Printed in the USA. All rights reserved

Geochimica et Cosmochimica Acta, Vol. 66, No. 20, pp. 3573-3584, 2002
Pergamon Copyright © 2002 Elsevier Science Ltd
0016-7037/02 $22.06- .00

PI1 S0016-7037(02)00968-7

Preservation of organic matter and alteration of its carbon and nitrogen isotope
composition during ssimulated and in situ early sedimentary diagenesis

MoRITz F. LEHMANN,***T StEFANO M. BERNASCONL® ALBERTO BARBIERI,? and IpimH A. McKENzIE!

Hnstitute of Geology, ETH Zurich, Sonneggstrasse 5, CH-8092cHpSwitzerland
2Laboratorio Studi Ambientali, Riva Pradiso, CH-6900 Lugano, Switzerland

(Received June 20, 2001;accepted in revised form May 21, 2002)

Abstract—The carbon and nitrogen isotope composition of organic matter has been widely used to trace
biogeochemical processes in marine and lacustrine environments. In order to reconstruct past environmental
changes from sedimentary organic matter, it is crucial to consider potential alteration of the primary isotopic
signal by bacterial degradation in the water column and during early diagenesis in the sediments.

In a series of oxic and anoxic incubation experiments, we examined the fate of organic matter and the
alteration of its carbon and nitrogen isotopic composition during microbial degradation. The decomposition
rates determined with a double-exponential decay model show that the more reactive fraction of organic matter
degrades at similar rates under oxic and anoxic conditions. However, under oxic conditions the proportion of
organic matter resistent to degradation is much lower than under anoxic conditions. Within three months of
incubation thed**C of bulk organic matter decreased by 1.6%. with respect to the initial value. The depletion
can be attributed to the selective preservation®@f-depleted organic compounds. During anoxic decay, the
8N values continuously decreased to about 3%o below the initial value. The decrease probably results from
bacterial growth adding®N-depleted biomass to the residual material. In the oxic experindémt, values
increased by more then 3%. before decreasing to a value indistinguishable from the initial isotopic compo-
sition. The dissimilarity between oxic and anoxic conditions may be attributed to differences in the type,
timing and degree of microbial activity and preferential degradation. In agreement with the anoxic incubation
experiments, sediments from eutrophic Lake Lugano are, on average, depléfi (r1.5%.) and**N
(—1.2%0) with respect to sinking particulate organic matter collected during a long-term sediment trap
study. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION change the bulk biogeochemical signal. Previous laboratory
experiments have shown that 5 to 25% of the degraded algal
carbon is converted to bacterial carbon (Harvey et al., 1995),
whereby the bacterial matter itself is subsequently modified or
destroyed (Meyers and Ishiwatari, 1993). Data compiled by

Harvey et al. (1995) indicate that substantial variations of

bacterial biomass over the course of the incubations signifi-
cantly contributed to the observed changes of the relative
abundance of carbohydrates, proteins, and lipids in the residual

The fate of organic matter during early diagenesis is an
important concern for many oceanographic and limnological
studies (e.g., Meyers and Eadie, 1993; Dean et al., 1994;
Bernasconi et al., 1997; Ostrom et al., 1998; Sachs and Repeta
1999; Hedges et al., 2001). Estimates of organic carbon and
nitrogen fluxes to marine and lake sediments are essential for
balancing the global carbon budget, as well as for quantifying
the importance of organic matter burial as one of the nitrogen X
removal mechanisms in eutrophic lakes. Marine and lacustrine °rganic matter pool.

sediment-trap studies reveal that only 1 to 35% of the organic " Summary, multiple processes acting together result in
carbon synthesized in the photic zone reaches the sedimeniSedimentary organic matter with a markedly different distribu-

surface (Eadie et al., 1984; Bloesch and Uehlinger, 1990; tion of biochemical species with respect to the original biogenic
Bernasconi et al., 1997; Hernes et al., 2001). Further mineral- material. Hence, it is reasonable to expect that these processes
ization during early diagenesis leads to burial of only an esti- could also affect the primary carbon and nitrogen isotope
mated 0.1% of the global net marine primary production (e.g., signals produced in the photic zones of aquatic environments.
Berner, 1989). The carbon and nitrogen isotope composition of organic
Organic matter decomposition is mediated by a variety of matter has been widely used to trace biogeochemical cycling in
aerobic and anaerobic microbial processes, which can progres-marine and lacustrine environments (e.g., Bernasconi et al.,
sively modify the bulk composition of the organic substrate 1997; Ostrom et al., 1997; Hodell and Schelske, 1998). The
because different fractions of organic matter degrade at differ- 8 °Com has proven to be a proxy indicator of paleoproductivity
ent rates (Skopintsev, 1981; Henrichs and Doyle, 1986; Hedgesand atmospheripCO; levels (e.g., Hollander and McKenzie,
et al., 1988; Harvey et al., 1995; Meyers and Eadie, 1993). In 1991; Schelske and Hodell, 1991; Fontugne and Calvert, 1992;
addition, a contribution from in situ bacterial biomass may also Brenner et al., 1999), whereas nitrogen isotopic ratios have
been used as a recorder of changes in the degree of nitrate
Author 1o hom correspondence should be addressed utilization (e.g., Calvert et al., 1992; Francois et al., 1992;
*Au wi u ; . .
(mlehmann@princeton.edu). Altabet anc_i Francois, 199_4_, Hglmes et al., 1997; Teranes aer
tPresent address: Department of Geosciences, Princeton University, Bernasconi, 2000), denitrification (e.g., Altabet et al., 1995;
Guyot Hall, Princeton, NJ 08540, USA. Ganeshram et al.,, 1995; Altabet et al., 1999; Emmer and
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Thunell, 2000; Ganeshram et a., 2000) and N,-fixation (e.g.,
Haug et a., 1998). The isotopic composition of sinking or
sedimented organic matter may be altered during oxidation in
the water column and in the sediments, possibly obscuring the
primary signal. While some studies have shown that selective
loss of specific fractions of the total organic carbon, which have
different composition than the bulk, can create diagenetic shifts
in 8'3C (Benner et al., 1987), other studies indicate that the
8"3C of organic matter is resistent to isotopic alteration during
water-column or postburial diagenesis (Meyers and Eadie,
1993; Schelske and Hodell, 1995).

In many marine and lacustrine sediment trap studies, micro-
bial degradation of phytoplankton has been associated with an
increase in the 8*°N value of the residual organic matter (up to
6%o) as a result of discrimination against **°N during metabolic
reactions (Saino and Hattori, 1980; Saino and Hattori, 1987;
Altabet, 1988; Fry et al., 1991; Schaefer and Ittekkot, 1993;
Altabet and Francois, 1994; Ostrom et al., 1997; Sachs and
Repeta, 1999). An increase in sedimentary §*°N with depth in
sediments of the eastern subtropical Atlantic has recently been
related to organic matter loss during early diagenesis
(Freudenthal et a., 2001). In contrast, only minor changes or
depletions in the **N content of settling particles have been
observed in other studies (Saino and Hattori, 1987; Libes and
Deuser, 1988; Altabet et al., 1991; Meyers and Eadie, 1993;
Altabet et al., 1999). Also, contrasting reports of oxygenation
effects on the magnitude and direction of N-isotope shifts have
been reported. Sachs and Repeta (1999) suggested that, under
anoxic conditions, N-isotopic alteration during organic matter
degradation is minimal and the severity of the *>N-enrichment
during organic matter decay is proportiona to bottom-water
oxygen concentrations. Libes and Deuser (1988) reported a
15N-enrichment under oxic and a *®*N-depletion under anoxic
conditions and attributed this difference to the type and degree
of microbial activity.

Experiments conducted to study the changes of the C- and
N-isotopic composition of organic matter with microbial deg-
radation have produced contrasting results (Wada et al., 1980;
Zieman et a., 1984; Holmes et a., 1999). Therefore, more
laboratory studies are necessary to understand the mechanisms
that cause isotope effects during organic matter degradation.
Here, we report on a series of incubation experiments simulat-
ing phytoplankton decay under oxic and anoxic conditions. In
addition, we evaluate the impact of microbial degradation on
the C- and N-isotope composition of bulk sedimentary organic
matter by comparing a long-term sediment trap data set with
sediment core isotopic data from the southern basin of Lake
Lugano (Switzerland). The southern basin of Lake Lugano is
eutrophic, with amean annual primary productivity (in 1990 to
2000) of ~340 g C m~ 2 yr *. As aresult of thermal stratifi-
cation and concomitant water-column stagnation, anaerobic
conditions prevail in near-bottom waters between May and
December/January. Due to the high organic carbon content,
oxygen penetration in the sediments during oxic conditions is
probably minor as indicated by well-preserved annual lamina-
tions.

The purpose of this study is to obtain information on the
isotopic alteration of organic matter during early sedimentary
diagenesis. A detailed understanding of isotope effects during
decomposition will enhance our ability to use organic matter

stable isotope abundances from sedimentary records as proxy
indicators for past changes of environmental conditions. In
addition, it may allow usto use C and N stable isotope ratios as
tracers for organic matter transformation processes and, there-
fore, help to assess the origin of diagenetically atered material.

2. METHODS

2.1. Experimental System and Material

To simulate the microbial degradation of algae during early
diagenesis at the water-sediment interface, lacustrine biomass
was incubated in 5-L bottles for 111 d in three experiments
with different redox conditions/electron acceptor concentra-
tions. Algae, primarily diatom cells, were collected in July
2000 from the photic zone of Lake Lugano, using a 20 um-
plankton net. Three separate aliquots were incubated in bottles
on an orbital shaker (60 rpm) in darkness under constant (25°C)
temperature. For all experiments, Lake Lugano surface water
containing a natural microbial community was used as incuba-
tion medium. One of the anoxic experiments was amended with
excess Na,SO, (10 mM) to favour sulphate reduction over
methanogenesis as the principal microbial degradation process.
The natural SO,?~ concentration of Lake Lugano water is
generaly below 0.2 mM (L.S.A., 1980 to 2000). For the oxic
incubation, the vessel was continually aerated (25 mL air/min)
to preserve agrobic conditions. For the anoxic experiments,
oxygen was initially removed from the water and 200 mL of
anoxic lake-bottom water was added as an inoculum to provide
a natural anaerobic microbial consortium. Purging with air or
N, may have removed bio-reactive (e.g., CO, NH;) or bio-
inhibiting (e.g., H,S) gases from the system.

Particulate matter samples were withdrawn from a side port
of the bottle for isotope and elemental analysis at distinct
intervals. In the anoxic experiments, oxygen-free conditions
were ensured by purging the vessel with N, gas after each
sample collection. Before sampling, the bottle was stirred vig-
orously to ensure the homogenous suspension of the particles.
Thereby, larger aggregates that formed during incubation might
have been disrupted, potentially altering particle interaction.
Particulate organic carbon (POC) and nitrogen (PON) were
quantified by filtration of up to 200 mL sample aliquots through
tared, precombusted (400°C for 3h) Whatman GF/F filters and
subsequent elemental analysis of a known amount of dried
(50°C) materia. Particulate matter concentrations determined
in the oxic system were corrected for H,O loss caused by
evaporation.

2.2. Field Sampling
2.2.1. Sediment traps

Cylindrical sediment traps (diameter: 10 cm, height: 78 cm)
were deployed in 1985, 1986, 1990, and 1993 to 1997 at 20 m,
the base of the thermocline, and at 89 m water depths in the
southern basin of Lake Lugano. The lower trap was situated
6 m above the sediment to minimize the effect of sediment
resuspension. Except for winter, when 3-week deployment
times were needed to obtain enough materia, sediment traps
were emptied biweekly. Between March 1996 and March 1998,
an additional trap was deployed at 60 m depth. No preserve-
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tives were used in the traps. Particulate matter was weighed
after freeze-drying to calculate sediment fluxes (g m—2d™1).

2.2.2. Sediment core

In May 2000, a sediment core was retrieved from the sedi-
ment-trap locality at a water depth of 95 m using the method
described in Kelts et al. (1986). Varves were identified, and the
established varve chronology was confirmed with independent
137Cs dating of annual layers. Details of the **’Cs dating
procedure are given in Wan et al. (1987). Annual samples were
obtained by carefully sectioning the sediment core into inter-
vals containing a varve couplet. Sediment material was freeze-
dried and homogenized for chemical analysis. Core-top sedi-
ment accumulation rates of C and N were calculated from a
determined average sedimentation rate of 0.7 cm yr—*, awater
content of 95%, and an assumed dry sediment density of 2.2 g
cm~3,

2.3. Elemental and |sotope Analysis

For organic carbon content determination, particulate matter
from the incubation experiment and sediment trap material was
decarbonated using 1M HCI, washed with deionized water and
combusted in a Carlo Erba CNHS analyzer. The latter was also
used to determine the PON content of samples withdrawn from
incubation vessels. The nitrogen content of trap material was
determined by digestion in mineralization solution containing
NaOH (0.35M), K,S,04 (0.2M) and H;BO, (0.5M) at 120°C
for 1 h, filtration and subsequent NO,;~ analysis in the filtrate
by UV spectrophotometry at 210 nm (American Public Health
Association, 1989). The accumulation rate of POC and PON
was used to calculate the weighted average isotopic composi-
tion of sinking organic matter for the respective years.

For the determination of the carbon and nitrogen isotope
composition of organic matter, up to 10 mg of homogenized
bulk sample were loaded into tin capsules and measured on a
Carlo Erba elemental analyzer interfaced via open-split with a
Fisons Optima mass spectrometer with a standard set-up for N,
and CO,. The 8°N was determined on untreated samples.
Before carbon isotope analyses, sediment trap samples were
acidified (1M HCI) and rinsed with deionized water to remove
inorganic carbon. Tests with carbonate-free particulate matter
show that this treatment has no effect on the §*3C value.
Nitrogen and carbon isotope ratios are reported in the conven-
tional 8-notation with respect to atmospheric N, (AIR) and the
V-PDB (Pee Dee Belemnite) carbonate standard, respectively.
For both 8*°N and 8*°C, reproducibility is +0.2%., determined
on repeated analyses of samples, as well as on international
nitrogen (IAEA-N1, IAEA-N2) and carbon (NBS 22) stan-
dards.

3. RESULTS
3.1. Incubation Experiments
3.1.1. Decomposition kinetics

POC and PON concentrations decreased rapidly within the
first few days of the experiments (Fig. 1) indicating rapid cell
death and onset of degradation. After approximately 20 d of
oxic incubation, the POC and PON concentrations were more

or less stable at 13+1% of the initid particulate organic matter
(POM) concentration. Thefraction of POM remaining after 111 d,
which degrades either a a very dow rate or is in fact undegrad-
able, was about twice as high in the anoxic as in the oxic incuba-
tions (Table 1). In both anoxic experiments, after the initia rapid
organic matter loss, the POC and PON concentrations continued to
sowly decrease and did not reach a constant value by the end of
the experiment. The apparent two-phase organic matter decrease
can be described with a double-exponential decay equation (We-
strich and Berner, 1984):

G(t) = Greact e+ Greir et (1)

Gy, is the remaining organic congtituent at time t, and G, e,y
and G,, are theinitial pools of the rapidly and slowly degrad-
ing organic matter fractions, respectively. Rate constants k, for
the decay of the reactive fraction of POC and PON range from
60 yr~* to 170 yr—*, and decay constants k, for the slowly
degrading fraction are generally one to two orders of magnitude
lower (Table 1). In agreement with results from other studies
(Andersen, 1996; Kristensen and Holmer, 2001), the easily
digestible fraction of organic matter is degraded at similar rates
under oxic and anoxic conditions. In the anoxic experiment
with excess sulphate, the reactive fractions of POC and PON
degrade at highest rates. Sulphate-reducing conditions, as indi-
cated by the distinctive smell of H,S, were maintained only
until day 40 of the incubation period. From day 40 on, it is
possible that the system became limiting in metabolizable
substrate for sulphate-reducing micro-organisms, and the sys-
tem probably went methanogenic. SO, limitation can be
excluded since most sulphate remained in solution.

The decay rates k; are not a good measure for the final
organic matter loss at the end of the experiment. The degrada-
tion potential for organic matter over significant time periodsis
best characterized by the proportion g, of organic matter that
has a low susceptibility to microbial degradation. In our exper-
iments, g, is about three times larger for anaerobic than for
aerobic degradation (Table 1). In general, g, as well as k, and
k, are similar for POC and PON.

3.1.2. Carbon and nitrogen isotope ratios in residual
organic matter

3.1.2.1. Oxic degradation. The §*3C and 6'°N values of the
fresh algd matter were —24.2+0.15%0 and +4.7+0.2%0
(n=3), respectively. With the onset of degradation, the §*3C
value continuously decreased reaching a minimum of —26.3%o
after 49 d of incubation (Fig. 2a) and remained essentially
stable thereafter with values close to —26%o, i.e., 1.8%o lower
than the initial 8*3C value (Table 1). The evolution of §*°N
showed a different pattern (Fig. 2b). During the first week of
incubation, the 8'°N value of PON decreased only slightly,
indicating that high organic matter loss does not necessarily
coincide with large changes in isotopic composition. Over the
next 15 d, the §*°N value increased by more than 4%, before
dowly returning to the initial 8'°N vaue at the end of the
incubation period. Bulk organic matter C/N ratios, ranging
between 7.6 and 10.2, are correlated with §™°N values (r* =
0.67, n = 19; compare Fig. 2b and 2c). This correlation
indicates that preferential loss of nitrogen with respect to car-
bon is associated with preferential loss of **N.
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Fig. 1. Time-dependent decomposition of algal particulate organic carbon (a-c) and nitrogen (d-f) with exposure to natural
aerobic and anaerobic microbial consortia under aerated and anoxic (with and without excess SO,%~) conditions. Symbols
represent measured POC and PON concentrations during the incubation period. Errors (o) have been determined to be less than
4%. Linesindicate the decomposition of total (full lines), reactive (dotted lines), and dowly-degrading or refractory (dashed lines)
POC and PON, according to the best fit to a double-exponential decay model. See text and Table 1 for further information.

3.1.2.2. Anoxic degradation. The §*3C evolution in the un-
amended anoxic incubation was similar to the one in the oxic
system, albeit with a more rapid and steeper initial decline.
After day 49, little change was observed and the final value was
1.6%o lower than the initial value (Fig. 2d, Table 1). The §*°N
value of PON showed a different pattern compared to the
aerobic experiment (Fig. 2€). During the initial 24 h, it in-
creased by 0.6%o, and then decreased by more than 3%. by day
49 with only a dight increase towards the very end of the
experiment. Hence, while the absence of oxygen did not influ-
ence the general trend of the 6*3C value, it had a substantial
effect on the evolution of the 8*°N value. The impact of anoxic

conditions on the direction and magnitude of the isotope alter-
ation is most evident after 3 weeks of incubation, when the
difference in §*°N values between the oxic and anoxic exper-
iments exceeds 5%.. The C/N ratios only showed minor vari-
ations throughout the experiment with an average value of
8.300.34 (Fig. 2f), in agreement with earlier studies of anoxic
algal decay (Harvey et al., 1995).

In the experiment with excess SO,?~, al parameters showed
genera trends similar to those in the SO, -poor anoxic system
(Fig. 2g-i). C/N ratios remained congtant (8.35+0.35) and the °N
depletion was the same, but at the end of the incubation, POM
showed a 1% lower §*3C value than for the SO, -poor experi-
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Table 1. Experimentally derived decay parameters and isotope shifts.

AS

f (%) % (%) ke (yr ) ke (yr™) (%)
Oxic POC 86.2 16.9 + 2.2 831169 113+ 0.9 —1.81

PON 87.5 127+10 64.97 = 3.6 0 +0.2
Anoxic POC 77.6 521+ 43 83.58 = 19.3 2.85* 0.69 —1.65
PON 775 514+ 42 88.33 = 255 3.03 =037 —2.83
Anoxic (with SO,27) POC 70.5 482+ 3.0 162.06 = 25.5 1.90 = 0.40 —3.05
PON 70.5 455+ 2.8 167.90 + 339 1.81 + 047 —2.59

f is the fraction of total POC and PON metabolized after 111 days, g, is the model-derived initial fraction of less reactive material, k, and k, are
the first order decay constants for fast and slowly degrading organic matter determined by fitting a double exponential decay model to the
time-dependent concentrations of total POC and PON. AS (o, = *£0.4%0; n = 3) is the difference between the initial carbon and nitrogen 3-values
and the d-values after 4 months of experimental degradation. Organic matter decay under oxic conditions does not show clear double-exponential

behaviour, as indicated by a very low k,.

ment (Table 1, Fig. 2). In both anoxic incubations, the greatest decline
of organic matter 8*3C corresponded with the time of high POC loss
In al experiments, after three and a half months, microbial
decomposition resulted in the residual material being either
isotopically depleted in *3C and **N with respect to the fresh
phytoplankton, or not significantly changed as with the §*°N
value under aerobic conditions. However, if organic matter is
exposed to oxic degradation only for a few days a marked
enrichment of *>N in the residual organic matter is possible.

3.2. Sinking and Sedimentary Organic Matter in Lake
Lugano

3.2.1. Upper trap vs. sediment core

The carbon and nitrogen isotope composition of sinking
particul ate organic matter (SPOM) trapped at 20 m water depth
exhibits distinct seasonal patterns, with §*C values ranging
from —19.9%0 to —41.0% and 8°N vaues ranging from
+18.9%0 to +0.5%0 (Bernasconi et a., 1997; Lehmann et a.,
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Fig. 2. Variation of 8'°C (circles), 8'°N (squares) and C/N ratios (triangles) of particulate organic matter during
experimental oxic (a-c) and anoxic (d-i) microbial decomposition of plankton. Errors have been determined from replicate
measurements. Note different scales for 6*°N. Lake Lugano surface water was used as the incubation medium. For the
anoxic experiments, oxygen-deficient lake bottom water was added to provide a natural anaerobic microbial consortium. In
one of the anoxic experiments, 10 mM Na,SO, was added to promote sulphate-reduction (g-i). Total incubation time was

111 d. See text for discussion.
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Fig. 3. Carbon and nitrogen isotope composition and C/N ratios for sinking organic material from 20-m sediment traps
(circles) and organic matter from corresponding varves in a sediment core (squares). The trap data represent annual values
that were obtained by integrating analyses of sediment trap samples collected bi- or triweekly in 1985, 1986 and 1990 and
between 1993 and 1997. Errors for sediment-trap isotope values and C/N ratios are smaller than *£0.1%. and 0.1,
respectively. The numbers in boxes are average values for the entire sampling period. The arrows point to the mean values
for sedimentary organic matter and, hence, are indicative of the direction of apparent isotope and C/N ratio shifts associated

with early diagenetic processes.

2002). The POC and PON accumulation rates in the different
years vary between 87 and 116 g C m 2 yr * and 8.8 and
128 g N m~2 yr %, respectively (Lehmann et al., 2002).
Details on the annual and interannual variability of the carbon
and nitrogen isotope composition and particul ate organic mat-
ter fluxes are given elsewhere (Lehmann et a., 2002). The
average 8*3C values of organic matter, when weighted by mass,
vary between —26.9%0 and —29.9%. (Fig. 3), the §*°N values
range from +7.0%o to +4.7%0. These isotope data were ob-
tained by integrating organic matter fluxes and isotope analyses

of up to 25 sediment trap samples per year. Therefore, confi-
dence intervals are below *+0.1%. for both weighted §**C and
8"N. Weight-averaged isotopic compositions and C/N ratios
(9.1 to 13.5+0.08) of the trap material are indicative of
lacustrine organic matter of dominantly autochthonous algal
origin (Meyers and Ishiwatari, 1993).

The §"3C,, values for organic matter from sediment layers
that are time-equivaent to the sediment traps range from
—28.9%o0 to —30.9%o, the §*°N . values vary between +6.3%o
and +4.3%. (Fig. 3). The comparison of C,, accumulation
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Table 2. Mean nitrogen fluxes (g N m~2 yr~1) and weight-averaged
N isotope compositions of settling particulate matter collected between
March 1996 and March 1998. The number of measurements being
integrated in the two-year meansisn = 45.

PON Flux 8N (%o)
Upper Trap (20 m) 11.23 7.82 = 0.05
Intermediate Trap (60 m) 11.26 8.16 = 0.05
Near-bottom trap (89 m) 13.08 8.38 = 0.05

ratesin the upper part of the sediment core (62.4gCm~2yr 14
with those in the 20-m sediment traps (on average 98.7 g C
m~2yr~ ) indicate that 60 to 70% of the organic matter leaving
the epilimnion is deposited in surface sediments.

The relative variations in sediment trap §*3C are recorded
reasonably well by the sediments (Fig. 3), but all core samples
are on average depleted in *°C by approximately —1.5%.
Except for two samples, the 8*°N value of the sediments is
lower than that of the corresponding sediment trap, but the
difference is not constant. Particularly in the uppermost part of
the sediment core, the §*°N values do not, however, parallel the
interannual trends, as recorded by sediment trap materia (Fig.
3). The A8"*Ngore trap Varies quite strongly, and, for two years
(1993 and 1994), it appears to be indicative of a diagenetic
N-isotope shift towards heavier §'°N values.

Sediment C/N ratios (11.1 to 12.6) lie in a narrower range
than the C/N ratios of SPOM. In particular, the lower C/N
ratios in the youngest trap sample are not reflected by the C/N
ratios determined in the uppermost core. On the whole, C/N
ratios are higher in the sediment than in trap samples, suggest-
ing that nitrogen is preferentialy lost during early sedimentary
diagenesis and/or that the sediment contains a higher amount of
organic detritus from terrestrial sources.

3.2.2. Upper trap vs. lower traps

Over the 12-yr collection period, the mean primary produc-
tion of organic carbon in Lake Lugano (365.8 g C m 2 yr 1)
is about four times higher than the mean carbon flux at 20 m
water depth (Lehmann et al., 2002). Hence, approximately 75%
of the primary production is recycled in the epilimnion. The
average organic matter flux in the near-bottom sediment trap
(113 g C m 2 yr~ %) exceeds the mean flux leaving the photic
zone by ~15%. Bernasconi et al. (1997) suggested that lateral
sediment transport is responsible for excess sediment in the
lower trap. During summer, when productivity is high, the
organic matter flux at 89-m water depth barely falls below the
flux in the upper trap by more then 10%. This suggests that
mineraization in the water column below the photic zone is of
minor importance, or, if it is not minor, it is compensated by
lateral sediment transport. The residence time of the principle
part of sinking particles (>10um particle size) in the water
column can be estimated to be less than 1 d (Bloesch and
Burns, 1980).

Only two years of 8'°N data of SPOM are available for a
comparison among different collection depths. The weight-
averaged 6™N values dightly increase with depth (Table 2)
with a total change of 0.6%. between the 20-m trap and the
near-bottom trap. This change aso coincides with a flux in-

crease of 16%. Unfortunately, no comparative 8'°C data are
available for the same period. Bernasconi et a. (1997) observed
a change in 8*3C from —28.3%. at 20 m depth to —30.2%o at
89 m depth at the same location in 1994. They concluded that
lateral organic matter transport and contribution from terrestrial
organic matter rather than isotope alteration in the water col-
umn caused the difference in the C-isotope composition.

4. DISCUSSION
4.1. Organic Matter Decomposition
4.1.1. Decomposition kinetics

The decay constants for reactive organic matter degradation
found in this study are high compared to most degradation rates
for phytoplankton reported in earlier studies (Foree and Mc-
Carty, 1970; Jewell and McCarty, 1971; Emerson and Hedges,
1988; Harvey et a., 1995; Kristensen and Holmer, 2001). The
large variability of reported decay rates, ranging over three
orders of magnitude, is partialy due to the differing algal
material and incubation temperatures used. In addition, the use
of double- vs. single-exponential decay models to determine
the decay rates also contributes significantly to the variability
because the rate at which the entire organic matter pool is
degraded, underestimates the rate for the reactive organic mat-
ter fraction. Kristensen and Holmer (2001), using a double-
exponential decay model, derived similar or even higher decay
constants for reactive organic matter from diatom incubations.
Reevaluation of the data of Harvey et a. (1995) with a double-
exponential model yields a decay rate of 28.8+11.7 yr~* for
fast-degrading diatomaceous organic matter under anoxic con-
ditions. Thisis several times higher than the k value originally
reported using a single-exponential decay model (2.9 yr—%), but
it is still much lower than the rates determined in our anoxic
experiments, possibly reflecting the lower incubation tempera-
tures (19°C) in the experiments of Harvey et a. (1995). The
refractory fraction of organic matter, g,, is critical for the
guantification and interpretation of the actual decay constants
(Kristensen and Holmer, 2001). It is possible that g, depends
on the incubation system employed (through-flow vs. static). A
static system like our closed incubation may become limiting in
either the diversity of the microbial consortia or an individual
oxidant (Harvey et a., 1995) and, therefore, generaly yields
higher values for g,. The significant amount of refractory
components in all of our experiments may be attributed to
limiting conditions. However, the system employed probably
mimics best organic matter degradation in stagnant (anoxic)
water bodies, where the supply of electron acceptorsis limited
and products of microbial activity are not carried away except
by diffusion. A closed incubation might be less adequate to
simulate degradation under un-stratified (oxic) conditions.

The rapid decline of POC and PON concentrations during
the first days can be attributed to the break-down of carbohy-
drates, lipids and proteins by leaching and enzymatic hydroly-
sis into soluble organic matter compounds available for subse-
guent mineralization (Harvey et al., 1995; Tyson, 1995). There
are contrasting reports on whether the reactive fraction from
fresh organic substrate is more rapidly degraded under oxic
than under anoxic conditions (compilation in Kristensen and
Holmer, 2001). Again, this is partly a consequence of the
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differing experimental set-ups and decay models applied. Har-
vey et a. (1995) stated that oxygen has a substantial effect on
overall rates of organic carbon decomposition. However, if we
reconsider their data applying the double-exponential decay
model, we find similar rates for oxic (25.5+10.9 yr—*) and
anoxic degradation (28.8+11.7 yr—*) of the more reactive
organic matter fraction. Also, in our experiments, except those
with SO,%~ added, the decay rates for the fast-degrading frac-
tion are similar in oxic and anoxic experiments. The highest
decay rates in the experiment with excess SO, coincide with
high values for go. The lowest g, was observed in the oxic
incubation. This means that bulk algal organic matter has a
chemical composition less susceptible to anaerobic than to
aerobic decay. A relatively small fraction of algal organic
meatter, however, is most susceptible to microbial degradation
under predominantly sulphate reducing conditions.

It is likely that bacterial matter, synthetized during the incu-
bation, significantly contributes to the total POC and PON
pools. Therefore, since k values are derived from bulk partic-
ulate organic matter concentrations and the decay model ap-
plied ignores bacterial growth, decomposition rates may gen-
eraly be underestimated.

4.1.2. Carbon and nitrogen isotope alteration

The observed decline in §*3C value with time can either be
explained by the preferential removal of an organic matter
fraction enriched in *3C or the gain of components depleted in
13C. Carbohydrates and proteins are generally enriched, and
lipids are depleted in **C compared to total plant tissue (De-
gens, 1969; Deines, 1980). Selective loss of carbohydrates and
proteins, which are particularly susceptible to microbial degra-
dation (Hedges et al., 1988; Harvey et al., 1995), would lead to
a decrease in the 6*3C value of residual organic matter. The
limited amount of algal matter incubated did not allow us to
determine concentrations of individual biochemical fractions.
However, the evolution of major biochemical concentrations
from other similar incubation experiments, which indicate rel-
ative enrichment of lipids in residual particulate matter with
ongoing decay (Harvey et a., 1995), may well be adopted here.

Harvey et al. (1995) reported highly variable bacterial abun-
dances over the course of phytoplankton incubations with, in
general, greatest activity during periods of high organic matter
loss. Macko and Estep (1984) have shown that bacteria cells
are generally enriched in *°C relative to the substrate com-
pounds. Therefore, although bacterial growth is likely to have
contributed to the particul ate organic matter in our experiments,
it probably did not contribute to the observed decrease in §*3C.
In addition, it has been shown that hydrolysis of reactive
compounds is associated with **C enrichment in the residual
material (Bada et al., 1989; Silfer et al., 1992). Consequently,
we conclude that the effect of selective preservation of com-
pounds with more negative 8*°C values outweighs possible
carbon isotope fractionations during enzymatic hydrolysis and
bacterial carbon incorporation. The variability of bacterial
abundances due to growth and decay of the decomposers them-
selves, however, may be responsible for minor changes of the
8'3C value observed in the second half of the experimental
period. All experiments show a decrease in the §*3C value, yet,
the degree of isotopic depletion and the rates of the change

varied quite significantly in detail. This could be due to differ-
ences in relative decay rates and g, values for specific bio-
chemical fractions for the different microbial communities. Itis
very unlikely that anagerobic microbial methane oxidation po-
tentially producing strongly **C-depleted biomass contributed
to the negative isotope shift since the isotope effect observed in
the SO,% -poor anoxic experiment (where CH, is most likely
to occur) is not larger than in the oxic set-up.

Potential mechanisms leading to changes in the §*°N value
of residual organic matter involve preferential loss of isotopi-
caly distinct fractions, kinetic isotopic fractionation during
hydrolysis and bacterial growth. Previously reported increases
in 85N for suspended particles with depth in the water column
(Saino and Hattori, 1980; Saino and Hattori, 1987; Altabet,
1988; Fry et a., 1991; Schaefer and Ittekkot, 1993; Altabet and
Francois, 1994; Ostrom et d., 1997; Sachs and Repeta, 1999)
are generally thought to result from the release of *°N-depleted
dissolved nitrogen during decomposition. The exact mecha-
nisms are unknown, but kinetic isotope fractionation during
protein hydrolysis (Bada et a., 1989; Silfer et a., 1992) is
likely to contribute to the >N-enrichment. The decrease in
8N observed in our anoxic experiments can be explained
either by the preferential loss of a nitrogen fraction enriched in
15N or the gain of a fraction depleted in **N. In some phyto-
plankton and bacterial cultures, the total protein within a cell
has been found to be enriched in **N (~3%o) relative to bulk
nitrogen (Macko et al., 1987). The decrease of §*°N valueswith
degradation could partly reflect the selective removal of pro-
teins. It is unlikely, however, that this relatively small isotope
effect exceeds the opposite isotope effect associated with the
hydrolysis of organic matter, which preferentially releases *“N.
Experimentally derived enrichment factors e, for peptide
bond breakage range between 2.5%0 and 4%. and are expected
to be even higher at room temperature (Silfer et al., 1992).
Hence, we conclude that the addition of *>N-depleted organic
matter from bacterial growth using soluble nitrogenous com-
pounds is likely to have led to the observed declinein §*°N. A
similar decrease in §*°N during the incubation of marine dia-
tom cells and zooplankton (Wada et al., 1980) and in sinking
bulk organic matter in the Peru Upwelling Area (Libes and
Deuser, 1988) was attributed to bacterial biosynthesis. The
isotopic depletion in bacterial nitrogen is thought to be associ-
ated with the loss of >N during biosynthesis, possibly by
preferential excretion of *®*N-ammonia (Macko and Estep,
1984). Harvey et a. (1995) showed that, during microbial
peak-time growth in their incubations, bacteria contribute more
then 20% to the total biomass and that the evolution of bacterial
abundances differed significantly between individual experi-
ments, depending on redox conditions and the nature of the
incubated material. It is, therefore, not surprising that in our
experiments the nitrogen isotope evolution, which reflects the
complex interplay of organic matter break-down, bacteria
growth and decay, is also variable with differing conditions.

The strong increase in 8*°N values under oxic conditions
corresponds with a preferential removal of nitrogen over car-
bon, as indicated by the increasing C/N ratios. The subsequent
decrease in 8'°N is associated with decreasing C/N ratios. In
situ bacterial growth is expected to result in lower C/N ratios
since the C/N of bacterial biomass generally ranges between 4
and 5 (Muller, 1977). Therefore, the N-isotope and C/N ratio
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data imply that between days 7 and 21, the liberation of
15N-depleted organic matter with low C/N is predominating,
whereas, thereafter, the contribution from *>N-depleted bacte-
rial biomass becomes progressively important. During the ini-
tial week of the experiment, when the 8N values remained
steady, the effects of the two processes seem to cancel each
other out. Very similar trends of 8'°N values during organic
matter decomposition under suboxic conditions have been re-
ported by Holmes et al. (1999),who also attributed the variabil-
ity in 8*°N values to the counteracting processes of substrate
degradation and bacterial biosynthesis.

We cannot be certain about the exact reasons for the varia-
tions of C/N ratios, and we are not able to clarify why the
aerobic versus anaerobic microbia activities have such a dis-
similar impact on the variability of C/N ratios. The completely
different evolution of the C/N ratios in the oxic relative to the
anoxic experiment might be indicative of different bacterial
metabolisms and activities. Generaly, if remineralization were
the sole process acting on organic particles, we would rather
expect an increase of the C/N ratios because of preferential
degradation of high-N compounds (Fenchel et al., 1998). The
unchanged C/N ratios determined for anoxically incubated ma-
terial suggest that bacterial growth, producing biomass with
low C/N, efficiently (and more steadily than in the oxic exper-
iment) counteracts the effect of remineralization.

4.2. Early Sedimentary Diagenesisin Lake
Lugano—Constraints on |sotope Signal Preservation

In agreement with other reports (Eadie et al., 1984; compi-
lation in Bloesch and Uehlinger, 1990), the total export carbon
flux determined at 20 m water depth in Lake Lugano represents
about one fourth of the mean annua primary productivity. In
contrast to sediment trap studies from Lake Michigan, indicat-
ing 67% organic matter loss in the hypolimnion (Eadie et a.,
1984; Meyers and Ishiwatari, 1993), our flux data suggest that
organic matter loss below the photic zone is small. The dis-
crepancy might be attributed to differences in the trophic state
of the two lakes. Whereas Lake Michigan is oligotrophic, the
south basin of Lake Lugano is eutrophic with high C,, fluxes
and partial water-column anoxia during summer. Yet, the §*°N
values for sinking PON tend to increase with increasing depth
(Table 2), indicating a slight but significant isotope shift during
water column settling. PON collected from the sediment sur-
face and from bacterial biomass in the nepheloid layer shows a
lower 8'°N than trap material (Lehmann et al., 2002). There-
fore, the small 8N increase in the near-bottom trap cannot be
explained by the addition of resuspended sediment or biomass
synthesized in the deep hypolimnion. The enrichment in **N in
sinking PON with increasing depth is consistent with the in-
creased 8*°N values found after the first week of experimental
aerobic decomposition.

The difference in accumulation rates between sediment and
traps demonstrates that organic matter loss during early sedi-
mentary diagenesis (0 to 3 yr) is significant (30 to 40%) but less
pronounced compared to other (more oxic) environments
(Meyers and Ishiwatari, 1993). Similar diagenetic losses of
organic matter ranging between 25 and 28% for organic carbon
and between 41 and 50% for organic nitrogen have been
reported from other highly productive Swiss lakes (Hohener,

1990; Teranes and Bernasconi, 2000). This degree of early
sedimentary mineralization seems to be characteristic for eu-
trophic or hypertrophic lakes, where high organic matter fluxes
lead to oxygen-deficiency in the sediment, potentially enhanc-
ing organic matter preservation (Dean et a., 1994). Although
near-bottom watersin Lake Lugano are only seasonally anoxic,
anaerobic conditions in the sediment persist throughout the
year. The comparatively low loss of organic matter at the
anoxic water-sediment interface in Lake Lugano is in agree-
ment with the enhanced preservation in the anaerobic incuba-
tions as indicated by higher g,,.

The comparison of the weighted §*C and 8*°N values of
trap material and sediment reveals that the sediments do not
always reliably reflect the isotopic composition of the primary
organic matter. This is not neccessarily due to the substantial
loss of organic matter during early diagenesis, as studies from
Lake Ontario (Hodell and Schelske, 1998) and Lake Baldegg
(Teranes and Bernasconi, 2000) suggest that, despite significant
diagenetic organic matter loss, the 6°C and 8*°N values of
sedimentary organic matter do record a primary signal. §°C
and "N data from Lake Lugano clearly indicate an overall
isotopic depletion during early sedimentary diagenesis support-
ing the validity of our results from the anoxic experiments for
field studies. The isotopic shift in §*3C can be attributed to the
preferential degradation of *3C enriched organic compounds. In
addition, methylotrophic bacteria consuming strongly *3C-de-
pleted CH, from methanogenic reactions may also have con-
tributed to the observed negative isotope effect as bacterial
biomass with §*3C values as low as —61%. was observed at the
hypolimnetic redoxcline of Lake Lugano (Lehmann et a.,
2002).

The generally lower 85N of the sediments compared to the
sediment traps in Lake Lugano is additional evidence that
microbial degradation can cause N-isotopic depletionsin resid-
ual organic matter, as reported in a few other studies (e.g.,
Libes and Deuser, 1988; Altabet et al., 1991). Organic matter
degradation is generally considered to lead to *°N-enrichment
in the bulk sediment. For example, Freudentha et al. (2001)
recently suggested that the increase of 6*°N in eastern subtrop-
ical Atlantic sediments is due to the progressive liberation of
15N-depleted dissolved nitrogen, related to bacterial metabo-
lism. In contrast, we relate the lower 8*°N values in the Lake
Lugano sediment to a strong influence of bacterial growth
adding *°N-depleted biomass to the bulk sedimentary matter.
This is supported by §*°N values of —5%o found for bacterial
biomass at the oxic-anoxic interface (Lehmann et al., 2002).
The bacteria probably grow on dissolved organic nitrogen and
NH, " derived from organic matter degradation.

When using sedimentary C and N-isotope ratios to recon-
struct past changes in environmental conditions, it is generally
assumed that potential isotope shifts are constant or their vari-
ations are small compared to fluctuations of the primary isotope
signal. In support of this assumption, the 8*°C values from
Lake Lugano sediments buried for more than four years reflect
well the trends determined for sinking organic matter. Here, the
isotope shift is constant and relative variations of the original
83C value are not diagenetically masked. However, the carbon
isotope shift determined from the two most recent sample pairs
is much lower and could indicate a lesser degree of diagenetic
ateration for the youngest sediment layers.
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The primary §*°N signal is poorly recorded by the sediment
archive and isotope shifts are highly variable. Contrary to
expectations, the offset is highest in the youngest sediment
samples. Bacterial growth producing *°N-depleted biomass
cannot solely explain the shift to relatively lower §*°N values
in the sediment. Higher C/N ratios in the upper part of the core
indicate a contribution of terrestrial organic matter debris.
Turbidites with high amounts of terrestrial plant debris showed
8N values of 1 to 2%, §*3C values around —27%., and C/N
ratios above 17. If we assume a 35% contribution of terrestrial
organic matter, with a "N of 1.5%o, a §*3C of —27%. and a
CIN ratio of 17, the resulting shifts of all measured parameters
are similar to those observed for older sediments, and, conse-
quently, the primary trends are better reflected by the sediment.

5. CONCLUSION

The carbon and nitrogen isotope ratio of organic matter in
sediments results from several complex processes including
biosynthesis in the photic zone, organic matter degradation and
bacterial growth in the water column and in the sediment, and
the input from allochthonous sources. Oxygenation conditions
have a direct effect on the preservation of the organic matter,
with enhanced preservation under anoxic conditions. The iso-
topic composition of bulk organic matter undergoes significant
ateration during microbial decomposition. The main processes
acting together and partially outweighing each other are isotope
fractionation during the initial break-down of complex organic
compounds, selective preservation of isotopically distinct frac-
tions of organic matter and bacterial biosynthesis. The contin-
uous decrease in §*3C values observed in all incubation exper-
iments can be attributed to the selective preservation of less
reactive compounds depleted in *3C. The depletion of *°N
observed for anaerobic incubations indicates the loss of *>N-
enriched nitrogen from the PON pool and possibly a contribu-
tion to PON from **N-depleted bacterial biomass. Not only the
preservation of organic matter but aso the magnitude and
direction of diagenetic isotope shifts during organic matter
decomposition is affected by redox conditions. The different
impact of oxic versus anoxic conditions on the §*°N value of
residual material may be due to metabolic pathways different
for aerobic and anaerobic bacteria

Our results do not claim general validity. We cannot ensure
that steady state was reached at the end of the experimental
period. In addition, significant processes and conditions (e.g.,
the effect of benthos activity under oxic conditions, of turbulent
diffusion, or of bottom-water hydrodynamics) cannot be repro-
duced in the laboratory. Our experimental and lake data, how-
ever, indicate that microbial activity during early diagenesis
under anoxic conditions can cause nitrogen isotope depletions
in the residua organic matter. In Lake Lugano, the correlation
between sedimentary and primary isotope values is reasonably
good in sediments where the effect of variable input from
external sources can be excluded. This suggests that the diage-
netic isotope ateration in Lake Lugano has stopped after less
than two years and surface water signals are reasonably well
recorded in the sediment. Yet, varying degrees of organic
matter preservation associated with variable environmental
conditions, in particular oxygenation conditions, can affect the
magnitude and direction of the isotope ateration. Therefore,

relative changes of photic zone isotope signals may be ob-
scured and not be conserved in the sediment if preservation
conditions at the sediment-water interface changed over time.

Our data set is directly applicable to early degradation in a
lake on atime span of weeks to years and, thus, may not be as
directly pertinent to deep-sea sediment records. However, our
dataindicate that variations of sedimentary 8*°N values, which
have formerly been interpreted to reflect changes in paeleopro-
ductivity or nitrate utilization, e.g., in the Holocene and upper
Pleistocene sediments of the eastern Mediterranean (Calvert et
a., 1992), may be signals indicating past changes of oxygen-
ation and, hence, preservation conditions. To better quantify the
possible effects of diagenetic alteration on the carbon and
nitrogen isotope ratios of bulk organic matter and, thus, to
enhance the use of stable isotopes for paleoceanography and
paleolimnology, more experimental work and field observa-
tions are needed.
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