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Summary

Sea ice is the main structural feature of polar seas. It plays an important role in energy
transfer between ocean and atmosphere, but also serves as a natural habitat for a variety
of organisms.

Salt ions of the sea water are not included into the crystal structure of sea ice during
freezing. These remain in the widely ramified system of brine channels within the ice.
The brine channels are characterized by diameters of a few micro- to millimeters and
provide a habitat for the so called sympagic (= ice associated) community. This association
comprises bacteria, fungi, algae and protozoans, as well as metazoans. The investigated
sympagic meiofauna of Artic pack ice mainly consists of copepods, nematodes, rotifers,
turbellarians and nauplii.

Late summer and winter pack ice of the central Arctic Ocean, the northern Fram Strait
and the Storfjord (south of Spitsbergen) was sampled during three expeditions. The aim
of this investigation was to evaluate the qualitative and quantitative composition of sym-
pagic meiofauna as well as the controlling ice parameters of their distribution. Therefore,
identical methods for sampling and sampling processing were used to obtain a compari-
son of seasonal and regional variability. This study presents for the first time an extensive,
quantitative data set of environmental factors influencing composition, abundance and
distribution of sympagic meiofauna organisms in wintertime Arctic pack ice. These data
are compared with summer data of the same region. Additionally, the investigation of
an extended area from south of Spitsbergen to the North Pole provides a unique base
to evaluate regional variability of composition, abundance and distribution of sympagic
meiofauna.

The results demonstrate the influence of seasonally variable parameters in the upper
part of the ice. During winter, ice temperatures are close to —22 °C, brine salinities
exceed values of 200 and brine volumes are generally less than 5% generating an extreme
environment within the upper part of the ice. In the lowermost part of the ice, where
sympagic meiofauna typically accumulates in so-called bottom communities, only minor
seasonal variations occur. At these depths, favourable physical conditions could support
the colonization of sympagic meiofauna organisms. However, faunal analyses only show
single specimens of most taxa in winter pack ice except for an increase of nauplii to high
abundances. Therefore, an active strategy of meiofauna species to overwinter in the ice is
not indicated. Insufficient food availability (chlorophyll # concentration < 1.0 ug chl 2
I71) seems to play an important role. Nevertheless, single specimens seem to survive the
winter and to ensure the communities maintenance by high reproduction rates during
spring. Another possible overwintering strategy could be the production of resting stages,
which transform to active organisms under improved environmental conditions in the
spring. However, resting stages were not found in the wintertime ice samples.

Pack ice samples show minor geographical differences in the development of pack ice
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Summary

habitat and their associated sympagic meiofauna along a transect across the eastern basin
of the Arctic Ocean. This uniformity in samples of the Transpolar Drift implies a similar
spatial and temporal formation of pack ice, in this case along Siberian shelves. The
occurrence of benthic species within the pack ice points to an overwintering strategy of
individual organisms assuring the communities maintenance. Comparison of community
structures of all stations clearly indicates the stronger influence of seasonal factors on the
distribution of sympagic meiofauna compared to regional factors.
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Zusammenfassung

Meereis ist ein wesentliches strukturierendes Merkmal der polaren Ozeane. Es spielt
nicht nur im Energieaustausch zwischen Ozean und Atmosphire eine wesentliche Rolle,
sondern dient auch unterschiedlichen Organismen als Lebensraum.

Wihrend des Gefrierprozesses werden die im Meerwasser enthaltenen Salzionen nicht
in die Kristallstruktur des Eises mit eingeschlossen, sondern verbleiben im Inneren des
Eises in einem stark verzweigten, solegefiillten Kanalsystem. Diese Solekanile, deren
Durchmesser in der Regel im zm- bis mm- Bereich liegen, dienen einer speziell angepass-
ten, sogenannten ,,sympagischen® (= eisassoziierten) Lebensgemeinschaft als Lebensraum.
Diese Gemeinschaft umfasst neben Bakterien, Pilzen, Algen und Protozoen auch Meta-
zoen. Im arktischen Packeis setzt sich die Gruppe der Metazoen (sympagische Meiofauna)
vornehmlich aus Copepoden, Nematoden, Rotatorien, Turbellarien, sowie Nauplien zu-
sammen.

Auf insgesamt drei Expeditionen wurde Packeis des zentralen arktischen Ozeans, der
ndrdlichen Framstrafle, sowie des Storfjordes (ein Fjord siidlich von Spitzbergen) im
spiten Sommer und Winter beprobt. Schwerpunkt der Untersuchungen war die qualita-
tive und quantitative Erfassung der sympagischen Meiofauna, sowie der wesentlichen, die
Verteilung der Organismen kontrollierenden Eisparameter. Die einheitlich angewandten
Beprobungs- und Untersuchungsmethodiken erméglichten dabei einen Vergleich sowohl
saisonaler als auch regionaler Variabilititen. Die vorliegende Arbeit prisentiert zum ersten
Mal umfassende Daten iiber die Lebensbedingungen, sowie iiber die Zusammensetzung,
Hiufigkeit und Verteilung der sympagischen Meiofauna im winterlichen Packeis der Ark-
tis und vergleicht diese mit Sommerdaten aus derselben Region. Mit der Untersuchung
eines geographisch ausgedehnten Gebietes, das sich vom siidlichen Teil Spitzbergens bis
zum Nordpol erstrecke, liefert diese Arbeit auflerdem die Grundlage zur Abschitzung der
regionalen Variabilitit in der Zusammensetzung, Verteilung und Hiufigkeit der sympa-
gischen Meiofauna.

Die Ergebnisse der Untersuchungen zeigen, dass der obere Bereich des Eises durch
starke saisonale Verinderungen geprigt ist. Mit Eistemperaturen nahe —22 °C, Sole-
salinititen grofler 200 und Solevolumina meist unter 5%, kommt es in diesem Bere-
ich des Eises zu sehr extremen Bedingungen. Im unteren Bereich des Eises, in dem
sich in der Arktis die sympagische Meiofauna typischerweise zu so genannten Bodenge-
meinschaften akkumuliert, wurden nur geringfuigige saisonale Verinderungen festgestellt.
Dieser Bereich bietet somit auch im Winter giinstige physikalische Voraussetzungen fiir
eine Besiedelung durch sympagische Meiofauna Organismen. Die faunistischen Unter-
suchungen zeigen jedoch, dass mit der Ausnahme von Nauplien, die mit hohen Abun-
danzen vertreten sind, nur vereinzelte Organismen im Winter vorkommen. Eine Uber-
winterung aller Organismen findet im Eis somit nicht statt. Vermutlich spielt hierbei
eine unzureichende Nahrungsverfiigbarkeit (Chlorophyll 2 Konzentrationen < 1.0 ug
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chl 2 I7!) eine entscheidende Rolle. Moglicherweise wird durch das Uberleben einzel-
ner Individuen im Winter und einer anschlieffend hohen Reproduktion wihrend des
Frithjahrs die Aufrechterhaltung der Gemeinschaft iiber den Winter gesichert. Eine weit-
ere Uberlebensstrategie konnte die Ausbildung von Dauerstadien sein, die sich bei einer
Verbesserung der Umweltbedingungen nach dem Winter in aktive Organismen umwan-
deln. Dauerstadien konnten in den winterlichen Eisproben in der vorliegenden Arbeit
jedoch nicht gefunden werden.

Packeisbeprobungen entlang eines Transekts durch das 6stliche Becken des zentralen
Arktischen Ozeans zeigten geringe geographische Unterschiede in der Ausbildung des
Packeis-Habitats und der sympagischen Meiofauna. Diese Uniformitit lisst sich vermut-
lich damit begriinden, dass das Packeis, das einheitlich im Gebiet der Transpolaren Drift
beprobt wurde, zur selben Zeit im Gebiet der sibirischen Schelfe gebildet wurde. Das
Vorkommen benthischer Formen bestitigt zudem die oben genannte Uberwinterungs-
theorie, derzufolge das Uberwintern einzelner Individuen die Aufrechterhaltung der sym-
pagischen Meiofauna sichert. Vergleiche der Gemeinschaftsstrukturen aller beprobten
Stationen zeigen deutlich, dass saisonale Prozesse die sympagische Meiofauna stirker kon-
trollieren als es regionale Faktoren tun.

vi



1 General introduction

Sea ice is an important structuring feature in the marine ecosystem of polar regions. It
ranges in extent between 17.5 x 10° to 28.5 x 10° km?, which corresponds to a fraction
of 3-6% of the total earth surface (Comiso 2003). Thus, it is one of the largest biomes
on earth. The sea-ice cover considerably influences the exchange of energy between the
atmosphere and the ocean. Due to the high albedo of the sea ice a high portion of
solar radiation is directly reflected, influencing the global climate system and the water
column (Maykut 1985, Harder 1996). Furthermore, owing to its isolating property, sea
ice modifies the heat exchange between the ocean and the sea (Wettlaufer 1991, Lytle &
Ackley 1990).

1.1 Arctic sea ice

In the Arctic, sea ice covers about 7 x 10° km? during the minimum extent in September
and doubles in size to 14 x 10° km? during the maximum extent in March (Maykut
1985) (Fig. 1.1). The majority of Arctic sea ice is multi-year ice, which survived at least
one summer melt season, and is generally thicker than 2 m (Spindler 1990). Within the
Arctic Ocean, two dominant drift systems control the ice transport: (1) the Transpolar
Drift, which transports ice from the western side of the basin across the pole and through
the Fram Strait, and (2) a clockwise gyre in the Beaufort Sea region (Gordienko 1958)
(Fig. 1.2). Roughly 10% of the sea ice in the basin annually drifts through the Fram
Strait into the North Adantic, where it melts (Maykut 1985).

Figure 1.1: Sea-ice distribution in (a) March and (b) September for the northern hemisphere (monthly
averages: 1978-1991). The intensity of white colour indicates the percentage of ice cover, the black area
in the center of the picture denotes missing data. Modified after Schweitzer (1995).
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Figure 1.2: Major ice-drift patterns in the Arctic Ocean. Modified after Gordienko (1958).

The ice enclosed into the Beaufort Gyre can remain in the Arctic basin for 2.5-30
years, while the ice entrained in the Transpolar Drift Stream generally leaves the basin
after 2-3 years (Melnikov 1997). However, the boundaries between the two systems are
not distinct, and ice drifting at the periphery of one system can be incorporated into
the other. Furthermore, average travel time of multi-year sea ice as well as ice thickness
in the central Arctic Basin show a pronounced variability as a response to dynamic and
thermodynamic factors (e.g., Rothrock et al. 1999, Tucker et al. 2001, Pfirmann et al.
2004).

1.2 Sea-ice formation

During sea-ice formation, a two-phase system develops consisting of solid ice crystals and
liquid brine. Small freshwater ice crystals (frazil ice), which are in the range of a few
millimetres, form at or near the surface of the water when the water temperature is below
the freezing point. Due to their lower density the ice crystals ascend to the water surface,
where they accumulate to grease ice. Depending on the weather conditions, different ice-
formation processes lead to the development of a continuous ice cover. Under turbulent
conditions (wind, waves), the crystals are pushed together forming so-called pancakes.



1.3 Sea-ice habitat

Due to wave action, these pancakes dip into the water, surrounding grease ice is loaded
onto the pancakes and thus, rims of the pancakes thicken. Finally, the pancakes freeze
together due to continuously low temperatures. Under calm conditions, the grease ice
directly freezes into a solid ice cover (nilas) without previous pancake formation. After
the formation of a closed ice cover, further ice thickening occurs by congelation growth at
the ice underside. In contrast to granular ice, formed during the initial freezing process,
congelation leads to the formation of columnar ice, which is characterized by elongated
grain shapes (for detail see: World Meteorological Organization 1970, Maykut 1985,
Weeks & Ackley 1986, Lange et al. 1989). The liquid brine, forming in between the
crystals due to the rejection of salts that are not incorporated into the crystal lattice,
accumulates in the brine-channel system, a branched system of channels and pockets,
which penetrates the ice. Brine-channel diameters range from several micrometers to
several centimetres (Weissenberger 1992, Eicken 2003).

1.3 Sea-ice habitat

Environmental conditions within the brine-channel system depend on different factors.
In granular ice, an irregular network of brine channels and pockets develops, while chan-
nels are more vertically oriented in columnar ice (Weissenberger et al. 1992). Further-
more, the size of sea-ice brine inclusions is distinctively associated with the temperature
(Eicken et al. 2000). Brine volume is calculated as a function of ice temperature and
ice bulk salinity (Frankenstein & Garner 1967, Leppiranta & Manninen 1988), brine
salinity as a function of the ice temperature (Assur 1958). A decrease in ice temperature
from —4 °C to —10 °C, for example, leads to an increase in brine salinity from 68 to
142, and air temperatures near —20 °C in winter cause brine volumes of less than 1%
and brine salinities above 200. Light conditions in the sea ice are also quite variable.
Next to varying day lengths from 0 to 24 hours, light conditions inside the ice are also
affected by reflection, scattering and absorption (Maykut & Grenfell 1975, Palmisano et
al. 1987). Thus, snow cover, ice thickness and the structure and distribution of brine
and other inclusions can lead to attenuation of incident irradiance down to values < 0.1%

(Maykut 1985).

1.4 Sympagic community

Despite of highly variable and extreme properties, the brine-channel system offers a
unique habitat for the so-called sympagic (= ice-associated) community consisting of
viruses, fungi, bacteria, protists and metazoans (e.g., Alexander 1980, Horner 1985a,
Spindler et al. 1990, Carey 1992, Gradinger et al. 1992, Horner et al. 1992, Swadling
et al. 1997). Next to small metazoans living within the ice, a specialized under-ice fauna
consisting of several species of amphipods is described for the Arctic (e.g., Lonne & Gul-
liksen 1991a,b, Poltermann 2001, Werner & Gradinger 2002). Sympagic metazoans
live within the ice or at the ice-water interface, either permanently (autochthonous) or
temporarily (allochthonous).
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First observations of the sea-ice biota date back to the end of the 19% century when
first polar expeditioners observed brownish or greenish coloured ice floes caused by mi-
croalgae (Ehrenberg 1841, Hooker 1847). Early investigations focused predominately on
ice algae (for historical review see Horner 1985b), and until now sea-ice algae and factors
controlling primary production are still the main focus of sea-ice investigations.

1.5 Sympagic meiofauna

With the exception of bacteria, the heterotrophic component of the sea-ice community
has received much less attention than the autotrophic. Andriashev (1968) gave a detailed
description of the sea-ice fauna for the first time and described the composition of cope-
pods, nematodes, rotifers, turbellarians and various larvae in the Arctic (Fig. 1.3). Since
then several investigations of the sea-ice fauna followed, mainly focussing on fast ice due
to its accessibility (e.g., Carey & Montagna 1982, Kern & Carey 1983, Chengalath 1985,
Grainger & Mohammed 1986, Grainger & Hsiao 1990, Carey 1992, Michel et al. 2002,
Wiktor & Szymelfenig 2002). Comparatively few studies investigated the sympagic fauna
of Arctic pack ice (Gradinger et al. 1992, Friedrich 1997, Gradinger 1999a, Friedrich &
De Smet 2000, Friedrich & Hendelberg 2001, Nozais et al. 2001).

#
. //
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¥ 7
: /.
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@ - © C. Friedrich A © C. Friedrich
nematod turbellarian

© L. Werner - © C. Friedrich

nauplii harpacticoid copepods
Figure 1.3: Examples of typical meiofauna organisms occurring in Arctic sea ice.

Highest numbers of sympagic metazoans are typically found in the lowermost part of
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the ice (e.g., Melnikov 1997, Gradinger et al. 1999, Schnack-Schiel et al. 2001) where
an exchange of water with the underlying water column is possible. Temperature as well
as salinity in the bottom layers and the brine-channel system are similar to conditions
found in the underlying water. Therefore, conditions do not demand the organisms to
experience any acclimation. Due to increasing temperatures towards the ice underside,
brine channels are larger and therefore, habitable for larger organisms.

The number of ice-inhabiting metazoan species is comparatively low, suggesting a high
specialization (Friedrich 1997, Schnack-Schiel et al. 1998). Conditions within the brine-
channel system are extremely variable and thus, organisms inhabiting this habitat have
to be able to tolerate pronounced changes in temperature, salinity and available space.
Until now, only few experimental studies have investigated this adaptability (Grainger
& Mohammed 1990, Friedrich 1997, Gradinger & Schnack-Schiel 1998, Krembs et
al. 2000). Detailed studies on the feeding ecology of the sympagic meiofauna are still
missing, but several investigations indicate that the organisms feed on algae, bacteria and
protists in the ice (Grainger et al. 1985, Hoshiai et al. 1987, Grainger & Hsiao 1990,
Norrman & Andersson 1994, Janssen & Gradinger 1999). Additionally, an uptake of
dissolved organic material (DOM) by osmotrophic nutrition is proposed for Arctic ice
nematodes (Tchesunov & Riemann 1995).

1.6 Purpose of this study

Comparatively little work has been conducted on the seasonal and regional variability
of the sympagic meiofauna in Arctic pack ice. The few existing studies on Arctic pack
ice focussed mainly on the marginal seas of the Arctic Ocean. Furthermore the majority
of these studies have been carried out during seasons with a favourable accessibility of
the ice-covered seas, namely spring, summer and autumn (e.g., Gradinger et al. 1991,
Gradinger et al. 1992, Friedrich 1997, Gradinger et al. 1999, Friedrich & De Smet 2000,
Nozais et al. 2001). Pack-ice studies of sympagic meiofauna comparing different seasons
within the same region, as well as studies in the central Arctic Ocean, however, are scarce
(Melnikov 1997, Gradinger 1999a, Melnikov et al. 2002). Studies of wintertime pack
ice are also extremely rare for both Arctic and Antarctic (Spindler et al. 1990, Melnikov
1997, Garrison & Close 1993, Melnikov et al. 2002), but are important to understand
life cycles and organisms’ strategies to survive in these extreme environments.

In the present study, quantitative data on abiotic environmental conditions as well as
composition, abundance and distribution of sea-ice meiofauna in Arctic pack ice during
winter are presented for the first time and compared to summer data from the same
region. This information provides implications for possible overwintering strategies of
the highly specialized sympagic meiofauna. Furthermore, a geographically large regional
comparison from the Fram Strait to the North Pole was carried out during summer in
order to assess spatial variability in the composition, distribution and abundance of the
sympagic meiofauna.

Thus, the major aims of this study are:

* to describe the seasonal variability in the Arctic pack-ice habitat and of the sympagic
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meiofauna in the same region, and

* to describe the regional variability in the Arctic pack-ice habitat and of the sympagic
meiofauna during the same season (summer)

This thesis combines the results from three different expeditions, during which pack ice
was studied in different seasons and different areas of the Arctic. The results are presented
in separate chapters. Chapter 2 deals with physical and biological properties of Arctic
pack ice during winter. Chapter 3 summarises seasonal variations in distribution pat-
terns and abundances of sympagic meiofauna in Arctic pack ice. Chapter 4 describes the
regional variability of the pack-ice habitat and the sympagic meiofauna along a transect
across the eastern basin of the Arctic Ocean. Chapter 5 summarises the main conclusions
of the study and presents perspectives for further investigations.



2 Physical and biological properties of Arctic pack ice

during winter

2.1 Introduction

The Arctic is characterized by strong seasonal fluctuations. Air-temperature differences of
40-50 °C are usual over the course of a year as are distinct differences in the irradiance,
which culminate in polar day and polar night. Not only meteorological conditions but
also the most characteristic Arctic feature, the sea ice, alters. Next to quite obvious differ-
ences like ice extent, which was found by Maykut (1985) to vary between approximately
7 x 10 km in September and 14 x 10° km in March, Arctic sea ice varies seasonally also
in terms of structure and properties. Brine salinity and brine volume, which are both
controlled by ice temperature (Assur 1958, Frankenstein & Garner 1967, Leppiranta &
Manninen 1988), show distinct seasonal differences with nearly isothermal ice in summer
and steeper temperature gradients in spring and summer (Gradinger 1998).

These physical and chemical parameters are of great importance for sympagic organ-
isms, which inhabit the brine-channel system within the ice (for review see Schnack-
Schiel 2003) and thus are subjected to extreme seasonal changes. Different studies have
revealed the strong relationship between biotic and abiotic parameters of sea ice and dis-
tribution patterns of sea-ice biota, such as bacteria, algae, proto- and metazoans (e.g.,
Gosselin et al. 1986, Zhang et al. 1998, Krembs et al. 2000, Meiners et al. 2002).

Sea ice is classified into coastal fast ice and drifting pack ice, and both kinds of sea ice
have been investigated to different degrees in the Arctic owing to differences in accessibil-
ity. Several studies have focused on the fast ice of the Canadian Arctic, and some of these
were conducted during winter (e.g., Carey & Montagna 1982, Grainger & Hsiao 1990,
Carey 1992).

Since pack-ice investigations are primarily ship-based, most studies have been con-
ducted during seasons with favourable weather conditions, namely spring, summer and
autumn. Therefore information on winter conditions is still scarce. It remains unclear,
how physical and chemical parameters change during winter months and how these con-
ditions affect biological components. Detailed information about habitat conditions of
Arctic pack ice is particularly important for a better understanding of life cycles and col-
onization strategies of sympagic organisms.

In March and April 2003, the expedition ARK XIX-2 with RV “Polarstern” offered
the opportunity to investigate pack ice under winter conditions. Results of the expedi-
tion, which are presented in this chapter, contribute to a better understanding of the full
significance of seasonal changes in sea ice.



2 Physical and biological properties of Arctic pack ice during winter

2.2 Material and methods

2.2.1 Study area

During the winter expedition ARK XIX-1 of RV “Polarstern” from March to April 2003
(Schauer & Kattner 2004) pack ice and under-ice water were sampled in two different

areas: (1) in the northern Fram Strait area, and (2) in the Storfjord area south of Svalbard
(Fig. 2.1).
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Figure 2.1: Location of sampling sites (indicated by their station numbers) during expedition ARK XIX-
1 (March/April 2003) to the northern Fram Strait area (stations 91, 97 and 104) and the Storfjord area
(stations 71, 76 and 82). Station numbers represent the day of the year.

The Fram Strait is a 600 km wide passage between Greenland and Spitsbergen, sep-
arating the Arctic Ocean in the north from the Greenland Sea in the south. It is the
primary path for water exchanges between the Arctic Ocean with the adjacent seas. Ma-
jor surface currents in the Fram Strait are: (1) the East Greenland Current (EGC), which
transports Arctic water masses of low temperature and salinity as well as sea ice southward
on the western side of the Fram Strait, and (2) the West Spitsbergen Current (WSC), a
northward flow of warm and saline Atlantic water on the eastern side of the Fram Strait
(Coachman & Aagaard 1974). The western coast of Spitsbergen is ice-free all year, while
permanent ice cover in the Fram Strait is restricted to the EGC due to the continuous
transport of Arctic sea ice by the Transpolar Drift, one of the major ice drift systems pre-
vailing in the Arctic Ocean. Roughly 10% of the sae ice in the Arctic Basin annually drifts
into the Greenland Sea (Maykut 1985). The northern Fram Strait area is considerably
influenced by the Transpolar Drift, which transports sea ice from the western side of the



2.2 Material and methods

Table 2.1: Ice stations and meteorological data during the expedition ARK XIX-1 to the Storfjord area
(stations 71, 76 and 82) and north of Svalbard (stations 91, 97 and 104). Station numbers represent the
day of the year.

Station  Date Latitude Longitude  Sea ice Ice Air Snow  Snow
cover  thickness temp. temp. depth

(%] [cm] [°C] [°C] [cm]

71 12Mar 03 76°48.65N  20°13.56’E 100 78.3 —-28.5 —19.7 12.0
76 17 Mar03 77°32.15°N  20°19.83’E 95 102.5 —14.3 —164 14.4
82 23Mar03 76°16.46N  23°21.63’E 99 84.3 —-19.4 —14.7 18.2
91 01 Apr03  80°25.95N  12°49.06'E 100 168.0 —27.4  —26.3 10.2
97 07 Apr03 81°53.90N  09°34.12°E 100 175.0 -19.7 —-17.8 34.0

104 14 Apr 03 81°52.04’N 10°02.81’E 100 245.5 -2.7 —4.9 9.6

basin across the central Arctic Ocean through the Fram Strait. With the exception of one
station (St. 91), all stations sampled north of Svalbard were located in this area.

The currents in the Storfjord have not been studied in detail but a cyclonic current,
named Serkappstremmen, is believed to be present, entering Storfjorden from the south-
east and exiting in the southwest of the fjord (Norges Sjekartverk 1990). This coastal cur-
rent originates from the East Spitsbergen Current, which transports Arctic water south-
westward through the opening between Svalbard and Frans Josef Land (Loeng 1991).
It transports pack ice westward from the Barents Sea. A flaw polynya (a polynya situ-
ated between fast and pack ice), which occurs regularly in the eastern part, is a typical
feature of the Storfjord and of great importance regarding the ice formation in this re-
gion (Haarpaintner et al. 2001). During the expedition ARK XIX-1 the Storfjord was
completely ice-covered and the Storfjord polynya was covered by thin ice.

2.2.2 Sampling

On each of a total of six stations (Table 2.1) two ice cores (denoted A and B) were
drilled with a motor-powered KOVACS ice corer (internal diameter: 9 cm) in areas of
non-deformed ice. Stations 97 and 104 were sampled during a drift-ice station, which
was occupied for 10 days. In order to minimize heterogeneity, all cores were drilled
within an area of 1 m?. Generally, the uppermost parts of the cores were cut into 20 cm
segments, while the lowermost 10 cm were cut into 1-6 cm segments to give a higher
depth resolution.

Under-ice water was sampled at all stations through drilled holes using a polyethylene
tube (internal diameter: 4 cm) with a valve at one end. The unequipped end was lowered
into the water with the valve open. At a depth of 10 m the valve was closed and the
tube with the enclosed water was hoisted to the surface. Water samples were released
into acid-cleaned plastic cans. With the exception of station 104, salinity, algal-pigment
concentrations as well as nutrient concentrations were determined for these integrated
(0—10 m) water samples.
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2.2.3 Meteorological conditions and ice thickness

At all stations, meteorological conditions were characterized by measuring air and snow
temperatures and by determination of snow depth. Temperature was measured with a
Testotherm 720 thermometer (measurement accuracy £ 0.2 °C). Snow depth was deter-
mined from five randomly chosen thickness measurements within the sampling area.

2.2.4 Ice temperature, bulk and brine salinity, brine volume and algal pigments

Ice thickness was determined as the mean length of core A and B. Core A was used
for determination of ice temperature, bulk salinity, and chlorophyll # content. Immedi-
ately after drilling the core was placed into an isolating PVC-pipe, and ice temperature
was measured with a Testotherm 720 thermometer inside small holes, drilled into the
core at 5-10 cm intervals. After cutting, the segments were placed into acid-cleaned
polyethylene-boxes and melted onboard at 4 °C in the dark. Once melted, bulk salin-
ity was measured with a WTW 190 conductometer. For determination of chlorophyll
a concentrations melted ice samples were filtered onto Whatman GF/F filters, extracted
in 90% acetone, homogenized and analyzed fluorometrically with a Turner Designs 10-
AU digital fluorometer according to Evans and O’Reilly (1983). Detection limit of this
method was 0.1 pg chl 217!, Based on ice-temperature and bulk-salinity measurements,
brine salinity was calculated as a function of ice temperature (Assur 1958) and brine vol-
ume was calculated as a function of bulk ice salinity and ice temperature (Frankenstein

& Garner 1967, Leppidranta & Manninen 1988).

2.2.5 Nutrients

Core B was cut into 1-20 cm segments, which were sealed in clean plastic bags and kept
frozen (—20 °C) for analyses of nitrate, nitrite, phosphate and silicate. Measurements
of nutrient concentrations were conducted at the Institute of Marine Research at the
University of Kiel following standard methods as described in Spies et al. (1988).

2.2.6 Statistics

In order to determine relationships between parameters, non-parametric Spearman Rank-
correlation test was used.

2.3 Results

2.3.1 Meteorological conditions and ice thickness

The results of ice-thickness measurements and meteorological investigations during ARK
XIX-1 are summarized in Table 2.1. During the study period in March and April, air
and snow showed typical winter temperatures with values far below 0 °C. Lowest air
temperatures of close to —30 °C were measured at stations 71 and 91. Maximum air and
snow temperatures were measured at the end of the cruise at station 104. All sampling
sites were completely snow-covered with snow depths between 9.6 and 34.0 cm.
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Ice thickness in the western Barents Sea was below 103 cm and ranged between 168
cm and 246 cm north of Svalbard.

2.3.2 Ice temperature, bulk and brine salinity, brine volume and algal pigments

At all stations ice temperature was lowest at the surface (Fig. 2.2, Fig. 2.3) and increased
significantly with depth (Spearman-Rank correlation: p < 0.05). Values ranged between
—21.9 °C and —8.3 °C in uppermost 5 cm and increased to a maximum of —2.4 °C
(station 70) at the ice underside. The lowest temperature near the ice-water interface (T
= —5.2 °C) was measured at station 91 (Fig. 2.3).

The bulk salinity of the ice ranged from S = 0 to 12 with lowest values near the surface,
increasing with depth (Fig. 2.2, Fig. 2.3). Bulk salinity was positively correlated with
depth (Spearman-Rank correlation: p < 0.05) with the exception of station 82. The ice
core taken at this station showed highest bulk-salinity values at the surface and a second
maximum near the ice underside.

Calculated brine-salinity profiles followed temperature profiles (Fig. 2.2, Fig. 2.3).
Brine salinity decreased with depth and showed minimum values near the ice underside.
Brine salinity was highest with S = 223 (station 91) in an ice segment with extremely low
temperature, while most of the values ranged between S = 40 and 160.

Profiles of brine volume were similar for stations 76, 97 and 104 (Fig. 2.4, Fig. 2.5).
Values were nearly 0% at the top of the ice and increased with depth to values varying
from 9 to 21%. Brine volume was always positively correlated with depth (Spearman-
Rank correlation: p < 0.05). Small deviations regarding this trend were found at stations
82 and 91, where brine volume peaked slightly above the ice underside. Furthermore,
the elevated brine volume in the uppermost 40 cm of station 82 differed from the other
stations (Fig. 2.4). Due to the lack of bulk-salinity values for the lowermost three ice
segments, the brine-volume profile for station 71 is incomplete.

In some horizons of the ice cores sampled during ARK XIX-1 chlorophyll  (chl 2)
concentrations were below or near the detection limit (< 0.1ug chl 2 17") (Fig. 2.4, Fig.
2.5). Most of the measured values were below 1.0 ug chl 217!, with a median of 0.2 ug
chl 2 17!, Maximum concentration was measured near the ice-underside of station 104
(3.4 pg chl 2171). All other profiles showed only slightly elevated chlorophyll 2 values in
the interior of the ice. At stations 76, 82 and 104 chlorophyll 2 was positively correlated
with depth (Spearman-Rank correlation: p < 0.05). Chlorophyll # concentrations in the
under-ice water (0—10 m) were below the detection limit at all stations.

2.3.3 Nutrients

Vertical profiles of nutrient concentrations for ice and under-ice water are presented in
Figure 2.6 (stations 71, 76 and 82) and Figure 2.7 (stations 91, 97 and 104).

Nitrate concentration varied between 0.2 umol 17! and 17.7 umol 17! with a median
of 1.1 pmol 17! and was significantly correlated with depth at stations 76, 91, 97 and
104 (Spearman-Rank correlation: p < 0.05). Concentrations in the under-ice water were
generally higher than in the ice. Nitrite concentrations were mostly below 0.2 pmol
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1! (median: 0.1 pmol I7!) and showed slightly elevated concentrations at station 91
(maximum: 0.4 pmol I7!) (Fig. 2.7). Also phosphate concentrations were highest at
station 91: maximum concentration was 5.1 zmol 17!, and in most ice segments of this
station concentrations were higher than 2.0 pmol 17!, At the other stations values in
the ice were mostly below 1.0 pmol I7! and the median of all stations was 0.3 pmol
17!, Neither nitrite nor phosphate showed any significant correlation with depth. Silicate
concentrations were generally higher in the under-ice water than in the ice and were, like
nitrate, significantly correlated with depth at stations 76, 91, 97 and 104 (Spearman-
Rank correlation: p < 0.05). Highest silicate concentration in the ice was measured at
station 82 (3.0 pmol I71). With the exception of station 104, molar N/P ratios in the ice
as well as in the under-ice water were below 16 (the Redfield-ratio).

In order to interpret whether variations within the ice are related to physical or biolog-
ical processes, nutrient concentrations in melted ice samples are presented as a function
of bulk salinity in Figure 2.8. All values were above dilution lines, extrapolated from nu-
trient concentrations of Arctic seawater measured in the Fram Strait in autumn (salinity:
33; nitrate: 2.2 uM; nitrite: 0.08 ©M; phosphate: 0.31uM; silicate: 1.0 uM; Meiners et
al. 2003).
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Figure 2.2: Vertical distribution of ice temperature, brine salinity, and bulk salinity in Arctic pack ice and
salinity of under-ice water during ARK XIX-1 (stations 71, 76 and 82). The abbreviation “n. d.” means
“not determined”.
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Figure 2.3: Vertical distribution of ice temperature, brine salinity, and bulk salinity in Arctic pack ice and
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2.4 Discussion

2.4.1 Arctic winter

Although sea-ice sampling during ARK XIX-1 took place in March and April, what might
be described as the beginning of spring rather than winter, there are several reasons to con-
sider this cruise as a winter expedition. An explicit definition for the onset and ending of
winter is difficult to find as there are different aspects to consider (e.g., calendrical, me-
teorological, biological). Typical characteristics of the Arctic winter, however, are simpler
to define: ice extent reaches the maximum, temperatures decrease far below 0 °C, snow
fall occurs and daylight is absent or low. All these characteristics apply to the conditions
found during expedition ARK XIX-1, so this cruise was suitable for investigating Arctic
pack ice under winter conditions.

Results of the investigation indicate that physical properties of wintertime pack ice are
distinctively heterogeneous considering the whole ice thickness. Therefore, for further
discussion the upper and the lower part of the ice will be considered separately. The
lower part comprises the lowermost 20 cm of the ice, since condition within this portion
of the ice seem to be quite similar. The thickness of the upper part depends on total ice
thickness, which varied remarkably between the two study areas (78.3 cm to 245.5 cm).

2.4.2 Conditions near the upper surface of the ice

In the upper part of the Arctic pack ice, physical properties in winter clearly differ from
those described for other seasons. One of these properties is ice temperature, which
is important as it affects brine salinity and brine volume. Both parameters control the
structure of the sea-ice habitat (Weissenberger 1992, Krembs et al. 2000).

Since ice temperature in the upper part of the ice is strongly influenced by air tem-
perature, distinct seasonal differences occur. During summer ice temperatures typically
decrease with depth and are highest near the surface with values near 0 °C (Friedrich
1997, Gradinger 1998). In winter opposite conditions were found with minimum tem-
peratures of —22 °C at the surface and maximum values of roughly —3 °C near the ice
underside. Similar temperature ranges are published for wintertime pack ice (Thomas et
al. 1995) and fast ice (Krembs et al. 2002).

Like ice temperature, brine salinity and brine volume in winter differed from those
which are typically reported for other seasons (e.g., Eicken et al. 1995, Gradinger et
al. 1999). At most stations sampled during ARK XIX-1 the upper part of the ice was
characterized by brine salinities close to or exceeding S = 100 and brine volumes less or
equal to 5%. This latter aspect is of special importance as according to Golden et al.
(1998) sea ice becomes impermeable for fluid transport at a brine volume below 5%.

All physical parameters, which seem to be characteristic for the winter situation in the
upper part of Arctic pack ice, represent unfavourable conditions for ice algae. Investiga-
tions of salinity tolerance of Antarctic ice algae, for example, showed that no cell division
occurs that above salinities of S = 100 (Bartsch 1989). Measurements of chlorophyll «
concentrations in the present study also indicate low ice-algal biomasses: values in the
uppermost part of the ice were mostly below 0.2 ug 17!.
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2.4.3 Conditions near the ice-water interface

The lowermost 20 cm of the ice are characterized by physical conditions, which are very
similar to those reported for other seasons, suggesting a less pronounced seasonality. Ice
temperatures ranged between —2.4 °C and —5.2 °C and consequently calculated brine
salinities, ranging between 42 and 87, were within the range reported for other seasons
(e.g., Gradinger 1998). Also brine volumes were similar to those reported for other
seasons. With values ranging between 4% and 21% in the lowermost 20 cm of the ice,
brine volume was mostly above 5% and therefore above the threshold for fluid transport
(Golden et al. 1998).

Nutrient concentrations in the lowermost 20 cm of the pack ice were comparable or
even elevated to results published for other seasons (Gradinger 1998, Mock & Gradinger
1999, Meiners et al. 2003). Furthermore, concentrations were higher than nutrient
concentrations reported for Arctic pack ice in winter (Thomas et al. 1995, Melnikov et
al. 2002).

Different processes control nutrient concentrations in the ice. Next to physical deple-
tion due to brine loss, biological uptake or regeneration can also change nutrient concen-
trations in the ice. Dilution curves presenting nutrient/salinity ratios of sea ice and the
seawater can be helpful to interpret how variations in the ice are related to these different
controlling factors. Generally, if nutrient ions remain in the brine fraction and are only
affected by brine loss from ice floes, nutrient/salinity ratios which are characteristic for
seawater, should be maintained in the ice (Garrison et al. 1990). Since the exact concen-
tration in the water from which the ice was formed is unknown, dilution curves can only
give a rough estimate for concentration processes that have occurred. Nevertheless, they
can help to distinguish between physical and biological processes.

Nitrate, nitrite, phosphate and silicate measured during ARK XIX-1 were present in
concentrations in excess of those predicted by dilution curves. Thus, this result differs
from results published for wintertime sea ice by Thomas et al. (1995) and Garrison et
al. (1990), who found nutrient depletion, suggesting biological uptake. The nutrient
enrichment found in the present study is explainable by nutrient regeneration during
winter and the lack of nutrient-consuming activity, e.g., by ice algae. A previously pub-
lished study revealed bacterial activity in wintertime sea ice at temperatures down to —20
°C (Junge et al. 2004). Furthermore, the low chlorophyll 2z concentrations in the present
study, with most values below 1.0 g chl 217!, indicate low standing stocks of ice algae
and thus, low nutrient depletion. However, the low molar N/P ratios, with most of the
values below 16 (the Redfield-ratio), indicate that nitrogen would be the nutrient limited
first.

Control of algal growth is attributed to two factors at different times: during the early
stages of spring, the algal bloom in Arctic sea ice is light-limited, while during the later
stages it is nutrient-limited (Gosselin et al. 1990, Cota et al. 1991). Although the day-
light period already lasted 6 hours at the beginning of the cruise and increased rapidly
during the study, light levels in bottom parts of the ice were presumable low as light pen-
etration is drastically affected by the amount of snow cover on the floes (e.g., Bunt & Lee
1970, Sullivan & Palmisano 1981). Snow cover and ice thickness can lead to attenuation
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of incident irradiance down to values < 0.1% beneath the ice (Maykut 1985), and ac-
cording to these estimates, under-ice irradiance in the present study was at best 8% (for
station 71 with an ice thickness of 78 cm and snow cover of 12 ¢cm) but mostly lower
than 1%. Since light conditions were not measured during the expedition, the question,
whether light levels were already sufficient for a starting ice-algal bloom, remains a matter
of speculation. However, the low but detectable chlorophyll 2 concentrations measured
during the cruise indicate physiologically intact algal cells. This assumption is also con-
firmed by preliminary results of HPLC analyses of samples, which were collected during
the same expedition (J. Schwarz, pers. comm.).

The results of the present study indicate that physical conditions in the lowermost
centimetres of ice should be suitable for other sympagic organisms, such as protozoans
and metazoans. It may therefore be of further interest to investigate, whether these or-
ganisms take advantage of the moderate conditions for resting in the ice during winter,
since strategies of sympagic metazoans for surviving the polar winter are still unknown

(Schnack-Schiel 2003).
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3 Seasonal variations in distribution patterns and
abundances of sympagic meiofauna in Arctic pack ice

3.1 Introduction

Seasonality is very pronounced in the Arctic and consequently Arctic pack ice is subjected
to extreme seasonal variations as well. Next to ice extent, which varies between 7 x 10°
km? and 14 x 10° km? (Maykut 1985), also physical and chemical properties of the
ice differ throughout the year (Gradinger 1998, Thomas et al. 1995) and cause distinct
changes in the sea-ice habitat. When the ice cools during winter, the fraction of liquid
brine decreases and brine salinity increases (Cox & Weeks 1983, Eicken et al. 2000).
Thus, winter sea ice with temperatures below —15 °C near the surface is characterized
by brine salinities around 200 and brine volumes < 1%. Furthermore, brine channels
become increasingly disconnected with decreasing temperatures (e.g., Weissenberger et
al. 1992, Golden et al. 1998). Also light conditions show a distinct seasonal variability,
limiting the growth of photoautotrophic organisms. Seasonal changes in solar irradiance,
but also ice thickness and snow cover, which can lead to attenuation of incident irradiance
down to values < 0.1% beneath the ice (Maykut 1985), alter light conditions in the ice
remarkably during the year.

Several sea-ice studies revealed the existence of a specialized sympagic community,
including bacteria, viruses, fungi, algae, protists and metazoans (e.g., Alexander 1980,
Carey 1985, Spindler & Dieckmann 1986, Horner et al. 1992, Schnack-Schiel et al.
1998), but reports on physiological limits of temperature, salinity and available space
of sea-ice organisms are still rare (Bartsch 1989, Kottmeier & Sullivan 1990, Helmke
& Weyland 1995, Spindler 1996, Friedrich 1997, Gradinger & Schnack-Schiel 1998,
Krembs et al. 2000, Junge et al. 2004).

Although the processes of initial incorporation of organisms into the ice are already
basically known (Garrison et al. 1983, Spindler & Dieckmann 1986, Spindler 1990,
Gradinger & Ikivalko 1998), the fate of organisms after incorporation, their winter-
survival and subsequent growth are still a matter for speculation. Seasonal dynamics of
the pack-ice biota and their survival mechanisms during the winter months are not well
understood due to the lack of winter data. While distribution patterns of sympagic meio-
fauna organisms in pack ice during spring, summer and autumn were already subjects of
some studies (e.g., Gradinger et al. 1992, Friedrich 1997, Friedrich & Hendelberg 2001,
Nozais et al. 2001), comparatively little is known about wintertime pack ice (Garrison &
Close 1993).

During two expeditions in late summer 2002 and winter 2003 with RV “Polarstern”,
Arctic pack ice and under-ice water were sampled and biotic and abiotic properties were
investigated. The aim of this study was to describe seasonal differences in species compo-
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sition, abundance and distribution patterns of sympagic metazoans and to place this in
the context of abiotic and biotic pack-ice properties. Investigations of species distribution
of sympagic metazoans in winter pack ice were expected to provide indications of their
seasonal life cycles and overwintering strategies.

3.2 Material and methods

3.2.1 Study area

During two expeditions of the RV “Polarstern” pack ice and under-ice water samples were
collected during two different seasons: late summer (September 2002, ARK XVIII-2)
and winter (March/April 2003, ARK XIX-1) (for details see: Jokat 2003 and Schauer &
Kattner 2004). During the expedition ARK XVIII-2 a total of five stations was sampled in
the northern Fram Strait. During the expedition ARK XIX-1 six stations were sampled,
which were located in two different areas: (a) in the Storfjord area south of Svalbard,
and (b) in the northern Fram Strait. With the exception of one station (station 91), the
second half of cruise ARK XIX-1 was in the vicinity of the area, sampled during late
summer expedition ARK XVIII-2 (Fig. 3.1). A detailed description of both study areas
is given in Chapter 2.
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Figure 3.1: Location of sampling sites (indicated by their station numbers) during expeditions ARK XVIII-
2 (August/September 2002, filled dots) and ARK XIX-1 (March/April 2003, open dots). Station numbers
represent the day of the year.

During the expedition ARK XIX-1, the Storfjord was completely ice-covered and the

Storfjord polynya was refrozen and covered by thin ice.
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Table 3.1: Ice stations and abiotic data during expeditions ARK XVIII-2 and ARK XIX-1 to the northern
Fram Strait (ARK XVIII-2: stations 244-254; ARK XIX-1: stations 91, 97 and 104) and the Storfjord area
(ARK XIX-1: stations 71, 76 and 82). Station numbers represent the day of the year.

Station  Date Latitude Longitude  Sea ice Ice Air Snow  Snow
cover  thickness temp. temp. depth
[%] [cm] [°C] [°C] [cm]
244 02Sep02  81°59.05’N  5°23.90'W 30 200.0 -1.2 -1.0 3.5
245 03 Sep 02 81°11.02’N  4°35.03’W 70 205.0 —-3.2 —-3.1 2.7
251 09 Sep 02 81°44.38’N 1°47.37°E 100 138.5 7.2 —-7.9 1.0
252 10Sep 02  82°03.64'N  3°14.69E 90 250.5 -0.5 -0.5 10.0
254 128ep02  81°57.2I'N  7°52.7T’E 80 282.0 -2.8 -1.3 6.6
71 12Mar03 76°48.65’N  20°13.56’E 100 78.3 —-28.5 —19.7 12.0
76 17 Mar 03 77°32.15’N  20°19.83’E 95 102.5 —-14.3 —164 14.4
82 23 Mar03 76°16.46’N  23°21.63’E 99 84.3 —-194 —14.7 18.2
91 01 Apr03 80°25.95N  12°49.06'E 100 168.0 274 —26.3 10.2
97 07 Apr03  81°53.90'N  09°34.12°E 100 175.0 —-19.7 —17.8 34.0
104 14 Apr 03 81°52.04N  10°02.81T’E 100 245.5 -2.7 —4.9 9.6

3.2.2 Sampling
At all stations (Table 3.1) four ice cores (denoted A, B, C and D) were drilled with a

motor-powered KOVACS ice corer (internal diameter: 9 cm) in areas of non-deformed
ice. In order to minimize heterogeneity, all cores were obtained within an area of 1 m?.
Generally, the uppermost parts of cores A and B were cut into 20 cm segments, while the
lowermost 10 cm were cut into 1-6 cm segments to gain higher vertical resolution.

Under-ice water was sampled at all stations through drilled holes using a polyethylene
tube (internal diameter: 4 cm) with a valve at one end. The unequipped end was lowered
into the water with the valve open. At a depth of 10 m the valve was closed and the
tube with the enclosed water was hoisted to the surface. Water samples were released into
acid-cleaned plastic cans.

3.2.3 Meteorological conditions and ice thickness

At all stations meteorological conditions were characterized by measuring air and snow
temperatures and by determining snow depth. Snow and air temperature were measured
with a Testotherm 720 thermometer (measurement accuracy £ 0.2 °C), determination
of snow temperature was carried out in a depth of approximately 7 cm. Snow depth
was determined from five randomly chosen thickness measurements within the sampling
area. Ice thickness was determined as the mean length of core A and B.

3.2.4 Physical and biological ice properties

Core A was used for the determination of ice temperature, bulk salinity, and chlorophyll
a content. Immediately after drilling, the core was placed into an isolating PVC-pipe,
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and ice temperature was measured with a Testotherm 720- thermometer inside small
holes, drilled into the core at 5-10 cm intervals. After cutting, the segments were placed
into acid-cleaned polyethylene-boxes and melted at 4 °C in the dark. Once melted,
bulk salinity was measured with a WTW 190 conductometer. For determination of
chlorophyll 2 concentrations melted ice samples were filtered onto Whatman GF/F filters,
extracted in 90% acetone, homogenized and analyzed fluorometrically with a Turner
Designs 10-AU digital fluorometer according to Evans and O’Reilly (1983). Detection
limit of this method was 0.1 pg chl 2 17!, Chlorophyll # determination on directly
melted ice samples involves the risk of organism loss during ice melting (Garrison &
Buck 1986) and thus an underestimation of chlorophyll # concentrations, but facilitates
the determination of bulk salinity and chlorophyll 2 concentration on the same ice core.
Furthermore, this method has been already applied in several Arctic sea-ice studies (e.g.
Gradinger 1999b, Mock & Gradinger 1999, Krembs et al. 2001) and therefore allows a

comparison of the results.

Based on ice-temperature and bulk-salinity measurements, brine salinity was calculated
as a function of ice temperature (Assur 1958), and brine volume was calculated as a func-
tion of bulk ice salinity and ice temperature (Frankenstein & Garner 1967, Leppiranta
& Manninen 1988).

All methods described above were used on both expeditions. Data on ice thickness, ice
temperature, brine salinity, brine volume, chlorophyll 2 concentration as well as meteo-

rological data of ARK XIX-1 are presented in detail in Chapter 2.

3.2.5 Abundance and composition of sympagic meiofauna

Cores B, C and D were used for analyzing composition and abundances of sympagic
meiofauna organisms. Core B was completely sawed into 1-20 cm segments, as described
above. In order to obtain an extended sample volume, the lowermost 4 cm from cores C
and D, cut in the same resolution as the lowermost 4 cm of core B, were used and added
to the corresponding segments of core B.

All segments were melted in the dark at 4 °C in addition of 0.2 ym filtered seawater to
avoid osmotic stress (Garrison & Buck 1986). Once melted, the samples were concen-
trated over a 20 um gauze and fixed with Bouin’s solution (1% final concentration) (Lynn
1992). In the home laboratory specimens were sorted into taxa under a stereo microscope
(10-50 fold magnification).

3.2.6 Statistics
In order to determine relationships between parameters, non-parametric Spearman-Rank

correlation and was used. For testing on significant differences between median values

the Mann-Whitney U-test was applied.
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3.3 Results

3.3.1 Meteorological conditions and ice thickness

Air and snow temperatures varied considerably during both expeditions (Table 3.1).
While air temperatures varied between —0.5 °C and —7.2 °C during summer, winter
air temperatures were within a wider range (AT = 25.8 °C) and decreased to nearly —30
°C. Snow temperatures in September were similar to air temperatures, except at station
254, where snow temperature was clearly higher than air temperature (Table 3.1). During
winter, snow temperatures showed higher deviations from air temperatures: differences
between air and snow temperatures reached 8.8 °C (station 71). All sampling sites were
snow-covered but during summer, snow depth (mean snow depth: 4.8 cm) was generally
lower than during winter (mean snow depth: 16.4 cm).

Ice thickness was highly variable for both expeditions with values ranging between
138.5 and 282.0 cm during September and between 78.3 and 245.5 during March/April
(Table 3.1).

3.3.2 Physical and biological ice properties

During late summer, temperature profiles were similar for all stations: ice temperatures
were low near the surface, showed maximum values within the uppermost 50 cm and
decreased with depth close to —2.0 °C in the lower part of the ice (Fig. 3.2, Fig. 3.3). The
bulk ice salinity ranged from S = 0—4 and showed vertical gradients with both internal and
bottom maxima (Fig. 3.2, Fig. 3.3). Calculated brine salinity generally decreased within
the upper centimetres of the ice. Below this layer values increased with depth and showed
maximum values near the ice underside (Fig. 3.2, Fig. 3.3). Only at station 251 brine
salinity at the ice surface was clearly above values calculated for the ice underside. Profiles
of brine volume were variable (Fig. 3.4, Fig. 3.5), and only at stations 244 and 252 brine
volume was significantly positively correlated with depth (Spearman-Rank correlation: p
< 0.05). At all stations brine volumes of the lowermost 10 cm ranged between 3% and
9%. Chlorophyll 2 concentrations were significantly correlated with depth at all stations
(Spearman-Rank correlation: p < 0.05) and showed maxima in the bottom part of the ice
(Fig. 3.4, Fig. 3.5). Maximum chlorophyll « concentration was measured at station 244
(67.4 ug chl 217") and lowest concentrations were measured at station 251 with values
ranging between 0.1 and 0.9 ug chl 2171,

During the winter, ice temperatures were much lower than those measured in late
summer and corresponding to this, brine salinity was clearly higher and reached values of
S > 200 (Table 3.2). Brine volume increased with depth and values ranged between 5%
and 15% in the lowermost 10 cm. Chlorophyll 2 concentrations in winter were low at all
stations, with a maximum of 3.3 ug chl 2 [7! (Table 3.2). Most of the measured values
were below 1.0 ug chl 217! A detailed description of the results of winter expedition is
given in Chapter 2.

Depth-integrated chlorophyll 2 concentrations in summer were significantly higher

than in winter (Mann-Whitney U-test: p = 0.03) (Fig. 3.6).
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Table 3.2: Summary of pack-ice properties measured in late summer (ARK XVIII-2, August/September
2002) and winter (ARK XIX-1, March/April 2003). Winter data taken from Chapter 2.

Expedition Ice temp. Brine salinity Brine volume Chlorophyll « concentration
[°C] [%] [ug Chl a171]
ARKXVIII-2  —5.6to —0.3 5.5t0 93.8 0.0t0 9.9 0.1 to 67.4
ARKXIX-1 —-219t0—-2.4 42.4 t0 223.7 0.0 to 21.0 0.0t03.3

3.3.3 Abundance and composition of sympagic meiofauna

Vertical distribution patterns of meiofauna organisms are shown in Figures 3.7 and 3.8.
During both seasons, maximum abundances found within one ice segment were within
the same order of magnitude with maximum values of 317 organisms |~! in late summer
(St. 244, Fig. 3.7) and 251 organisms I7! in winter (St. 91, Fig. 3.8). In samples
taken during winter, these accumulations were generally restricted to the lowermost 10
cm (Fig. 3.8), while in pack ice sampled during summer organisms frequently occurred
above the lowermost 10 cm (Fig. 3.7). During both seasons organism abundances varied
considerably between ice stations. During both expeditions organism abundances in
under-ice water were lower than those in ice.

Faunistic composition differed distinctively between both seasons (Fig. 3.9). In sum-
mertime pack ice, copepods consisting of harpacticoid and cyclopoid as well as some
unidentified forms were most abundant and represented 42.7% of the total number of
individuals. Rotifers and nematodes formed the next largest fraction within the sea-
ice community with 33.4% and 15.6%, respectively. Nauplii (5.3%) and turbellarians
(3.0%) were less abundant (Fig. 3.9a).

During winter, composition of sympagic meiofauna was completely different (Fig.
3.9b). Nauplii, which showed a relative abundance of 5.3% during late summer, domi-
nated the community in winter comprising nearly 93% of the fauna. All remaining taxa
formed only small fractions (0.1% to 4.1%) of the total number of individuals. Integrated
abundances of sea-ice meiofauna were similar for both seasons and varied between 0.6 to
33.5 x 10° organisms m~? in summer and between 3.7 to 24.8 x 10° organisms m™~? in
winter (Fig. 3.10). Medians for both seasons did not differ significantly (Mann-Whitney
U-test).
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Figure 3.2: Vertical distribution of ice temperature, brine salinity, and bulk salinity in Arctic pack ice
and salinity of under-ice water at stations 244, 245 and 251 during late summer (ARK XVIII-2, Au-
gust/September 2002). The abbreviation “n. d.” means “not determined”.
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Figure 3.3: Vertical distribution of ice temperature, brine salinity, and bulk salinity in Arctic pack ice and
salinity of under-ice water at stations 252 and 254 during late summer (ARK XVIII-2, August/September

2002).
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Figure 3.7: Composition, vertical distribution and abundance of sympagic meiofauna organisms in Arctic
pack ice during late summer (ARK XVIII-2, August/September 2002).
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3.4 Discussion

As pack-ice sampling was carried out not only during two different seasons, but also in
two different locations, regional variability next to seasonal variability has to be taken into
account. Half of the winter stations (71, 76, and 82) were distinctively separated from
sampling sites investigated during late summer. Nevertheless, the faunal composition of
winter stations 91, 97 and 104, which were close to the summer stations, was similar to
the other winter stations and thus, differences in meiofaunal composition are explainable
rather by seasonal than by regional differences.

Despite the strong seasonality, which is characteristic for the Arctic, changes in physical
properties of Arctic pack ice within the lowermost centimetres of the ice are comparatively
small. Even in winter, conditions in this portion of the ice are very similar to those de-
scribed for other seasons (see Chapter 2). Therefore, the lowermost part of the ice seems
to offer suitable physical conditions for sympagic meiofauna organisms throughout the
whole year. However, meiofaunal investigations show that the composition of sympa-
gic meiofauna organisms in winter differs clearly from situation in summer. Next to
physical conditions, food availability could be a controlling factor for biological devel-
opment within the ice. Although investigations of chlorophyll # concentrations indicate
the existence of ice algae already during March and April, pigment concentrations were
comparatively low.

In the present study total depth-integrated abundances of meiofauna ranged between
0.6 and 33.5 x 10° organisms m~2 in summer and between 4.8 and 24.8 x 10° organ-
isms m~% in winter. Thus, the results differ considerably from those found during a
non-seasonal investigation of sympagic meiofauna, carried out during the SHEBA ice-
camp drift in the Canadian Basin of the Arctic Ocean in 1997/1998 (Melnikov et al.
2002). The SHEBA ice samples were characterized by the complete absence of living
sympagic fauna. However, other pack-ice studies revealed higher meiofauna abundances
than found in the present study (e.g., Friedrich 1997, Gradinger 1999a) but since pro-
tozoans, which comprise 29% to 67% of the total sympagic meiofauna in other studies
(Gradinger et al. 1991, Gradinger 1999a), were not included in the present study, com-
parisons are difficult to perform. Summer abundances of nauplii (0.5 x 10 organisms
m~?) are comparable to those reported by Gradinger et al. (1999) (0.2 x 10° organisms
m~?), whereas winter abundances (11 x 10° organisms m~?2) are elevated by a factor of
50.

Faunistic composition differed distinctively between the two seasons. In late summer,
sympagic meiofauna assemblage was dominated by copepods and rotifers, and thus, dif-
fers from data for the central Arctic Ocean given by Gradinger (1999a). Pack ice investi-
gated in this study was dominated by nematodes and rotifers, and crustaceans contributed
only 5% to total abundance. During winter, composition changed completely and the
sea-ice community consisted almost exclusively of copepod nauplii. This observation cor-
responds with results of a winter pack-ice study in the Antarctic, in which naupliar stages
of copepods were the only metazoans detected in the winter-ice assemblage (Garrison &

Close 1993).

Harpacticoid and cyclopoid copepods are typical sympagic metazoans in the Arctic
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(Kern & Carey 1983, Grainger & Mohammed 1986, Carey 1992), but the knowledge
about their life cycles in the ice is as yet incomplete. Carey (1992) supposes that harpacti-
coid copepods develop and grow but do not reproduce in fast ice of the shallow south-
western Beaufort Sea. While this mechanism may occur in nearshore fast ice, where
harpacticoid copepods can easily recruit to the ice from the benthos and an interexchange
between both habitats is possible, the situation will presumably differ for offshore pack
ice, which is separated from the sea floor by a deep water column. Nozais et al. (2001)
presume that the high abundance of nauplii, found in pack ice of the northern Baffin
Bay during April and May, is explainable by ice copepods reproducing actively at the bot-
tom surface of the ice during spring. Egg-carrying copepod females were detected several
times within Arctic pack ice sampled in Fram Strait (H. Schiinemann, unpubl. data),
indicating that reproduction and breeding occurs in this habitat. Friedrich (1997) also
found all developmental stages of harpacticoid copepods (e.g., Halectinosoma finmarchi-
cus, Tisbe furcata) in the pack ice of the Transpolar Drift, and supposes that these species
are autochthonous. In Antarctic pack ice a similar life cycle has been described for the
harpacticoid Drescheriella glacialis (Schnack-Schiel et al. 1998), whose development is
completely connected with the sea ice.

In order to explain the domination of nauplii in the winter assemblage with nearly
93%, while other typical organisms (e.g., nematodes, turbellarians) are extremely rare,
it is necessary to focus on factors, which may influence the occurrence of sympagic or-
ganisms. Structural analyses of the ice provide information about the ice texture, which
influences small-scale distribution and abundance of sympagic organisms. However, data
on ice-texture of the sampled ice floes are not available, but the determination of abiotic
ice parameters facilitates the description of environmental conditions within the sea-ice
habitat. Especially brine salinity and brine volume are considered to be controlling phys-
ical factors for the distribution of sympagic metazoans (Krembs et al. 2000, Gradinger
2001, Meiners et al. 2002).

Since air temperature directly influences brine salinity (Assur 1958), brine salinity is
very variable especially in the upper part of the ice and reacts very sensitive to seasonal
changes in air temperatures. Arctic and the Antarctic studies indicate the wide adapt-
ability of sea-ice algae and the highly variable response of their growth rates to changing
salinities (Kirst & Wiencke 1995, Zhang et al. 1999). Experimental investigations show
that sea-ice nematodes, which tolerate a wide salinity range from 5-100 for at least a few
days, are characterized by the greatest salinity tolerance of all investigated meiofauna or-
ganisms (Friedrich 1997). Arctic sea-ice turbellarians show salinity tolerances from 5-65
and furthermore survive temperatures down to —6 °C (Friedrich 1997). In the present
study nematodes and single specimens of turbellarians were found in wintertime ice cores.

Regarding the restricted space-availability in the ice, sea-ice turbellarians and rotifers
appear to be well-adapted to extreme conditions. Krembs et al. (2000) reveal the ability of
rotifers and turbellarians to penetrate narrow passages in the ice, which are 57% and 60%,
respectively, of their body diameter. Hence, these organisms are characterized by a high
degree of flexibility that facilitates adaptations to changing environmental conditions.

However, ice temperature, brine salinity and brine volume in the lowermost part of the
ice did not differ distinctively between summer and winter, as it is shown in the present
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study. Hence, neither salinity nor temperature or space, appear to be limiting factors.
Only chlorophyll # concentrations differed significantly between summer and winter.

Sea-ice microalgae face total darkness for a period of up to six months during polar
winters (Palmisano & Sullivan 1985), and although they are assumed to survive the polar
winter by means of energy storage and reduction of cellular metabolism (Palmisano &
Sullivan 1982, Gradinger 1998, Zhang et al. 1998), chlorophyll 2 concentrations were
very low during winter, with most of the values below 1.0 pg chl 2 17! (see Chapter 2).
Similar results of chlorophyll @ concentrations in Arctic winter pack ice were measured
during the SHEBA ice-camp drift (Melnikov et al. 2002). Since ice algae are proba-
bly used as food source by sympagic metazoans (Grainger & Hsiao 1990, Norrman &
Andersson 1994, Janssen & Gradinger 1999), chlorophyll # is an indicator for food-
conditions and might be a limiting factor for the occurrence of sympagic metazoans in
winter. The lack of ice algae may, therefore, explain the low abundances of herbivores
and possibly also the high abundances of nauplii, since it is supposed that non feeding
naupliar stages exist (S. Seifried, pers. communication). Another possible overwintering
strategy for herbivorous crustaceans is the accumulation and use of storage lipids, as it
has been shown for copepod nauplii below Baltic sea ice (Werner & Auel 2004).

The question, how and where other sympagic metazoans survive the polar winter, re-
mains unclear. The idea that organisms leave the ice during winter and accumulate in
the underlying water-column was neither confirmed by sampling the under-ice water be-
neath the ice in the present study nor by under-ice water sampling conducted with a
pumping system during the winter expedition ARK XIX-1 (Werner, in press). The in-
clusion of organisms in the ice during winter with subsequent death is also unlikely since
no remains of copepods or other organisms were found in the sampled ice. Although
bacterial activity occurs at extremely low temperatures (Junge et al. 2004), some traces of
“skeletons” would have been expected.

As pointed out by Garrison & Close (1993), a variety of overwintering strategies, for
example the production of resting stages, is imaginable for ice-associated organisms. Fur-
thermore, it seems possible that the small standing stock of overwintering meiofauna
organisms, which was found in the wintertime ice, is sufficient to be multiplied to sum-
mer levels by active reproduction during the spring ice-algal bloom. New local coloniza-
tion of the sea ice at the beginning of spring seems most unlikely, since several sympagic
meiofauna organisms are rather of benthic origin (such as turbellarians, nematodes and
most harpacticoid copepods), and a local recruitment of benthic metazoans over several
thousand metres of water depth seems to be impossible (Brierley & Thomas 2002).
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meiofauna in the central Arctic Ocean

4.1 Introduction

Nearly the whole area of the central Arctic Ocean is ice-covered all year, and also its
marginal seas are ice-free for less than three months each year (Parkinson 1992). Large
amounts of sea ice formed over the shallow Arctic shelves, are transported across the cen-
tral basin and are exported primarily through Fram Strait, and to lesser degrees, through
the Barents Sea and the Canadian Archipelago (Gordienko 1958, Colony & Thorndike
1984, Pirman et al. 1997, Pfirman et al. 2004).

Several studies investigating the sympagic meiofauna of pack ice have been conducted
in the marginal seas of the Arctic Ocean, like the Barents, Laptev and Greenland Seas
or the Canadian Archipelago (Gradinger et al. 1992, Friedrich 1997, Gradinger et al.
1999, Friedrich & Hendelberg 2001, Nozais et al. 2001). Pack ice investigations in the
central basin of the Arctic Ocean, however, are comparatively scarce (Wheeler et al. 1996,
Melnikov 1997, Gradinger 1999a, Melnikov et al. 2002).

The expedition ARK XVII-2 with the icebreaking RV “Polarstern” (August—October
2001) offered the opportunity to sample and investigate pack ice in the central Arctic
Ocean. The scope of this study was to study abiotic and biotic properties of pack-ice
habitat as well as the sympagic meiofauna, and to describe possible regional differences
along a transect across the eastern Arctic Basin. Furthermore, the results facilitate the as-
sessment of temporal changes in the Arctic pack-ice habitat occurring within one decade,
since comparable pack-ice investigations in the same study area were already carried out
exactly ten years before (Gradinger 1999a,b).

4.2 Material and methods

4.2.1 Study area

The material for the present study was collected during the expedition ARK XVII-2 of
the RV “Polarstern” in August and September 2001 (Thiede 2002). Pack ice and under-
ice water were sampled in the central Arctic Ocean along a transect following Gakkel
Ridge from northeast off Greenland to the central part of the eastern Arctic Basin (Fig.
4.1).

With an area of 9.5 x 10° km?2, the Arctic Ocean is the largest land-locked sea in
the world. Besides a small number of restricted openings, the principal connection to
the adjacent seas is the Fram Strait, located between Greenland and Spitsbergen (Rey
1982). In the central part, the Arctic Ocean consists of two deep basins, separated by the
Lomonosov Ridge: the Eurasian Basin towards Europe and the Canadian Basin towards
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Figure 4.1: Location of the stations sampled in the central Arctic Ocean during expedition ARK XVII-2
(August—October 2001). Station numbers represent the day of the year. The marked area defines the detail
of the map presented in Figure 4.5.

North America. Both basins are further subdivided into smaller basins. The Alpha Rise
divides the Canadian Basin into the Canada Basin and the Marakov Basin. The Eurasian
Basin comprises the Amundsen Basin and the Nansen Basin, separated by the Gakkel
Ridge, which is the most northern part of the Atlantic middle-oceanic ridge.

The marginal seas surrounding the central part of the Arctic Ocean extend over narrow
shelves on the North American side of the Arctic Ocean (50-90 km), and over very broad
shelves on the Eurasian side (> 800 km). Although the five marginal seas (Barents, Kara,
Laptev, East Siberian, and Chukchi Sea) cover an area of almost 36% of the area of
the Arctic Ocean, they contain only 2% of its water mass (Coachman & Aagaard 1974).
These shallow areas, in particular the Siberian shelves, are the principal sea-ice production

zones of the Arctic (e.g., Colony & Thorndike 1985, Pfirman et al. 1997).

Ice motion in the Arctic primarily follows two major drift systems: (1) the Transpolar
Drift, which transports sea ice from the western side of the basin across the pole and
through the Fram Strait, and (2) the Beaufort Gyre, a clockwise gyre in the Beaufort Sea
region. The sea ice of the Beaufort Gyre can remain in the Arctic basin for 2.5-30 years,
while the ice involved in the Transpolar Drift Stream generally leaves the basin after 2-3
years (Colony & Thorndike 1985). However, the boundaries between the two systems
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Table 4.1: Location and meteorological data of ice stations during the expedition ARK XVII-2 (August—
October 2001) to the central Arctic Ocean. Station numbers represent the day of the year.

Station Date Latitude Longitude Ice Air Snow Snow
thickness temp. temp. depth
[cm] [°C] (°C] [cm]
225 13 Aug 01 82°54.04’'N 06°11.61’W 349 0.0 —0.1 10.2
228 16 Aug 01 83°47.45°N 02°11.96W 160 -0.6 —-0.2 4.6
232 20 Aug 01 84°51.08’N 06°40. 04’E 206 -3.6 —0.1 4.6
238 26 Aug 01 85°47.95°N 20°11.00E 132 0.0 —0.1 6.2
241 29 Aug01 86°19.74’N 37°46.03’E 230 —-0.5 —-0.2 2.0
245 02 Sep 01 86°45.02’N 67°18.31’E 185 —4.8 —-0.5 16.2
248 05 Sep 01 88°40.95°N 106°19.47°E 212 —-3.5 2.1 2.6
253 10 Sep 01 87°03.41’N 78°16.99°E 205 —3.3 2.1 6.6

are not distinct and ice drifting at the periphery of one system can be incorporated into
the other.

4.2.2 Sampling

Meteorological properties at all sampling sites were recorded. For the measurement of
air and snow temperature, a Testotherm 720 thermometer (measurement accuracy =+
0.2 °C) was used. Snow depth was determined from five randomly chosen thickness
measurements within the sampling area.

For the investigations of ice properties at each station (Table 4.1), four ice cores (de-
noted A, B, C and D) were drilled with a motor-powered KOVACS ice corer (internal
diameter: 9 c¢m) in areas of non-deformed ice. In order to minimize heterogeneity, all
cores were drilled within an area of 1 m?. After drilling, ice thickness was determined as
the mean length of core A and B.

Under-ice water was sampled at all stations through drilled holes using a polyethylene
tube (internal diameter: 4 cm) with a valve at one end. The unequipped end was lowered
into the water with the valve open. At a depth of 10 m the valve was closed and the
tube with the enclosed water was hoisted to the surface. Water samples were released into
acid-cleaned plastic cans.

4.2.3 Physical and biological ice properties

Core A was used for determination of ice temperature, bulk salinity, and chlorophyll «
content. Immediately after drilling, the core was placed into an isolating PVC-pipe, and
ice temperature was measured with a Testotherm 720 thermometer inside small holes,
drilled into the core at 5-10 cm intervals. Afterwards, the uppermost part of core A was
cut into 20 cm segments, while the lowermost 10 cm were cut into 1-6 cm segments
to ensure higher depth resolution. After cutting, the segments were placed into acid-
cleaned polyethylene-boxes and melted at 4 °C in the dark. Once melted, bulk salinity
was measured with a WTW 190 conductometer. For determination of chlorophyll 2
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concentration melted ice samples were filtered onto Whatman GF/F filters, extracted
in 90% acetone, homogenized and analyzed fluorometrically with a Turner Designs 10-
AU digital fluorometer according to Evans and O’Reilly (1983). Detection limit of this
method was 0.1 pg chl 217!, Based on ice-temperature and bulk-salinity measurements,
brine salinity was calculated as a function of ice temperature (Assur 1958), and brine
volume was calculated as a function of ice bulk salinity and ice temperature (Frankenstein
& Garner 1967, Leppiranta & Manninen 1988).

In order to gain information about the age of the ice, third-order polynomials were
fitted to bulk salinity profiles (Eicken 1991).

4.2.4 Abundance and composition of sympagic meiofauna

Cores B, C and D were used for analyzing composition and abundance of sympagic
meiofauna organisms. Core B was completely sawed into 1-20 cm segments, as described
for core A. In order to gain an extended sample volume, the lowermost 4 cm from cores
C and D, cut in the same resolution as the lowermost 4 cm of core B, were used and
added to the corresponding segments of core B.

All segments were melted in the dark at 4 °C by addition of 0.2 ym filtered seawater
to avoid osmotic stress (Garrison & Buck 1986). Once melted, the samples were con-
centrated over a 20 um gauze and fixed with Bouin’s solution (1% final concentration)
(Lynn 1992). In the home laboratory, specimens were sorted into taxa under a stereo
microscope (10-50 fold magnification).

4.2.5 Statistical evaluation

Similarities between the samples (stations) in term of faunistic composition were ex-
amined by non-parametric classification and ordination techniques (Clarke & Warwick
1994). For classification, a hierarchical agglomerative clustering was chosen, based on
the Bray-Curtis similarity index. This method yields a dendrogram. The calculations
for the community analysis were conducted using the programme PRIMER (Clarke &
Warwick 1994). In order to determine relationships between parameters, non-parametric
Spearman Rank-correlation was applied using the programme JMP.

4.3 Results

4.3.1 Sampling sites

During the cruise northward across the eastern Arctic basin, differences in meteorological
conditions of the sampled ice floes were small (Table 4.1). Air and snow temperatures
were always at or below 0 °C and showed minimum values of —4.8 °C and —2.1 °C,
respectively. All sampled ice floes were snow-covered with snow depths of 2.6-16.2 cm.
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4.3.2 Physical and biological ice properties

Ice thickness at all stations north of 83° N ranged between 132 cm and 230 cm (Table
4.1) and was considerably higher at station 225 (349 cm). Mean thickness of all sampled
ice floes was 205.4 cm. In all sampled ice cores bulk salinities were below 5, and fitted
third-order polynomials showed similar shapes with lowest values in the upper part of the
ice and increasing salinities with depth (Fig. 4.2). However, at stations 228, 238, 245
and 248 interior maxima occurred, while the other stations showed highest bulk salinities
near the ice underside (Fig. 4.2).

Ice temperature, brine salinity, brine volume and chlorophyll # concentrations in the
upper 25%, the interior 50% and the lower 25% of the ice showed differences between,
but similar values within the sections at all stations (Fig. 4.3).

Ice temperatures ranged between —0.3 and —2.2 °C. They were highest in the upper
part of the ice and decreased with depth. Variability in the upper 25% was 1.4 °C, in the
interior 50% 1.8 °C and in the lower 25% of the ice 1.5 °C (Fig. 4.3).

Brine salinities showed opposite conditions with lowest values in the upper 25% of the
ice and increasing brine salinities with ice depths. Median values of salinity were at 11.0,
23.5 and 32.2 for the upper, the interior and the lower part of the ice, respectively (Fig.
4.3). Highest variation within one section was found in the interior 50% of the ice with
a range of nearly 32 (5.5-37.4).

Brine volume was lowest in the upper part of the ice (median: 2%), and showed no
vertical gradient in the underlying parts of the ice (medians: 8.6% and 9.0% for the
interior and the lower section of the ice, respectively). Within both lowermost sections,
brine volume was mostly above 5% (Fig. 4.3).

Chlorophyll 2 concentrations in the upper 25% and the interior 50% of the ice were
generally below 0.5 g 17!, but their medians differ significantly (Mann-Whitney U-test,
p = 0.042). With the exception of a few outliers, measured chlorophyll # concentrations
of both sections were within very small ranges (Fig. 4.3). In the lower 25% of the ice,
chlorophyll  concentrations differed significantly from those measured in the uppermost
two sections. Median concentration was 1.9 ug chl 217! and the maximum exceeded 59
pg chl 2171 (station 238).

Integrated pigment concentrations in the Arctic pack ice ranged between 0.5 and 2.7

mg chl 2 m™? with a median of 1.4 mg chl 2 m~? (Fig. 4.4).

4.3.3 Abundance and composition of sympagic meiofauna

A total of five taxa of sympagic meiofauna were found in the ice samples, with rotifers and
copepods (harpacticoids and cyclopoids) being most abundant followed by nematodes,
turbellarians and nauplii. Rotifers and copepods were found in all ice samples, but only
at one station (station 232) all five taxa occurred simultaneously (Fig. 4.5). No correla-
tion between meiofauna abundance and chlorophyll # concentration was found for any
of the five taxa (Spearman-Rank correlation: p > 0.05). As observed for physical and
biological ice properties, the sympagic meiofauna did not reveal any differences between
the sampling sites, neither in terms of abundance nor in composition (Fig. 4.5). Total
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abundances varied between 13.8 x 10° organisms m~2 (stations 248 and 245) and 46.7
x 10° organisms m ™2 (station 232).

Meiofauna abundances in the under-ice water (0—10 m) ranged between 3.9 and 9.8
organisms 17! and, thus, were far below those observed in the lowermost 10 cm of the ice
(0-1033.3 organisms 17!). At all stations, the under-ice water fauna consisted mainly of
rotifers, copepods and nauplii, while nematodes and turbellarians each occurred only at
one station and in very low numbers (Fig. 4.6).

The community structure examined by non-parametric classification, was remarkably
homogeneous for all stations. With the exception of station 225, the stations showed a
similarity of 70% (Bray-Curtis Similarity), as shown by the dendrogram (Fig. 4.7).
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Figure 4.2: Vertical profiles of bulk salinity and fitted third-order polynomials of ice cores sampled during
ARK XVII-2 (August—October 2001).
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Figure 4.3: Ice temperature, brine salinity, brine volume and chlorophyll # concentration in three depth
intervals of the ice cores: upper 25%, interior 50% and lower 25%. Box plots show the total data range,
the 25-75% quartile range and the median. Single data points are marked as outliers when they are
above/below a value of V.= UQ + 1.5 x IQD or V=LQ — 1.5 x IQD (UQ is the upper quartile, LQ is
the lower quartile, IQD is the interquartile distance).
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Figure 4.4: Integrated chlorophyll 2 concentration at ice stations sampled during expedition ARK XVII-2
(August—October 2001).
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their station numbers) sampled during the expedition ARK XVII-2 (August—October 2001). Sizes of the
circles correspond to total abundances. The detail of the map corresponds to the outlined area in Figure
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Figure 4.6: Relative abundance (% of total number of individuals) of meiofauna taxa in the under-ice water
(0-10 m beneath the ice). No data are available for station 228.
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Figure 4.7: Cluster dendrogram based on abundance of meiofauna taxa showing the classification of all
sampled stations in the central Arctic Ocean during ARK XVII-2 (August—October 2001).
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4.4 Discussion

During the expedition ARK XVII-2 pack ice between Greenland and the North Pole was
sampled along a transect, which extends over approximately 850 km. Despite this broad
regional coverage, investigations of the ice floes did not reveal any spatial trends, neither
in terms of physical and biological ice properties nor in colonization patterns of sympagic
meiofauna organisms. Similar results are already published for ice algae and under-ice
algae in the central Arctic Ocean. Studies on diatom species distribution indicated no
discernable geographic variation over a long distance either (Booth & Horner 1997).
The pronounced uniformity found in the present study indicates that all sampled ice
floes originated presumably from the same geographic area, where they have been formed
at the same time. Analyses of the ice structure revealing uniform textures for all pack-
ice samples also confirmed the uniformity of the sampled ice floes (C. Haas, unpubl.
data). Due to prevailing drift patterns and the estimated ice age of two years (C. Haas,
pers. comm), the possibility of initial different ice levelled by uniform environmental
conditions during the ice drift seems to be unlikely.

All sampling sites were located within the Transpolar Drift. Several studies have already
shown that this large-scale drift system basically transports sea ice from the ice-forming
shelves of the Laptev and East Siberian Seas across the North Pole and further south along
the east coast of Greenland (e.g., Colony & Thorndike 1985, Niirnberg et al. 1994,
Pfirman et al. 1997). However, the ice drift can vary to a certain degree, and a recently
published study indicates that within the last decades the sources of ice exported to Fram
Strait shifted from dominance of the Kara Sea and Severnaya Zemlya to the New Siberian
Islands, East Siberian Sea, and Chukchi Sea (Pfirman et al. 2004). During the expedition
ARK XVII-2, the course of the Transpolar Drift was without any distinct anomalies, but
a pronounced westward drift had predominated before (C. Haas, pers. comm.). With
the exception of station 225, all sampled ice floes were therefore probably formed in and
transported out of the Kara and Laptev Seas into the sampling area. It is likely that the
strong westward drift, occurring in summer 2001, intensified this transport. According
to the definition of Eicken (1991) and Eicken et al. (1995), bulk salinities and fitting
third-order polynomials to bulk-salinity profiles indicated that all ice floes had survived
at least one summer melting. Therefore, they were formed in autumn/winter of the
previous year. Bulk salinities (S < 5) were comparatively low for second-year ice, but are
explainable by strong ablation that occurred in summer 2001 (Haas et al. 2002).

The origin of station 225 seems to differ from those of the other sampled ice floes.
With a thickness of 350 cm, the floe was considerably thicker than the others, and the
faunistic composition underscores the discrepancy between station 225 and the other
stations. Possibly, this ice floe drifted north off Greenland and thus, was entrained in a
branch of the Beaufort Gyre before.

During a previous expedition, carried out from August to October 1991, pack ice in the
central Arctic Ocean was investigated exactly ten years before (Fiitterer 1992). Despite
shortcomings due to a limited number of observations, identical methods applied for
both expeditions, facilitates the assessment of temporal changes of the sea-ice habitat
within one decade. This aspect is of special interest for the decade between 1991 and
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2001, since there are several studies discussing changes in Arctic sea-ice thickness and
dynamics, especially for the 1990s (Rothrock et al. 1999, Wadhams & Davis 2000,
Tucker et al. 2001, Rothrock et al. 2003).

Comparisons between the results of pack-ice investigations in 1991 and 2001 revealed a
decreasing in ice thickness over this period. With a mean ice thickness of 260 cm in 1991
(Gradinger 1999a), the sampled ice floes were on average 55 cm thicker than measured
in 2001 (mean ice thickness: 205 cm). Integrated pigment concentrations measured in
2001 agreed exactly with those published for 1991 (Gradinger 1999b). Medians were
1.4 mg chl 2 m™2 both in 1991 and in 2001. Therefore, there are no implications for
an increasing ice algal biomass, despite lower ice thicknesses and thus, possibly improved
light conditions within the ice.

Integrated meiofaunal abundances were similar for both years. Since Gradinger (1999a)
includes ciliates in his study, which contribute with 53% to total abundance, abundances
of sympagic metazoans, excluding ciliates, could only be estimated. Assuming that the
mean integrated meiofauna abundance in 1991 was 40 x 10° organisms m ™2, of which
21 x 10° organisms m~2 were ciliates (53%), total integrated abundance of sympagic
metazoans in 1991 was approximately 19 x 10° organisms m~2. This is within the same
range observed in 2001 (median: 16 x 10° organisms m~2). The faunistic composi-
tion, however, shifted from the dominance of nematodes and rotifers in 1991 (Gradinger
1999a) to rotifers and copepods in 2001. The high contribution of rotifers in the present
study agrees with results published for pack ice in the Laptev and Barents Seas (Friedrich
1997), and thus, confirms the assumption that the ice floes, sampled during ARK XVII-2,
originated from these areas. The similarity of integrated meiofauna abundance and algal
biomass in 1991 and 2001 contradicts the results presented by Melnikov et al. (2002).
Sea-ice investigations during the SHEBA ice camp drift (October 1997 to October 1998)
revealed a decrease of ice diatoms in terms of species number and cell abundance and the
absence of any living sympagic meiofauna. Comparing the results with data of the NP-22
ice camp (1974/1975), the authors relate the distinct changes in composition and struc-
ture of the sea-ice community to the increased melting of the sea-ice cover of the previous
decades. The results of the present study, however, indicate that the changes found by
Melnikov et al. (2002) may characterize rather a local feature than a generally trend.
Due to different sampling techniques, a qualitative comparison between observations by
Melnikov et al. 2002 and the present study is not possible.

Furthermore, the faunistic composition of the ice floes sampled during ARK XVII-2
provides implications for overwintering strategies of the sympagic meiofauna. The oc-
currence of organisms, which are rather of benthic origin, e.g., nematodes, turbellarians,
harpacticoid copepods, is only explainable by initial incorporation during the ice forma-
tion over the shallow Siberian shelves. During the initial ice formation both inorganic
sediment particles and biological particles like algae are incorporated in the ice (e.g.,
Ackley et al. 1987, Spindler & Dieckmann 1986, Reimnitz et al. 1993, Grossmann
& Dieckmann 1994, Gradinger & lkivalko 1998) by different mechanisms (Spindler
1994). Once enclosed into the ice (in autumn or the beginning of winter), the organisms
are transported far off the shallow shelf areas and have to survive the following winter (see
Chapter 2). Since in the present study benthic organisms occurred in pack ice, which
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already “survived” one winter, and a newly colonization of the ice by benthic forms over
water depths of more than 3000 m is unlikely, it seems plausible that the small standing
stock of organisms remaining in the ice during winter is muliplied to summer levels by
active reproduction in spring. The results of pack-ice investigations during the winter

expedition ARK XIX-1 (see Chapter 3) confirm this assumption.
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5.1 Seasonal variability in the Arctic pack-ice habitat and of the
sympagic meiofauna

The results of the present work demonstrate distinct seasonal changes in the composition
of the sympagic meiofauna between winter and late summer (see Chapter 3). Nauplii,
which contributed only a small fraction of the total meiofauna in late summer (5.3%),
dominated the community in winter, comprising 92.9%. The other taxa (copepods,
nematodes, turbellarians, rotifers) accounted only for the remaining 7.1% in winter,
whereas during summer they contributed to the main fraction with 94.7%.

Extreme variations in atmospheric conditions, especially in air temperature, cause
strong seasonal changes of ice temperature, brine salinity and brine volume in the up-
per part of the ice. Compared to summer data, ice temperatures in the present study
decreased by approximately 10 °C, brine salinities increased by a factor of 5-6 and brine
volumes were generally less than 2% in winter and approximately 5% during summer.
Nevertheless, the absence of many actively overwintering sympagic meiofauna organisms
in the pack ice is obviously not explainable by unsuitable physical conditions in the up-
per part of the ice, since the sympagic meiofauna typically accumulates in the lowermost
decimetres of the ice (Horner et al. 1992). This part of the ice is characterized by more
moderate physical conditions even in winter (Chapter 2). Water temperature mainly
controls the ice temperature near the ice underside. The under-ice water temperature
is comparatively stable during the year and thus, shows no strong seasonal variability
(Werner & Gradinger 2002, Werner, in press). Like ice temperature, seasonal variability
of brine salinity and brine volume in this horizon is less pronounced than in the upper
part of the ice.

Therefore, abiotic factors, which generally control the distribution of sympagic meio-
fauna organisms (Krembs et al. 2000, Gradinger 2001, Meiners et al. 2002), generate
suitable living conditions for sympagic organisms even in wintertime pack ice. However,
the completely different composition of this community in winter indicates the lack of an
essential factor facilitating an active overwintering for all meiofauna taxa. The low food
availability, indicated by very low chlorophyll 2 concentrations measured in winter, may
be this limiting factor. Chlorophyll 2 concentrations, with values mostly below 1.0 ug
171, were significantly lower than in late summer. Nauplii, which are known to have non-
feeding stages (S. Seifried, pers. comm.), possibly can cope with this low food availability
and thus, may have an advantage over the other sympagic taxa.

The faunistic investigations of the ice cores sampled in winter showed that despite
the recognizable dominance of nauplii, single individuals of the other meiofauna taxa
occurred. This result implicates that possibly single individuals are sufficient to be multi-
plied to summer levels by active reproduction during the spring ice-algal bloom. Further-
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more, the production of resting stages may represent a possible overwintering strategy.
This possibility to survive poor environmental conditions is, for example, known for
monogonont rotifers (Westerheide & Rieger 1990).

The hypothesis of single individuals or resting stages maintaining the population of
sympagic meiofauna organisms during winter is also supported by faunistic investiga-
tions of different multi-year ice floes, sampled in the central Arctic Ocean (see Chapter
4) and the northern Fram Strait (Chapter 3) during summer. Due to water depths of
more than 3000 m in the central Arctic Ocean and mostly more than 1300 m in the
northern Fram Strait, local recruitment of organisms of benthic origin (e.g., nematodes,
turbellarians, harpacticoid copepods) is most unlikely. Thus, these organisms must have
been already incorporated during ice formation, which presumably happened in both
cases over the shallow Siberian shelves. However, since many organisms of these groups
were found in off-shore pack ice, which already had “survived” one winter, the sympagic
meiofauna must have been maintained over the winter season. The occurrence of the
ice nematode species Theristus melnikovi, Cryonema crassum sp. n. and C. tenue sp. n.
in pack ice (T'chesunov & Riemann 1995, Friedrich 1997) indicates that overwintering
of some sympagic organisms generally takes place. These species seem to be confined to
the sea-ice habitat as they have never been found in sediments. Their autochthonous life
cycles implicate that overwintering in the sea ice habitat must be possible.

Although no evidence was found in the present study, the production of resting stages
represents a further possibility for organisms to survive poor environmental conditions
during winter. Rotifers are known to produce resting-eggs when environmental condi-
tions deteriorate (Westerheide & Rieger 1996), and several studies revealed the occur-
rence of rotifer (resting) eggs in sea ice (Norrman & Andersson 1994, Friedrich 1997,
Friedrich & De Smet 2000, Werner & Auel 2004). In case of the present study, this
strategy seems to be unlikely, since rotifer resting-eggs, if abundant in wintertime pack
ice samples, would have been detected due to their conspicuous appearance. However,
it cannot be completely excluded that single eggs were overlooked, and that these single
eggs may function as some kind of “seed” in the beginning spring.

5.2 Regional variability in the Arctic pack-ice habitat and of the
sympagic meiofauna

The results of the present work indicate that regional variability in the Arctic pack ice
habitat and of the sympagic meiofauna is comparatively small. The investigations of
structure and properties of pack ice sampled along a transect of more than 850 km in
the central Arctic Ocean revealed a high uniformity of all samples. Furthermore, the
community structure of the sympagic meiofauna showed a similarity of 70% (Bray-Curtis
Similarity) (Chapter 4) and thus, indicated no distinct regional variations.

This result of high geographical uniformity is also confirmed by the examination of
similarity in terms of faunistic composition for all ice floes sampled for the present study
(ARK XVII-2, ARK XVIII-2 and ARK XIX-1). The multi-dimensional scaling (MDS)
ordination shows a distinct separation into only two groups (Fig. 5.1). With the excep-
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tion of one station (station 254), all late summer stations sampled in the central Arctic
Ocean and the Fram Strait (ARK XVII-2 and ARK XVIII-2) are combined in one central
group. This indicates a high homogeneity in the community structure across a geograph-
ically large area of nearly 1000 km extension. However, the stations, which were sampled
in the Fram Strait during winter (stations 91, 97 and 104), are combined in one group
with the other wintertime samples (stations 71, 76 and 82), although these were geo-
graphically separated in the Storfjord area. Thus, the ordination indicates that seasonal
variability in the present study is much more pronounced than regional variability of the
sympagic meiofauna in Arctic pack ice.

Stress: 0.08

Figure 5.1: Ordination of all stations (indicated by their station numbers) of the sympagic meiofauna
from the central Arctic Ocean (ARK XVII-2), northern Fram Strait (ARK XVIII-2, ARK XIX-1) and
the Storfjord area (ARK XIX-1). Stations are plotted in two dimensions using multi-dimensional scaling
(MDS). Axis scales are arbitrary.

5.3 Outlook

In order to attain a more detailed understanding of the ecology and physiology of sym-
pagic meiofauna organisms, and to assess their significance for the complete sea-ice com-
munity, future sea-ice studies should include the following:

* Detailed investigations of organism incorporation into new-forming pack ice in the
shallow shelf areas of the Arctic Ocean could clarify whether sympagic meiofauna
assemblages found in pack ice far off the production zones change or are maintained

during the drift of the ice.

* Classification of the organisms to species level would be crucial to identify au-
tochthonous and allochthonous life cycles of the organisms.
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Pack-ice studies in spring and early summer would be necessary to prove if a small
standing stock of sympagic organisms remaining in the ice during winter is multi-
plied to typical summer abundances by active reproduction. If so, rapidly increas-
ing abundances should be detectable during these seasons.

Additional winter pack-ice studies are required to scrutinize the results of the present
winter investigation and to complete the understanding of seasonal cycles and pos-
sible overwintering strategies.

Since small-scale distribution and abundance of sea-ice organisms can also depend
on ice structure, future investigations have to include structural analyses of the sea
ice.

Until now, there is little information about the feeding behaviour of sympagic het-
erotrophs and their grazing impact. Therefore, quantitative and qualitative experi-
mental studies of ingestion rates and food selection of sympagic meiofauna organ-
isms are pertinent to identify trophic interactions within the sea ice food-web.

Analyses of physiological adaptations of sympagic metazoans to the ice environ-
ment are still absent but fundamental for the understanding of survival mecha-
nisms.

Due to the complexity of the different approaches, multidisciplinary research includ-
ing taxonomists, ecologists, physiologists and physicists is of great importance to fully
understand the decisive processes in the sea-ice habitat.
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October 2001), ARK XVIII-2 (August/September 2002) and ARK XIX-1 (March/April
2003).

Tables A3.1-3.4: Vertical profiles of sea-ice chlorophyll 2 concentration and values for
under-ice water chlorophyll @ concentration for all stations sampled during expeditions
ARK XVII-2 (August—October 2001), ARK XVIII-2 (August/September 2002) and ARK
XIX-1 (March/April 2003).

Tables A4.1-4.2: Vertical profiles of sea-ice nutrient concentration (NO3, NO,, Si(OH)4,
POy) and values for under-ice water nutrient concentration for all stations sampled dur-

ing expedition ARK XIX-1 (March/April 2003).
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Table Al.1: Vertical profiles of sea-ice temperature and brine salinity at stations 225, 228 and 232 (ARK
XVII-2, August—October 2001).

Ice core Temperature Brine Ice core Temperature Brine
depth salinity depth salinity
[em] [°C] [em] [°C]
ARK XVII-2 ARK XVII-2
St. 225 St. 228
5 0.4 7.34 5 0.4 7.34
15 0.3 5.51 20 -0.5 9.16
25 0.3 5.51 30 -0.5 9.16
35 0.4 7.34 40 0.7 12.77
45 -0.5 9.16 50 0.9 16.36
55 -0.6 10.97 60 -1.0 18.15
65 -0.6 10.97 70 -1.2 21.70
75 0.7 12.77 80 -1.3 23.46
80 -0.7 12.77 85 -1.3 23.46
90 0.9 16.36 89 -1.3 23.46
95 -1.0 18.15 99 -1.2 21.70
100 -1.0 18.15 109 -1.3 23.46
110 -1.3 23.46 114 -1.6 28.72
115 -1.4 25.22 124 -1.7 30.46
125 -1.5 26.97 134 -1.7 30.46
135 -1.4 25.22 144 -1.8 32.19
145 -1.6 28.72 154 -1.9 33.92
150 0.9 16.36 164 -1.9 33.92
160 -1.8 32.19 169 -2.0 35.64
170 -1.7 30.46
180 -1.6 28.72
185 -1.7 30.46 St. 232
190 =15 26.97 5 0.4 7.34
195 -2.0 35.64 15 0.3 5.51
200 -2.0 35.64 25 0.3 5.51
210 -2.0 35.64 35 -0.3 5.51
220 -2.1 37.36 45 0.3 5.51
230 -2.0 35.64 55 -0.5 9.16
240 -1.9 33.92 65 0.7 12.77
250 -2.0 35.64 75 0.8 14.57
260 -1.9 33.92 85 0.9 16.36
270 -1.8 32.19 95 -1.0 18.15
280 -2.0 35.64 122 -1.3 23.46
285 -2.0 35.64 132 -1.4 25.22
290 —2.2 39.07 142 -1.4 25.22
300 -2.1 37.36 152 -1.2 21.70
310 -2.1 37.36 162 -1.2 21.70
320 -2.1 37.36 172 -1.5 26.97
325 -2.1 37.36 182 -1.7 30.46
335 -2.0 35.64 192 -1.8 32.19
345 -1.8 32.19 202 -1.8 32.19
350 -2.0 35.64 212 -1.9 33.92
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Table A1.2: Vertical profiles of sea-ice temperature and brine salinity at stations 238, 241, 245 and 248
(ARK XVII-2, August—October 2001).

Ice core Temperature Brine Ice core Temperature Brine
depth salinity depth salinity
[em] [°C] [em] [°C]
ARK XVII-2 ARK XVII-2
St. 238 St. 245
5 -0.7 12.77 5 -0.8 14.57
20 -0.5 9.16 15 -0.7 12.77
25 0.4 7.34 25 -0.8 14.57
40 -0.8 14.57 45 -1.2 21.70
50 -1.2 21.70 55 -1.2 21.70
60 -1.2 21.70 88 -1.5 26.97
70 -1.3 23.46 93 -1.6 28.72
80 -1.3 23.46 103 -1.7 30.46
90 -1.1 19.92 113 -1.8 32.19
95 -1.3 23.46 123 -1.8 32.19
95.5 -1.7 30.46 133 -1.9 33.92
105.5 -1.8 32.19 138 -1.9 33.92
115.5 -1.7 30.46 148 -2.0 35.64
120.5 -1.7 30.46 158 -1.9 33.92
168 2.1 37.36
St. 241 178 2.2 39.07
10 -0.3 5.51 188 -2.1 37.36
20 -0.3 5.51 193 -2.1 37.36
30 -0.3 5.51
40 -0.3 5.51 St. 248
55 0.4 7.34 5 -1.7 30.46
70 -0.3 5.51 10 -1.7 30.46
80 0.4 7.34 20 -1.1 19.92
90 0.4 7.34 30 -1.1 19.92
95 -0.5 9.16 40 -1.2 21.70
121 -0.5 9.16 50 0.9 16.36
131 -0.5 9.16 60 -0.9 16.36
141 0.7 12.77 70 -1.0 18.15
151 0.8 14.57 80 -1.1 19.92
161 -1.0 18.15 90 -1.2 21.70
171 -1.1 19.92 95 -1.2 21.70
181 -1.2 21.70 108 -1.4 25.22
191 -1.3 23.46 118 =15 26.97
201 -1.3 23.46 128 -1.5 26.97
214 -1.7 30.46 138 -1.4 25.22
224 -1.7 30.46 148 -1.5 26.97
234 -1.6 28.72 158 -1.6 28.72
168 -1.4 25.22
178 -1.4 25.22
188 -1.1 19.92
198 0.9 16.36
208 0.7 12.77
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Table A1.3: Vertical profiles of sea-ice temperature and brine salinity at station 253 (ARK XVII-2, August—
October 2001) and stations 244, 245 and 251 (ARK XVIII-2, August/September 2002).

Ice core Temperature Brine Ice core Temperature Brine
depth salinity depth salinity
[em] [°C] [em] [°C]
ARK XVII-2 ARK XVIII-2
St. 253 St. 245
15 0.8 14.57 5 2.1 37.36
25 -1.1 19.92 15 -1.1 19.92
35 0.7 12.77 25 0.3 5.51
45 -0.7 12.77 35 0.4 7.34
50 -0.6 10.97 45 0.4 7.34
60 -0.8 14.57 55 -0.5 9.16
70 0.9 16.36 65 -0.6 10.97
80 -1.0 18.15 75 0.7 12.77
90 -1.1 19.92 85 0.8 14.57
95 -1.1 19.92 95 0.9 16.36
108.5 -1.5 26.97 114 -1.0 18.15
118.5 -1.5 26.97 124 -1.0 18.15
128.5 -1.6 28.72 134 -1.0 18.15
138.5 -1.7 30.46 149 -1.2 21.70
148.5 -1.8 32.19 159 -1.2 21.70
158.5 -1.6 28.72 169 -1.2 21.70
168.5 -1.8 32.19 179 -1.3 23.46
178.5 -1.8 32.19 184 -1.3 23.46
208 -2.0 35.64 186 -1.5 26.97
218 -2.0 35.64 196 -1.7 30.46
228 -2.1 37.36 201 -1.9 33.92
238 -2.1 37.36
St. 251
ARK XVIII-2 5 -5.6 93.79
St. 244 15 -3.3 57.48
5 -1.0 18.15 25 -1.7 30.46
15 0.8 14.57 35 -1.4 25.22
25 0.9 16.36 45 -1.2 21.70
30 0.9 16.36 60 -1.7 30.46
40 -1.4 25.22 70 -1.7 30.46
50 -1.3 23.46 80 -1.8 32.19
55 -1.5 26.97 90 -1.9 33.92
58 -2.0 35.64 95 -2.4 42.47
73 -2.0 35.64 110 -2.0 35.64
83 -2.0 35.64 120 -2.0 35.64
93 -1.9 33.92 130 2.1 37.36
103 -2.0 35.64 140 -2.0 35.64
113 -2.0 35.64 145 2.1 37.36
123 -2.0 35.64
133 -2.0 35.64
143 -2.0 35.64
148 -2.0 35.64
160 -2.1 37.36
170 -2.1 37.36
180 -2.1 37.36
190 -2.1 37.36
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Table A1.4: Vertical profiles of sea-ice temperature and brine salinity at stations 252 and 254 (ARK XVIII-
2, August/September 2002) and stations 71, 76 and 82 (ARK XIX-1, March/April 2003).

Ice core Temperature Brine Ice core Temperature Brine
depth salinity depth salinity
[em] [°C] [em] [°C]
ARK XVIII-2 ARK XVIII-2
St. 252 St. 254 (continued)

5 -1.2 21.70 195 -2.0 35.64
15 -1.1 19.92 200 -2.0 35.64
25 -0.9 16.36 210 -2.0 35.64
35 -0.9 16.36 220 -2.1 37.36
45 -0.6 10.97 230 -2.1 37.36
55 -0.5 9.16 240 -2.1 37.36
70 0.7 12.77 250 -2.1 37.36
80 0.7 12.77 260 -2.1 37.36
90 0.8 14.57
95 -0.9 16.36 ARK XIX-1

112 -1.1 19.92 St. 71
122 -1.3 23.46 5 -9.9 141.2
132 -1.2 21.70 10 -8.0 128.8
142 -1.2 21.70 20 7.1 116.0
152 -1.2 21.70 35 -5.3 89.2
162 -1.1 19.92 40 -3.8 65.6
168 -1.3 23.46 50 —4.0 68.8
178 -1.4 25.22 60 -3.6 62.4
188 -1.4 25.22 70 -3.3 57.5
198 -1.8 32.19 80 =2.5 44.2

208 -1.8 32.19

218 -1.9 33.92 St. 76
228 -1.9 33.92 5 -12.9 163.5
238 -1.9 33.92 15 -9.3 136.7
248 -2.0 35.64 25 7.9 127.4
253 -2.0 35.64 35 7.4 120.3
45 6.7 110.2
St. 254 55 -6.1 101.3
10 -0.8 14.57 65 =5.5 92.3
20 -0.6 10.97 75 —4.6 78.4
30 -0.6 10.97 85 -3.9 67.2
40 -0.6 10.97 95 =3.5 60.8
50 -0.6 10.97 105 2.4 42.5

60 0.7 12.77

70 -0.8 14.57 St. 82
80 0.9 16.36 5 -8.2 131.6

9 -1.0 18.15 15 7.7 124.6

95 -1.1 19.92 25 7.3 118.9
110 -1.4 25.22 35 -6.5 107.2
120 =15 26.97 45 -5.8 96.8
130 -1.5 26.97 55 -5.3 89.2
140 =15 26.97 65 4.5 76.8
150 -1.6 28.72 75 =3.5 60.8
160 -1.7 30.46 85 =27 47.5
170 -1.8 32.19
180 -2.0 35.64
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Table A1.5: Vertical profiles of sea-ice temperature and brine salinity at stations 91, 97 and 104 (ARK
XIX-1, March/April 2003).

Ice core Temperature Brine Ice core Temperature Brine
depth salinity depth salinity
[em] [°C] [em] [°C]
ARK XIX-1 ARK XIX-1
St. 91 St. 104
5 -21.9 223.7 5 -10.1 142.8
15 —20.4 214.3 15 —-11.1 150.3
25 -19.2 2006.6 25 -11.0 149.5
35 —-18.2 200.0 35 -10.4 145.0
45 -16.9 191.4 45 -10.2 143.5
55 -16.7 190.0 60 -9.9 141.2
65 —-15.3 180.4 70 -9.3 136.7
75 —-14.8 176.9 85 -9.9 141.2
85 -13.8 169.9 95 -9.8 140.5
99 -11.9 156.2 105 9.4 137.4
109 -11.0 149.5 115 -9.2 135.9
119 -9.8 140.5 125 -9.0 134.3
129 7.5 121.7 135 -8.6 131.2
139 —06.6 108.7 145 -8.5 130.5
149 -5.8 96.8 153 -8.2 131.6
159 =52 87.7 163 =7.7 124.6
173 7.3 118.9
St. 97 183 6.9 113.1
5 -16.5 188.7 193 6.3 104.3
15 -14.3 173.4 203 -5.8 96.8
25 —-14.2 172.7 213 =5.1 806.1
35 —-14.0 171.3 223 —4.5 76.8
45 -14.2 172.7 230 =3.7 64.0
55 -13.3 166.3 240 -2.8 49.2
65 -12.8 162.7
78 -12.4 159.8
88 —-11.5 153.2
98 -10.5 145.8
108 -9.6 139.0
120 7.2 117.4
130 7.0 114.5
140 6.5 107.2
150 =5.9 98.3
160 =53 89.2
170 —4.2 72.0
180 -3.3 57.5
185 =27 47.5
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Table A2.1: Vertical profiles of sea-ice bulk salinity, brine volume and values for under-ice water salinity
at stations 225, 228, 232, 238 and 241 (ARK XVII-2, August—October 2001). Brine volume calculated
according to Frankenstein & Garner (1967) and Leppiranta & Manninen (1988). n.d. = not determined.

Ice core Bulk Brine Ice core Bulk Brine
depth salinity volume depth salinity volume
[cm] [%] [em] [%]
ARK XVII-2 ARK XVII-2
St. 225 St. 232 (continued)
0-20 0.1 1.2 120-140 1.2 4.2
20-40 0.1 1.2 140-160 1.9 7.8
40-60 0.3 2.5 160-180 3.3 11.7
60-80 0.4 2.8 180-199.5 2.7 7.4
80-100 1.0 5.5 199.5-205.5 2.8 7.7
100-120 1.8 6.8 205.5-207.5 2.8 7.3
120-140 2.1 6.9 207.5-208.5 2.6 6.8
140-160 2.0 11.0 208.5-209.5 2.5 6.5
160-180 1.8 5.2 Water (0-10m) 32.4
180-200 2.2 7.2
200-220 3.3 8.1 St. 238
220-240 3.5 8.6 0-20 0.5 3.1
240-250 3.4 8.4 20-40 2.2 22.2
250-270 3.5 9.1 40-60 2.6 10.7
270-290 4.4 10.8 60-80 3.0 11.4
290-310 3.7 8.6 80-100 3.3 14.9
310-330 3.8 8.9 100-116 3.9 10.7
330-340 3.8 9.3 116-122 3.6 10.5
340-346 3.4 9.4 122-124 3.5 10.2
346-348 3.8 10.5 124-125 3.3 9.6
348-349 3.8 9.9 125-126 2.6 7.6
349-350 3.8 9.9 Water (0-10m) 32.5
Water (0—10m) 32.2
St. 241
St. 228 0-20 0.0 0.0
0-20 0.2 2.5 20-40 0.0 0.0
20-40 1.4 14.0 40-60 0.0 0.0
40-60 2.2 12.1 60-80 0.2 3.3
60-80 2.7 11.1 80-100 0.3 3.7
80-100 2.9 11.0 100-120 0.9 9.0
100-120 3.7 13.1 120-140 0.4 4.0
120-140 3.6 10.5 140-160 1.1 6.8
140-146 3.1 9.0 160-180 2.1 9.4
146-152 3.7 9.7 180-200 2.9 11.0
152-154 3.5 9.1 200-220 3.1 9.6
154-155 32 8.3 220-225 3.4 9.9
155-156 2.9 7.6 225-231 3.5 10.2
Water (0—10m) n.d. 231-233 3.2 9.9
233-234 3.6 11.1
St. 232 234-235 2.6 8.0
0-20 0.1 1.2 Water (0-10m) 31.9
20-40 0.0 0.0
40-60 0.6 7.5
60-80 1.4 8.7
80-100 1.5 7.4
100-120 1.7 7.6
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Table A2.2: Vertical profiles of sea-ice bulk salinity, brine volume and values for under-ice water salinity at
stations 245, 248 and 253 (ARK XVII-2, August—October 2001) and stations 244 and 245 (ARK XVIII-
2, August/September 2002). Brine volume calculated according to Frankenstein & Garner (1967) and
Leppiranta & Manninen (1988). n.d. = not determined.

Ice core Bulk Brine Ice core Bulk Brine
depth salinity volume depth salinity volume
[cm] [%] [cm] [%]
ARK XVII-2 ARK XVII-2
St. 245 St. 253 (continued)
0-20 0.0 0.0 214-215 3.5 8.6
20-40 0.1 0.6 215-216 2.8 6.9
40-60 0.5 2.0 Water (0-10m) 32.1
60-80 2.2 8.4
80-100 3.9 12.9 ARK XVIII-2
100-120 3.5 9.6 St. 244
120-140 3.4 8.9 0-20 0.4 2.2
140-160 2.8 6.9 20-40 0.7 3.8
160-170 2.8 6.9 40-60 1.7 6.4
170-176 2.9 6.4 60-80 2.3 5.6
176-178 2.7 6.0 80-100 3.1 8.0
178-179 2.7 6.0 100-120 3.0 7.4
179-180 2.7 6.0 120-140 2.9 7.1
Water (0—10m) 32.6 140-160 3.9 9.6
160-180 3.5 8.2
St. 248 180-186 3.1 7.2
0-20 0.2 0.6 186-188 3.1 7.2
20-40 0.5 2.2 188-189 3.3 7.7
40-60 1.4 7.7 189-190 3.7 8.6
60-80 2.0 9.9 Water (0-10m) 32.0
80-100 2.4 9.9
100-120 2.8 9.9 St. 245
120-140 2.5 8.2 0-20 0.4 1.2
140-160 2.7 8.9 20-40 0.2 2.5
160-180 3.0 10.6 40-60 0.5 5.0
180-198 2.3 10.3 60-80 1.1 7.8
198-204 1.3 8.0 80-100 1.6 8.8
204-206 0.4 2.5 100-120 1.6 7.9
206-207 0.6 4.2 120-140 1.6 7.9
207-208 0.7 4.9 140-160 1.2 4.9
Water (0—10m) 27.0 160-180 1.2 4.9
180-192 0.8 2.6
St. 253 192-198 0.8 2.3
0-20 0.5 3.1 198-200 0.9 2.3
20-40 0.4 2.2 200-201 1.1 2.9
40-60 1.1 9.1 201-202 1.1 2.9
60-80 1.8 9.9 Water (0-10m) n. d.
80-100 1.7 7.6
100-120 2.4 7.9
120-140 2.9 9.0
140-160 3.1 8.5
160-180 2.8 7.7
180-200 3.3 8.6
200-206 3.7 9.1
206-212 3.7 9.1
212-214 3.6 8.8
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Table A2.3: Vertical profiles of sea-ice bulk salinity, brine volume and values for under-ice water salinity
at stations 251, 252 and 254 (ARK XVIII-2, August/September 2002) and stations 71, 76 and 82 (ARK
XIX-1, March/April 2003). Brine volume calculated according to Frankenstein & Garner (1967) and
Leppiranta & Manninen (1988). n.d. = not determined.

Ice core Bulk Brine Ice core Bulk Brine
depth salinity volume depth salinity volume
[cm] [%] [cm] [%]
ARK XVIII-2 ARK XVIII-2
St. 251 St. 254 (continued)
0-20 2.6 2.8 240-260 2.0 4.6
2040 1.3 4.0 260-270 1.6 3.7
40-60 2.8 9.9 270-276 1.4 3.2
60-80 3.3 9.6 276-278 1.4 3.2
80-100 3.4 8.9 278-279 2.1 4.9
100-120 3.6 8.8 279-280 2.0 4.6
120-132 3.3 7.7 Water (0—10m) 31.5
132-138 2.6 6.0
138-140 2.6 6.4 ARK XIX-1
140-141 2.7 6.6 St. 71
141-142 2.3 5.6 0-20 0.0 0.0
Water (0-10m) 30.5 20-40 0.3 0.3
40-60 0.7 0.9
St. 252 60-67 1.1 1.5
0-20 0.2 0.8 67-73 3.9 5.7
20-40 0.1 0.5 73-75 n. d. n. d.
40-60 0.6 5.0 75-76 n. d. n. d.
60-80 0.6 4.2 76-77 n. d. n. d.
80-100 0.8 4.9 Water (010 m) 35.0
100-120 1.1 5.4
120-140 0.8 3.3 St. 76
140-160 0.2 0.8 0-20 1.6 0.8
160-180 0.4 1.5 20-40 2.9 1.9
180-200 1.0 3.3 40-60 0.3 0.2
200-220 2.1 5.8 60-80 5.2 5.0
220-240 2.8 7.3 80-97 4.9 6.3
240-242 33 8.6 97-103 5.8 9.4
242-248 3.1 7.6 103-105 6.9 13.5
248-250 3.4 8.4 105-106 7.5 15.4
250-251 3.5 8.6 106-107 8.5 17.4
251-252 3.5 8.6 Water (010 m) 34.1
Water (0-10m) 29.1
St. 82
St. 254 0-20 11.5 7.5
0-20 0.0 0.0 20-40 8.0 5.9
20-40 0.0 0.0 40-60 5.6 5.0
40-60 0.3 2.5 60-76 5.4 6.2
60-80 0.3 1.8 76-82 5.8 8.8
80-100 1.0 4.9 82-84 7.3 12.3
100-120 1.6 5.6 84-85 8.2 14.9
120-140 1.9 6.2 85-86 6.7 12.1
140-160 1.4 4.3 Water (010 m) 33.8
160-180 1.4 3.8
180-200 1.7 4.2
200-220 2.3 5.6
220-240 2.0 4.6
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Table A2.4: Vertical profiles of sea-ice bulk salinity, brine volume and values for under-ice water salinity at
stations 91, 97 and 104 (ARK XIX-1, March/April 2003).

Ice core Bulk Brine Ice core Bulk Brine
depth salinity volume depth salinity volume
[cm] [%] [cm] [%]
ARK XIX-1 ARK XIX-1
St. 91 St. 104
0-20 0.2 0.1 0-20 0.0 0.0
20-40 0.9 0.3 20-40 0.0 0.0
40-60 1.7 0.6 40-60 0.0 0.0
60-80 2.3 0.9 60-80 0.3 0.2
80-100 2.3 1.0 80-100 0.7 0.4
100-120 2.3 1.2 100-120 1.9 1.0
120-140 4.7 3.3 120-140 2.2 1.2
140-150 5.0 4.1 140-160 2.8 1.6
150-156 5.8 5.2 160-180 4.1 2.6
156-158 5.3 5.0 180-200 5.6 4.4
158-159 4.3 4.1 200-220 5.3 5.0
159-160 4.3 4.1 220-235 5.4 6.9
Water (0-10 m) 34.1 235-241 5.1 9.2
241-243 6.8 11.9
St. 97 243-244 8.4 14.7
0-20 0.4 0.2 244-245 11.9 21.0
20-40 1.7 0.7 Water (0-10 m) 33.6
40-60 2.9 1.2
60-80 3.3 1.4
80-100 3.3 1.6
100-120 4.6 2.6
120-140 5.8 4.2
140-160 5.6 4.8
160-161 5.6 5.2
161-167 5.4 5.4
167-169 5.9 6.6
169-170 6.0 6.8
170-171 9.7 11.4
Water (0-10 m) 33.3
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Table A3.1: Vertical profiles of sea-ice chlorophyll 2 concentration and values for under-ice water chloro-
phyll 2 concentration at stations 225, 228, 232, 238 and 241 (ARK XVII-2, August—October 2001). n.d.

= not determined.

Ice core Chlorophyll 2 Ice core Chlorophyll 2
depth concentration depth concentration
[cm] lpg 1™ [cm] lpg 1]
ARK XVII-2 ARK XVII-2
St. 225 St. 232 (continued)
0-20 0.3 140-160 0.7
20-40 0.0 160-180 0.8
40-60 0.0 180-199.5 2.1
60-80 0.0 199.5-205.5 3.9
80-100 0.0 205.5-207.5 4.5
100-120 0.0 207.5-208.5 6.3
120-140 0.0 208.5-209.5 55.5
140-160 0.0 Water (0—10m) n.d.
160-180 0.0
180-200 0.0 St. 238
200-220 0.0 0-20 0.1
220-240 0.1 20-40 0.0
240-250 0.1 40-60 0.1
250-270 0.1 60-80 0.1
270-290 0.2 80-100 0.2
290-310 0.2 100-116 0.3
310-330 1.0 116-122 0.5
330-340 1.5 122-124 0.8
340-346 4.4 124-125 2.1
346-348 9.4 125-126 59.7
348-349 11.8 Water (0-10m) 0.3
349-350 32.6
Water (0-10m) 0.3 St. 241
0-20 0.0
St. 228 20-40 0.0
0-20 0.2 40-60 0.0
20-40 0.1 60-80 0.0
40-60 0.1 80-100 0.1
60-80 0.1 100-120 0.1
80-100 1.6 120-140 0.4
100-120 0.4 140-160 0.3
120-140 4.3 160-180 0.3
140-146 4.2 180-200 0.5
146-152 6.9 200-220 1.0
152-154 9.3 220-225 2.7
154-155 9.7 225-231 4.0
155-156 34.4 231-233 8.8
Water (0-10m) n. d. 233-234 11.4
234-235 30.3
St. 232 Water (0—10m) 0.8
0-20 0.1
20-40 0.1
40-60 0.0
60-80 0.0
80-100 0.1
100-120 0.1
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Table A3.2: Vertical profiles of sea-ice chlorophyll @ concentration and values for under-ice water chloro-
phyll 2 concentration at stations 245, 248 and 253 (ARK XVII-2, August—October 2001) and stations 244
and 245 (ARK XVIII-2, August/September 2002).

Ice core Chlorophyll & Ice core Chlorophyll 2
depth concentration depth concentration
[cm] (pg 1] [cm] [pg 1]
ARK XVII-2 ARK XVII-2
St. 245 St. 253 (continued)
0-20 0.3 214-215 11.5
20-40 0.2 215-216 41.1
40-60 0.5 Water (0—10m) 5.0
60-80 2.8
80-100 1.2 ARK XVIII-2
100-120 1.3 St. 244
120-140 1.4 0-20 0.1
140-160 1.0 20-40 0.1
160-170 1.5 40-60 0.2
170-176 2.0 60-80 0.2
176-178 1.8 80-100 0.5
178-179 1.8 100-120 0.5
179-180 4.1 120-140 0.3
Water (0-10m) 0.3 140-160 2.2
160-180 2.1
St. 248 180-186 2.4
0-20 0.2 186-188 7.1
20-40 0.2 188-189 38.7
40-60 0.5 189-190 67.4
60-80 0.2 Water (0—10m) 0.3
80-100 0.1
100-120 0.1 St. 245
120-140 0.2 0-20 0.1
140-160 0.2 20-40 0.2
160-180 0.4 40-60 0.2
180-198 0.0 60-80 0.1
198-204 2.1 80-100 0.1
204-206 0.3 100-120 0.1
206-207 0.2 120-140 0.1
207-208 0.3 140-160 0.4
Water (0-10m) 0.2 160-180 1.0
180-192 2.2
St. 253 192-198 1.9
0-20 0.1 198-200 0.9
20-40 0.0 200-201 3.7
40-60 0.1 201-202 1.8
60-80 0.1 Water (0—10m) 0.7
80-100 0.1
100-120 0.1
120-140 0.1
140-160 0.2
160-180 0.3
180-200 1.6
200-206 1.5
206-212 2.4
212-214 5.1
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Table A3.3: Vertical profiles of sea-ice chlorophyll 2 concentration and values for under-ice water chloro-
phyll 2 concentration at stations 251, 252 and 254 (ARK XVIII-2, August/September 2002) and stations
71,76 and 82 (ARK XIX-1, March/April 2003). n.d. = not determined.

Ice core Chlorophyll 2 Ice core Chlorophyll 2
depth concentration depth concentration
[cm] lpg 1™ [cm] lpg 1™
ARK XVIII-2 ARK XVIII-2
St. 251 St. 254 (continued)
0-20 0.1 240-260 0.6
20-40 0.1 260-270 0.7
40-60 0.1 270-276 2.1
60-80 0.1 276-278 2.7
80-100 0.1 278-279 1.2
100-120 0.3 279-280 1.8
120-132 0.3 Water (0-10m) n.d.
132-138 0.8
138-140 0.5 ARK XIX-1
140-141 0.9 St. 71
141-142 0.6 0-20 0.0
Water (0—10m) 0.2 20-40 0.1
40-60 0.3
St. 252 60-67 0.6
0-20 0.2 67-73 0.1
20-40 0.2 73-75 0.2
40-60 0.2 75-76 0.1
60-80 0.1 76-77 0.1
80-100 0.1 Water (0-10m) 0.0
100-120 0.3
120-140 0.4 St. 76
140-160 0.4 0-20 0.1
160-180 0.2 20-40 0.2
180-200 0.2 40-60 0.2
200-220 0.4 60-80 0.1
220-240 0.5 80-97 0.3
240-242 0.8 97-103 2.0
242-248 15.7 103-105 1.7
248-250 3.3 105-106 0.6
250-251 6.1 106-107 0.4
251-252 8.2 Water (0-10m) 0.0
Water (0—10m) 0.1
St. 82
St. 254 0-20 0.0
0-20 0.2 20-40 0.0
20-40 0.1 40-60 0.1
40-60 0.2 60-76 0.2
60-80 0.2 76-82 0.4
80-100 0.2 82-84 0.9
100-120 0.2 84-85 0.4
120-140 0.2 85-86 1.0
140-160 0.2 Water (0-10m) 0.0
160-180 0.2
180-200 0.3
200-220 0.4
220-240 0.5
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Table A3.4: Vertical profiles of sea-ice chlorophyll @ concentration and values for under-ice water chloro-
phyll z concentration at stations 91, 97 and 104 (ARK XIX-1, March/April 2003).

Ice core Chlorophyll & Ice core Chlorophyll 2
depth concentration depth concentration
[cm] (pg 1™ [cm] [pg 1]
ARK XIX-1 ARK XIX-1
St. 91 St. 104
0-20 0.0 0-20 0.0
20-40 0.1 20-40 0.0
40-60 0.2 40-60 0.0
60-80 0.2 60-80 0.0
80-100 0.2 80-100 0.3
100-120 0.3 100-120 0.2
120-140 0.0 120-140 0.6
140-150 0.0 140-160 0.6
150-156 0.1 160-180 0.3
156-158 0.1 180-200 0.0
158-159 0.1 200-220 0.1
159-160 0.1 220-235 0.4
Water (0—10m) 0.0 235-241 1.2
241-243 2.1
St. 97 243-244 3.4
0-20 0.2 244-245 1.0
20-40 0.2 Water (0-10m) 0.0
40-60 0.2
60-80 0.4
80-100 1.4
100-120 0.3
120-140 0.1
140-160 0.1
160-161 0.2
161-167 0.4
167-169 0.6
169-170 0.5
170-171 0.2
Water (0—10m) 0.0
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Table A4.1: Vertical profiles of sea-ice nutrient concentration (NO3, NO,, Si(OH)y4, PO4) and values for

under-ice water nutrient concentration at stations 71, 76 and 82 (ARK XIX-1, March/April 2003).

Ice core NO; NO, Si(OH)4 PO,
depth
[em] [pmol 1] [umol 1] [umol 1] [pmol "]
ARK XIX-1
St. 71
0-20 1.27 0.13 1.04 0.58
20-40 0.44 0.07 0.27 0.23
40-60 0.30 0.08 0.18 0.15
60-69.5 0.21 0.05 0.70 0.16
69.5-75.5 0.81 0.17 0.60 0.56
75.5-77.5 1.14 0.07 1.07 0.31
77.5-78.5 1.53 0.11 253 0.41
78.5-79.5 1.34 0.18 1.53 0.22
Water (0-10m) 4.06 0.05 3.62 0.41
St. 76
0-20 1.16 0.08 0.89 0.74
20-40 0.79 0.07 0.34 0.45
40-60 075 0.06 0.53 0.19
60-80 1.05 0.07 1.06 0.28
80-88 0.77 0.16 0.71 0.29
88-94 1.31 0.05 1.21 0.15
94-96 1.55 0.08 1.89 0.24
96-97 1.96 0.14 253 0.35
97-98 2.25 0.14 2.55 0.29
Water (0-10m) 3.22 0.09 7.41 1.82
St. 82
0-20 1.95 0.09 2.02 0.97
20-40 0.90 0.05 1.96 3.46
40-60 1.41 0.04 1.83 0.49
60-72.5 0.85 0.04 1.48 0.79
72.5-78.5 1.06 0.04 1.76 0.86
78.5-80.5 1.86 0.21 3.01 2.24
80.5-81.5 1.76 0.09 2.63 073
81.5-82.5 1.86 0.08 2.82 0.59
Water (0-10m) 6.29 0.08 5.49 0.58
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Table A4.2: Vertical profiles of sea-ice nutrient concentration (NO3, NO,, Si(OH)4, PO4) and values for
under-ice water nutrient concentration at stations 91, 97 and 104 (ARK XIX-1, March/April 2003). n.d.
= not determined.

Ice core NO; NO, Si(OH),4 PO,
depth
[em] [pmol "] [umol "] [pmol 1] [umol 1]
ARK XIX-1
St. 91
0-20 0.64 0.05 0.43 4.15
20-40 0.15 0.10 0.25 2.74
40-60 0.18 0.20 0.35 2.23
60-80 0.59 0.40 0.77 1.13
80-100 0.16 0.02 0.81 2.47
100-120 0.18 0.03 0.80 4.04
120-140 0.37 0.04 1.08 3.07
140-160 0.50 0.02 1.21 5.13
160-166 1.09 0.10 0.94 2.16
166-172 0.56 0.03 0.50 0.40
172-174 0.88 0.03 0.86 1.80
174-175 0.97 0.03 1.13 3.07
175-176 1.63 0.05 1.44 3.16
Water (0-10m) 9.34 0.02 6.73 0.68
St. 97
0-20 0.67 0.04 0.07 0.14
20-40 0.70 0.04 0.63 0.14
40-60 0.42 0.04 0.90 0.09
60-80 0.36 0.03 1.12 0.10
80-100 0.32 0.04 1.22 0.14
100-120 1.05 0.05 0.64 0.13
120-140 1.08 0.06 0.32 0.10
140-160 1.20 0.03 0.71 0.09
160-169 1.61 0.06 1.01 0.14
169-175 1.47 0.04 1.08 0.13
175-177 1.56 0.04 1.32 0.20
177-178 2.05 0.10 1.90 0.24
178-179 2.47 0.07 1.95 0.26
Water (0—10m) 7.34 0.01 5.27 0.54
St. 104
0-20 0.78 0.04 0.23 0.07
20-40 1.90 0.06 0.14 0.20
40-60 0.88 0.03 0.02 0.03
60-80 1.35 0.04 0.26 0.07
80-100 0.46 0.04 0.57 0.07
100-120 0.93 0.11 1.12 0.19
120-140 0.55 0.07 1.16 0.21
140-160 0.97 0.12 1.94 0.33
160-180 0.81 0.08 1.61 0.21
180-200 1.36 0.06 0.68 0.12
200-220 17.70 0.07 0.54 0.16
220-236 1.59 0.03 0.56 0.04
236-242 1.19 0.07 0.68 0.08
242-244 1.22 0.03 2.44 0.13
244-245 2.41 0.07 1.21 0.24
245-246 8.43 0.10 1.85 0.46
Water (0—10m) n. d. n. d. n. d. n. d.
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Table A5.1: Vertical distribution of the abundance of rotifers, nematodes, copepods, turbellarians and
nauplii in sea ice and under-ice water at stations 225 and 228 (ARK XVII-2, August—October 2001). n.d.
= not determined.

Ice core Rotifers Nematodes Copepods Turbellarians Nauplii
depth
[cm] [organisms l_l] [organisms l_l] [organisms l_l] [organisms l_l] [organisms l_l]
ARK XVII-2
St. 225
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 0.0 0.0 0.0 0.0 0.0
100-120 0.0 1.0 0.0 0.0 0.0
120-140 0.0 0.0 1.1 0.0 0.0
140-160 0.0 0.0 0.0 0.0 0.0
160-180 n.d. n.d. n.d. n.d. n. d.
180-200 0.0 2.0 0.0 0.0 0.0
200-220 0.0 1.7 0.0 0.0 0.0
220-240 0.0 4.6 0.0 0.0 0.0
240-260 0.0 0.0 0.0 0.0 0.0
260-280 0.0 3.5 0.0 0.9 0.0
280-300 0.0 2.7 0.0 2.7 0.0
300-320 1.0 1.0 0.0 20.8 0.0
320-338 6.5 0.0 0.0 25.8 0.0
338-344 13.5 5.4 0.0 51.4 0.0
344-346 10.2 6.8 0.0 16.9 0.0
346-347 66.7 66.7 66.7 366.7 0.0
347-348 100.0 66.7 300.0 566.7 0.0
Water (0—10m) 0.1 0.0 1.5 0.1 2.2
St. 228

0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.9 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 1.0 0.0 0.0 0.0 0.0
100-120 1.0 0.0 0.0 0.0 0.0
120-140 1.0 0.0 0.0 0.0 0.0
140-154 1.4 0.0 0.0 0.0 0.0
154-160 8.8 0.0 0.0 0.0 0.0
160-162 35.1 0.0 2.7 0.0 0.0
162-163 111.5 0.0 3.8 0.0 0.0
163-164 568.0 0.0 148.0 8.0 8.0
Water (0—10m) n. d. n. d. n. d. n. d. n. d.
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Table A5.2: Vertical distribution of the abundance of rotifers, nematodes, copepods, turbellarians and
nauplii in sea ice and under-ice water at stations 232, 238 and 241 (ARK XVII-2, August—October 2001).

Ice core Rotifers Nematodes Copepods Turbellarians Nauplii
depth
[cm] [organisms l_l] [organisms I [organisms 1 [organisms I [organisms l_l]
ARK XVII-2
St. 232
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 0.0 0.0 0.0 0.0 0.0
100-120 0.0 0.0 0.0 0.0 0.0
120-140 0.0 0.9 0.9 0.0 0.0
140-160 16.2 29.5 2.9 0.0 0.0
160-180 7.5 49.5 0.0 0.0 0.0
180-193 11.9 47.8 0.0 0.0 0.0
193-199 14.3 37.1 11.4 0.0 0.0
199-201 26.3 18.4 23.7 0.0 0.0
201-202 37.5 8.3 45.8 0.0 4.2
202-203 82.6 4.3 169.6 26.1 65.2
Water (0—10m) 0.5 0.3 3.0 0.0 2.5
St. 238
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 3.8 0.0 0.0 0.0 0.0
80-100 14.3 0.0 0.0 0.0 0.0
100-120 7.0 0.0 2.0 0.0 0.0
120-127 25.8 0.0 0.0 0.0 0.0
127-133 44.4 0.0 3.2 0.0 0.0
133-135 48.5 0.0 6.1 0.0 0.0
135-136 57.9 0.0 0.0 0.0 0.0
136-137 265.0 5.0 10.0 0.0 0.0
Water (0—10m) 3.3 0.0 2.3 0.0 3.8
St. 241
0-20 0.0 0.0 1.4 0.0 0.0
20-40 0.0 0.0 1.1 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 0.0 0.0 0.0 0.0 0.0
100-120 0.0 0.0 0.0 0.0 0.0
120-140 0.0 0.0 0.0 0.0 0.0
140-160 13.6 0.0 0.0 0.0 0.0
160-180 1.8 0.0 0.0 0.0 0.0
180-200 5.6 0.0 1.1 0.0 0.0
200-215 10.3 0.0 10.3 0.0 0.0
215-221 30.6 0.0 19.4 0.0 0.0
221-223 24.2 0.0 21.2 0.0 0.0
223-224 26.3 0.0 26.3 5.3 0.0
224-225 52.6 0.0 21.1 0.0 0.0
Water (0—10m) 1.2 0.0 2.9 0.0 1.7
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Table A5.3: Vertical distribution of the abundance of rotifers, nematodes, copepods, turbellarians and
nauplii in sea ice and under-ice water at stations 245, 248 and 253 (ARK XVII-2, August—October 2001).

Ice core Rotifers Nematodes Copepods Turbellarians Nauplii
depth
[cm] [organisms lfl] [organisms lfl] [organisms lfl] [organisms lfl] [organisms lfl]
ARK XVII-2
St. 245
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 8.9 0.0 0.0 0.0 0.0
100-120 6.2 0.0 0.0 0.0 0.0
120-140 4.9 0.0 2.0 0.0 0.0
140-160 8.9 0.0 4.4 0.0 0.0
160-180 10.2 0.0 2.0 1.0 1.0
180-186 3.3 0.0 0.0 20.0 0.0
186-188 3.6 0.0 21.4 14.3 32.1
188-189 8.3 0.0 33.3 0.0 8.3
189-190 28.6 0.0 14.3 14.3 28.6
Water (0-10m) 0.0 0.0 1.8 0.0 4.3
St. 248
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 18.0 0.0 1.0 0.0 0.0
60-80 4.8 0.0 0.0 0.0 0.0
80-100 7.3 0.0 0.0 0.0 0.0
100-120 1.1 0.0 0.0 0.0 0.0
120-140 2.8 0.0 1.9 0.0 10.2
140-160 1.0 0.0 1.9 0.0 0.0
160-180 3.6 0.0 3.6 0.0 0.0
180-200 6.0 0.0 7.0 0.0 0.0
200-205 11.5 0.0 3.8 0.0 0.0
205-211 0.0 0.0 27.6 0.0 0.0
211-213 5.9 0.0 5.9 0.0 0.0
213-214 0.0 0.0 7.1 0.0 0.0
214-215 0.0 0.0 0.0 0.0 0.0
Water (0—-10m) 0.1 0.0 0.7 0.0 3.3
St. 253
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 0.0 0.0 0.0 0.0 0.0
100-120 0.0 0.0 0.0 0.0 0.0
120-140 0.0 0.0 0.0 0.0 0.0
140-160 5.3 0.0 1.1 0.0 0.0
160-180 0.0 0.0 0.0 0.0 0.0
180-183 0.0 0.0 50.0 0.0 0.0
183-189 8.6 0.0 20.0 0.0 0.0
189-191 5.6 0.0 222 2.8 2.8
191-192 29.6 0.0 111.1 0.0 7.4
192-193 58.3 0.0 166.7 8.3 50.0
Water (0-10m) 6.3 0.0 1.0 0.0 2.5

87



Appendix

Table A5.4: Vertical distribution of the abundance of rotifers, nematodes, copepods, turbellarians and
nauplii in sea ice and under-ice water at stations 244, 245 and 251 (ARK XVIII-2, August/September
2002).

Ice core Rotifers Nematodes Copepods Turbellarians Nauplii
depth
[cm] [organisms I [organisms 1] [organisms I [organisms I [organisms I
ARK XVIII-2
St. 244
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.9 0.0 0.9
60-80 0.0 0.0 3.8 1.3 6.3
80-100 0.0 0.0 0.0 0.0 0.0
100-120 0.0 0.0 0.0 0.0 0.0
120-140 0.0 0.0 0.0 0.0 0.0
140-160 0.0 0.0 1.8 0.0 0.0
160-180 1.0 0.0 7.1 0.0 0.0
180-200 3.6 2.4 8.3 0.0 0.0
200-206 0.0 0.0 12.3 0.0 0.0
206-208 6.5 0.0 19.5 0.0 2.2
208-209 28.5 0.0 82.1 7.1 7.1
209-210 65.7 0.0 240.7 5.5 5.5
Water (0—10m) 0.0 0.0 1.6 0.0 3.2
St. 245
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 0.0 0.0 0.0 0.0 0.0
100-120 0.0 0.0 0.9 0.0 0.0
120-140 0.0 0.0 0.0 2.6 0.9
140-160 0.0 0.0 0.0 1.7 0.9
160-180 13.5 0.0 0.0 0.0 0.0
180-198 79.2 0.0 0.0 0.0 0.0
198-204 62.3 0.0 0.0 0.0 0.0
204-206 142.9 0.0 0.0 0.0 0.0
206-207 41.5 20.7 0.0 0.0 0.0
207-208 31.3 11.7 0.0 0.0 0.0
Water (0—10m) 6.8 0.0 1.5 0.2 0.0
St. 251
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.9 0.0 0.0 0.0 0.0
60-80 0.0 0.0 2.9 0.0 0.0
80-100 0.9 0.0 0.9 0.0 0.0
100-120 0.0 0.0 0.9 0.0 1.7
120-125 0.0 0.0 3.3 0.0 6.5
125-131 0.0 0.0 2.6 0.0 0.0
131-133 2.5 0.0 2.5 0.0 0.0
133-134 10.7 5.3 0.0 0.0 0.0
134-135 3.7 3.7 3.7 0.0 0.0
Water (0—10m) 0.0 0.0 19.5 0.0 29.1
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Table A5.5: Vertical distribution of the abundance of rotifers, nematodes, copepods, turbellarians and
nauplii in sea ice and under-ice water at stations 252 and 254 (ARK XVIII-2, August/September 2002).

Ice core Rotifers Nematodes Copepods Turbellarians Nauplii
depth
[cm] [organisms 171] [organisms lfl] [organisms lfl] [organisms lfl] [organisms 171]
ARK XVIII-2
St. 252
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 0.0 0.0 0.0 0.0 0.0
100-120 0.0 0.0 0.0 0.0 0.0
120-140 0.0 0.0 0.0 0.0 0.0
140-160 0.0 0.0 0.0 0.0 0.0
160-180 0.0 4.8 0.0 0.0 0.0
180-200 4.0 28.3 0.0 0.0 0.0
200-220 29.2 27.5 0.0 0.0 0.0
220-239 4.2 14.4 1.7 0.0 0.0
239-245 2.5 2.5 7.4 2.5 0.0
245-247 0.0 11.7 14.1 11.7 0.0
247-248 4.9 34.6 24.7 39.6 0.0
248-249 0.0 25.2 0.0 12.6 0.0
Water (0—-10m) 0.0 0.0 13.2 0.0 10.0
St. 254
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 0.0 0.0 0.0 0.0 0.0
100-120 0.0 0.0 0.0 0.0 0.0
120-140 0.0 0.0 0.0 0.0 0.0
140-160 0.0 0.0 0.0 0.0 0.0
160-180 0.0 0.0 0.0 0.0 0.0
180-200 0.0 0.0 0.0 0.0 0.0
200-220 0.0 0.0 0.0 0.0 0.0
220-240 0.0 0.0 0.0 0.0 0.0
240-260 0.0 0.0 0.0 0.0 0.0
260-274 0.0 0.0 0.0 0.0 0.0
274-280 0.0 0.0 0.0 0.0 0.0
280-282 0.0 0.0 0.0 0.0 0.0
282-283 0.0 0.0 0.0 0.0 0.0
283-284 0.0 0.0 18.0 0.0 0.0
Water (0-10m) 0.0 0.0 6.7 0.0 3.0
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Table A5.6: Vertical distribution of the abundance of rotifers, nematodes, copepods, turbellarians and
nauplii in sea ice and under-ice water at stations 71, 76, 82 and 91 (ARK XIX-1, March/April 2003).

Ice core Rotifers Nematodes Copepods Turbellarians Nauplii
depth
[em] [organisms ™ [organisms ] [organisms ] [organisms ™ [organisms |
ARK XIX-1
St. 71
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-68.5 2.2 0.0 0.0 0.0 4.3
68.5-74.5 0.0 0.0 0.0 0.0 42.2
74.5-76.5 0.0 0.0 0.0 0.0 17.0
76.5-77.5 0.0 0.0 3.7 0.0 25.9
77.5-78.5 0.0 0.0 0.0 0.0 136.5
Water (0—10m) 0.0 0.0 0.0 0.0 0.8
St. 76
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.6 0.0 0.0 0.0 2.5
80-91 0.0 0.0 0.0 0.0 1.6
91-97 0.0 0.0 0.0 0.0 0.0
97-99 5.3 0.0 0.0 0.0 7.9
99-100 0.0 0.0 0.0 0.0 28.5
100-101 9.5 0.0 0.0 0.0 75.9
Water (0—10m) 0.0 0.0 1.2 0.0 1.0
St. 82
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-77 0.0 0.0 0.0 0.0 0.0
77-83 0.0 0.0 0.0 0.0 9.0
83-85 0.0 0.0 3.0 0.0 42.0
85-86 0.0 0.0 0.0 0.0 65.1
86-87 0.0 0.0 0.0 0.0 16.0
Water (0—10m) 0.0 0.2 4.8 0.0 0.6
St. 91
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 0.0 0.0 0.0 0.0 0.0
100-120 0.0 0.0 0.0 0.0 2.6
120-140 0.0 0.0 0.0 0.0 8.8
140-160 0.0 0.0 0.0 0.0 0.8
160-172 0.0 0.0 0.0 0.0 1.8
172-178 8.8 0.0 0.0 0.0 4.4
178-180 0.0 0.0 0.0 0.0 41.2
180-181 8.6 0.0 0.0 0.0 242.0
181-182 6.9 0.0 0.0 6.9 194.4
Water (0—10m) 0.0 0.0 0.9 0.0 2.6
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Table A5.7: Vertical distribution of the abundance of rotifers, nematodes, copepods, turbellarians and
nauplii in sea ice and under-ice water at stations 97 and 104 (ARK XIX-1, March/April 2003).

Ice core Rotifers Nematodes Copepods Turbellarians Nauplii
depth
[cm] [organisms | [organisms | [organisms ™ [organisms ™ [organisms ™
ARK XIX-1
St. 97
0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 0.0 0.0 0.0 0.0 0.0
100-120 0.0 0.0 0.0 0.0 0.0
120-140 0.0 0.0 0.0 0.0 1.8
140-160 0.0 0.0 0.0 0.0 0.0
160-174 0.0 0.0 0.0 0.0 0.0
174-180 0.0 0.0 0.0 0.0 0.0
180-182 0.0 0.0 0.0 0.0 19.9
182-183 0.0 0.0 0.0 4.0 67.7
183-184 0.0 0.0 0.0 0.0 163.2
Water (0—10m) 0.0 0.0 1.1 0.0 9.9
St. 104

0-20 0.0 0.0 0.0 0.0 0.0
20-40 0.0 0.0 0.0 0.0 0.0
40-60 0.0 0.0 0.0 0.0 0.0
60-80 0.0 0.0 0.0 0.0 0.0
80-100 0.0 0.0 0.0 0.0 0.0
100-120 0.0 0.0 0.0 0.0 1.5
120-140 0.0 0.0 0.0 0.0 0.0
140-160 0.0 0.0 2.7 0.0 0.0
160-180 0.0 0.0 7.5 0.0 0.0
180-200 0.0 0.0 0.0 0.0 0.0
200-220 0.0 0.0 0.0 0.0 1.9
220-240 0.0 0.0 0.0 0.0 0.0
240-260 0.0 0.0 0.0 0.0 0.9
260-264 0.0 0.0 0.0 0.0 21.2
264-270 0.0 0.0 0.0 0.0 32.9
270-272 3.2 0.0 1.6 0.0 106.4
272-273 0.0 5.2 0.0 5.2 218.2
273-274 0.0 0.0 13.9 0.0 62.5
Water (0—10m) 0.0 0.0 1.0 0.0 83
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