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Zusammenfassung 

Zusammenfassung 

In dieser Arbeit wird eine umfassende Betrachtung von gelÃ¶ste Kohlenhydraten als 

einer der grÃ¶ÃŸt Bestandteile der gelÃ¶ste organischen Substanzen (DOM) im 

Arktischen Ozean prÃ¤sentiert Ausgehend von den terrestrischen Quellen des 

eurasischen Kontinentes wurde der Eintrag von Kohlenhydraten durch die FlÃ¼ss in das 

nÃ¶rdlich Polarmeer untersucht. Im Arktischen Ozean wurden gelÃ¶st Kohlenhydrate der 

sibirischen Schelfgebiete, der Karasee, der Laptevsee, des zentralen Arktischen Ozeans, 

der FramstraÃŸ sowie der GrÃ¶nlandse bestimmt. 

Die Bestimmung der Kohlenhydrate erfolgte mit zwei MeÃŸverfahren Die 

Gesamtkonzentration von Kohlenhydraten wurde mit einer kolorimetrischen Methode und 

die Zusammensetzung von individuellen, neutralen Zuckern mit einem 
flÃ¼ssigkeitschromatographische Verfahren mit gepulster amperometrischer Detektion 

(HPAEC-PAD) bestimmt. Die hohe Empfindlichkeit beider Methoden ermÃ¶glicht eine 

Bestimmung in FluÃŸ und Meerwasser ohne eine Aufkonzentrierung des organischen 

Materials. 

Die Kohlenhydratkonzentrationen zeigten, je nach Untersuchungsgebiet, hohe 

Variationen. Sehr hohe Konzentrationen, mit Werten zwischen 10 and 41 PM C (im Mittel 

25 PM C), wiesen die nordrussischen FlÃ¼ss auf. Eine starke Abnahme der 

Kohlenhydratkonzentration trat beim Ãœbergan in die Randmeere des Arktischen Ozeans 

auf, wo die Werte zwischen 2.6 and 9.7 pM C (im Mittel 5.3 pM C) lagen. Der prozentuale 

Anteil der Kohlenhydrate am Gesamtkohlenstoff (DOC) verringerte sich dabei weniger 

stark von durchschnittlich 4.7 auf 3.9%. Mit bis zu 20% vom DOC (durchschnittlich ca. 

8%) wurden weitaus hÃ¶her Kohlenhydratanteile im offenen Arktischen Ozean gefunden. 
Dies deutete auf einen starken EinfluÃ des Phytoplanktons auf die 

Kohlenhydratkonzentration hin. Im Tiefenwasser lagen die Kohlenhydratkonzentrationen 
teilweise unter 2 pM C (entspricht ca. 1% von DOC). Eine regelmÃ¤ÃŸi Abnahme des 

Kohlenhydratgehaltes des Tiefenwassers vom Sibirischen Schelf bis ins Kanadische 

Becken war vermutlich auf die wachsende Entfernung zu den terrestrischen Quellen 
zurÃ¼ckzufÃ¼hre 

Detailliertere Aussagen lieÃŸe sich mittels der Zusammensetzung der individuellen 
zusammengesetzten Zucker treffen. Von den erfaÃŸte Zuckern Fucose, Rhamnose, 

Arabinose, Galactose, Glucose, Mannose, Xylose, Fructose und Ribose gab keine 

Komponente, die ausschlieÃŸlic im Probenmaterial eines speziellen Gebietes vorkam. Es 

zeigten sich aber systematische Tendenzen, anhand derer die verschiedenen 

Wassermassen charakterisiert werden konnten. Als Indikator fÃ¼ organisches Material 

marinem Ursprungs eignete sich Ribose, deren prozentualer Anteil an den 
Kohlenhydraten in den FluÃŸprobe sehr niedrig war, im marinen Milieu aber bis zu 20% 

erreichte. 

Genereller Hauptbestandteil der Kohlenhydrate war Glucose, deren Anteil an den 

Gesamtkohlenhydraten sich zudem sehr gut fÃ¼ eine Charakterisierung des 

diagenetischen Grades des DOM eignete. Terrigenes, diagenetisch altes DOM aus den 
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FlÃ¼sse hatte sehr niedrige Glucoseanteile zwischen 25 und 28%, ebenso wie 

diagenetisch altes DOM aus Tiefseeproben (ca. 20%). Hohe Glucoseanteile von bis zu 
86% deuteten auf frisch produziertes marines DOM in OberflÃ¤chenwasse und Meereis 
hin. Die geringen Unterschiede in den Glucoseanteilen der FluÃŸprobe deuteten auf 
einen Einflug der Vegetationsformen der jeweiligen Einzugsgebiete hin. GelÃ¶ste 
Material, welches aus Tundragebieten eingetragen wurde, wies etwas hÃ¶her 

Glucoseanteile und daher eine geringere diagenetische VerÃ¤nderun auf als jenes aus 
Taigagebieten. 

Ebenfalls als Indikatoren fÃ¼ die diagenetische Ãœberarbeitun von DOM eigneten sich 
die prozentualen Anteile der Deoxyzucker, Fucose und Rhamnose, und Arabinose. 

Deren jeweilige Anteile nahmen mit dem Grad der Diagenese von frisch produziertem 

DOM (maximal 5%) zu altem DOM (bis zu 40%) zu. 
Im Zusammenhang mit altem DOM wurde die Zusammensetzung refraktÃ¤re 

Kohlenhydrate untersucht. Von Phytoplankton frisch produzierte Kohlenhydrate liegen 
grÃ¶ÃŸtentei in Form von Polysacchariden vor. Diese Polysaccharide sind wiederum leicht 

bioverfÃ¼gbar d.h., sie werden schnell, z.B. von Bakterien, aus dem DOM entfernt. 
Allerdings sind teilweise mehr als die HÃ¤lft der Kohlenhydrate, vor allem im 
Tiefenwasser, refraktÃ¤ und mikrobiellem Abbau weitestgehend entzogen. Mittels einer 
Kombination aus XAD-2 und -4 Adsorptionsharzen wurde der als refraktÃ¤ angesehene 
Anteil des DOM, die sog. Huminstoffe, aus der Wasserprobe extrahiert und in vier 

verschiedene Fraktionen nach hoher bzw. niedriger MolekÃ¼lgrÃ¶ und -polaritÃ¤ 
aufgetrennt. 

Mit zunehmendem Alter des DOM stieg der Anteil der extrahierbaren Huminstoffe am 

DOC von durchschnittlich 45% in OberflÃ¤chenprobe auf bis zu 67% in Tiefseeproben 
an. Ã„hnlich Werte wurden fÃ¼ die Gesamtkohlenhydrate erzielt, wÃ¤hren fÃ¼ die Summe 
der einzelnen, neutralen Zucker erheblich niedrigere Extraktionsausbeuten erreicht 
wurden. Aber auch hierbei stieg der Anteil der extrahierbaren Zucker mit der Tiefe von 8 

auf 24% an. Diese Unterschiede wurden auf die chemische Zusammensetzung der 

Kohlenhydrate zurÃ¼ckgefÃ¼hr Vermutlich bestehen die refraktÃ¤re Kohlenhydrate aus 

chemisch modifizierten Zuckern, wie z.B. geladenen UronsÃ¤ure oder Aminozuckern, die 
mit dem angewandten MeÃŸverfahre nicht zugÃ¤nglic waren. Allerdings mÃ¼sse ihre 
Anteile in der unfraktionierten Seewasserprobe nur von untergeordneter Bedeutung sein, 

da in diesen Proben die Konzentrationsunterschiede zwischen den beiden MeÃŸverfahre 
nur gering waren. Zudem lagen Ca. die HÃ¤lft der mit XAD extrahierten Zucker aus 
oberflÃ¤chennahe Proben und mehr als 70% der aus Tiefenwasserproben extrahierten 
Zucker in einer unpolaren, mit Methanol gewonnen Fraktion vor. Da sich zudem mit 
zunehmendem Grad der Diagenese insbesondere die MolekÃ¼lgrÃ¶ der 
zuckerenthaltenden Verbindungen verringerte, wurde vermutet, daÂ ein GroÃŸtei der 
refraktÃ¤re Zucker in niedermolekularen, unpolaren Verbindungen eingebunden ist. 

Generell nahm der Anteil der extrahierbaren Deoxyzucker mit zunehmender Tiefe und 
Diagenese ab, wÃ¤hren die extrahierbaren Anteile von Arabinose und Xylose zunahmen. 
Das VerhÃ¤ltni aus der Summe der molaren Anteile der Deoxyzucker zu der Summe der 
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Anteile von Arabinose und Xylose charakterisierte die Huminstoffe hinsichtlich ihres 

diagenetischen Grades. Dementsprechend konnte extrahiertes DOM einer Eisscholle als 

mikrobiell sehr frisch produziertes DOM, welches auch frischer als das aus 

OberflÃ¤chenwasse extrahierte DOM war, charakterisiert werden. Am stÃ¤rkste mikrobiell 

Ã¼berarbeite war erwartungsgemÃ¤ das refraktÃ¤r Material der Tiefseeproben. 



Summary 

Summary 

A detailed characterization of dissolved carbohydrates as one of the largest pools of 

dissolved organic matter (DOM) in the Arctic Ocean is presented. From the terrestrial 

sources On the Eurasian continent, the riverine inflow and the distribution of 

carbohydrates in the Arctic Ocean were investigated. Dissolved carbohydrates of the 

Siberian rivers and shelf areas, the Kara and Laptev Seas, the central Arctic Ocean, 

Fram Strait, and Greenland Sea were determined. 

Dissolved carbohydrates were measured by two methods. The concentrations of bulk 

carbohydrates were determined by the colorimetric L-tryptophan / sulphuric acid method, 

and individual, neutral sugars of free and combined carbohydrates by high-performance 

anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD). The 

high sensitivity of both methods allowed detection in freshwater and seawater samples 

without pre-concentration. 

The concentration of total carbohydrates showed large variations. Highest values, 

between 10 and 41 pM C (25 pM C on average) were measured in the samples of the 

Russian rivers. A strong decrease of the carbohydrate concentrations occurred during the 

transition into the marine environment, where the values ranged from 2.6 to 9.7 pM C (5.3 

pM C on average). The proportion of dissolved carbohydrates of total dissolved organic 

carbon (DOC) decreased much less from 4.7% in the rivers to 3.9% in the shelf areas. 

Higher proportions of carbohydrates of DOC (up to 20%, 8% on average) were found in 

surface waters of the Arctic Ocean. This suggests a strong influence of phytoplankton on 

the occurrence of carbohydrates. In deep waters, the total carbohydrate concentrations 

were partly below 2 pM C, corresponding to approx. 1 % of DOC. A continuous decrease 

of the carbohydrate content of deep waters from the Siberian shelf to the Canadian Basin 

was ascribed to the increasing distance of the terrestrial sources. 

Detailed information was obtained from the composition of the individual combined 

neutral sugars. Fucose, rhamnose, arabinose, galactose, glucose, mannose, xylose, 
fructose, and ribose could be determined and occurred in all water masses and matrices. 

The main component of dissolved carbohydrates was glucose, which was well suited for 

the characterization of the diagenetic state of DOM. Terrigenous, diagenetic old DOM of 

the rivers had very low glucose proportions between 25 and 28% of total carbohydrates, 

similar to diagenetic old DOM of deep water samples (approx. 20%). In contrast, freshly 

produced DOM of surface waters and sea ice was characterized by high glucose 

proportions of up to 86%. Small variations of the glucose proportions between the 
samples of the different rivers suggested an influence of the vegetation forms on 
dissolved carbohydrates. Dissolved organic matter, drained from tundra areas, exhibited 

higher glucose proportions and hence a lower diagenetic modification than DOM from 
tundra areas. Indicators for diagenetic modifications were also the deoxysugars, fucose 

and rhamnose, and arabinose. Their proportions increased with increasing diagenetic 
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degree from 5 to approx. 40% each. Ribose, whose proportion was very low in the rivers, 
but up to 20% in marine environments, evolved as a good indicator of marine DOM. 

The composition of refractory carbohydrates was determined by extraction of 
recalcitrant organic matter from the seawater using a combination of XAD-2 and-4 
adsorption resins and separation into four fractions according to molecular size and 
polarity. These carbohydrates, components of so-called humic substances, are remnants 

from the carbohydrates, which are freshly produced and rapidly modified. 
With increasing age of DOM, the proportion of the humic substances of the total DOC 

increased from 45% in surface samples to 67% in the deep sea. Similar proportions were 
obtained for the total carbohydrates. The extraction efficiencies of the total sugars as sum 
of the individual neutral sugars was much lower, but increased also with depth from 8 to 

24%. These significant differences were attributed to the chemical composition of the 
pool of carbohydrates. Part of refractory carbohydrates may be composed of chemically 
modified carbohydrates, e.g., charged uronic acids or amino sugars, which are not 
accessible with the chromatographic method. However, their contribution to the total 
carbohydrates of the seawater is only small, as the differences between the two detection 

methods were only marginal in the samples. More than the half of the XAD-extractable 
sugars of surface samples and more than 70% of deep sea samples were found in the 
unpolar fraction, eluted with methanol from the XAD resins. Since the molecular size of 
the carbohydrates decreased also with increasing state of diagenesis, it is concluded that 
the majority of refractory carbohydrates were bound or associated to unpolar compounds 
of srnall molecular size. 

As a general trend, the proportion of the XAD-extractable deoxysugars decreased 
with increasing state of diagenesis, while the corresponding proportions of arabinose and 
xylose increased. Using the ratio of the sum of the molar proportions of the deoxysugars 
and the sum of arabinose and xylose, the extracted humic substances were 

characterized with respect to their diagenetic degree. DOM from fresh material of an ice 
floe exhibited a lower diagenetic degree than DOM of surface waters, and, as expected, 

the most refractory DOM was extracted from deep sea waters. 

VIII 
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1 Introduction 

1 .I Dissolved Organic  Matter in the Ocean 

Almost all water of the world's hydrosphere (97% by volume) is found in the oceans, 
which Cover more than 70% of the world's surface. The giant ice caps of Antarctica and 

Greenland account for further 2% and other reservoirs like rivers, lakes, groundwater, 
snow and vapour contribute less than 1% to the global hydrosphere (Berner and Berner, 
1987). The oceans are also by far the largest reservoir of carbon, containing approx. 50 
times more carbon than the atmosphere (Benner et al., 1992; Siegenthaler and 
Sarmiento, 1993). The vast majority are the dissolved carbonate species, bicarbonate 
(HCO;) and carbonate (CO?). Only a fraction, which amounts the atmosphere's carbon 

dioxide, are dissolved and suspended organic substances (total organic carbon, TOC). 
Besides the uncertainty concerning the composition of this carbon pool, even the 
estimates about the amount of organic carbon have been revised in the last few years, 
and are still matter of discussion (Sharp, 1997). The organic matter is biogeochemically 
cycled both in particulate and dissolved form (Figure 1). This classification is operationally 
defined: organic substances passing a filter of 0.45 um are considered as dissolved 
(dissolved organic carbon, DOC). DOC is the major reactive component of the global 

carbon cycle and contributes more than 90% to TOC, the remaining 10% are particulate 

organic carbon (POC). The proportion of living biomass to POC is only approx. 1% 
(Cauwet, 1978). 

Allochlhonous Import 
Terrestrial DOM 

Figure 1: Biogeochemical cycle of organic carbon in the ocean (modified after Wangersky, 
1972). 
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Any uncertainties about concentrations, composition, and geochemical or biological 

activity like consumption and production limit the ability to include DOC in biogeochernical 

models. 

DOC is not homogenously distributed in the oceans. The large water reservoirs of the 
deep ocean contain less than 10% of DOC, the rest can be found in the surface-rnixed 

layer (above 100 m), which is in permanent contact with the atmosphere and participates 

in the active carbon cycle. Most marine DOC is autochthonous organic carbon, derived 

from photosynthetic microorganisms. Allochthonous import, which accounts only for less 

than 5% of the total annual import, is supplied by river discharge or rain precipitation. 

Terrigenous organic matter comprises only a small fraction (0.7 to 2.4%) of dissolved 

organic matter (DOM), is reactive and cycles more rapidly than marine DOM. The 
remineralization of terrigenous DOM contributes to high rates of primary production in 

coastal regions, where some terrigenous DOM also mixes conservatively and remains 
unaltered (Opsahl and Benner, 1997). 

The mean residence time for organic carbon in the ocean is calculated to be 16 years 

(Hedges, 1992a), indicating a relatively rapid cycling of most marine organic matter. In 

contrast, the apparent radiocarbon age of deep sea DOC is 4000 to 6000 years (Williams 

and Druffel, 1987; Bauer et al., 1992), indicating a very long residence time of some 

organic compounds. This DOC is considered to be refractory, i.e., resistent to microbial 

degradation (Barber, 1968) in corresponding time scales. In limnic and terrestrial 

ecosystems, these recalcitrant substances are called "humic substances". These are 
rnacromolecular cornpounds of unspecific composition with a molecular weight of up to 

500 kDa. Terrigenous hurnic substances are secondary condensation products of smaller 

molecules released during degradation of detritus (Tranvik, 1992). Their composition is 

very heterogeneous and depends On the biological and chemical modifications during 

their forrnation. Due to their aromatic character, they can be extracted frorn aquatic 

rnatrices with adsorption resins like ~rnberl i te@ XAD (Malcolm, 1989; Thurman and 

Malcolm, 1981). Hence, the definition of humic substances is primarily operational. In 

marine ecosystems, the terrestrial organic matter undergoes degradational 

rearrangements and the aromatic character of DOM is very low (Malcolm, 1990). Marine 

'humic substances" therefore comprise only the fraction of DOC, which can be isolated 

with XAD-resins, and their molecular and structural properties may not be representative 

for bulk DOC. The microbial utilization of marine "humic substances" was studied by 

Bussmann (1999). Surface humic substances showed the Same quality in bioavailability 
as seawater DOC and were significantly better utilized than humic substances from deep 

waters. Arnon and Benner (1994) and Benner et al. (1992) have pointed out that high- 

molecular weight compounds (molecules larger than 1 kDa) isolated by ultrafiltration, 
mainly freshly produced carbohydrates, are rapidly consumed in surface waters. Low- 

molecular weight organic matter persists in the deeper oceans. The molecular size is 
suggested to correspond with chemical alteration or diagenetic status (Arnon and Benner, 
1994). 
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About 40% of total DOC is characterized. The literature data describing the amount 
and chemical composition of dissolved organic matter are more or less a reflection of 
methodological capabilities and analytical techniques at that time. In the past decades, 
since the earliest investigations of Putter (1909) considerable Progress in the 
characterization of DOM was made. Carbohydrates account for the largest fraction with 

highly variable proportions between 3 and 46% (e.g., Pakulski and Benner, 1994). 
According to Ernst (1983), amino acids represent the second largest class of cornpounds 
(6%), followed by uronic acids (1.8%), aldehydes and ketones (1.5%), Urea and fatty 
acids (1% each), hydrocarbons, phenols, sterols, and vitamins (all less than 1%). These 
values depend on the source of DOM. In polar waters, the contributions of carbohydrates 
and amino acids are much lower than these average data, although the DOC 
concentrations are comparable. Rich et al. (1997) and Engbrodt (1997) measured mean 
carbohydrate concentrations of 4.5 and 4.8 pM C, respectively. They comprised up to 5% 

of DOC, while amino acids comprised only up to 2.6% of DOC (Fitznar, 1999). 

1.2 Carbohydrates 

The chemical class of carbohydrates consists of a multiplicity of substances. It is a 
generic term for polyhydroxycarbonyl compounds like aldoses (with an aldehyde as 

functional group) and ketoses (with a keto group). Further, the term includes high 
molecular weight compounds, which could be transferred (e.g., via hydrolysis) into their 
constituting monomers. Normally, carbohydrates are described with a total formula 

CnHznOn or Cn(H20)" and are therefore called "hydrates of carbon", leading to the term 
carbohydrates. This notation was maintained, even though it is not correct in the case of, 
e.g, rhamnose (6-deoxy-mannose, ceii1205) and nitrogen- or sulphur-containing 
substances (e.g., amino sugars and sugars carrying sulphate ester groups). The names 

of the monomeric carbohydrates are marked by the suffix "ose" (e.g., glucose, fructose). 
Whereas "carbohydrates" has a more general meaning, "sugars" and "saccharides" 

specify destinct compounds. These terms are of historical origins, and there is no strict 
distinction between sugars and saccharides, which are used as Synonyms. The 
monomeric sugars detected by the high pressure anion exchange chromatography with 

pulsed amperometric detection method used in this study are defined as "neutral sugars", 
a definition due to their chemical properties. The bulk determination of the colorimetric 
method leads to "total carbohydrates". 

1.2.1 Abundance and Distribution of Marine Dissolved Carbohydrates 

Produced in the Calvin-Benson-Cycle, carbohydrates comprise about 10 to 70% of 
organic matter in phytoplankton cells (e.g., Romankevich, 1984). They originate in the 
dissolved phase from direct exudation by healthy organisms, decomposition of dead 
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organisms (e.g., Hellebust, 1965; Ittekkot et al., 1981), and viral lysis (Fuhrmann and 

Suttle, 1993). Dissolved and particulate carbohydrates are metabolized in the food web, 

.e. ,  taken up and released by heterotrophic organisms (e.g., Strom, 1997; Cowie and 

Hedges, 1994). 

The importance of carbohydrates is based On the ubiquitous abundance as structural 

cell components (e.g., cellulose, pectins, and chitin, Romankevich, 1984), storage 

polymers (e.g., starch), algal and bacterial exudates (e.g., uronic acids and sulphate 

esters, Decho and Lopez, 1993), and other biopolymers like lipopolysaccharides. These 

are all combined polysaccharides, which provide the major proportion of dissolved 

carbohydrates. Monomeric carbohydrates can be directiy utilized by heterotrophic 

organisms and are hence abundant only in low concentration. The functional diversity is 

reflected in the chemical composition. Varying sequences of homo- or heteropolymeric 

chains and side-chains of pentose and hexose monomers lead to a manifold of different 

structures. Derivatisation of the saccharides leads, e.g., to amino- and deoxysugars. 

The marine environment has to be distinguished in at least two different ecosystems: 

the euphotic Zone influenced by sunlight, including the estuaries, and the dark 

intermediate and deep waters. While plankton production and rapid cycling predominantly 

influence the first one, the latter ones are regions of microbial remineralization and 

consumption. In order to understand the biological processes, most studies focused on 

the phytoplankton-derived carbohydrates. 

The production and release of dissolved polysaccharides by phytoplankton is variable 

and depends On the physiological and nutritional state of the growth. Generally, 

polysaccharides are released, especially under conditions of nutrient deficiency. Ittekkot 

et al. (1981) monitored the carbohydrate composition of a phytoplankton bloom in 

temperate waters (North Sea), where during the exponential growth phase the excretion 

products were dominated by fructose and glucose. Mannose and galactose were not only 

present in diatom cell constituents but also in their released dissolved products 

(Myklestad et al., 1972). Rhamnose, fucose, and arabinose, which are components of 

algal cell walls (e.g., Haug and Myklestad, 1976), increased in the dissolved fraction 

during phases of decay and were presumably released after cell wall destruction by 

bacteria. Free dissolved carbohydrates occurred at the end of the bloom and are 

supposed to be released by cleavage of the polysaccharides (Ittekkot et al., 1981). 

Excretion products of diatoms were studied in enclosure experiments (Mopper et al., 

1995). These exudates were rich in fucose, rhamnose, and galactose throughout the 

diatom bloom and showed a different molecular composition compared to the residual 

material being rich in glucose (glucans, i.e., storage products). Depending on the 

dominating species and the phase of the phytoplankton bloom, the spectrum of the 
dissolved carbohydrates can vary within wide ranges (e.g., Ittekkot et al., 1981; Ittekkot et 

al., 1982; Mopper et al., 1995). 

The concentrations of carbohydrates in the surface layer of the Open ocean are much 

higher and show greater regional or diurnal variations than in deeper layers. Maximum 

values of more than 30 pM C were measured in the Gulf of Mexico, while the values for 
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the North Atlantic and Antarctic waters were only in the range of 7 to 11 pM C and 14 to 
20 pM C, respectively. With greater depth, the concentrations decreased to 5 to 7 PM C 
(Pakulski and Benner, 1994). The strengest decrease occurred within the euphotic zone, 

indicating rapid consumption of the labile carbohydrates. Below the euphotic zone, 

concentrations are rather uniform. In surface waters, the main component is glucose with 
approx. 25% (e.g., Skoog and Benner, 1997), followed by galactose, mannose, xylose, 
fucose, arabinose and rhamnose. In deep waters of the Pacific Ocean, glucose 
dominates with more than 60%. In North Atlantic deep waters, glucose is less dominant, 
while the proportions of fucose, rhamnose, and arabinose are higher than at the surface 
(Mopper et al., 1980). 

1.2.2 Determination of Carbohydrates in Seawater 

The analytical challenges of seawater analysis are low concentrations of organic 
substances in the high saline matrix. Extraction with organic solvents is inapplicable due 
to the high solubility of the polar carbohydrates in water. Hence, detection has to be done 
in the aqueous medium, or water and salt have to be removed completely. Until recently, 
investigations of carbohydrates in seawater focused on the bulk determination of 

carbohydrates and related compounds since analytical techniques On molecular level 
were not available so far. Analytical methods for the determination of carbohydrates in 
aqueous solutions were developed in clinical research in order to measure glucose in 
blood and urine and have been used for decades. Established in the first half of 19"' 

century, most methods are based on colorimetrical reactions of carbohydrate functional 
groups with a dye. A disadvantage of these colorimetrical methods is that the functional 
groups of sugars, e.g., aldehyde or ketone groups, are not specific only to carbohydrates, 

especially in natural sample matrices. Nevertheless, they serve well for a bulk 
determination of carbohydrates and carbohydrate-analogues. From these methods the L- 
tryptophan / sulphuric acid method (Josefsson et al., 1972) is most sensitive, can also be 
applied in saline waters and is therefore used in this work. However, distinction between 
mono- and polysaccharides is not possible. This can be achieved with more extensive 
methods like the method using 3-methyl-2-benzothiazolinone hydrazone hydrochloride 

(MBTH) as reagent (Johnson and Sieburth, 1977), This method allows analysis with or 
without hydrolysis prior to a derivatization of monosaccharide-derived alditols with MBTH. 
Hence, mono- and polysaccharides can be analyzed separately. Highly sensitive 
colorimetric methods use fluorometric reagents but require preceding desalting (e.g., 
Hirajama, 1974). 

Bulk determination of carbohydrates is not sufficient for the understanding of the role 
of sugars in aquatic environments. Therefore, liquid and gas chromatographic methods 
were developed in the late 1970's for the determination on a molecular level (Mopper, 
1977; 1978a; 1978b). These methods ,require appropriate derivatization and enrichment 
steps, which represent possible sources of contamination. Besides the difficulties of 
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enrichment and chromatographic separation of carbohydrates, detection has been a 

major problem. In 1990, a rapid and reproducible liquid chromatographic method with 

electrochemical detection of mono- and oligosaccharides was introduced (Johnson and 

LaCourse, 1990). This technique was adapted for seawater samples without enrichment 

steps (Mopper et al., 1992), advanced to a standard method, and was thus used in this 

study. This sophisticated technique is still refined. Recently, the method has been applied 

for the determination of amino sugars in seawater (Kaiser and Benner, 2000). A 

disadvantage of this chromatographic method is, that only monosaccharides can be 

detected in seawater and thus polymeric compounds have to be hydrolyzed prior to 

chromatographic separation. Only few methods have yet been developed for direct 

analysis of polysaccharides, which are mass spectrometric techniques like direct 

temperature-resolved ammonia chemical ionization mass spectrometry (Boon et al., 

1998) or matrix-assisted laser desorption and Ionisation technique keeping the molecules 

undestructed (Kazmaier et al., 1998). However, the variety of naturally occurring organic 

compounds leads to very complex spectra and definite molecular structures are 

exceedingly difficult to obtain. 

Common procedures are acidic hydrolysis of polymeric compounds and analysis of 

the released monomers. Hydrolysis conditions vary depending on the purpose and 

material of interest. Generally, hydrolysis with sulphuric acid gives similar or higher yields 

than other acids such as hydrochloric or trifluoracetic acid (e.g., Mopper, 1977; Pakulski 

and Benner, 1992; Borch and Kirchman, 1997). It has to be considered that acidic 

hydrolysis is a combination of cleavage of glycosidic bonds on one hand, and destruction 

of the released monomers on the other. For instance, to increase hydrolytic efficiency, 

lyophilizated ultrafiltration powder pretreated with 12 M sulphuric acid is applied prior to 

hydrolysis with 1.2 M sulphuric acid (Skoog and Benner, 1997). Hydrolysis with 0.85 M 

sulphuric acid gives high yields without considerable destructive losses (Borch and 

Kirchman, 1997). Ion chromatography requires neutralization and desalting after 

hydrolysis. Hereby, considerable losses of carbohydrates have been reported. For 

instance, uronic acids or amino sugars are lost. Hydrolysis with hydrochloric acid yields 

less monomers but facilitates neutralization and desalting and is therefore preferred by 

some authors (Borch and Kirchman, 1997). 

1.3 Extraction of Refractory Dissolved Organic Matter 

In marine aquatic science, methods and techniques from limnology have been 

adopted. In soil chemistry, humic substances can be easily extracted with acidic and 

alkaline solutions. This technique is inappropriate with aquatic samples. Therefore, solid- 
phase extraction procedures were established. A common procedure in limnology is the 

adsorption on XAD-resins with subsequent elution with sodium hydroxide solution. A 

common combination is XAD-4 and -8, but XAD-1, -2, and -7 have also been used (Aiken 

et al., 1979), depending on the composition and origin of the organic matter. Application 
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of XAD techniques to seawater samples results in significantly lower yields than for 

freshwater (Druffel et al., 1992). Other isolation techniques, particularly ultrafiltration, are 

used to concentrate DOM in seawater and are reported to collect large amounts of DOC 

(Benner et al., 1992). Due to their different fractionation criteria, XAD-resins and 

ultraflitration extract different partitions of the DOM pool. Tangential-flow ultrafiltration with 

a 1 kDa cut-off filter yields selectively macromolecules larger than 1 kDa, primarily freshly 

produced carbohydrates (Benner et al., 1992; Skoog and Benner, 1997) and proteins 

(McCarthy et al., 1996). Isolation of marine humic substances for the analysis of 

refractory substances and carbohydrates, which might be Part of this fraction, is therefore 

best suitable with XAD-extraction (Malcolm and MacCarthy, 1992). The characteristics of 

XAD Isolation exclude free polysaccharides and make carbohydrates selectively 

accessible, which are associated or even incorporated in the complex and highiy 

condensed structures of humic substances. 

1.4 The Arctic Ocean 

The Arctic Ocean receives, relative to its size, the largest freshwater flux from rivers 

compared to other oceans. The major freshwater inflow reaches a total of 3300 km3yr"' or 

0.11 Sv, which is about 10% of the global river discharge. Major contributors are the 

Yenisey (603 km3yr-I), the Ob (530 km3yr-I), and the Lena (520 km3yr-l) (Figure 2). The 

largest other Russian rivers discharge 504 km3yr" in sum, among them Kolyma, Indigirka, 

and Moroyyakha. The MacKenzie River (340 km3yr") almost exclusively drains the 

Canadian side (all data from Aagaard and Carmack, 1989). The annual water discharge 

is highly seasonal. The maximum is reached during the snow melting period from April to 

May in the European part (west of Ob and Kara Sea, respectively) and from late May to 

June in the eastern Asian part of Siberia (Telang et al., 1991). More than 80% of the 

annual discharge occurs in this period (Gordeev et al., 1996). 

Besides its high riverine input, the permanent ice Cover is the most striking feature of 

the central Arctic Ocean, making it unique amongst the other oceans. Both results in a 

strong stratification of the water column (Figure 3). The intermediate water is dominated 

by the inflow of Atlantic waters from the Norwegian and Greenland Seas. One branch of 

this warm and saline Atlantic water passes the Fram Strait and follows the continental 

slope to the East (Jenes et al., 1995). The other branch overflows the Barents Sea shelf 

(Blindheim, 1989), cools down due to heat loss to the atmosphere, flows from the 

northern Kara Sea shelf through the Santa Anna Trough into the Nansen Basin and forms 

a cold tongue of characteristic water between the continental slope and the Fram Strait 

inflow (Rudels et al., 1994). Thus, the salinity of the Kara Sea shelf is high. 
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Figure 2: Hydrographie currents and water inflow of the Arctic Ocean. Flow rates are given 
in km3yr"; (modified after Aagaard et al., 1995; Aagaard and Carmack, 1989; 
Jones et al., 1998); 
grey arrows: river discharge; 
white arrows: surface currents; 
black arrows: deep water currents. 

In the Arctic Ocean, the sharp halocline in approx. 200 m depth isolates the Arctic 

Ocean interior from non-particulate vertical exchange with the upper waters. The waters 

in the halocline are formed during winter freezing in the shelf areas and are advected into 

the central Arctic Ocean (Schlosser et al., 1995). Atlantic water, which is traditionally 

defined as the layer between the O.OÂ° isotherms, extends down to 800 m depth (Bauch, 

1995) (Figure 3). Below, Arctic Intermediate Water, deep water and finally the bottom 

water are located. The deep waters of the Eurasian and Canadian Basins differ in their 

oceanographic signature. Canadian Basin Deep Water (CBDW), crossing the Lomonosov 

and Alpha Ridges, enters the Fram Strait at approx. 1800 m depth. 

Through the Bering Strait, water of Pacific origin enters the Arctic Ocean. The Bering 

Strait sill is only about 50 m deep, and the Pacific water flows as a subsurface current 

through the Arctic Ocean. With its typical high silicate and phosphate concentration, it can 

be traced through the Canadian Arctic Archipelago and along the Greenland slope as 

part of the East Greenland Current (Jones et al., 1998) (Figure 2). 
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Figure 3: Water mass distribution in (a) the central Arctic Ocean and (b) in Fram Strait 
(modifed after Schlosser et al., 1995; Rudels, 1989); 
PW = water of Pacific origin; CBDW = Canadian Basin Deep Water; 
6 =  potential temperature; S = salinitiy. 

The presence of the Severnaya Zemlya islands favours creation of lee polynyas. 

Polynyas are small-scale ice-free regions, which are created by wind and surface 
currents. Here, large ice generation and strong brine rejection occurs (Cavalieri and 
Martin, 1994), which are supposed to drain downwards into the Nansen Basin and 

presumably allow deep slope convection and hence vertical transport of DOM. 
The importance of the Arctic has been assigned to its role in influencing the global 

climate, by regulation of the global heat budget and deep water formation by 

thermohaline convection (e.g., Rudels et al., 1994; Aagaard and Carmack, 1994). On the 
other hand, the Arctic as a sensitive climate system itself could react to climate changes, 
which will also affect the amount and composition of DOM in the Arctic Ocean. Little is 
known about the seasonal and annual variability of biogeochemical processes, and 

possible consequences of climate variations like enhanced carbon release from thawing 
permafrost soils are still obscure. Sea ice dynamics have the potential to affect DOM 
distribution by its release from melting ice floes, which may be coupled to increased 
primary production. Thus, it is of great importance to improve our knowledge about the 

DOM constituents, which inhere a central role in the global biogeochemical cycles. 
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2 Objectives 

Aim of this work is to investigate the distribution of dissolved organic matter in polar 

Arctic environment with emphasis on carbohydrates. Carbohydrates, which play a key 
role in biogeochemical processes, are fairly characterized in the Arctic Ocean. For their 
assessment, two analytical techniques are applied. One determination method of bulk 
carbohydrates is available yet, while the other method for the determination of combined 
and individual neutral sugar species has to be established. At the time the thesis was 
begun, no neutral sugar data of the Arctic Ocean were available, the data set of bulk 

carbohydrate was scarce, and basic knowledge about their occurrence is to be raised. 
The focus of this work is laid On the following topics: 

The influence of terrestrial and phytoplanktonic sources to the carbohydrate 
composition at the threshold between the Eurasian continent and the adjacent marine 
environment. 

The changes in composition and distribution of dissolved carbohydrates, which 
characterize different environments and are coupled to specific oceanographic 
regimes of the Arctic Ocean. 

The compositional differences between freshly produced DOM and aged DOM of high 

diagenetic degree. 

The content of carbohydrates and their association in and to the structures of marine 
humic substances, which are selectively separated from total DOM. 
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3 Material and Methods 

3.1 Characterization of the Sampling Areas 

Sampling sites were chosen which represent different aquatic Arctic environments. 

Russian river samples were collected for the determination of organic matter of terrestrial 

origin. To follow mixing processes with the marine and saline environment, inshore shelf 

samples were taken. Transport of organic matter towards the central Arctic was traced 

using samples from shelf stations of Kara and Laptev Seas. 

Figure 4: Arctic and Russian sampling sites: 4 ARK XIII, D ARK XII, ARK XIIIl3, 
A SWEDARCTIC TE 94 shelf stations and Â SWEDARCTIC TE-94 river 
stations; station numbers and sample names are the original identifiers of 
each cruise. 
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Further changes during transport were determined partly in the Canadian Basin, the 

central Arctic Ocean, and the North Atlantic Ocean via Fram Strait. Modifications of 

dissolved organic matter with depth were analyzed in deep water samples in the central 

Eurasian and Canadian Basins. For all samples, salinity, temperature and nutrient data 

are available, and many samples have been analyzed for dissolved organic nitrogen, 

chlorophyll a, amino acids, and lignin. 

The samples from the Russian rivers and inshore areas were collected during the 

Swedish Tundra Expedition SWEDARCTIC Tundra Ecology 94 (TE-94) with the research 

and supply vessel "Akademik Fedorov" organized by the Swedish Polar Research 

Secretariat in summer 1994 (for sampling sites and locations, See Figure 4). Most inshore 

samples were taken of 10 m depth, except stations X (20 m) and 9A (50 m). All riverine 

sampling sites are located close to the river mouths in the estuaries and the samples 

were taken from surface water, except Yenisey (10 m), during or directly after the 

maximum summer water discharge. The composition of the riverine DOM is widely 

determined by the vegetation of the drainage areas (Lobbes et al., 2000). Taiga is the 

prevailing vegetation of central, and tundra of northern Siberia. Taiga is characterized by 

coniferous woods and bogs, and tundra is a treeless steppe. The shortest rivers Vaskina, 

Velikaja, and Moroyyakha drain exclusively tundra. Most of the other rivers drain tundra 

and taiga, while the longest rivers are more influenced by taiga than tundra (Strasburger, 

1983; Times Atlas, 1997). 

Shelf and Open ocean samples were obtained during three expeditions with the 

research ice breaker "Polarstern" in the Summers of 1995 (ARK Xl l l ,  Laptev Sea), 1996 

(ARK XII, Kara Sea and central Arctic Ocean) and 1997 (ARK Xllll3, Fram Strait and 

Greenland Sea) (Figure 4). During the latter cruise, samples of an ice floe were collected. 

All expeditions took place in summer, hence ice conditions show minimal annual 

extent and ice Cover changes little. The central Arctic Ocean was generally covered with 

pack-ice up to 100%, except the southernmost stations 16 and 17 in the Laptev Sea and 

the westernmost St. 3 near Franz Josef Land, which were ice-free. The eastern Fram 

Strait with warm Atlantic water was ice-free, while the ice concentrations in the East 

Greenland Current were up to 100%. 

Water samples were collected with CTD-rosettes (ARK X l l l ,  ARK XII, ARK Xlll/3), 5 l 

Niskin bottles (SWEDARCTIC TE-94), or onboard seawater supply (ARK XlllI3, St. 62). 

Sampling containers were handled with gloves to avoid contamination. Dissolved organic 

matter was obtained by filtration of samples through GFIF glass fibre filters (nominal Pore 

size 0.7 pm; WHATMAN INT., UK; precombusted for 5 h at 550Â°C) Samples for neutral 

Sugars analyses and UOC were filtered directly into glass ampoules (precombusted for 5 

h at 550Â°C and immediately frozen at -30Â°C Samples for nutrients and total 

carbohydrates were filtered into new 100 ml polyethylene bottles and fixed with 3.5% 
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mercuric chloride solution (300 pl 1 100 ml sample) and stored in the dark at 4OC until 
analysis (Kattner, 1999). Samples from the SWEDARCTIC expedition were GFIF filtered 

and stored at -30Â° in 1 l polyethylene containers. Samples for the adsorption with XAD 
resins were prepared by filtering 25 l of water with acid washed (1 M hydrochloric acid) 
cellulose acetate filters (0.8 um and 0.2 pm in sequence, SCHLEICHER UND SCHUELL, 
Dassel) by gravity for 20 hours. The filtrate was used within 6 hours for XAD-adsorption. 

The ice floe (approx. 250 kg) was sampled during ARK Xllll3 directly from the ship 
with a crane trailered iron basket. To avoid contamination, the box was washed in the 
surrounding water. Onboard, with a minimum amount of handling, the ice was put in a 
large acid rinsed polyethylene container and melted during the next 2 days at room 
temperature. The melted ice was filtered through a 0.6 pm polycarbonate filter cartridge 

and immediately adsorbed On resin. 

3.3 Resin-Based Fractionation of Dissolved Organic Matter 

Fractionation of DOM from seawater samples was performed with ~ m b e r l i t e ~  XAD-2 

and XAD-4 adsorption resins (commercial ~mberlite', practical grade quality, ROHM & 

HAAS Corp., Philadelphia). Two different resins were used to maximize the adsorption 
efficiency for DOM. They are unspecific adsorbers on polystyrene basis, cross-linked with 
divinylbenzene. Both have a strong hydrophobic character and differ in their degree of 
cross-linkage, i.e., the content of divinylbenzene. XAD-4 has a larger active surface, a 
higher adsorption capacity and smaller pore sizes than XAD-2. The pore sizes of XAD-4 

are approx. 9 nm and of XAD-4 only half of it (5 nm). This results in a higher adsorption 
capability of XAD-4 for smaller molecules than XAD-2, which extracts preferentially larger 
molecules. 

Contamination from external sources as well as internal collapse may strongly affect 
adsorption procedures with organic extraction resins. External contamination may occur 

all time during handling. Internal breaking of the resin structure is thought to be caused by 
strong pH changes during extraction procedure. The two used resins XAD-2 and -4 are 

rather insensitive to internal breaking (Aiken et al., 1979; Malcolm, 1989). Problems with 
severe organic contamination of the XAD resins occurred during earlier expeditions, even 
though the resins were cleaned carefully onboard directly prior to use. To overcome any 
difficulties during experiments aboard, all resins were cleaned and checked at the home 
laboratory. 

Besides M D - 2  and -4, XAD-7 is a common solid phase extraction resin in aquatic 
biogeochemistry and was used on cruises before. It adsorbs even polar molecules, as it 
is based on an acrylic acid polymer structure. XAD-7 is very sensitive to pH changes 
resulting in enormous carbon release (Aiken et al., 1979). As there is a high risk of 
systematical contamination of the samples, XAD-7 was not used for the extraction 
procedure. 
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The XAD resins were purified successively with dichloromethane and acetonitrile 

followed by methanol in a Soxhlet extractor (according to Malcolm, 1989). Each 

extraction took 24 h and was performed five times. To control the purification process, a 

subsample of 10 ml of the resin was taken out of the extractor after the last extraction 

with methanol. In an acid-rinsed glass chromatography column, the resin sample was 

washed with 1000 ml of MilliQ water (a MILLIPOREie5 plus System was used during this 

work), 100 ml of 0.1 M sodium hydroxide and 100 ml of 0.1 M hydrochloric acid solution 

(suprapur grade, MERCK, Darmstadt) with a flow rate of 10 ml min". DOC was 

determined in the final 10 ml of the acid. If the sample was DOC-free, the resin was 

carefully transferred into acid-rinsed 30 ml chromatography columns (300 mm X 14 mm 

inner diameter) with a P2-frit and a teflon stopcock. 23 pairs of XAD-2 and -4 columns 

were prepared. These columns were carefully topped and sealed with parafilm until 

utilization aboard. The resin was kept in methanol to avoid gas bubble formation and to 
maintain sterile resins. 

Aboard the ship, the methanol was completely removed: The columns were mounted 

under a dropping funnel and washed with 2 l of MilliQ water, followed by acidic and 

alkaline solutions (1 00 ml of 2 M hydrochloric acid and 100 ml of 0.1 M sodium hydroxide 
solution, with a flow rate of 2 ml min-I). 

For DOM extraction, the two resins were installed in sequence (Figure 5): To avoid 

blocking of the resin pores by macromolecules, which would lead to reduced adsorption 

capacity, the sample passed the coarser XAD-2 first and then XAD-4. The fittings 

between the sample container and the columns were either acid rinsed teflon tubing or 

glass connectors. The samples were acidified to pH=2 prior to extraction with 20 ml of 

conc. hydrochloric acid solution to protonate acidic groups and reduce polarity, ieading to 
increased adsorption efficiency. At a flow rate of 1 drop per second, the extraction of a 

20 l sample took between 21 and 24 h. After 10 1, a 100 ml subsample was taken from 

the effluent, which is the hydrophilic fraction (Hl). 

After the sample has completely passed the columns, they were rinsed with 250 ml of 

0.1 M hydrochloric acid to remove the rest of the saline sample from the resin. The resins 

were eluted separately. Polar molecules (hydrophobic acid fraction, HbA) were eluted 

with 100 ml sodium hydroxide solution (p.a. quality grade, MERCK, Darmstadt). Less 

polar substances (hydrophobic neutral fraction, HbN) were eluted with 100 ml of 

methanol (~ i~hrosolv '  grade, MERCK, Darmstadt). The fractions were collected in acid- 

rinsed polyethylene bottles and stored at -30Â° until analysis in the home laboratory 
(Figure 5). 

Prior to further analysis, the methanol in the HbN-fraction was removed in a vacuum 
rotary evaporator. To avoid destruction of DOM, water bath temperature did not exceed 

40Â° and methanol was not evaporated until dryness. Complete removal of methanol 

was ensured by triple addition of 50 ml MilliQ water and repeated evaporation. The 

sample was then adjusted to 100 ml with MilliQ water and kept at -30Â° until analysis. 
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Figure 5: Sequence of seawater extraction with XAD resins and fractionation of DOM. 

The ratio of the carbon and carbohydrate concentrations of the summed up fractions 

of XAD-2 and XAD-4 (referred as XAD-2:XAD-4) is introduced as a measure for the size- 

distribution of the extracted organic matter. The nominal Pore size of the XAD-2 resin is 

approx. as twice as large as that of XAD-4. Hence the resins exhibit different adsorptive 

capabilities for small and large organic compounds (Malcolm, 1989). The higher the ratio, 

the larger should be the molecular size. The ratio of the carbon and carbohydrate 

concentrations of the HbN to HbA fractions of both resins (referred as HbN:HbA) is 

introduced as a measure for the polarity of the organic matter. Methanol and sodium 

hydroxide solution exhibit different elution capabilities for marine humic substances. The 

higher the HbN to HbA ratio, the less polar the molecules should be. A detailed 

description of the Isolation of marine humic substances is presented by Malcolm (1989). 

Special attention was paid to a quantitative, reproducible, and practicable procedure 

for aboard operation. To certify that the extraction of DOM with XAD resins is applicable 
on DOC-measurements, a series of blank studies was carried out. To assure that no 

carbon was released from the resins, 20 l of acidified MilliQ water were passed through 

the resin columns in blank experiments. These experiments were handled as'described 

before. In Figure 6a, the DOC concentrations during the Course of one of these blank 
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experirnents is shown. The blank value of the acidified sarnple in the polyethylene 
container was less than 5 PM. At the beginning of the blank experirnent, the DOC 
concentration in the Hl-fraction was 12 PM, which decreased to 6 PM after all the MilliQ 

water had passed the colurnns. After washing with 250 rnl of hydrochloric acid, the DOC 
concentration in the effluent was 8 PM. The concentrations of the HbA- and HbN-fractions 
were all less than 10 PM C. 

Lara and Thornas (1994) studied the adsorption of freshiy produced DOM frorn algal 
cultures with ^C labelled DOC and reported high irreversible adsorption of DOM if eluted 

only with sodium hydroxide solution. However, about half of this DOM can be rernoved 
with rnethanol. In experiments with seawater, 99% of the initial DOC content were 
recovered in the hydrophilic and hydrophobic fractions of the fractionation process and 
hence no irreversible adsorption at the resins was observed (Figure 6b). 

(a) Blankexperlment 
Container + MlliQ 

Hl (Start) 
Hl(50%) 
H1 (end) P 

HbAXAD-2 
HbAXAD-4 
HbN XAD-2 
HbN XAD-4 

(b) Recowryexperiment 

Seawater 
Recoery afler fraci onation 

Figure 6: (a) DOC concentrations in the blank experirnent; 
(b) 99% of DOC of a seawater sample were recovered by XAD fractionation 
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3.4 Analysis of Dissolved Organic Carbon 

Dissolved organic carbon was determined by high-temperature catalytic oxidation 
using a SHIMADZU TOC-5000 analyzer at 680% with the standard platinum catalyst and 
non-dispersive infrared detection (NDIR) of the generated carbon dioxide. The high- 
sensitivity catalyst provided by the manufacturer is unsuitable for seawater analysis due 
to rapid destruction after a few injections. Samples (approx. 10 ml) were acidified with 

100 pl of 2 M hydrochloric acid (suprapur@ grade, MERCK, Darmstadt) in the SHIMADZU 
autosampler vials and purged with oxygen prior to analysis to remove inorganic carbon. 
The vials were cleaned for 24 h in chromosulphuric acid to oxidize all organic 
contaminants and rinsed thoroughly with MilliQ water. Samples were measured in 
duplicates at a series of 5 to 7 injections per measurement. Standards were run with 
potassium hydrogen phthalate (CaHs04K, provided by SHIMADZU, KANTO CHEMICALS, 
Tokyo, Japan) at appropriate concentrations. While seawater samples were run without 
dilution, most of the MD-extracts were diluted by 1:lO. For further details See Benner 
and Strom (1993) and Skoog et al. (1997). 

3.5 Automated Colorimetric Determination of Total Dissolved 
Carbohydrates 

The method used within this work is based On the reaction of hydrolyzed 
carbohydrates with L-tryptophan in conc. sulphuric acid with boric acid at 10O0C. Besides 
the hydrolytic cleavage of the glycosidic bonds of oligo- and polysaccharides, many 
degradation products form in the strong acidic and dehydrative medium. Pentoses form 

furfural, hexoses the corresponding 5-(hydroxymethyl)-derivative. Even y-pyrones and 
benzene derivatives are known to occur. These condensation products react with the 
amino group of L-tryptophan like a Maillard-reaction. Through a stepwise reaction with 
intermediate products (e.g., Amadori rearrangement), intense coloured complexes are 
formed, the rnelanoidines (Ledl and Schleicher, 1990) (Figure 7). These complexes have 
an absorption maximum at approx. 500 to 530 nm. Measurements were carried out at 
525 nm. Unfortunately, the signal height is different for individual carbohydrates. In Table 
1 the response factors for different carbohydrates and derivatives compared to the 
calibration standard glucose are listed (Eberlein and Hammer, 1980; Engbrodt, 1997). 
For instance, 2-deoxysugars are degraded in strong acidic environments. In 
consequence, the lower signal responses lead to a partial underestimate of the real 
carbohydrate concentration. Even unmodified hexoses and pentoses exhibit a lower 
response than glucose, 



Material and Methods 

Table 1: Cornparison of the response signal of carbohydrates (in % relative to glucose) 
for the L-tryptophan 1 sulphuric acid rnethod (Eberlein and Hammer, 1980; 
Engbrodt, 1997). 

Compound Component class Signal (%) 

Glucose Aldohexose 100 

Galactose Aldohexose 88 

Mannose 

Fructose 

Arabinose 

Xylose 

2-Deoxyribose 

Rharnnose 

Fucose 

Galacturonic acid 

a-Glucosamine 

Sucrose 

Cellobiose 

Aldohexose 

Ketohexose 

Aldopentose 

Aldopentose 

2-Deoxypentose 

6-Deoxyhexose 

6-Deoxyhexose 

Uronic acid 

2-Hexosamine 

Disaccharide 

Disaccharide 

All chemicals were obtained by MERCK (Darmstadt). All aqueous solutions were 
prepared with artificial seawater (67.6 g sodium chloride in 2000 ml MilliQ water). For the 
reagent, 2.5 g L-tryptophan (biochemical grade) and 12.5 g boric acid (p.a. grade) were 
dissolved in 500 ml conc. sulphuric acid (p.a. grade) under ice cooling. As a strong 
degradation of the reagent under light influence and warmth was observed, the mixed 
reagent was kept in a brown glass bottle and protected against direct sunlight during 

anaiysis. It was stored overnight at -30Â° and replaced every second day. Nitrate 
standards were prepared of a stock solution of 1.000 Â 0.0002 g I" NOs ('Ie2 mol N I"') in 
artificial seawater. Carbohydrate standards were made of exsiccator-dried glucose 
(biochemical grade). 
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Figure 7:  Degradation of carbohydrates and their reaction with L-tryptophan. 

The analysis was processed with an AutoAnalyzer II System from Technicon 

(BRAN+LUEBBE, Norderstedt; Figure 8). For the determination 1.33 ml of the sample 

were required. Alternating, sample and artificial seawater were taken by the sampler, so 

that the System was washed. The timing intervals were adjusted to a ratio of 2.3 : 1 
(250 s for sample : 110 s for artificial seawater). The polystyrene sampling cups were 

covered with parafilm against evaporation and contamination, which could easily be 

punctured by the sampling needle. A peristaltic proportioning pump delivered the 

solutions via a reaction coil, in which reagents and sample were well mixed, to an 

encapsulated oil heating bath (104 'C Â 0,I0C, G-type, coil length 2.5 m, inner diameter 

2.0 mm). The flow rate was adjusted to a residence time of the reagent mixture of 15 min 

in the heating bath. After passing the bath, the yellow to violet solution was pumped 

directly to a single-channel photometer. The adsorption of the colorimetric complex was 

measured in a 50 mm X 1.5 mm (inner diameter) flowcell at 525 nm against air as 

reference. The signals were processed in a multi-channel recorder (series R-60, 

RIKADENKI, Freiburg i. Br.) on three recording ranges. This allowed covering a range 

from very low to maximal adsorption without any changes in recording Set-up. Due to the 



Material and Methods 

strong corrosive reagent, all tubing were made of ~ c i d f l e x ~  (BRAN+LUEBBE, 

Norderstedt) or ~ i t o n  (ALLIANCE, FriedrichsdorfiTs.) and all fittings made of glass. 

Single-channel 
colorimeter 

L-: 

Figure 8: 

flowcall 
50 rnm X I  5 mm 

Waste 

Proportioning pump 111 

- 
H e  b a t  I 1 b a t  +I Artificial 
'04 * 0 .1T  with ----!?:C seawater 
coil "G"2.5 m ; ! ! L 

Air 

Mixing coil 0.32 rnllrnin 
! 10 turns 1 +Tx 0.16 rn!/min - 

L...............--.----------, 

waste 1 >-Ã‘ I 

Flow scheme of the AutoAnalyzer II system for the determination of TCHO in 
seawater (modified after Eberlein et al., 1985). The heating bath is used for 
determination of carbohydrates, the ice bath for determination of nitrate plus 
nitrite. 

Besides carbohydrates, nitrate and nitrite form coloured complexes with the reagent 

(Eberlein et al., 1985; Eberlein and Schutt, 1986). Even a nitrate concentration of 

1 pmol I'' affects the determination of carbohydrates. At ambient temperature and below, 

there is no reaction of tryptophan with carbohydrates, but with nitrate and nitrite. The 

error introduced by nitrate and nitrite can therefore easily be determined in a second 

measurement with the heating bath off-state. The mixing coil had to be placed in an ice 

bath at O0C to avoid heating of the mixture between the aqueous sample and the 

sulphuric acid of the reagent. In the oxidative environment of sulphuric acid, all nitrite is 

oxidized to nitrate. This nitrate concentration is subtracted from the carbohydrate-plus- 

nitrate signal in the "warm" run to obtain the correct carbohydrate concentration. For 

maximal analytical performance, the system has to be run continuously to avoid deposits 

of precipitated reagents or salts in the tubes or fittings. The system was washed with 

MilliQ water and 2 M sodium hydroxide solution at least once a week. Pump tubes had to 

be replaced at regular intervals. The determination limit was lower than 0.3 PM C, the 

precision at that level was better than 10% (CV, n=5). 
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3.6 High Performance Amperometr ic Analysis o f  Free a n d  Combined  
Neutral Sugars 

The determination of total carbohydrates (TCHO) is a rough bulk deterrnination. 

Reactions of functional groups (e.g., condensation of a carbonyl group with the amino 
group of tryptophan) may lead to under- or overestirnates of the carbohydrate 
concentration of the sample. 

For a high precision deterrnination of the concentration of carbohydrates including 
their cornposition, different rnethods have been developed. Most of thern were rnass 
spectrometric or liquid chromatographic techniques. Since the late 1980Js, a well 

understood and applied method is the high pressure anion exchange chromatography 
with pulsed amperometric detection (HPAEC-PAD) (Johnson and LaCourse, 1990). For 

analyses in marine environments, this procedure was later refined (Mopper et al., 1992). 
After chromatographic separation on a strong, neutral sugar specific anion exchange 
resin with a minimum of pH=13, rnonosaccharides are detected with an electrochernical 

detector. 
Fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose (GIc), 

mannose (Man), xylose (Xyl), fructose (Frc), and ribose (Rib) are the natural occurring 
monomeric saccharides being detected by this rnethod (Table 2). Without prior 

hydrolysis, these sugars are detected as total free neutral sugars (TFNS). If oligo- and 
polysaccharides are hydrolyzed with strong acid treatment, the cornposition of total 
hydrolyzable neutral sugars (THNS) can be rneasured. Besides hydrolytic cleavage of 
glycosidic bonded oligo- and polysaccharides, destruction of rnonorners like the cornplete 

destruction of 2-deoxysugars is a critical point. 6-Deoxysugars, i.e., rnonosaccharides 
with no hydroxyl group at C-6, as fucose (6-deoxygalactose) and rharnnose (6- 
deoxymannose), are not degraded during hydrolysis. Little is known about the destruction 

of other sugar compounds, e.g., degree of deglycosidation (deacetylation) or dehydration 
(as described for the mechanism of the L-tryptophan / sulphuric acid rnethod) leading to 

underestimates of carbohydrate concentration and wrong cornposition. The occurrence of 
lyxose as a minor constituent of the sugar spectrum has been described which could be 
an epimerization product of xylose during hydrolysis (McCarthy et al., 1993). 
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Table 2: Neutral Sugar monomers which can be determined with the HPAEC-PAD 
method; the D- or L- form can be alternatively used. 

Cornponent Total formula Structural forrnula 

L-Fucose (Fuc), 
6-Deoxy-L-galactose 

L-Rharnnose (Rha), 
6-Deoxy-L-rnannose 

D-Arabinose (Ara) 

D-Galactose (Gal) 

D-Mannose (Man) 

D-Xylose (Xyl) 

D-Fructose (Frc) 

D-Ribose (Rib) 

OH 

CHOH ^ 
HO 

OH 

3.6.1 Sample Preparation 

Prior to the chromatographic determination of combined neutral Sugars, the sample 

was hydrolyzed under strong acidic conditions. If not otherwise stated, all chemicals were 

obtained by MERCK, Darmstadt. 4.0 ml of the sample were treated with 0.2 ml of conc, 

sulphuric acid (p.a. grade) and heated for 24 h at 1 10Â° in sealed ampoules, which were 
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precombusted for 6 h at 55OoC. Hydrolysis was stopped by immediate chilling to -30Â°C 

At this temperature, samples were stored for several weeks. 

Before chromatography of hydrolyzed samples, the acidic solution was neutralized 

and ions, which interfered the chromatographic separation and detection, were removed. 

A sample preparation slightly rnodified after Borch and Kirchrnan (1997) was applied. For 

neutralization 2.5 rnl hydrolyzed sample were carefully added in small aliquots to 0.3 g 

calcium carbonate (precipitated, p.a. grade, precombusted 550Â°C 9 h) to reduce 

effervescence. Then, the suspension was centrifuged for 5 min at 4000 g. The 

supernatant was carefully transferred to the ion exchange column. To quantify 

operational Iosses during the subsequent procedure, 2-deoxyribose (DORib, 0.1 ml of a 

10 rnM stock solution, all carbohydrate standards were biochernical grade) was added as 

internal standard after neutralization. This standard was used since 2-deoxysugars in the 

sample are destroyed completely during hydrolysis. During chrornatography, deoxyribose 

elutes between fucose and rhamnose and interferes with no other neutral Sugar. 

Ions and particularly multiple charged ions such as sulphate, borate, carbonate and 

bicarbonate interfere with the chromatographic separation competing with the 

carbohydrate-anions for the ion exchange sites of the column. In consequence, peak 

resolution decreases with each run. Therefore, these ions were removed from the 

neutralized hydrolysate by ion exchange. As cation exchange resin, AG-MP 50 and as 

anion exchange resin, AG-? X8 (BIO RAD, Hercules, U.S.A.) were used. They are 

polystyrene 1 divinylbenzene cross-linked resins with sulphonic acid or quaternary 

amrnoniurn functional groups, respectively. The resins were purified by Soxhlet extraction 

with dichloromethane, methanol and MilliQ water in sequence for 24 h each. Afterwards, 

they were converted to the active ion exchange form. AG-MP 50 was flushed with 10 

resin volurnes of 2 M hydrochloric acid (suprapur@ grade) and AG-1 with the Same 

volume of saturated sodiurn bicarbonate solution (p.a. grade). Finally, the resins were 

rinsed with 4 resin volumes of MilliQ water. The ion exchange was performed in an acid 

rinsed glass chromatography column of 4 ml volume with a P2 frit and a teflon stopcock. 

1 rnl of each resin were well mixed and pipetted in the column. The resin bed was rinsed 

with 5 colurnn volumes of MilliQ water and with 200 pl of the sample, which was driven 

out by an argon stream and then discarded. Then a sample volume covering the resins 

was added for deionization. After gas stopped evolving (approx. 4 min), the sample was 

blown in an analysis via1 with argon. 

For regeneration of the ion exchange resin mixture, its exchange capacities were 

saturated with a saturated sodium chloride (p.a. grade) solution and the resins were 

separated. The resin AG-1 is less dense than AG-MP 50 and can be simply pipetted from 

the latter. The resins were regenerated with 10 resin volumes of 2 M hydrochloric acid 

and saturated sodium bicarbonate solution, respectively. Soxhiet extraction was not 

necessary, since there was no contamination of the resins during sample preparation. 

Immediately before analysis, the sample was degassed with heliurn, since oxygen led 

to a negative peak during detection, which appeared exactiy in place of fructose and 

ribose. A degassing time of 4 min was found to be best. If degassing takes too long, a 
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positive helium peak might appear. After degassing, the sample was transferred directly 
into the autosampler, since oxygen would resolve again within a few minutes. The 

autosampler was used as an automated washing and injection system to ensure precise 
injection with high reproducibility of retention times. 

3.6.2 Anion-Exchange Chromatography 

The separation of carbohydrates is based on the weak acid behaviour in a strong 

alkaline medium (Figure 9a), where the hydrogen at the C-1 hydroxyl group becomes 
acidic, induced by the (-1)-effect of the ring-oxygen. Glucose, for example, has a pKa 
value of 12 28 (in aqueous solution at 25OC). The pKa values of other carbohydrates is 
between 12.00 and 13.60. For partially deprotonation for anion exchange 
chromatography, a pH-value of 13 must be achieved, otherwise separation is not 

sufficient. Substituted carbohydrates show also acidic behaviour. In particular, Sugars 
substituted with (-I)-effect groups like aminosugars and acetylated glycosides could 
easier be deprotonated (Figure 9b). Glycosides with (+I)-effect substituents show weaker 
acidity arid have poor chromatographic properties. C-1 glycosylated saccharides and 
oligo- and polysaccharides show no acidic behaviour at their non-reducing carbon (Figure 
9c). 

pK,(Glc) = 12.28 (25-C) R= OAc, N b ,  NHR', OR" R'= t-But X= OR" 

Figure 9: (a) Weak acidic behaviour of glucose in strong alkaline environment; 
(b) (-1)-substituents strengthen acidity while (+I)-substituents weaken acidity; 
(C) C-1 substituted saccharides show no acidity. 

The high pH-value makes high demands on the technical equipment and column 
materials Classical silica-based cokimns are dissolving at high pH, thus base-stable 

polymer amon exchange columns were used. They consist of 10 um diameter 
polystyrene 1 divinylbenzene cross-linked (5%) pellicular resin (DIONEX TN20) with 
quaternary amine anion exchange sites and can be operated at pH values up to 14 and 

up to a pressure of 4000 PSI (280 bar). 

Nearly all metals are corroded at this high pH-value and are therefore unsuitable. 
Thus, eluent containers, tubing, fittings, column package are made of non-eorrosive 
materials. The pump housing is polyether-etherketone (PEEK), the piston is zircon 
dioxide or sapphire, and the checking valves are also sapphire, although the mechanical 
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properties of these non-metals are inferior to metals. In particular, pistons and their seals 
tend to break and age rapidly. 

A concentration of the eluate of 24 mM sodium hydroxide is recommended (e.g., 
DIONEX TN20). A slight adjustment of the concentration was necessary, since mannose 
and xylose were not always separated, due to slightly varying temperature in the 
laboratory or aging of the anion exchange column. Therefore, the eluent was prepared 
with a concentration of 28 mM, so that concentrations between 19 and 28 mM could be 
adjusted by dilution with helium degassed MilliQ water. If the concentration adjustrnent of 

the eluent did not improve the separation, the flow rate was lowered from 1 .OO ml rnin"' to 
0.94 ml min". This fine-tuning led to a good separation also of mannose and xylose. If the 
separation of all peaks deteriorated, the column was washed with 200 mM sodium 
hydroxide solution for at least 10 min. Afterwards, the eluent was allowed to equilibrate 
for half an hour. In times of high sample throughput, this procedure was performed each 
day before analysis. Piston seals were regularly washed with MilliQ water to remove salt 

residues. Overnight, the pump was kept running, so that no salt could crystalfize in the 
system. Flow rate was kept low at 0.04 ml min"' and the eluent had the Same 
concentration as during analyses. During analyses of free neutral Sugars, the oligo- and 
polysaccharides were not hydrolyzed and eluted later than the monosaccharides. The 
column was then cleaned with higher concentrated sodium hydroxide solution (300 mM) 

after each run at a washing interval of 5 min. The chromatographic equilibrium was 
restored after 20 min of flushing with the analytical eluent. 

A DIONEX DX-500 chromatography system with a GP-40 two piston gradient pump, 

DIONEX PA-1 guard column and analytical 4x250 anion exchange columns and a 
DIONEX ED-40 electrochemical detector were used. For System control and data 

processing DIONEX PeakNet software 5.1 was used. A MERCK-HITACHI AS-4000 
autosampler was used for automated sample injection. The flow scheme is shown in 
Figure 10. 
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Figure 10: Flow scheme of the HPAEC-PAD System 

3.6.3 Eluent Preparation 

The most crucial point of HPAEC-PAD is the sensitivity to carbon dioxide. Even traces 

react with the sodiurn hydroxide frorn the eluent leading to the forrnation of sodium 

carbonate. This carbonate reduces the anion exchange capability of the chromatography 

columns leading to reduced peak resolution. Sodiurn hydroxide pellets are hence 

unsuitable. To minimize any risk of contarnination with carbon dioxide, the sodium 

hydroxide eluent solution was prepared of 50% aqueous solution (19.25 M NaOH, Baker 
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Analyzed, MALLINCKRODT BAKER B.V; The Netherlands), in which sodium carbonate 

precipitates. Strong sodium hydroxide solutions leach borate and other anions from 

glassware. They occupy, like carbonate, the anion-exchange-sites of the column. 

Therefore, no glassware was used and pipetting was done with acid washed 

polypropylene pipettes or Eppendorf tips. 

For the main eluent, 3 ml of sodium hydroxide solution were transferred directiy from 

the surface under argon gas shield into the eluent container with 2000 ml of helium 

degassed MilliQ water. 1 ml of 1 M barium acetate solution was added to remove even 

traces of carbon dioxide. MilliQ water always contains dissolved oxygen and carbon 

dioxide. To remove these gases, the water was purged with high purity helium for 5 to 10 

min (quality grade He 5.6, MESSER-GRIESHEIM, Krefeld; helium of less quality contains 

contaminants and high carbon dioxide amounts). The 28 mM sodium hydroxide solution 

was purged with helium for additional 10 min. The eluent was pressurized with helium all 

time to avoid trapping of carbon dioxide from air. The eluent could be stored or used for 

more than a week, while without addition of barium acetate the eluent had to be renewed 

after a few days. 

The higher concentrated eluents for column washing were prepared by adding 20 or 

30 ml of sodium hydroxide solution and 1 ml of barium acetate solution to 1900 ml of 

MilliQ water resulting in 200 and 300 mM solutions, respectively. 

A further critical point was the purity of the MilliQ water used for eluent preparation. 

Occasionally, the MILLIPORE system produced MilliQ water of lower quality resulting in 

an erratic and noisy baseline during chromatography. Thus, the MilliQ water was further 

purified by oxidative distillation. 4 l of MilliQ water were treated with 5 g of potassium 

persulphate (p.a. grade) and 5 ml of conc. sulphuric acid (p.a. grade), heated to reflux for 

3 h and then distilled over a 0.5 m distillation column filled with glass Raschig rings at a 

rate of Ca. 0.5 l h"'. The glassware was either acid rinsed or precombusted at 500Â° for 3 

h. The first 1 l was discarded. All fittings were Teflon sealed, no silicon sleeve grease was 

used and the distillate was retained in a brown glass bottle. A cleaning distillation 

preceded every distillation. Chromatography improved significantly compared to MilliQ 

water. Commercially available HPLC-grade water (HPLCISpectro grade, PIERCE, 

Rockford) showed no improvement compared to MilliQ water. It is low in organic 

contaminants, but higher than desired in inorganic ions (DIONEX, TN20). 

3.6.4 Electrochemical Detection 

The most suitable method to detect carbohydrates is the electrochemical pulsed 

amperometric method, which permits detection of sugars of approx. 1 picomole without 

derivatization. Furthermore, this method cannot distinguish between a- and ÃŸ-anomer 

of sugars. An electric potential at the working electrode made of inert material oxidizes 

organic molecules if the potential is high enough. The induced electric current is amplified 

and processed. The current is proportional to the concentration of the organic molecules 
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passing the detector. In Figure 11, the mechanism of electrochemical carbohydrate 
oxidation in alkaline aqueous solution is shown (DIONEX, TN20). 

First, the aldehyde group is oxidized rapidly releasing two electrons. Then, by carbon- 
carbon bond cleavage, formic acid separates and six electrons are released. Further 
separation of formic acid gives two additional electrons, which, however, is a slow 
reaction and therefore dependent on the residence time at the electrode. Overall, a 
maximum gain of 10 mole electrons per mole carbohydrate is attainable. Only a minority 
of molecules in the cell is oxidized. 

H 0 0" 0 

0- 0 

HO H $:: Ã‘Ã‘Ã‘ H20 Ho$il Ã‘Ã‘Ã 2H20  Ho$:H Ã‘Ã‘Ã‘ H20 TH 
H OH very quick OH C-C-bond OH very slow H OH 

CH20H - 3 H *  cH20H Cleavage 
o 0' 

- HC02H 
- 2e- quick - 2H+ 0 0 -  

Figure 11: Mechanisrn of electrochemical oxidation of carbohydrates with PAD. 

For optimal signal-to-noise ratio, the oxidation current is measured only for a short 
period while the oxidation potential is applied. Electric charge is integrated over time and 
measured in coulombs (C). For the analyses of free and combined neutral Sugars in 
seawater samples, detection range was from 0.05 to 10 nC. 

The products of the oxidation reaction poison the electrode surface. To maintain 

optimal electrode surface activity, the electrode was cleaned between the measurements. 
This was done by rising the oxidation potential high enough to oxidize the gold surface. 
Simultaneously, the oxidation products are desorbed from the surface. To reduce the 

electrode surface back to gold, the potential is lowered. The sequence of the three 
potentials is a waveform characteristic for pulsed amperometric detection. Standard 
settings for waveform and potentials provided by the manufacturer (DIONEX TN21) were 
proved to be optimal and therefore used in this work (see Appendix). 

Due to its high sensitivity, the electrochemical detection is influenced by external 

electric currents. Although the electrode is shielded by a Faraday's cage, the sodium 
hydroxide eluent may serve as a conductor. If the cell outflow has liquid connection to the 
drainage container, this results in an enormous negative signal larger than any 
carbohydrate signal. 

The working electrode was regularly checked and tuned up according to the 
manufacturer's manual. By time, oxidation products accumulated On the surface of the 
electrode or gold from the electrode was removed leaving a small cavity, which 
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broadened the peaks and decreased the sensitivity. Srnall arnounts of residues could be 
easily wiped away with an eraser. To rnaintain the gold and surrounding surface, careful 
grinding with wet grinding paper (granulation 1000) and final polishing with the 
manufacturer's fine polishing kit was necessary. This procedure was carried out at least 
every two weeks or if detection sensitivity decreased drastically. This was rnostly the 

case after measuring free neutral sugars when oxidation products of polyrneric 
substances precipitated and could not be swept away by the eluent stream. 

3.7 Separation and Detection Characteristics of the HPAEC-PAD System 

The hydrolysis of the sarnples was quantitative, since no oligo- and polysaccharides 
were detected. Additionally, no further substances had retention times greater than 20 
min. Thus, chromatographic separations could be run in sequence without colurnn- 
cleaning step. 

It is inevitable that neutral sugars are lost during sample preparation and these losses 

have to be quantified since the recoveries vary frorn sarnple to sample. Deoxyribose was 
completely lost during hydrolysis of the sample, which rnakes it possible to use it as an 
internal standard for quantification of neutral sugar recoveries. Addition of deoxyribose 
after hydrolysis therefore enables to correct for the neutral sugar losses, which were 

calculated in consideration of the signal of a standard with known deoxyribose 
concentration that did not pass through the preparation steps. The overall recoveries 
were in the range between 30 to 50% (Table 3). During neutralization, losses of 

carbohydrates ranged frorn 20 to 30%. The ion exchange procedure caused the greatest 
losses among the sarnple preparation steps (up to 50%). No rnonosaccharide losses 
were detected during degassing. 

Table 3: Efficiency of the preparation procedure. Data are given in concentrations of poly- 
and rnonorneric sugars after each step (in % of the total content) and losses per 
step (in %). 

Preparation Concentration of Concentration of Losses of neutral 
step polysaccharides rnonosaccharides Sugars per step 

(% total) (% total) (%) 

Original 100 0' 

Hydrolysis 0 =I  00 Ãˆ 

Neutralization 0 >70 :30 

Ion exchange 0 >35 :50 

Degassing 0 >35 0 

Overall 0 >35 4 5  
: free monosaccharides had not to be hydrolyzed 

After optimizing the rnethod, the 10 sugars were clearly separated within about 14 

rnin. All peaks were highly syrnrnetrical, except for the late eluting fructose and ribose, 
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which tended to tail. Fucose eluted first after 3.5 min. In natural samples, fucose was 

sometimes only a small peak on a shoulder. The internal ~tandard, 2-deoxyribose, eluted 

after 4.6 min and did not interfere with other Sugars. The last and most broadened peak 

was ribose eluting at about 14 min. For standard runs the coefficient of variation (CV) of 

the retention times was 0 to 2% and for the peak areas 0 to 5%. In natural sarnples, CV 

was 0 to 10% and 1 to 6% respectively. The elution order never changed and 

identification was therefore unequivocal. The chromatographic separation is sensitive to 

incomplete ion-exchange after hydrolysis. If neutralization was not quantitative and pH 

still low, retention times decreased rapidly, but resolution of the peaks was still adequate 

as peaks sharpened. 
A good control of the quality of a chromatographic separation is the resolution factor 

Rs, the degree of disengagement of two bands. Rs is defined as the ratio of the difference 

of the retention times (IRi) to their baseline width (W,; Figure 12): 

tR2 - ~ R I  
Equation 1: Rs=2-  

W1 + W2 

tRi = retention time of substance i; 
W, = baseline width of substance i 

area 

Figure 12: Measurements for idealized (Gaussian) peak curves (Snyder et al., 1988). 

The width of a "real" peak at its base is difficult to determine. But, for an ideal 

(Gaussian) peak, the base width is about 4% and 20, is the peak width at 60.7% of its 

height, Peaks that strongly overlap have values of lower than 0.6. For standard 

separation runs, Rs varied between 0.7 (mannose and xylose) and 4.5 (deoxyribose and 

rhamnose) (Table 4). Even for lowest observed peak resolution, i.e., the separation of 

mannose and xylose, the maximum peak overlap was less than 8% (Snyder and 

Kirkland, 1979; Snyder et a l ,  1988). 

Besides Rs, another measure for chromatographic separations is the column plate 
number N. Columns with large N values will produce narrow peaks and good resolution. 

N is calculated as follows: 
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Equation 2: 

L = length of the chromatographic column; 
H = plate height. 

The term "column plate" is semiernpiric and based On the theory that the (physical) 

column consists of many (theoretical) column plates at which liquid and stationary phase 

equilibrate. Since this equilibrium is individual for substances, the (arger the colurnn plate 

number, the better the separation of peaks will be. The column plate height (H) is the 

minimum particle size of the column material. In case of the used DIONEX PA-?, the 

column length is 250 mm plus 50 mm for the PA-1 guard column, and the particle 

diameter is 20 to 50 pm (DIONEX, TN20). This results in a rnaxirnum column plate 

number of about 15000, and a minimurn of 6000. The practical column plate height is 

determined as follows: 

2 

Equation 3: H =  5 
L 

q = half peak width in 60.7% of total peak height. 

The resulting practical column plate numbers for the individual Sugars are given in 

Table 4. For glucose, for example, the practical colurnn plate height is H = 48 pm. The 

column plate number of N = 6250 is relatively low due to the slightly broadened peaks. 

Table 4: Chrornatographic characteristics for the separation of a standard mixture. 
Deoxyribose was added as internal standard. Peak separation was estimated 
after Snyder et al. (1988) 

Peak Cornpound Retention time Colurnn plate Resolution Peak separation 
no. tp (min) number N factor RÃ (%) 

1 Fucose 4.03 16000 
1.65 100 

2 Deoxyribose 4.55 13223 
4.50 100 

3 Rharnnose 6.08 11755 
1.80 100 

4 Arabinose 6.72 11111 
3.88 100 

5 Galactose 8.27 7438 
1.41 >99 

6 Glucose 8.92 6250 
0.87 >96 

7 Mannose 9.37 4592 
0.70 >92 

8 Xylose 9.77 4281 
1.72 100 

9 Fructose 10.80 3746 
1.50 100 

10 Ribose 11.89 2142 
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Time (rnin) 

Figure 13: Chromatogram of a standard; for peak numbers refer to Table 4 

The chrornatograrn of Sugars frorn a hydrolyzed sarnple is given in Figure 14. The 
retention time is probably affected by the cornplex sarnple matrix and sarnple preparation 
procedure. Except for fructose, all cornpounds were present in this sarnple. Resolution 
factors were between 0.6 and 5.05 (Table 5). Separation of rnannose and xylose was 

poor due to the srnall arnount of xylose in this sarnple, but peak area separation was still 
better than 90%. Column plate nurnbers ranged between 3000 and 14000 indicating good 

resolution. 

Table 5: Chrornatographic characteristics for the separation of a natural sarnple. 
Deoxyribose was added as internal standard. 

Peak Compound Retention time Colurnn plate Resolution Peak 
no. tp (rnin) nurnber N factor Rs separation (%) 

1 Fucose 4.20 14063 
1.43 >99 

2 Deoxyribose 4.70 9972 
5.05 100 

3 Rhamnose 6.67 9000 
1 .50 100 

4 Arabinose 7.30 7438 
3.84 100 

5 Galactose 9.03 6805 
1.54 100 

6 Glucose 9.77 5760 
1.19 >99 

7 Mannose 10.47 3114 
0.60 >90 

8 Xylose 10.88 3025 
3.93 100 

10 Ribose 13.63 2939 
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Figure 14: Chromatogram of a sample; for peak numbers refer to Table 5. 

Detection limits varied during this work, depending On the conditions of columns and 
detector. Minimum detection was also limited by the amount of interfering substances in 

samples resulting in an erratic baseline and overlay with peaks of carbohydrates. For 
standards, detection limit was always below 10 nM C for each Sugar. For natural 
samples, detection limit was higher but always below 20 nM C, due to baseline 
irregularities at that high sensitivity. The precision at that level was better than 20% 

(CV, n=Q) for separate injections of the Same sample. Efficiency of hydrolysis and losses 
during the sample preparation were thoroughly quantified. 
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4 Results 

4.1 Composition of Dissolved Organic Matter in Arctic Environments 

4.1 . I  Dissolved Organic Carbon 

DOC data of the Russian estuaries and the Laptev Sea (Lobbes, 1998), the central 
Arctic Ocean, and the adjacent northern Kara Sea (Bussmann and Kattner, 2000) 
comprise a wide range of concentrations. In the river samples, DOC concentrations 
ranged from 387 pM (Kolyma) to 912 FM (Vizhas). The average of all river samples 
was 626 pM, that is the fourfold of the DOC values of the inshore stations, which 
ranged from 84 pM (St. 3) to 214 pM (St. X). Surface DOC concentrations in the Arctic 

Ocean, i.e., samples of the light influenced euphotic Zone (above 100 m), were 
between 150 pM in the southern Laptev Sea (ARK Xl l l ,  St. 16) and 70 pM in the ice- 
covered central Arctic Ocean (ARK XII, St. 43). The DOC concentrations of deep sea 
samples, i.e., all samples taken below 100 m depth, increased from West (50 pM in the 
Nansen Basin, 54 pM in the Amundsen Basin, and 56 pM in the Makarov Basin) to 

East reflecting the different DOC signatures of the deep basins (Bussmann and 
Kattner, 2000). 

In the Fram Strait and Greenland Sea, there are the Same water masses as in the 
central Arctic Ocean (cf. section 1.4). Polar surface water samples had DOC 
concentrations of 81 to 86 pM. The Atlantic water at the eastern side of the Fram Strait 

exhibited lower surface values of 62 pM. Low values were also determined in all deep 
sea samples, ranging from 47 to 50 pM. Additionally, two water masses were sampled: 
Canadian Basin-derived deep water, overflowing the Lomonosov Ridge at 1800 m 
depth and water of Pacific Ocean origin at 30 m depth, both east of the Greenland shelf 
slope. The Canadian Basin deep water had a very low DOC concentration of 39 FM 
and the Pacific water with 81 pM was in the range of surface and near-surface waters. 

4.1.2 Total Carbohydrates 

Total carbohydrates (TCHO) were determined throughout the Arctic Ocean. 
Samples through the oceanic basins were taken in Laptev Sea, central Arctic Ocean 
and its boundary to Kara Sea, Fram Strait, and Greenland Sea. All relevant water 
masses of the Arctic Ocean were sampled. TCHO was not determined in the Siberian 
rivers and inshore stations because of the complete coverage of these stations with 
THNS analyses. 

Highest TCHO concentrations were measured in surface samples of the Laptev 
Sea and the central Arctic (Figure 15). Near the Lena River plume, at about 350 km 
distance off the Lena delta, maximum concentrations of up to 10.8 pM C were found. 
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With greater distance, TCHO decreased gradually to 5 pM C. With increasing depth, 
TCHO concentrations decreased rapidly to about 3 pM C in 30 to 50 m. 

Figure 15: Surface TCHO distribution in the Arctic Ocean. The depth profiles of transects 
(a) to (d) are shown in Figure 16. 

The TCHO concentrations during the Laptev Sea transect (Figure 16a) did not 
decrease uniformly with depth. At the near-shelf stations (stations 21 and 23), TCHO 
concentrations decreased in the upper 1000 m to 2.5 pM C, but then increased further 
downward to more than 4.4 pM C. The distant stations (stations 24 and 47), On the 
other hand, showed a continuous decrease of TCHO with depth to less than 2 pM C. 

In the northern Kara Sea, at a distance of about 1000 km off the Ob and Yenisey 
River estuaries, surface carbohydrate concentrations were slightly lower than in the 

Laptev Sea (3 to 5 pM C). The transect along the continental slope crossed two deeper 
troughs (Figure 16b), in which TCHO was inhomogenously distributed. In the westerly 
Santa Anna Trough, TCHO decreased continuously from surface (4.9 pM C) to bottom 
(2.3 pM C). In the Voronin Trough, TCHO decreased near the surface from 4.6 to 3.1 

pM C, but then increased again to 5.0 UM C towards the bottom. 
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Figure 16: Depth profiles of TCHO concentrations in the Arctic Ocean; transects through 
(a) Laptev Sea towards Lena River delta; 
(b) Santa Anna and Voronin troughs (northern Kara Sea); 
(C) Arnundsen Basin towards Makarov Basin; 
(d) Fram Strait. 

During the transect crossing the Eurasian Basin towards the Lomonosov Ridge 

(Figure 16c), no increase of carbohydrates towards the bottom was detected. In the 
Nansen Basin, TCHO concentrations were generally lower and decreased from surface 

to depth from 7.4 pM C (at St. 58) to 3.4 pM C. In the Amundsen Basin, TCHO 
decreased to even lower concentrations of 2.0 pM C. Crossing the Lomonosov Ridge 
into the Makarov Basin, a similar distribution of TCHO with very low values (1.6 pM C) 

at depth exceeding 3000 m was found. 
In the Fram Strait (Figure 16d), TCHO concentrations decreased continuously with 

depth. Surface values were in the range from 2.0 pM C (St. 106) to 4.2 pM C (St. 17). 
Highest concentrations were measured in the northern marginal ice Zone. Deep sea 
samples did not exhibit concentrations higher than 1.5 pM C, similar to the deep sea 

samples of the central Arctic Ocean. The TCHO concentration in the ice floe (St. 56E, 
4.8 pM C) was higher than in surface waters. 
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4.1.3 Total Free and Hydrolysable Neutral Sugars 

Molecular level analyses of neutral sugars were performed on selected seawater 
and river samples. Sarnples frorn the northern Kara Sea (ARK XII, stations 7 to 25),  the 
Fram Strait (ARK Xlll/3), and the shelves and rivers (SWEDARCTIC TE-94) were 
analyzed for free (TFNS) and combined neutral sugars (THNS). 

Concentrations of THNS were always much higher than TFNS, which were 
detected only in a few river samples (Figure 17). In the Arctic Ocean concentrations of 
free sugars were below the detection limit. 

Fuc Rha Ara Gal Gic Man Xyl Frc Rib TFNS TFNS 

Figure 17: Concentrations of free neutral sugars and proportions of DOC in the rivers; 
<d.l. = below detection limit. 

In the river sarnples, TFNS concentrations were very low, despite very high DOC 
concentrations. Their proportion to DOC was maximal 0.23%, and less than 4% of 
THNS. Distribution of TFNS and concentrations of individual sugars were very 
heterogeneous. Glucose, fructose and ribose were the most abundant neutral sugars. 
In the Vaskina River, where TFNS concentrations were maximal, even free rhamnose 
was determined. 

The distribution of THNS in the Siberian river samples, on the contrary, was very 
similar in all samples (Figure 18a). Main components were the hexoses, glucose, 
mannose, and galactose, followed by the deoxysugars rhamnose and fucose, and the 
pentoses, arabinose and xylose. Ribose and fructose were very low concentrated. The 
organic carbon normalized yield of THNS varied between 2.0 and 9.g0h, with a mean of 
4.7%. Concentrations of THNS decreased eastwards. Highest concentrations were 
found in all samples west of Yenisey, lowest concentrations in the rivers Olenek 
(1 20Â°E) Indigirka (1 51 'E) and Kolyrna (1 55OE). Sampling began in the West in early 
June and continued until end of June at the stations in the East. The stations in the 
West were therefore more influenced by early summer conditions. The proportions of 
the individual neutral sugars to the total were nearly constant in all samples (Figure 
18b). 
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Figure 18: (a) Concentrations of combined neutral sugars and proportions to DOC and 
(b) proportions of individual neutral sugars in the rivers; 
data of the small rivers west of Yenisey (Vizhas, Vaskina, Velikaja and 
Moroyyakha) were averaged. 

At the inshore shelf stations off the Siberian coast, the THNS contribution to DOC 
showed a more heterogeneous pattern than that of the rivers (Figure 19a). The 

carbohydrate composition of these marine samples was completely different. Most 
abundant neutral sugars were glucose, mannose, galactose, and, in contrast to the 
rivers, the deoxysugars and ribose. Highest THNS concentrations were detected in the 

sample south of Severnaya Zemlya (St. 9A) between the Kara and Laptev Seas. 
Second highest concentrations were found at St. 3, the most westerly station at about 
050Â° located in the eastern part of the Barents Sea m a r  the mouths of the rivers 
Vaskina and Velikaja. At the vicinal St. 5 concentrations were lower, but the 
composition was very similar to the one of St. 3, except for galactose. Samples of St. 
6B and St. X had similar THNS proportions of DOC. The THNS concentration at St. X 

was nearly half the concentration of the sample from St. 9A, which exhibited a different 
carbohydrate pattern with exceptional high mannose and xylose concentrations (Figure 
19b). Highest proportions of glucose were found at stations 5 and 6B. Mannose, 
fucose, and arabinose proportions increased from West to East. 
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Figure 19: (a) Concentrations of cornbined neutral sugars and proportions to DOC and 
(b) proportions of individual neutral sugars at the inshore stations. 

In the northern Kara Sea (stations 7, 15, 23 and 25), the THNS composition 

differed between the Santa Anna and Voronin Troughs. In the Santa Anna Trough 

(stations 7 and 15) (Figure 20a), main components of the surface samples were ribose, 

glucose, and mannose. The proportions of ribose and mannose of the total 

carbohydrates decreased clearly with depth, while glucose increased (Figure 20b). 

Galactose, which was much less abundant, exhibited higher proportions at the surface 

than in deeper waters. At St. 15, where the Barents Sea branch of Atlantic water was 

sampled, THNS concentrations decreased continuously towards the bottom. 

Galactose, fructose, and rhamnose were more abundant than at St. 7, where the Fram 

Strait branch of Atlantic water was sampled. Here, THNS concentrations and its 

contribution to DOC did not considerably differ with depth. Rhamnose, galactose, and 

xylose contributed much less to THNS than at St. 15 (Figure 20b). 

In the Voronin Trough (stations 23 and 25), the concentration of THNS was clearly 

higher than in Santa Anna Trough (Figure 20c). The neutral sugar distribution exhibited 

also a different composition. Main components were glucose (up to 86% of THNS) and 

mannose, but ribose was less concentrated than in the Santa Anna Trough samples, 

especially in surface samples, where its contribution to the total was only 10% (Figure 

20d). The deoxysugars, arabinose, and galactose were lower and xylose much higher 

concentrated than in the Santa Anna Trough. 
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Figure 20: (a) Concentrations of cornbined neutral sugars and proportions to DOC and 
(b) proportions of individual neutral sugars in the Santa Anna Trough; 
(C) Concentrations of cornbined neutral sugars and proportions to DOC and 
(d) proportions of individual neutral sugars in the Voronin Trough. 
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In the Frarn Strait and Greenland Sea, the gradient of neutral sugar concentrations 
between surface and deep sea, was higher than in other areas (Figure 21a). The 

neutral sugar distribution also changed with depth (Figure 21b). Even surface samples 

differed significantly in THNS distribution. The proportions of THNS of DOC were the 

lowest values rneasured in the Arctic Ocean. The rnaximurn was measured in the ice 

floe sample (7.7%, St. 56E) and the rninirnurn in deep water (1.0%, St. 46, 4500 rn), 

According to these data, the samples can be divided into three categories. 

Surface water of the East Greenland Current (St. 96) and the ice floe (St. 56E) 
exhibited THNS concentrations of 4.0 and 8.5 PM C, respectively, and THNS 

proportions of DOC of 5.4% and 7.7%. These samples were characterized by visible 

algal activity (e.g., Melosira sp. strands in the ice floe). The low THNS-concentrated 

deep water samples (stations 38, 1800 rn, and 46, 4500 rn) had proportions of 1.3 and 

1 .O%, respectively, and THNS concentrations of 1.4 and 1.8 PM. The surface samples 

(stations 17, 50 m and 167, 20 rn) exhibited intermediate THNS concentrations and 

-proportions. At St. 17 in the East Greenland Current, where water of Pacific Ocean 

origin was sampled, the THNS concentration was 2.6 IJM C, and the THNS proportion 

3.1 % of DOC. 

l St. 56E (ice floe) 
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Ost 167 20m 
G' 

B S ~ .  17 50m 
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Figure 21: (a) Concentrations of combined neutral sugars and proportions to DOC and 
(b) proportions of individual neutral sugars in the Fram Strait and Greenland 
Sea samples. 
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At St. 167, the Barents Sea branch of Atlantic water was sampled which exhibited 
the lowest THNS concentrations (1.8 pM C) and also the lowest THNS proportion of 
the surface samples (2.9% of DOC). This water mass floes eastward, undergoes 
changes on the Barents shelf and was sampled in the Santa Anna Trough. 

The carbohydrates of the ice floe (St. 56E) and the Polar Surface Water (St. 96) 
were predominated by glucose, which contributed approx. 80% to THNS (Figure 21 b). 

Other important neutral sugars in the ice floe were mannose, galactose, ribose, and 

fructose. The deoxysugars were only low concentrated. In the Polar Surface Water (St. 
96), glucose and ribose contributed more to THNS than the other neutral sugars. The 
Atlantic water (St. 167) had a completely different carbohydrate composition. The major 
components were rhamnose, mannose and ribose. The proportion of glucose of THNS 

was only 14%, which were the lowest value of all measured surface samples. In 

contrast, the surface water of St. 17 was dominated by glucose, galactose, and 
fructose, whereas the deoxysugars occurred only in trace amounts. Deep waters of 
stations 38 and 46 exhibited homogenous carbohydrate compositions. Glucose, 

fructose, and arabinose were most abundant. In the Fram Strait and Greenland Sea 
samples, arabinose and fructose showed a clear trend towards higher proportions with 
increasing depth (Figure 21 b). 
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4.2 Composition of Fractionated Organic Matter 

4.2.1 Dissolved Organic Carbon 

Fractions of DOM isolated with XAD from Fram Strait and Greenland Sea samples 

were examined for DOC, TCHO, and THNS. Table 6 and Figure 22 show the carbon 

yields for the extraction procedures. Generally, between 29% (St. 56E, ice floe) and 

67% (St. 46, 4560 m) of total DOC could be extracted, and the extraction efficiency 

was higher in deep (i.e., deeper than 100 m) than in surface waters. Extraction of deep 

water samples resulted in a recovery between 45 to 67% (58% on average). Lower 

recovery rates with 45% on average were obtained in the Polar Surface Water 

samples. Extraction was lowest (29%) in the ice sample (St. 56E). The maximum 

recovery of a surface sample was achieved from water of Pacific origin (St. 17) with 

62%. All other surface samples exhibited extraction efficiencies between 42 and 48%. 

It was observed, that the HbN and HbA fractions of XAD-2 at the stations 17, 96, and 

106 were yellowish coloured, in contrast to all other eluates, which were colourless. 

Table 6: Extraction efficiency of DOC frorn seawater with M D - 2  plus-4, ratio between 
DOC extracted with XAD-2 and M D - 4  (XAD-2:-4 ratio), and ratio between 
HbN and HbA fractions of both resins (HbN:HbA ratio); n.d. = not determined. 

St. Depth Description Extraction efficiency XAD-2:-4 ratio HbN:HbA ratio 
(rn) (% total DOC) 

56E 0 Icefloe 29 2.2 3.0 

56W 1 Polar Surface Water 47 n.d. 1.2 

20 20 Polar Surface Water 45 2.4 1.5 

167 20 Atlantic water 48 1 .O 2.8 

96 26 Polar Surface Water 42 2.6 1.6 

106 45 Polar Surface Water 46 3.9 1.8 

17 50 Water of Pacific origin 60 2.1 1.5 

133 1000 Deep water 5 1 n.d. 1.3 

126 1800 Deep water 45 1.9 1.3 

38 800 Canadian Basin Deep 
Water 56 1.2 2.7 

14 2900 Deep water 62 0.6 1.8 

46 4500 Deep water 67 1.3 1.7 

60 5650 Deep water 64 1 .O 2.2 

Mean of Polar Surface Waters 45Â± 3.0t0.8 1.8t0.5 

Mean of deep waters 58Â± 1.5t0.8 1.5t0.3 
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Deep water Polar Surface Water 

Figure 22: (a) Extraction efficiency of DOC from seawater with MD-2 plus-4; 
(b) ratio between DOC extracted with XAD-2 and XAD-4 (XAD-2:-4 ratio); 
(C) ratio between HbN and HbA fractions of both resins (HbN:HbA ratio); 
n.d. = not determined. 

The molar ratio of the extraction efficiencies of XAD-2 and M D - 4  fractions (referred 

as MD-2:XAD-4) is introduced as a measure for the size-distribution of the extracted 

organic matter, since XAD-2 has larger Pore sizes than XAD-4, which results in 

different adsorptive capabilities for small and large organic compounds. The higher the 

ratio, the larger sho d be the molecular size. Furthermore, the ratio of the extraction 

efficiencies of the HbN to HbA fractions (referred as HbN:HbA) is used as a rneasure 

for the polarity of the extracted organic matter. The XAD-2 and M D - 4  fractions of both 
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eluates were summed up and their molar ratios calculated. A higher HbN to HbA ratio 
characterizes fractionated DOM of low polarity. 

The distribution of DOC in the different XAD-fractions showed also depth- 
dependent trends. The XAD-2:XAD-4 ratio of the DOC concentrations decreased from 
3.0 on average in surface samples to only 1.5 in deep sea samples. Only at St. 167, 
the surface samples had a low ratio of 1.0. Changes in HbN:HbA ratios were only 
marginal in the water column (1.8 to 1.5 towards greater depths). High HbN:HbA ratios 
were found at the stations 38, 60, 167, and the ice floe without clear trend. 

4.2.2 Total Carbohydrates 

Carbohydrates accounted for 3 to 10% of total DOC in seawater samples. A portion 
of TCHO could be isolated with XAD. For the characterization of the MD-extracted 
carbohydrates, various proportions and ratios were calculated (Table 7, Figure 23). The 
extraction efficiency of carbohydrates, i.e., the proportion of the extracted 
carbohydrates to the total carbohydrates of the samples, ranged from 29 to 79%, which 
is similar to the carbon yields. In Polar Surface Water samples, 41% of total 
carbohydrates could be extracted on average, and in deep sea samples 59%. The 
proportions of XAD-extractable carbohydrates of total DOC ranged from 0.9 to 4.1%. 
Since surface samples contained much more carbohydrates, their proportion of XAD- 
extractable carbohydrates is higher (1.8%) than in deep sea samples (1.3%). 

The XAD-2:XAD-4 ratio of the TCHO concentrations showed high variations with 
values ranging from 0.2 (St. 14) to 12.6 (St. 96). For the average ratios of surface and 
deep water samples, a significant depth-dependency was evident, similar to 
fractionated DOC. The surface samples exhibited a value of 9.9 and the deep sea 
samples of 2.3 on average. These values were significantly higher than for DOC, 
except in the ice floe sample (St. 56E), which had a ratio smaller than the fractionated 
DOC. The variation of the HbN:HbA ratio was smaller. It varied between 0.7 and 4.7. 
Equivalent to fractionated DOC, no significant depth-dependency was found, and the 
values were approx. as high as calculated for fractionated DOC. In contrast to DOC, 
the Atlantic water and the ice floe samples did not show extraordinarily high HbN:HbA 
ratios. 
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Table 7: Extraction efficiency of TCHO (in % of total TCHO) from seawater with XAD-2 
plus-4, total TCHO proportion of DOC, proportion of extracted TCHO of total 
carbon and of extracted carbon, ratio between TCHO extracted with XAD-2 and 
XAD-4 (XAD-2:-4 ratio), and ratio between HbN and HbA fractions of both 
resins (HbN:HbA ratio); 
extr. = XAD-extractable. 

St. Depth Description Extraction TCHO Extr. TCHO Extr. TCHO XAD-2:-4 HbN: 
(m) efticiency (%DOC) (%DOC) (%extr. DOC) ratio HbA 

(%TCHO) ratio 

56E 0 Icefloe 28 4.3 1.3 4.3 1.7 1.3 

20 20 Polar Surface Water 45 5.2 2.3 5.2 8.4 3.0 

167 20 Atlantic water 49 3.3 1.6 3.4 5.9 1.3 

96 26 Polar Surface Water 47 4.4 1.8 4.4 12.6 1.8 

106 45 Polar Surface Water 47 2.4 1.1 2.4 8.7 1.4 

17 Water of Pacific 
origin 79 5.2 4.1 6.8 3.9 3.3 

133 1000 Deep water 50 3.9 2.0 3.8 3.4 0.7 

1800 Canadian Basin 
Deep Water 

14 2900 Deep water 59 2.0 1.2 1.9 0.2 2.6 

46 4500 Deep water 70 1.3 1 .O 1.4 5.3 1.2 

60 5600 Deep water 64 1.4 0.9 1.4 1.8 4.7 

Mean of Polar Surface Water 4158 4.1Â±1. 1.8i0.7 4.551.2 9.9i2.3 1.850.8 

Mean of deeo water 5959 2.251 .I 1.350.4 2.251 .O 2.351.9 2.0i1.7 
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Figure 23: (a) Extraction efficiency of TCHO (in % of total TCHO) from seawater with 
M D - 2  plus-4; 
(b) ratio between TCHO extracted with U D - 2  and M D - 4  (UD-2:-4 ratio); 
(C) ratio between HbN and HbA fractions of both resins (HbN:HbA ratio). 
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4.2.3 Combined Neutral Sugars 

Carbon yields for THNS isolated with XAD were calculated as for TCHO (Table 8 
and Figure 24). Highest yields for THNS were found in the deep sea samples with 27 

and 21%, and in the ice floe sample (25%, St, 56E). Yields from other stations varied 

between 6 and 11%. Surface samples (without the ice sample) contained 8% XAD- 

extractable THNS and deep sea samples 24% on average. The discrepancy of neutral 

sugar yields between surface and deep sea sarnples was larger than the yields for 

fractionated DOC and TCHO. The neutral sugar yield of St. 56E was similar to the 

yields of fractionated DOC (29%) and fractionated TCHO (28%). 

Table 8: Extraction efficiency of THNS (in % of total THNS) from seawater with MD-2 
plus -4, proportion of total THNS of DOC, proportion of extracted THNS of 
total and of extracted DOC, ratio between THNS extracted with XAD-2 and 
XAD-4 (XAD-2:4 ratio), and ratio between HbN and HbA fractions of both 
resins (HbN:HbA ratio); 
extr. = XAD-extracted, n.d. = not determined. 

St. Devth Description Extraction THNS Extr. THNS Extr. THNS XAD-2:-4 HbN: 
(m) efficiency (%DOC) (%DOC) (%extr. DOC) ratio HbA ratio 

(%THNS) 

56E 0 Ice floe 25 7.7 1.94 6.7 2.6 1.3 

96 26 Polar Surface Water 11 5.4 0.58 1.4 1.8 0.8 

167 20 Atlantic water 6 2.9 0.16 0.3 1.6 1.7 

106 45 Polar Surface Water n.d. n.d. 0.35 0.8 7.0 2.3 

17 50 Pacific water 9 6.8 0.62 1 .O 2.1 1.9 

Canadian Basin 
Deep Water 

46 4500 Deep water 27 4.0 1 .OO 1.6 1.0 n.d 

Mean of surface water 8Â±3 5 7Â± 0 0 4Â± 2' 0 9Â± 4' 3 0Â± 3 1 6Â± 6 

Mean of deep water 24Â± 3.9k0.2 0.9Â±0. 1.1Â±0. 1.5Â±0. 4.5 

': without St. 56E 

The proportions of extracted THNS ranged from 0.16 to 1.94% of DOC. The 

surface water samples showed lower THNS proportions (0.4% on average) than the 

deep sea samples (0.9% on average). These values were lower than the proportions of 

fractionated TCHO of DOC (1.8 and 1.3), and the depth-dependency is directly 

opposed. The high extraction efficiency measured in the ice sample lead to THNS 
proportions higher than found in the case of refractory TCHO. The proportion of 

refractory THNS to refractory DOC exhibited no depth-dependency. 
The XAD-2:XAD-4 ratios ranged from 1.0 to 7.0. A depth-dependency could be 

observed, similar to fractionated DOC and TCHO. In the deep sea samples, the ratios 

were only half of the surface sample ratios (1.5 and 3.0, respectively). The HbN:HbA 
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ratlos of the surface samples ranged from 0.8 to 2.3 (1.6 on average) and were 

significantly lower than the value of the deep sea sample (4.5). 
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Fiaure 24: (a) Extraction efficiency of THNS (in % of total THNS) from seawater with - 
kb,~-2 plus-4; 
(b) ratio between THNS extracted with XAD-2 and XAD-4 (XAD-2:-4 ratio); 
(C) ratio between HbN and HbA fractions of both resins (HbN:HbA ratio); 
n.d. = not determined 
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In Figure 25a, the concentrations of individual neutral sugars in the hydrophilic and 
hydrophobic XAD-fractions, and in Figure 25b the distribution of the neutral sugars 
among the 4 fractions is shown. Their individual extraction efficiencies, i.e., the 
proportion of an individual neutral Sugar extracted frorn THNS with XAD, varied within 
wide ranges. Corresponding to the extraction efficiencies of THNS, rnost of the neutral 
sugars were found in the hydrophilic fraction. 

The major part of the fractionated sugars of the ice floe (St. 56E) was found in the 
HbN and HbA fractions of XAD-2, except for glucose, fructose, and ribose. Approx. one 
third of these sugars were found in the HbN and HbA fractions of XAD-4. The sugars in 

the XAD-2 eluates were hornogenously distributed arnong the acidic and neutral 
fractions, whereas the sugars in XAD-4 varied widely in the fractions. Fucose, 
rhamnose, and arabinose were not found in the Hl fraction, in which the overwhelming 
amount of glucose, xylose, and ribose was detected. 

The two Polar Surface Water samples St. 96 and St. 106 were very similar in the 
composition of extracted THNS and their distribution among the fractions, with the 
exception of glucose, which was present in extraordinary high arnounts at St. 106. The 
overall concentration at St. 106, however, was nearly the half of St. 96. Compared to 
the ice floe, the proportions of deoxysugars and arabinose were higher relative to the 
other sugars, while galactose, glucose, rnannose, and xylose remained nearly 
constant. The proportions of the XAD-4 fractions also increased, being nevertheless 

lower than 20%. Fucose was still not found in the Hl fraction, whereas only 20 to 30% 
of rhamnose and arabinose could be extracted with XAD. 

The spectrurn of fractionated THNS of the Atlantic water (St. 167) was completely 

different. Main component was ribose, while the arnount of glucose was relatively low. 
Xylose and fructose were near the detection limit and only found in the hydrophilic 
fraction. Almost half of the sugars were found in the XAD-4 fractions. In contrast to the 
polar surface water, rnajor part was found in the HbN fractions. The extraction 

efficiencies were generally low, being 20% in maximum. Again, only fucose was 

completely extracted with M D .  
The Pacific water (St. 17) was dorninated by fructose. The distribution of the other 

extractable neutral sugars was very similar to the Polar Surface Waters. Almost all 
carbohydrates were recovered in the XAD-2 fractions, apart from fructose, which was 
also present in XAD-4. All cornponents in the acidic fractions were very low. The 
extraction efficiencies for the individual sugars were little higher than in the Atlantic 
water. Besides of fucose, rnannose and xylose were completely extracted. 

In the deep water sarnple (St. 38), THNS distribution was completely different. In 
contrast to all other samples, the extraction yield of fucose was lower than 10%. The 
corresponding yields for rhamnose, arabinose, fructose, and ribose ranged between 4 

and 8% only. The proportions of mannose and xylose increased, reaching 
concentrations sirnilar to galactose and glucose. Additionally, their extraction yields 
ranged frorn 33 to 45%. The proportion of the XAD-4 fractions was higher than in the 
other samples. 
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Figure 25: (a) Concentrations of neutral sugars in hydrophilic (Hl) and hydrophobic (Hb) 
fractions of XAD-extraction of seawater sarnples; 
(b) neutral Sugar cornposition (in % of extracted THNS) of the XAD-fractions. 

Generally, the extraction yields for individual sugars differed among the samples. 

The increase of extraction efficiencies with depths, which was observed for fractionated 

DOC, TCHO, and THNS, is not reflected by all individual neutral sugars. A common 

feature of all surface samples was the complete removal of fucose with XAD. The yield 

of rhamnose and arabinose decreased with depth. Galactose exhibited, with the 

exception of the Pacific and Atlantic water, rather constant extraction efficiencies. The 
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extraction of glucose and ribose yields low amounts in all samples, in contrast to 
mannose and xylose. Their extraction was most efficient in the Pacific and deep 

waters. Glucose, fructose, and ribose, if present, made largest contribution to the HbA 
fraction of MD-4.  For the M D - 2  fractions, the distribution was more homogenously, 
with larger contributions of galactose, glucose, mannose, and ribose. The deoxysugars, 
in contrast, were mainly present in the HbN fractions. The coloured fractions were rich 

in fructose or ribose dominating the neutral Sugars. 

4.3 Comparison between XAD and Ultrafiltration 

For comparative purpose, a surface sample of Fram Strait (St. 62), taken with the 

on-board seawater supply system, was ultrafiltrated (for details of the ultrafiltration 
procedure, See Benner et al,, 1997) and XAD-fractionated. To get more structural 
information about the extracted organic matter, the concentrate and permeate of the 
ultrafiltration were MD-extracted each. In the ultrafiltration concentrate, all molecules 
with a molecular mass larger than 1 kDa are retained. The permeate contained all 

smaller molecules. Furthermore, the acidic and neutral fractions of the XAD-extraction 
of the original sample were both ultrafiltrated. The obtained fractions were analyzed for 
DOC, and partly for TCHO and THNS. The molar content of organic matter in the 
fractions was related to the molar content of the original sample. Accordingly, 

percentage values refer to original concentration. 

4.3.1 Distribution of Dissolved Organic Carbon 

The extraction efficiencies of DOC of the surface sample were almost identical for 

the XAD and the ultrafiltration extraction method. With ultrafiltration, 29% of total DOC 
were recovered in the concentrate and 71 % found in the permeate (Figure 26). 32.6% 

of the permeate's DOC and 54.5% of the concentrate's DOC could further be extracted 
with the XAD resins. Summing up the extraction efficiencies of ultrafiltration and of 
XAD-extraction of the permeate, nearly the half (45.1%) of the sample's total DOC 
could be extracted by the sequence ultrafiltration - XAD. With the XAD method, 25.9% 

of the total DOC was extracted. Total recovery of 45.2% could be achieved by 
subsequent ultrafiltration of the XAD-fractions. This yield was identical to that of the 
other operational sequence. The total amount of extractable organic matter was 
therefore independent On the extraction order. Furthermore, the results of the overall 

extraction recoveries of both sequences imply that both methods are quantitative. 
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Ultrafiltration 

* Maximum extractable DOC. 48.7 PM C (45.1%) 

Figure 26: Comparison of XAD and ultrafiltration methods: DOC concentrations in the 
fractions in % of total DOC, for notation of the fractions cf. Figure 5; 
Con = concentrate and Per = permeate of ultrafiltration. 

The size-fractionation of the ultrafiltration affected the distribution of XAD- 

extractable DOM on the M D - 2  and XAD-4 fractions. The XAD-2:XAD-4 ratio (where 
the concentrations of HbN and HbA fractions of each resin were added, See also 
section 4.2.1) of the ultrafiltration concentrate was much higher (1.0) than that of the 
ultrafiltration permeate (0.3). This finding supports the assumption, that the two resins, 
differing in their Pore size, fractionate extracted DOM by size. The HbN:HbA ratios 

(where the respective concentrations of XAD-2 and XAD-4 were added) of the 

concentrate and the permeate were low and did not differ much (0.4 and 0.6). 
For the original sample XAD-2 and M D - 4  elutes were not differentiated due to 

operational reasons. The HbN:HbA ratio of the original sample (1.3) is splitted into a 

lower ratio in the MD-concentrate (0.9) and into a higher ratio in the XAD-permeate 
(1.7). 
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4.3.2 Distribution of Total Carbohydrates 

Total carbohydrate analyses were performed on the most important fractions. The 
ultrafiltrated fractions of the MD-adsorption were not analyzed for TCHO. In contrast 
to the DOC distribution, both methods extracted different amounts of carbohydrates. If 
first was ultrafiltrated, 21.4% of the TCHO of the original sample could be extracted, 
which was less than the DOC yield (Figure 27). If the original sample was extracted 

with the XAD resins first, about 7% of TCHO were recovered. 
No substantial enhancement of the carbohydrate yield obtained by the ultrafiltration 

method could be achieved by XAD-extraction of the permeate. Thus, most resin-active 
carbohydrate compounds are larger than 1 kDa and are therefore extracted by 

ultrafiltration. The overall recovery of the extraction sequence ultrafiltration - XAD was 
21.4%, nearly the half of the efficiency of the DOC extraction (45.1%). The XAD- 
extracts of the ultrafiltrate concentrate reflected the larger molecular size. 
Carbohydrates were much higher concentrated in the XAD-2 fractions than in XAD-4, 
the XAD-2:XAD-4 ratio was about 8. The HbN:HbA ratio was with 0.6 similar to the 
ratio of the DOC concentrations. In the ultrafiltrate permeate, the XAD-2:XAD-4 ratio of 
1.6 reflected the extraction of smaller molecules. The HbN:HbA ratio of 3.0 was much 
higher than in the ultrafiltrate concentrate and also higher than the ratio of the DOC 
concentrations. 

4.3.3 Distribution of Combined Neutral Sugars 

To obtain detailed information about the pool of carbohydrate compounds, the 
original material, the XAD fractions, and the ultrafiltrated original sample were analyzed 
for THNS. The difference between the bulk determination of TCHO and THNS showed 

molecular and structural properties of carbohydrates in general. Fructose and ribose 
were not included due to uncertainties by quantification of these late eluting monomers. 
The original sample showed high concentrations of glucose, mannose, galactose, and 
arabinose (Figure 27). Neither xylose nor deoxysugars were abundant. THNS 
accounted for 1.2 pM C in total. With XAD-fractionation, approx. 10% of the total THNS 
were extracted. Contrary to TCHO, THNS was higher enriched in the acidic fraction 
than the neutral fraction. The HbN:HbA ratio was 0.5 and lower than the ratio of the 

DOC concentrations. This reflected the hydrophilic nature of the sugars. The 
composition of both fractions was, however, very similar and reflected the original 
composition except for arabinose, which was reduced in the XAD eluates. Comparable 
to the Hl fraction, arabinose and glucose were the major components of the 
ultrafiltration permeate. The XAD resins could extract early no sugars out of this 
permeate. The ultrafiltration concentrate, the original sample, and the MD-fractions 
had similar monomeric compositions, even though the absolute recovery of the 
ultrafiltrate was much higher (30.9%). About 6.5% of the THNS could only be extracted 
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from the ultrafiltration concentrate by MD-treatment, which did not affect in particular 
its neutral Sugar composition. Only rhamnose was slightly retained by M D .  

Gal Gfc Man 

14 0 pmol C 
1230 nmol C 

7 

THNS 381 nmol C (30 9%) THNS, 463 nrnol C (37 7%) 

40 40 
30 30 
20 20 

10 

F Rha â‚¬ Ga! Gk Man X9 F Rha â‚¬ Ga! Gk Man Xyl 

J\ 
- - - TCHO. 0 8 pmol C (5 8%) -" TCHO 0 2 pmol C (1 5%) 

THNS 80 nm~l C (6 sah) THNS 4 0  nmol C (4%) 
Hh. 

> -. [-' TCHO 0 5 pmol C 

L ZA- (3 3%) 

U 
TCHO <O 1 pmol C 

4 A  (<1%) 

- 

{$ TCHO <O 1 pmol C 

L-ttL (<I%) 

20 

" a D D ^ a D D  
F Rha Am Ga1 G!c Man X\\ 

TCHO <O I pmol C 

l 2 A  l (<1%) 

3 TCHO CO 1 pmol C 
(<1%) 

fÃ‘= TCHO: <0.l pmol C 
(<1%) 

- 3 TCHO 2 2 pmol C (15 5%) TCHO, 10 2 pmol C (73.2%) 
THNS 301 nrnol C (24 5%) THNS. 460 nrnol C (37 1%) 

40 
30 
20 

a a D D ~ t I a  
F Rha Am Ga1 Gfc Man Xyl 

TCHO. 0 5 pmol C (3.5%) 
THNS 86 nrnol C (7.0%) 

40 

Fm Rha Ara Ga1 Gk Man Xyi - M TCHO 0 5 pmol C (3.5%) 
THNS. 45 nmol C (3.6%) 

40 
30 

! ~ ~ D D D o -  F= Rh Ara Gal Gfc Man X\\ 

3 TCHO 12 6 pmol C (W 0%) 
1 Hl THNS 1099 nrnol C (89 4%) 

40 

Fuc R b  Ars Ga1 Gte Man X$ 

Figure 27: TCHO and THNS content in the fractions and THNS patterns (individual neutral 
Sugars in % of THNS): comparison of XAD and ultrafiltration methods; TCHO and 
THNS concentrations in the fractions in % of total TCHO and THNS, respectively; 

for nomenclature of the fractions cf. Figure 5 ;  Con = concentrate and Per = 
permeate of ultrafiltration. 
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4.4 Comparison between the TCHO and THNS-Concentrations 

The concentrations of dissolved carbohydrates were determined by two methods. 

In Figure 28, the TCHO concentrations are compared with the THNS concentrations. In 

the seawater samples, the carbohydrate concentrations are mostly distributed near the 

1 : l  fit (Figure 28a). Greatest differences emerged in samples with high glucose 

proportions (St. 23, 200 m, St, 25, 300 m, St. 56E). In these samples, the carbohydrate 

concentrations measured with the THNS method were approx. 100% higher than the 

concentrations measured with the TCHO method. Contrasting to this, the carbohydrate 

concentrations of the XAD-fractionated DOM were mostly higher if measured with the 

TCHO method than with the THNS method (Figure 28b). Here, only the XAD-fractions 

of the ice floe sample (St. 56E) had higher THNS-concentrations than TCHO- 

concentrations. 

0  2 4 6 8 10 0  0 2  0 4  0 6  0 8  10 

TCHO (Å¸MC TCHO (uMC) 

Figure 28: TCHO versus THNS carbohydrate concentrations; 
(a) seawater sarnples and 
(b) XAD-fractions; 
solid line depicts the 1 : l  fit and dotted line the regression fit 

Similar results were found by Mopper et al. (1995) for seawater samples, who 

obtained only half of the sugars by bulk determination compared to the THNS method. 

One reason for these differences may be the lower TCHO response signals of most 

carbohydrates than the calibration standard glucose (Table I ) ,  which will lead to 

underestimates of TCHO concentrations. However, in the samples with the highest 

discrepancies, glucose accounted for the overwhelming part of the individual sugars. 

This suggests that the lower response factors of the other sugars might have little 

influence on the total concentration or that their influence is overlaid by other factors. If 

the lower response signals were not the reason for the differences in carbohydrate 

concentrations, presumably the different hydrolysis conditions accounted for that, since 

the hydrolysis of the THNS method takes much longer (24 h) than the one of the TCHO 

method (approx. 15 min). The hydrolysis of the THNS method has to be considered as 
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nearly quantitative, since no hydrolysis-resistant polysaccharides could be detected 

during chromatography (section 3.7). This finding is supported by the results of Borch 
and Kirchman (1997), who investigated hydrolysis efficiencies of various 
polysaccharide standards under similar conditions as were used for the THNS method. 
They found a hydrolysis efficiency of >95% for such polysaccharides as, e.g., starch. 
Furthermore, Benner et al. (1992) confirmed TCHO concentrations of fresh 
polysaccharide-rich UDOM, which were obtained by a modified MBTH method using a 

hydrolysis procedure similar to the THNS method of this study, by "C-NMR 
carbohydrate estimation. Their results of both methods were in good agreement. It can 
therefore be assumed, that in the case of the seawater samples (Figure 28a), high 
amounts of hydrolysis-resistant glucose-rich polysaccharides caused the higher THNS- 

than TCHO-concentrations. 
This may also be the reason for the observed high THNS-concentrations of the 

extracted DOM of the ice floe. In the case of the other XAD-fractions, neither the lower 
response factors nor high amounts of hydrolysis-resistant polysaccharides can account 
for the mostly higher carbohydrate concentrations obtained by the TCHO method. 

Lower THNS- than TCHO concentrations can thus only be attributed to the composition 
of the individual monosaccharides. These differences suggest reasons on a molecular 
basis, since distinct individual neutral Sugar concentrations are summed up for the 
THNS concentration and other non-neutral and substituted sugars are not included. In 
consequence, high amounts of those carbohydrates lead to underestimates of the 
carbohydrate concentrations obtained by the THNS method in the humic substances. 

In Table 9, the carbohydrate concentrations of the two detection methods are 
compared. 

Table 9: Comparison between carbohydrate concentrations obtained by TCHO and 
THNS detection method. 

TCHO rnethod THNS rnethod 

Detected sugars 

Concentrations in Seawater 

Seawater 
(high glucose proportion) 

All Neutral Sugars 

= Equal 

Low High 

XAD-fraction High Low 

XAD-fraction 
(high glucose proportion) Low High 
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5 Discussion 

5.1 Diagenetic Modification of Dissolved Carbohydrates in the River- 
Shelf-Ocean System 

A major problem for the differentiation of the various marine and terrestrial organic 

matter sources is that marine organisms are commonly more variable in carbohydrate 

composition than vascular plants (Barker and Somers, 1970; Percival, 1979). In 

consequence, it is difficult to distinguish between carbohydrates originating from different 

plankton categories (zooplankton, phytoplankton) and bacteria. Freshly produced DOM is 

characterized by high levels of glucose and ribose. Ribose, which is a component of RNA 

and present as a metabolite in small organisms (Cowie and Hedges, 1984a), might be 

useful to distinguish between marine and vascular terrestrial sources, since in plant 
tissues ribose is superimposed by structural polysaccharides. However, due to analytical 

difficulties, only few marine ribose data are available. Furthermore, there have been 

several attempts to distinguish between terrestrial sources like angiosperms and 

gymnosperms, which differ in xylose and mannose content or between woody and non- 

woody plants, which differ in arabinose content (e.g., Cowie and Hedges, 1984a). 

Decomposition processes in detritus liberale, for instance, algal cell wall components 

such as fucose and rhamnose (e.g., Cowie and Hedges, 1984a; Cowie and Hedges, 

1994). Since deep sea DOM has a high radiocarbon age of 4000 to 6000 years (Williams 

and Druffel, 1987), even slow processes are important for the transformation of marine 

DOM. In the following, diagenetic trends were deduced from the distribution of neutral 

sugars, such as a decrease of glucose and an increase of deoxysugar proportions during 

diagenesis. 

5.1 .I The Russian Rivers 

The composition of riverine DOM depends on the origin and diagenetic state of the 

material. Autochthonous material is produced by algae in the rivers, while allochthonous 

material is pedogenous and introduced via ground water and surface run-off. 
The available data set on carbohydrate distribution in the Russian rivers in literature is 

scarce and so far no neutral sugars data are published. The TFNS and THNS 

concentrations of this study were very high with values up to 1.3 and 40 pM C, 

respectively, compared to other world rivers. TFNS contributed to a maximum of 4% to 

total carbohydrates. In a French estuary, Senior and Chevolot (1991) found maximum 

TFNS and THNS values of 2.5 and 5.4 pM C, respectively. Maximum concentrations of 

7.6 pM C TCHO were measured by Volk et al. (1997) in a North American white water 

creek and 9.6 pM C TCHO in the Lena River delta in northern Siberia by Lara et al. 

(1998). Hedges et al. (1994) investigated the THNS distribution of ultrafiltrated DOM of 

the Amazon River and some major tributaries. The composition is very similar to the 

Russian rivers and consistent with the results of Ittekkot and Arain (1986) for POM from 
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the Indus River and with results from Sweet and Perdue (1982) for POM from a small 

temperate river. In all these samples, glucose dominated and galactose, mannose, 

xylose, arabinose, and the deoxysugars were present in similar amounts. Opsahl and 

Benner (1999) compared the distribution of particulate and dissolved neutral Sugar in 

several tropical rivers. They proposed a diagenetic sequence for vascular plant-derived 

organic matter, which is based on the mole percentage of glucose, which decreased from 

plants, to riverine POM, and riverine DOM (Figure 29). According to their results, rivers 

can be classified into two categories: one with high glucose proportion of approx. 50% 

(low diagenetic degree), and another with low glucose proportion of approx. 25% (high 

diagenetic degree). The MacKenzie River, which drains into the Canadian Basin of the 

Arctic Ocean, belongs to the latter category. The Same attribution was found for the rivers 

in this study with proportions of glucose between 24 and 28% indicating highly degraded 

DOM. It is therefore likely that the riverine DOM was constituted primarily of refractory 

DOM from soil material. 

Fresh DOM 

0 

Degree of diagenesis 

Figure 29: Diagenetic sequence of terrestrial and riverine organic matter based on the mole 
percentage of glucose to THNS; 

this thesis; o Opsahl and Benner (1999). 

The carbohydrate composition of the rivers may also be influenced by autochthonous 

production of phytoplankton. However, in the Ob, phytoplankton plays only a minor role in 

the carbon budget (Telang et al., 1991). In the Yenisey, autochthonous production was 

also low (Amon and Spitzy, 1999). Due to the high turbidity, the productive Zone is limited 

to the upper few decimetres. Using lignin as molecular tracer for vascular plant organic 

matter, Lobbes et al, (2000) have shown that phytoplankton-derived DOM is low 

compared to soil-derived DOM in the major Russian rivers. 

The carbohydrate composition of the riverine DOM might be therefore dependent on 

the prevailing vegetation of the catchment areas of the rivers (Figure 30). Tundra and 

taiga are the main vegetations of northern and central Eurasia, Coniferous woods and 

bogs characterize the taiga. Adjacent to the north, the tundra is a treeless permafrost 
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steppe. In consequence, all smaller rivers located in the north, like Moroyyakha, Vaskina, 

and Velikaja, drain almost 100% tundra. The largest rivers Yenisey and Kolyma flow 

primarily through taiga, while the rivers Indigirka, Olenek, and Vizhas flow through both 

vegetation forms. 

The reason for different THNS yields might be different remineralization rates in  the 

prevailing soils. In the taiga and temperate regions, carbon accumulates less in soils due 

to higher remineralization rates. Easily degradable substances, such as carbohydrates, 

are rapidly depleted during humification (Opsahl and Benner, 1999). Their concentrations 

in the taiga-dominated rivers were therefore low (Figure 30). In the Siberian tundra, 

however, accumulation is three times higher (Dixon et al., 1994) and remineralization 

rates are much lower. A mixture of diagenetic fresh and old organic matter is drained into 

the rivers, and, therefore, carbohydrate proportions were comparatively high. 

100% Tundra 20.50% Tundra 6% Tundra 

Figure 30: Influence of the vegetation of the catchment areas of the rivers on the proportion 
of THNS to DOC; vegetation estimated from the Times Atlas (1997). 

The proportion of glucose to THNS also varied between the high-latitude and other 

tundra rivers (Figure 31). The rivers with intermediate tundra influence (between 20 and 

50%) exhibited the lowest glucose proportions (23.5 to 25.0%) of all rivers. Both, the 

rivers with solely or none tundra influence exhibited clearly higher glucose proportions of 

25.6 to 27.8%. The other neutral Sugars did not show such tendency. 

These results suggest the dominance of different diagenetic processes in the different 

areas. Tundra-derived DOM is characterized by a low diagenetic degree, indicated by 

high THNS yields and glucose proportions. Taiga-derived DOM is generally of high 

diagenetic degree, as evident from low THNS yields and low glucose proportions. In 

solely taiga-derived areas, also glucose-rich DOM was detected. 
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100% Tundra 20.50% Tundra 6% Tundra 

Figure 31: Influence of the vegetation of the catchment areas of the Siberian rivers On the 
proportion of glucose to THNS; vegetation estimated frorn the Tirnes Atlas (1997) 

This diagenetic signature is confirmed by Fitznar (1999) who investigated the 
concentrations and DIL-ratios of dissolved amino acids in the Same rivers. Although of 
low statistical significance, the data indicate two tendencies. First, glycine and glutamic 
acid contributed little to total amino acids in the ~5%-tundra category, compared to the 
other rivers. Second, the proportion of D-amino acids decreased from rivers with low 
tundra to high tundra proportion. The elevated DIL-ratios and low glycine proportions both 

indicated bacterial activity and elevated degradational state (Fitznar, 1999). Therefore, 
dissolved amino acids reflect "fresher" material with increasing tundra proportion. This is 

in good agreement with the results of the carbohydrate distribution. 

5.1.2 The Russ ian Shel f  Areas 

During transition from the rivers to the marine environrnent, extensive biogeochemical 
modifications of DOM may occur due to strongly changing conditions such as electrolyte 
content, pH-value, and biological diversity. Conservative mixing is the simplest scenario 

for the mixing of riverine DOM in the ocean. Salinity can be used as conservative tracer 
for this mixing process, since the discharge of the Russian rivers is the major freshwater 
source of the Arctic Ocean. Sea ice melting and formation play only a minor role for the 
salt balance. In the Laptev Sea, conservative mixing of DOC with respect to salinity was 
observed (Kattner et al., 1999). 

At the inshore stations DOC concentrations were about four times lower than in the 

rivers (580 and 150 PM, respectively, Cauwet and Sidorov, 1996; Lobbes, 1998). A 

conservative mixing behaviour could be detected neither for DOC nor for THNS (Figure 

32). As end members, the means of the Russian rivers (Salinity = 0, DOC = 580 PM, 
THNS = 25 PM C) and the water of  the Kara Sea (Salinity = 34.8, DOC = 54 PM, 
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THNS = 2.3 pM C) were used. The DOC concentrations of stations 3 and 6B were in 

good agreement to the expected values. At St. 6B, which is near the mouth of the rivers 

Ob and Yenisey, Anderson et al. (1999) found the maximum influence of terrestrial DOM, 
based On fluorescence measurements. The other DOC concentrations were more than 

two times higher than expected from the corresponding salinity. Explanations might be 

DOM release from POM, which was suggested for the Amazon estuary (Keil et al., 1997), 

and autochthonous DOC production. Amon and Spitzy (1999) assumed On the basis of 

DOC data from the southern Kara Sea a DOC surplus as a result of a large 

phytoplankton production. 

2 5  2 7  2 9  31 3 3  3 5  25  27 2 9  31 3 3  3 5  

Salinity Salinity 

Figure 32: Salinity versus DOC and THNS at the Russian inshore stations; solid lines: 
dilution line extrapolated frorn estirnates of Arctic surface seawater and river 
means. 

Concentrations of total carbohydrates decreased by a similar factor as DOC, from 

25 pM C at the river stations to 5.5 pM C on average at the inshore stations. A DOC 

surplus due to phytoplankton production should be reflected by a similar carbohydrate 

surplus. This was only found at stations 3 and 9A (Figure 32), at which the carbohydrate 

concentrations were higher than expected from conservative mixing. The low THNS 

concentrations at stations 6B and X suggest selective removal from DOM, e.g., 
preferential utilization of carbohydrates, since their DOC concentrations were higher than 

those expected of conservative mixing. 

It can only be speculated about the reasons for this deviating behaviour. At the 

inshore stations with salinities higher than 25, physical desorption of DOM from POM is 

unlikely to occur, since these processes take place in estuaries where salinity increases 

rapidly. Adsorption of DOM on mineral surfaces may lead to lower concentrations than 

expected from conservative mixing, but this process decreases with increasing marine 

influence (Keil et al., 1997). This phenomenon suggests that the sources of 

carbohydrates are different in estuarine and marine environments and indicates that 
transformation processes take place in the transition zones. 
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The low carbohydrate contributions to DOC indicate that in most of the samples the 

major part of DOC is derived from the rivers, and phytoplankton production contributed 
only a minor fraction to DOC. However, at some inshore stations, especially at stations 5 

and 66, the pronounced increase in glucose proportion may be attributed to 

autochthonous production and release of fresh glucose-rich THNS by phytoplankton 
(Figure 33). 

The terrestrial influence on the composition of DOC is weil reflected by the THNS 

distribution (Figure 33). The THNS pattern of St. 3 is very similar to the nearby 

discharging Vaskina River. At this station the almost conservative mixing of DOC (Figure 
32) indicates that DOM was dominated by riverine input. The THNS compositions of 

stations 5 and 6B were similar, but different to the vicinal rivers Moroyyakha and Yenisey. 

A composition similar to that of the Yenisey exhibited St. X, located northeast of the river 

mouth in the Yenisey plume. 

I Fuc B Rha DAra Q Gal D GIc Â¥Ma B Xyl Â Frc N Rb 

St. 3 Vaskina St. 5 Moroyyakha St. 65 Yenisey St. X 

Figure 33: THNS distribution of the inshore stations and corresponding Russian rivers 

Compared to the rivers, the THNS composition varied much more at the inshore 

stations. The low fucose, rhamnose, and galactose concentrations of the inshore stations 

were most evident compared to the clearly higher concentrations in the rivers. 

Ribose was measured only in traces (below 1% of THNS) in the river samples. 

According to Cowie and Hedges (1984a), it is a valuable indicator to distinguish between 

terrestrial and marine carbohydrate sources, since it is a component of RNA and many 

nucleotides which are present at greater levels in small, metabolically active organisms 

than in plant tissues, in which ribose is superimposed by structural polysaccharides. At 

the marine stations, ribose concentrations reached much higher values than in the rivers 

and ranged between 2.4 and 8.3% (4.1% On average). The highest values were 

measured at the stations 5 and X, which is a strong evidence for dissolved carbohydrates 

produced by phytoplankton on the shelves. While the high ribose proportions at St. 5 
were in accordance with high glucose and THNS proportions and thus indicating marine 

phytoplankton production, DOM at St. X is partially derived from the river, sinc'e glucose 
and THNS proportions were low. 
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It is striking that the deoxysugars, fucose and rhamnose, contributed more to the 

THNS pool in the rivers than at the shelf stations. High proportions of these deoxysugars 

were observed by several authors in different organic materials (e.g., Cowie and Hedges, 

1984b; Frimmel, 1998; Opsahl and Benner, 1999). An increase of these Sugars in DOM 

was assigned to their abundance in algal cell walls and their subsequent release by 

bacterial destruction (e.g., Haug and Myklestad, 1976). The low proportions of the 

deoxysugars at the shelf stations indicated high phytoplankton activity and comparatively 

low bacterial modification. This implies net production of DOC. Confirming these results, 

Amon and Spitzy (1999) assumed On the basis of DOC data from the southern Kara Sea 

a DOC surplus as a result of phytoplankton production. 

Arabinose, mannose, and xylose may also be indicative of different sources of 

terrestrial DOM (e.g., Cowie and Hedges, 1984a; Frimmel, 1998; Opsahl and Benner, 

1999), but also of marine DOM (e.g., Ittekkot et al., 1981; Biersmith and Benner, 1998). 

The proportions of xylose were nearly constant in all samples, while arabinose 

proportions weakly decreased in West-East direction. Since the terrestrial influence was 

highest in the West, arabinose might therefore be used as a weak tracer for terrigenous 

DOM in the marine environment. Mannose proportions slightly increased from West to 

East at the shelf stations, which in turn exhibited higher mannose proportions than the 

river samples. Mannose might therefore be used as a weak tracer of phytoplankton- 

derived DOM. 

At the inshore stations, contrasting to the river samples, no free monosaccharides 

were detected. This was in clear contrast to Open ocean and coastal waters from 

temperate regions (Ittekkot et al., 1981; Pakulski and Benner, 1994; Bersheim et al., 

1999), where the ratios between mono- and polysaccharides ranged from 0.1 to 6.3. The 

authors attributed these high ratios to a combination of cellular and in situ degradation as 

well as excretion from healthy cells. However, it is still unknown how these high amounts 

of monosaccharides are protected from utilization and degradation and why free 

monosaccharides were not detected in the Arctic Ocean. 
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5.1.3 The Open Arctic Ocean 

In the Arctic Ocean, water masses of terrestrial, Atlantic, and Pacific Ocean origin are 
found, which are clearly distinguishable by temperature, salinity, and DOC concentrations 
(e.g., Aagaard and Carmack, 1994; Bussmann and Kattner, 2000). Carbohydrate 

variations may therefore be due to the distribution of water masses and the 
biogeochemical features of the different areas. In addition, the high irradiance during the 
polar summer may cause phytoplankton blooms, except in areas of permanent ice Cover, 
which results in patchiness of surface DOC (e.g., Lobbes, 1998; Kattner et al., 1999; 
Bussmann and Kattner, 2000) and carbohydrate distribution. 

The central Arctic Ocean exhibited DOC concentrations between 42 to 80 pM 

(Bussmann and Kattner, 2000), which are typical for Open ocean regions (e.g., McCarthy 
et al., 1993; Sharp, 1997; Skoog and Benner, 1997), but much lower than in shelf areas. 

In contrast, carbohydrate concentrations in offshore areas were with 5.1 FM C on 
average similar to these in inshore areas, resulting in higher contributions of 
carbohydrates to DOC in the Open Arctic Ocean. 

Surface waters of the Amundsen Basin partly reached exceptional high carbohydrate 
concentrations (>7 IJM C) in the Trans Polar Drift region, where waters from the Laptev 

Sea are transported across the Arctic Ocean. Bussmann and Kattner (2000) assigned 
high DOC values in this area to the freshwater influence from the Siberian rivers. Sea ice 
melting and subsequent release of organic material was insignificant, as water 
temperature was still below freezing point (Bussmann and Kattner, 2000). 

In the Laptev Sea, surface carbohydrate concentrations also exceeded 7 IJM C. 
Highest values were found in the area of warmer water and enhanced chlorophyll a and 
silicate concentrations in the eastern boundary of the Lena River plume (Kattner et al., 
1999). These carbohydrate maxima may therefore be attributed to autochthonous primary 
production. Both ice melting and subsequent release of the sediment and organic matter 

load may enhance primary production. In the Lena River plume, however, concentrations 
were lower. 

Surface concentrations of carbohydrates in the northern Kara Sea were lower than in 
the Laptev Sea (3.0 to 5.0 IJM C). As in the Lena River plume, elevated carbohydrate 

concentrations were not characteristic for the plumes of the rivers Ob and Yenisey, which 
follow the shore to the Northeast towards Severnaya Zemlya and Vilkitsky Strait (Pavlov 
and Pfirman, 1995). A high carbohydrate concentration was found near Vilkitsky Strait on 
the Kara Sea shelf (St. 9A, 9.7 pM C), which was much higher than the adjacent surface 
values in the Arctic Ocean. However, the highest carbohydrate concentrations in the Kara 
Sea of up to 8 pM C (1 1 % of DOC) were found in the deep water samples of the Voronin 
Trough. The Voronin Trough is separated from the adjacent Santa Anna Trough by a 
shallow bank in the West that prevents intrusion of deeper water from the Barents Sea 
into the trough. In the Santa Anna Troygh, carbohydrate concentrations (2.3 to 3.5 pM C 
below 100 m depth, approx. 5% of DOC) were much lower than in the Voronin Trough. 
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The origin of the high carbohydrate concentration is unknown. Schauer et al. (subm.) 

found no indications of outflow of dense bottom waters from the Kara Sea. They assumed 

that water from the Santa Anna Trough follows the topography and entered the Voronin 

Trough from the North. This is in contrast to the carbohydrate distribution, which suggests 
inshore or surface sources. 

These high carbohydrate concentrations might be the source for the high 

carbohydrate concentrations at the Laptev Sea slope. Here, in approx. 2000 m depth, a 

boundary current is found (Rudels et al., 2000). Its water derives from the Atlantic water 

of the Barents Sea shelf, which follows the continental slope of the northern Kara Sea 

towards the Laptev Sea. However, as pointed out before, the Barents Sea water is low in 

carbohydrates, but the boundary current may transport the higher amounts of 

carbohydrates, injected via Voronin Trough, towards the Laptev Sea. 

The major basins of the central Arctic Ocean exhibited different organic matter 
composition. Due to the separation by the Lomonosov Ridge, there are differences in the 

oceanographic properties of both deep water masses, i.e., the Eurasian side is supplied 

with colder and fresher water of the shelves than the Makarov Basin (Swift et al., 1997). 

In the Nansen Basin, TCHO concentrations were low and rather homogenously 

distributed throughout the water column, except near the surface, where they reached up 

to 5 pM C. In the Amundsen Basin, deep water TCHO concentrations were even lower. In 

the deep Makarov Basin, at the eastern side of the Lomonosov Ridge, which is less 

influenced by riverine and shelf waters, the lowest TCHO values were measured. This 

distribution is reverse to the DOC distribution reported by Bussmann and Kattner (2000). 

They found an increase of the DOC concentrations from the Nansen to the Makarov 

Basin. This contrariness reflects the different origins of organic matter in these regimes. 

Olsson and Anderson (1997) suggested that most of the organic material of the central 

Arctic Ocean is derived from the rivers. Rich et al. (1997) measured very high turnover 

rates and rapid uptake of all DOM components along a transect through the central 

Arctic. Based on these results and due to the Isolation of the deeper waters from the 

upper layer, Wheeler et al. (1997) found no evidence for export of DOC from shelf waters 

to the deep oceans. Therefore, the organic material should show increasing state of 

degradation with increasing distance from the Siberian shelves where most of the primary 

production takes place (Olsson and Anderson, 1997). This is probably also the reason for 

the decreasing carbohydrate proportion towards the inner part of the Arctic Ocean. 

The most degraded material should exist in the Fram Strait region where water 

masses leave the Arctic Ocean. The very low THNS proportions of DOC in these water 

masses and especially the very low carbohydrate concentrations in the deep water 

support this assumption. 



Discussion 

Following the diagenetic sequence of glucose for terrestrial and riverine organic 

matter, the contributions of all seven neutral sugars to THNS in DOM of the Open Arctic 

Ocean were plotted in a similar way (Figure 34). The data of fructose and ribose were not 

included since only few data are available in the literature. Neutral sugar data from 

primary sources of the oceanic environment, such as phytoplankton and bacteria cultures 

(Cowie and Hedges, 1984a), have been included for comparison. Since only one data set 

of neutral sugars for the Arctic Ocean was available (Rich et al., 1997), data from other 

oceans were also included (Borch and Kirchman, 1997; Skoog and Benner, 1997). 

The assumed diagenetic sequence of marine DOM deduced from neutral sugar 

proportions was confirmed by culture experiments of phytoplankton and bacteria 

(Biersmith and Benner, 1998; Cowie and Hedges, 1984a) and deep sea sediment Pore 

water (Burdige et al., 2000). Although variations among THNS composition of 

phytoplankton and bacteria culture samples were large and strongly dependent On growth 

conditions, e.g., nutritional state, and large variations were even observed between the 

investigated species, however, high amounts of deoxysugars and arabinose were 

characteristic for deep sea bacteria and deep sea sediment Pore water. These sugars 

may therefore be indicators for microbial degradation processes. Rather low proportions 

of galactose, glucose, mannose, and xylose were measured in bacteria cultures and the 

deep sea sediment Pore water. These components may be, in contrast, indicators for 

algal activity. 

The proportions of individual THNS in marine DOM are highly variable. None of the 

neutral sugars is of sole terrestrial or marine origin. All components occur in all 

environments and water masses. Generally, the hexoses, glucose and mannose, were 

the most abundant sugars and contributed up to 86% (GIc) and 41% (Man) to total THNS 

in surface waters of the Arctic Ocean. These values are even higher than in fresh plants. 

Lowest glucose proportions were found in deep waters of the Arctic Ocean, in Atlantic 

surface water and sediment Pore water. 

As discussed before, the glucose proportion of THNS seems to be a valuable 

indicator to determine the diagenetic state of marine DOM. However, its application has 

severe limitations. Thus, in deep waters of the equatorial Pacific Ocean, the glucose 

proportion was much higher than in surface waters (23 and 55%, Skoog and Benner, 
1997). In contrast, decreasing glucose proportion with depth was observed in the 

northern Pacific Ocean (Borch and Kirchman, 1997), similar to the Arctic Ocean. In the 

North Atlantic, the proportion of glucose was also higher in surface than in deep water 

(Borch and Kirchman, 1997; Mopper et al., 1980). These contradictory results show the 

necessity to consider the hydrological and nutritional properties of the different areas. In 
contrast to the Arctic Ocean and North Atlantic, the surface waters studied in the 

equatorial Pacific are characterized by continuous nutrient surplus by upwelling, which 

makes this area to one of the most productive regions of the Open ocean (Chavez and 

Barber, 1987). Here, the carbon fluxes, and in particular the neutral sugar fluxes, are 

much higher than in oligotrophic regions, where the carbohydrate concentration is low 

throughout the water column (Ittekkot et al., 1984). 
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Figure 34: THNS composition of marine water samples; SW = surface water; DW = deep 
water; 
I: Skoog and Benner (1997); ': Cowie and Hedges (1984a), 3: Borch and 
Kirchrnan (1997), 4: Amon et al. (2001), 5: Engbrodt (unpublished data), ': Rich 
et al. (1997), ': Burdige et al. (2000). 
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Hernes et al. (1996) exarnined the rnodification of particulate carbohydrates and 
observed losses of glucose and enrichrnent of rharnnose and fucose with depth in the 
Pacific waters during the sarne period in the equatorial Pacific. Even higher values of up 

to 59% in 4000 rn depth have been found by Skoog and Benner (1997). The higher 
productivity near the equator leads to higher export rates and hence to DOM of younger 
diagenetic state cornpared to the Arctic and North Atlantic. 

Glucose is considered to be a suitable indicator for degradation processes, but other 
neutral sugars rnay also inhere potential as diagenetic tracers. The distribution of 
arabinose in the Arctic Ocean is striking. Its proportion to THNS in surface waters was 
low and similar to the riverine and inshore sarnples, while in deep waters its proportion 
increased to 25%. In addition, the proportions of fucose and rharnnose increased 

significantly with depth in the Arctic Ocean. Thus, the increasing proportions of these 
sugars with depth are additional indicators for degradation of DOM. 

Surface water sarnples of the Atlantic and the strongly Atlantic influenced water 
masses of the Arctic Ocean had high arnounts of rharnnose and arabinose, which 

suggests a high diagenetic degree cornpared to surface water sarnples of the Arctic 
Ocean. The high glucose proportions indicated, on the other hand, high contributions of 
fresh phytoplankton-derived DOM. 

In the surface water of Pacific origin (St. 17, 50 rn) sarnpled in the Frarn Strait, the 
THNS cornposition partly showed indications of Pacific and Arctic surface waters. Low 
rhamnose and high arabinose and galactose proportions were similar to the surface 

sarnples of the Pacific Ocean (Skoog and Benner, 1997; Borch and Kirchrnan, 1997), 

whereas proportions of fucose, rnannose, and xylose were sirnilar to Arctic Ocean 
surface water. 

In a similar way, the high freshness of the DOM of the Arctic ice floe (St. 56E) can be 
shown, cornpared, e.g., to DOM of an Antarctic ice core (Engbrodt, unpublished data), 
which is supposed to be also young. The glucose proportion to THNS in the ice floe 
sample was one of the highest overall and the proportions of the deoxysugars and 

arabinose were very low. Microbially degraded DOM of the sarne Arctic ice floe sarnple 
(Amon et al., 2001) had rnuch higher deoxysugar and arabinose proportions, and the 

glucose proportion was correspondingly rnuch lower. This further indicated that these 
proportions can be well used to attribute rnicrobial diagenesis. The glucose proportion in 
the Antarctic ice core was sirnilar to the degraded Arctic ice floe DOM, while rhamnose 
and arabinose proportions were even higher. For these Antarctic ice core sarnples, a high 
influence of rnicrobial secondary production on the DOM cornposition was observed, 
which was, in contrast, low in the Arctic ice floe. 

The proportions of galactose to THNS could not clearly be attributed to diagenetic 
alteration in all sarnples, just as the rnannose and xylose proportions. Therefore, their 
suitability as diagenetic indicators is lirnited. 
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5.2 Composition of Refractory carbohydrates 

Detailed Information on the molecular structure of carbohydrates within the DOM pool 

cannot be achieved with hydrolytic release of Sugar monomers from bulk DOM. However, 

it is essential for our understanding of carbohydrate cycling in the ocean whether they are 

easily available as polysaccharides or bound in refractory humic substances. Extraction 

with XAD resins is a suitable tool to yield humic substances and to separate them from 

polysaccharides, which are not retained on the resin (Malcolm and MacCarthy, 1992). A 

separation cannot be obtained by ultrafiltration, since this method extracts a high 

molecular weight fraction of humic substances, together with polysaccharides (Amon and 
Benner, 1994; Benner, 1998). 

Aged bulk material should become refractory due to losses of biodegradable 

compounds. Thus, a correlation between age and extraction efficiency with XAD can be 

assumed. The carbon extraction efficiency for DOC with XAD for surface water samples 

was significantly lower (45% on average) than for deep waters (58% on average), which 

indicates a higher amount of refractory organic matter in the deep sea. These efficiencies 

are similar to values reported by other authors who used similar procedures (e.g., Lara 

and Thomas, 1994; Frimrnel, 1998). At the surface, extraction efficiencies with 

ultrafiltration are comparable to that of XAD (e.g., McCarthy et al., 1996; Skoog and 

Benner, 1997). In deep water, however, ultrafiltration is much less effective than XAD 

(e.g., McCarthy et al., 1996; Skoog and Benner, 1997). This confirms the selectivity of 
XAD for the humic fraction of DOM. 

Generally, carbohydrate extraction efficiencies increased clearly with depth. For 

TCHO, the efficiencies were similar to the respective carbon extraction yields. For THNS, 

they were only one fourth of TCHO for surface samples (8%) and one half for deep water 

samples (24%). The much higher amount of XAD-extractable carbohydrates of deep sea 

samples suggest that a high proportion of carbohydrates is bound in refractory 

substances, which was also found, but to a lesser extent, by Hedges et al. (1992b). 

Deviating results between the bulk determination (TCHO) and the chromatographic 

rnethod (THNS) were already observed in seawater samples. Largest differences were 

found for glucose-rich and hence fresh DOM, where THNS values were up to two times 

higher than TCHO values. These differences were attributed to lower efficiencies of the 

TCHO hydrolysis for fresh polysaccharides (section 4.4). In contrast, for refractory 

carbohydrates, the TCHO values were generally higher than the THNS values, except for 

the XAD-fractionated ice floe sample. The discrepancies were larger in surface samples 

than in deep sea samples, which strongly indicate different chemical structures of 
refractory, fresh, and bulk DOM. 

Additionally, the XAD-2:XAD-4 ratios of the fractionated carbohydrates in surface 

waters were much higher than in deep waters. With respect to the relatively low XAD- 

extraction efficiency, this finding indicates that large, labile polysaccharides are 

preferentially found in surface samples, which is congruent with findings from 
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ultrafiltration (e.g., Benner et al,, 1992). With depth, the XAD-2:XAD-4 ratios decreased 

significantly for both methods. This finding is further evidence for structural differences 

not only between fresh and humic substances, but also between humic substances of 

surface and deep waters. 

Lower THNS- than TCHO extraction efficiencies were attributed to the individual 

monosaccharide composition, since other than the determined neutral sugars were not 

included in the concentration of THNS. In consequence, high amounts of those 

carbohydrates lead to underestimates of the carbohydrate concentrations. Substituted 

carbohydrates, like aminosugars, uronic acids, and Sugar alcohols cannot be detected 

with the chromatographic method, since charged carbohydrates are lost during sample 

preparation, but they are detected by bulk determination. On the abundance of charged 

carbohydrates in marine environments, contradictory results have been reported. Mopper 

(1977) and Gremm and Kaplan (1997) supposed that they are less abundant than neutral 

monosaccharides, while Sakugawa and Handa (1985) reported that uronic acids 

comprise 11% to 43% of polysaccharides from the North Pacific and Bering Sea. High 

amounts of sulphate esters or polysaccharides were found by Mopper et al. (1995). The 

different carbohydrate values determined by the TCHO and THNS methods indicated, 

that charged carbohydrates made up a considerable fraction of up to '13 of refractory 

carbohydrates in surface waters, but only ' I3 in deep waters. On the other hand, no 

evidence was found that these sugars contributed significantly to the total DOM, since 

TCHO did not yield more carbohydrates than THNS from bulk DOM. 

The HbN:HbA ratio of fractionated THNS increased with depth, which reflects the 

hydrophobic character of refractory marine DOM in the deep sea (Figure 24). 

Furthermore, the deep water samples had lower HbN:HbA ratios for TCHO than for 

THNS. From the chemical nature, one would expect high amounts of substituted and 

charged carbohydrates to be found in the acidic fraction of XAD-extraction, which would 

lead to lower HbN:HbA ratios for TCHO than for THNS. This is in contrast to the fact that 

charged carbohydrates are predorninantly found in humic substances of surface water. 

This indicates, that the adsorption behaviour is not determined by the carbohydrate part, 

but primarily by the overall chemical structure of the humic substances. 

The composition of marine humic substances is determined by the formation 

processes. Generally, humic substances are produced by the transformation of different 

biomolecules into more refractory forms. Whereas terrestrial humus mainly contains 

degradation products of vascular plants and large amounts of aromatic structures, marine 

humic substances are characterized by the high aliphatic carbon backbone (e.g., Hedges 

et al., 1992b). In addition to carbohydrates, amino acids and lipids are major constituents 

of marine humic substances (e.g., Harvey et al., 1983). They provide a wide range of 

possible "secondary structures" which is far beyond chemical determination and even 

characterization. 

The calculated HbN:HbA ratios may help to characterize the vicinity of carbohydrates 

in humic substances. The ratio was much lower for fractionated DOC than for fractionated 

carbohydrates (Table 6 to Table 8). This shows that carbohydrates (TCHO and THNS) 
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were preferentially eluted in the neutral and not in the acidic fraction. The occurrence in 
the neutral fraction reveals that the carbohydrates are bound or associated with a high 
portions of low-polar constituents to result in this neutral structure. Most structural 
properties of MD-fractionated humic substances were in good agreement with 

fractionated matter obtained by ultrafiltration. However, one of the most striking 
differences is the depth-depending selectivity. XAD exhibited much higher carbohydrate 
extraction efficiencies in deep sea samples than in surface samples. Using ultrafiltration, 
this efficiency decreases with depth. For example, in surface waters of the Pacific Ocean, 
about 70% of the carbohydrates were isolated by ultrafiltration, but in deep waters, it 

decreased to only 15% (Skoog and Benner, 1997). This underlines that refractory 
carbohydrates are preferentially extracted by XAD-fractionation. Furthermore, the general 
lower XAD-2:XAD-4 ratios in deep than in surface waters indicated that carbohydrates 
are present in smaller molecules in old and refractory humic substances of the deep 
water than in surface samples. This is again in good agreement with the low ultrafiltration 
efficiencies of deep waters. The comparison between carbohydrates isolated by XAD and 
ultrafiltration reveals details about their biogeochemical characteristics. 

Generaily, neither the ultrafiltration fraction nor the XAD fractions have THNS 
compositions identical to the original seawater sample. They were most similar in the 

ultrafiltration fraction of a surface sample, also reflected by similar CIN ratios and 
carbohydrate concentration estimated on ^C-NMR measurements (e.g., Benner et al., 
1992; Hedges et al., 1992b) (Figure 35 and Figure 36). 

The two methods were directly compared using a surface water sample. In surface 

waters, carbohydrates are primarily polysaccharides produced by phytoplankton (e.g., 
Benner et al., 1992). One fifth of these carbohydrates exhibited molecular weights of 
more than 1 kDa. From this ultrafiltration fraction, only one fourth of the carbohydrates 

(approx. 7% of the total) could be extracted with XAD. These carbohydrates are probably 
bound or associated to the humic substances. Additionally, the XAD-2:XAD-4 ratio of this 
XAD-fraction (7% of the total) is much higher than the XAD-2:XAD-4 ratio of the extracted 

DOC of this fraction (Figure 26). The carbohydrates of this fraction are thus of a higher 
molecular weight than the total DOM of this fraction. 

From the small size fraction (<I kDa), which comprises the vast majority (75%) of all 
carbohydrates, nearly no carbohydrates could be further extracted with XAD (Figure 27). 

Additionally, no free neutral Sugars were found. The cut-off of ultrafiltration is equivalent 
to molecules of a comparable size of hexasaccharides, which are too polar to be XAD- 
extractable. Hence, the majority of carbohydrates is found in hydrophilic molecules with 
molecular masses between approx. 200 Da and 1000 Da. It can be assumed, that 

fragments of metabolites contribute to this fraction. 
Of the total carbohydrates (THNS and TCHO), about 10% were extracted with the 

humic substances fraction. One half elutes in aqueous solution (HbA), the other half in 
methano! (HbN). "Pure" carbohydrates such as polysaccharides are highly hydrophilic 
and are not XAD-reactive. The occurrence of carbohydrates in the most unpolar fraction 
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(HbN) indicates again, that these carbohydrates have a completely different structure 

cornpared to polysaccharides. 

In Figure 35, the selective fractionation for the individual sugars of XAD-extraction 

and ultrafiltration is shown. Rhamnose and galactose were preferentially extracted with 

XAD than arabinose, thus contributing a higher proportion to the humic substances. The 

other sugars were present in similar mole percentages compared to the original sample. 

These compositional changes are in accordance with transformations occurring during 

diagenesis (section 5.1.3) indicating a higher diagenetic state of the humic substances 

than bulk DOM. 

A more different THNS composition compared to the original sample is obtained with 

ultrafiltration, although a common feature for both fractionation methods was the increase 

of rharnnose and decrease of arabinose. In contrast to XAD and the original sample, 

glucose strongly decreased, whereas xylose increased by a factor of about four in the 
ultrafiltration fraction. 

40 1 i Fuc EA Rha DAra Gal D GIc Â Man RXyl 

Ultrafiltration Original sarnple XAD-fracÃ¼on 
concentrate (HbN+HbA) 

Figure 35: THNS composition of the ultrafiltration concentrate and XAD-fractions in 
comparison to the original sample of the intercomparison experiment. 

In surface samples, fucose and rhamnose were mostly found in the humic substances 

indicated by the XAD-fractionation (Figure 25, Figure 36a), whereas in deep sea 

samples, these deoxysugars are probably not chemically bound to humic substances. 

Due to the high diagenetic degree of DOM in the deep sea samples, the glucose 

proportion was lower in the original sample but increased during MD-fractionation. The 

proportions of mannose and xylose increased similar to glucose. The proportions of the 

deoxysugars and arabinose were very low in the MD-fraction compared to the original 

sample. The THNS composition of ultrafiltrated surface and deep sea waters of the 

Pacific and Atlantic Oceans (Sargasso Sea) were similar, despite the regional differences 

in the oceanic regime (Figure 36b, C) (Skoog and Benner, 1997; McCarthy et al., 1996). 

Most evident in deep waters, the proportion of glucose decreased by ultrafiltration while it 

increased by XAD. The uniformity of their carbohydrate composition led the authors to the 

assumption that carbohydrate composition is similar in all size classes, which is in 

contrast to this study. The significant differences in THNS composition of total and XAD- 
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extractable DOM are evidence that carbohydrates are bound to different macromolecules 

of different size and polarity and not homogenously distributed. For example, 

deoxysugars abundant in DOM are considered to be released from algal cell wall 
components by bacterial destruction (e.g., Haug and Myklestad, 1976). Their nearly 

exclusive abundance in surface waters and in the ice sample may suggest that cell wall 

material contributes to the DOM fractions. With ongoing degradation, the deoxysugars 

were removed from the humic substances, which seems to be similar for arabinose, while 
mannose exhibited an opposite behaviour. 
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Figure 36: Comparison of changes in THNS composition of surface and deep water sarnples 
and fractionation by M D  and ultrafiltration; 
I: Skoog and Benner (1997), ': McCarthy et al. (1996). 
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which is probably due to the history of this water mass. High amounts of non-refractory 

galactose were detected, which may derive from the Bering Sea (Sakugawa and Handa, 

1985). 

The differences in the THNS composition between surface and deep sea sarnples 

and the changes in refractory carbohydrates composition were attributed to microbial 

modification processes. With respect to the radiocarbon age of up to 6000 years of deep 

sea DOM (Williams and Druffel, 1987), even slow chemical processes may account for 

the THNS composition. For example, Mopper et al. (1980) assumed that fructose might 

be an epimerization product of glucose. This may explain high amounts of fructose in the 

samples of Arctic deep waters and water of Pacific origin. 

In this study, microbial degradation processes were not studied. Bussmann (1999) 

showed that the humic substances, which were isolated in this study, were accessible for 

microbial utilization, although the surface humic substances were of significantly better 

bacterial food quality than the deep sea humic substances. It was also found, that the 

bioavailability of surface humics showed nearly the Same quality as a bacterial carbon 

source than unfractionated seawater DOM. Amon et al. (2001) conducted a microbial 

respiration experiment with material of the Arctic ice floe (St. 56E) and monitored the 

changes in THNS composition. After one week of rnicrobial respiration, the THNS 

composition of DOM extracted with XAD from the Arctic ice floe (St. 56E) was very similar 

to that of the original sample (Figure 37) (Amon et al., 2001). Compared to the original, 

fresh sample, the proportions of deoxysugars and arabinose increased, whereas glucose 

decreased. This is further evidence for the selectivity of XAD for refractory compounds 

and showed that the generation of humic substances may directly be coupled with 

microbial activity. However, the mannose and xylose proportions of fractionated THNS 

were still similar to the total THNS composition, whereas during degradation these 

proportions increased by a factor of two. Again, the decrease of glucose indicates a 

higher diagenetic degree, which further supports the glucose-based diagenetic sequence 

of DOM. 

Â Fuc B Rha DAra DGal DGIc B Man NXyf 

Degraded DOM Original ice floe 
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Figure 37: Comparison of changes in THNS cornposition of ice floe DOM during microbial 
degradation (Arnon et al., 2001) and XAD-fractionation. 
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Since the proportions of the two deoxysugars, fucose and rhamnose, of THNS 

increased with depth in the total sample, their abundance may be used as an indicator of 

microbial activity. On the other hand, their abundance in fractionated matter decreased 

significantly with depth. Furthermore, the proportions of arabinose and xylose of 
fractionated DOM increased with depth, For quantitative assessment of the diagenetic 

degree of marine humic substances, so far, the extraction efficiencies of total carbon and 

carbohydrates can be used, as they lead to higher values with greater depth. Additionally, 

based On this study, proportions of individual neutral Sugars can be used for the Same 

purpose. The ratio between the proportions of fucose plus rhamnose and the sum of 

arabinose plus xylose (Fuc+Rha):(Ara+Xyl) in the MD-fractionated matter was 

calculated. In Figure 38a, the (Fuc+Rha):(Ara+Xyl) ratios of the extracted carbohydrates 

are plotted versus the DOC extraction efficiencies. Samples with high extraction 

efficiencies, e.g., the deep water samples, exhibited low (Fuc+Rha):(Ara+Xyl) ratios, 

while the ice floe and surface water samples with the lowest extraction efficiencies 

exhibited the highest ratios. As shown, the THNS composition of the sample of St. 17, the 

water of Pacific origin, partly resembles the composition of deep water samples. This is 

also reflected by its (Fuc+Rha):(Ara+Xyl) ratio of the extracted THNS, which had the 

lowest value of all surface samples, Hence, the humic substances of the Arctic Ocean 

can be weil characterized by their degree of degradation by using the (Fuc+Rha):- 

(Ara+Xyl) ratio. 

The X-axis intercept of the line fit is between 60 and 70% of extraction efficiency, 

which is in good agreement with extraction efficiencies of riverine samples (e.g., Aiken et 

al., 1979). Additionally, in humic substances of rivers, the (Fuc+Rha):(Ara+Xyl) ratio is 

mostly below one (e.g., Watt et al., 1996; Frimmel, 1998). The composition of THNS of 

deep sea humic substances seems thus to be comparable to the composition of 

terrestrial humic substances. In addition, the ratio of the proportions of mannose plus 

xylose to arabinose plus xylose has been used for the characterization of terrestrial humic 

substances (Guggenberger and Zech, 1984; Watt et al., 1996; Frimmel, 1998). For 

instance, freshly produced humic substances of an effluent of a sewage treatment plant, 

isolated with MD-extraction, could be distinguished from humic substances of 

groundwater. The latter had low values of both neutral Sugar ratios, and the humic 

substances of the sewage treatment effluent much higher ratios (Figure 38b). 
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Figure 38: (a) DOC extraction efficiency versus (Fuc+Rha):(Ara+Xyl) ratio and 
(b) (Fuc+Rha):(Ara+Xyl) versus (Man+Gal):(Ara*Xyl) ratios of the XAD- 
fractionated DOM; data of the sewage treatment plant and groundwater from 
Frimmel (1998), 

Using these neutral sugar ratios, also the humic substances of the Arctic Ocean can 

be characterized. The deep sea samples low (Fuc+Rha):(Ara+Xyl) ratios, and in surface 
samples, both ratios increased. The ratios were highest in the MD-extracted DOM of the 
ice floe sample. This suggests that the freshest humic matter was found here. 

The (Fuc+Rha):(Ara+Xyl) ratio of the marine samples was deduced from changes of 

neutral sugar proportions to THNS with depth due to bacterial degradation. The 
(Man+Gal):(Ara+Xyl) ratio was introduced in limnic studies to distinguish between woody 
and non-woody plants. lt is obvious, that this differentiation cannot be used for marine 
humic substances, since Hedges et al, (1992b) found that terrestrial humic matter is 
rapidly removed from seawater. In marine environments, mannose and galactose have 

been observed to derive preferentially from phytoplankton, since they are components of 
their cell walls and extracellular polymers, However, it was not possible to attribute them 

clearly to phytoplankton. These neutral sugar ratios were only a suitable tool for the 
characterization of marine humic substances. lf calculated for seawater samples, these 
ratios were widely variable without clearly visible trends, whereas they are very similar for 
ultrafiltration fractions, 

The composition of neutral sugars in marine samples is a valuable tool for the 

characterization of DOM. The diagenetic degree of THNS was determined by the 
proportions of glucose, fucose, rhamnose, and mannose. Although labile polysaccharides 
account for the majority of carbohydrates, considerable amounts, about 10% of the total 
carbohydrates of freshly produced DOM, were found as carbohydrates in the humic 
matter fraction. Most of these carbohydrates exhibited properties clearly different from 
polysaccharides. Decreasing proportions of individual sugars with increasing degradation, 
e.g., fucose, rhamnose, and arabinose, may be attributed to preferential utilization, while 
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other sugars, e.g., mannose and xylose, are retained. Thus, to a certain amount, 

selective presewation of individual sugars is likely. 

On the basis of the minimurn concentrations of each neutral sugar in all samples, a 

"background level" of THNS for seawater can be determined, accounting for about 550 

nM C in total (Figure 393). From this minirnum concentrations, 64 nM C (12% of the total) 

are XAD-extractable (Figure 39b). The composition of the individual carbohydrates 

reflects well the diagenetic sequence of glucose, and shows also the increase in fucose 

and arabinose proportions in XAR-fractionated matter. However, both background levels 

differed from the composition of individual seawater samples. Even deep water samples 

and their fractionated organic matter exhibited different neutral sugar compositions. Only 

the concentrations of fucose and xylose of deep waters were identical to the background 

level. 

Fuc Rha Ara Ga1 Glc Man Xyl Frc Rlb Fuc Rha Ara Ga! Glc Man Xyl Frc Rib 

Figure 39: "Background Ievels" of neutral sugars, i,e., minimum concentration of each 
cornponent, and their composition 
(a) total THNS and 
(b) MD-fractionated THNS. 

In Summary, carbohydrates play a central role in biogeochemical cycles, due to their 

ubiquitous abundance in marine environments, In the investigated samples, their 

contribution to DOC ranged from I%, measured in deep water, to 20% in the Kara Sea, 

These results confirmed that carbohydrates are the kargest pool of DOM, which can be 

chemically identified. Their proportions were rnuch higher-than those of amino acids in 

the Same polar regions, which ranged from 1.4 to 2.6% of DOC (Fitznar, 1999). 

Therefore, individual sugars are an important and valuable tool for the characterization of 

ROM. With the analytical techniques established in this study, a direct and sensitive 

determination of fucose, rhamnose, arabinose, galactose, glucose, mannose, xylose, 

fructose, and ribose in freshwater and seawater samples has been achieved. 

With the comprehensive and detailed determination of the concentrations of total and 

individual carbohydrates, samples from terrestrial sources in rivers of northern Russia, 

inshore and offshore regions of the Arctic Ocean, and deep waters were characterized. 

During the transition from the Russian estuaries to the inshore stations the carbohydrate 

concentrations rapidly decreased and the compositions changed. A still considerable 
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terrestrial influence On DOM was observed, similar to other studies (e.g., Olsson and 

Anderson, 1997). The contribution of terrestrial DOM might be the reason for differences 

of DOM in the deep waters, where with increasing distance from the Eurasian shelves, 

the carbohydrate concentrations and proportions to DOC decreased continuously from 

the Nansen to the Makarov Basin. On the contrary, the freshwater mixing behaviour of 

DOC and THNS was non-conservative. On basis of a DOC surplus, phytoplankton 

production can be assumed. For carbohydrates, formation and depletion has to be 

considered, so that the exact mechanisms are still unknown. This is in contrast to results 

from other studies, e.g., Kattner et al. (1999), who observed conservative mixing in the 

vicinal Laptev Sea. 

In Figure 40, a Summary of mean concentrations and proportions of individual sugars 

in the different environments is presented. The highest overall concentrations were found 

in the rivers, in which the rather uniform neutral sugar composition was characteristic. 

Fuc Rha Ara Ga1 Glc Man Xyl Frc  RE^ THNS 

Fuc Rha A m  Ga1 Gic Man Xyt Frc Rlb 

Figure 40: Summary of concentrations of individual neutral sugars, total carbohydrates, and 
their proportion of DOC of the various polar regions. 

THNS 

Their sugar composition was different from the marine environment, which was clearly 

attributed to terrestrial and marine phytoplankton sources. For DOM of Arctic ice and 

surface waters, the high THNS proportion of DOC and the also high ribose proportion of 

THNS were striking. In contrast, aged and degraded DOM exhibited lowest THNS 
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concentrations and proportions to DOC, while the proportions of the deoxysugars, 
arabinose, and fructose to THNS were enhanced. 

The carbohydrate composition of refractory DOM, the marine humic substances, 
allowed conclusions about the chemical association of the neutral sugars with humic 
substances. More than half of these sugars in the MD-fractions, which made up to 60% 

of total carbohydrates in deep waters, were incorporated into neutral rnolecules of a size 
of less than 1000 Da. These sugars exhibited chemical properties and compositions 

clearly different from polysaccharides produced by phytoplankton. This structural 
composition, the "secondary structure", in which the sugars are integrated, dernands a 
more detailed study of the chemical nature, which was not further possible in this thesis. 
For this purpose, a molecular size class separation rnay be suitable, e.g., the method 
described by Huber and Frimmel (1994), which separates the multiplicity of organic 
compounds in both fractionated and total seawater samples by their hydrodynamic size. 
Subsequent non-destructive determination of low-molecular weight compounds could be 
done by mass-spectrometric analysis techniques (e.g., Boon et al., 1998; Kazmaier et al., 

1998) in order to obtain the molecular composition. Due to the generally low amount of 
DOM in seawater, these techniques are a great challenge. 
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A l  : SWEDARCTIC Tundra Expedition 1994 
Russian Rivers: 

St. Vizjas Vaskina Velikaja Moroyyakha Yenisey Olenek Indigirka Kolyrna 

Ident. 
L a f N  
Long. Â¡ 
Tundra (%) 

Silicate (PM) 

DOC (UM) 
CIN 
TDAA (nM) 

Free neutral sugars 

Fuc 
Rha 
Ara 
Ga1 
GIc 
Man 

XY 1 
Frc 
Rib 

TFNS 

Combined neutral sugars 

Fuc (nMC) 
Rha (nMC) 
Ara (nMC) 
Gal (nMC) 
GIc (nMC) 
Man (nMC) 

Xyl (nMC) 
Frc (nMC) 
Rib (nMC) 

THNS (nMC) 
THNS (%DOC) 

Fuc (%THNS) 
Rha (%THNS) 
Ara (%THNS) 
Gal (%THNS) 
GIc (%THNS) 
Man (%THNS) 
Xyl (%THNS) 
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M: SWEDARCTIC Tundra Expedition 1994 
Russian Inshore Stations: 

3 5 68 X 9A 
N Kolgujev W Jarnal SE Belyj E Arktitjeskogo SW Mys 

Instituta Tjeljuskina 

Iden!. 
Depth (m) 
Lat.'N 
Long. Â¡ 
Salinity (PSU) 
Silicate (PM) 

DOC (PM) 
CIN 
TDPA (nM) 

Combined neutral Sugars 

Fuc (nMC) 
Rha (nMC) 
Ara (nMC) 
Gal (nMC) 
GIc (nMC) 
Man (nMC) 

Xyl (nMC) 
Frc (nMC) 
Rib (IlMC) 

THNS (nMC) 
THNS (%DOC) 

Fuc (%THNS) 
Rha (%THNS) 
Ara (%THNS) 
Gal (%THNS) 
GIc (%THNS) 
Man (%THNS) 

Xyl (%THNS) 
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A3: ARK XI11 1995 
Laptev Sea Stations Transect C: 

St. Depth Lat. O N  Long. 'E Silicate DOC CIN TDAA TCHO Chl a Temp Salinity Ice 
(rn) (PM) (UM) (nM) (pMC) (pgll) (Â¡C (PSU) (%) 
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A3 (cont.): 

St. Depth Lat. "N Long. 'E Silicate DOC CIN TDAA TCHO Chl a Ternp Salinity Ice 
(rn) (PM) (UM) (nM) (pMC) (pgll) (Â¡C (PSU) (%) 
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A4: ARK XI1 1996 
Central Arctic Ocean 
Transect 1 : 

St. Lat.'N Long.'E Ident. Depth Chl a DOC TCHO Ternp. Salinity Silicate 

(m) (vgI1) (UM) (uMC) (Â¡C (PSU) (PM) 

A4 (cont.): 



Appendix 

A4 (cont.): 

St. Lat."N Long.'E Ident. Depth Chl a DOC TCHO Temp. Salinity Silicate 
(m) (~111) (PM) (PMC) (Â¡C (PSU) (MM) 

23 81.54 082.71 165802 20 0.38 61 4.4 -1.795 33.920 3.84 
165796 50 0.02 44 3.1 -1.535 34.441 4.66 
165784 200 0.00 42 3.2 -0.416 34.764 5.47 
165774 287 0.00 44 4.9 -1.102 34.766 5.69 

25 81.96 083.90 165868 20 0.38 94 4.5 -1.776 33.999 3.57 
165865 50 0.20 74 4.5 -1.809 34.105 3.76 
165862 100 0.01 67 4.3 -1.230 34.488 4.36 
165857 200 0.00 59 3.4 0.350 34.794 5.46 
165855 300 0.00 60 3.9 -0.673 34.799 5.79 
165840 396 0.00 178 3.7 -0.643 34.827 6.31 

28 81.81 089.31 165962 20 86 4.6 -1.629 33.977 3.78 
165959 50 106 4.2 -1.572 34.415 3.55 
165956 100 111 2.3 -0.021 34.718 4.73 
165941 182 2.7 0.061 34.776 5.44 

St. 7.50 7-500 15-20 15-100 15-284 23-200 23-287 25-50 25-200 25-300 

Ident. 165424 
Depth (m) 50 

Combined neutral Sugars 

Fuc 
Rha 
Ara 
Gal 
GIc 
Man 

XYl 
Frc 
Rib 

THNS 
Fuc 
Rha 
Ara 
Gal 
GIc 
Man 

XY 1 
THNS 
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A5: ARK XI1 I996 
Central Arctic Ocean 
Transect 2: 

St. Lat.'N Long.'E Ident. Depth Chl a DOC TCHO Ternp. Salinity Silicate 

(m) W )  (PM) (vMC) (Â¡C (PSU) (PM) 



Appendix 

A5 (cont.): 
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A6: ARK XI1113 1997 
Fram Strait and Greenland Sea Stations: 

St. 14 17 20 38 46 56E 56W 60 62 96 106 133 167 

Depth (rn) 
Lat.'N 
Long.Â¡ 
Ternp. ('C) 
Salinity (PSU) 

DOC (UM) 
TCHO (pMC) 
THNS (pMC) 

Fractionated DOC 

Fractionated TCHO 

Fractionated THNS 

2900 50 20 1800 4526 ice floe 1 5650 BWS 26 45 1000 20 

St. Fuc Rha Ara Gal GIc Man XY 1 
(%THNS) (%THNS) (%THNS) (%THNS) (%THNS) (%THNS) (%THNS) 

THNS 

17 
38 
46 

56E 
96 

167 

Fractionated THNS 

17Hb 
38Hb 
46Hb 

56E Hb 
96 Hb 

167 Hb 
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A6 (cont.): 

St. Fraction Fuc Rha Ara Gal GIG Man Xyl Frc Rib THNS 
(nMC) (nMC) (nMC) (nMC) (nMC) (nMC) (nMC) (nMC) (nMC) (nMC) 

Fractionated THNS 

17 Original 
Hl 
H b 
2-A 
2-N 
4-A 
4-N 

38 Original 
Hl 
H b 
2-A 
2-N 
4-A 
4-N 

46 Original 
H l 
H b 
2-A+N 
4-A+N 

56E Original 
Hl 
Hb 
2-A 
2-N 
4-A 
4-N 

96 Original 
Hl 
H b 
2-A 
2-N 
4-A 
4-N 

106 Original 
H1 
H b 
2-A 
2-N 
4-A 
4-N 

167 Original 
Hl 
Hb 
2-A 
2-N 
4-A 
4-N 
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A6 (cont.): 

St. Fraction Fuc Rha Ara Gal GIc Man Xyl THNS THNS 
(nMC) (nMC) (nMC) (nMC) (nMC) (nMC) (nMC) (nMC) (%initial conc.) 

Comparison between XAD and ultrafiltration 

62 Original 85 
2+4-A 8 
2+4-N 3 
H b 10 
Hl 75 

Concentrate of ultrafiltration 

Original 42 
H b 7 
H l 35 

Permeate of ultrafiltration 

Original 10 
Hb 5 
H l 5 
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A7: ANT XIVl3 
Weddell Sea Ice Core: 

Depth (cm) 
Salinity (PSU) 
Chl a (pgll) 
Bacteria (totll) 
DOC (UM) 
Silicate (PM) 
Nitrate (FM) 

Free neutral sugars 

Fuc (nMC) 
Rha (nMC) 
Ara (nMC) 
Gal (nMC) 
GIc (nMC) 
Man (nMC) 
Xyl (nMC) 
Frc (nMC) 
Rib (nMC) 

TFNS (nMC) 
TFNS (%DOC) 

Combined neutral sugars 

Fuc (nMC) 
Rha (nMC) 
Ara (nMC) 
Gal (nMC) 
GIc (W) 
Man (nMC) 
XYl (&C) 
Frc (nMC) 
Rib (nMC) 

THNS (nMC) 
THNS (%DOC) 

Fuc (%THNS) 
Rha (%THNS) 
Ara (%THNS) 
Gal (%THNS) 
GIc (%THNS) 
Man (%THNS) 
Xyl (%THNS) 

Total neutral sugars 
(TCHO=THFS+THNS) 

TCHO (nMC) 
TCHO (%DOC) 
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A8: Chrornatographic Conditions and Detector Settings: 

Time events: Time Event Injection port Output 1 Collect Offset 

General settings: Pressure max: 3000 PSI 
Pressure min: 0 PSI 

n i t  Equilibration Load TTL1 off 
0.00 Start autosampler Load TTL1 on 
1.60 Injection Inject TTL1 off 

21.60 End of run Load TTL1 off 

Mode: Integrated amperometry 
Waveform: Carbohydrates (AgIAgCI reference) 

Time (s) Potential (V) Integration 
0.00 +0.05 
0.20 +0.05 Begin 
0.40 +0.05 End 
0.41 +0.75 
0.60 +0.75 
0.61 -0.15 
1.00 -0.15 

Begin X 
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July 16 - September 10, 1986 by Werner Rabe 
Heft Nr. 4111988 -,,Zur Verbreitung und Ã–kologi der Seegurken irn Weddellmeer (Antarktis)" von Julian Gutt 
Heft Nr. 42/1988 -"The zooplankton community in the deep bathyal and abyssal zones 
of the eastern North Atlantic" by Werner Beckmann 

* Heft Nr. 4311988 - "Scientific cruise report of Arctic Expedition ARK IV13" 
Wissenschaftlicher Fahrtbericht der Arktis-Expedition ARK IVl3, cornpiled by JÃ¶r Thiede 

* Heft Nr. 4411988 - "Data Report for FV 'Polarstern' Cruise ARK IVII, 1987 to the Arctic and Polar Fronts" 
by Hans-JÃ¼rge Hirche 
Heft Nr. 4511988 - Ã£Zoogeographi und Gemeinschaftsanalyse des Makrozoobenthos des Weddellmeeres 
(Antarktis)" von Joachim VoÃ 
Heft Nr. 4611988 -"Meteorological and Oceanographic Data of the Winter-Weddell-Sea Project 1986 
(ANT V13)" by Eberhard Fahrbach 
Heft Nr. 4711988 - Ã£Verteilun und Herkunft glazial-mariner GerÃ¶ll am Antarktischen Kontinentalrand 
des Ã¶stliche Weddellmeeres" von Wolfgang Oskierski 
Heft Nr. 4811988 - Ã£Variatione des Erdmagnetfeldes an der GvN-Station" von Arnold Brodscholl 
Heft Nr. 4911988 - Ã£Zu Bedeutung der Lipide im antarktischen Zooplankton" von Wilhelm Hagen 

* Heft Nr. 5011988 - Ã£Di gezeitenbedingte Dynamik des EkstrÃ¶m-Schelfeises Antarktis" von Wolfgang Kobarg 
Heft Nr. 5111988 - Ã£Ã–komorpholog nototheniider Fische aus dem Weddellmeer, Antarktis" von Werner Ekau 
Heft Nr. 52/1988 - ,,Zusammensetzung der Bodenfauna in der westlichen Fram-StraÃŸe' 
von Dieter Piepenburg 

* Heft Nr. 5311988 - Ã£Untersuchunge zur Ã–kologi des Phytoplanktons im sÃ¼dÃ¶stlich Weddellmeer 
(Antarktis) irn Jan.1Febr. 1985 von Eva-Maria NÃ¶thi 
Heft Nr. 5411988 - ,,Die Fischfauna des Ã¶stliche und sÃ¼dliche Weddellmeeres: 
geographische Verbreitung, Nahrung und trophische Stellung der Fischarten" von Wiebke Schwarzbach 
Heft Nr. 5511988 - "Weight and length data of zooplankton in the Weddell Sea 
in austral spring 1986 (Ant. V/3)" by Elke Mizdalski 
Heft Nr. 5611989 - "Scientific cruise report of Arctic expeditions ARK IVII, 2 & 3 
by G. Krause, J. Meinke und J. Thiede 



Heft Nr. 5711989 - Ã£Di Expedition ANTARKTIS V mit FS ,Polarstern3 1986187" 
Bericht von den Fahrtabschnitten ANT Vl4-5 von H. Miller und H. Oerter 

* Heft Nr. 5811989 - Ã£Di Expedition ANTARKTIS VI mit FS ,Polarstern' 1987188" 
von D. K. FÃ¼ttere 
Heft Nr. 5911989 - ,,Die Expedition ARKTIS Vlla, 1 b und 2 mit FS ,Polarstern3 1988" 
von M. Spindler 
Heft Nr. 6011989 - Ã£Ei zweidimensionales Modell zur thermohalinen Zirkulation unter dem Schelfeisu 
von H. H. Hellrner 
Heft Nr. 6111989 -"Die Vulkanite irn westlichen und mittleren Neuschwabenland, 
Vestfjella und Ahlmannryggen, Antarktika" von M. Peters 

* Heft Nr. 62/1989 -"The Expedition ANTARKTIS Vll l l  and 2 (EPOS I) of RV 'Polarstern' 
in 1988189, by I. Hernpel 
Heft Nr. 6311989 - Ã£Di Eisalgenflora des Weddellrneeres (Antarktis): Artenzusarnrnensetzung und Biomasse 
sowie Okophysiologie ausgewÃ¤hlte Arten" von Annette Bartsch 
Heft Nr. 6411989 -"Meteorological Data of the G.-V.-Neumayer-Station (Antarctica)" by L. Helmes 
Heft Nr. 6511989 -"Expedition Antarktis Vlll3 in 1988189" by I. Hernpel, P. H. Schalk, V. Srnetacek 
Heft Nr. 6611989 - ,,Geomorphologisch-glaziologische Detailkartierung 
des arid-hochpolaren Borgrnassivet, Neuschwabenland, Antarktika" von Karsten Brunk 
Heft Nr. 6711990 - "ldentification key and catalogue of larval Antarctic fishes", 
edited by Adolf Kellermann 
Heft Nr. 6811990 - "The Expedition Antarktis Vlll4 (Epos leg 3) and VIV5 of RV 'Polarstern' in 1989", 
edited by W. Arntz, W. Ernst, I. Hempel 
Heft Nr. 6911990 - Ã£AbhÃ¤ngigkeit elastischer und rheologischer Eigenschaften des Meereises vom 
EisgefÃ¼ge" von Harald Hellmann 

* Heft Nr. 7011990 - Ã£Di beschalten benthischen Mollusken (Gastropoda und Bivalvia) des 
Weddellrneeres, Antarktis", von Stefan Hain 
Heft Nr. 7111990 - ,,Sedimentologie und PalÃ¤omagneti an Sedimenten der Maudkuppe (NordÃ¶stliche 
Weddellmeer)", von Dieter Cordes 
Heft Nr. 72/1990 - "Distribution and abundance of planktonic copepods (Crustacea) in the Weddell Sea 
in summer 1980/81", by F. Kurbjeweit and S. Ali-Khan 
Heft Nr. 7311990 -,,Zur FrÃ¼hdiagenes von organischem Kohlenstoff und Opal in Sedimenten des sÃ¼dliche 
und Ã¶stliche Weddellmeeres", von M. SchlÃ¼te 
Heft Nr. 7411990 - Ã£Expeditione ANTARKTIS-VIIIl3 und Vllll4 mit FS ,Polarstern' 1989" 
von Rainer Gersonde und Gotthilf Hempel 
Heft Nr. 7511991 -,,QuartÃ¤r Sedirnentationsprozesse am Kontinentalhang des SÃ¼d-Orkey-Plateau irn 
nordwestlichen Weddellmeer (Antarktis)", von Sigrun GrÃ¼ni 
Heft Nr. 7611990 - Ã£Ergebniss der faunistischen Arbeiten im Benthal von King George Island 
(SÃ¼dshetlandinseln Antarktis)", von Martin Rauschert 
Heft Nr. 7711990 - ,,Verteilung von Mikroplankton-Organismen nordwestlich der Antarktischen Halbinsel 
unter dem EinfluÃ sich Ã¤ndernde Umweltbedingungen im Herbst", von Heinz KlÃ¶se 
Heft Nr. 7811991 - ,,HochauflÃ¶send Magnetostratigraphie spÃ¤tquartÃ¤r Sedimente arktischer 
Meeresgebiete", von Norbert R. Nowaczyk 
Heft Nr. 7911 991 - Ã£Ã–kophysiologisc Untersuchungen zur SalinitÃ¤ts und Ternperaturtoleranz 
antarktischer GrÃ¼nalge unter besonderer BerÃ¼cksichtigun des ÃŸ-Dirnethylsulfoniumpropiona 
(DMSP) - Stoffwechsels", von Ulf Karsten 
Heft Nr. 8011991 - Ã£Di Expedition ARKTIS Vll l l  mit FS ,Polarstern' 1990f', 
herausgegeben von JÃ¶r Thiede und Gotthilf Hempel 
Heft Nr. 8111991 - ,,PalÃ¤oglaziologi und PalÃ¤ozeanographi im SpÃ¤tquartÃ am Kontinentalrand des 
sÃ¼dliche Weddelmeeres, Antarktis", von Martin Melles 
Heft-Nr. 8211991 - "Quantifizierung von Meereseigenschaften: Automatische Bildanalyse von 
DÃ¼nnschnitte und Parametrisierung von Chlorophyll- und Salzgehaltsverteilungen", von Hajo Eicken. 
Heft Nr. 8311991 - Ã£Da FlieÃŸe von Schelfeisen - numerische Sirnulationen 
mit der Metholde der finiten Differenzen", von JÃ¼rge Determann 
Heft Nr. 8411991 - Ã£Di Expedition ANTARKTIS-VIIIII-2, 1989 mit der Winter Weddell Gyre Study 
der Forschungsschiffe ,Polarstern' und ,Akademik Fedorov'", von Ernst Augstein, 
Nikolai Bagriantsev und Hans Werner Schenke 
Heft Nr. 8511991 - Ã£Zu Entstehung von Unterwassereis und das Wachstum und die Energiebilanz 
des Meereises in der Atka Bucht, Antarktis", von Josef Kipfstuhl 

* Heft Nr. 8611991 -,,Die Expedition ANTARKTIS-VIII mit FS ,Polarstern' 1989190. Bericht vom 
Fahrtabschnitt ANT-VIII15", von Heinz Miller und Hans Oerter 
Heft Nr. 8711991 - "Scientific cruise reports of Arctic expeditions ARK Vl l l -4 of RV 'Polarstern' 
in 1989", edited by G. Krause, J. Meincke & H. J. Schwarz 
Heft Nr. 8811991 - Ã£Zu Lebensgeschichte dominanter Copepodenarten (Calanus finmarchicus, 
C. glacialis, C. hyperboreus, Metridia longa) in der FrarnstraÃŸe" von Sabine Diel 



Heft Nr. 8911991 - ,,Detaillierte seismische Untersuchungen am Ã¶stliche Kontinentalrand 
des Weddell-Meeres vor Kapp Norvegia, Antarktis", von Norbert E. Kaul 
Heft Nr, 9011991 -,,Die Expedition ANTARKTIS-VIII mit FS ,Polarstern' 1989190. 
Bericht von den Fahrtabschnitten ANT-VIII16-7", herausgegeben von Dieter Karl FÃ¼ttere 
und Otto Schrems 
Heft Nr. 9111991 - "Blood physiology and ecological consequences in Weddell Sea fishes (Antarctica)", 
by Andreas Kunzmann 
Heft Nr. 9211991 - Jur sommerlichen Verteilung des Mesozooplanktons im Nansen-Becken, 
Nordpolarmeer", von Nicolai Mumm 
Heft Nr. 9311991 - Ã£Di Expedition ARKTIS VII mit FS ,Polarsternz, 1990. 
Bericht vom Fahrtabschnitt ARK VII/2", herausgegeben von Gunther Krause 
Heft Nr. 9411991 - Ã£Di Entwicklung des Phytoplanktons im Ã¶stliche Weddellmeer (Antarktis) 
beim Ubergang vom SpÃ¤twinte zum FrÃ¼hjahr" von Renate Scharek 
Heft Nr. 9511991 - ,,Radioisotopenstratigraphie, Sedimentologie und Geochemie jungquartÃ¤re 
Sedimente des Ã¶stliche Arktischen Ozeans", von Horst Bohrmann 
Heft Nr. 9611991 -,,HolozÃ¤n Sedimentationsentwicklung im Scoresby Sund, Ost-GrÃ¶nland" 
von Peter Marienfeld 
Heft Nr. 9711991 - Ã£Strukturell Entwicklung und AbkÃ¼hlungsgeschicht von Heimefrontfjella 
(Westliches Dronning Maud LandIAntarktika)", von Joachim Jacobs 
Heft Nr. 9811991 - Ã£Zu Besiedlungsgeschichte des antarktischen Scheifes am Beispiel der 
Isopoda (Crustacea, Malacostraca)", von Angelika Brandt 

* Heft Nr. 9911992 - "The Antarctic ice sheet and environmental change: a three-dimensional 
modelling study", by Philippe Huybrechts 

* Heft Nr. 10011992 - Ã£Di Expeditionen ANTARKTIS 1x11-4 des Forschungsschiffes ,Polarstern' 
1990191" herausgegeben von Ulrich Bathmann, Meinhard Schulz-Baldes, 
Eberhard Fahrbach, Victor Smetacek und Hans-Wolfgang Hubberten 
Heft Nr. 10111992 - ,,Wechselbeziehungen zwischen Schwermetallkonzentrationen 
(Cd, Cu, Pb, Zn) im Meerwasser und in Zooplanktonorganismen (Copepoda) der 
Arktis und des Atlantiks", von Christa Pohl 
Heft Nr. 10211992 -,,Physiologie und Ultrastruktur der antarktischen GrÃ¼nalg 
Prasiola crispa ssp. antarctica unter osmotischem StreÃ und Austrocknung", von Andreas Jacob 
Heft Nr. 10311992 - Jur Ã–kologi der Fische im Weddellmeer", von Gerd Hubold 
Heft Nr. 10411992 - ,,Mehrkanalige adaptive Filter fÃ¼ die UnterdrÃ¼ckun von multiplen Reflexionen 
in Verbindung mit der freien OberflÃ¤ch in marinen Seismogrammen", von Andreas Rosenberger 
Heft Nr. 10511992 -"Radiation and Eddy Flux Experiment 1991 
(REFLEX I / ' ,  von JÃ¶r Hartmann, Christoph Kottmeier und Christian Wamser 
Heft Nr. 10611992 - ,,Ostracoden im Epipelagial vor der Antarktischen Halbinsel - ein Beitrag zur 
Systematik sowie zur Verbreitung und Populationsstruktur unter BerÃ¼cksichtigun der SaisonalitÃ¤t" 
von Rudiger Kock 

* Heft Nr. 10711992 - ,,ARCTIC 91: Die Expedition ARK-VIIIl3 mit FS ,Polarstern9 1991", 
von Dieter K. FÃ¼ttere 
Heft Nr. 10811992 - ,,Dehnungsbeben an einer StÃ¶rungszon im EkstrÃ¶m-Schelfei nÃ¶rdlic der 
Georg-von-Neumayer-Station, Antarktis. - Eine Untersuchung mit seismologischen und geodÃ¤tische 
Methoden", von Uwe Nixdorf. 

* Heft Nr. 10911992 - ,,SpÃ¤tquartÃ¤ Sedimentation am Kontinentalrand des sÃ¼dÃ¶stlich 
Weddellmeeres, Antarktis", von Michael Weber. 

* Heft Nr. 11011992 - ,,Sedimentfazies und Bodenwasserstrom am Kontinentalhang des 
norwestlichen Weddellmeeres", von Isa Brehme. 
Heft Nr. 11 111992 - Ã£Di Lebensbedingungen in den SolekanÃ¤lche des antarktischen Meereises", 
von Jurgen Weissenberger. 
Heft Nr. 11211992 - ,,Zur Taxonomie von rezenten benthischen Foraminiferen aus dem 
Nansen Becken, Arktischer Ozean", von Jutta Wollenburg. 
Heft Nr. 11311992 - Ã£Di Expedition ARKTIS Vll l l l  mit FS ,Polarstern1 199Ic', 
herausgegeben von Gerhard Kattner. 

* Heft Nr. 11411992 - Ã£Di Grundungsphase deutscher Polarforschung, 1865 - 1875", 
von Reinhard A. Krause. 
Heft Nr. 11511992 -"Scientific Cruise Report of the 1991 Arctic Expedition ARK VIIIl2 
of RV 'Polarstern' (EPOS I])", by Eike Rachor. 
Heft Nr. 11611992 - "The Meteorological Data of the Georg-von-Neumayer-Station (Antarctica) 
for 1988, 1989, 1990 and 19911', by Gert KÃ¶nig-Langlo 
Heft Nr. 11711992 - ,,Petrogenese des metamorphen Grundgebirges der zentralen Heimefrontfjella 
(westliches Dronning Maud Land I Antarktis)", von Peter Schulze. 
Heft Nr. 11811993 - Ã£Di mafischen GÃ¤ng der Shackleton Range / Antarktika: Petrographie, 
Geochemie, Isotopengeochemie und PalÃ¤omagnetik" von RÃ¼dige Hotten. 

* Heft Nr. 11911993 - ,,Gefrierschutz bei Fischen der Polarmeere", von Andreas P. A. WÃ¶hrmann 
* Heft Nr. 12011993 -"East Siberian Arctic Region Expedition '92: The Laptev Sea - its Significance for 

Arctic Sea-Ice Formation and Transpolar Sediment Flux", by D. Dethleff, D. NÃ¼rnberg E. Reimnitz, 
M. Saarso and Y. P. Sacchenko. -"Expedition to Novaja Zemlja and Franz Josef Land with 
RV. 'Dalnie Zelentsy"', by D. NÃ¼rnber and E. Groth. 



* Heft Nr. 12111993 - Ã£Di Expedition ANTARKTIS XI3 mit FS ,Polarstern' 1992", herausgegeben von 
Michael Spindler, Gerhard Dieckrnann und David Thornas 
Heft Nr. 122/1993 - Ã£Di Beschreibung der Korngestalt mit Hilfe der Fourier-Analyse: Pararnetrisierung 
der morphologischen Eigenschaften von Sedirnentpartikeln", von Michael Diepenbroek. 
Heft Nr. 12311993 - Ã£ZerstÃ¶rungsfre hochauflÃ¶send Dichteuntersuchungen mariner Sedimente", 
von Sebastian Gerland. 
Heft Nr. 12411993 - JJrnsatz und Verteilung von Lipiden in arktischen marinen Organismen unter 
besonderer BerÃ¼cksichtigun unterer trophischer Stufen", von Martin Graeve. 
Heft Nr. 12511993 - Ã£Okologi und Respiration ausgewÃ¤hlte arktischer Bodenfischarten", 
von Christian F. von Dorrien. 
Heft Nr, 12611993 - Ã£Quantitativ Bestimmung von PalÃ¤ournweltpararneter des Antarktischen 
OberflÃ¤chenwasser im SpÃ¤tquartie anhand von Transferfunktionen mit Diatomeen", von Ulrich Zielinski 

* Heft Nr. 12711993 - ,,Sedirnenttransport durch das arktische Meereis: Die rezente lithogene 
und biogene Materialfracht", von Ingo Wollenburg. 
Heft Nr. 12811993 -"Cruise ANTARKTIS XI3 of RV 'Polarstern': CTD-Report", von Marek Zwierz. 
Heft Nr. 12911993 - Ã£Reproduktio und Lebenszyklen dominanter Copepodenarten aus dem 
Weddellrneer, Antarktis", von Frank Kurbjeweit 
Heft Nr. 13011993 - Ã£Untersuchunge zu Ternperaturregirne und Massenhaushalt des 
Filchner-Ronne-Schelfeises, Antarktis, unter besonderer BerÃ¼cksichtigun von Anfrier- und 
Abschrnelzprozessen", von Klaus Grosfeld 
Heft Nr. 13111993 - Ã£Di Expedition ANTARKTIS XI5 mit FS ,Polarstern' 1992", 
herausgegeben von Rainer Gersonde 
Heft Nr. 132/1993 - ,,Bildung und Abgabe kurzkettiger halogenierter Kohlenwasserstoffe durch 
Makroalgen der Polarregionen", von Frank Laturnus 
Heft Nr. 13311994 -"Radiation and Eddy Flux Experiment 1993 (REFLEX II)", 
by Christoph Kottrneier, JÃ¶r Hartrnann, Christian Warnser, Axel Bochert, Christof LÃ¼pkes 
Dietrnar Freese and Wolfgang Cohrs 
Heft Nr. 13411994 - "The Expedition ARKTIS-IWI", edited by Hajo Eicken and Jens Meincke 
Heft Nr. 13511994 - Ã£Di Expeditionen ANTARKTIS X/6-8", herausgegeben von Ulrich Bathrnann, 
Victor Srnetacek, Hein de Baar, Eberhard Fahrbach und Gunter Krause 
Heft Nr. 13611994 - ,,Untersuchungen zur ErnÃ¤hrungsÃ¶kolog von Kaiserpinguinen (Aptenodytes forsten) 
und KÃ¶nigspinguine (Aptenodytes patagonicus)", von Klernens PÃ¼t 
Heft Nr. 13711994 - Ã£Di kÃ¤nozoisch Vereisungsgeschichte der Antarktis", von Werner U. Ehrmann 
Heft Nr. 13811994 - Ã£Untersuchunge stratosphÃ¤rische Aerosole vulkanischen Ursprungs und polarer 
stratosphÃ¤rische Wolken mit einem MehrwellenlÃ¤ngen-Lida auf Spitzbergen (79' N, 12' E)", 
von Georg Beyerle 
Heft Nr. 13911994 - ,,Charakterisierung der Isopodenfauna (Crustacea, Malacostraca) 
des Scotia-Bogens aus biogeographischer Sicht: Ein rnultivariater Ansatz", von Holger Winkler. 
Heft Nr. 14011994 - Ã£Di Expedition ANTARKTIS XI4 mit FS ,Polarstern' 1992", 
herausgegeben von Peter Lernke 
Heft Nr. 14111994 - ,,Satellitenaltimetrie Ã¼be Eis - Anwendung des GEOSAT-Altimeters Ã¼be dem 
EkstrÃ¶rnisen Antarktis", von Clernens Heidland 
Heft Nr. 142/1994 -"The 1993 Northeast Water Expedition. Scientific cruise report of RV 'Polartstern' 
Arctic cruises ARK 1x12 and 3, USCG 'Polar Bear' cruise NEWP and the NEWLand expedition", 
edited by Hans-JÃ¼rge Hirche and Gerhard Kattner 
Heft Nr. 14311994 - Ã£Detailliert refraktionsseismische Untersuchungen irn inneren Scoresby Sund 
Ost-GrÃ¶nland" von Notker Fechner 
Heft Nr. 14411994 - "Russian-Gerrnan Cooperation in the Siberian Shelf Seas: Geo-System 
Laptev Sea", edited by Heidernarie Kassens, Hans-Wolfgang Hubberten, Sergey M. Pryarnikov 
and RÃ¼dige Stein 

* Heft Nr. 14511994 -"The 1993 Northeast Water Expedition. Data Report of RV ,Polarstern' 
Arctic Cruises IW2 and 3 ,  edited by Gerhard Kattner and Hans-JÃ¼rge Hirche. 
Heft Nr. 14611994 -"Radiation Measurements at the Gerrnan Antarctic Station Neurnayer 
1982 - 1992, by Torsten Schrnidt and Gerd KÃ¶nig-Langlo 
Heft Nr. 14711994 - ,sKrustenstrukturen und Verlauf des Kontinentalrandes irn 
Weddell-Meer 1 Antarktis", von Christian HÃ¼bscher 

* Heft Nr. 14811994 - "The expeditions NORILSKITAYMYR 1993 and BUNGER OASIS 1993194 
of the AWI Research Unit Potsdarn", edited by Martin Melles. 

** Heft Nr. 14911994 - Ã£Di Expedition ARCTIC '93. Der Fahrtabschnitt ARK-1x14 mit 
FS ,Polarstern' 1993, herausgegeben von Dieter K. FÃ¼tterer 
Heft Nr. 15011994 - Ã£De Energiebedarf der Pygoscelis-Pinguine: eine Synopse", von Boris M. Culik. 
Heft Nr. 15111994 - "Russian-Gerrnan Cooperation: The Transdrift I Expedition to the Laptev Sea", 
edited by Heidernarie Kassens and Valeriy Y. Karpiy. 
Heft Nr. 152/1994 - Ã£Di Expedition ANTARKTIS-X mit FS ,Polarstern' 1992. Bericht von den 
Fahrtabschnitten 1 ANT-X 1 1a und 2 "  herausgegeben von Heinz Miller. 
Heft Nr. 15311994 - Ã£ArninosÃ¤ur und Hurninstoffe irr Stickstoffkreislauf polarer Meere", 
von Ulrike Hubberten. 
Heft Nr. 15411994 -"Regional and seasonal variability in the vertical distribution of rnesozooplankton 
in the Greenland Sea", by Claudio Richter. 



Heft Nr. 15511995 - ,,Benthos in polaren GewÃ¤ssern" herausgegeben von Christian Wiencke und Wolf Arntz. 
Heft Nr. 15611995 -"An adjoint model for the determination of the mean oceanic circulation, air-sea 
fluxes and mixing coefficients", by Reiner Schlitzer. 
Heft Nr. 15711995 - Ã£Biochemisch Untersuchungen zum Lipidstoffwechsel antarktischer Copepoden", 
von Kirsten Fahl. 

** Heft Nr. 15811995 - Ã£Di Deutsche Polarforschung seit der Jahrhundertwende und der EinfluÃ Erich von Drygalskis", 
von Cornelia LÃ¼decke 

* Heft Nr. 15911995 -"The distribution of Ji80 in the Arctic Ocean: Implications for the freshwater balance of the halocline 
and the sources of deep and bottom waters", by Dorothea Bauch. 

* Heft Nr. 16011995 - Ã£Rekonstruktio der spÃ¤tquartÃ¤r Tiefenwasserzirkulation und ProduktivitÃ¤ im Ã¶stliche 
SÃ¼datlanti anhand von benthischen Foraminiferenvergesellschaftungen", von Gerhard Schmiedl. 
Heft Nr. 16111995 - =Der EinfluÃ von SalinitÃ¤ und LichtintensitÃ¤ auf die Osmolytkonzentrationen, die Zellvolumina 
und die Wachstumsraten der antarktischen Eisdiatomeen Chaetoceros sp. und Navicula sp. unter besonderer 
BerÃ¼cksichtigun der AminosÃ¤ur Prolin", von JÃ¼rge Nothnagel. 
Heft Nr. 16211995 - ,,Meereistransportiertes lithogenes Feinmaterial in spÃ¤tquartÃ¤r Tiefseesedimenten des zentralen 
Ã¶stliche Arktischen Ozeans und der FramstraÃŸe" von Thomas Letzig. 
Heft Nr. 16311995 - Ã£Di Expedition ANTARKTIS-XI12 mit FS ,Polarstern' 199'3194", 
herausgegeben von Rainer Gersonde. 
Heft Nr. 16411995 - J3egionale und altersabhÃ¤ngig Variation gesteinsniagnetischer Parameter in marinen 
Sedimenten der Arktis", von Thomas Frederichs. 
Heft Nr. 16511995 - Ã£Vorkornrnen Verteilung und Umsatz biogener organischer Spurenstoffe: Sterole in antarktischen 
GewÃ¤ssern" von Georg Hanke. 
Heft Nr. 16611995 -,,Vergleichende Untersuchungen eines optimierten dynarnisch-thermodynamischen Meereisrnodells 
mit Beobachtungen irn Weddellmeer", von Holger Fischer. 
Heft Nr. 16711995 - Ã£Rekonstruktione von PalÃ¤o-Umweltparameter anhand von stabilen Isotopen und 
Faunen-Vergesellschaftungen planktischer Foraminiferen im SÃ¼datlantik von Hans-Stefan Niebler 
Heft Nr. 16811995 - Ã£Di Expedition ANTARKTIS XI1 mit FS ,Polarstern5 1993194. 
Bericht von den Fahrtabschnitten ANT Xl l l l  und Y, herausgegeben von Gerhard Kattner und Dieter Karl FÃ¼ttere 
Heft Nr. 16911995 - Ã£Medizinisch Untersuchung zur Circadianrhythmik und zum Verhalten bei Uberwinterern auf einer 
antarktischen Forschungsstation", von Hans Wortmann 
Heft-Nr. 17011995 - DFG-Kolloquium: Terrestrische Geowissenschaften -- Geologie und Geophysik der Antarktis. 
Heft Nr. 17111995 - ,,Strukturentwicklung und Petrogenese des metamorphen Grundgebirges der nÃ¶rdliche 
Heimfrontfjella (westliches Dronning Maud LandIAntarktika)", von Wilfried Bauer. 
Heft Nr. 17211995 -=Die Struktur der Erdkruste im Bereich des Scoresby Sund, Ostgr6nland: 
Ergebnisse refraktionsseismischer und gravimetrischer Untersuchungen", von Holger Mandler. 
Heft Nr. 17311995 - Ã£PalÃ¤ozoisc Akkretion am palAopazifischen Kontinentalrand der Antarktis in ~ordvictorialand 
- P-T-D-Geschichte und Deformationsmechanisrnen im Bowers Terrane", von Stefan Matzer. 
Heft Nr. 17411995 -"The Expedition ARKTIS-XI2 of RV 'Polarstern'in 1994", edited by Hans-W. Hubberten 
Heft Nr. 17511995 -"Russian-German Cooperation: The Expedition TAYMYR 1994, edited by Christine Siegert 
and Gmitry Bolshiyanov. 

* Heft Nr. 17611995 -"Russian-German Cooperation: Laptev Sea System", edited by Heidernarie Kassens, 
Dieter Piepenburg, JÃ¶r Thiede, Leonid Timokhov, Hans-Wolfgang Hubberten and Sergey M. Priamikov. 
Heft Nr. 17711995 -,,Organischer Kohlenstoff in spÃ¤tquartÃ¤r Sedimenten des Arktischen Ozeans: Terrigener Eintrag 
und marine ProduktivitÃ¤t" von Carsten J. Schubert 
Heft Nr. 17811995 - "Cruise ANTARKTIS XI114 of RV 'Polarstern' in 1995: CTD-Report", by JÃ¼r Sildam. 
Heft Nr. 17911995 - ,,Benthische Foraminiferenfaunen als Wassermassen-, Produktions- und Eisdriftanzeiger im Arkti- 
schen Ozean", von Jutta Wollenburg. 
Heft Nr. 18011995 - ,,Biogenopal und biogenes Barium als Indikatoren fÃ¼ spÃ¤tquartÃ¤ ProduktivitiitsÃ¤nderunge am 
antarktischen Kontinentalhang, atlantischer Sektor", von Wolfgang J. Bonn. 
Heft Nr. 18111995 -,,Die Expedition ARKTIS XI1 des Forschungsschiffes ,Polarstern' 1994", 
herausgegeben von Eberhard Fahrbach. 
Heft Nr. 18211995 -"Laptev Sea System: Expeditions in 1994, edited by Heidemarie Kassens. 
Heft Nr. 18311996 - Ã£Interpretatio digitaler Parasound Echolotaufzeichnungen im Ã¶stliche Arktischen Ozean auf der 
Grundlage physikalischer Sedimenteigenschaften", von Uwe Bergmann. 
Heft Nr. 18411996 -"Distribution and dynamics of inorganic nitrogen compounds in the tropospliere of continental, 
coastal, marine and Arctic areas", by Maria Dolores Andres Hernandez. 
Heft Nr. 18511996 -",,Verbreitung und Lebensweise der Aphroditen und Polynoiden (Polychaeta) im Ã¶stliche Weddell- 
meer und im Lazarevmeer (Antarktis)", von Michael Stiller, 
Heft Nr. 18611996 -"Reconstruction of Late Quaternary environmental conditions applying the natural radionuclides 
"Â¡Th 'Â¡Be 231Pa and 238U: A study of deep-sea sediments from the eastern sector of the Antarctic Circurnpolar Current 
System", by Martin Frank. 
Heft Nr. 18711996 -"The Meteorological Data of the Neumayer Station (Antarctica) for 1992, 1993 and 1994, 
by Gert KÃ¶nig-Lang1 and Andreas Herber. 
Heft Nr. 18811996 - Jie Expedition ANTARKTIS-XI13 mit FS ,Polarstern3 1994, 
herausgegeben von Heinz Miller und Hannes Grobe. 
Heft Nr. 18911996 - Ã£Di Expedition ARKTIS-VIIl3 mit FS ,Polarstern' 1990", 
herausgegeben von Heinz Miller und Hannes Grobe 



Heft Nr. 19011996 - "Cruise report of the Joint Chilean-German-ltalian Magellan ,Victor Hensen' Campaign in 1994, 
edited by Wolf Arntz and Matthias Gorny. 
Heft Nr. 19111996 - ,,LeitfÃ¤higkeits und Dichtemessung an Eisbohrkernen", von Frank Wilhelms. 
Heft Nr. 19211996 - ,,Photosynthese-Charakteristika und Lebensstrategie antarktischer Makroalgen", 
von Gabriele Weykam. 
Heft Nr. 19311996 - Ã£Heterogen Reaktionen von N205 und Hbr und ihr EinfluÃ auf den Ozonabbau in der polaren 
StratosphÃ¤re" von Sabine Seisel. 
Heft Nr. 19411996 - Ã£Ã–kolog und Populationsdynamik antarktischer Ophiuroiden (Echinodermata)", 
von Corinna Dahm. 
Heft Nr. 19511996 - Ã£Di planktische Foraminifere Neogloboquadrina pachyderma (Ehrenberg) im Weddellrneer, 
Antarktis", von Doris Berberich. 
Heft Nr. 19611996 - Ã£Untersuchunge zum Beitrag chemischer und dynamischer Prozesse zur VariabilitÃ¤ des 
stratosphÃ¤rische Ozons Ã¼be der Arktis", von Birgit Heese 
Heft Nr. 19711996 -"The Expedition ARKTIS-XI12 of 'Polarstern' in 1995, edited by Gunther Krause. 
Heft Nr. 19811996 - Ã£Geodynarni des Westantarktischen Riftsystems basierend auf Apatit-Spaltspuranalysen", 
von Frank Lisker. 
Heft Nr. 19911996 -"The 1993 Northeast Water Expedition. Data Report on CTD Measurements of RV 'Polarstern' 
Cruises ARKTIS 1x12 and 3", by Gerion Budeus and Wolfgang Schneider. 
Heft Nr. 20011996 - "Stability of the Thermohaline Circulation in analytical and numerical models", by Gerrit Lohmann. 
Heft Nr. 20111996 - ,,Trophische Beziehungen zwischen Makroalgen und Herbivoren in der Potter Cove 
(King George-Insel, Antarktis)", von Katrin Iken. 
Heft Nr. 20211996 - ,,Zur Verbreitung und Respiration Ã¶kologisc wichtiger Bodentiere in den GewÃ¤sser um 
Svalbard (Arktis)", von Michael K. Schmid. 

* Heft Nr. 20311996 - Ã£Dynamik Rauhigkeit und Alter des Meereises in der Arktis - Numerische Untersuchungen mit 
einem groÃŸskalige Modell", von Markus Harder. 
Heft Nr. 20411996 - Ã£Zu Parametrisierung der stabilen atmosphÃ¤rische Grenzschicht Ã¼be einem antarktischen 
Schelfeis", von DÃ¶rth Handorf. 
Heft Nr. 20511996 - "Textures and fabrics in the GRIP ice core, in relation to climate history and ice deformation", 
by Thorsteinn Thorsteinsson. 
Heft Nr. 20611996 -=Der Ozean als Teil des gekoppelten Klimasystems: Versuch der Rekonstruktion der glazialen 
Zirkulation mit verschieden komplexen AtrnosphÃ¤renkomponenten" von Kerstin Fieg, 
Heft Nr. 20711996 - ,,Lebensstrategien dominanter antarktischer Oithonidae (Cyclopoida, Copepoda) und Oncaeidae 
(Poecilostomatoida, Copepoda) im Bellingshausenmeer", von Cornelia Metz. 
Heft Nr. 20811996 - ,,AtmosphÃ¤reneinflu bei der Fernerkundung von Meereis mit passiven Mikrowellenradiornetern", 
von Christoph Oelke. 
Heft Nr. 20911996 - ,,Klassifikation von Radarsatellitendaten zur Meereiserkennung mit Hilfe von LIne-Scanner-Messun- 
gen", von Axel Bochert. 
Heft Nr. 21011996 - Ã£Di mit ausgewÃ¤hlte SchwÃ¤mme (Hexactinellida und Demospongiae) aus dem Weddellmeer, 
Antarktis, vergesellschaftete Fauna", von Kathrin Kunzrnann. 
Heft Nr. 21111996 -"Russian-German Cooperation:The Expedition TAYMYR 1995 and the Expedition KOLYMA 1995", 
by Dima Yu. Bolshiyanov and Hans-W. Hubberten. 
Heft Nr. 21211996 - "Surface-sediment composition and sedimentary processes in the central Arctic Ocean and along 
the Eurasian Continental Margin", by Ruediger Stein, Gennadij I. Ivanov, Michael A. Levitan, and Kirsten Fahl. 
Heft Nr. 21311996 - ,,Gonadenentwicklung und Eiproduktion dreier Calanus-Arten (Copepoda): Freilandbeobachtungen, 
Histologie und Experimente", von Barbara Niehoff 
Heft Nr. 21411996 - ,,Numerische Modellierung der Ãœbergangszon zwischen Eisschild und Eisschelf", von Christoph 
Mayer. 
Heft Nr. 21511996 - Ã£Arbeite der AWI-Forschungsstelle Potsdam in Antarktika, 1994/95", herausgegeben von Ulrich 
Wand. 
Heft Nr. 21611996 -,,Rekonstruktion quartÃ¤re KlimaÃ¤nderunge im atlantischen Sektor des SÃ¼dpolarmeere anhand 
von Radiolarien", von Uta Brathauer. 
Heft Nr. 21711996 - ,,Adaptive Semi-Lagrange-Finite-Elemente-Methode zur LÃ¶sun der Flachwassergleichungen: 
Implementierung und Parallelisierung", von JÃ¶r Behrens. 
Heft Nr. 21811997 -"Radiation and Eddy Flux Experiment 1995 (REFLEX III)", by JÃ¶r Hartmann, Axel Bochert, 
Dietmar Freese, Christoph Kottrneier, Dagmar Nagel and Andreas Reuter. 
Heft Nr. 21911997 - Ã£Di Expedition ANTARKTIS-XI! mit FS ,Polarstern' 1995. Bericht vom Fahrtabschnitt ANT-XIIl3, 
herausgegeben von Wilfried Jokat und Hans Oerter. 
Heft Nr. 22011997 - Ã£Ei Beitrag zum Schwerefeld im Bereich des Weddellmeeres, Antarktis. 
Nutzung von Altimetermessungen des GEOSAT und ERS-I", von Tilo SchÃ¶ne 
Heft Nr. 22111997 - Ã£Di Expeditionen ANTARKTIS-XIIIII-2 des Forschungsschiffes ,Polarstern' 1995/96", 
herausgegeben von Ulrich Bathmann, Mike Lukas und Victor Smetacek. 
Heft Nr. 22211997 - "Tectonic Structures and Glaciomarine Sedimentation in the South-Eastern Weddell Sea from 
Seismic Reflection Data", by Laszlo Oszko. 



Heft Nr. 22311997 - ,,Bestimmung der Meereisdicke mit seismischen und elektromagnetisch-induktiven Verfahren", 
von Christian Haas. 
Heft Nr. 22411997 - Ã£TroposphÃ¤risc Ozonvariationen in Polarregionen", von Silke Nessel. 
Heft Nr. 22511997 - Ã£Biologisch und Ã¶kologisch Untersuchungen zur kryopelagischen Amphipodenfauna des 
arktischen Meereises", von Michael Poltermann. 
Heft Nr. 22611997 - "Scientific Cruise Report of the Arctic Expedition ARK-XI11 of RV 'Polarstern' in 1995", 
edited by Eike Rachor. 
Heft Nr. 22711997 - Ã£De EinfluÃ kompatibler Substanzen und Kryoprotektoren auf die Enzyme Malatdehydrogenase 
(MDH) und Glucose-6-phosphat-Dehydrogenase (G6P-DH) aus Acrosiphonia arcta (Chlorophyta) der Arktis", 
von Katharina KÃ¼ck 
Heft Nr. 22811997 -,,Die Verbreitung epibenthischer Mollusken im chilenischen Beagle-Kanal", von Katrin Linse. 
Heft Nr. 22911997 - Ã£Da Mesozooplankton im Laptevmeer und Ã¶stliche Nansen-Becken - Verteilung und 
Gemeinschaftsstrukturen irn SpÃ¤tsommer" von Hinrich Hanssen. 
Heft Nr. 23011997 - Ã£Model eines adaptierbaren, rechnergestÃ¼tzten wissenschaftlichen Arbeitsplatzes arn 
Alfred-Wegener-Institut fÃ¼ Polar- und Meeresforschung", von Lutz-Peter Kurdelski 
Heft Nr. 23t71997 - Jur Ã–kologi arktischer und antarktischer Fische: AktivitÃ¤t Sinnesleistungen und Verhalten", 
von Christopher Zimmermann 
Heft Nr. 232/1997 - Ã£Persistent chlororganische Verbindungen in hochantarktischen Fischen", 
von Stephan Zimmermann 
Heft Nr. 23311997 -,,Zur Ã–kologi des Dimethylsulfoniumpropionat (DMSP)-Gehaltes temperierter und polarer 
Phyioplanktongemeinschaften irn Vergleich mit Laborkulturen der Coccolithophoride Emiliania huxleyiund der antarkti- 
schen Diatomee Nitzschia lecointef', von Doris Meyerdierks. 
Heft Nr. 23411997 -,,Die Expedition ARCTIC '96 des FS ,Polarstern3 (ARK XIII) mit der Arctic Climate System Study 
(ACSYS)", von Ernst Augstein und den Fahrtteilnehmern. 
Heft Nr. 23511997 - Ã£Polonium-21 und Blei-219 im SÃ¼dpolarmeer NatÃ¼rlich Tracer fÃ¼ biologische und 
hydrographische Prozesse im OberflÃ¤chenwasse des Antarktischen Zirkumpolarstroms und des Weddellmeeres", 
von Jana Friedrich 
Heft Nr. 23611997 -"Determination of atmospheric trace gas amounts and corresponding natural isotopic ratios by 
means of ground-based FTIR spectroscopy in the high Arctic", by Arndt Meier. 
Heft Nr. 23711997 -"Russian-German Cooperation: The Expedition TAYMYRISEVERNAYA ZEMLYA 199EU, 
edited by Martin Melles, Birgit Hagedorn and Dmitri Yu. Bolshiyanov 
Heft Nr. 23811997 - "Life strategy and ecophysiology of Antarctic rnacroalgae", by Ivan M. Gornez. 
Heft Nr. 23911997 - Ã£Di Expedition ANTARKTIS Xllll4-5 des Forschungsschiffes ,Polarstern' 1996, 
herausgegeben von Eberhard Fahrbach und Dieter Gerdes. 
Heft Nr. 24011997 - Ã£Untersuchunge zur Chrom-Speziation in Meerwasser, Meereis und Schnee aus ausgewÃ¤hlte 
Gebieten der Arktis", von Heide Giese. 
Heft Nr. 24111997 - "Late Quaternary glacial history and paleoceanographic reconstructions along the East Greenland 
continental margin: Evidence from high-resolution records of stable isotopes and ice-rafted debris", by Seung-11 Nam. 
Heft Nr. 242/1997 -"Thermal, hydrological and geochemical dynamics of the active layer at a continuous permafrost site, 
Taymyr Peninsula, Siberia", by Julia Boike. 
Heft Nr. 24311997 - -Zur PalÃ¤oozeanographi hoher Breiten: Stellvertreterdaten aus Foraminiferen", 
von Andreas Mackensen. 
Heft Nr. 24411997 - "The Geophysical Observatory at Neumayer Station, Antarctica, Geomagnetic and seisrnological 
observations in 1995 and 1996, by Alfons Eckstaller, Thomas Schmidt, Viola Graw, Christian MÃ¼lle and Johannes 
Rogenhagen. 
Heft Nr. 24511997 - ,,Temperaturbedarf und Biogeographie mariner Makroalgen - Anpassung mariner Makroalgen 
an tiefe Temperaturen, von Bettina Bischoff-BÃ¤smann 
Heft Nr. 24611997 - Ã£Ã–kologisc Untersuchungen zur Fauna des arktischen Meereises", von Christine Friedrich. 
Heft Nr. 24711997 - Ã£Entstehun und Modifizierung von marinen gelÃ¶ste organischen Substanzen", von Berit Kirchhoff. 
Heft Nr. 24811 997 - "Laptev Sea System: Expeditions in 1995", edited by Heidemarie Kassens. 
Heft Nr. 24911997 - "The Expedition ANTARKTIS Xllll3 (EASIZ I) of RV 'Polarstern' to the eastern Weddell Sea in 199EV, 
edited by Wolf Arntz and Julian Gutt. 
Heft Nr. 25011997 -,,Vergleichende Untersuchungen zur Ã–kologi und BiodiversitÃ¤ des Mega-Epibenthos der Arktis 
und Antarktis", von Adreas Starmans. 
Heft Nr. 25111997 - Ã£Zeitlich und rÃ¤umlich Verteilung von Mineralvergesellschaftungen in spÃ¤tquartÃ¤r Sedimenten 
des Arktischen Ozeans und ihre NÃ¼tzlichkei als Klimaindikatoren wÃ¤hren der Glazialllnterglazial-Wechsel", 
von Christoph Vogt. 
Heft Nr. 252/1997 - ,,SolitÃ¤r Ascidien in der Potter Cove (King George Island, Antarktis). Ihre Ã¶kologisch Bedeutung 
und Populationsdynamik", von Stephan KÃ¼hne 
Heft Nr. 25311997 -"Distribution and role of microprotozoa in the Southern Ocean", by Christine Klaas. 
Heft Nr. 25411997 -,,Die spÃ¤tquartÃ¤ Klima- und Umweltgeschichte der Bunger-Oase, Ostantarktis", 
von Thomas Kulbe 



Heft Nr. 25511997 -"Scientific Cruise Report of the Arctic Expedition ARK-Xllll2 of RV 'Polarstern' in 1997", 
edited by Ruediger Stein and Kirsten Fahl. 
Heft Nr. 25611998 - Ã£Da Radionuklid Tritium im Ozean: MeÃŸverfahre und Verteilung von Tritium im SÃ¼datlanti 
und im Weddellmeer", von JÃ¼rge SÃ¼ltenfuÃ 
Heft Nr. 25711998 - ,,Untersuchungen der SaisonalitÃ¤ von atmosphÃ¤rische Dimethylsulfid in der Arktis und Antarktis", 
von Christoph Kleefeld. 
Heft Nr. 25811990 - ,,Bellingshausen- und Amundsenmeer: Entwicklung eines Sedimentationsmodells", 
von Frank-Oliver Nitsche. 
Heft Nr. 25911998 - "The Expedition ANTARKTIS-XIVl4 of RV 'Polarstern' in 1997", by Dieter K. FÃ¼tterer 

* Heft Nr. 26011998 - Ã£Di Diatomeen der Laptevsee (Arktischer 0zean):Taxonomie und biogeographische Verbreitung", 
von Holger Cremer 
Heft Nr. 26111998 -,,Die Krustenstruktur und Sedimentdecke des Eurasischen Beckens, Arktischer Ozean: 
Resultate aus seismischen und gravimetrischen Untersuchungen", von Estella Weigelt. 
Heft Nr. 26211998 - "The Expedition ARKTIS-XIIIl3 of RV 'Polarstern' in 1997, by Gunther Krause. 
Heft Nr. 26311998 - ,,Thermo-tektonische Entwicklung von Oates Land und der Shackleton Range (Antarktis) basierend 
auf Spaltspuranalysen", von Thorsten SchÃ¤fer 
Heft Nr. 26411998 - Ã£Messunge der stratosphÃ¤rische Spurengase CIO, HCI, 03,  N20, H20 und OH mittels flugzeugge- 
tragener Submillimeterwellen-Radiometrie", von Joachim Urban. 
Heft Nr. 26511998 - Ã£Untersuchunge zu Massenhaushalt und Dynamik des Ronne Ice Shelfs, Antarktis", 
von Astrid Larnbrecht. 
Heft Nr. 26611998 - "Scientific Cruise Report of the Kara Sea Expedition of RV 'Akademie Boris Petrov' in 1997, 
edited by Jens Matthiessen and Oleg Stepanets. 
Heft Nr. 26711998 - Ã£Di Expedition ANTARKTIS-XIV mit FS ,Polarstern' 1997. Bericht vom Fahrtabschnitt ANT-XIVl3, 
herausgegeben von Wilfried Jokat und Hans Oerter. 
Heft Nr. 26811998 - Ã£Numerisch Modellierung der Wechselwirkung zwischen AtmosphÃ¤r und Meereis in der 
arktischen Eisrandzone", von Gerit Birnbaum. 
Heft Nr. 26911998 - "Katabatic wind and Boundary Layer Front Experiment around Greenland (KABEG '97)", 
by Gunther Heinemann. 
Heft Nr. 270/1998 -"Architecture and evolution of the continental crust of East Greenland from integrated 
geophysical studies", by Vera Schlindwein. 
Heft Nr. 27111998 -"Winter Expedition to the Southwestern Kara Sea - Investigations on Formation and Transport of 
Turbid Sea-Ice", by Dirk Dethleff, Per Loewe, Dominik Weiel, Hartmut Nies, Gesa Kuhlmann, Christian Bahe 
and Gennady Tarasov. 
Heft Nr. 272/1998 - ,,FTIR-Emissionsspektroskopische Untersuchungen der arktischen AtmosphÃ¤re" von Edo Becker. 
Heft Nr. 27311998 - Ã£Sedimentatio und Tektonik im Gebiet des Agulhas RÃ¼cken und des Agulhas Plateaus ($ETA- 
RAP')", von Gabriele Uenzelrnann-Neben. 
Heft Nr. 27411998 -"The Expedition ANTARKTIS XIV/2", by Gerhard Kattner. 
Heft Nr. 27511998 - ,,Die Auswirkung der 'NorthEastWater'-Polynya auf die Sedimentation von NO-GrÃ¶nlan und 
Untersuchungen zur PalÃ¤o-Ozeanographi seit dem Mittelweichsel", von Hanne Notholt. 
Heft Nr. 27611998 - -Interpretation und Analyse von Potentialfelddaten im Weddellmeer, Antarktis: der Zerfall des 
Superkontinents Gondwana", von Michael Studinger. 
Heft Nr. 27711 998 - ,,Koordiniertes Programm Antarktisforschung". Berichtskolloquium im Rahmen des Koordinierten 
Programms ,,Antarktisforschung mit vergleichenden Untersuchungen in arktischen Eisgebieten", 
herausgegeben von Hubert Miller. 
Heft Nr. 27811998 -,,Messung stratosphÃ¤rische Spurengase Ã¼be NY-Alesund, Spitzbergen, mit Hilfe eines 
bodengebundenen Mikrowellen-Radiometers", von Uwe Raffalski. 
Heft Nr. 27911998 -"Arctic Paleo-River Discharge (APARD). A New Research Programme of the Arctic Ocean Science 
Board (AOSB)", edited by Ruediger Stein. 
Heft Nr. 28011998 - ,,Fernerkundungs- und GIS-Studien in NordostgrÃ¶nlan von Friedrich Jung-RothenhÃ¤usler 
Heft Nr. 28111998 - J?ekonstruktion der OberflÃ¤chenwassermasse der Ã¶stliche Laptevsee im HolozÃ¤ anhand 
von aquatischen Palynomorphen", von Martina Kunz-Pirrung. 
Heft Nr. 282/1998 -"Scavenging of 231Pa and * T h  in the South Atlantic: lmplications for the use of the "'Pa/^Th ratio 
as a paleoproductivity proxy", by Hans-JÃ¼rge Walter. 
Heft Nr. 28311998 - Ã£Sediment irn arktischen Meereis - Eintrag, Charakterisierung und Quantifizierung", 
von Frank Lindemann. 
Heft Nr. 28411998 - ,,Langzeitanalyse der antarktischen Meereisbedeckung aus passiven Mikrowellendaten", 
von Christian H. Thomas. 
Heft Nr. 28511998 - Ã£Mechanisme und Grenzen der Temperaturanpassung beim Pierwurm Arenicola marina (L.)", 
von Angela Sommer. 
Heft Nr. 28611998 - ,,EnergieumsÃ¤tz benthischer Filtrierer der Potter Cove (King George Island, Antarktis)", 
von Jens Kowalke. 
Heft Nr. 28711998 - "Scientific Cooperation in the Russian Arctic: Research from the Barents Sea up to the Laptev 
Sea", edited by Eike Rachor. 



Heft Nr. 28811998 - ,,Alfred Wegener. Kommentiertes Verzeichnis der schriftlichen Dokumente seines Lebens 
und Wirkens", von Ulrich Wutzke. 
Heft Nr. 28911998 - "Retrieval of Atrnospheric Water Vapor Content in Polar Regions Using Spaceborne 
Microwave Radiornetry", by Jungang Miao. 
Heft Nr. 29011998 - Ã£Strukturell Entwicklung und Petrogenese des nÃ¶rdliche KristallingÃ¼rtel der Shackleton Range, 
Antarktis: Proterozoische und Ross-orogene Krustendynarnik arn Rand des Ostantarktischen Kratons", 
von Axel Brornrner. 
Heft Nr. 29111998 - Ã£Dynami des arktischen Meereises - Validierung verschiedener RheologieansÃ¤tz fÃ¼ die 
Anwendung in Klirnamodellen", von Martin Kreyscher. 
Heft Nr. 292/1998 - ,,Anthropogene organische Spurenstoffe irn Arktischen Ozean, Untersuchungen chlorierter Bi- 
phenyle und Pestizide in der Laptevsee, technische und methodische Entwicklungen zur Probenahrne in der Arktis 
und zur Spurenstoffanalyse", von Sven Utschakowski. 
Heft Nr. 29311998 - Ã£Rekonstruktio der spÃ¤tquartÃ¤r Klima- und Urnweltgeschichte der Schirrnacher Oase und des 
Wohlthat Massivs (Ostantarktika)", von Markus Julius Schwab. 
Heft Nr. 29411998 - ,,Besiedlungsmuster der benthischen Makrofauna auf dem ostgrÃ¶nlÃ¤ndisch Kontinentalhang", 
von Klaus Schnack. 
Heft Nr. 29511998 - ,,GehÃ¤useuntersuchunge an planktischen Foraminiferen hoher Breiten: Hinweise auf 
UmweltverÃ¤nderunge wÃ¤hren der letzten 140.000 Jahre", von Harald Homrners. 
Heft Nr. 29611998 - "Scientific Cruise Report of the Arctic Expedition ARK-XI1111 of RV 'Polarstern' in 1997, 
edited by Michael Spindler, Wilhelrn Hagen and Dorothea StÃ¼bing 
Heft Nr. 29711998 - ,,Radiometrische Messungen irn arktischen Ozean - Vergleich von Theorie und Experiment", 
von Klaus-Peter Johnsen. 
Heft Nr. 298111998 -"Patterns and Controls of CO2 Fluxes in Wet Tundra Types of the Tairnyr Peninsula, Siberia - 
the Contribution of Solls and Mosses", by Martin Sornrnerkorn. 
Heft Nr. 29911998 - "The Potter Cove coastal ecosystem, Antarctica. Synopsis of research performed within the frarne 
of the Argentinean-German Cooperation at the Dallmann Laboratory and Jubany Station (Kind George Island, Antarctica, 
1991 - 1997)", by Christian Wiencke, Gustavo Ferreyra, Wolf Arntz & Carlos Rinaldi. 
Heft Nr. 30011999 - "The Kara Sea Expedition of RV 'Akadernik Boris Petrov' 1997: First Results of a Joint Russian- 
Gerrnan Pilot Study", edited by Jens Matthiessen, Oleg V. Stepanets, Ruediger Stein, Dieter K. FÃ¼tterer and 
Eric M. Galirnov. 
Heft Nr. 30111999 - "The Expedition ANTARKTIS XVl3 (EASIZ II)", edited by Wolf E. Arntz and Julian Gutt. 
Heft Nr. 302/1999 - ,,Sterole irn herbstlichen Weddellrneer (Antarktis): GroÃŸrÃ¤umi Verteilung, Vorkommen und Um- 
satz", von Anneke MÃ¼hlebach 
Heft Nr. 30311999 - Ã£Polar stratosphÃ¤risch Wolken: Lidar-Beobachtungen, Charakterisierung von Entstehung und 
Entwicklung", von Jens Biele. 
Heft Nr. 30411999 - ,,SpÃ¤tquartÃ¤ PalÃ¤oumweltbedingunge arn nÃ¶rdliche Kontinentalrand der Barents- und Kara- 
See. Eine Multi-Parameter-Analyse", von Jochen Knies. 
Heft Nr. 30511999 - "Arctic Radiation and Turbulence Interaction Study (ARTIST)", by JÃ¶r Hartrnann, Frank Albers, 
Stefania Argentini, Axel Bochert, Ubaldo Bonafe, Wolfgang Cohrs, Alessandro Conidi, Dietmar Freese, Teodoro Geor- 
giadis, Alessandro Ippoliti, Lars Kaleschke, Christof LÃ¼pkes Uwe Maixner, Giangiuseppe Mastrantonio, Fabrizio Raveg- 
nani, Andreas Reuter, Giuliano Trivellone and Angelo Viola. 
Heft Nr. 30611999 - "German-Russian Cooperation: Biogeographic and biostratigraphic investigations on selected 
Sediment cores frorn the Eurasian continental rnargin and marginal seas to analyze the Late Quaternary clirnatic 
variability", edited by Robert R. Spielhagen, Max S. Barash, Gennady I. Ivanov, and JÃ¶r Thiede. 
Heft Nr. 30711999 - ,,Struktur und Kohlenstoffbedarf des Makrobenthos arn Kontinentalhang OstgrÃ¶nlands" 
von Dan Seiler. 
Heft Nr. 30811999 - "ARCTIC '98: The Expedition ARK-XIVIla of RV 'Polarstern' in 1998", edited by Wilfried Jokat. 
Heft Nr. 30911999 - Ã£VariabilitÃ der arktischen Ozonschicht: Analyse und Interpretation bodengebundener 
Millimeterwellenrnessungen", von BjÃ¶rn-Marti Sinnhuber. 
Heft Nr. 31011999 - Ã£Rekonstruktio von Meereisdrift und terrigenem Sedirnenteintrag irn SpÃ¤tquartÃ¤ Schwerrnineral- 
assoziationen in Sedimenten des Laptev-See-Kontinentalrandes und des zentralen Arktischen Ozeans", 
von Marion Behrends. 
Heft Nr. 31111999 - ,,Parameterisierung atmosphÃ¤rische Grenzschichtprozesse in einem regionalen Klirnarnodell 
der Arktis", von Christoph Abegg. 
Heft Nr. 312/1999 - Ã£Solar und terrestrische Strahlungswechselwirkung zwischen arktischen EisflÃ¤che 
und Wolken", von Dietmar Freese. 
Heft Nr. 31311999 - "Snow accumulation on EkstrÃ¶rnisen Antarctica", by Elisabeth Schlosser, Hans Oerter 
and Wolfgang Graf. 
Heft Nr. 31411999 - Ã£Di Expedition ANTARKTIS XVl4 des Forschungsschiffes ,Polarstern' 1998, 
herausgegeben von Eberhard Fahrbach. 
Heft Nr. 31511999 -"Expeditions in Siberia in 1998", edited by Volker Rachold. 
Heft Nr. 31611999 -,,Die postglaziale Sedimentationsgeschichte der Laptewsee: schwermineralogische und 
sedimentpetrographische Untersuchungen", von Bernhard Peregovich. 
Heft-Nr. 31711999 - =Adaption an niedrige Temperaturen: Lipide in Eisdiatomeen", von Heidi Lehmal. 
Heft-Nr, 31811999 - Ã£Effizient parallele LÃ¶sungsverfahre fÃ¼ elliptische partielle Differentialgleichungen in der numerischen 
Ozeanrnodellierung", von Natalja Rakowsky. 



Heft-Nr. 31911999 - "The Ecology of Arctic Deep-Sea Copepods (Euchaetidae and Aetideidae). Aspects of their Distribution, 
Trophodynamics and Effect on the Carbon Flux", by Holger Auel. 
Heft-Nr. 32011999- "Modellstudien zur arktischen stratosphÃ¤rische Chemie im Vergleich mit MeÃŸdaten" 
von Veronika Eyring. 
Heft-Nr. 32111999- "Analyse der optischen Eigenschaften des arktischen Aerosols", von Dagmar Nagel. 
Heft-Nr. 32211999- "Messungen des arktischen stratosphÃ¤rische Ozons: Vergleich der Ozonmessungen in ~ ~ - â ‚ ¬ l e s u n  
Spitzbergen, 1997 und 1998", von Jens Langer. 
Heft-Nr. 32311999 - "Untersuchung struktureller Elemente des sÃ¼dÃ¶stlich Weddellmeeres / Antarktis 
auf der Basis mariner Potentialfelddaten", von Uwe F. Meyer. 
Heft-Nr. 32411999- "Geochemische Verwitterungstrends eines basaltischen Ausgangsgesteins nach dem spÃ¤tpleistozane 
GletscherrÃ¼ckzu auf der Taimyrhalbinsel (Zentralsibirien) - Rekonstruktion an einer sedimentÃ¤re Abfolge des Lama Sees", 
von Stefanie K. Harwart. 
Heft-Nr. 32511999 - "Untersuchungen zur Hydrologie des arktischen Meereises - Konsequenzen fÃ¼ den kleinskaligen 
Stofftransport", von Johannes Freitag. 
Heft-Nr. 32611999- "Die Expedition ANTARKTIS XIV/2 des Forschungsschiffes 'Polarstern' 1998", 
herausgegeben von Eberhard Fahrbach. 
Heft-Nr. 32711999 - "Gemeinschaftsanalytische Untersuchungen der Harpacticoidenfauna der Magellanregion, sowie erste 
similaritÃ¤tsanalytisch Vergleiche mit Assoziationen aus der Antarktis", von Kai Horst George. 
Heft-Nr. 32811999- "Rekonstruktion der PalÃ¤o-Umweltbedingunge am Laptev-See-Kontinentalrand wÃ¤hren der beiden 
letzten Glazial/Interglazial-Zyklen anhand sedimentologischer und mineralogischer Untersuchungen", 
von Claudia MÃ¼ller 
Heft-Nr. 32911999- "RÃ¤umlich und zeitliche Variationen atmosphÃ¤rische Spurengase aus bodengebundenen Messungen 
mit Hilfe eines Michelson intetferometers", von Justus Notholt. 
Heft-Nr. 33011999 - "The 1998 Danish-German Excursion to Disko Island, West Greenland", edited by Angelika Brandt, 
Helge A. Thomsen, Henning Heide-Jrargensen, Reinhard M. Kristensen and Hilke Ruhberg. 
Heft-Nr. 33111999 - "Poseidon" Cruise No. 243 (Reykjavik - Greenland - Reykjavik, 24 August - 11 September 1998): 
Climate change and the Viking-age fjord environment of the Eastern Settlement, sw Greenland", by Gerd Hoffmann, 
Antoon Kuijpers, and JÃ¶r Thiede. 
Heft-Nr. 33211999- "Modeling of marine biogeochemical cycles with an emphasis on vertical particle fluxes", 
by Regina Usbeck. 
Heft-Nr. 33311999 - "Die Tanaidaceenfauna des Beagle-Kanals und ihre Beziehungen zur Faunades antarktischen 
Festlandsockels", von Anja Schmidt. 
Heft-Nr. 33411999- "D-AminosÃ¤ure als Tracer fÃ¼ biogeochemische Prozesse im FluÃŸ-Schelf-Ozean-Syste der Arktis", 
von Hans Peter Fitznar. 
Heft-Nr. 33511999- "Ã–kophysiologisch Ursachen der limitierten Verbreitung reptanter decapoder Krebse in der Antarktis", 
von Markus Frederich. 
Heft-Nr. 33611999- "Ergebnisse der Untersuchung des grÃ¶nlÃ¤ndisch Inlandeises mit dem elektromagnetischen 
Reflexionsverfahren in der Umgebung von NGRIP", von Fidan GÃ¶ktas 
Heft-Nr. 33711999 - "Paleozoic and mesozoic tectono-thermal history of central Dronning Maud Land, East Antarctica, - 
evidence from fission-track thermochronology", by Stefanie Meier. 
Heft-Nr. 33811999- "Probleme hoher Stoffwechselraten bei Cephalopoden aus verschiedenen geographischen Breiten", 
von Susanne Zielinski. 
Heft-Nr. 33911999 - "The Expedition ARKTIS XV/l", edited by Gunther Krause. 
Heft-Nr. 34011999- "Microbial Properties and Habitats of Permafrost Soils On Taimyr Peninsula, Central Siberia", 
by Nicole Schmidt. 
Heft-Nr. 34111999 - "Photoacclimation of phytoplankton in different biogeochemical provinces of the Southern Ocean 
and its significance for estimating primary production", by Astrid Bracher. 
Heft-Nr. 34211999 - "Modern and Late Quaternary Depositional Environment of the St. Anna Trough Area, 
Northern Kara Sea", edited by Ruediger Stein, Kirsten Fahl, Gennadij I. Ivanov, Michael A. Levitan, and Gennady Tarasov. 
Heft-Nr. 34311999- "ESF-IMPACT Workshop/Oceanic impacts: mechanisms and environmental perturbations, 
15-17 April 1999 in Bremerhaven", edited by Rainer Gersonde and Alexander Deutsch. 
Heft-Nr. 34411999 - "Die Klimageschichte der hohen nÃ¶rdliche Breiten seit dem mittleren MiozÃ¤n 
Hinweise aus sedimentologischen-tonmineralogischen Analysen (ODP Leg 151, zentrale FramstraÃŸe)" von Amelie Winkler. 
Heft-Nr. 34511999 - "Kurzfristige Klimaschwankungen im Scotiameer und Ergebnisse zur Kalbungsgeschichte der Antarktis 
wÃ¤hren der letzten 200000 Jahre", von Annette Hofmann. 
Heft-Nr. 34612000 - "Glazialmarine Sedimentationsentwicklung am westantarktischen Kontinentalrand im Amundsen- und 
Bellinashausenmeer - Hinweise auf PalÃ¤oumweltverÃ¤nderunq wÃ¤hren der quartÃ¤re Klimazyklen", 
von  laus-~ieter Hillenbrand. 
Heft-Nr. 34712000 - "Zur Ã–kologi des Phytoplanktons im arktischen Laptevmeer - ein jahreszeitlicher Vergleich", 
von Kirsten Tuschling. 
Heft-Nr. 34812000 - "Untersuchungen zum Fettstoffwechsel des SÃ¼dliche See-Elefanten (Mirounga leonina L.) 
in der Antarktis", von Sven Ramdohr. 



Heft-Nr. 34912000 - ,,Licht- und TemperatureinfluÃ auf den enzymatischen Oxidationsschutz der antarktischen 
Eisdiatomee Entomoneis kufferathii Manguin", von Raimund Schriek. 
Heft-Nr. 35012000 - ,,Die Expedition ARKTIS XV/3 des Forschungsschiffes 'Polarstern' 1999", 
herausgegeben von Ursula Schauer. 
Heft-Nr. 35112000 - "Dissolution kinetics of biogenic silica in marine environments", by Dirk Rickert. 
Heft-Nr. 352/2000 - ,,Geometrie und Kinematik des tertiÃ¤re Deckenbaus im West Spitzbergen Falten- und 
UberschiebungsgÃ¼rtel Breggerhalvoya, Svalbard", von Kerstin Saalmann. 
Heft-Nr. 35312000 - Ã£Zu Ã–kologi der Benthos-Foraminiferen der Potter Cove (King George Island, Antarktis)", 
von Michaela Mayer. 
Heft-Nr. 35412000- "Expeditions in Siberia in 1999", edited by Volker Rachold. 
Heft-Nr. 35512000- ,,Temperaturrekonstruktion im Tropischen Atlantik fÃ¼ das Letzte Glaziale Maximum: 
CLIMAP neu betrachtet", von Carsten Porthun. 
Heft-Nr. 35612000 - Ã£Niederfrequent VariabilitÃ¤ groÃŸrÃ¤umig atmosphÃ¤rische Zirkulationsstrukturen in spektralen 
Modellen niederer Ordnung", von Antje Weisheimer. 
Heft-Nr. 35712000- "Late Quaternary paleoclimatic reconstructions along the Eurasian continental margin", 
by Hans Peter Kleiber. 
Heft-Nr. 35812000 - "Holocene environmental history of East Greenland - evidence from lake sediments", 
by Bernd Wagner. 
Heft-Nr. 35912000- "Scientific Cooperation in the Russian Arctic: Ecology of the White Sea with Emphasis 
on its Deep Basin", edited by Eike Rachor. 
Heft-Nr. 36012000- "Scientific Cruise Report of the Joint Russian-German Kara-Sea Expedition of 
RV 'Akademik Boris Petrov' in 1999", edited by Ruediger Stein and Oleg Stepanets. 
Heft-Nr. 36112000 - "Planktic foraminifer ecology and stable isotope geochemistry in the Arctic Ocean: implications 
from water column and sediment surface studies for quantitative reconstructions of oceanic parameters.", 
by Renate Volkmann. 
Heft-Nr. 362/2000 - ,,Eisbohrkernuntersuchungen zur rÃ¤umliche und zeitlichen VariabilitÃ¤ von Temperatur 
und Niederschlagsrate im SpÃ¤tholozÃ in NordgrÃ¶nland" von Matthias Schwager. 
Heft-Nr. 36312000 - ,,Benthische Peracarida (Crustacea, Malacostraca) des arktischen Mellemfjordes, West-GrÃ¶nland" 
von Anne-Nina LÃ¶rz 
Heft-Nr. 36412000- ,,Die Expeditionen ANTARKTIS XVI/3-4 des Forschungsschiffes 'Polarstern' 1999", 
herausgegeben von Ulrich Bathmann, Victor Smetacek und Manfred Reinke. 
Heft-Nr. 36512000 - "Organic carbon in Late Quaternary sediments: Responses to paleoenvironmental changes in the 
Laptev and Kara seas (Arctic Ocean)", by Bettina Boucsein. 
Heft-Nr. 36612000 - ,,FlugzeuggestÃ¼tzt Topographie- und Schweremessung: MeÃŸsyste und Anwendung auf die 
Region FramstraÃŸe Spitsbergen und NordostgrÃ¶nland" von Tobias Boebel. 
Heft-Nr. 36712000 - ,,Messung dielektrischer Eigenschaften polarer Eiskerne", von Frank Wilhelms. 
Heft-Nr. 36812000- "The Expedition ARKTIS-XV/2 of RV 'Polarstern' in 1999", edited by Wilfried Jokat. 
Heft-Nr. 36912000- Ã£Interpretatio seismischer und gravimetrischer Daten des Weddellmeeres, Antarktis", 
von Johannes Rogenhagen. 
Heft-Nr. 37012000 - ,,Struktureigenschaften und Nahrungsbedarf der Zoobenthosgemeinschaften im Bereich des 
LomonossowrÃ¼cken im Arktischen Ozean", von Hendrik Deubel. 
Heft-Nr. 37112000- ,,Die Rolle der Schneebedeckung fÃ¼ die Kryptogamen-Vegetation in der maritimen Antarktis 
(Potter-Halbinsel), King George Island)", von Jana Barbro Winkler. 
Heft-Nr. 37212000 - "Biodiversity of the Weddell Sea: macrozoobenthic species (demersal fish included) sampled 
during the expedition ANT Xlll/3 (EASIZ I) with RV 'Polarstern'", edited by Julian Gutt, Boris I. Sirenko, Wolf E. Arntz, 
Igor S. Smirnov, and Claude De Broyer. 
Heft-Nr. 37312000 - ,,Benthische Foraminiferen im Boreas-Becken, GrÃ¶nlandsee Verbreitung und palÃ¤o-ozeanographisch 
Rekonstruktionen fÃ¼ die letzten 450.000 Jahre", von Sabine Magnus. 
Heft-Nr. 37412000 - ,,Scherwellendoppelbrechungsanalyse von Registrierungen der Stationen des seismologischen 
Netzwerkes an der Neumayer Station, Antarktis: Seismische Anisotropie und die tektonische Entwicklung des 
Kontinentalrandes Queen Maud Lands", von Christian MÃ¼ller 
Heft-Nr. 37512000 - "Effects of enhanced UV-radiation on photosynthesis of Arctic/cold-temperate macroalgae", 
by Kai Bischof. 
Heft-Nr. 37612000 - ,,SaisonalitÃ¤ und kurzperiodische VariabilitÃ¤ des Seesalz-Aerosols und des bodennahen Ozons 
in der Antarktis (Neumayer-Station) unter BerÃ¼cksichtigun der Meereisbedeckung", von JÃ¶r Hofmann. 

Ab dem Heft-Nr. 377 erscheint die Reihe unter dem Namen: 
,,Berichte zur Polar- und Meeresforschung" 

Heft-Nr. 37712000 - ,,Rekrutierungsmuster ausgewÃ¤hlte Wattfauna nach unterschiedlich strengen Wintern" 
von Matthias Strasser. 
Heft-Nr. 37812001 - ,,Der Transport von WÃ¤rme Wasser und Salz in den Arktischen Ozean", von Boris Cisewski 
Heft-Nr. 37912001 - Ã£Analys hydrographischer Schnitte mit Satellitenaltimetrie", von Martin Losch. 



Heft-Nr. 38012001 - Ã£Di Expeditionen ANTARKTIS XVI/I -2 des Forschungsschiffes POLARSTERN l998/1999", 
herausgegeben von Eberhard Fahrbach und Saad EI Naggar. 
Heft-Nr. 38112001 - ,,UV-Schutz- und Reparaturmechanismen bei antarktischen Diatomeen und Phaeocystis antarctica", 
von Lieselotte Riegger. 
Heft-Nr. 38212001 - "Age determination in polar Crustacea using the autofluorescent pigment lipofuscin", 
by Bodil Bluhm. 
Heft-Nr. 38312001 - ,,Zeitliche und rÃ¤umlich Verteilung, HabitatsprÃ¤ferenze und Populationsdynamik 
benthischer Copepoda Harpacticoida in der Potter Cove (King George Island. Antarktis)", von Gritta Veit-KÃ¶hler 
Heft-Nr. 38412001 - Ã£BeitrÃ¤ aus geophysikalischen Messungen in Dronning Maud Land, Antarktis, zur Auffindung 
eines optimalen Bohrpunktes fÃ¼ eine Eiskerntiefbohrung", von Daniel Steinhage. 
Heft-Nr. 38512001 - Ã£Actinium-22 als Tracer fÃ¼ Advektion und Mischung in der Tiefsee", von Walter Geibert. 
Heft-Nr. 38612001 - ,,Messung von optischen Eigenschaften troposphÃ¤rische Aerosole in der Arktis". 
von Rolf Schumacher. 
Heft-Nr. 38712001 - %Bestimmung des Ozonabbaus in der arktischen und subarktischen StratosphÃ¤re" von Astrid Schulz. 
Heft-Nr. 38812001 - "Russian-German Cooperation SYSTEM LAPTEV SEA 2000: The Expedition LENA 2000", 
edited by Volker Rachold and Mikhail N. Grigoriev. 
Heft-Nr. 38912001 - "The Expeditions ARKTIS XVIII and ARKTIS XVI/2 of the Rearch Vessel ,Polarstern' in 200OZ, 
edited by Gunther Krause and Ursula Schauer. 
Heft-Nr. 39012001 - "Late Quaternary climate variations recorded in North Atlantic deep-sea benthic ostracodes", 
by Claudia Didie. 
Heft-Nr. 39112001 - "The polar and subpolar North Atlantic during the last five glacial-interglacial cycles". 
by Jan P. Helmke. 
Heft-Nr. 39212001 - ,,Geochemische Untersuchungen an hydrothermal beeinfluÃŸte Sedimenten der Bransfield StraÃŸ 
(Antarktis)", von Anke DÃ¤hlmann 
Heft-Nr. 39312001 - "The German-Russian Project on Siberian River Run-off (SIRRO): Scientific Cruise Report of the 
Kara-Sea Expedition 'SIRRO 2000' of RV ,Boris Petrov' and first results", edited by Ruediger Stein and Oleg Stepanets. 
Heft-Nr. 39412001 - ,,Untersuchungen der Photooxidantien Wasserstoffperoxid, Methylhydroperoxid und Formaldehyd 
in der TroposphÃ¤r der Antarktis ", von Katja Riede!. 
Heft-Nr. 39512001 -"Pole of benthic cnidarians in the energy transfer processes in the Southern Ocean marine ecosystem 
(Antarctica)", by Covadonga Orejas Saco del Valle. 
Heft-Nr. 39612001 - "Biogeochemistry of Dissolved Carbohydrates in the Arctic". by Ralph Engbrodt. 

nur noch beim Autor 1 only from the author 




