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SUMMARY
Lakes play a significant role as a sink in the global carbon cycle, as their
sediments can store carbon even more efficiently than marine systems. The fate of
amino sugars and amino acids is particularly interesting because they are involved in
the carbon and nitrogen cycle. Amino sugars and amino acids account for large
fractions of primarily produced organic matter (OM) and can be used to determine
OM freshness and diagenetic state. By the same token, the contribution of bacteria to
the OM pool can be studied with amino biomarkers.
Studies on the fate of amino compounds concentrate mainly on marine
environments and focus on the degradation of amino acids. The main objective of this
thesis was to study the degradation, transformation and preservation behaviours of
amino sugars and amino acids in lakes and to reveal the impact of bacteria on these
processes. Therefore, the concentrations of individual amino sugars and amino acids
in plankton, particulate OM, water, sediment trap and sediment samples were
measured. By sampling two lakes with different trophic status and redox conditions in
their deep water the influence of these factors on OM degradation and preservation
was investigated.
The plankton samples had high contents of amino acids and amino sugars as
well as the particulate matter in the upper water layers. Below the photic zone, the
carbon normalized concentrations decreased. The relative loss of particulate amino
sugars was higher in the oligotrophic lake, suggesting enhanced amino sugar turnover
in an oligotrophic environment. Overall, the contribution of amino sugars and amino
acids to the OM decreased with water depth in both lakes. In contrast, in the
sediments the contribution of amino sugars to the C and N pools increased slightly
with depth, indicating an accumulation of amino sugars. Several degradation indices
based on amino sugars, amino acids and pigments showed transformations along with
sedimentation of the OM. Changes in the ratio of the amino sugars glucosamine and
galcatosamine revealed a replacement of plankton biomass with OM from
heterotrophic microorganisms with increasing water depth. Despite different trophic
status and redox conditions, the general pattern of degradation was similar in both
lakes, but more pronounced in the sediments of the eutrophic lake.
Estimations of OM derived from bacterial cells using bacterial cell counts and
the bacterial biomarkers muramic acid and D-amino acids gave similar results. For the
1

Summary

oligotrophic lake these estimates were higher. The results underscore that bacteria are
not only important drivers of OM degradation in lakes, but also represent a significant
source of OM themselves, especially in oligotrophic lakes.
Additionally, compound specific isotope analysis was performed on amino
acids in sediment trap and sediment samples. Based on the

15

N-amino acids data

several proxies for trophic levels were calculated, which showed higher trophic levels
for the eutrophic lake. However, a proxy for bacterial reworking of amino acids was
higher in the oligotrophic lake.
Together, these findings indicate enhanced transformation and therefore higher
utilization of the primarily produced organic carbon by bacteria in the water column
of the oligotrophic lake. In the sediments the degradation seemed to be more
pronounced in the eutrophic lake.

2

ZUSAMMENFASSUNG
Da Seesedimente organischen Kohlenstoff effizienter speichern als marine
Systeme, spielen sie eine signifikante Rolle als Kohlenstoffsenke im globalen
Kohlenstoffkreislauf.

Insbesondere

der

Verbleib

von

Aminozuckern

und

Aminosäuren ist dabei von speziellem Interesse, da sie sowohl im Kohlen- als auch
im Stickstoffkreislauf involviert sind. Ein grosser Teil des während der Photosynthese
aufgebauten

organischen

Materials

(OM)

besteht

aus

Aminozuckern

und

Aminosäuren, die zur Bestimmung des diagenetischen Status des OMs genutzt
werden können. Weitherhin kann der Beitrag von Bakterien zum OM ebenfalls mit
Amino-Biomarkern abgeschätzt werden.
Studien zum Verbleib von Amino-Verbindungen wurden bisher hauptsächlich
in marinen Systemen durchgeführt und konzentrierten sich vorwiegend auf
Aminosäuren. Der Schwerpunkt der vorliegenden Arbeit lag auf der Untersuchung
des Abbau- und Umwandlungsverhaltens und der Erhaltung von Aminozuckern und
Aminosäuren in Seen sowie auf der Untersuchung des Einflusses von Bakterien auf
diese Prozesse. Dazu wurden die Konzentrationen einzelner Aminozucker und
Aminosäuren im partikulären OM, in Plankton-, Wasser-, Sedimentfallen- und
Sedimentproben

gemessen.

Durch

die

Beprobung

von

zwei

Seen

mit

unterschiedlichen Nährstoffgehalten und Redoxpotentialen im Tiefenwasser wurde
ebenfalls der Einfluss dieser Faktoren auf den Abbau und den Verbleib von OM
untersucht.
Die Planktonbiomasse zeichnete sich durch hohe Konzentrationen von
Aminosäuren und Aminozuckern aus, ebenso das partikuläre Material in den obersten
Wasserschichten. Unterhalb der photischen Zone nahmen die auf Kohlenstoff
normierten Konzentrationen ab. Der relative Verlust an partikulären Aminozuckern
war grösser im oligotrophen See, was auf einen erhöhten Aminozuckerumsatz in
oligotrophen Systemen hinweist. Generell nahmen die Anteile von Aminozuckern und
Aminosäuren am OM in der Wassersäule mit der Wassertiefe in beiden Seen ab. Im
Gegensatz dazu nahmen die Anteile von Aminozuckern am organischen Kohlenstoff
und am Stickstoff im Sediment mit der Tiefe leicht zu, was auf eine Akkumulation
von Aminozuckern im Sediment hindeutet. Mehrere Abbauindices, basierend auf
Aminozucker, Aminosäuren und Pigmenten, zeigten eine mit der Sedimentation
einhergehende Umwandlung des OMs. Im Vergleich zu Aminosäuren waren die
3
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Aminozucker beständiger und tendierten zur Akkumulation. Veränderungen im
Verhältnis zwischen den beiden Aminozuckern Glucosamin und Galactosamin
belegte eine Umwandlung von planktonischer Biomasse zu mikrobieller Biomasse mit
zunehmender

Wassertiefe.

Trotz

unterschiedlicher

Nährstoffgehalte

und

Redoxpotentiale waren die Abbaumuster in beiden Seen ähnlich, allerdings fand in
den Sedimenten des eutrophen Sees ein grösserer Abbau statt.
Auf Bakterienzahlen und den bakteriellen Biomarkern Muraminsäure und DAminosäuren basierende Abschätzungen über das OM, das von Bakterienzellen
stammte, hatten ähnliche Ergebnisse. Für den oligotrophen See waren die
Abschätzungen generell höher. Dieses Ergebnis unterstreicht, dass Bakterien nicht nur
einen grossen Einfluss auf den Abbau von OM in Seen haben, sondern selbst auch
einen signifikanten Anteil des OMs bilden, dies insbesondere in oligotrophen Seen.
Verbindungsspezifische Isotope von Aminosäuren wurden an Sedimentfallenund Sedimentproben analysiert. Basierend auf den

15

N der Aminosäuren wurden

mehrere Indices für Trophiestufen berechnet, die alle höhere Trophiestufen im
eutrophen See anzeigten. Ein Index für die bakterielle Umsetzung von Aminosäuren
war jedoch höher im oligotrophen See.
Insgesamt deuten alle Ergebnisse auf erhöhte Umsetzung und Nutzung des
mittels Photosynthese aufgebauten OMs durch Bakterien in der Wassersäule des
oligotrophen Sees hin. In den Sedimenten hingegen lässt sich ein ausgeprägterer
Abbau im eutrophen See erkennen.

4

1.

INTRODUCTION

The sedimentation and burial of organic carbon in marine sediments result in
an important sink for carbon in the global carbon cycle, although the flux of ca. ca.
0.2 Pg C yr-1 is small (IPCC, 2007). Also inland aquatic sediments play a significant
role as sinks in the global carbon cycle (Mulholland and Elwood, 1982). Compared to
marine environments lakes store carbon more efficiently (Mulholland and Elwood,
1982; Dean and Gorham, 1998; Cole et al., 2007; Sobek et al., 2009). The only source
of organic carbon to the sediments is particulate organic matter (POM; Dean and
Gorham, 1998). During photosynthesis organic matter (OM) is built up. This fresh
OM is characterized by high C normalized yields of amino acids (AAs) and neutral
and amino sugars (ASs) (Cowie and Hedges, 1992, 1994; Benner and Kaiser, 2003).
About 50% of the OM produced through primary productivity is processed through
the microbial loop in the oceans (Ducklow, 2000). Bacteria preferentially utilize the
reactive components of OM (Wakeham et al., 1997; Amon et al., 2001; Benner, 2002).
Thus, during degradation the chemical composition of the OM changes and gives
information on diagenetic alteration in addition to information on the sources of OM.
The POM, which is not decomposed in the water column and arrives at the sediment
surface, faces further transformation and decomposition, as the sediment-water
interface of lakes is a very active habitat for microorganisms. In the first few
millimetres of the sediments, POM is intensively decomposed and mineralized.
Finally, about 4% of the organic carbon produced through primary productivity is
buried over geological timescales (Bloesch, 2004). However, the decomposition of
nitrogen compounds seems to be even more pronounced. In Fig. 1 processes of the
aquatic nitrogen cycle are summarized.
Lakes are ideal systems to study the interdependence of biogeochemical cycles
and to understand the complex coupling of these cycles by organisms, which may
improve our understanding of the global ecosystem (Stumm, 2004). For this purpose,
AAs and ASs are of particular interest as they are carbon and nitrogen bearing
molecules and therefore involved in both the carbon and nitrogen cycle. Amino
compounds account for large fractions of the OM produced through primary
productivity and give information on OM freshness and diagenetic state (Cowie and
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Hedges, 1992, 1994; Benner and Kaiser, 2003). Additionally, the contribution of
bacteria to the OM pool can be studied with amino biomarkers (McCarthy et al., 1998;
Ogawa et al., 2001; Kaiser and Benner, 2008; Tremblay and Benner, 2009; Bourgoin
and Tremblay, 2010).

Figure 1: Simplified schematic of the aquatic organic nitrogen cycle (modified based on Lee and
Cronin 1982).

1.1.

Amino sugars
Amino sugars (ASs), also known as hexosamines, are nitrogenous sugars

which mainly occur in Metazoan animals as constituents of carbohydrate polymers
(Kent and Whitehouse, 1955). They are derivatives of monosaccharides which contain
an amino group instead of a hydroxyl group and are building blocks of
polysaccharides like chitin, peptidoglycan and pseudopeptidoglycan. In these
polymers, ASs are most often protected by acetyl groups (Sharon, 1965). ASs are
relatively resistant to decomposition due to their general incorporation into structural
biopolymers (Dauwe and Middelburg, 1998). Glucosamine (GlcN) is the most
commonly occurring AS (Sharon, 1965). GlcN is a building block of chitin and the
bacterial cell wall polymer peptidoglycan. In peptidoglycan, GlcN is linked to
6
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muramic acid (MurA), which is an AS unique to bacteria (Salton, 1994). Another
bacterial AS is galactosamine (GalN), which occurs in capsular and extracellular
polysaccharides, but can also be incorporated into the cell wall, especially of
actinomycetes (Sharon, 1965). Mannosamine (ManN) is also found in bacteria but is
less abundant compared to GlcN and GalN (e.g. Benner and Kaiser, 2003; Glaser et
al., 2004). In soil science, ASs are used as biomarkers to trace microbial community
structures (e.g. Glaser et al., 2004). ASs are considered to play a significant role in the
nutrient cycle of aquatic systems (Nedoma et al., 1994; Vrba et al., 1997; Benner and
Kaiser, 2003), so far only a few studies in aquatic science have focused on ASs
(Benner and Kaiser, 2003; Fernandes et al., 2006; Tremblay and Benner, 2009).

1.2.

Amino acids
Amino acids (AAs) are the monomers of proteins and peptides. Thus, AAs are

very abundant in the biosphere. In living organisms, they account for most of the
nitrogen and also a large proportion of the organic nitrogen in DOM (dissolved
organic matter) and POM consists of AAs (McCarthy et al., 2004). Particulate AAs
originate mainly from phytoplankton biomass build-up during photosynthesis in the
euphotic zone (Lee, 1988). From the particulate matter in the surface waters a small
fraction sinks to the sediments. In the water column and in the sediments AAs are
decomposed

by

heterotrophic

microorganisms,

zooplankton

or

benthic

macroorganisms (Lee, 1988). Studies on the fate of OM have shown that AAs are
preferentially remineralized compared to bulk OM, indicating that AAs are more
labile than other particulate carbon and nitrogen compounds (Lee and Cronin, 1984;
Burdige and Martens, 1988; Wakeham and Lee, 1993; Harvey et al., 1995). Therefore,
the percentage of organic carbon and of nitrogen as AAs (%TAAC and %TAAN)
decrease during diagenesis (Keil et al., 2000). However, the reactivities of single AAs
are not equal. For example, in marine sediments, tyrosine (Tyr), phenylalanine (Phe)
and glutamic acid (Glu) were found to be the most labile, whereas glycine (Gly),
serine (Ser), alanine (Ala) and lysine (Lys) seem to be more refractory (Cowie and
Hedges, 1992). The degradation behaviour of single AAs seems to depend on their
association with cell walls or cell contents (Cowie and Hedges, 1996). Based on
changes in AA composition of OM, Dauwe and Middelburg (1998) and Dauwe et al.
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(1999) developed a degradation index which describes the diagenetic state of OM (see
section 1.5).
During diagenesis the relative abundance of non-protein AAs, like
aminobutyric acid ( -aba), α-aminobutyric acid (α-aba),

-

-alanine ( -ala) and

ornithine (Orn), increases (e.g. Cowie and Hedges, 1994). Compared to protein AAs,
non-protein AAs have a smaller reactivity. They are not taken up by the biota and
hence accumulate in the sediments (Dauwe and Middelburg, 1998). The non-protein
AA -aba is produced by the decarboxylation of Glu, α-aba originates from the
dehydration of threonine (Thr) and Orn is formed by the synthesis and degradation of
arginine (Arg) (Keil et al., 2000). Source of the non-protein AAs -ala is the bacterial
mediated degradation of aspartic acid, which occurs in sediments (Bada, 1998).
Two stereoisomers, the D- and the L-form, exist for all AAs (except for Gly).
The L-stereoisomer is the most abundant form which occurs in all living material and
in almost all organic detritus. D-AAs mainly derive from bacterial membranes which
can amount to 1-3% of the dry weight of bacterial cells (Salton, 1994). A relative
enrichment of D-AAs compared to L-AAs in sediments is caused by selective
biological degradation (Pedersen et al., 2001; Jørgensen et al., 2003). D-AAs are also
formed during the aging of OM, in this process the L-stereoisomer can racemize to the
D-form (Bada, 1998). However, racemization occurs at a low rate, the time L-AAs
need to form a D/L ratio of 0.33 is estimated to be 2-48 × 103 years at 25 °C (Bada
and Schroeder, 1975).

1.3.

Chitin
Chitin is the second most abundant polysaccharide on earth after cellulose

(Schlegel, 1992). It forms the exoskeleton of many arthropods and is the major
component of fungal cell walls (Schlegel, 1992). Furthermore, it occurs also in some
plants (Fenchel et al., 1998). The total annual chitin production in aquatic
environments was estimated to be 2.8 × 1010 kg chitin yr−1 in freshwater systems and
1.3 × 1012 kg chitin yr−1 for marine ecosystems (Cauchie, 2002). Chitin is a
homopolysaccharide of N-acetly-D-glucosamine (Fig. 2; Killops and Killops, 1997)
which exists in different crystallographic forms, e.g., the α- and -form (Muzzarelli
and Muzzarelli, 1998). Soil and aquatic microorganisms can use chitin as a carbon
and nitrogen source. Up to 10% of the marine bacterial community could be sustained
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by chitin (Kirchman and White, 1999). In general, chitin is considered to be degraded
easily, but several studies have shown that some forms of chitin might be recalcitrant
to bacterial degradation.

Figure 2: Chemical structure of chitin (Kurita, 2006).

1.4.

Peptidoglycan
Peptidoglycan is the main building block of the rigid bacterial cell wall

(Schleifer and Kandler, 1972), which contributes up to 70% of the dry weight of
bacterial biomass (Killops and Killops, 1997). In contrast to bacteria, Archaea do not
synthesize peptidoglycan (Howland, 2000). Peptidoglycan consists of alternating units
of the ASs N-acetylglucosamine and N-acetylmuramic acid (Fig. 3). The
polysaccharide chains are cross-linked by peptide chain AAs with D-Ala and D-Glu
being the main peptide components (Schleifer and Kandler, 1972). Muramic acid is
unique to bacteria and D-AAs mainly derive from bacterial membranes; each of these
specific cell wall components amount for about 1-3% of the dry weight of the cell
(Salton, 1994). Gram-positive bacteria have a uniform peptidoglycan layer which
forms 90% of the cell wall and Gram-negative bacteria have a complex multilayered
cell wall with a relative thin peptidoglycan layer which forms 10% of the cell wall
(Madigan et al. 2009). However, according to Jørgensen et al. (2003) peptidoglycan
from Gram-negative cells is more resistant to microbial degradation. In general,
peptidoglycan belongs to the more refractory components of bacterial remnants
(Veuger et al., 2006). In an experiment with radio-labelled peptidoglycan in seawater
Nagata et al. (2003) estimated a turnover time of 10-167 d.
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Figure 3: Structure of the repeating units of the bacterial cell wall polymer peptidoglycan (Madigan et
al., 2009).

1.5.

Organic matter status – degradation indices
Sources and diagenetic alterations of OM can be revealed by its chemical

composition. Degradation indices are useful to characterize the OM and to estimate
the relative degradation state of the OM from short-term (e.g. with chlorophyll) to
longer term (e.g. with non-protein AAs) degradation periods (Dauwe et al., 1999).
However, since the sensitivity of some indices varies with degradation status,
degradation indices should be applied in a thoughtful way (Cowie and Hedges, 1994).
Using trace compounds for degradation indicators is problematic for cross-system
comparison as biomarker sources are multiple and vary as well as their degradation
pathways (Dauwe and Middelburg, 1998). These issues can be prevented by using
degradation indices based on ubiquitous compounds like proteins, hexosamines and
carbohydrates (Cowie and Hedges, 1994). Below such degradation indices based on
amino acids, amino sugars and pigments, which were applied in this thesis, are briefly
described:
•

DI: During the degradation of OM the molecular AA composition
systematically changes. Thus, variations in the AA composition can be related
to the decay of OM and to the quality of the OM. Based on these changes

10
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Dauwe and Middelburg (1998) and Dauwe et al. (1999) developed a
degradation index (DI). It consists of the first axis of a principal components
analysis (PCA) of protein AAs mol% values of a data set with samples of
different degradation status. The DI has been applied to marine sediments (e.g.
Dauwe et al., 1999; Lomstein et al., 2006), lake sediments (e.g. Meckler et al.,
2004; Klauser, 2007) and river systems (e.g. Duan and Bianchi, 2007). The DI
has values between 1 and 1.5 for phytoplankton, bacteria and sediment-trap
matter, a value of -0.3 to 1 for marine POM and ocean margin sediments,
values <-1 were found in refractory OM from pelagic deep-sea sediments
(Dauwe et al., 1999).
•

Relative abundance of non-protein AAs: Non-protein AAs ( -ala, -aba, α-aba
and Orn) are primarily of diagenetic origin (Lee and Cronin, 1982). Increased
relative abundances of these AAs are interpreted as a signal of diagenetic
alteration (Cowie and Hedges, 1992, 1994). Degradation of OM can also be
determined by the ratios of the parent AA to the non-protein AA degradation
product (Asp: -ala and Glu: -aba) (Haake et al., 1992).

•

RI: The reactivity index (RI; Jennerjahn and Ittekkot, 1997) is the ratio of
relative abundance of aromatic AAs (Tyr and Phe) to non-protein AAs ( -ala
and -aba). Fresh OM has high contents of aromatic AAs and therefore a
higher RI than sedimentary OM.

•

GlcN:GalN: Phyto- and zooplankton that produce chitin have GlcN:GalN
ratios >14 (Benner and Kaiser, 2003). OM enriched in chitin has a GlcN:GalN
ratio >8 which decreases during biodegradation (Müller et al., 1986; Liebezeit,
1993; Benner and Kaiser, 2003). GlcN:GalN ratios <2 indicate a bacterial
source and diagenetic alteration (Liebezeit, 1993; Ogawa et al., 2001; Benner
and Kaiser, 2003).

•

D-/L-AA ratios: Increasing D-/L-AA ratios with depth were found in OM
samples from the ocean and within marine sediments (Pedersen et al., 2001;
Kaiser and Benner, 2008). Also in a degradation experiment with dissolved
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organic carbon Amon et al. (2001) found increasing D-/D-AA ratios with
proceeding degradation of the OM. It seems that D-AAs are less degradable
than L-AAs this explains the increase of the ratio with ongoing degradation
(Pedersen et al., 2001).
•

CI: The Chlorin Index (CI) is an indicator for OM freshness based on
pigments (Schubert et al., 2005). The CI is defined as the ratio of chlorophyll
and its degradation products which can still be chemically transformed and the
degradation products that withstand chemically attack. Fresh chlorophyll a has
a CI value of 0.2. The CI increases with degradation of the material up to a CI
value of 1.0 for refractory matter.

1.6.

Isotope geochemistry
Stable isotope analysis serves as a valuable tool to study the biogeochemical

cycles of carbon and nitrogen (Gu et al., 2006). Generally, different isotopic ratios
originate from fractionation processes due to the preferential use of the lighter
isotopes compared to the heavier ones in biological and chemical processes (Barker
and Fritz, 1981; Boschker and Middelburg, 2002). Several studies examined the
isotopic composition of POM in lake systems (e.g. Bernasconi et al., 1997; Lehmann
et al., 2004a, b; Gu et al., 2006). The obtained data helped to identify sources of OM
and microbial processes. For instance, low

15

N values of POM in the water column

and in the sediment can be a sign of nitrate depletion and N2-fixation (Gu et al., 2006).
Degradation of OM is assumed to lead to an enrichment of

15

N, because

14

N is

preferential removed during mineralization (Bernasconi et al., 1997). Especially the
stable isotope analysis of biomarkers can be used to determine direct links between
biogeochemical processes and microorganisms (Boetius et al., 2000; Boschker and
Middelburg, 2002). The AA compositions from different sources are quite similar so
that a molecularly based AA analysis has limits in detecting sources of OM. With the
help of isotope analysis of single AAs different metabolic processes can be identified.
The fractionation of nitrogen in the main protein AAs offers the possibility to
distinguish differences in metabolism and different sources of organic nitrogen.
Reactions like transamination and deamination involve a cleavage of a nitrogen-
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carbon bond which results in fractionation (Fig. 4). McClelland and Montoya (2002)
found regular increases in the

15

trophic transfer. In contrast, the

15

N of some AAs (e.g. Glu and Asp) with every

N of Phe shows only little 15N fractionation during

conversion to Tyr as no carbon-nitrogen bond has to be cleaved or formed
(Chikaraishi et al., 2007; Fig. 4). Thus, the nitrogen isotopic composition of Phe
contains information on nitrogen sources of the primary production and is not affected
by the trophic position (McClelland and Montoya, 2002; Hannides et al., 2009). These
differences between source and trophic AAs can be very expedient for trophic level
studies and have been used for studies on plankton food webs in marine systems
(McClelland and Montoya, 2002; McClelland et al., 2003; Loick et al., 2007;
Hannides et al., 2009), fish (Popp et al., 2007) and terrestrial food webs, e.g., for
insects (Chikaraishi et al., 2011) and penguins (Lorrain et al., 2009). An index related
to total AA re-synthesis (ΣV), which is coupled to heterotrophic microbial reworking
of the detrital OM was introduced by McCarthy et al. (2007).

Figure 4: Metabolic AA reactions (Chikaraishi et al. (2007) based on Bender (1985)).

1.7.

Study sites

1.7.1. Lake Brienz
Lake Brienz is a peri-alpine lake which has a surface area of 29.8 km2, a
volume of 5.15 km3 and is located 70 km southeast of Bern. The maximum depth of
the lake is 259 m. In total the catchment of the lake has an area of 1134 km2 and is
drained by the major rivers Aare and Lütschine. The lake is fully oxic throughout the
13
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year. Lake Brienz is an oligotrophic freshwater system with a phosphate concentration
of ~1 mg m-3 (Wüest et al., 2007). The lake was sampled at position
46°43'18''N/7°58'27''E at a water depth of 250 m in May and September 2009 (Fig. 5).
Close to the sampling site, sedimentation rates in the range of 0.68-0.82 cm yr-1 were
determined (Anselmetti et al., 2007; Bechtel and Schubert, 2009a). The lipid
biomarker composition of POM and of the OM in the sediments revealed that the OM
in Lake Brienz mostly derives from autochthonous sources like algae, zooplankton
and bacteria (Bechtel and Schubert, 2009 a, b) .

Figure 5: Map of Lake Brienz and Lake Zug including sampling sites (reproduced with permission of
swisstopo / JA100119).

1.7.2. Lake Zug
Lake Zug is a eutrophic sub-alpine lake in central Switzerland ca. 30 km south
of Zurich, with a maximum depth of 198 m. Its volume is 3.2 km3 and the surface area
38.4 km2. Samples were taken in March and October 2009 from the deepest point at
47°6'1''N/8°29'4''E (Fig. 5). The sedimentation rate is estimated to 0.3-0.39 cm yr-1
(Moor et al., 1996; Meckler et al., 2004). Since the beginning of the last century the
14
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lake has a high eutrophic level (Moor et al., 1996). Another characteristic of Lake Zug
is that it is in the lee side of a mountain range and due to this circumstance it is
meromictic. Consequently, the water of the stratified lake is permanently anoxic
below 170 m depth (Mengis et al., 1997).

1.8.

Objectives and outline of the thesis
This thesis was part of the interdisciplinary project “Degradation and

transformation of lacustrine organic nitrogen compounds: microbiology and
biogeochemistry” (SNF grants K-23K1-118111 and 200020_134798). The general
objective of the project was to better understand the fate of organic nitrogen
compounds in lakes and the involvement of bacteria in these transformation processes.
The focus of the biogeochemical part of the project was to follow ASs and AAs from
their sources in the zone of primary production through the water column to the
underlying sediments and to reveal transformation, degradation and preservation
behaviours of these compounds along that pathway. With amino biomarkers the
impact of bacteria on the transformation processes and the fate of amino compounds
were investigated. By sampling two lake systems which differ in trophic status and
redox conditions, we studied if these factors are driving compositional changes during
OM degradation and preservation. A further aim of the work was to use, for the first
time, compound specific stable istotope measurements on AAs to study changes in
trophic levels and bacterial resynthesis of the AAs in lakes.

The thesis is structured in three main chapters which together give a
comprehensive overview of the degradation and transformation of ASs and AAs in
lacustrine OM from planktonic, particulate and sedimenting matter to sediments.

Chapter 2: Contribution of bacterial cells to lacustrine organic matter based on
amino sugars and D-amino acids
Particulate AS and D-AA concentrations were quantified in samples from
Lake Brienz and Lake Zug. With this data the contribution of bacterial cells to the
organic carbon in the lakes was estimated. The results were also compared to
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estimates using bacterial cell counts. Additionally, the fate of particulate ASs was
investigated.

Chapter 3: Amino acid and amino sugar transformation during sedimentation in
lacustrine systems
ASs and AAs were analyzed in plankton, sediment trap and sediment samples
of Lake Brienz and Lake Zug in order to study the degradation behaviour of the amino
compounds. Additionally, several degradation indices were determined and compared.

Chapter 4: Amino acid nitrogen isotopic composition patterns in lacustrine
sedimenting matter
The nitrogen isotopic composition of AAs in sediment trap and sediment
samples were determined as well as the bulk isotopic composition. Based on the AA
isotope data several indices for trophic levels and a proxy for bacterial heterotrophic
amino acid re-synthesis were calculated.

The thesis concludes with a synthesis of all results and an outlook on potential
future work based on the presented findings.

1.9.

Contribution to further publications
Within the framework of the project additional papers were prepared jointly

with the research team:

Köllner K. E., Carstens D., Keller E., Vazquez F., Schubert C. J., Zeyer S., Bürgmann
H. (2012) Bacterial chitin hydrolysis in two lakes with contrasting trophic
statuses. Applied and Environmental Microbiology 78, 695-704.

Köllner K. E., Carstens D., Schubert C. J., Zeyer J., Bürgmann H. (in preparation) The
impact of amino compounds and organic matter freshness on the vertical
structure of lake bacterioplankton populations.
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Contribution of bacterial cells to lacustrine organic matter based on amino sugars and D-amino acids

2.1.

Abstract
Amino sugars (ASs), D-amino acids (D-AAs) and bacterial cell counts were

measured in two Swiss lakes to study the contribution of bacterial cells to organic
matter (OM) and the fate of ASs and bacterial amino biomarkers during OM
degradation. Concentrations of individual ASs (glucosamine, galactosamine, muramic
acid and mannosamine) in the particulate and total OM pools were analyzed in watercolumn profiles of Lake Brienz (oligotrophic and oxic throughout the entire water
column) and Lake Zug (eutrophic, stratified and permanently anoxic below 170 m) in
spring and in fall. Generally, carbon-normalized AS concentrations decreased with
water depth, indicating the preferential decomposition of ASs. For Lake Brienz the
relative loss of particulate ASs was higher than in Lake Zug, suggesting enhanced AS
turnover in an oligotrophic environment. AS ratio changes in the water column
revealed a replacement of plankton biomass with OM from heterotrophic
microorganisms with increasing water depth. Similar to the ASs, highest carbon
normalized D-AA concentrations were found in the upper water column with
decreasing concentrations with depth and an increase close to the sediments. In Lake
Zug, an increase in the percentage of D-AAs also showed the involvement of bacteria
in OM degradation. Estimations of OM derived from bacterial cells using cell counts
and the bacterial biomarkers muramic acid and D-AAs gave similar results. For Lake
Brienz 0.2-14% of the organic carbon pool originated from bacterial cells, compared
to only 0.1-5% in Lake Zug. Based on our estimates, muramic acid appeared
primarily associated with bacterial biomass and not with refractory bacterial
necromass. Our study underscores that bacteria are not only important drivers of OM
degradation in lacustrine systems, they also represent a significant source of OM
themselves, especially in oligotrophic lakes.

2.2.

Introduction
In nature, bacteria are key drivers for organic matter (OM) cycling. In the

oceans about 50% of the planktonic primary production is processed through the
microbial loop (Ducklow 2000). Fresh OM has high carbon-normalized yields of
amino acids (AAs), neutral sugars, and amino sugars (ASs) (Cowie and Hedges 1992;
Benner and Kaiser 2003). During OM decomposition, heterotrophic bacteria
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preferentially utilize these reactive organic components (Cowie and Hedges, 1992;
Wakeham et al., 1997; Amon et al., 2001). While AAs have been widely measured in
marine and lacustrine systems (e.g. Lee and Cronin, 1982; Dauwe et al., 1999;
Rosenstock and Simon, 2001), only a few studies in aquatic science focus on ASs
(Benner and Kaiser, 2003; Fernandes et al., 2006; Tremblay and Benner, 2009),
despite the fact that they are considered to play a significant role in the nutrient cycle
of aquatic systems (Nedoma et al., 1994; Vrba et al., 1997; Benner and Kaiser, 2003).
An abundant biopolymer consisting of ASs is chitin, a homopolymer of N-acetyl-Dglucosamine. The total annual chitin production in aquatic environments was
estimated to 2.8 × 1010 kg chitin yr−1 in freshwater systems and to 1.3 × 1012 kg chitin
yr−1 for marine ecosystems (Cauchie 2002). Up to 10% of the marine bacterial
community could be sustained by chitin ((Kirchman and White) 1999). Other sources
of ASs are polysaccharides, glycoproteins, and glycolipids that are common to many
organisms (Sharon 1965). During degradation of OM, the AS composition changes
e.g. the ratio between glucosamine (GlcN) and galactosamine (GalN) decreases with
progressing degradation (Benner and Kaiser, 2003; Davis et al., 2009). Besides being
actively involved in OM degradation, bacteria themselves build up new biomass. The
bacterial cell wall polymer peptidoglycan comprises GlcN and muramic acid (MurA),
an AS that is unique to bacteria (Schleifer and Kandler, 1972). As peptidoglycan is
recycled within 10-167 d after organism death (Nagata et al., 2003), MurA can serve
as a valuable biomarker for living bacteria and recent bacterial necromass (Moriarty,
1975; Benner and Kaiser, 2003; Niggemann and Schubert, 2006). Another group of
organic molecules which mainly derive from bacterial membranes are D-amino acids
(D-AAs) which can amount to 1-3% of the dry weight of bacterial cells (Salton 1994).
By analyzing these biomarkers, the contribution of bacteria to the OM pool has been
studied in marine environments (McCarthy et al., 1998; Ogawa et al., 2001; Kaiser
and Benner, 2008), estuaries (Bourgoin and Tremblay, 2010), and rivers (Tremblay
and Benner, 2009).
It is well known that redox conditions have a direct effect on bacterial
metabolism and consequently on the transformation pathways for specific organic
compounds (Sun et al., 2002). For instance, studies on OM degradation processes
showed more rapid degradation under oxic than under anoxic conditions (Harvey et
al., 1995; Nguyen and Harvey, 1997; Hedges et al., 1999). Most of these studies
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report on incubation experiments and concentrate on the degradation of OM in marine
systems; field studies in lacustrine systems are rare.
This study aimed to estimate the contribution of bacterial cells to the OM pool
in lacustrine systems with different trophic level and to investigate whether relations
exist between nutrient status of a lake, preservation conditions, and AS compositional
changes during OM degradation. Therefore, two contrasting lakes (oligotrophic and
fully oxic versus eutrophic, stratified, and anoxic) in central Switzerland were
investigated. Concentrations of single particulate ASs (PAS), particulate D-AA, and
total ASs (TAS) were analyzed in the water columns of Lake Brienz and Lake Zug in
two seasons. Bacterial cell counts were compared to quantitative estimates on the
contribution of bacterial cells to OM based on the bacterial biomarkers MurA, Dalanine (D-Ala), and D-glutamic acid (D-Glx).

2.3.

Methods

2.3.1. Sampling sites
Lake Brienz is a peri-alpine lake located in the northern ranges of the Swiss
Alps, with a surface area of 29.8 km2 (Fig. 5). It has a maximum depth of 259 m and a
volume of 5.2 km3. The catchment of the lake is drained by the two main inflows, the
Aare and the Lütschine, which together transport an annual average of 300,000 tons of
suspended material into Lake Brienz (Finger et al., 2006). In contrast to the particle
load, the nutrient input is low, resulting in an oligotrophic state of the lake. Lake
Brienz was sampled in the central part at position 46°43'18''N/7°58'27''E where the
lake has a depth of 250 m in May and September 2009.
Lake Zug is a eutrophic sub-alpine lake in central Switzerland about 30 km
south of Zurich. Its maximum depth is 198 m and the volume of the lake is 3.2 km3
with a surface area of 38.4 km2. Samples were taken in March and October 2009 at
the deepest point of the lake at position 47°6'1''N/8°29'4''E. The sampling site is
located in the meromictic southern basin of Lake Zug, where permanently anoxic
conditions prevail below 170 m (Mengis et al., 1997).
2.3.2. Sampling
Water samples were taken with Niskin bottles in ten depths distributed over
the entire water column (Lake Brienz: 5, 10, 20, 30, 40, 70, 100, 150, 200 and 240 m;
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Lake Zug: 5, 10, 15, 25, 60, 80, 100, 130, 170 and 190 m). The samples were split
into separate aliquots for microbial and geochemical analyses. Water samples for the
microbial analysis were filled into autoclaved glass bottles (1 L) and transported cool
and in the dark to the laboratory. For the analysis of TAS, a sample aliquot was
poisoned with saturated HgCl2 solution and stored at -20 °C until further processing.
Particulate matter (POM) was sampled at the same water depths with in-situ
pumps (McLane) onto two stacked precombusted glass fiber filters (GF/F filters, 142
mm diameter) with a nominal pore size of 0.7 μm (Whatman) until filters were
clogged. Between 23 to 45 L of water were filtered in Lake Zug, whereas for Lake
Brienz between 27 and 106 L were filtered. The filters were frozen directly after
sampling and kept at -20 °C until analysis.
A 95 μm double closing net (Bürgi and Züllig, 1983) was used to take an
integrated plankton sample from 0-100 m water depth. The plankton samples were
preserved in 2% formaldehyde.
Profiles of temperature, oxygen and conductivity were taken at each sampling
campaign with a CTD-profiler (Seabird SBE19).
Primary productivity was estimated using the

14

C-bicarbonate incubation

method (Steeman-Nielsen, 1952). For 13 water depths between 0 and 25 m, 120 mL
of water were inoculated with 15 μCi NaH14CO3. The Duran bottles were then
incubated in situ for 3 h between 11:00 and 14:00 CET at the according water depths
where the samples had been recovered. Afterwards, the samples were processed
following the acid bubbling method of Gächter and Marès (1979). Therefore, the
samples were split into two aliquots and the radioactivity of the added inorganic
carbon was measured in one aliquot directly with a liquid scintillation spectrometer
(TRICARB, Packard). The

14

C activity of the organic substances built up during

incubation was measured in the second aliquot after removal of the non-incorporated
14

C by acidification and bubbling. The carbon assimilation rate was calculated as the

fraction of incorporated 14C multiplied by the total dissolved inorganic carbon, which
was determined from alkalinity and pH measurements according to Rodhe (1958).
2.3.3. Chemical analysis of water samples
Total organic carbon (TOC) and nitrogen (TN) concentrations of the water
samples were measured by high temperature catalytic oxidation using a Shimadzu
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TOC-V CPH / TNM1 analyzer with a measurement error of 0.2 mg L-1 and a
detection limit of 0.5 mg L-1.
Total amino sugar (TAS) concentrations in the water were measured using the
method of

Kaiser and Benner (2000). Due to low TAS concentrations, it was

necessary to pre-concentrate the water samples. Thus, 45 mL of the water samples
were lyophilized and redissolved in 2 mL of 3 mol L-1 HCl (Merck). For hydrolysis,
the samples were flushed with nitrogen and kept 5 hours at 100 °C. After adding the
internal standard 3-amino-3-deoxy-glucose hydrochloride for quantification (prepared
from 3-acetamido-3-deoxy-D-glucose, TRC), the samples were neutralized with an
AG11 A8 resin (50-100 mesh; Bio-Rad) and desalted with an AG50 X8 resin (200400 mesh; Bio-Rad) for GlcN, GalN and mannosamine (ManN). The clean-up
procedure for MurA was performed separately with AG50 X8 resin (100-200 mesh;
Bio-Rad). Subsequently, ASs were separated using a metal-free high performance
liquid chromatography system (Jasco) with a PAD ED50 detector (Dionex), equipped
with a gold working electrode and a pH Ag/AgCl reference electrode. A CarboPac
PA1 column (250 mm × 4 mm inner diameter; Dionex) with a CarboPac PA1 guard
column (50 mm × 4 mm inner diameter; Dionex) was used. For the separation of
GlcN, GalN and ManN the eluent was 12 mmol L-1 NaOH under isocratic conditions
with a flow rate of 1 mL min-1. The separation of MurA was conducted at the same
flow rate but with 99.6 mmol L-1 NaOH and 100 mmol L-1 sodium acetate as eluent
under isocratic conditions. After hydrolysis, ASs are in the deacetylated form. This is
the form which was used for calculation of AS yields. As ASs occur in nature
commonly in the acetylated form, the presented calculations might underestimate AS
carbon by up to 25% (Benner and Kaiser, 2003). The relative standard error of the
measurement was <13% for all measured ASs. The plankton samples were analyzed
with the same procedure.
2.3.4. Chemical analysis of particulate organic matter
For the particulate amino sugar (PAS) analysis, one quarter of each filter was
hydrolyzed with 6 mol L-1 HCl for 10 hours at 100 °C under N2. Based on earlier
experiments of Klauser (2007) this procedure gave highest yields. The hydrolyzate
was then processed following a slightly modified method after Zhang and Amelung
(1996) including a derivatization step according to Guerrant and Moss (1984) and
with myo-inositol (Aldrich) as internal standard. 1 μL of the derivatized extract was
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injected into a GC system equipped with a flame ionization detector (HRGC 5160,
Carlo Erba Instruments), a split-splitless injector and a VF-5 MS column (60 m, 0.25
mm inner diameter and 0.25 μm film thickness; Varian). The injector temperature was
250 °C and the temperature of the detector was 300 °C. Hydrogen was used as carrier
gas with a flow rate of 2 mL min-1. The following temperature program was used:
from 120 °C to 200 °C at 20 °C min-1, from 200 °C to 250 °C at 2 °C min-1, and from
250 °C to 270 °C at 20 °C min-1 held 10 minutes at 270 °C. For quantification
standards of D-GlcN (Sigma), D-ManN (Aldrich), D-GalN (Fluka), MurA (Sigma)
and myo-inositol (Aldrich) were derivatizated and measured on the GC system. The
PAS concentrations were normalized to the amount of filtered water. The relative
standard errors of triplicate analysis were 3-7% for GalN and GlcN and 11-19% for
ManN and MurA.
For the analysis of particulate D-AAs, one quarter of each filter was
hydrolyzed with 6 mol L-1 HCl for 20 hours at 110 °C under N2. Prior to hydrolysis,
L-norleucine (Sigma) was added as internal standard. After drying under vacuum at
40 °C, samples were redissolved in 0.01 mol L-1 HCl and processed according to Popp
et al. (2007). In brief, samples were purified by cation-exchange chromatography
(Dowex 50W X8 resin, 200-400 mesh; BioRad) as described by Metges et al. (1996).
After the purification step, samples were reacidified with 0.02 mol L-1 HCl at 110 °C
for 5 min. Samples were then esterified with acidified isopropanol (4:1
isopropanol:acetyl chloride; Sigma Aldrich and Fluka) at 110 °C for 60 min and
derivatized with 3:1 dichloromethane:trifluoroacetic anhydride (LabScan and Fluka)
at 100 °C for 15 min to form trifluoroacetic amino acid esters. After drying, further
purification was achieved by redissolving the sample in 1:2 chloroform
(Mallinckrodt):phosphate-buffer (KH2PO4 + Na2HPO4 (both Fluka) in nanopure water,
pH 7), shaking it vigorously and transferring the chloroform phase into a separate vial.
Afterwards, the acylation step was repeated. The derivatized samples were dried,
dissolved in ethyl acetate (Merck) and analyzed on a GC system with a flame
ionization detector (Shimadzu) and a Chirasil-L-Val column (25 m, 0.25 μm inner
diameter and 0.12 μm film thickness; Varian) using the following temperature settings:
injector 180 °C, detector 280 °C, oven program: 80 °C held 5 min, 3.5 °C min-1 to 120
°C held 3 min, 4 °C min-1 to 152 °C held 3 min, 5 °C min-1 to 195 °C held 10 min.
The flow rate was 0.5 mL min-1. Known amounts of D-Ala and D-Glx (Sigma)
standards were derivatized and measured for quantification. D-AA concentrations
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were corrected for racemization during hydrolysis following Kaiser and Benner
(2005). They determined the hydrolysis-induced racemization of free AAs and
proteins. Average percentages of single D-enantiomers (%D = 100 × D/(D+L))
produced during acid hydrolysis of the L-enantiomers in those experiments were used
for correction of natural samples and were the following for D-Ala and D-Glx: 1.2%
and 2.0%, respectively (Kaiser and Benner 2005). The relative standard errors of
measurement were 4% for D-Ala and 9% for D-Glx.
Chlorin concentrations were measured on the POM samples using the
procedure described by Schubert et al. (2005). The ratio of the fluorescence intensity
of the acidified sample to the fluorescence intensity of the non-acidified original
extract represents the Chlorin-Index (CI), which serves as a proxy for OM freshness
(Schubert et al. 2005). The value of the CI for fresh chlorophyll a is 0.2 and increases
up to unity for highly degraded organic material.
2.3.5. Bacterial cell counts
Bacterial cells were counted using flow cytometric measurements as described
by Hammes et al. (2008). Briefly, bacterial cells were stained with 10 μL mL-1 SYBR
Green I (1:100 dilution in dimethyl sulfoxide; Molecular Probes) and incubated in the
dark for 15 min at room temperature. The measurements were carried out on a
CyFlow Space instrument (Partec) with a 200 mW laser, emitting light at a fixed
wavelength of 488 nm and a volumetric counting hardware. At a wavelength of 520
(±20) nm, green fluorescence was determined and red fluorescence above 630 nm.
The flow rate was 200 mL min-1. For data analysis the Flowmax software (Partec) was
used. Samples were diluted with cell-free water so that the measured concentration
was between 20 and 500 events sec-1. The standard error of triplicate measurements
was <10%.

2.4.

Results

2.4.1. Physico-chemical characterization of the water columns
The water column of Lake Brienz was fully oxic in spring and in fall with
values between 7.3 and 10.2 mg L-1 (Fig. 2). TOC concentrations varied between 0.5
and 0.9 mg L-1 in spring and in fall, showing highest values in the upper water layers
(Fig. 2). The TN concentrations in Lake Brienz were below the detection limit of 0.5
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mg N L-1 throughout the water column in both seasons. In spring, the areal primary
production was estimated at 22 mg C m-2 h-1, where the depth of maximum primary
productivity was at 5 m. For the fall sampling, the areal primary productivity declined
to a value of 12 mg C m-2 h-1 with a maximal productivity at 2.5 m depth.
Water column profiles for Lake Zug revealed oxygen concentrations of 9.2 mg
-1

L near the water surface and decreasing concentrations with water depth in spring
and in fall (Fig. 2). Below 130 m, the water column was anoxic in both seasons. The
estimated areal primary production in spring was 206 mg C m-2 h-1 and declined in fall
(98 mg C m-2 h-1). Maximum productivity was observed at 2.5 m depth for each
sampling event. In the photic zone, highest TOC concentrations were measured with
values of 2.4 mg L-1 in spring and 2.5 mg L-1 in fall (Fig. 2). Towards the sediments
the values decreased to 1.9 mg L-1. TN concentrations were close to the detection
limit in spring and below the detection limit in fall.
Values for the CI were increasing with water depth in both lakes and seasons
(Fig. 7). In Lake Zug, CI values ranged between 0.3-0.6 and 0.3-0.4 in spring and fall,
respectively. In contrast to Lake Zug, where no clear temporal pattern could be
discerned, we observed for Lake Brienz systematically lower CI values in spring (0.20.4) than in fall (0.3-0.5).

Figure 6: Total organic carbon (TOC, black circles) and oxygen concentrations (black line) in Lake
Brienz and Lake Zug, spring and fall 2009.
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Figure 7: Profiles of GlcN:GalN ratios and Chlorin-Indices (CI) in the particulate matter of Lake
Brienz and Lake Zug, spring and fall 2009.

2.4.2. Total amino sugar concentrations
In Lake Brienz, TAS concentrations of the unfiltered water were below the
detection limit in all samples. TAS concentrations in Lake Zug (Table 1) were higher
than in studied open marine systems e.g. Pacific Ocean; Benner and Kaiser (2003),
but were similar, for example to values found in Lake Murray (South Carolina, USA;
Kawasaki and Benner (2006)). Carbon-normalized TAS concentrations in Lake Zug
were highest in the upper water layers (Fig. 8). In spring, the TAS yields decreased
slightly with depth. For MurA yields in spring a strong decrease below 5 m water
depth and a strong increase just above the sediments were observed. In fall, a marked
decline below 15 m was measured for all ASs. The contribution of TAS to TOC was
0.9 to 1.6% in spring and 0.6 to 2.7% in fall (Table 1). GlcN was the most abundant
AS, contributing 52-68% to the TAS pool, followed by GalN (31-45%). MurA
accounted for 0.2-1.5% of TAS. The GlcN:GalN ratios of the unfiltered water had
values of 1.2-2.2 in spring and 1.2-1.8 in fall pointing to a bacterial origin of the ASs
and diagenetic alteration (data not shown).
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0.3
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0.9
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6.3

0.5

2.1

0.4

0.04
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13.2

124.0

0.7

1.11
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10.3

0.2

3.6

0.4

0.05

229.8

1.9

103.9

1.6

1.25

Lake Zug fall

Table 1: Molar particulate and total amino sugar concentrations in Lake Zug, spring and fall 2009.
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Abbreviations used: TOC, total organic carbon; POM, particulate organic matter; GlcN, glucosamine;
ManN, mannosamine; GalN, galactosamine; MurA, muramic acid; PAS, particulate amino sugars;
THAS, total hydrolysable amino sugars; bd, below detection limit.
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Figure 8: Carbon-normalized total amino sugar (TAS) yields in Lake Zug, spring and fall 2009.

2.4.3. Amino sugars in POM
The PAS concentrations were approximately one order of magnitude higher in
Lake Zug than in Lake Brienz in both seasons (see Table 1 and Table 2). Lake Zug
had particulate GlcN concentrations between 8.5 and 70.6 nmol L-1 in spring with the
highest value in 5 m depth and the lowest value in 60 m depth. In fall, the
concentrations were systematically lower with values between 2.8 and 35.6 nmol L-1.
Also in Lake Brienz highest concentrations were found in the upper water layers (2.9
nmol L-1 in spring and 0.9 nmol L-1 in fall). Lowest concentrations were in both
seasons 0.7 nmol L-1 in the lower water column. Similar to the TAS, the PAS carbonnormalized concentrations were highest in the upper water layers (Fig. 9). For both
lakes and seasons, a steep decline in the PAS yields could be observed below 10 m
water depth. In spring and in fall, we observed an increase in MurA concentrations
close to the sediments in Lake Brienz. A similar feature was also observed in Lake
Zug, but only during the spring sampling. In Lake Brienz, PAS comprised 0.01-0.2%
of the TOC. For Lake Zug the contribution of PAS to the TOC pool was slightly
higher (0.02-0.3% of the TOC, Table 1). Generally, GlcN was the most abundant PAS
in all samples with yields between 1.2-18.7 nmol (mg C)-1 in Lake Brienz and
between 2.8 and 35.6 nmol (mg C)-1 in Lake Zug. GlcN comprised 35-70 mol% of
PAS in Lake Brienz and 56-80 mol% of PAS in Lake Zug. GalN represented the
second largest PAS fraction followed by MurA, except for the lower water column of
Lake Brienz in fall (below 100 m), in spring the 5 m sample in Lake Brienz and in fall
the 5 m sample in Lake Zug where the MurA concentrations were higher than those of
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Table 2: Molar particulate amino sugar concentrations in Lake Brienz, spring and fall 2009.
Depth
TOC
GlcN
ManN
GalN
MurA
%TOC
(m)
(umol L-1)
POM
POM
POM
POM
as
(nmol L-1)
PAS
Lake Brienz spring
5
52
8.4
1.0
2.6
2.9
0.19
10
62
13.9
1.9
2.5
2.3
0.21
20
71
4.6
0.6
1.2
1.0
0.07
30
54
3.9
0.2
1.1
0.9
0.07
40
65
2.6
0.1
0.7
0.5
0.04
70
47
1.2
0.1
0.3
0.1
0.02
100
43
0.7
0.1
0.3
0.2
0.02
150
48
0.8
0.1
0.3
0.1
0.02
200
49
0.7
0.1
0.3
0.1
0.01
240
45
1.2
0.1
0.5
0.4
0.03
Lake Brienz fall
5
46
3.7
0.7
1.5
0.9
0.09
10
64
2.8
0.7
0.7
0.9
0.05
20
62
3.9
0.5
2.2
0.5
0.07
30
48
0.8
0.5
0.3
0.6
0.03
40
51
1.0
0.1
0.3
0.4
0.02
70
43
0.7
0.1
0.2
0.1
0.02
100
44
0.9
0.1
0.3
0.3
0.02
150
41
0.7
0.1
0.2
0.4
0.02
200
46
1.1
0.2
0.4
1.0
0.04
240
43
1.9
0.2
0.4
0.7
0.05
Abbreviations used: TOC, total organic carbon; POM, particulate organic matter; GlcN, glucosamine;
ManN, mannosamine; GalN, galactosamine; MurA, muramic acid; bd = below detection limit.

GalN. ManN was the least abundant AS. GlcN:GalN ratios ranged between 1.8 and
5.6 in Lake Brienz and between 2.0 and 6.6 in Lake Zug (Fig. 7). Highest GlcN:GalN
ratios were generally observed in the upper water column, with decreasing values
towards the sediments, with the exception of the 240 m sample in Lake Brienz in fall,
which is most likely an outlier, as the GlcN:GalN ratio can not be explained by
resuspension from sediments, which had a GlcN:GalN ratio of 1.9 at the surface (data
not shown) and another source of GlcN can be excluded.
In Lake Zug, PAS contributed between 3 to 9% to the TAS concentration in
spring, except for the 5 m water sample, where it contributed up to 18%. In fall, the
relative contribution of PAS to the total AS pool was strongly reduced when
compared to the spring profile (by ~50% for all water depths and by 80% in the
surface water).
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Figure 9: Carbon-normalized particulate amino sugar (PAS) yields in Lake Brienz and Lake Zug,
spring and fall 2009.

The AS compositions of the plankton >95 μm were quite similar in both lakes
with comparatively high yields of GlcN (> 150 nmol (mg C)-1, Table 3). GlcN:GalN
ratios were 6.2 for Lake Brienz and 9.7 for Lake Zug.
Table 3: Elemental and amino sugar composition of the plankton >95 μm.
C
N
GlcN
GalN
(%)
(%)
(nmol/mgC) (nmol/mgC)
Lake Brienz
52.1
9.0
164.4
26.6
Lake Zug
42.4
8.8
223.9
23.0

ManN
(nmol/mgC)
2.4
2.7

Abbreviations used: C, carbon content; N, nitrogen content; GlcN, glucosamine; GalN, galactosamine;
ManN, mannosamine.
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2.4.4. D-Amino acids in POM
In spring, the range of molar concentrations of D-Ala were similar in both
lakes with values between 0.4 and 8.5 nmol L-1 in Lake Brienz and 1.2 and 6.4 nmol
L-1 in Lake Zug (Table 4). Highest concentrations were found in the upper water
layers. D-Glx concentrations were in both lakes lower with 0.1-0.9 nmol L-1 and 1.54.7 nmol L-1 in Lake Brienz and Lake Zug, respectively. D-AA concentrations
decreased with water depth. In fall, the concentrations in the upper water layers were
similar to the spring sampling, but in the lower water column concentrations were
lower. Below 130 m, a subtle increase in D-Ala was observed in Lake Zug for the
spring and fall sampling. This was also the case for the 240 m depth in Lake Brienz in
spring. D-AA concentrations were below the detection limit in almost all of the fall
samples of Lake Brienz (Table 4). The patterns of the molar L-Ala and L-Glx
concentrations looked similar to those of the D-AAs with high concentrations in the
upper water layers, decreasing concentrations below the zone of primary productivity
and an increase just above the sediments. In spring, the L-AA concentrations were in
the same range in both lakes but with higher concentrations in Lake Zug. In fall, the
L-AA concentrations were almost one order of magnitude higher in Lake Zug than in
Lake Brienz.
D-AA carbon normalized concentrations are illustrated in figure 10. For Lake
Brienz in spring the pattern was similar to that of MurA. Also in Lake Zug the yields
were highest in the upper water layers. In fall, a decrease in D-AA yields with depth

Figure 10: Molar MurA concentrations of particulate matter and bacterial cell counts in Lake Brienz
and Lake Zug, spring and fall 2009. MurA concentrations for Lake Brienz and Lake Zug are plotted on
different scales.
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and a slight increase above the sediments was observed. For the spring sampling there
was no consistent trend with depth in Lake Zug. The percentage of D-AAs (%D = 100
× (D/(D+L)); with D: molar concentration of D-AAs and L: molar concentration of
the corresponding L-AAs) was 2.4-8.5% for the spring sampling in Lake Brienz and
in Lake Zug 1.9-9% and 1.1-4.9% in spring and in fall, respectively (Table 4).

2.5

2.9
3.3
46.2
91.4

52.5
bd

bd
bd
37.7
60.7

13.2
0.3

1.1
2.1
9.0
6.6

5.0
40.6

33.0
36.8
2.4
2.1
30.1
53.9
3.9
4.3
170
190

22.2
1.7
130

1.6

3.0

4.9
25.4

13.7
bd

bd
3.5

24.3
0.7

0.2
7.9

9.0
24.4

48.2
3.0
32.6
4.0

20.4
2.7
80

100

1.7

1.9
17.8
0.1
15.9
0.6
8.2
40.2
7.9
1.2
60

3.1

2.5

2.6
36.0
bd

2.5 124.7
95.3

34.9
1.9

3.2
3.6

3.4
80.8
4.7 108.1
25

1.8

6.5 117.6
15

4.8 187.0

1.5
2.4 341.7
6.5 242.1

1.1
3.8 469.3
4.7 282.1

53.1
5.3

2.7 248.2
4.3 108.8
5

10

spring

3.3

1.9

fall
4.4
22.0
240

Lake Zug

2.4
14.7

2.9

3.4
13.2

16.9
0.1

0.1
5.2

5.7

2.3

4.5
17.8

38.2
bd

0.2
10.3

17.8

3.8 212.5

17.9
bd
bd
0.3
7.1
1.0

bd

14.8
bd
bd
0.1
4.4
0.4
200

1.6

-

6.6

13.7
bd

bd
bd
bd
0.6
150

bd
0.6
100

3.3

-

10.0

37.5
bd

bd
9.1
bd
1.1

bd
1.3

70

13.0

12.7
bd

40

4.8

8.5
43.8
bd
26.7

74.2

0.9 111.5

0.3
46.8

bd
2.5
30

1.0

5.1

32.0

32.2
bd

bd
bd

5.1
2.4
20

bd
57.5
7.6
10

2.2

2.8
0.4 163.3

Lake Brienz

(nmol L-1)

L-Glx
D-Glx
L-Ala
Depth (m) D-Ala

0.3

7.4
65.3
bd
fall

5

3.3
8.6 103.2
spring

35.4

(nmol L-1)

%D

D-Ala L-Ala D-Glx L-Glx %D

Table 4: Molar particulate D-amino acid and corresponding L-amino acid concentrations and
percentages of D-AAs (%D) in Lake Brienz and Lake Zug, spring and fall 2009.

Abbreviations used: D-Ala, D-alanine; L-Ala, L-alanine; D-Glx, D-glutamic acid; L-Glx, L-glutamic
acid; %D = 100 × (D/(D+L)); bd = below detection limit.

2.4.5. Bacterial cell counts
In both lakes, bacterial cell counts were in the same order of magnitude
(3.8x108 - 2.9x109 cells L-1); however, Lake Zug exhibited higher counts. The highest
bacterial abundances were detected in the epilimnion, i.e. the zone of primary
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production (Fig. 11). The bacterial cell counts decreased with water depth. In Lake
Brienz surface water, bacterial cell counts were higher in spring than in fall. Between
100 m depth and the bottom of the lake the bacterial abundance was similar for both
samplings. For Lake Zug, higher cell counts were measured in the upper water layers
in fall. A sharp decline in bacterial cell counts within the thermocline was observed,
especially in fall. Below the oxic/anoxic water interface the bacterial cell counts
increased towards the sediments especially in fall.

Figure 11: Molar MurA concentrations of particulate matter and bacterial cell counts in Lake Brienz
and Lake Zug, spring and fall 2009. MurA concentrations for Lake Brienz and Lake Zug are plotted on
different scales.

2.5.

Discussion

2.5.1. Origin and transformation processes of amino sugars in the water column
GlcN and GalN were the most abundant ASs in the present study. This is in
agreement with studies from other environments and OM sources, e.g. samples of
different size fractions from the Atlantic and Pacific oceans (Kaiser and Benner,
2009), the Amazon River system (Tremblay and Benner, 2009), different soils (Zhang
and Amelung, 1996), marine algae, copepods and bacteria (Benner and Kaiser, 2003).
ASs can originate from several potential sources, which are distinct in their AS
composition. Chitin-producing phyto- and zooplankton for example is characterized
by high GlcN:GalN ratios (>14), with chitin being a polymer of GlcN (Benner and
Kaiser, 2003). In contrast, ratios smaller than 3 are indicative for heterotrophic
bacteria (Benner and Kaiser, 2003). In our study, the GlcN:GalN ratios of the
particulate matter in the upper water column were higher than 3 (Lake Brienz 4.0,
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Lake Zug 7.8), but lower than the ratios of the analyzed plankton (Lake Brienz 6.2,
Lake Zug 9.7) indicating that the PAS had planktonic and bacterial sources. Another
reason of lower GlcN:GalN ratios in the particulate matter is biodegradation of the
planktonic matter which coincides with decreasing GlcN:GalN ratios (Liebezeit, 1993;
Benner and Kaiser, 2003). Based on the 1:1 ratio of GlcN and MurA in peptidoglycan
(Schleifer and Kandler, 1972) we calculated the percentage of GlcN derived from
bacterial peptidoglycan (GlcNpeptidoglycan(%) = 100 - (cGlcN-cMurA)/cGlcN × 100, with
cGlcN and cMurA being the molar concentrations of GlcN and MurA). Based on this
equation, in the uppermost water layer of Lake Brienz, bacterial cell walls contributed
34% of the particulate GlcN in spring and 25% in fall. In contrast, in Lake Zug these
fractions of bacterial cell wall derived GlcN were smaller, 6% and 15%, respectively.
However, the ratios of GlcN:GalN in the POM decreased with water depth and had
values smaller than 3 in both lakes and seasons. This indicates a shift from a
planktonic AS signature towards the signal of heterotrophic microorganisms and
progressing diagenesis (Ogawa et al., 2001; Benner and Kaiser, 2003; Kawasaki and
Benner, 2006). For Lake Zug also an increase in %D from the upper water layers to
the anoxic zone was observed. An increase in %D with water depth was also found
e.g. in the St. Lawrence Estuary by Bourgoin and Tremblay (2010) and indicates
bacterial degradation of POM. In Lake Brienz no consistent trend in %D was
observed. Progressive degradation of sinking OM is also indicated by an increase in
CI values with water depth. During the fall sampling, degradation seemed to be
enhanced in Lake Brienz, as the CI gradient was more pronounced (Fig. 7). At the
same time the GlcN:GalN ratios were lower in the upper water column compared to
spring, indicating a higher contribution of bacteria to the particulate matter and a
direct link between bacterial build-up and organic matter freshness. In Lake Zug, a
somewhat different pattern was observed: CI values in the upper water column were
higher and GlcN:GalN ratios smaller in spring than in fall.
In contrast to the PAS composition, the TAS pool comprised a rather small
proportion of MurA in Lake Zug. The contribution of particulate MurA to the total
MurA concentration reached 45 to 98% in spring. Whereas particulate GlcN and GalN
contributed only up to 23% and 6% to the total GlcN and GalN concentrations,
respectively. This agrees with findings from Benner and Kaiser (2003) from the
Pacific Ocean, where MurA yields were higher in POM than in DOM samples.
Furthermore, Nedoma et al. (1994) could not detect MurA in the dissolved form in
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freshwater environments and Jørgensen et al. (2008) found only insignificant
concentrations of dissolved MurA in Mono Lake, but high concentrations of 25-75
nM in the unfiltered water. These findings indicate that MurA is rather associated
with particulate matter than dissolved in the water. Interestingly, the molar MurA
concentrations were in some POM samples higher than GalN concentrations. These
results differ from findings from Benner and Kaiser (2003) as they found low MurA
concentrations compared to GalN in POM samples. However, also in Lake Lugano
higher MurA than GalN concentrations were measured in some POM samples
(Klauser, 2007), thus, this could be a feature of lacustrine AS compositions.
2.5.2. Contribution of bacterial cells to the organic carbon pool in the water
column
Higher bacterial cell counts in the eutrophic Lake Zug compared to the
oligotrophic Lake Brienz are in accordance with a survey of Chróst and Siuda (2006)
who studied 19 lakes along a trophic gradient from meso/oligotrophic to
hypereutrophic status. They found higher bacterial abundances in lakes with higher
trophic levels and a strong relation between primary productivity and bacterial
production. This coincides with high bacterial cell counts in the water layers of
primary productivity in Lake Brienz and Lake Zug. In Lake Zug, the bacterial cell
counts increased below the oxic/anoxic interface, highlighting the suboxic/anoxic
zone in the water column as a hot spot of microbial activity. An increase in bacterial
abundance was also observed in deep anoxic water layers of Mono Lake and the
Black Sea (Humayoun et al., 2003; Morgan et al., 2006; Jørgensen et al., 2008).
In order to estimate the proportion of OM derived from bacterial cells in the
water columns, we used two different approaches – an estimate based on average
carbon content per cell and an estimate based on MurA, D-Ala and D-Glx
concentrations. First, we calculated the bacterial carbon by multiplying the bacterial
cell counts with an average carbon content of bacterial cells obtained from the
literature. Measured average carbon contents of bacteria vary with cell size,
environment and species. For prokaryotic cells in aquatic environments an average
carbon content of 14 fg C cell-1 was determined by Fagerbakke et al. (1996). In
marine systems, the carbon content of bacterial cells is, on average, 12.4 fg C cell-1 for
the open ocean and 30.2 fg C cell-1 for pelagic coastal marine bacteria (Fukuda et al.,
1998). Estimating the bacterial contribution to OM in an estuary, Bourgoin and
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Tremblay (2010) used an average bacterial cell carbon content of 11 fg C cell-1
(determined by Kawasaki et al. 2008). Applying this smallest value of 11 fg C cell-1,
we obtained as a minimum estimation that 0.8-3% and 0.3-1.5% of the carbon in Lake
Brienz and in Lake Zug, respectively, derived from living cells, with higher fractions
in the upper water column and for the spring sampling (Table 5).
Estimating the contribution of bacteria to OM in natural environments is
associated to numerous uncertainties considering the diversity of bacteria and
variations in the reactivity of biomarkers (Tremblay and Benner, 2009). Nevertheless,
MurA has been used as a marker for living bacteria or rather recent bacterial
necromass. Mimura and Romano (1985) determined a strong correlation between
MurA and bacterial counts in marine water samples and concluded that MurA can be
used as an indicator for bacterial biomass. D-Ala and D-Glx also have a bacterial
origin and thus have been used to estimate bacterial contribution to the organic carbon
pool (e.g. Tremblay and Benner 2009; Bourgoin and Tremblay 2010; Kawasaki et al.
2011). Hence, in a second approach to assess organic carbon derived from bacterial
cells, we used the concentrations of MurA, D-Ala and D-Glx according to the
following equation (assuming that all bacteria were retained by the filter):

Bacterial C (%) = biomarkersample / biomarkerbacteria * 100

Equation 1

with biomarkersample being the measured particulate carbon-normalized yields of
MurA, D-Ala or D-Glx, respectively, and biomarkerbacteria an average carbonnormalized yield of the biomarker from bacterial cells given in the literature (Kaiser
and Benner, 2008). Depending on the bacterial assemblage, the range of the average
bacterial MurA content is rather large. Gram-positive bacteria have a thicker cell wall
than Gram-negative bacteria and therefore higher MurA contents (Schleifer and
Kandler, 1972). The average MurA yield for marine bacteria is 12.6 nmol (mg C)-1
(Benner and Kaiser, 2003). For soil and freshwater heterotrophic bacteria Kaiser and
Benner (2008) determined a mean of 42.3 nmol MurA (mg C)-1. Using this value in
our study, we estimated (Eq. 1) organic carbon fractions derived from bacterial cells
in the range of 0.2-11% and 0.3-5% for Lake Brienz and Lake Zug, respectively
(Table 5). For the estimation of bacterial carbon contribution based on D-AAs,
carbon-normalized yields of D-Ala and D-Glx published by Bourgoin and Tremblay
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(2010) (based on data of Kaiser and Benner 2008 and Tremblay and Benner 2009) for
soil and freshwater bacteria were used (92.2 nmol D-Ala (mg C)-1 and 61.4 nmol DGlx (mg C)-1). With this approach we obtained similar contributions of particulate
bacterial matter to the TOC (Table 5). These estimates were in spring between 0.7 and
14.4% for Lake Brienz and 0.6 and 3.5% for Lake Zug. Highest estimates were
obtained for the upper water layers. Generally, our estimates for the bacterial derived
carbon fraction for the two studied lakes are lower than estimates from the ocean,
where Kaiser and Benner (2008) could show that ~25% of the POM and DOM have a
bacterial origin. This discrepancy can partly be explained by different methods used
and the uncertainties of the approaches. First of all, the POM in the study of Kaiser
and Benner (2008) had a size of 0.1-60 μm. The POM we sampled with GF/F filters
had a size of >0.7 μm. In an experiment with marine bacteria these filters let through
on average 25% of bacteria (Gasol and Morán, 1999). Although we used stacked
Table 5: Comparison of the contribution of bacterial cells to total organic carbon estimated for Lake
Brienz and Lake Zug, using four different approaches (see text), spring and fall 2009.
% TOC from bacterial cells
% TOC from bacterial cells
Depth
estimated based on
estimated based on
(m)
D-Ala
D-Glx
MurA
cell counts
D-Ala
D-Glx
MurA
cell counts
Lake Brienz
spring
fall
5
14.4
0.8
11.0
2.7
3.9
2.5
10
10.7
1.9
7.2
3.0
2.6
1.6
20
2.9
0.4
2.7
2.9
0.4
1.6
1.1
30
4.0
3.3
2.4
2.6
1.3
40
1.7
1.5
1.5
1.4
1.0
70
2.1
0.6
0.4
1.0
0.6
0.9
100
1.1
0.3
0.9
1.1
1.1
0.9
150
1.0
0.2
0.3
0.8
1.8
0.9
200
0.7
0.2
0.2
0.8
4.5
0.8
240
2.0
0.9
1.7
0.9
3.3
1.0
Lake Zug
spring
fall
5
2.1
2.0
4.7
1.5
2.0
2.4
3.2
1.7
10
2.3
2.5
1.2
1.1
2.6
1.4
5.0
1.6
15
3.1
3.5
0.7
1.3
1.4
1.7
2.1
1.7
25
2.3
1.4
1.0
1.3
1.0
0.3
0.7
60
0.6
2.4
1.1
0.8
0.3
0.1
0.9
0.5
80
1.4
1.3
0.7
0.6
0.4
0.4
0.5
100
2.2
2.5
1.2
0.5
0.1
0.4
0.4
130
0.9
1.3
0.9
0.6
0.2
0.7
0.6
170
2.2
2.0
1.6
0.7
0.6
0.5
1.0
190
2.3
1.7
4.1
0.7
1.1
0.5
1.4
Abbreviations used: D-Ala, D-alanine; D-Glx = D-glutamic acid; MurA, muramic acid.
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filters, which slightly reduced the pore size, a certain fraction of bacteria was not
retained by the filters, leading to an underestimation of organic carbon derived from
bacterial cells. Another uncertainty of the biomarker approach is the assumption that
the biomarker yields of cultured bacteria represent also natural bacterial assemblages
(Tremblay and Benner 2009; Kaiser and Benner 2008). By the same token, different
bacterial cells sizes were not considered and probably also led to an underestimation
of the carbon fraction derived from bacterial cells, as for example bacterial cells are
larger in anoxic waters (Cole et al., 1993). Moreover, our study represents a minimum
estimation of bacterial derived organic carbon as we investigated only the bacterial
carbon derived from bacterial cells; dissolved organic carbon released from bacterial
cells e.g. during growth, viral lysis and grazing was not included. However, the close
agreement between the here-presented estimates based on bacterial cell counts, DAAs and MurA not only provides confidence with regard to our assessment, it also
suggests that MurA is a marker for bacterial cells rather than for refractory bacterial
detritus. This somewhat stands in contrast to findings from the deep ocean, where
Benner and Kaiser (2003) found that 10-15% of the MurA in POM samples is
associated with intact bacterial cells, while a large fraction of MurA appears to be
related to bacterial detritus. An explanation for these differences might be the greater
water depth of the sampling sites in the ocean and the longer residence times of the
particulate matter in the water column.
2.5.3. Effects of trophic status and redox conditions on amino sugar
transformation and bacterial contributions to the organic carbon pool
The different nutrient levels of the studied lakes are reflected in a 10-fold
higher primary productivity in the eutrophic Lake Zug (in spring 206 mg C m-2 h-1)
compared to the oligotrophic Lake Brienz (in spring 22 mg C m-2 h-1). Higher
productivity resulted in higher absolute PAS concentrations in Lake Zug compared to
Lake Brienz. However, PAS yields had comparable values. Similar AS composition
in the upper water layers probably derived from similar plankton communities as in
both lakes the zooplankton was dominated by cladocernas and calanoid copepods and
in fall diatoms were in both lakes the predominant phytoplankton species (Köllner et
al., 2012). Below the zone of primary production, the biomass is degraded and the AS
composition has a bacterial imprint (e.g. GlcN:GalN ratios). In Lake Brienz, the
carbon-normalized PAS decrease from the surface water to the deep water column
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was greater than in Lake Zug. The contribution of PAS to the TOC pool, from surface
to bottom waters, decreased by 83% and 72% in spring and by 47% and 42% in fall
for Lake Brienz and Lake Zug, respectively. This finding suggests a more pronounced
degradation of the AS pool and a higher turnover of OM under oligotrophic
conditions. This observation may not only be restricted to ASs. Moreover, enhanced
degradation of particulate fatty acids and neutral lipids under oligotrophic conditions
in Lake Brienz compared to the eutrophic Lake Lugano were reported by Bechtel and
Schubert (2009b). The more enhanced degradation in oligotrophic systems might be
due to smaller particles sizes in oligotrophic systems and therefore longer residence
times in the water column (Stable, 1984).
Interestingly, in both lakes the amino sugar yields stayed rather constant below
the epilimnion (<30 m depth in Lake Brienz and <15m in Lake Zug). Hence, an
immediate effect of changing redox conditions in the Lake Zug water column on the
PAS composition was not observed. This could be explained by a short residence time
of the particles in the anoxic zone or preservation of the OM under anoxic conditions.
Another reason for the absence of a decrease in AS yields could be the presence of
chemotrophic bacteria which built up new bacterial biomass during e.g. denitrification
and therefore counterbalance the loss of ASs during degradation or directly use the
ASs. However, the influence of redox conditions on the degradation of ASs has to be
studied in more detail, as in our study only three samples in each season were taken
from the anoxic water column.
A slight increase in AS, L- and D-AA concentrations, %D and cell counts
right above the sediments was measured in both lakes and seasons which might derive
from resuspension of sediments as a result of the formation of a benthic boundary
layer (BBL). In these layers, which originate from intense mixing associated with
seiching motions above the sediments, the concentration of organic particles is higher
than above the BBL and serve therefore as zones of biogeochemical transformations
(Gloor et al., 1994).
It has been shown in studies from lakes and reservoirs that in oligotrophic
systems microbial biomass and heterotrophic microbial activity are relatively more
important than in eutrophic systems (Biddanda et al., 2001; Cotner and Biddanda,
2002; Caston et al., 2009). This can be explained by a better adaptation to low
nutrient availability and a closer connection of autotrophic and heterotrophic
processes in the euphotic zone (Cotner and Biddanda 2002). We also observed that
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bacteria, overall, comprise a slightly greater proportion of the OM in the oligotrophic
Lake Brienz than in the eutrophic Lake Zug. This is also consistent with the
GlcN:GalN ratios, which – especially in fall – are lower in Lake Brienz than in Lake
Zug. Furthermore, the fraction of GlcN derived from peptidoglycan is larger in Lake
Brienz than in Lake Zug. These findings combined indicate enhanced transformation
and therefore higher utilization of the primary produced organic carbon by bacteria in
the oligotrophic Lake Brienz.

40

3.

AMINO ACID AND AMINO SUGAR
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3.1.

Abstract
We compared the degradation behaviour of amino sugars (ASs) and amino

acids (AAs) during sedimentation in two lakes. Concentrations of single ASs and AAs
were measured in plankton, sediment trap and sediment samples from Lake Zug
(eutrophic, stratified, permanently anoxic below 170 m) and Lake Brienz
(oligotrophic, oxic throughout the water column). In the plankton samples AAs
comprised 37-50% of the carbon (C) and 41-65% of the nitrogen (N). With increasing
water depth the fraction of C and N as AAs almost halved in both lakes. At the
sediment surface a greater contribution of AAs was measured, but within the
sediments the proportion further decreased downward to values of 1% of the C pool in
Lake Brienz and 8% in Lake Zug and 3% and 17% of the N pool, respectively. ASs
contributed to a smaller extent to the planktonic organic matter (OM). Within the
water column, the contribution decreased in both lakes. In contrast, in the sediments
the contribution of ASs to the C and N pools increased slightly with depth, indicating
an accumulation of ASs. We applied degradation indices based on ASs, AAs and
chlorins, which all revealed transformations along with sedimentation of the OM.
However, some indices were more sensitive to early degradation (e.g. reactivity index)
and others to an intermediate level of degradation (e.g. chlorin index and non-protein
AAs). Despite the different trophic status and redox conditions, the general pattern of
degradation is similar in both lakes, but is more pronounced in the sediments of the
eutrophic Lake Zug.

3.2.

Introduction
For the global C cycle, sedimentation and finally burial of organic C (Corg) in

marine sediments are an important sink for C although the flux is small (ca. 0.2 Pg C
yr-1 to marine sediments; IPCC, 2007). However, lakes seem to store C more
efficiently via a higher Corg accumulation rate (Dean and Gorham, 1998; Sobek et al.,
2009). Organic matter (OM) built up during photosynthesis has a high C normalized
yield of amino acids (AAs) and neutral and amino sugars (ASs; Cowie and Hedges,
1992, 1994; Benner and Kaiser, 2003). During microbial decomposition these reactive
compounds are preferentially removed (Wakeham et al., 1997; Amon et al., 2001;
Benner, 2002). Thereby, not only does the concentration of AAs change, but so does
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the composition (Cowie and Hedges, 1994; Dauwe and Middelburg, 1998), especially
during early stages of decomposition (Harvey et al., 1995). Thus, C normalized yield
of AAs and their mol% indicate OM freshness and diagenetic state. Based on such
changes Dauwe and Middelburg (1998) and Dauwe et al. (1999) developed a
degradation index (DI) to describe the relative diagenetic status of the OM.
Additionally, with enhanced degradation, the mol% values of non-protein AAs [ alanine ( -ala), α-aminobutyric acid (α-aba),

-aminobutyric acid ( -aba) and

ornithine (Orn)] increase as they are built up during diagenesis (Cowie and Hedges,
1994). With respect to ASs, the composition of the pool changes with degradation, the
ratio between glucosamine (GlcN), a building block of the biopolymer chitin, and
galactosamine (GalN) decreases with progressing degradation from values > 8 for
chitin-rich OM to values < 3 which are typically found for heterotrophic bacteria
(Benner and Kaiser, 2003; Davis et al., 2009). An AS unique to bacteria is muramic
acid (MurA), which is part of the bacterial cell wall polymer peptidoglycan (Schleifer
and Kandler, 1972). Peptidoglycan is recycled within 10-167 d after organism death
(Nedoma et al., 1994; Nagata et al., 2003), so MurA can serve as a valuable
biomarker for living bacteria and recent bacterial necromass (Moriarty, 1975; Benner
and Kaiser, 2003; Niggemann and Schubert, 2006). Another group of organic
compounds unique to bacteria is D-AAs, which are also part of bacterial
macromolecules such as peptidoglycan (Schleifer and Kandler, 1972).
Studies of the fate of amino compounds concentrate mainly on marine
environments and focus on the degradation of AAs. Only a few studies have
investigated both ASs and AAs in marine systems (Müller et al., 1986; Haake et al.,
1992; Dauwe and Middelburg, 1998; Jennerjahn et al., 1999; Kaiser and Benner,
2009), rivers (Unger et al., 2005), lake sediments (Das, 2002) and degradation
experiments (Davis et al., 2009). In the present study, ASs and AAs in plankton,
sedimenting matter and within the first 7 cm of the sediments in two contrasting lakes
(oligothrophic and fully oxic vs. eutrophic, stratified and anoxic) were analyzed to
follow changes in OM state and differences in the degradation behaviour of the
compounds during early degradation. Different degradation indices based on AAs,
ASs and chlorins were compared. Finally, the share of OM derived from a bacterial
origin was estimated using the biomarkers MurA and D-alanine (D-Ala).
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3.3.

Methods

3.3.1. Study sites
Lake Brienz is an oligotrophic peri-alpine lake with a maximum depth of 259
m in the northern Swiss Alps. It has a surface area of 29.8 km2 and a volume of 5.2
km3. Throughout the year the water column is fully oxic. The two main inflows are
the Aare and the Lütschine, which together transport an annual average of 300,000
tonnes of suspended material to the lake (Finger et al., 2006). In September 2009,
sediments from the lake were sampled in the central part at 46°43'18''N/7°58'27''E
where the water depth is 250 m. Close to the sampling site sedimentation rates in the
range of 0.68-0.82 cm yr-1 were determined (Anselmetti et al., 2007; Bechtel and
Schubert, 2009a).
Lake Zug is a eutrophic sub-alpine lake in central Switzerland ca. 30 km south
of Zurich, with a maximum depth of 198 m. Its volume is 3.2 km3 and the surface area
38.4 km2. Sediment samples were taken in October 2009 from the deepest point at
47°6'1''N/8°29'4''E. The sampling site is in the meromictic southern basin of the lake,
where permanently anoxic conditions prevail below 170 m (Mengis et al., 1997).
Sediments were dated via 137Cs and 210Pb measurements, resulting in a sedimentation
rate of 0.45 and 0.41 cm yr-1, respectively.
3.3.2. Sampling
Sediment cores were recovered with a gravity corer. The upper 7 cm of the
cores were sliced into 1 cm sections. The samples were then frozen, freeze-dried and
ground in a marble mortar.
In Lake Brienz the O2 profile in the sediment was measured with a fibre-optic
O2 micro sensor (PreSens), which was connected to an O2 meter (Microx TX3) in an
additional core. The optode was fixed on a step motor (Newport M443 Series) and
moved in 0.5 mm steps into the sediment. Three profiles were measured and averaged.
Sediment traps were deployed at the same sampling sites from spring until the
sampling campaign in fall to collect sedimentary material over a full productivity
cycle. The traps consist of two pairs of plastic cylinders. Every cylinder has an
effective sampling area of 66 cm2 and a height to diameter ratio of 9. In Lake Brienz,
sediment traps were installed at 50, 150 and 230 m depth for 122 d. The traps in Lake
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Zug were deployed at 50, 100 and 170 m depth for 192 d. The material in each trap
was quantitatively transferred to sampling containers, frozen and freeze-dried.
An integrated plankton sample was taken with a 95 μm double closing net
(Bürgi and Züllig, 1983) from 0-100 m depth. The plankton samples were freezedried.
3.3.3. Chemical analysis
For analysis of the Corg content of the sediment, an aliquot of sample was
weighed into tubes and acidified with 1 mol L-1 HCl (Merck) for 12 h. The acid was
centrifuged off and the samples were washed 2 × with nanopure water (Elga). The
decarbonated samples were frozen, freeze-dried and weighed. Aliquots of the samples
were weighed into Sn capsules (Säntis) and measured with an elemental analyzer
(Thermo quest, CE instruments). The Corg content was calculated by multiplying the
result by the ratio between the weight of the acidified to the untreated sample. The
total N content was determined with the same instrument but using untreated samples.
The standard deviation was 0.02% for N and 0.1% for C.
Chlorin concentrations were measured using the procedure described by
Schubert et al. (2005). The ratio of fluorescence intensity of the acidified sample to
fluorescence intensity of the non-acidified original extract represents the chlorin index
(CI), a proxy for OM freshness (Schubert et al., 2005). The value of the CI for fresh
chlorophyll a is 0.2 and increases to 1 for highly degraded OM. The standard error of
the analysis was 5%.
For AS analysis, an aliquot of sample was weighed into a reaction vial.
Samples were hydrolyzed with 6 mol L-1 HCl (Merck; 8 h, 105 °C under N2). The
hydrolysis was different for MurA analysis with 3 mol L-1 HCl for 4 h at 95 °C (e.g.
Lomstein et al., 2009). The hydrolyzate was processed following a slightly modified
method after Zhang and Amelung (1996), with a derivatization step after Guerrant
and Moss (1984) and myo-inositol (Aldrich) as internal standard. An aliquot (1 μl) of
the derivatized extract was injected into a gas chromatography (GC) system equipped
with flame ionization detection (FID; HRGC 5160, Carlo Erba Instruments), a splitsplitless injector and a VF-5 MS column (60 m × 0.25 mm i.d., 0.25 μm film
thickness; Varian). The injector temperature was 250 °C and that of the detector
300 °C. H2 was the carrier gas at 2 mL min-1. The GC oven program was: from 120 to
200 °C at 20 °C min-1, then to 250 °C at 2 °C min-1, then to 270 °C (held 10 min) at
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20 °C min-1. For quantification, standards of D-GlcN (Sigma), D-mannosamine (DManN; Aldrich), D-GalN (Fluka), MurA (Sigma) and myo-inositol (Aldrich) were
derivatized and measured with the GC system. The relative standard error was 3-7%
for GalN and GlcN and 11-19% for ManN and MurA.
For AA analysis, samples were hydrolyzed with 6 mol L-1 HCl (Merck) for
20 h at 110 °C under N2. Prior to hydrolysis, L-norleucine (L-Nle; Sigma) was added
as internal standard. After drying under vacuum at 40 °C, samples were redissolved in
0.01 mol L-1 HCl and processed following the method of Popp et al. (2007). In brief,
samples were purified via cation exchange chromatography (Dowex 50W X8 resin,
200-400 mesh; BioRad) as described by Metges et al. (1996). After the purification
step, samples were reacidified with 0.02 mol L-1 HCl at 110 °C for 5 min. Samples
were esterified with acidified isopropanol (4:1 isopropanol:MeCOCl; Sigma Aldrich
and Fluka) at 110 °C for 1 h and then derivatized to form trifluoroacetic amino acid
esters with 3:1 CH2Cl2:(CF3CO)2O (LabScan and Fluka) at 100 °C for 15 min. After
drying, further purification was done by redissolving the sample in 1:2 chloroform
(Mallinckrodt):phosphate buffer (KH2PO4 + Na2HPO4 (both Fluka) in nanopure water,
pH 7), shaking vigorously and transferring the chloroform phase to a new vial. The
acylation step was repeated. The derivatized samples were dried, dissolved in ethyl
acetate (Merck) and analyzed via GC-FID (Shimadzu) with a 5MS/NP column (30 m
× 0.25 mm i.d., 0.25 μm film thickness; GL Sciences). The injector was at 180 °C and
the detector at 280 °C. The oven temperature program was: 50 °C (held 2 min), to 110
°C at 8 °C min-1, then to 125 °C at 2 °C min-1, then to 200 °C at 4 °C min-1, then to
210 °C (held 12 min) at 10 °C min-1. The carrier gas was helium at 1 mL min-1. A
standard mixture of AAs [AA S-18 (Sigma), L-Nle (Sigma), Orn (Fluka), -aba
(Sigma), -ala (Aldrich), α-aba (Sigma)] was also derivatized and quantified via GC.
Triplicate analysis of one sediment sample gave a standard deviation < 0.5 nmol mg-1
for serine, iso-leucine, -aba, Orn and tyrosine (Tyr), < 1 nmol mg-1 for alanine (Ala),
threonine, valine, methionine and phenylalanine (Phe), < 2 nmol mg-1 for glycine
(Gly), leucine, proline and lysine (Lys) and < 4 nmol mg-1 for aspartic acid (Asp) and
glutamic acid (Glu). The reactivity index (RI; Jennerjahn and Ittekkot, 1997) was
calculated as the ratio of relative abundance of aromatic AAs (Phe and Tyr) to nonprotein AAs ( -ala and

-aba). Values for RI decrease as OM becomes more

refractory. Another index for AA composition is the degradation index (DI)
developed by Dauwe and Middelburg (1998) and Dauwe et al. (1999). It is based on
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the first axis of a principal components analysis (PCA) of protein AA mol% values of
a data set with samples of different degradation status. As the AA data set used for DI
also contains histidine and arginine, two AAs which we could not detect reliably with
the method used, we carried out a PCA with the protein AAs of our data set and
calculated a DI* based on the first axis of the PCA, the averages and standard
deviations. Fresh OM has higher values for DI* than refractory OM.
D-AAs were measured via the derivatives using a Chirasil-L-Val column
(25 m × 0.25 μm i.d., 0.12 μm film thickness; Varian) using the following: injector
180 °C, detector 280 °C, oven program: 80 °C (held 5 min), to 120 °C (held 3 min) at
3.5 °C min-1, to 152 °C (held 3 min) at 4 °C min-1, to 195 °C (held 10 min) at 5 °C
min-1. The carrier gas was He at 0.5 ml min-1. D-Ala, D-Leu and D-Ser (Sigma)
standards were derivatized and measured for quantification. The relative standard
errors were ≤ 4% for all D-AAs. D-AA concentration was corrected for racemization
during hydrolysis, according to Kaiser and Benner (2005).

3.4.

Results

3.4.1. Basic chemical characterization
The Corg content of the plankton in Lake Brienz was, at 52 wt.%, higher than
in Lake Zug (42 wt.%). For both lakes the N content was the same at 9 wt.% (Table 6).
Generally, Corg content and N content of the sediment trap material and the sediment
in Lake Brienz (Corg 0.6-1.2 wt.%, N 0.04-0.12 wt.%) were lower than in Lake Zug
(Corg 1.3-9 wt.%, N 0.17-1.37 wt.%). In Lake Brienz the Corg and N of the sediment
trap material were constant over the water column, whereas in Lake Zug an increase
in both with depth was observed. Within Lake Brienz sediments the N concentration
slightly increased with depth, but for Corg the increase was observed only between 5
and 7 cm. The Corg and N concentrations of the sediment in Lake Zug both decreased
with sediment depth. C:N atomic ratio was constant at 13.5 in the Lake Brienz
sediment trap material and decreased from 17.5 to 11.6 within the sediment. In
contrast, the C:N ratio of the Lake Zug sedimenting material increased with depth and
stayed rather constant within the sediment.
The average O2 concentration at the surface of the Lake Brienz sediment was
0.08 mmol mL-1. No O2 was detectable > 3 mm sediment depth. At the sampling site
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in Lake Zug the water column was anoxic > 130 m water depth (Köllner et al., 2012),
so no O2 could be detected in the sediment.

Table 6: Analytical data for amino acids (AAs) and amino sugars (ASs), in Lake Brienz and Lake Zug
samples.

Lake Brienz
Plankton
Trap 50 m
Trap 150 m
Trap 230 m
Sediment
depth (cm)
0.5
1.5
2.5
3.5
4.5
5.5
6.5
Lake Zug
Plankton
Trap 50 m
Trap 100 m
Trap 170 m
Sediment
depth (cm)
0.5
1.5
2.5
3.5
4.5
5.5
6.5

ASs
(nmol/mg
dry sed.)

AAs
(umol/
mg C)

ASs
(umol/
mg C)

AAs:
ASs

(atom)

AAs
(nmol/mg
dry sed.)

8.77
0.05
0.05
0.05

6.9
13.5
13.5
13.5

4086
6.0
4.2
3.6

81.9
0.5
0.5
0.5

7.8
1.0
0.7
0.6

0.2
0.1
0.1
0.1

49.9
11.5
9.1
7.5

0.7
0.5
0.7
0.6
0.7
0.8
1.2

0.04
0.04
0.06
0.06
0.06
0.08
0.12

17.5
15.4
14.4
13.6
13.4
12.7
11.6

2.8
2.2
4.1
4.6
6.0
5.7
12.2

0.8
0.6
1.5
1.1
1.9
1.2
4.4

0.4
0.5
0.6
0.7
0.9
0.7
1.0

0.1
0.1
0.2
0.2
0.3
0.1
0.4

3.7
3.5
2.8
4.1
3.2
4.7
2.7

42.4
5.2
7.7
9.0

9.00
0.89
1.06
1.37

5.5
6.8
8.5
7.7

2688
277.6
302.1
209.0

105.7
24.3
30.6
31.0

6.3
5.4
3.9
2.3

0.2
0.5
0.4
0.3

25.4
11.4
9.9
6.7

3.3
3.1
4.1
2.6
2.8
2.1
1.3

0.44
0.38
0.49
0.33
0.39
0.30
0.17

8.7
9.4
9.8
9.3
8.5
8.3
9.0

87.2
77.8
104.0
70.5
60.9
45.4
20.3

22.3
20.5
30.2
10.3
8.4
11.8
7.3

2.7
2.5
2.5
2.7
2.2
2.2
1.6

0.7
0.7
0.7
0.4
0.3
0.6
0.6

3.9
3.8
3.4
6.8
7.2
3.9
2.8

Corg

N

C:N

(wt.%)

(wt.%)

52.1
0.6
0.6
0.6

3.4.2. Amino sugar concentrations and composition
The Lake Zug plankton had only slightly higher AS concentration [106 nmol
(mg dry plankton)-1] than the Lake Brienz plankton [82 nmol (mg dry plankton)-1]
(Table 6, Fig. 12). However, AS concentration of the sedimenting material was 50-60
times higher in Lake Zug. In Lake Brienz, AS concentration in the trapped material
did not change with depth, whereas in Lake Zug the concentration increased with
sediment trap depth. In the sediments the picture changed, as AS concentrations

48

showed an increase in Lake Brienz with sediment depth from 0.8 to 4.4 nmol (mg dry
sediment)-1. In Lake Zug only for 3 cm an increase was observed and below this depth
a decrease. In general, AS concentration in the Lake Zug sediment was higher than in
Lake Brienz sediment. This also held true for the C and N normalized concentrations
of the trap material and sediments (Tables 6 and 7), although differences in the
normalized concentrations between the two lakes were smaller.
In total, ASs comprised 0.6 to 2.6% of the Corg in Lake Brienz and 2.3 to 5%
in Lake Zug (Fig. 13). The AS contribution to the N pool was higher in both lakes,
with 1.3 to 5% in Lake Brienz and 3.1 to 8.6% in Lake Zug. The settling material
showed a decreasing contribution with depth in both lakes, which was more
pronounced in Lake Zug. However, in the sediments the contribution to the Corg and N
pool increased, except for a drop for Lake Zug > 3 cm.
GlcN was the most abundant AS in all samples, contributing 55-85% to the
total AS pool in Lake Brienz and 60-90% in Lake Zug (Table 7). Highest GlcN
content was found in the plankton samples. The second largest fraction in the AS pool
was GalN, followed by MurA, with ManN as the least abundant AS.

Figure 12: Amino sugar (AS) and amino acid (AA) concentrations for plankton, sediment traps and
sediment samples of Lake Brienz and Lake Zug.
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Figure 13: Proportion (%) of amino sugars (ASs) and amino acids (AAs) in Corg pool and N pool of
Lake Brienz and Lake Zug (C, total organic carbon; N, total nitrogen).

Table 7: C normalized amino sugar concentrations and mol% values (bd, below detection limit).
GalNb
MurAc
ManNd GlcNa
GalNb
MurAc
ManNd
GlcNa
(nmol/
(nmol/
(nmol/
(nmol/
(mol%) (mol%) (mol%) (mol%)
mg C)
mg C)
mg C)
mg C)
Lake Brienz
Plankton
133.6
21.6
2.0
85.0
13.7
1.3
Trap 50 m
55.3
14.5
6.0
13.8
61.7
16.2
6.6
15.4
Trap 150 m
55.6
17.8
3.9
4.2
68.2
21.8
4.8
5.2
Trap 230 m
55.7
18.7
3.0
4.1
68.4
22.9
3.6
5.0
Sediment
depth (cm)
0.5
71.5
36.3
4.2
4.7
61.3
31.1
3.6
4.0
1.5
79.8
30.2
7.4
16.5
59.7
22.5
5.5
12.3
2.5
137.9
65.8
7.6
bd
65.3
31.1
3.6
3.5
113.1
52.5
6.0
1.6
65.3
30.3
3.5
0.9
4.5
148.6
110.0
9.3
4.0
54.7
40.5
3.4
1.5
5.5
91.1
50.5
6.6
bd
61.4
34.1
4.5
6.5
209.6
141.7
6.1
3.1
58.1
39.3
1.7
0.9
Lake Zug
Plankton
223.9
23.0
2.7
89.7
9.2
1.1
Trap 50 m
337.8
105.0
12.6
13.9
72.0
22.4
2.7
3.0
Trap 100 m
282.5
91.5
14.8
7.6
71.3
23.1
3.7
1.9
Trap 170 m
225.1
82.8
23.1
13.9
65.3
24.0
6.7
4.0
Sediment
depth (cm)
0.5
454.8
177.4
33.1
18.7
66.5
25.9
4.8
2.7
1.5
445.8
187.7
26.7
4.5
67.1
28.2
4.0
0.7
2.5
463.7
228.8
27.5
13.9
63.2
31.2
3.7
1.9
3.5
275.9
90.5
23.7
bd
70.7
23.2
6.1
4.5
198.1
62.0
35.9
5.0
65.8
20.6
11.9
1.7
5.5
390.6
124.3
33.2
11.1
69.9
22.2
5.9
2.0
6.5
333.0
212.1
3.1
6.5
60.0
38.2
0.6
1.2
a
glucosamine; b galactosamine; c muramic acid; d mannosamine.
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3.4.3. Amino acid concentrations and composition
In contrast to the similar AS concentration in the plankton of the two lakes, the
AA concentration of the Lake Brienz plankton was, at 4086 nmol (mg dry plankton)-1,
almost double that of the Lake Zug plankton [2688 nmol (mg dry plankton)-1].
However, AA concentration in the Lake Zug sediment traps, at 209-302 nmol (mg dry
sediment)-1, was up to 50 × higher than in the Lake Brienz traps (Table 6). In Lake
Brienz the AA concentration increased from 2.8 to 12.2 nmol (mg dry sediment)-1
with sediment depth, in contrast to the concentration decrease of 87.2 to 20.3 nmol
(mg dry sediment)-1 in Lake Zug. The C and N normalized AA concentrations were
higher in Lake Zug (Fig. 12, Table 6). In both lakes the yield decreased within the
water column. This held true for the sediments of Lake Zug, whereas in Lake Brienz
the yield increased slightly with depth. However, there was a clear decrease in the
proportion of AAs to the Corg and N pool in both lakes which was more pronounced
for N (Fig. 13). In Lake Brienz, AAs comprised 1-10% of the Corg and 3-37% of the N,
in Lake Zug these fractions being 8-31% and 17-42%, respectively.
The AA composition of all samples is illustrated in Fig. 14. Glu, Gly, Asp,
Lys and Ala were the most abundant AAs. The mol% of non-protein AAs increased
with depth in both lakes, especially Orn and -aba. The ratio of D-AA (Fig. 15) was in
all Lake Brienz samples higher, at 4.4-13.5%, than in Lake Zug (2.2-4.2%).
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Figure 14: Mol% of single AAs in plankton, sediment trap and sediment samples from Lake Brienz
and Lake Zug.

3.4.4. Degradation indices
The GlcN:GalN ratio (Fig. 15) for the Lake Zug plankton sample was high
(9.7), Lake Brienz plankton having a ratio of 6.2. For the sedimenting material, the
ratio decreased for both lakes to values < 3 in the lowest sediment trap. Within the
sediments, the AS ratio decreased for Lake Brienz and in the first 3 cm of Lake Zug.
The values of the CI increased in the water column and in the upper 4 cm of
the sediments of Lake Brienz from 0.48 to 0.82, pointing to degradation of the OM
(Fig. 15). In Lake Zug there was a remarkable increase in the CI value between the
lowest sediment trap (0.45) and the sediment surface (0.68). Throughout the Lake Zug
sediment CI increased up to a value of 0.9. This increase, which hints to ongoing OM
degradation, is in accord with increasing proportions of non-protein AAs, which
showed an increase with depth in both lakes. RI also confirms the accumulation of
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less reactive material with sediment depth, as the value decreased with sediment trap
depth (31-17 for Lake Zug and 77-24 for Lake Brienz) and within the first 2-3 cm of
sediment in both lakes. Below 3 cm, RI stayed rather constant, but with higher values
in Lake Brienz. DI* also strongly indicates ongoing degradation, the values being
highest in the plankton samples and decreasing with sediment trap depth, as well as in
the sediments of both lakes.

Figure 15: Degradation indices for plankton, sediment trap and sediment samples of Lake Brienz and
Lake Zug (GlcN, glucosamine; GalN, galactosamine; D, D-AAs; L, L-AAs; RI, reactivity index; DI*,
degradation index based on DI of Dauwe and Middelburg (1998) and Dauwe et al. (1999)).
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3.5.

Discussion

3.5.1. State and sources of OM and comparison with marine systems
Plankton and sinking particles are enriched in AAs vs. sediments (Keil et al.,
2000). The plankton samples here also exhibited higher AA C (37-41%) and AA N
(41-64%) values than the sediment trap and sediment samples. The values compare
with marine systems, where Cowie and Hedges (1992) found that 39-83% of the N in
fresh plankton originates from AAs; this fraction can even comprise up to 95% of the
N (Lee, 1988). The AA N% and AA C% values of the sedimenting matter decreased
with depth, indicating preferential degradation of AAs vs. bulk OM (Cowie and
Hedges, 1994). An AA N% value significantly below 38% points to diagenetic
alteration (Cowie and Hedges, 1992). In Lake Brienz all the sediment trap material
had values < 38%. In contrast, sedimenting material of the upper and middle sediment
trap of Lake Zug seemed not to be highly altered, as AA N% values were between 39
and 43%. Our results are similar to results from sediment traps on the eastern
Brazilian continental margin, where AA C values were between 12 and 21% and AA
N values between 27 and 55% (Jennerjahn et al., 1999). Surface sediments in the
same area had lower AA C and AA N values (7.7-13.4% and 20-30%, respectively;
Jennerjahn and Ittekkot, 1999). Similar values were found for sediments in the Pacific
Ocean off Peru (Lomstein et al., 2006) and in a coastal lagoon in North Carolina,
USA (Burdige and Martens, 1988). In contrast to the decrease in AA N and AA C
between sedimenting material and sediments, we observed an increase in AA C and
AA N between the deepest sediment trap and the sediment surface. However, within
the sediments the contribution decreased in both lakes. Total AA concentration in the
Lake Zug sediment were in the same range as in sediment cores off Peru, where total
AA concentration of 50-135 nmol (mg dry sediment)-1 were found (Lomstein et al.,
2006). Total AA concentration of Lake Brienz were, with 2-12 nmol (mg dry
sediment)-1, one order of magnitude lower. The AA composition of the sediments
differed slightly from the marine systems, where mol% values of Gly in the upper
sediments were > 20% (Dauwe and Middelburg, 1998; Lomstein et al., 2006). In both
lakes Glu, Ala and Asp each contributed up to 10% to the total AA pool and were also
abundant AAs in the marine system.
In contrast to the significant contribution of AAs to the Corg and N pools, ASs
contributed in the two lakes to only 0.7-5.4% to the Corg pool and to 1.3-7.2% to the N
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pool, with higher values in Lake Zug and a low contribution to the plankton samples.
Such a low contribution was also found in ocean systems, with 1.0-2.4% AS C and
1.9-3.8% AS N in coastal Peruvian sediments (Niggemann and Schubert, 2006), 1.32.2% AS C in sediment trap material off the Brazilian coast (Jennerjahn et al., 1999)
and 2.1-3.2% AS C in coastal Brazilian sediments (Jennerjahn and Ittekkot, 1999). In
the Peruvian surface sediment samples (Niggemann and Schubert, 2006) AS
concentration and yield [9.3-41 nmol (mg dry sediment)-1 and 277-328 nmol (mg C)-1]
were higher than in Lake Brienz but in the same range as in Lake Zug.
ASs can originate from several potential sources, which are distinct in their
composition. High GlcN:GalN values (>14) were found for chitin-rich phyto- and
zooplankton, whereas values < 3 were found for heterotrophic bacteria (Benner and
Kaiser, 2003). In our study the GlcN:GalN values for the plankton were < 14,
indicating a mixture of chitin-producing plankton and other sources or that plankton
in lakes generally has a different composition. Within the water column of both lakes
the values for the sedimenting material were decreasing and were < 3 in the lowest
trap. Assuming a similar composition for marine and lacustrine plankton, this would
indicate a transition of plankton dominated particulate matter to bacterially derived
matter with progressing diagenesis, as demonstrated before (Ogawa et al., 2001;
Benner and Kaiser, 2003; Kawasaki and Benner, 2006). Based on the 1:1 ratio of
GlcN and MurA in the cell wall polymer peptidoglycan (Schleifer and Kandler, 1972),
we

calculated

the

fraction

of

GlcN

derived

from

bacterial

cell

walls

(GlcNpeptidoglycan(%) = 100 - (cGlcN-cMurA)/cGlcN × 100, with cGlcN and cMurA being the
molar concentrations of GlcN and MurA). Using this formula for Lake Brienz,
bacterial cell walls contributed 3-11% of the sedimentary GlcN and for Lake Zug 118% (Fig. 16). These fractions are higher than those found in the Peruvian sediments,
which were only 3.9 ± 1.6% (Niggemann and Schubert, 2006).
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Figure 16: Concentration and percentage of bacterially derived amino compounds and estimates of
bacterially derived Corg (MurA: muramic acid; GlcN: glucosamine; Corg: organic carbon; D-Ala: Dalanine).

3.5.2. Bacterial contribution to sedimentary OM
Not only did the GlcN:GalN ratio show a bacterial imprint of OM, but
increasing MurA yields for Lake Zug also indicated an increase in bacterial derived
matter within the sediment (Fig. 16). The MurA yield for Lake Brienz was rather
constant with depth, as well as the D-Ala yield for both lakes. MurA has been used as
a marker for living bacteria or rather recent bacterial necromass (Moriarty, 1975, 1977;
Lomstein et al., 2009; Bourgoin and Tremblay, 2010). Additionally, since D-Ala also
has a bacterial origin it has been used to estimate the bacterial contribution to the Corg
pool (Tremblay and Benner, 2009; Bourgoin and Tremblay, 2010; Kawasaki et al.,
2011). Based on the two biomarkers MurA and D-Ala, we calculated the proportion
of bacterially derived Corg in the sedimenting matter and in the sediments according to
the following equation:

Bacterial C (%) = biomarkersample / biomarkerbacteria × 100

Equation (1)

with biomarkersample being the measured C normalized yield of MurA or D-Ala,
respectively, and biomarkerbacteria an average C normalized yield of the biomarker
from bacterial cells given in the literature (Kaiser and Benner, 2008). For soil and
freshwater heterotrophic bacteria, Kaiser and Benner (2008) determined a mean of
42.3 nmol MurA (mg C)-1. Using this value in our study, we estimated (Eq. 1)
bacterial Corg fractions in the range of 7-22% and 28-85% for Lake Brienz and Lake
Zug, respectively (Fig. 16). For the estimation based on D-Ala, C normalized yields
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of D-Ala from Bourgoin and Tremblay (2010; based on data from Kaiser and Benner,
2008 and Tremblay and Benner, 2009) for soil and freshwater bacteria were used
[92.2 nmol D-Ala (mg C)-1]. These estimates gave proportions between 3 and 34% for
Lake Brienz and 5 and 14% for Lake Zug. This is close to findings based on D-Ala
and D-Glu yield in the St. Lawrence system, where bacteria contribute on average
20% to the particulate and sediment Corg (Bourgoin and Tremblay, 2010). Whereas a
similar bacterial OM contribution based on MurA and D-Ala was calculated for Lake
Brienz, for Lake Zug estimates based on MurA are much higher than those based on
D-Ala. Normally it would be expected that MurA is degraded more readily than DAAs, leading to a contrary result.
3.5.3. Differences in amino acid and amino sugar patterns
The AA and AS concentrations showed contrasting patterns in both lakes (Fig.
12). Amino compounds seem to accumulate in Lake Brienz whereas in Lake Zug they
are degraded. However, the contribution of ASs and AAs to the total Corg and N pools
indicates an accumulation of ASs and a degradation of AAs in the sediments of both
lakes, as the fraction of AS in the N and Corg pools increases with sediment depth,
except for a drop in Lake Zug at 4 cm depth, and the AA fraction further decreases
(Fig. 13). The ratio of AAs:ASs also decreases in both lakes within the water column
and sediments (Table 6). The patterns indicate different degradation behaviour for
ASs and AAs. This is in agreement with Dauwe and Middelburg (1998), who found
that ASs become more concentrated in refractory sediments. Also, Kawasaki and
Benner (2006) showed in a degradation experiment that GlcN and GalN are relatively
resistant to decomposition. This degradation behaviour can be explained by the
occurrence of ASs in structural biopolymer matrices, such as bacterial cell walls and
chitin-rich material (Dauwe and Middelburg, 1998). Also in-situ production of ASs
by bacteria during OM degradation might explain the increase in AS yield. From the
marine environment no consistent explanation is available. Whereas in marine
sediments off Peru constant and even decreasing AS yield was observed (Niggemann
and Schubert, 2006), no consistent trend for C normalized AS concentration with
sediment depth was found in a 200 m long sediment core from the western
Mediterranean (Whelan and Emeis, 1992).
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3.5.4. Comparison of different degradation indices
We calculated six indices for degradation based on AAs, ASs and chlorin
concentration (Fig. 15). In general, the patterns of the indices look similar for both
lakes, with relatively fresh and unaltered material in the upper sediment traps and a
trend towards degraded and transformed matter with water depth and within the
sediments. Despite this general picture, the indices do not all correlate (Table 8). This
might be due to different reactivity of the compounds and therefore different
degradation rate. Also sources of the sedimenting material and the environment seem
to play a role, as the correlation coefficients (r2) between the degradation indices are
generally higher and the correlations are more significant in Lake Zug than Lake
Brienz. CI correlates with all the other indices for Lake Zug except GlcN:GalN,
whereas for Lake Brienz no correlation was apparent. Interestingly, in the oxic
sediments of Lake Zug a weaker correlation between CI and DI was found, with r2
0.55 and 0.17 (Meckler et al., 2004). A correlation between DI and non-protein AA
mol% values was also found by Dauwe et al. (1999). The correlation between nonprotein AAs and D-AAs in Lake Zug might be explained by the bacterially mediated
origin of some of the non-protein AAs, as -ala and -aba are the bacterially mediated
degradation products of Asp and Glu (Bada, 1998).
Davis et al. (2009) showed that different degradation indices are useful at
different stages of degradation, for instance DI is more effective at intermediate stages
of OM degradation and mol% values of -aba for more degraded material. Also some
indices seem here to be more sensitive during early degradation stages, like RI. The
RI values showed a wide range for the sediment trap material, but stayed constant > 2
cm, whereas DI* decreased almost over the entire studied profile. In a study by Unger
et al. (2005) RI was a sensitive indicator for early degradation in the particulate matter
of Siberian rivers and DI more valuable for sedimentary degradation stages. Similar
results were found for Lake Zug, where changes in DI were most pronounced during
later phases of OM decay and CI was more representative for early stages of
degradation (Meckler et al., 2004). During these early stages of diagenesis, when
sedimenting particles leave the epilimnion, non-protein AAs are already being
produced (Lee and Cronin, 1982, 1984). In our study the mol% values of non-protein
AAs seem to be a sensitive indicator for early stages of degradation, especially in
Lake Zug, as they increased until the lower part of the
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Table 8: Pearson correlation coefficients (r2) and significance of correlation (* = p < 0.05, ** = p <
0.01, *** = p < 0.001) between different degradation indices for Lake Brienz and Lake Zug samples.
non-prot.
CIc
D/(D+L)%d
AAs (mol%)e RIf
GlcNa:GalNb
Lake Brienz
CIc
0.36
D/(D+L)%d
0.05
0.05
non-prot. AAs
0.69**
0.35
0.00
(mol%)e
RIf
0.66**
0.30
0.07
0.42*
DI*g
0.10
0.07
0.04
0.49*
0.00
Lake Zug
CIc
0.14
D/(D+L)%d
0.08
0.59**
non-prot. AAs
0.06
0.91***
0.67**
(mol%)e
f
RI
0.17
0.79***
0.49**
0.72**
DI*g
0.24
0.81***
0.32
0.73**
0.63**
a

glucosamine; b galactosamine; c chlorin index; d D, D-AAs; L, L-AAs; e non-protein AAs; f reactivity
index; g degradation index based on DI of Dauwe and Middelburg (1998) and Dauwe et al. (1999).

sediment section. The two degradation indices based on bacterial abundances were
virtually not sensitive to any degradation state in both lakes, showing only slight
increases for D-AAs and a slight decrease for GlcN:GalN. To summarize these
findings in a sequence of degradation indices, RI is most appropriate for initial
degradation state, CI and non-protein AAs for early and middle decay states and DI is
more suitable for later stages of decomposition.
In general, the reason for the different behaviour of the degradation indices in
the two lakes might be distinct OM sources, as it was shown from lipid analysis that
the uppermost part of Lake Brienz sediment exhibited a higher amount of
allochthonous material (Bechtel and Schubert, 2009a). In contrast, in the south basin
of Lake Zug, where our sampling site was located, only a small creek enters the lake,
so the input of allochthonous material is probably rather small. This interpretation is
supported by lower C:N values and higher AA C% content in Lake Zug than in Lake
Brienz (Table 6, Fig. 13), based on the fact that lacustrine phytoplankton has C:N
values between 4 and 10 and is richer in proteins than vascular land plants (Lee and
Cronin, 1982; Meyers and Teranes, 2001). Besides the origin of the OM, the
carbonate content of the sedimenting material likely has an impact on OM
degradation, as sorption of organic compounds on mineral surfaces results in
preservation and therefore slower remineralisation rate (Keil et al., 1994). In the upper
3 cm of Lake Brienz the carbonate content is up to 3 × that in Lake Zug (data not
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shown), so the OM might be more protected. This could explain why that most of the
degradation indices indicate less degraded material in Lake Brienz than Lake Zug.
3.5.5. Effects of trophic status and redox conditions on degradation and
transformation
The general degradation/preservation pattern in both lakes seems to be rather
similar despite their different trophic and redox status. However, the degradation
indices indicate enhanced degradation within the water column of Lake Brienz vs.
Lake Zug, whereas in Lake Zug the indices point to more pronounced degradation in
the sediments, e.g. higher proportion of non-protein AAs, higher CI values, lower DI*
values. Greater degradation and turnover of OM in the water column of Lake Brienz
than in Lake Zug was also found for filtered particulate OM (Carstens et al., 2012),
which is probably due to greater bacterial utilization of the primary produced OM in
oligotrophic lakes (Cotner and Biddanda, 2002). For Lake Zug the water/sediment
interface seems to be a hotspot of degradation, as CI, RI and DI* show greater
changes than in Lake Brienz at the sediment surface compared to the deepest
sediment trap. This, despite the fact that the uppermost sediment layer of Lake Brienz
included O2, which might indicate that it is not a major factor influencing degradation.
Another main impact on degradation could be the higher sedimentation rate, which
dilutes the Lake Brienz sediment with allochtohonous material. Stable (1984)
compared the decomposition of Corg in eutropic and oligotrophic lakes and attributed
differences to particle size and thus settling rate. In oligotrophic lakes particles may
be smaller and therefore have a longer residence time in the water column, which
results in a higher proportion of refractory material. This would be supported when
comparing the uppermost sediment trap with the lowest studied sediment layer, since
it seems that in the oligotrophic Lake Brienz less AAs are degraded and ASs
accumulate to a greater extent than in the eutrophic Lake Zug.
In conclusion, degradation patterns in the two lakes were similar to findings
from marine environments with a high AA content in plankton samples and a
decreasing contribution of AAs to Corg with water depth and within the sediments. In
contrast to the degradation of AAs, ASs seem to accumulate in sediments. In general,
degradation patterns in both lakes are rather similar, despite the differences in redox
conditions and trophic status. However, carbon normalized AA and AS concentrations
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are higher in the eutrophic lake and degradation in the sediments seems to be more
pronounced than for the oligotrophic Lake Brienz.
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Amino acid nitrogen isotopic composition patterns in lacustrine sedimenting matter

4.1.

Abstract
Amino acids (AAs) comprise a large fraction of organic nitrogen (N) in

plankton and sedimenting matter. In aquatic science, studies of organic N compounds
in general and of AAs in particular, mostly concentrate on marine environments. In
order to study the cycling and fate of organic N and AAs in lakes, we measured the N
15

isotopic composition (

N) of bulk organic matter (OM) and of single AAs in

sediment trap and sediment samples from two Swiss lakes with contrasting
depositional regimes: Lake Brienz, an oligotrophic lake with a well mixed water
column throughout the year and Lake Zug a eutrophic, meromictic lake. We also
measured the

15

N of nitrate in the water column, as a basic nutrient at the base of the

food web. Some AAs (e.g. glutamic acid, valine) display a large enrichment in
with every trophic transfer, in contrast to these trophic AAs, the

15

15

N

N of other AAs
15

like phenylalanine and threonine remains almost unchanged representing the

N of

the source at the base of the food chain. In our samples the trophic AAs were
generally enriched in

15

15

N compared to source AAs. The

N-AA patterns found for

the sediment trap material were consistent with published reports on the

15

N AA

composition of marine plankton. Within the sediments, AAs are enriched in

15

N

relative to the bulk OM, suggesting the preferential degradation of AAs with respect
to the bulk OM during early sedimentary diagenesis. Several indicators for trophic
level based on

15

N-AAs were validated, for the first time in lacustrine systems, and

confirmed the different trophic status of the two lakes. A proxy for total heterotrophic
AA re-synthesis (ΣV) is calculated based on single

15

N-values of trophic AAs.

Higher ΣV in Lake Brienz indicate enhanced heterotrophic bacterial reworking of
AAs under oligotrophic conditions. Overall, our results suggest that the

15

N-AA

analysis in sedimentary records is a promising tool to assess trophic levels and
bacterial re-synthesis in lakes.

4.2.

Introduction
Nitrogen (N) is a major component of biomass and settling organic matter

(OM; Altabet, 2006). The availability of N controls autotrophic production and hence
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OM fluxes, both in marine and fresh water environments. To study the sources,
biosynthesis, trophic transfer and processing of OM, bulk

15

N measurements have

been broadly applied in marine systems (Altabet et al., 1999; Peterson, 1999; Meador
et al., 2007), estuaries (e.g. Middelburg and Nieuwenhuize, 1998) and lakes
(Bernasconi et al., 1997; Hodell and Schelske, 1998; Lehmann et al., 2004b; Kumar et
al., 2011). Amino acids (AAs) comprise a large fraction of the organic N in phytoand zooplankton, as well as sedimenting matter (Lee, 1988; Cowie and Hedges, 1992).
Additional insights into food webs and the cycling of N can be gained by the stable
isotope analysis of these life-sustaining compounds. For example, AA isotope
measurements have been applied in studies on plankton food webs and feeding
ecology in marine systems (McClelland and Montoya, 2002; McClelland et al., 2003;
Loick et al., 2007; Popp et al., 2007; Hannides et al., 2009) as well as terrestrial food
webs and foraging habitats (e.g. Lorrain et al., 2009; Chikaraishi et al., 2011).

15

N-

AA analyses of non-living marine OM were performed by McCarthy et al. (2007)
with the goal to examine the OM source and most recently, Sherwood et al. (2011)
measured the

15

N-AA of modern and fossil gorgonian deep-sea corals to study the

control for variable trophic processing and nitrate source partitioning.
The

15

N-AA approach is based upon differences in the organism-internal N

isotopic fractionation which occur during metabolic processes. Glutamic acid (Glu)
becomes enriched in 15N during transamination and deamination reactions, associated
with the cleavage of a nitrogen-carbon bond. In contrast, N isotopes are barley
fractionated during the conversion of phenylanaline (Phe) to tyrosine (Tyr), since no
carbon-nitrogen bond has to be cleaved or formed (Chikaraishi et al., 2007).
McClelland and Montoya (2002) found that

15

N of some AAs (e.g. Glu and aspartic

acid (Asp)) consistently increase with every trophic transfer, while the

15

N of other

AAs (e.g. Phe, serine (Ser), threonine (Thr)) remain basically unchanged. The AAs
with unchanged

15

N during trophic transfer thus provide unbiased information on the

15

N of the sources at the base of the food web (“source AAs”), while the so called

“trophic AAs”, which display systematic enrichment in 15N with each trophic transfer,
represent indicators for the trophic history (McClelland and Montoya, 2002;
McClelland et al., 2003). Moreover, an index that describes the degree of total AA resynthesis, due to heterotrophic microbial reworking of the detrital OM, ΣV, was
introduced by McCarthy et al. (2007)

and is calculated based on the average
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deviation of single

15

N-values of trophic AAs to the average

15

N-values of trophic

AAs in a sample.
Essentially all studies thus far making use of compound-specific N isotope
measurements to investigate N sources and the fate of N containing OM in aquatic
systems concentrate on marine environments. In this study, we tested the AA-based
geochemical approaches with proven value in marine studies for the first time in
lacustrine settings. In order to gain a mechanistic understanding of the biosynthesis
and degradation of sinking particulate OM (POM) in lakes under variable
15

environmental conditions, we measured the
and sediment samples as well as the bulk

N-AA and bulk

15

N of sediment trap

15

N of POM and plankton samples in two

Swiss lakes with different redox states and trophic levels. In addition, we measured
the

15

N of nitrate (NO3-) in the water column with the goal to trace biogeochemical N

transformations and to determine the base-line

15

N to investigate the trophic structure

in the lakes.

4.3.

Methods

4.3.1. Sampling sites
Lake Brienz is a peri-alpine lake in the northern ranges of the Swiss Alps. The
lake has a surface area of 29.8 km2 and a volume of 5.2 km3. The maximum depth of
the lake is 259 m. The catchment is drained by the two main inflows, the Aare and the
Lütschine, which together transport an annual average of 300,000 tons of suspended
material into Lake Brienz (Anselmetti et al., 2007). In contrast to the particle load,
nutrient input is low, explaining the oligotrophic state of the lake. The sampling
station in Lake Brienz is located in the central part of the lake basin at
46°43'18''N/7°58'27''E, where the lake has a depth of 250 m. Samples were collected
in May and September 2009. Sedimentation rates close to the sampling site are in the
range of 0.68-0.82 cm yr-1 (Anselmetti et al., 2007; Bechtel and Schubert, 2009a).
Lake Zug is a eutrophic sub-alpine lake in central Switzerland about 30 km
south of Zurich. Its maximum depth is 198 m and the volume of the lake is 3.2 km3,
with a surface area of 38.4 km2. The sampling site is located in the meromictic
southern basin of Lake Zug, where permanently anoxic conditions prevail year-round
below 170 m (Mengis et al., 1997). Samples were taken at the deepest point
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(47°6'1''N/8°29'4''E) in March and October 2009. Sediment dating using radiogenic
isotopes (137Cs and 210Pb) revealed a sedimentation rate of approximately 0.4 cm yr-1.
4.3.2. Sampling
Sediment samples were recovered with a gravity corer during the fall sampling
campaigns. The top 7 centimeters of the cores were sliced into 1-cm sections. The
samples were frozen, freeze-dried, ground in a marble mortar and stored in the dark
until further processing.
Sediment traps were deployed in both lakes at the same sampling sites
between spring and fall to collect sedimentary material covering a full productivity
cycle. The sediment traps consisted of two pairs of plastic cylinders, each of them
with an effective sampling area of 66 cm2 and a height-to-diameter ratio of 9. In Lake
Brienz, sediment traps were deployed at 50, 150 and 230 m water depth for 122 days,
while in Lake Zug the sediment traps were deployed at 50, 100 and 170 m depth for
192 days. The material in each trap was quantitatively transferred into sampling
containers, frozen, and processed as mentioned above for the sediment samples.
In addition, a 95 μm double-closing net (Bürgi and Züllig, 1983) was used to
take an integrated plankton sample from 0-100 m water depth. Plankton was frozen
and freeze-dried.
Prior to the deployment of the sediment traps in spring and shortly before their
recovery in late summer/fall, water samples were taken with Niskin bottles at ten
different depths distributed over the entire water column (Lake Brienz: 5, 10, 20, 30,
40, 70, 100, 150, 200 and 240 m; Lake Zug: 5, 10, 15, 25, 60, 80, 100, 130, 170 and
190 m). At the same water depths, particulate OM was sampled with in-situ pumps
(McLane, USA) onto two stacked precombusted glass fiber filters (142 mm diameter,
0.7 μm nominal pore size; Whatman, USA). Between 23 to 45 L of water were
filtered in Lake Zug, whereas for Lake Brienz 27 to 106 L were filtered until filters
were clogged. Filters were frozen directly after sampling and stored at -20 °C until
analysis.
4.3.3. Nitrate N isotope analysis
Nitrate (NO3-) concentrations in filtered samples (0.45 μm pore size, cellulose
acetate; Whatman, USA) were determined photometrically after adding sodium
salicylate (Müller and Widemann, 1955). The analytical error of the method was
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0.02 mg N L-1 and the detection limit was 0.05 mg N L-1. The N isotopic composition
of nitrate was measured using the denitrifier method of Sigman et al. (2001). Briefly,
sample NO3- was quantitatively transformed to nitrous oxide (N2O) by denitrifying
bacteria that lack the enzyme N2O-reductase. The N2O was then automatically
extracted, purified and analyzed on-line using a gasbench preparation system coupled
to a continuous flow mass spectrometer (CF-IRMS; Thermo Finnigan DeltaPlus XP,
USA). The procedural blank contribution was always less than 1% of the sample size
(20 nmol N). N isotope ratios are reported in the conventional delta notation with
respect to atmospheric N2 (AIR) (e.g.

15

N (‰) = [(Rsample/RAIR)-1]*1000 (‰), with R

the ratio of 15N to 14N in the sample or in the standard). Isotope values were calibrated
using international NO3- reference materials (IAEA-N3, USGS-34) with assigned
15

N values of +4.7‰ and -1.8‰ (versus AIR), respectively. The analytical precision

of the method was generally better than ±0.2‰.
4.3.4. Organic matter and amino acid N isotope analysis
For the measurement of bulk OM

15

N, sediment sample aliquots, filter

material or plankton samples were weighted into tin capsules (Säntis, Switzerland)
and the samples were combusted at 1020 °C with excess oxygen in an elemental
analyzer (Thermo quest, CE instruments, USA). The resulting combustion gases (NOx)
were passed through a reduction furnace kept at 650 °C to yield N2, which was then
purified and introduced on-line into an isotope ratio mass spectrometer (Micromass,
UK) for N isotope analysis. N isotope ratios are reported in the delta notation with
respect the atmospheric N2 (AIR) (e.g.
15

15

N (‰) = [(Rsample/RAIR)-1]*1000 (‰), with

14

R the ratio of N to N in the sample). Bulk N isotope values were calibrated using
internal and international reference materials (IAEA-N-1) with assigned

15

N values

of +2.0 and +0.4‰ (versus AIR), respectively. The analytical reproducibility for

15

N

measurements was ± 0.2‰.
For the compound-specific N-isotopic analysis of single AAs, sample aliquots
were hydrolyzed with 6 mol L-1 HCl (Merck, Germany) for 20 hours at 110 °C under
N2 for the compound specific isotopic analysis of AAs. Prior to hydrolysis, Lnorleucine (Nle; Sigma, Switzerland) was added as internal standard. After drying
under vacuum at 40 °C, samples were redissolved in 0.01 mol L-1 HCl and processed
following the method of Popp et al. (2007). In brief, samples were purified by cationexchange chromatography (Dowex 50W X8 resin, 200-400 mesh; BioRad, USA) as
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described by Metges et al. (1996). After the purification step, samples were
reacidified with 0.02 mol L-1 HCl at 110 °C for 5 min. Samples were first esterified
with acidified isopropanol (4:1 isopropanol:acetyl chloride; Sigma Aldrich and Fluka,
Switzerland) at 110 °C for 60 min and derivatized to form trifluoroacetic amino acid
esters with 3:1 dichloromethane:trifluoroacetic anhydride (LabScan (Poland) and
Fluka) at 100 °C for 15 min. After drying, further purification was achieved by redissolving the sample in a 1:2 chloroform (Mallinckrodt, USA):phosphate-buffer
(1 M; KH2PO4 + Na2HPO4 (both Fluka) in nanopure water, pH 7), shaking vigorously
and transferring the chloroform phase to a new vial. Subsequently, the acylation step
was repeated. The derivatized samples were dried, dissolved in ethyl acetate (Merck),
and the single AAs in the extract were analyzed using an isotope ratio mass
spectrometer (Delta V Plus, Thermo) coupled to a gas chromatograph with a BPX5
column (60 m × 0.32 mm i.d., 1 μm film thickness; SGE, Australia). The temperature
program during gas chromatographic separation was as follows: 40 °C (4 min), 8 °C
min-1 ramp to 100 °C (5 min), 6 °C min-1 to 163 °C (5 min), 5 min-1 to 220 °C (9 min),
40 °C min-1 to 250 °C (5 min). The combustion furnace was held at 980 °C and the
reduction furnace at 650 °C. A standard mixture of 13 AAs (L-Nle, alanine (Ala),
glycine (Gly), threonine (Thr), valine (Val), leucine (Leu), iso-leucine (Ile), proline
(Pro), aspartic acid (Asp), glutamic acid (Glu), phenylalanine (Phe), tyrosine (Tyr)
and lysine (Lys)) with known

15

N values for the single AAs was also derivatized and

injected into the GC-IRMS. Samples were always measured in triplicates and the
15

measured

N was corrected calibrated relative to the

standard L-Nle. With this procedure,

15

N-value of the internal AA

15

N-values of the AA standards were matched

within ±1.6‰ (average deviation of 12 AAs). Based on

15

N of single AA, different

parameters were calculated. As proxy for total heterotrophic re-synthesis we
calculated ΣV (ΣV = 1/6 ΣAbs(χAA), with χ (deviation) of each trophic AA =
- AVG

(

N(Ala, Asp, Glu, Ile, Leu and Pro); McCarthy et al., 2007). The trophic
15

N-trophic -

Glu;

15

15

N-Glu -

N-source) / 7 + 1, with

N-source: average

15

15

15

N-Gly) / 7 + 1 (Popp et al., 2007) or

N-trophic: average

15

N of Ala, Asp and

N of Gly and Phe (Popp et al., 2007). A measure for the

N isotopic fractionation between AAs and bulk material is
15

NAA

15

level (TL) can be calculated by (
15

15

= 1000[(

15

N-AA + 1000)/(

15

15

defined as

N-bulk + 1000) – 1].
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4.4.

Results and Discussion

4.4.1. Nitrate concentrations and isotopic composition
NO3- concentrations and

15

N in spring in Lake Brienz were essentially

invariant at 0.40 mg L-1 and 1-2‰, respectively, throughout the water column (Fig.
17). By fall, a subtle decrease in nitrate concentration to 0.30 mg L-1 was observed in
the surface waters, while in the hypolimnion the concentrations remained unchanged
(Fig. 17). As in spring, fall

15

NO3- values were quite constant over the entire water

column (0.6-1.8‰). In Lake Zug during the spring sampling, NO3- concentrations
were in the same range as observed in Lake Brienz (0.30-0.40 mg L-1). In fall, nitrate
concentrations in the uppermost water column were close to the detection limit (<0.05
mg L-1) and increased with depth to reach highest values between 60 and 100 m (0.46
mg L-1). Below the oxic/anoxic transition zone at 130 m water depth, the nitrate
concentrations decreased towards the sediments during both samplings. The
concentration decrease was parallel by an increase in the nitrate

15

NO3- values from

5.8 to 19.5‰ in spring and from -4.6 to 33.7‰ in fall, indicating fractionation of the
nitrate-N isotopes associated with microbial nitrate reduction in the suboxic/anoxic
water column. Similar denitrification-driven NO3- to

15

NO3- relationships have been

observed in Lake Lugano (Lehmann et al., 2003). Interestingly, in fall, severe nitrate
depletion (<0.05 mg L-1) in the surface water was associated with a decrease in the
nitrate

15

N, and not an increase in

15

N, which would be expected from

discrimination during algal uptake. This low

15

15

N

-

NO3 may be resulting from

+

nitrification of light NH4 , excreted by zooplankton (DeNiro and Epstein, 1981;
Minagawa and Wada, 1984), or possibly derived from the remineralization of newly
fixed phytoplankton material. Nitrification is associated with substantial N isotope
fractionation (Yoshida, 1988; Cifuentes et al., 1989), and can potentially mask the Nisotope effect of partial nitrate assimilation.
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Figure 17: Water columns nitrate (NO3-) concentrations (black circles) and 15N-NO3- values (white
triangles) for Lake Brienz and Lake Zug in spring and fall 2009. The dotted line indicates the interface
of the anoxic zone in Lake Zug.

4.4.2. Bulk δ15N
In Lake Zug, the

15

N of the particulate organic nitrogen (PON) values ranged

from 2.3 to 16.4‰, with lowest values in the surface layer during the fall sampling
campaign (Fig. 18). A systematic feature in both Lake Zug profiles was the

15

N

enrichment in the bulk PON down to the oxic/anoxic interface and the decrease in
15

N within the anoxic water column. The

15

N increase in the upper hypolimnion is

consistent with partial remineralization of the sinking OM associated with the
discrimination of

15

N OM during hydrolysis and bacterial degradation under aerobic

conditions (e.g. Lehmann et al., 2002) Below the oxic/anoxic interface

15

N values

decreased slightly, especially in spring, accompanying the enrichment in

15

NO3-.

Similar patterns were observed in Lake Lugano by Lehmann et al. (2004b) who
explained low

15

N-PON in near-bottom layers of the South Basin with the

contribution of in situ biosynthesized OM of methanotrophic bacteria to the bulk OM
pool. In Lake Brienz,

15

N-PON values ranged between -1.3 and 5.9‰ with only a

15

slight enrichment in N with depth in both seasons. The plankton was enriched in 15N
compared to PON in both lakes, which appears to be consistent with the enrichment
of 15N along trophic gradients (e.g. Minagawa and Wada, 1984).
In Lake Brienz, OM from the uppermost sediment trap displayed a
close to that of the PON in spring, while the

15

15

N value

N of OM in the lower traps showed
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Figure 18: 15N values of particulate organic matter in Lake Brienz and Lake Zug. The dotted line
indicates the interface of the anoxic zone in Lake Zug.
15

somewhat higher values with 2.4 and 1.7‰ (Fig. 19). The

N of the surface

sediments was in a similar range between 0.8 and 3.1‰ (Fig. 19). As with PON and
plankton, the sediment trap material recovered from the Lake Zug water column was
consistently enriched in

15

N (4.5-6.1‰) with respect to trap material from Lake

Brienz. In contrast, the Lake Zug sediment surface exhibited a

15

N-value, which was

lower than that of PON close to the sediment and OM from the lowest sediment trap,
suggesting chemosynthetic origin of OM biosynthesized in situ in near-bottom waters
or within the sediments (Fig. 19). With sediment depth the OM

15

N-values increased

(4.1-5.4‰), suggesting 15N enrichment associated with partial remineralization during
microbial degradation of the buried OM.
15

Plankton of Lake Brienz was characterized by lower
Lake Zug (7.9‰; data not shown). As the average

15

N values (4.3‰), compared to

N of both PON and nitrate were

also lower in the water column of Lake Brienz this suggests that the N isotope
difference between plankton in the two lakes is due to a source rather than a food web
effect.
However, during the late summer sampling, the nitrate
surface waters were particularly depleted in 15N, with
the bulk nitrate

15

15

15

N in the Lake Zug

NO3- values even lower than

N in the Lake Brienz water column. If the low

15

NO3- observed in

September is representative for base of the food chain in Lake Zug, then the higher
72

PON and plankton material

15

N values in Lake Zug compared to Lake Brienz,

suggest indeed a higher trophic level of the plankton in the food web of Lake Zug.
While the bulk N isotope measurements provide some insight into the processing of
organic N in the two lakes, the data remain ambiguous with respect to the various
effects variable N sources, trophic cascading and/or alteration during early
sedimentary diagenesis can have. In the next section, we attempt to elucidate these
effects by using the

15

N of single AAs.

4.4.3. δ15N of single AAs and trophic indices
In Lake Zug

15

N values for most AAs were slightly higher than in Lake

Brienz (Fig. 19 and 20). Also the difference between the lowest and the highest

15

N

value was higher for most AAs in Lake Zug in sediment trap and sediment samples.
The general pattern of

15

N-AA, with higher

15

N values of trophic AAs and lower

15

N values of source AAs in Lake Zug are consistent with

15

N-AA patterns of

marine plankton and detrital OM (McClelland and Montoya, 2002; McCarthy et al.,
2007). A t-test also confirmed that the main

15

N values of AA in the source and

trophic AA group differ significantly (level of significance 5%). Also in Lake Brienz
the mean

15

N values of the two AA groups were significantly different (t-test, level
15

of significance 5%). Although, the overall

N pattern was not that clear. In Lake

Brienz, most of the source AAs displayed similar
was relatively depleted in
showed higher

15

15

15

N values, except for Lys, which

N. As for the trophic AAs, only Asp, Glu, Val and Ala

N values than those of the source AAs, as would be expected from

intermediates in the citric cycle and energy production (Bender, 1985). In contrast
Leu, Ile and Pro exhibited

15

N values much closer to those of the source AAs. In a

zooplankton study in the subtropical North Pacific by Hannides et al. (2009) these
particular AAs were also less enriched in

15

N compared to other trophic AAs; they

argued that this pattern may underscore the role of these AAs as essential components
of the diet, or that it results from slow metabolic turnover rates (e.g. Pro in crustacea;
Claybrook, 1983).
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15

N of bulk sedimenting matter and single amino acids in Lake Brienz and Lake Zug.
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Figure 19: Profiles of

For most of the AAs in Lake Brienz, OM from the deepest sediment layer
showed the highest

15

N signal. A gradient from lower to higher

15

N values could be

observed for Phe, Thr, Tyr and Ser. In Lake Zug such a gradient was also observed
for Thr and Gly. In contrast for almost all trophic AAs, OM from the deepest
sediment trap in Lake Zug exhibited significantly higher

15

N-values than OM from

the sediments. The fact that we observed, on average, the lowest
sediments and the highest

15

15

N-values in the

N values in the sediment trap OM, suggests in situ

biosynthesis of new 15N depleted biomass in the lower hypolimnion. The 15 values, a
measure for the N isotopic difference between AAs and the bulk OM (15
1000[(

15

N-AA + 1000)/(

15

=

N-bulk + 1000) – 1]), became higher between water

column and sediments in Lake Zug as well as within the sediments, which would be
expected for preferential degradation of AAs compared to bulk OM. For Lake Brienz
this pattern was observed only for some AAs (Phe, Pro and Tyr). The other AAs did
not show a consistent pattern with respect to

15

. Especially with regards to sediment

trap material in Lake Zug, a clear separation between trophic and source AAs was
observed, with 15N enriched trophic AAs and depleted source AAs relative to the bulk
15

N (Fig. 20). Similarly, it has been reported that in algae and gastropods Val, Ile,

Pro and Glu are enriched in 15N relative to the bulk matter and Ser, Met and Phe are
depleted (Chikaraishi et al., 2007). However, within the sediments in Lake Zug, the
source AAs also became enriched in 15N compared to the bulk matter, indicating that
the AA pattern found for plankton in sinking material is preserved until degradation
changes the signal within the sediments where AAs are preferentially degraded
compared to the bulk OM. In Lake Brienz, also most trophic AAs were enriched in
15

N compared to the bulk OM except Pro, which had in all samples smaller

15

N. For

the source AAs no consistent trend was observed.
The trophic level indices showed higher values for Lake Zug than for Lake
Brienz, except for the 6 cm sediment sample, confirming higher trophic levels in Lake
Zug (Table 9). This is well in accordance with previous observations that indicate that
in eutrophic systems a greater fraction of the primary produced OM passes through
zooplankton grazing than in oligotrophic systems (Cotner and Biddanda, 2002). The
smaller difference of

15

N between trophic and source AAs in Lake Brienz could be

beside different trophic levels also be a result of tighter coupling between growth,
grazing and remineralization, which leads to lower 15N discrimination for microzoo-
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15

N-AA and bulk

15

N signatures of sedimenting material in Lake Brienz and Lake Zug. Bars represent the standard deviation of measurements.
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Figure 20:

Table 9: 15N parameters for sedimenting material in Lake Brienz and Lake Zug.Trophic level 15N
parameters for sedimenting material in Lake Brienz and Lake Zug. Abbreviations used: TL, trophic
level; TP, trophic position.

Lake Brienz
trap 50 m
trap 150 m
trap 230 m
Sediment
depth (cm)
1
2
3
6
Lake Zug
trap 50 m
trap 100 m
trap 170 m
Sediment
depth (cm)
2
3
6

Δ(Glu-Phe) (‰)

TLa

TLb

TPc

ΣVd

3.1
9.9
6.3

1.8
2.7
2.3

1.6
1.9
2.1

0.9
1.9
1.3

2.7
4.0
3.8

3.2
1.7
1.5
7.2

1.8
1.8
1.9
2.5

1.6
1.8
1.5
1.9

0.9
0.7
0.6
1.5

2.0
2.6
1.8
4.0

8.4
8.4
9.9

2.2
2.2
2.5

2.1
2.0
2.3

1.6
1.6
1.9

1.3
1.7
1.8

4.5
3.7
4.9

2.3
1.9
1.5

1.8
1.7
1.7

1.0
1.0
1.1

1.4
1.9
1.0

a

( 15N-Glu - 15N-Gly) / 7 + 1, Popp et al. (2007); b ( 15N-trophic - 15N-source) / 7 + 1, with 15Ntrophic: average 15N of Ala, Asp and Glu, 15N-source: average 15N of Gly and Phe, Popp et al.
(2007); c (( 15N-Glu - 15N-Phe) – 4) / 7 + 1, McClelland and Montoya (2002); d 1/6 ΣAbs(χAA), with
χ (deviation) of each trophic AA = 15NAA - AVG 15N(Ala, Asp, Glu, Ile, Leu and Pro), McCarthy et al.
(2007).

plankton (Hoch et al., 1996). It has been shown that in systems with low nutrient
availability autotrophic and heterotrophic processes are more tightly connected
(Cotner and Biddanda, 2002). This corresponds to higher values of ΣV in Lake Brienz
(1.8-4.0) compared to Lake Zug (1.0-1.9), suggesting more pronounced heterotrophic
microbial reworking of the sedimenting material (McCarthy et al., 2007). Also
estimates of the contribution of bacterial cells to the OM in both lakes showed that
bacteria comprise a slightly greater proportion of the OM in the oligotrophic Lake
Brienz than in the eutrophic Lake Zug (Carstens et al., 2012). These findings together
are in line with studies from lakes and reservoirs showing that in oligotrophic systems
microbial biomass and heterotrophic microbial activity are more important than in
eutrophic systems (Biddanda et al., 2001; Cotner and Biddanda, 2002; Caston et al.,
2009).

77

Amino acid nitrogen isotopic composition patterns in lacustrine sedimenting matter

Figure 21: Isotopic fractionation between AAs and bulk material (15 ) in sedimenting matter in Lake
Brienz and Lake Zug. Definition of 15 : 15 = 1000[( 15N-AA + 1000)/( 15N-bulk + 1000) – 1]. Bars
represent the uncertainty of measurements.

In conclusion, we found similar

15

N AA patterns as reported from the

literature for marine plankton in sedimenting material. The observed AA patterns
seem to be well-preserved in the water column and do not change significantly during
initial OM degradation. Within the sediments, AAs seem to be preferentially degraded
as they get more enriched in

15

N compared to the bulk OM. The consistency of the

calculation of trophic level indices based on

15

N AA showed that this is a promising

tool to reveal trophic level as well as bacterial re-synthesis also in lacustrine systems.
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5.

CONCLUSIONS AND OUTLOOK

This thesis contributes to the understanding of OM composition and
degradation in lacustrine systems. It also makes a contribution to the knowledge on
the distribution and reactivity of ASs and AAs in freshwater systems; so far these
compounds have been studied mainly in marine environments. Below, the main
findings are summarized and aspects for further investigations are suggested.

5.1.

Amino sugar patterns
The molar AS concentrations are apparently controlled by the primary

productivity, as in Lake Zug the AS concentrations were approximately one order of
magnitude higher than in Lake Brienz similar to the primary productivity. Despite the
different trophic status of the lakes, the compositions of the plankton assemblages
were rather similar and subsequently the AS composition and carbon-normalized
yields. Below the euphotic zone, microbial decomposition is shaping the AS
composition. Within the sediments, in both lakes ASs tended to accumulate. Thus, the
general degradation and preservation patterns were similar in both lakes. It would be
interesting to study more lake systems to test whether this is a general feature. By
sampling a large variety of lakes also the effects of factors such as sedimentation rate,
oxygen concentration, adsorption to mineral particles, etc. on the distribution and
reactivity of ASs could be studied in more detail. Additionally, it should be
investigated with compound specific isotope measurements, whether the accumulation
of ASs in the sediments is a result of the recalcitrance of the molecules or if new
biomass is built up. As for the GC-C-IRMS method the samples have to be
derivatized, which brings additional carbon to the samples, the obtained

13

C values

might be uncertain especially for natural abundances (Decock et al., 2009). HPLCIRMS is a method without a derivatization step, which was already used to measure
13

C of ASs in soil samples (Bodé et al., 2009). It would be also interesting to

measure the

15

N of AS in the sediments and compare the

15

N pattern to the

13

C
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results. With degradation experiments like those for marine OM done by e.g. Davis et
al. (2009) the reactivity of single ASs can be studied in detail under controlled
conditions. These experiments could be combined with stable isotope probing (SIP)
and combined microautoradiography and fluorescence in situ hybridization (MICROFISH), these techniques allow also to identify the involved microorganisms (see
review by Neufeld et al. 2007). A new method which allows both, the phylogenetic
identification and the quantitation of metabolic activities of single microbial cells is
the Halogen In Situ Hybridization-Secondary Ion Mass Spectroscopy (HISH-SIMS)
which was first applied to study the assimilation of HCO3- and NH4+ of anaerobic,
phototrophic bacteria in Lake Cadagno (Musat et al., 2008). This method could even
give more insights into the ecophysiological roles of individual cells involved in the
degradation of amino compounds.

5.2.

Bacterial contribution to organic matter
In the water column, the contribution of bacterial cells to OM was higher in

the oligotrophic Lake Brienz than in the eutrophic Lake Zug. These results are in line
with general ecological findings that microbial biomass and heterotrophic microbial
activity seem to be relatively more important in oligotrophic than in eutrophic systems
(Biddanda et al. 2001; Cotner and Biddanda 2002; Caston et al. 2009). However, to
improve the precision estimates of bacterial contribution to OM more, cell sizes and
carbon contents should be studied in more detail, as for instance bacteria in anoxic
conditions are larger than under oxic conditions (Cole et al., 1993). By special flow
cytometry applications the size and the shape of cells can be measured simultaneously
in the counting process (Hammes and Egli, 2010).

5.3.

Amino acid nitrogen isotopic composition
This work provides the first data on the nitrogen isotopic composition of AAs

in lakes. The general
lower

15

N-AA pattern with higher

15

15

N values of trophic AAs and

N values of source AAs especially in Lake Zug resembled that of

15

N-AA

measurements of marine plankton and detrital OM (McClelland and Montoya, 2002;
McCarthy et al., 2007). However, in Lake Brienz this pattern was not that clear. In
particular, Lys and Pro were more depleted in

15

N than the other AAs of the source

and trophic AAs, respectively. For further investigations phytoplankton samples
80

should be analyzed for

15

N-AA and for phytoplankton species in order to reveal

differences in communities and metabolisms, which could explain the different results.
The ΣV, a proxy for heterotrophic microbial reworking of AAs (McCarthy et
al., 2007), was higher in the oligotrophic lake, which also supports the findings from
the biomarker approach for the estimation of organic carbon derived from bacterial
cells, showing the greater importance of microbial biomass and heterotrophic
microbial activity in oligotrophic systems (Biddanda et al. 2001; Cotner and Biddanda
2002; Caston et al. 2009).
Almost all trophic AAs had the highest
trap in Lake Zug and the lowest

15

15

N values in the deepest sediment

N values in the sediments, this pattern could be

explained by synthesis of new lighter biomass in the lower hypolimnion. Recently, a
method for the measurement of

15

N of D-Ala was developed (Takano et al., 2009).

Besides stable isotope analysis on MurA, this method could be used to reveal bacterial
in-situ production.

In conclusion, the present work underscores the usefulness of ASs and AAs as
indicators for sources and diagenetic alteration of OM, as well as estimators for the
contribution of bacterial cells to OM. Combined with stable isotope measurements,
they are also valuable tools for food web studies in lakes.
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