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Summary

Climate change and eutrophication are main reasons for large-scale alterations of aquatic
ecosystems. Dramatically increased or persistent appearances of hypoxia and anoxia have
caused mass mortality events or even species extinction. More specifically, human induced
eutrophication since the industrial revolution has been a major driver for a dramatic decline of
hypolimnetic oxygen concentrations in lakes. Although water treatment and remediation
efforts have largely reduced nutrient levels and eutrophication, oxygen depletion still exists.
The goal of this thesis was to reconstruct past oxygen depletion and eutrophication with
sedimentary proxies. These reconstructions help to understand factors and processes that lead
to oxygen depletion, which is a basis for the development of remediation strategies and the
assessment of future impacts. Sedimentary proxies were studied in selected Swiss lakes

(Rotsee, Lake Zurich), Amvrakikos Gulf (Greece) and the Black Sea (Romanian Shelf).

The eutrophication history of Rotsee was reconstructed using lipid biomarkers. The high
resolution analysis of these markers revealed short-term environmental changes during the
last 150 years of lake history, including changes in composition and abundance of microbial
communities. The diatom species Stephanodiscus parvus, Cyclotella radiosa and Asterionella
formosa were dominant sources of specific diatom biomarkers. Variations of methanogenic
archaeal cell densities during the lake history and lipid cell contents could be estimated based
on isoprenoidal glycerol dialkyl glycerol tetraethers (GDGTs). A new proxy for terrigenous
OM input was proposed (BITcy index).

In the recent sediments of Rotsee and the Black Sea, maleimides (1H-pyrrole-2,5-diones)
were studied, whereas most previous studies focused on ancient deposits. Most of the
maleimides were formed in the sediments under the absence of oxygen. 2-Methyl-3-ethyl-
maleimide (Me,Et) and 2-methyl-3-vinyl-maleimide (Me,vinyl) mainly originate from
chlorophyll a, 2-methyl-maleimide (Me,H) might be derived from chlorophyll-related
compounds, which have lost ring E. 2-Methyl-3-n-propyl-maleimide (Me,n-Pr) and 2-methyl-
3-iso-butyl-maleimide (Me,i-Bu) traced the presence of phototrophic sulphur bacteria
(Chlorobiaceae), which indicated photic zone euxinic and anoxic conditions in Rotsee during
the last 150 years and throughout the last ca. 9-10 ka in the Black Sea, which includes the
9



limnic phase of the Black Sea (Unit 3). Novel maleimide degradation indices are proposed to
estimate the degree of OM degradation and are applicable on longer timescales than

conventional indices.

The manganese to iron ratio was explored to reconstruct semi-quantitatively bottom water
oxygenation in Lake Zurich. The redox dynamics of Mn were resolved with precise sediment
core age models, monthly long-term oxygen monitoring data (1936-2010) and high-resolution
XRF core scanning. Distinct Mn maxima coincided with annual maximum deep-water O,
concentrations in spring, whereas the Fe signal is mainly the result of calcite dilution.
However, sedimentological factors and geochemical and sediment focusing can limit the

application of this proxy.

Benthic foraminifera and lipid biomarkers were used to examine the causes and impacts of
eutrophication on the living biomass in Amvrakikos Gulf. During the last decades,
productivity and bacterial biomass increased, benthic assemblages shifted towards
opportunistic and tolerant species with a lower species density. Increased surface water
temperatures and eutrophication led to decreased water column mixing and the development

of seasonal photic zone euxinia throughout the gulf.

10



Zusammenfassung

Klimawandel und Eutrophierung sind Hauptgriinde fiir grossrdumliche Verdnderungen
aquatischer Okosysteme. Vor allem die dramatische Abnahme der Sauerstoffgehalte wird
zunehmend als Grund fiir das hiufigere Auftreten von Massen- und Artensterben erkannt. In
Seen hat durch Eutrophierung seit der industriellen Revolution eine dauerhafte Abnahme der
Sauerstoffgehalte im Hypolimnion stattgefunden. Obwohl Abwasserreinigungs- und
Sanierungsmassnahmen zu einer Reduktion der Nahrstoffgehalte gefiihrt haben, haben sich
die Sauerstoffgehalte nicht wie erhofft erhdht. Das Hauptziel dieser Dissertation war die
Rekonstruktion von Gewissereutrophierung und Sauerstoffverarmung mithilfe sedimentérer
Indikatoren. Hierzu wurden sedimentire Indikatoren in den Schweizer Seen Rotsee und

Ziirichsee, sowie im Ambrakischen Golf und dem Schwarzen Meer untersucht.

Die Eutrophierungsgeschichte des Rotsees wurde durch Biomarker (Lipide) rekonstruiert.
Mittels Biomarker wurden Verdnderungen in Zusammensetzung und Héaufigkeit
verschiedener mikrobieller Gemeinschaften wéhrend der letzten ca. 150 Jahre hochaufgeldst
bestimmt. Zusétzlich konnten die Diatomeen Stephanodiscus parvus, Cyclotella radiosa und
Asterionella formosa als dominante Quelle bestimmter Biomarker erkannt werden. Die
zeitlichen Anderungen der Zelldichte methanogener Archaeen, sowie deren durchschnittlicher
Lipidzellgehalt konnte mithilfe isoprenoidalen Glycerol-dialkyl-glycerol-tetracther (GDGTs)
abgeschitzt werden. Es wird ein neuer Indikator fiir den Eintrag terrigenen organischen

Materials vorgeschlagen (BITcy index).

Im rezenten Sediment des Rotsees und des Schwarzen Meeres wurden Maleinsdureimide (1 H-
Pyrrol-2,5-Dione) untersucht. 2-Methyl-3-Ethyl-Maleinsdureimid (Me,Et) und 2-Methyl-3-
Vinyl-Maleinsdureimid (Me,vinyl) stammen hauptsichlich von Chlorophyll a, 2-Methyl-
Maleinsdureimid (Me,H) von Chlorophyllen nach Verlust vom Ring E. 2-Methyl-3-n-Propyl-
Maleinsdureimid (Me,n-Pr) und 2-Methyl-3-iso-butyl-Maleinsdureimid (Me,i-Bu) deutete auf
phototrophe Schwefelbakterien (Chlorobiaceae) und somit auf anoxische und euxinische
Bedingungen in der photischen Zone hin. Diese Bedingungen wurden sowohl wéhrend der
letzten 150 Jahre im Rotsee als auch wihrend der letzten 9000-10000 Jahre im Schwarzen

Meer festgestellt und damit auch wihrend der limnischen Phase (Sedimenteinheit 3). Neue
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Maleinsdureimid-basierte Indikatoren wurden zur Abschitzung des Abbaugrades von
organischem Material in Sedimenten entwickelt. Diese sind {iiber lédngere Zeitrdume

anwendbar als konventionelle Indices.

Das Verhéltnis von Mangan zu Eisen im Sediment des Ziirichsees konnte fiir semi-
quantitative Rekonstruktionen des Sauerstoffeintrags im Bodenwasser genutzt werden. Die
Redoxdynamik von Mn im Seesediment konnte mithilfe praziser Altersmodelle, monatlichen
Sauerstoffdaten ~ (1936-2010) und  hochaufgeloster ~ Rontgenfluoreszenzmessungen
nachvollzogen werden. Mn-Maxima korrelierten mit jahrlichen Hochstkonzentrationen von
Sauerstoff im Bodenwasser im Friihling, wogegen das Fe-Signal hauptsichlich durch
Calcitverdiinnung beeinflusst ist. Allerdings kann die Anwendung dieses Indikators durch
sedimentologische Faktoren und geochemische und sedimentire Fokussierungsprozesse

eingeschrinkt sein.

Einfliisse und Auswirkungen von Eutrophierung und Umweltverdnderungen wurden durch
benthische Foraminiferen und Biomarkern im Ambrakischen Golf untersucht. Wéhrend der
letzten Jahrzehnte stieg die Produktivitit und es folgte Ubergang zu Opportunisten,
Foraminiferengemeinschaften mit einem hohen Akzeptanzbereich hinsichtlich der
vorliegenden  Umweltbedingungen und einer niedrigen  Speziesdichte.  Hohere
Oberflachenwassertemperaturen und Eutrophierung fithrten zu einer stabileren Schichtung der
Wassersdule und zur Entwicklung von saisonal auftretenden euxinischen Bedingungen im

Tiefenwasser, die auch die photische Zone erfassten.
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Chapter 1: Introduction

1.1 Background and objectives

This introduction sets a general frame for the PhD thesis and gives a general overview over
causes and implications of oxygen depletion and eutrophication in aquatic ecosystems. In
order to provide basic background, oxygen depletion patterns in lakes and oceans are
reviewed and defined. It is followed by an overview about the importance and implications of
low oxygen conditions in these settings. Then, a summary of eutrophication as a major factor
of oxygen decline is described. It is illustrated that sedimentary proxies are needed for
palacooxygen reconstructions and that there is still a need for high resolution records.
Furthermore, a general introduction of the proxy groups used in this thesis is provided, which
comprise lipid biomarkers and trace metals. Finally, the outline consists of an introduction to

the different chapters, which summarises the achievements of this thesis.

1.1.1 Definitions of hypoxia and anoxia in lakes and oceans

Low oxygen conditions in aquatic settings have classically been categorised as “hypoxic” and
“anoxic”, but no consistently used terminology, values and units exist (Canfield and
Thamdrup, 2009; Gooday et al., 2009; Hofmann et al., 2011). The term “hypoxia” (<63 uM
0 <2 mg O, 1"; <1.4 ml O, I''; e.g. Middelburg and Levin, 2009) was originally used to
describe internal stress on biota under low oxygen conditions (Piiper, 1982; Gray et al., 2002).
However, tolerance thresholds depend on the considered species and its life stages (e.g. Pihl
et al., 1991; Gray et al., 2002; Levin et al., 2009). “Anoxia” is used to describe severe oxygen
depletion with conditions below 10 uM O, (<0.5 mg O, 1"; <0.2 ml O, I''; e.g. Gooday et al.,
2009).

13
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Fig. 1.1. Global map of oxygen minimum zones with minimum oxygen partial pressure (pO,/matm, top panel).
From Hofmann et al. (2011) after Garcia et al. (2010). Hypoxia (<63 uM O,; <2 mg O, I''; <1.4 ml O, 1)

corresponds to values <60 pO,/matm (blue and purple colour in top panel).

1.1.2 Causes and consequences of hypoxia and eutrophication

Oxygen determines the health of aquatic ecosystems, because it can be a limiting factor for
organisms for which oxygen is essential (Diaz and Rosenberg, 2008; Keeling et al., 2010).
Terrestrial and aquatic ecosystems have been strongly altered due to climate change and
eutrophication (Smith et al., 1999; Diaz and Rosenberg, 2008; Gooday et al., 2009; Keeling et
al., 2010). Although oxygen depletion phenomena in marine systems have occurred
throughout earth history, the number, duration and spatial extent of oxygen depletion events
have increased dramatically across the globe (Fig. 1.1) (Diaz, 2001; Diaz and Rosenberg,
2008; Gooday et al., 2009; Gilbert et al., 2010; Zhang et al., 2010; Hofmann et al., 2011).

Oxygen depletion can cause mass mortality events (Fig. 1.2), species extinction and
irreversible ecosystem decline (Lancelot et al., 2002; Mee et al., 2005; Diaz and Rosenberg,
2008). This means that hypoxia has crucial impacts on biodiversity, food webs and
biogeochemical cycles (Joyce, 2000; Diaz and Rosenberg, 2008; Conley et al., 2009). Shifts
towards more tolerant, often invasive species are observed, but especially persistent oxygen-

poor conditions result in the establishment of dead zones (Lancelot et al., 2002; Mee et al.,
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2005; Diaz and Rosenberg, 2008). For the last 50 years, dead zones have been described from
more than 400 coastal marine systems, which comprise a total area of more than 245000 km?
(Diaz and Rosenberg, 2008). Therefore, oxygen depletion is a key stressor in marine and
limnic ecosystems and might be caused or influenced by eutrophication, stratification, climate
change, and upwelling (Livingstone, 1997; Diaz, 2001; Livingstone, 2003; Diaz and
Rosenberg, 2008; Miiller et al., 2012). Apart from natural consequences, hypoxia can lead to

large economic damage in fisheries and aquacultures (Diaz, 2001; Zhang et al., 2010).

Fig. 1.2. Dead fish at the beach of Constanta (Romania) in summer 2010 after hypoxia affected the Romanian
Black Sea shelf due to an interplay of eutrophication and stratification at that time (Photo: Adrian Teaca,

GeoEcoMar, Constanta)

Since the industrial revolution, eutrophication has been a major driver for dramatic
hypolimnetic oxygen decline in lakes (Vitousek et al., 1997; Smith et al., 1999). The
mechanisms of eutrophication are quite well understood today (reviewed by Smith et al.,
1999). Elevated nutrient levels fuel productivity and lead to increased organic matter (OM)

accumulation and OM mineralisation, which more dramatically deplete oxygen in the

15



hypolimnion. Despite the reduction of nutrients by water treatment and remediation, oxygen
deficiency in the hypolimnion remains persistent in deep, stratified lakes due to high rates of
sedimentary OM remineralisation, which in turn results in resupply of nutrients to the water

column (Smith et al., 1999; Matzinger et al., 2010; Miiller et al., 2012).

Another consequence of more persistent hypoxia is the enhanced emission of greenhouse
gases, which implies a positive feedback to global climate change (Keeling et al., 2010). One
of these gases is methane, which is the second most important greenhouse gas after carbon
dioxide since although its concentration in the atmosphere is much smaller it has a 25 times
higher global warming potential over a 100-year period (IPCC, 2007). Aquatic environments
can represent a significant natural source of methane (Bastviken et al., 2004). In a changing
climate, rising water temperatures can lead to increased stratification (Livingstone, 1997;
Adrian et al., 2009; Rempfer et al., 2009; Foley et al., 2012). The reduced mixing hinders

oxygen replenishment to deeper waters (Keeling et al., 2010).

Environmental changes due to oxygen depletion and eutrophication can result in fragile
ecosystem state transitions, so called 'tipping points' (Scheffer, 2009; Scheffer, 2010). Based
on complex, still not understood feedback processes, environmental alterations may lead to
mass mortality events and ecosystem decline (Scheffer, 2010). However, the understanding of
such mechanisms is often hampered by lack of historical data. Therefore, there is still a need
for high resolution and long-term proxy based reconstructions of environmental changes. For
this purpose, sedimentary proxies are needed for qualitative and quantitative reconstructions
of oxygen in lakes and oceans. Such indicators help to understand past processes and
developments. Sedimentary proxies are valuable for deducing information on past causes,
drivers and effects of low oxygen concentrations and eutrophication, including the role of
human impact. Such information is indispensable to develop strategies for improvement

measures, to reduce oxygen depletion and its diverse negative impacts.

1.1.3 Organic proxies — lipid biomarkers

Lipid biomarkers (Fig. 1.3) are organic compounds, which originate from formerly living

organisms (Peters et al., 2006). They can provide information on OM sources (aquatic vs.
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terrigenous origin) and fate, microbial community changes, environmental conditions during
deposition and diagenesis, biodegradation, climate and age (e.g. summarised by Peters et al.,
2006; Bianchi and Canuel, 2011). The complex structure of biomarkers reveals more
information about their origins than other compounds like methane and graphite, which can

be generated from many different organic compounds (Peters et al., 2006).

Chlorophyll-a
(algae, plants)

\_

TS

(0]
Crenarchaeol (Thaumarchaeota) 04—LH

C,; Highly Branched
Isoprenoid Alkane (diatoms)

Coprostanol (mammals,
animal waste)

“ B-Amyrone
(higher plants)

HO H

Isorenieratene (Chlorobiaceae)

\\\\\\\\\

Fig. 1.3. Sample structures of lipid biomarkers (adapted from Peters et al., 2006). Origin of these lipids in

brackets.

Biomarkers have also been used repeatedly to trace anoxic conditions in present and ancient
water columns of lakes, inland seas and oceans (Brocks et al., 2005; Hebting et al., 2006; van
Bentum et al., 2009). Hypoxia indicators like the carotenoids isorenieratene and okenone are

only produced by phototrophic sulfur bacteria belonging to the Chromatiaceae and
17



Chlorobiaceae (Schaeffer et al., 1997; Brocks and Summons, 2003). Because of the limited
oxygen tolerance of these organisms and their dependence on light and free hydrogen

sulphide, these compounds are robust markers for photic zone anoxia and euxinia (Brocks and

Summons, 2003; Brocks et al., 2005).

Biomarkers also trace alterations of the abundance and composition of their source organisms
(i.e. microbial communities), which can be caused by eutrophication (e.g. Meyers and
Ishiwatari, 1993; Schouten et al., 2001; Peters et al., 2006; Bechtel and Schubert, 2009).
Eutrophication leads to the increase of primary producers and these changes can be traced by
biomarkers (Meyers and Ishiwatari, 1993). More specific indicators such as coprostanol and
epicholestanol have been used as proxies for the supply of untreated sewage to aquatic
systems and to reconstruct eutrophication (Mermoud et al., 1985; Bull et al., 2002; Wu et al.,

2009).

However, there is still a need for biomarkers, which allow the reconstruction of past oxygen
levels. Furthermore, the responsible processes for oxygen depletion must be examined in the
studied systems, also in the context of system state transitions and remediation measures. The
advantages and disadvantages of the applicability of biomarkers for oxygen reconstructions

are discussed and evaluated in this thesis.

An important prerequisite for reliable palacoenvironmental reconstructions is the knowledge
on lipid sources, for instance the differentiation between aquatic and terrigenous OM. For
instance, one biomarker based proxy for terrigenous OM supply to lakes and oceans is the
branched and isoprenoid tetraether index (BIT index, Hopmans et al., 2004). But it has been
found that its interpretation can be misleading, hence a multi-proxy approach is generally
recommended to better estimate the origin of OM in aquatic systems (c.f. Fietz et al., 2011).
Previous work showed that the BIT index was often uncorrelated to other terrestrial organic
matter input proxies (Fietz et al., 2011). Therefore, there is a need to develop new proxies,
which better identify the origin of sedimentary OM. Furthermore, OM degradation also
affects biomarker records in the sediment. Only if these parameters are known, biomarkers
can be used as robust indicators for palacoenvironmental reconstructions. Therefore, it was an
objective of this thesis to better distinguish between aquatic and terrigenous sources and to

better evaluate the effects of degradation on sedimentary biomarker records.
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1.14 Inorganic proxies — iron and manganese

Transition metals, such as iron (Fe) and manganese (Mn), have received much attention in the
last decades due to their redox-sensitive behaviour in the environment. Because of the low
solubility of Fe and Mn in oxic waters, deposits are formed when anoxic waters with reduced,
dissolved species of Fe and Mn are oxygenated (Davison, 1993; Calvert and Pedersen, 2007).
Especially in lakes seasonal redox changes result in Fe and Mn cycling (Stumm, 1985; Sigg et
al., 1987; Davison, 1993). Dissolved Fe and Mn species in the water column precipitate after
oxygenation at the chemocline or during lake mixing, after which they can also be deposited

and preserved in the lake sediment (Davison, 1993; Schaller and Wehrli, 1996).

However, it was not possible so far to use these transition metals for quantitative lake bottom
water oxygen reconstructions. Therefore, Mn and Fe redox dynamics were studied in the
Swiss Lake Zurich. The correlation of data from high resolution x-ray fluorescence (XRF)
core scanning and long-term oxygen monitoring improved the understanding of short-term

transport and enrichment of these redox-sensitive elements in deeper lake waters.

1.2 Qutline

This thesis presents the results of biomarker and trace metal studies carried out on sediment
cores obtained from Swiss lakes (Rotsee and Lake Zurich), Amvrakikos Gulf (Greece) and
the Black Sea (Romanian Shelf). It is divided into the four following chapters after this

introduction.
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Chapter 2: Impact of recent lake eutrophication on microbial community changes as

revealed by high resolution lipid biomarkers in Rotsee (Switzerland)

Rotsee is an ideal example of an anthropogenically altered ecosystem. The lake underwent
eutrophication mainly due to untreated sewage input, leading to high productivity events,
which culminated in the 1920s and 1960s. The increased productivity led to changes in
microbial community assemblages, which were traced by biomarkers. Historical remediation
measures had direct implications for productivity and microbial biota, leading to variations in
community composition and abundance. In this study, we reconstructed local environmental

change during the last 150 years.

Apart from the biomarker proxy based palacoenvironmental reconstructions, the diatom
Stephanodiscus parvus was found to be the dominant source of dinosterol and 24-
methylcholesterol, whereas Cyclotella radiosa and Asterionella formosa were the
predominant source organisms of specific fatty acids (FA). The lipid content and lipid cell
density of methanogenic archaea was estimated based on the sedimentary glycerol dialkyl
glycerol tetracther without cyclopentane moieties (GDGT-0) profile. Furthermore, an
improved BIT index (BITcn) is proposed. Confirmed by detrital trace metal profiles, this
indicator better described changes in terrigenous OM supply to the lake compared to the

traditional BIT index.

Chapter 3: Maleimides in recent sediments — Using chlorophyll degradation products

for palacoenvironmental reconstructions

Maleimides (1H-pyrrole-2,5-diones), transformation products of chlorophylls and
bacteriochlorophylls, were studied in the recent sediments from the Swiss lake Rotsee and the
Romanian Black Sea Shelf to investigate chlorophyll degradation, the role of oxygen in
maleimide formation, and to identify their sources. Maleimides have so far been mostly
studied in ancient deposits (e.g. Grice et al., 1996). An exception is the observation of 2-
methyl-3-ethyl-maleimide (Me,Et maleimide) in recent sediments from Tokyo Bay (Kozono
et al., 2002). Maleimides and other transformation products of chlorophylls (chlorins,

porphyrins) can serve as proxies for palacoenvironmental reconstructions.

20



Naturally occurring (i.e. “free”) maleimides and maleimides obtained after chromic acid
oxidation of sediment extracts were analysed. 2-Methyl-maleimide (Me,H maleimide), 2,3-
dimethyl-maleimide (Me,Me maleimide), 2-methyl-3-vinyl-maleimide (Me,vinyl maleimide),
Me,Et maleimide and traces of 2-methyl-3-iso-butyl-maleimide (Me,i-Bu maleimide) occur
naturally in the sediment with a large predominance of the Me,Et homologue. Based on
chromic oxidation of methyl pheophorbide a it was found that Me,Et and Me,vinyl
maleimides mainly originate from Chlorophyll a. While the source of Me,Me maleimide still
remains unknown, Me,H maleimide seems to be derived from chlorophyll-related
compounds, which have lost ring E. In agreement with the presence of isorenieratene in
Rotsee and isorenieratene and chlorobactene in the Black Sea, 2-Methyl-3-n-propyl-
maleimide (Me,n-Pr maleimide) and Me,i-Bu maleimide traced the presence of phototrophic
sulphur bacteria (Chlorobiaceae). The results indicated photic zone euxinic and anoxic
conditions in Rotsee during the last 150 years and during the last 9-10 ka in the Black Sea
(including the limnic phase, Unit 3). Other obtained maleimides originate from

bacteriochlorophylls with specific alkylation patterns, but their sources remain unknown.

Free maleimides were mainly formed under the absence of oxygen in the sediment. Novel
maleimide degradation indices are proposed to estimate the degree of OM degradation (OM
freshness/degradability). These proxies are applicable on longer timescales than e.g. the

chlorin index.

Chapter 4: Tracing bottom water oxygenation with sedimentary Mn/Fe ratios in Lake

Zurich, Switzerland

Iron and manganese records were studied concerning their potential for palaeooxygen
reconstructions in Lake Zurich. Sediment cores were analysed in high resolution using x-ray
fluorescence (XRF) core scanner. Together with a well-established age model based on half-
year lamination pattern with calcium maxima in summer (light layer) and minima in winter
(dark layer), the metals could be studied in seasonal resolution since 1895 (Fig. 1.4). The iron
(Fe) signal is mainly the result of calcite dilution as indicated by a good negative correlation
between Fe and calcium (Ca) XRF data, whereas manganese (Mn) peaks matched with

monthly oxygen (O,) monitoring data reaching back until 1936.
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The Mn/Fe ratio in the core from the maximum lake
depth (137 m; Fig. 1.4) revealed a good correlation with
O, measurements in the lake bottom water confirming
the successful application of the Mn/Fe ratio to semi-
quantitatively reconstruct bottom water oxygenation in
the lake. Mostly low ratios were observed between 1895
and the mid-1960s as a result of eutrophication.
However, geochemical and sediment focusing and other
sedimentological factors can reduce the applicability of
the Mn/Fe ratio for reconstructions of annual O,

concentrations in the bottom water of lakes.

Chapter 5: Environmental variations in a semi-
enclosed embayment (Amvrakikos Gulf, Greece) —
reconstructions based on benthic foraminifera

abundance and lipid biomarker pattern

The recent developments of eutrophication and
environmental change in Amvrakikos Gulf were studied
by benthic foraminifera and lipid biomarkers in the
sediment. These proxies revealed that during the last
decades the gulf has exhibited a transition towards a
fluctuating and increasingly stressful environment. The
productivity increased together with bacterial biomass.
Benthic foraminifera assemblages shifted towards
opportunistic and tolerant species, whereas the species

density decreased.

Benthic foraminifera assemblages appeared to be more
diversified under less severe conditions in the area of

influence of the Preveza Strait, which connect the gulf
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with the Ionian Sea. However, isorenieratane, chlorobactane and lycopane traced photic zone
euxinic and anoxic conditions throughout the gulf. The increase in surface water temperatures
and eutrophication led to a reduction in water column mixing and oxygen replenishment to
deeper waters. Because of the similarity to causes and processes of eutrophication, oxygen
depletion, circulation patterns and ecosystem decline on the Romanian Black Sea Shelf,

Amvrakikos Gulf can be considered to be a Black Sea analogue.
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Abstract

The effects of eutrophication on short term changes in the microbial communities were
investigated using high resolution lipid biomarker and trace metal data for sediments from the
eutrophic Rotsee (Switzerland). The lake has been strongly influenced by sewage input since
the 1850s and is an ideal site for studying an anthropogenically altered ecosystem. Historical
remediation measures had direct implications for productivity and microbial biota, leading to
community composition changes and abundance shifts. The higher sewage and nutrient input
resulted in a productivity increase, which led predominantly to a radiation in diatoms, primary
producers and methanogens between about 1918 and 1921, but also affected all
microorganism groups and macrophytes between about 1958 and 1972. Bacterial biomass
increased in 1933, which might have been related to the construction of a mechanical sewage

treatment plant. Biomarkers also allowed tracing of fossil organic matter/biodegraded oil
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contamination in the lake. Stephanodiscus parvus, Cyclotella radiosa and Asterionella
formosa were the dominant sources of specific diatom biomarkers. Since the 1850s, the cell
density of methanogenic archaea (Methanosaeta spp.) ranged within ca. 0.5-1.8 x 10° cells g
dry sediment and the average lipid content of Rotsee archaca was ca. 2.2 fg iGDGTs cell.
An altered BIT index (BITcy) indicating changes in terrestrial organic matter supply to the

lake is proposed.

2.1 Introduction

Due to human activity such as land clearing, agriculture, forestry and urbanisation, nutrient
cycling in ecosystems has been intensively altered, especially since the industrial revolution.
The impact, along with climate change (Keeling et al., 2010), has profoundly altered natural
biological communities in limnic, marine and terrestrial ecosystems (e.g. Vitousek et al.,
1997; Smith et al., 1999). It has been estimated that human induced eutrophication has altered
one third to one half of the land surface (Vitousek et al., 1997).

Today, the mechanisms of lake eutrophication are quite well understood (for an overview see
Smith et al., 1999), with high nutrient loading fuelling productivity and biomass
accumulation. Another factor is increased water column stratification, which leads more
rapidly to O, depletion in the hypolimnion, which can even result in dead zones and mass
mortality of species (Diaz and Rosenberg, 2008). The O, deficiency enhances the release of

nutrients from the sediment, further increasing nutrient cycling and bioavailability.

Because of the negative impact of eutrophication, water sewage treatment has had a dramatic
improvement over the last decades, resulting in a general increase in surface water quality
(Smith et al., 1999; Matzinger et al., 2010). At the same time, efforts to remediate affected
water bodies have been less successful and have not always worked out as foreseen. For
example, Matzinger et al. (2010) showed that the decrease in nutrient supply to lakes did not
strongly reduce O, consumption rate in the water column because of remineralisation of

organic matter (OM) in the sediment.
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Another aspect is that complex system changes from chemical, physical and biological
feedback mechanisms, that rule the system ecology of lakes, may result in 'tipping points'
(Scheffer, 2010). These are critical transitions indicating the fragility of an ecosystem,
resulting in dramatic changes in the abundance and composition of inhabiting organisms,
either (algal) blooms or the extinction of species and the 'point of no return' (Scheffer, 2010).
However, increased understanding of these mechanisms is often hampered by lack of
historical data - investigations have typically only been started after severe cases of
eutrophication, while hardly any prior physicochemical and biological data are available
(Stadelmann, 1980; Scheffer, 2010). This lack is particularly for microbiological data, yet
such biota play a central role during eutrophication. There is therefore a need for high
temporal resolution reconstruction of microbial communities to improve the understanding of
the 'natural' state, the onset and development of eutrophication, and subsequent remediation

measurcs.

The aim of this study was to reconstruct the eutrophication history and the response of
microbial biomass, using organic and inorganic proxies, in a small eutrophic Swiss lake. The
relationship between biomarker concentration change and shift in microbial abundance was
constrained, partly down to the species level, being supported by results from previous work
on diatoms (Lotter, 1989) and methanogenic archaea (Falz et al., 1999). Finally, we
reevaluated the effectiveness of recovery activity and the implications for microbial

communities after intensive sewage input to this ecosystem.

2.2 Material and methods

2.2.1 Study site and sample collection

Rotsee is a small (0.46 km?) prealpine, monomictic and eutrophic lake with a maximal depth
of 16 m (Fig. 2.1, Table 2.1). It formed after the retreat of the Reuss glacier after the last
interglacial (Frey, 1907). Currently, it has a stable stratified water column with a strong

chemocline between ca. 6 and 10 m and an anoxic hypolimnion for most of the year (Schubert
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et al., 2010). During the Holocene, the lake was mostly eutrophic and only partly
mesotrophic, according to the past algal flora (Ziillig, 1985a).

[ ]
Lake Rotsee

Reuss-Rotsee-canal

Lake Lucerne

Fig. 2.1. Map with Rotsee, the Reuss River and its connection with Rotsee by the Reuss-Rotsee-canal (partly

below ground level) and the northwest corner of Lake Lucerne. Insert map shows location of Rotsee.

The combination of the geographical and hydrological characteristics, together with the
forested catchment, favours natural eutrophication (Bloesch, 1974), on which the
anthropogenic nutrient enrichment since the 19" century (Stadelmann, 1980) has been
profoundly superimposed. Since ca. 1850, the trophic state increased through sewage input
and in 1920 the lake was classified as polytrophic (Bloesch, 1974; Stadelmann, 1980), leading
to numerous blooms of Oscillatoria rubescens (today: Planktothrix rubescens, in German
“Burgunderblutalge”), which turned the lake water red (Ziillig, 1985a). As a consequence of a

canal construction from the Reuss River in the south-west corner of the lake in 1922 (Fig.
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2.1), freshwater input increased (Kohler et al., 1984) and the water renewal time dropped
from 3-4 to 0.4 yr (Lotter, 1989). However, recovery measures were unsuccessful because of
continued nutrient supply from a nearby disposal site, temporal drying of the canal and the
inability of the water inflow from the canal to initiate mixing (Bachmann, 1931; Stadelmann,
1980). After the completion of construction of an interceptor sewer in 1969 and a sewage

treatment plant in 1974, the lake started to recover slowly (Stadelmann, 1980).

Table 2.1: Hydrographical and limnological parameters of Rotsee (Bloesch, 1974; Kohler et al., 1984; Schubert
et al., 2010; Ziillig, 1985a)

Parameter Value Unit
Drainage area 4.6 km”
Surface area 0.46 km®
Volume 0.0039 km’
Max. depth 16 m
Mean depth 9 m
Residence time 0.44 yr
Trophic state Eutrophic
Lake mixing Monomictic, holomictic (winter)
Chemocline 6-10 m

A 56 cm long sediment core was recovered with a gravity corer in October 2009 from the
centre of the lake at 16 m depth (GPS position N 47° 4.251 E 8° 18.955, WGS84). The core
was sliced in continuous 1 cm intervals and frozen at -20°C until analysis. Another 63 cm

core was obtained from the same location in August 2010 for elemental analysis.
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2.2.2 Age model

For core dating, *’Cs and ?'°Pb in freeze-dried and ground sediment were measured via y
spectrometry with a high purity Ge detector (Canberra GCW-3523) using the y energy at 46.5
keV for *'°Pb and 661.7 keV for *’Cs. Based on the Chernobyl accident and nuclear bomb
test peaks in °’Cs and a constant rate of supply (CRS) model, sedimentation (Appleby and
Oldfield, 1978) and accumulation rates (Niessen et al., 1992) were calculated.

2.2.3 Bulk parameters

Total carbon (TC) and total nitrogen (TN) were measured on freeze-dried samples with a
Thermo Quest CE Instrument NC 2500. Total organic carbon (TOC) was measured on
decalcified samples. Total inorganic carbon (TIC) was calculated as the difference between
TC and TOC. The errors for TC and TOC were £0.1 wt.% and £0.2 wt.% for TN. Additional
TIC measurements with a Coulomat 5011 coulometer indicated that the method led to 0.5
wt.% higher TIC values, corresponding to 0.5 wt.% lower TOC values. C and N isotopic
compositions (5"°C and 8'°N) of the OM were obtained with a GV Instruments IsoPrime
isotope ratio mass spectrometry (IRMS) instrument, using the same run as for TOC and TIC.
The 5"°C [%o0 Vienna Peedee Belemnite (VPDB)] and §'°N (%o air) errors were up to +0.3%eo.
The chlorin index (CI) and total chlorin concentration were determined according to Schubert

et al. (2005). The analytical precision of the method was ca. 5% (Schubert et al., 2005).

224 Biomarker analysis

Ca. 5 g thawed sediment was extracted (x 3) by way of ultrasonication with MeOH and
dichloromethane (DCM): 1x10ml MeOH, 1x10ml MeOH:DCM (1:1, v:v), 1x10ml DCM. For
quantification, a known mixture of Sa-cholestane, Ci9 n-alcohol and C,9. fatty acid (FA) was
added to the extract. Water was removed in a separation funnel with NaCl (20 ml, 5%). The

extract was run over a Cu column to remove elemental S and over a column filled with
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Na,SO4 to remove traces of water. Samples were saponified (3 h, 80 °C) with 6% KOH in
MeOH. Neutrals were extracted (x 3) with hexane and dried with Na,SO4 while the acid
fraction was extracted from the aqueous phase after the addition of 6M HCI. The neutrals
were divided into apolar and polar fractions via liquid chromatography over NH, columns
(Hinrichs et al., 2003). The polar fraction was derivatised [1 h, 80 °C with N,O-
bistrimethylsilyltrifluoroacetamide (BSTFA, Supelco)]. FAs were derivatised with 14%
BF3;/MeOH (Sigma Aldrich) to produce the methyl esters (FAMEs). To identify multiple
bond positions in FAs, an aliquot was derivatised with 2-amino-2-methylpropanol to form 2-

alkenyl-4,4-dimethoxyloxazline (DMOX) derivatives (Spitzer, 1997).

The resulting fractions were examined using gas chromatography with flame ionisation
detection [GC-FID; Carlo Erba HRGC 5160 Mega Series, VF-5 column (60 m x 0.25 mm
inner diameter (i.d.) x 0.25 pm film thickness (f.t.), He carrier gas flow of 1.0 ml/min)]. The
samples were also examined using a gas chromatography mass spectrometer (GC-MS;
GC8000Top Finnigan Voyager, electron impact ionisation, Agilent HP-5 column, 30 m x 0.32

mm i.d. x 0.25 um f't., He carrier gas flow of 1.0 ml/min).

Glycerol dialkyl glycerol tetraethers (GDGTs) were analysed using a fraction of the total
extract, dissolved in hexane/isopropanol (1:1, v:v) and filtered with 0.45 pm PTFE filters
prior to analysis via high performance liquid chromatography (HPLC) in a manner similar to
that described by Hopmans et al. (2000). For quantification, a synthesized C4s GDGT
standard was added to each sample prior to analysis (Huguet et al., 2006). Analysis was
performed with a Thermo Surveyor LC system coupled to an LCQ Fleet ion trap mass
spectrometer, as described by Bechtel et al. (2010). Isoprenoid GDGTs (isoGDGTs) were
named according to (Schouten et al., 2009) and for branched GDGTs (brGDGTs) the
nomenclature from Weijers et al. (2007) was used. Ethers in the polar fraction were cleaved
prior to carbon isotopic analysis (Kohnen et al., 1992; Blumenberg et al., 2004). No
derivatisation was necessary. For compound specific carbon isotopic analysis of the cleaved
ethers, an Agilent GC 6890N with a combustion furnace using copper oxide coupled to a
micromass IsoPrime mass spectrometer (Restek Rxi-5ms column, 60 m x 0.32 mm i.d. x 0.25
um FT) was used. The GC oven temperature programme was: 70°C to 130°C at 20°C min™',

then to 320°C (held 20 min) at 4°C min™. He was the carrier gas with 1.0 ml min™.
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The precision of the biomarker analysis was 10%, whereas the error for GDGTs was within

15%. The analytical error of compound specific 8"°C values were 1-2%o.

225 XRF core scanning

Relative elemental concentration was determined for the 2010 core, which was cut lengthwise
and the surface was allowed to dry at room temperature for 24 h. One half of the core was
measured with the AVAATECH X-Ray Fluorescence Core Scanner at the ETH Zurich,
Switzerland, at excitation energy 10 and 30 kV with a resolution of 0.3 mm for 30 s at each
point (Richter et al., 2006). The units are XRF counts (peak area). The precision was ca. 2-

3%, dependent on the element.

2.2.6 Diatom analysis

Diatom samples were prepared from 2-4 cm intervals using standard techniques including
processing with H,O, (30%) and HCI (10%). Between 300 and 400 valves were counted and
identified for each sample and diatom accumulation rate was calculated using the evaporation

tray technique (Battarbee et al., 2002).

2.2.7 Definition of BITcq index

A changed branched and isoprenoid tetraether index (BIT ¢y index) was defined as:

BITcy = brGDGTs / isoGDGTs = ( [GDGT-III] + [GDGT-II] + [GDGT-II-b] + [GDGT-II-c]
+ [GDGT-I] + [GDGT-I-b] + [GDGT-I-c] ) / ( [GDGT-0] + [GDGT-1] + [GDGT-2] +

[GDGT-3] + [crenarchaeol] + [crenarchaeol regio isomer] )
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with:
(a) brGDGTs (Weijers et al., 2007):

[GDGT-IT]: m/z=1050; [GDGT-I]: m/z=1036; [GDGT-II-b]: m/z=1034; [GDGT-II-c]:
m/z=1032; [GDGT-I]: m/z=1022; [GDGT-I-b]: m/z=1020; [GDGT-I-c]: m/z=1018

(b) isoGDGTs (Schouten et al., 2009):

[GDGT-0]: m/z=1302; [GDGT-1]: m/z=1300; [GDGT-2]: m/z=1298; [GDGT-3]: m/==1296];

[crenarchaeol]: m/z=1292; [crenarchaeol regioisomer]: m/z=1292]

2.3 Results and discussion

2.3.1 Sedimentation rate and age model

A precise age model is a prerequisite for a high resolution biomarker and trace metal record of
Rotsee sediment. Since the core was only rarely laminated and mostly uniform brown-black
in colour, radionuclides, i.e. *’Cs and *'°Pb, were used for dating (Fig. 2.2). The former
showed increased activity at 9-10 cm and 18-19 cm corresponding to the Chernobyl accident
in 1986 and the peak in nuclear bomb tests in 1963, respectively. The resulting sedimentation
rate was calculated as 0.40 cm yr' using "*’Cs. Using *'°Pb dating, a similar sedimentation
rate of 0.35 cm yr' was found. Using an average sedimentation rate of 0.38 cm yr’', the core
contained ca. 150 yr of lake history. The age model (Fig. 2.2) could be calibrated with higher
TOC concentration at 33-34 c¢cm via the high productivity event before 1922 (Lotter, 1989).
The match with the age model of Lotter (1989) supports the high precision of the age model.

Hence, biomarker sampling resolution of 1 cm gave a resolution of ca. 4 yr.
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Fig. 2.2. Age models of Rotsee based on '*’Cs (left) and 2'°Pb (right) with the specific activity (Becquerel kg™

freeze-dried ground sediment) on x-axis vs. sediment depth.

2.3.2 Eutrophication and sewage input history of Rotsee

TOC varied down the core, ranging between 4.3 and 6.8 wt.%, with accumulation rate
between 3.1 and 4.9 g cm™ yr”' (Fig. 2.3). At ca. 33-34 cm (1918-1921) and 15-18 cm (1961-
1969), TOC accumulation rate maxima indicated times of higher productivity. The peak at
33-34 cm seemed to be a result of a nutrient supply induced trophic regime shift before the
canal construction in 1922 (Lotter, 1989). The change became evident from reanalysis of
phytoplankton samples from Bachmann (1931) in Lotter (1989), so the connection to the

Reuss River was not the main driver of the higher productivity.

At the beginning of the 1960s, eutrophication peaked. The decreasing productivity since the
end of the 1960s was a direct result of the construction of an interceptor sewer, preventing
direct sewage supply to the lake from the surrounding urban area (Stadelmann, 1980).
However, Reuss River water was still rich in nutrients, but this ended in 1974 after the
construction of a sewage treatment plant (Stadelmann, 1980). Between 3 and 14 cm (1972-

2001), TOC accumulation remained stable and decreased only in the recent lake sediment.
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Two explanations are likely: Non-point source input of nutrients from agriculture, which
continued to fuel productivity or redissolution and resuspension of nutrients and OM. The
latter explanation implies that, although the nutrient input to the lake was reduced, nutrient
redissolution from the lake sediment still fuelled productivity, similar to observations for
other Swiss lakes (Matzinger et al., 2010). The continued nutrient supply explains the still

conspicuous eutrophic character of the lake.
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Fig. 2.3. Bulk parameters for core and profiles of coprostanol, epicholestanol, sum of Cy; Ts, C,; Tm and Cy
hopanoids and sum of odd C,;-C;3 n-alkanes, plotted vs. sediment depth and age (AD). RRC, Reuss-Rotsee-
canal; MPT, mechanical sewage treatment plant; IS, interceptor sewer; STP, sewage treatment plant (in all cases

with the time of completed construction).

TIC increased consistently from the lower end of the core (1.4 g cm™ yr'l), towards ca. 33-34
cm (4.8 g cm™ yr'', Fig. 2.3) and remained almost constant to 17-18 cm (4.3-5.1 g cm™ yr™).
Above this, TIC decreased to ca. 3.1 g cm™ yr' at 5-6 cm, before reaching 4.2 g cm™ yr™' at
the top of the core. The higher TIC values between ca. 17 and 34 cm (1918-1964) are in
agreement with the elevated trophic state (Bloesch, 1974; Lotter, 1989). Bloesch (1974) and
Lotter (1989) showed that TIC (and therefore carbonate precipitation) was related to
productivity. Use of accumulation rate prevents potential bias of the TOC as a result of

dilution by way of enhanced carbonate deposition (Stein, 1991).

TN, between 0.5 to almost 1.0 wt.%, coincided with the TOC profile, with higher values at ca.
17-20 cm and 29-34 cm. The much higher TOC (4.3-6.8 wt.%) and TN (0.5-1.0 wt.%) values
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(Fig. 2.3) vs. other Swiss lakes (Bechtel and Schubert, 2009) such as the oligotrophic Lake
Brienz (0.4-1 wt.% TOC, <0.1 wt.% TN) and the eutrophic Lake Lugano (1.1-3.2 wt.%
TOC, 0.1-0.4 wt.% TN) may be explained by Rotsee’s higher nutrient input, higher

productivity, shallow maximum depth and anoxic hypolimnion.

The 8"C values for TOC were mostly <-31%o before the beginning of the 1920s (Fig. 2.3)
and increased to -27.6 at ca. 33-34 cm (1918-1921), which might related to the increased
productivity, leading to more enriched 8'°C values at that time. Since they have remained
quite constant, likely due overall to the high extent of eutrophication. However, the values
decreased again since the 1960s/1970s, until reaching -32.0%o in the surface sediment (Fig.
2.3), possibly related to a continuous recovery from eutrophication. The carbon isotope signal
therefore also traces the trends in eutrophication and recovery during the lake’s history. One
complication in using 8"°C values with sediments is the so-called Suess effect. Burning 8'"°C
depleted fossil fuel in conjunction with industrialisation led to a shift in the isotopic ratio for
atmospheric CO,, which rose to —1.7%0 in 2004 compared with preindustrial values
(McCarroll and Loader, 2004). Carbonate and OM deposited after the beginning of
industrialization could therefore be influenced. Hence, if a lake is in equilibrium with the
atmosphere, like e.g. the Great Laurentian Lakes, this has to be taken into account since it
would decrease the 8'°C value of the deposited OM (Meyers, 2006). However, Lake Rotsee is
not in equilibrium with the atmosphere due to the mixing into the surface water of liberated
dissolved inorganic carbon derived from OM degradation. Additionally, other factors like
variation in the extension of blooms and precipitation of calcareous nanoplankton has a much
stronger influence on the isotopic signal in the productive zone. We therefore think that the
Suess effect is of minor importance in Lake Rotsee and have therefore not corrected the §'°C

TOC values.

The 8"°N values (Fig. 2.3) increased from the bottom of the core (4.0%o) to a clear maximum
between 33 and 38 cm (max. 7.5%o), then decreased again upwards to the sediment surface
(1.8%o). The values are within the range (Heaton, 1986; Hoefs, 2009) for soil OM (0 to +9%),
fertilizer (-4 to +4%o0) and manure and septic waste (sewage, 0 to +25%o). Shifts in the latter
potential source might in particular strongly increase 8'°N, which might lead to large
excursions in the isotopic signature. Although these different sources cannot be distinguished

on the basis of 3'°N values alone, the decrease in 8'°N from the 1920s until 2009 may indicate
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reduced sewage and nutrient input. In contrast, the increasing 8'°N values until the 1920s are
indeed likely an indication of increasing sewage input, which is known to have taken place
since the mid-19" century (Kohler et al., 1984). N fixation and/or denitrification might have
also led to the decrease in 8'°N values since the 1920s. However, nitrogen fixation is low in
eutrophic systems because nitrogen is not limited (Canfield et al., 2005), so it seem to have
hardly affected the 5'°N values in Rotsee. While no isotopic data of NO5 are available for the
water column, the values in the sediment can trace water column nitrification-denitrification.
Denitrification in the sediment of lakes proceeds until completion, which results in similar
nitrogen isotopic signatures in the water column and sediment, also hardly affecting the 8'"°N
composition (Lehmann et al., 2003). Therefore, source changes (especially sewage supply)

are the most likely reason for the observed shifts in the 8'°N signal.

Other sewage input indicators are thought to be

Age (AD) Depth (cm) coprostanol and epicholestanol (Mermoud et al., 1985;

ig;g | ° Bull et al., 2002), which were also found in Rotsee (Fig.
gggi 10 2.3). However, coprostanol can originate from
:323 | 2 mammals (Sherwin et al., 1993), so animal waste can be
1323: another source, which is likely due to surface runoff
1323: 30 from nearby livestock farming north of the lake.
:g;gi 40 | Epicholestanol is more likely an indicator of bacterial
1820 | s alteration in the lake (Cordeiro et al., 2008), which
13232 might indicate higher bacterial activity during lake

0123456738910 . . . .
CPI n-alkanes (-) eutrophication, especially since the 1920s and

culminating at ca. 1933. Sewage input began in the mid-
Figure 2.4. Carbon preference index

19™ century and ceased in 1974 with the construction of
(CPI; defined by Bray and Evans, 1961)

of n-alkanes vs. sediment depth and age 2 treatment plant. Both markers, still observed in the
(AD). surface sediment, are therefore apparently no clear

sewage indicators in Rotsee.

The two C,; isomers Ts (180-22,29,30-trinorneo-hopane) and Tm (17a-22,29,30-trinor-
hopane, much less abundant than Ts) and C,9 hopanoids (Seifert and Moldowan, 1978),
tracers for petroleum contamination, were found with peaks at 25-29 cm (1932-1942) and 17-

20 cm (1956-1964, Fig. 2.3). The n-alkane carbon preference index (CPI, defined by Bray and
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Evans, 1961) also showed some lower values here (1.9-3.2, Fig. 2.4) although high maturity
material like fossil OM or petroleum shows typical values close to 1 (Peters et al., 2006)

which were not observed in this part of the core.

Previous studies indicate that the presence of these hopanoids together with
tricyclopolyprenanes strongly suggests a contribution from fossil OM and/or biodegraded oil
(Seifert and Moldowan, 1978; Behrens et al., 1998). However, the low abundance of
tricyclopolyprenanes and the CPI values (>1) show that the contamination remained low. The
decrease in these hopanoids at the beginning of the 1970s and the peak in the sum of odd C,7-
Cs; m-alkanes at 13-20 cm (1956-1974) indicate that the sewage treatment plant in 1974
effectively reduced the oil supply to the lake. The saturated hydrocarbons cannot be a result of
the reduction in biohopanoids by H,S such the end products of that pathway remain partially
unsaturated (Hebting et al., 2006).

2.3.3 Terrestrial OM sources

Aquatic and terrestrial OM sources were distinguished on the basis of TOC/N values, specific
terrigenous biomarkers, trace metal profiles and distributions of FAs, n-alkanes and n-

alcohols.

The molar TOC/N ratio showed values between 6 and 10 (Fig. 2.3), indicating a
predominance of aquatic OM sources (Meyers and Ishiwatari, 1993). In contrast, specific
terrigenous biomarkers were detected, such as lupeol, B-amyrin and amyrenone (Brassell and

Eglinton, 1983), but the concentrations were too low for quantification.

The maximum at n-Cjs9 FA suggests predominantly autochthonous OM input to the
sediment, in line with TOC/N values <10 (Fig. 2.3). In contrast, the maxima in the C,7, Cys,
Cys and C,7 n-alkanes and Ci6, Cx, and Cy6 n-alcohols indicate both aquatic and terrestrial
sources (Meyers and Ishiwatari, 1993). The high abundance of C,3 and C,s n-alkanes and Cj,
n-alcohol indicate a significant contribution from submerged and/or floating macrophytes

(Ficken et al., 2000).
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Other proxies for terrigenous input are the relative content of Fe, K and Ti, the covariance of
which indicates that these trace metals have a similar detrital source (Tribovillard et al.,
2006). They show a general decrease until about 1922 (Fig. 2.5), which we interpret to be
primarily the result of dilution of detrital input by an increasing input of autochthonous
material resulting from eutrophication and related higher productivity. The fluxes may have

remained constant over time. Ti intensity decreased to the detection limit after 1922 (Fig. 2.5).
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Fig. 2.5. Terrestrial input to the lake, traced via the ratio of branched GDGT-III/GDGT-0 (1050/1302), sum of
branched to sum of isoprenoid GDGTs (BIT ¢y index) and the XRF counts of Fe and K as running average of 9,
XRF counts of Ti plotted as running average of 20 and BIT index according to Hopmans et al. (2004). All
profiles are plotted vs. sediment depth and age (AD).

These trace metals correlate well with the ratio of branched (br) and isoprenoid (iso) GDGTs
(Fig. 2.5). The correlation is in line with observations that indicate that brGDGTs originate
from catchment soil, e.g. Weijers et al., 2007; Bechtel et al., 2010. Even though all the proxies
indicate that most of the sediment material is of autochthonous, aquatic origin, the BIT index
(Hopmans et al., 2004) would lead to a contrasting conclusion. Below 33 cm, the BIT index
shows highest values between 0.98 and 1.0 and decreases to 0.9 at 28-29 cm. From 26 cm to

the top of the core, the index is between 0.93-0.96. If interpreted in the classical way
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(Hopmans et al., 2004), one would conclude that Rotsee sediment OM has a primarily
terrigenous source. As concluded before (Bechtel et al., 2010) BIT index values can, however,
be primarily ruled by the input of crenarchaeol, instead of by the input of brGDGTs. Indeed,
the lower BIT value at 28-29 c¢m is due to a higher crenarchaeol concentration at that depth
(Fig. 2.6). In lake settings, crenarchaeol is much less an indicator of aquatic archaeal input
than it is in marine settings (Blaga et al., 2009), for which the BIT index was developed, and
this may be especially the case in systems with a strong CH4 cycle. The original BIT index
deliberately excluded the other isoGDGTs because their source is considered more diverse,
including methanogenic and methane-oxidizing archaea. If however, as is the case of Rotsee,
a larger part of aquatic archaeal production is related to the CH4 cycle, inclusion of the other
1s0GDGTs in the ratio should better reflect the relative input of allochthonous and
autochthonous OM. Indeed, two alternative BIT indices, (i) the sum of all brGDGTs over the
sum of all isoGDGTs (BITcy; definition in Section 2.2.7) or (ii) the ratio of a single brGDGT
to GDGT-0, show much higher and more reasonable sensitivity to changes in the

allochthonous supply from the lake catchment (Fig. 2.5).
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Fig. 2.6. Concentration of hopanoids and crenarchaeol vs. sediment depth and age (AD).
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Besides dilution by autochthonous OM input as a cause for the relative changes in detrital
input to the lake, this may of course also be caused by real changes in detrital input. Pfister
(1999) observed that from 1828 to 1895 the frequency of extreme flood events in the Reuss
River increased, although at that time it was not connected to Rotsee and therefore had no
direct relationship. However, precipitation in the Swiss Alps was on average 28% higher
during fall than the period between 1901 and 1960. In the 20th century, extreme floods
decreased in abundance, which could have resulted in lower erosional input from the
catchment to the lake. However, such an increase in flood events since the 1970s (Schmocker-
Fackel and Naef, 2010) is not apparent from the profiles of Fe, K and BITcy, although the Ti
profile may show such a signal (Fig. 2.5). We therefore conclude that these profiles most
likely indicate a dilution of terrigenous detrital input by aquatic input. Profiles (Fig. 2.3, 2.7)
of the sum of long chain FAs (Cy4-Cj), n-alkanes (C,7-Cs3) and n-alcohols (Cy4-Cj3;) do not
show a trend comparable to the Fe, K, Ti counts and BITcy (Fig. 2.5). In contrast, these

compounds indicate that terrestrial input into the lake remained relatively constant.
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Fig. 2.7. Concentration profiles of sum of even C,4-C;y FAs and sum of even C,4-Cs, n-alcohols and Cjz.cys 1-

alkanes vs. sediment depth and age (AD).
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Input and degradation of sedimentary OM
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The chlorin index (CI) is a qualitative
parameter estimating OM “freshness”
and degradation. The lowest value
(0.55) was in surface sediment (Fig.
2.8), indicating relatively fresh OM
(Schubert et al., 2005). However, fresh
chlorophyll would show values of ca.
0.2, suggesting that chlorophylls
reaching the sediment are partly
degraded in the water column. With
increasing sediment depth the index
increased up to 0.94 (Fig. 2.8), close to
that of inert material (1.0).

The concentration profile of total chlorins (Fig. 2.8) has been used to reconstruct

palaeoproductivity (Schubert et al., 2005). In contrast to the TOC, there was a maximum only

at 18-19 cm (16 mg/g TOC), followed by a continuous decrease with depth. Together with the

strong increase in total chlorins from 6-7 cm towards the sediment surface and the rapid

increase in CI values with depth, the absence of a peak at ca. 33-34 cm could be due to

degradation (Fig. 2.8).

2.3.5

Impact of eutrophication on microbial community changes

2.3.5.1 Primary producers

While Ci¢ unsaturated FAs are generally related to algae and bacteria, C;g unsaturated FAs

originate from algae, zooplankton and cyanobacteria (Volkman et al., 1980; Wakeham et al.,

2007). Despite the non-specificity of these FAs, their changing abundance indicated changes

in overall productivity within the lake. Because of significant correlation with the TOC and
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hopanoid profiles, the Cjs.1¢9) FA (double bond at C-9) may originate from a mixed source of
primary producers (peaks at 15-20 and 32-33 c¢m) and bacteria (peaks at 22-25 cm and 18-19
cm), whereas Cis.2(5,10) FA is only related to productivity (Fig. 2.3, 2.9).

Phytol (3,7,11,15-tetramethyl-2-
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Ergosterol  (24-methylcholest-7-en-
3B-ol, C29:1A7; Fig. 2.10) has been
found in fungi and yeast (Mille-

Fig. 2.9. Concentration of Cl6:1(9) FA and Cl6:2(5,10) FA vs.
sediment depth and age (AD).

Lindblom et al., 2004), but also in low amount in algae and protozoa (Raederstorff and
Rohmer, 1987). The latter source is more likely, as indicated by the similarity in the depth
profile to that for phytol (Fig. 2.10). Nonetheless, fungi could thrive on phytoplankton and/or
bacterial biomass in the water column and sediment. They may play a crucial role in the

cycling of nutrients and carbon, but knowledge about fungi in lakes is limited (Grossart et al.,
2010).

Certain steroids were very abundant between 1958 and 1972. They (Fig. 2.10 and 2.11),
specifically stigmasterol (24-ethylcholesta-5,22E-dien-33-o0l, C29:2A5,22E), stigmastanol
(24-ethylcholestan-33-o0l, C29:0), campesterol (24-methylcholesterol, 24-methylcholest-5-en-
3B-ol, C28:1A5), B-sitosterol (24-ethylcholest-7-en-3B-ol, C29:1A7), dinosterol (4,23,24-
trimethylcholest-22E-en-33-ol) and dinostanol (4,23,24-trimethylcholestan-3B-ol) can be
related to higher productivity between 1958 and 1972 (Fig. 2.3, 2.10, 2.11). The absence of a
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peak between 1918 and 1922 may be due to bad preservation, because of their high relative

lability vs. other lipids (Hoefs et al., 2002).
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Fig. 2.10. Concentration of sterols, stanols and phytol vs. sediment depth and age (AD).
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sediment depth and age (AD).
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Because of the good match with higher TOC values between 1958 and 1972 (Fig. 2.3),
stigmasterol and stigmastanol (Fig. 2.10) are interpreted as being derived mainly from
phytoplankton in Rotsee, although a vascular plant source cannot be excluded (Volkman,

1986).

Similarly, brassicasterol (24-methylcholesta-5,22E-dien-33-0l, C28:2A5,22E) and 24-
methylcholesterol (Fig. 2.10) likely originate predominantly from algae (cf. Orcutt and
Patterson, 1975; Volkman, 2003), but a contribution from higher plants cannot be excluded
(Volkman, 2003). The match with cholesterol (cholest-5-en-3B-ol, C27:1A5), an
algal/phytoplankton and zooplankton biomarker (Volkman, 1986; Volkman et al., 1998),
suggests a similar origin. However, cholesterol and brassicasterol strongly decreased within
the upper 5 cm, to ca. 21% and 37%, respectively (Fig. 2.10). Because of the high degree of
degradation, the exact source of brassicasterol remains uncertain in Rotsee. A diatom source

was not evident by comparison with diatom accumulation rate obtained in this study.

B-Sitosterol (Fig. 2.10) is the major sterol of emersed macrophytes (Ficken et al., 2000) and is
often used as an indicator for higher plant input (Volkman, 1986). A high concentration peak
was observed between 14 and 20 cm. The biomass of emersed aquatics probably increased as
a result of the higher productivity. This is supported by the increased relative abundance of

mid-chain n-alcohols and C,; and C,s n-alkanes at that depth (Fig. 2.7).

2.3.5.2 Bacteria and Thaumarchaeota

Hopanoids can be used as bacterial indicators (Rohmer et al., 1984), except for the hopanes
discussed in Section 3.2.3. The peaks for Csp and Cs; hopane at 28-31 cm (1926-1934) and
21-B-bishomohopan-32-ol between 25 and 29 cm (1932-1942) suggest a higher abundance of
bacterial biomass and greater bacterial reworking of OM between 1926 and 1942 (Fig. 2.6).
The higher abundance of straight and branched alkanes at 28-29 cm also indicates higher
bacterial biomass at that time. Hopan-29-ol, Cs;-bishomohopanol and Cs;-homohopanol were
detected, but could not be quantified because of the low abundance. The higher bacterial

activity is further suggested by an epicholestanol peak at ca. 1933 (Fig. 2.1).
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After another hopanoid maximum in the 1960s, following the primary productivity during the
eutrophication maximum, the abundance decreased, which could be a combination of biomass
reduction due to reduced nutrient supply and the low extent of degradation of their precursors
in the upper sediment. The depth dependent differences when comparing different hopanoids
suggest distinct unequal sources. Based on biomarker data alone, a clear source distinction

within the bacteria is not possible.

At 27-28 cm (1934-1937) crenarchaeol is on average five times more abundant vs. the rest of
the profile, with a trend of increasing concentration starting at ca. 1922 (Fig. 2.6). As
crenarchaeol originates from Thaumarchaeota, (NH, " oxidising archaea (Pitcher et al., 2011),
the high abundance of crenarchaeol suggests a higher oxidation rate. It is not clear why
Thaumarchaeota are only more abundant at this depth, because the trophic state was in
general very high, at least between the 1920s and 1970s (Stadelmann, 1980; Kohler et al.,
1984). However, the close match with bacteria between 1934 and 1937 suggests that a higher
amount of NH;" was supplied to the lake, which may have promoted Thaumarchaeota. The
crenarchaeol maximum coincides with the construction of a mechanical sewage treatment
plant in 1933 (Stadelmann, 1980), which would suggest a causal relationship. However, the
mechanical water treatment should not have affected NH;" content (Tchobanoglous et al.,
2004). Either the biomass of bacteria and Thaumarchaeota might have increased due to a
higher remineralisation rate for nutrients and OM during water treatment or these organisms

were not removed in the treatment plant and entered the lake.

2.3.5.3 Diatoms

A description of the diatom assemblage in Rotsee was given by Bachmann (1931) and Lotter
(1989). To compare the results, diatom accumulation rate was reinvestigated. In total, 71
different species were determined. Seven species Stephanodiscus parvus, Cyclotella
comensis, Asterionella formosa, Fragilaria crotonensis, Fragilaria ulna var. acus,
Stephanodiscus hantzschii and Cyclotella comta/radiosa represented at least 64% of all the
diatoms. Several species represent the most dominant sources for certain biomarkers. It was
not, however, possible to exclude other less abundant diatoms and/or other microorganisms as

sources of these biomarkers.
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Fig. 2.12. Concentration of C18:2(9,12) FA, C18:3(5,9,12) FA and C20:5(5,8,l 1,14,17) FA, vs. sediment depth and age (AD)

The pentaunsaturated Cjo.555,11,14,17) FA (Fig. 2.11) is assumed to originate from diatoms
(Volkman et al., 1998). The good correlation between the di- and tri-unsaturated FAs Cig.2(9,12)
and Ci3:3(5,9,12) With the Cag.558,11,14,17) FA (R2 0.69 and 0.76, respectively) suggests the same
origin for all three FAs (Fig. 2.12). All three were sparse before 1918, most abundant between
1918 and 1924, and then continuously decreased (Fig. 2.12). The increase in the upper 5 cm
could be a degradation pattern, as FAs are easily decarboxylated (Hoefs et al., 2002). The
correlation with Asterionella formosa (R2 0.46 for Cyp:5, 0.37 for Cig3, 0.48 for Ci3.) and
Cyclotella radiosa (R2 0.33 for Cyo:5, 0.28 for Cys:3, 0.43 for ¢j5.2) seems to confirm them as
the predominant source of these FAs. However, di- and tri-unsaturated FAs have also been
referred to cyanobacteria and higher plants (Rezanka et al., 1983), which may explain the

lower correlation between the diatoms and the Cig.0 and C;g.3 FAs.

The C,s.2 highly branched isoprenoid alkene (C,s.» HBI; Fig. 2.13) is also known to be derived
from diatoms (Volkman et al., 1998). In freshwater settings, only Navicula sclesvicensis has
been reported to contain HBIs (Belt et al., 2001), but this diatom has not been found in
Rotsee. The highest correlation with C,s., HBI could be found for Stephanodiscus hantzschii,

but is only R? 0.30, which suggests that other sources of this lipid need to be considered (Fig.
2.13).
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Dinosterol and dinostanol
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of Stephanodiscus parvus, Fragilaria crotonensis, Cyclotella pseudostelligera and Tabellaria
fenestrata together with the productivity maximum for 1958-1961 (18-19 cm; Fig. 2.11,
2.14). However, cross plots indicate that the most dominant source seemed to be
Stephanodiscus parvus (R* 0.62, Fig. 2.11), also the most dominant of these diatoms in the
lake since the 1920s due to the eutrophication. The low correlation for Fragilaria crotonensis
(R* 0.30) and Tabellaria fenestrata (R* 0.28) suggests only a minor source of these lipids,
while Cyclotella pseudostelligera (R* 0.40) is unlikely to be a significant source because of its

low accumulation rate.

24-Methylcholesterol can also be derived from dinoflagellates and diatoms (Orcutt and
Patterson, 1975; Volkman, 2003). From the correlations, its main source could be

Stephanodiscus parvus (R* 0.45).
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Fig. 2.14. Concentration of dinosterol + dinostanol with cell accumulation rate (acc rate) of Fragilaria

crotonensis, Tabellaria fenestrata and Cyclotella pseudostelligera vs. sediment depth and age (AD).

2.3.5.4 Methanogenic and methanotrophic archaea

GDGT-0, the most dominant archaeal lipid, was used as a proxy for methanogenic archaea.
This proposed origin is supported by the fact that ca. 98% of archaeal biomass in the lake was
methanogenic with 91% consisting of Methanosaeta spp. (Falz et al., 1999). More evidence
came from carbon isotope analysis after ether cleavage, with high 8"°C values between -36%o
and -21%o for almost all ether cleaved GDGTs in the surface sediment, which is about the
typical range of -35 to -22%o for terrigenous, aquatic and also methanogenic archaeal lipids
(Hinrichs et al., 2000), suggesting predominantly methanogenic sources. This is in contrast to
much lower values, which can reach <-100%o in marine settings, suggesting a predominantly
methanotrophic origin (Hinrichs et al., 2000). On average, GDGT-0 showed a quite constant
concentration of ca. 20 pg/g TOC, interrupted by a higher concentration during the

productivity maxima, with ca. 42 and 83 ng/g TOC at 17-21 cm and 33-34 cm, respectively.
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Based on reported data (Falz et al,
1999), GDGT-0 was used to estimate

o

-
o

methanogen cell density in the lake

sediment. The cell counts were highest

N
o

at the sediment surface and decreased

continuously with depth, with ca. 3x

Depth (cm)
W
o

40 lower cell density at 10 cm vs. the
* y=-4.19x + 52.70 sediment surface (Falz et al., 1999).

50 1 * R? = 0.41 .
‘. ) Through correlation of the cores, a
0 5 10 15 concentration of 4.6 x 10° cells g dry
Archaeol / GDGT-0 ratio (-) sediment of Methanosaeta spp. in the

surface sediment corresponded to
Fig. 2.15. Archaeol/GDGT-0 ratio vs. sediment depth and )
GDGT-0 concentration of ca. 20 ug/g

age (AD). The very low ratio at 33-34 cm was removed
from the data, because of bias from the high GDGT-0 TOC for most of the last 150 yr. During

concentration. the productivity maxima, Methanosaeta

spp. apparently increased up to at least
ca. 9.2 x 10° cells g dry sediment at 17-21 cm (1953-1964) and 1.8 x 10’ cells g dry
sediment at 33-34 cm (1918-1921). From these estimates, it was assumed that the proportion
of Methanosaeta spp. to all archaea in surface sediment has remained constant at 91% for the

last 150 yr.

The extent to which the supply of archaeal lipids within the sediment core compensated for
degradation losses remained, however, unconstrained. GDGTs and archaeol are considered to
be relatively recalcitrant (Pease et al., 1998). The linear decrease in the ratio of archaeol and
GDGT-0 with depth (Fig. 2.15) indicates that archaeol is more rapidly degraded than GDGT-
0, suggesting slow degradation of GDGT-0 in Rotsee sediment.

Based on the results, the average cell content of GDGTs was estimated on the basis of values
from the literature, with 1-3 fg intact GDGTs (iIGDGTs) cell™ (Sinninghe Damsté¢ et al., 2002;
Wuchter, 2006; Huguet et al., 2010). IGDGTs consist of core GDGTs (¢cGDGTs) and polar
head groups. In sediments, polar head groups are decomposed within days to weeks (Harvey
et al., 1986; Lipp et al., 2008). A cell density in the surface sediment of 4.6 x 10® cells g

sediment (Falz et al., 1999) and 1-3 fg intact GDGTs, together with the correlation between
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iGDGTs and ¢cGDGTs (Huguet et al., 2010) leads to cGDGT concentration between 1.6 and
4.9 pg/g sediment. This range is of the same order of magnitude as the measured
concentration of the sum of isoGDGTs (2.0 pg/g sediment). In the other direction, a
theoretical iGDGTs/cell value for Rotsee sediment can be estimated, with a cell density of 4.6

x 10® cells g sediment and 2.0 pg/g sediment isoGDGTs leading to an average value of ca.

2.2 fg i-GDGTs/cell for Rotsee archaea.

2.4 Summary and conclusions

Rotsee has been shown to be an ideal site for studying an anthropogenically altered ecosystem
due to eutrophication. A multi-proxy approach, using lipid biomarkers and trace metals with a
high temporal resolution of 4 years, made it possible to reconstruct short term changes in the
physical, chemical and biological status. A direct impact of higher sewage and nutrient input
on the increase in productivity and OM accumulation was observed, which led predominantly
to a radiation in diatoms, primary producers and methanogens between about 1918 and 1921
and all microorganism groups and macrophytes between about 1958 and 1972. A higher
abundance of bacteria and NH," oxidising archaea was likely related to the construction of a
mechanical sewage treatment plant in 1933. The decrease in OM accumulation in the lake
since the end of the 1960s resulted from the construction of an interceptor sewer between
1967 and 1969. Furthermore, the decrease in fossil OM/biodegraded oil related biomarkers
(Cy7 Ts/Tm and C,; hopanoids, long chain odd n-alkanes) is a clear indication for the
achievement by the sewage treatment plant construction in 1974. The 8'°N of bulk OM, in
contrast to coprostanol and epicholestanol, traced the eutrophication and recovery during the

past 150 years.

Based on the correlation of trace metals (Fe, Ti, K) with br/iso GDGTs, terrestrial input could
be reconstructed. We propose an altered BIT index, BITcy, as the sum of all brGDGTs/the
sum of all isoGDGTs, the ratio better reflecting the balance between all aquatic archaea,
including those related to the methane cycle, and soil-derived brGDGTs than the original BIT

index.
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The impact of eutrophication on microbial assemblage changes could be traced. Also based
on previous microbial studies, the sources of certain biomarkers could be partly identified
down to the species level. The Cig.29,12), Cig3(59,12) and  Cao:ss8.11,14,17) FAs likely originated
mainly from the diatoms Cyclotella radiosa and/or Asterionella formosa. The C,s,, HBI
originated from mixed sources and a clear source distinction between diatom species was not
possible. Stephanodiscus parvus could be the main source of dinosterol and 24-
methylcholesterol. The abundance of methanogenic archaea and the cellular membrane lipid

content (GDGTs) could be estimated.

Although microbial biomass reconstruction based on lipid biomarkers is often limited due to
the non-specificity of lipids and their lability with respect to degradation, the use of high
resolution multi-proxy records can improve the distinction of biomarker sources. Biomarker
analysis can trace short term, and eutrophication related ecosystem and microbial community

changes.
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Chapter 3: Maleimides in recent sediments — Using
chlorophyll degradation products for
palaeoenvironmental reconstructions

Sebastian Naeher, Philippe Schaeffer, Pierre Adam, Carsten J.
Schubert

In Review for Geochimica et Cosmochimica Acta

Abstract

Maleimides (transformation products of chlorophylls and bacteriochlorophylls) were studied
in recent sediments from the Swiss lake Rotsee and the Romanian Black Sea Shelf to
investigate chlorophyll degradation, the role of oxygen in maleimide formation, and to
identify their sources. Naturally occurring maleimides (i.e., “free” maleimides) and
maleimides obtained after chromic acid oxidation of sediment extracts (i.e., “bound”
maleimides) were analysed. 2-Methyl-maleimide (Me,H maleimide), 2,3-dimethyl-maleimide
(Me,Me maleimide), 2-methyl-3-vinyl-maleimide (Me,vinyl maleimide), 2-methyl-3-ethyl-
maleimide (Me,Et maleimide) and traces of 2-methyl-3-iso-butyl-maleimide (Me,i-Bu
maleimide) occurred naturally in the sediment with a large predominance of the Me,Et
homologue. Tetrapyrrolic pigments related to chlorophylls were the main source of
maleimides, although a small contribution of other sources such as cytochromes and/or

phycobilins cannot be completely ruled out. The predominant Me,Et maleimide and Me,vinyl
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maleimide most likely originate from chlorophyll a related pigments. The same holds for
Me,H maleimide, which might be formed following degradation of ring E from the
tetrapyrrolic nucleus, whereas the source of Me,Me maleimide remains unknown. 2-Methyl-
3-n-propyl-maleimide (Me,n-Pr maleimide) and Me,i-Bu maleimide arising from
bacteriochlorophyll related pigments traced the presence of phototrophic sulfur bacteria
(Chlorobiaceae), which indicates photic zone euxinic and anoxic conditions in Rotsee during
the last 150 years and throughout the Black Sea history, including the limnic phase of the
Black Sea (Unit 3). Some other minor maleimides with specific alkylation pattern also
originate from bacteriochlorophylls, while the source of others could not be identified. Free
maleimides were mainly formed in the absence of oxygen in the sediment. Novel maleimide
degradation indices are proposed to estimate the degree of OM degradation (OM
freshness/degradability). These proxies are applicable on longer timescales than e.g. the

chlorin index.

3.1 Introduction

Chlorophylls and  bacteriochlorophylls  (the structures of chlorophylls and
bacteriochlorophylls can be found in the Appendix) are the most abundant and most important
pigments on Earth (Scheer, 2006). These structural diverse compounds are required for light
absorption and are key compounds for photosynthesis (Scheer, 2006). Apart from their
physiological importance, they and/or their transformation products (chlorins, porphyrins,
maleimides) can be preserved in limnic and marine sediments as well as in crude oils (e.g.
Hodgson et al., 1968; Quirke et al., 1980; Grice et al., 1996, 1997, 2005; Louda et al., 1998;
Naylor and Keely, 1998; Wilson et al., 2004).

These compounds can serve as important indicators for palaeoenvironmental reconstructions,
such as e.g. palaeoproductivity estimates (Summerhayes et al., 1995; Harris et al., 1996;
Schubert et al., 1998) and OM freshness (Shankle et al., 2002; Schubert et al., 2010). Within
the water column and in the sediment, chlorophylls undergo minor to major transformations,

which continue during diagenesis and lead to the formation of porphyrins and maleimides
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(Grice et al., 1996; 1997; Airs et al., 2000; Villanueva and Hastings, 2000; Pancost et al.,
2002). Porphyrins, diagenetic transformation products of chlorophylls, have been intensely
studied since the 1930s (e.g. Treibs, 1936; Hodgson et al., 1968; Casagrande and Hodgson,
1976, Barwise and Roberts, 1984; Baker and Louda, 1986; Keely et al., 1994; Ohkouchi et
al., 2008). In contrast, maleimides (1H-pyrrole-2,5-diones; the structures of the different
maleimides mentioned in the text can be found in the Appendix), the oxidation products of the
tetrapyrrole nuclei from pigments - but also potentially from other sources such as
cytochromes (e.g. Paoli et al., 2002; Munro et al., 2009) and phycobilins (e.g. Glazer et al.,
1976; Brown et al., 1990) - have been hardly examined so far in recent sedimentary settings
(the structures of cytochromes and phycobilins are presented in the Appendix). Most studies
focused on the degradation of porphyrins in crude oils and ancient deposits, for instance
Permian Kupferschiefer and Mid-Triassic shales (Grice et al., 1996, 1997), petroleum source
rocks in Australia, which comprise the Permian-Triassic boundary (Grice et al., 2005),
Cretaceous Boscan crude oil (Quirke et al., 1980), Cretaceous/Tertiary boundary formations
(Shimoyama et al., 2001) and Neogene sediments (Kozono et al., 2001). Free Me,Et
maleimide in recent sediments was first reported from Tokyo Bay, Japan (Kozono et al.,
2002). The authors explained this observation by chlorophyll oxidation in the photic zone

under the presence of light and oxygen.

However, there is still a need for the detection and characterisation of maleimides in recent
sediments in order to determine their partly unknown precursors, their formation processes

and their significance in terms of environmental conditions.

Me,Et and Me,Me maleimides from porphyrins were assigned to phytoplanktonic
chlorophylls based on structural grounds (Grice et al., 1996). The chlorophyll precursor
compounds of Me,n-Pr and Me,i-Bu maleimides are bacteriochlorophylls ¢, d and e from
phototropic sulfur bacteria of the family Chlorobiaceae (Grice et al., 1996). Together with the
diagenetic derivatives of the carotenoids isorenieratene and chlorobactene, these maleimides
were used to reconstruct photic zone euxinia (Grice et al., 1996, 1997, 2005; Pancost et al.,

2002).

Furthermore, it has been noted previously that maleimides are oxidation products, which were

also found in anoxic and euxinic settings (Grice et al., 1996, 1997; Magness, 2001; Pancost et
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al., 2002). This observation indicated that maleimides might also be formed by other electron
acceptors independent of the presence of oxygen in the water column and/or the sediment of
aquatic ecosystems (Magness, 2001; Pancost et al., 2002). There is a need to determine the
implications of the presence or absence of oxygen on chlorophyll transformation into
maleimides. More insight into the preservation and decomposition of chlorophylls might also
help to reconstruct water column properties, depositional conditions during sedimentation and
diagenesis with valuable information regarding the degree of oxygen depletion in the studied

system.

The aim of this paper was to study the distributions of naturally occurring maleimides (i.e.
“free maleimides”) in recent sediments of the Swiss lake Rotsee and the Black Sea and to
compare them with those released after chromic acid oxidation of their parent tetrapyrrolic
precursors, in order to investigate chlorophyll and chlorin degradation and to identify the
maleimide sources. The role of oxygen in maleimide formation and the usefulness of

maleimides as degradation indices were evaluated.

3.2 Methods

3.2.1 Study sites and sample collection

Rotsee is a small (0.46 km?), prealpine, monomictic and eutrophic Swiss lake. It has a
stratified water column with a chemocline between about 6 and 10 m depth and an anoxic
hypolimnion during most of the year (Schubert et al., 2010). At the maximum lake depth of
16 m, two sediment cores (54 and 58 cm long) were recovered with a gravity corer in August
2010 (GPS position N47°4.251 E8°18.955, WGS84; Naceher et al., 2012). The sedimentation
rate is about 0.38 cm yr'' (Nacher et al., 2012). The cores were sliced in 2 cm intervals and

frozen at -20 °C shortly after recovery.

The Black Sea (0.46 million km?, max. depth of 2220 m) is a semi-enclosed brackish sea and
the largest modern anoxic basin in the world (Ozsoy and Unluata, 1997). It is connected to the

Marmara Sea and the Mediterranean Sea through the Bosphorus and Dardanelles straits. Since
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9.3 ka, inflow of more saline water through the Bosphorus strait into the deep water of the
Black Sea has led to a permanent stratification with the pycnocline located in 50-150 m water
depth (Ozsoy and Unluata, 1997; Piper and Calvert, 2011). The Black Sea evolved from an
isolated limnic-brackish lake to a restricted intermediate-salinity sea (Ross and Degens, 1974;
Piper and Calvert, 2011). Permanent stratification led to bottom water anoxia since

approximately 8.4 ka (Piper and Calvert, 2011).

A 242 cm long sediment core was recovered with a gravity corer at the sampling site I0MA10
(N 43°43.905 E 30° 11.962, WGS84) at a water depth of 220 m during a RV Mare Nigrum
cruise on the Romanian Black Sea Shelf in May 2010. It showed the typical Black Sea
sediment sequence (Ross and Degens, 1974; Piper and Calvert, 2011). The transition of Unit
3 to Unit 2 was at 109 cm, with a clear colour contrast and a sandy base of Unit 2. This
transition could not have occurred earlier than about 6 ka BP in this shallow water depth
based on estimates by Ross and Degens (1974). Unconformities at 86 cm and 97 cm indicated
an incomplete sedimentation record. Based on estimates of Ross and Degens (1974), the core

comprises ca. 9-10 ka.

3.2.2 Sample preparation

3.2.2.1 Lipid biomarkers and pigments

The detailed procedure used for lipid biomarker and pigment analysis procedure is reported in
Nacher et al. (2012). In short, the sediment was extracted by ultrasonication with mixtures of
methanol (MeOH) and dichloromethane (DCM). Internal standards were added for
quantification (a-Cholestane, C9 n-fatty acid, Cy9 n-alcohol). After saponification, neutrals
were further separated into apolar and polar fractions over NH, columns (Hinrichs et al.,
2003). The polar fraction was derivatised with BSTFA for 1h at 80 °C and the FA fraction
with 14% BF3/MeOH. FA double bond positions were determined according to (Spitzer,
1997). In case of Black Sea sediment extracts, an aliquot of the polar fraction was
desulfurised with Raney-Nickel catalyst (Sinninghe Damsté et al., 1988), followed by
hydrogenation for 2 h with PtO; as catalyst in a solution of acetic acid and ethyl acetate (1:1,

v:v). Instrumentation and measurement conditions are described in Naeher et al. (2012).
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3.2.2.2 Free and oxidised maleimide analysis

For maleimide analysis, the method of Grice et al. (1996) was used with slight modifications,
whereas the same maleimide nomenclature for that study and Grice et al. (1996) was used.
Freeze-dried and ground sediment samples from Rotsee (13-28 g) and the Black Sea (58-296
g) were extracted with 150-500 ml dichloromethane (DCM)/acetone (1:1, v:v; 3 x), first by
stirring for 1 h (1 x), and by 20 min ultrasonication (2 x). After each extraction step, the
mixture was centrifuged (2800 rpm, 4 min), the supernatant recovered and combined, the

solvent being removed by rotary evaporation.

While one half of the total lipid extract remained untreated (comprising naturally occurring
maleimides; free fraction), the other half was oxidised using chromic acid (comprising both
naturally occurring maleimides and those formed by oxidation of chlorophylls and related
tetrapyrrole pigments in the sediment; oxidised fraction) using modifications of existing
protocols (Quirke et al., 1980; Folly and Engel, 1999). For the oxidation procedure, the lipidic
extract was dissolved in 1 ml trifluoroacetic acid (TFA). 50 ml of 1.7% chromic acid was
added dropwise under continuous stirring for 1 h at room temperature. The solution was
transferred in a separation funnel and the organic extract was recovered using ethyl acetate

(EtOAc, 3 x) and DCM (1 x).

The free and oxidised fractions were separated on a silica column into three fractions, eluting
with DCM (F1), 20% EtOAc in DCM (F2) and DCM/MeOH (1:1, v:v, F3). A known aliquot
of F2 was further purified by preparative thin layer chromatography (TLC), eluting with 20%
EtOAc in DCM on Merck silica gel plates (20 x 20 cm?® 0.5 mm thickness, preeluted with
EtOAc and activated at 120 °C). During these chromatographic separations only alkylated
maleimides are obtained and the more polar maleimides bearing acidic functional groups are
not recovered. H,H maleimide was used as a retention standard (retention factor Ry 0.5),
eluted in parallel with the sample on the margins of the TLC plate. Maleimides were
visualised with UV light at 254 nm and the fluorescent band between ca. R¢0.5 and 0.8 was
scraped and recovered by elution on a short silica column using EtOAc. After removal of the
solvent under reduced pressure, the recovered fraction was dissolved in 150 pl pyridine and
derivatised overnight using 100 pl MTBSTFA (N-(tert-butyldimethylsilyl)-N-methyl
trifluoroacetamide, Pierce) to obtain TBDMS (zert-butyldimethylsilyl) derivatives (Grice et
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al., 1996). The solvent and excess reagent were removed under a stream of N, at room
temperature, and the resulting crude mixture was further purified on a silica gel column
eluting with DCM. The purified fraction was measured on a gas chromatograph equipped
with a flame ionisation detector (GC-FID) and on a gas chromatograph coupled to a mass

spectrometer (GC-MS).

Maleimides (as TBDMS derivatives) were identified based on their relative GC retention
times and comparison with published mass spectra (Grice, 1995; Grice et al., 1996). Me,H,
Me,Me and Me,Et maleimides were quantified by coinjection with the TBDMS derivative of
H,H maleimide used as a reference (ca. 12 ng/injection). The other maleimides were
quantified by GC-MS based on the Me,Me maleimide concentration using the area of their
respective peaks on the m/z 75 mass chromatogram. For the Black Sea samples, Me,n-Bu
maleimide was quantified using the m/z 224 (base peak) mass chromatogram of Me,i-Bu
maleimide due to low concentrations. Similarly, the m/z 238 (base peak) mass chromatogram
was used to quantify Me,neo-Pentyl and Me,n-Pentyl maleimides. However, no response
factors have been determined for the quantification of the different maleimides and the
standard, so only relative concentrations are given in this study. Maleimides with additional
carboxylic groups (e.g. hematinic acid and related compounds) were not investigated in this

study.

3.2.2.3 Chromic acid oxidation of methyl pyropheophorbide a

Methyl pyropheophorbide a (29 mg) was dissolved in trifluoroacetic acid (2 ml) and a 1.7%
chromic acid solution (28 ml) was added under stirring at room temperature. After 90 min,
water (15 ml) was added and the crude mixture was extracted with EtOAc (2 x 50 ml). The
combined organic fractions were washed with water (3 x 50 ml) and the solvent evaporated
under reduced pressure, yielding 7 mg of crude degradation products. An aliquot of the
organic extract (4 mg) was further filtered over a small silica gel column. The fraction
recovered by eluting with a mixture of DCM/MeOH (1:1, v:v) and containing the maleimides
(3.5 mg) was derivatised using N-(fert-butyldimethylsilyl)-N-methyl trifluoroacetamide
(MTBSTFA; 400 pl) in pyridine (400 pl). The solvent and the excess of reagents were

removed under a stream of N and the fraction was further analysed by GC-MS. To compare
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the relative concentrations of Me,Et and Me,vinyl maleimides, the obtained fraction was
measured by GC-FID and GC-MS using in the latter case the m/z 75 mass fragmentogram.
Since the response factor of Me,Et- and Me,vinyl maleimides are different on the m/z 75 mass
chromatogram, a correction factor was determined using the response of both maleimides on
the FID signal, allowing determination of their real proportion based on the following
equation: [Me,vinyl]/([Me,vinyl]+[Me,Et]) = 0.72 (A Me,vinyl)/(A (Me,vinyl+Me,Et)), with

A corresponding to the areas measured on the m/z 75 mass fragmentogram.

3.2.2.4 Instruments

GC analysis was carried out on an Agilent Hewlett-Packard HP6890 GC equipped with an
Agilent HP-5 column [30 m x 0.32 mm inner diameter (ID) x 0.25 pm film thickness (FT)],
an on-column injector and a flame ionisation detector (FID). The GC oven temperature
program as follows: 40 °C to 100 °C at 10 °C min'l, 100 °C to 300 °C at 4 °C min'l, 30 min
isothermal at 300 °C. Hydrogen was used as the carrier gas with a constant flow rate of 2.5 ml

min™’.

GC-MS analysis was performed with a Thermo TSQ Quantum mass spectrometer equipped
with a HP-5 MS column (30 m x 0.25 mm ID x 0.25 pm FT) and a programmed temperature
vaporising (PTV) injector and was operated at an electron ionisation of 70 eV and a source
temperature set at 210 °C. Helium was used as carrier gas (1 ml min™), and the m/z scan range
was set between 50 and 700 Da. The oven was programmed as follows: 40 °C (10 min
isothermal), 40 °C to 100 °C at 10 °C min'l, 100 °C to 300 °C at 4 °C min'l, isothermal at 300
°C. Single ion monitoring (SIM) analyses were performed using the ions m/z 75.0, 168.1,

182.1, 196.2,210.2, 224.2 and 238.2.
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3.23 Definition of Me,Me and Me,Et indices

Novel maleimide-based degradation indices were defined as follows:
Me,Me index = ([Me,Me] in the free fraction) / ([Me,Me] in the oxidised fraction*)

Me,Et index = ([Me,Et] in the free fraction) / ([Me,Et] in the oxidised fraction®*)

Where:
[Me,Me] = concentration of 2,3-dimethyl-maleimide (ng g" TOC)

[Me,Et] = concentration of 2-methyl-3-ethyl-maleimide (ug g TOC)

*: Note that the oxidised fraction contains both the free maleimides and those formed upon

oxidation of chlorophyll derivatives.

3.3 Results and discussion

3.31 Me,vinyl and Me,Et maleimides in the free and oxidised fraction from Rotsee
samples

Me,Et maleimide was the dominant maleimide from Rotsee samples (> 96% of all
maleimides) in both the “free” fractions and those obtained upon chromic acid oxidation
(Figs. 3.1A , 3.1C, 3.2). Such a large predominance in all sediment extracts is to be expected
since this compound can be formed from most of the tetrapyrrole pigments, including notably
chlorophyll a derivatives from primary producers living in the oxic part of the water column,
as well as from bacteriochlorophylls thriving in the anoxic photic zone of the water column

(Grice et al., 1996).
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Fig. 3.1. Gas chromatogram (reconstructed ion chromatogram, RIC) showing the maleimides in the free fraction
of Rotsee (A) and the Romanian Black Sea Shelf (B) surface sediment and (continued on the next page) the
corresponding oxidised fractions of Rotsee (C) and Romanian Black Sea Shelf (D) surface sediment. Insert
chromatograms in (C) and (D) represent enlargements of the chromatogram at retention times between 27 and 32

min. The maleimides are analysed as TBDMS derivatives.
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(figure 3.1 continued)
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Additional (indirect) sources, comprising hemes and/or phycobilins (e.g. Glazer et al., 1976;
Brown et al., 1990; Paoli et al., 2002; Munro et al., 2009), might also be considered in the
case of recent sediments, but the formation of Me,Et-maleimide from such molecule
precursors would require in most cases a first diagenetic step involving reduction of the
vinylic double bond or C-S bond present on these precursor molecules. Such a reduction
reaction might be operative in strong anoxic, sulfur-rich environments as those investigated
here. Indeed, Pickering and Keely (2011) have shown by means of laboratory experiments
that during early diagenesis, the double bond of the C; vinyl substituent of chlorophyll @ and
related derivatives can be reduced in the presence of H,S, albeit this reaction occurs in rather
low yields. Therefore, although the predominant contributions by far for Me,Et-maleimide are
most likely chlorophyll-related pigments, one cannot exclude other minor sources, as
proposed based on stable carbon isotopic grounds in the case of a Cj;, etioporphyrin from

Cretaceous and Tertiary sediments (Boreham et al., 1989).
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Fig. 3.2. Concentrations (“conc”) of Me,H, Me,Me, Me,Et and Me,vinyl maleimides in the free and oxidised

(“oxid.”) fractions in Rotsee sediment vs. age (AD).

Free Me,Et maleimide peaked at around 1933, whereas in the oxidised fraction, this
compound was most abundant in the beginning of the 1920s and during the 1960s (Fig. 3.2).
Naceher et al. (2012) showed that bacterial biomass was higher in the beginning 1930s, based
on higher concentrations of C3p and Cs; hopanes, 21B(H)-bishomohopan-32-ol and straight

and branched acyclic alkanes. The more abundant bacteria at that time might be the result of
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higher mineralisation rates, which could have also affected the decomposition of chlorophylls

and the related increase of maleimides in the free fraction at this depth.

Another explanation could be the formation of maleimides by higher concentrations of
dissolved oxygen in the water column, at a time with maybe higher oxygen levels in the water
column due to a lower productivity. In contrast, the peaks of Me,Et maleimide after oxidation
matched well with productivity peaks during the 1920s and 1960s, indicated by higher TOC
accumulation and higher concentrations of algal biomarkers in these time intervals (Naeher et

al., 2012), which could indicate that Me,Et maleimide mainly originates from chlorophyll a.

Me,vinyl maleimide was also detected in both fractions in all Rotsee samples (Fig. 3.2). The
profile shapes of Me,vinyl and Me,Et maleimides were very similar (Fig. 3.2), which indicate
a common source. Based on structural grounds, oxidative cleavage of chlorophyll a and
related derivatives bearing a vinylic group on ring A is expected to lead to a 1:1 ratio of
Me,vinyl and Me,Et maleimides. Me,vinyl maleimide is formed from chlorophyll a, b or ¢/
(or eventually other sources like hemes or phycobilins; see above), whereas Me,Et maleimide
can also originate from most of the chlorophyll nuclei, including bacteriochlorophylls (Grice
et al., 1996). Me,vinyl maleimide is formed from chlorophyll a, whereas Me,Et maleimide
can also originate from most of the chlorophyll nuclei, including bacteriochlorophylls (Grice
et al., 1996). This would explain the observed discrepancy in the concentrations of both
maleimides in the free fractions in the Rotsee samples (Fig. 3.2). Alternatively, as pointed out
previously, the C; vinylic substituent from tetrapyrrole pigments can be reduced, during early
diagenesis under anoxic conditions following the process described by Pickering and Keely

(2011).

Regarding “bound” maleimides, the vinylic double bond is prone to oxidation upon chromic
acid treatment. In order to determine the effect of chromic acid on the vinylic functionality,
we carried out chromic acid oxidation of methyl pyropheophorbide a (a chlorophyll a
derivative) under experimental conditions similar to those used for treatment of Rotsee and
Black Sea samples. This experiment did not yield Me,Et and Me,vinyl maleimides in similar
quantities, the vinyl group being almost completely oxidised upon treatment, and yielding less
than 5% of Me,vinyl maleimide (compared to Me,Et maleimide). This indicates that chromic

acid oxidation leads to the almost complete removal of this double bond by oxidation.
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Therefore, Me,vinyl maleimide in the oxidised fraction, whatever its precursor molecules
(i.e., chlorophyll-related pigments, phycobilins or hemes) and biological sources, cannot be
used for palacoenvironmental reconstructions. The natural conditions that yielded free
maleimides are much less drastic than those used during chromic acid oxidation as indicated
by the higher relative amounts of Me,vinyl maleimide on Me,Et maleimide in the free fraction

compared to the oxidised one.

In addition, the oxidation of methyl pyropheophorbide « yielded hematinic and
dihydrohematinic acid (Ellsworth, 1970), which are maleimides bearing a carboxylic acid
functionality (Figs. 3.3a, b). Although similar compounds are also likely to be present among
the free and bound maleimides from our samples, they were not investigated in the present

study (Section 3.2.2.2) and will not be further discussed.

3.3.2 Me,H and Me,Me maleimides in the free and oxidised fraction from Rotsee
samples

In the Rotsee samples, Me,H and Me,Me maleimides were much less abundant than their
Me,Et homologue (Fig. 3.2). Their concentrations were highest in ca. 1929-1934 both in the
free and oxidised fraction (Fig. 3.2). Based on a constant ratio of Me,Me maleimide to Me,Et
maleimide, a common primary production source was proposed for ancient deposits (Grice et
al., 1996). However, this ratio was not constant in Rotsee and ranged between 0.17 and 0.34
and between 0.14 and 0.64 in the free and oxidised fraction, respectively. Hence, Me,Me and
Me,Et maleimides must originate from different sources or must be formed by different
degradation processes in recent sediments. Other studies suggested that the degradation of
Me,Et maleimide to Me,Me maleimide depends on maturity (Kozono et al., 2001; Shimoyama
et al., 2001), but Rotsee sediments are low maturity deposits, so a relationship with maturity
can be excluded. Furthermore, the interpretations made for ancient deposits cannot be used to
explain observations in recent sediments, since maleimides in old sediments and crude oils
likely arise from (petro)porphyrins with structural features inherited during early to late
diagenesis, which do not resemble these in chlorophylls and related derivatives occurring in

recent sediments.
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Trace amounts of Me,H maleimide were also obtained from methyl pyropheophorbide a
oxidation (Fig. 3.3a), which indicated that this compound can be formed by chlorophyll a
oxidation. The relatively high concentrations of these maleimides in the Rotsee samples
compared to the amounts obtained by oxidation of methyl pyropheophorbide a suggest that

contributions from other chlorophyll derivatives need to be considered.

Me,H maleimide was found at both sites to be the second most abundant maleimide in the
oxidised fraction (Fig. 3.2). In contrast, at least in petroleum and ancient sediments, Me,Me
maleimide was the second most common maleimide (Shimoyama et al., 2001). Similarly to
Me,Et maleimide in the free fraction and Me,Me maleimide in both free and oxidised
fractions, Me,H maleimide concentrations peaked in the 1930s (Fig. 3.2), which coincides
with a higher bacterial biomass at that time (Naeher et al., 2012). Similar to free Me,Et
maleimide, the peak of Me,H and Me,Me maleimides in the free fraction during the 1930s
might be the result of higher mineralisation rates of OM, which led to increased chlorophyll
decomposition. Alternatively, higher concentrations of dissolved oxygen in the water column

might have led to higher concentrations of these maleimides in the free fraction.

At least Me,H maleimide might result from the oxidation of chlorophyll transformation
products, likely to occur in recent sediments and having pyrrole rings with adequate
substituents. In this respect, tetrapyrroles in which ring E has been degraded would be ideal
candidates (Fig. 3.4). Holt et al. (1966) have indeed shown that acidic treatment of
pheophorbide a such as 3 (Fig. 3.4) and bearing two carboxylic acid groups leads to the loss
of these two acid groups, replaced by two hydrogen atoms (compound 4 in Fig. 3.4). Such a
process might also be envisaged either under natural conditions or upon chromic acid
treatment and might operate on chlorophyll degradation products like purpurin 2 and chlorin
3. The latter compounds are transformation products of chlorophyll a formed during
senescence of algal cells or by oxidative processes at the earliest stages of diagenesis (Louda
et al., 1998; Bale et al., 2011) and have been detected in various recent sediments (Ocampo
and Repeta, 1999; Airs et al.,, 2000; Naylor and Keely, 1998). Their formation from
chlorophylls (and/or bacteriochlorophylls) involves chlorin intermediates bearing oxygenated
functionalities on ring E, which result from the oxidation of ring E (Fig. 3.4). Further
alteration of such compounds (2, 3) might lead 1) to chlorins like 4 by a natural process,

although such compounds have not been detected yet in sediments, which would then lead to
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the formation of maleimides, including Me,H-maleimide, or 2) by chemical treatment

(chromic acid oxidation) directly to the maleimides shown in Figure 3.4, and including

g CO,H COH

(0]
ROOC 2 ROOC

notably Me,H-maleimides.

Step A

Oxidative alteration
(in senescent cells or in
sediments)

DlageneSis
Acid treatment

Step B

CrO5 oxidation

COOH Oxidative alteration

1, 2, 3 : identified in recent sediments
4 : not identified in recent sediments

Fig. 3.4. Proposed formation pathway for maleimides from chlorophyll related derivatives in recent sediments.

333 Maleimides and photic zone euxinia in Rotsee

Trace amounts of Me,i-Bu maleimide were found in the free and oxidised fractions in Rotsee,

whereas Me,n-Pr maleimide was only detected in the oxidised fractions (Figs. 3.5, 3.6). Me,i-

Bu and Me,n-Pr maleimide concentrations were highest in 1918-1924 (Fig. 3.5). Based on

structural grounds, Me,i-Bu and Me,n-Pr maleimides likely originate from

bacteriochlorophylls ¢ and d biosynthesised by green, shallower dwelling Chlorobiaceae
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(Pfennig, 1978). Alternatively, and/or concomitantly, it can be envisaged that Me,i-Bu and
Me,n-Pr maleimides arise from bacteriochlorophyll e from green-brown, deeper dwelling
Chlorobiaceae (Pfennig, 1978), but in this case, an additional step involving the reduction of
the aldehyde group on ring B of bacteriochlorophyll e has to be considered. Such a reduction
process may indeed occur in anoxic, sulfur-rich settings, and would involve a mechanism
similar to that described by Hebting et al. (2006) regarding the reduction of carbonyl groups.
It is worth noting that Grice et al. (1996) report the presence of Me,n-Pr maleimide formed
upon oxidation of porphyrins from Permian sediments, and suggest that the n-propyl group
could arise from reduction of the C; acid substituent of the ring D from chlorophyll
derivatives after ester hydrolysis. If such a mechanism can be considered in the case of
porphyrins (diagenetic products of chlorophylls which have undergone thermal
alteration/reduction), this possibility is highly unlikely in the case of recent sediments since it
would involve the complete reduction of a carboxylic acid functionality under mild and

anoxic conditions.
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Fig. 3.5. Concentrations (“conc”) of Me,n-Pr, Me,i-Bu, Me,sec-Bu, Me,n-Bu, Me,neo-Pentyl, Me,n-Pentyl, Et,n-

Pr, Et,Et maleimides in the oxidised fraction in Rotsee sediment vs. age (AD).
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suggests that these two compounds either
sediment with correlation coefficient (R?) value. o )
share the same origin or populations of the

source bacteria thrive under similar environmental conditions (Wilson et al., 2004).

In contrast to Chlorobiaceae, the principal tetrapyrrolic pigments from Chromatiaceae (purple
sulfur bacteria) are bacteriochlorophylls a and b, whereas bacteriochlorophyll a is also present
as an accessory pigment in Chlorobiaceae (Pfennig, 1978). Given their structures, chromic
acid oxidation of bacteriochlorophylls a and b does not yield maleimides having a specific
alkylation pattern and hence, the occurrence of such bacteriochlorophylls cannot be traced
based on maleimide distributions. However, the presence of the pigment okenone in Rotsee
sediment (this study) indicated the presence of Chromatiaceae in the water column of the

lake, in agreement with the findings reported by Ziillig (1985b).

The higher concentrations of okenone in Rotsee compared to isorenieratene (Ziillig, 1985b)
may be an indication for a higher abundance of Chromatiaceae compared to Chlorobiaceae,
which is supported by results from microbial data (Kohler et al., 1984). The presence of
okenone and isorenieratene together with Me,i-Bu and Me,n-Pr maleimides indicate photic
zone euxinic and anoxic conditions in Rotsee. In our study, isorenieratene could not be
quantified with the used method due to low concentrations, but the decrease of Me,i-Bu and

Me,n-Pr maleimide concentrations since the 1920s together with continuously increasing
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okenone concentrations (Ziillig, 1985b) indicate a community shift towards Chromatiaceae.
Although Smittenberg et al. (2004) interpreted the relative increase in isorenieratene vs.
okenone concentrations in terms of increasing eutrophication in an euxinic Norwegian fjord,
the opposite trend is observed in Rotsee (Ziillig, 1985b). In the latter case, the increased
okenone concentrations and higher abundance of Chromatiaceae can be explained by a rising
oxycline into shallower waters as a result of eutrophication (Ziillig, 1985b). The development
of dense bacterial biomass (including Chromatiaceae) during eutrophication might have led to
a reduction of the light penetration depth, resulting in a relative reduction of Chlorobiaceae
although they proliferate at lower light irradiance in deeper waters than Chromatiaceae

(Ormerod, 1983).

The bacteriochlorophyll e maximum below the peak of bacteriochlorophyll a (Kohler et al.,
1984) agrees with the typical vertical segregation of deeper dwelling brown Chlorobiaceae
below shallower Chromatiaceae (Ormerod, 1983) in the chemocline of Rotsee. Chromatiaceae
in Rotsee are Chromatium okenii, Pelochromatium roseum, Lamprocystis roseopersicina and
Thiopedia rosea, whereas Chlorobiaceae mainly consist of Chloronema giganteum (Kohler et
al., 1984; Zillig, 1984), which might respectively be the sources of okenone and
isorenieratane in this lake. However, except Thiopedia rosea, cell numbers were too low for
reliable cell counting (Kohler et al., 1984), which can explain the low concentrations of these
pigments in the sediment. Ziillig (1985b) mentioned that okenone must originate at least from

Chromatium okenii and the genus Thiopedia.

3.34 Sources of other maleimides in the oxidised fraction from Rotsee samples

In addition to the maleimides described above, chromic acid oxidation of the solvent extracts
from the Rotsee samples also yielded other maleimides, comprising 2-methyl-3-sec-butyl-
maleimide (Me,sec-Bu maleimide), 2-methyl-3-n-butyl-maleimide (Me,n-Bu maleimide), 2-
methyl-3-neo-pentyl-maleimide (Me,neo-Pentyl maleimide), 2-methyl-3-n-pentyl-maleimide
(Me,n-Pentyl maleimide), 2,3-diethyl-maleimide (Et,Et maleimide) and 2-ethyl-3-n-propyl-
maleimide (Et,n-Pr maleimide). The structures of these maleimides were proposed in Grice

(1995) and Grice et al. (1996) based on available standards, relative retention times and/or
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mass spectra. They occurred in low abundance, with concentrations < 2 pg g”' TOC for most
of the compounds (Fig. 3.5). Some of them (Me,n-Bu, Me,neo-Pentyl, Me,n-Pentyl

maleimides) were under detection limits in the lowermost sample (Fig. 3.5).

Me,neo-Pentyl maleimide (Fig. 3.5) can be derived from bacteriochlorophylls with neo-pentyl
substituents (Smith et al., 1980, 1983; Otte et al., 1993), which have also been reported from
recent lake and pond sediments (Squier et al., 2002; Wilson et al., 2005). Et,n-Pr maleimide
and other higher alkylated homologues might derive from bacteriochlorophyll derivatives
with extended alkylations with up to seven additional carbon atoms on ring B, which have
been detected in recent sediments from lakes and ponds (Squier et al., 2002; Wilson et al.,

2005; Baltenweck-Guyot and Ocampo, 2007).

Although the precursors of Me,sec-Bu, Me,n-Bu, Me,n-Pentyl and Et,Et maleimides are
unknown, these observations suggest that such alkylated maleimides originate from unknown
bacteriochlorophylls or their derivatives. This would be in line with coinciding concentration
peaks of Me,n-Bu and Et,Et maleimides with Me,neo-Pentyl and Et,n-Pr maleimides in 1929-
1934 (Fig. 3.5). The similarity between Me,sec-Bu, Me,n-Pr and Me,i-Bu maleimide
concentration profiles (Fig. 3.5) indicate a common biological source or similar living
conditions for the (micro)organisms producing the molecule precursors of maleimides

(Wilson et al., 2004).

3.3.5 Maleimides in samples from the Romanian Black Sea Shelf

Similar to Rotsee, Me,Et maleimide was the predominant maleimide (> 96%) in both free and
oxidised fractions of the Black Sea sediment extracts (Figs. 3.1B, 3.1D Table 3.1). The same
maleimide homologues and distributions were found in the free and oxidised fraction in
samples from the Romanian Shelf, except Me,sec-Bu and Et,n-Pr maleimides which could not
be detected in the Black Sea samples. Me,vinyl maleimide was only found in traces in the
sample from Unit 1, which indicated that it is less well preserved compared to Me,Et

maleimide and other alkylated maleimides.
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Previous studies showed that the productivity was higher during deposition of Unit 1 and 2
compared to Unit 3, based for instance on the higher OM accumulation, the presence and/or
predominance of coccolithophores, the formation of sapropels and the establishment of anoxic
conditions in the upper units compared to Unit 3 (Ross and Degens, 1974; Repeta, 1993;
Arthur and Dean, 1998). These interpretations are in agreement with higher concentrations of
dinosterol, Cy.6, Cas:5 and Cjs.4 FA, 24-methyl-cholesterol, C;(-Cs; alkyl diols, Cs keto-ol and
Csp highly branched isoprenoid alkenes in Unit 1 and 2 (unpublished data), which indicated
more abundant organic matter inputs from dinoflagellates, diatoms and other microalgae
(Volkman et al., 1992; Shanchun et al., 1994; Massé et al., 2004a, 2004b). These higher
inputs from primary producers would also explain the higher Me,Et maleimide concentrations
in the oxidised fraction in Unit 1 and 2. The presence of diatoms and dinoflagellates in our
samples also suggest that chlorophylls ¢, main chlorophylls of chromophyte algae (diatoms,
dinoflagellates, some prymnesiophytes, cryptophytes) (Zapata et al., 2006), might contribute
significantly to the Me,Et maleimide pool in the Black Sea.

Table 3.1: Concentrations (ug g' TOC) of Me,H, Me,Me and Me,Et maleimides in the free and oxidised

fractions in Black Sea sediment units on the Romanian Shelf.

Sediment Free Free Free Oxidised | Oxidised | Oxidised
unit Me,H Me,Me Me,Et Me, H Me,Me Me,Et
1 0.8 0.2 6.5 1.8 2.7 344 .4
2 1.1 0.2 55 2.8 1.2 243.5
3 0.9 1.9 16.6 4.9 2.5 115.8

In contrast to Unit 1 and 2, the concentration of Me,Et maleimide was higher in the free
fraction in Unit 3. This could either mean that more free Me,Et maleimide was formed due to
higher oxygen levels in the past water column or this could be due to the longer time since
deposition, which might have resulted in more intense degradation of chlorophyll a and
related derivatives compared to the Units 1 and 2.
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However, the predominance of des-A-arbora-5(10),9(11)-diene (Hauke et al., 1992; Jaffé and
Hausmann, 1995) and the detection of lupeol, B-amyrin and its degradation products in Unit 1
may suggest that Me,Et maleimide partly originates from terrestrial derived chlorophylls
supplied by the Danube delta to the shelf. The Danube River is the largest source of
freshwater and terrigenous material (including OM), which is transported to the Black Sea
(Shimkus and Trimonis, 1974; Saliot et al., 2002). Me,Et maleimide might have partly been
derived from chlorophylls during transport of the OM to the Black Sea, but also after

deposition on the shelf.

As outlined in section 3.3.1, it cannot be excluded that part of Me,Et maleimide might also
have sources from hemes and phycobilins in addition to chlorophyll/chlorin sources on the

Romanian Black Sea Shelf.

In contrast to Rotsee, the concentration profiles of Me,n-Pr and Me,i-Bu maleimides were not
correlated in the Black Sea (data not shown), which suggests changing environmental
conditions and structural differences in the bacterial communities such as for instance
increased competition for light or nutrients (Wilson et al., 2004). Throughout the core, Me,n-

Pr maleimide concentrations were 3 to 6 times higher than those of Me,i-Bu maleimide.

The presence of Me,i-Bu maleimide and most likely also Me,n-Pr maleimide in all Black Sea
units trace the occurrence of Chlorobiaceae in the chemocline of the Romanian Black Sea
Shelf. Their detection in Unit 3 suggests that photic zone anoxia occurred before the
Bosphorus connection, at least temporary. In contrast, isorenieratene was only found in Units
1 and 2 (Repeta, 1993; Sinninghe Damsté et al., 1993). Repeta and Simpson (1991) showed
that Chromatiaceae and green strains of Chlorobiaceae were not present in the central Black
Sea, because okenone, bacteriochlorophylls ¢ and b and chlorobactene were absent. The
predominance of the deeper dwelling brown strains of Chlorobiaceae (bacteriochlorophyll e,
isorenieratene) in the Black Sea chemocline at 80-100 m depth was attributed to light and
sulfide limitation (Repeta et al., 1989; Repeta and Simpson, 1991; Sinninghe Damsté et al.,
1993).

The chemocline of the Romanian Shelf during sampling was located at ca. 50-70 m. The
presence of chlorobactane and isorenieratane obtained after hydrogenation of an aliquot of the

polar fraction and the detection of Me,n-Pr and Me,i-Bu maleimides together with the
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shallower chemocline might indicate that also the shallower dwelling green strains of

Chlorobiaceae were present in the chemocline on the shelf.

3.3.6 Factors responsible for chlorophyll degradation and maleimide formation

Maleimide formation and its timing could not be satisfactorily answered so far. Possible
processes include photo-oxidative or enzymatically induced transformation of chlorophyll
derivatives in the oxic part of the water column (Brown et al., 1980; Rontani et al., 1991). In
fact, maleimides can be formed by chlorophyll degradation in the photic zone under the
presence of oxygen (Kozono et al., 2002). Bacteriochlorophylls in the chemocline are likely
preserved due to the lack of oxygen, which might explain the occurrence of some maleimides
(from bacteriochlorophylls) exclusively in the oxidised fraction. However, detection of traces
of free Me,i-Bu maleimide obtained from samples in both settings indicate that maleimide
formation is not limited to the oxygenated part of the photic zone. This means that natural

maleimide formation does not occur exclusively within the oxygenated water column.

It was also proposed that maleimides can be produced by sunlight irradiation of chlorophyll a
under the presence of oxygen (Jen and MacKinney, 1970) or UV light irradiation of
porphyrins (Grice, unpublished results). Since we have not worked under dark and oxygen-
free conditions, our results might be biased, as suggested by previous authors (Grice et al.,
1996; Kozono et al., 2002). However, the observation of some maleimides in the free fraction
while others are only detected in the oxidised fraction in Rotsee and Black Sea samples (Figs.
3.2, 3.5, Table 3.1) indicate that light and oxygen during sample preparation cannot account
(or, at least, not significantly) for the presence of free maleimides. Furthermore, in the free
fraction of the Rotsee surface sediment, maleimides were almost absent and their
concentrations increased with depth (Figs. 3.2, 3.5). This indicates that maleimides are to a
large extent formed within the sediment. It was previously proposed that maleimides can be
generated during early diagenesis (Magness, 2001), also in lakes with overlying euxinic water
columns, which could explain the occurrence of free maleimides in ancient deposits formed
under oxygen limited conditions (Grice et al., 1997; Magness, 2001). Therefore, also other

oxides (e.g. nitrate, iron and manganese oxides, sulfate) might support chlorophyll
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destruction. This would explain why the abundance of naturally occurring maleimides in the
free fraction increased within the sediment of both Rotsee and Black Sea (Fig. 3.2, Table 3.1).
The coincidence of higher concentrations of free Me,H, Me,Me, Me,Et, Me,vinyl maleimides
in the free fraction of Rotsee with a higher bacterial biomass at the beginning 1930s (Naeher
et al., 2012) likely indicate that higher OM mineralisation rates at that time were responsible
for more intense (bacterio)chlorophyll decomposition (Fig. 3.2). However, the natural

processes involved in the formation of maleimides are not yet understood.

3.3.7 Maleimide degradation indices
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Fig. 3.7. Maleimide degradation indices (Me,Me index and Me,Et index) vs. age (AD) in Rotsee sediment with

correlation coefficient (R?) values.

The chlorin index (CI) is a pigment based proxy (Schubert et al., 2005), which has also been
used to estimate the degree of OM degradation in Rotsee (Naeher et al., 2012). The CI is
defined as the ratio between fluorescence activity of an acetone extract of a sediment sample
and the same extract treated with hydrochloric acid (Schubert et al., 2005). Therefore, this
index represents the ratio between chlorophyll and related degradation products. With
increasing time, this ratio increases from 0.2 for freshly deposited chlorophylls to 1.0 for
chemically inert material (Schubert et al., 2005). CI values were > 0.71 for sediment older
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3.2.3). The Me,Me index in Rotsee increased Romanian Black Sea Shelf sediment.

constantly from the surface sediment with a

value of 0.08 to 1.17 in 1865-1870, whereas the Me,Et index increased from 0.001 to 0.16
(Fig. 3.7). The Me,Me index value above 1.0 in the deepest sample might be the result of
measurement uncertainties (Fig. 3.2 and 3.7). While the Me,Me index increased at a rate of
8.1 x 107 yr'1 with depth (R?=0.91), the Me,Et index rose at a rate of 1.2 x 107 yr'1 (R?=0.89)
(Fig. 3.7). These rates indicated that the application limit of the Me,Me index with values of
1.0 was reached after more than ca. 100 yr, whereas extrapolation of the Me,Et index would

reach unity after less than about 1000 yr in Rotsee sediment.

In the Black Sea sediments, both indices were almost constant within Units 1 and 2 (Me,Me:
< 0.1, Me,Et: ca. 0.02; Fig. 3.8). In contrast, values were much higher in Unit 3 (Me,Me: 0.8,
Me,Et: 0.14; Fig. 3.8), which consists of reworked material (Ross and Degens, 1974). Despite
the fact that the sediment of this core is older than in the Rotsee core, the values of the Me,Me
and Me,Et indices were in the same order of magnitude, which suggests that the
decomposition of tetrapyrrole pigments proceeded at lower rates than in Rotsee. If it is
assumed that the transition of Unit 2 and 3 occurred at 6000 yr BP based on estimates for the
shelf from Ross and Degens (1974) and that the maleimide sample from Unit 3 would have
this age, the applicability of the Me,Me index can be extrapolated to at least 7700 yr BP,

whereas the Me,Et index could be used for up to at least 42 ka BP old sediment.
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The longer applicability of the maleimide indices compared to the CI can be explained by the
higher degradation progress of chlorophylls considered in this method. Maleimides are
oxidation products, which are formed by the destruction of tetrapyrrole rings, either by natural
processes or chromic acid oxidation. In contrast, the use of hydrochloric acid in CI analysis
(Schubert et al., 2005) is not sufficient to decompose tetrapyrrole rings, so a lower
degradation progress is considered compared to the more severe chromic acid oxidation
(Ellsworth, 1970; Grice et al., 1996). Therefore, the new indices are applicable to longer
timescales than the CI. They can be used for estimates regarding the quality, freshness and
degradability of OM based on the decomposition of tetrapyrrole pigments in older sediments,

in which the CI reached unity and can therefore not be applied.

3.4 Conclusions

Maleimides were studied in recent sediments from the Swiss lake Rotsee and the Romanian
Black Sea Shelf. Me,H, Me,Me, Me,vinyl, Me,Et maleimides and traces of Me,i-Bu
maleimide occurred naturally in most samples. Me,Et maleimide was the predominant
maleimide in all sediment extracts. Me,Et and Me,vinyl maleimides mainly originated from
chlorophyll a, but sources other than chlorophyll derivatives, such as hemes and phycobilins,
cannot be completely excluded. Additionally, chromic acid oxidation of sediment extracts
yielded Me,n-Pr, Me,n-Bu, Me,neo-Pentyl, Me,n-Pentyl and Et,Et maleimides in both
settings, whereas Me,sec-Bu and Et,n-Pr were only present in Rotsee. Me,Et maleimide
mainly originates from chlorophyll a in Rotsee, whereas terrestrial derived chlorophylls
supplied by the Danube could represent additional sources of Me,Et maleimide in the Black
Sea. The correlation between Me,n-Pr and Me,i-Bu maleimides suggested a common
Chlorobiaceae origin or similar environmental conditions under which the source organisms
thrive. Based on maleimides and carotenoid pigments, both Chromatiaceae and Chlorobiaceae
were observed in Rotsee, whereas only Chlorobiaceae could be traced on the Romanian Black
Sea Shelf. The presence of Chromatiaceae and/or Chlorobiaceae indicated photic zone euxinic
conditions in both settings, including the freshwater phase of Black Sea (Unit 3). In Rotsee, a
community shift from Chlorobiaceae to Chromatiaceae was observed by a relative increase of
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okenone concentration together with decreasing Me,n-Pr and Me,i-Bu maleimide
concentrations since the 1920s due to eutrophication and a shallowing of the oxycline. Other
maleimides obtained in this study either originated from bacteriochlorophylls with appropriate
alkylation patterns in ring B or were of unknown origin. Maleimide formation in Rotsee
mainly occurred within the lake sediment. Me,Me and Me,Et indices are proposed as novel
proxies for estimating the degree of OM degradation, which are applicable for longer

timescales than e.g. the chlorin index.
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3.6 Appendix

Structures of chlorophylls, bacteriochlorophylls, related derivatives, hemes (cytochromes),

phycobilins and maleimides discussed in this study.

O—CH,

Methyl pyropheophorbide a

5
oH COOCH,

¢l R;=Me, R;=Et

(0]
O ; c2 R1 = Me, R2=Vil'ly|
O—Phytyl COOCH; €3 R;=CO;Me, Ry=Vinyl
Chlorophyll b Chlorophylls ¢
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O—rFarnesyl

a R4 =Et, R, = Phytyl, Geranylgeranyl R4 = Et, n-Pr, i-Bu, neo-pentyl
b R, = Ethyldiene, R, = Phytyl R, = Me, Et
Bacteriochlorophylls a and b Bacteriochlorophylls ¢

O—~Farnesyl
O—Farnesyl
R, = Et, n-Pr, i-Bu, neo-pentyl
R, = Me, Et R4 = Et, n-Pr, i-Bu, neo-pentyl
Bacteriochlorophylls d Bacteriochlorophylls e
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Chapter 4: Tracing bottom water oxygenation with
sedimentary Mn/Fe ratios in Lake Zurich,
Switzerland
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Abstract

Redox dynamics of manganese (Mn) were studied in the sediment of Lake Zurich using
precise sediment core age models, monthly long-term oxygen (O;) monitoring data (1936-
2010) and high-resolution XRF core scanning. The age models were based on bi-annual
lamination and calcite precipitation cycles. If present, Mn exhibits distinct maxima, which
coincide with annual maximum deep-water O, concentrations in spring according to the
monitoring data. In contrast, the iron (Fe) signal is mainly the result of calcite dilution, as
indicated by a good negative correlation between Fe and calcium (Ca) XRF data. The Mn/Fe
ratio in the core from the maximum lake depth (ZH10-15, 137 m) revealed a good correlation
with O, measurements in the lake bottom water confirming the successful application of the
Mn/Fe ratio to semi-quantitatively reconstruct bottom water oxygenation in the lake. Mostly
low ratios were observed between 1895 and the mid-1960s as a result of eutrophication.

However, geochemical and sediment focusing and sedimentological factors can reduce the
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applicability of the Mn/Fe ratio for reconstructions of annual O, concentrations in the bottom

water of lakes.

4.1 Introduction

Trace metals, such as Fe and Mn, have received much attention in the last decades due to their
redox-sensitive behaviour in aquatic environments. This behaviour is strongly dependent on
processes of oxidation and reduction of the coupled pairs Fe(Il)/Fe(Ill) and Mn(II)/Mn(1V),
which result either in precipitation or (re)dissolution (Calvert and Pedersen, 2007; Davison,
1993). Especially in lakes, seasonal redox changes in the hypolimnion result in the cycling of
Fe and Mn (Davison, 1993; Sigg et al., 1987). Reducing conditions are the result of O,
consumption during organic matter (OM) remineralisation, which lead to a release of Fe and
Mn (Nealson and Saffarini, 1994; O'Sullivan and Reynolds, 2005). After oxygenation at the
chemocline due to partial or total mixing of the water column, Fe and Mn precipitates are
deposited and potentially preserved in the sediment (Engstrom and Wright, 1984; Schaller
and Wehrli, 1996). Mn precipitation is furthermore catalysed by Mn oxidising bacteria (Diem
and Stumm, 1984). In fact, Mn-enrichments surrounding “Metallogenium” /| Leptothrix

echinata were found in Lake Zurich (Diem, 1983; Giovanoli et al., 1980).

The oxidation of Fe(II) proceeds more rapidly than Mn(II) (Engstrom and Wright, 1984) and
the involvement of numerous interdependent reactions, transformation processes and mineral
phases lead to a complex pattern of redox-sensitive trace metals (Davison, 1993). However,
Fe is not necessarily remobilised by redox changes and can also be a tracer for terrigenous
sources, such as in the eutrophic Lake Rotsee (Switzerland), where Fe together with
potassium (K) and titanium (Ti) represent detrital sources (Naeher et al., 2012). In Lake
Zurich, particulate Fe is supplied by sewage treatment plant effluents, soil particles and
sediment resuspension (Sigg et al., 1987; Wieland et al., 2001). There are two sedimentation
maxima during the year, one in winter and another in summer, as shown by sediment trap data

(Sigg et al., 1987; Wieland et al., 2001). A major part of the Fe in the sediment is finely

88



dispersed as amorphous iron-oxy-hydroxide phases (only partly as goethite) or mineral phase

coatings (Giovanoli et al., 1980; Sigg et al., 1987; Wieland et al., 2001).

Mn precipitates in the sediment of Lake Zurich are Mn oxides/hydroxides (MnO;, Mn30y,
MnOOH), partly with needle habitus (Diem, 1983; Giovanoli et al., 1980). Manganite (y-
MnOOH) is the predominant mineral phase in the sediments of this lake (Diem, 1983;
Giovanoli et al., 1980). However, extended x-ray absorption fine structure spectroscopy
(EXAFS) analysis in the eutrophic Lake Sempach (Switzerland) showed that Mn precipitates,
which are formed in the water column, are of poorly crystallized H'-birnessite (Friedl et al.,
1997). They further showed that Mn was associated with authigenic particles in the sediment,
consisting of (Ca,Mn)COj3 and (Fe,Mn)3;(PO4),*8H,0. About 55-60% of Mn was incorporated

into carbonate, whereas 40-45% entered phosphate particles.

The cycling of redox-sensitive trace metals by reductive dissolution and (re)oxidation
progressively leads to geochemical focusing, which is a process that transfers and enriches
these elements in deeper waters (Schaller and Wehrli, 1996). Geochemical focusing was
previously described at a lower temporal resolution in similar lake systems, such as Lake
Baldegg in Switzerland (Schaller and Wehrli, 1996). In a lake, geochemical focusing only
occurs if at some point in the year the oxygenated water column is stratified and the sediment
becomes anoxic, which leads to redissolution of Mn precipitates. Even without a large source
of Mn from the inflow, distinct horizontal patterns of Mn in the sediment may result. The
focusing seems to be controlled by different horizontal and vertical mass transport processes
that result from turbulent mixing and changes in deep-water O, concentrations (Schaller and

Wehrli, 1996).

Although the redox-sensitive behaviour of Fe and Mn is quite well understood, the effect of
short-term changes in bottom water O, concentrations on the sediment pattern of redox-
sensitive trace metals still needs to be shown. Fe and Mn are oxidised at different rates, which
was used to reconstruct O, dynamics (Davison, 1993; Engstrom and Wright, 1984). Mn/Fe
ratios have been used repeatedly to reconstruct changing redox conditions in lakes (e.g. Dean
and Doner, 2012; Koinig et al., 2003; Loizeau et al., 2001; Melles et al., 2012). In all of these
studies, higher Mn/Fe ratios indicated higher O, concentrations in the water column, whereas

lower ratios suggested lower O, levels. This is explained by a more rapid oxidation of Mn in
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oxic conditions and under reducing conditions Mn release precedes that of Fe (e.g. Davison,
1993; Dean and Doner, 2012). Therefore, Mn is considered to be more sensitive than Fe to

changes in O, concentrations (Dean and Doner, 2012).

High-resolution measurements of Mn and Fe may also improve the understanding of short-
term impacts on dissolution and precipitation of these elements and their transport within
lakes, potentially revealing the detailed processes behind geochemical focusing. The
development of X-ray fluorescence (XRF) core scanners has enabled rapid high-resolution,
semi-quantitative and non-destructive measurements of trace metals in sediment cores
(Richter et al., 2006). This technology could allow the reconstruction of O, concentrations

from inorganic proxies, which was not possible previously.

The aim of this paper is to study the relationship between short-term (i.e. annual) bottom
water O, concentrations and the content of Fe and Mn in the sediment of Lake Zurich
(Switzerland) in order to better understand the redox dynamics at the sediment-water
interface. This lake was chosen because it is a well-studied system for trace metals (Diem,
1983; Diem and Stumm, 1984; Giovanoli et al., 1980; Sigg et al., 1987; Wieland et al., 2001),
has a seasonally hypoxic hypolimnion and it is very sensitive to temperature changes that can
induce water column mixing (Livingstone, 1997; Livingstone, 2003). But most importantly,
monthly O, monitoring data for the full water column are available from 1936 until the
present. This long time-series of monitoring data makes Lake Zurich an ideal site to study and

calibrate recent limnological and limnogeological processes (e.g. Posch et al., 2012).

The majority of the sediment in Lake Zurich is well laminated and these bi-annual layers
could be precisely counted, which resulted in a very accurate age model. We show that
hypolimnetic oxygenation events can be traced with Mn and that the Mn/Fe ratio in the core
taken at the lake’s deepest point is a useful indicator to semi-quantitatively reconstruct bottom

water O, concentrations.
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4.2 Materials and methods

42.1  Study site

The mesotrophic Lake Zurich (Lower Lake, 406 m.a.s.l; Fig. 4.1) has a surface area of 67.3
km? and a volume of 3.3 km® with a maximum water depth of 137 m (Wieland et al., 2001).
The lake is of glacial origin (Kelts, 1978) and its basin is orientated from the southeast to the
northwest (Fig. 4.1). The lake is divided into two basins by a three-meter deep moraine sill,
forming the Upper and Lower Lake Zurich (Livingstone, 2003). The main allochthonous
riverine supply from the Linth River is effectively entrapped in the Upper Lake, which acts as
a settling basin (Wieland et al., 2001). The majority of the water flow (84%) into the Lower
Lake is over the sill (Omlin et al., 2001). The water residence time is about 1.5 yr (Wieland et
al., 2001). The lake can behave as monomictic or dimictic depending on prevailing winter

conditions (Livingstone, 2003).

Switzerland

A ¢ Civ o SW 20m  NE
Zurich 25
ZH10-21
= 5 123m
E 7 ZH10-19
Lake £ 135m
\ . @ N ZH10-15
Zurich = 137m
gmo . projected
ZH10-19 125 1
135m
ZH10-21

Fig. 4.1. (A) Map of Lake Zurich with the coring locations and the position of the cross-section profile (dashed
line). The contour interval is 50 m. (B) The cross-section profile shows the lake morphology near the coring
locations and is based on previous seismic investigations (Strasser et al., 2008). (C) Map of Switzerland with
Lake Zurich (arrow).
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4.2.2 Developments of bottom water oxygenation in Lake Zurich

Long-term monitoring of Lake Zurich began in 1936 and includes O, concentration data at 19
different water depths (typically 0.3, 1, 2.5, 5, 7.5, 10, 12.5, 15, 20, 30, 40, 60, 80, 90, 100,
110, 120, 130 and 135 m). The monitoring data indicate that before 1955 bottom water O,
concentrations (at 135 m) in the lake were generally low. This is likely a result of
eutrophication, which was first identified from massive blooms of Tabellaria fenestrata in
1896 and Oscillatoria rubescens in 1898 (Hasler, 1947; Minder, 1938). Wastewater treatment
plants were first constructed in 1955, but it was not until the 1970s when improvements in
phosphorus removal and a phosphate ban in detergents led to a continuous decline in lake
phosphorus concentrations. The drop in phosphorus initiated a change from a eutrophic to a
mesotrophic state (Bossard et al., 2001). Over this period, bottom water oxygen
concentrations increased in the late 1950s and at the end of the 1960s. The variability in O,
concentrations since 1955 shows that other forcing factors, such as climate, also influence O,
replenishment of deeper waters. The decline in annual O, concentration maxima observed
since 2000 could be related to increasing air temperatures related to climate change, resulting
in reduced mixing intensities, and bottom water oxygen renewal (Livingstone, 1997;

Livingstone, 2003).

4.2.3 Core retrieval and age model

In November 2010, short sediment cores were obtained at depths of 137 m (maximum lake
depth, ZH10-15, 110 cm long), 135 m (ZH10-19, 111 cm long), and 123 m (ZH10-21, 116 cm
long) (Fig. 4.1). The GPS positions (WGS84) of the recovered cores were N 47° 16.995 E 8°
35.624 (ZH10-15), N 47° 17.130 E 8° 35.371 (ZH10-19), and N 47° 17.062 E 8° 35.166
(ZH10-21). The upper part of all three cores is varved (i.e. annually laminated) for more than
100 years as a result of eutrophication, whereas the lower part is bioturbated (Fig. 4.2). The
laminations alternate between a light, brownish, carbonate-rich layer and a dark, brown-black
OM-rich layer, representing spring/summer and fall/winter, respectively (Fig. 4.2). The age

model was based on varve counting and was crosschecked with previously published age
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Fig. 4.2. Picture of the
short core ZH10-15 taken
at the deepest point of Lake
Zurich (137m) including
the age model. The lighter
intervals in the years 1898,
1900, 1918 and 1976/77 are
turbidite deposits.

models (Kelts, 1978; Nipkow, 1927). As the seasonal variations
are clearest in the Ca XRF data, the Ca minima were attributed to
the beginning of a year. The measurements between the Ca
minima were then linearly interpolated. The seasonally resolved
age model for core ZH10-15 (Fig. 4.2) reaches back until 1895,
for ZH10-19 until 1897 and for ZH10-21 until 1901. The average
sedimentation rate in the varved sections of all three cores is

approximately 0.28 cm yr'.

4.2.4 XRF core scanning

XRF core scanning provides rapid, non-destructive and high-
resolution determinations of elements in the atomic mass range of
aluminium (Al) to uranium (U) (Richter et al., 2006). However,
XRF core scanning provides only relative results, as XRF counts
instead of absolute concentrations. In addition, profiles of trace
metals in a core can be biased by the water content (Tjallingii et
al., 2007), OM content changes (Lowemark et al., 2011) and grain
size variability (Cuven et al., 2010). Before measurement, the core
halves were dried for 24 hours at room temperature due to the
high water content of the Lake Zurich cores. The core surface was
then carefully cleaned and covered with an ultra-thin (4um)
SPEXCerti Prep Ultralene foil. The core halves were scanned
with the energy dispersive XRF core scanner (AVAATECH) at
ETH Zurich, Switzerland. A Rhodium target X-ray tube was
operated at excitation energies of 10 and 30 kV for 30 seconds
with a spatial resolution of 0.3 mm. With this analytical resolution
between 8 and 10 measurements covered one annual cycle in the
Lake Zurich sediment cores. In ZH10-15 no XRF data were

available between 1963 and 1966 due to a small sediment collapse
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in the core. Data between 1983 and 1988 were missing in ZH10-21 because of a turbidite that

caused a deformation in this core interval, while a continuous record was established for
ZH10-19.

4.3 Results

4.3.1 Ca, Mn and Fe seasonality

The sediment core taken at the deepest point of the lake (core ZH10-15, 137 m) showed a
pronounced seasonal pattern in the Ca, Mn and Fe signals (Fig. 4.3). Maxima in Ca are
observed in the light layers, which represent the deposition of autochthonous bio-induced
precipitated carbonate during summer. Previous studies showed that calcite precipitation in

Lake Zurich occurs in pulses during phases of high primary production between May and

October (Sigg et al, 1987, Kelts, 1978).

Depth (cm)
-4

Year AD

e ————— PR e, 0

0O 10 20 30 40 0 2 4 6 8 1012 01 2 3 456 7
Ca counts (x10°) Mn counts (x10°) Fe counts (x10°)

Fig. 4.3. Ca, Fe and Mn XRF signals (x 1000) in core ZH10-15 overlying the corresponding
core photograph (note the different scales) showing their seasonal behaviour. The beginning
of each year is aligned with the Ca minima and occurs in the dark lamina. Only the central 12
mm are scanned and represented in the XRF data.
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If present in the record, Mn exhibits clear maxima in the upper part of the dark layer (Fig. 4.3)
coinciding with observed annual maximum deep-water O, concentrations, which occur in

spring.

Fe shows the opposite behaviour to Ca with peaks in the darker layers (Fig. 4.3) deposited
during winter. Fe in lake sediments could have multiple sources, as it can be sedimented in
the particulate form or precipitated through redox processes. The particle flux in Lake Zurich
was studied with sediment traps

1980 - 2010 in 1983 and 1984, during which
o e 1936 -1980

(o)

two Fe maxima were recorded,

one in winter (December-
February) and one in summer
(July-September) (Sigg et al.,
1987; Wieland et al., 2001).
These results disagree with the

XRF data, which only shows one

Fe peak in each year. Fe

Fe XRF counts x 1000 (-)
© =2 N W A O N

0 1I0 2I0 3I0 4I0 5I0 60 precipitation rates from redox

Ca XRF counts x 1000 (-) processes reach a maximum
during periods of 0,

Fig. 4.4. Correlation between XRF counts of Ca and Fe (x 1000)  replenishment to the bottom
in core ZH10-15 with correlation coefficients for the time

intervals 1936-1980 and 1980-2010. The R values comprise all ~ WAater. Lake Zurich normally does
data in the corresponding time intervals, except the missing values

not freeze over in winter, and is
between 1963 and 1966.

considered to be facultatively
dimictic. During very cold winters it may overturn twice, but generally only overturns once
during normal winters, or not at all during milder winters (Peeters et al., 2002). Therefore, the
deep-water is generally replenished only once a year, as seen in the monitoring data, which

shows that O, resupply to the bottom water only occurs sometime between January and April.

Another reason for the missing Fe peak in summer may be diagenetic alterations. Fe can be
remobilised after dissolution of iron-oxy-hydroxide precipitates under anoxia and resulting in
its loss from the sedimentary archive (Granina et al., 2004; Thamdrup et al., 1994). However,

previous studies showed that Fe is not necessarily remobilised and/or fixed by changing redox
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conditions (Davison, 1993; Engstrom and Wright, 1984; Glasby and Schulz, 1999). This was
also concluded from results of sediment trap data (Sigg et al., 1987), which indicated only
minor Fe remobilisation from the traps and therefore also from the sediment. A third possible
explanation of the missing Fe maxima in late summer might be dilution effects by other
elements, because XRF core scanning is a relative determination of the element
concentrations (Richter et al., 2006). Based on sediment trap data, CaCO; alone already
represents about 20-80% (dry weight) of settling particles in Lake Zurich (Sigg et al., 1987).
Therefore, the dominance of Ca in the varve couplet may introduce artefacts by decreasing the
concentration of the other elements during the deposition of the light lamina. A negative
correlation between Fe and Ca XRF data points towards a possible dilution by calcite in core
ZH10-15 (Fig. 4.4). In contrast, Mn could have been less affected by dilution effects as
showing a distinct peak in most cases before the onset of the light, calcium-rich lamina and
the Mn signal stays low during the light lamina (Fig. 4.3). These dilution artefacts can be
circumvented by calculating elemental intensity ratios to minimize variations in the physical
sediment properties and any interactions between different elements within the cores (Weltje
and Tjallingii, 2008). Especially in the upper part of sediment cores, where porosity increases,
XREF ratios could also account for reduced intensities of XRF signals due to higher water
contents (Tjallingii et al., 2007; Lowemark et al., 2011). The effect of differences in water
content are indicated by the same slope but different intercept of the regression functions of
the correlations between Fe and Ca XRF counts considering different time intervals (Fig. 4.4).
As a consequence, the ratio of Mn to Fe was defined, in order to explore bottom water

oxygenation in Lake Zurich.

4.3.2 Mn/Fe ratios along a core transect

Mn/Fe ratios were determined in the three Lake Zurich cores taken at different water depths
(Fig. 4.5): ZH10-15 (137m), ZH10-19 (135 m) and ZH-21 (123 m). The seasonal character of
the Mn signal (Fig. 4.3) is observed in all three cores, but its amplitude varies strongly with
water depth in which the core was taken and the respective time interval considered within the

cores. Core ZH10-15 shows a prominent increase in the amplitude of the Mn/Fe ratio after
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1967, characterised by strong inter-annual variability with Mn/Fe ratios up to 3.7 (Fig. 4.5).
Before this year the Mn/Fe ratios are low with values below 1, except in the years 1906, 1954,
1955 and 1956. Despite a water depth difference of only 2 m between ZH10-15 (137m) and
ZH10-19 (135m), the latter core exhibits considerably less variability in the Mn/Fe ratio. The
ratio remained below 1 in every year except 1954, 1967 and 1971 (Fig. 4.5). These three
elevated Mn/Fe ratios coincide with elevated ratios in core ZH10-15. Mn/Fe ratios in ZH10-
19 were on average about 26% lower than in core ZH10-15, whereas in core ZH10-21 (123m)
the values were on average 45% lower. The latter core was taken 15 m above the section of
relatively flat lake bottom (Fig. 4.1B). No distinct Mn peaks are present and only during the
years 1944 and 2009 slightly higher Mn/Fe ratios are observed (Fig. 4.5).

4.3.3 Mn/Fe ratios as a proxy for bottom water oxygenation

The relationship between Mn/Fe ratios measured in core ZH10-15 (137 m, maximum lake
depth) and O, concentrations measured at the lake bottom, was investigated using annual
maxima and minima (Fig. 4.6, 4.7). Restricting the comparison to maxima and minima avoids
inconsistencies resulting from the linearly interpolated age model, which cannot account for
sedimentation rate variations over the course of the year (Bloesch, 2007). Furthermore, the
minimum and maximum O, concentrations were based on three-month running mean levels,
which generally occurred during fall (minimum) and spring (maximum). In contrast, values of

Mn/Fe data were not smoothed due to the low number of values obtained in each year.
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Fig. 4.5. Profiles of the Mn/Fe ratio (complete dataset) in cores ZH10-15, ZH10-19 and ZH10-21 between 1900

and 2010.
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Fig. 4.6. Profiles of maximum (winter/spring) and minimum (summer/fall) Mn/Fe ratios in core ZH10-15 and
the corresponding maximum and minimum three-month running mean bottom water oxygen concentrations (in
mg I"") at 135 m (monitored since 1936) vs. time (yr AD). No XRF data were available between 1963 and 1966.
Shaded areas show parts of the core influenced by a turbidite (1999), a diatom bloom (dominated by Melosira,
1982) and small-scale deformation of the sediment (1970-1972).
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Fig. 4.7. Profiles of maximum (winter/spring) Mn/Fe ratios in core ZH10-15 and corresponding maximum three-
month running mean bottom water oxygen concentrations in mg 1" (135 m, monitoring data) vs. time (yr AD).

No XRF data were available in ZH10-15 between 1963 and 1966.
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The Mn/Fe ratios and bottom water O, concentrations exhibited a clear seasonal pattern (Fig.
4.6). Prior to 1967 the annual maxima of both the Mn/Fe ratios and the O, concentrations
were consistently low with a small variance (Mn/Fe ratios <0.6 and [0,] <2 mg O, I'"), except
between 1955 and 1958 with up to 6 mg O, 1" and a Mn/Fe ratio of up to 1.4, and in 1946
with 3 mg O, 1" (Fig. 4.6, 4.7). After 1967, the variance increased and amplitudes were
consistently larger (Mn/Fe ratios up to 3.7 in 1968 and up to 9.4 mg O, 1"" in 1970; Fig. 4.6,
4.7). However, between 2000 and 2010, annual maximum bottom water O, concentrations at
135 m were consistently below 5 mg O, I'' (Fig. 4.6, 4.7). This observation is in line with

lower Mn/Fe ratios over the same period (Fig. 4.6, 4.7).

—

® Mn/Fe ratios used in correlation
_ O Mn/Fe ratios not included in correlation

—-—

o N A O 0O O N

y = 2.52 In(x) + 3.57
| | R?=0.65

0 1 2 3 4

max. Mn/Fe ratio

bottom water O5 (mg ")

max. 3-month running mean

Fig. 4.8. Correlation between maxima of the Mn/Fe ratio in core ZH10-15 and maximum (winter/spring) three-
month running mean bottom water oxygen concentrations in mg 1" (135 m, monitoring data). Square symbols

(with years) represent values that have been excluded from the correlation (see text for details).
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Maxima of the Mn/Fe ratio in core ZH10-15 (137 m) were well correlated with maxima of the
three-month running mean bottom water O, concentration data (R2=0.65, n=66; p<0.01;
1936-2010, XRF data missing: 1963-1966; Fig. 4.8). In general, the Mn/Fe ratio is increasing
with higher bottom water O, concentrations and the relationship is best approximated by a
logarithmic function (Fig. 4.8). However, there is considerable variability in this relationship,
but by a careful sedimentological analysis some outliers can be explained. The layers of the
years 1970-1972 are slightly deformed as a result of core disturbance (Fig. 4.6). A dominant
diatom layer (dominated by Melosira) occurred in spring 1982 (Fig. 4.3) and a turbidite
deposit in spring 1999 likely blurred the Mn/Fe ratio (Fig. 4.6). Therefore, these 5 years were

excluded from the correlation (Fig. 4.8).

4.4 Discussion

4.4.1 Bottom water oxygen reconstructions based on Mn/Fe ratios

The good correlation of the Mn/Fe ratio with the O, concentration data (Fig. 4.8) indicated
that this ratio could be used as a high-resolution proxy to semi-quantitatively reconstruct
bottom water oxygenation in annually laminated sediments. However, there is still
considerable variability in this relationship, reflecting the complexity of the redox processes

that are involved.

The Mn/Fe ratio decrease systematically from the maximum lake depth towards shallower
water depths (Fig. 4.5). This is likely due to geochemical focusing, a process in which redox-
sensitive trace metals are transferred and enriched at higher lake water depths (Schaller and
Wehrli, 1996). Geochemical focusing can explain major deviations between the Mn/Fe ratio
and the O, monitoring data as well as the subsequent decrease of the Mn XRF signal up to

peak disappearance in the shallower cores.

Sediment focusing could support redox-driven transfer to deeper waters (Garrett, 1990;
Wieland et al., 2001). It causes higher sedimentation rates with increasing water depth.

Probably, sediment focusing can also increase Mn transfer towards deeper sediment, therefore
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enhancing geochemical focusing. Because of the low densities and fine textures of Mn and Fe
precipitates, water turbulence and mixing tend to preferentially move these particles to deeper

regions of the lake, also affecting Mn and Fe (Engstrom and Wright, 1984).

The difference between O, monitoring data and Mn/Fe ratios increased progressively between
1955 and 1958, and also in 1994, 1996 and 1999 at times of generally high O, levels (Fig.
4.7). Therefore, persistently higher maximum O, concentrations in successive years seemed to
result in lower maximum Mn/Fe ratios in the following years (Fig. 4.7). Oxidation of Mn in
shallow waters may have effectively trapped Mn, which reduced the supply of Mn to deeper
water depths.

Also heterogeneities of Mn and Fe in the sediment might influence Mn/Fe ratios, which
especially arise at high spatial resolution measurements (Cuven et al., 2010; Lowemark et al.,
2011). Very subtle changes in the internal structure of the annual lamination may lead to
variations in the maximum Mn/Fe ratio, which would lead to inaccurate bottom water O,
reconstructions from Mn/Fe ratios. Applying Micro-XRF technique with repetitive
measurements might overcome limitations associated with heterogeneities and sampling

resolution.

4.4.2 Indication of diagenetic alteration of the Mn/Fe ratio

The errors between reconstructed and observed bottom water O, show only a slight trend
throughout core ZH10-15 (Fig. 4.9 a), which indicates that the errors in the reconstructed O,
did not change significantly with time. Therefore, the Mn/Fe signal in the lake sediment is
largely preserved in the sediment after deposition. This suggests that despite the anoxic
conditions in the sediment, there is not a substantial loss of Mn from the sediment due to
reductive dissolution. The trendline mainly results from the relatively low O, concentrations
during deposition of the lower part of the core, in which the estimates of past bottom water O,
concentrations are too high compared to the upper part of the core with relatively lower

reconstructed O, levels (Fig. 4.9 a, b).
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Fig. 4.9. a) Plot of errors (in mg 1) between the three-month running mean bottom water O, monitoring data
(135 m) and the reconstructed O, concentrations based on the Mn/Fe ratios. Positive values indicate that the
Mn/Fe ratios based estimates of bottom water O, levels are higher than the monitoring data, whereas negative
values represent lower values. The trendline of the data is shown as a thick solid line. The values for 1970-1972,

1982 and 1999 were removed from the dataset (see text for details).

b) Maxima of three-month running mean bottom water O, concentrations from the monitoring data at 135 m. No

values were removed from the dataset.
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The application of the Mn/Fe proxy might be limited to special cases, in which oxygenated
systems show pronounced seasonal redox changes throughout the year. If the whole water
body is oxygenated throughout the year, Mn is trapped completely as soon as it enters the lake
and remains immobilised. In contrast, in a consistently anoxic water body Mn remains in
solution under reducing conditions and/or precipitates are dissolved (Davison, 1993; Friedl et
al., 1997). This means that if the impact of alteration processes can be assessed, the Mn/Fe
ratio might be an accurate indicator for bottom water O, reconstructions in similar lake

settings.

4.4.3 Oxygen concentrations in the early 20th century in Lake Zurich

The correlation between the annual maxima of Mn/Fe ratios and three-month running mean
bottom water O, concentrations (Fig. 4.8) can be used to semi-quantitatively reconstruct
bottom water O, levels for the unmonitored period of the laminated part of core ZH10-15
(1895 to 1936). The Mn/Fe ratios are varying around 0.3 throughout this section of the core
and only exceed 1 in 1906 (1.4) and 1921 (1.0) (Figs. 4.5 and 4.6). Based on the correlation
shown in Figure 4.8, these ratios would indicate an O, concentration below 1 mg O, I'". Only
in the years 1906 and 1921 higher O, concentration of 4.4 and 3.6 mg O, 1! were reached.
Despite the errors and uncertainty of the correlation, the low Mn/Fe ratios and reconstructed
O, concentrations suggest that Lake Zurich bottom water O, levels were generally very low

between 1895 and 1936.

4.5 Conclusions

Due to precise sediment age models, monthly long-term O, monitoring data and high-
resolution XRF core scanning, Mn redox dynamics could be studied on a seasonal resolution
in the sediment of Lake Zurich, Switzerland. The age models were based on bi-annual
lamination in sediment cores and yearly calcite precipitation cycles. Ca, Fe and Mn showed

pronounced seasonal behaviour. Ca was governed by higher calcite precipitation during
105



summer, whereas Fe showed peaks in winter and Mn in spring. The strong negative
correlation between Ca and Fe suggested that the Fe XRF signal was governed by calcite
dilution. Mn traced bottom water oxygenation due to its redox-sensitive behaviour. The
Mn/Fe ratio was correlated with three-month running mean bottom water O, concentrations.
Therefore, the Mn/Fe ratio from core ZH10-15 (137 m, maximum lake depth) was used as a
proxy for bottom water oxygenation. Oxygenation has been consistently high since the mid-
1960s, and relatively lower prior to this time because of eutrophication. However, it was
shown that geochemical and sediment focusing, and also sedimentological factors can bias or
even prevent the utilisation of the Mn/Fe ratio for O, reconstructions in the bottom water of

lakes.
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Abstract

The evolution of environmental changes during the last decades and the impact on the living
biomass in the western part of Amvrakikos Gulf was investigated using abundances and
species distributions of benthic foraminifera and lipid biomarker concentrations. These
proxies indicated that the gulf has markedly changed due to eutrophication. Eutrophication
has led to a higher productivity, a higher bacterial biomass, shifts towards opportunistic and
tolerant benthic foraminifera species (e.g. Bulimina elongata, Nonionella turgida, Textularia
agglutinans, Ammonia tepida) and a lower benthic species density. Close to the Preveza Strait
(connection between the gulf and the Ionian Sea), the benthic assemblages were more
diversified under more oxygenated conditions. Sea grass meadows largely contributed to the
organic matter at this sampling site. The occurrence of isorenieratane, chlorobactane and
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lycopane supported by oxygen monitoring data indicated that anoxic (and partly euxinic)
conditions prevailed seasonally throughout the western part of the gulf with more severe
oxygen depletion towards the east. Increased surface water temperatures have led to a higher
stratification, which reduced oxygen resupply to bottom waters. Altogether, these

developments led to mass mortality events and ecosystem decline in Amvrakikos Gulf.

5.1 Introduction

Coastal development, pollution and a range of anthropogenic activities including extensive
agriculture, aquaculture, urban and industrial wastes are main causes of decline and loss of
coastal habitats observed over the last decades (Airoldi and Beck, 2007; Diaz and Rosenberg,
2008).

Amvrakikos Gulf, located in northwestern Greece, is a semi-enclosed embayment
characterized by a complex lagoonal system and an extensive delta (Kapsimalis et al., 2005).
It has a fjord-like oceanographic regime because of a shallow sill, which reduces deep-water
exchange with the ocean (Ferentinos et al.,, 2010). The gulf is protected under the
international Ramsar Convention as Wetlands of International Importance. In addition it is
designated as a Special Protection Area (SPA), according to the European Union Directive
79/409/EU, and it is included in the Natura 2000 Network. Despite the efforts, which have
been made for the protection and conservation of this unique area, the western part of the gulf
is suffering from seasonal hypoxia (oxygen concentrations <2 mg 1), whereas the eastern
part is also affected by seasonally anoxic conditions (oxygen concentrations <0.5 mg 17)
(Kountoura and Zacharias, 2011). This was caused by the excessive use of fertilizers, the
increase in animal stocks, intensive fish farming and domestic effluents for the last 20 to 30
years (Ferentinos et al., 2010; Kountoura and Zacharias, 2011). Recently, in February 2008
the environmental stress in the gulf resulted in a sudden massive mortality of fish in

aquaculture rafts in the northeastern part of the gulf (Ferentinos et al., 2010).

The purpose of the present paper is to illustrate the evolution of the environmental conditions

in the Amvrakikos Gulf over the last 50 years by means of sedimentary proxies. Benthic
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foraminifera have been proven useful in the reconstruction of palacoenvironmental conditions
since changes in abiotic and biotic parameters such as salinity, nutrient content, oxygen
concentration, substrate, water depth and pollution do modify benthic assemblages (Scott et
al., 1979; Jorissen, 1987; Debenay et al., 2005; Murray, 2006). Due to their short reproductive
life cycles, benthic foraminifera can be used as proxies to reconstruct short-term
environmental changes in oxygen conditions, organic matter (OM) supply and lithology at the

sea bottom (Murray, 2001).

More specific in environments where oxygen depletion in the bottom water occurs, benthic
foraminifera populations and their diversity are usually reduced and the assemblages are
dominated by relatively tolerant species (Sen Gupta and Machain-Castillo, 1993). The
changes in benthic assemblage characteristics have been used to evaluate the past evolution of
oxygen depletion in a wide spectrum of coastal environments (Filipsson and Nordberg, 2004;

Platon et al., 2005).

Lipid biomarkers have been used as tracers for human alteration and eutrophication of water
bodies (e.g. Smittenberg et al., 2004; Naeher et al., 2012). Specific indicators of severe
oxygen depletion are the pigments isorenieratene, chlorobactene and okenone (or related
derivatives), which have been used to trace photic zone euxinic conditions (e.g. Brocks and
Summons, 2003). Apart from oxygen depletion, water column properties such as stability of
stratification and salinity can be traced by tetrahymanol and gammacerane (Sinninghe Damsté
et al., 1995; Thiel et al., 1997; Bechtel and Schubert, 2009), whereas long-chain alkenones
have been proven useful in reconstructing surface water temperatures (Prahl and Wakeham,

1987; Miiller et al., 1998).

In this study, the combined approach of benthic foraminifera and sedimentary lipid biomarker
proxies in two sediment cores was used to characterise environmental changes and the
implications for living biomass during the recent history in Amvrakikos Gulf. Changes in
eutrophication within the last decades and the role of the ocean regarding water exchange and
oxygen supply to the gulf was studied. The effects of low oxygen concentrations (traced by
lipid biomarkers) on foraminifera assemblages (adaptation, community shifts, species
extinction) were determined. Furthermore, the applicability and robustness of biotic and

geochemical proxies for reconstructions of such environmental alterations was tested.
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5.2 Regional setting

Amvrakikos Gulf was formed during the mid-Quaternary period (ca. 50-11 ka BP)
(Kapsimalis et al., 2005; Anastasakis et al., 2007) and is approximately 35 km long and 6-15
km wide (Fig. 5.1). It is separated from the open Ionian Sea by a beach-barrier complex and is
connected to the open sea through a narrow, elongated channel, the Preveza Strait, which is
approximately 6 km long, 0.8 to 2.5 km wide and 20 m deep. The delta of the Arachthos and

Louros Rivers and associated lagoons are located at the northern border of the gulf.
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Fig. 5.1. Map of Amvrakikos Gulf, Greece. The major rivers (Louros and Arachthos Rivers), the Preveza Strait

(connection with the Ionian Sea) and the sampling stations of cores Amvr13 and Amvrl5 are illustrated.

The water column is stratified during most time of the year with a brackish surface layer and a
saline bottom layer, which are separated by a sharp halocline between 8 and 12 m (Ferentinos
et al., 2010). The surface layer is well oxygenated with concentrations ranging from 7.5 to 9
mg 1", but the dissolved oxygen content in the bottom water layer only reaches 0-2 mg 1™
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during the summer months in the western part and year-round in the eastern part of the gulf
(Ferentinos et al., 2010 and unpublished data). Brackish surface water flows out of the gulf,
whereas saline water enters into the bottom water. Summer months temperatures and salinity
in the surface water ranged between 28.3 and 29.3°C and between 32.9 and 33.7, respectively.
Temperatures in the bottom water ranged between 15.8 and 16.0°C, whereas the salinity was
around 37.7. These values were recorded seasonally for two years (2009-2010; Ferentinos et
al., 2010). Similar ranges were also reported by Kountoura and Zacharias (2011) and in 1987
by the Hellenic Centre for Marine Research (unpublished data). Seasonal hypoxia has been

documented at the sampling sites since the last 2-3 decades (Kountoura and Zacharias, 2011).

Since the 1970s the gulf has been altered, mostly due to extensive agriculture, aquaculture and
urban development, and the establishment of oil stations along the southern border of the gulf.
Furthermore, since the construction of two dams the run-off of the Arachthos River has been
controlled. Now also the surface water layer suffers occasionally from oxygen depletion
(Ferentinos et al., 2010). In 2008, water with a higher density filled the deeper parts of the
basin and lifted the anoxic layer, which led to a massive fish mortality event (Ferentinos et al.,
2010). Fish mortality events in aquaculture rafts have also been observed in the past (1988,

1992 and 1998), although less intense than in 2008 (Ferentinos et al., 2010).

5.3 Methods

Two short sediment cores were retrieved in October 2010 from Amvrakikos Gulf by a KC
Kajak sediment core sampler. Core Amvrl5 (42 cm long) was collected from an area close to
the entrance of the gulf (38° 56’ 53°°N, 20° 48’ 31”’E) at a water depth of 32 m (Fig. 5.1).
The 30 cm long core Amvr13 was retrieved from the inner part of the gulf (38° 59° 15”°N, 20°
51’ 48°°E) at a water depth of 40 m (Fig. 5.1).

The actual sediment accumulation rates at the sampling sites were calculated from the vertical
distribution of *'°Pb in the cores, following the constant rate of supply (CRS) model of
Appleby and Oldfield (1978). The downcore *'°Pb activity was determined through the

activity of its a-emitting granddaughter *'°Po, assuming secular equilibrium with *'°Pb. The

111



219 activities, which correspond to sediment layers deposited earlier than the last

supported
100-120 years, were calculated from the vertical profiles of **Ra published by Tsabaris et al.

(2011) in the same area.

Benthic foraminifera were studied on 29 samples from core Amvrl5 and 20 samples from
core Amvrl3. The sampling interval for faunal analyses ranged between 0.5 and 2 cm in each
core. The samples were washed over a 63 um sieve and dried in an oven. At least 200
specimens of benthic foraminifera were picked and identified from each sample; a
microsplitter device was used in cases where foraminifera were very abundant. Each taxon
was expressed as a percentage of the total benthic assemblage. An estimation of the species
diversity was performed using the H(s) index following the Shannon-Wiener equation
(Shannon, 1948; Buzas and Gibson, 1969). The ratio of the number of benthic foraminifera
per weight of dry sediment (>63 pum) was used as an index of benthic foraminifera
productivity (Blackwelder et al., 1996). Hierarchical cluster analysis (R-mode) was performed
on 18 benthic foraminifera species and genera, which were sufficiently abundant in both
cores. The tree diagram was constructed using the Ward’s method based on Euclidian

distance on SPSS software.

Bulk parameters were analysed and measured as described previously (Naeher et al., 2012): in
short, total carbon (TC), total nitrogen (TN) and total organic carbon (TOC) were determined
on untreated and decalcified sediment samples, respectively, with errors of up to £0.2 wt% by
means of an elemental analyser (Carlo Erba 2500). The total inorganic carbon (TIC) was
calculated from the difference between TC and TOC. The isotopic composition of OM
(8" Croc and 8'°N) was analysed by an Isoprime mass spectrometer connected to an elemental
analyser (Carlo Erba 2500). The error was +0.3%0 and values are reported against the
international standards Vienna Pee Dee Belemnite (VPDB, carbon) and air (nitrogen). The
chlorin index (CI) and total chlorin concentrations were determined according to Schubert et
al. (2005). For biomarker analysis, the same extraction and treatment was used as described in
Nacher et al. (2012). An internal standard was added for quantification (a-Cholestane, C9 n-
fatty acid, Cy9 n-alcohol) before extraction with MeOH/DCM. After saponification and
separation of fatty acids (FA) and neutrals, the latter were further separated into apolar and
polar fractions over NH, columns (Hinrichs et al., 2003). The polar fraction was derivatised

with BSTFA for 1h at 80°C. FA were converted into methyl esters with 14% BF3;/MeOH. FA
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double bond positions were determined according to Spitzer (1997). A sample aliquot of the
polar fraction was desulfurized with Raney-Nickel catalyst (Sinninghe Damsté et al., 1988),
followed by hydrogenation for 2h with PtO, as catalyst in a solution of concentrated acetic
acid and ethyl acetate (1:1, v:v). Instruments and measurement conditions are described in
Naceher et al. (2012). Alkenones were quantified on an Agilent 7890A GC system, equipped
with an Agilent column (30 m long x 320 um inner diameter x 0.32 pm film thickness) and a
flame ionization detector (FID). The GC oven temperature program was 70 °C to 180 °C at

40 °C min’", then to 320 °C at 2 °C min™' and held for 10 min.

5.4 Results

5.4.1 Sediment cores and age model

The sediment in cores Amvrl5 and Amvrl3 consisted of grey mud. The colour of the

sediments in the top 5 cm in each core appeared darker in relation to the rest of the core. At

the sampling site of core Amvrl5, seagrass 0
meadows were present on the sediment surface. 5 -
According to the CRS model, the estimated ’g 107
average sediment accumulation rates in core % 15 1
Amvrl5 were 0.6 cm yr' and 0.8 cm yr' in core § 20 -
Amvrl3 (Fig. 5.2). Regarding core AmvrlS5, the _g 25 -
estimated rate was in agreement with the one § 30 4
—e— Amvri5
calculated by Tsabaris et al. (2011) from the 35 | | —O— Amvr13
same area. From the vertical profiles of 2'°Pb, 40 T . X . X .
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no significant bioturbation was observed. Based
. A AD
on the age models (Fig. 5.2), the cores ge (yr AD)
comprised sediments deposited since 1940  Fig. 5.2. Age models of cores Amvrl5 and

Amvr13 based on the specific activity of *'°Pb in
(Amvr15) and 1975 (Amvr13). . P Y
the sediment.
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5.4.2 Benthic foraminifera

Benthic foraminifera were present throughout both cores. A total of 127 foraminiferal species
were recognized in samples from core Amvrl5. The number of benthic foraminifera specimen
per g of sediment was high, except in the intervals 25-30 cm (1960-1968), 10-15 cm (1985-
1993), 6-7 cm (1998-2000) and 1-2 cm (2007-2008) (Fig. 5.3). The H(s) diversity index
ranged between 2.6 and 3.6 and exhibited lower values from around 18 cm (since ca. 1980) to
the top of the core. Within the upper 3 cm of the core (since ca. 2005), the H(s) index
represented small-scale oscillation with low values in the dark colour laminae. Furthermore,
at around 1 cm (ca. 2009) the reduction of the H(s) index was accompanied by a reduction of
the benthic foraminifera population. A shift of both indices to higher values occurred in the
light-coloured muddy sediments at the top of the core. The downcore variation of the

abundances of selected taxa is shown in Fig. 5.3.

Benthic foraminifera assemblages consisted of miliolids (Quinqueloculina seminulum,
Quinqueloculina  oblonga, Quinqueloculina laevigata, Quinqueloculina stelligera,
Quinqueloculina lata, Quinqueloculina subpoeyana, Miliolinella subrotunda, Triloculina
spp), epifaunal (Rosalina globularis, Discorbis spp., Planorbulina mediterranensis, Cibicides
spp) and infaunal taxa (Bulimina aculeata, Bolivina dilatata, Bolivina spathulata, Ammonia

beccarii, Ammonia tepida, Nonion depressum, Nonionella turgida and Nonionella bradii).

A total of 77 foraminiferal species were recognized in samples from core Amvrl3 (Fig. 5.4).
The H(s) diversity index ranged between 1.8 and 2.7 and exhibited lower values at around 20
cm (ca. 1985) and 1 cm depth (ca. 2009). Shallow and deep infaunal species dominated the
benthic assemblages almost throughout the core, including high abundances of Bulimina
elongata, Bulimina aculeata, Bolivina dilatata, Bolivina spathulata, Hopkinsina pacifica,
Ammonia tepida, Nonionella turgida and Nonionella bradii. The agglutinated species
included mostly Textularia conica and Textularia agglutinans and the porcelaneous included
Miliolids. Quinqueloculina spp and Miliolinella spp showed similar fluctuations and higher
abundances at around 25 cm (ca. 1978), 15 cm (ca. 1992) and 8 cm (ca. 2000) (Fig. 5.4).
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Fig. 5.3. Downcore changes of benthic foraminifera in per cent (%) of the total benthic foraminifera assemblages
in core Amvrl5 versus sediment depth together with the indices of benthic productivity (benthic foraminifera
specimen/ g of dry sediment) and diversity (H(s)). Grey bands in the diagrams of Textularia spp and Nonionella

spp indicate the relative amounts of 7. agglutinans and N. turgida, respectively.
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Fig. 5.4. Downcore changes of benthic foraminifera in per cent (%) of the total benthic foraminifera assemblages
in core Amvrl3 versus sediment depth, together with the indices of benthic productivity (benthic foraminifera
specimen/ g of dry sediment) and diversity (H(s)). Grey bands in the diagrams of Textularia spp and Nonionella

spp indicate the relative amounts of 7. agglutinans and N. turgida, respectively.
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5.4.3 Bulk parameters and biomarkers

The TOC profile of core Amvrl3 increased slightly from 1.3 to 2.7 wt% towards the top of
the core (Fig. 5.5). TN and 8"°N values and chlorin concentrations also increased (Fig. 5.5).
The CI decreased towards the top of the core (Fig. 5.5). The C/N ratio was < 9 (Fig. 5.5).
Total nitrogen contents were below the detection limit in 18-20 cm (1985-1988) and 2-3 cm
(2006-2008), which hindered the calculation of the C/N ratios. 813CTOC values ranged between
-23 to -22%o throughout the core.

TN (wt%) Chlorin conc. (mg '1TOC) Atomic C/N ratio (-)
0.1 0.2 0.3 04 0.5 0.6 00 05 1.0 1.5 2.0 25 0 5 10 15 20 25

Age (yr AD)

2010 - L_A_AD_A_A_l S S RN S E— -
2000 -
1990 -

—e— Amvri5
1980 -

—o— Amvri13 E/j
1970 -

2 3 4 5 6

— —
05 0.6 07 08 09 -24 -22 20 18 -16

01 2 3 45 6 7
TOC (wt%) 5N (%oair) Chlorin index (-) "Cyoc (%hoVPDB)

Fig. 5.5. Bulk parameters of cores Amvrl3 and Amvrl5 plotted vs. age (yr AD), including the concentrations of
total organic carbon (TOC), total nitrogen (TN), nitrogen isotopic composition (8'°N, %oair), chlorin
concentrations (mg g TOC), chlorin index (CI), the C/N ratio and the TOC isotopic composition (8"°Croc,
%0VPDB).
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The concentrations of branched alkanes, isoprenoids and hopanoids (Fig. 5.6) were highest in
28-29 cm (1974-1975) and in the upper 10 cm (since about 1998). In contrast, they were
lowest in 12-14 cm (1993-1995) (Fig. 5.6). Short chain n-alcohols, phytol, dinosterol
(4,23,24-trimethylcholest-22E-en-3B3-0l, 4-Me30A22), B-sitosterol (24-ethylcholest-7-en-33-
ol, Cy9.1A7) and tetrahymanol increased towards the surface sediment (Fig. 5.6). The P,q
proxy is an indicator of macrophytes (Ficken et al., 2000) and ranged between 0.2 and 0.6 in
both cores (Fig. 5.6). After hydrogenation, traces of isorenieratane and chlorobactane were
found. Only in the lowermost sample of this core chlorobactane could not be detected.
Lycopane concentrations and the (lycopane + Css n-alkane) / Cs; n-alkane ratio increased with
depth (Fig. 5.7). The alkenone-based UK’3; index (Me Cs7.2/[Me Cs7,tMe Cs7.3]; by Prahl
and Wakeham, 1987) increased from 0.63 to 0.78 at the sediment surface (Fig. 5.8).

In core Amvrl5, the TOC increased from 1.4 in the lowermost part to 6.1 wt% in the surface
sediment (Fig. 5.5). TN and 8'°N values also increased (Fig. 5.5). Chlorin concentrations
remained constant throughout the core with about 0.5 mg g' TOC (Fig. 5.5). The CI

decreased towards the top of the core (Fig.

2010 -
5.5). The C/N ratio was > 10, but below 20 cm
(before 1977) C/N values ranged between 6
: 13 2000 - —o— Amvr15
and 23 (Fig. 5.5). 6 °Croc values ranged L —— Amvri3
between -19 to -18%o throughout the core. _
E 1990 -
The concentrations of branched alkanes, =
. . . . Py
isoprenoids and hopanoids were relatively 21, 1980 A
constant throughout core Amvrl5 (Fig. 5.6).
Short chain n-alcohols, phytol, dinosterol and 1970
B-sitosterol increased quite continuously
towards the surface sediment (Fig. 5.6). The
1960 T T T T T 1
P,y proxy is an indicator of macrophytes 0.0 0.5 1.0 1.5 2.0 2.5 3.

(Ficken et al., 2000) and ranged between 0.2
and 0.6 in both cores (Fig. 5.6). After

(lycopane + C35) / C34 (-)

hydrogenation, traces of isorenieratane and  Fig. 5.7. Profiles of (lycopane + Css n-alkane) / Cs,

chlorobactane were found throughout the core.  n-alkane ratio vs. age (yr AD).
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Tetrahymanol and lycopane concentrations and the (lycopane + Css n-alkane) / Cs; n-alkane
ratio remained constant in core Amvrl5 (Fig. 5.6, 5.7). The alkenone-based UK’3; index (Me
Cs70/[Me Cs7otMe Csz3]; by Prahl and Wakeham, 1987) increased towards the surface
sediment from 0.61 to 0.84 (Fig. 5.8).

2010 "~
2000 -
a
<
L]
> 1990 -
o
=]
<
1980 -
—&— Annual average T
—8— Amvr15 —o— Avg. T March-August
—0— Amvr13 —&— Avg. minimum T June-July
1970 T T T 1 r T T T T T 1

16 18 20 22 24 16 17 18 19 20 21 22
UK';; derived T (°C) T monitoring data (°C)

Fig. 5.8. UK’;; index-derived surface water temperatures (left) according to the correlation of Miiller et al.
(1998), UK'3; = 0.033 T + 0.069 (R*=0.981) with T = mean annual sea surface temperature, plotted vs. age (yr
AD). For comparison, air temperature data (°C) between 1970 and 2010 from the meteorological station Preveza
(Aktio) were added (data from the Hellenic National Meteorological Service and
http://www.weatheronline.co.uk): Annual average air temperatures, average air temperatures of March-August,

average minimum air temperatures of June-July.
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5.5 Discussion

5.5.1 Benthic foraminifera abundance

In core Amvrl5, epifauna species dominated the benthic assemblages between 20 and 42 cm
(1940-1977) (Fig. 5.3) suggesting adequate oxygen levels of the bottom water (Murray,
2006). The increased participation of diverse Quinqueloculina spp, Rosalina spp, Cibicides
spp. together with Planorbulina mediterranensis and other epifauna species may also be
attributed to the presence of seagrass meadows colonized locally on the coring site (Murray,
2001; Mateu-Vicens et al., 2010). Furthermore, the presence of Cibicides spp could also be
related to the hydrodynamic regime at the coring site since high abundances of these taxa are
related to high current velocities (Szarek et al., 2006). Infaunal species showed increased
abundances in the upper 20 cm (since ca. 1977) indicating reduced oxygen levels in the
bottom water (Murray, 2006). In this interval Bulimina aculeata dominated the benthic
assemblages with up to 40% of the total association (Fig. 5.3). This taxon occurs

predominantly surficial and reacts quickly to labile OM supply (Mojtahid et al., 2010).

In core Amvrl3 the higher abundance of shallow and deep infaunal species indicated less
favourable oxygenated conditions in relation to those of core Amvrl5. All the dominant
species in the benthic foraminiferal assemblages of this core (Bulimina elongata, Bulimina
aculeata, Bolivina dilatata, Bolivina spathulata, Hopkinsina pacifica, Ammonia tepida,
Nonionella turgida and N. bradii) have been reported as common in shelf environments,
associated with high contents of OM, and being stress-tolerant taxa (Jorissen, 1987;

Barmawidjaja et al., 1995; van der Zwaan, 2000; Mendes et al., 2004; Murray, 2006).

5.5.2 Benthic foraminifera clusters

Cluster analysis (R-mode) revealed four clusters (Fig. 5.9). Cluster I was composed of
Bulimina elongata, Nonionella turgida, Textularia agglutinans and Ammonia tepida (Fig.
5.9). In many studies Nonionella turgida appears as the most tolerant species to oxygen
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depletion and its increase in abundance is associated with enhanced OM supply (Sen Gupta
and Machain-Castillo, 1993; Blackwelder et al., 1996), usually of terrestrial origin (Mojtahid
et al., 2010; Goineau et al., 2011). Ammonia tepida is considered as a species that is tolerant
to large environmental variations (Almogi-Labin et al., 1992; Debenay and Guillou, 2002),
including hypoxia (Blackwelder et al., 1996) and anthropogenic pollution (Debenay et al.,
2005). Bulimina elongata is associated with food-enriched sediments related to river plumes
(Guadiana River, Iberia; Mendes et al., 2004), closed embayment regimes (Yugoslavia;
Murray, 2001) and fish farming products (Croatia; Vidovi¢ et al., 2009). Textularia
agglutinans is an opportunistic species and exhibits a preference for food—enriched conditions
and a tolerance to oxygen deficiency (Barmawidjaja et al., 1995). Furthermore, Nonionella
turgida (as N. opima) and Textularia agglutinans are major species correlated with a high OM
content in areas influenced by the Po River to the Adriatic Sea (Jorissen, 1987; Murray,

2001).

Cluster II was composed of Hopkinsina pacifica, Bolivina dilatata and Bolivina spathulata
(Fig. 5.9). All these species are known to occur in benthic assemblages of oxygen-poor and
organic rich environments (Sen Gupta and Machain-Castillo, 1993; Mendes et al., 2004;
Murray, 2006). However, their low degree of opportunism (Barmawidjaja et al., 1995) in
combination with their presence in areas of a river-influenced outer shelf (Bolivina spp;
Goineau et al.,, 2011) and of well-oxygenated substrates (Hyams-Kaphzan et al., 2009)
suggests that Cluster II should represent benthic foraminiferal associations in lower stress

environments than these of Cluster 1.

Cluster III was composed of Quinqueloculina spp, Miliolinella spp, other porcelaneous
species, Textularia conica and Planorbulina mediterranensis (Fig. 5.9). High abundances of
Quinqueloculina spp and in general Miliolids were found in oligotrophic environments and at
sufficient bottom water oxygen concentrations (Blackwelder et al., 1996; Murray, 2006;
Hyams-Kaphzan et al., 2009). Furthermore, the reduction in abundance of both porcelaneous
and agglutinated groups of benthic foraminifera was used to trace palaco-hypoxic evolution

(Platon et al., 2005).

Cluster IV was composed of Cassidulina spp., Nonion spp., Cibicides spp, Rosalina spp,

Bulimina aculeata and Ammonia beccarii (Fig. 5.9). Species belonging to the genera of
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Cibicides, Rosalina, Nonion and Ammonia are known as epiphytic in the Mediterranean Sea
(Murray, 2001;Mateu-Vicens et al., 2010). However, Bulimina aculeata (Goineau et al.,
2011) and Ammonia beccarii (Debenay et al., 2005) have been reported in high abundances
on the seaward part of shelves with high OM supply. A similar trend exhibited species
belonging to the genera of Cibicides and Rosalina, which have been reported in high
abundances seaward on shelves under the influence of aquaculture products (Croatia; Vidovi¢

etal., 2009).

The downcore fluctuations in the abundance of the benthic species of Cluster I compared to
the upper core could be used to trace high OM supply and oxygen depletion. Cluster II would
represent similar environments, but under lower stress conditions. The abundances of the
benthic foraminifera species of Cluster III could be used to trace environments of well-
oxygenated conditions and those of Cluster IV of similar environments, but most likely

influenced by higher marine OM input and/or seagrass development.

Dendrogram using Ward Method

Rescaled Distance Cluster Combine

CA SE 0 5 10 L5 20 25
Label Num +--——————-- e Sl e e iy +
B.elongata 1
N.turgida 13 Cluster I
T.agglutin. 16
A.tepida 12
H.pacifica 8
B.dilatata 10 Cluster II
B.spathul. 11
P.mediter. 7
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Otherporcel. 17
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Nenion spp 18 Cluster IV

Cibicides s 5

Rosalina sp 6

B.aculeata 9
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Fig. 5.9. R-mode cluster analysis for the entire dataset of the two cores.
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5.5.3 Eutrophication, productivity and OM sources

The TOC increased in both cores with time (Fig. 5.5), which explains the darker colour in the
top part of the core. This can be explained by an increased productivity and a higher OM
supply recently, which is also supported by the increase in TN values in both cores (Fig. 5.5).
On the other hand the decrease of TOC and TN with depth could also be the result of
progressive remineralisation within the sediment. However, the higher abundance of
foraminiferal species belonging to Cluster I in core Amvrl3 and Cluster IV species in core
Amvrl5 suggests a larger OM input (Fig. 5.10) (Sen Gupta and Machain-Castillo, 1993;
Blackwelder et al., 1996; Debenay et al., 2005; Goineau et al., 2011). Also other processes
like oxygen availability or degree of opportunism can affect the abundance of these species
(Sen Gupta and Machain-Castillo, 1993; Barmawidjaja et al., 1995; Murray, 2006), which
might explain that species belonging to Cluster II did not increase. Many biomarkers also
traced an enhanced productivity with time, for instance by the increase in short chain n-
alcohols, phytol and dinosterol towards the uppermost sediment in both cores (Fig. 5.6).
These markers indicated an increased abundance of primary producers (Meyers and
Ishiwatari, 1993; Rontani and Volkman, 2003; Volkman, 2003). Dinosterol is of diatom
origin in Amvrakikos Gulf, because Ci.¢ FA, which would hint to dinoflagellates as the
source organisms (Withers, 1983; Volkman, 2003), is absent. The higher productivity is a
direct result of progressive eutrophication in the gulf, as suggested by increasing 8'°N values,
which have been used to reconstruct sewage supply and eutrophication in other settings (Cole
et al., 2004; Wu et al., 2006). The higher chlorin concentrations in core Amvrl3 within the
most recent decade (Fig. 5.5) agree with this explanation. In contrast, the constant chlorin

levels throughout core Amvr15 indicated that productivity hardly changed at this site.

The C/N ratio below 10 (Fig. 5.5) indicated that the OM in core Amvrl3 mainly originated
from algal sources, in agreement with observations in other settings (Meyers and Ishiwatari,
1993). In contrast, the higher C/N ratios in core Amvrl5 suggested significant supply of
terrestrial vascular plant-derived OM sources (Fig. 5.5). The constant 51 Ctoc values
throughout both cores indicated that the OM source remained constant during the last
decades. The 8"’ Croc values in Amvrl5 (average: -18.6%o; Fig. 5.5) are typical of marine
OM, whereas terrigenous OM sources average at -26%o (Sackett, 1964; Jasper and Gagosian,
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1990). The lower 8"*Croc values in Amvrl3 (average: -22.6%o; Fig. 5.5) might indicate mixed
marine and terrigenous sources, but this explanation disagrees with the low C/N values (Fig.
5.5), which are characteristic of a predominantly marine OM origin (Meyers and Ishiwatari,
1993). Therefore, the lower 8*Croc values in Amvrl3 were more likely the result of mixing
and uptake of dissolved inorganic carbon derived from OM degradation, which can lead to
isotopic shifts towards depleted values in eutrophic systems (van Breugel et al., 2006). This
would mean that Amvrakikos Gulf is not in equilibrium with the atmosphere. Therefore,
complicating factors that can affect the 8> Croc like the Suess effect (McCarroll and Loader,
2004; Meyers, 2006) are expected to be of minor importance in Amvrakikos Gulf.

2010 -
2000 -
1990 -
1980 -

1970 -

Age (yr AD)

1960 —— Amvri5

—— Amvri3

O 20 40 60 80 0 102030405060 O 10 20 30 40 0 10 20 30 40 50 60
Cluster | (%) Cluster Il (%) Cluster Il (%) Cluster IV (%)

Fig. 5.10. Downcore variations of the sum abundances of the benthic foraminifera clusters (I-IV) in cores

Amvrl3 and Amvrl5 vs. age (yr AD).

The relatively enriched 8"3Croc values in core Amvrl5 most likely resulted from additional
OM input by seagrass meadows, which were present at this sampling location. In the western
Mediterranean Sea, it was shown that the presence of seagrass meadows led to an overprint of
the OM in the sediment (Papadimitriou et al., 2005). 5t Ctoc values were enriched at sites

with seagrass meadows compared to sites with predominantly phytoplankton derived OM

125



sources by 4-6%o, which is well within the observed offset between cores Amvrl5 and
Amvrl3. Furthermore, seagrass meadows can lead to 2-3%. depleted 8'°N values

(Papadimitriou et al., 2005), which would also explain lower 8'°N values in Amvrl5.

B-Sitosterol is the major sterol of emersed macrophytes (Volkman, 1986). Therefore, seagrass
might be a main source of this marker at least in Amvr15 (Fig. 5.6). The high P,q index above
0.2 in both cores (Fig. 5.6) traced the predominance of mid-chain over long chain n-alkanes
(Ficken et al., 2000), which indicated that macrophytes are predominant lipid sources

compared to higher land plant sources.

The disagreement between constant chlorin concentrations and the increase of many lipid
biomarkers in Amvrl5 (for instance short chain n-alcohols, phytol, dinosterol, B-sitosterol;
Fig. 5.5, 5.6) indicated that degradation also affected the biomarker profiles. The CI is an
estimate of the OM freshness (Schubert et al., 2005). CI values obtained in the gulf sediment
indicated a lower degree of degradation in the uppermost part of both cores (Fig. 5.5). The CI
values were higher in core Amvrl3 (Fig. 5.5), indicating higher degradation rates at this
location. These results suggest that the increase in concentration of many biomarkers (for
instance short chain n-alcohols, phytol, dinosterol, B-sitosterol; Fig. 5.6) is also affected by
degradation. In agreement with the constant chlorin concentrations in Amvrl5 (Fig. 5.5), the
slight biomarker concentration decrease in this core might be due to degradation. But the
much higher increase in biomarker concentrations in Amvrl3 (for instance short chain n-
alcohols, phytol, dinosterol, B-sitosterol; Fig. 5.6) must be mainly due to a higher
productivity, which is supported by the increase in chlorin concentrations in this core (Fig.

5.5).

554 Impact of eutrophication on benthic foraminifera and bacteria — Hypoxia
reconstructions in the gulf

The increase in population of benthic foraminiferal assemblages was associated with a
decreasing diversity as depicted by the high negative correlation between the H(s) and the
benthic productivity indices (Pearson coefficient r=-0.71, p<0.01) for the entire dataset of the

cores. This is in contrast to the usual trend of microfauna, which appeared less diverse and
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less abundant in stressful, fluctuating environments (Blackwelder et al., 1996). However, the
sediments of the gulf are under the influence of fish farming and urban waste. Eutrophication
can lead to an increase in benthic foraminifera density (Angel et al., 2000) in conjunction with
a decrease of diversity where the opportunistic species are dominant (Debenay et al., 2005).
Therefore, the summed abundances of the benthic species of Clusters I and II showed high
positive correlation with the benthic productivity index (Pearson coefficient r=0.83, p<0.01)
and high negative correlation with the diversity index (r=-0.87, p<<0.01) for the entire dataset.
The opposite trend represents the summed abundances of the benthic species of Clusters III
and IV, which showed high positive correlation with the diversity index (Pearson coefficient
r=0.72, p<0.01) and negative correlation with the benthic productivity index (r=-0.74, p<0.01)

for the entire dataset.

The benthic foraminifera in core Amvrl3 represent low diversity, but high abundance
assemblages (Fig. 5.10). The coring site of core Amvrl3 is under the influence of large OM
supply and stratified water masses promoting the development of low oxygen bottom water.
This bottom-water environment is suggested by the dominance of species of Cluster I and II
compared to those of Cluster III and IV. Furthermore, fluctuations in the abundances of the
four clusters in conjunction with fluctuations in the benthic abundance and diversity index
indicate fluctuating sea bottom environmental changes for the last 35 years. The development
of more unfavourable benthic environments occurred at around 1985-1988, 1994-1997 and
after 2000, as shown by the decreasing abundances of species belonging to Cluster III,

whereas the number of species of Cluster I increased (Fig. 5.10).

Branched alkanes, isoprenoids and hopanoids are bacterial biomarkers (Rohmer et al., 1984;
Summons et al., 2007). These compounds indicated a higher bacterial biomass around 1980
and since the end of the 1990s in core Amvr13 (Fig. 5.6). The profiles of these markers were
especially similar to Bulimina aculeata (Fig. 5.3), which is indicative of a higher supply of
OM and severe oxygen depletion. These results suggest that the higher supply of OM has led
to increased OM mineralisation and oxygen consumption rates. These developments might be
related to aquacultures, which started around 1980 and excessively supplied nutrients and OM
to the gulf (Ferentinos et al., 2010; Kountoura and Zacharias, 2011). Furthermore, mass
mortality events of fish and reduction of fish populations in aquaculture rafts were observed

between 1988 and 1997 (Ferentinos et al., 2010).
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The most stressful conditions started at around 2000, as recorded by a gradual increase in the
abundance of species of Cluster I together with decreasing abundances of Cluster III species.
These conditions peaked with the almost absence of species that belong to Cluster III in 2008
at the time of the recently recorded seasonal hypoxic event in the gulf. However, the rapid
increase of Cluster III species and the H(s) index shortly after the event suggests a fast
recovery of the benthic environment (Fig. 5.10). These conditions starting at around 2000 and
peaking in 2008 were already indicated by higher concentrations of bacterial biomarkers since
the mid/late 1990s (Fig. 5.6). These increased concentrations were in good agreement with the
intensified productivity (section 5.5.3) and the resulting higher OM supply to the sediment,

which had the same implications as during the 1980s.

In contrast, the constant abundance of chlorins and lower concentrations of bacterial markers
throughout core Amvrl5 indicated less severe conditions than at site Amvrl3 without
significant changes in productivity and OM supply (Fig. 5.5, 5.6). Benthic assemblages at site
Amvrl5 appeared to be less productive and more diversified than those of core Amvr13. The
dominance of species belonging to Cluster III and IV (Fig. 5.10) suggested lower OM supply,
hence, higher sea floor oxygenation. This can be attributed to the location of site Amvrl5 at
the entrance of the gulf characterized by sufficient oxygen supply due to the water
replenishment from the Ionian Sea (Ferentinos et al., 2010). Tziavos and Vouloumanos
(1994) also reported a reduction of the benthic diversity eastwards in the surface sediments of
the gulf. The observation of seagrass meadows at site Amvrl5 and their absence at site

Amvrl3 further supports the lower impact of eutrophication (Green and Short, 2003).

More opportunistic species of Cluster IV replaced Cluster III species at site Amvrl5 during
times of nutrient enrichment and oxygen depletion (Fig. 5.10). This was especially the case
between 1976 and 1980, the time interval when aquaculture development started. However,
the reduction of species of both Clusters III and IV at 1985-1987 and 1995-1997 (Fig. 5.10)
and a higher bacterial biomass around 1980 (Fig. 5.6) coincided with relative changes at site
Amvrl3, which suggested similar control mechanisms and time synchronicity in the bottom
water oxygen regime between the two coring sites. Furthermore, similar to site Amvrl3, the
most severe sea floor conditions with respect to oxygen at site Amvrl5 appeared in 2008 as
suggested by the almost absence of species belonging to Cluster III and a higher bacterial

biomass around that time (Fig. 5.6, 5.10). This indicates that the effects of that hypoxic event
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did not only influence the benthic fauna of the inner part of the gulf, but were also spread in
areas which are considered as throughout the year being well oxygenated. However, the
impact of hypoxia on the benthic microfauna at the bottom of the gulf entrance was less
intense than that occurred in the inner part of the gulf, since species considered being
sensitive to hypoxia (Cluster IV) were still highly abundant (Fig. 5.10) and seagrass meadows

were also present at this site.

Furthermore, the more severe oxygen depletion at Amvrl3 compared to Amvrl5 was also
indicated by the increase of the (lycopane + C;s n-alkane) / Cs; n-alkane ratio with depth (Fig.
5.7). Although the source of lycopane is unknown, it has been used to reconstruct palaeo-
redox conditions in the bottom water in marine settings (Wakeham et al., 1993; Sinninghe
Damsté et al., 2003). In contrast, the quite constant ratio in core Amvrl5 (Fig. 5.7) suggested

enhanced oxygen concentrations.

Isorenieratane and chlorobactane are tracers for phototrophic sulfur bacteria (Chlorobiaceae)
and hence phototrophic zone euxinia and anoxia (Brocks and Summons, 2003). The
observation of these carotenoids throughout both cores indicated regularly occurring
developments of anoxic and euxinic conditions reaching into the photic zone at both sites.
The monitoring data showed that oxygen depletion has occurred seasonally during summer
and fall in the western part of the gulf (Ferentinos et al., 2010; Kountoura and Zacharias,
2011). Due to the low concentrations of these pigments in the sediment of both cores, only the

existence of photic zone anoxia but no temporal changes could be reconstructed.

5.5.5 Impact of climate on stratification and oxygen replenishment

Stratification is another key factor in the oxygen budget of the gulf water column, because
oxygen is resupplied by mixing. A repeatedly used indicator for stratification, stagnation
and/or salinity is tetrahymanol, which is found in bacteriovoric ciliates (Sinninghe Damsté et
al., 1995; Thiel et al., 1997; Bechtel and Schubert, 2009). The relatively constant
tetrahymanol concentrations in core Amvrl5 (Fig. 5.6) suggested that stratification did not
change since the 1970s. In contrast, the increase of tetrahymanol in the uppermost part of core

Amvrl3 (Fig. 5.6) clearly showed a higher stratification and stagnation, probably due to
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higher water temperatures and/or salinities in the gulf. To prove these relationships,

sedimentary proxies were compared with monitoring data.

The UK’;; index (Me Cs7o/[Me Cs7o,tMe Csz3]; by Prahl and Wakeham, 1987) is an
alkenone-based proxy, which is highly correlated with mean annual sea surface temperatures
(Prahl et al., 1988; Miiller et al., 1998). Alkenones are specific for haptophyte algae (Herbert,
2003). The temperature calibration of Prahl et al. (1988) yielded values between 16.9 and
23.6°C and between 17.4 and 21.9°C in cores Amvrl5 and Amvrl3, respectively. For
comparison, the temperature calibration by Miiller et al. (1998), which is based on sediment
core top samples worldwide, yielded very similar results (16.5-23.4°C in core Amvrl5 and
17.0-21.7°C in Amvrl3; Fig. 5.8). The difference between estimated surface water

temperatures using both calibrations was only up to 0.4°C.

The temperature estimates from both cores indicated a trend with increased surface water
temperatures, which matched well with increasing air temperatures observed at the Preveza
(Aktio) weather station during the last decades (Fig. 5.8). The UK’37-derived surface water
temperatures in both cores (16.5-23.4°C, 1974-2010; Fig. 5.8) were within the range of
monitored average annual minimum and maximum air temperatures with values between
about 12 and 22°C (1970-2010), except the uppermost part of core Amvrl5 with larger UK 37
temperature estimates. The annual average air temperatures ranged between 16.2 and 18.0°C
(1970-2010), and were lower than estimated UK’3; temperatures (Fig. 5.8). Although the
timing of blooms of the source organisms is unknown for Amvrakikos Gulf, the best
agreement between UK’j3;-derived and monitored temperatures was obtained by using the
average temperature of March until August. The air temperatures ranged from 18.2 to 21.1°C
(1970-2010; Fig. 5.8; data from the Hellenic National Meteorological Service and
http://www.weatheronline.co.uk). The monitoring data showed that especially the annual
minimum temperatures increased during the last decades, whereas the annual maximum
temperatures hardly increased. By using only monthly average minimum temperature data,
the best fit was obtained with the average minimum temperature data of June and July with a
range of 16.8-21.2°C (Fig. 5.8). These results indicated that alkenones might have captured
the lowermost surface water temperatures during June and July. In contrast, this and other
calibrations showed strong correlations either with annual average temperatures or seasonal

average temperatures at times of blooms (Prahl et al., 1988; Miiller et al., 1998; Herbert,
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2003). Therefore, a shift of the time of blooms from spring towards summer is more likely,

which would also explain the large increase in estimated temperatures during the last decades.

Nonetheless, the warming trend of UK’3;-derived temperatures together with the monitoring
data indicated that the surface water temperatures in Amvrakikos Gulf increased during the
last decades. Previous studies showed that steep temperature gradients separate surface and
bottom waters (Ferentinos et al., 2010). Higher temperatures in the surface water may further
increase these differences, which can explain the observation of a higher stratification during

the last years.

Furthermore, also salinity controls stratification by steep salinity gradients in the water
column due to the inflow of high salinity water masses through the Preveza Strait from the
Ionian Sea and brackish water outflow (Ferentinos et al., 2010). This circulation pattern is
similar to the Black Sea; however, the reduced outflow of the Black Sea prevents the
reduction of its permanent stratification (Ozsoy and Unluata, 1997; Murray et al., 2007),
which is not the case for Amvrakikos Gulf (Ferentinos et al., 2010). However, the similar
developments regarding circulation patterns, eutrophication and temperature have led to a
strong decrease in oxygen concentrations, which resulted in mass mortality events and
ecosystem collapse in both settings (Lancelot et al., 2002; Mee et al., 2005; Ferentinos et al.,

2010; Kountoura and Zacharias, 2011).

5.6 Conclusions

The analysis of benthic foraminifera and lipid biomarkers revealed that Amvrakikos Gulf
exhibited dramatic environmental changes due to eutrophication during the last decades. The
higher productivity and OM supply to the sediment (higher concentrations of chlorins, TOC,
TN and 8'"°N values) led to a higher abundance of tolerant and opportunistic benthic species
and bacteria, whereas the benthic species density decreased. Especially the increased
abundance of species from Cluster I (Bulimina elongata, Nonionella turgida, Textularia
agglutinans, Ammonia tepida) together with a decreasing abundance of Cluster III species
(Quinqueloculina spp, Miliolinella spp, other porcelaneous, Textularia conica, Planorbulina
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mediterranensis) indicated more severe OM supply and oxygen depletion in 1976, 1980,
1985-1987, 1995-1997, 2000 and 2008. Cluster III and IV species (Cluster IV: Cassidulina
spp., Nonion spp., Cibicides spp, Rosalina spp, Bulimina aculeata, Ammonia beccarii) rapidly
recovered after environmental disturbances. In core Amvrl5 the benthic assemblages
appeared to be less productive and more diversified with a dominance of species of Clusters
IIT and IV under conditions of lower OM supply and higher bottom water oxygen
concentrations than in core Amvrl3. The presence of seagrass at site Amvrl5 largely
influenced the values of 813CTOC, C/N ratio and mid-chain n-alkanes. Nonetheless, the
presence of isorenieratane and chlorobactane in both cores traced temporarily euxinic
conditions in the photic zone throughout the gulf. The increasing air temperatures have led to

stronger stratification and hence oxygen depletion during the last decade.
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Chapter 6: Conclusions and Outlook

This thesis provides a contribution to the interpretation of organic and inorganic proxies in
respect to palaeooxygen reconstructions. As a major improvement, the manganese to iron
ratio (Mn/Fe ratio) could be used to reconstruct bottom water oxygen concentrations in the
Swiss Lake Zurich. Furthermore, the previous chapters have emphasised the use of lipid
biomarkers and trace metals to reconstruct eutrophication and microbial community changes,
to distinguish between aquatic and terrigenous OM sources and to characterise
chlorophyll/chlorin degradation. In the following, the most important achievements of this

thesis are presented.

Oxygen reconstructions

The major aim of this thesis was to reconstruct relative and absolute changes of oxygen with
lipid biomarker and trace metal proxies in the sediments of selected Swiss lakes and the Black
Sea. The pigment isorenieratane and Me,n-Pr and Me,i-Bu maleimides were robust indicators
for the presence of Chlorobiaceae and therefore photic zone euxinia and anoxia in Rotsee and
the Black Sea. Similarly, okenone evidenced that Chromatiaceae have occurred in the Rotsee
chemocline, also tracing oxygen depletion in the photic zone. Relative changes of these
markers in the sediment of Rotsee were clearly related to community shifts between
Chlorobiaceae and Chromatiaceae rather than changes in oxygen concentrations. Oxygen
depletion is strongly coupled to eutrophication, in the way that increased productivity results
in higher mineralisation rates and microbial oxygen consumption. This process can also lead
to a higher abundance of methanogenic archaea and increased methane production. The
increase of tetrahymanol indicated that lake stratification increased during eutrophication,
which reduced mixing and oxygen replenishment of the hypolimnion. Although a major
limitation of biomarker proxies is their dependence on additional factors, such as
production/preservation and community changes of their source organisms, lipid biomarkers

can be useful indicators for interpretations of relative oxygen depletion.
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The manganese to iron ratio (Mn/Fe ratio) was used to reconstruct maximum bottom water
oxygen reconstructions in Lake Zurich. This achievement was possible due to the precise age
model, the high resolution XRF core scanning and long-term monthly oxygen monitoring data
since 1936. On this basis, the proxy could be calibrated and used for semi-quantitative
reconstructions of bottom water oxygenation back until 1895 in the deepest core. However, it
has to be kept in mind that geochemical and sediment focusing, but also sedimentological
factors can limit the applicability of this proxy for quantitative estimates of water column

oxygen levels.

Eutrophication, remediation measures and the reconstruction of changes of microbial

and foraminifera communities

Lipid biomarkers can be used to reconstruct eutrophication and relative changes of
productivity and microbial communities. The high resolution sedimentary biomarker record
was used to study short-term changes of environmental parameters and microbial biomass in
Rotsee. Rotsee was an ideal site to study an anthropogenically altered ecosystem, in order to
examine the causes, processes and effects of eutrophication. The strong sewage supply since
the 1850s led to two productivity events in the time intervals 1918-1921 and 1958-1972. The
former event caused a radiation of primary producers (especially diatoms) and methanogens,
whereas in the latter event especially primary producers, bacteria and macrophytes increased.
The construction of a mechanical sewage treatment plant might be the reason for enhanced
bacterial biomass in 1933. Therefore, both eutrophication and historical remediation measures
strongly affected many microbial groups, which reacted with abundance and/or community
shifts to changed environmental conditions. The supply of fossil OM and/or petroleum
contamination ended with the constructions of an interceptor sewer and a mechanical
treatment plant in 1969 and 1974, respectively. These measures resulted in a progressively
lower productivity due to reduced nutrient supply. Apart from the reconstruction of
environmental changes and developments in the lake, it was observed that the diatom
Stephanodiscus parvus was the dominant source of dinosterol and 24-methylcholesterol. In
contrast, Cyclotella radiosa and Asterionella formosa were the predominant source organisms

of Cign9,12), Cig359,12) and Cao:5¢58,11,14,17) FAs. The abundance of methanogenic archaea
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could be traced with GDGT-0 during the last 150 years in Rotsee (0.5-1.8 x 10° cells g dry

sediment).

Amvrakikos Gulf has been strongly affected since the 1970s by eutrophication due to
extensive agriculture, aquaculture and urban development, the construction of two dams,
which control the run-off of the Arachthos River, and the establishment of oil stations along
the southern border of the gulf. As a result, the system changed to a fluctuating and
increasingly stressful environment, which suffers from oxygen depletion and have led
episodically to massive fish mortality events. Also in Amvrakikos Gulf, the productivity
increased, together with a higher bacterial biomass. Benthic foraminifera assemblages in the
Gulf shifted towards opportunistic and tolerant species, whereas the species density
decreased. The pigments isorenieratane, chlorobactane and lycopane traced photic zone
euxinic and anoxic conditions throughout the gulf. The increase in surface water temperatures
and eutrophication led to a reduction in water column mixing and oxygen replenishment to

deeper waters.

Aquatic vs. terrigenous OM — BITcy index

It has been an important issue in organic geochemistry to reveal the different contributions of
OM from in-lake production (aquatic sources) and OM originating from the catchment
(terrigenous sources). The study of OM sources in Rotsee indicated by TOC/N values,
distributions of FAs, n-alkanes and n-alcohols showed that the organic material is mainly of
autochthonous origin. However, the distributions of these lipid groups and the observation of
lupeol, B-amyrin and amyrenone suggest contributions from the catchment. The traditional
branched and isoprenoid tetraether index (BIT index) indicated a predominance of
allochthonous sources in Rotsee, which suggested that this index might be misleading. It was
observed that crenarchaeol originates from the water column and/or the sediment, but might
mainly be soil derived instead. This suggested that crenarchaeol cannot be used as the aquatic
end member in this lake. Therefore, a novel BIT index was proposed (BITcy), which better
estimates aquatic and terrigenous sources as the ratio of the sum of branched and isoprenoid
glycerol dialkyl glycerol tetraethers (GDGTs). While this index decreased with time before

about 1920, it remained constant afterwards. The same pattern was found for the relative
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contents of iron, potassium and titanium. The covariance between the BIT¢y index and these
trace metals indicated that branched GDGTs could be considered to be of
terrigenous/catchment soil origin, despite the observation that the branched GDGTs are also
produced partly in the water column (at least GDGT-III-a). The new index is most likely a
tracer for the dilution of terrigenous material as a result of the higher in-lake OM production.
The enhanced supply of aquatic OM resulted from eutrophication and related higher
productivity, whereas the fluxes of terrigenous material may have remained constant over
time. Therefore, the BITcy index might be a valuable proxy for estimating the relative

contributions of aquatic and terrigenous OM in lakes.

OM degradation

It is an important prerequisite for reliable palacoenvironmental reconstructions to understand
the effects of degradation on lipid biomarker profiles. Therefore, the relative degree of
degradation on labile OM was estimated with the chlorin index. However, this proxy lost its
sensitivity already in about 50 year old Rotsee sediment, which suggests that this index is
only applicable for relatively young sediments. In contrast, the novel maleimide based
degradation indices proposed in this thesis were applicable for more than 100 years (Me,Me
index) and for almost 1000 years (Me,Et index) in Rotsee. In contrast to Rotsee, in the Black
Sea their application limit is ca. 7700 yr and 42 ka for the Me,Me and Me,Et indices,
respectively. The new indices have improved the interpretability of sedimentary records
regarding the degradation degree of labile OM, i.e. chlorophylls, within the sediment. Both
maleimide indices might be universally applicable, but this must be further evaluated in other

systems.
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Perspectives for further research

This thesis gives new insights into the use of organic and inorganic proxies regarding the
reconstruction of oxygen depletion, eutrophication, microbial community changes, the

determination of OM origin and OM degradation. Possible future research topics could be:

- This thesis showed how biomarker proxies can trace relative changes of past oxygen in
the water column. However, it was not possible to assess information on the amount of

oxygen. This issue remains to be solved in the future.

- The development of the BIT¢y index is a new approach to distinguish between aquatic
and terrigenous lipid sources. But there is still a need to prove the robustness of this
indicator and other (maybe new) proxies, which might enable unambiguous

determinations of the origin of lipids and/or OM.

- More work is needed to determine the origin of some maleimides, because the source
pigments of some maleimides are unknown based on structural reasons. Further analysis
might reveal transformation processes of chlorophylls and chlorins prior to maleimide
formation. The novel maleimide indices need to be further applied to prove their potential

for estimating relative OM degradation.

- The Mn/Fe ratio as a proxy for semi-quantitative reconstructions of past bottom water
oxygenation in lakes needs to be further tested in other lakes and other aquatic settings.
For this purpose, more details about short-term dynamics of Mn and Fe are necessary.
Another problem to be solved is the clear separation between redox-sensitive and detrital

sources of trace metals.
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