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Summary 1

Summary

Sea ice is an important structural component of polar marine ecosystems but also at lower lati-
tude seas like e.g. the northern Baltic Sea. This study summarises observations on biological,
chemical and physical characteristics of sea ice and under-ice water obtained during three ex-
peditions to the Baltic Sea, the Fram Strait area (Arctic) and the Bellingshausen Sea (Antarc-
tica). The study aimed at a better understanding and quantification of different components of
the sea ice related food web. The seasonal Baltic sea ice is least studied and therefore the work
in this area focused on an inventory determination of the abundance and biomass composition
of the sympagic (= ice-associated) community of the Bothnian Bay and Bothnian Sea as well as
on the importance of abiotic and biotic factors in the control of ice algal accumulation.

The work on the better explored polar sea ice focused on the abundance, distribution and
characteristics of transparent exopolymer particles (TEP) in Arctic and Antarctic sea ice. TEP
are a recently described class of exopolymeric particles, which are formed abiotically and bioti-
cally from polysaccharid-rich precursors. High amounts of TEP-precursors are released by bac-
teria and algae especially in response to environmental stress. In the pelagic realm TEP are im-
portant in the aggregation of diatom blooms, provide the matrix of macroaggregates and serve
as substrate and habitat for attached bacteria. High concentrations of TEP have been recently
described for Arctic sea ice and may have an important impact on carbon dynamics in sea-ice
systems. The present study related TEP concentrations to biotic and abiotic sea ice parameters,
potential modes of TEP formation were elucidated and the importance of TEP for the sea-ice
habitat was discussed. It follows a short summary of the main findings in the different investi-
gation areas:

Baltic sea ice: The Baltic sea ice was colonised by complex communities consisting of pro-
karyotes, protists and metazoa. Integrated biomass (mean relative contribution) was mainly
formed by pennate diatoms (33%), followed by centric diatoms (29%), autotrophic flagellates
(23%), bacteria (8%), heterotrophic flagellates (7%) and metazoans (1%). Only two metazoan
taxa (rotifers, crustaceans) colonised the Baltic sea ice, while most of the sympagic taxa described
for Arctic and Antarctic sea ice were lacking. This is in accordance with the generally low bio-
diversity of the brackish environment of the northern Baltic Sea. Sympagic metazoa consumed,
on average, only 1.5% of the ice algal standing stock per day, based on allometric calculations.
The data suggest that the accumulation of autotrophic biomass in Baltic sea ice under investi-
gation was controlled rather by abiotic factors (particularly nutrient availability), than by the
heterotrophic component of the sympagic community.

Polar sea ice: The two investigations in the polar regions dealt with the quantification of TEP
in the sea-ice system and provided an estimation of its relevance for the carbon cycle within sea
ice. The work in Fram Strait (Arctic) quantified for the first time the vertical distribution of TEP
in young, first-year and multi-year sea ice over the entire ice thicknesses. Median TEP abun-
dances and TEP areas in the different ice types (3.17–4.89 × 106 particles l−1 and 4.6–6.9 cm2

l−1, respectively) by far exceeded median concentrations in under-ice water (0.56 × 106 particles
l−1 and 0.6 cm2 l−1, respectively). TEP concentrations were highest in the interior of the sea ice
and were significantly correlated with chlorophyll a as well with the abundances of pennate dia-
toms, centric diatoms and bacteria. It is hypothesised that TEP peaked in the ice interior due
to the more extreme living conditions in these layers. The abundance of TEP was inversely cor-
related with TEP size. TEP in sea ice and under-ice water showed distinct size-frequency distri-
butions, which differed from those commonly reported in pelagic studies, in that they contained
a large proportion of relatively large particles.

In Antarctic sea ice, TEP concentrations were higher with TEP abundance ranging between
10.22–260.45 × 106 particles l−1 and TEP area between 3.4–92.1 cm2 l−1. Median TEP con-
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centrations in the ice (median abundance: 50.16 × 106 particles l−1, median area: 21.3 cm2 l−1)
exceeded under-ice values (median abundance: 3.56 × 106 particles l−1, median area: 1.0 cm2

l−1) by one order of magnitude. TEP size distributions in Antarctic sea ice and under-ice water
resembled those found in the Arctic. TEP size frequency spectra showed relatively flat slopes,
indicating a considerable contribution of larger particles. This unique size-frequency distribu-
tion is possibly caused by different factors e.g., capsular mucus formation by bacteria and algae,
disruption of biofilms and /or distinct physical characteristics of the sea-ice habitat (large in-
ternal surfaces, elevated shear rates). In addition to TEP concentrations and size distributions,
the bacterial colonisation of TEP was examined in Antarctic sea ice. All TEP were colonised by
bacteria. The median fraction of attached bacteria was 1.9% and 14.8% of the total bacterial
number in the under-ice water and sea-ice samples, respectively. The combined data on Arctic
and Antarctic sea ice indicate that pennate diatoms are the main TEP producers in polar sea ice.

Estimates of integrated sea-ice TEP carbon accounted for 14–32% (average: 23%) of inte-
grated sea ice particulate organic carbon, which ranged between 38.8–2808.9 mg C m−2 and
437.3–3207.4 mg C m−2 in the Arctic and Antarctic sea ice, respectively. The data strongly sug-
gest that TEP is an, until now largely neglected, integral component of Arctic and Antarctic sea-
ice communities. The implications of the large TEP pool for the food web structure and for the
turn-over of particulate organic matter within the sea-ice habitat are discussed.
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Zusammenfassung

Meereis ist eine wesentliche, strukturierende Komponente polarer mariner Okösysteme und ist
auch in gemäßigten Zonen mit saisonaler Eisbedeckung, wie z.B. in der nördlichen Ostsee, von
großer ökologischer Bedeutung. Diese Arbeit fasst biologische, chemische und physikalische
Charakteristika von Meereis- und Untereiswasserproben zusammen, die während drei Expedi-
tionen in die Ostsee, die Framstraße (Arktis) und in das Bellingshausen Meer (Antarktis) er-
mittelt wurden. Das Ziel der Untersuchungen war die Quantifzierung verschiedener Kompo-
nenten des eisassoziierten (= sympagischen) Nahrungsnetzes und ihrer Bedeutung für den
Stoffumsatz im Meereis. In der bezüglich Meereis wenig untersuchten Ostsee wurde die Zu-
sammensetzung sympagischer Gemeinschaften, die das saisonale Eis der Bottenwiek und der
Bottensee besiedeln, untersucht. Im Vordergrund stand dabei die Abschätzung des Einflusses
abiotischer und biotischer Faktoren auf die Akkumulation von Algen im brackischen Eis der
Ostsee.

Die Arbeiten im bereits besser untersuchten Meereis der Arktis und Antarktis konzentrierten
sich auf die Bestimmung der Häufigkeit, Verteilung und Charakteristik transparenter exopoly-
merer Partikel (TEP). TEP sind eine relativ neu beschriebene Klasse exopolymerer Partikel, die
sowohl biotisch als auch abiotisch durch Koagulation polysaccharidreicher gelöster Substanzen
entstehen. Diese Vorläufersubstanzen werden von Bakterien und Algen gebildet. Eine hohe Pro-
duktion der Vorläufer wurde speziell für Organismen beschrieben, die durch verschiedene Um-
weltfaktoren gestresst waren. Pelagische TEP haben eine große Bedeutung für die Sedimenta-
tion von Diatomeenblüten, bilden die Matrix für marine Makroaggregate und sind ein wichtiges
Substrat und Habitat für angeheftete Bakterien. Hohe TEP-Konzentrationen wurden kürzlich
in Bodensegmenten arktischen Meereises beobachtet, genauere Untersuchungen zur Verteilung
von TEP im Meereis fehlten. In der vorliegenden Arbeit werden die Auswirkungen abiotischer
und biotischer Parameter auf die Verteilung und Bildung von TEP im Meereis beschrieben. Die
Bedeutung von TEP für die Meereislebensgemeinschaften und mögliche Modi der TEP-Bildung
werden diskutiert. Es folgt die Darstellung der wichtigsten Untersuchungergebnisse der Re-
gionen:

Meereis der Ostsee: Das Meereis der Ostsee war von komplexen Biozönosen besiedelt, die
sich aus Prokaryoten, Protisten und Metazoen zusammensetzten. Die integrierte Gesamtbio-
masse im Meereis wurde von pennaten Diatomeen dominiert (33%), diesen folgten zentrische
Diatomeen (29%), phototrophe Flagellaten (23%), heterotrophe Bakterien (8%), heterotrophe
Flagellaten (7%) und Metazoen (1%). Nur zwei Metazoentaxa (Rotatoria, Crustacea) besie-
delten das Meereis der Ostsee. Typische, für arktisches und antarktisches Meereis beschriebene,
Metazoen wurden nicht vorgefunden. Dies ist wahrscheinlich auf die generelle Artenarmut der
brackischen, nördlichen Ostsee zurückzuführen. Für die sympagischen Metazoen wurden, mit
Hilfe allometrischer Funktionen, maximale potentielle Ingestionsraten berechnet. Diese waren
gering und deuten an, dass die sympagischen Metazoen im Mittel nur 1,5% der gesamten
Algenbiomasse des Eises pro Tag konsumieren. Die Studie belegt, dass abiotische Faktoren (spe-
ziell die geringe Nährstoffverfügbarkeit) und nicht der Fraßdruck der heterotrophen Gemein-
schaft die autotrophe Biomasse im brackischen Eis der Ostsee kontrollieren.

Polares Meereis: Die Arbeiten in den Polargebieten befassten sich mit der Quantifizierung
von TEP und der Abschätzung der Relevanz von TEP für den Stoffumsatz im Meereis. Die Ar-
beiten in der Framstraße (Arktis) konzentrierten sich auf die vertikale Verteilung von TEP in
neugebildeten, einjährigen und mehrjährigen Meereis. Zum ersten Mal wurden dabei exopoly-
mere Partikel über die gesamte Eisdicke arktischen Meereises quantifiziert. Die medianen TEP-
Konzentrationen in den verschiedenen Meereistypen (3,17–4,89 × 106 Partikel l−1 und
4,6–6,9 cm2 l−1) waren wesentlich höher als die medianen Konzentrationen im Untereiswasser
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(0,56 × 106 Partikel l−1 und 0,6 cm2 l−1). Die höchsten TEP-Konzentrationen wurden im In-
neren des Meereises gefunden. Die TEP-Konzentration war signifikant mit der Konzentration
der pennaten und zentrischen Diatomeen, der Chlorophyll a-Konzentration und mit der Ge-
samtbakterienzahl korreliert. Die hohen TEP-Konzentrationen in den internen Eishorizonten
sind vermutlich auf die extremeren Umweltbedingungen im Inneren der Meereisschollen
zurückzuführen. Die Anzahl der TEP-Partikel war negativ mit der Größe der TEP-Partikel kor-
reliert. TEP im Eis und Untereiswasser zeigten distinkte Größenspektren, die aufgrund des
hohen Anteils relativ großer Partikel von üblichen Größenspektren pelagischer Studien abwei-
chen.

In der Antarktis wurden die für arktisches Meereis beschriebenen Untersuchungen fortge-
führt. Die TEP-Konzentrationen im antarktischen Meereis waren extrem hoch und zeigten eine
große Spannbreite (10,22–260,45 × 106 Partikel l−1 bzw. 3,4–92,1 cm2 l−1). Die medianen TEP-
Konzentrationen im antarktischen Meereis (50,16 × 106 Partikel l−1 bzw. 21,3 cm2 l−1) waren
eine Größenordung höher als die Werte im Untereiswasser (3,56 × 106 Partikel l−1 bzw. 1,0 cm2

l−1). Die TEP-Größenspektren im Eis und Untereiswasser spiegelten die Ergebnisse der arkti-
schen Studie wider. Sie zeigten flache Steigungen, die eine relativ hohe Anzahl größerer Partikel
indizieren. Die Form der TEP-Größenspektren deutet auf einen speziellen Bildungmodus von
TEP innerhalb des Meereises hin, der z.B. durch die Produktion von Schleimhüllen durch sym-
pagische Organismen und / oder durch spezielle physikalische Charakteristika (hohe Sche-
rungsraten, große innere Oberfläche) des Habitates beeinflußt wird. In den antarktischen
Proben wurde zusätzlich die Besiedlung der TEP durch Bakterien ermittelt. Die mediane TEP-
Besiedlung (angegeben als Prozent der Gesamtbakterienzahl) im Untereiswasser lag bei 1,9%,
während im Eis ein wesentlich höherer Anteil (14,8 %) der Gesamtbakterienanzahl TEP-
assoziiert vorlag.

Ein Vergleich der Abschätzung der TEP-Produktion durch sympagische Bakterien und
durch sympagische Diatomeen deutet daraufhin, dass Diatomeen sowohl im arktischen als auch
im antarktischen Meereis die Hauptproduzenten von TEP sind.

Abschätzungen des integrierten TEP-Kohlenstoffes zeigen, dass dieser zwischen 14 und 32%
(Mittelwert: 23%) zum integrierten partikulären organischen Kohlenstoff (POC) arktischen
und antarktischen Meereises beiträgt. Die integrierten POC-Werte zeigten eine Spannbreite von
38,8 bis 2808,9 mg C m−2 in der Arktis und von 437,3 bis 3207,4 mg C m−2 in der Antarktis.
Die Daten zeigen, dass TEP ein wesentlicher Bestandteil arktischen und antarktischen Meereises
ist, der in bisherigen Studien weitgehend vernachlässigt wurde. Die möglichen Auswirkungen
hoher TEP-Konzentrationen auf die Struktur des sympagischen Nahrungsnetzes und den Stof-
fumsatz im Meereishabitat werden diskutiert.



1 General introduction

Sea ice is an important structural element of polar ma-
rine ecosystems, but also in the Baltic, Caspian and
Okhotsk Seas (Horner et al. 1992, Thomas and Dieck-
mann 2002). At its maximum, sea ice covers 13% of
the earth’s surface, making it an important biome en-
compassing a similar area as deserts or tundra systems
(Lizotte 2001). The sea-ice canopy greatly modifies the
exchange of energy and material between the atmos-
phere and the sea (e.g. Wettlaufer 1991, Rahm et al.
1995, Haapala and Leppäranta 1997). Sea ice reduces
the amount and quality of light in the water column
and thus, strongly influences the onset and composi-
tion of pelagic spring blooms (Maykut 1985, Haecky
et al. 1998).

The largest expanse and seasonal variation of sea ice
occurs in the Southern Ocean which, during min-
imum extent (March), is covered by approx. 4 × 106

km2 and during maximum extent (September) by ap-
prox. 20 × 106 km2 (e.g. Zwally et al. 1983, Fig. 1.1).
In the Arctic, sea-ice cover is seasonally less variable
ranging between approx. 7 × 106 km2 during min-
imum (September) and 14 × 106 km2 during max-
imum extent in March (Maykut 1985). Most of the
Antarctic sea ice is less than one year old (so-called
first-year sea ice) and less than 1 m thick (Spindler
1990, 1994). Arctic sea ice in contrast shows a higher
percentage of multi-year sea ice (= sea ice that survived
at least one summer’s melt season) and is generally
thicker than 2 m (Spindler 1994). During average
maximum extent in the Baltic Sea (March), ice covers
the Bothnian Bay, parts of the Bothnian Sea and the
Gulf of Finland (Strübing 1995, Leppäranta et al.
1998). On average approx. 45% of the Baltic sea sur-
face are ice-covered during winter (Leppäranta et al.
1998). The Baltic sea-ice canopy shows a high tem-
poral and spatial variability.

When sea ice forms, a number of physical pro-
cesses occur, which are basically understood. Under
turbulent conditions, as occurring in wave zones, ice
formation follows the so-called pancake-cycle (Lange
et al. 1989, Lange and Eicken 1991): The freezing of
seawater leads to the accumulation of large ice crystals
(frazil ice) in the upper parts of the water column and
the formation of so-called grease ice on the sea surface.
Further freezing results in the consolidation of the
grease ice and, under turbulent conditions, in the for-
mation of pancake-like ice floes. Under calm condi-

tions, so-called nilas ice forms directly on the surface.
Pancake ice and nilas can reach thicknesses of several
decimetres on time scales of days. Rafting of pancake
ice and young sea ice may increase ice thickness very
fast and is important for ice growth especially in the
Southern Ocean.

The knowledge on sea-ice biota dates back to the
first expeditions to polar seas, when sailors observed
brownish or greenish discoloured ice floes. First inves-
tigations showed that the colouration was caused by
high abundances of microalgae, and a period of the de-
tailed taxonomic description of the algae started (his-
torical review by Horner 1985b). Sea-ice research was
long hindered by the ice itself and a new era of inves-
tigations started as recently as about two decades ago,
when ice-going research vessels allowed access and
sampling in heavily ice-covered seas.

During ice formation planktonic and detrital ma-
terial are harvested from the upper water column and
incorporated into the sea ice by various physical pro-
cesses (Ackley 1982, Garrison et al. 1983, Shen and
Ackermann 1990, Spindler 1994). After a short time
needed to adapt to the new environment some orga-
nisms start growing and develop so-called sympagic
communities, consisting of all major organism groups
like viruses, bacteria, protists and metazoa (Horner
1985a, Horner et al. 1992, Gradinger 2002). The ac-
tual habitat of the organisms is a partially inter-
connected three-dimensional network of brine-filled
channels constituting 1–30 % of the ice volume
(Weeks and Ackley 1982, Weissenberger et al. 1992,
Krembs et al. 2001). The brine volume is a function of
ice temperature and ice bulk salinity (Frankenstein
and Garner 1967, Leppäranta and Manninen 1988).
The sympagic organisms are adapted to the environ-
mental conditions in the brine channels and can use
brine channel walls as sites for attachment, locomotion
and grazing (Gradinger and Ikävalko 1998, Krembs et
al. 2000). When the ice melts the sea ice derived ma-
terial is released to the water column (Gradinger et al.
1999), where former sea-ice algae either continue to
grow in the surface layer or are subject to elimination
by sinking to greater depths (Carey 1987, Smith and
Sakshaug 1990, Riebesell et al. 1991, Fortier et al.
2002).

Ice algal production contributes between 10–30%
to overall primary production in Arctic and Antarctic
ecosystems (Legendre et al. 1992, Arrigo et al. 1997,
Gosselin et al. 1997). The contribution is less in the
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Baltic Sea, where ice algae production accounts for
only approx. 1% of total annual primary production
due to the short ice-covered season (Haecky and An-
dersson 1999).

Most of the studies focused on the sea-ice algae and
abiotic factors controlling primary production within
the sea ice. Except for bacteria, relatively little is known
about the heterotrophic organisms and the detrital
component of the sea-ice assemblages.

Recent studies investigated the metazoan biomass
and grazing impact in Arctic and Antarctic sea ice and
give controversial results regarding the importance of
metazoan grazing on primary producers and ice algae

standing crop (Gradinger 1999a, Gradinger et al.
1999, Nozais et al. 2001). Norrman and Andersson
(1994) observed high metazoan abundances in Baltic
sea ice and assumed that metazoan grazing might be
important in the Baltic sea-ice communities. However,
it still remained unclear to which extent abiotic versus
biotic factors control ice algal accumulation in the
brackish Baltic sea ice.

Furthermore, there is currently substantial interest
in the role of extracellular polymeric substances (EPS)
in aquatic environments in general. In benthic habi-
tats, especially pennate diatoms have been shown to
produce copious amounts of EPS which serve the or-
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Fig. 1.1: Sea-ice distribution in March and September for the northern and southern hemisphere (monthly averages: 1978–1991).
Modified after U.S. Geological Survey.
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General introduction 7

ganisms in various functions, e.g. in adhesion, loco-
motion, biogenic habitat stabilisation as well as in pro-
tection against harsh environmental conditions (e.g.
Hoagland et al. 1993, Cooksey and Wigglesworth-
Cooksey 1995, Smith and Underwood 1998,
Wetherbee et al. 1998). In the pelagic realm high con-
centrations of EPS consisting mainly of polysaccha-
rides have been observed during and subsequent to
diatom blooms (Passow et al. 1994, Leppard 1995).
Alldredge et al. (1993) observed pelagic particles and
gels formed of EPS and defined a new class of particles
based on their staining capacity with the cationic dye
Alcian Blue, which are referred to as transparent exo-
polymer particles (TEP). Several studies showed that
TEP are important in the aggregation of diatom
blooms, provide the matrix of marine snow and have
a large influence on the particle flux in the ocean
(Passow and Alldredge 1994, Mari and Kiørboe 1996,
Engel and Schartau 1999, Passow et al. 2001). Many
of the dominant ice algae such as pennate diatoms pro-
duce extensive extracellular mucilages and large quan-
tities of exopolymeric substances have been suggested
to occur within the sea-ice habitat (McConville 1985,
Riebesell et al. 1991, Gradinger and Nürnberg 1996,
Herborg et al. 2001). However their distribution and
importance for the sea-ice habitat are largely un-
known.

Thus, the major aims of the present study are:

• to describe the structure and composition of the
community in the brackish Baltic sea ice

• to identify the importance of abiotic versus biotic
factors in the control of algal accumulation in
brackish Baltic sea ice

• to describe the concentration, vertical distribution
and size frequency of transparent exopolymer par-
ticles (TEP) in different types of Arctic and Ant-
arctic sea ice

• to understand the importance of sea-ice TEP and
its implications for the sympagic organisms and the
ice-covered ocean

This thesis combines results from three ice-covered
seas of the world’s oceans: the Baltic Sea, the Fram
Strait (Arctic) and the Bellingshausen Sea (Antarctica).
The results gathered during the different expeditions

are presented in separate chapters. Chapter 2.1 deals
with the abundance, biomass and composition of the
Baltic sea-ice community. Chapter 2.2 summarises the
occurrence and characteristics of TEP in Arctic sea ice
of varying ages. Chapter 2.3 presents the results of an
investigation of TEP and its bacterial colonisation in
Antarctic sea ice. Chapter 3 discusses and compares the
different habitats and their communities.



2.1.1 Introduction

In the Baltic Sea, ice formation normally starts in the
northern Bothnian Bay in late November. The sea-ice
cover extends southwards along the coastlines, with
areas at the open sea freezing about one month later
than coastal sites at corresponding latitudes
(Leppäranta et al. 1998). On average, maximum ice
extent is reached in March, when ice covers the Both-
nian Bay, parts of the Bothnian Sea and the Gulf of
Finland. The duration of the ice season is 4–6 months
in the Bothnian Bay, 2–4 months in the Bothnian Sea
and 1–3 months in the Gulf of Finland (Strübing
1995, Leppäranta et al. 1998).

Baltic sea ice forms generally according to the same
principles described for the open ocean and consists of
a mixture of ice crystals and brine (Leppäranta et al.
1998). However, the low salinities of the brackish en-
vironment result in small brine volumes compared to
sea ice forming in high saline waters. Similar to Arctic
and Antarctic sea ice, the brine filled interstices of
Baltic sea ice are the habitat for diverse communities
consisting of bacteria, cyanobacteria, protists and me-
tazoa forming the so-called sympagic communities
(e.g. Horner et al. 1992, Norrman and Andersson
1994, Ikävalko 1998a). In general, sympagic commu-
nities occur in the surface, the interior and in the
bottom parts of sea ice (Horner et al. 1992, Gradinger
1999b). In the Baltic Sea, sympagic communities have
been reported mainly from the interior horizons of the
ice (Norrman and Andersson 1994, Ikävalko and
Thomsen 1997, Ikävalko 1998a, Kaartokallio 2001).

Generally, abiotic factors, i.e. temperature, brine
salinity, nutrient availability and light are considered to
control ice algal growth and have been used to explain
spatial and temporal distribution of the sea-ice au-
totrophs (Kirst and Wiencke 1995, Cota et al. 1991).
Algal growth in annual Arctic sea ice is light limited at
the early stage and nutrient limited at the later stage of
the spring ice algal bloom (Gosselin et al. 1990, Cota
et al. 1991). Haecky and Andersson (1999) report
light-limitation for the early stage and nutrient (parti-
cularly phosphate) limitation for the bloom stage (mid

of April) of the ice algal community in the Bothnian
Bay. In the northern Baltic Sea, the contribution of ice
algal production to total production supposedly ac-
counts for approx. 10% for the ice covered season and
for 1% for the annual primary production (Haecky
and Andersson 1999).

With the exception of bacteria, the heterotrophic
component of the sea-ice community has received
much less attention than the autotrophic. Studies in-
vestigating the metazoan biomass and grazing impact
in polar sea ice give controversial results regarding the
importance of metazoan grazing on primary produc-
tion and ice algae standing crop (Gradinger et al. 1999,
Gradinger 1999a, Nozais et al. 2001). Norrman and
Andersson (1994) observed high abundances of roti-
fers in sea ice of the northern Baltic Sea and concluded
that these organisms are important consumers of ice
algae. However, the information on metazoans of sea-
ice communities is scarce and particularly poor for the
Baltic Sea area.

It still remains unclear to which extent physical,
chemical and biological parameters control the algal
accumulation in Baltic sea ice throughout the ice
season. In order to contribute to this discussion, this
chapter presents the results of an interdisciplinary ef-
fort on the physical, chemical and biological properties
of Baltic sea ice. For the first time biomass data for the
entire community (bacteria, protists and metazoa) in
Baltic sea ice are presented.

2.1.2 Material and methods

Site and sampling
Ice and under-ice water samples were collected in two
areas in March 2000 (Fig. 2.1.1). Free-drifting pack ice
(Sts. 67, 68 and 69) was sampled in the southern Both-
nian Bay at about 64°07' N, 22°22' E during an expe-
dition on RV Aranda (cruise 2000 /3). These offshore
stations were approximately 8 km apart from each
other. Additional material was collected at three near-
shore fast ice stations (Sts. 74, 77 and 81) in three dif-
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ferent bays (Santala Bay, Broarsbukten Bay, Predium
Bay) in the vicinity of Tvärminne Zoological Station
(59°50' N,13°15' E) at the entrance of the Gulf of Fin-
land.

Snow thickness was measured with a ruler at each
sampling site prior to coring. At each station five ice
cores (named A–E) were collected with a SIPRE-type
ice auger (9 cm internal diameter) within an area of
1 m2. Two complete cores (A, B) were sealed in clean
plastic tubing and kept frozen (−20 °C) for later ana-

lysis of ice structure and stable oxygen isotopic com-
position. The remaining three ice cores were cut im-
mediately into 1–10 cm sections, transferred into acid-
washed polyethylene boxes and transported to the
laboratory for analysis of salinity, inorganic nutrients
(NO3, NO2, NH4, PO4, Si(OH)4), pigments (chloro-
phyll a (chl a), pheopigments (pheo)) and for micros-
copical investigations. Under-ice water was sampled
using a 10 m long polyethylene tube (4 cm internal
diameter) with a valve at one end. The unequipped end
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Fig. 2.1.1: Station map. Station number = day of the year. BB = Bothnian Bay, BS = Bothnian Sea and GF = Gulf of Finland
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of the tube was lowered into the water with the valve
open. At a depth of 5–10 m the valve was closed and
the tube with the trapped water was retrieved. These
integrated water samples were transferred to acid-
washed containers and transported to the laboratory
for further analysis.

Ice structure and stable oxygen isotopic
composition
The ice structure of core A was determined by thin sec-
tion analysis (Kawamura et al. 2001). Based on ice
crystal size and orientation two stratigraphic units were
distinguished: granular ice and columnar ice. Ice core
B was cut into sections according to results of the
structural analysis of core A. Sections were melted and
used for the determination of δ18O with a mass spec-
trometer (Finnigan MAT Delta E). Based on the com-
bined structural and isotopic characteristics, ice cores
were divided into three categories: snow ice, granular
ice and columnar ice (Kawamura et al. 2001).

Temperature, salinity, nutrients and pigments
Ice temperature was measured with a Testo720-ther-
mometer immediately after coring from small holes
drilled in the core in 2–10 cm intervals. For the ana-
lysis of inorganic nutrients and the determination of
pigments, ice core sections were melted in the dark at
4 °C. Inorganic nutrients (NO3, NO2, NH4, PO4 and
Si(OH)4) were determined using standard seawater
procedures (Grasshoff et al. 1983). Salinity of melted
ice and water samples was measured with a WTW LF
191 conductometer. For the determination of chloro-
phyll a (chl a) and pheopigment (pheo) concentra-
tions, samples were filtered onto Whatman GF/F fil-
ters and analysed fluorometrically with a Turner
Designs 10-AU digital fluorometer according to Arar
and Collins (1997). Brine salinity was calculated as a
function of ice temperature (Assur 1958); brine vol-
ume as a function of temperature and ice bulk salinity
(Leppäranta and Manninen 1988). Nutrient concen-
trations in the ice core segments were normalised to the
under-ice water salinity of the same station (e.g. Gleitz
et al. 1995, Mock et al. 1997).

Abundance and biomass of bacteria, protists and
metazoans
Ice core sections for the determination of organism
abundance and biomass were melted by addition of
0.2 µm prefiltered seawater at 4 °C (Garrison and Buck

1986). Two subsamples (5–100 ml) of each melted ice
and water sample were fixed with borax-buffered for-
malin (1% final concentration). The first subsample
(5–30 ml) was filtered onto a black 0.2 µm polycarbo-
nate filter and stained with DAPI (Porter and Feig
1980). Filters were mounted and examined with a
Zeiss Axiovert 135 epifluorescence microscope for bac-
terial and pico- and nanosized flagellate abundance
and biomass. Estimates of bacterial biovolume were
determined with a New Porton G12 grid (Graticules
Ltd., UK) at a final magnification of 1000×. Bacterial
biovolume was converted into bacterial carbon using
the formula CC = 88.6 × Vol0.59 × 1.042 (Simon and
Azam 1989), where CC (fg) and Vol (µm3) are the
average carbon content per cell and the average cell vol-
ume, respectively. Autotrophic (cells with chlorophyll
autofluorescence) and heterotrophic pico- and nano-
sized flagellates were counted in four size classes
(< 2 µm, 2–5 µm, 5–10 µm and 10–20 µm) at mag-
nifications of 400–1000× on the same filter as the bac-
teria. The second subsample was used for the counting
of protists > 20 µm (except ciliates) in Utermöhl cham-
bers (Utermöhl 1958). Calculation of the biomass of
protists < 20 µm and protists > 20 µm followed the re-
commendations of the Baltic Marine Environment
Protection Commission (1988).

The rest of the indirectly melted ice and water sam-
ples (2000 ml) were poured through a 20 µm mesh and
the concentrated metazoans were fixed with borax-
buffered formalin (4% final concentration). Metazoan
samples were examined under a dissecting microscope
equipped with a video camera. Specimens were video-
taped and the size of the metazoans was measured
using image analysis procedures (Friedrich 1997). Bio-
volume and biomass estimates of the collected rotifers
and nauplii were calculated from length and width
measurements as follows:
• Rotifers:

V = 0.26 × L × B2, where V = volume (µm3),
L = length (µm) and B = width (µm). The volume was
converted to wet weight assuming a density of seawater
of 1.028 (salinity = 35 psu, temperature = 0 °C) (Gra-
dinger et al. 1999). Wet weight was converted to
carbon assuming a carbon content of 8% of the wet
weight (Beers and Stewart 1970).
• Nauplii:

The wet weight (WW; µg) of the nauplii was cal-
culated according to Gradinger et al. (1999) with
WW = L × B2 × 360 µg mm−3, where L = length (mm)
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and B = width (mm). The dry weight was estimated as
22.5 % of wet weight (Gradinger et al. 1999) and
carbon content as constituting 40 % of dry weight
(Feller and Warwick 1988).

In box plots, the total data range, the 25–75 %
quartile range and the median are shown. Single data
points were marked as outliers when they exceeded a
value of V = UQ + 1.5 × IQD (UQ is the upper quar-
tile, IQD is the interquartile distance).

2.1.3 Results

Abiotic parameters
Stations 67, 68 and 69 were situated in the southern
Bothnian Bay at sites with water depths between 75 m
and 104 m, whereas stations 71, 74 and 81 were lo-
cated in nearshore environments (water depths:
7–9 m) at the entrance of the Gulf of Finland
(Fig. 2.1.1). Snow thickness on the drifting pack ice
floes (diameter: > 1 km) in the Bothnian Bay ranged
between 5 cm and 6 cm, whilst the fast ice sampled in
the coastal area was free of snow. Ice thickness was si-
milar in both areas with 22–30 cm and 23–27 cm in
the Bothnian Bay and the nearshore stations, respec-
tively. Based on the stable oxygen isotope and thin sec-
tion analysis, ice cores were divided into three succes-
sive structural classes (Fig. 2.1.2). The upper part of

the ice consisted of so-called snow ice with a granular
texture and minimum δ18O values indicating the at-
mospheric origin of this part of the ice (Fig. 2.1.2a).
The thickness of the snow ice varied between 3.9 cm
and 10.0 cm and contributed between 16.6 % and
33.3% of the total ice thickness. Below snow ice an in-
termediate ice layer (12.5–57.4 % of total ice
thickness) occurred with higher δ18O values, indica-
ting the seawater origin for this ice type. It is referred
to as granular ice. The lowermost 25.9–62.5% of the
ice showed a columnar structure (Fig. 2.1.2b).

A distinct difference in bulk salinity was observed
in the sea-ice samples. Median ice bulk salinities in the
Bothnian Bay (S = 0.5) were significantly higher than
ice salinities at the nearshore stations (S = 0.3) (Mann-
Whitney U-test: p = 0.0051). Vertical gradients also
differed with higher salinities (S = 0.5–1.0) in the sur-
face decimetres of the ice floes from the Bothnian Bay
(Fig. 2.1.3). Under-ice water salinities were higher in
the Bothnian Bay (range: 3.4–3.5) than at the coastal
sites (range: 2.6–3.2), which were influenced by mel-
ting sea ice.

Ice temperature (data not shown) varied between
−3.1 °C and −0.2 °C (median: −0.5 °C). Minimum
temperatures were observed in the upper ice-horizons
in the Bothnian Bay; ice temperatures were higher at
the nearshore ice stations. Brine salinities calculated as
a function of ice temperature ranged between 3.6 and
54.2 (median: 10.1). The relative brine volumes were
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Fig. 2.1.2: a) Vertical distribution of δ18O-values (given against SMOW in per mil) from 5 stations. b) Vertical distribution of textural
ice classes (for definitions see text)
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Fig. 2.1.3: Vertical distribution patterns of salinity, nitrate (NO3), nitrite (NO2), phosphate (PO4), silicate (Si(OH)4) and ammonia
(NH4) in sea ice and values for the underlying water. Note logarithmic scale for NH4. All nutrient data from the ice core sections are
normalised to the salinity of the under-ice water of the same station. NO2, PO4 and NH4 were measured in all samples, but concentra-
tions were below detection limits in few cases.
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small at both sampling sites (Fig. 2.1.4). Volumes
ranged from 0.8–12.5%, the median value for all sta-
tions was 3%.

Vertical profiles of nutrient concentrations in the
ice (normalised to under-ice water salinity of the same
station) are shown in Fig. 2.1.3. NO3 concentrations
in the ice varied between 0.6 µM and 33.0 µM with
maximum concentrations generally occurring in the
uppermost horizons of the ice cover. Maxima at the
ice-atmosphere interface were also observed for NH4

concentrations. The median NH4 concentration in sea
ice was significantly higher at the nearshore stations
(5.2 µM) than in the Bothnian Bay (1.2 µM, Mann-
Whitney U-test: p < 0.0001). NO2 and PO4 concen-
trations in the ice and under-ice water ranged from
below the detection limit to 0.8 µM and 1.1 µM for
NO2 and PO4, respectively. Molar N/P ratios in the
ice showed a wide range (10–373). Nutrient concen-
trations in the under-ice water were generally lower
than those measured in the ice. The N/P-ratio of the
under-ice water ranged from 19 to 141 in the Both-
nian Bay and from 38 to 55 at the nearshore stations.

Chl a concentrations in the ice varied between
0.1 µg l−1 and 15.4 µg l−1 and peaked at the bottom as
well as in the interior of the ice (Fig. 2.1.5). Concen-
trations in the Bothnian Bay ice (median: 0.8 µg l−1)
were significantly lower than concentrations in the
nearshore ice (median: 1.9 µg l−1) (Mann-Whitney U-

test: p = 0.0065). Except for the uppermost layers of
the ice cover, chl a concentrations in the ice exceeded
those in water at five of six stations (Fig. 2.1.5). At sta-
tion 74 high concentrations occurred also in the
under-ice water. Integrated chl a concentrations of sea
ice (range: 0.09–0.54 mg m−2) were considerably lower
than integrated water values (range: 2.10–22.50 mg
m−2, integration depth: 10 m at the Bothnian Bay sta-
tions and 5 m at the nearshore stations). Pheo /Chl a
ratios varied between < 0.1 and 0.8. Water ratios ex-
ceeded ratios in the ice with the exception of station
67 (Fig. 2.1.5).

Abundance and biomass
Abundances of sympagic and planktonic biota consi-
sting of bacteria, protists and metazoa are shown in
Table 2.1.1. Crustaceans occurred only in snow and
columnar ice, while all other taxa occurred in all struc-
tural ice classes. Total biomass (biomass of all taxa) was
highest in the lowermost horizons of the ice cores
with the exception of station 77, which had an in-
ternal biomass peak close to the sea-ice surface
(Fig. 2.1.6). Total biomass in the Bothnian Bay ice
ranged between 2.0 µg C l−1 and 311.8 µg C l−1 and
was significantly lower than sea-ice biomass at the
nearshore stations with a variation of 28.7–3349.5 µg
C l−1 (medians: 30.6 µg C l−1 and 74.8 µg C l−1,
Mann-Whitney U-test: p = 0.0026). Integrated total
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Fig. 2.1.4: Box plots for brine volumes (calculated according to Leppäranta and Manninen 1988) in the sea-ice segments of the Both-
nian Bay and at the nearshore stations
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Fig. 2.1.5: Vertical distribution of chlorophyll a concentration (chl a) and the pheopigment / chlorophyll a ratio (= Pheo /Chl a ratio)
in sea ice and underlying water
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Fig. 2.1.6: Vertical distribution of total biomass of organisms in sea ice and underlying water
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biomass was lower in the Bothnian Bay sea ice when
compared to the nearshore stations (Fig. 2.1.7). Inte-
grated total biomass in the ice (range: 2.69–45.13 mg
C m−2) was identical to the biomass found in the
upper 0.73–2.52 m of the water column in the Both-
nian Bay and the upper 0.03–1.38 m of the water co-
lumn in the coastal bays (range of the water biomass:
30.58–3834.28 mg C m−2, integration depth: 10 m at
the Bothnian Bay stations and 5 m at the nearshore
stations).

Concerning biomass, dominating primary produc-
ers in both sea ice and under-ice water were diatoms.
In sea ice, the contribution of pennate and centric dia-
toms to total integrated biomass of organisms was
9.6–70.6 % (average: 32.8 %) and 6.4–57.2 %
(average: 28.8 %), respectively. Achnanthes taeniata
Grunow, Pinnularia spec., Fragilariopsis cylindrus
Grunow and Nitzschia frigida Grunow dominated the
biomass of pennate diatoms in the sea ice. Dominating
sympagic centric species were Melosira arctica (Ehren-

berg) Dickie in the Bothnian Bay and Chaetoceros sp.
at the nearshore stations. Thalassiosira hyperborea
(Grunow) Hasle was found in high numbers in the sea
ice at station 81. In under-ice water, biomass of cen-
tric diatoms exceeded that of the pennate taxa. In the
water at stations 74 and 81 a bloom of Skeletonema
costatum (Greville) Cleve occurred and contributed
> 90% to the total biomass (Fig. 2.1.7).

Autotrophic and heterotrophic flagellates showed
important fractions of total integrated biomass in the
sea ice and contributed 7.5–37.5% (average: 22.7%)
and 1.6–16.9% (average: 7.1%), respectively. In the
sea-ice samples, autotrophic flagellates > 20 µm were
dominated by the dinoflagellate Scrippsiella sp.; the do-
minant heterotrophic flagellate was Cryothecomonas
armigera Thomson Buck Bolt and Garrison. Com-
pared to the ice habitat the relative biomass contribu-
tion of autotrophic and heterotrophic flagellates was
low in the under-ice water with values of 0.6–20.3%
and 0.1–11.6%, respectively. Dominant larger plank-
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Table 2.1.1: Abundance and biomass values of different groups of organisms in sea-ice segments and underlying water (median values
in parentheses)

Ice Water
Abundance Biomass Abundance Biomass

Prokaryota (108 cells l−1) (µg C l−1) (108 cells l−1) (µg C l−1)
Heterotrophic bacteria 0.69–17.74 0.7–22.7 1.07–8.05 0.9–5.7

(2.09) (3.6) (3.51) (3.6)
Cyanobacteria 0.0002–0.0152 0.0–0.1 0.0009–0.0181 0.0–0.1

(0.0016) (< 0.1) (0.0049) (< 0.1)

Protista (106 cells l−1) (µg C l−1) (106 cells l−1) (µg C l−1)
Autotrophic nanoflagellates (< 20 µm) 0.03–1.30 0.7–27.0 0.03–0.78 0.2–5.2

(0.46) (7.6) (0.16) (1.2)
Heterotrophic nanoflagellates (< 20 µm) 0.01–0.55 0.0–9.0 0.02–0.16 0.1–0.7

(0.17) (2.0) (0.05) (0.2)
Autotrophic flagellates (> 20 µm) 0.00–0.36 0.0–126.6 < 0.001–0.03 0.0–14.6

(0.004) (1.3) (< 0.001) (0.7)
Heterotrophic flagellates (> 20 µm) 0.00–2.29 0.0–325.9 < 0.001–0.001 0.0–6.6

(< 0.001) (0.2) (< 0.001) (< 0.1)
Chlorophytes 0.00–0.01 0.0–0.2 0.00–0.02 0.0–0.4

(0.00) (0.0) (0.005) (0.1)
Centric diatoms 0.00–1.41 0.0–194.3 < 0.001–3.97 0.1–733.2

(0.04) (2.9) (0.002) (0.2)
Pennate diatoms 0.00–60.26 0.0–2963.5 < 0.001–0.11 0.1–7.4

(0.05) (4.7) (0.001) (< 0.1)

Metazoa (organisms l−1) (µg C l−1) (organisms l−1) (µg C l−1)
Rotifera 0.0–194.1 0.0–1.1 2.0–32.0 < 0.1–1.0

(4.2) (< 0.1) (7.0) (0.2)
Nauplii 0.0–149.3 0.0–6.2 1.0–11.0 < 0.1–4.3

(0.0) (0.0) (7.5) (0.9)
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Fig. 2.1.7: Integrated total biomass and relative contribution of pennate diatoms, centric diatoms, chlorophytes, autotrophic flagellates,
cyanobacteria, bacteria, heterotrophic flagellates and metazoa in sea ice and underlying water. Integration depth for sea ice: Station
67 = 30 cm, station 68 = 29 cm, station 69 = 23 cm, station 74 = 27 cm, station 77 = 23 cm and station 81 = 23 cm. Integration depth
for water: Station 67, 68 and station 69 = 10 m, station 74, 77 and 81 = 5 m
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tonic flagellates were the dinoflagellates Scrippsiella sp.
and Peridiniella catenata (Levander) Balech. The
chlorophyte Monoraphidium contortum (Thuret)
Komárková-Legenerová contributed up to 7.3 % to
the planktonic biomass in the Bothnian Bay.

Bacterial biomass in the ice varied between 0.7 µg
C l−1 and 22.7 µg C l−1. Median bacterial biomass was
significantly higher in the ice of the nearshore stations
(median: 8.2 µg C l−1) compared to the Bothnian Bay
(median: 2.2 µg C l−1) (Mann-Whitney U-test:
p < 0.0001). Integrated ice values (0.29–1.68 mg C
m−2) contributed 3.5–10.8% (average: 7.7%) to total
integrated biomass of the ice cover. Integrated bacterial
biomass in the under-ice water ranged between
9.33 mg C m−2 and 30.48 mg C m−2 (integration
depth: 10 m at the Bothnian Bay stations and 5 m at
the nearshore stations) and showed high relative por-
tions of the planktonic biomass at the Bothnian Bay
stations and at station 77 (Fig. 2.1.7).

Biomass of sympagic rotifers was low (0–1.1 µg C
l−1) and increased significantly towards the ice water
interface (Spearman Rank-correlation: ρ = 0.683,
p < 0.0001). Nauplii occurred only in the lowest two
centimetres of the ice (columnar sea ice), with the ex-
ception of station 68 where nauplii were also found in
the snow ice layer. Integrated metazoan biomass in the
ice was < 0.01–0.12 mg C m−2 and contributed less
than 4.3% (average: 0.9%) to the total integrated bio-
mass. In the water, metazoan biomass varied between
1.30 and 22.80 mg C m−2 contributing 0.1–36.9% to
the total integrated biomass. Four rotiferan species
were found in both ice and water samples: Synchaeta
cf. baltica Ehrenberg, Keratella quadrata quadrata
Müller, K. cruciformis cruciformis Levander and K.
cochlearis cochlearis Gosse, with Synchaeta cf. baltica
being the dominant species in the ice (up to 100 indi-
viduals l−1) and water (maximum abundance: 32 indi-
viduals l−1) at all stations.

Coccalean cyanobacteria occurred throughout the
entire ice thickness, but biomass was close to the de-
tection limit, not exceeding 0.1% of integrated total
biomass of the sea ice. Cyanobacteria added less than
0.1 % to 1.6 % to the total integrated biomass of
under-ice water.

2.1.4 Discussion

Due to the late sea-ice formation in winter 1999 /
2000, sampled sea ice was relatively thin compared to
the average maximum ice thickness (March /April) in
the Bothnian Bay (50–80 cm) and Bothnian Sea
(25–40 cm) (Mälkki and Tamsalu 1985). A distinctive
feature of the sea ice was the high relative proportion
of snow ice. As in other studies on Baltic sea ice high
NO3 and NH4 peaks were always found in the snow
ice layers, which suggests that atmospheric nitrogen ac-
cumulates in the upper parts of the sea ice (Norrman
and Andersson 1994, Rahm et al. 1995, Kaartokallio
2001). Snow and snow ice layers are therefore assumed
to have an important influence on the mass balance
and nutrient dynamics in Baltic sea ice.

With the exception of the two lowermost centime-
tres of the ice cores taken at the nearshore stations 74
and 81, molar N/P ratios in both sea ice and under-
ice water were higher than 16 (the Redfield-ratio) and
indicate P-limitation of the sympagic and planktonic
algae at both sites. These observations are in agreement
with other studies in the Bothnian Bay and coastal sites
of the Bothnian Sea, where P-limitation of sympagic
and pelagic algal production is reported (Andersson et
al. 1996, Haecky and Andersson 1999). The nearshore
data contrast to observations of open water bodies in
the Gulf of Finland which are generally N-limited
(Wulff et al. 1986).

Potential ice algal pigment concentrations (calcu-
lated using the measured PO4 data, a molar C/P ratio
of 106 and a conversion factor of 1 mol C g−1 chl a,
Redfield et al. 1963, Haecky et al. 1998) in the Both-
nian Bay and at the nearshore stations ranged from 0.4
to 0.9 mg chl a m−2 and 0.5 to 0.6 mg chl a m−2, res-
pectively. These estimates are considerably lower than
potential biomass calculations for coastal Bothnian Sea
ice which range between 3.0 and 40.0 mg chl a m−2

(Haecky and Andersson 1999). Also the measured con-
centrations from both Bothnian Bay ice (0.09–0.30 mg
chl a m−2) and nearshore ice (0.26–0.54 mg chl a m−2)
are low compared to other Baltic sea-ice data which
range between 1.5 and 10 mg chl a m−2 (Norrman and
Andersson 1994, Haecky and Andersson 1999).
Haecky and Andersson (1999) attributed high inter-
annual changes of ice algal standing stock in the Both-
nian Bay to large differences in the phosphate concen-
tration trapped in the sea ice during its formation. In
comparison to earlier studies, algal accumulation in the
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Baltic sea ice was extremely low in the year 2000 and
reflected the low phosphate concentrations in the
under-ice water.

In addition to the interannual variability, seasonal
variability affects the accumulation of Baltic sea-ice
algae (Haecky and Andersson 1999) and is assumed to
have influenced the results of this study. The early de-
velopmental stage of the sympagic and the pelagic
communities in the Bothnian Bay is indicated by the
low relative contribution of the integrated measured
chl a concentrations to the integrated potential chl a
concentrations (average contribution: 30 %). The
nearshore stations in contrast showed a higher contri-
bution (average: 75%) and also elevated chl a concen-
trations in the interior of the ice cover, which generally
occur during the time of the spring ice algae bloom
(Huttunen and Niemi 1986, Norrman and Andersson
1994, Laamanen 1996, Ikävalko and Thomsen 1997,
Haecky et al. 1998, Kaartokallio 2001). The difference
in the algal succession can be attributed to differences
in local climate and snow thickness. The presence of
snow on the Bothnian Bay ice drastically reduced the
transmittance of light. Snow cover of 5 cm and ice
thickness of 30 cm reduced the down-welling irradi-
ance in the PAR (= photosynthetic active radiation)
range by approximately 50 % (Maykut 1985) and
caused the light-limited low productive winter-stage of
the sympagic and planktonic algal communities inves-
tigated in the Bothnian Bay. The different develop-
mental stage of the sympagic and the pelagic commu-
nities in the Bothnian Bay and the Bothnian Sea is
considered as the main reason for biomass differences
between offshore pack ice and nearshore fast ice sta-
tions.

Despite its relatively high temperatures, the Baltic
sea ice was characterised by low brine volumes, which
are the result of the low bulk salinities of the brackish
ice (Frankenstein and Garner 1967, Leppäranta and
Manninen 1988). The median relative brine volume of
3% is much smaller than average and median values
reported for Arctic and Antarctic sea ice which range
between 10–20% (Weissenberger et al. 1992, Gra-
dinger et al. 1999, Eicken et al. 1995). Small brine vo-
lumes in combination with a small internal ice-surface
area have been discussed as limiting factors for sym-
pagic communities (Maykut 1985, Krembs et al.
2000). In addition, low brine volumes result in small
porosity and thus in a reduced permeability of sea ice
(Freitag 1999). Golden et al. (1998) give a threshold

of 5% brine volume, below which sea ice becomes ef-
fectively impermeable for fluid transport. Since total
accumulated biomass is mainly a function of nutrient-
availability and import of nutrients from the water co-
lumn into the ice is restricted by the low permeability,
the small brine volume is considered as an important
abiotic factor limiting ice algal accumulation in the
low salinity regime of the northern Baltic Sea.

Studies from the Arctic and Antarctic indicate the
wide adaptability of sea-ice algae and the highly var-
iable response of their growth rates to changing salini-
ties (Kirst and Wiencke 1995, Zhang et al. 1999).
Growth of sea-ice algae has been demonstrated at sali-
nities between 4 and 95 (Bartsch 1989, Zhang et al.
1999). Generally most ice algae are obviously more to-
lerant to decreasing rather than to increasing salinities
(Kirst and Wiencke 1995). In this study brine salini-
ties (range: 3.6–54.2) exceeded under-ice water salini-
ties by a factor of approx. 1 to 20. It is therefore as-
sumed that brine salinities, despite their relatively low
absolute values, may limit growth of organisms ad-
apted to the low salinities of the brackish environment
in the northern Baltic Sea.

In agreement with earlier investigations, this study
showed that Baltic sea ice serves as a habitat for a com-
plex community consisting of prokaryotes, protists
and metazoa (Huttunen and Niemi 1986, Norrman
and Andersson 1994, Laamanen 1996, Ikävalko and
Thomsen 1997, Haecky et al. 1998, Haecky and An-
dersson 1999). Dominant diatom species such as Me-
losira arctica and Achnanthes taeniata in both sea ice
and under-ice water are part of the so-called Arctic re-
lict-flora, a group of euryhaline species which mainly
occur in the Arctic, but have been described also from
the northern Baltic Sea (Lenz 1995). The sympagic
metazoan community consisted only of rotifers and
nauplii, which have been reported in earlier studies on
Baltic sea ice (Norrman and Andersson 1994). Thus,
on the basis of available observations, Baltic sea ice
seems to lack the majority of metazoan taxa described
for Arctic sea ice. It is assumed that this lack of meta-
zoan taxa is most likely attributed to the reduced bio-
diversity in the brackish environment (Remane 1958,
Lenz 1995).

Despite the peculiar characteristics of the ice habi-
tat, protist species composition in the ice resembled
that of the under-ice water, with the exception of some
diatom species which were only found in the ice.
Chengalath (1985) and Friedrich and De Smet (2000)
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showed that benthic types dominate rotiferan abun-
dance in Arctic fast ice, whereas pack ice is dominated
by the generally planktonic genus Synchaeta. In con-
trast, both Baltic Sea pack and fast ice were dominated
by planktonic protist and metazoan species and, de-
spite shallow water depths, rather serve as additional
temporal habitats for planktonic than for benthic or-
ganisms (Ikävalko and Thomsen 1997, Ikävalko
1998b).

Using general allometric equations (Moloney and
Field 1989), the potential maximum ingestion rate of
the metazoan community was estimated assuming a
Q10-value of 2 and a temperature of 0 °C. Metazoa in
the ice and under-ice water consumed < 0.01–0.15 mg
C m−2 d−1 (average: 0.07 mg C m−2 d−1) and
2.04–11.42 mg C m−2 d−1 (average: 5.24 mg C m−2

d−1), respectively. This corresponds to a daily con-
sumption of < 0.1–6.8% (average: 1.5%) of the ice
algal standing stock and a consumption of
< 0.1–96.5% (average: 5.2%) of the planktonic algal
standing stock. The relative consumption rates of the
sympagic community meet estimates for the con-
sumption of Arctic sea-ice meiofauna in northern
Baffin Bay (average: 0.9 %) given by Nozais et al.
(2001) and agree with results of Gradinger (1999a),
who reported a low grazing impact by sea-ice meio-
fauna in Arctic and Antarctic sea ice.

The Baltic sea ice showed a very high proportion of
autotrophic biomass (average: 84.3 %). Gasol et al.
(1997) proposed that the ratio of heterotrophic bio-
mass and autotrophic biomass (H/A-ratio) changes
along gradients of autotrophic biomass and produc-
tivity. A high H/A-ratio indicates an “inverted bio-
mass pyramid” associated with a high turnover of the
autotrophic carbon pool and a high biomass specific
activity of the autotrophs (Gasol et al. 1997). Gra-
dinger et al. (1999) found a H/A ratio of 1.9 for Arc-
tic pack ice, which is similar to the average of oli-
gotrophic open ocean areas and indicates high PB ratios
of Arctic ice algal communities supporting high he-
terotrophic biomass. The sea ice observed in this study
showed a H/A ratio of only 0.19, a value much smaller
than the average (1.0) reported for coastal pelagic com-
munities (Gasol et al. 1997). The ratio suggests that the
ice algal community in this study was controlled
bottom up, i.e. by abiotic factors, rather than by gra-
zing. However, other characteristics of the sea-ice habi-
tat like e.g. spatial refuges in the brine channel network
(Krembs et al. 2000) might also influence the ratio and

complicate the application of the pelagic model to the
ice habitat. In the water, H/A ratios (range: < 0.1–6.1;
average: 1.8) were very variable with extremely low va-
lues at stations 74 and 81 that showed planktonic
blooms. H/A ratios of the planktonic communities in
the Bothnian Bay (average: 1.7) were relatively high
compared to the coastal average (1.0) and mirrored the
low autotrophic biomass and the winter stage of these
communities. During the winter stage autotrophic and
heterotrophic metazoan biomass can be uncoupled
due to e.g. special overwintering strategies of the he-
terotrophs (e.g. use of storaged lipids and /or reduced
metabolism), which severely limit the use of this ap-
proach in this habitat. In addition, it is assumed that
the H/A ratios of the underlying water were affected
by sampling with the tube system and do not represent
proper mesozooplankton biomass. Larger copepods
were not found in the tube-samples, but contributed
to the biomass in under-ice water (I. Werner, pers.
comm.). Larger copepods can possibly escape when
the tube is lowered, which would result in an under-
estimation of the H/A ratio.

The results demonstrate the regional and temporal
variability in biomass of Baltic Sea pack and fast ice
biota and in the underlying water. The data suggest
that metazoan grazing in Baltic sea ice was low and did
not control algal production. A combination of abiotic
factors, especially the low permeability of the sea ice,
rather than the heterotrophic component of the sea-ice
biota, controlled the accumulation of autotrophic bio-
mass in the brackish sea ice under investigation.
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2.2.1 Introduction

Exopolymeric substances (EPS) produced by micro-
organisms play important roles in various aquatic,
porous and extreme environments. In benthic habitats
especially pennate diatoms have been shown to pro-
duce copious amounts of EPS which serve the orga-
nisms in various functions, e.g. in adhesion, locomo-
tion, biogenic habitat stabilisation as well as in
protection against harsh environmental conditions
(e.g. Hoagland et al. 1993, Smith and Underwood
1998, Wetherbee et al. 1998, Smith and Underwood
2000). In the plankton high concentrations of EPS
consisting mainly of polysaccharides have been ob-
served during and subsequent to diatom blooms
(Passow et al. 1994, Leppard 1995). Alldredge et al.
(1993) observed pelagic particles and gels formed of
EPS and defined a new class of particles based on their
staining capacity with the cationic dye Alcian Blue,
which are referred to as transparent exopolymer par-
ticles (TEP). TEP can be formed biotically by bacteria
and algae in the form of capsules and sheets, but also
abiotically by coagulation of dissolved organic matter
and colloidal precursors (Zhou et al. 1998, Passow
2000, Passow 2002). Different studies showed that
TEP are important in the aggregation of diatom
blooms, provide the matrix of marine snow and have
a large influence on the particle flux in the ocean
(Passow and Alldredge 1994, Mari and Kiørboe 1996,
Engel and Schartau 1999, Passow et al. 2001).

Many of the dominant ice algae produce extensive
extracellular mucilages and large quantities of exopo-
lymeric substances have been suggested to occur
within the sea-ice habitat (McConville 1985, Riebesell
et al. 1991, Gradinger and Nürnberg 1996, Herborg
et al. 2001). However, up to now quantification of
TEP in natural sea ice was only performed in one
study. Krembs and Engel (2001) investigated the low-
ermost 10 cm of Arctic first-year pack ice and report
on high TEP concentrations at the ice-water inter-
phase. However, no information was provided on the
vertical distribution of TEP within the sea ice. Since
Arctic pack ice can harbour productive and biomass-
rich bacterial and algal communities also in its interior
(Gradinger and Zhang 1997, Mock and Gradinger

1999), information on TEP over the entire ice
thickness is needed to understand the importance of
TEP for the sea-ice habitat and the ice-covered ocean.

This study reports on TEP in sea ice of varying age:
young, first-year and multi-year sea ice. TEP was quan-
tified and characterised over the entire ice thickness
and compared to values observed in the under-ice
water. It is hypothesised that the more extreme living
conditions in the upper parts of the sea ice enhance
TEP production, making TEP an important, until
now largely neglected, source of organic carbon for the
nutrition of sympagic animals and bacteria.

2.2.2 Material and methods

The material for this study was sampled during the ex-
pedition ARK XV-3 with RV Polarstern to the Fram
Strait and Greenland Sea in September /October 1999
(for details see Schauer 2000). Five different sets of ice
samples were obtained with a motor-powered SIPRE
type ice auger (internal diameter 9 cm) at three loca-
tions (Fig. 2.2.1). For each set, two ice cores (named A
and B) were sampled within 1 m2 to minimise hori-
zontal heterogeneity.

Core A was used for the determination of ice tem-
perature, bulk salinity, nutrient concentrations and
particulate organic carbon (POC) and nitrogen
(PON). Ice temperatures were measured with a
Testo720-thermometer immediately after coring in-
side small holes drilled into the core in 2–10 cm in-
tervals. Thereafter core A was cut into 1–20 cm sec-
tions, which were placed in clean polyethylene boxes.
Ice segments were transported to the ship and melted
in the dark at 4 °C. Salinity of the melted segments was
measured with a WTW 190 conductometer. Subsam-
ples (30–50 ml) were analysed for NO2, NO3, PO4

and Si(OH)4 using automated nutrient analysis pro-
cedures (Grasshoff et al. 1983). The rest of the melted
segments (70–1500 ml) was filtered onto pre-com-
busted Whatman GF/F filters and used for the deter-
mination of POC and PON with a CARLO ERBA
NA 1500 CHN-Analyzer (Verardo et al. 1990).
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2.2 Vertical distribution of transparent exopolymer particles (TEP) 
in sea ice of the Fram Strait (Arctic) during autumn



Ice core B was used for the microscopical investi-
gation of bacteria, algae and TEP and for the determi-
nation of algal pigments. Ice core sections (1–20 cm)
of this core were melted in the dark at 4 °C with an ad-
dition of 0.2 µm filtered seawater to avoid osmotic
stress to the organisms (Garrison and Buck 1986,
Spindler and Dieckmann 1986). Blanks of the filtered
seawater were taken at each station and treated like the
ice samples; the concentrations of blanks were insigni-
ficant for all parameters (cell counts, TEP and algal
pigments). Immediately after the ice samples had
melted, two 100 ml subsamples were fixed with 0.2 µm
filtered borax-buffered formalin (1% final concentra-
tion). 30–50 ml of the first subsamples were filtered
onto a black polycarbonate filter (0.2 µm), stained
with DAPI and mounted on a microscope-slide
(Porter and Feig 1980). From this slide the total bac-
terial number was calculated from at least 400 cells
counted on a minimum of 20 fields with a Zeiss Axio-
vert 135 microscope using UV excitation. The second
subsample was used for the determination of the abun-
dance of centric and pennate diatoms. Samples were
counted in settling chambers (Utermöhl 1958) follo-
wing the recommendations of the Baltic Marine Envi-
ronment Protection Commission (1988).

For the determination of TEP, 30–50 ml unfixed
subsamples of melted segments were filtered carefully
onto polycarbonate filters (pore size 0.4 µm) supported
with backing filters with a pressure difference of
< 0.1 bar. Samples were stained with 0.2 µm pre-fil-
tered Alcian Blue solution (Alldredge et al. 1993) and
mounted on microscope slides. Relative cover of total
TEP area on the filters was low (on average < 1%).
TEP abundance and size were measured semi-auto-
matically at 400× magnification with a Leitz Aristo-
plan microscope connected to a Sony DXP-CCD
video camera. A minimum of 500 TEP were video-
taped and the videoframes were digitised. Contour
lines of digitised TEP images were traced manually and
the area of individual particles was determined with a
LEICA QWIN 500 MC image analysis system. Indi-
vidual TEP areas were converted to equivalent sphe-
rical diameters (ESD), which were assigned to eight lo-
garithmically increasing size classes ranging from
3–60 µm ESD.

Particle size distributions are often described 
by power relations of the type N = kdp

−β, or
dN /d(dp) = kdp

−(β+1), where dN is the number of par-
ticles per unit volume in the size range dp to {dp + d(dp)}
(e.g. McCave 1984). The constant k depends on the
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Fig. 2.2.1: Location of the stations in the Fram Strait area. Station numbers represent the day of the year. Dashed line indicates the ice
edge on 20.9.1999 (day of the year = 263)
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concentration of the particles and β describes the size
distribution of the particles; the smaller β the larger is
the fraction of large particles. A β of 3 denotes equal
particle volumes in the logarithmically increasing size
classes (McCave 1984). β+1 values were estimated
from the regressions of log{dN /d(dp)} versus log{dp}.
The magnitude of β+1 allows comparison between
TEP size frequency distributions at different stations
and environments.

The rest of the meltwater of the sections of ice core
B was used for determination of chlorophyll a (chl a)
and pheopigments (pheo). Subsamples (200–2300 ml)
were filtered onto Whatman GF/F filters and analysed
fluorometrically with a Turner Designs 10-AU digital
fluorometer according to Arar and Collins (1997).

Under-ice water was sampled at all locations
through drill holes using a polyethylene tube (4.0 cm
internal diameter) with a valve at one end. The un-
equipped end of the tube was lowered into the water
with the valve open. At a depth of 10 m the valve was
closed and the tube with the trapped water was hoi-
sted. All parameters mentioned above were also deter-
mined for these integrated (0–10 m) water samples.

Based on the temperature and salinity measure-
ments of core A, brine salinity was calculated as func-
tion of ice temperature (Assur 1958) and brine volume
as function of ice temperature and ice bulk salinity
(Frankenstein and Garner 1967, Leppäranta and Man-
ninen 1988). Non-parametric Spearman-Rank-corre-
lations were used to determine relationships between
biogenic parameters. For testing on significant differ-
ences between median values the Kruskal-Wallis-test
was applied (Sachs 1984). In box plots, the total data
range, the 25–75% quartile range and the median are
shown. Single data points were marked as outliers
when they exceeded a value of V = UQ + 1.5 × IQD
(UQ is the upper quartile, IQD is the interquartile di-
stance).

2.2.3 Results

Physico-chemical parameters
Drifting pack ice was sampled at 5 stations in the mar-
ginal ice zone of the East Greenland Current
(Fig. 2.2.1). Ice thickness varied between 10 cm (St.
277-2) and 304.5 cm (St. 280), ice temperatures bet-
ween −8.0 °C and −1.5 °C (Fig. 2.2.2a).

Sea-ice bulk salinities ranged between 0.1 and 12.3
(Fig 2.2.2b). Based on ice thickness and ice salinity
profiles, ice cores were pooled into three different
classes: Young sea ice (ice thickness: 10–38 cm, sali-
nity: 5.7–12.3) was sampled at stations 277-1 and
277-2 (= nilas ice) in recently refrozen leads, first-year
sea ice (ice thickness: 143–193 cm, salinity: 1.5–5.9)
at stations 271 and 277-3, and multi-year sea ice (ice
thickness: 302–304.5 cm, salinity: 0.1–4.9) was sam-
pled at station 280. The highest bulk salinity was mea-
sured in the nilas ice (consolidated newly formed sea
ice) sampled at station 277-2; minimum bulk salini-
ties occurred in the upper ice horizons at station 280.
Strong temperature gradients were observed in the
upper parts of the ice, whereas temperatures in the
lower parts were more homogenous and close to the
freezing temperature of seawater.

Sea-ice brine salinities, calculated as a function of
ice temperature, ranged between 27.0 and 128.9. Me-
dian brine salinity was highest in young sea ice (YSI,
median = 79.9) followed by first-year sea ice (FSI, me-
dian = 40.8) and multi-year sea ice (MSI, me-
dian = 37.4) (Fig. 2.2.3a). The relative brine volume
(calculated as a function of ice temperature and bulk
salinity) varied from < 1.0% to 22.4%. The highest
volumes occurred in YSI (median: 13.2%), minimum
brine volumes were observed in MSI (median: 9.6%)
(Fig. 2.2.3b).

Nutrient concentrations in sea ice showed a strong
vertical variability (data not shown) and only PO4 was
significantly correlated with ice depth. Median con-
centrations of PO4, NO2 and NO3 were highest in YSI
followed by FSI and MSI data (Fig. 2.2.4a, b, c). Me-
dian Si(OH)4 concentrations were similar in all ice
types and in the under-ice water (Fig. 2.2.4d). NO2

showed slightly elevated values in the YSI compared to
the under-ice water concentrations. Median concen-
trations of NO3 in the different ice classes (total range:
< 0.1–1.7 µM) were lower than in the water (total
range: 1.5–3.0 µM).

Biogenic parameters
Various biogenic parameters measured in the different
ice classes and in the under-ice water are summarised
in Table 2.2.1. Median POC concentrations of the sea-
ice samples exceeded those in the under-ice water by
factors of 3.3 to 5.6 (Fig. 2.2.5a). Median PON values
were highest in YSI and decreased with increasing age
of the sampled ice (Fig. 2.2.5b), causing an increase of
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the median C/N ratios with increasing age of the sea
ice (Fig. 2.2.5c, Table 2.2.1).

Chl a concentrations in sea ice showed large vertical
variations with peak concentrations occurring both at
the bottom and in the interior of the ice (data not
shown). The maximum chl a concentration (17.1 µg
l−1) was observed in the interior of young sea ice (St.
277-1). Also the highest median chl a concentration
was found in this ice type, followed by FSI and MSI.
Chl a concentrations in the under-ice water were low,
with a median of 0.5 µg l−1 (Fig. 2.2.5d). The pheo /
chl a ratio was highest in the MSI and water samples
with a median of 0.7 and 0.5, respectively.

In this study TEP concentrations are reported in
two ways: TEP abundance (particles l−1) and TEP area
(cm2 l−1). High concentrations of TEP were found in
all sea-ice classes (Fig. 2.2.5e, f, Table 2.2.1). TEP

abundance in sea ice varied between 0.43 × 106 and
14.93 × 106 particles l−1, area of TEP between 0.6 cm2

l−1 and 16.2 cm2 l−1. Vertical profiles of the TEP con-
centrations showed peaks in different layers, with max-
imum TEP concentrations always occurring in the in-
terior of the ice (Fig. 2.2.6). With the exception of the
upper 80 cm ice layer of the MSI (station 280), TEP
abundance and area in sea ice were one order of mag-
nitude higher than in the under-ice water (Fig. 2.2.6).
This large difference is also reflected in the medians,
which were considerably higher in the sea-ice envi-
ronments than in the under-ice habitat. Differences of
the medians were statistically significant for TEP area
only (TEP area: Kruskal-Wallis-Test: p = 0.0209; TEP
abundance: Kruskal-Wallis-Test: p = 0.0505). The me-
dian TEP/chl a ratio increased with the age of the
sampled ice floes from YSI over FSI to MSI
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Fig. 2.2.2: a) Vertical temperature profiles in the sea-ice floes. b) Vertical profiles of sea-ice bulk salinity. Note relative scale on y-axis
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Fig. 2.2.3: a) Box plots for the salinity of brine (calculated after Assur 1958). b) Box plots for the relative brine volume (calculated after
Frankenstein and Garner 1967, Leppäranta and Manninen 1988). YSI = young sea ice, FSI = first-year sea ice, MSI = multi-year sea ice
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0

0 . 5

1 . 5

2 . 5
NO3

 3 . 0

2 . 0

1 . 0

 

0
0 . 1
0 . 2
0 . 3
0 . 4
0 . 5
0 . 6
0 . 7
0 . 8

PO4

0

0.05

0.15

0.25
NO2

0.20

0.10

 

0

2

4

6

8

1 0
Si(OH)4

 Y S I F S I M S I W A T

N
u

tr
ie

n
t 

c
o

n
c

e
n

tr
a

ti
o

n
 (

µ
M

)

 

Y S I F S I M S I W A T

a) b)

c) d)



(Fig. 2.2.5g), which indicates the accumulation of
TEP relative to autotrophs in the sea-ice habitat with
time. The abundance of TEP was negatively correlated
with size and followed a power law relationship except
for a few samples, in which the smallest size class ap-
peared to be underrepresented. The slopes of the size
distributions were relatively flat with β+1 in the range
of 1.4 to 3.2 in the ice core sections and 2.2 to 3.2 in
the under-ice water (Table 2.2.1). Relative TEP size
frequencies for the pooled data of YSI, FSI, MSI and
water are shown in Fig. 2.2.7. Also the combined data
showed flat size distributions with β+1 values in the
range of 1.9–2.3, which indicates a very large propor-
tion of larger TEP in all habitats.

Most important primary producers in sea-ice sam-
ples were pennate diatoms, whose abundances showed
large vertical variations (data not shown). Median pen-
nate diatom abundance was highest in MSI (median:
456.2 × 103 cells l−1), cell numbers were lower in FSI
and YSI (Table 2.2.1). The abundance of pennate dia-
toms in sea ice was significantly correlated with ice
depth (Table 2.2.2). With the exception of YSI, abun-
dances of centric diatoms in sea ice were much lower

than cell numbers of pennate diatoms. Only in YSI
and under-ice water samples, centric diatoms were
more abundant than pennate species (Table 2.2.1).

Bacterial concentrations in sea ice showed a large
variability and varied by a factor of 25. Minimum con-
centrations were observed in the upper horizons of the
MSI, maxima occurred in the bottom sections of the
same ice class (data not shown). Median bacterial con-
centrations of all ice types and under-ice water were re-
latively similar and varied from 0.31–0.47 × 109 cells
l−1 (Table 2.2.1).

Spearman-Rank-correlations were used to explore
relationships between parameters measured in sea-ice
segments obtained from cores B (Table 2.2.2), due to
different lengths and subsequently different vertical re-
solutions of cores A and B. TEP concentrations in sea
ice correlated significantly with chl a concentrations as
well as with the abundances of pennate diatoms, cen-
tric diatoms and bacteria (Table 2.2.2). The diatom
abundance /bacterial abundance ratio showed a highly
significant correlation with TEP area (Spearman-Rank
correlation: ρ = 0.477, p = 0.0007).
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Table 2.2.1: Biological parameters of the different environments (range with median values in parentheses)

Young sea ice First-year sea ice Multi-year sea ice Water

Particulate organic carbon (mg l−1) 0.27–1.46 0.25–6.39 0.23–5.58 0.10–0.28
(1.07) (0.63) (0.88) (0.19)

Particulate organic nitrogen (mg l−1) 0.04–0.31 0.03–0.54 0.01–0.34 0.02–0.05
(0.16) (0.06) (0.06) (0.03)

Molar C /N ratio 4.0–10.7 6.3–19.5 12.3–50.2 5.7–7.0
(6.0) (12.4) (17.4) (6.9)

Chlorophyll a (µg l−1) 1.0–17.1 0.1–10.2 0.1–12.1 0.3–0.8
(6.7) (2.1) (1.0) (0.5)

Pheopigments (µg l−1) 0.4–3.8 0.1–1.7 0.1–3.2 0.2–0.4
(1.7) (0.4) (1.0) (0.2)

Pheopigment /Chlorophyll a ratio 0.2–1.5 0.1–0.5 0.1–3.1 0.4–0.5
(0.3) (0.2) (0.7) (0.5)

Pennate diatoms (103 cells l−1) 7.6–742.0 4.2–1323.9 1.8–2049.2 4.5–45.0
(140.2) (234.0) (456.2) (5.9)

Centric diatoms (103 cells l−1) 2.8–2462.3 0.0–199.0 0.0–2.4 4.8–21.9
(59.4) (3.1) (0.0) (21.2)

Bacteria (109 cells l−1) 0.21–1.20 0.22–0.94 0.11–2.49 0.26–1.06
(0.31) (0.47) (0.37) (0.34)

TEP (106 particles l−1) 1.43–4.65 2.28–10.42 0.43–14.93 0.50–0.83
(3.17) (4.15) (4.90) (0.56)

TEP (cm2 l−1) 2.0–10.9 1.6–16.2 0.6–9.2 0.2–0.9
(5.9) (6.9) (4.6) (0.6)

β+1 1.6–2.2 1.4–2.7 1.6–3.2 2.2–3.2
(1.7) (2.0) (2.3) (2.2)
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Fig. 2.2.5: Box plots for a) particulate organic carbon (POC), b) particulate organic nitrogen (PON), c) molar POC/PON ratio = C/N
ratio, d) Chl a concentration, e) abundance of transparent exopolymer particles (TEP), f ) TEP area and g) TEP/Chl a ratio in the dif-
ferent environments. YSI = young sea ice, FSI = first-year sea ice, MSI = multi-year sea ice, WAT = under-ice water
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Fig. 2.2.6: Vertical distribution of transparent exopolymer particles (TEP): Concentration and area in sea ice and under-ice water
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Fig. 2.2.7: Relative size frequencies of transparent exopolymer particles (TEP) (pooled data). a) YSI = young sea ice, b) FSI = first-year
sea ice, c) MSI = multi-year sea ice, d) Water = under-ice water. Only filled dots were used for the regression lines and the determination
of β+1 values
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Table 2.2.2: Spearman-Rank correlations of biological parameters (bulk concentrations) of the pooled ice core data. Bold values are sta-
tistically significant (p < 0.01, n = 49). Chl a = chlorophyll a, PHEO = pheopigments, PEN = pennate diatoms, CEN = centric diatoms,
BACT = bacteria, TEP (area) = area of transparent exopolymer particles

DEPTH Chl a PHEO PEN CEN BACT

Chl a 0.371
PHEO 0.611 0.334
PEN 0.375 0.326 0.500
CEN 0.139 0.807 0.248 0.211
BACT 0.424 0.362 0.506 0.509 0.180
TEP (area) 0.350 0.621 0.331 0.488 0.463 0.511



2.2.4 Discussion

This study gives first estimates of TEP concentrations
in natural Arctic sea ice of varying age. Median TEP
concentrations of the pooled sea-ice samples exceeded
median TEP concentrations in the water by one order
of magnitude, indicating the importance of TEP for
the sea-ice habitat.

Producers of TEP
Diatoms are considered as important producers of exo-
polymeric substances in pelagic and benthic habitats
(Decho 1990, Mopper et al. 1995, Smith and Under-
wood 1998). Especially benthic pennate diatoms pro-
duce copious amounts of exopolymeric substances,
which serve in the adhesion and the motility of the or-
ganisms (Hoagland et al. 1993, Cooksey and Wiggles-
worth-Cooksey 1995). Krembs and Engel (2001) sug-
gest pennate diatoms as the dominant TEP producers
in bottom communities of Arctic pack ice during
summer. In the present study, sea-ice TEP was corre-
lated with the abundances of diatoms and bacteria,
which both may significantly contribute to the TEP
pool in sea ice. To estimate the importance of the two
groups for the accumulation of polymeric substances
in sea ice, the daily production rates of sea-ice diatoms
and bacteria were calculated using cell-specific EPS
production rates of temperate epipelic diatoms
(6.31–31.46 pg glucan equivalents cell−1 d−1; average:
18.01 pg glucan equivalents cell−1 d−1; Smith and Un-
derwood 2000) and temperate planktonic bacteria (4
amol C cell−1 h−1; Stoderegger and Herndl 1999).
Rates of temperate species were used, due to a lack of
data on cold-adapted and sympagic species. Neglecting
temperature effects, estimated EPS production of sea-
ice diatoms was on average 3.6 µg C l−1 d−1 (range:
0.1–18.7 µg C l−1 d−1), estimated bacterial EPS pro-
duction in sea ice averaged only 0.7 µg C l−1 d−1 (range:
0.1–2.9 µg C l−1 d−1). The diatom EPS production /
bacterial EPS production ratio was high and showed
an average of 6.1 (range: 0.1–40.9). This high ratio
and the striking dominance of pennate forms imply
that pennate diatoms were the primary source of TEP
in the sea ice under investigation. This idea is also sup-
ported by the highly significant positive correlation of
the diatom abundance /bacteria abundance ratio with
the TEP concentration.

TEP concentrations and characteristics
In this study high TEP concentrations were observed
in young, first-year and multi-year sea ice, exceeding
under-ice water values by one order of magnitude. The
investigated TEP abundances in sea ice (105 and 107

particles l−1) are similar to those reported during
phytoplankton blooms in coastal areas (Passow et al.
1994, Mari and Kiørboe 1996). Krembs and Engel
(2001) report TEP concentrations between below de-
tection to 16 cm2 l−1 with a median value of 2.9 cm2

l−1 for the lowermost 10 centimetres of Arctic pack ice
from the Laptev Sea during summer. TEP concentra-
tions in this study showed a similar range, but median
values of all ice types exceeded the median value given
by Krembs and Engel (2001) by a factor of 2–3. This
can be explained by the high concentrations in the ice
interior, which was not studied in the other investiga-
tion. The same authors found a distinct size pattern of
sea ice derived TEP, with a higher contribution of re-
latively large particles. Their calculated mean β+1
value of 1.86 agrees well with the average value of this
study (2.1). The difference to values commonly re-
ported for pelagic environments (β+1 ≈ 4), demon-
strates that sea ice contains a large fraction of relatively
large particles, indicating differences in environmental
factors affecting processes of TEP formation (coagula-
tion) and in TEP losses (grazing, disaggregation) in sea
ice and the pelagic realm. The large proportion of re-
latively large particles may also represent fragments of
biofilms coating the surface of brine channel walls. The
occurrence of sympagic biofilms has been suggested by
Thomas and Dieckmann (2002). However, in this
study also under-ice water samples showed reduced
β+1 values (range: 2.2–3.2) when compared to TEP
size spectra determined in other pelagic studies. It is
therefore assumed that the under-ice water samples in
the present study contained sea ice derived TEP and /
or that elevated shear stress in the sub-ice water layer
increased coagulation of particles and thus reduced
β+1 values in this special habitat.

Already the newly formed nilas ice sample showed
an increased TEP abundance compared to the under-
ice water. Particles are incorporated into sea ice by var-
ious physical processes (e.g. Shen and Ackermann
1990, Grossmann and Dieckmann 1994, Spindler
1994). Gradinger and Ikävalko (1998) showed that the
selectivity of incorporation processes of algae into
newly forming sea ice is immense and proposed that
not only particle size (Penny and Sullivan 1990), but
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also surface characteristics of the particles (e.g.
stickiness) are responsible for different incorporation
rates. Gradinger and Ikävalko (1998) calculated an en-
richment index IS which allows the comparison of par-
ticle concentrations in newly formed sea ice and water
based on salinity and concentration data. An IS value
of 1 indicates no differences in concentrations between
the samples, increased values demonstrate elevated
concentrations in the ice sample compared to the un-
derlying water. Using their approach the enrichment
indices for the abundances of pennate diatoms, bac-
teria and TEP were calculated for the nilas ice sample
at station 277b (ice thickness: 11 cm). Pennate dia-
toms showed an enrichment index of 0.5, bacteria of
1.8 and TEP of 5.6. These values are relatively low
compared to enrichment indices with median values of
7 for bacteria and 212 for pennate diatoms reported by
Gradinger and Ikävalko (1998). Nevertheless, the data
show that TEP was significantly enriched already in
the initial stage of sea ice. The enrichment can be
caused by coagulation of TEP and TEP precursors on
ice surfaces, by biotically TEP formation of incorpo-
rated organisms exposed to severe environmental stress
and by pure physical accumulation of TEP particles.
Because abundances and enrichment of organisms
were relatively low compared to TEP, it is assumed that
physical incorporation was responsible for the enrich-
ment in the newly formed sea ice. Grossmann (1994)
proposed that bacteria are incorporated into newly
forming sea ice via attachment to algae and algal
mucus. Since TEP are sticky and serve in the coagula-
tion of particles (Engel 2000, Passow et al. 1994), it is
proposed that the presence of TEP in seawater from
which the ice forms might also influence the incorpo-
ration of other particles (organisms and sediments)
into newly forming sea ice, e.g. by enhanced adhesion
of particles to crystal surfaces.

Many studies showed increased production of po-
lymeric substances by planktonic and benthic algae
under nutrient limitation, during senescence of algal
blooms and in response to different environmental
stress factors (Decho 1990, Myklestad 1995, Corzo et
al. 2000, Staats et al. 2000, Liu and Buskey 2000,
Wolfstein and Stal 2002). Aletsee and Jahnke (1992)
report high concentrations of Alcian Blue stainable
mucus in sea ice algal cultures exposed to cold tempe-
ratures. During the summer-winter transition rapidly
decreasing light levels and the development of steep
temperature and brine salinity gradients in ice floes

create many challenges to the sympagic biota, which
can response to the changes with the increased pro-
duction of EPS (Thomas and Dieckmann 2002,
Krembs pers. comm.). In this study day lengths
decreased by ∼30 min d−1 and the ice showed strong
vertical temperature gradients with minimum tempe-
ratures of −8.0 °C. Low temperatures were accompa-
nied by high brine salinities ranging between ∼40 and
∼130 in the middle and upper parts of the ice. Hence,
harsh environmental conditions influence especially
internal communities, which have been recently de-
scribed for Arctic pack ice (Gradinger and Zhang
1997) and contribute significantly to ice algal biomass
and primary production (Gradinger 1999b, Mock and
Gradinger 1999). Interior communities were found in
all ice cores of this study and are assumed as the source
of the internal TEP peaks.

In addition to cold temperatures and salinities also
restricted nutrient availability in the ice interior has
been proposed (Cota et al. 1987, Gradinger et al.
1992), which may affect TEP production. Using bulk
nutrient concentrations and brine volume calcula-
tions, nutrient concentrations in the sea-ice brine were
calculated, i.e. the nutrient concentrations to which
the sympagic organisms were exposed. Nutrient con-
centrations in the sea-ice brine were high (pooled ice
data: NO2 + NO3 > 0.24 µM, PO4 > 0.56 µM and
Si(OH)4 > 2.4 µM) and exceeded half saturation con-
stants (kS values) commonly reported for mixed na-
tural phytoplankton assemblages (Sommer 1998). The
data suggest that nutrients were not limiting sympagic
algal production and that TEP production was not af-
fected by nutritional limitation during the time of this
investigation. Since exopolymeric material has been
considered to be refractory, sea-ice TEP might accu-
mulate as well over longer time-scales in different
layers of the sea ice, and high concentrations observed
in this study, may represent old signals of previous si-
tuations of environmental and /or nutritional stress.
Further studies in different seasons are necessary to un-
derstand, if the bulk of the ice TEP is produced and
accumulated during the productive spring and
summer seasons when nutrients can be severely de-
pleted (Gosselin et al. 1990, Cota et al. 1991), or are
formed in response to the changing environmental
conditions during the summer-winter transition. The
accumulation of refractory material may also explain
the poor relationship between median TEP concen-
trations and other median values of abiotic and biotic
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parameters. Despite distinct differences between me-
dian nutrient concentrations, C /N ratios and chl a va-
lues, indicating the different environmental conditions
in the three ice types observed, median concentrations
of TEP in ice classes showed relatively little variation
and did not resemble the variation of the other para-
meters. The good consistency of median TEP/chl a ra-
tios and median C/N ratios is interpreted as indica-
tion of an accumulation of TEP in older sea ice. Beside
production and accumulation, also bacterial break-
down of TEP as well as consumption by larger orga-
nisms have been suggested for the pelagic realm
(Decho 1990) and might also significantly influence
the TEP pool within Arctic sea ice.

Estimate of TEP carbon
Integrated POC levels in the sea ice varied between
38.0 mg C m−2 and 2808.9 mg C m−2. Using the
equation of Mari (1999) with TEP-C (µg C
TEP−1) = 0.25 × 10−6 × r 2.55, where r is the equivalent
spherical radius of the TEP particle (µm) and D is its
fractal dimension, the integrated TEP carbon values
were calculated. These ranged between 7.3 mg C m−2

and 564.8 mg C m−2 sea ice. This organic carbon ac-
counts for 16% to 32% (average: 24%) of the inte-
grated POC values. Despite the problems related to
the transfer of the carbon-size relationship of labora-
tory produced TEP to natural particles, the high values
demonstrate that TEP represents an important, until
now largely neglected, source of sea-ice carbon. The
high TEP carbon concentrations may have implica-
tions for the sympagic food web and might serve as a
food source for ice-associated protozoans and meta-
zoans during the long and unproductive winter season
when the autotrophic standing stock is low and food
sources become scarce.
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2.3.1 Introduction

The annual formation, consolidation and subsequent
melting of sea ice surrounding the Antarctic continent
has a pivotal role in the biogeochemical cycles of the
Southern Ocean (Lizotte and Arrigo 1998, Thomas
and Dieckmann 2002). The interior of the sea ice is a
habitat for sympagic communities inhabiting a brine-
filled network of pores and channels (Horner et al.
1992, Gradinger 2002). Typically, Antarctic sea-ice
communities are dominated by bacteria in terms of
abundance and diatoms in terms of biomass (Palmi-
sano and Garrison 1993, Thomas and Dieckmann
2002). Riebesell et al. (1991) showed that aggregate
formation is a characteristic property of Antarctic sea-
ice algae. Krembs and Engel (2001) report on high
concentrations of TEP in the lower-most centimeters
of Arctic sea ice in the Laptev Sea. The second chapter
(2.2) of the present study demonstrated the vertical
distribution and importance of TEP in Arctic sea ice
of varying age. However, TEP data on polar ocean
areas are still scarce (Hong et al. 1997) and up to now
no data for TEP in Antarctic sea ice are available.

TEP also serve as substrate and habitat for bacteria
(Passow and Alldredge 1994, Mari and Kiørboe 1996,
Simon et al. 2002) and the attached bacteria may act
in the formation as well as in the degradation of the ag-
gregates (Smith et al. 1992, Ploug et al. 1999, Simon
et al. 2002). High proportions of epiphytic and par-
ticle-attached bacteria have been frequently observed
in Antarctic sea ice (Sullivan and Palmisano 1984, Pal-
misano and Garrison 1993, Ackley and Sullivan 1994,
Archer et al. 1996), but detailed information on bac-
teria associated with sea-ice microaggregates like TEP
particles is missing.

The scope of this chapter was therefore to describe
the occurrence, abundance and size distribution of
TEP in Antarctic sea ice and underlying water and to
discuss the potential role of TEP for the Antarctic sea-
ice habitat. A special focus was given to the bacterial
colonisation of sea-ice TEP.

2.3.2 Material and methods

Site and sampling
Ice and under-ice water samples were collected during
the expedition ANT XVIII-5b on RV Polarstern in the
Bellingshausen Sea in April 2001 (Fig. 2.3.1, for details
see Bathmann 2002). Snow thickness was measured
with a ruler at each sampling site prior to coring. At
each station 5 ice cores (named A–E) were collected
with a SIPRE-type ice auger (9 cm internal diameter)
within an area of 1 m2. Two complete cores (A, B) were
sealed in clean plastic tubing and kept frozen (−30 °C)
for later analysis of ice structure and stable oxygen iso-
topic composition. The remaining three cores were cut
immediately into 1–10 cm sections, transferred into
acid-washed polyethylene boxes and transported in in-
sulated boxes to the ships laboratory for further ana-
lysis of salinity, inorganic nutrients (NO3, PO4,
Si(OH)4), particulate organic carbon (POC) and
nitrogen (PON), algal pigments (chlorophyll a (chl a),
pheopigments (pheo)) and for microscopical investi-
gations. Under-ice water was sampled using a 10 m
long polyethylene tube (4 cm internal diameter) with
a valve at one end. The unequipped end of the tube was
lowered into the water with the valve open. At a depth
of 10 m the valve was closed and the tube with the
trapped water was retrieved. These 0–10 m integrated
water samples were transferred to acid-washed contai-
ners and transported to the laboratory for further ana-
lysis.

Ice structure and stable oxygen isotopic
composition
The ice structure of core A was determined by thin sec-
tion analysis (e.g. Kawamura et al. 2001). Based on ice
crystal size and orientation three stratigraphic units
were distinguished: granular ice, columnar ice and in-
termediate granular / columnar ice. Ice core B was cut
into sections according to results of the structural ana-
lysis of core A. Sections were melted and used for the
determination of δ18O with a mass spectrometer (Fin-
nigan MAT Delta E). Based on the combined struc-
tural and isotopic characteristics, ice cores were divided
into four categories: snow ice, granular ice columnar
ice and intermediate granular / columnar ice.
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Temperature, salinity, chemical parameters 
and pigments
Ice temperature was measured with a Testo720-ther-
mometer immediately after coring from small holes
drilled in the core C in 5–10 cm intervals. To prevent
cooling of the ice core, these measurements were per-
formed in a temperature-insulated plastic tube. For the
analysis of salinity, inorganic nutrients, algal pigments
(ice core C) and particulate organic carbon (POC)
and nitrogen (PON) (ice core D) sections of ice cores
were melted in the dark at 4 °C. Salinity of melted ice
and water samples was measured with a WTW LF 191
conductometer. Subsamples (50 ml) were fixed with
HgCl2 (Kattner 1999) and stored frozen (−20 °C)
until analysis for the concentration of NO3, PO4 and
Si(OH)4 using standard seawater procedures (Gras-
shoff et al. 1983). For the analysis of POC and PON,
melted ice and water samples were filtered onto pre-
combusted Whatman GF/F filters and combusted in
a CARLO ERBA NA 1500 CHN-Analyzer (Verardo
et al. 1990). For the determination of chl a- and pheo
concentrations, samples were filtered onto Whatman
GF / F filters and analysed fluorometrically with a
Turner Designs 10-AU digital fluorometer according
to Arar and Collins (1997).

Abundance and biomass of bacteria and diatoms
Ice core E was used for the microscopical investigation
of bacteria, algae and TEP and for the determination
of the bacterial colonisation of TEP. Ice core sections
(1–10 cm) of this core were melted in the dark at 4 °C
with an addition of 0.2 µm filtered seawater to avoid
osmotic stress (Garrison and Buck 1986, Spindler and
Dieckmann 1986). Blanks of the filtered seawater were
taken at each station and treated like the ice samples;
the concentrations of blanks were insignificant for all
parameters (bacteria, algae and TEP). Immediately
after the ice samples had melted, 250 ml subsamples
were fixed with 0.2 µm filtered borax-buffered for-
malin (1 % final concentration). Subsamples
(30–100 ml) were filtered onto black 0.2 µm and
0.8 µm polycarbonate filters, stained with DAPI and
mounted on microscope-slides (Porter and Feig 1980).
For the calculation of the total bacterial number and
bacterial biomass (0.2 µm filter) at least 400 cells were
counted on a minimum of 20 fields. Estimates of bac-
terial biovolume were determined from length- and
width measurements of 100 cells per samples with a
New Porton G12 grid (Graticules Ltd., UK) at a final
magnification of 1000×. Bacterial biovolume was con-
verted into bacterial carbon using the formula
CC = 88.6 × Vol0.59 × 1.042 (Simon and Azam 1989),
where CC (fg) and Vol (µm3) are the average carbon
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Fig. 2.3.1: Study area and location of the stations in the Bellingshausen Sea. Station numbers represent the day of the year
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content per cell and the average cell volume, respec-
tively. The second filter (0.8 µm) was used for the
counting of centric and pennate diatoms. Calculation
of the diatom biomass was based on cell measurements
and followed the recommendations of the Baltic Ma-
rine Environment Protection Commission (1988).

Determination of TEP
For the determination of TEP, 2–30 ml subsamples
were filtered carefully onto 0.4 µm polycarbonate fil-
ters supported with backing filters with a pressure dif-
ference of < 0.1 bar. Samples were stained with 0.2 µm
pre-filtered Alcian Blue solution (Passow and All-
dredge 1994) and mounted on Cyto-Clear slides (Po-
retics Corp., USA) (Logan et al. 1994). Relative cover
of total TEP area on the filters was low (< 4.5%). TEP
abundance and size were measured semi-automatically
at 400× magnification with a Leitz Aristoplan micros-
cope connected to a Sony DXP-CCD video camera. A
minimum of 500 TEP were videotaped and the vi-
deoframes were digitised. Contour lines of digitised
TEP images were traced manually and the area of in-
dividual particles was determined with a LEICA
QWIN 500 MC image analysis system. Individual
TEP areas were converted to equivalent spherical dia-
meters (ESD), which were assigned to eight logarith-
mically increasing size classes ranging from 3–60 µm
ESD.

Particle size distributions are often described 
by power relations of the type N = kdp

−β, or
dN /d(dp) = kdp

−(β+1), where dN is the number of par-
ticles per unit volume in the size range dp to {dp + d(dp)}
(e.g. McCave 1984). The constant k depends on the
concentration of the particles and β describes the size
distribution of the particles; the smaller β the larger is
the fraction of large particles. A β of 3 denotes equal
particle volumes in the logarithmically increasing size
classes (McCave 1984). β+1 values were estimated
from the regressions of log{dN /d(dp)} versus log{dp}.
The magnitude of β+1 allows comparison of the TEP
size frequencies at different stations and environments.

Bacterial colonisation of TEP
For the determination of the number of bacteria
attached to TEP, 5–30 ml subsamples of the fixed sam-
ples were filtered onto 0.4 µm polycarbonate filters and
double-stained with Alcian Blue and DAPI. After stai-
ning, filters were mounted on Cyto-Clear slides (Pore-
tics Corp., USA) (Logan et al. 1994). For each sample,

bacteria associated with 24 individual TEP were enu-
merated by switching between bright field and UV il-
lumination. The individual TEP were sized (see above)
and associated bacteria were counted. Because TEP are
three-dimensional, the entire volume of each TEP was
examined by changing the microscopes focal plane du-
ring the observation. Hence, both bacteria on the sur-
face and embedded in TEP were counted (Mari and
Kiørboe 1996). A potential error (5–15%) in this enu-
meration is free-living bacteria retained by the filter be-
neath the examined TEP (Mari and Kiørboe 1996).
Assuming that TEP are spherical and solid, TEP area
was used to calculate the projected spherical enclosed
volume PSEV = 4 /3πr3, with r = 1 /2 ESD. The vo-
lume estimates were used to calculate bacterial con-
centration per aggregate volume. In order to estimate
the fraction of total bacteria attached to TEP, a relati-
onship between TEP size and the number of attached
bacteria was calculated for each sample.The number of
attached bacteria can be fitted to a power law function
n = adp

b, where n is the number of bacteria per TEP,
dp is the ESD of the TEP and a and b are constants for
a given sample. Numbers of associated bacteria were
plotted versus ESD in log-log coordinates and gave
estimates of a and b. The fraction of attached bacteria
was calculated by combining this relationship, the size
spectra of TEP and the total bacterial numbers in the
samples (Passow and Alldredge 1994, Mari and
Kiørboe 1996).

Brine salinity was calculated as a function of ice
temperature (Assur 1958); brine volume as a function
of temperature and ice bulk salinity (Frankenstein and
Garner 1967). Non-parametric Spearman-Rank-cor-
relations were used to determine relationships between
biogenic parameters. For testing on significant diffe-
rences between median values the Mann-Whitney U-
test was applied (Sachs 1984).

2.3.3 Results

Temperature, salinity, chemical parameters 
and pigments
Free-drifting pack ice and under-ice water were sam-
pled in the marginal ice zone of the Bellingshausen Sea
during late austral autumn 2001. Ice thickness at the
sampling sites was very variable and ranged between
49–79 cm, 56–68 cm and 47–65 cm at St. 113, St.
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114 and St. 115, respectively. All stations were snow
covered, with snow thickness varying between
4–20 cm. The sea-ice texture was dominated by inter-
mediate granular / columnar and granular ice, indica-
ting dynamic, turbulent conditions during sea-ice for-
mation (Fig. 2.3.2). Snow ice, characterised by
minimum δ18O values (Fig. 2.3.2a) was found at all
stations and contributed between 4–19% to total ice
thickness (Fig. 2.3.2b). Station 113 and 114 showed
an internal porous layer, which upper boundary was
located approx. 10–15 cm below the freeboard level of
the ice floes (freeboard-levels: St. 113: 2.5 cm, St. 115:
1.5 cm). Ice temperatures ranged from −8.8 °C to
−2.4 °C and showed typical linear winter profiles with
lowest temperatures in the uppermost parts of the ice
(Fig. 2.3.2c). Brine salinities, calculated as function of
ice temperature, were high with values between 42.5
and 132.8 (median: 79.9, data not shown). Vertical
profiles of sea-ice bulk salinity are presented in
Fig. 2.3.3. Bulk salinities ranged between 6.4 and 14.2
(median: 9.5). Bulk salinity and temperature measure-
ments were used to calculate brine volumes, i.e. the
fluid phase of the sea-ice system in which dissolved
matter is enriched and which serves as the actual ha-
bitat for the sea-ice biota. Brine volumes ranged bet-
ween 6.7% and 24.6% (median: 11.9%, data not
shown).

Vertical profiles of nutrient concentrations in the
ice and under-ice water values are shown in Fig. 2.3.3.
With the exception of NO3 concentrations, which
were positively correlated with ice depth (Spearman-
Rank correlation: ρ = 0.545, p = 0.0046), nutrient
concentrations in the sea ice were neither correlated to
ice depth nor to ice bulk salinity. NO3 concentrations
in the ice were highly variable and ranged between
0.7 µM and 9.4 µM. PO4 concentrations in the ice va-
ried from 0.3–9.2 µM (median 3.8 µM). Si(OH)4

concentrations in the ice of stations 113 and 114
showed extremely high peaks in the ice interior, coin-
ciding with peak values of algal pigments and biomass
(Fig. 2.3.3, Fig. 2.3.4). Maximum Si(OH)4 concen-
trations measured in this study are 5–6 times higher
than maximum values reported in other studies on
Antarctic pack ice (Dieckmann et al. 1991, Garrison
and Buck 1991, Gleitz et al. 1995) and may result from
dissolution of diatom frustules in the nutrient samples,
which were not filtered before fixation with HgCl2.
Despite careful fixation, storage and analysis of the
samples the extremely high Si(OH)4 data are therefore
probably erroneous. Except for NO3, sea ice at stations
113 and 114 showed much higher nutrient concen-
trations than St. 115. Nutrient concentrations in the
water were rather similar at all stations, with the ex-
ception of the high NO3 concentration at St. 113.
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Fig. 2.3.2: a) Vertical distribution of δ18O-values (given against SMOW in per mil). b) Vertical distribution of textural ice classes (for
definitions see text). c) Vertical profiles of sea-ice temperature
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Chl a concentrations in the ice peaked in surface,
interior and bottom layers (Fig. 2.3.4) and ranged bet-
ween 0.2 µg l−1 and 228.2 µg l−1 (median: 65.6 µg l−1).
Highest chl a concentrations occurred in the internal
porous layer of St. 113. Chl a concentrations in the
water were much lower with a median concentration
of only 0.2 µg l−1. The pheo / chl a ratio in the ice
showed maxima in top and interior layers, the ratio was
very high in the water samples at stations 114 and 115
(Fig. 2.3.3). POC and PON concentrations in the ice
varied between 190.8–9988.5 µg C l−1 (median POC:
2594.5 µg C l−1) and 17.4–1568.7 µg N l−1 (median
PON: 364.8 µg N l−1), respectively (data not shown).
Water concentrations were much lower with POC ran-
ging from 39.7–355.9 µg C l−1 and PON from
5.4–45.9 µg N l−1 (median POC: 106.9 µg C l−1, me-
dian PON: 13.7 µg N l−1). C /N ratios in the sea ice
showed values between 6.8–12.8 (median: 7.6), water
values were similar at all stations with a median value

of 9.0. Integrated ice POC and PON ranged between
437.3–3207.4 mg C m−2 (median: 2034.3 mg C m−2)
and 63.10–504.6 mg m−2 (median: 316.36 mg m−2),
respectively.

Algal and bacterial abundance and biomass
The results of the microscopical counts and biomass
estimates for algae and bacteria are summarised in
Table 2.3.1. Algal biomass peaked in the surface, inte-
rior and bottom of the ice floes (Fig. 2.3.4). The inte-
rior algal assemblages and the integrated abundance
and biomass at stations 113 and 114 were dominated
by centric diatoms. Dominant centric species were
Chaetoceros spec., Corethron spec., Thalassiosira spec.
and Rhizosolenia spec. At station 115, in contrast, pen-
nate forms dominated the diatom assemblage. Ice-
associated pennate diatoms were predominated by
Fragilariopsis spec., Nitzschia spec. and Navicula spec..
Algal abundance and biomass was extremely low in the
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Fig. 2.3.3: Vertical distribution patterns of ice bulk salinity, NO3, PO4, Si(OH)4, chlorophyll a (= Chl a) and the pheophytin / chloro-
phyll a ratio (= Pheo /Chl a-ratio) in sea ice and values for the underlying water
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Fig. 2.3.4: Vertical distribution of the algal biomass (centric diatoms, pennate diatoms) and bacterial biomass in sea ice and underlying
water. n.d. = no data
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under-ice water (Table 2.3.1). No Phaeocystis spec. was
observed in any of the samples.

High bacterial abundances and biomasses were ob-
served throughout the entire ice thickness (Fig. 2.3.4,
Fig. 2.3.5), with maximum values of bacterial biomass
coinciding well with peak values of ice algal biomass.
Bacterial concentrations and biomasses in the under-
ice water were considerably lower (Table 2.3.1).

TEP abundance, area and size distribution
TEP were found in all ice and water samples. The con-
centration of TEP is reported in two ways: TEP abun-
dance (particles l−1) and TEP area (cm2 l−1). At all sta-
tions, highest concentrations of both TEP abundance
and area peaked in the interior of the ice (Fig. 2.3.5).
TEP abundance and area in the ice varied between
10.22–260.45 × 106 particles l−1 and 3.4–92.1 cm2 l−1,
respectively. TEP abundance in the water varied bet-
ween 3.04–3.64 × 106 particles l−1, the TEP area bet-
ween 0.8 and 1.1 cm2 l−1. The median concentrations
in the ice (TEP abundance: 50.16 × 106 particles l−1,
TEP area: 21.3 cm2 l−1) exceeded medians in the water
(TEP abundance: 3.56 × 106 particles l−1, TEP area:
1.0 cm2 l−1) by one order of magnitude. This difference
was statistically significant for both parameters (Mann-
Whitney U-test: p = 0.005 for both TEP abundance
and area).

Although TEP concentrations showed a wide va-
riability, the general size distributions of TEP were re-
latively similar. TEP abundance decreased with TEP
size (ESD) and this relationship could be described by

powerlaw functions. The slopes in log-log regressions
(β+1) in the sea-ice samples ranged between 2.5 and
3.5 and were not correlated with ice depth. β+1 of the
water samples varied between 3.0 and 3.5. The relative
TEP size frequencies of the pooled ice and water sam-
ples are given in Fig. 2.3.6. The slopes (β+1 values)
were relatively flat in both habitats and indicate a rela-
tive large amount of larger TEP particles.

In the sea ice, a close coupling of algal and bacterial
biomass and TEP was indicated by highly significant
Spearman-Rank correlations. Bacterial biomass was
significantly correlated to both TEP abundance
(ρ = 0.692, p < 0.0003) and TEP area (ρ = 0.703,
p = 0.0003). High Spearman-Correlation coefficients
were also found for correlations of TEP abundance and
TEP area with pennate diatom biomass (TEP abun-
dance: ρ = 0.699, p = 0.0003, TEP area: ρ = 0.687,
p = 0.0004) and centric diatom biomass (TEP abun-
dance: ρ = 0.729, p = 0.0002, TEP area: ρ = 0.756,
p < 0.0001). A close relationship was also detected for
the ice data of bacterial and pennate diatom biomass
(ρ = 0.708, p = 0.0002) and bacterial and centric
diatom biomass (ρ = 0.796, p < 0.0001).

Bacterial colonisation of TEP
Doublestaining TEP with Alcian Blue and DAPI
showed that all investigated particles were colonised by
bacteria. Bacteria were observed both on the surface of
and in the interior of the TEP. The colonisation was
very variable, with a range of 1–220 bacteria TEP−1

(median: 15 bacteria TEP−1) in the sea ice and 1–103
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Table 2.3.1: Abundance and biomass of bacteria, pennate diatoms and centric diatoms in sea ice and underlying water (range with median
values in parentheses). Integration depth for ice values = ice thickness, integration depth for water values = 10 m

Abundance Biomass
(106 cells l−1) (109 cells m−2) (µg C l−1) (mg C m−2)

Ice
Bacteria 544.15–4854.04 320.5–1687.4 8.8–119.4 5.6–31.5

(2056.91) (1399.5) (34.8) (29.6)
Pennate diatoms 0.61–79.44 8.9–10.1 29.1–1925.2 111.0–511.5

(16.22) (9.6) (653.8) (403.8)
Centric diatoms 0.18–26.88 0.5–6.7 12.8–3637.7 47.7–760.0

(4.94) (5.0) (433.9) (439.1)
Water

Bacteria 548.13–701.51 5481.3–7015.1 5.4–9.6 54.0–96.0
(565.91) (5659.1) (8.4) (84.0)

Pennate diatoms 0.16–2.39 1.6–23.9 3.9–28.3 39.0–283.0
(0.21) (2.1) (11.0) (111.0)

Centric diatoms 0.04–0.16 0.4–1.6 2.6–10.2 25.0–102.0
(0.06) (0.6) (9.1) (91.0)
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Fig. 2.3.5: Vertical distribution of TEP area, TEP abundance, total bacterial number and the relative number of bacteria attached to TEP (%)
in sea ice and underlying water. n.d. = no data
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bacteria TEP−1 (median: 13 bacteria TEP−1) in the
water samples. The absolute number of bacteria in
both sea ice and water increased with TEP size
(Fig. 2.3.7a), whereas the number of bacteria per unit
TEP volume decreased with TEP size (Fig. 2.3.7b). A
total range of 1.5% to 56.5% of the total bacterial
number was attached to TEP. The median of the rela-
tive number of attached bacteria in sea ice (14.8%)
was significantly higher than the median (1.9%) of the
water samples (Mann-Whitney U-test: p = 0.0062).
The percentage of bacteria associated with TEP in the
sea ice was correlated with TEP abundance (ρ = 0.542,
p = 0.0048) and TEP area (ρ = 0.538, p = 0.0051).

2.3.4 Discussion

This study gives first data on the abundance, size and
bacterial colonisation of TEP in Antarctic sea ice and
underlying water. High concentrations and distinct
size distributions of TEP were found in all ice samples.

TEP concentration, distribution and characteristics
TEP abundances in sea ice were generally very high
and comparable to or exceeding maximum concentra-
tions reported from different marine pelagic habitats
(Alldredge et al. 1993, Passow and Alldredge 1994,
Mari and Kiørboe 1996, Mari and Burd 1998, Simon
et al. 2002). Krembs and Engel (2001) highlighted the
role of TEP in Arctic pack ice of the Laptev Sea. They
reported on TEP areas between below detection and
16 cm2 l−1 in Arctic pack ice, with a median of 2.9 cm2

l−1. The median of the present study is approx. 10
times higher, demonstrating that Antarctic sea ice har-
bours large amounts of TEP.

Despite the relative close geographical vicinity of
the sampled ice floes, the investigated floes are likely
to have different developmental histories which might
explain the distinct differences in the vertical distribu-
tion of both biomass and TEP between the stations. At
all stations, maximum TEP concentrations occurred in
layers coinciding with the maxima of bacterial and
algal biomass. At stations 113 and 114 the TEP and
biomass maxima were located in a layer of porous ice
(of intermediate granular / columnar or granular tex-
ture) approximately 10 cm below the freeboard layer
of the ice floes. These porous layers near sea level have
been described (Ackley and Sullivan 1994) and are be-
lieved to originate by either internal melting or surface
flooding and infiltration of sea water into the snow, fol-
lowed by freezing (Fritsen et al. 1994). Fritsen and Sul-
livan (1997) proposed a conceptual model for the dis-
tribution and development of microbial communities
in Antarctic pack ice and described the occurrence of
biomass-rich surface and surface / internal communi-
ties for Antarctic second-year sea ice (sea ice that sur-
vived the summers melt season), whereas first-year sea
ice normally shows lower biomass, often located in the
interior and at the bottom of the ice floes. Therefore,
despite the similar ice bulk salinities at all stations, the
distinct biomass distributions suggest that stations 113
and 114 resemble older ice floes, which allowed for the
accumulation of biomass and TEP to the high levels
observed. Salinities > 7.8 as well as low biomass and
TEP concentrations, indicate that the sea ice at Station
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Fig. 2.3.6: Relative size frequencies of transparent exopolymer particles (TEP) for a) the pooled sea-ice (Ice) and b) water samples (Water)
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115 was relatively young, but nevertheless already con-
tained TEP concentrations which exceeded those
found in the water by a factor of 4–13. The data sug-
gest that TEP is an integral component of different
sympagic communities of Antarctic first-year and se-
cond-year sea ice.

The number of TEP was negatively correlated with
TEP size in both sea ice and under-ice water. The β+1
values of the size distributions were small and indicate
a relatively large proportion of larger particles. β+1 va-

lues in this study differed from the theoretical value of
β+1 = 4, consistent with steady-state size spectra of
TEP being formed by shear coagulation from smaller
particles (McCave 1984). The size-spectra of TEP were
comparable to those reported from field studies in
temperate pelagic habitats (Passow and Alldredge
1994, Mari and Kiørboe 1996) and in Arctic sea ice
(Krembs and Engel 2001). A high proportion of rela-
tively large particles has been explained by TEP for-
mation in the form of mucus sheets, coagulation of
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Fig. 2.3.7: a) Total number of bacteria per individual TEP versus size of the respective TEP. b) Bacteria per aggregate volume versus size
of the respective TEP
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smaller TEP with non-TEP particles and the fractal
nature of TEP (Passow and Alldredge 1994, Mari and
Kiørboe 1996). The high concentrations of sympagic
diatoms, potentially producing mucus in the form of
sheets may serve as an explanation for the size distri-
bution observed in the present study. However, the ele-
vated amount of larger TEP particles can also be attri-
buted to other characteristics in the sea ice and
under-ice habitat, e.g. elevated shear or disruption of
sympagic biofilms, which occurrence has been pro-
posed by Thomas and Dieckmann (2002).

Sources and formation of TEP
The high TEP concentrations in the ice can be caused
by different mechanisms: physical enrichment of TEP
during ice formation, abiotic production of TEP from
dissolved and /or colloidal precursors and biological
production of TEP by sympagic organisms.

Physical enrichment
Different processes have been described for the phy-
sical incorporation and enrichment of sediment and
organisms into newly forming and existing ice sheets
(Ackley 1982, Reimnitz et al. 1990, Grossmann and
Dieckmann 1994, Spindler 1994). Exceptional high
accumulations have been observed in granular ice, as-
sociated with dynamic, turbulent growth conditions
and high growth rates of the sea ice (Weeks and Ackley
1982, Clarke and Ackley 1984). Granular ice predo-
minates in Antarctic pack ice with a contribution of
40–70% (Clarke and Ackley 1984, Scott et al. 1994).
Granular ice was also an important fraction in the sea
ice under investigation. It is therefore assumed that
TEP is already enriched in young Antarctic sea ice
formed under dynamic conditions. This hypothesis is
supported by the enriched TEP values observed in the
relatively young sea ice at station 115.

Abiotic formation
High concentrations of dissolved organic carbon
(DOC) have been reported from sea ice of both polar
oceans and have been attributed to mechanical damage
of organisms during the formation and consolidation
of the ice, to grazing activity of sympagic proto- and
metazoans, to osmotic adjustment of ice organisms
and to increased algal extracellular release (Gleitz and
Thomas 1993, Thomas et al. 1995, Thomas et al.
1998, Thomas et al. 2001). Herborg et al. (2001) re-
ported on high concentrations of carbohydrates con-

tributing up to 31% of the DOC pool in Antarctic
pack ice. DOC and especially carbohydrates are im-
portant precursors of polymers and thus for TEP (My-
klestad 1995, Passow 2000). Sea-ice temperature in
combination with ice bulk salinity determines the
brine volume and directly controls the salinity of the
brine (Assur 1958, Frankenstein and Garner 1967).
During winter decreasing temperatures in sea ice, the-
refore increase brine salinities and concentrate DOC
in decreasing brine volumes. Aggregation is a positive
function of both the concentration of divalent cations
(Simon et al. 2002) and precursor concentration (Chin
et al. 1998). Increasing salinity and DOC concentra-
tion during cooling of the sea ice may therefore serve
in concert in the abiotic formation of TEP in the sea-
ice habitat.

Biotic production
A third possible explanation for the high TEP con-
centrations in sea ice is the direct production of poly-
meric substances from cell internal carbon pools, the
production of extracellular polymeric substances
(EPS), respectively. Especially diatoms produce co-
pious amounts of EPS which serve the algae in adhe-
sion, locomotion and the buffering of environmental
stress (Hoagland et al. 1993, Cooksey and Wiggles-
worth-Cooksey 1995, Wetherbee et al. 1998). Re-
cently protective microhabitats around diatoms in
Arctic sea ice were observed with in situ microscopical
techniques (Junge et al. 2001, Krembs pers. comm.).
Increased EPS production by algae has been also de-
scribed for senescent diatom blooms and as response
of algae exposed to high salinities, cold temperatures,
nutrient limitation and low irradiance (Aletsee and
Jahnke 1992, Hoagland et al. 1993, Passow and All-
dredge 1994, Mopper et al. 1995, Liu and Buskey
2000, Wolfstein and Stal 2002). These conditions are
typical for Antarctic sea-ice communities during the
autumn season, when irradiance levels and tempera-
tures decrease drastically. For example, in this study ice
temperatures in the internal communities with highest
TEP concentrations were very low ranging between
−5.9 °C and −7.7 °C. Calculated brine salinities in
these layers ranged between approx. 100–120 and
caused harsh osmotic stress to the inhabiting orga-
nisms. During the cooling of the sea ice, brine chan-
nels additionally become increasingly disconnected
(Golden et al. 1998, Krembs et al. 2000), reducing nu-
trient-availability on small scales and therefore increase
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nutrient stress in microhabitats, a process that can fur-
ther enhance EPS production. From bulk nutrient
concentrations and the theoretical derived brine vol-
umes, the nutrient concentrations in the brine were
calculated. These theoretical derived values ranged bet-
ween 7.7–105.1 µM NO3, 4.2–122.7 µM PO4 and
77.2–3289.2 µM Si(OH)4 and were much higher than
half saturation constants (Ks values) reported for mixed
natural phytoplankton assemblages (Sommer 1998).
This suggests that the sea-ice algae were not nutrient
limited during the time of investigation and that this
factor was not responsible for the high observed TEP
concentrations. However, nutrient limitation during
Antarctic ice algal blooms has been reported (e.g.
Gleitz et al. 1995, Kristiansen et al. 1998) and may
have enhanced the production of TEP in the interior
of the ice floes at stations 113 and 114 during spring
and summer. The high TEP concentrations may there-
fore represent a signal of a previous situation of nu-
trient limitation, when algal derived refractory TEP ac-
cumulated in the ice.

Producers of TEP
Algae and especially pennate diatoms are considered as
the most important producers of EPS in marine
benthic and planktonic habitats (Hoagland et al. 1993,
Smith and Underwood 1998, Smith and Underwood
2000, Passow 2002). However, also bacteria are
capable to produce TEP, but their role in TEP pro-
duction has been only recently examined and is not
fully understood (Passow 2002, Simon et al. 2002). In
this study TEP abundance and area showed highly sig-
nificant correlations to both algal biomass and bacte-
rial biomass. In order to estimate the importance of
algal and bacterial derived TEP in the sea ice, pub-
lished EPS production rates of algae and bacteria were
used for the calculation of daily production rates of
exopolymeric substances of these groups in the sea ice.
Due to the lack of data of cold-adapted organisms, cell-
specific production rates of temperate epipelic diatoms
(6.31–31.46 pg glucan equivalents cell−1 d−1; Smith
and Underwood (2000)) and temperate planktonic
bacteria (4 amol C cell−1 d−1, Stoderegger and Herndl
1999) were used. Neglecting temperature effects, esti-
mated EPS production of diatoms was on average
195.1 µg C l−1 d−1 (range: 6.1–581.2 µg C l−1 d−1, the
estimated bacterial EPS production averaged only
2.5 µg C l−1 d−1 (range: 0.6–5.6 µg C l−1 d−1). The
diatom EPS production / bacterial EPS production

ratio averaged 102.5 (range: 2.2–507.5). Hence, the
estimated algal EPS production exceeded the bacterial
EPS production on average by two orders of magni-
tude, indicating that diatoms were the most important
EPS producers in the sea-ice habitat. These estimates
are consistent with results of pelagic studies from lower
latitudes, which report on diatoms as the main produ-
cers of TEP in the pelagic realm (Passow et al. 1994,
Passow and Alldredge 1995).

TEP carbon
To estimate the TEP carbon pool I used the formula
given by Mari (1999) for laboratory-made TEP with
TEP-C (µg C TEP−1) = 0.25 × 10−6 × r2.55, where r is
the equivalent spherical radius and 2.55 is the fractal di-
mension D of TEP. Integrated sea-ice TEP carbon was
equivalent to 14–32% of the integrated POC values,
to 34–78% of the integrated algal biomass (sum of
pennate and centric diatoms) and to 1157–2090% of
the integrated bacterial biomass. Keeping in mind the
problems in transferring characteristics (volume,
carbon-content) of laboratory-made TEP to field sam-
ples, the data nevertheless indicate that TEP signifi-
cantly contributes to the carbon pool in Antarctic sea
ice. The estimates are similar to values from planktonic
studies showing that aggregates contribute between
4–30 % to pelagic particulate organic carbon (All-
dredge and Silver 1988, Alldredge and Gotschalk 1990,
Riebesell 1991, Simon et al. 2002).

TEP colonisation
Different studies on Antarctic sea ice reported on the
high number of epiphytic bacteria in the sea-ice ha-
bitat (e.g. Ackley and Sullivan 1994, Archer et al.
1996, Thomas et al. 1998), but no information about
sympagic bacteria on aggregates has been published. In
this study the first data on the bacterial colonisation of
TEP in sea ice are presented.

In the pelagic realm, TEP and larger aggregates can
serve bacteria as special microhabitats and have been
recognised as sites of increased hydrolytic enzyme ac-
tivity and nutrient remineralisation (e.g. Smith et al.
1992, Ploug et al. 1999, Ayo et al. 2001). In the pre-
sent study the total number of bacteria attached to in-
dividual TEP ranged between 1–220 bacteria TEP−1

and was within the range reported in pelagic studies
(Passow and Alldredge 1994, Mari and Kiørboe 1996,
Simon et al. 2002). The high variability in the coloni-
sation of similar sized TEP indicates differences in the
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degree of colonisation and was possibly caused by the
different age and chemical composition of the TEP
(Passow and Alldredge 1994). The total number of
attached bacteria increased with TEP size, whereas the
specific number decreased with size. This relationship
has also been reported for planktonic aggregates and
has been attributed to the fact that porosity of aggre-
gates increases with size (Mari and Kiørboe 1996,
Ploug et al. 1999, Simon et al. 2002). By using the me-
dian brine volume (11.9%), the total bacterial number
occurring in the sea-ice brine was calculated and in
turn was used for the calculation of enrichment factors
(EF) = bacteria per aggregate volume (cells ml−1)/bac-
terial concentration in brine (cells ml−1). EF in sea ice
averaged 2950, a value consistent with high enrich-
ment factors of bacterial colonisation of planktonic ag-
gregates (Ploug et al. 1999, Simon et al. 2002).

The percentage of attached bacteria shows a wide
range in different planktonic habitats (e.g. Alldredge
and Gotschalk 1990, Turley and Stutt 2000) and de-
pends mainly on the abundance of aggregates (Simon
et al. 2002). In most pelagic environments the per-
centage of attached bacteria constitutes less than 10%
and often less than 5% of the total bacterial number
(Alldredge and Gotschalk 1990, Turley and Stutt
2000, Simon et al. 2002). The median percentage of
bacteria attached to TEP (1.9%) in the water samples
of this study falls very well in this range. The median
percentage (14.8%) in the ice samples was relatively
high, indicating favourable conditions for sympagic
bacteria associated with TEP.
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3 General discussion

3.1 Critical evaluation of applied
methodology

Sampling
All ice samples were collected using a SIPRE-type ice
corer from the upside of the sea ice. This approach can
result in the destruction of the delicate skeletal layer
(Weeks and Ackley 1982) at the subsurface of the ice
floes and in the subsequent loss of the lowermost cen-
timetres of the ice core. In this study only cores with
an undisturbed subsurface were used for further ana-
lysis to ensure the analysis of complete ice cores.

After ice core retrieval, brine drainage causes loss of
brine and sympagic biota. Fast processing of the ice
cores and the generally low porosity of the sea ice
under investigation ensured that brine drainage during
sampling was small in this study. However, brine drai-
nage was not quantifiable and may have affected espe-
cially measurements from ice core sections with a rela-
tively high brine volume and porosity like e.g. bottom
sections in all three regions and the porous layers in the
upper parts of the Antarctic sea ice.

Melting
Melting of ice core samples drastically reduces salinity
in the liquid phase of the sample causing osmotic stress
for the organisms (Garrison and Buck 1986). In the
present study, samples for the microscopical investiga-
tion of organisms were melted at 4 °C in the dark with
addition of 0.2 µm filtered seawater to buffer osmotic
stress (Spindler and Dieckmann 1986). Garrison and
Buck (1986) found that this method prevents the loss
of over 70% of delicate protists (especially flagellates
and ciliates) compared to direct melting of samples.
During melting (ca. 4–24 h) organism abundance can
be also influenced by heterotrophic growth and gra-
zing. This can increase or reduce the abundance of or-
ganisms in the sample and may have affected estimates
of in situ abundances in the present study. In order to
minimise these factors, all samples were fixed as soon
as they were completely melted.

Additional formation of TEP during melting was
avoided as follows. TEP were determined in samples
that were melted by addition of 0.2 µm filtered sea
water (Garrison and Buck 1986, Spindler and Dieck-
mann 1986). Concentrations of dissolved organic
carbon (DOC) in sea ice are normally considerably

higher than water values (Bunch and Harland 1990,
Thomas et al. 1995, Thomas et al. 1998, Herborg et
al. 2001). Thus, the addition of the sterile-filtered sea-
water reduced not only TEP concentrations but also
DOC concentrations in the meltwater. The dilution
reduces encounter rates of DOC as well as TEP par-
ticles, and is therefore assumed to reduce both the
abiotically formation of TEP from dissolved TEP pre-
cursors (Chin et al. 1998, Passow 2000) and coagula-
tion of TEP into larger particles (Passow et al. 1994,
Schuster and Herndl 1995, Mari and Burd 1998) dur-
ing the melting process. The avoidance of osmotic
stress on the organisms additionally minimised active
TEP production by organisms, which can response to
osmotic stress by enhanced excretion of polymeric sub-
stances (Decho 1990, Hoagland et al. 1993). Additio-
nally, disintegration of sea-ice TEP during the ice melt
can bias results. Riebesell et al. (1991) for example re-
ported monospecific diatom aggregates on the subsur-
face of Antarctic sea ice, to likely have formed inside
the brine channel system. This type of monospecific
aggregates was not observed in any of my samples. I as-
sume that disaggregation did not occur, since a large
contribution of relatively large particles was observed
in all samples. Ice melt destroys the natural structure
of the sea-ice habitat and allows free interaction of par-
ticles, which before were separated by the sea-ice
crystal structure. Differences between the natural and
observed TEP abundances and characteristics in sea-
ice samples can therefore not be excluded (Krembs and
Engel 2001). To conclude, the applied methods for the
determination of TEP in sea ice minimised artificial
changes in the abundance and size characteristics of
TEP.

TEP size and TEP volume
TEP have a high water content and can collapse and
deform during and after filtration, which can greatly
affect the estimates of ESD and, subsequently, calcu-
lated TEP volume (Mari and Kiørboe 1996, Berman
and Viner-Mozzini 2001). In addition, the calculation
of the TEP volume premises that the aggregates are
spherical and solid. This assumption neglects the
fractal nature of TEP, i.e. the increase of the particle
porosity with particle volume (Jackson et al. 1997,
Berman and Viner-Mozzini 2001, Simon et al. 2002).
Therefore, my calculations of the bacterial concentra-
tions per TEP volume should be considered only as
tentative estimates.
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Abundance and biomass
The microscopical count of microorganisms is subject
to methodological and statistical errors (e.g. Edler
1979, Bölter et al. in press). In this study approx. 100
protists per counting unit and a minimum of 400 bac-
teria were enumerated per sample resulting in an
average statistical counting error of ca. 10–20% (Edler
1979). Protist biomass was calculated with a constant
volume:carbon conversion factor (Baltic Marine Envi-
ronment Protection Commission 1988). This method
neglects that smaller organisms generally have a higher
specific carbon per volume content than larger orga-
nisms (Menden-Deuer and Lessard 2000). Bacterial
cell carbon was calculated using an allometric cell-
volume:carbon conversion model which accounts for
the condensation of carbon in smaller cells (Simon and
Azam 1989, Norland 1993). In a recent study Pelegrí
et al. (1999) measured carbon contents of individual
cells by high temperature catalytic oxidation. The
authors proposed a linear carbon:volume relationship
and the use of a single carbon:volume conversion
factor for bacteria and protists. In order to estimate the
impact of different volume:carbon models, I used also
their formula to calculate bacterial and protist biomass
for the Baltic sea ice (chapter 2.1). According to the ap-
proach of Pelegrí et al. (1999) the bacterial biomass in
the study on Baltic Sea ice was overestimated by ca.
250% and the biomass of protists was underestimated
by ca. 15%.

3.2 Discussion of results

3.2.1 Structure and composition of the
sympagic community in the brackish 
Baltic sea ice

Consistent with other studies, this work showed that
Baltic sea ice is a habitat for prokaryotes, protists and
metazoa (Huttunen and Niemi 1986, Norrman and
Andersson 1994, Laamanen 1996, Ikävalko and
Thomsen 1997, Haecky and Andersson 1999). Inte-
grated biomass in sea ice was relatively low ranging
between 2.7–45.1 mg C m−2. Using the same sampling
techniques and methodologies in biomass determina-
tion as in the present study, Gradinger et al. (1999) re-
ported much higher integrated biomass values
(average: 195.6 mg C m−2) for Arctic pack ice in the

Greenland Sea sampled in summer and autumn. In
their study, bacteria contributed the largest fraction of
carbon with 31 %, followed by pennate diatoms
(26%), heterotrophic flagellates (20%), autotrophic
flagellates (17 %) and meiofaunal organisms (meta-
zoans and ciliates, 3.7%). Total carbon in the present
study, in contrast, was dominated by pennate diatoms
(32.8%), followed by centric diatoms (28.8%), au-
totrophic flagellates (22.7 %), bacteria (7.7 %), he-
terotrophic flagellates (7.1%) and metazoa (0.9%).
The relative contribution of autotrophic biomass in
the Baltic sea ice (average: 84.3%) exceeded that of the
Arctic sea ice (ca. 42%) by far. This, in part, reflects
the different sampling seasons but can possibly also be
attributed to other properties of the ice like ice struc-
ture, ice porosity and total ice thickness. These ice
properties affect the nutrient availability and thus
composition of interior communities. Arctic multi-
year sea ice is often characterised by low nutrient con-
centrations, which tends to favour microbial networks
(Gradinger 1999b), while in Baltic sea ice new pro-
duction systems were encountered.

Metazoan biomass in Baltic sea ice was low
(average: 0.05 mg C m−2) compared to Arctic and Ant-
arctic sea-ice data (including ciliates and foraminifera)
which range between < 0.1–7.4 mg C m−2 and
0–118.2 mg C m−2, respectively (Gradinger 1999a).
Relative contribution of metazoa to total biomass of
the Baltic sea ice was 1%, which is similar to estimates
of Gradinger et al. (1999) reporting on a small relative
contribution of metazoa (< 3.7%) to sympagic bio-
mass in the Greenland Sea. The sympagic metazoan
community in the Baltic consisted of rotifers and nau-
plii only, with rotifers dominating biomass at all sta-
tions. Baltic sea ice seems to lack the majority of me-
tazoan taxa described for Arctic sea ice like acoel
turbellarians, nematodes, copepods, polychaetes, gas-
tropod and tunicate larvae and amphipods (Horner
1985a, Grainger and Hsiao 1990, Friedrich 1997,
Gradinger et al. 1999, Friedrich and Hendelberg 2001,
Nozais et al. 2001). Rotifers have been described as an
important group in various Arctic sea-ice studies (e. g.
Cross 1982, Kern and Carey 1983, Grainger et al.
1985). Benthic types dominate rotiferan abundance in
Arctic fast ice (Chengalath 1985), whereas pack ice is
dominated by the generally planktonic genus Syn-
chaeta (Friedrich and De Smet 2000). In contrast, both
Baltic Sea pack and fast ice were dominated by plank-
tonic protist and metazoan species, and despite shallow
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water depths, rather serve as additional temporal ha-
bitats for planktonic than for benthic organisms
(Ikävalko and Thomsen 1997, Ikävalko 1998b). The
Baltic sea ice therefore resembles ecological conditions
typical for Antarctic sea ice, where the sea-ice orga-
nisms have to cope with a planktonic life-phase
(Spindler 1994). In contrast, perennial Arctic sea-ice
floes can serve as habitat for autochthonous organisms
spending most of their life-cycle in close association
with sea ice (Gulliksen and Lønne 1989, Horner et al.
1992). The seasonal ice cover and the low diversity of
the brackish environment (Remane 1958, Lenz 1995)
may explain the low species number of metazoans in
Baltic sea ice.

3.2.2 Importance of abiotic and biotic 
factors for the accumulation of algae in 
the Baltic sea ice

The influence of temperature on the photosynthesis,
respiration and growth of ice algae is still under dis-
cussion (Kirst and Wiencke 1995, Thomas and Dieck-
mann 2002, Gradinger 2002). Temperature affects the
algal metabolism by altering reaction kinetics and
membrane properties. Studies on the effect of tempe-
rature on Arctic and Antarctic ice algal growth showed
that many polar species are psychrophilic (= have op-
timum temperatures below 15 °C) but that in situ tem-
peratures are generally still suboptimal (Bunt 1968,
Kottmeier and Sullivan 1987, Kirst and Wiencke
1995). There are no studies on the temperature effect
on the growth of Baltic sea-ice algae. However, the fin-
dings of the Arctic and Antarctic studies in combina-
tion with the observed ice temperatures in the Baltic
(−3.1 °C to −0.2 °C) suggest suboptimum growth
conditions for the sea-ice algal community under in-
vestigation.

In sea ice, temperature directly controls brine sali-
nity (Assur 1958). Maximum brine salinities measured
in Baltic sea ice range between 25–30 (Ikävalko and
Thomsen 1997). Brine salinities calculated in the pre-
sent study were highly variable (3.6–54.2) and ex-
ceeded water column salinities by factors of 1 to 20.
Sea-ice algae from the Arctic and Antarctic can grow
over a wide range of salinities ranging between 5 and
90 (Grant and Horner 1976, Bartsch 1989) and can
apparently cope better with decreasing than increasing

salinities (Kirst and Wiencke 1995). The high brine sa-
linity relative to the water column is assumed to limit
growth of algae adapted to the low salinity regime of
the northern Baltic Sea.

Reflection, backscatter and absorption of incident
light in sea ice reduce irradiance below polar sea ice by
a factor mostly between 50–1000 (Maykut 1985,
Eicken 1992). The low ice thickness of Baltic sea ice
generally allows comparatively high transmittance.
However, the combined effect of ice thickness and
snow cover reduced the light levels below sea ice in the
Bothnian Bay by ca. 50% (calculated after Maykut
1985). Although sea-ice algae have a high potential for
photoacclimation and are able to grow at very low ir-
radiance levels (Gleitz and Kirst 1991, Kirst and
Wiencke 1995, Mock and Gradinger 1999, Gradinger
2002), I assume that the sympagic algal community in
the Bothnian Bay sea ice was light limited during the
time of sampling. This conclusion is in agreement with
investigations on annual Arctic sea ice and a previous
study on Bothnian Bay sea ice, which considered the
sea-ice algal communities to be light limited during
their early developmental stage (Gosselin et al. 1990,
Cota et al. 1991, Haecky and Andersson 1999). I pro-
pose snow cover on the sea ice as an important factor
in the onset of both the ice algal and pelagic spring
bloom in the Bothnian Bay.

Both measured and potential ice algal photopig-
ment concentrations were very low in the sea ice inves-
tigated in the northern Baltic Sea during the year
2000. This is most likely attributed to low phosphate
concentrations trapped into the ice during its forma-
tion (Haecky and Andersson 1999). Nutrient availa-
bility in Baltic sea ice is also restricted due to the low
brine-volumes in the brackish sea ice with a median of
only 3% (this study). Golden et al. (1998) suggest a
threshold of 5% brine volume below which sea ice is
effectively impermeable for fluid transport. Low brine
volumes are therefore considered an important,
hitherto neglected, controlling factor for the ice algal
accumulation in brackish sea ice.

Estimates of maximum potential daily ingestion
rates (calculated according to Moloney and Field
1989) showed that the Baltic sea-ice metazoa con-
sumed on average 1.5% of the ice algal standing stock.
This value is consistent with estimates for Arctic sea ice
(0.9%) given by Nozais et al. (2001) and a study by
Gradinger (1999a) reporting on low meiofaunal gra-
zing impact in Arctic and Antarctic pack ice. The pre-
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sent study did not account for protozoan grazing, be-
cause protozoans were assumed to be primarily bacte-
rivorous. However, larger ice-associated flagellates and
ciliates are known to feed on sympagic diatoms (Buck
et al. 1990, Ikävalko and Gradinger 1997), leading to
a higher total grazing pressure. However, the concen-
tration of larger (> 40 µm) protozoans was generally
less than 100 cells l−1, and thus protozoan herbivory
can be neglected.

3.2.3 Distribution and size frequency of
transparent exopolymer particles (TEP) 
in Arctic and Antarctic sea ice

This study gives first estimates for the vertical distri-
bution of TEP in Arctic and Antarctic sea ice. Both
Arctic and Antarctic sea ice showed high TEP abun-
dances and TEP areas. In terms of abundance, max-
imum values in the ice were similar or exceeding water
values given in various planktonic studies from lower
latitudes (Table 3.2.3.1). In terms of TEP area, sea ice
maximum values exceeded maximum planktonic va-
lues of various marine environments by 1–3 orders of
magnitude, indicating the large size of individual sea-
ice TEP. Median total TEP area in sea ice was 2–20
times higher than values reported for ice algal com-
munities in the Arctic Laptev Sea (Krembs and Engel
2001), although diatom abundances in the studies
coincided very well. The difference is most likely at-
tributable to the examination of TEP-rich interior
communities, which were neglected in the previous
study. Interior communities are a typical feature of
Antarctic pack ice (Horner 1985a, Horner et al. 1992,
Gradinger 2002), but their importance has been re-
cently described also for Arctic pack ice (Gradinger
and Zhang 1997, Gradinger 1999b, Mock and Gra-
dinger 1999). Interior sea-ice communities are ex-
posed to more extreme environmental conditions than
bottom communities, which might explain TEP en-
richment due to the response of organisms to e.g. cold
temperatures, high brine salinities and reduced nu-
trient availability.

First estimates of sea-ice TEP carbon (calculated ac-
cording to the equation given by Mari (1999)) varied
considerably between stations but demonstrate the sig-
nificant contribution (14–32%) of TEP carbon to in-
tegrated POC in Arctic and Antarctic sea ice. The re-

sults suggests TEP to be an important fraction of the
carbon pool of Arctic and Antarctic sea-ice communi-
ties.

TEP size distributions in both sea ice and under-
ice water were characterised by low β+1 values and
were in accordance with those observed for Arctic
Laptev Sea sea-ice TEP (Krembs and Engel 2001).
The low β+1 values indicate a more significant contri-
bution of larger particles compared to values typically
observed in the water-column (McCave 1984, Mari
and Burd 1998). I assume that the low β+1 values in
the ice samples reflect the special physical conditions
of the sea-ice habitat. Krembs (1998) proposed that
EPS accumulates at special microsites within brine
channels, characterised by high shear stress and in-
creased advective transport, which might enhance the
formation of TEP. Size spectra of TEP are also affected
by other abiotic factors e.g. the concentration of TEP
and non-TEP particles as well as particle stickiness. In
addition, biotic factors such as the production of cap-
sular EPS by bacteria and /or algae and grazing by me-
tazoa have been reported to increase the relative pro-
portion of larger TEP (Passow and Alldredge 1999,
Stoderegger and Herndl 1999, Prieto et al. 2001). The
latter process may also result in the disruption of sym-
pagic biofilms whose occurrence has been proposed by
Thomas and Dieckmann (2002).

The low β+1 values in the under-ice water samples
suggest that the samples contained TEP from the ice
interior, which may have been transported to the water
column by gravity brine-drainage (Nakawo and Sinha
1981, Weeks and Ackley 1982) or Bernoulli-suction
due to current flow at the ice-water boundary (Feltham
et al. 2002). Larger TEP may also be formed directly
in the under-ice water layer by e.g. elevated shear stress.

3.2.4 Importance of TEP for the sea-ice
habitat and implications for the ice-covered
ocean

Potential ecological functions
The calculations of the potential EPS production of
sympagic bacteria and diatoms point towards diatoms
as the dominant producers of polymeric substances in
Arctic and Antarctic sea ice. This observation mirrors
the situation in other porous habitats like mudflats, in
which epipelic diatoms produce high amounts of EPS
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(Goto et al. 1999, Smith and Underwood 2000),
which serve the organisms in various function, e.g. lo-
comotion, adhesion, protection against harsh envi-
ronmental conditions and habitat stabilisation (e.g.
Hoagland et al. 1993, Smith and Underwood 1998,
Wetherbee et al. 1998). Sea ice has a large internal sur-
face of about 4 m2 kg−1 (Krembs et al. 2001), which
the organisms use for locomotion, grazing and attach-
ment (Ikävalko and Gradinger 1997). The potential
TEP-coverage of the interior sea-ice surface, however,
is low. Assuming a brine channel diameter of 200 µm
(Weissenberger et al. 1992), and using the average re-
lative brine volumes (Arctic sea ice: 8.1% (vol / vol),
Antarctic sea ice 13.2% (vol / vol)) I calculated a crude
estimate of the sea-ice interior surface, which was
1.6 m2 1−1 in the Arctic and 2.4 m2 l−1 in the Antarc-
tic. Assuming that all TEP (mean TEP area: Arctic sea
ice = 6.2 cm2 l−1; Antarctic sea ice = 25.6 cm2 l−1) were
associated with crystal surfaces, only 0.04% (Arctic)
and 0.10% (Antarctic) of the total interior surface of
the sea ice were coated with TEP. Despite this low co-
verage, the development of biofilms in the ice interior
is indicated by the TEP size spectra observed in the
present study, but the mechanisms of the attachment
of algae to ice crystal surfaces remain unknown.

Krembs (pers. comm.) observed high concentra-
tions of Alcian-Blue stainable mucus around diatoms
in winter sea ice of the Chukchi Sea. The authors pro-

pose that sympagic diatoms produce a EPS-rich
“cryosphere”, which serves as extracellular protection
against high salinities and damage through ice-crystal.
Furthermore, they observed that mucus around dia-
toms impacts brine-pore morphology. This is in agree-
ment with observations by Raymond et al. (1994) who
reported so-called ice-active substances (IAS) thought
to be glycoproteins, influencing surface and optical
properties of sea ice around diatoms.

Beside their potential role in the formation of these
microhabitats, polymeric substances may also influ-
ence physical properties of sea ice on a larger scale. Ele-
vated concentrations of polymers in sea-ice brine can
reduce the brine viscosity and thus affect brine trans-
port within the brine channel system. Reduced brine
transport will result in a decreased exchange of dis-
solved constituents between the sea ice and the under-
lying water. This may affect nutrient fluxes and may
also result in the retention of salt within the sea ice.
This in turn influences the habitable pore space avai-
lable to the organisms (Krembs 1998).

Furthermore, abiotic formation of TEP from dis-
solved precursors constitutes an alternative to bacterial
growth and the microbial loop in converting dissolved
organic matter into particulate organic matter (Mari
and Burd 1998, Mari 1999, Passow 2000). Surface
coating exopolymeric substances and suspended exo-
polymeric particles can be ingested by heterotrophic
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Table 3.2.3.1: Abundance and area of transparent exopolymer particles (TEP) in different marine environments. n.a. = not available

Location Environment Depth TEP abundance TEP area Reference
(m) (TEP l−1) (cm2 l−1)

Southern California Bight Pelagial 10 2.8 × 104–4.0 × 105 n.a. Alldredge et al. (1993)
Monterey Bay Pelagial 5–100 1.5 × 105–4.9 × 106 n.a. Alldredge et al. (1993)
Benguela upwelling Pelagial 0–30 5.5 × 106–16.0 × 106 n.a. Kiørboe et al. (1998)
Laptev Sea (Arctic) Pelagial sub ice n.a. 0–2.7 Krembs and Engel (2001)
Mediterranean Sea Pelagial 0–40 1.0 × 107–2.2 × 108 n.a. Mari et al. (2001)
Kattegat (North Sea /Baltic Sea) Pelagial 0–25 3.0 × 106–6.0 × 107 n.a. Mari and Kiørboe (1996)
Kattegat (North Sea /Baltic Sea) Pelagial 0–30 5.0 × 107–3.8 × 108 n.a. Mari and Burd (1998)
Monterey Bay Pelagial 5–75 2.5 × 105–5.2 × 106 0.05–0.5 Passow and Alldredge (1994)
Southern California Bight Pelagial 10 2.5 × 104–6.3 × 105 0.25–0.65 Passow and Alldredge (1994)
Subtropical NW Atlantic Pelagial 300–1400 2.0 × 103–6.0 × 103 < 0.01 Passow and Alldredge (1994)
Southern California Bight Pelagial 0–20 2.0 × 104–6.1 × 105 < 0.01–1.10 Passow et al. (1994)
Northern Adriatic Sea Pelagial 0–15 0–6.0 × 105 n.a. Schuster and Herndl (1995)
Fram Strait (Arctic) Pelagial 0–10 4.9 × 105–8.2 × 105 0.2–0.9 This study
Bellingshausen Sea (Antarctica) Pelagial 0–10 3.0 × 106–3.6 × 106 0.8–1.1 This study

Laptev Sea (Arctic) Sea ice — n.a. 0–16 Krembs and Engel (2001)
Fram Strait (Arctic) Sea ice — 4.3 × 105–1.5 × 107 0.6–16.2 This study
Bellingshausen Sea (Antarctica) Sea ice — 1.0 × 107–2.6 × 108 3.4–92.1 This study



grazers (Decho 1990, Decho 1993). The high TEP
concentrations in the sea ice may therefore serve as ad-
ditional carbon source for sympagic heterotrophs. In-
formation on the ingestion of micrometre-sized par-
ticles by sea-ice organisms is limited. Laurion et al.
(1995) studied the ingestion of fluorescently labeled
bacteria by heterotrophic nanoflagellates in fast ice in
Resolute Passage (High Canadian Arctic) and report
on ingestion rates similar to those of temperate species.
Scott et al. (2001) report on the large prey-size spec-
trum of the Antarctic sea-ice ciliate Pseudocohnilembus
spec., which ingests fluorescent microspheres with dia-
meters between 0.25 µm to 4.05 µm. Small-sized TEP
fall well within this size range and may therefore serve
as food source for sympagic protozoans channeling
TEP carbon to higher trophic levels. On the other
hand, the food quality of TEP is assumed to be low.
Engel and Passow (2001) report on high C/N ratios
of TEP (average: 26) compared to the Redfield-ratio.
Protozoan grazers can distinguish between different
particles (Sherr et al. 1987) and may discriminate TEP
during food uptake. Nevertheless, ingestion of TEP
may serve as additional food source for sympagic ani-
mals and may be especially important during the dark,
polar winter when sea-ice primary production is low.

No information is available on bacterial degrada-
tion of TEP in sea ice. High rates of aggregate dissolu-
tion through enzyme hydrolysis of particulate amino
acids and particulate carbon by attached bacteria have
been shown for planktonic aggregates (Smith et al.
1992, Simon et al. 2002). On a volume basis, hydro-
lytic enzyme activities in aggregates sampled in the
Southern Californian Bight exceeded those in the sur-
rounding water by factors between 102 and 105 (Smith
et al. 1992). Recent studies using microsensors and
newly developed vertical flow systems allowed measu-
rements in the microenvironments surrounding plank-
tonic aggregates (Ploug et al. 1999, Ploug and Jør-
gensen 1999). These studies indicate that sinking
velocity, i.e. exchange of water in the vicinity of aggre-
gates, greatly affects aggregate dissolution rates and
growth of attached bacteria. The bacterial production
is up to 10-fold higher in sinking aggregates than in ag-
gregates incubated under static conditions (Ploug and
Grossart 1999, Simon et al. 2002). Thus, transfer of
the results gathered on sinking planktonic aggregates
to sea-ice microaggregates like TEP is difficult. Sea-ice
TEP, generally occurring under relative static condi-
tions, can therefore be assumed to degrade slowly. In

addition, also the prevailing cold temperatures may re-
duce the activity of sea-ice bacteria and catalytic reac-
tions and thus biodegradation of polymeric substances
in sea ice. However, in a recent study, Huston et al.
(2000) report on remarkably low temperature optima
for extracellular enzyme activity in Arctic sea ice. Junge
et al. (2002) studied the phylogenetic diversity of nu-
merically important Arctic sea-ice bacteria and report
on a significant contribution of Flavobacteriaceae of
the Cytophaga-Flexibacter-Bacteroides division,
which are known for their attached life style and ex-
tracellular enzymes that degrade a variety of polymeric
substances (Reichenbach and Dworkin 1992), which
points towards a higher potential of TEP dissolution
in sea ice. The present study showed that high num-
bers of sea-ice bacteria are associated with TEP, which
suggests that sea-ice TEP may serve as significant
carbon source for sympagic bacteria. Conclusively, the
proposed concepts on enzymatic degradation and bac-
terial utilisation of TEP components in sea ice are con-
troversial and the assumptions remain speculative.

Sea-ice TEP may serve not only as carbon source
for sympagic bacteria, but may also increase bacterial
diversity in the sea-ice systems by providing microha-
bitats for distinct bacterial groups. Planktonic micro-
aggregates like TEP have been proposed to provide
special microenvironments in their interior, which can
show elevated nutrient concentrations and depleted
oxygen concentrations compared to the surrounding
water (Ploug and Jørgensen 1999, Alldredge 2000).
Based on 16S rDNA sequence analyses, different stu-
dies showed an increased bacterial biodiversity in Arc-
tic and Antarctic sea ice compared to the underlying
water (Bowman et al. 1997a, Bowman et al. 1997b,
Brown and Bowman 2001). In contrast, also relatively
low bacterial diversity has been reported for Arctic sea
ice (Junge et al. 2002), but this phylogenetic analysis
was restricted to isolated strains. This might have
biased the results of the study (Junge et al. 2002).
Most sympagic bacterial strains have been found to be
cold-adapted, halotolerant with both free-living and
surface-associated species (Brown and Bowman 2001,
Junge et al. 2002). Petri and Imhoff (2001) showed the
existence of anoxygenic phototrophic purple sulfur
bacteria in the interior horizons of Baltic sea ice, indi-
cating the occurrence of oxygen-deficient or even
anoxic zones or niches in sea ice. It is assumed that high
amounts of algal mucilages and TEP may provide
oxygen depleted microhabitats for these distinct spe-
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cies within the sea-ice habitat. Assuming incorporation
of TEP into sea ice during ice-formation, TEP may
also serve in the transport of distinct bacterial groups
like anoxygenic and surface-associated forms from the
water column into the sea ice during its formation.
Junge et al. (2002) report on an isolate from Arctic sea
ice related to a strain isolated from marine snow ag-
gregates supporting this hypothesis.

Implications for the pelagic realm
TEP have been generally accepted to play an impor-
tant role in biologically enhanced coagulation of
planktonic algae (Alldredge et al. 1993, Passow and
Alldredge 1994, Passow et al. 2001). Aggregate for-
mation in turn regulates both the vertical flux of
carbon from the upper water column to deeper layers
and the retention period of algal cells in the surface
layers. Riebesell et al. (1991) found large aggregates
under Antarctic sea ice and noted their potential for
the sedimentation of ice algae. The Arctic portion of
present study was performed in the major export zone
of Arctic sea ice. Approximately 10% of the Arctic ice
cover are exported each year through the Fram Strait
to the Greenland Sea where the ice melts (Maykut
1985). On the southern hemisphere 60–80% of the
Antarctic sea-ice cover is melting during spring and
summer (Zwally et al. 1983). Large parts of Arctic and
Antarctic sea-ice carbon are therefore released to the
upper water column during the spring and summer
melt (e.g. Gradinger et al. 1999, Giesenhagen et al.
1999). Released ice algae can serve as an inoculum for
the pelagic spring-bloom (Smith and Sakshaug 1990,
Giesenhagen et al. 1999) or sink to deeper water layers
and the sea floor (Carey 1987). Peinert et al. (2001) re-
port on the high and variable vertical material flux in
the marginal ice zone (MIZ) of the Greenland Sea,
which they attribute to the highly patchy distribution
of physical and biological settings in the upper water
column of this area, which is affected by a rapidly
changing ice cover. Fortier et al. (2002) report on the
high interannual variability of the vertical biogenic
particle flux under sea ice in the Canadian Arctic Ar-
chipelago and proposed that snow cover on the sea ice
triggered sedimentation and fate of the material re-
leased from the sea ice. Assuming a low degradation of
TEP in winter, large TEP concentrations are released
to the water column during spring and summer, where
they can mediate the formation of aggregates and sub-
sequent sedimentation of the sea ice and planktonic

carbon. TEP are therefore assumed to add to the com-
plexity and variability of sedimentation patterns in ice-
covered seas. The high TEP concentrations found in
the present study indicate that sea ice derived TEP may
significantly influence particle flux in ice-covered seas.
The fate of sea ice derived TEP and its impact on se-
dimentation during ice melt are still unknown and
should be addressed in future studies.

3.3 Conclusion and outlook

Based on the available data, metazoan biomass in
Baltic sea ice is low and metazoa have a low grazing im-
pact on sea-ice algae. Ice algal accumulation in the
Baltic Sea seems to be controlled by abiotic factors
(particularly nutrient availability as reflected by small
brine volumes) rather than by metazoan grazing. In-
gestion rates of sympagic metazoans have been only
estimated indirectly by allometric equations (Moloney
and Field 1989) derived from studies with planktonic
species of temperate areas. No experimental studies on
the herbivory of metazoan and protozoan grazers are
available (Grossmann et al. 1996, Friedrich 1997).
Autecological feeding studies under simulated in situ
conditions are necessary i) to test if the allometric mo-
dels are valid for sea-ice organisms and ii) for a better
understanding of metazoan and protozoan grazing in
the sea ice. Experimental set-ups should take into ac-
count the three-dimensional structure of the brine
channel system and the occurrence of both suspended
and attached prey particles. Further studies are needed
to elucidate how ice porosity affects brine and nutrient
transport and their influence on ice algal growth.

The studies in the Arctic and Antarctic showed
that sea ice contains large amounts of exopolymeric
substances. The estimates of TEP carbon indicate that
TEP constitutes a, hitherto largely neglected, carbon
fraction of Arctic and Antarctic sea ice. This might be
also true for the Baltic sea ice. Sympagic biomass in this
area was mainly formed by diatoms, which may pro-
duce significant amounts of TEP in the Baltic sea ice,
resulting in an important contribution of TEP carbon
to POC in the Baltic sea-ice habitat. However, pro-
duction of TEP is species-specific and strongly de-
pends on algal growth-rates (Corzo et al. 2000, Passow
2002) and detailed studies are needed to understand
the importance of TEP in brackish sea ice.
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The high concentrations of TEP in Arctic and Ant-
arctic sea ice are most likely the result of different pro-
cesses, like i) physical enrichment of TEP, ii) biological
production of TEP by algae and also bacteria and iii)
spontaneous accretion of dissolved organic carbon,
whereby ii) and iii) are possibly enhanced due to the
extreme physico-chemical conditions within the brine
channel system of the sea ice during the summer-
winter transition. The observed TEP particles were
densely colonised by bacteria. This observation implies
that sea-ice TEP may serve as important sites for the
turnover of particulate organic matter in the sea-ice ha-
bitat. This hypothesis needs further support by studies
in other seasons and sea areas. The observation of the
annual cycle of sea-ice TEP concentration, at best
combined with measurements of TEP production and
TEP degradation, will be future steps for a better un-
derstanding of the importance and ecological func-
tions of TEP for the sea-ice habitat and the ice-covered
ocean. Special attention should be given to the bac-
terial and algal species involved in TEP production and
degradation. A first step could be the characterisation
of the bacterial communities colonising sea-ice TEP by
means of fluorescent in situ hybridisation (FISH) tech-
niques, which have been successfully applied to plank-
tonic aggregates (Grossart and Simon 1998, Ploug et
al. 1999). Sea-ice bacteria and algae species have also
been considered as potentially important resources of
biotechnology (Pennisi 1997, Huston et al. 2000).

The use of meso- and large-scale ice tanks (Weis-
senberger 1998, Giannelli et al. 2001) will allow first
experiments on metazoan grazing and the production
and fate of sea-ice TEP under controlled laboratory
conditions. Interdisciplinary work will strengthen our
understanding of the complex physical, chemical and
biological influences of polymers on the sea ice and its
inhabitants.
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Table A1: Vertical profiles of the stable oxygen isotopic composition (δ18O) in Baltic and Antarctic sea ice. 
St. 67–81: Baltic sea ice, St. 113–115: Antarctic sea ice

Table A2: Vertical profiles of temperature and brine salinity in Baltic, Antarctic and Arctic sea ice. St. 67–81:
Baltic sea ice, St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice

Table A3: Vertical profiles of sea-ice bulk salinity and brine volume (calculated according to Frankenstein and
Garner (1967) and Leppäranta and Manninen (1988)). St. 67–81: Baltic sea ice, St. 113–115: Antarctic sea ice,
St. 271–280: Arctic sea ice

Table A4: Vertical profiles for inorganic nutrient concentrations (NO3, NO2, PO4, Si(OH)4, NH4) in sea ice
and under-ice water values. St. 67–81: Baltic sea ice, St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice,
b.d. = below detection, n.d. = not determined

Table A5: Vertical profiles for chlorophyll a concentrations and pheopigment concentrations in Baltic, Antarc-
tic and Arctic sea ice. St. 67–81: Baltic sea ice, St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice,
n.d. = not determined

Table A6: Vertical profiles for particulate organic carbon (POC), particulate organic nitrogen (PON) and the
molar C /N ratio in Antarctic and Arctic sea ice. St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice

Table A7: Vertical distribution of the abundance of heterotrophic bacteria (= bacteria), cyanobacteria, auto-
trophic flagellates, heterotrophic flagellates, chlorophytes, pennate diatoms, centric diatoms, crustacean nauplii
and rotifers in Baltic sea ice. n.d. = not determined

Table A8: Vertical distribution of the biomass of heterotrophic bacteria (= bacteria), cyanobacteria, autotrophic
flagellates, heterotrophic flagellates, chlorophytes, pennate diatoms, centric diatoms, crustacean nauplii and
rotifers in Baltic sea ice. n.d. = not determined

Table A9: Vertical distribution of heterotrophic bacteria, pennate diatoms, centric diatoms, transparent exo-
polymer particle (TEP) abundance, TEP area and the slopes of TEP size frequency distributions (β+1 values)
in Arctic sea ice. n.d. = not determined

Table A10: Vertical distribution of bacterial abundance, bacterial biomass, relative number of bacteria associated
with transparent exopolymer particles (TEP), pennate diatom abundance, pennate diatom biomass, centric
diatom abundance, centric diatom biomass, abundance of TEP, TEP area and the slopes of TEP size frequency
distributions (β+1 values) in Antarctic sea ice. n.d. = not determined
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Table A1: Vertical profiles of the stable oxygen isotopic composition (δ18O) in Baltic and Antarctic sea ice. St. 67–81: Baltic sea ice, 
St. 113–115: Antarctic sea ice

Depth δ18O
(cm)

St. 68
0–5 −12.96

5–10 −11.55
10–15 −8.29
15–21 −7.42
21–30 −7.44

St. 69
0–4 −9.50
4–7 −8.07

7–12 −7.45
12–17 −7.53

17–21.5 −7.60

St. 74
0–3.5 −9.64
3.5–6 −9.60

6–9 −7.53
9–15 −6.81

15–20 n.d.
20–24 −6.54

St. 77
0–2.5 −10.37
2.5–5 −10.19
5–8.5 −8.31

8.5–11 −7.07
11–17 −6.29

17–21.5 −6.13

Depth δ18O
(cm)

St. 81
0–0.5 −11.43
0.5–3 −10.74

3–6 −9.16
6–11 −6.75

11–16 −5.87
16–21 −6.07
21–24 −6.52

24–27.5 −6.59

St. 113
0–7 −0.63

7–14 1.01
14–19.5 1.21
19.5–25 1.14

25–32 1.12
32–40 1.20
40–49 1.29

St. 114
0–2.5 −0.22
2.5–8 0.30

8–13.5 0.22
13.5–23.5 0.18
23.5–33.5 0.28
33.5–43.5 0.49
43.5–53.5 1.10

53.5–63 1.27

St. 115
0–11.5 −0.02

11.5–23 0.91
23–29 1.01
29–32 0.98

32–41.5 0.95
41.5–51 1.41

51–60 1.54
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Table A2: Vertical profiles of temperature and brine salinity in Baltic, Antarctic and Arctic sea ice. St. 67–81: Baltic sea ice, St. 113–115:
Antarctic sea ice, St. 271–280: Arctic sea ice

Depth Temperature Brine salinity
(cm) (°C)

St. 67
5 −1.8 32.2

10 −1.2 21.7
15 −0.7 12.8
20 −0.6 11.0
25 −0.5 9.2

St. 68
5 −2.0 35.6

10 −1.6 28.7
15 −1.3 23.5
20 −1.0 18.1
25 −0.8 14.6

St. 69
5 −3.1 54.2

10 −2.4 42.5
15 −1.9 33.9
20 −1.3 23.5
24 −0.8 14.6

St. 74
5 −0.3 5.5

10 −0.5 9.2
15 −0.5 9.2
20 −0.5 9.2
25 −0.5 9.2

St. 77
5 −0.5 9.2

10 −0.3 5.5
15 −0.4 7.3
20 −0.4 7.3

St. 81
5 −0.3 5.5

10 −0.3 5.5
15 −0.2 3.7
19 −0.2 3.7

Depth Temperature Brine salinity
(cm) (°C)

St. 113
10 −6.7 110.2
20 −5.9 98.3
30 −5.3 89.2
40 −2.8 49.2
50 −3.0 52.5
60 −2.4 42.5
70 −2.5 44.2

St. 114
5 −8.8 132.8

15 −8.1 130.2
25 −7.3 118.9
35 −4.9 83.0
45 −4.7 79.9
55 −3.3 57.5
60 −2.8 49.2

St. 115
5 −5.9 98.3

15 −5.0 84.6
25 −4.0 68.8
35 −3.0 52.5
45 −2.5 44.2

St. 271
10 −4.3 73.6
20 −4.3 73.6
30 −3.8 65.6
40 −3.5 60.8
50 −2.8 49.2
60 −2.3 40.8
70 −2.0 35.6
80 −2.0 35.6
85 −2.0 35.6
94 −2.1 37.4

104 −2.1 37.4
114 −2.1 37.4
124 −2.1 37.4
134 −2.1 37.4
144 −2.1 37.4
154 −2.1 37.4
159 −2.1 37.4
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Table A2 (continued): Vertical profiles of temperature and brine salinity in Baltic, Antarctic and Arctic sea ice. St. 67–81: Baltic sea ice,
St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice

Depth Temperature Brine salinity
(cm) (°C)

St. 277-1
5 −6.6 108.7

15 −5.6 93.8
25 −4.3 73.6
35 −2.6 45.8

St. 277-2
5 −4.7 79.9

St. 277-3
10 −5.2 87.7
20 −3.6 62.4
30 −4.0 68.8
40 −3.0 52.5
50 −2.4 42.5
60 −2.3 40.8
70 −2.3 40.8
80 −2.3 40.8
90 −2.3 40.8

110 n.d. n.d.
120 −2.3 40.8

Depth Temperature Brine salinity
(cm) (°C)

St. 280
10 −7.7 124.6
20 −8.0 128.8
30 −7.6 123.2
40 −7.0 114.5
50 −6.3 104.3
60 −5.8 96.8
70 −5.0 84.6
80 −4.1 70.4
88 −3.2 55.8
98 −2.9 50.9

108 −2.5 44.2
117 −2.1 37.4
127 −1.7 30.5
137 −1.6 28.7
147 −1.5 27.0
157 −1.5 27.0
167 −1.5 27.0
177 −1.6 28.7
187 −1.7 30.5
192 −1.8 32.2
197 −2.0 35.6
207 −1.9 33.9
217 −2.0 35.6
227 −2.0 35.6
237 −2.0 35.6
247 −2.1 37.4
257 −2.2 39.1
267 −2.1 37.4
277 −2.1 37.4
287 −2.1 37.4
297 −2.1 37.4
303 −2.2 39.1
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Table A 3: Vertical profiles of sea-ice bulk salinity and brine volume (calculated according to Frankenstein and Garner (1967) and
Leppäranta and Manninen (1988)). St. 67–81: Baltic sea ice, St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice

Depth Salinity Brine volume
(cm) (%)

St. 67
0–10 1.1 3.0

10–20 0.9 4.9
20–26 0.5 4.5
26–28 0.5 4.5
28–29 0.4 4.0
29–30 0.8 8.0

Water (0–10 m) 3.5

St. 68
0–10 1.2 2.9

10–15.5 0.4 1.3
15.5–21.5 0.5 2.2
21.5–23.5 0.4 2.0
23.5–24.5 0.1 0.6
24.5–25.5 0.5 3.2

Water (0–10 m) 3.4

St. 69
0–10 0.7 1.1

10–14 0.3 0.7
14–20 0.2 0.6
20–22 0.3 1.4
22–23 0.3 1.7
23–24 0.7 4.4

Water (0–10 m) 3.4

St. 74
0–10 0.1 1.5

10–17 0.3 3.1
17–23 0.4 4.1
23–25 0.3 3.1
25–26 0.3 3.1
26–27 0.4 4.1

Water (0–5 m) 3.2

St. 77
0–10 0.1 1.0

10–13 0.1 1.4
13–19 0.3 3.7
19–21 0.3 3.7
21–22 0.2 1.5
22–23 0.1 1.2

Water (0–5 m) 3.0

St. 81
0–10 0.1 1.6

10–13 0.1 1.6
13–19 0.4 8.0
19–21 0.6 11.9
21–22 0.5 12.4
22–23 0.5 12.4

Water (0–5 m) 2.6

Depth Salinity Brine volume
(cm) (%)

St. 113
0–10 12.3 8.4

10–20 10.7 8.7
20–30 9.1 8.3
30–40 9.3 11.4
40–50 7.4 12.4
50–60 6.9 12.4
60–69 9.7 19.0
69–75 9.6 19.3
75–77 9.9 20.6
77–78 9.6 20.9
78–79 10.8 24.6

Water (0–10 m) 35.0

St. 114
0–10 13.4 8.3

10–20 14.2 9.4
20–30 9.4 6.7
30–40 7.5 7.7

40–48.5 7.0 7.5
48.5–54.5 6.4 8.0
54.5–56.5 7.2 10.7
56.5–57.5 7.7 13.3
57.5–58.5 9.2 21.0

Water (0–10 m) 35.0

St. 115
0–10 11.8 10.3

10–20 7.9 8.0
20–30 8.0 9.9
30–37 8.2 13.3
37–43 8.6 14.0
43–45 7.8 15.1
45–46 8.1 17.7
46–47 9.9 22.5

Water (0–10 m) 35.0

St. 271
0–20 2.3 2.7

20–40 1.5 1.9
40–60 4.3 7.3
60–80 3.9 8.9

80–100 3.5 8.3
100–120 4.1 9.3
120–140 4.1 9.3
140–160 3.3 7.5
160–170 3.1 7.1
171–177 3.9 8.9
177–179 3.8 8.7
179–180 4.2 9.6
180–181 5.7 13.0

Water (0–10 m) 32.6
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Depth Salinity Brine volume
(cm) (%)

St. 277-1
0–20 11.5 9.9

20–28 5.7 6.6
28–34 6.1 8.3
34–36 8.9 13.2
36–37 9.4 15.8
37–38 10.7 22.4

Water (0–10 m) 33.5

St. 277-2
0–10 12.3 13.2

St. 277-3
0–20 5.6 6.4

20–40 5.0 7.0
40–60 5.9 7.6
60–80 4.0 5.9

80–100 3.9 6.8
100–120 2.5 5.2
120–133 2.0 4.2
133–139 2.4 5.0
139–141 3.2 6.7
141–142 4.2 8.8
142–143 4.9 10.2

Depth Salinity Brine volume
(cm) (%)

St. 280
0–20 0.1 0.1

20–40 0.6 0.4
40–60 1.7 1.4
60–80 2.0 2.0

80–100 1.9 2.7
100–120 2.0 4.1
120–140 2.2 6.5
140–160 3.3 10.8
160–180 3.1 9.8
180–200 4.0 11.1
200–220 3.9 9.6
220–240 4.1 9.8
240–260 4.5 10.0
260–280 4.2 9.6

280–294.5 4.4 10.0
294.5–300.5 4.3 9.8
300.5–302.5 4.3 9.8
302.5–303.5 4.2 9.6
303.5–304.5 4.9 10.7

Water (0–10 m) 33.5

Table A3 (continued): Vertical profiles of sea-ice bulk salinity and brine volume (calculated according to Frankenstein and Garner (1967)
and Leppäranta and Manninen (1988)). St. 67–81: Baltic sea ice, St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice



Appendix 71

Table A4: Vertical profiles for inorganic nutrient concentrations (NO3, NO2, PO4, Si(OH)4, NH4) in sea ice and under-ice water values.
St. 67–81: Baltic sea ice, St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice, b.d. = below detection, n.d. = not determined

Depth NO3 NO2 PO4 Si(OH)4 NH4

(cm) (µM) (µM) (µM) (µM) (µM)

St. 67
0–10 5.54 0.10 0.03 10.30 1.09

10–20 2.87 0.06 0.03 8.03 0.49
20–26 1.61 0.05 0.02 4.71 0.24
26–28 1.30 0.05 0.02 4.12 0.05
28–29 1.21 0.05 0.04 3.41 0.11
29–30 3.60 0.10 0.09 7.50 0.27

Water (0–10 m) 7.98 0.03 0.10 32.20 0.07

St. 68
0–10 5.73 0.09 0.02 10.43 1.64

10–15.5 1.45 0.08 0.02 2.82 0.10
15.5–21.5 0.74 0.04 b.d. 2.81 0.06
21.5–23.5 0.78 0.03 b.d. 2.40 0.06
23.5–24.5 0.54 0.02 b.d. 1.27 0.06
24.5–25.5 1.89 0.03 0.08 5.43 0.38

Water (0–10 m) 7.88 0.05 0.40 29.84 b.d.

St. 69
0–10 5.27 0.07 0.06 8.96 0.19

10–14 0.32 0.04 0.02 1.40 b.d.
14–20 0.41 0.05 0.02 3.60 b.d.
20–22 0.26 0.05 0.02 2.96 b.d.
22–23 0.39 0.04 0.03 3.40 0.07
23–24 2.82 0.07 0.07 6.99 0.27

Water (0–10 m) 6.97 0.06 0.05 32.44 b.d.

St. 74
0–10 1.03 0.02 0.02 0.85 2.60

10–17 0.51 0.02 0.02 1.44 0.54
17–23 0.41 b.d. 0.02 2.92 0.41
23–25 0.14 0.02 0.02 3.06 0.43
25–26 0.12 0.02 0.05 2.41 0.44
26–27 0.23 b.d. 0.06 2.46 0.33

Water (0–5 m) 1.76 0.05 0.04 54.76 0.17

St. 77
0–10 0.75 0.02 0.02 3.20 1.65

10–13 0.43 0.02 0.04 1.07 0.74
13–19 0.52 b.d. 0.02 1.58 0.43
19–21 0.60 b.d. 0.03 1.99 0.60
21–22 0.65 0.02 0.04 1.81 0.55
22–23 0.36 0.02 0.03 0.97 0.72

Water (0–5 m) 4.58 0.08 0.16 33.24 1.37

St. 81
0–10 0.40 0.02 0.02 1.08 2.21

10–13 0.38 0.02 0.03 1.27 0.79
13–19 0.45 0.02 0.02 2.45 0.66
19–21 0.19 0.02 0.02 2.32 0.28
21–22 0.12 0.02 0.02 2.97 0.19
22–23 0.11 0.02 0.04 2.27 0.35

Water (0–5 m) 0.63 0.02 0.02 18.18 0.50
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Table A4 (continued): Vertical profiles for inorganic nutrient concentrations (NO3, NO2, PO4, Si(OH)4, NH4) in sea ice and under-ice water
values. St. 67–81: Baltic sea ice, St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice, b.d. = below detection, n.d. = not determined

Depth NO3 NO2 PO4 Si(OH)4 NH4

(cm) (µM) (µM) (µM) (µM) (µM)

St. 113
0–10 1.46 0.11 1.07 12.83 n.d.

10–20 0.67 0.15 4.00 196.40 n.d.
20–30 2.85 0.25 7.80 273.00 n.d.
30–40 6.06 0.31 9.20 292.00 n.d.
40–50 4.80 0.19 4.96 235.00 n.d.
50–60 4.81 0.23 7.30 207.60 n.d.
60–69 7.20 0.30 5.50 212.80 n.d.
69–75 8.42 0.39 7.30 231.60 n.d.
75–77 7.53 0.31 7.40 180.90 n.d.
77–78 7.32 0.29 4.00 74.20 n.d.
78–79 9.35 0.35 4.60 67.10 n.d.

Water (0–10 m) 14.56 0.28 1.70 60.30 n.d.

St. 114
0–10 8.72 0.17 1.43 21.21 n.d.

10–20 5.77 0.17 1.68 22.48 n.d.
20–30 1.73 0.14 4.77 22.29 n.d.
30–40 1.70 0.20 6.50 190.00 n.d.

40–48.5 3.10 0.25 9.20 206.00 n.d.
48.5–54.5 5.79 0.18 7.40 200.40 n.d.
54.5–56.5 4.62 0.15 3.60 65.50 n.d.
56.5–57.5 5.43 0.16 2.71 17.11 n.d.
57.5–58.5 7.99 0.17 1.28 16.23 n.d.

Water (0–10 m) 0.67 0.30 1.50 70.20 n.d.

St. 115
0–10 7.05 0.08 0.57 20.27 n.d.

10–20 2.64 0.06 0.34 11.25 n.d.
20–30 4.15 0.07 0.58 13.16 n.d.
30–37 5.69 0.06 1.94 24.25 n.d.
37–43 7.60 0.06 1.32 24.18 n.d.
43–45 5.99 0.04 1.68 37.60 n.d.
45–46 6.99 0.06 1.22 28.59 n.d.
46–47 8.43 0.08 1.35 23.98 n.d.

Water (0–10 m) 2.39 0.00 2.10 61.00 n.d.

St. 271
0–20 0.42 0.10 0.08 0.40 n.d.

20–40 0.16 0.05 0.04 0.19 n.d.
40–60 0.22 0.06 0.05 0.32 n.d.
60–80 0.22 0.06 0.09 0.22 n.d.

80–100 0.11 0.05 0.09 0.24 n.d.
100–120 0.11 0.02 0.07 0.32 n.d.
120–140 0.10 0.06 0.07 0.51 n.d.
140–160 0.08 0.05 0.08 0.22 n.d.
160–170 0.18 0.06 0.10 0.19 n.d.
171–177 0.22 0.08 0.17 0.30 n.d.
177–179 0.59 0.08 0.17 0.24 n.d.
179–180 0.24 0.09 0.16 0.27 n.d.
180–181 0.56 0.20 0.25 0.51 n.d.

Water (0–10 m) 1.52 0.04 0.29 0.59 n.d.
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Table A4 (continued): Vertical profiles for inorganic nutrient concentrations (NO3, NO2, PO4, Si(OH)4, NH4) in sea ice and under-ice water
values. St. 67–81: Baltic sea ice, St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice, b.d. = below detection, n.d. = not determined

Depth NO3 NO2 PO4 Si(OH)4 NH4

(cm) (µM) (µM) (µM) (µM) (µM)

St. 277-1
0–20 0.37 0.09 0.15 1.05 n.d.

20–28 0.25 0.08 0.17 0.73 n.d.
28–34 0.03 0.10 0.23 1.08 n.d.
34–36 0.57 0.12 0.51 1.00 n.d.
36–37 1.01 0.07 0.39 1.59 n.d.
37–38 1.70 0.12 0.79 1.69 n.d.

Water (0–10 m) 2.96 0.07 0.32 1.92 n.d.

St. 277-2
0–10 1.08 0.11 0.31 1.13 n.d.

St. 277-3
0–20 0.63 0.22 0.15 1.10 n.d.

20–40 0.17 0.09 0.10 0.51 n.d.
40–60 0.22 0.15 0.23 0.62 n.d.
60–80 0.02 0.07 0.14 1.08 n.d.

80–100 0.50 0.15 0.21 1.02 n.d.
100–120 0.05 0.08 0.11 1.59 n.d.
120–133 0.05 0.02 0.18 1.13 n.d.
133–139 0.06 0.03 0.08 0.59 n.d.
139–141 0.06 0.03 0.08 0.38 n.d.
141–142 0.13 0.07 0.09 0.46 n.d.
142–143 0.05 0.04 0.12 0.56 n.d.

St. 280
0–20 0.15 0.08 0.08 0.22 n.d.

20–40 0.09 0.04 0.05 0.24 n.d.
40–60 0.11 0.04 0.05 0.38 n.d.
60–80 0.06 0.01 0.05 0.43 n.d.

80–100 0.07 0.02 0.08 0.38 n.d.
100–120 0.08 0.04 0.09 0.65 n.d.
120–140 0.04 0.04 0.08 1.96 n.d.
140–160 0.03 0.02 0.10 4.89 n.d.
160–180 0.07 0.04 0.07 5.54 n.d.
180–200 0.00 0.11 0.17 8.63 n.d.
200–220 0.01 0.06 0.14 7.31 n.d.
220–240 0.10 0.11 0.13 4.73 n.d.
240–260 0.08 0.03 0.08 1.24 n.d.
260–280 0.06 0.04 0.12 0.89 n.d.

280–294.5 0.00 0.02 0.06 1.08 n.d.
294.5–300.5 0.07 0.02 0.06 1.05 n.d.
300.5–302.5 0.01 0.05 0.09 1.32 n.d.
302.5–303.5 0.02 0.04 0.08 0.97 n.d.
303.5–304.5 0.02 0.05 0.10 1.67 n.d.

Water (0–10 m) 2.16 0.09 0.38 0.91 n.d.
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Table A5: Vertical profiles for chlorophyll a concentrations and pheopigment concentrations in Baltic, Antarctic and Arctic sea ice. 
St. 67–81: Baltic sea ice, St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice, n.d. = not determined

Depth Chlorophyll a Pheopigments
(cm) (µg l−1) (µg l−1)

St. 67
0–10 0.1 0.1

10–16 0.1 0.1
16–22 0.8 0.1
22–24 0.5 0.2
24–25 0.6 0.1
25–26 1.7 0.1

Water (0–10 m) 0.2 0.1

St. 68
0–10 0.2 0.1

10–18 1.4 0.2
18–24 0.6 0.1
24–26 1.1 0.2
26–27 0.7 0.2
27–28 6.3 0.1

Water (0–10 m) 0.2 0.1

St. 69
0–10 0.8 0.1

10–15.5 1.5 0.3
15.5–21.5 0.5 0.1
21.5–23.5 0.4 0.1
23.5–24.5 1.7 0.3
24.5–25.5 11.3 0.4

Water (0–10 m) 0.2 0.1

St. 74
0–10 0.5 0.1

10–17 0.5 0.1
17–23 1.7 0.3
23–25 1.7 0.3
25–26 15.4 1.4
26–27 14.3 0.1

Water (0–5 m) 4.5 1.4

St. 77
0–10 1.1 0.2

10–13 2.7 0.2
13–19 4.3 0.4
19–21 4.4 1.1
21–22 3.7 1.2
22–23 1.7 0.7

Water (0–5 m) 0.7 0.4

St. 81
0–10 0.6 0.3

10–13 1.6 0.5
13–19 1.2 0.6
19–21 2.0 0.7
21–22 2.3 0.8
22–23 4.9 1.3

Water (0–5 m) 0.6 0.5

Depth Chlorophyll a Pheopigments
(cm) (µg l−1) (µg l−1)

St. 113
0–10 9.0 7.3

10–20 150.9 15.7
20–30 228.1 30.3
30–40 223.7 47.7
40–50 130.2 49.0
50–60 87.5 32.8
60–69 63.9 21.9
69–75 90.8 22.2
75–77 67.4 16.8
77–78 55.7 12.1
78–79 83.2 13.5

Water (0–10 m) 0.3 0.1

St. 114
0–10 0.2 0.1

10–20 2.4 0.3
20–30 32.3 2.9
30–40 105.4 20.8

40–48.5 149.2 47.8
48.5–54.5 83.9 43.3
54.5–56.5 73.5 33.8
56.5–57.5 130.5 24.9
57.5–58.5 6.6 1.2

Water (0–10 m) 0.2 0.2

St. 115
0–10 1.9 0.2

10–20 11.2 1.6
20–30 12.9 2.6
30–37 30.7 7.0
37–43 15.4 3.7
43–45 19.8 4.9
45–46 17.6 4.2
46–47 172.6 30.2

Water (0–10 m) 0.2 0.2

St. 271
0–20 0.3 0.1

20–40 0.8 0.2
40–60 0.3 0.1
60–80 0.7 0.1

80–100 0.8 0.1
100–120 0.8 0.3
120–140 0.6 0.1
140–160 0.7 0.2
160–170 1.8 0.4
171–177 2.7 0.3
177–179 2.5 0.3
179–180 2.7 0.4
180–181 2.6 0.7

Water (0–10 m) 0.4 0.2
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Table A 5 (continued): Vertical profiles for chlorophyll a concentrations and pheopigment concentrations in Baltic, Antarctic and Arctic
sea ice. St. 67–81: Baltic sea ice, St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice, n.d. = not determined

Depth Chlorophyll a Pheopigments
(cm) (µg l−1) (µg l−1)

St. 277-1
0–20 1.1 0.2

20–28 1.6 0.9
28–34 8.6 3.6
34–36 n.d. n.d.
36–37 5.4 1.9
37–38 14.2 1.5

Water (0–10 m) 1.2 0.3

St. 277-2
0–10 1.0 0.7

St. 277-3
0–20 1.1 0.3

20–40 2.9 0.9
40–60 8.0 0.9
60–80 14.7 2.2

80–100 29.7 1.6
100–120 13.3 2.2
120–133 8.9 0.7
133–139 18.3 3.1
139–141 5.4 0.6
141–142 7.8 0.4
142–143 11.6 1.3

Depth Chlorophyll a Pheopigments
(cm) (µg l−1) (µg l−1)

St. 280
0–20 0.1 0.1

20–40 0.1 0.1
40–60 0.2 0.1
60–80 0.1 0.1

80–100 0.3 0.1
100–120 0.4 0.1
120–140 0.7 0.4
140–160 1.3 0.8
160–180 2.7 0.4
180–200 8.0 0.9
200–220 6.3 0.9
220–240 2.1 0.7
240–260 1.0 0.3
260–280 1.4 0.4

280–294.5 1.4 0.6
294.5–300.5 3.8 0.5
300.5–302.5 7.3 0.7
302.5–303.5 13.3 1.1
303.5–304.5 20.3 2.7

Water (0–10 m) 0.8 0.4
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Table A6: Vertical profiles for particulate organic carbon (POC), particulate organic nitrogen (PON) and the molar C /N ratio in Ant-
arctic and Arctic sea ice. St. 113–115: Antarctic sea ice, St. 271–280: Arctic sea ice

Depth POC PON Molar C/N ratio
(cm) (µg C l−1) (µg N l−1)

St. 113
0–10 1031.2 132.4 9.1

10–20 2635.2 364.8 8.4
20–30 9988.5 1412.2 8.3
30–40 9513.9 1568.7 7.1
40–50 5637.2 934.7 7.0
50–60 2606.7 449.9 6.8
60–68 3833.6 658.2 6.8
68–74 4268.0 710.8 7.0
74–76 4425.8 700.9 7.4
76–77 4820.9 784.5 7.2
77–78 5458.5 802.7 7.9

Water (0–10 m) 106.9 13.7 9.1

St. 114
0–10 708.1 112.3 7.4

10–20 2110.3 341.6 7.2
20–30 2594.5 408.7 7.4
30–40 3620.8 554.1 7.6
40–50 7424.7 1126.4 7.7
50–58 5060.3 790.2 7.5
58–64 7212.8 1148.3 7.3
64–66 4151.7 679.1 7.1
66–67 2206.9 292.3 8.8
67–68 1324.2 138.2 11.2

Water (0–10 m) 39.7 5.4 8.6

St. 115
0–10 190.8 17.4 12.8

10–20 402.0 56.9 8.2
20–30 695.9 110.4 7.4
30–40 873.0 136.9 7.4
40–50 1041.8 149.6 8.1
50–55 1462.4 214.7 7.9
55–61 743.9 109.6 7.9
61–63 923.5 117.3 9.2
63–64 1180.8 144.0 9.6
64–65 1520.8 205.0 8.7

Water (0–10 m) 355.9 45.9 9.0

St. 271
0–20 492.3 49.1 11.7

20–40 359.4 40.6 10.3
40–60 292.9 36.6 9.3
60–80 536.7 33.6 18.6

80–100 472.4 49.4 11.1
100–120 495.6 53.1 10.9
120–140 642.8 82.1 9.1
140–160 359.1 37.2 11.3
160–170 511.1 45.3 13.2
171–177 6394.6 536.7 13.9
177–179 601.4 56.7 12.4
179–180 627.0 72.8 10.0
180–181 1331.6 155.5 10.0

Water (0–10 m) 98.7 20.0 5.7

Depth POC PON Molar C/N ratio
(cm) (µg C l−1) (µg N l−1)

St. 277-1
0–20 266.5 77.1 4.0

20–28 1065.2 237.3 5.2
28–34 1342.0 157.4 9.9
34–36 1456.4 190.7 8.9
36–37 568.1 110.3 6.0
37–38 1274.5 305.2 4.9

Water (0–10 m) 280.3 47.3 6.9

St. 277-2
0–10 388.2 42.3 10.7

St. 277-3
0–20 512.2 30.7 19.5

20–40 780.6 52.4 17.4
40–60 935.9 73.5 14.9
60–80 n.d. n.d. n.d.

80–100 3098.6 273.2 13.2
100–120 2441.1 212.3 13.4
120–133 1576.6 112.1 16.4
133–139 1062.5 90.5 13.7
139–141 1359.4 94.1 16.8
141–142 248.1 45.9 6.3
142–143 1279.3 172.2 8.7

St. 280
0–20 457.5 24.4 21.9

20–40 228.5 21.6 12.3
40–60 304.8 8.9 39.9
60–80 324.3 21.8 17.4

80–100 337.2 23.0 17.1
100–120 694.3 52.2 15.5
120–140 965.9 75.3 15.0
140–160 714.0 67.8 12.3
160–180 1063.6 90.8 13.7
180–200 2692.8 167.4 18.8
200–220 2097.4 132.8 18.4
220–240 1350.1 78.3 20.1
240–260 677.5 27.6 28.6
260–280 876.1 61.0 16.8

280–294.5 620.5 56.4 12.8
294.5–300.5 1004.7 67.9 17.3
300.5–302.5 1628.3 94.7 20.1
302.5–303.5 1352.7 31.4 50.2
303.5–304.5 5578.7 335.9 19.4

Water (0–10 m) 192.4 31.7 7.1
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Appendix 81

Depth Bacteria Pennate Centric TEP TEP TEP
diatoms diatoms abundance area (β+1)

(cm) (109 cells l−1) (103 cells l−1) (103 cells l−1) (106 particles l−1) (cm2 l−1)

St. 271
0–20 0.43 4.24 0.00 2.39 1.6 1.7

20–40 0.23 6.22 0.09 3.06 2.6 1.4
40–60 0.22 27.86 3.03 3.48 4.0 1.2
60–80 n.d. 68.78 0.10 2.28 2.4 1.2

80–100 0.47 113.10 0.10 5.79 8.0 1.0
100–120 0.64 214.12 3.05 4.21 7.6 0.8
120–140 0.67 147.83 0.78 4.09 4.4 1.3
140–160 0.80 73.82 0.66 8.66 12.2 1.0
160–180 0.46 78.40 1.13 3.26 6.8 0.7

180–183.5 0.41 89.30 3.56 4.83 6.2 1.1
183.5–189.5 0.29 124.79 1.39 3.53 5.2 1.0
189.5–191.5 0.48 253.89 1.59 2.87 5.1 0.8
191.5–192.5 0.25 768.25 1.02 3.74 10.2 0.6
192.5–193.5 0.49 428.17 0.92 2.97 6.6 0.7

Water (0–10 m) 0.26 4.50 4.76 0.56 0.6 1.2

St. 277-1
0–20 0.21 40.17 29.35 3.01 4.9 1.1

20–26 0.26 52.08 46.88 1.43 2.8 0.9
26–32 1.20 140.22 2462.32 4.17 8.3 0.8
32–34 0.89 499.65 284.93 4.65 10.9 0.7
34–35 0.31 235.45 119.61 3.17 5.9 1.0
35–36 0.56 741.98 59.39 4.24 7.1 1.1

Water (0–10 m) 0.34 45.02 21.20 0.82 0.9 1.2

St. 277-2
0–11 0.23 7.61 2.82 1.68 2.0 1.4

St. 277-3
0–20 0.29 35.33 38.46 2.61 5.8 0.6

20–40 0.30 90.87 65.95 3.51 7.1 0.8
40–60 0.81 898.15 163.18 8.37 16.2 1.0
60–80 0.69 875.11 198.98 4.58 11.7 0.5

80–100 0.56 905.31 38.25 5.30 14.1 0.5
100–120 0.94 1323.93 41.00 5.44 5.1 1.5
120–140 0.91 1134.91 5.82 6.80 7.7 1.2

140–149.5 0.38 737.11 8.28 7.33 10.4 1.2
149.5–155.5 0.88 712.84 8.70 10.42 10.6 1.2
155.5–157.5 0.44 441.05 11.07 7.53 6.9 1.5
157.5–158.5 0.28 303.12 3.12 3.19 4.4 1.0
158.5–159.5 0.86 291.60 5.00 7.62 10.8 1.0

Table A9: Vertical distribution of heterotrophic bacteria, pennate diatoms, centric diatoms, transparent exopolymer particle (TEP) abun-
dance, TEP area and the slopes of TEP size frequency distributions (β+1 values) in Arctic sea ice. n.d. = not determined
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Depth Bacteria Pennate Centric TEP TEP TEP
diatoms diatoms abundance area (β+1)

(cm) (109 cells l−1) (103 cells l−1) (103 cells l−1) (106 particles l−1) (cm2 l−1)

St. 280
0–20 0.15 966.17 0.00 0.66 0.9 1.2

20–40 0.27 1.79 0.00 0.69 0.5 1.6
40–60 0.11 14.85 0.00 0.43 0.7 0.9
60–80 0.34 36.77 0.45 0.61 0.8 1.2

80–100 0.17 80.51 0.79 2.44 3.5 1.3
100–120 1.03 1110.65 1.29 3.55 7.2 0.9
120–140 0.49 2049.15 0.00 4.90 5.3 1.5
140–160 0.53 544.22 0.00 4.12 9.2 0.8
160–180 0.73 259.26 0.00 4.51 6.1 1.3
180–200 0.30 3.98 0.00 4.12 5.4 1.3
200–220 0.19 22.86 0.77 5.47 3.9 1.7
220–240 0.29 1295.13 0.48 5.96 3.7 1.5
240–260 0.37 486.23 0.37 8.78 8.6 1.3
260–280 0.22 74.49 0.00 7.35 6.0 1.5
280–292 1.00 155.15 2.35 6.16 4.6 1.6
292–298 0.51 1323.39 2.24 14.93 8.7 1.9
298–300 2.46 553.44 0.00 5.68 4.5 1.4
300–301 2.49 572.28 0.00 5.55 3.7 1.8
301–302 2.14 456.19 0.00 7.82 5.7 1.5

Water (0–10 m) 1.06 5.92 21.92 0.50 0.2 2.2

Table A9 (continued): Vertical distribution of heterotrophic bacteria, pennate diatoms, centric diatoms, transparent exopolymer particle
(TEP) abundance, TEP area and the slopes of TEP size frequency distributions (β+1 values) in Arctic sea ice. n.d. = not determined
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