ice season with a focus on their changing composition and food web contribution
during the ice algal bloom season. The small animal fauna within sea ice (Fig. 1.2)
are often overlooked, potentially due to methodological challenges. Sea ice algae
can relatively easily be quantified by bulk parameters like Chl a or particulate
organic carbon. No such bulk variable is available for meiofauna. They are micro-
scopically small, occur often in low abundances and their taxonomy is challenging.
It requires therefore the sampling of many ice cores at the same site and skilled
biologists to estimate their abundance and composition in the field, often entangled
and hidden between hundreds of small ice algal cells and aggregates (Fig. 4.29a).

400 pm

Fig. 4.29 Pictures of living sea ice meiofauna from Alaskan nearshore fast ice from the bottom
10 cm of sea ice, showing ice algae and polychaete juveniles (a), Sympagohydra tuuli (Gradinger
and Bluhm 2010) (b), gut content of the nearshore Arctic amphipod Onisimus litoralis showing
high abundances of empty frustules of sea ice diatoms (Gradinger and Bluhm 2010) (¢), and a sea
ice nematode (d)
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We conducted several studies on meiofauna abundance in the nearshore Alaskan
Arctic and contrasted those results with data from expeditions into the central Arctic
Ocean (e.g. Gradinger et al. 2009). All these efforts combined with work from other
colleagues led to the recent and first ever synopsis of meiofauna occurrences on a
pan-Arctic scale (Bluhm et al. 2017). These studies demonstrated the complexity in
the composition and seasonal changes of the ice meiofauna communities and pro-
vided new insights into their role in the food web dynamics. The following para-
graphs highlight some of the challenges and advances made but also the many open
questions still remaining in terms of basic biology and climate change challenges.
One of the most basic questions addressed by field biologists is: Who lives where?
To approach this question, sea ice biologists have to deal with methodological chal-
lenges, as melting of ice causes sudden changes in environmental properties that
some taxa might not survive, or may cause shifts in their physiology (relevant for
experimental work). Current standard approaches for sea ice meiofauna (Gradinger
and Bluhm 2009) include melting of the ice in sea water to reduce salinity effects
such as osmotic stress. As most sea ice meiofauna taxa are found in the bottom
10 cm of the sea ice, most of our studies focused on this small part of the ice col-
umn. This can underestimate the true meiofauna abundance, especially in summer
in the central Arctic (Friedrich 1997), when meiofauna (and algae) are found
throughout the entire ice thickness. Given the complexity of collecting ice, melting
it in buffered sea water, concentrating the animals over a 20 pm sieve and counting
them alive or fixed in a microscope, it does not really come as a surprise that the
current inventory of species is far from complete and new additions have occurred
and will occur in the future. The following short examples illustrate the exciting
discoveries and ongoing research questions related to the existence of meiofauna in
Arctic sea ice. The focus will be on studies in the nearshore Alaskan Arctic, where
coastal fast ice occurs over shallow water depths of less than 20 m.

4.8.1 The Incomplete Inventory

A by now well-studied example of incomplete inventory taxa has been the discovery
of a new species and genus of a small hydrozoan living with Arctic within sea ice
(Piraino et al. 2008). When analysing ice core meiofauna samples from the near-
shore Alaskan Arctic, we (Bodil Bluhm and Rolf Gradinger) suddenly discovered
an animal within the ice samples that we had not seen before. It looked like a micro-
scopically small jellyfish with small arms, very transparent and slowly gliding
across the petri dish bottom we used to look at the sample under the microscope
(Fig. 4.29b). Was it a pelagic jellyfish freshly frozen into the ice? Was it a juvenile
stage of a benthic or pelagic cnidarian? Our certainty that we had discovered a new
ice related species increased, when — looking through more samples — other speci-
mens also in other samples were found. Together with Italian jellyfish taxonomists,
we described the new species Sympagohydra tuuli, which has now also been found
in many other areas of the Arctic sea ice (Marquard et al. 2018). It seems likely that
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studies in the past have overlooked this jellyfish due its transparency and small size.
What makes S. fuuli unique is its position within the food web. While traditionally
the polar bear has been considered the top predator in Arctic marine systems, this is
not the case within the ice brine channel network. Here S. fuuli is at the end of the
food web, preying on many other sea ice meiofauna taxa including rotifers and jel-
lyfish (Siebert et al. 2009). Although we now have a concept of its basic occurrence,
taxonomy, and ecology, many questions remain unresolved regarding the reproduc-
tive cycle and its occurrence in other pelagic or benthic habitats. So far, S. fuuli is
considered ice endemic (only occurring within sea ice), but maybe it has been over-
looked in other habitats as we had done in the past for S. tuuli.

4.8.2 The Unknown Food Web Interactions and Life Cycles

S. tuuli is only one example of the many species of meiofauna existing within the
sea ice. The following is an example for a major taxonomic group found in Arctic
sea ice that has a complex life cycle involving sea ice, namely Polychaeta. For
Polychaeta and similarly for Nematoda, our time series analyses in Alaskan sea ice
demonstrated changes in occurrences and abundances closely related to the sea-
sonal cycle of the sea ice itself and the sea ice algal spring blooms. Although simi-
lar, they have also distinctive different ecological niches and life cycles. Both taxa
together contribute the highest abundances to total ice metazoans. We observed a
seasonal increase from 17,700 in February to 276,200 animals m~2 sea ice in May,
with the largest fractions contributed by nematodes and ice-associated polychaete
juveniles (Gradinger et al. 2009). Abundances within the ice far exceeded their
abundances in the water column. In addition to Nematoda and Polychaeta, also
copepods (calanoid, cyclopoid and harpacticoid), copepod nauplii and Acoela were
observed within the ice. One common feature for most of these taxa is their her-
bivory — grazing on sea ice algae. Unfortunately, no direct grazing measurements
can be conducted with sea ice communities as for example with serial dilution
experiments in pelagic environments. Here, our current knowledge is based on gut
contents analysis and/or use of allometric equations. Gut contents analysis which
involved squeezing meiofauna on microscope slides revealed that nearly all meio-
fauna taxa are able to ingest sea ice algae (Grainger and Hsiao 1990). Interestingly
sea ice algae are also found in the guts of under-ice and benthic amphipods in the
nearshore waters, indicating close benthic-sea ice coupling in these shallow waters
(Fig. 4.29¢c) (Gradinger and Bluhm 2010). The use of allometric equations is an
alternative approach that allows the potential carbon ingestion of a species to be
estimated based on the biomass of each individual using the following equation:

[ =63.0-M"%.0.2177-B 4.2)

where I, is the potential maximum ingestion rate (pg C L' day~!), 63.0 the biomass
specific ingestion (pg C day™!), M the body mass of one individual (pg C), B is the
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carbon biomass of the taxon in the sea ice sample (pg C L"), and 0.2177 is a Q,, fac-
tor, which varies with the temperature of the environment. This approach does not
require any experimental work and only needs estimates of the body mass of individu-
als that can be found tabulated in several publications (e.g. Gradinger 1999). The
resulting ingestion rates only need to be multiplied with the organism abundances to
estimate community ingestion. This approach has been used several times for differ-
ent parts of the Arctic with the outcome that the potential carbon ingestion of the
meiofauna was nearly always below 10% of the algal standing stock (e.g. Gradinger
1999; Michel et al. 2002). While this approach provided an estimate of the potential
grazing, it does not provide the real grazing rates, as it is currently unknown how high
the feeding rates are under in situ conditions within the ice. Nevertheless the allome-
tric approach at least provides guidance regarding the order of magnitude of the meio-
fauna grazing. Now, how could we get more insights into the grazing by individual
taxa, and — more specifically — why do we find juveniles of polychaetes (benthic living
worms as adults) within the ice? And how important is the ice algal spring bloom in
the growth of these juveniles? Here experimental studies using different food concen-
trations helped to solve this puzzle further (McConnell et al. 2012). High abundances
of Polychaeta are easy to reach in coastal fast ice in Alaska which allowed for the
collection of large numbers of similarly-sized polychaete juveniles within a few days.
These specimens were split into different food treatments to simulate ice and pelagic
feeding environments and incubated in the laboratory over several weeks (up to
80 days), monitoring their growth several times over the entire feeding period. At the
start of one of the experiments the polychaete juveniles had a mean length of ca.
0.9 mm. Over time we determined that the change in length or growth (y) in pm day™"
was significantly related to the available food (x) in pg Chl a L' with y = 0.90 -
X + 12.57 (> = 0.81; p < 0.001; n = 20), and animals in the sea ice-simulating food
treatment grew significantly faster than in the water treatment. We concluded from
this experiment, combined with field observations, that polychaete juveniles are
swimming from the water column into the sea ice to feed on the early spring high
biomass enabling their very fast growth rates. Once big enough (or even getting too
big for the brine channels) they leave the ice system and settle at the sea floor for fur-
ther maturation, which provides an example of sympagic — benthic coupling through
organism life cycles. It should be evident from these two examples that meiofauna
taxa are an interesting component of the sea ice biota, with particularly high abun-
dances and life cycle couplings linking ice and seafloor. In more shallow water the
distance between seafloor and ice is obviously shorter and the existence of a sympagic-
benthic coupling is a possibility. An under-ice video from a fjord in Greenland shows
a distance between sea ice and sea floor of about 2 m (Fig. 4.30). The diverse meio-
fauna communities respond strongly to the seasonal formation of the ice algal blooms
and utilize it for fast growth. It should also be clear from these examples that any cli-
mate change-driven change in ice biota characteristics will have impacts on life in
other Arctic habitats. Earlier ice melt, different snow accumulations, and changes in
current systems all have the potential to interrupt the currently tight coupling between
systems and the processes within the sea ice itself. Although we have by now a
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Fig. 4.30 An under-ice video from a fjord in Greenland shows a distance between sea ice and sea
floor of about 2 m (https://doi.org/10.1007/000-05h) (Photograph by: Christof Pearce)

principal understanding of the major players within the ice, there is still a lot of work
to be conducted to understand the individual life cycles and adaptations, and to realis-
tically incorporate the ice meiofauna in ecosystem models for sea ice in general.
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Chapter 5
Sea Ice in a Climate Change Context

Abstract This chapter is a description of the role and importance of sea ice and sea
ice biota on large scales and in relation to the effects of climate change. The decrease
in summer sea ice extent and thickness are evident and described in (5.1). A Case
Study 4 based on our observations in the Fram Strait and the Arctic Ocean illustrates
some of the consequences and effects of increased inflow of warm Atlantic water
(5.2). The question whether more light in an ice-free water column will increase
pelagic primary production in the Arctic Ocean, is addressed with a model (5.3).
Sea ice plays an important role in the exchange of CO, between ocean and atmo-
sphere and the sea ice CO, pump is described in (5.4).

Keywords Effects of climate change - Ice extent - Atlantification - Primary
production - CO,

5.1 The Decrease in Arctic Sea Ice Extent and Thickness

Data on sea ice extent covering the entire Arctic Ocean first became available in
1979 when passive microwave remote sensing by satellites was developed (Wang
and Overland 2009; Serreze et al. 2007). The Arctic sea ice extent varies annually
between a maximum range of 14.3-16.3 million km? in March and a minimum
range of 7.7-4.7 million km? in September, showing that about 8 million km? of sea
ice melts every summer and develops again during autumn and winter. This is close
to the area of Australia (7.7 million km?). Figure 5.1a~b shows the maximum and
minimum sea-ice extent on 18 March and 16 September 2012. The sea ice extent
recorded in September 2012 was the lowest seasonal minimum extent ever recorded
with satelites (Fig 5.1). Comparison of the September minimum sea ice extent and
the bathymetry of the Arctic Ocean shows that it is the more shallow water (<200 m)
shelf areas that are ice-free in summer. The large and extensive shelf areas are char-
acteristic features of the Arctic Ocean where about half of the ocean seabed consists
of shelf areas (Jakobsson 2016), potentially rich in oil and gas (Gautier et al. 2009).
Sea ice extent varies annually and gradually between a maximum and minimum
extent, as shown in a plot of year versus sea ice extent with maximum in March and
minimum in September for the period 1979-2018 (Fig. 5.2a). Trend lines of annual
maximum (March) and minimum (September) sea ice extent between 1979 and
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Fig. 5.1 Seaice extent on 18 March 2012 (a), and 16 September 2012 (b), where the magenta line
is the median (1979-2000) sea ice extent (Courtesy: National Snow and Ice Data Center, Boulder,
Colorado, USA http://nsidc.org/arcticseaicenews/2012/09/), and bathymetric map of the Arctic
Ocean and the different sections referred to in the text (c)

2018 demonstrate a clear decrease during September of about 0.082 million km? per
year or 3.2 million km? between 1979 and 2018 (Fig. 5.2b). The loss in March sea
ice extent was half that, about 0.042 million km? per year equal to 1.6 million km?,
and demonstrates that the loss in sea ice extent is highest in September. The trend
line for the September extent is: y = — 0.082 - x + 170.5 (Fig. 5.2a), which gives an
ice-free Arctic Ocean in about 2080 if the decrease continues unabated. Longer
time-series (1950-2015) from a high Arctic fjord, Young Sound in NE Greenland
also show a significantly decreasing trend in the number of days with sea ice and
thus, a corresponding longer open-water period is observed (Fig. 5.3). The loss in
number of days with sea ice in this Young Sound area appears to be related to
increased summer temperatures (Glud et al. 2007), which implies that the seasonal
length of the ice—free period of this Arctic site has increased due to later freeze-up
(Fig. 5.3). This also agrees with observations of later freeze-up from other Arctic
sites (Parkinson 2014). A longer open-water period also results in an increasing
potential for pelagic primary production, which agrees with estimates from remote
sensing analysis of ocean colour that indicate a 30% increase in pelagic primary
production between 1998-2009 in the Arctic Ocean (Arrigo and Dijken 2011).
However, these trends vary between regions and the differences in increased pelagic
production largely depend on the balance between the effects of sea ice decline,
surface stratification, mixing and upwelling, and light conditions (Barber et al.
2015). Concomitant with a decrease in sea ice extent and ice cover duration in the
Arctic, there has been a decrease in the thickness of the sea ice from an average of
3.5 m in November 1980 to about 2 m in November 2005 (Kwok and Rothrock
2009) and a parallel decrease in the age of the sea ice. The extent of multi-year ice
defined as ice that survives one or more summer melts, was reduced by nearly 50%
between 1999 and 2017 (Kwok 2018) with a decrease in coverage from about 22%
in 1983 to about 5% in 2014 for multiyear ice >4 years. For multiyear ice >1 year
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Fig. 5.2 Annual variation between maximum sea ice extent in March and minimum in September
comprising the period 1979-2018 where the year 2012 with the lowest minimum is marked, and
bold red line represents the average for the period (a), and the minimum sea ice extent in September
and maximum sea ice extent in March for each of the years 1979-2018 with trend lines. Note dif-
ferent ordinate scales for the maximum (blue) and minimum (orange) sea ice extent (b). (Data
available at: https://nsidc.org/arcticseaicenews/sea-ice-tools/)

the coverage decreased from about 60% in 1983 to about 40% in 2014 (Fig. 5.4).
The air temperature is increasing in the Arctic, and the increase is higher here than
for the global average. The Arctic here refers to the area between latitudes 60 and
90°N, and the temperature anomaly, defined as the deviation from an average, is
much higher in the Arctic than the global average (Fig. 5.5). The increase in air
temperature reduces the growth of the sea ice, reinforcing the later autumn freeze-
up, and enhances its melting. The significant decrease in summer sea ice extent and
ice thickness are generally linked to the increase in air temperatures and secondly
the increase in upper water column temperatures (Lindsay and Zhang 2005). There
are, however, additional factors that also explain the decrease in summer sea ice
extent. The lowest minimum extent observed until now was in September 2012
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Fig. 5.3 The average sea ice days (red dots) and open water days (black dots) (1950-2015) and
average summer air temperatures (blue dots) (1997-2015) in Young Sound, NW Greenland.
(Modified from: Rysgaard and Glud 2007)

100

80

<1 year old

60

1-2 years old

40 2:3 years oId
3-4 years old
20

Percent of ice in Arctic Ocean

4+ years old

1983 1986 1989 1992 1995 1998 2001 2004 2007 2010 2013
Year

Fig. 5.4 The extent of sea ice as age groups: <ly, 1-2y, 2-3y, 3-4y, +4y at the end of summer
between 1983 and 2014 in the Arctic Ocean. (Courtesy: Tschudi M. and Stewart S., University of
Colorado, Boulder; Meiner W. and Stroeve J., NSIDC, http://nsidc.org/arcticseaicenews/2014/04/
arctic-sea-ice-at-fifth-lowest-annual-maximum/)

(Fig. 5.2) and was related to extraordinary strong Arctic winds which transported
large amounts of sea ice out of the Arctic Ocean through the Fram Strait (Zhang
et al. 2013), eventually melting in the Fram Strait on its path south with the East
Greenland current (Smedsrud et al. 2017). The general circulation of the Arctic
Ocean comprises of a circular wind-driven current over the Canada Basin, termed
the Beaufort Gyre, and a transpolar drift of ice and water from the Laptev and Kara
Seas across the North Pole towards the Fram Strait (Fig. 5.6). The surface currents
in the Arctic Ocean are colder and less saline, compared to the warm and saline
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Fig. 5.5 Annual temperature anomaly in the Arctic (red dots with thin line) and average (red solid
line), annual temperature anomaly in global temperatures (blue dots with thin line), and average
(blue solid line) between 1900 and 2017. Data available at https://data.giss.nasa.gov/gistemp/

Atlantic water that flows into the Arctic Ocean, where it sinks beneath the polar
surface waters (Jakobsson et al. 2004) but is still a surface current in the Fram Strait.
There has been an increase in the volume inflow of warm Atlantic water to the
Arctic Ocean which is termed “Atlantification” (Polyakov et al. 2017; Randelhoff
et al. 2016), and it was demonstrated that the increased inflow limits the southward
expansion of winter sea ice in the Barents Sea (Barton et al. 2018). Larger areas in
the Barents Sea are then ice-free during winter driven by the increased inflow of
Atlantic water, and demonstrated by a comparison of March and median 1979-2000
seaice extent where the Barents Sea winter ice edge has moved north-east (Fig. 5.1a).
The water budget for the Arctic Ocean shows a discharge of warm saline Atlantic
water into the Arctic Ocean and the pathways of colder, and less saline waters,
which leave the Arctic Ocean through the Fram Strait, Narres Strait, and Canadian
Archipelago (Fig. 5.6). It is also foreseen that precipitation and thus freshwater
discharges into the Arctic Ocean will increase in the future (Carmack et al. 2015),
which will enhance stratification of the water column and inhibit the vertical
exchange of nutrients (Sect. 5.3).

5.2 A Glimpse into a Future Arctic Ocean - Case Study 4

The summer season offers research possibilities in the Arctic, as the thawing ice
allows icebreakers access to areas that are largely inaccessible in winter. Here, two
icebreaker cruises highlight the conditions and abiotic stressors that the sea ice com-
munity experiences during summer in the Fram Strait, and early autumn in the cen-
tral Arctic Ocean.
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Fig. 5.6 Circulation and transport pathways of water masses in the Arctic Ocean, where red
arrows signify warm and saline water from the Atlantic Ocean. This water sinks below the less
saline surface waters influenced by freshwater outflow from large Russian rivers, and inflow
through the Bering Strait. The Transpolar Drift (TD) transports ice and water from Laptev and
Kara Sea towards the Fram Strait. BC Baffin Bay Current, EGC East Greenland current, WGC
West Greenland Current, and /rC Irminger Current. (Modified from https://www.whoi.edu/main/
topic/arctic-ocean-circulation)

5.2.1 Melting Sea Ice in the Fram Strait

Both the Fram Strait campaign and the Central Arctic Ocean campaign demon-
strated the ecological consequences of melting of the sea ice and gave us a glimpse
of what a future Arctic Ocean might look like. The purpose of the Fram Strait case
study is also to highlight the strong west-east gradient (Randelhoff et al. 2018) in
sea ice and ice algae conditions with the western section in the cold and low saline
East Greenland Current, and eastern section in the warm saline Atlantic water
(Fig. 5.6). As can be envisioned from the satellite image, there is a transport of ice
out of the Arctic Ocean with the southward East Greenland current (Fig. 5.7). The
annual amount of ice transported equals an area of about 500,000 km? and is
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Fig. 5.7 Satellite image of sea ice conditions in the Fram Strait on 10 June 2014 with drifting pack
ice, large ice-floes and land-fast ice at the east Greenland coast. The numbers refer to station num-
bers in the Fram Strait sea ice campaign. (Courtesy: NOAA/National Oceanic and Atmospheric
Administration)

equivalent to 10% of the summer sea ice in the Arctic Ocean (Comiso et al. 2008).
We sampled a transect of stations between East Greenland and Svalbard in June
2014 with stations 1 and 2 at land-fast ice stations, meaning that the ice was fixed in
position and attached to land (Fig. 5.7), and stations 3—10 in the pack ice, which is
free-floating floes of different sizes from km to m (Figs. 5.7 and 5.11). The floes can
be packed together due to wind and currents and large ridges can develop (Fig. 5.11),
and the mixture of land-fast and pack-ice floes are clearly reflected in the different
ice thicknesses (2.80-0.65 m) with thin ice stations to the east (Fig. 5.8a).
Transmittance was high at the thinner ice at stations 7 and 8, and also low in Chl q,
and lower (< 0.25) in maximum quantum yield (F,/F,,) compared to western sta-
tions (~ 0.5) (Figs. 5.8b—c and 5.9). Ice algae at the bottom of the two stations had,
in comparison, the highest concentrations of Diadinoxanthin and Diatoxanthin
(Dtx + Ddx) relative to Chl « at all stations. This demonstrates, that the ice algae at
these stations started to adapt to the increased transmittance and higher light by
developing sunscreen pigments (Dtx + Ddx) in the thinner ice as a response to melt-
ing from below in the warmer Atlantic water, with surface water temperatures of
1-2 °C compared to minus 1-2 °C at the western station 3 (Fig. 5.10b). With the
increased inflow of warm Atlantic water (Polyakov et al. 2017) larger areas with ice
in the Fram Strait would then be affected by warming and melting as observed here
at stations 7 and 8, with significantly reduced ice algae biomass and low viability.
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Fig. 5.8 Snow thickness (black bars) and sea ice thickness (blue bars) (a), PAR transmittance (b),
Chl a concentration (¢), and maximum quantum yield (F,/F,) (d) at stations 1 to 10 in June 2014 in
the Fram Strait. Values are means with standard deviations

Fig. 5.9 Station 3 in the
cold and low saline water
originating from the Arctic
Ocean and station 8 in the
warm and high saline
water flowing into the
Arctic Ocean

Greenland
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Fig. 5.10 Profiles of salinity (a), and temperature (b) with depth at stations 3 (blue line) and 8 (red
line) in June 2014 in the Fram Strait

The west-east transect can be considered as a “space for time” concept where going
from west to east (space) demonstrates the ecological consequences of melting of
the sea ice with higher transmittances, and reduced biomass and viability. This will
become the conditions at more sea ice sites in a future Arctic Ocean. Field work on

the ice in the Fram Strait (Fig. 5.11).

5.2.2 Late and Future Arctic Ocean

There has been a gradual decrease in summer sea ice extent in the Arctic Ocean with a
significant minimum in 2012 (Fig. 5.12a), where we participated in a research cruise in
the Arctic Ocean on board the Swedish icebreaker Oden. A video shows Oden breaking
heavy pack ice in the Amundsen Basin, Arctic Ocean. The purposes of this case study
are to show and discuss the specific physiological conditions in the central of ice algae
and related physical and optical properties at the end of summer in central Arctic Ocean.
The ice algae was in very bad condition with low average maximum quantum yield (F,/
F,,=0.33) (Fig. 5.13a), but what was to reason for this? Is transmittance increasing in a
thinner ice and are the algae photo-damaged, and how low are nutrient conditions?
Sampling was focused on the western part of the Amundsen Basin in central Arctic
Ocean >86°N (Fig. 5.12), where station numbers are Julian day, i.e. station 226 was
sampled on 13 August. Ice types were a mixture of first-year and multi-year ice with an
average thickness of 152 cm (Fig. 5.13a), and identified based on bulk salinity of the ice.
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Fig. 5.11 Pressure ridges, sampling from ice floes and first-year ice, June 2014, Fram Strait.
(Photographs by: Authors)

Lower salinities around 2—-3 showed that the desalination processes of the ice had been
active for a longer time period and indicative of a multi-year sea ice compared to first-
year sea ice salinities around 5—7 (Warner et al. 2013; Lund-Hansen et al. 2015), and
about 33% of the ice at stations were multi-year ice. Snow cover was absent in August/
September, but transmittance in the ice was still comparatively low (0.05) (Fig. 5.13b),
and with no difference in transmittance between first- or multi-year ice opposite to find-
ings by Nicolaus et al. (2012). Ice algae occurred in very low (Chl a < 0.05 mg m™2)
concentrations at most stations (Figs. 5.13c—d and 5.14) and were strongly dominated
by diatoms (~80%) half of which was Nitzschia frigida, a very common Arctic diatom
(Fig. 5.15a). Our August/September sampling was the end of season, and it is likely that
ice algae were photodamaged after being exposed to 24 h of sunlight during summer
months, but nutrient concentrations in the water were also low, e.g. nitrate (< 0.5 NO;~
pmol L) (Fig. 5.15a), which might have affected conditions of the algae. Accordingly,
a higher maximum quantum yield of the phytoplankton of 0.58 in the water below the
ice compared to the ice algae (0.33) could reflect that phytoplankton is mixed up and
down along light gradients and not fixed in position below the ice and exposed to per-
petual light all through the summer. Ice thickness in the Arctic Ocean, north of Svalbard,
has decreased about 0.5 m over the last 10 years (Kwok 2018) driven by the observed
increase in Arctic air temperatures (Kurtz et al. 2014). A thinner ice with no snow cover
will increase transmittance as observed in the Fram Strait which, in the future could have
further negative consequences for the low light adapted ice algae in an environment of
perpetual summer light as the Arctic Ocean.
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Fig. 5.12 Sea ice extent on 16 September 2012 (a), where the magenta line is the median
(1979-2000) sea ice extent. (Courtesy: National Snow and Ice Data Center, Boulder, Colorado,
USA http://nsidc.org/arcticseaicenews/2012/09/), and bathymetric map of the Arctic Ocean with
LOMROG I1I sea ice stations (b). (Modified from: Lund-Hansen et al. 2015)

5.3 Pelagic Primary Production Increase in Future Ice-Free
Central Arctic Ocean?

Sea ice extent in the Arctic Ocean has decreased significantly during nearly four
decades and is predicted to decrease as described above. The transition from a state
with ice cover to a state of open water and its governing parameters is
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Fig. 5.13 Sea ice thickness (cm) (a), PAR transmittance (b), Chl a concentration (c), and maxi-
mum quantum yield (F\/F,,) (d) at sea ice stations in August-September 2012, LOMROG III sta-
tions. Station numbers refer to Julian day. (Modified from: Lund-Hansen et al. 2015)
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Fig. 5.15 Average concentrations of nitrate, ammonium, phosphate and silicic acid in seawater
just below ice (a), and abundances of dominant ice algae in ice bottom, August-September 2012,
LOMROG I1I stations (b). (Modified from: Lund-Hansen et al. 2015)

conceptualized in Fig. 5.16. The ice-free water column will be exposed to winds and
significantly higher irradiances with a water albedo of 0.1 compared to 0.6 for ice,
and up to 0.8 if the ice is snow-covered. Wind exposure will induce mixing of the
water column, whereby nutrients deeper in the water column can reach the surface
and become available in the light-exposed surface waters. A question of high inter-
est from a biological point of view is how the decrease in sea ice extent will affect
the pelagic primary production in the Arctic Ocean? This is a question also of eco-
nomic interest, as a higher primary production will result in higher secondary pro-
duction and ultimately larger fish stocks and greater fisheries. Note that the
conceptualization is simplified, as sea ice cover varies locally with larger and
smaller leads (Fig. 5.17) (Assmy et al. 2017). Anyway, rates of primary production
can be measured directly by applying the *C method (Sect. 6.6), but satellite-based
remote sensing techniques are often applied to estimate primary production rates for
extensive areas that are difficult to access. Basically, the techniques rely on the
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Fig. 5.16 Change of Arctic Ocean marine conditions with and without a sea ice cover — increased
light in the water column and increased wind mixing

Fig. 5.17 Photo of sea ice, leads, and melt ponds near the North Pole, August 2012 from a heli-
copter. (Photograph by: Authors)
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Fig. 5.18 Annual net primary production (a), and length of open water period (b) between 1998
and 2012 in the Arctic Ocean. (Modified from: Arrigo and Dijken 2015)

assumption that a high Chl a concentration in the water presupposes a high primary
production (Pabi et al. 2008). An equation is subsequently developed based on in
situ measured primary production and Chl a concentrations, and the satellite-
measured Chl a signal is then converted into a primary production (Arrigo et al.
2008; Arrigo and Dijken 2015). Application of this method has demonstrated that
net primary production (NPP), i.e., gross primary production minus respiration, has
increased significantly from 460 Tg C year™! to 560 Tg C year~! between 1998 and
2012 in the Arctic Ocean (Fig. 5.18a). Satellite-based primary production rates are
then scaled up with the size of the area and production time, as for areas with several
months in darkness. Apart from irradiance there are additional parameters that influ-
ence primary production such as nutrients, grazing, and stratification (Popova et al.
2012), but it appeared that a longer period of higher irradiance could explain the
observed increases in NPP in the Arctic Ocean (Arrigo and Dijken 2015). The 21%
increase in NPP correlates with a longer open water period, which has increased by
more than a month from about 120 days (4 months) to 160 days (5.3 months)
between 1998 and 2012 (Fig. 5.18b). The increase of about 100 Tg C year™' com-
pares to the entire carbon production of the Barents Sea of 129 Tg C year™" in 2012
as the most productive shelf in the study (Arrigo and Dijken 2011). An average NPP
increase of 21% conceals some significant regional differences between the shelves,
ranging from 8.3% in Baffin Bay to 112.4% in the Laptev Sea. The Greenland Sea
experienced, in comparison, a significant decrease in NPP (Arrigo and Dijken
2011), see Fig. 5.1c for locations. The study of Arrigo and Dijken (2015) was
focused on the now summer ice-free shelf areas, but how will primary production
change in the central Arctic Ocean when this area becomes ice-free in the near
future (Fig. 5.2)? To answer the question we need a more detailed look of the Arctic
Ocean. It is surrounded by large continents with limited exchange of water through
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the Bering and Fram Straits, and the Barents Sea (Fig. 5.1). It receives a large and
increasing amount of freshwater from Russian and Canadian rivers (Peterson et al.
2002), where the freshwater and melting of ice establish the surface Polar Mixed
Layer, a cold (ca. -1.6 °C) and low saline (30-33) layer up to 40 m thick. A strong
halocline separates the Polar Mixed Layer from the deeper lying warm and saline
water of Atlantic origin (Fig. 5.19). The central Arctic Ocean is different to the
shelves with deeper waters, generally low wind speeds due to the atmospheric high
pressure covering the central Arctic (Overland et al. 2012), no supply of nutrients
from surrounding rivers (Blais et al. 2017) and an extensive sea ice cover. Current
primary production rates below the ice in the central Arctic Ocean in August—
September are about 20 mg C m~2 day~! (Ferndndez-Méndez et al. 2015), but will
rates here increase with an ice-free water column and higher irradiances as observed
on the shelf areas? In spite of low wind speeds there will be an increased mixing of
the water column. But will the mixing bring nutrients to the sun-lit surface waters
(Lincoln et al. 2016; Randelhoff et al. 2016) to fuel primary production? To address
these questions in detail and more thoroughly, Lund-Hansen et al. (2019) applied a
physical numerical 1-D model for the central Arctic Ocean with an added model
describing primary production driven by wind speed, irradiance, nutrients, and Chl
a concentrations as initial conditions. The model calculated primary production
rates below the sea ice and for an ice-free period where the ice was removed in the
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Fig. 5.20 Model results with depth vs temperature for the water column (0-50 m), with isohalines
(salinity) during ice-free July and August (a), and primary production during July and August
(green line) and only August (black line) (b). (Modified from: Lund-Hansen et al. 2019)

model. A typical under-ice CTD profile near the North Pole shows a strongly strati-
fied water column with a low (33) surface layer salinity, which increases to 33.7 at
60 m depth. Irradiance is low (10.0 pmol photons m=2 s7!) at the bottom of the ice,
but there is still some (~0.3 pmol L") nitrate (NO;) in the surface layer where Chl
a is also higher (0.24 mg Chl a m~3) (Fig. 5.19). Primary production in the water
column with ice was 3.9 mg C m~2 day~'. The surface layer is close to being depleted
of nitrate and production is mainly sustained by regenerated nutrients in the surface
layer. The limiting factor for the primary production is here nutrients, but mixing of
the water was strongly limited by the ice, and transport of nutrients as nitrate towards
the surface layer was low. Model results showed that the temperature of the surface
water increased by 3—4 °C when ice-free and exposed to more light, but salinity
stratification was still maintained (Fig. 5.20a). This implies that open water and
wind mixing was too weak to fully break down stratification, but wind mixing
events transported some nutrients to the surface waters, as shown by the peaks in
primary production in early and late July (Lund-Hansen et al. 2019) (Fig. 5.20b).
The model shows that primary production is initially high after the ice melts but
decreases over time. Total integrated primary production reached 37.4 mg C m~
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day~! in August and 55.2 mg C m~2 day~! for July—August, which is higher, but still
comparatively low. The 55.2 mg C m~2 day~' equals 3.3 g C m~2 year~! for a two-
month period compared to the Barents Sea shelf production of 90 g C m~2 year™!
(Sakshaug 2004). The below-ice production of 3.9 mg C m~2 day~' in the model is
lower than the average 20.0 mg C m~2 day~! measured in the same area (Fernandez-
Méndez et al. 2015). However, productions of 37.4 mg C m~2 day~' in August and
55.2mg Cm~2day~' for July-August are still higher. Primary production in the sea
ice reached an average of 2.2 mg C m~2 day~' in August-September (Fernandez-
Meéndez et al. 2015), lower than the pelagic primary production. The model results
demonstrate that an ice-free Arctic Ocean at latitudes >85°N will therefore not add
significantly to overall Arctic marine primary production, predominantly due to the
strong stratification of the water column. This stratification will only increase with
higher precipitation and riverine discharges. The observed higher shelf production
is because of a longer open water period at lower latitutes (Fig. 5.1), and therefore a
stronger wind mixing in these areas transporting nutrients to the sun-lit surface
waters (Randelhoff et al. 2016).

5.4 Sea Ice Driven CO, Uptake

This section briefly describes the drivers of inorganic carbon dynamics in sea ice
and illustrates that sea ice can function as a CO, pump that draws CO, from the
atmosphere into the ocean. The main driver of climate warming is the accumulation
of CO, and other greenhouse gases in the atmosphere. The atmospheric concentra-
tion of CO, has increased from a preindustrial value of about 280 ppm to about
410 ppm (August 2019). Fortunately, the global oceans play an important role in
buffering the effects of CO, emissions to the atmosphere by absorbing large amounts
of the emitted CO, (approximately 30%; Sabine et al. 2012). Until recently, the role
of sea ice-covered regions in ocean-atmosphere CO, exchange was assumed to be
insignificant, because sea ice has been treated as an impermeable barrier to the
exchange of CO, (Tison et al. 2002). However, scientists now know that sea ice can
affect the capacity of the polar oceans for taking up atmospheric CO,. One of the
first descriptions of the transport of CO, across the sea ice-ocean interface (i.e., the
sea ice CO, pump) was by Jones and Coote (1981). Now, 39 years later, understand-
ing the seasonal events controlling the inorganic carbon dynamics, including both
abiotic and biotic processes in sea ice-covered regions, is still a challenging subject.
An important question to address within this field of research is: what is the relative
impact of abiotic and biotic processes on carbon cycling in sea ice and what is the
effect of these sea ice processes on the ocean carbon system? During winter, as sea
ice grows, some of the salts and gases present in the seawater are rejected, whereas
the rest are trapped within the brine pockets, channels and tubes (Petrich and Eicken
2017) (Fig. 5.21). A reduction in sea ice temperature decreases the brine volume
(Fig. 5.22) with a concurrent increase in brine salinity and concentrations of solutes
and gases in the brine (Cox and Weeks 1983; Papadimitriou et al. 2004). In addition,
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Fig. 5.21 Conceptual model of the fate of CO, in growing permeable sea ice (a), and cold imper-
meable sea ice (b)
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calcium carbonate (CaCQO;) can precipitate as brine temperatures decrease and sol-
ute concentrations increase. On the basis of thermodynamic equilibrium calcula-
tions, CaCOj; precipitation was predicted to occur during natural sea ice formation
(Assur 1960), which was later confirmed by observations: first in freezing seawater
by Richardson (1976), then in artificial sea ice (Tison et al. 2002) and then finally
observed in Antarctic and Arctic sea ice as ikaite crystals (Dieckmann et al. 2008,
2010). The precipitated ikaite crystals increase the amount of CO, in the brine
beyond that attributed solely to the solubility effect. The ikaite crystals are trapped
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Fig. 5.23 Microscopic image of ikaite crystals at high magnification (a), and microscopic image
of sea ice showing ice crystal borders, brine pockets, air bubbles and ikaite crystals (b). (Modified
from: Rysgaard et al. 2013)

within the interstices between the ice crystals (Rysgaard et al. 2013; Fig. 5.23),
whereas the CO, released through the ikaite production within the brine can be lost
from the sea ice to both the atmosphere and the underlying water (Fig. 5.21).
However, when the sea ice temperature reaches —5 °C and the ice becomes less
permeable for fluid transport, sea ice-air gas exchanges are also reduced, and CO, is
mainly lost from the sea ice to the underlying water column (Fig. 5.21). Therefore,
as sea ice grows, brine drainage can lead to an export of gases from the sea ice, leav-
ing sea ice depleted in CO, compared to ambient seawater (Rysgaard et al. 2009).
Brine drainage from sea ice causes the formation of cold, highly saline and dense
water that sinks to deeper ocean layers. Observations in the Arctic also suggest that
CO, by brine drainage can be transported below the pycnocline and, subsequently,
be incorporated into intermediate and deep—water masses (Rysgaard et al. 2011).
However, the fate of the rejected CO, in the water column is still poorly understood.
Another important process during winter is the formation of frost flowers. As
described in Sect. 2.5, frost flowers and brine skim can develop on the surface of
newly formed mm-thick sea ice in cold air temperatures and at low wind speeds.
Very high ikaite concentrations have been observed in this high-salinity brine skim
and frost flowers within an hour of formation (Barber et al. 2014). Frost flowers are
extremely effective collectors of drifting snow on sea ice and, with time, can be
integrated into the snow layer on top of the sea ice. Recent studies have indicated
that the incorporation of ikaite from frost flowers into the snow cover, together with
the CO, that is released during ikaite precipitation, may result in snow-driven CO,
outgassing under high wind speeds above winter sea ice (Sievers et al. 2015). The
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overall outcome of this process is a closed CO, loop, with snow-driven CO, release
above the ice in winter and CO, uptake during spring due to undersaturation in CO,
after ikaite dissolution (Rysgaard et al. 2013; Sggaard et al. 2019). Due to their
unique growth processes, chemical composition and later integration into the snow
layer on top of sea ice, frost flowers and brine skim provide an important link for
ocean-ice-atmosphere interactions in the Arctic. Furthermore, these cold and salty
structures can support an ecosystem with millions of microbes inside (Barber et al.
2014). The question is: are the bacteria inside these structures active, and are cold-
loving algae also living in frost flowers? What is the relative impact of these micro-
bial processes on the net CO, exchange? All these questions remain unclear.
However, the areal extent and periodicity of frost flowers and brine skim are
expected to increase due to later autumn freeze-up, and a higher prevalence of thin
and more fragile first-year sea ice with more leads where frost flowers can develop
after refreezing (Isleifson et al. 2014). This will have significant implications for the
CO, exchange and biogeochemical processes operating between the ocean-ice-
atmosphere interfaces in the Arctic Ocean.

In spring, the warming of sea ice is accompanied by reduced ice salinity,
approaching zero salinity, because of internal ice melt and brine flushing due to the
brine draining of meltwater from surface melt ponds. As the sea ice warms, dissolu-
tion of ikaite (ikaite dissolves at temperatures above 4 °C), autotrophic assimilation
of CO, through ice algal photosynthesis, and dilution of brine by melting sea ice are
all processes that decrease the pCO, of the brines. At this point, the sea ice is
depleted in TCO, and potentially enriched in TA due to dissolution of ikaite, which
will result in a decrease in pCO, of the under-ice water (Else et al. 2011). Once the
sea ice has melted totally, the surface seawater is highly undersaturated with CO,,
which will lead to an increase in the ocean uptake of atmospheric CO, (e.g. Miller
etal. 2011). As mentioned above, microbial processes in sea ice can also change the
pCO, of the brine and ultimately of the surface waters. In general, sea ice algae take
up CO, and nutrients during the spring bloom, whereas sea ice bacteria may release
CO, throughout the entire sea ice season. It is very important to understand the sig-
nificance of these sympagic processes and their effects on net CO, exchange.
However, few combined measurements of bacterial and primary productivity exist
for Arctic sea ice, making it very difficult to assess the spatial and temporal impacts
and effects of these processes (Fig. 5.24). Typically, the annual succession of the sea
ice organisms seems to follow a distinctive pattern, with a winter stage character-
ized by a low but net heterotrophic activity (Fig. 5.25). This shift in the balance
towards a net heterotrophic community is also consistent with the high concentra-
tions of DOC and DON in sea ice, and the observed accumulation of macronutrients
in winter sea ice (Fig. 4.3). Several studies have observed that DOM and EPS can
be enriched in sea ice and that active phosphate (Helmke and Weyland 1995) and
nitrogen (Baer et al. 2015) remineralization by sea ice bacteria actually occurs. The
observed accumulation of algal nutrients indicates not only low ice algal productiv-
ity (allowing nutrients to accumulate) but also that heterotrophic bacteria are the
main source of biogenic CO, in winter sea ice. The autotrophic activity exceeds the
heterotrophic activity (Fig. 5.25) once light levels in the sea ice pass a critical level
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 Chukchi Seas (land-fast ice)

Study Bacterial Primary
production production
(ug CL"d") (Mg CL"d")
Baer et al. (2015) 0.33 + 0.50 15.90 + 36.50
- Canadian Arctic (land-fast ice)
Study Bacterial Primary
production production
(HgCL'd") (gCL"d"
Smith and Clement (1990) 1.65+0.70 -
- Central Canadian Arctic (land-fast ice)
Study Bacterial Primary
production production
(LgCL"d") (g CL'd")
Nguyen and Maranger(2011) 10.25 + 6.50 -
- The Baltic Sea (land-fast ice)
Study Bacterial Primary
production production
(ug CL"d") (ug CL"d")
Kaartokallio et al. (2008) 4.08 +2.50 -
Kuosa and Kaartokallio (2006) 5.24 +3.30 78.50 + 36.50
Mock et al. (1997) 5.60 + 1.40 -
- North East Greenland
Study Bacterial Primary
production production
(HgCL'd") (gCL"d"
Segaard et al. (2019) 1.95 £ 1.60 0.07 £0.09
* South West Greenland (land-fast ice)
Study Bacterial Primary
production production
(LgCL"d") (LgCL'd")
Segaard et al. (2010) 0.28 £0.15 0.30+£0.10
Segaard et al. (2013) 1.80 £ 1.60 3.40 £5.80
Kaartokallio et al. (2013) 8.70 + 12.20 —

Fig. 5.24 Sea ice bacterial and algal productivity compiled for different Arctic sea ice locations
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Fig. 5.25 Bacterial carbon demand and primary production between February and April, SW

Greenland. (Modified from: Sggaard et al. 2010)
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Fig. 5.26 Seasonal development in Phosphate (a), silicic acid (b), nitrate and nitrite (c), and
ammonium (d) concentrations in sea ice, in Malene Bight, SW Greenland. LOD is lower than
detection limit. (Modified from: Sggaard et al. 2010)

(Fig. 1.1), resulting in rapid uptake of nutrients. A recent study has shown that the
ice algal biomass was nutrient-limited in the late part of the sea ice season and that
the nutrient concentrations in the ice fell to near zero, except ammonium concentra-
tions that increased from winter to spring in the sea ice, indicating exchange and
heterotrophic regeneration (Fig. 5.26) (Sg¢gaard et al. 2010). Spring and summer is
the season for increased ice algal activity, but even though the sea ice is net autotro-
phic, the ice bacterial activity is typically also highest in sea ice during spring and
summer (Fig. 5.25). Although summer ice bacterial production rates are higher than
reported winter rates, the bacterial production only represents 10% of primary pro-
duction rates during summer. Therefore, at this spring/summer stage, the autotro-
phic assimilation of CO, depletes the pCO, but also the macronutrients of the brine.

One estimate indicates that the sea ice-driven CO, pump (i.e. including both
abiotic and biotic processes in sea ice covered waters) is equivalent to 17-42% of
the annual air-sea CO, flux in open ocean waters at high latitudes (Rysgaard et al.
2011). This estimate strongly contradicts the perception that sea ice acts only as a
barrier, sealing off air-sea CO, fluxes in the Arctic Ocean, and emphasises that sea
ice should be considered an essential part of the global carbon cycle. However,
when considering the recent and ongoing changes in sea ice extent, age, thickness
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and transmittance, a question arises: how will these changes affect the CO, uptake
in a future Arctic Ocean? Recent estimates have ranged from a decrease to an
increase in the net CO, uptake by the future Arctic Ocean (Mortenson et al. 2018).
Therefore, there are still a lot of important future research questions to answer to
better understand the importance of the sea ice driven CO, pump.
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Chapter 6
Methods and Techniques in Sea Ice
Ecology

Abstract This chapter is a description of the field and laboratory methods that are
generally applied in sea ice ecological research. The first section describes sampling
techniques and handling of sea ice samples (6.1). Calculations of brine and gas vol-
umes are dealt with in (6.2), and how to measure and calculate optical parameters
(6.3). Sampling, handling, and calculation of ice bacterial production are described
(6.4), and methods for ice algae biomass spatial distributions are dealt with in (6.5).
Measuring photosynthesis and ice algae primary production are described (6.6), and
the determination of Chl a content is explained (6.7). The recently developed fluo-
rescence imaging of ice algae distributions and derived photosynthetic parameters
are described (6.8). This is followed by a description of the IP,s, a substance synthe-
sized by ice algae and applied for mapping sea ice and food web studies (6.9).

Keywords Sampling - Brine volume - Sea ice methods - Algal and bacterial
production - Normalized Difference Index - AUV - PAM

6.1 Sample Techniques

The standard procedure used to collect sea ice physical, biological and biogeochem-
ical parameters is briefly described. For further details see Eicken et al. (2009) as
well as Miller et al. (2015). Once a sampling site is selected, basic information is
recorded including the GPS position along with time of day (local or UTC), meteo-
rological conditions such as wind speed, wind direction, cloud cover in 1/8, air
temperature, downwelling irradiance (PAR) as well as snow and surface conditions.
The sampling begins with measuring snow depths (to the nearest 0.5 cm) and, if
needed, snow temperatures (to the nearest 0.1 °C). An average of 10 measurements
is a working standard for such measurements. Snow if needed for analyses is col-
lected by scooping it into sample containers using clean buckets or a shovel. Sea ice
cores are collected using a pre-cleaned ice corer such as a KOVACS Mark II corer
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and the ice core is placed onto a cradle on the ice for handling and sectioning. The
ice core can be cored manually or by mounting an electric drill on the ice corer.
When the core is retrieved and out of the water, it is very important to protect it from
sunlight with a black cloth to avoid photodamage of ice algae and their pigments
due to the much higher light intensities above than below the ice. The ice core
length is measured to the nearest 0.5 cm. Measure also freeboard in the hole, which
is the vertical distance between the surface of the ice and the water level in the hole.
Note that this is negative when the sea ice is flooded due to snow loading. The tem-
perature of the ice core is measured by drilling holes (4—5 mm diameter) into the
middle of the core (perpendicular to the main coring direction) and inserting a high
precision, calibrated digital thermometer every 5 cm along the core. The tempera-
ture is measured to the nearest 0.1 °C and has to be determined immediately after
collecting the core. Ambient air temperatures are always either lower or higher than
the ice, so the ice will immediately start melting or freezing. The sea ice core is then
divided into sections (to the nearest 0.1 cm) using a pre-cleaned stainless steel saw.
Thickness of the sections varies according to the sample volumes required to address
specific research questions and is usually between 5 and 10 cm. It is important that
the ice cores are sectioned from the bottom end (ice-water interface) upwards to
minimize brine loss from the cores. Each ice core section is placed into polyethyl-
ene containers or Zip-lock bags and transported back to the laboratory in a dark and
thermally insulated box. If required, light transmittance and albedo can be measured
(Sect. 6.3). A video showing the preparations before a sea ice field trip (Fig. 6.1) and
the sampling and handling of sea ice in the field (Fig. 6.2). An ice drone has recently
been developed that flies to a predetermined position on the ice, drills out a 25 cm
long ice core with a diameter of 7 cm, and brings the ice core back to the operator
where it is retrieved and sectioned (Carlson et al. 2019). The ice drone is especially
useful when sampling thin ice that is inaccessible for safety reasons (Fig. 6.3).

6.1.1 Handling and Processing of Ice Samples

Sea ice is a complex, fragile matrix of ice crystals, liquids, dissolved gases, and
biota. Some disturbance and loss of material is inevitable during collection and
handling of ice samples, and there are advantages and disadvantages of different
approaches for their processing. The issues can broadly be divided into (1) physical
losses during collection and handling, (2) cell mortality during storage and thawing
of samples, and (3) physiological acclimation that alters cellular processes and their
activity during storage. Ideally, all samples would be fixed or metabolic activity
determined immediately in situ on the ice, but there are many methodological limi-
tations and logistical problems with Arctic field work that make this aim unrealistic.
Loss of material begins during coring and affects cells attached to the delicate crys-
tals in the skeletal layer of the ice and in some of the brine that is lost from ice cores
during coring. The warmer the ice, the greater its porosity and permeability and the
volume of brine that can be lost, but the loss is minimal in colder ice with brine
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Fig. 6.1 A video shows the preparations before a sea ice field trip (https://doi.org/10.100
7/000-05n)

Fig. 6.2 A video showing the sampling and handling of sea ice in the field (https://doi.org/10.100
7/000-05m)
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Fig. 6.3 A video showing the work and sampling on the thin ice using ice drone (Photograph by:
Dan Carlson). Video: Stratoz Visuals — M.Skovby (https://doi.org/10.1007/000-05k)

volumes < 5%. When core sections are returned to the laboratory, treatments must
be chosen that produce the most realistic data for a particular parameter. The sea ice
sections are thawed at 1-3 °C over a maximum of 2 days, and in complete darkness
to avoid either algal photosynthetic growth or pigment breakdown. Before thawing,
each of the sea ice sections is weighed with a digital balance to the nearest 1.0 gram
to calculate ice density by dividing with the calculated volume. Thawing of the
samples can be carried out by adding sterile-filtered (0.2 pm) seawater into each
container in a 1:1 or 1:2 (volume:volume) ratio to reduce osmotic stress when the
ice algae residing in highly saline (>50-100) brine channels are thawed out in low
(3-10) saline meltwater. Note that the volume of any filtered seawater added to the
ice sections must be accurately recorded, as it is needed to determine dilution fac-
tors for determining ice algae cell numbers, nutrient and Chl a concentrations.
Thawing in diluted seawater can require large volumes of filtered seawater which
are not always readily available, but the method is essential for certain measure-
ments (e.g. Campbell et al. 2019). Some recent studies have taken the approach of
scraping bottom ice crystals with ice algae into a small container or cuvette, thawing
the crystals within a few minutes in a few mL of filtered seawater, which is optional.
The sample is processed instantly in the field when actual and immediate physiolog-
ical conditions of the ice algae are needed, and to avoid any longer delay between
sample collection and measurements (McMinn et al. 2010; Hancke et al. 2018).
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There are challenges in knowing the exact volumes of sampled ice with this method,
but it does allow immediate measurement and fixation. It is emphasized that
researchers must carefully consider the aims of their studies to justify the compro-
mises necessary for obtaining data that best provide useful insight to the processes
under study. New developments such as novel in sifu sensors (Long et al. 2012) as
well as non-invasive remote sensing methods to determine ice algal biomass (Else
et al. 2015, Forrest et al. 2019) may help to overcome some of the shortcomings in
classical sea ice sampling methods.

6.1.2 Sackholes

The standard procedure for collecting liquid sea ice brines is drilling sackholes
(Fig. 6.4). These are vertical holes in the ice drilled out by an ice corer but not to the
bottom of the ice. The brine is allowed to drain into the hole and slowly fill it.
Samples are collected from the hole using syringes or with a pump, and placed in
pre-cleaned polyethylene containers. The sampled brine is typically analysed for
nutrient content, bacteria, Chl a, and algae cells. Samples are also placed in the dark
and returned to the laboratory in thermally insulated boxes. One obvious problem
with the method is that brine water is draining out from the wall of the entire core
hole with no vertical resolution, as when a core is sectioned described above.
Another problem is that this method only collects organisms that are free-living in
the brine, whereas the fraction of ice algae cells, bacteria, and other particulate
material attached to the walls of the brine channels is not sampled.

6.2 Salinity, Brine and Brine Volume

The salinity of melted sea ice, also termed bulk salinity, is generally measured with
a handheld electronic salinometer (to the nearest 0.1) such as the YSI Pro30 or other
similar models. It is the conductivity of the sample that is measured and converted
into a salinity, based on the measured temperature of the sample. With the bulk
salinity and ice core temperatures measured immediately after retrieval it is now
possible to calculate brine and gas volume fractions, density of the ice, brine salin-
ity, and brine density as based on the Cox and Weeks relations (1983). Brine volume
fraction (V/V) is calculated as:
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F,(T) 6.1)

and the gas volume fraction (V,/V) as:

Vi (1_(£)+Gi S, .(@)
v o, F,(T) 6.2)

i

where o is the bulk density (kg m~?) of the ice, o; the density (kg m~3) of pure ice,
S,; is the bulk salinity, and F,(T) and F,(T) are coefficients depending on the tem-
perature (T), tabulated in Cox and Weeks (1983). The density of pure ice is a func-
tion of the ice temperature given by:

c,=0971-1.403-10*-T (6.3)

The salinity of the brine S, for temperatures >—23 °C also depends on the ice tem-

perature as:
-1
54.11
S, = (1-(Tn -1000 64

and brine density is:

G, =1+0.0008-8S, (6.5)
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where T is temperature (°C), 6; and oy, are densities (kg m~3), and S, brine salinity.
Examples of brine density, brine salinity, brine, and gas volume in a sea ice core are
shown in Fig. 6.5. Density of the ice varies slightly compared to bulk salinity and
temperature, and Fig. 6.6 is a nomogram of brine volume as functions of bulk salin-
ity and temperature. At a bulk salinity of 5.0 and a temperature of —5.0 °C, the brine
volume is about 5%, the known “rule of five” (Golden et al. 2007). A brine volume
of 5% is also considered as the percolation threshold for fluid transport for sea ice
with a columnar crystal structure (Fig. 5.21). The salinity of the brine in the chan-
nels is only governed by the temperature of the ice. Brine channels are clearly seen
in this core (Fig. 6.7). Brine volumes can now be measured by Magnetic Resonance
Scanning (MR-scanning) (Galley et al. 2015), but without access to these advanced
methods must otherwise be calculated.

6.3 Transmittance and Light Attenuation

Transmittance is the ratio between irradiance measured after passing through a solid
or liquid substance relative to the irradiance before passing the substance, and given
as a number between 0.0 and 1.0 and sometimes in percent. Irradiance sensors
employed for this purpose measure downwelling or upwelling irradiance across
180°, i.e. the hemisphere above or below the sensor. Irradiance is measured with a
21 cosine-corrected sensor such as the Li-Cor sensors, where cosine-corrected
means the irradiance measured by a sensor (Ey) is proportional to the cosine of the
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Fig. 6.6 Nomogram of 0
brine volume (V,/V) as a
function of bulk sea ice 2
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shows “rule of five”. 3 5
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Fig. 6.7 Brine channels
(blue arrows) in an ice core
with a diameter of 90 mm.
(Photographs by: Authors)




6.3 Transmittance and Light Attenuation 139

angle of the incident light (0), following Lambert’s cosine law Ey = E; - cos (0)
(Fig. 6.8). The irradiance which is reflected and scattered back into space from a
surface of snow or ice is upwelling irradiance, with the upwelling/downwelling as
the albedo of the surface, which varies from around 0.8 and up for snow and around
0.5 for a snow-free sea ice (Perovich and Polashenski 2012). Transmittance can be
determined for PAR, the interval of visible light (400700 nm) of the electromag-
netic spectrum, but can also be spectrally resolved for each wavelength across a
spectrum from 320 to 920 nm (Fig. 6.9a). An example obtained near the North Pole
in August 2012 shows a strong attenuation through 1.5 m thick ice, especially in the
red part of the spectrum whereas blue-green light centered around 520 nm is least
attenuated. Shorter wavelengths such as UV-A (315-400 nm) are also strongly
attenuated (Fig. 6.9a-b). A second example of transmittance, likewise from the
Arctic Ocean, emphasizes the strong spatial variation in transmittance with high
values (0.12-0.15) under a melt pond, which reduces to around 0.03 outside the
melt pond (Fig. 6.10) (Nicolaus et al. 2012). The diffuse attenuation coefficient of
PAR, K4(PAR), describes the attenuation of PAR through a substance of known
thickness, as in snow, sea ice, or between two or more depths in a water column. The
d in K4(PAR) denotes that it is downwelling PAR whereas K, (PAR) is the diffuse
attenuation coefficient of upwelling PAR as in a water column, for instance. The
attenuation comprises both scattering and absorption of the irradiance in the
medium. The K4(PAR) coefficient is derived from Lambert’s law, which states that
the intensity of incident irradiance (I,), passing through a medium decreases expo-
nentially with the thickness (z) of the medium:

(-Kq(PAR)-z)

I, =1, -exp (6.6)

Here 1, is the incident light intensity (pmol photons m~2 s~!) at the surface and I, the
intensity (umol photons m=2 s7!) at distance (z) (m) in the medium, and K (PAR)

Fig. 6.8 Lambert’s cosine 0°
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(m™!) the diffuse attenuation coefficient. Rearranged with PAR to determine
K4(PAR) results in:

PAR,
PAR (6.7)

o

K, (PAR)=—In(

In the example (Fig. 6.11), transmittance is 0.05 of the snow (0.1 m thick) and ice
package (0.5 m thick), which gives an under-ice irradiance of 30.0 pmol photons
m~2 s7! with a surface downwelling PAR of 600.0 pmol photons m~2 s~!. K(PAR)
was derived for each of the components as snow = 11.9 m™', ice = 0.84 m~!, and
water = 0.32 m~!, which are typical K,(PAR) values and emphasizes the strong
attenuation in the snow. PAR and spectral under-ice irradiances must be obtained
some distance away from holes drilled in the ice. An L-arm is often applied with the
sensor head ideally >1.5 m away from the deployment hole in the ice to prevent
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false light from above interfering with the measurements (Fig. 6.12). The hole is
filled with snow and pieces of ice once the L-arm is in place. Concomitantly with
the under ice measurements of PAR or spectral distribution of irradiance it is neces-
sary to measure surface PAR or spectra, both to derive transmittance and to correct
for changes in surface conditions by incoming clouds while measuring. An average
of 10 measurements is a working standard for such measurements both above and
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Fig. 6.12 L-arm mounted with a TriOS spectroradiometer for measuring spectral resolved irradi-
ance below the ice. Distance between hole in the ice and point of measurement is 1.5 m. The L-arm
is operated through a drilled hole and the arm unfolds below the ice and obtains a configuration as
shown in the photo. (Photograph by: Authors)

below the ice. Albedo, the ratio between upwelling and downwelling irradiance,
either PAR or spectrally resolved, is measured with the sensor head at a certain
height (0.5-1.0 m) above the surface, and similarly with an average of 10
measurements.

6.4 Sea Ice Bacteria and Viruses — Methods
and Sampling Issues

Bacteria are the most abundant heterotrophs in sea ice (Kaartokallio 2004; Mock
and Thomas 2005; Deming and Collins 2017), and bacterial heterotrophy includes
direct consumption of dissolved substrates and extracellular decomposition of dis-
solved and particulate matter (i.e. bacterial uptake). The density of bacteria in Arctic
sea ice ranges from 4 - 10° mL~! in winter surface ice (Collins et al. 2008) to 3 -
107 mL~" in summer bottom ice (Krembs and Engel 2001). The diversity of prokary-
otic organisms, Archaea and Eubacteria, includes more than 20 genera, with most of
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Fig. 6.13 Bacteria and Archaea across five Arctic areas based on number of operational taxo-
nomic units (OTUs) or molecular species. (Courtesy: State of the Arctic Marine Biodiversity
Report, https://www.caff.is/marine/marine-monitoring-publications/state-of-the-arctic-marine-
biodiversity-report)

the isolated organisms being Gammaproteobacteria, Alphaproteobacteria and
Bacteroidetes (Lizotte 2003; Kaartokallio et al. 2008; Collins and Deming 2011)
(Fig. 6.13). These bacterial groups are psychrophilic, i.e. cold-adapted, and can
degrade a broad spectrum of algal-derived organic substrates. Anoxic microzones
also occur in sea ice where fermenting bacteria and anoxygenic phototrophic purple
sulphur bacteria occur (Petri and Imhoff 2001). In the Baltic Sea (Kaartokallio
2001; Kaartokallio et al. 2007) and in Arctic sea ice (Rysgaard et al. 2008), active
denitrifiers have also been found. Sea ice bacteria may be parasitic on eukaryotes or
other bacteria or epiphytic on algae, particularly diatoms. The fraction of sea ice
bacteria attached to particles, surfaces (e.g. sediment grains, detritus, ice crystal
boundaries) or algae is close to 50% of the population (Junge et al. 2004), which is
higher than the 10-15% in marine waters (Fenchel 1998). The density of
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bacteriophages (viruses) is very high in sea ice compared to aquatic environments,
where a typical virus to bacteria ratio is 10, but ratios in sea ice can range over sev-
eral orders of magnitude (Collins and Deming 2011). Viruses can control bacterial
population sizes in sea ice and also mediate lateral gene transfer (Feng et al. 2014).

6.4.1 Sampling Methods for Bacteria

When sampling sea ice to investigate the bacterial community, the ice is sectioned
on-site using a sterile stainless steel saw, and transported back to the laboratory in
sterile containers, then thawed in the dark at 1-3 °C. For frost flowers, brine skim or
snow cover, sterile spatulas are used to collect the sample and handling is as
described above and as in Sect. 6.1. Preferably, measurements of biogeochemical
parameters, i.e. total inorganic carbon (TCO,), Total alkalinity (TA), inorganic
nutrients (phosphate, nitrate, nitrite, silicate, ammonium), dissolved organic carbon
(DOC), dissolved organic nitrogen (DON), O, concentration, bulk salinity and tem-
perature, should be included in the sampling program, depending again on the
research questions under consideration.

6.4.2 Biomass, Community Structure, Bacterial Production
and Bacterial Carbon Demand

Methods for determining the abundance, biomass and diversity of sea ice bacteria
and viruses include: simple enumeration and epifluorescence microscopy (cell
counts), culture work, flow cytometry, DNA sequencing technologies (i.e. amplicon
sequencing and shotgun metagenomics), fluorescent in situ hybridization (FISH) or
DNA fingerprinting techniques such as DGGE and T-RFLP (Deming 2010; Junge
et al. 2004). To understand the mechanisms of microbial adaptation to the sea ice
environment requires identification of the functional gene diversity. The most
widely used method to identify the functional genomics in sea ice is metagenomic
analysis and complete genome sequencing of isolated strains of sea ice microorgan-
isms (Deming and Collins 2017). The primary method to determine sea ice bacterial
production is by measuring incorporation of [*H]thymidine into DNA and using a
conversion factor to relate DNA production to production of bacterial cells (Fuhrman
and Azam 1982). The assessment of the bacterial production and carbon demand is
based on a number of debatable assumptions. The conversion factor is not easy to
measure routinely, but can be derived theoretically from assumptions of the extent
of isotope dilution, thymidine content of bacterial DNA and the amount of DNA per
cell (Fuhrman and Azam 1982), or empirically by comparing incorporation rates
with increases in bacterial numbers (Kirchman et al. 1982a, b). Other factors affect-
ing the conversion of thymidine incorporation into bacterial carbon production
include the average bacterial cell size (Cell size) and the volume-specific carbon
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content (Cryeor)s Which multiplied provides the cell-specific carbon content (N.) as
(N, =Cell size - Cy,or), all of which are affected by environmental changes (Coveney
and Wetzel 1988).

Bacterial production (BP) can be calculated as:

(DPM_, . -N_,. -N,)
BP CL,1 h,l — sample cells c
(re ) (SA-T,.-V,,) (6.8)

inc

where DPM, 18 the average rate of isotope disintegrations per minute (DPM) for
the live treatment subtracted from the average DPM for TCA-killed controls (DPM),
Neuis (cells mol~!3H) is the conversion factor, N, (ug C per cell) is the cell-specific
carbon content, T;,. is the incubation period (hour), Vg is the volume of the sub-
samples (liter), and SA is the specific activity of the thymidine solution as disinte-
grations per minute (DPM mol~!). None of these parameters are easy to measure,
and therefore literature values are often applied to sea ice data. The [*H]thymidine
method also assumes that all bacteria assimilate exogenous thymidine and that
eukaryotes do not. Uptake of [*H]thymidine by eukaryotic microalgae has been
observed (Rivkin 1986), but Fuhrman and Azam (1982) have shown that at low
concentrations and relatively short incubation periods the uptake of [*H]thymidine
by eukaryotes can be assumed to be negligible.
Bacterial carbon demand (BCD) can be calculated as:

.o\ BP
BCD(ug CL'h )_ﬁ 6.9)

where BP is the bacterial production calculated as above and BGE is the bacterial
growth efficiency. Note that, small changes in temperature would influence bacterial
growth efficiency (2.5% decrease in bacterial growth efficiency per 1 °C tempera-
ture increase) and, hence, bacterial carbon demand (Rivkin and Legendre 2001).

6.5 Ice Algae Biomass Distributions

There is substantial temporal, geographical, and spatial variability in Arctic ice
algal biomass. The temporal variability derives from the very low winter-early
spring concentrations of 0.01 mg Chl @ m~ versus high biomass values of 80-130
mg Chl a m~? during the spring algal bloom in the Canadian Arctic. The geographi-
cal variability in ice algal biomass is exemplified by the differences in the high
(80-120 mg Chl a m~2) Canadian Arctic (Fig. 1.4), and maximum biomasses in
Greenland, which rarely exceed 6 mg Chl @ m~2 as in Disko Bay, and are even lower
in SW Greenland with 0.2 mg Chl @ m~2 (Fig. 1.4). Spatial variation is here the
variation in ice algal biomass at a specific location within a temporal frame of days,
as measured in studies of biomass variation in relation to physical drivers such as
irradiance (Rysgaard et al. 2001), snow thickness (Mundy et al. 2007), and bottom
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Fig. 6.14 Left diagram shows three methods for obtaining under-ice spectra or PAR: (1) an L-arm
is applied to place the PAR or spectroradiometer sensor below the package of snow and ice, (2) a
sensor is placed on the ROV (Remotely Operated Vehicle), or (3) a sensor is placed on an AUV
(Autonomous Underwater Vehicle). Right photo shows ROV and AUV ready for deployment from
the operation hole in the ice. (Photograph by: Alexander Forrest)

roughness (Lund-Hansen et al. 2016). See Cimoli et al. (2017a) for a comprehensive
review of variability in algal biomass magnitude. Welch and Bergmann (1989) were
able to predict ice algal biomass from sampling date and snow thickness as a proxy
for accumulated light exposure over the growth season. They suggested that tempo-
ral ice algal biomass variability is driven by a “head start” mechanism, for example,
between-site differences in spatial biomass variability resulting from small differ-
ences in early season snow cover, and potentially amplified, throughout the growth
season. A variety of methods have been developed to study ice algal biomass distri-
butions in sea ice, and they are either based on physical sampling of the ice or non-
invasive methods such as under-ice remote sensing (Cimoli et al. 2017b). Coring is
still the most widely used method to obtain samples of sea ice and specifically when
a vertical resolution of parameters as nutrients, particulate matter, or Chl a is
required to address the relevant scientific questions (Eicken et al. 2009). In compari-
son, remote sensing below the ice measures an optical signal that integrates over the
entire column of the ice, as based on surface irradiance transmitted through the ice,
but with no vertical resolution (Cimoli et al. 2017b). The clear advantage of apply-
ing remote sensing techniques in sea ice research is that significantly larger areas
can be covered within a short time period compared to traditional coring, and they
are non-invasive (Cimoli et al. 2017a). This is especially so if the measuring optical
sensor is mounted on an AUV (Autonomous Underwater Vehicle) or ROV (Remotely
Operated Vehicle) (Fig. 6.14) (Lund-Hansen et al. 2018). Remote sensing tech-
niques for mapping ice algae at the bottom of the sea ice have developed consider-
ably, but the principle is to locate an optical sensor below the ice and measure the
transmitted spectrally resolved irradiance (Fig. 6.9). Irradiance passes through the
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Fig. 6.15 Spectral irradiance at wavelengths between 320 and 820 at the surface (blue line) and
below the ice (red line) where blue arrows indicate specific wavelengths of Chl a absorption peaks
at 465 and 665 nm

snow and ice, and ice algae in the ice absorb or attenuate the irradiance at specific
wavelengths. The attenuation changes the shape of the under-ice spectra such as for
the Chl a pigment, which has two distinct absorption peaks — one in the blue
(465 nm) and one in the red (665 nm) (Falkowski and Raven 2007). The higher the
attenuation at these peaks, the higher the concentration of Chl a and thus algal bio-
mass. Figure 6.15 shows surface and under-ice spectra from Cape Evans, Antarctica.
There are some significant “lows” in transmitted irradiance around 465 nm and
especially 665 nm related to the absorption by ice algae. This is clearly revealed by
a comparison of corresponding spectra from the Arctic Ocean with low (~0.05 mg
Chl a m~2) concentrations at the ice bottom (Fig. 6.9a) to at bottom with high (15.2
mg Chl @ m~2) concentrations (Fig. 6.15). Maximum absorption is not always at
specific wavelengths such as 465 nm or 665. Accordingly, a method has been devel-
oped to search a dataset of under-ice spectra for the best correlation between absorp-
tion at specific wavelengths and actually measured Chl q, for ice cores collected
with conventional ice corer and analyzed for Chl a from the same area as covered
by under-ice spectral measurements. This method termed NDI (Normalized
Difference Index) is applied to correlate the variation in Chl a based on the relative
absorption of irradiances at distinct wavelengths (Mundy et al. 2007):

_ [Ed (xl)_Ed (7‘2 )]

A I:Ed (7‘1 )+ Ed (7‘2 ):| (6.10)

where Ey()) is downwelling () energy (E) (mW m~2 nm™"), at a specific wavelength
(M) and here the wavelength with the strongest absorption related to Chl a, which in
this example is 665 nm, and Ey(),) is a wavelength only affected by the attenuation
of snow and ice and not by Chl a and is here 578 nm.
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The variability in NDI is then only related to variability in absorption by Chl a,
as variability related to snow and ice is taken into account by E,(),) in the equation.
In this example Ey(665) = 0.34 mW m~2 nm~! and E4(578) = 5.67 mW m~2 nm™,
which equals an NDI of —0.89 for a specific Chl a concentration measured in the sea
ice. A second spectrum at another place below the ice gives E4(665) = 1.5 mW m~
nm~!, which shows that absorption by Chl « is relatively less as E4(665) is higher,
as less energy is absorbed compared to the first spectrum. The
Ey(578) = 5.67 mW m™ nm™' is equal to the first values, which equals an
NDI = —0.58. The higher the value of the NDI, the lower the Chl a concentration.
In this example E4(A;) = 665 nm and E4(2,) = 578 nm, but there are several other
combinations and the total dataset (of all available wavelength pairs) is searched for
the best combination of wavelengths in terms of the highest coefficient of determi-
nation (1?) between NDI and Chl a. When the correlation is established we can take
A, and A, at specific wavelengths from each of the 100 to 1000 or more spectrums
from below the ice and calculate the Chl a concentration. The method was devel-
oped by Legendre and Gosselin (1991), and showed a high correlation (1> = 0.75)
between Chl a and the irradiance ratio E4(671)/E4(540) at wavelengths comparable
to the example above. See Melbourne-Thomas et al. (2015) for a review of NDI
methods and similar spectrum-based methods for mapping ice algae distributions.
In a field study of PAR transmittance and snow depths we deployed a ROV, equipped
with positioning cameras, PAR sensor and a TriOS spectroradiometer, and con-
nected to a surface unit for data transmission and manoeuvring (Fig. 6.16). The
ROV kept a constant vertical distance between sensor heads and bottom of the ice
of 25 cm with the spacer poles (Fig. 6.16). Results from a 13 m long transect clearly
demonstrate that PAR transmittance decreases with a high snow depth, and simi-
larly for Chl a concentrations that also reduce under-ice irradiances (Fig. 6.17)
(Lund-Hansen et al. 2018). A video shows the ROV deployed below the ice
(Fig. 6.18). Maximum ice algal biomass concentrations are not always located at the
bottom of the ice (Fig. 6.19), but can be distributed in a variety of ways in the ice
core, as determined by the history and growth conditions of the ice (Fig. 6.20). The
Station North core is likely multi-year ice where the Chl ¢ maximum near 200 cm
from the bottom likely relates to an ice bottom with high Chl a, but from previous
years. The Godthabsfjord ice developed during a cold period of 1-2 weeks in
February, and homogenous vertical Chl a distribution most likely reflects that phy-
toplankton from the water column became incorporated into the ice during the
freeze-up. Only the Kangerlussuaq core shows distinct high bottom-ice concentra-
tions. When establishing an NDI correlation, as above, it must be considered where
in the ice the biomass is actually located, and not just assume that most of biomass
is located in the bottom of the ice. In a case like Godthabsfjord (Fig. 6.20) Chl a
must be measured and integrated for the whole core and applied when developing
the NDI. An important concept of comparing optical sensors below the ice and
sampling with an ice corer is the footprint, which is the size of the area of bottom
ice or surface covered by the sensor or collected by the corer. The footprint of a
KOVACS standard ice corer with a diameter of 0.09 m is 0.0064 m?, equal to a
square of 8.0 - 8.0 cm. The size of the footprint of an optical sensor, measuring
downwelling irradiance, depends on the vertical distance between the sensor and
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Fig. 6.16 Photo of the ROV in the ice with the sensors and cameras. (Modified from: Lund-
Hansen et al. 2018)
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Fig. 6.17 PAR transmittance (black line), snow depth (red line), and Chl a (green line) along a
transect. Note that PAR transmittance was multiplied by 100, and Chl a by 6 for scaling. (Modified
from: Lund-Hansen et al. 2018)
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Fig. 6.18 A video shows the ROV deployed below the ice. Video: T. Juul and T. Eskildsen (https://
doi.org/10.1007/000-05p)

Fig. 6.19 A block of ice with a clear brown colouring due to the presence of ice algae, April,
Svalbard (a), and a close up which clearly demonstrates an uneven distribution of the algae (b).
Diameter of the block is about 40 cm. (Photograph by: Malin Daase)

the sea ice bottom. The fraction of the irradiance f(x,z) received by the sensor from
within a radius (x) and a vertical distance (z) below a surface is:

. A X
f(X,Z)Zsmz-(tan (;JJ (6.11)

as shown by Nicolaus et al. (2012). An example: a sensor placed 0.25 m below the
ice bottom receives 80% of the irradiance from within a circle of radius 0.5 m. Other
parameters to consider when measuring bottom ice irradiance, both spectral and
PAR, include dust and inorganic particles in the ice, brine channel size and geome-
try, ice temperature, CDOM, albedo, and ice algae to name the most important. Note
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Fig. 6.20 Chl a concentrations in ice cores from different Greenland locations (GL)

that optical properties of the water column between the bottom of the sea ice and
sensor head must also be considered with increased distances, as phytoplankton or
sediment particles in the water will attenuate the irradiance before reaching
the sensor.

6.5.1 Application of the Normalised Difference Index

At Cape Evans, Antarctica (Fig. 6.21) we deployed an AUV equipped with a
Satlantic spectral radiometer measureing at six specific wavelengths (412, 470,
532, 565, 625, and 670 nm). The AUV followed a pre-programmed track below the
ice operating with no surface contact covering under-ice flight paths up to 400 m
long. The ice was about 1.9 m thick with a snow-free surface on the AUV paths, and
PAR transmittance was low with an average of 0.004 reaching as low as 0.0015, and
average under-ice PAR of only 2.4 pmol photons m=2 s~!. Despite the low PAR
values, ice algae biomasses were very high with an average of 31.4 mg Chl ¢ m=
and a maximum of 81.4 mg Chl a m~2, which is probably related to the high sea ice
surface area established by the platelet 3-D structure (Fig. 2.8). The NDI concept,
described above, showed at Cape Evans a low (r*> = 0.31) but significant (p < 0.05)
correlation between log predicted (NDI — Chl a) and log observed (ice core — Chl
a) (Fig. 6.22). This low correlation was supposedly related to the occurrence of the
platelet ice and the challenges of sampling here for Chl a without losing any mate-
rial. The NDI relation was based on under-ice spectra measured from the ice using
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Fig. 6.22 Log observed Chl a against log NDI predicted Chl a with 95% confidence intervals (a)
Cape Evans, November 2014, Antarctica. (Modified from: Forrest et al. 2019)

an L-arm (Fig. 6.12) combined with ice core sampling for Chl a. The subsequent
NDI analyses showed that E4(A;) = 402 nm and E4(A,) = 530 nm were the best pre-
dictors of Chl a. The ratio was applied for the AUV dataset and used for mapping
under-ice Chl a, and showed a strong variation in the spatial ice algae biomass
distribution along the 350 m transect from an average background of 20 mg m=2 and
up to 70 mg m~2 (Fig. 6.23). There was no clear relation between Chl a concentra-
tions and under-ice topography except increased biomass at small protrusions at
around 100, 150, 200, and 360 m. Work on the ice near Cape Evans is shown in
Fig. 6.24.
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Fig. 6.23 GAVIA transect (350 m) with Chl a concentrations (green line) and ice thickness (grey
colour), Cape Evans November 2014, Antarctica. (Modified from: Forrest et al. 2019)

Fig. 6.24 Work on sea ice and a 2 m thick block of sea ice with ice algae at the bottom, Cape
Evans, Antarctica. (Photographs by: Authors)

6.6 Measuring Photosynthesis and Primary Production
in Sea Ice

6.6.1 Methods Using Thawed Sea Ice

Photosynthesis and primary productivity of sea ice algae in thawed ice core samples
can be measured with methods used for other aquatic microalgae. These were origi-
nally designed for free-living phytoplankton but can be suitable for ice algae, pro-
viding the sampling and handling problems discussed previously are recognised.
Our understanding of photosynthesis and productivity in sea ice is based largely on
these methods, and they will continue to be important even though there are new
emerging methods such as microelectrodes (Else et al. 2015) and eddy covariance
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(Attard et al. 2018) designed for in situ rather than thawed ice samples. The most
widely used method to determine rates of inorganic carbon uptake in photosynthesis
and the productivity of microalgae in liquid samples is the “C technique (e.g.
Fernandez-Méndez et al. 2015), originally developed by Steemann-Nielsen (1952).
Primary production is determined in thawed ice samples at temperatures from 1 to
3 °C at different laboratory light intensities (minimum of 3 light intensities) and
corrected with a dark incubation using trace amounts of radioactive H*CO;~, which
the algae assimilate and fix into their biomass. After incubations, algae in the sample
are collected onto filters and these are placed in scintillation vials containing hydro-
chloric acid (1 M HCI) to remove labelled, unfixed inorganic carbon. Radioactivity
inside the cells is then determined using a liquid scintillation counter. In parallel,
total inorganic carbon (TCO,) concentrations in melted sea ice are measured, e.g.,
as described by Rysgaard and Glud (2004). After liquid scintillation counting,
counts are converted to potential primary production (PP; in pg C L' h™!) as:

activity . TCO
(DPM

(DPM e Finer M)

PP =
' T,.) (6.12)

added

where DPM, i, 18 the '*C assimilated carbon corrected for carbon assimilated in
the dark (DPM = disintegrations per minute), TCO, .. is the total concentration of
dissolved inorganic carbon in the thawed sample (pmol L-1), M, is the molar mass
of carbon (12.01 g mol™!), Fy. is a discrimination factor of 1.05 to account for the
differential assimilation of heavier *C vs >C, DPM,.q is the specific activity of “C
labelled medium (DMP L") and T;, the duration of the incubation (hours). The
potential primary production (PP;) (in the absence of photoinhibition) measured in
the laboratory at different light levels is then plotted and fitted to the following func-
tion described by Platt et al. (1980):

—o-E
PP(ug CL'h™' ) =P .| 1—exp| — —rpar
(ne )=P,. ( p( > ]J 613

max

where PP is the primary production, Py, (pg C L' h™!) is the maximum photosyn-
thetic rate at light saturation, a (pg C m? s pmol photons™! L=! h~!) is the initial slope
of the light curve and Epag (pmol photons m=2 s7}) is the in situ hourly PAR irradi-
ance at different sea ice depths which can be calculated using the attenuation coef-
ficients. The onset of light saturation (i.e., the irradiance at which photosynthesis
rate is reaching a maximum and becoming independent of irradiance) E;, (pmol
photons m~2 s7!) is then calculated as P, /o (Fig. 3.16). Incubations using slices
from sectioned sea ice cores allow description of profiles of primary productivity in
the sea ice, and these can be integrated to convert the volumetric rates calculated
above to productivity per unit area of sea ice. The photosynthesis-irradiance (P-E)
response is the essential information for understanding the acclimation of algae to
light availability and for estimating ice productivity, and most “C incubations
involve sub-samples incubated over a range of laboratory light intensities in a spe-
cifically designed incubator (Fig. 6.25). The main theoretical debate with the “C
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Fig. 6.25 The ICES incubator. An experimental set-up for a '“C incubation experiment generating
a photosynthesis-irradiance response curve requires an appropriate light source with incubation
flasks at different irradiances for the P-E response. Neutral density filters placed between flasks
and light source manipulate irradiances to desired values for constructing P-E curves. From bottom
flask and going left clockwise the flasks are less and less transparent giving each flask a different
light intensity inside the flasks containing the sample of melted ice or water with algae https://
www.hydrobios.de/product/ices-incubator/

method is the extent to which it measures gross or net carbon uptake, or somewhere
in-between. Considerable time can elapse before recently assimilated “C equili-
brates with cell carbon pools and metabolism, so short incubations are usually inter-
preted as gross photosynthesis, given that little if any '“C will be initially respired in
mitochondria. Incubations long enough to allow complete equilibration to ensure
net rather than gross uptake are often discouraged as this can also allow significant
mortality and grazing of the incubated algae. A similar method that avoids the
hazards of radioactive *C is to enrich the bottles of thawed ice with the stable car-
bon isotope "*C rather than radioactive “C (Gradinger 2009), as a stable isotope
does not emit ionising radiation, and *C poses no safety hazard to the user. The
principle of the method is that the photosynthesising algae assimilate inorganic car-
bon from the known added amount of inorganic *C in the sample, and the algal *C
content, measured on a mass spectrometer rather than a scintillation counter, pro-
vides the photosynthetic rate. Comparisons of the two methods usually show very
close agreement between “C and *C methods, and it is generally agreed that "*C,
like “C, is a measure of gross rather than net photosynthesis (Lopez-Sandoval et al.
2018). Photosynthetic activity and cellular acclimation to irradiance can also be
measured with techniques based on variable chlorophyll fluorescence (Hawes et al.
2012; Manes and Gradinger, 2009). When chloroplasts are illuminated with photo-
synthetically active radiation (400-700 nm), they fluoresce, i.e., emit radiation of
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longer wavelengths (680—760 nm). Fluorescence occurs in the Chl a associated with
Photosystem II (PSII) in the chloroplast, and allows cells to safely dispose of the
excess energy that cannot be used in photosynthesis and hence avoid it damaging
the sensitive proteins that make up the photosynthetic apparatus. The proportion of
the incoming light emitted by fluorescence is therefore variable dependent on pho-
tosynthetic activity, with most of the light fluorescing at low irradiances when pho-
tosynthesis rates are low, and less at higher irradiances when photosynthesis is using
more of the incoming photons in photosynthetic electron transport. Figure 6.26
summarizes how variable chlorophyll fluorescence is measured by a pulse-amplitude
modulated (PAM) fluorometer, a very sensitive instrument designed to explore the
kinetics of chlorophyll fluorescence, thereby detecting stress in photosynthetic cells
and how their activity changes as irradiance increases (Ralph and Gademann 2005).
The photosystems are initially activated by a very weak (Epag < 0.2 pmol pho-
tons m~2 s7!) light that, in a darkened sample with no active photosynthesis, estab-
lishes the absolute minimum fluorescence (F,) of the sample, followed by a brief
(0.2 sec) pulse of extreme (Epag > 8000 pmol photons m= s7!) irradiance that will
produce the maximum possible fluorescence (F,) (Fig. 6.26a). The maximum pos-
sible fluorescence yield in such a dark-adapted sample is termed F,/F,;:

F _(F-k)

A

F. F (6.14)

m

and on theoretical grounds can be as high as 0.8 in completely healthy, unstressed
cells. This is a very useful parameter for interpreting the condition of the algae, as it
will be lowered by stresses such as cold temperatures, high salinities, high oxygen
concentrations, and damage suffered due to exposure to prolonged excess irradiance
(photoinhibition). It also develops seasonally, being very low (0.1) in early spring
when ice algae first colonise the sea ice, rising to values > 0.6 at the peak of the
spring bloom. If the algae are then exposed to higher irradiances (Fig. 6.26b), the
minimum fluorescence is more active but the maximum fluorescence produced will
be lower, because more of the photons are being used in photosynthesis, and the
effective quantum yield termed Y(II) is also lower. Y(II) therefore decreases with
increasing irradiance (Fig. 6.26¢), and a photosynthesis-irradiance proxy curve can
be derived by converting Y(II) to a photosynthetic electron transport rate in the
chloroplast:

ETR =Y (I1)- A, -0.5-E, (6.15)

where ETR is the electron transport rate (umol electrons m=2 s7'), A; is the light
absorption spectrum of chlorophyll in the sample, and Eps the irradiance. If A; is
unknown, it can be set as a constant and ETR is termed rETR (relative electron
transport rate). PAM fluorescence-derived rETR-E curves have become a popular
non-destructive and faster alternative to the '*C method. PAM fluorescence instru-
ments also offer an even faster P-E curve option, termed a rapid light curve (RLC).
In this case the instrument measures how the fluorescence yield changes over a
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Fig. 6.26 Fluorescence kinetics in dark-adapted and illuminated cells in response to a saturating
light pulse (blue flashes at the bottom) in a PAM-fluorometer. F, and F,, are the absolute minimum
and maximum fluorescence in a dark-adapted (>30 min in darkness) sample, and F and F”’, are the
corresponding yields in an illuminated sample (a), repeated pulses give progressively less fluores-
cence yield Y(II) at each increasing irradiance step, as more of the light is used in photosynthesis
(b), and plot of the decreasing yield of Y(II) with increasing irradiance (blue line), and conversion
of the Y(II) data to relative photosynthetic electron transport rates (rETR) (red line) in a P-E
response for the rapid light curve (¢). The number of asterisks at each light step in (b) represents
the relative number of open reaction centers before each light pulse. Note that Y(II) is the effective
quantum yield as compared to the maximum quantum yield F,/F,, as the quantum yield of the dark-
adapted sample
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range of irradiances over a very short time period, usually less than 5 min per sam-
ple. Hence, the instrument is increasing the irradiance at a higher rate than the
exposed algae can acclimate their photosynthetic machinery to at each new Epag
setting. As discussed by Ralph and Gademann (2005), an RLC therefore cannot be
used to provide the true P-E response of the organisms, but instead provides addi-
tional information about their instantaneous acclimation to the irradiance experi-
enced before the RLC was applied. The same light response parameters derived
from standard P-E curves described in Sect. 3.7 are derived in PAM fluorescence
curves, except that the maximum rate of photosynthesis is ETR,,,, or TETR,,, the
maximum light-saturated electron transport rate, rather than P,. A detailed com-
parison of *C, O,, and variable chlorophyll fluorescence (Phyto-PAM) derived pho-
tosynthesis parameters was carried out be Hancke et al. (2015).

6.6.2 Methods Using Non-Thawed Sea Ice

To avoid the disturbances associated with coring, methods have been developed to
measure algal productivity from beneath the sea ice. These include measuring O,
gradients in the diffusive boundary layer at the ice-water interface with O, micro-
electrodes or microoptodes (e.g., McMinn and Ashworth 1998; McMinn et al. 2007,
Mock and Thomas 2005). Another novel development is the eddy covariance
approach (Fig. 6.27). The principle is to mount the eddy-covariance instrumentation
on the underside of undisturbed sea ice and quantify the flux of O, in and out of the
ice, integrating over a much larger area than can be done by microsensor profiles

Fig. 6.27 An eddy
covariance (EC) set-up that Snow pa Ck
measures under-ice fluxes
of O, and heat. The set-up
consists of an acoustic
Doppler velocimeter, O,
microsensor temperature
sensor, and a light meter
(not shown). The
measurements require an
undisturbed light and flow Seaice
regime with a footprint
area of 20-100 m?
upstream from the
instrument. Green dots
represent
photosynthesizing ice
algae at the bottom

of the ice

VELOCIMETER

AO2, AT - Water turbulence
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(Else et al. 2011, 2015). As shown in Fig. 6.27, the data necessary for the eddy
covariance approach include a vertical profile of the flow of water along the ice, the
concentration of O,, as well as measurements of the temperature gradient, which
describes the transfer rate. Recent studies using this approach suggest that the other
methods under-estimate productivity compared to in situ eddy covariance (Attard
et al. 2018). The major challenge for this method, and the reason it has not been
more widely used, is the logistical difficulties, as the instrument must be installed
by a diver. In addition, the O, fluxes at the ice-water interface are influenced not
only by biotic processes i.e., photosynthetic production and respiration, but also by
abiotic processes such as freezing and melting of the ice. For example, brine rich in
O, could be rejected from the ice via the brine channels. Furthermore, it is challeng-
ing to define the footprint of this method which makes it difficult to relate eddy
covariance data with other measurements, such as biomass estimates from ice cor-
ing or optical sensors.

6.6.3 Methods for Algal Quantification

Ancillary data for photosynthetic methods include sea ice Chl a content as well as
concentrations of other pigments related to the photosynthetic machinery. These are
all determined by collecting algae from thawed ice samples by concentrating mate-
rial onto filters (usually 0.2 pm pore size) and extracting the filters in solvents.
Using the Chl a content of the sample as a proxy for biomass is a long-standing
practice in microalgal ecology, but this may not always be accurate as the algae can
upregulate and downregulate their chlorophyll content in response to changing irra-
diances (Kiihl et al. 2001). For that reason, it is also useful to have quantitative cell
counts from the samples to compare against Chl a; for most of the larger algal spe-
cies this can be based on simple microscopic counts of cells that have been concen-
trated in settling chambers (Utermohl 1958). Smaller taxa that cannot be readily
accounted for in standard microscopy are usually quantified by epifluorescence
microscopy or by flow cytometry (Detmer and Bathmann 1997). These methods
involve staining the small nano- and pico-plankton with a fluorescent dye and
detecting them by their fluorescence including the Chl a autofluorescence (Marie
et al. 2000).

6.7 Determination of Chl a

Chl a is the most commonly used proxy for viable algal biomass in sea ice and sea-
water. There are various techniques to measure chlorophyll, based on spectropho-
tometry and fluorometry. These are all determined from collecting algae in the
thawed ice by filtering samples onto filters (usually 0.2-0.6 pm effective pore size
glass fibre filters). The filters are then carefully folded with the algae inside, and
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wrapped in aluminium foil for freezing unless they can be analysed immediately. A
normal household deep freeze (—18 °C) suffices for short periods but for longer
storage a —80°C freezer is more secure. The filters can also be placed in small glass
containers with the solvent, and kept in the freezer until analysed. Be aware that Chl
a can break down if kept on filters in a freezer for months. For extraction, filters are
usually placed in a small volume of solvent (95% ethanol) in the dark for up to 24 h,
or placed in a sonicator for faster extraction. Methanol and acetone can also be used
as solvents, but ethanol is preferred. The extract is then vortexed and centrifuged,
and chlorophyll content is analysed in a spectrophotometer or by a fluorometer. Chl
a (pg Chl a L7Y) in a spectrophotometer can be calculated following Lorenzen
(1967) and Strickland and Parsons (1972):

((Aees —Ass )—Acid B (Aees Az )+Acid )
width x volume filtered

Chl a =ethanol added x29.1x (6.16)

with volume of ethanol added (mL), Ags — As5 are absorbances at 665 and 750 nm
without (— Acid) and with (+ Acid), width is cuvette width (cm), and volume fil-
tered (L). The factor 29.1 combines the absorption coefficient of Chl a and a factor
for reduction in absorbance to initial Chl a concentration. After initial measurement
of Agss and A5 at these wavelengths, acidifying with two drops of 1 N HCI (+ acid)
in the cuvette breaks the Chl a down to pheophytin, and absorbance at Agss and A5,
are read again. In sea ice ecology we then integrate the concentration over the length
of the ice core or ice section and the units are then mg Chl @ m=2. The reason is that
ice algae are not evenly distributed in the ice, often with high concentrations at the
bottom of the ice. The ratio between the absorbance at 480 nm and 665 nm (480/665)
may be used as an indicator for the nutrient status of the algae, i.e. are they nutrient-
limited or not. If the ratio is > 2, the algae community in question is said to be
nutrient-limited (Heath et al. 1990). Fluorometers are widely used in sea ice
research, being more sensitive than spectrophotometer measurements, and are usu-
ally best for sea ice algae, as these can occur in very low concentrations (~0.001 mg
Chl @ m~2). The extraction is performed similarly, and the calculation again uses the
volumes of solvent and filtered sample. The measured fluorescence is integrated
over the spectrum of chlorophyll rather than being wavelength-specific, but actual
calculation of Chl a concentrations depends on the specific type or brand of fluo-
rometer, and the manual must be consulted.

6.8 Fluorescence Imaging of Ice Algae

The problems associated with studying sea ice algal metabolism in melted ice sam-
ples are discussed above (Sects. 6.6 and 6.7), and particularly the highly unnatural
condition of using liquid samples to study cells that, in vivo, are fixed in position in
the ice-brine matrix. Clearly, methods that can measure algal distribution and
metabolism in intact, non-melted ice samples are preferable. One such approach
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that has provided considerable insight into the natural behaviour of ice algae during
the last 10 years is fluorescence imaging, a variation of the variable chlorophyll
fluorescence technique described in Sect. 6.6, based on pulse-amplitude modulated
(PAM) fluorometry. This version of a PAM fluorometer, the Imaging-PAM fluorom-
eter, designed to make two-dimensional images of chlorophyll fluorescence in flat
plant leaves, can as well be applied to flat ice surfaces (Fig. 6.28). A detailed descrip-
tion of applying Imaging-PAM techniques in sea ice is given by Hawes et al. (2012)
and applied in several studies (Lund-Hansen et al. 2013, 2016; Castrisios et al.
2018). The principle of the method is that, instead of thawing sections of ice cores,
the intact sections are placed under the light source/camera apparatus as shown in
Fig. 6.28. Great care is required in protecting the ice sample from light and cold or
warm air temperatures during handling. Variable chlorophyll fluorescence is then
measured largely as described in Sect. 6.6 for the Phyto-PAM method, by activating
photosystems with a very weak, pulsed blue light, followed by a saturating light
pulse. The difference and advantage of this method is that the important parameters
Fy, F/F,, and ETR (electron transport rate) are recorded as two-dimensional images
of the photographed ice surface, rather than as a single number for a thawed, mixed
sample. The method provides a spatial resolution of parameters with values of
parameters in each pixel. The digital information in the images can then be con-
verted to quantitative data that describe their spatial variation in the ice, and are
more representative of the in sifu condition than a melted sample. Moreover, images
can be made of both horizontal surfaces (Fig. 6.28a, b) and vertical sections
(Fig. 6.28c, d), allowing the spatial distribution of algae and their activity within the
ice matrix to be determined three-dimensionally. The main disadvantage of the
method is that it considerably less sensitive than the Phyto-PAM. It cannot be used
to detect the very earliest production at low Chl a concentrations, or to investigate
the low-biomass communities higher up in the ice, although the Imaging-PAM is
applicable to the quantitatively important diatom communities occurring at the bot-
tom of the sea ice. Fluorescence imaging provides a technique allowing measure-
ment of photobiology that is certainly more natural than melted samples, although
artefacts due to coring disturbance are still likely.

6.9 The IP,; — A Proxy for Sea Ice Distributions and Food
Web Studies

As described in Chap. 5, sea ice plays a significant role in Earth’s climate specifi-
cally because much shortwave radiation is reflected back into space due to the high
albedo of snow and ice (Perovich and Polashenski 2012). With less sea ice, incom-
ing shortwave radiation from the sun will be absorbed in the water column and
increase the temperature of the water column (Arrigo and Dijken 2015). There will
be no summer ice in the Arctic in 2080, if the present rate of melting continues (Fig.
5.2b). An important question is then how sea extents were before satellite
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Fig. 6.28 The Walz Imaging-PAM instrument pulses the ice sample with blue light and the
camera detects algal fluorescence at longer (red) wavelengths with neutral density filters to reduce
illumination (a), and enclosing the entire apparatus in a light-proof box ensures dark-adapted con-
ditions (b), and examples of images produced by Imaging-PAM fluorometry as: F,, image of the
bottom surface of an ice core, showing the distribution of live algae on the crystal structure (c), a
similar image of F,/F, after a saturating pulse (d), F, image of transverse section through a core,
showing vertical distribution of live algae in the lower 10-15 mm of the ice matrix (e), and a simi-
lar image of F./F,, (f). Images (30 - 23 mm) are false colour images with relative units. (Modified
from: Hawes et al. 2012)
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Haslea kjellmanii

Fig. 6.29 Scanning electron micrographs of IP,s -producing diatom species.. Scale bars 10 pm.
(Micrographs by: T. Brown)

commencing in 1979, and even further back in time, where the geological record
has shown a considerable variation in Arctic sea ice extent related to warmer and
colder periods (Luoto et al. 2018). The main archive for reconstruction of past
oceanographic environmental conditions is the sediment accumulated at the bottom
of the oceans (Seibold and Berger 2017), where ocean water temperatures can be
reconstructed based on the isotopic composition as 00'%/00' of microorganisms
deposited over time (Hanslik et al. 2010). An equivalent proxy for the occurrence of
sea ice has just recently been identified: the IP,s — short for Ice Proxy with 25 carbon
atoms. The IP,s is a highly-branched isoprenoid, an organic compound of fatty
acids, which is synthesized or produced specifically by sea ice diatoms of the genera
Haslea and Pleurosigma (Belt et al. 2007; Brown et al. 2014) (Fig. 6.29). IP,s is a
biomarker and preserved in the sediment record when algae are deposited, and pres-
ence or absence of IP,s in the sediment core is applied as a proxy for the presence or
absence of sea ice at the time of deposition. The IP,s has proven to be an extremely
important proxy for, among other things, establishment of sea ice and oceano-
graphic conditions in the past, as shown by a study of previous sea ice extent in the
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line), NE Canadian Arctic. Note that inner ordinate scales apply for Resolute Passage 2012.
(Modified from: Belt et al. 2013)

Bering Strait (Detlef et al. 2018). This organic compound has also proved useful in
food web studies that have suggested that 70-100% of the diet of polar bears is
sympagic-based (i.e., derived from carbon produced by ice algae), rather than
pelagic-based (Brown et al. 2018). IP,s has been applied in several trophic studies
of sea ice-pelagic (Brown et al. 2017) and sea ice-pelagic-benthic coupling (Brown
and Belt 2012), which have emphasized the importance of sea ice algae in Arctic
ecosystems. Time-series during the ice algae spring bloom in the Canadian Arctic
show positive correlations between Chl a and IP,s (Fig. 6.29), which substantiates
that IP,5; was synthesized by the ice algae. The specific IP,s synthesizing algae were
later identified as Pleurosigma stuxbergi var: rhomboids, Haslea crucigeroides and
or Haslea spicula, and Haslea kjelmanii (Fig. 6.30) (Brown et al. 2014).
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Glossary

Absorption The process by which irradiance is absorbed by water, biota, ice,
sediments, and dust in the ice.

Acclimation Phenotypic adjustments of individual organisms to specific environ-
mental conditions that lead to improved performance or tolerance of stress.

Adaptation Evolutionary adjustment of the genetic basis of organism traits that
enhance performance in a specific environment.

Aggregates Attached or free—floating mats of algae found beneath the sea ice, in
melt ponds, frozen into the sea ice or sinking to the bottom of the sea floor.

Albedo Fraction of the incident radiation reflected by a surface, i.e. reflected/
incident.

Algae Autotrophic, eukaryotic photosynthetic organisms with chlorophyll a and
other photosynthetic pigments, ranging from unicellular groups, e.g., some dia-
toms, to large, macroscopic forms, such as giant kelp.

Allelopathy Release of substances into the environment that inhibit germination
or growth of other plants.

Allochthonous Externally derived organic carbon or organic matter sources in an
ecosystem, c.f. autochthonous.

Archaea A domain of heterotrophic, single-celled prokaryotic organisms, geneti-
cally distinct from bacteria and often found in extreme environments.

Autochthonous Organic carbon or matter produced within an ecosystem, c.f.
allochthonous.

Autotrophic The ability to use energy from light (photoautotrophic) or from oxi-
dation of inorganic compounds (chemoautotrophic) to convert inorganic carbon
(usually CO,) to organic matter, c.f. heterotrophic.

Bacteria A large domain of prokaryotic microorganisms, most of which are het-
erotrophic and typically a few micrometres in length.

Benthos Organisms living on the seafloor, such as mussels and bivalves.

Biota The bacterial, plant and animal life in a specific area at a given time.

Brine channels mm-sized channels within the sea ice containing brine (concen-
trated seawater), and an important habitat for sea ice biota.
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Brine drainage Drainage of brine out of the sea ice into the underlying seawater
column due to gravity.

Brine expulsion The flow of liquid brine towards the underside of the sea ice
driven by the freezing of the ice, which results in pressure build-up in the brine
pockets.

Brine salinity  Salinity of the brine in the brine channels of sea ice.

Brine skim A highly saline skim of brine that is formed on the sea surface in
newly forming sea ice.

Bulk salinity Salinity of a melted sample of sea ice.

Carbon dioxide (CO,) A trace gas, currently present at a concentration of
410 ppm in the atmosphere, having risen from pre-industrial levels of approx.
280 ppm. Most global CO, is dissolved in the oceans and reacts with water to
form bicarbonate (HCO;™) and carbonate ions (CO;*7). Under typical seawater
conditions, HCO;™ is the dominant (86.5%) form, whereas dissolved free CO,
(0.5%) and COs>~ (13%) are present in lower concentrations.

Carotenoids Accessory photosynthetic pigments, generally responsible for
absorbing additional light for photosynthesis and protecting chloroplast proteins
from photodamage.

Cell membrane The biological membrane that separates the interior of all cells
from the outside environment. It is made of a lipid bilayer interspersed with pro-
teins, making it selectively permeable to ions and organic molecules.

Centric diatoms Radially symmetrical diatoms, often of low mobility, c.f.
pennate.

Chlorophyll Green pigments in the photosynthetic membranes of autotrophs that
trap the energy of sunlight for photosynthesis. They exist in several forms of
which the most common is chlorophyll a.

Chlorophyll @ The most common form of chlorophyll, predominant in all oxy-
gen—evolving photosynthetic organisms. It is abbreviated as Chl a. Often used as
a proxy for biomass in microscopic algal populations.

Chlorophyll 5 A form of chlorophyll restricted to green plants, Chlorophyta and
Euglenophyta.

Chlorophyll c1 and c2 Forms of chlorophyll found in many microalgae, includ-
ing diatoms and dinoflagellates, as well as brown macroalgae.

Chlorophyta The green algae, a division of algae characterised by Chl a and Chl
b as their predominant photosynthetic pigments.

Chromophoric dissolved organic matter (CDOM) Photoactive substances of
the dissolved organic matter (DOM), with strong absorption in the blue and
ultraviolet parts of the spectrum.

Ciliates Motile protozoans characterized by hair-like organelles called cilia that
generate movement by beating.

Conductivity A measure of the ionic concentration of a liquid, based on its ability
to conduct electricity.

Copepods A subclass of Crustacea, usually planktonic, often being an important
component of the sympagic fauna.

Cryophilic See psychrophilic.
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Cryoprotectants Chemical substances that protect cells or tissue from damage
when freezing.

Cryotolerant Tolerant of low temperatures.

Cysts Resting or dormant stages of an organism that allow them to survive unfa-
vourable environmental conditions. Especially common in prokaryotes.

Desalination The process by which salt ions are expelled from the freezing ice as
there is no place for other ions being incorporated into the crystal lattice of water.

Diatinoxanthin and diadinoxanthin Xanthophyll pigments in diatoms, the inter-
conversion of which in the chloroplast help avoid serious damage from excess
radiation. Often abbreviated Dtx and Ddx.

Diatoms A major group of algae, characterised by a silica cell wall termed a
frustule. Among the most common types of phytoplankton, they are usually the
dominant biomass of the ice algae community. They are unicellular, and often
exist as chains or colonies.

DIC Dissolved inorganic carbon. See TCO,.

Diffusive boundary layer (DBL) The thin layer of non-moving water between
a solid structure and the moving bulk water, e.g., between the bottom of the sea
ice and its underlying seawater. It is a mm-thick layer where the transport of
dissolved substances is solely by molecular diffusion compared to much faster
turbulent mixing in the bulk water above or below the DBL. The DBL restricts
the exchange of gases and nutrients between the ice and the water.

Dinoflagellates A large group of autotrophic, flagellate eukaryotes that are com-
mon in both phytoplankton and sea ice algal communities.

Dissolved organic carbon (DOC) Organic molecules of varied origin and com-
position dissolved in water in all aquatic ecosystems. DOC in marine waters gen-
erally results from decomposition of dead organic matter, especially plants. DOC
is a food supplement supporting the growth of bacteria and plays an important
role in the global carbon cycle through the microbial loop.

Dissolved organic matter (DOM) The organic matter fraction in solution that
passes through a 0.45 pm filter.

Dissolved organic nitrogen (DON) A mixture of dissolved compounds ranging
from simple amino acids to complex humic substances.

Eddy covariance A technique for measuring oxygen exchange between seawater
and a surface such as the sediment or sea ice, based on water turbulence and dif-
fusion of gases in the diffusive boundary layer. Can be used to determine primary
production or nutrient uptake and release of intact sea ice.

Eubacteria The ‘true’ bacteria, single-celled prokaryotic microorganisms found
in almost all ecosystems throughout the world, c.f. Archaea and eukaryotes.

Exponential growth Growth of microorganisms whereby the cell number dou-
bles within a fixed time period.

Extracellular polymeric substances (EPS) High-molecular weight compounds
secreted by microorganisms into their environment. In sea ice, EPS can function
as cryoprotectants, or as external reserves of hydrolysable organic compounds,
to depress the freezing point and to provide a physical buffer against encroaching
ice crystals.
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First-year ice Sea ice consisting of no more than one winter’s ice growth. It
develops from young ice and is usually >30 cm thick.

Flagellate Motile organisms with one or more flagella. Flagella-bearing spe-
cies are common in all algal groups except the Cyanophyceae, Rhodophyceae,
Phaeophyceae and Bacillariophyceae.

Fluorescence Photons re-emitted from chloroplasts at a longer wavelength when
electrons in photosystems return to the ground state. Chlorophyll fluorescence
can be used to estimate algal biomass in a water column or on the underside of
sea ice, and the variable chlorophyll fluorescence of photosystems can be used to
quantify photosynthetic state and activity.

Frazil ice Loose, randomly oriented ice crystals forming in supercooled water.
Often a precursor to sea ice formation.

Freeboard The vertical distance between the water table and the surface of the
ice. Negative freeboard occurs when the water table is higher than the ice sur-
face, typically when the weight of snow on top of the ice presses the ice surface
downwards into the water column.

Frost flowers Clusters of saline ice crystals that have a dendritic and branched
structure. Frost flowers form at the interface between a warm ice surface and a
cold atmosphere in conditions of low surface wind speeds.

Fucoxanthin An accessory pigment in the chloroplasts of some algal groups
including diatoms, that assist in light harvesting in the yellow to blue range of
the spectrum, allowing greater light absorbance in aquatic environments.

F, Minimal fluorescence yield of photosynthesis after dark adaptation of an
algal sample.

F,/F, The maximum quantum yield of photosynthesis of dark-adapted photosyn-
thetic organisms, a widely used indicator of their photosynthetic activity, health
and stress.

Global carbon budget The sum of all exchanges (inflows and outflows) of car-
bon compounds between the earth’s carbon reservoirs in the carbon cycle.

Halocline A strong change in salinity at a specific depth, and develops due to
stratification of seawater into layers of different salinity.

Halophile An organism that thrives in highly saline water, e.g., in brine channels
or salt lakes.

Halotolerant The ability to withstand large changes in salinity.

Herbivore An organism living by plant-based food subsistence.

Heterotrophic Describes all organisms that obtain carbon for their organic syn-
thesis by metabolising organic material. Includes animals, fungi, some algae,
most bacteria, c.f. autotrophic.

HPLC Abbreviation for high performance liquid chromatography, a method
applied to separate and identify cellular pigments.

Infiltration layer A layer in sea ice that develops by flooding of the sea ice sur-
face by seawater and often due to the weight of the overlying snow.

Ikaite (CaCO5:6H,0) An unstable hexahydrate polymorph of CaCO;, which
begins to precipitate at —2.2 °C and dissolves at temperatures above 4 °C.

In situ  On site or in position.
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Intracellular Occurring or functioning within a cell.

IP,s The abbreviation for ice proxy with 25 carbon atoms, a highly-branched iso-
prenoid or fatty acid produced specifically by ice algae and used to detect fossil
ice algae in sediments and applied in food web studies.

Irradiance The radiant energy flux received per m™ with the units W m™.
Spectral irradiance is accordingly the energy or power resolved per wavelength
(nm) with the units W m=2 nm~!. The term is also used as synonym for PAR
(Photosynthetic Active Radiation).

Light compensation point (E£.) The irradiance at which the rate of CO, assimila-
tion in photosynthesis is balanced by CO, released by respiration.

Light harvesting complex (LHC) A complex of molecules including chloro-
phyll, accessory pigments and proteins of the chloroplast thylakoid membrane,
which absorbs quanta of photons and transfers their excitation energy to chloro-
plast photosystems.

Light saturation The irradiance range over which the rate of CO, assimilation
in photosynthesis reaches a maximum and becomes independent of irradiance.

Leads Open linear areas of open water in sea ice caused by stress fractures in
the ice.

MAAs Mycosporine-like amino acids that ice algae can synthesize as a protective
compound against high ultraviolet radiation.

Meiofauna Small multicellular animals living within the brine channel network,
typically collected on a 20 pm sieve after completely thawing ice samples.

Melt ponds Accumulation of pools of meltwater on the surface of the sea ice,
mainly due to melting of snow, but also the underlying sea ice. Melt ponds absorb
solar radiation rather than reflecting it as ice does and thereby have a significant
influence on the sea ice albedo and earth’s radiation balance.

Metazoa Multicellular animals with two or more tissue layers, with a high degree
of coordination between different cell types, and usually a nervous system, c.f.
protozoa.

Motile Capable of movement.

Multi-year ice Sea ice consisting of more than a single year’s growth. It can reach
an age of 5-6 years.

NDI Normalized difference index. An index based on absorption by Chl a at spe-
cific wave lengths, relative to absorption of snow and ice in the visible spectrum,
allowing estimates of biomass from remote sensing methods.

Nekton The community of organisms in a body of water able to swim actively
against a current, as opposed to plankton, which is carried passively by water
movement.

Nilas A crust of sea ice up to 10 cm thick, typically an intermediate stage between
new ice structures such as frazil and pancake ice and the formation of young sea
ice proper.

Osmolytes Dissolved ions or organic solutes within a cell that prevent osmotic
shock by maintaining osmotic pressure within the cell to avoid cell lysis (too
much internal pressure) or shrinkage (too little internal pressure).
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Osmoprotectants Solutes or molecules that help organisms survive extraordinary
osmotic stress.

Osmotic shock A sudden change in the solute concentration around a cell that
causes a change in the movement of water across its cell membrane. In environ-
ments with high concentrations of salts, water is drawn out of the cells. This can
be avoided by the incorporation of osmolytes.

Pancake ice Approximately circular ice formations from 30 cm to 3 m in diam-
eter and up to 10 cm thick, with raised and rimmed edges caused by collisions
with other ice pieces.

PAR See Photosynthetically active radiation.

pCO, The partial pressure of CO, in the atmosphere or when dissolved in water.

Pelagic Organisms (including plankton and nekton) that swim or drift in the
water column.

Pennate diatom Bilaterally symmetrical, elongated diatoms, usually motile, c.f.
centric.

Peridinin An important carotenoid accessory pigment in dinoflagellates.

Permeability The ability of a material such as ice to allow fluids (gases or liquids)
to diffuse or flow through its pore spaces and brine channels.

pH A scale used to specify how acidic or basic a water-based solution is. The pH
of seawater plays an important role in the ocean’s carbon cycle; pH measurement
in seawater is complicated by its chemical properties.

Photoinhibition A decline in photosynthetic efficiency upon exposure to high
irradiance or UV radiation. A transient or dynamic photoinhibition is associated
with protection of the photosynthetic apparatus, or longer-lasting photoinhibi-
tion implies photodamage (destruction of the photosynthetic apparatus).

Photon A discrete unit of light that describes its particle-like properties (quan-
tum), as opposed to its wavelike properties.

Photosynthesis The process by which green plants and some unicellular organ-
isms convert incoming sunlight into organic material from CO, and water.

Photosynthetically active radiation (PAR) Radiation that can drive photosyn-
thesis; the spectral range of solar radiation from 400 to 700 nanometres, similar
to visible light. The unit of PAR is pmol photons m=2 s~

Photosystem A unit of pigments and proteins embedded in the membranes of the
chloroplast where the excitation energy from absorbed photons is transferred to
an electron.

Phytoplankton The photosynthetic organisms of the plankton, and which are
freely advected with the water masses.

Picophytoplankton The fraction of the photosynthetic phytoplankton between
0.2 and 2 pm.

Platelet ice Ice consisting of plates 1-10 mm thick, formed by freezing of seawa-
ter that has been supercooled below an ice shelf or glacier. Platelet ice can form
metre-thick free-floating layers below the sea ice or can be frozen into the bottom
of growing sea ice.
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Polynya An area of open water surrounded by sea ice. In this area, new sea
ice is produced and frequently blown away, thereby allowing new ice to form
repeatedly.

POM Particulate organic matter. Organic particles <2 mm size in the water col-
umn or sea ice.

Porosity A measure of the void volume of sea ice and hence the volume of the
brine channels relative to the total volume.

Precipitation Formation of a solid from solution by chemical or physical
processes.

Pressure ridges Angular blocks of sea ice that accumulate on the ice surface due
to collisions between ice floes caused by currents and wind.

Primary production The production of organic material (carbon) from inorganic
carbon sources (CO, and HCO;") by photosynthesis, termed primary as this is
the basic step in almost all food webs.

Protists Eukaryotic, unicellular or colonial organisms which form no distinct tis-
sues. A paraphyletic, taxonomically diverse group including both autotrophs and
heterotrophs.

Protozoa Single-celled heterotrophic, eukaryotic organisms, c.f. metazoa.

Psychrophillic organisms Organisms that have optimal growth rates at tempera-
tures usually below 15 °C, and which cannot grow above 20 °C.

Psychrotolerant organisms Organisms that have optimum growth rates at tem-
peratures above 20 °C but can tolerate and, in the case of bacteria, grow at colder
temperatures.

Pycnocline A boundary in oceanography separating two water layers of different
densities. The formation of a pycnocline may result from changes in salinity or
temperature. Because the pycnocline is extremely stable, it acts as a barrier for
surface processes.

Remote sensing Measuring from a distance without direct hands-on involvement,
such as with satellites measuring sea ice extent or spectroradiometers measuring
spectral composition of the irradiance below the ice.

Respiration Cellular metabolic processes that degrade organic matter and pro-
duce energy as ATP with CO, as a waste product.

Sackholes Holes drilled partially through the sea ice for bulk sampling of
brine water.

Salinity The total mass of salts in 1 kg of seawater, dimensionless by definition
although units such as ppm (parts per million), %o, or PSU (Practical Salinity
Unit) are often seen in the literature.

Scattering The physical process by which photons are forced to deviate from a
straight trajectory due to features such as particles, bubbles and density differ-
ences in water and sea ice.

Secondary production Production of new organic matter by herbivores, carni-
vores or detritus feeders (c.f. primary production). In sea ice ecosystems, this
is largely consumption of organic material such as ice algae by zooplankton or
ingestion of phytoplankton by benthic organisms.
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Skeletal layer A crystalline layer a few mm thick at the bottom of the sea ice
where actively growing ice crystals protrude into the seawater and where most of
the ice algae biomass is usually located.

Stratification Separation of water masses with different properties, e.g., different
salinity (halocline), density (pycnocline), and temperature (thermocline), form-
ing layers that act as barriers to water mixing.

Supercooled or undercooled water Water with a temperature below its freezing
point but still in the liquid phase.

Sympagic Organisms or ecosystems associated with ice, including sea ice and
other ice environments such as glaciers.

TA Total alkalinity, a measure of the charge balance in seawater and in natural
seawater at pH > 8, with units of pmol kg~! seawater.

TCO, In seawater, CO, exists as three inorganic forms: dissolved CO,, HCO;~
and CO;72. The sum of the concentration of these forms is the total dissolved
inorganic carbon, abbreviated TCO,, in units of pmol kg~! seawater.

Thermocline The plane of maximum rate of decrease or increase in temperature
with depth in a water body, usually seen at a specific water depth and forming a
barrier between layers during stratification.

Transmittance The ratio between irradiance just below a package of ice or snow,
for instance, and downwelling irradiance at surface of the ice or snow.

Ultraviolet radiation The part of the electromagnetic spectrum with wave-
lengths from 100 nm to 400 nm, outside the visible or photosynthetically active
spectrum, and therefore potentially harmful to sea ice algae and other biota.
Abbreviated as UVR, and comprises UV-A (400-320 nm), UV-B (320-280 nm),
UV-C (280-100 nm).

Xanthophyll Broad term referring to a wide-range of yellow-coloured accessory
pigments to photosynthesis in chloroplasts.

Zooplankton Floating and drifting animal life in aquatic environments, compris-
ing those organisms unable to swim against a current, c.f. nekton.
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