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Abstract—The chemical structure of organic nitrogen and the mechanisms of its cycling in the oceans still
remain elemental questions in contemporary marine sciences. The Arctic Ocean provides a model system for
studying the fate of terrigenous compounds in the ocean. We chemically characterised and traced the discharge
of dissolved organic nitrogen (DON) and its particulate counterpart (PON) from the Russian rivers into the
central Arctic Ocean. We focused on theeandL-enantiomers of amino acids, the principal organic nitrogen
compounds of living biomass. Total dissolved and particulate hydrolysable amino acids (TDAA, PAA)
exhibited highest concentrations in the rivers (TDAA: 3)4; PAA: 5.0 uM on average), contributing-40%
to DON and~60% to PON. In the Arctic Ocean, TDAA and PAA decreased to concentratiorsl gfM,
accounting only for~10% of DON but~80% of PON. Dominant amino acids in TDAA were glycine and
alanine (in the rivers, 35% of TDAA; in deepwater, 49%), followed by aspartic acid, glutamic acid, and serine.
Threonine was also abundant in the rivers, and leucine in deep seawater. Microbial-degivadtiomers of
aspartic acid, glutamic acid, serine, and alanine were found in significant amounts in all river and seawater
samples, both dissolved and suspended. In riverine TDASpartic acid was most abundant (21% of total
aspartic acid); in deep seawateralanine predominated (44% of total alanine). The proportions of all
p-enantiomers were significantly higher in oceanic versus riverine TDAA and increased with depth in the
Arctic Ocean. PAA exhibited much lower proportionsménantiomers than TDAA (generalkg10% of the
respective amino acid).

This first direct and complete quantificationmfimino acids dissolved and suspended in seawater provides
molecular evidence for microbial contribution to marine organic nitrogen. ParticoHateino acids, present
even offshore in the euphotic zone, indicated microbial biomass and fast turnover of decaying phytoplankton.
However, recognisable microbial-derived compounds contributed only a minor fraction to marine DON. The
amino acid signature of DON can be explained largely by conservative mixing of recalcitrant compounds of
terrestrial (soil) and marine origin. They behaved biogeochemically stable in the brackish mixing zone of the
estuaries and in the Arctic Ocean over years to decades. The high amino acid content andteedotiomer
proportion of soil-derived DON indicate that terrestrial diagenesis is much more efficient than marine
diagenesis in protecting amino acids from bacterial degradation. The huge amounts of dissolved organic
nitrogen transported by Siberian rivers into the Arctic Ocean therefore do not substantially support the
productivity of the Arctic Ocean.Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION large freshwater input, it is well stratified and characterised by

The availability of a few elements controls the productivity & distinctive surface layer of reduced salinity. The transport of
of the world’s oceans. It is primarily nitrogen that limits phy-  Tiverine freshwater to outer-shelf areas is slow and lasts several
toplankton growth in the euphotic zone. Besides atmospheric Years. Advective mixing of surface waters with halocline water
inputs and autochthonous fixation of atmospheticdontinent—  takes~10 yr (Schlosser et al., 1995).
ocean fluxes are the primary source for bioavailable nitrogento ~ Despite great efforts in the last decades, it is not possible so
the oceans. The major fraction of this ni[rogen is bound in far to isolate efficiently dissolved organic matter from a sea-
organic molecules and available for most primary producers water matrix for extensive chemical characterisations. In recent
only following bacterial mineralisation (Cornell et al., 1995, Yyears, ultrafiltration and solid phase extraction have been ap-
and references therein). The chemical identity of the organi- plied most frequently. However, these methods generally iso-
cally bound nitrogen therefore determines the impact of the late only a minor fraction<30%) of marine dissolved organic
enormous continental fluxes on marine productivity. The chem- matter (Benner et al., 1997). The major fraction therefore
ical structure of terrigenous and marine-derived organic nitro- awaits chemical identification. To improve our knowledge on
gen and the mechanisms of its cycling in the oceans still remain the composition of bulk organic matter, we established an
elemental questions in contemporary marine sciences. analytical method for the direct quantification of the principal

The Arctic Ocean provides a model system for studying the organic nitrogen compounds of living biomass andL-amino
fate of terrigenous compounds in the ocean. The Arctic Ocean acid enantiomers, in seawater (Fitznar et al., 1999). Bacterial
is, on a volume basis, the ocean with the highest terrestrial hiomass is rich i-amino acids, whereas phytoplankton and
input in terms of freshwater and organic matter. Because of the gther primary producers contain almost exclusivelgnanti-
omers (e.g., Jgrgensen et al., 1999). Abiotic racemisation and

* Author to whom correspondence should be addressed (tdittmar@awi- inorganic degradation also generat@mino acids, but these
bremerhaven.de). processes are slow and mostly negligible in the presence of
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Fig. 1. Map of sampling site and stations. Station numbers are from the various expeditions. Stars denote river stations,
open circles denote near-shore stations, and filled circles denote offshore stations.

active bacteria (Bada, 1972). Earlier studies on dissolved or-
ganic nitrogen fractions isolated from seawater by solid phase
extraction (Cu-ligand exchange chromatography; Lee and
Bada, 1977; Bada and Hoopes, 1979) and ultrfiltration (>1
kD; McCarthy et al., 1998) show that the p-enantiomers of
some amino acids are present in significant concentrations in
seawater. Alanine is the amino acid with highest p-enantiomer
proportions of up to 50%. McCarthy et al. (1998) deduced a
major bacterial contribution to marine DON. The p-enanti-
omers of aanine, aspartic acid, and glutamic acid are principal
congtituents of peptidoglycan, a structural biopolymer of bac-
terial membranes. Cell-wall constituents are presumably less
accessible to biodegradation than bulk organic matter (Tanoue
et a., 1995; Nagata et al. 1998a) so that the respective p-amino
acids may therefore accumulate during diagenesis. The forma-
tion of submicron particles from bacterial degradation may
protect even labile compounds (Borch and Kirchman, 1999).
Bacteria may therefore play a central role for the generation of
recalcitrant organic nitrogen in the ocean.

The objective of our study was to trace the flux of dissolved
organic nitrogen (DON) and its particulate counterpart (PON)
from the Russian rivers into the Arctic Ocean. We sought to
identify major sources of organic nitrogen to the Arctic Ocean
and diagenetic alterations characteristic of different environ-
mental conditions. We focused our attention primarily on
amino acids, the principal organic nitrogen compounds of liv-
ing biomass and aso on the quantification of p-enantiomers.
We highlight their use as tracers for bacterial impact on organic
nitrogen in this first comprehensive study of hydrolysable p-
and L-amino acids in total dissolved and suspended seawater
organic matter.

2. MATERIAL AND METHODS

The 12 Russian rivers studied (Fig. 1) account for 43% of the
riverine freshwater discharge to the Arctic Ocean (Arctic River Data-

base, 1998) and for 38% of the dissolved organic carbon discharge
(Lobbes et a., 2000). Siberian rivers become free of ice in early
summer and discharge >90% of the annual delivery to the Arctic
Ocean from May to July. We traced this summer discharge from the
estuaries to the near-shore coastal zone and along a transect from the
Laptev Sea into the Amundsen Basin. Below the halocline, a layer of
Atlantic water is located. Deeper water layers (>500 m) are similar in
terms of salinity and temperature and are referred here as “ deepwater.”
Samples were collected from the upper part of the estuaries (sdinity
~0) and along the coast (salinity 25-34) over an east-west distance of
~4000 km of coastline (Fig. 1). These samples were taken from surface
water, except for the Yenisey (10 m), after the maximum water dis-
charge in summer. Both dissolved and particulate samples were ac-
quired from al rivers, except the Vaskina, Omoloy, and Yana (no
dissolved samples) and Velikaja (no particulate sample). Additionally,
dissolved samples were obtained at standard oceanographic (CTD)
depths from the Laptev Sea along a 550-km transect. All samples were
taken from Niskin bottles fitted to a CTD-probe rosette system.

Samples from the Lena, Y ana, and Omoloy Rivers were taken during
two expeditions with the research vessel (RV) Prof. Makkaveev by the
Alfred Wegener Institute in co-operation with the Geographical Faculty
of the Moscow State University in July 1994 (Lena) and August 1995
(Yana, Omoloy). Sampling at the other estuaries and along the coast
was carried out during the SWEDARCTIC Tundra Ecology-94 expe-
dition with the RV Akademik Fedorov in June-July 1994. For detailed
information on the expedition see Lobbes et al. (2000) and references
therein. The Laptev Sea was sampled during the RV Polarstern expe-
dition ARK XI/1 from July to September 1995 (Rachor, 1997; Kattner
et a., 1999).

Water samples were filtered onboard through precombusted (500°C,
5 h) Whatman GF/F filters (nominal pore size ~0.7 um). Water
samples from Lena, Y ana, and Omoloy were poisoned with HgCl, to a
sample concentration of 100 mg + L~ (Kattner, 1999), stored in 1-L
polyethylene bottles at 4°C and filtered in the home laboratory. The
filters were kept frozen (—30°C) in precombusted sealed glass vias
until determination of particulate organic carbon (POC), nitrogen
(PON), and amino acids (PAA). Water aliquots for analysis of inor-
ganic nutrients and dissolved organic nitrogen (DON) were poisoned
with HgCl, and kept a 4°C in polyethylene bottles. Aliquots for
determination of dissolved organic carbon (DOC) were adjusted after
filtration to pH = 2 with 1 N HCI and stored in precombusted glass
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ampoules at 4°C. Total dissolved amino acid (TDAA) samples were
kept frozen (—30°C) in precombusted sealed glass ampoules.

Salinity was measured with a CTD-probe (Seabird SBE-11 plus;
Laptev Sea) and a salinometer (WTW LF191; estuary and near-shore
samples). Total suspended solids (TSS) were gravimetrically quantified
on the dried GF/F filters (80°C, 12 h). POC, PON, and stable carbon
isotope analyses were performed with a Europa Scientific ANCA SL
20-20 stable isotope analyser. Results were normalized to the PDB
standard and expressed as 8'°C (Fry and Sherr, 1984). DOC was
determined by high-temperature catalytic oxidation with a Shimadzu
TOC 5000 or a Rosemount Dohrman TOC 190 analyser. Inorganic
nutrients were determined with a Technicon Autoanalyser Il system
according to Kattner and Becker (1991). Dissolved organic nitrogen
(DON) was measured by wet oxidation with potassium persulfate
(Koroleff, 1983). The relative standard deviations for each method and
each run were =3.5% (p = 0.05; German standard method; Funk,
1985). If a run exceeded this value or if the coefficient of variation
between duplicates exceeded 5%, the determination was repeated.

The sum of dissolved combined and free amino acids (TDAA) was
quantified because free amino acids are present in natural waters in
negligible concentrations only; for example, in Greenland Seaand Lena
River <2% of TDAA (Hubberten et al., 1994; Lara et al., 1998). For
the determination of TDAA and PAA, samples were hydrolysed with
HCI (16%) in the presence of ascorbic acid (55 uM) at 110°C (24 h) in
precombusted sealed glass ampoules according to Fitznar et a. (1999).
Glycine (Gly) and the p- and L-enantiomers of the individua amino
acids aspartic acid (Asp), glutamic acid (Glu), serine (Ser), threonine
(Thr), arginine (Arg), aanine (Ala), y-amino butyric acid (GABA),
tyrosine (Tyr), valine (Val), phenylaanine (Phe), isoleucine (Iso), and
leucine (Leu) were determined in the hydrolysates (adjusted to pH =
8.5) by high-performance liquid chromatography (HPL C)/fluorescence
detection (Ex: 330 nm; Em: 445 nm) after precolumn derivatisation
with o-phthaldialdehyde and N-isobutyrylcysteine (Fitznar et 4.,
1999). We used a Merck LaChrom HPLC system with intelligent
autosampler for automatic derivatisation, reversed phase column (Su-
perspher RP 18, 4-um particle diameter, 125 mm length, 4 mm inner
diameter) and a multistep gradient system. External standards of the
amino acid enantiomers (Fluka, Switzerland; Aldrich, USA; Sigma,
USA) were used for calibration. Each sample was analysed in duplicate
with two derivatising agents (N-isobutyryl-L-cysteine and N-isobutyryl-
D-cysteine). We only report amino acid concentrations that were re-
producibly quantified after derivatisation with both reagents and only
those p-enantiomers that were significantly different from the racemi-
sation blank. The coefficients of variation between the duplicates were
1 to 8%; the relative standard deviation for the individual amino acids
and each run was =3.5%.

The validity of the method was checked by standard addition to a
subset of samples before and after hydrolysis. Systematic errors deter-
mined in this way were below 5% of sample concentration, including
possible losses during hydrolysis. Chemical hydrolysisinduces racemi-
sation of amino acids. Therefore, the extent of racemisation during
hydrolysis was determined by exposing a composite of L-amino acids
to the hydrolysation procedure. The percentage of b-amino acidsin the
hydrolysates ranged from 0.5 to 5%. These racemisation blanks are not
representative for environmental samples because racemisation is es-
sentially dependent on the chemical environment and bonding of the
amino acids (Manning, 1970). Because the true value for TDAA and
PAA samples is not accessible, the results were not corrected for the
racemisation blank. Because of characteristic and highly distinctive
p-amino acid patterns of the different samples, we infer negligible
racemisation during hydrolysis compared with naturally occurring p-
amino acid contents.

Dauwe and Middelburg (1998) introduced an empirical degradation
index for protein amino acids on the base of a principal component
analysis applied on a set of sedimentary amino acid data. The advan-
tages of this degradation index are that the whole suite of protein amino
acidsis considered for the calculation and that different samples can be
compared directly and quantitatively. The index characteristically
reaches from +1 (phytoplankton, bacteria) to —1.5 (highly degraded
oxic sediments). Recently, Amon et a. (2001) showed that this index
is also meaningful for early diagenesis of marine dissolved organic
matter. We applied thisindex on our dissolved and particulate samples
of different origin and diagenetic state. The significance of this ap-

proach was tested by comparison with independent diagenetic indica-
tors, for example, enantiomer ratios.

All correlation analyses performed in this study are based on Pear-
son’s correlation coefficients, the significance of which was tested by
the Student’s t-test. Regression analyses were performed only if the
values of one of the variables were known exactly without considerable
errors (Webster, 1997).

3. RESULTS

3.1. General Parameters

The strong freshwater input of the Siberian rivers into the
Arctic Ocean led to reduced salinities along the whole coastline
and at the surface of the Laptev Sea, even at the most offshore
stations. Despite the high variability between the individua
rivers in terms of nutrient and organic matter concentration,
their average pattern was significantly different from the oce-
anic stations that were pooled into near-shore and Laptev Sea
categories. Furthermore, the Laptev Sea stations were grouped
into surface (0—30 m), halocline (30—200 m), Atlantic water
(200-500 m), and deepwater groups (>500 m). Average nu-
trient and organic matter concentrations for these subgroups are
shown in Table 1.

In most of the rivers, silicate was the most abundant nutrient,
with an average concentration of 15.9 uM. Silicate concentra-
tions near-shore and in the Laptev Sea were lower at ~6 uM.
In deepwater, silicate concentrations increased to 9.6 uM and
dissolved inorganic nitrogen (DIN = nitrate + nitrite + am-
monium) was more abundant than silicate. The Arctic rivers
were characterised by low concentrations of DIN and phos-
phate, exhibiting average values of 26 uM and 0.29 uM,
respectively. The major fraction of the riverine nitrogen was
bound in dissolved and particulate organic compounds (DON:
12.1 uM, PON: 11.4 uM). DIN and phosphate concentrations
were low near-shore and at the surface of the Laptev Sea but
increased considerably with depth to average concentrations in
deepwater of 13.9 uM and 0.99 uM, respectively. DIN was
composed principally of nitrate. Nitrite concentration was neg-
ligible (0.05 uM on average), and ammonium concentration
was on average 0.7 uM, with no significant difference between
the groups of stations. Contrary to DIN, DON decreased during
the transition from the rivers to the ocean and continued de-
creasing with depth. In deepwater only a minor fraction of
nitrogen was bound organically. DOC behaved similarly, but
the decrease from river (624 uM) to near-shore (155 uM) was
much more pronounced, leading to a strong decrease of the
molar C/N ratio from an average of 51 in the rivers to 23
near-shore. PON and POC decreased near-shore to ~10% of
the river concentration. The C/N ratio of particulate matter did
not change significantly over this transition. Because of the
strong near-shore decrease of PON, DON concentration greatly
exceeded that of PON. The patterns of dissolved and particulate
organic matter also changed during the transition from the
riversto the ocean. 8*C of POC increased from —26.6%o in the
rivers to —25.2%0 near-shore. The organic carbon normalised
molar yield of lignin phenol carbon (X4, decreased from
~2%o in both riverine particulate and dissolved organic matter
to ~0.2%0 near-shore and in Laptev Sea surface water.
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Table 1. Salinity, Nutrients, and Organic Bulk Parameters for Dissolved and Particulate Organic Matter.

Laptev Sea
Atlantic

River Near-Shore Surface Halocline Water Deepwater
n (diss/part.) 911 12/12 21/4 15/4 19/5
Sdinity 00=*00 314+13 308+ 06 341+02 349+ 0.0 349+ 00
DIN (uM) 26=*+20 29+ 14 3.0x08 81+ 0.8 109 + 2.2 139+ 05
Silicate (uM) 159 + 13.6 53*32 6.4+ 06 55+ 09 57*02 9.6+ 0.9
Phosphate (uM) 0.29 = 0.13 0.18 = 0.12 0.51 + 0.06 0.73 £ 0.04 0.87 = 0.06 0.99 + 0.04
DOC (uM) 624 + 163 155 * 26 125+ 8 82+ 8 62+ 4 68+ 5
DON (uM) 121+ 22 74+13 6.2+ 04 45+ 03 36*x04 34+03
C/Ngiss. 51+9 23+5 21+1 19+2 18+ 3 20+ 2
Xiignin, diss. (%o) 21+06 021+ 0.08 0.27 = 0.09 - - -
TDAA (uM) 32*+06 0.52 = 0.08 0.52 + 0.05 0.32 £ 0.02 0.27 = 0.03 0.25 + 0.03
TSS(mgL™?) 104 = 47 28+ 1 - - -
POC (uM) 115+ 53 13+5 - - -
PON (uM) 114+ 59 12+05 - - -
C/Npar. 110+ 11 151 +54 - - -
813C (%o) —26.6 0.3 -252*+0.8 - - -
Xiignin, part, (%0) 25+12 021+ 0.12 - - - -
PAA (uM) 50=*32 0.67 = 0.35 0.17 = 0.13 0.04 + 0.02 0.03 = 0.02 0.03 = 0.02

Note: Average values, confidence intervals (p < 0.05) and number of samples (n) for the different areas of sampling. Our results were completed
with nutrient, organic carbon and nitrogen data from Kattner et al. (1999; Laptev Sea) and Lobbes et al. (2000; Arctic Rivers) and lignin data from

Lobbes (1998).

3.2. Amino Acids

Highest amino acid concentrations of 3.2 uM (TDAA) and
5.0 uM (PAA) on average were found in the rivers (Table 1).
The organic nitrogen-normalised molar yield of amino acids
was on average 38% for DON and 63% for PON (Fig. 2).
Near-shore, the amino acid concentration decreased to 0.52 uM
(TDAA) and 0.67 uM (PAA). Hydrolysable amino acids near-
shore contributed only 10% to DON but made up 78% of PON.
From surface to depth, TDAA concentration decreased parallel
to DON to 0.25 uM in deepwater. Overall, amino acid yields
remained almost constant at ~10% of DON.

The composition of TDAA differed significantly from that of
PAA, and riverine samples exhibited a different signature than
oceanic samples (Fig. 3). The neutral amino acids glycine and
alanine were the most abundant dissolved amino acids at all
stations, followed by aspartic acid and glutamic acid (acidic

38+11%

Amino acid-N (TDAA, PAA)

-
o

DON, PON (uM)

9+1%
10£3% 40129

o

River  Near-shore Surface Halocline Atlantic water Deepwater

Fig. 2. Dissolved and particulate organic nitrogen (DON, PON) and
amino acid nitrogen concentrations. Percentage contribution of amino
acids to DON and PON. Average values and confidence intervals (p <
0.05) are for the different areas of sampling. Samples for PON deter-
mination were obtained only for the rivers and near-shore.

amino acids) and serine and threonine (hydroxy amino acids).
In deepwater the neutral amino acid leucine was also abundant.
Glycine and aanine composed on average 35% of riverine
TDAA and 49% of deepwater TDAA. Generally, marine sam-
ples showed a higher proportion of glycine and aanine than
riverine samples, with this tendency increasing from surface to
depth. The opposite trend was observed for threonine. At all
stations the composition of PAA was much more uniform than
for TDAA, and glycine and alanine did not predominate. Par-
ticulate glycine and threonine showed a similar trend from the
rivers to deepwater as their dissolved counterparts. Alanine,
serine, and leucine, however, in PAA and in TDAA behaved in
opposite ways. The non-protein amino acid, y-amino butyric
acid, was typically close to the quantification limit and contrib-
uted weakly to PAA (0.2-0.5% on average at individua sta-
tions) and TDAA (0.5-1.3%).

The charge of amino acids may influence their dynamics in
the marine environment. Therefore, some authors divided the
amino acids into functiona groupings (e.g., Dauwe and Mid-
delburg, 1998). The amino acids were combined according to
their side chains into acidic, basic, neutral, aromatic, and hy-
droxy groups. These charge classes also reflected the different
signatures of TDAA and PAA and distinct trends from river to
deepwater (Fig. 4). The percentage of neutral dissolved amino
acids increased from river to deepwater, whereas acidic and
hydroxy amino acids decreased. Dissolved basic and aromatic
amino acids did not show any significant trend. A different
pattern was found for PAA. Neutral amino acid percentages did
not vary significantly between the different stations because of
the reverse trend of alanine to glycine. Likewise, acidic and
hydroxy amino acids did not vary. Basic and aromatic amino
acids, however, exhibited significantly higher and lower per-
centages, respectively, in the Laptev Sea than at the other
stations.

The p-enantiomers of aspartic acid, glutamic acid, serine,
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Fig. 3. Average mol percentages of individual total dissolved and particulate amino acids in the different sampling areas,

with confidence intervals (p < 0.05).

and alanine were found in significant amounts in all dissolved
and particulate samples (Fig. 5). Other p-amino acids were
present only in negligible concentrations and could not reliably
be quantified. The most abundant p-enantiomer in riverine
TDAA was p-aspartic acid (21% of total aspartic acid) and in
deepwater p-alanine (44% of total alanine). The proportions of
al p-enantiomers were significantly higher in oceanic than in
riverine TDAA and increased with depth in the Laptev Sea.
PAA exhibited much lower proportions of p-enantiomers than
TDAA. The most abundant particulate p-amino acid at all
stations was p-aspartic acid with maximum percentages in

Atlantic water (17% of total aspartic acid on average). Gener-
ally, particul ate p-enantiomers contributed |ess than 10% to the
corresponding amino acid concentration and less than 2% to
serine. Particulate p-amino acids did not show a significant
trend between the stations.

4. DISCUSSION

High amounts of reduced and oxidised nitrogen are trans-
ported by the Russian rivers into the Arctic Ocean. We esti-
mated the riverine nitrogen discharge of the 12 rivers studied to
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with confidence intervals (p < 0.05).

be ~29- 10° mol - yr~—*, using long-term means of annual water
discharge (summarised by Lobbes et al., 2000 and references
therein). The major nitrogen dischargeisin the form of organic
compounds (DON: 15 - 10° mol - yr~* PON: 9 - 10° mol -
yr—%), with an important contribution of amino acids (TDAA,
PAA: 5 10° mol - yr—* of each). The flux of DIN is relatively
minor (5 - 10° mol - yr™%).

4.1. DON in the Arctic Rivers

Autochthonous production in Arctic rivers is low (Cauwet
and Sidorov, 1996; Sorokin and Sorokin, 1996), and therefore
aconsiderable production of DON from DIN is not expected. A
common source and similar formation processes of TDAA and
dissolved lignin in the rivers is indicated by their positive
correlation (Fig. 6). Dissolved lignin is released during the
degradation of debris in the soils of taiga and tundra, and the
elevated acid to aldehyde ratio of the vanillyl phenol family is
evidence for an advanced diagenetic state of lignin (Lobbes et
al., 2000).

During decomposition of organic matter, the accumul ation of
cell wall constituents such as glycine and non-protein amino
acids such as y-amino butyric acid is commonly observed
(Dauwe et a., 1999). Both amino acids were significantly

Proportion of D-AA (%)

Asp

Ala

Proportion of D-AA (%)

enriched inriverine TDAA relative to freshly produced organic
matter, indicating an advanced diagenesis of DON. This infer-
ence is supported by the degradation index for protein amino
acids calculated after Dauwe et a. (1999); see Figure 7. Be-
cause the index for TDAA of Russian riversis—1.0 on average
(highly degraded), phytoplanktonic exudates are excluded as a
significant source of TDAA in the rivers (Amon et al., 2001).

These findings are in accordance with considerable propor-
tions of p-amino acids in the riverine TDAA. The primary
source of p-amino acidsis presumably bacterial peptidoglycan.
The composition of peptidoglycan of gram-negative bacteria,
predominant in aquatic systems, is relatively invariant. In ac-
cordance with its common architecture, total peptidoglycan-N
can be estimated roughly as 5.7 X p-AlaN (Rogers, 1983).
Using this factor, peptidoglycan would account for 7 = 2% of
TDAA nitrogen in the Siberian rivers. However, the amino acid
signature in the rivers may be influenced largely by diagenesis
in the soils where gram-positive bacteria dominate (Schlegel,
1985). The proportion of p-alanine to peptidoglycan is more
variable for gram-positive bacteria (Ghuysen and Shockman,
1973). Interpreting the estimates for the Siberian rivers, one
also should keep in mind, that teichoic acids, which arerich in
p-alanine, are major components of the cell wall membrane

50
PAA = River
21 Near-shore
40 4 O Surface
I Halocline
30 4 2 Atlanticwater
B Deepwater

Fig. 5. Molar p-enantiomers fractions of the individual dissolved and particulate amino acids, calculated as b/p + L)

amino acids.
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Fig. 6. Total dissolved amino acid concentrations versus dissolved
lignin concentrations at the individual sampling stations. The correla-
tion for the river samples indicates a common source.

complex in alarge number of gram-positive bacteria (Perego et
a. 1995, and references therein). Therefore, the calculated
peptidoglycan value should be considered as a rough estimate.

Another possible source of p-amino acids are abiotic pro-
cesses. However, stereochemical inversion at Arctic tempera-
tures is probably too slow to account for appreciable racemi-
sation over the residence time in the Siberian soils or the ocean
(Bada, 1972). The radiocarbon age of POC in the Lena River is
~7000 yr (Kuptsov and Lisitsin, 1996), which isin the range of
deep-sea DOC (Williams and Druffel, 1987). Abiotic degrada-
tion also may produce p-amino acids, such asthe B-elimination
of hydroxy amino acids (Bada et a., 1978; Bada and Hoopes,
1979). However, the absence of a-amino butyric acid, which
would concomitantly have been built up during dehydration of
serine, indicates a margina production of p-enantiomers by
abiotic reactions (Bada and Hoopes, 1979).

p-aspartic acid, which is characteristic of soil humic sub-
stances (Kimber et al., 1990), was the most abundant b-amino
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Fig. 7. Degradation indices of total dissolved and particulate amino
acids. Average values and confidence intervals (p < 0.05) are for the
different areas of sampling. Calculated after Dauwe et al., 1999. Low
values are indicative of a high degree of degradation.

acid in the rivers. It even exceeded the concentration of bp-
alanine, which was most abundant at the near-shore and oce-
anic stations. Kimber et al. (1990) determined p-enantiomer
proportions of 9% for aspartic acid, 8 to 15% for glutamic acid
and 7 to 9% for alanine in particulate soil organic matter.
Extracted humic substances exhibited higher proportions of up
to 29% for aspartic acid, 20% for glutamic acid, and 16% for
aanine, with a decreasing tendency of p-enantiomer propor-
tions with increasing molecular weight. They found about
double the p-enantiomer proportion of aspartic acid than of
aanine in al humic acid extracts. This is in accordance with
our findings in the Arctic rivers and is further evidence for
soil-derived humic substances being the predominant origin of
riverine DON. In contrast, bacterioplankton would produce
higher p-alanine than p-aspartic acid proportions (McCarthy et
a., 1998; Amon et a., 2001) and therefore probably play a
subordinate role in the formation of riverine DON.

The composition of the precursor organic matter was directly
reflected in the pattern of riverine lignin (Lobbes et al., 2000).
However, the vegetation of the catchment area has no discern-
able influence on the amino acid signature of the rivers. No
correlation was found between the proportion of taiga and
tundra (estimated from the Times Atlas of the World,1997) and
any of the dissolved or particulate amino acid parameters. This
result shows that overall diagenetic processes in soils, which
likely do not vary as much as vegetation between the different
ecosystems, account for the formation of amino acid—contain-
ing humic compounds.

4.2. Fate of Terrestrial DON in the Ocean

Freshwater runoff is rapidly mixed in the coastal zone with
saline waters. Within years to decades it mixes with outer shelf
waters and surface and halocline waters of the Eurasian Arctic
Ocean in the transpolar drift system (Schlosser et al., 1995).
The primary source of freshwater to the Arctic Ocean is ter-
restrial runoff, whereas melting of sea ice plays a minor role
(Bauch et a., 1995). Salinity therefore primarily traces river
discharge. The simplest possible scenario for the dynamics of
solutes in this system is conservative mixing of recalcitrant
compounds of marine and terrestrial origin, without other
sources or sinks. Deviations from conservative mixing would
be evidence for additional processes. We modelled this sce-
nario using average values of al rivers and of Laptev Sea
deepwater as end members (Table 1). DOC concentration in the
Laptev Sea closely followed the theoretical mixing curve. Such
behaviour has already been described by other authors (Cauwet
and Sidorov, 1996; Kattner et al., 1999) and is evidence for the
biogeochemically stable character of DOC. Autochthonous
production did not significantly contribute to the DOC pool of
the Laptev Sea. Dissolved lignin concentrations reflect these
features scattering around the theoretical mixing curve (Kattner
et a., 1999). In contrast, DIN was low in all surface waters and
increased strongly with depth. Assimilation by phytoplankton
and remineralisation led to this pronounced deviation from
conservative mixing. Dissolved phosphate behaved similarly,
whereas the surface depletion of silicate was much less. DON
correlated highly significantly with DOC in the Laptev Sea
(r = 0.83; p < 0.001; n = 94) but also exhibited significant
deviations from conservative mixing. To identify processes
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Fig. 8. ADIN versus ADON, and ADON versus ATDAA. A-values indicate deviations from conservative behaviour and
are calculated as the difference between the theoretical concentrations of deep and river water mixing and the rea

concentrations.

causing these deviations, we calculated the differences (A)
between the real concentrations and theoretical concentrations
arising from mixing of river and deepwater. ADON correlated
highly significantly with ADIN (Fig. 8). Per 5 mol DIN assim-
ilated, ~1 mol DON was released. Thisratio is similar to data
from the Greenland Sea (Lara et a., 1993). DON in the Laptev
Sea is therefore a mixture of biogeochemically stable, recalci-
trant compounds (see river and deepwater end members, Table
1) and a labile, freshly produced fraction (ADON <4 uM as
upper limit).

Freshly produced phytoplankton-derived DON is rich in
amino acids (Cowie and Hedges, 1992). The A-values represent
the autochthonous production of each parameter. A simulta-
neous increase of ATDAA with ADON might therefore be
expected. However, ATDAA did not differ from zero on aver-
age, and the deviations of the individual samples were not
coupled with ADON, scattering randomly around zero (Fig. 8).
Rapid microbial metabolisation may explain very low yields of
hydrolysable amino acids in fresh DON. Rich et al. (1997)
found high bacterial production in the central Arctic Ocean,
which at some stations was similar to primary production.
Labile organic compounds were rapidly taken up and turnover
rates were high. Amon et a. (2001) observed dramatic changes
of TDAA yield and composition during early DON diagenesis.
Within weeks its composition resembled that of ancient marine
sediments. In the Arctic Ocean, phytoplankton-derived TDAA
is probably rapidly incorporated into particulate biomass (bac-
teria) or in compounds, such as aminosugars, which are ana-
lytically not accessible via hydrolysis and amino acid detection.
The observed amino acid signature and the proportion of b-
amino acids support this inference. The concentrations of in-
dividual amino acids can be explained by conservative mixing
of refractory terrigenous and marine substances; the deviations
of individua samples were random and not coupled with
ADON. On average, the concentrations of the p-amino acids
also did not differ significantly from conservative mixing. The
deviations of the individual samples, however, correlated with
ADON (r = 0.45-0.49; p < 0.001; n = 67), with the exception

of Ap-serine. This observation also agrees with the presump-
tion of fast microbial transformation of freshly produced phy-
toplanktonic TDAA. It can be assumed that TDAA in the
Arctic Ocean off Siberiais primarily bound into biogeochemi-
cally stable compounds, the signatures of which can largely be
explained by conservative mixing of terrestrial and marine
components.

4.3. Terrigenous and Marine Recalcitrant DON

The samples from the Siberian rivers and the Laptev Sea
deepwater reflect an integral signa of strongly contrasting
primary organic matter sources and degradation processes. The
conservative behaviour of the TDAA signature during the time
scale of mixing, which lasts years to decades, indicates that
TDAA in the Arctic Ocean off Siberia is a fina product of
diagenesis under marine and terrestrial conditions. Because the
amino acid composition of proteinaceous sources is largely
uniform (Cowie and Hedges, 1992), the different signatures of
marine and terrigenous TDAA reflect fundamentally dissimilar
pathways of degradation.

Terrigenous DON in the Siberian rivers was composed of
hydrolysable amino acids to ~40%, comparable to the major
world rivers (Ittekkot et al., 1983), and marine DON only to
~10%, which is similar to values from the Arctic Greenland
Sea (Hubberten et al., 1994) and other ocean basins (e.g., Lee
and Bada, 1977; McCarthy et a. 1997). Terrestrial diagenesis
in the Siberian soils therefore includes processes that preserve
hydrolysable amino acids much more efficiently than the pro-
cesses involved in marine diagenesis. Terrestrial and marine
samples exhibited significantly different amino acid patterns
(Fig. 3). No direct hints about degradation, however, can be
derived from these differences. Marine TDAA had higher pro-
portions of glycine and alanine, which would be indicative of a
higher degree of degradation (e.g., Dauwe et a., 1999). Thre-
onine and leucine, however, point toward a lower diagenetic
degree. Non-protein amino acids, such as y-amino butyric acid,
are preferentially preserved during diagenesis and should there-
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fore correlate with the degradation index (Dauwe et al., 1999),
just as p-amino acids. Such correlations were not found in our
study. The degradation index indicates an apparently lower
degree of alteration for deep-sea than for riverine samples (Fig.
7), despite much higher p-enantiomer proportions and y-amino
butyric acid yields in the deep-sea. In the case of TDAA,
variations of the degradation index therefore reflect different
pathways of degradation rather than different diagenetic states.
In addition, amino acid partitioning between solid and liquid
phases can produce compositional differences (Aufdenkampe
et a., submitted), which may lead to inconsistent degradation
indices under different environmental conditions.

Similarities of our data with amino acid signatures from the
Amazon River system (Hedges et a., 1994, 2000a), other world
rivers (Ittekkot et a ., 1983), and the Greenland Sea (Hubberten
et al., 1994; Laraet a., 1998) point to a dominant role of few
universal diagenetic pathways for the formation of recalcitrant
DON. Compared with the river samples, TDAA from the
Greenland Sea exhibited markedly higher percentages of gly-
cine and aanine and lower levels of threonine. These differ-
ences coincide with the general trend observed for TDAA from
Siberian rivers towards the Laptev Sea.

The p-amino acid patterns provide new insights into the
different diagenetic processes involved in the formation and
preservation of marine and terrestrial TDAA. Deepwater sam-
ples exhibited highest pb-enantiomer proportions, exceeding by
far the values of bacterioplankton (McCarthy et al., 1998;
Amon et al., 2001). The peptidoglycan contribution to TDAA
nitrogen was estimated on the basis of p-alanine to be 53 =
11%. For these estimates, we assumed a gram-negative bacte-
rial community with invariant p-alanine proportion and the
absence of other p-amino acid containing components. Re-
cently, Karner et a. (2001) demonstrated archaeal dominance
in the mesopelagic zone of the Pacific Ocean. Archaea do not
contain peptidoglycan but soluble intracellular peptidyl
p-amino acids (Nagata et al. 1998b). Our estimates are thus
limited by the unknown abundance of specific microbia groups
in the Arctic Ocean. It is therefore also matter of speculation
whether the p-amino acids are incorporated into cell wall
moieties. Nevertheless, our data strongly suggest a major mi-
crobial source of marine TDAA. p-amino acid containing com-
pounds and non-protein amino acids are selectively enriched by
passing repeatedly through the microbia loop.

These microbial-derived components can cover awide range
of molecular size classes. McCarthy et al. (1998) found a very
similar p-enantiomer proportion in the high molecular weight
fraction (>1 kD), which represents 20 to 30% of marine DON,
compared with our study in which the complete DON pool is
represented. Hydrolysable amino acids represent only ~10% of
marine DON, bath in the high molecular weight fraction and in
bulk dissolved organic matter. A direct comparison of these
results is limited because of differences in methodology and
sampling sites. However, the remarkable similarities suggest a
continuity of molecular subunits across all molecular sizes of
marine DON.

Nuclear magnetic resonance spectroscopy revealed an al-
most invariant bulk composition of particulate organic matter
and the dissolved high molecular weight fraction (>1 kD) in
the course of diagenesis (McCarthy et al., 1997; Hedges et al.
2001). Amide bindings predominate in high molecular weight

DON (McCarthy et al., 1997). This is surprising because the
amount and composition of hydrolysable amino acids change
dramatically from fresh biomass to marine DON. Bacteria
membrane moieties may form heteropolycondensates and lipo-
somes and thus protect labile amino acid compounds from
biodegradation and analytical hydrolysis (Tanoue et al., 1995;
Borch and Kirchman, 1999, Hedges et a., 2000b). The extrap-
olation of these findings and considerations from the high
molecular weight fraction to bulk DON is problematic. Mopper
et al. (1996) found evidence that organic matter concentrated
by ultrafiltration is different from organic matter in unfraction-
ated seawater in terms of chemical composition and spectro-
scopic properties. Amon et al. (1996) observed differences in
the bioavailability of the two size fractions. High molecular
weight organic matter was more easily accessible to biodegra-
dation than the fraction <1 kD. Complexation or polymerisa-
tion of smaller “building blocks’ probably does not occur
during marine diagenesis (Amon et al., 1996), which would
explain the presence of p-amino acid-rich subunits in al size
classes. There is still no evidence for the overal chemical
structure of marine DON. Hydrolysable amino acids are evi-
dently microbial-derived, but the composition of TDAA, which
comprises ~10% of DON, bears only weak information on
bulk DON. It istherefore amatter of speculation to interpret the
presence of p-enantiomers in TDAA as evidence for major
bacteria contribution to marine DON, as it was recently done
by McCarthy et a. (1998).

The influence of bacterial secondary production in the riv-
erine samples was much less, as indicated by lower p-amino
acid proportions. Peptidoglycan contributes <10% to TDAA.
The difference between marine and riverine DON in terms of
bacterial production becomes even more evident considering
the high content of peptidoglycan in gram-positive bacteria that
predominate in soils and contain about four times more pepti-
doglycan than gram-negative marine bacteria (Salton, 1994;
Neidhardt, 1996). Amino acids in soil-derived organic matter
were therefore protected from degradation in the aquatic envi-
ronment not primarily by incorporation into bacterial structural
polymers. Unselective abiotic mechanisms, such as the encap-
sulation of proteins by humic substances (Zang et & ., 2000) and
metabolisation by fungi, like protection by melanin (Parsons,
1981), probably play a more important role in the terrestrial
than in the marine environment.

4.4. Particulate Organic Nitrogen

Particulate organic matter in the Siberian riversis constituted
primarily of vascular plant detritus from taiga and tundra (L ob-
bes et al., 2000). Phytoplankton and living bacterial biomassis
negligible (Cauwet and Sidorov, 1996; Sorokin and Sorokin,
1996). C/N ratios and lignin yields (Xgnin) arelow intherivers
compared with fresh vascular plant biomass but do resemble
soil organic matter. The low acid to aldehyde ratios within the
vanillyl phenol family indicate a lower diagenetic degree for
particulate than for dissolved organic matter (Lobbes et al.,
2000). Accordingly, the amino acid yield was higher in the
particul ate fraction, and the signature was much more homog-
enous. This results in positive degradation indices and the
proportions of the p-enantiomers and the non-protein amino
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Fig. 9. Degradation indices of particulate amino acids, calculated
after Dauwe et al. (1999), versus DIN concentrations at the individual
sampling stations.

acid y-amino butyric acid were much below the values of
dissolved organic matter.

The near-shore decrease of TSS, POC, and PON corresponds
to conservative mixing of river water with marine water in the
brackish water zone. However, the source indicators X,;g,;, and
8*3C pointed to a changing composition of particulate organic
matter toward lignin-poor and isotopically heavier phytoplank-
ton-derived organic matter. This indicates that riverine partic-
ulate organic matter does not behave stable in the brackish
mixing zones of the Siberian estuaries. With increasing dis-
tance from coast, suspended solids settle out and PAA concen-
tration decreases relative to conservative mixing trends.

To differentiate diatomaceous from cal careous organic mat-
ter, the molar ratio of aspartic acid to glycine and the sum of
serine + threonine proportions have been used (lttekkot et al.,
1984). No significant difference was found for these parameters
between the marine stations. On average they exhibit Asp/
Gly = 17.5 =0.5and Ser+Thr = 0.70 = 0.03, which indicates
adiatomaceous source for PAA in the ocean (e.g., Muller et a.,
1986). For terrigenous organic matter, these parameters are not
indicative of different autochthonous sources. In the Amazon,
for instance, they would misleadingly indicate a diatomaceous
source for soil-derived suspended PAA (Hedges et al., 1994).
The variations between the different marine samples exceeded
by far the differences between terrestrial and marine samples.
The degradation index of Dauwe et al. (1999) reflected these
source-independent patterns. Near-shore it was similar to the
rivers, instead of falling below zero, which would be expected
from mixing with marine PAA with negative degradation in-
dices.

The degree of degradation apparently increased with increas-
ing DIN concentration (Fig. 9). Thisis reasonable because high
DIN concentrations reflect advanced mineralisation and di-
agenesis. Mixing of old and fresh sources and sedimentation of
PAA may blur some of the relationships to the degradation
index. However, it is remarkable that neither p-enantiomer
proportions nor y-amino butyric acid exhibited any correlation

with the degradation index or with DIN. Most of the b-amino
acids (except p-sering), however, correlated with y-amino bu-
tyric acid (p < 0.01), indicating concomitant diagenetic dy-
namics. The reason for this asynchronous behaviour of the
degradation index and the other diagenetic tracers might be
different kinetics and sensitivities at different stages of degra-
dation. The degradation index varied over a wide range be-
tween values of diagenetically fresh (river and near-shore wa-
ters) and old materia (deepwater). In all samples, even offshore
in the euphotic zone, the presence of p-amino acids indicated
microbial biomass and fast turnover of decaying phytoplank-
ton. For the first time, amino acid enantiomers were used as
molecular biomarkers for microbial biomass in marine PON.
No particulate p-amino acid concentrations in the ocean have
been published before. The contribution of peptidoglycan to
PAA nitrogen was estimated on the base of p-alanine. The
rivers and Laptev Sea water below the euphotic zone (halo-
cline, Atlantic water, and deepwater) exhibited the highest
peptidoglycan proportion of 4.2 += 0.6% and 4.8 = 0.9%,
respectively, and the p-enantiomer proportions were similar to
fresh bacterial biomass (McCarthy et al., 1998; Amon et al.,
2001). Near-shore and surface PAA was constituted of only
2.8 = 0.4% peptidoglycan, which reflects the higher proportion
of freshly produced phytoplankton-derived PAA in the eu-
photic zone. We infer that the degradation index for PAA is
primarily sensitive on early stages of diagenesis. b-amino acids,
however, are produced wherever bacteria metabolise organic
matter.

5. CONCLUSIONS

We provide molecular evidence for bacterial contribution to
marine organic nitrogen on the basis of the first direct and
complete quantification of p-amino acids dissolved and sus-
pended in seawater. We found p-amino acids to be powerful
biomarkers to trace microbial-derived organic matter dissolved
and suspended in the ocean. The dynamics of PAA, which
always constitute the major fraction of PON, were uncoupled
from the dissolved counterparts. Terrestrial PON was rapidly
removed from the water column of the inner shelf. It is remark-
able that p-amino acids were present even offshore in the
euphotic zone, indicating bacterial biomass and fast turnover of
decaying phytoplankton. Terrestrial PON was characterised by
a lower diagenetic degree than DON and is probably more
labile. Gradual release of nitrogen from decaying terrestrial
biomass in the near-shore sediments may be a significant DIN
source to the Arctic Ocean shelves.

Hydrolysable amino acids represent only ~10% of recalci-
trant marine DON. The high p-amino acid proportion shows
that these amino acids are microbial-derived and not released
by phytoplankton and that TDAA repeatedly and more often
than PAA has passed the microbial loop. TDAA exhibit a
global similarity throughout the world oceans, in terms of its
contribution to DON, amino acid composition and most prob-
ably also enantiomer ratio. This points to a dominant role of
few universal diagenetic pathways for the formation of recal-
citrant DON in the ocean. p-amino acids can be found in
similar proportions in different molecular size classes, which
indicates a continuity of molecular subunits across all molec-
ular sizes of marine DON. However, even under consideration
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of concomitant nitrogen-containing compounds of bacterial
biomass, the mgjor fraction of marine DON still awaits molec-
ular identification, and hence source distinction. Thisisin clear
contrast to terrigenous DON in the Siberian rivers. These
recalcitrant compounds, which behave biogeochemically stable
in the brackish mixing zone of the estuaries and in the Arctic
Ocean over periods of at least years or decades, are constituted
of ~40% hydrolysable amino acids. The influence of bacterial
secondary production was low compared with the marine sam-
ples, as evident from lower p-amino acid proportions. The high
amino acid content and the low p-enantiomer proportion of
soil-derived DON indicate that terrestrial diagenesis is much
more efficient in protecting amino acids from bacterial degra-
dation than marine diagenesis. The huge amounts of dissolved
organic nitrogen transported by the Siberian rivers into the
Arctic Ocean therefore do not substantially support the produc-
tivity of the Arctic Ocean. It is of vital interest for our under-
standing of the global nitrogen cycle to identify the processes
that lead to the immobilisation of nitrogen in the ocean and in
the drainage areas of the rivers.
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