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Abstract 

Biomarkers are molecular compounds from a once living organism (plant, microbe or animal), 

which can be used to trace a specific source organism, a group of organisms, or a particular 

process in geological and archaeological media. In this thesis, organic geochemical 

techniques including the biomarker approach and stable isotopes were applied to different 

research areas of the biosphere, geosphere and archaeosphere to characterise the origin of 

the organic matter. The biomarkers provide essential knowledge about environmental and 

climatic changes, and about the diet and rites of ancient cultures. 

Paleoclimate and associated paleovegetation exert a major influence on present to prehistoric 

human activities and therefore are of paramount importance to investigate ancient human 

living conditions. Early reforestation after the last glacial shaped human living space and was 

dominated by pioneer plants including four birch species. These differ in habitat conditions but 

their differentiation by palynology poses a problem due to similar pollen shape and size. Here 

an alternative approach of birch species identification based on their epicuticular wax 

composition was ascertained for potential application in especially Late Glacial and Holocene 

sediments. A chemotaxonomic separation of the four Europen birch species based on a suite 

of wax lipids could be achieved. In addition to previous studies employing recent plant wax n-

alkane distribution only, the potential contribution of n-alkanes, which in an ontogentic to 

diagentic continuum can be released from precursor lipids via secondary and tertiary 

degradation of n-alkyl esters (and their degradation products like n-alkanoic acids and n-

alcohols) were assessed. The early release of bound wax lipids carries a high potential to 

modulate the pool of free lipids, which should be considered when interpreting wax lipids of 

potentially mixed origin and their isotopic signatures in soils and sediments.  

Lake sediment from Lake Steisslingen (SW-Germany) has been investigated to characterise 

the biotic response of organisms during the Younger Dryas cold period (12,680 – 11,590 BP) 

at the Pleistocene/Holocene transition. Based on biomarker distributions representing specific 

organism groups including diatoms, haptophyte algae, heterocyte cyanobacteria, 

heterotrophic bacteria and terrestrial plants, a separation of the Younger Dryas in three phases 

was defined.  

In a second case study, lacustrine sediments from Lake Stymphalia (Peleponnes, Southern 

Greece) were investigated to study the local environmental and climatic changes between 

15,000 to 2,000 a BP. Heterocyte glycolipids (HGs) and glycerol dialkyl glycerol tetraethers 

(GDGTs) have been applied to characterise the (aquatic) microbial community and to 

determine paleotemperature changes in the study area. Epicuticular wax lipids yielded 

information on development of paleovegetation and revealed a human impact on land-use and 

ecosystem evolution. 
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The second part of this PhD thesis deals with the application of biomarkers and their 

compound-specific carbon isotope values in the archaeosphere. These techniques facilitate 

reconstructing the diet of past cultures and to trace animal husbandry practisess. Modern 

animal adipose fats and dairy fats from pigs, cattle, sheep, and goats from Ukraine can be 

distinguished by their δ13C values of palmitic (C16:0) and stearic (C18:0) acid. These individual 

fatty acids are also found in pottery vessels from Cucuteni-Trypillia culture, suggesting that 

most samples are from ruminant animal origin, but also from another potential source such as 

horses. Beside the animal fats, lipids indicative for beeswax have been detected in the pottery 

samples from Ukraine and Moldova, but also in ancient ceramic pots from the Wartberg culture 

of central Germany. Here, the individual lipid composition could be connected to the shape 

and function of most pots. 

In archaeological sites from the Baltic in Northern Germany, pottery use based its organic 

residue content could be compared between everyday use pottery from a domestic dwelling 

site (Oldenburg-Dannau) and specific grave gift pottery recovered from a nearby megalithic 

tomb (Wangels). Highly decorated, unglazed ceramic vessels from the Funnelbeaker and 

Globular Amphora culture were found as intact burial gifts containing cattle meat and milk fats, 

but no common cereals or aquatic resources, although located close to the shoreline. 

Additionally, a fatty acid distribution indicative for Sea Buckthorn oil was found in samples from 

exclusively the latest burial phase, which may have served as an exclusive burial gift. 

Contrary, the mainly undecorated pots from the coeval adjacent dwelling site Oldenburg-

Dannau contained a mixed composition of plant and milk resources. Thus, the exclusive use 

of cattle meat in the burial indicate the important role of cattle in the ritual and spiritual sphere 

of Neolithic societies in northern Germany.  
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Zusammenfassung (German Abstract) 

Biomarker sind molekulare Verbindungen aus einem ehemals lebenden Organismus 

(Pflanzen, Mikroben oder Tiere), die zur Bestimmung eines spezifischen Organismus, einer 

Organismengruppe oder eines bestimmten Prozesses in geologischen und archäologischen 

Medien verwendet werden können. In dieser Doktorarbeit wurden organisch-geochemische 

Techniken, einschließlich die Verwendung von Biomarkern und stabilen Isotope, auf 

verschiedene Forschungsbereiche der Biosphäre, Geosphäre und Archäosphäre angewandt, 

um die Herkunft des organischen Materials zu charakterisieren. Biomarker liefern ein 

wesentliches Verständnis über Umwelt- und Klimaveränderungen in der Vergangenheit, sowie 

über die Ernährung und Riten alter Kulturen. 

Das Paläoklima und die damit verbundene Paläovegetation üben einen großen Einfluss auf 

die gegenwärtigen und prähistorischen menschlichen Aktivitäten aus und sind daher von 

größter Bedeutung für die Erforschung der prähistorischen Lebensbedingungen des 

Menschens. Die erste Wiederaufforstung nach dem letzten Glazial prägte den menschlichen 

Lebensraum und wurde von Pionierpflanzen, wie den vier europäischen Birkenarten, 

dominiert. Diese unterscheiden sich zwar in ihren Lebensraumbedingungen, aber ihre 

palynologische Differenzierung ist aufgrund der ähnlichen Pollenform und -größe 

problematisch. Daher wurde in dieser Thesis ein alternativer Ansatz zur Identifizierung von 

Birkenarten auf der Grundlage ihrer epikutikulären Wachszusammensetzung für eine 

mögliche Anwendung insbesondere in spätglazialen und holozänen Sedimenten gewählt. 

Eine chemotaxonomische Trennung der vier europäischen Birkenarten konnte mit Hilfe von 

unterschiedlichen Wachslipiden erreicht werden. Im Vergleich zu früheren Studien wurde der 

Schwerpunkt auf den sekundären und tertiären Abbau von n-Alkylestern und deren 

Abbauprodukten wie n-Fettsäuren und n-Alkoholen gelegt. Die Freisetzung dieser zuvor 

gebundenen Lipide beeinflusst die Zusammensetzung der bereits freien Lipide signifikant, 

welches bei der späteren Interpretation von Wachslipiden in Böden und Sedimenten zu 

berücksichtigen ist.  

Die Seesedimente des Steißlinger Sees (SW-Deutschland) wurden organisch-geochemisch 

analysiert, um die biotische Reaktion der Organismen während der Kaltzeit der Jüngeren 

Dryas (12,680 – 11,590 a BP) am Übergang des Pleistozän/Holozäns zu charakterisieren. 

Basierend auf der Verteilung von Biomarkern, die spezifische Organismen bzw. 

Organismengruppen einschließlich heterozyten Cyanobakterien, Diatomeen, haptophyten 

Algen, Bakterien und terrestrischen Pflanzen repräsentieren, wurde eine Aufteilung der 

Jüngeren Dryas in drei Phasen definiert.  

In einer zweiten Studie wurde ein lakustrischer Sedimentkern aus dem Stymphalia See 

(Peleponnese, Südgriechenland) untersucht, um die lokalen Umwelt- und 
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Klimaveränderungen von ca. 15,000 bis 2000 vor heute zu rekonstruieren. Anhand der 

epikutikulären Wachslipidverteilung im Sedimentkern konnte die Vegetation im Einzugsgebiet 

des Stymphalia Sees charakterisiert werden und ein menschicher Einfluss in den jüngeren 

Sedimenten erkannt werden. Zusätzlich wurden heterozyte Glykolipide (HGs) und Glycerol-

Dialkyl Glycerol-Tetraethers (GDGTs) zur Charakterisierung der (aquatischen) mikrobiellen 

Gemeinschaft und zur Bestimmung der Temperaturveränderungen während der letzten ca. 

15.000 Jahre in Südgriechenland verwendet. 

Der zweite Teil dieser Doktorarbeit befasst sich mit der Anwendung von Biomarkern und den 

Kohlenstoffisotopenwerten individueller Lipide in der Archäosphäre, um die Ernährung 

vergangener Kulturen und deren Tierhaltung zu rekonstruieren. Moderne tierische Fett- und 

Milchprodukte von Schwein, Rind, Schaf und Ziege aus der Ukraine lassen sich durch ihre 

δ13C-Werte von Palmitin- (C16:0) und Stearinsäure (C18:0) unterscheiden. Diese Fettsäuren 

wurden ebenfalls in Keramikgefäßen der Cucuteni-Trypillia-Kultur aus der Ukraine und 

Moldawiens detektiert. Die Ergebnisse weisen darauf hin, dass die meisten Proben Fette von 

Wiederkäuern enthalten, aber auch von einer unbekannten Quelle, die nicht in den modernen 

Referenzfetten vorkommend ist. Diese Fette könnten möglicherweise von Pferden stammen. 

Neben den tierischen Fetten wurden in den Keramikproben aus der Ukraine und Moldawien, 

aber auch in Töpfen aus Zentraldeutschland der Wartbergkultur eine Lipidsignatur detektiert, 

die für Bienenwachs indikativ ist. In den letztgenannten Proben der Wartbergkultur konnte 

zusätzlich die individuelle Lipidzusammensetzung mit der Form und Funktion der meisten 

Töpfe in Verbindung gebracht werden.  

Die Verwendung von Alltagskeramik aus einer häuslichen Wohnstätte (Oldenburg-Dannau) 

aus dem Ostseeraum Norddeutschlands wurde mit Keramikgefäßen aus einem 

nahegelegenen Megalithgrab (Wangels) verglichen. Im Grab wurden primär reichlich verzierte 

und ornamentierte Keramikgefäße aus der Trichterbecher- und Kugelamphoren-Kultur 

Norddeutschlands hauptsächlich als intakte Grabbeigaben gefunden. Diese Gefäße 

enthielten hauptsächlich Rinderfette und Milchprodukte, jedoch kein Getreide oder 

aquatischen Produkte, obwohl der Fundplatz nahe der Küste lag. Zusätzlich wurde in Proben 

aus der letzten Bestattungsphase eine Fettsäureverteilung gefunden, die auf Sanddornöl 

hinweist, welches als exklusive und wertvolle Grabbeigabe gedient haben könnte. Im 

Gegensatz dazu enthielten die überwiegend schlicht ornamentierten Gefäße aus der 

benachbarten, gleichaltrigen Siedlung Oldenburg-Dannau eine gemischte Zusammensetzung 

aus Pflanzen- und Milchprodukten. Die ausschließliche Verwendung von Rinderfetten in den 

Grabbeigaben deutet somit auf die wichtige Rolle des Rindes in der rituellen und spirituellen 

Sphäre der neolithischen Gesellschaften in Norddeutschland hin.  
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1. Introduction 

Organic geochemistry is a relatively young discipline of the natural sciences, which deals with 

the study of the origin, composition and transformation of organic matter (OM), whether of 

biological or man-made origin, in the bio- and geosphere (Killops and Killops, 2005). The 

biosphere comprises a comprehensive ecosystem, where life on earth takes places, while the 

geosphere represents the solid part of the earth (lithosphere). The more intensive research in 

the field of organic geochemistry began in the middle of the 20th century with the research of 

the origin and characterisation of petroleum (Durand, 2003; Kvenvolden, 2006). It was 

discovered that organic constituents of shales, bitumen and crude oils were remnants 

synthesized by ancient plants (Treibs, 1934; Blumer and Omenn, 1961). Later, the newly 

invented methods like separation of molecular compounds by chromatographic columns used 

in petroleum chemistry and subsequent identification by mass spectrometry (e.g. Kimble et 

al., 1974; Seifert and Michael Moldowan, 1978), were transferred to numerous other 

disciplinary fields so that the use of organic geochemical methods spread increasingly. These 

fields include environmental geochemistry, paleoclimatology in marine and terrestrial archives, 

geobiology, evolution of organisms, forensic science, archaeology and many more. All these 

sub-disciplines above combine the use of so-called “biomarkers”. 

 

1.1. The biomarker approach 

Biomarkers or biological markers are “chemical fossils”, more precisely organic molecules 

produced from a once living organism, which have survived intact or slightly altered over time 

(Eglinton and Calvin, 1967). They are complex organic compounds mainly built of carbon (C), 

hydrogen (H) and minor hetero-elements like oxygen (O), sulphur (S) and nitrogen (N) (Peters 

et al., 2005). Biomarkers occur in geological media like sediments, rocks, and oils and survive 

over geological time (Peters et al., 2005). Further, biomarkers can also be found in 

archaeological pottery after storage or cooking of nourishment in the pots (Evershed, 2008). 

Biomarkers comprise many different types of molecules, which is why recent organic material 

is studied to understand their chemical or biological transformation from biological precursors 

to geological products. Recent functional biomolecules alter over time by loosing functional 

groups and/or undergo structural rearrangement, which is why there is a wide variety of 

structures. Individual biomarkers or biomarker classes can be related to a particular source 

organism, a group of organisms, or to a particular process (e.g. photosynthesis or biomass 

burning) and thus offer a wide range of applications in different scientific fields (Castañeda 

and Schouten, 2011). Most biomarkers are derived from cell membrane lipids of prokaryotic 

(bacteria and archaea) or eukaryotic organisms which serve as interfaces between 

intercellular and extracellular environment (Peters et al., 2005). Wax lipids from terrestrial plant 
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leaves are another significant source of lipids in sediments while fats from animal tissue or 

plant oils are very common in archaeological pottery. From these different types of archives, 

either intact biological, geological or archaeological media, biomarkers can be isolated by 

different solvent extraction methods and measured by different analytic tools, making the 

origins of multiple constituents in samples discernible. Typical state-of-the-art analytical 

methods are used including gas chromatography-mass spectrometry (GC-MS), gas 

chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS) and high-

performance liquid chromatography (HPLC) coupled to mass spectrometry (HPLC-MS) for 

separation, characterisation, identification and further interpretation of biomarkers or their 

stable isotope ratios in modern, but also in ancient samples. 

In the following two chapters, an overview is given to outline organic geochemical techniques 

in paleobotany and environmental/climatic reconstruction (chapter 1.2) as well as in 

archaeology (1.3), with focus on biomarkers and stable isotopes. 

 

1.2. Biomarkers from biosphere to geosphere 

Biomarkers in the biosphere are organic compounds of known origin, which are preserved in 

geological archives and therefore store the information about their source organism in the 

geosphere for further interpretation (Eganhouse, 1997). For instance, leaf remnants or 

palynology have mostly been used for the vegetation reconstruction of the biosphere on 

species level (Mortensen et al., 2011), whereby an identification on sub-species level might 

be challenging (Mäkelä, 1996). In this case, biomarkers like n-alkanes, n-alcohols, n-alkanoic 

acids, n-alkyl esters and n-ketones are important constituents of epicuticular plant leaf waxes, 

which can be used for paleovegetation reconstruction and landscape evolution, since they 

have a high chemotaxonomic potential (Eglinton et al., 1962; Cranwell, 1973; Schwark et al., 

2002; Bush and McInerney, 2013; Guo et al., 2018). However, mostly only long-chain n-

alkanes were used for this application since they are robust against diagenesis and easily 

detectable by GC-MS, albeit, often used without prior study of the biomarker composition of 

local recent vegetation. It has been postulated that woody plants can be distinguished from 

graminoids by comparing the relative abundances of nC27, nC29 and nC31 (Schwark et al., 

2002). However, recent studies demonstrated that all three chain-lengths are highly variable 

in both groups (Bush and McInerney, 2013). Additionally, little is known about the degradation 

mechanisms of, in particular, n-alkyl esters, n-alcohols and n-alkanoic acids and how they 

might affect the pool of already free lipids in soils and sediments. This may be one reason why 

biomarker data and palynology do not coincide in some studies (Farrimond and Flanagan, 

1996; Ficken et al., 1998). Therefore, recent vegetation and the pathways of secondary 
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generated lipids, either on bio-ontogenetic or geo-diagenetic stages, need to be understood 

better as they may hamper the interpretation of source species or organism in the geosphere. 

Furthermore, since organic molecules primarily consist of carbon and hydrogen, the carbon 

(δ13C) and hydrogen (δ2H or δD) isotopic composition of bulk OM, individual n-alkanes and 

other individual compounds are frequently used in paleoclimate and paleoenvironmental 

reconstruction to determine the formation and degradation of OM (Ficken et al., 1998; Sachse 

et al., 2006, 2012). δ13C can be used to distinguish plants utilizing different metabolic 

pathways. C3 plants fix CO2 via the Calvin-Cycle resulting in bulk δ13C values ~-27‰, while C4 

plant bulk δ13C values are more enriched in 13C due to the Hatch-Slack-Cycle pathway leading 

to average values of δ13C= ~-13‰ (O’Leary, 1988). Compound specific δ13C on n-alkanes 

show a similar pattern with slightly lower values of ~-21 for C3 and ~-35‰ for C4 plants, 

respectively (Castañeda et al., 2009a). However, a global study on 334 species of C3 plants 

revealed a wide range of δ13C values from -34.9 to -21.4‰ with overlapping ranges compared 

to the values postulated for C4 plants, which might lead to misinterpretation of 

(paleo)vegetation (Diefendorf et al., 2010).  

δD values of leaf waxes, especially n-alkanes, have been frequently used to examine changes 

in aridity and precipitation (Sachse et al., 2006; Rach et al., 2014; Berke et al., 2019). Apart 

from the δD values of the source water, there are many other factors that influence the δD 

values of leaf waxes including water-use efficiencies, relative humidity, photosynthetic 

pathway or plant life-form (Castañeda and Schouten, 2011 and references therein). Since the 

hydrogen isotopic composition differs between different plant forms, e.g. trees and grasses, 

again the evaluation and identification of the source organism is of great interest (Chikaraishi 

and Naraoka, 2003; Tipple and Pagani, 2013). This again encourages the analysis of modern 

vegetation homologues to rule out further uncertainties and to understand better the 

biosphere-geosphere interactions. 

In contrast to the hydrocarbons of terrestrial plant origin, their homologues from planktonic 

microorganism are mostly characterized by shorter-chain lengths (<nC20) (Meyers, 2003). 

Other important biomarkers used in this thesis are bacteria and archaea-derived membrane 

lipids whose composition varies with mean annual air temperature (MAAT) and pH. These 

compounds called glycerol dialkyl glycerol tetraethers (GDGTs) are fossilized membrane lipids 

of archaea and some bacteria and are ubiquitously distributed in marine and terrestrial 

environments such as lakes, soils, peats and bogs across the globe (Schouten et al., 2013a). 

They are commonly used to infer past mean annual air and water temperatures (Schouten et 

al., 2002; Weijers et al., 2007), soil pH (Weijers et al., 2007), organic matter source (Hopmans 

et al., 2004) and microbial community assemblage (Lipp and Hinrichs, 2009). In general, there 

are two classes of GDGTs: branched GDGTs (brGDGTs) and isoprenoid GDGTs (isoGDGTs), 

which represent allochthonous terrestrial and autochthonous aquatic provenances. However, 
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several studies demonstrated that brGDGTs are at least partly also produced in-situ in lakes 

(Tierney and Russell, 2009; Sinninghe Damsté et al., 2012a; Naeher et al., 2014; Weber et 

al., 2015). In order to identify the source of the GDGTs, the branched and tetraether (BIT) 

index has been introduced, which expresses the proportion of mainly soil-derived brGDGTs 

to aquatic-derived Thaumarchaeota (Hopmans et al., 2004). IsoGDGTs are mainly derived 

from Thaumarchaeota, a cluster of the archaea domain and more abundant in marine settings 

(Schouten et al., 2013a). On the contrary, brGDGTs, which are produced by a wide variety of 

Acidobacteria living in soil and presumably other bacteria, are used to reconstruct continental 

paleotemperature (Sinninghe Damsté et al., 2011, 2014, 2018a). It has been shown that the 

degree of methyl branching (MBT) depends primarily on the mean annual air temperature, 

while the number of cyclopentane moieties (CBT) of brGDGTs correlates with soil pH (Weijers 

et al., 2007; Peterse et al., 2012; De Jonge et al., 2014). Recently, a new set of structural 

brGDGT isomers, the 6-methyl brGDGTs occurring at position 6, have been identified, which 

coelute with 5-methyl brGDGTs at position 5 when using traditional HPLC methods (De Jonge 

et al., 2013). By using the recently improved chromatographic separation method, it has been 

shown that the 5-methyl isomers (expressed as MBT’5ME) have a stronger correlation with 

temperature, while the amount of 6-methyl isomers have a better correlation with pH (De 

Jonge et al., 2014; Naafs et al., 2017a, 2017b; Russell et al., 2018). 

Similar to archaea and bacteria, other microorganisms like heterocyet cyanobacteria produce 

unique biomarkers called heterocyte glycolipids (HGs). Their composition is highly variable, 

which is why the individual components have a high chemotaxonomic potential (Gambacorta 

et al., 1998; Bauersachs et al., 2009a, 2014a, 2019). Laboratory experiments and a field study 

on a freshwater lake have also demonstrated that the HG composition correlates with growth 

temperature (Bauersachs et al., 2014b; Bauersachs et al., 2015) and thus can be used to 

trace paleotemperature changes. 

In the following chapter typical biomarkers of the archaeosphere are introduced.  
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Figure 1.1: Important biomarker used in this thesis including A: nC27 alkane derived from plant leaves. 

B: nC44 alkyl ester constituted of nC16 alkanoic acid (B) and nC28 alcohol (C), which are both important 

leaf wax lipids, but are also released upon hydrolysis of the alkyl ester at early diagenetic stages. E: 

bacteria-derived branched GDGT-Ia. F: HG26 diol, which is exclusively produced by heterocyte 

cyanobacteria.  
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1.3. Biomarkers from biosphere to archaeosphere  

Organic substances on archaeological objects mainly occur as residues from food and 

medicines or as adhesives and binders in paint (Colombini and Modugno, 2009). These 

residues can occur as charred surface residue, which adheres to the interior or the exterior of 

the vessel. During cooking of food in unglazed clay pots, organic molecules can also be 

absorbed into the pores of the clay vessels and survive there over time (Needham and Evans, 

1987). However, most lipids do not survive intact, but rather are transformed into 

defunctionalized and more resistant forms, which are, however, less indicative.  

During the early 1990s, the Bristol (UK) chemistry unit around Prof. Dr. Richard Evershed 

increased the range of applications and analytic techniques of organic (geo)chemistry on 

archaeological objects to characterize how specific pots were used (Evershed et al., 1990, 

1991a, 1991b; Heron et al., 1991). With this important information, ancient human diet and 

early animal husbandry and domestication could be reconstructed. An early overview of the 

chemistry of lipids important in archaeology was given by Evershed (1993). Contemporary 

experimental studies were carried out to improve the understanding of the alteration processes 

during deposition and early diagenesis on the organic material in the ceramic samples. For 

this purpose, meat samples from different animals, such as cattle, pigs and fish, but also 

vegetables or cereals were exposed to different conditions such as temperature and/or oxygen 

content over time to simulate different burial conditions (Evershed et al., 1995; Raven et al., 

1997; Hansel et al., 2004; Hammann and Cramp, 2018). Over the last three decades the 

number of studies from different research groups increased and important updates on organic 

residue analysis on pottery were developed. Today, organic substances like animal adipose 

(ruminant vs. non-ruminant) and dairy fats, marine oils, plant epicuticular waxes and oils, 

cereals, bark tars and resins, bitumen, wine and beeswax can be identified based upon their 

biomolecular fingerprints and carbon isotope values in archaeological pottery vessels. 

Animal fats and plant oil fats are mixtures of triacylglycerols (TAGs), which are esters of 

glycerol and three fatty acids of various chain-length and other minor compounds like sterols 

and free fatty acids (Fig. 1.2 and 1.3). The fatty acids of TAGs are usually unbranched with an 

even number of carbon atoms and can be saturated or unsaturated, having one 

(monounsaturated) or more double bonds (polyunsaturated). The carbon number distribution 

of TAGs can be used to differentiate between modern animal fats. Fresh milk fats contain a 

very broad distribution of TAGs ranging from 28 to 54 carbon atoms, while adipose fats either 

from ruminants like cattle and sheep or from non-ruminant fats from pigs have a narrower 

distribution from C46 to C54, with minor contribution of C42 and C44 (Mukherjee et al., 2007). 

Unfortunately, the distribution of TAGs transformes over time due the loss of the short-chain 

acyl moieties during hydrolysis with the result that diagenetically overprinted adipose and dairy 

fats can no longer be distinguished by their carbon number distribution (Dudd and Evershed, 
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1998). The hydrolysis of TAGs leads to the formation of diacylglycerols (DAGs) and 

monoacylglycerols (MAGs) through the loss of fatty acids, which are added to the pool of 

existing free fatty acids. Finally, degraded fats are characterized by the presence of only a 

minor amount of acylglycerols, if they are not completely degraded and have a high 

concentration of free fatty acids and glycerol. Since short-chain fatty acids (C4-C12) are more 

water soluble than their long-chain homologues, short-chain fatty acids do not survive in 

archaeological pottery through leaching or volatilization over archaeological time scales (Bell, 

1973; Dudd and Evershed, 1998). Therefore, mainly medium-chain length fatty acids like 

palmitic (C16:0) and stearic (C18:0) acid are found in archaeological samples (Pollard et al., 

2007). Simple ratios of C16:0/C18:0 fatty acids were introduced to distinguish between animal 

and plant origin with vegetable oils having a ratio greater than three and animal products 

having a ratio between one and two (Copley et al., 2001). However, these values were 

determined on recent samples, which is why the ratio should only be used with caution since 

the complicated degradation processes from the biosphere to the archaeosphere are not fully 

understood. 

The commonly high amounts of C16:0 and C18:0 fatty acids in archaeological samples, however, 

can be used to measure the carbon isotopic composition (δ13C) of these two individually fatty 

acids to determine their origin. Studies revealed the differentiation of various animal fats like 

from ruminant, non-ruminant and dairy fats as well as from marine and freshwater resources 

(Dudd and Evershed, 1998; Copley et al., 2003; Cramp et al., 2019). Differences in δ13C values 

of the major fatty acids of modern terrestrial animals are due to differences in metabolism and 

digestive physiology of different organisms (Copley et al., 2003; Mukherjee et al., 2007). The 

two aquatic sources are not easily to distinguish by their δ13C values since individual species 

or groups have similar ranges (Cramp and Evershed, 2014). Aquatic resources can be 

deduced when complementary biomarkers are detectable in the same sample. Aquatic 

biomarkers include dihydroxy fatty acids, long-chain mono- and polyunsaturated fatty acids, 

in particular C20:1, C22:1, C20:5 and C22:6, isoprenoid fatty acids and ω-(o-alkylphenyl)alkanoic 

acids (APAAs) ranging from 16 to 22 carbon atoms (Cramp and Evershed, 2014). The latter 

are formed during heating (~270°C) of especially polyunsaturated fatty acids (e.g. C18:3, C20:3, 

C22:3), which are commonly found in aquatic species (Hansel et al., 2004). Later, other studies, 

however, revealed that APAAs are also formed by mono- and diunsaturated fatty acids 

(Evershed et al., 2008a). Since many vegetable oils also contain a high concentration of 

predominantly polyunsaturated C18 fatty acids, APAAs with 18 carbon atoms can be produced 

also during cooking of plant material (Rossell, 1991). Since vegetable oils contain only traces 

of unsaturated C20 and C22 fatty acids, the detection of C20 and C22 APAAs is a strong evidence 

for the processing of aquatic resources in pottery vessels (Craig et al., 2007; Evershed et al., 

2008a). 



8 
 

Other important biomarkers for ruminant animals are significant amounts of pentadecanoic 

(C15:0) and heptadecanoic (C17:0) acids and their equivalent iso- and anteiso-isomers, which 

are formed in the rumen of e.g. cattle, sheep and goats (Baeten et al., 2012). Cholesterol and 

its oxidation products are typical animal products, while phytosterols like sitosterol and 

campesterol are indicative of a plant origin. Nevertheless, these biomarkers are also produced 

by bacteria and algae and can therefore originate from microorganisms during burial. A 

complex mixture of n-alkanes, n-fatty acids, n-alcohols and n-acyl wax esters is indicative for 

beeswax, while n-alkylresorcinols are ubiquitous biomarkers in modern cereals (Ross et al., 

2003; Roffet-Salque et al., 2015). The latter are rarely detected in archaeological samples 

(Colonese et al., 2017) as n-alkylresorcinols are only preserved under anoxic conditions in 

significant concentrations and a very sensitive detection method has to be used to detect 

traces of these compounds (Hammann and Cramp, 2018). Wine as one of the most important 

beverages produced, traded and consumed in recent and ancient times is identifiable by the 

presence of tartaric, citric, malic, succinic and fumaric acids (Pecci et al., 2013).  

As a result of human activity, various biological materials were mixed in pots, especially during 

food preparation, which increased the complexity of identifying the original contents. In 

addition, complex alteration processes and decay of lipids during burial increase the need for 

further development of analytic techniques in molecular archaeology (Evershed, 2008). 

 

 

 

Figure 1.2: Structure of glycerol (a); general structure of triacylglycerol (b) with two saturated and one 

unsaturated fatty acid moiety (with x: number of double bonds and n: number of carbon atoms). 

Examples of fatty acids structures (c) palmitic acid, C16:0; (d) stearic acid, C18:0; and (e-f) heptadecanoic 

acid, C17:0 (respectively, iso-and anteiso) Adapted from (Salque, 2012).  



9 
 

 

 

Figure 1.3: Degradation pathways of triacyclglycerols (TAGs). Adapted from Evershed et al. (2002). 
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1.4. Aims and thesis outline  

This PhD thesis is integrated in the Collaborative Research Center (CRC) 1266: “Scales of 

Transformation – Human-Environmental Interaction in Prehistoric and Archaic Societies” 

founded by the German Research Foundation (DFG). As this work is embedded in the CRC 

1266, numerous interdisciplinary cooperation could be conducted, thus not only “typical” 

geoscientific questions were dealt with. The aim of this work was to apply different state of the 

art methods of organic geochemistry in different scientific fields including paleobotany, 

paleolimnology, paleoclimatology, paleoenvironmental reconstruction and archaeology. In the 

following chapters, the main results of this thesis are presented for the different scientific fields 

and locations (Fig. 1.4). This thesis is composed of seven main chapters including an 

introduction, five chapters that have been published, submitted or are in preparation for 

publication in international peer-reviewed scientific journals and a final conclusion.  

Chapter 1 introduces in the general scientific background of biomarkers in organic 

geochemistry and provides an overview of the scientific field. Chapter 2 describes the wax 

lipid composition of the four European birch species and the interaction of these lipids between 

biosphere and geosphere. In Chapter 3 a sediment core from Lake Steisslingen (SW-

Germany) comprising Late Glacial and Early Holocene sediments is investigated to 

characterize especially the Younger Dryas cold period. Here, biomarker and isotopic data 

indicate that the cold period of roughly 1,000 years was not uniform, but that the ecosystem 

was highly variable, leading to a subdivision of the Younger Dryas based on the different 

response of aquatic and terrestrial ecosystem. Chapter 4 deals with the characterisation of 

the sediments from Lake Stymphalia (Greece) comprising the Late Pleistocene and almost 

the entire Holocene. Epicuticular wax lipids (n-alkanes) as well as heterocyte cyanobacteria-

derived (HGs) and bacteria-derived (brGDGTs) membrane lipids are used to determine the 

ancient vegetation, microbial community and temperature changes. In Chapter 5 modern 

animal fats from cattle, sheep, goats and pigs are reported as modern reference material to 

compare their lipid and isotopic signature with those extracted from ancient pottery vesselsof 

the Cucuteni-Trypillia culture excavated in Ukraine and Moldova. The lipid and isotopic 

signature extracted from Funnel Beaker culture (Trichterbecherkultur) and Globular Amphora 

culture (Kugelamphorenkultur) potteries of Northern Germany is described in Chapter 6. 

Here, significant lipid contents of the burial gift containing vessels from a Megalith grave 

differed characteristically from those from the corresponding settlement. Finally, Chapter 7 

provides a summary and outlook for further research. In addition, an appendix A is attached 

in which preliminary results are presented, which form a contribution to a further publication. 

In a second appendix B, a manuscript is added containing GDGT data from the younger part 

of the Lake Stymphalia sediment record. 
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Figure 1.4: Study areas of subprojects investigated within this PhD project. 

 

 

 

 

 

 

 

 

 

  



12 
 

  



13 
 

2. Epicuticular wax lipid composition of endemic European Betula 

species in a potential ontogenetic/diagenetic continuum and its 

application to chemotaxonomy and paleobotany  

 

 

 

 

Abstract 

Plants are excellent climate indicators and their macro-remains or pollen accumulating in 

geological archives serve as recorders of environmental change. In Europe birch trees 

contribute importantly to Holocene plant successions. They constitute the dwarf species 

Betula nana and B. humilis, representing colder and two tree birches, B. pubescens and B. 

pendula indicative of more temperate climate. Birch pollen are highly similar preventing 

species differentiation. We obtained unambiguous chemotaxonomic differentiation of four 

European birch species via cuticular wax lipids. Dominating lipid classes in recent epicuticular 

birch waxes were n-alkanes (nC23 to nC33), n-alcohols and n-alkanoic acids (nC20 to nC32), and 

long-chain wax ester (nC36 to nC48) differing in amount and distribution. After plant senescence 

and in geological archives lipids undergo diagenetic alteration modifying the distributions 
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found in recent plants. Long-chain wax esters become hydrolysed and release bound alcohols 

and fatty acids, which add to the fraction of their free analogues. This modification of primary 

lipid patterns commonly is unaccounted for in paleovegetation studies. Proceeding diagenesis 

by decarboxylation will convert these functionalized primary and secondary lipids into their 

corresponding n-alkanes, the compound class mostly applied in paleoenvironment 

reconstruction. Hereby, not only molecular but also isotopic composition is then determined 

on n-alkanes of different origin. We assessed the potential contribution of secondary (free lipid 

decarboxylation) and tertiary (bound lipid decarboxylation) wax metabolites and compared the 

cumulative n-alkane patterns with birch n-alkane distributions reported in the literature. Two 

statistically different patterns were separated, one dominated by primary, the other by 

secondary and tertiary formed n-alkanes. This may explain the inconsistency in previous birch 

wax analysis reported and needs to be considered in paleoenvironment reconstruction. 

 

2.1 Introduction 

Environmental demands, in particular climate, govern the present-day habitat and distribution 

of trees, which in turn facilitate determination of climate regimes in the contemporaneous as 

well as in the fossil domain. Taxonomy of present-day trees is based on anatomical, 

morphological, genetic and biochemical studies, whereby such features in the fossil record 

are best preserved in pollen distributions, due to a higher recalcitrance of pollen versus other 

plant organs, e.g. leaves and rare findings of other macro-remains, e.g. fruits. Under special 

conditions of preservation though fossil remains can be found in sediments dating back to the 

Eocene (Crane and Stockey, 1987). Paleovegetation and related paleoclimate reconstruction 

thus heavily relies on palynology, accompanied by analysis of marco-remains when present. 

Genetic (Järvinen et al., 2004; Schenk et al., 2008; Bina et al., 2016) and biochemical 

approaches (Julkunen-Tiitto et al., 1996; Keinänen et al., 1999; Orav et al., 2011; Depciuch et 

al., 2018) are rare, except for molecular and isotopic investigation of leaf/needle wax, the latter 

rarely conducted on the species level.  

Birches (Betula L., Betulaceae) are common broadleaf trees and shrubs occurring in diverse 

habitats of the boreal and the cold-temperate zones of the Northern Hemisphere (Furlow, 

1990; Maliouchenko et al., 2007). Ranging from temperate zones in Northern America over 

Eurasia to East Asia and the circumpolar regions, birches populate different habitats including 

forests, swamps, tundra and mountainous terrains (Wang et al., 2016). The number of species 

belonging to the genus Betula and their relationships is still under debate ranging from 30 to 

60 different taxa within 4 to 6 subgenera (Winkler, 1904; De Jong, 1993; Skvortsov, 2002; 

Schenk et al., 2008; Ashburner and McAllister, 2013). Of these, four Betula species are 

endemic to Europe. The two tree birches, B. pubescens (downy birch) and B. pendula (silver 
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birch) occur throughout most of Europe, whereby B. pubescens has a more northerly and 

easterly distribution, while B. pendula reaches more southern regions such as the Iberian 

Peninsula, Italy and Northern Greece (Maliouchenko et al., 2007; Ashburner and McAllister, 

2013). Two dwarf/shrubby birch species, namely B. nana (arctic dwarf birch) and B. humilis 

(dwarf birch) thrive in Europe as well but are confined to a much smaller growth range. B. 

nana is preferentially located at higher elevations like the Alps and Carpathian Mountains or 

in perennial colder regions like Northern Europe from Iceland over northern Scotland to 

Scandinavia (Maliouchenko et al., 2007; Ashburner and McAllister, 2013). B. humilis has a 

wide distribution from western Germany to eastern Siberia and Korea, but its occurrence is 

very scattered with only a few habitats left in Central Europe (Ashburner and McAllister, 2013). 

As an important component of plant succession found in highly contrasting climate and growth 

regimes, these Betulaceae and their respective habitat demands are sensitive (paleo)climate 

and (paleo)environmental indicators, provided that they can be taxonomically differentiated. 

Recent birch species can be distinguished by their leaf and catkin/fruit even when fossilized 

in sediments shape (van Dinter and Birks, 1996; Freund et al., 2001), whereby their 

evolutionary relation and phylogeny is difficult to assess due to intensive hybridization in 

nature. Extensive hybridization and introgression has been investigated not only within a 

subgenus but also across Betula species of different subgenera (Thomson et al., 2015; Tsuda 

et al., 2017). Precise classification is complicated by a spatial overlap of natural habitats for 

European birch species enabling natural hybridization (Thórsson et al., 2001). The 

identification of birch remains in geological archives for paleovegetation reconstruction is 

limited by a common lack of well-preserved leaves or catkins occurring in statistically relevant 

quantities. However, the identification of birch vegetation over time is of great interest, 

especially during the Late Glacial and Early Holocene (approx. 15,000 – 9,000 yr BP), to 

understand early colonization and forest/shrub expansion in deglaciated landscapes as well 

as the adaptation of vegetation to climate variability and perturbation. Macrofossil findings 

revealed a dominance of tree birches, like B. pubescens, during temperate phases, whereas 

upon glacial stages B. nana was the most abundant birch species, serving as a tundra 

indicator (Tralau, 1963). 

Most commonly, paleovegetation reconstruction in sedimentary archives like lakes, peats and 

bogs is based on palynological approaches, since macro remains are mostly absent (Lotter et 

al., 1992; Lotter, 1999; Jahns, 2000; Eusterhues et al., 2002; Tarasov et al., 2009; Mortensen 

et al., 2011; Veski et al., 2012; Rösch and Lechterbeck, 2016; Krüger and Damrath, 2019). 

However, differentiation of birch species by pollen is challenging, due to similar morphological 

traits, e.g. shape, diameter and depth of pores in pollen within the genus Betula, which leads 

to overlap in pollen-size distribution (Birks, 1968; Mäkelä, 1996; Caseldine, 2001; Karlsdóttir 

et al., 2007; de Klerk et al., 2017). In addition, pollen morphology can also be affected by the 
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chemicals used upon preparation, pollen maturity, type of mounting medium, but also a 

latitudinal and altitudinal effect cannot be excluded (reviewed in Mäkelä, 1996). 

Terrestrial plant leaves are covered by a hydrophobic barrier to protect against the loss of 

water due to evaporation, mechanical damage, ultraviolet radiation and bacterial or fungal 

pathogens (Jenks et al., 1994; Sieber et al., 2000; Long et al., 2003; Jetter and Kunst, 2008). 

This barrier consists of an epicuticular wax layer, composed of long-chain alkyl compounds 

including amongst others n-alkanes, n-alcohols, n-alkanoic acids, n-alkyl esters, n-aldehydes, 

n-ketones and others (Eglinton and Hamilton, 1967; Jetter and Kunst, 2008). Their 

composition is highly variable in quality and quantity across plant species and therefore has 

high chemotaxonomic potential (Eglinton et al., 1962; Herbin and Robins, 1969; Gülz, 1994; 

Maffei, 1996; Schwark et al., 2002; Buschhaus et al., 2007; Diefendorf et al., 2011, 2015; Bush 

and McInerney, 2013; Mueller-Niggemann and Schwark, 2015; Guo et al., 2018). n-Alkanes 

with carbon chain-length between nC25 and nC35 are associated with higher plants with a 

strong odd-over-even predominance (expressed as the carbon preference index - CPI), while 

their shorter chain homologues (<nC20), especially nC17, are mainly found in aquatic 

microorganisms (Blumer et al., 1971; Cranwell et al., 1987). Intermediate chain-length n-

alkanes with nC23 and nC25 predominance are primarily found in aquatic macrophytes and in 

mosses of the genus Sphagnum (Ficken et al., 2000; Pancost et al., 2002; Bush and 

McInerney, 2013). Both, n-alcohols and n-alkanoic acids in contrast to the n-alkanes hold an 

even-over-odd predominance in carbon chain-lengths, which typically ranges from nC20 to 

nC32 (Jetter and Kunst, 2008). Alkyl esters consist of even-numbered n-alkanoic acids, which 

are esterified to even-numbered n-alcohols, generating long-chain aliphatic compounds with 

on average 38 to 52 carbon atoms (Shepherd et al., 1999). Among these lipid classes, the n-

alkane abundances are most frequently reported in vegetation reconstruction, since they are 

very robust against alteration processes due to the lack of functional groups. Such n-alkanes 

can be found in a variety of geological archives including peats, soils, limnic and marine 

sediments of different ages ranging from modern times up to several million years (Schwark 

et al., 2002; Schouten et al., 2007; Smith et al., 2007; Schellekens and Buurman, 2011) and 

are easily extracted from sediments and leaves by geochemical methods (Jetter and Kunst, 

2008). Therefore, most studies conducted to investigate paleovegetation history employing 

leaf wax lipids are based on n-alkanes (Jansen and Wiesenberg, 2017). However, the use of 

several lipid classes instead of a single will increase the discriminative power and 

representativeness of the wax lipid composition. Studies involving n-alkanoic acids, n-alcohols 

or n-alkyl ester for paleovegetation reconstruction are highly underrepresented (Jansen et al., 

2013; Wiesenberg et al., 2015), as these lipids are usually not reported from modern plant 

homologues and their degree of preservation in natural archives may vary (Lockheart et al., 

2000). Following incorporation into soil or sediment, wax esters can be hydrolysed, releasing 
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free n-alcohols and n-alkanoic acids. These in turn can be converted into n-alkanes by 

decarboxylation and reduction, respectively (e.g. Jansen and Wiesenberg, 2017). Diagenetic 

fate of functionalized lipids may vary depending on various factors such as oxygen availability 

and pH affecting microbial reworking, but the potential of functionalized lipid classes in 

paleobotany has been proven for sediments of up to Miocene age (Huang et al., 1995; 

Lockheart et al., 2000).  

As Kirkels et al. (2013) in a previous publication in The Holocene emphasized “Additional 

focus on biomarker-potential of other cuticular-derived compounds (e.g. n-alcohols, fatty 

acids, ketones, etc.) and on biomarkers upon senescence/degradation are important research 

prospects”. Here, we address both an extended epicuticular leaf wax analysis including four 

different compound classes (n-alkanes, n-alcohols, n-alkanoic acids, and long-chain wax 

ester) and investigate the potential release of secondary and tertiary metabolites from those 

functionalized wax lipids present in recent birch plants. We then compare the n-alkanes 

cumulatively releasable from functionalized precursor molecules in recent birch wax with bulk 

n-alkane distributions reported in the literature to investigate if previous chemotaxonomic 

assessments may have been affected by secondary and tertiary wax alteration. 

An improved understanding of the diagenetic effects impacting on leaf waxes may guide in 

future molecular and isotopic application to paleovegetation reconstruction.  

 

2.2 Material and Methods 

2.2.1 Leaf samples and collection 

Fresh leaf samples were collected in the Botanical Garden at Kiel University in September 

2017. Three samples per birch species were collected as field replicates from branches at 

different sites of the tree at a height between 1 and 3 m. To avoid contaminations during 

sampling, gloves were worn and leaves were stored in glass container or aluminium foil until 

extraction. Subsequently to sampling leaves were dried at 35°C in an oven for 48h. The mean 

annual air temperature for Kiel-Holtenau is about 9.34°C and the total annual precipitation is 

about 744 mm (1987-2018) (DWD, 2019). 

 

2.2.2 Lipid extraction 

Lipids were extracted by immersing a composite sample, obtained from 3 to 5 individual leaf 

sections (0.02 – 0.27 g), for 60 s in a 30-50 ml hexane/dichloromethane solution (1:1 v/v). The 

resulting solution was filtered through NaSO4, evaporated under vacuum at 50°C in a Büchi 

solvent evaporator and transferred into pre-weighted vials. Per species three leaf composite 

samples were extracted to calculate standard deviation of lipid concentration and composition. 

Replicate analyses were not executed on identical extracts as often done in biogeochemistry 
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but derive from different field samples reflecting full environmental variability. Prior to analyses, 

an aliquot of the total lipid extract (TLE) was treated with 35 µl N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 5 µl pyridine at 70°C for 1 h to convert the n-

alkanoic acids and n-alcohols to their corresponding trimethylsilyl (TMS) derivates. 10 µg of 

perdeuterated tetracosane (nC24), octadecanol (nC18), and eicosanoic acid (nC20) were added 

as internal standard for quantification. All samples were analysed by gas chromatography-

mass spectrometry (GC/MS). 

 

2.2.3 Gas chromatography-mass spectrometry (GC-MS) 

The wax lipids were analysed using an Agilent 7890A (GC) equipped with an Agilent DB-5 

column (30m x 0.25mm x 0.25µm) coupled to an Agilent 5975 B (MS). The oven program 

started at 60°C for 4 min, followed by a ramp to 140°C at 10°C/min and subsequently to 325°C 

at 3°C, followed by an isothermal period of 45 min. The MS operated with a scanning mass 

range of m/z 50-850 at an ionization energy of 70 eV. All compounds were identified by using 

authentic standards, NIST 14 library or their specific fragmentation pattern. 

 

2.2.4 Leaf wax characteristic calculations 

The n-alkane content of plant species was calculated as µg/g dry weight (d.w.) of leaf based 

on mean values of triplicate analysis with standard deviation (Fig. 1). 

Average chain length (ACL) for n-alkanes with 23 to 33 carbon atoms was calculated as: 

𝐴𝐶𝐿 =  
(23 × 𝑛𝐶23 +  25 × 𝑛𝐶25 +  27 × 𝑛𝐶27 +  29 × 𝑛𝐶29 + 31 ×  𝑛𝐶31 + 33 ×  𝑛𝐶33) 

(𝑛𝐶23 +  𝑛𝐶25 +  𝑛𝐶27 +  𝑛𝐶29 +  𝑛𝐶31 +  𝑛𝐶33)
 

with Cn as relative abundance of n-alkanes with the chain length n (Poynter and Eglinton, 

1990). This proxy is used as weighted mean of n-alkane carbon chain length, which is 

supposed to vary with climate. The carbon preference index (CPI) outlines the relative 

abundance of odd-over-even carbon chain lengths, whereby values >1 indicate a 

predominance of odd carbon chain lengths homologues. CPI values for n-alkanes with 24 to 

34 carbon atoms were calculated according to: 

𝐶𝑃𝐼 = 0.5 × [
(𝑛𝐶25 +  𝑛𝐶27 +  𝑛𝐶29 +  𝑛𝐶31 +  𝑛𝐶33) 

(𝑛𝐶26 +  𝑛𝐶28 +  𝑛𝐶30 +  𝑛𝐶32 +  𝑛𝐶34) 

+  
(𝑛𝐶25 +  𝑛𝐶27 +  𝑛𝐶29 +  𝑛𝐶31 +  𝑛𝐶33) 

(𝑛𝐶24 +  𝑛𝐶26 +  𝑛𝐶28 +  𝑛𝐶30 +  𝑛𝐶32)
 ] 

For further statistical analysis of wax lipid results see supplementary materials S1. 
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2.2.5 Wax ester quantification 

For total wax ester quantification, the respective wax ester peaks in the GC-MS 

chromatograms were integrated and quantified against an internal standard (deuterated 

tetracosane). For a wax ester of the type RCOOR’ the diagnostic fatty acid ion is RCOOH2
+, 

indicative for the alkanoic acid chain length. R’- 1+ derives from the corresponding alcohol 

moiety, however, its intensity is low and difficult to detect. Therefore, the diagnostic acid 

fragments (RCOOH2
+) of peaks containing co-eluting alkyl esters of identical total mass but 

variable combinations of alcohol and alkanoic acid moieties were integrated to determine the 

percentage of the respective isomer contribution. Multiplication of isomer percentages by 

analogue abundances led to the proportion of the esterified acids. The proportional amount of 

esterified alcohol was obtained by subtracting the esterified acid from the corresponding total 

wax ester homologue. 

 

2.3 Results and discussion 

2.3.1 Alkyl lipid distribution of plants from the Botanical Garden of Kiel University 

One focus of this study lies on the determination of the primary epicuticular wax compositions 

of the four birches endemic to Europe. The leaf wax compound classes n-alkanes, n-alcohols, 

n-alkanoic acid and n-alkyl ester were present in all species at variable composition 

distributions (Fig. S2.1). Epicuticular alkyl lipid abundances are reported as µg/g dry weight 

(d.w.) of leaf. 

The lowest total amount of epicuticular waxes was observed in the artic dwarf birch B. nana 

with 538.3 µg/g d.w., followed by B. pendula with 1293.8 µg/g d.w., 3131.7 µg/g d.w. in B. 

pubescens and B. humilis with 4187.9 µg/g d.w.. 

 

2.3.2 n-Alkanes of Betula epicuticular wax 

The carbon atom chain-lengths of n-alkanes varied from nC23 to nC33 and maximized either at 

nC27 or nC31. A predominance of nC27 was noted for B. humilis with 413.2±91.1 µg/g d.w.. In 

relative proportion, nC27 was the dominant n-alkane homologue in B. nana, though it occurred 

in minor absolute concentrations (7.8±2.5 µg/g d.w.) only. The n-alkanes of two tree birches, 

B. pubescens and B. pendula, maximised at nC31 with 799.0±133.3 and 183.0±103.8 µg/g 

d.w., respectively, whereby the latter species additionally contained large proportions of nC25 

and nC27 alkanes. The average chain-lengths for odd-carbon-numbered n-alkanes in the 

range from nC23 to nC33 (ACL23-33) varied from 26.7 in B. humilis to 29.7 in B. pubescens, while 

B. pendula und B. nana had intermediate ACL values of 28.0 and 28.5, respectively. As 

expected, in the recent leaves a typical odd-over-even predominance was detected, which is 

expressed in high CPI values. Highest CPI values were found in B. pendula averaging 41.3, 
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followed by B. pubescens with 36.4 and B. nana with 11.1. The CPI for B. humilis could not 

be calculated due to the lack of even-numbered n-alkanes but consequently preference of 

odd-numbered homologues (CPI) is exceptionally high. The high n-alkane CPI values 

indicated that there was no significant contamination by sedimentary (e.g. via dust) or 

petroleum-derived n-alkanes. 

The birch trees examined in this study grew under identical environmental conditions in the 

Botanical Gardens of Kiel University, thus a possible influence of climate or soil condition on 

the wax lipid distribution should be minimal for each species. The n-alkane compositions in all 

four Betula species exhibited a dominance of longer-chain lengths homologues (nC27, nC29, 

nC31) with a mean ACL of ca. 28, as typical of deciduous trees (Bush and McInerney, 2013). 

However, some species had only one dominant homologue (B. pubescens, B. humilis), whilst 

others had a more bimodal distribution with two dominant homologues (B. nana, B. pendula) 

(Fig. 2.1). The ACL has been used in geological archives as a climate and plant species 

indicator. For example, it has been recognized that higher ACL values correlated with higher 

temperatures in sediments of Lake Malawi (east Africa), potentially as protection against heat 

to increase the melting point of epicuticular waxes (Castañeda et al., 2009b). However, 

Diefendorf et al. (2017) in their compilation study could not confirm a significant temperature 

control on ACL neither in C3 woody plants nor in C3/C4 grasses. Higher ACL values, due to a 

higher proportion of nC31, nC33 and partially nC35, were observed in C4 grasses (Poaceae) of 

arid zones in Africa, which distinguished them from C3 species from Peru and Australia 

(Rommerskirchen et al., 2006). No correlation between the preferred habitat of the four birches 

from our study (arctic/alpine vs. temperate zone) and ACL exists, since especially the two cold 

tolerant dwarf birches showed markedly different n-alkane distributions. However, the 

measured ACL values were in accordance with the expected values, since no extended long-

chain n-alkanes with 33 or even 35 carbon atoms, typically for arid grasses, were found. 
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Figure 2.1: Distribution of n-alkanes, n-alcohols, n-alkanoic acids and n-alkyl esters (µg/g dry leaf) from 

epicuticular waxes of four European birch species collected from the Botanical Garden of Kiel 

(Germany). Note the different scale of the y-axis for each row. 
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2.3.3 n-Alcohols of Betula epicuticular wax  

As with the n-alkane distribution, a typical terrestrial higher plant pattern was observed for n-

alcohols, yielding a strong even-over-odd dominance in carbon chain-lengths (Otto and 

Simpson, 2005). The n-alcohol chain-lengths ranged from nC16 to nC32 with a predominance 

in long-chain alcohols (>nC20) in all birches. As short chain-lengths n-alcohol homologues 

(<nC20) are primarily synthesised by microbes or algae (Han and Calvin, 1969), we based 

epicuticular wax analysis on the long-chain homologues. The primary n-alcohols showed the 

closest range in overall concentrations of all lipid classes (Fig. 2.1). The cumulative n-alcohol 

concentration extended from 168.5±22.0 µg/g in B. pendula to 436.4±84.7 µg/g in B. humilis. 

The three birches B. humilis, B. pubescens and B. pendula revealed a gradually decreasing 

concentration with increasing chain-lengths, whereby B. humilis maximized at nC20 with 

209.0±40.2 µg/g d.w. and the latter two at nC22 with 153.5±12.9 and 79.2±10.0 µg/g d.w., 

respectively. B. nana was characterized by a narrower distribution, peaking at nC28 with 

99.7±23.3 µg/g d.w.. Our results demonstrate that the concentration of n-alcohols either 

increased (B. nana) or decreased (all other species) gradually with increasing carbon chain-

length, whereby only one homologue dominated (Fig. 2.1). Both tree birches, B. pubescens 

and B. pendula, revealed similar alcohol patterns and differed in absolute concentrations only. 

In contrast to the tree birches, however, the two shrub birches showed a markedly different n-

alcohol distribution and were well distinguishable. 

Diefendorf et al. (2011, 2015) reported that the average concentrations of n-alcohols in leaves 

of deciduous angiosperm trees from the U.S. commonly were twice as high as those of n-

alkanes. In our study B. nana exclusively revealed about 10 times higher concentrations of n-

alcohols compared to n-alkanes. The other three species produced two to four times lower 

amounts of n-alcohols than n-alkanes. Previous studies have shown that grasses are mainly 

characterized by nC26, nC28 and nC32 alcohols (Jansen et al., 2006; Rommerskirchen et al., 

2006). This corresponds closely to generally low amounts of these homologues in favour of 

the high proportions of the shorter alcohols nC20 or nC22 in B. humilis, B. pubescens and B. 

pendula. Only the leaves of B. nana produced a higher proportion of nC26 and nC28 alcohols.  

 

2.3.4 n-Alkanoic acids of Betula epicuticular wax  

The n-alkanoic acid abundances were characterized by a strong even-over-odd dominance in 

carbon chain-lengths in the range of nC12 to nC30. Similar to the n-alcohols, short-chain 

homologues (<nC20) were not significant for higher plants since these compounds are also 

produced by a variety of organisms including bacteria and algae or derive from cellular 

membranes rather than waxes. Here, in all four birches species alkanoic acids in the range of 

nC12 to nC30 were observed to peak at nC16 or nC28. In the range of the long-chain fatty acids 
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(>nC20), the four Betula species maximized exclusively at nC28, whereby their concentrations 

differed by two orders of magnitude (Fig. 2.1). Thus, B. nana yielded only 1.75±2.2 µg/g d.w. 

of nC28, while B. humilis produced 201.2±13.4 µg/g d.w. of C28. B. pubescens and B. pendula 

showed intermediate concentrations of 34.3±2.4 and 34.7±4.0 µg/g d.w., respectively. B. nana 

produced more short chain alkanoic acids than long-chain homologues, with highest 

concentration at nC16 with 44.3±6.1 µg/g d.w. and nC18 with 20.8±1.3 µg/g d.w..  

The relative distribution patterns of long-chain alkanoic acids in the four birches were too 

similar to allow for differentiation. These basic findings were consistent with a litter and topsoil 

transect experiment in which deciduous forest sites also showed a dominance of nC28 alkanoic 

acids and differed from conifer (nC24) and grasslands sites (nC32 and nC34) (Schäfer et al., 

2016). Therefore, nC28 alkanoic acid preponderance may serve to distinguish wax lipid inputs 

of birches from those of grasses and conifers, like pines. This may be applicable for sediments 

in periods such as the Late Glacial and Early Holocene in Central Europe, where successions 

were characterised by a minor diversity in plant species. In contrast, Diefendorf et al. (2011) 

observed that the n-alkanoic acid distributions across plant groups from the east coast of the 

USA, both angiosperms and gymnosperms, were similar with no dominant homologue 

present.  

 

2.3.5 n-Alkyl esters of Betula epicuticular wax  

Wax esters are dimeric wax compounds build by a n-alcohol and a n-alkanoic acid moiety, 

whereby each n-alkyl ester isomer can be composed of several different combinations of n-

alcohol and n-alkanoic acid homologues (Fig. S2.2) (Franich et al., 1985). Saturated wax ester 

homologues were identified according to their characteristic molecular ions (M+) (Sümmchen 

et al., 1995). Straight-chain wax esters in the range of nC38 to nC48 were detected in all four 

species, which is typical for higher plants (Koch and Ensikat, 2008) (Fig. 2.1). Additionally, B. 

humilis produced minor quantities of the nC36 homologue. The alkyl ester composition of B. 

nana maximized at nC44 with 104.2±33.4 µg/g d.w. with an almost normal distribution. B. 

humilis peaked at nC36 with 1047.1±254.0 µg/g d.w., followed by a linear decrease in 

concentration of longer-chain wax esters up to nC48. Wax esters chain lengths of B. pubescens 

and B. pendula leaves ranged from nC38 to nC46, whereby the concentrations decreased with 

an increase in chain-lengths. Concentrations of nC38 wax ester of B. pubescens and B. 

pendula yielded 535.7±99.4 and 122.7±35.5 µg/g d.w., respectively.  
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2.3.6 Isomer distribution of wax esters and potential input to free n-alkanoic acids and 

n-alcohols  

Wax esters are easily hydrolizable primary wax lipids that upon diagenesis will convert into 

their secondary alcohol and carboxylic acid metabolites. A further aspect of this study aimed 

at an assessment of the amount and distribution of these bound lipids and a prediction of the 

cumulative compositions that may result from pooling free and bound alcohols and carboxylic 

acids. The mass spectral analysis of wax esters by GC/MS allowed to determine their 

corresponding bound n-alcohol and n-alkanoic acids (Fig. 2.6, Tables S2.1-S2.4). 

In all four species, only even-chain alkanoic acids in the range of nC14 to nC28 and alcohol 

moieties ranging from nC18 to nC32 were observed resulting in even-chain alkyl esters. In B. 

nana, nC20 was the overall dominant ester-bound alkanoic acid moiety with 62.2 µg/g d.w. and 

nC24 the most prominent ester-bound alcohol with 58.9 µg/g d.w.. In the shorter nC38 and nC40 

esters shorter ester-bound alkanoic acids with 14 and 16 carbon atoms as well as shorter 

ester-bound alcohols like nC22 occurred. The ester homologues of B. humilis, B. pubescens 

and B. pendula were dominated by short-chain nC16 bound alkanoic acid moieties (841.5, 

368.8, 75.7 µg/g d.w.), while nC20 was the most dominant alkanoic acid homologue in the long-

chain alkanoic acid fraction (190.6, 38.0, 33.4 µg/g d.w.). However, compared to the short-

chain alkanoic acids, the long-chain homologues were less abundant in concentrations up to 

factor of 10. The major esterified alcohol within the three species varied significantly. B. humilis 

was dominated by nC20 (744.2 µg/g d.w.), B. pubescens by nC22 (346.6 µg/g d.w.) and B. 

pendula by nC24 (82.7 µg/g d.w.) and nC22 (81.2 µg/g d.w.) bound alcohols. 

The bound n-alkanoic acid and n-alcohol moieties of wax esters might be released during 

hydrolysis upon leaf senescence, incorporation of alkyl esters into soil or during early burial 

stages in sediments. As consequence, the amount of hydrolysis-released, previously ester-

bound n-alkanoic acids and n-alcohols in a geoarchives will impact on the quantity and 

distribution pattern of free n-alkanoic acids and n-alcohols derived from leaf waxes (Jansen et 

al., 2006) and needs to be considered in paleovegetation reconstruction. However, intact wax 

esters can survive in sediments and can be used for paleovegetation reconstruction (Cranwell 

and Volkman, 1981; van Bergen et al., 1997; Lockheart et al., 2000) as well.  

To test the potential release of n-alcohols and n-alkanoic acids from esters two different 

scenarios were calculated. In the first scenario, 50% of the esterified n-alkanoic acids and n-

alcohols were released and added to their corresponding free homologues (Fig. 2.2). In the 

second scenario, the maximum release of 100% of the bound lipids and addition to the free 

analogues was used. Since the wax esters of all four birches consisted mainly of short-chain 

fatty acids, they do not significantly increase the pool of long-chain fatty acids (>nC20) typical 

for terrestrial higher plants. Solely in B. nana, the alkanoic acid distribution changed from a 

previously rather balanced distribution of nC20 to nC28 with 1 to 2 µg/g d.w. to a dominance of 
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nC20 with >60 µg/g d.w., due to the release of the esterified homologues. A dominance of nC28 

alkanoic acid was still observed for the other three birches when 50% of the esterified alkanoic 

acids had been released. Only upon 100% release of the bound long-chain alkanoic acids, a 

bimodal distribution maximizing at nC20 and nC28 could be noted for B. pubescens, which 

would complicate a source identification in sediments. 

The bound n-alcohols of the alkyl esters in the four European birches ranged from nC20 to 

nC32. Sometimes, the dominant esterified n-alcohol was found to be the same as the dominant 

free homologue in the same species (Fig. 2.3). For example, in B. humilis nC20 and in B. 

pubescens nC22 were the dominant free and esterified n-alcohol, respectively. The release of 

100 % bound n-alcohols of both species increased the total amount by about 25%. However, 

the relative distributions remained comparable. The previously identified dominance of the 

free nC22 alcohol in B. pendula was reduced by the release of a high proportion of nC24. In 

contrast, the distribution in B. nana changed from a dominance of nC28 to a bimodal distribution 

maximizing at nC24 and nC28 due to the addition of ester-bound n-alcohols. The dominance of 

free nC22 alcohol in B. pendula was reduced by the release of the high proportion of nC24. 

Our model indicates that the decay of the n-alkyl ester can significantly affect the original free 

lipid composition of birch leaves, which in sediments may complicate an unambiguous 

assignment based on n-alcohol and n-alkanoic acids. 
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Figure 2.2: Distribution of esterified (bound) alkanoic acids in alkyl esters and their corresponding free 

homologues. The two lower rows depict the summed concentration of free fatty acids plus an additional 

50% or 100% bound fatty acids released by hydrolysis, respectively.  
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Figure 2.3: Distribution of esterified (bound) alcohols in alkyl esters and their corresponding free 

homologues. The two lower rows depict the summed concentration of free fatty acids plus an additional 

50% or 100% bound fatty acids released by hydrolysis, respectively. 

 

2.3.7 Global variability in Betula wax lipids and comparison with those from Kiel 

To consolidate the application of the lipid composition of the four European birches for 

chemotaxonomic differentiation, diagenetic alteration assessment and paleovegetation 

reconstruction, we compared our wax lipid data of birch trees grown in the Botanical Garden 
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in Kiel with previously published results (Table 2.1). However, solely the n-alkane composition 

of B. nana, B. pubescens and B. pendula can be compared, as to the best of our knowledge, 

the other wax lipid classes were not examined in full in previous studies. We were unable to 

locate previous studies on the wax lipid composition of B. humilis leaves; thus, we do not have 

any complementary data for comparison. For a better comparison of published data, we have 

recalculated the distributions given in absolute concentrations into relative abundances, to 

exclude variation in absolute concentration due to different extraction techniques or analytical 

protocols. Different extraction techniques and analytic procedures used in the cited studies 

are briefly described here: 

- Extraction of epicuticular waxes by immersion of the hole leaf into solvent mixture with 

or without ultrasonic bath, e.g. DCM:hexane (1:1) or pure DCM (this study; Lihavainen 

et al., 2017);  

- Prior to extraction, grounding or milling of leaves into a fine powder, followed by ASE 

(extraction under elevated temperature and pressure) or Soxhlet extraction (Zech et 

al., 2010; Tarasov et al., 2013; Berke et al., 2019); here, intra-cuticular waxes 

potentially have been extracted; 

- Hydrolysis (10% KOH in ethanol) of ground leaves to extract bound lipids (Mayes et 

al., 1994); esterified alkanoic acids and alcohols were released and increased the pool 

of their free homologues. 

Most leaves from B. nana are characterized by a variable distribution of n-alkanes ranging 

from nC23 to nC33. Samples from very northern latitudes such as Greenland, Alaska, Siberia 

and Norway had a high proportion of nC27 to nC31 homologues (Mayes et al., 1994; Daniels et 

al., 2017; Berke et al., 2019). Conversely, B. nana leaves from Siberia and Norway can be 

distinguished from the other B. nana samples as these showed significant abundances of mid-

chain nC23 and nC25 alkanes depressing relative amounts of nC29 and nC31 homologues 

(Ronkainen et al., 2015; Balascio et al., 2018). Leaf n-alkanes of B. pubescens from Scotland 

were bimodally distributed with maxima at nC27 and nC31 (Rao et al., 2003). In contrast, a 

unimodal distribution with a maximum at nC27 was reported from Pagani et al. (2006), 

Ronkainen et al. (2015), and Balascio et al. (2018), with variable proportions of nC23 and nC25, 

respectively. A dominance of nC27 alkane in leaves from B. pubescens has also been reported 

from Schwark et al. (2002) and Sachse et al. (2006). The latter author stated that only in 

birches (both B. pubescens and B. pendula) from northern Scandinavia nC27 is the dominant 

homologue, while species from southern Scandinavia and Germany maximized at nC31. This 

shift in n-alkane carbon chain-length was also expressed in an increasing ACL from North to 

South (Sachse et al., 2006). In contrast to this, Mayes et al. (1994) found a prevalence of nC25 

in leaves from Norway.  
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Similar to the leaves of B. pubescens, those of B. pendula contained high proportions of nC25, 

if the distribution maximized at nC27 and then constituted only minor long-chain homologues 

with more than 29 carbon atoms (Dawson et al., 2004; Zech et al., 2010; Tarasov et al., 2013; 

van den Bos et al., 2018). Two B. pendula species from Estonia and the UK, when grown 

under artificial laboratory conditions had a distinct bimodal distribution with maxima at nC27 

and nC31 (Huang et al., 1999; Lihavainen et al., 2017). 

Due to the complexity of the n-alkane patterns both within a single species and between 

different species, we subdivided the data according to distributions of n-alkanes in each 

species into two groups to improve comparison. The data published for each species were 

subdivided into two groups (type I and type II) based on similarity in composition and 

compared with the lipid distribution of the birches from Kiel (Fig. 2.4, Table 2.2, Fig. S2.5). In 

order to test the robustness of this classification by statistical analysis we conducted an 

ANOVA and a hierarchical cluster analysis. Type I of each species had a wax lipid composition 

similar to the Betula species from Kiel and was characterized by a dominance of long-chain 

n-alkanes (nC27, nC29, nC31). In contrast, type II of each species was defined by a high 

presence of mid-chain n-alkanes (nC23, nC25), but also nC27, and only minor quantities of long-

chain n-alkanes with more than 29 carbon atoms. 

 One-way ANOVA confirmed that the two groups are significantly different at p<0.001 and 

hierarchical cluster analysis separated the two populations as shown in Fig. S2.5. The two 

different clusters could not be attributed to a climate gradient or other known environmental 

driving factors or different work-up procedures. A discussion of potential reasons is given 

below.  

All Betula tree species from Kiel and from globally distributed type I were distinct from grasses 

and shrubs by a prominent prevalence of the nC27 alkane (Fig. 2.1 and 2.4). Grasses are 

mainly dominated by very long-chain n-alkanes with nC31 and nC33 or even nC35, and therefore 

are characterized by a high ACL (>30) (Maffei, 1996; Rommerskirchen et al., 2006; Bush and 

McInerney, 2013). Typical pioneer shrubs of the late glacial period such as Artemisia sp. or 

Juniperus sp. are also characterized by a dominance at nC31 to nC35, which is not prevalent in 

Betula species (Schwark et al., 2002; Maffei et al., 2004; Rajčević et al., 2014). Other 

prominent species such as Pinus sp., which are probably the most widely spread conifer 

species in Europe, synthesize n-alkanes with a predominance in the range from nC27 and nC31 

(Schwark et al., 2002; Ali et al., 2005). However, the quantitative amounts are significantly 

lower, pointing to subordinate proportions of sedimentary n-alkanes originating from pines 

(Diefendorf et al., 2011).  
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Figure 2.4: Relative abundance patterns of n-alkanes for B. nana, B. humilis, B. pubescens and B. 

pendula. Samples from Kiel compared with literature data divided into two subgroups (type I and type 

II; see text for details) separated by ANOVA p>0.001. Note, to the best of our knowledge there are no 

previous studies reporting the epicuticular wax composition of B. humilis. 

 

The type II birch species had n-alkane distributions similar to aquatic macrophytes and non-

emergent (submerged and floating) aquatic plants, with a prevalence of mid-chain n-alkanes 

(nC23, nC25). These homologues can be a major source to geological archives, especially in 

lake sediments, often expressed in the Paq proxy (Ficken et al., 2000; Aichner et al., 2010). It 

has been postulated that terrestrial plants correspond to Paq < 0.1, emergent macrophytes to 

Paq 0.1 - 0.4 and non-emergent macrophytes to Paq 0.4 - 1.0 (Ficken et al., 2000). Each type 

II birch species, as well as B. humilis from our study, showed a Paq value in excess of 0.75, 

corresponding to a non-emergent macrophyte. Therefore, when applying the Paq proxy in the 

study of lake sediments receiving birch input, it must be considered that mid-chain n-alkanes 

may derive from either aquatic macrophytes or alternatively from (birch) trees. 
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n-Alkane abundance or chain-length based indicators like ACL have been used as a proxy for 

temperature, aridity, geographic location, or vapour pressure deficit (Eley and Hren, 2018; 

Hoffmann et al., 2013; Kirkels et al., 2013; Lihavainen et al., 2017; Tipple and Pagani, 2013). 

The variation of the ACL compiled for B. nana did not show a trend with climatic drivers. The 

B. nana trees listed, mostly derived from cold environments such as Alaska, Greenland or 

Siberia and varied in their ACL between 26.4 and 28.9 (Ronkainen et al., 2015; Daniels et al., 

2017; Berke et al., 2019). Even two samples both originating from Norway varied by over 2 

units in their ACL (Balascio et al., 2018; Lihavainen et al., 2017; Mayes et al., 1994). The B. 

nana investigated from Kiel, and therefore from the warmest region, did not reveal the highest 

ACL, but rather values between those of leaves from Greenland and Alaska. The ACL 

distributions of B. pubescens revealed higher values in samples from a moderate climate (Kiel, 

Scotland), whereas samples from colder regions (Siberia, Norway) had a lower ACL. Under 

certain assumptions, this can be attributed a geographical or temperature effect. The origin 

for the B. pubescens leaves from the study by Pagani et al. (2006) were not reported. Similar 

to B. nana, no latitudinal or temperature trend in the n-alkane distribution of B. pendula wax 

was observed.  

Overall, a high variability of wax n-alkanes within the individual species was noted without 

recognition of an environmental (e.g. temperature) or geographical trend. This may suggest 

that genetic differences between the populations control wax lipid composition, preferentially. 

It is conceivable that not only "pure-bred" birches of the respective species were examined in 

these studies, but also subspecies or varieties. For example, B. pubescens has several 

varieties that occur naturally in a narrow space like var. pubescens, var. fragrans, var. 

litwinowii and var. pumila (Ashburner and McAllister, 2013). Wild hybridization may also affect 

leaf wax composition, whereby hybridization readily occurs between species with the same 

chromosome number like B. pendula × B. nana (diploid × diploid), but there are also reports 

of interploidy-level hybrids like B. pendula × B. pubescens (diploid × tetraploid) (Elkington, 

1968; Palme et al., 2004). Therefore, future studies may address the association between 

ploidy level and wax lipid composition of Betula species to investigate species determination. 

 

2.3.8 Effect of decarboxylation of n-alcohols and n-alkanoic acids on the free n-alkane 

pool 

Diagenesis may impact on n-alkane distributions via the reduction and decarboxylation of n-

alcohols and n-alkanoic acids (e.g. Jansen and Wiesenberg, 2017). Similar to the wax ester 

degradation as described above, two different scenarios were calculated (Fig. 2.5). In the first 

scenario, 50% of all free and esterified n-alkanoic acids and n-alcohols were converted into n-

alkanes and added to the free pool. In the second scenario, 100% of both lipid classes are 
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converted and pooled with the free n-alkanes. The n-alkane distributions of each species then 

changed significantly in quantity and quality, mainly due to an increase in relative proportions 

of nC23 to nC27 alkanes (Fig. 2.5). This resulted in n-alkane patterns contrasting with those of 

the free n-alkanes (Fig. 2.1) but being similar to those of n-alkanes reported in the literature 

for group II birches (Fig. 2.4). The adulterated n-alkanes distribution mimicked n-alkane 

fingerprints of mosses or aquatic macrophytes described above. 

Ontogenetic changes in wax lipid composition have been described previously for a variety of 

plants but these studies did not include Betulaceae (Busta et al., 2017). For Arabidopsis 

species ontogenetic changes in wax constituent classes and in homologue distributions within 

classes were attributed to enzymatic activities of the CER6-elongase (Busta et al., 2017). Leaf 

wax developmental stages and in particular wax compositions close to leaf senescence are 

thus of paramount importance when comparing results generated at various sites and 

ontogenetic stages. If applied to paleoenvironment analysis the continuation in leaf wax 

alteration occurring upon earliest diagenesis in soils and sediments must be included as well, 

as both the bio-ontogenetic as well as geo-diagenetic stages contribute to a continuum of wax 

lipid compositions present in the biogeosphere. We consider this aspect as critical in all 

aspects of wax lipid interpretation, including the potential effects on leaf wax δD/H- and δ13C-

isotope signatures that are widely applied in paleoclimate reconstruction (see Aichner et al., 

2015; Diefendorf and Freimuth, 2017; Sachse et al., 2012 for review). In this case isotope 

determination on n-alkanes of primary, secondary or tertiary origin will have to be tested for 

potential influence of isotopic differences between the original compound classes, i.e. free or 

bound functionalized n-alkyl lipids. 
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Table 2.2: Relative n-alkane abundances of grouped Betula species 
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Table 2.2: Relative n-alkane abundances of grouped Betula species 

   

relative abundance 
(%)           

Species Type 23 24 25 26 27 28 29 30 31 32 33 34 35 ACL 

B. nana Kiel  0 0 9 3 37 3 14 2 32 0 0 0 0 28.49 

B. nana  I 7 5 10 9 20 1 17 2 24 1 3 0 0 28.24 

B. nana  II 25 1 25 1 32 1 6 0 9 0 1 0 0 26.04 

  
              

B. humilis Kiel 0 0 23 0 72 0 5 0 0 0 0 0 0 26.65 

  
              

B. pubescens  Kiel  0 0 11 1 15 0 11 1 49 1 12 0 0 29.72 

B. pubescens  I 1 1 16 3 25 1 16 0 31 2 4 0 0 28.53 

B. pubescens  II 21 0 31 0 40 0 6 0 3 0 0 0 0 25.79 

  
              

B. pendula Kiel  2 0 24 1 29 0 7 0 32 0 3 0 0 28.07 

B. pendula  I 1 1 16 1 21 2 10 2 28 3 10 2 4 29.11 

B. pendula  II 4 0 35 1 44 1 5 0 8 0 1 0 0 26.62 
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Figure 2.5: Distribution of free n-alkanes versus cumulative free plus ontogenetic and diagenetic 

analogues in the four Betula species. The latter were assessed from corresponding functionalized 

precursor lipids based on 50 and 100 % conversion rates; see text for details. 

 

2.3.9 Analytical and extraction protocols used in previous Betula studies 

Different analytic protocols have been used to extract the plant lipids as briefly descripted 

above. Previous studies have shown that the length of the extraction time, as well as the 

solvent used, had an influence on extraction yield or lipid extract composition (Buschhaus et 

al., 2007; Jetter and Kunst, 2008). Thus, n-alkanes and n-alcohols were extracted earlier than 

n-alkanoic acids and long-chain homologues earlier than the shorter ones (Stammitti et al., 

1996). Jetter et al. (2008) indicated extraction yields of n-alkanes depended on polarity of 

binary solvent mixtures. Moreover, saponification upon extraction (Mayes et al., 1994) 

hydrolysed wax esters leading to enhanced release of bound n-alcohols and n-alkanoic acids 

adding to the proportion of the free homologues. Since this comparative investigation used n-

alkane distributions from different studies with different extraction methods, the results are not 
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unequivocally comparable. For a better comparability of future work, the influence of the 

extraction method on the other lipid classes including n-alcohols, n-alkanoic acids and n-alkyl 

esters should be investigated and a standard extraction protocol established. 

 

2.4 Conclusion 

The leaves of four endemic European Betula species, B. nana, B. humilis, B. pubescens, B. 

pendula were studied, aiming at an extended and more representative chemotaxonomy of 

their epicuticular wax lipid composition via inclusion of functionalized n-alkyl lipids. The 

following conclusions can be drawn from this study. The free n-alkane compositions in leaves 

of Betula species from Kiel were found to be specific, allowing unambiguous differentiation. 

Birch wax n-alcohol and n-alkyl ester composition allowed a distinction to be made between 

the shrubs B. nana and B. humilis versus the two birch trees. However, the latter two cannot 

be easily distinguished from each other due to a similar wax lipid fingerprint. The n-alkanoic 

acids seemed to be less suitable for species differentiation since all four species were 

dominated by the nC28 alkanoic acid, however with variations in concentration of about two 

orders of magnitude. A flowchart (Fig. 2.6) provides a simple means for discrimination of 

epicuticular waxes from the four birches from Kiel University. 

The n-alkyl esters consisted of different isomers with varying n-alcohol and n-alkanoic acid 

moieties. In the species B. humilis and B. pubescens, the dominant esterified alcohol matched 

the dominant free alcohol. Therefore, the birch n-alcohol patterns in sediments would not be 

disturbed by hydrolysis of the wax esters. In B. nana and B. pendula, the n-alcohol distribution 

changed substantially upon ester hydrolysis, when bound homologues were released. Due to 

the preponderance of short-chain ester-bound alkanoic acids in wax esters, the distribution of 

free long-chain alkanoic acids was only slightly impaired. The ratio was influenced in B. nana 

only, as large amounts of bound nC20 were released. 

Compilation of literature data on Betula n-alkane composition revealed a high degree of 

variability that may complicate application of wax composition in paleoenvironment studies. 

When comparing the n-alkane composition of the Betula waxes collected in Kiel with data 

published for other regions, no trend in geographical location or temperature could be 

identified. Differences in n-alkane compositions can be attributed to various factors. It appears 

that Betula wax composition is genetically controlled, and differences occur due to presence 

of plant hybrids or variants. An influence of methodological approaches on wax lipid 

compositions, including secondary alteration reactions is feasible. The most important aspect 

in leaf wax heterogeneity may result from a continuum of bio-ontogenetic and geo-diagenetic 

alteration of primary leaf wax composition occurring in nature. This aspect should receive more 

attention in future studies on plant wax-based chemotaxonomy as well as paleobotany. 
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Figure 2.6: Decision making tree for chemotaxonomic differentiation of four European Betula species 

based on epicuticular wax composition 
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2.5 Supplementary material 

S2.1: Statistical Analysis 

Principal-component analysis (PCA) and clyster analysis (CA) were carried out based on the 

absolute concentrations of all wax lipids of the investigated birch species using the software 

“PAST Paleontological Statistics v. 3.25”. The performed PCA visualized the variability in 

epicuticular wax lipid composition of the four European birch species (Fig. S2.3). The first and 

second components explain 74.78 and 22.23%, respectively, of the total variance. The figure 

indicates that all four species are distinguishable based on their lipid distribution and the three 

triplicates are close to each other. B. nana shows negative values for PC1 and PC2, while B. 

humilis loads positive on PC1 and negative PC2. Contrary, B. pubescens shows strong 

positive PC2 values, while the values of B. pendula are more diverse (Fig. S2.3). PC1 is mainly 

characterized by nC31 and minor contribution of nC29 and nC33 alkanes. The variance in PC2, 

in contrast, is associated with the absolute abundances of the nC27 alkane, nC20 alcohol and 

nC28 alkanoic acid. 

The CA were performed using the Euclidian distance with single-linkage method based on the 

absolute abundance of the epicuticular wax lipids and reveals further differentiation of the birch 

species (Fig. S2.4). The CA indicates two main clusters, one consisting of B. humilis and the 

other of B. nana, B. pendula und B. pubescens. Interestingly, both dwarf birches are separated 

from each other and B. pendula is very close to B. nana. This is explained by the exclusively 

high proportion of short-chain wax esters in B. humilis. The very close spacing of the triplicates 

again demonstrates the homogeneity within and reproducibility of the individual species. 

Additionally, a CA was performed using Euclidian distance with single-linkage method based 

on the relative n-alkane abundances of all birches from Kiel and literature data (Fig. S2.5). B. 

pendula from Estonia (Lihavainen et al., 2017) is an outlier potentially due to unusual vapor 

pressure deficit generated during the execution of the experiment. 
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Figure S2.1: Total ion chromatogram of a Betula humilis leaf with the most abundant components. 
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Figure S2.2: Mass spectrum of a C44 alkyl ester mixture (RCOOR’) of Betula humilis. The diagnostic 

ions are shown for the acid fragments (RCO2H2)+ and the molecular ion (M+). 
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Figure S2.3: Principal components analysis.  
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Figure S2.4: Cluster Analysis of Kiel data 
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Figure S2.5: Hierarchical cluster analysis of birch wax n-alkane distributions obtained from literature 

data. The two populations (Type I and Type II; see text for details) of birch wax composition samples 

are fully separated. The outlying wax composition measured by Lihavainen et al. (2017) are due to 

specific cultivation conditions. 
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Table S2.1: Composition of n-alkyl esters from epicuticular waxes of 
Betula nana. 

      
 

Ester chain 
length 

M+ 
Mass          

(µg/g d.w.) 
Acid chain 

length 

Alcohol 
chain 
length 

Amount of 
isomer 

(µg/g d.w.) 

 

38 564 3.06 14 24 0.78  

   16 22 2.28  

       

40 592 17.1 14 26 1.05  

   16 24 10  

   18 22 4.95  

   20 20 1.2  

       

42 620 58.9 14 28 1.73  

   16 26 11.8  

   18 24 22.9  

   20 22 21.9  

   22 20 0.16  

   24 18 0.34  

       

44 648 104.2 14 30 0.6  

   16 28 14.6  

   18 26 14.4  

   20 24 63.4  

   22 22 10.4  

   24 20 0.78  

       

46 676 52.8 14 32 0.13  

   16 30 1.99  

   18 28 8.54  

   20 26 27.9  

   22 24 11.4  

   24 22 2.86  

       

48 704 22.1 20 28 16.1  

   22 26 2.35  

   24 24 3.62  
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Table S2.2: Composition of n-alkyl esters from epicuticular waxes of 
Betula humilis 

      

Ester chain 
length 

M+ 
Mass          

(µg/g d.w.) 
Acid chain 

length 

Alcohol 
chain 
length 

Amount of 
isomer 

(µg/g d.w.) 

36 536 1047 14 22 6.5 
   16 20 1040 
      

38 564 601 14 24 7.5 
   16 22 420 
   18 20 173 
      

40 592 532 14 26 3 
   16 24 254 
   18 22 123 
   20 20 150 
      

42 620 310 14 28 2.4 
   16 26 57.7 
   18 24 57.9 
   20 22 147 
   22 20 44.7 
      

44 648 180 16 28 39.7 
   18 26 10.9 
   20 24 59.2 
   22 22 49.3 
   24 20 21.1 
      

46 676 70 16 30 6.9 
   18 28 5.6 
   20 26 10.2 
   22 24 16.6 
   24 22 11.3 
   26 20 19.8 
      

48 704 35 16 32 3.62 
   20 28 6.03 
   24 24 4.95 
   26 22 6.18 
   28 20 14.2 
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Table S2.3: Composition of n-alkyl ester from epicuticular waxes of Betula 
pubescens   

         

Ester chain 
length 

M+ 
Mass          

(µg/g d.w.) 
Acid chain 

length 

Alcohol 
chain 
length 

Amount of 
isomer 

(µg/g d.w.) 
  

 

38 564 535 14 24 13.6    
   16 22 519    
   18 20 2.73    
   20 18 0.57    
      

   
40 592 290 14 26 7.29    

   16 24 208    
   18 22 71.5    
   20 20 4.06    
      

   
42 620 147 14 28 4.85    

   16 26 67.3    
   18 24 22.8    
   20 22 52.4    
      

   
44 648 68.4 16 28 39.7    

   18 26 9.65    
   20 24 19    
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Table S2.4: Composition of n-alkyl ester from epicuticular waxes of Betula pendula   

         

Ester chain 
length 

M+ 
Mass          

(µg/g d.w.) 
Acid chain 

length 

Alcohol 
chain 
length 

Amount of 
isomer 

(µg/g d.w.) 
  

 

38 564 122.7 14 24 31.3    
   16 22 91.5    
      

   
40 592 101.7 14 26 6.2    

   16 24 59.1    
   18 22 29.3    
   20 20 7.08    
      

   
42 620 73.6 14 28 2.16    

   16 26 14.7    
   18 24 28.7    
   20 22 27.4    
   22 20 0.2    
   24 18 0.42    
      

   
44 648 42.7 14 30 0.25    

   16 28 5.98    
   18 26 5.92    
   20 24 26    
   22 22 4.26    
   24 20 0.32    
      

   
46 676 13.9 14 32 0.03    

   16 30 0.52    
   18 28 2.25    
   20 26 7.36    
   22 24 3.01    
   24 22 0.75    
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3. A multiphasic Younger Dryas cold period recorded in sediments 

of Lake Steisslingen, SW-Germany: A biomarker perspective 

 
 

Abstract 

The Younger Dryas (12,680 – 11,590 yr BP) was the last millennial scale cold event of the 

Quaternary, when a mean annual temperature decline of 3 to 5°C impacted severely on the 

environment. Whereas pollen distributions document changes in land vegetation, details of 

limnic ecosystem responses to the cooling event and to its recovery are still not well known. 

Here, we studied the laminated sediments of Lake Steisslingen (SW-Germany) deposited 

between 13,500 to 11,100 yr BP in order to investigate the evolution of an aquatic ecosystem. 

Bulk sediment and organic matter composition mark onset and termination of the Younger 

Dryas, but remain monotonous through this interval, requiring application of organic and 

isotope geochemical techniques to follow past ecosystem dynamics. The Younger Dryas is 

characterized by both an abrupt appearance and demise of long-chain alkenones indicative 

for haptophyte algae. Based on algal and bacterial biomarker distribution, the Younger Dryas 

can be divided into three stages, each characterized by the dominance of a microorganism 

group. The first phase was dominated by nC17 alkanes and hopanoids indicative of 

cyanophytes and heterotrophic bacteria. The second phase shows a proliferation of cold-

adapted haptophyte algae, while in the latest phase highly-branched isoprenoids (HBI) reveal 

an aquatic community shift towards diatoms. Heterocyte glycolipids document a moderate 

change in N2-fixing cyanobacterial community structure over the Allerød/Younger Dryas 

transition but show a marked collapse of the cyanobacteria association at the Younger 

Dryas/Preboreal climate recovery. Terrigenic wax lipids indicate significant changes in 

vegetation between the Allerød, Younger Dryas and Preboreal chronozones but remain 

homogeneous within the Younger Dryas. 

 

3.1 Introduction 

The Holocene has witnessed several periods of rapid climate change of different intensity, 

duration and spatial extent, including amongst others the little ice age, or the 4.2 ka and the 

8.2 ka event (Johnsen et al., 2001; Wick et al., 2003; Mayewski et al., 2004). One of the most 

severe climate perturbations occurred during the Younger Dryas (YD) chronozone (12,680 – 

11,590 yr BP), when mean annual air temperatures dropped by about 3-4°C in NW-Europe 

and 14°C in Greenland (Brauer et al., 1999; Lotter et al., 2000; Grachev and Severinghaus, 

2005; Heiri et al., 2007). This cold event is well documented in Greenland ice cores and also 

recorded in many lacustrine and marine archives (Fairbanks, 1990; Johnsen et al., 1992; Bond 
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et al., 1993; Brauer et al., 2001; Schwark et al., 2002; Stansell et al., 2010; Słowiński et al., 

2017). A peculiarity of the Younger Dryas is that its onset as well as its termination seem to 

have occurred over a short time span of only a few years or decades (Alley, 2000). This very 

rapid response to a climatic trigger has been explained by an instantaneous outburst of 

proglacial lake meltwater on the Laurentian ice shield in North America (Lowell et al., 2005). 

When the huge freshwater masses flowed into the North Atlantic, the Atlantic Meridional 

Overturning Circulation (AMOC) was reduced, shifting the Gulf Stream southward and thus 

leading to a massive cooling of NW-Europe after the comparatively warm climate of the Allerød 

(13,560 – 12,680 yr BP) (Broecker, 2006; Carlson et al., 2007; Condron and Winsor, 2012). 

The sudden onset of the Younger Dryas is in perfect agreement with such a scenario and its 

duration of about 1,000 years. The re-establishment of the AMOC and the climatic 

amelioration in NW-Europe also seems to have occurred over only a few decades and not in 

a slow transient mode (Sirocko, 2009). 

Previous studies recognized that climatic conditions during the Younger Dryas were not 

uniformly stable (Baldini et al., 2015; Lane et al., 2013; Neugebauer et al., 2012; Schlolaut et 

al., 2017). Moreover, von Grafenstein et al. (1999) identified a short relapse of warmer 

continental climate measuring the δ18O of ostracods shells in the sediments of Lake 

Ammersee (Germany) and termed this anomaly “Mid-Younger Dryas Event”. A bi-partition of 

the YD with still warm to moderate summer temperatures in the first interval and a second 

phase with colder summers is expressed in the sediments of Lake Rehwiese, Germany 

(Neugebauer et al., 2012). The same phenomenon of a two-phase Younger Dryas has also 

been reported from Lake Kråkenes (Norway), Meerfelder Maar (Germany) and Lake Suigetsu 

(Japan) with a slightly different timing due to an interaction of the North Atlantic sea surface 

temperature and an eastwards moisture transport (Bakke et al., 2009; Lane et al., 2013; 

Schlolaut et al., 2017). Besides the outburst theory other potential causes of the Younger 

Dryas cooling event have been proposed, e.g. an extra-terrestrial impact accompanied with 

massive biomass burning or the sulfur-rich Laacher See volcanic eruption (Firestone et al., 

2007; Baldini et al., 2018; Wolbach et al., 2018a, 2018b).  

In contrast to vegetation dynamics manifested in pollen distributions, the effect of the Younger 

Dryas climate event on limnic ecosystems has not been studied to a comparable degree. In 

order to investigate the environmental response to the Younger Dryas cold event on aquatic 

ecosystems, we performed a high-resolution biomarker and stable isotope study of a sediment 

record from Lake Steisslingen (SW-Germany). Our results indicate a multiphased climate and 

ecosystem perturbation in Lake Steisslingen during the late Pleistocene and early Holocene. 
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3.2 Site description  

Lake Steisslingen (47°47’54”N, 8°54’57”E) is a small kettle lake located 20 km west of Lake 

Constance (SW-Germany) (Fig. 3.1). It formed at the end of the Würm glaciation with the 

retreat of the alpine ice sheets (Schreiner, 1973a, 1973b). The local geology in the lake’s 

catchment is dominated by glauconitic sandstones from the “Obere Meeres Molasse” and 

marls and sandstones from the “Untere Süsswasser Molasse” deposited within the Alpine 

Tertiary Molasse Basin (Eusterhues et al., 2005). Current Lake Steisslingen (446 m a.s.l.) 

covers an area of about 0.11 km2, has a length of 600 m (NW-SE) and a width of about 250 

m (NE-SW) (Mayer and Schwark, 1999). The maximum water depth of about 20.5 m is located 

in the south-eastern part of the lake (Eusterhues et al., 2002). The lake is fed by several 

submerged springs in 8 to 10 m water depth and drained by an artificial outflow that was built 

in the 15th century to operate a mill located on the SE-shore (Mayer and Schwark, 1999; 

Eusterhues et al., 2005). Prior, the lake drained to the NW into a wetland area (Mayer and 

Schwark, 1999). Modern Lake Steisslingen is mesotrophic with a chemocline situated in a 

water depth of about 11 to 15 m (Barnikol-Schlamm, 1994). The mean annual water 

temperature is about 11.5°C and varies between 22°C in summer and 4°C in winter (LUBW, 

2016). 
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Figure 3.1: Map showing the location of Lake Steisslingen in SW-Germany. 

 

3.3 Geochemical background 

In this paleoenvironmental study, we applied a variety of geochemical proxies and provide a 

short overview on how these tools are commonly applied.  

 

Stable oxygen isotopes of carbonates 

The oxygen isotopic composition (δ18O) of biogenic or abiogenic authigenic carbonates can 

be used to determine paleo-lake temperatures at the time of carbonate precipitation (Leng and 

Marshall, 2004). Determination of absolute temperatures is not straightforward, since a variety 
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of factors such as atmospheric precipitation, evaporation and in- and outflow in the 

hydrological regime can influence the δ18O of the ambient water (Talbot, 1990). Since there is 

no evidences for a significant input of carbonate-rich detrital input in the sediments of Lake 

Steisslingen, the majority of the CaCO3 content is formed by autochthonous precipitation of 

discrete carbonate crystals (micrite) in the surface waters (Mayer and Schwark, 1999). 

Therefore, δ18Ocarbonate values are directly related to the lake surface temperature, or at least 

to the temperature during highest productivity of the photic zone of Lake Steisslingen (Zink et 

al., 2001). 

 

Stable carbon isotopes of organic matter 

Stable carbon isotope (δ13CTOC) values in general allow to distinguish between marine and 

terrestrial plants and to identify the photosynthesis pathways (C3 vs. C4) (Meyers, 2003). 

Additionally, δ13CTOC values compared with TOC/TN-ratio can be used to differentiate between 

terrestrial plant and algae debris, since the former synthesize woody tissue that is rich in 

structural carbon (Ertel and Hedges, 1985; Talbot and Johannessen, 1992; Meyers, 1994). In 

contrast, algae and bacteria are a plentiful source of nitrogen containing compounds (such as 

amino acids and proteins). As such, they generally have TOC/TN ratios ranging between 6-

10 (Meyers, 1994). 

 

Stable nitrogen isotopes 

Stable nitrogen isotopes of organic matter (δ15N) are commonly used to characterize the 

paleoproductivity and for examining sources of organic matter (Ohlendieck et al., 2000; 

Meyers, 2003). Various factors can affect the interpretation of δ15N including remineralization, 

shifts in phytoplankton assemblage and input of terrestrial plant sources or soils (Castañeda 

and Schouten, 2011). 

 

Long-chain alkenones 

Long-chain alkenones (LCAs) are a class of C35 – C42 di-, tri- and tetra-unsaturated methyl 

(Me) and ethyl (Et) ketones found in lacustrine and marine sediments. The relative degree of 

unsaturation expressed as the UK
37 correlates with marine and lake surface water 

temperatures (Brassell et al., 1986; Prahl and Wakeham, 1987; Zink et al., 2001; Castañeda 

and Schouten, 2011; Longo et al., 2016). In marine environments the main producers of LCAs 

are the haptophyte algae Emiliania huxleyi and Gephyrocapsa oceanica, which are 

phylogenetically classified as Group III haptophytes. The producer(s) in lacustrine 

environments is/are not entirely clarified due to a higher genetic diversity of LCA-producing 

species (Volkman et al., 1980, 1995; Zink et al., 2001; D’Andrea and Huang, 2005; Theroux 

et al., 2010; Randlett et al., 2014; Longo et al., 2018). Based on the relative distribution of C37- 



54 
 

and C38-alkenones, it is possible to classify lacustrine LCA-producers. The Group I or 

Greenland phylotype shows an even C37/C38 ratio and the Group II yields a ratio >2 (Theroux 

et al., 2010; Longo et al., 2018)  

 

Highly branched isoprenoids 

Highly branched isoprenoids (HBIs) with varying chain length ranging from C20 - C30 are 

specific biomarkers for diatoms and have been detected in several species (Belt et al., 2000, 

2017; Brown et al., 2014; He et al., 2016). HBI-20 compounds are mainly found in marine 

sediments but also occur in lacustrine sediments. In addition to diatoms, HBI-20 was found in 

the green macroalgae Enteromorpha prolifera. (Rowland et al., 1985). On the other hand, 

saturated and unsaturated HBI-25 analogues are exclusively known from diatom species such 

as Haslea ostrearia and Rhizosolenia setigera (Volkman et al., 1994; Sinninghe Damsté et al., 

2004; He et al., 2016).  

 

Glycerol dialkyl glycerol tetraethers 

Isoprenoidal and branched glycerol dialkyl glycerol tetraethers (GDGTs) are membrane lipids 

produced by Archaea and Bacteria, respectively. Branched GDGTs are most dominant in soils 

and lacustrine sediments (Schouten et al., 2013a). The methylation of the 5-methyl isomers 

of brGDGTs expressed in the MBT’5ME ratio is primary correlated with the mean annual air 

temperature (MAAT) and thus used to reconstruct paleoclimate variabilities (De Jonge et al., 

2014; Russell et al., 2018). In lakes, the ratio of GDGT-0 to crenarchaeol can be used to trace 

methanogenesis due to the fact that methanogenic Euryarchaeota produce GDGT-0 but lack 

crenarchaeol (Blaga et al., 2009).  

 

Hopanoids 

Hopanoids are biomarkers for bacteria, as these compounds are generally thought to mainly 

originate from bacteriohopanepolyols occurring in cell membranes of prokaryotic organisms. 

Dehydration and reduction of bacteriohopanepolyols during diagenesis forms hopenes and 

hopanes as degradation products (Ourisson and Albrecht, 1992; Ourisson and Rohmer, 

1992). Some of these pentacyclic triterpenoids with a wide range of structural variety, e.g. 

number and position of functional groups, can be related to typical bacteria or bacteria 

populations (Talbot and Farrimond, 2007; Cooke et al., 2008).  

 

Heterocyte glycolipids 

Heterocyte glycolipids (HGs) are a unique product synthesized exclusively by N2-fixing 

heterocytous cyanobacteria. These components consist of even-numbered diol, triol, keto-ol, 

keto-diol or diketone structures with 26 to 32 carbon atoms that are glycosidically bound to a 
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polar sugar headgroup (Gambacorta et al., 1998; Bauersachs et al., 2009b). Culture 

experiments have demonstrated that HG distribution patterns vary between heterocytous 

cyanobacteria of different families and orders (Gambacorta et al., 1999; Bauersachs et al., 

2009a; 2019). This allows for investigating the community assemblages of cyanobacteria in 

fossil ecosystems, as done previously in the Holocene Baltic Sea (Sollai et al., 2017). A 

specific feature of these components is that the relative proportions of HG diols and their 

corresponding keto-ols changes as a function of temperature (Bauersachs et al., 2014). Very 

similar changes in HG composition have also been observed in surface waters of a temperate 

lake in northern Germany and quantified using the heterocyte diol index of 26 carbon atoms 

(HDI26; Bauersachs et al. 2015). In addition, changes in the relative abundance of structural 

isomers of a given HG have been observed with temperature and may represent an additional 

means to provide a microaerobic environments to the heterocyte at varying temperatures 

(Bauersachs et al., 2013). For the two isomers of HG28 diol commonly found in lacustrine 

sequences, temperature changes can be recorded using the heterocyte isomer ratio of diols 

with 28 carbon atoms (HIR28D; Fig. S3.1).  

 

n-Alkanes 

Long chain n-alkanes (nC27-nC35) derive from the epicuticular leaf waxes of higher plants 

(Eglinton and Hamilton, 1967; Meyers, 2003). In sediment sequences, the distribution of these 

components provides information about vegetation types in a lake’s catchment such as woody, 

herbaceous or grassy plant types or in some instances it can also be related to specific genera 

(Schwark et al., 2002; Bush and McInerney, 2013; Aichner et al., 2018). However, it has been 

shown, that certain algae species, e.g. Botryococcus braunii, can be a potential source of 

long-chain n-alkanes in sediments where they result from the diagenetic reduction of 

alkadienes (Lichtfouse et al., 1994). In contrast, short chain n-alkanes (nC15, nC17 and nC19) 

are mainly synthesized by phytoplankton. The most dominant short chain n-alkane in aquatic 

environments is nC17, which is synthesized predominantly by algae and cyanobacteria and is 

a potential indicator for lacustrine paleoproductivity rates (Giger et al., 1980; Cranwell et al., 

1987; Meyers, 2003; Zhang et al., 2018). 

 

3.4 Materials and Methods 

3.4.1 Sediment 

Sediment core STK-9 comprises a 6.97 m-thick sediment sequence obtained from the 

profundal of Lake Steisslingen in 1997. Cores were stored at 4°C in non-transparent plastic 

liners to minimize alteration/oxidation of sedimentary organic matter. At a core depth between 

570.55 – 618.75 cm, the Younger Dryas sediments present a 48.2 cm-thick interval 

characterized by finely laminated organic varves. Sediments from this interval as well as from 
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the adjacent Allerød and Preboreal chronozones were sampled at high resolution as 2-3 mm 

thick sediment slices. A total of 80 samples were taken, which were lyophilized for 24 h and 

ground to a homogenous powder using an agate mortar and pestle. Subsequently, all 

sediments were stored frozen until further processing. 

 

3.4.2 Core chronology 

Sediment core STK-9 investigated here was taken parallel to cores STK-2, 7 and 8 for which 

a detailed age model and sedimentation rates have been established previously (Wolf, 1994; 

Mayer and Schwark, 1999; Eusterhues et al., 2002, 2005). Sedimentological characteristics 

of STK-9 are similar to those of STK-2, 7 and 8. The Laacher See Tephra (LST) with an age 

of 12,880 yr BP, found at a depth of 621.4 cm as a 5 mm-thick discrete layer, is used as an 

age-anchor point. The age-model for core STK-9 is based on the bulk element distribution and 

lithological changes compared with parallel core STK-2 and other cores collected previously 

from Lake Steisslingen (Mayer and Schwark, 1999; Zink et al., 2001; Eusterhues et al., 2002).  

 

3.4.3 Bulk geochemistry 

The total carbon (TC), total nitrogen (TN) and total sulfur (TS) content of the sediments were 

determined by an Elementar Vario EL-III CNS analyser. Total organic carbon (TOC) was 

measured on decalcified samples using an Eltra Helios system. For this, sediments were 

treated with excess 10% and 25% hydrochloric acid (HCl) until reaction ceased. Subsequently, 

all sediments were dried at 100 °C overnight before analysis. The total inorganic carbon 

content (TIC) was calculated as the difference between TC and TOC. The calcium carbonate 

(CaCO3) content was calculated by multiplying the TIC by 8.33 (stoichiometry of carbon in 

CaCO3). Sedimentary TOC/TN ratios were calculated on a molar basis. 

 

3.4.4 Stable isotope measurements 

δ18O analyses of carbonates were performed at the isotope laboratory of the GeoZentrum 

Nordbayern (Erlangen, Germany) using a Kiel III carbonate preparation line coupled with a 

ThermoFinnigan 252 mass spectrometer. Reproducibility and quality of the measurements 

were determined by analysing every 10th sample in duplicate, yielding a standard deviation of 

<0.1‰ for δ18O. 

The carbon isotopic composition of the bulk organic matter (δ13CTOC) was determined on 

decalcified and neutralized sediment samples using a Flash EA ConFlow III interface 

elemental analyzer coupled to a Delta V isotope ratio mass spectrometer (Thermo Scientific, 

US). Bulk nitrogen isotopes (δ15N) were measured on the same instrument set-up on non-

decalcified sediments. All isotope ratios are given in conventional δ-notation with respect to 
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the VPDB (Vienna Pee Dee Belemnite) standard for δ13CTOC and atmospheric dinitrogen gas 

for δ15N.  

 

3.4.5 Lipid extraction 

An aliquot of the homogenized sediments (0.5-1.1 g) was extracted following a modified Bligh 

and Dyer procedure (Bligh and Dyer, 1959; Rütters et al., 2002). The sediments were 

ultrasonically extracted for ~10 min with a solvent mixture of methanol (MeOH), 

dichloromethane (DCM) and phosphate buffer at pH 7-8 (2:1:0.8, v/v/v). After centrifugation 

(3000 rpm; 4 min), the supernatant was collected and the residuum extracted as described 

above. This procedure was repeated until the extract was colourless (between 5 to 7 times). 

DCM and phosphate buffer were added to the pooled extracts in order to yield a solvent ratio 

of 1:1:0.9 (MeOH:DCM:phosphate buffer, v/v/v), which induced a phase separation. After 

centrifugation (3000 rpm; 4 min), the DCM bottom layer, containing the organic fraction, was 

transferred to a round-bottomed flask and the remaining MeOH/phosphate buffer phase was 

extracted twice with DCM. Subsequently, the Bligh and Dyer extract (BDE) was rotary 

evaporated to near dryness and transferred to pre-weighted glass vials with DCM:MeOH (9:1, 

v/v). The BDE was then dried under N2 and stored at -18°C until further processing.  

An aliquot (4-8 mg) of each BDE was separated into an aliphatic, a ketone and a polar fraction 

using a Freestyle SPE-system (LC-Tech, Germany). Activated silica gel (SiO2; 2.5 cm) 

underlain by aluminium oxide (Al2O3; 3.5 cm) was used as stationary phase. The aliphatic 

fractions were eluted with 8 ml n-hexane, the ketone fractions with 8 ml n-hexane:ethylacetate 

(7:3, v/v) and the polar fractions with 16 ml DCM:MeOH (1:1, v/v) as mobile phases.  

 

3.4.6 Gas chromatography-mass spectrometry (GC-MS) 

Aliphatic hydrocarbons 

The aliphatic fraction was subjected to gas chromatography-mass spectrometry (GC-MS) 

using an Agilent 7890A GC equipped with a Phenomenex Zebron ZB-5 column (60m × 

0.25mm i.d.; 0.25 µm film thickness) and coupled to an Agilent 5975B mass chromatograph. 

Prior to analysis, the aliphatic fractions were dissolved in n-hexane to a concentration of 1 

mg/ml and 1 µg deuterated tetracosane (D50) was added as internal standard. The injection 

temperature was held at 60°C for 4 min, after which the oven temperature was raised to 140°C 

at 10°C/min and subsequently to 320 °C at 3°C/min, at which it was held for 8 min. The MS 

was operated at an electron energy of 70 eV and an ion source temperature of 250°C.  

The average chain-length (ACL) of n-alkanes with 23 to 33 carbon atoms was calculated 

according to Poynter and Eglinton (1990):  

ACL = (23 × nC23 + 25 × nC25 + 27 × nC27 + 29 × nC29 + 31 × nC31 + 33 × nC33)/ 

(nC23 + nC25 + nC27 + nC29 + nC31 + nC33)     (1) 
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with Cn as relative abundance of n-alkanes with the chain length n. 

 

Ketone fraction 

The ketone fraction, containing long-chain alkenones, was analysed on the GC-MS system 

described above using a Zebron ZB-1 column (60 m × 250 µm i.d.; 0.25 µm film thickness). 

Prior to analysis, 4 to 10 µl squalane with a concentration of 10 µg/µl was added as internal 

standard. The oven temperature was held at 60°C for 2 min, increased with a rate of 20°C/min 

to 260°C and then to 340°C at 1.5°C/min with 5 min isotherm. The MS was operated at an 

electron energy of 70 eV and an ion source temperature of 250°C. Di-, tri- and tetraunsaturated 

alkenones were identified by retention time and published mass spectra (de Leeuw et al., 

1980). The UK
37 was calculated according to Brassell et al. (1986): 

UK
37 = [C37:2 - C37:4] / [C37:2 + C37:3 + C37:4]           (2) 

 

3.4.7 Analysis of GDGTs 

The polar fractions were dried under a gentle stream of nitrogen, dissolved in n-hexane:2-

propanol (99:1, v/v) to a concentration of 1 mg/ml and passed through a 0.45 µm 

polytetrafluoroethylene (PTFE) filter (Macherey-Nagel, Germany) prior to analysis. GDGTs 

were analysed using a Waters Alliance 2695 HPLC system following the analytical protocol 

described by Hopmans et al. (2016), which allows the separation of 5- and 6-methyl branched 

GDGTs. 

The MBT’5ME was calculated according to de Jonge et al. (2014) and transferred to mean 

annual air temperature (MAAT) using the lacustrine temperature calibration of Russel et al. 

(2018): 

MBT’5ME = (Ia + Ib + Ic) / (Ia + Ib + Ic + IIa + IIb + IIc + IIIa)                              (3) 

MAAT = -1.21 + 32.42 x MBT’5ME             (4) 

The BIT index was calculated as detailed in Hopmans et al. (2004) using the combined peak 

areas of the 5- and 6-methyl isomers of branched GDGTs:  

BIT Index = (Ia + IIa + IIa’ + IIIa + IIIa’) / (Ia + IIa + IIa’ + IIIa + IIIa’ + IV)                  (5) 

 

3.4.8 Analysis of HGs 

For the analysis of heterocyte glycolipids (HGs), a second aliquot of the BDE was dissolved 

in a mixture of hexane:2-propanol:H2O (72:27:1, v/v/v) and filtered through a 0.45 µm 

regenerated cellulose filter. Concentrations ranged from 7 to 10 mg/ml depending on the 

abundance of the target analyte in the sample. HGs were analysed using a Waters Alliance 

2690 HPLC system coupled to Micromass Quattro LC triple quadrupole mass spectrometer 

as described in Bauersachs et al. (2017). 
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In Lake Steisslingen, the HG28 diol occurred in form of two closely eluting structural isomers. 

The relative abundance of both isomers was used to calculate the heterocyte isomer ratio of 

diols with 28 carbon atoms (HIR28D), which is defined as the abundance of the early eluting 

isomer (HG28 diol [I]) divided by the sum of both isomers (HG28 diol [I] and HG28 diol [II]). See 

supplementary figure S3.1 for definition of HG28 diol isomers. 

 

3.5 Results 

3.5.1 Bulk composition and stable isotopes 

CaCO3 

The average CaCO3 content of the Lake Steisslingen sediment sequence was 21.0±12.5%. 

The concentration of CaCO3 decreased from a maximum of 35.6% at 13,465 yr BP to 4.3% at 

the end of the Allerød (12,752 yr BP) with a minimum of 1.2% at 13,126 yr BP (Fig. 3.2). In 

sediments deposited during the Younger Dryas, the CaCO3 content increased and ranged 

from 13.9% to 39.4% (average 28.6±6.8%) with maximum values observed during the mid-

Younger Dryas. The onset of the Preboreal is marked by a rapid decline in the CaCO3 content 

to average values of 3.7±3.4%. 

 

δ18Ocarbonate 

The oxygen isotopic composition of sedimentary carbonates (δ18Ocarbonate) varied between -

9.3‰ and -5.6‰ (average -8.1±0.8‰; Fig. 3.2). Decreasing δ18Ocarbonate values from -5.7 to -

8.0‰ indicated a gradual cooling during the Allerød, interrupted by a more negative 

δ18Ocarbonate value of -8.2‰ at 13,126 yr BP. During the Younger Dryas, δ18Ocarbonate values 

varied only moderately and averaged -8.4±0.3‰, indicating relatively cold but stable climatic 

conditions. At the end of the Younger Dryas, δ18Ocarbonate values increased by 3‰ indicating a 

period of rapid warming. A second excursion to lower temperatures with δ18Ocarbonate values 

varying from -8.7‰ to -9.3‰ occurred during the Preboreal Oscillation (11,300 – 11,150 yr 

BP). 

 

TOC 

The TOC contents showed an average of 11.4±4.3% across the interval investigated. During 

the early Allerød, TOC values increased from 11.7% at 13,465 yr BP to a maximum of 22.0% 

at 13,054 yr BP (Fig. 3.2). Thereafter, the TOC decreased steadily to 14.6% until the end of 

the Allerød and showed a sudden drop of about 10% to an average of 8.7±2.0% at the onset 

of the Younger Dryas, after which it increased again slowly. During the Preboreal, TOC values 

revealed an increasing trend with a maximum of 23.3% at 11,198 yr BP but then declined 

rapidly after the Preboreal Oscillation to values of 15.5% or less. 
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TOC/TN 

Total organic carbon to total nitrogen (TOC/TN) ratios were generally low and varied from 10.4 

to 13.3 (average 11.7±0.6). Lowest TOC/TN ratios were observed in the Allerød and Preboreal 

warm phases with 11.3±0.3 and 11.0±0.4, respectively (Fig. 3.2). During the Younger Dryas, 

molar TOC/TN ratios were slightly higher and gave an average of 12.0±0.5. 

 

δ13CTOC 

The stable carbon isotope composition of the bulk organic matter (δ13CTOC) varied between -

27.8 and -34.9‰ (average -32.4±1.6‰). During the Allerød, δ13CTOC values decreased 

gradually from -30.4‰ to -33.2±0.8‰ during the Younger Dryas (Fig. 3.2). A shift to more 

positive δ13CTOC values was observed at the onset of the Preboreal, during which δ13CTOC 

values averaged -30.8±2.0‰. At 11,409 yr BP, δ13CTOC started to decline again, resulting in 

comparatively light stable carbon isotopes of -32.3±0.5‰ for the remainder of the record. 

 

δ15N 

The stable nitrogen isotope composition of the bulk sediment (δ15N) varied between -1.8‰ 

and +2.9‰ (average +1.6±1.3‰). Low values of on average -1.4±0.5‰ occurred during the 

Allerød except for one sample preceding the LST (12,880 yr BP) (Fig. 3.2). At the onset of the 

Younger Dryas, δ15N values rapidly increased by 4‰, resulting in δ15N values ranging from 

+1.0‰ to +2.9‰ (average +2.3±0.4‰). At the YD/PB boundary, δ15N values declined rapidly 

and ranged from -0.1‰ to 1.6‰ between 11,589 and 11,300 yr BP. With the onset of the PBO, 

δ15N values increase again and average at +2.3±0.1‰. 
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Figure 3.2: Overview of the bulk results from STK-9 of Lake Steisslingen with concentration of total 

calcium carbonate (CaCO3), oxygen isotopes of calcium carbonate (δ18O), total organic carbon (TOC), 

molar organic carbon to nitrogen ratio (TOC/TN), bulk carbon isotopes of organic matter (δ13CTOC) and 

bulk nitrogen isotopes of organic matter (δ15N) vs. time and chronozones. Roman numerals denote the 

three stages of the Younger Dryas. PBO = Preboreal oscillation; LST = Laacher See Tephra (12,880 yr 

BP). 

 

3.5.2 Lipid biomarkers 

A variety of different lipid classes were detected in the extractable organic matter, including n-

alkanes, n-alkenes, hopanoids, highly branched isoprenoids (HBIs), plant triterpenoids, long-

chain alkenones, glycerol dialkyl glycerol tetraethers (GDGTs) and heterocyte glycolipids 

(HGs), which are described and discussed below. 

 

Aliphatic hydrocarbons 

The aliphatic lipid fraction was dominated by n-alkanes, highly branched isoprenoids (HBIs) 

and hopanoids (Fig. S3.2). Of these, n-alkanes were most abundant showing a strong odd   

over even carbon number preference. They varied from nC15 to nC33 and displayed a 

pronounced dominance of mid- to long-chain homologues (nC23 to nC33).  
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Amongst the short-chain n-alkanes nC17 was the most abundant. During the Allerød, the 

concentration of the nC17 was low and varied between 0.3 and 1.7 µg/g TOC (average 1.3±1.0 

µg/g TOC) with an exception of 3.3 µg/g TOC at 13,054 yr BP (Fig. 3.3). In the first phase of 

the Younger Dryas highest average nC17 concentrations occurred, yielding a maximum value 

of 7.1 µg/g TOC at 12,588 yr BP. Over the next ~300 years, comprising a second stage of the 

Younger Dryas, the concentrations decreased constantly and then increased abruptly to a 

maximum of 4.3 µg/g TOC at 11,952 yr BP. During the last stage of the Younger Dryas and 

the following Preboreal concentrations were generally low and ranged from 0.0 to 1.4 µg/g 

TOC.  

During the Allerød, ACL values ranged from 25.8 to 27.2 with a minimum of 25.8 at 13,126 yr 

BP. With the onset of the Younger Dryas, the ACL increased to a maximum of 27.5 at 12,680 

yr BP. Subsequently, the ACL decreased to an average value of 26.8±0.3 for the remainder 

of the Younger Dryas. In the early Preboreal, ACL values were similar to those observed 

during the late Younger Dryas (26.9±0.2) and declined slightly during the PBO with values 

averaging 26.3±0.2. 

n-Alkane concentrations of a land plant origin (nC27, nC29, nC31) were generally high in contrast 

to aquatic biomarkers (HBI-20, nC17) with an average of 160.9±84.5 µg/g TOC (n = 51). The 

n-alkane concentration reached 131.4±65.1 µg/g TOC during the Allerød (Fig. 3.3) but 

increased to 187.8±88.1 µg/g TOC with a maximum of about 500 µg/g TOC at the onset of 

the Younger Dryas (Fig. 3.3). During the mid- and late-Younger Dryas, n-alkane 

concentrations decreased again and usually were below 200 µg/g TOC. With the beginning of 

the Preboreal, plant-derived n-alkane concentrations declined to an average of 126.0±72.4 

µg/g TOC and simultaneously showed a shift in distribution pattern from a dominance of nC27 

to the nC29 homologue.   

HBI-20 was detected over most of the sediment sequence except for the late Preboreal (Fig. 

3.3). During the Allerød, the HBI-20 occurred only in low concentrations, ranging from 0.5 to 

5.4 µg/g TOC (average 2.2±1.5 µg/g TOC). At the beginning of the Younger Dryas, the 

concentration rose to values from 0.6 to 7.6 µg/g TOC and maximized in the mid Younger 

Dryas with 13.7 µg/g TOC at 12,056 yr BP. The late Younger Dryas was characterized by 

highest average HBI-20 concentrations of 11.5±4.3 µg/g TOC with a maximum of 23.3 µg/g 

TOC at 11,754 yr BP. At the YD/PB transition, HBI-20 concentrations declined rapidly, 

resulting in the almost absence of this component in the later Preboreal. 

 

In the sediment record of Lake Steisslingen a diverse suite of hopanes and hopenes was 

identified (Fig. S3.3). Typical hopanes included 17β-trisnorhopane, 17β,21β-30-norhopane, 

17α,21β-homohopane(22R), 17β,21β-hopane, 17β,21β-homohopane and 17β,21β-
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bishomohopane. Hopenes included hop(17,21)ene, hop(22,29)ene (diploptene) and 17β,21β-

homohop(29/30)ene. 

Hopane concentrations decreased from 99.1 µg/g TOC at 13,261 yr BP to 9.3 µg/g TOC at 

the Allerød/Younger Dryas-transition, while hopene concentrations simultaneously decreased 

from 30.0 µg/g TOC to 5.1 µg/g TOC (Fig. 3.3). During the Allerød, the average 

hopene/hopane ratio was 0.35±0.11. With the onset of the Younger Dryas, both hopanes and 

hopenes increased rapidly, resulting in average concentrations of 46.1±21.1 µg/g TOC and 

28.7±14.4 µg/g TOC, respectively. During the mid- and late-Younger Dryas, hopane and 

hopene concentrations diminished concomitantly and yielded an average ratio of 0.62±0.1. At 

the Younger Dryas/Preboreal transition hopanoid concentrations increased to maximum 

values of 106.0 µg/g TOC for hopanes and 56.9 µg/g TOC for hopenes but thereafter, 

throughout the Preboreal declined again to minimum values of 17.0 and 10.7, respectively, at 

11,150 yr BP. During the Preboreal, the average hopene/hopane ratio with 0.56±0.15 declined 

only slightly compared to the Younger Dryas. 

 

Long-chain alkenones (LCA) 

Alkenones were absent during the Allerød and the Preboreal (Fig. 3.4). During the Younger 

Dryas, di-, tri-, and tetraunsaturated ketones with carbon chain lengths from C37-C39 were 

detected. The highest alkenone concentration (>7000 µg/g TOC) occurred at the onset of the 

Younger Dryas, after which it decreased rapidly during the early Younger Dryas (<500 µg/g 

TOC). C37 alkenones were most dominant at the start of the Younger Dryas, while C38 

alkenones showed a pronounced maximum during the mid-Younger Dryas. At the termination 

of the Younger Dryas the C37/C38 ratio shifted back to values >1.  

The absence of alkenones in the Allerød and Preboreal prevented determining UK
37 values for 

both chronozones. In the early- and mid-Younger Dryas, however, a general increase in UK
37 

values from -0.48 to -0.31 was observed. In the late Younger Dryas, UK
37 values first stayed 

constantly around -0.40. Thereafter, they showed a brief excursion to values as low as -0.52 

before a strong increase to more positive values of -0.27 was observed at the termination of 

the Younger Dryas. 

 

Glycerol dialkyl glycerol tetraethers (GDGTs) 

Isoprenoidal and branched GDGTs were detected throughout the entire sediment succession 

investigated (Fig. 3.4). BrGDGTs were the dominating analogues ranging from 70.3 to 87.4% 

(average 78.9±4.2%), whilst isoGDGTs occurred in minor relative abundances only, varying 

from 12.6 to 29.7% (average 21.1±4.2%). GDGT-0 (caldarchaeol) was predominant among 

the isoGDGTs and constituted 20.4±4.1% to the total GDGT pool. Other isoGDGTs (GDGT-

1, GDGT-2, GDGT-3, GDGT-4, crenarchaeol) were present in minor amounts only (together 
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<1.5% of all GDGTs). The crenarchaeol regioisomer could not be detected in any of the 

samples. The pool of brGDGTs was dominated by the 5-methyl and 6-methyl isomers of 

GDGT-IIIa (5ME: 12.3±1.6%, 6ME: 10.2±1.3%), followed by GDGT-IIa (5ME: 11.9±0.8%, 

6ME: 13.6±1.6%) and GDGT-Ia (14.6±1.2%). The remaining brGDGTs represented 

16.4±3.1% of all GDGTs. The BIT ratio (Schouten et al., 2013) was consistently high and 

averaged 1. 

The GDGT-0/crenarchaeol ratio was generally high with values averaging 561.7±271.0 but 

showed distinct variations along the profile (Fig. 3.3). During the Allerød, GDGT-

0/crenarchaeol ratios varied between 442.7 and 894.9 (average 672.7±153.0) and declined 

rapidly at the onset of the Younger Dryas, after which they ranged between 299.6 and 508.5 

(average 412.2±59.3). At the beginning of the Preboreal, a maximum value of 978.8 was 

observed. Subsequently, GDGT-0/crenarchaeol ratios varied between 398.3 and 1753.4 

(average 768.4±432.5) throughout the Preboreal with the lowest value of 398.3 found during 

the PBO. 

MBT’5ME-based MAAT estimates varied from 10.1 to 13.4°C throughout the studied interval. 

MAATs averaged 11.3±0.7°C during the Allerød and with the onset of the Younger Dryas 

increased by 1.6°C to yield an absolute temperature of 12.9°C. Thereafter, MAATs decreased 

gradually to result in a temperature of 10.4°C at the end of the Younger Dryas. At the transition 

to the Preboreal, MAAT increased by 1.7°C and in the following shows a general warming 

trend with two brief excursions to lower MAATs observed shortly prior and during the PBO. 

Highest temperatures were observed during the late PBO, during which MBT’5ME-MAATs 

showed a maximum of 13.4°C at 11,150 yr BP.  

 

Heterocyte glycolipids (HGs) 

A total of 14 different HG structures was detected in the lacustrine sediments in variable 

relative abundances (Fig. 3.5). The heterocyte glycolipids HG26 diol, HG28 diol, HG28 triol and 

HG30 triol together constituted the majority of all HGs (>90%). Principal component analysis 

demonstrates that the relative abundance of HGs showed significant variation between the 

Allerød, Younger Dryas and Preboreal (Fig. S3.4). 

The HIR28D showed a rapid decrease from ~0.18±0.02 during the late Allerød to 0.09 at the 

onset of the Younger Dryas. During the lower and middle part of the cold event, the HIR28D 

stayed rather constant at 0.12±0.02 but increased gradually during the late Younger Dryas 

from 0.13 to a maximum of 0.24 at 11,618 yr BP. This trend was interrupted by a short cooling 

at the Younger Dryas/Preboreal transition, after which the HIR28D first increased to 0.21 and 

thereafter declined to a value 0.16 at the top of the sediment succession investigated. 
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Figure 3.3: Concentration of C20-highly branched isoprenoids (HBI-20), nC17-alkanes, HGs, hopanoids 

and plant-derived n-alkanes (sum nC27, nC29, nC31) in the sediments of Lake Steisslingen vs. time and 

chronozones. Roman numerals denote the three stages of the Younger Dryas. PBO = Preboreal 

oscillation; LST = Laacher See Tephra (12,880 yr BP). 
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Figure 3.4: Long-chain alkenone concentrations and ratios, MBT’5ME-inferred temperature and 

heterocyte glycolipids-inferred temperature trend in the sediments of Lake Steisslingen vs. time and 

chronozones. Roman numerals denote the three stages of the Younger Dryas. PBO = Preboreal 

oscillation; LST = Laacher See Tephra (12,880 yr BP). 
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Figure 3.5: Relative abundance heterocyte glycolipids (HGs) in the sediments of Lake Steisslingen. 

 

 

3.6 Discussion 

Chronology  

Bulk-geochemical properties, stable isotopes and biomarkers indicated major changes in the 

lake’s productivity and phytoplankton community during the Allerød, Younger Dryas and 

Preboreal times. Moreover, they pointed to significant changes in the productivity and 

composition of primary producers that allow separating the Younger Dryas into three distinct 

sub-chronozones. These paleoenvironmental changes are discussed below:  
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3.6.1 Allerød (13,560 – 12,680 yr BP) 

The Allerød is a time period characterized by a warmer and more humid climate, which 

followed the cool and arid conditions of the last glacial maximum in central Europe (Leroy et 

al., 2013). Sediments deposited in Lake Steisslingen during the Allerød are finely laminated 

and do not bear any signs of bioturbation. This, together with a high TOC content (15.2±3.2%), 

this indicates a high primary productivity and conditions favouring the preservation of organic 

matter (i.e. bottom water anoxia). Indeed, the establishment of a permanent stratification and 

reducing conditions at the monimolimnion has previously been suggested for Lake 

Steisslingen based on well described seasonal lamination in a parallel core of STK-9 

(Eusterhues et al., 2002). Mean GDGT-0/crenarchaeol ratios of 672±153 support this finding 

as they suggest that methanogenesis, a process that requires anoxic conditions, played a 

major role in the carbon cycling of Lake Steisslingen during the Allerød. This is also in line 

with sedimentary δ13CTOC values ranging from -30.6 to -34.2‰ (-32.0±1.0‰). These values 

suggest a significant contribution of isotopically light carbon to the lake’s carbon pool. One 

such source may have been methane produced by methanogenic archaea, which is known to 

be strongly depleted in 13C (Whiticar, 1999). The lake’s high organic matter export flux and 

anoxic bottom waters may have constituted ideal growth conditions for methanogens.  

It is generally accepted that the start of the Younger Dryas was characterized by a sudden 

cooling in central Europe (Brauer et al., 2001), North America (Yu and Eicher, 1998) and 

elsewhere (Stansell et al., 2010). This is explained by a slowdown of the AMOC due to a rapid 

outflow of massive proglacial lake water (Lowell et al., 2005). In Lake Steisslingen, however, 

a gradual decline in δ18Ocarbonate values during the relatively warm latest Allerød period by about 

-2.5‰ may indicate a long-term cooling that cumulated in the Younger Dryas cold period. 

Comparable δ18Ocarbonate trends have been reported for the Meerfelder Maar sediments (Brauer 

et al., 2008) pointing to a more widespread gradual change in lake carbonate oxygen isotope 

signatures. This gradual decrease in δ18Ocarbonate values was interrupted after the LST and the 

δ18Ocarbonate values increased slightly for the next ~200 years (Fig. 3.2), indicative of a minor 

warming. An earlier cooling, coincident with the Laacher See Tephra at 12,880 yr BP and prior 

to the Younger Dryas cooling event, was potentially initiated by the sulfur-rich volcanic eruption 

itself via a solar irradiation decline due to stratospheric sulfate aerosol emission (Baldini et al., 

2018). A pre-Younger Dryas cooling was furtherly inferred from aquatic and wax lipid hydrogen 

isotope ratios determined on sediments from Meerfelder Maar (Rach et al., 2014). 

Prior to the LST, an excursion to significantly more negative δ18Ocarbonate values, indicating 

colder conditions, was observed for the time around 13,100 yr BP. The magnitude of this 

excursion was similar to the one observed during the Younger Dryas and provided evidence 

for a brief period of cooling. A short cold spell during the late Allerød, known as the Gerzensee 

Oscillation, has been reported previously from other European lakes as well as from 
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Greenland ice cores (GRIP) (Goslar et al., 1995; Björck et al., 1996, 1998; Schwander et al., 

2000)(Goslar et al., 1995; Björck et al., 1996, 1998; Schwander et al., 2000)(Goslar et al., 

1995; Björck et al., 1996, 1998; Schwander et al., 2000)(Goslar et al., 1995; Björck et al., 

1996, 1998; Schwander et al., 2000). The Gerzensee Oscillation is characterized by a 1-2°C 

decrease in summer temperature in the Swiss Alps based on pollen and Cladoceran 

assemblages (Lotter et al., 2000). This momentary relapse to glacial temperatures was also 

noted in the MBT’5ME record of Lake Steisslingen, which showed a 0.9°C decline in MAAT. A 

short cooler phase before the onset of the Younger Dryas could also be identified in the 

δ18Ocarbonate curve from the previous study on Lake Steisslingen (Mayer and Schwark, 1999). 

This study, however, was conducted at lower resolution thus not reflect the Gerzensee 

oscillation in detail. 

An alternative means for the reconstruction of lake surface water temperatures has recently 

been introduced by the analysis of cyanophyte heterocyte glycolipids (HGs) (Bauersachs et 

al., 2015). These components are exclusively found in the heterocyte of diazotrophic (N2-

fixing) cyanobacteria, where their relative abundances changes as a function of growth 

temperature (Bauersachs et al., 2014b). In lakes, the relative distribution of HGs in surface 

waters has been shown to track surface water temperatures with the signal of highest 

productivity being transferred to the sediment record (Bauersachs et al., 2015). Similar to 

changes in the HG alcohol to ketone ratio, the relative abundance of structural isomers of 

HG32 triol has been demonstrated to vary with temperature in culture experiments of the 

thermophilic cyanobacterium Mastigocladus laminosus (Bauersachs et al., 2013). In Lake 

Steisslingen sediments two HG28 diol isomers were identified, the relative proportions of which 

were termed HIR28D and used to detect relative temperature. Here, HIR28D decreased from 

0.18 to 0.09 during the Allerød indicative for a rapid relative temperature decrease.  

Low δ15N values (-1.4±0.5‰) during the Allerød are in line with cyanobacterial N2 fixation 

(Wada and Hattori, 1991) and suggest that diazotrophic cyanobacteria may have constituted 

an abundant part of the phytoplankton community of Lake Steisslingen. This is corroborated 

by enhanced HG abundances in Lake Steisslingen sediments during the Allerød (Fig. 3.3). 

The HG distributions were dominated by HG28 diols (40.6%), HG30 triols (29.5%) and HG26 

diols (13.6%), which together constituted >80% of all HGs. The HG28 and HG26 diols are 

commonly found in nostocalean cyanobacteria of the family Nostocaceae, including e.g. 

Anabaenopsis, Aphanizomenon, and Dolichospermum (previously Anabaena) (Gambacorta 

et al., 1998; Bauersachs et al., 2009a, 2017). Cyanobacteria of the genus Dolichospermum 

have indeed been report from the phytoplankton community of modern Lake Steisslingen and 

are known to become particularly abundant during the warm summer month (LUBW, 2016), 

suggesting that they may constitute one biological source of the HGs in the lake. HG30 triols 

on the contrary have been described exclusively from Scytonemataceae (Gambacorta et al., 
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1999; Bauersachs et al., 2019). These cyanobacteria are common in benthic microbial mats 

(Castenholz, 2015), which may also have formed in the littoral of Lake Steisslingen. Additional 

evidence for the occurrence of cyanobacteria during the Allerød comes from the presence of 

7-methylheptadecane (7Me-C17). This component has been observed in cyanobacteria 

before, for which it is thought to be highly diagnostic (Gelpi et al., 1970; Bauersachs et al., 

2017). In contrast to HGs, however, 7Me-C17 is not exclusively synthesized by heterocytous 

cyanobacteria and can also be derived from unicellular or filamentous non-heterocytous 

cyanobacteria (Gelpi et al., 1970; Coates et al., 2014) thriving in Lake Steisslingen. Such 

cyanobacteria may include the unicellular species Aphanocapsa sp. or the filamentous non-

heterocytous forms Planktothrix sp. and Pseudanbaena limnetica, which have previously been 

reported from the lake’s phytoplankton (LUBW, 2016). 

Aliphatic biomarker distributions (e.g. nC17, HBI-20, hopanoids) indicate that a diverse 

community of aquatic and microbial primary producers persisted in Lake Steisslingen. This 

includes cyanobacteria (nC17), diatoms (HBI-20), and heterotrophic bacteria (hopanoids). Our 

data thus suggests that Lake Steisslingen received a majority of its organic matter content 

during the Allerød from aquatic sources, which is in line with the generally low TOC/TN ratios 

(i.e., 10.7-11.9) of this interval. The high variety of microbial primary producers matches the 

composition of today's Lake Steisslingen (LUBW, 2016). Freshwater algae like Chlorophyta, 

Chrysophyceae, Cryptophyceae but also dinoflagellates of the class Dinophyceae and 

diatoms form a large part of the recent phytoplankton community (LUBW, 2016). High 

concentrations of hopanoid hydrocarbons suggest an enhanced microbial activity of bacteria 

in the early Allerød (Fig. 3.3). Significant amounts of hopenes in sediments from the entire 

chronozone indicated a certain but not to extensive degree of diagenetic alteration of organic 

matter.  

Besides aquatic organic matter, the lake also received input of organic matter from terrigenic 

sources growing in the lake’s surroundings. Epicuticular leaf wax-derived long-chain alkanes 

and alkenes ranged from nC25 to nC33 with a predominance of nC27 and only minor 

abundances of nC31. This can be attributed to an increase in Betula sp. and a decrease in 

Juniperus sp. as well as Artemisia sp., which point to a dominance of woody plants over 

bushes and shrubs during the Allerød (Schwark et al., 2002). Pollen data from Lake 

Steisslingen suggested a mixed pine/birch forest with still sparely forested areas due to the 

presence of grass and heliophilous herb/shrub pollen (Eusterhues et al., 2002). Betula and 

Pinus sp. have also been reported to dominate in the catchment of paleolake Trzechowskie, 

northern Poland (Aichner et al., 2018), possibly suggesting the spread of a mixed birch-pine 

forest vegetation in central and eastern Europe during the Allerød. 
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3.6.2 Younger Dryas (12,680 – 11, 590 yr BP) 

With the onset and termination of the Younger Dryas major shifts in the bulk and isotope signal 

were recorded in the lake, whereas throughout the Younger Dryas the bulk composition of 

organic matter and its isotopes remained rather monotonous (Fig. 3.2). In contrast, the 

biomarker composition and/or concentration changed substantially (Fig. 3.3, 3.4), which 

revealed different responses of aquatic and terrestrial primary producers to varying 

environmental conditions. The latter scenario seems more in accordance with a climatically 

stressed paleoenvironment whereas 1000 years of environmental quiescence throughout the 

Younger Dryas seems less probable. The fluctuations in organic matter composition favour a 

differentiation into 3 sub stages (Fig. 3.6) rather than 2 phases of the Younger Dryas as 

previously suggested (von Grafenstein et al., 1999; Schwark et al., 2002; Bakke et al., 2009; 

Neugebauer et al., 2012; Lane et al., 2013; Schlolaut et al., 2017).  

 

Younger Dryas Stage I (12,680 – 12,342 yr BP) 

The onset of the Younger Dryas was marked by an abrupt increase in CaCO3 and a 

concomitant decrease in TOC content (Fig. 3.2), which was also manifested in the generally 

brighter sediment colour of this interval. A -2‰ shift in δ18Ocarbonate values was considered to 

reflect a decline in water temperatures by about 3-5°C and possibly also a change in the water 

balance of the lake, due to precipitation or a change in the subsurface in-/outflow budget 

(Mayer and Schwark, 1999). The decrease in δ18Ocarbonate was in good agreement with other 

records from Central Europe which also suggested a decline in MAAT between 3 and 5°C 

(Lotter et al., 2000; Heiri et al., 2007). MBT’5ME-reconstructed MAATs decreased by 1.8°C at 

the Allerød/Younger Dryas boundary followed by an increase to a maximum temperature 

during the Younger Dryas of about 12.9°C. Such a temperature maximum was neither 

reflected in δ18Ocarbonate nor HIR28D, which both generally indicated cool conditions during the 

Younger Dryas. The inaccuracy of the brGDGT based temperature at the Allerød/Younger 

Dryas boundary could be explained by a shift in the microbial community. This might be 

caused by soil erosion due to decreased forest density and therefore an enhanced soil inwash 

into the lake leading to higher MBT’5ME. 

The onset of the Younger Dryas was marked by the first appearance of LCAs, which was 

already stated in an earlier study of Lake Steisslingen by Zink et al. (2001). Of these, C37 and 

C38 alkenones were generally present with high relative abundances of the tetraunsaturated 

C37 alkenone (C37:4). Such a distribution has previously been reported as a distinct 

characteristic of lake environments (D’Andrea and Huang, 2005; Theroux et al., 2010; Sun et 

al., 2018). In contrast to the open ocean where Emiliana huxleyi and Geophyocapsa oceania 

are the main sources of alkenones, the producers in lake systems are more diverse (Theroux 

et al., 2010). The sudden occurrence of LCAs at the onset of the Younger Dryas may be 
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attributed to the development of blooms of cold-adapted haptophyte algae, which were less 

competitive during the preceding warmer climate conditions of the Allerød (Zink et al., 2001). 

Exceptionally high concentration of C37 and C38 alkenones (C37+C38) with 16,000 µg/g TOC 

were observed at the base of the Younger Dryas, suggesting that haptophytes algae were the 

dominant contributors of aquatic origin to the Lake Steisslingen organic matter pool at this 

time (Fig. 3.6) and supporting the thesis of a spontaneous mass bloom. Since alkenones were 

resistant to degradation the variations in alkenone concentrations during the ~1100 year of 

Younger Dryas represented a biotic response of alkenones producers to the environmental 

condition prevailing and not a change in preservation rate (Goñi et al., 2001; Prahl et al., 2001). 

The C37/C38-alkenone ratio of ~1 and the high amount of the C37:4 homologue (35.4 to 54.5% 

of all C37 alkenones) suggest that the haptophytes in Lake Steisslingen were closely related to 

the cold-adapted Greenland I phylotype (Group I) (Longo et al., 2018). The simultaneous 

presence of methyl-C38 and ethyl-C38-alkenone, which are common in northern hemispheric 

lakes, like Alaska and Greenland dominated by the Greenland I phylotype, is in agreement 

with this hypothesis (D’Andrea and Huang, 2005; D’Andrea et al., 2011; Longo et al., 2016). 

Due to the large number of different primary producers in lakes and the difference in seasonal 

productivity many contrasting alkenones temperature calibration have been reported (e.g. Chu 

et al., 2005; Longo et al., 2016; Sun et al., 2007; Zink et al., 2001). Lowest average UK
37 values 

of about -0.45 occurred in the lower Younger Dryas (YD-I) representing coldest temperatures. 

This was in line with coldest GDGT-inferred temperatures of about 10°C and coldest HIR28D 

relative temperatures. Reconstructed summer temperatures for Central Europe of about 10-

15°C based on pollen, macro fossils and chironomids are slightly higher than our predicted 

temperatures (Isarin and Bohncke, 1999; van Asch et al., 2012; Pawłowski et al., 2015). 

However, this can be explained by the fact that temperatures reported here do not reflect the 

probably warmest temperatures in summer, but rather the average annual air temperature or 

water temperature. It has to be taken into account that the abundance of the C37:4 alkenone 

might have been effected by environmental factors other than temperature, such as salinity 

(Liu et al., 2008, 2011). 

In response to the changing climate, significant changes in the phytoplankton community 

occurred in Lake Steisslingen (Fig. 3.6). The onset of the Younger Dryas was marked by high 

concentrations of nC17 and only low concentrations of HBI-20 (Fig. 3.3). The former is a 

common component of many algae (Meyers et al., 2003) but particularly abundant in 

cyanobacteria (Bauersachs et al., 2017). Abundances of diatom-derived saturated HBI-20 as 

well as saturated and unsaturated HBI-25, previously observed in other freshwater systems 

(Muschitiello et al., 2015; Zhang et al., 2018), remained low during the YD-I phase. In 

lacustrine sediments from south-eastern Sweden covering the Late Glacial/early Holocene 

periods it was demonstrated that HBI-20 originated from the epiphytic diatom Gomphonema 
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acuminatum (Muschitiello et al., 2015). Since other HBIs, such as HBI-25, and the unsaturated 

HBI-25:1 and HBI-25:2, were also present in Lake Steisslingen other freshwater diatoms 

cannot be excluded as potential producers, e.g. the Navicula genus or Enteromorpha sp. 

(Rowland et al., 1985; Belt et al., 2001).  

Compared to the Allerød, the Younger Dryas was marked by a shift in δ15N values from -1.5‰ 

to +2.5‰ suggesting that the phytoplankton community changed from a dominance of N2-

fixing, possibly heterocytous cyanobacterial association to a community dominated by nitrate-

utilizing algae (Meyers, 2003). However, HGs of heterocytous cyanobacteria origin still were 

present in the basal Younger Dryas. In contrast to the Allerød, the HG content changed 

significantly with a gradual increase in the relative abundance of HG30 triols (Fig. 3.5). The 

latter have been described from heterocytous cyanobacteria of the Scytonemataceae, 

including e.g. Scytonema sp. and Tolypothrix tenuis (Gambacorta et al., 1999) and as a 

constituent of the HG inventory of the stigonematalean cyanobacterium Stigonema ocellatum 

(Bauersachs et al., 2019). Heterocytous cyanobacteria of both families are known to form 

benthic microbial mats in the shallow littoral zone (Smith et al., 2011; Stal, 2012). The increase 

in the relative abundance of HG30 triols with the onset of the Younger Dryas may thus have 

been associated with a decline in water level and an increase in the habitable zone suitable 

for the growth of benthic microbial mats. This lowstand may have been caused by more arid 

conditions with the start of the Younger Dryas that have also been postulated for other 

lacustrine environments (Brauer et al., 1999; Rach et al., 2014). 

After a rapid decrease in the GDGT-0/crenarchaeol ratio to values of >800 to <400 at the 

Allerød/Younger Dryas boundary, the GDGT-0/crenarchaeol ratio remained almost constant 

during the Younger Dryas. Although these values are still indicative for methanogenesis and 

in turn anoxic bottom waters in Lake Steisslingen during the Younger Dryas, the strong decline 

likely indicated a less strong stratification and perhaps periodically mixing of the water column, 

which was also reflected in less well-developed sediment lamination. Furthermore, a change 

in the archaeal community from anaerobic methanogen species (synthesizing GDGT-0) to 

aerobic Thaumarchaeota (source of crenarchaeol) might also have occurred and as such will 

have affected the ratio (Leininger et al., 2006; Blaga et al., 2009; Naeher et al., 2014).  

In central Europe, with the beginning of the Younger Dryas the terrestrial vegetation changed 

from a dense forested landscape to an open tundra dominated by shrubs (Starkel et al., 2012). 

An increase in non-arboreal pollen (NAP) has been observed previously in parallel core STK-

2 from Lake Steisslingen (Eusterhues et al., 2002). Here, in STK-9, an increase in long-chain 

alkane concentration coupled with a decline in relative abundance of nC27- and higher amount 

of nC29- and nC31-alkanes at the Allerød /Younger Dryas transition implied a shift in vegetation. 

However, nC27 still remained the most abundant n-alkane in the sediments of Lake 

Steisslingen. Leaf waxes of recent Betula and Pinus species contain high relative abundances 
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of nC27-alkanes, but absolute concentration vary by factor >10, with higher absolute 

concentration in Betula leaves (Diefendorf et al., 2011). Thus, Pinus contributes to a minor 

extent only to the inventory of n-alkanes in the sedimentary record (Ali et al., 2005; Dove and 

Mayes, 2006). The increase in absolute concentration of long-chain n-alkanes in the 

sediments of Lake Steisslingen therefore more likely was due to the expansion of Betula 

species rather than Pinus as inferred from palynological data of earlier investigations on Lake 

Steisslingen (Eusterhues et al., 2002; Schwark et al., 2002). This previously reported increase 

in Pinus sp. pollen could be explained by a high airborne transport of Pinus pollen 

overestimating the actual presence of pine trees around the study site (Szczepanek et al., 

2017). Intensified wind strength in course with the climate perturbation of the Younger Dryas 

(Brauer et al., 2008) may have favoured pollen dispersal.  

Neugebauer et al. (2012) divided the Younger Dryas in two stages, whereby they 

characterized the early Younger Dryas expressed in the sediments of Paleolake Rehwiese 

(NE-Germany) with still warm to moderate summer temperatures. Thus, the high 

concentrations of plant-derived alkanes (Fig. 3.6) could be explained by still warmer summer 

temperatures since the main growth phase of plant leaves occurs during the summer months. 

Recent studies postulated a large episode of biomass burning triggered by a bolide impact at 

the onset of the Younger Dryas (Wolbach et al., 2018a, 2018b). Since the concentrations of 

terrestrial wax lipids did not decrease markedly and complementary pollen data also did not 

indicate a decline in the tree population, there are no indications of massive wildfires in SW-

Germany (Schwark et al., 2002). 

 

Younger Dryas Stage II (12,342 – 11,975 yr BP) 

The start of the Younger Dryas Stage II (YD-II) was characterized by significant changes in 

biomarker distributions (Fig. 3.6). The most prominent change was associated with an 

increase in the abundance of C37 and C38 alkenones, a shift to lower C37/C38 ratios and slightly 

higher UK
37 values (Fig. 3.4). Together these observations suggest that haptophyte algae, 

likely related to the Greenland Phylotype I, proliferated in the lake after temperatures started 

to recover from the substantial decline at the start of the Younger Dryas. Although most 

biological sources of alkenones in freshwater environments remain enigmatic, haptophyte 

blooms via photosynthetic drawdown of dissolved CO2 in surface lake water may have 

contributed to the high carbonate content observed during the Younger Dryas (Fig. 3.2). 

Concomitantly, concentrations of the diatom-specific HBI-20 started to increase, while the 

previously abundant nC17 and hopanoids significantly declined in abundance (Fig. 3.6) after 

peaking at the base of YD-II. This was thought to reflect a higher production of freshwater 

diatoms over algae and bacteria (Cranwell et al., 1987; Zhang et al., 2017). Similar to the 

short-chain n-alkanes, the concentrations of long-chain n-alkanes decreased, corroborating a 
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decline in the productivity in the watershed of Lake Steisslingen. Indeed, a change in the 

terrestrial vegetation pattern with a shift from deciduous trees to shrubs has been documented 

previously based on pollen (Schwark et al., 2002). 

Compared to YD-I, the distribution of HGs was characterized by slightly higher abundances of 

HG30 triols (57.8±4.4%) and HG26 diols (13.9±5.1%) and markedly lower abundances of HG28 

diols (26.6±5.4%; Fig. 3.5). HG30 triols and keto-diols have been reported in cyanobacteria of 

the family Scytonemataceae (Gambacorta et al., 1999; Bauersachs et al., 2019), which are 

known to form epilithic colonies attached to a hard substrate. This may suggest that water 

level variations within in the lake remained low, providing the basis for the proliferation of the 

benthic microbial mats that previously established in lake´s littoral during the onset of the 

Younger Dryas. Low TOC and concomitantly high δ15N values throughout the Younger Dryas, 

however, suggest a lower in-lake productivity and a decline in the contribution of organic 

matter derived from the biologically fixation of N2 (Fig. 3.2). 

A prior study identified a short relapse to a warmer climate around 12,080 yr BP in the 

sediments of Lake Ammersee, which is situated ca. 160 km to the east of Lake Steisslingen 

(von Grafenstein et al., 1999). Such a relapse was not discernible in sediments of Lake 

Steisslingen. In fact, comparatively cold temperatures were deduced for the mid-Younger 

Dryas based on strongly depleted δ18Ocarbonate. In contrast, increasing UK
37 values indicated a 

warming trend, similar to the HG-derived HIR28D, which stands in contrast to the brGDGT-

reconstructed MAAT. Therefore, uncertainties between the proxies could be caused by 

seasonally differing production maxima of the biological lipid sources. To this end, brGDGTs 

preferentially reflect the mean annual air temperature (Russell et al., 2018), whereas 

alkenones represent water temperatures during growing season when the lake is ice-free (Chu 

et al., 2012) or summer temperature (Zink et al., 2001).  

 

Younger Dryas Stage III (11,975 – 11,590 yr BP) 

The last stage of the Younger Dryas (YD-III) was marked by a decrease in alkenone 

concentrations towards the Younger Dryas/Preboreal boundary and their absence thereafter. 

This was accompanied by a relative increase of the C37/C38 alkenone ratio, potentially due to 

a change in alkenones producers or increasing temperature reflected in rising UK
37 value. 

Interestingly, alkenone derived temperatures showed high fluctuations not observed in other 

proxies or previous studies in Lake Steisslingen at the termination of the Younger Dryas (Zink 

et al., 2001). A significant decrease in UK
37 at 11,637 yr BP occurred after a period of constant 

temperature followed by a rapid warming trend around 11,618 yr BP at the Younger 

Dryas/Preboreal boundary. This temperature increase was also expressed in δ18Ocarbonate and 

HIR28D and was in a good agreement with previous studies, which postulated a relapse to 

more moderate climate within 10-30 years at the Pleistocene/Holocene-transition (Dansgaard 
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et al., 1989; Gulliksen et al., 1998). An increase in GDGTs-MAAT occurred with a delay of 

about 100 years during the early Preboreal.  

Peak concentration of HBI-20 producing freshwater diatoms were present in the latest stage 

of the Younger Dryas suggesting a massive proliferation of diatoms during this period (Fig. 

3.3). At the same time, other biomarkers like nC17 (algae), hopanoids (bacteria) and long-chain 

n-alkanes (terrestrial vegetation) showed no significant change compared to the YD-II phase 

(Fig. 3.6). The change in algal/diatom population dynamics may have been an adaption to 

slightly warmer temperatures only reflected by HG-inferred relative temperatures but 

suppressed in the response of other aquatic organism in Lake Steisslingen. Although more 

variable in the YD-II phase, the trend to increasing relative abundances of HG30 triols and keto-

diols continued and maximized in the late stage of the YD-III phase, during which HG30 triols 

constituted >90% of all HGs (Fig. 3.5). The massive increase in the abundance of HG30 triols 

might have been related to a further increase in shallow lake areas suitable for microbial mats 

growth and in turn might suggest a low water level of Lake Steisslingen during YD-III, which 

was also reported from inorganic geochemical proxies (Eusterhues et al., 2002).  

 

3.6.3 Preboreal (11,590 – 10,300 yr BP) 

The onset of the Preboreal was initiated by a change from lighter to darker coloured sediment, 

which was caused by a higher amount of organic matter and a simultaneous decrease in 

calcium carbonate content. This rapid decrease was accompanied by an increase in 

δ18Ocarbonate of about 3‰ (Fig. 3.2). HIR28D and brGDGT-based temperature estimates showed 

a delayed temperature increase but average temperature trends during Preboreal were in 

consensus with those previously described from other lacustrine and terrestrial settings (Heiri 

et al., 2007). Discrepancy between the different temperature proxies (δ18Ocarbonate, alkenones, 

brGDGTs, HGs) may have been caused by a different response of the biological sources to 

the newly established environmental conditions. For example, increased erosion rates due to 

warmer and more humid climate together with a rising water level could have qualitatively and 

quantitatively affected the brGDGT pool. However, BIT values remained constant at a value 

near 1. Our analyses have found evidence for a brief colder period during the Preboreal 

(11,300 – 11,150 yr BP) expressed in more negative δ18Ocarbonate values similar in magnitude 

to the Younger Dryas cold period. These relapse to colder temperatures, known as the 

Preboreal Oscillation, was caused by an increased freshwater forcing that hampered the North 

Atlantic heat conveyor and was previously reported from other records in Central Europe 

(Björck et al., 1996; Bos et al., 2007; Magny et al., 2007a). In contrast to the Allerød or Younger 

Dryas, however, the biotic responses, expressed in e.g. the aliphatic hydrocarbons and the 

occurrence of alkenones, could not be observed during the Preboreal Oscillation.  
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Higher TOC concentrations indicated enhanced input of organic matter with the onset of the 

Preboreal. This was also reflected in a rapid increase of about +5‰ in δ13CTOC potentially due 

to a higher growth rate of phytoplankton or alternatively a change in the isotopic composition 

of dissolved inorganic carbon. A decline in δ15N to values close to 0‰, suggested a new 

proliferation of N2-fixing cyanobacteria in Lake Steisslingen (Fig. 3.6). In accordance with this 

perception, relative HG abundances started to increase again with the onset of the Preboreal 

and profound changes in HG distribution patterns occurred. In contrast to the dominance of 

HG30 triols previously observed during the Younger Dryas, HG26 diols, HG28 diols, and HG28 

triols significantly increased in abundance (Fig. 3.5). These HGs are commonly reported in 

pelagic cyanobacteria, such as Aphanizomenon sp., Anabaenopsis sp. and Dolichopsermum 

sp. (Gambacorta et al., 1999; Bauersachs et al., 2009; 2017; 2019; Wörmer et al. 2012), 

freshwater phytoplankton (Bauersachs et al., 2015) and lake sediments (Bauersachs et al., 

2015; Bale et al., 2016) and may indicate an increased share of non-benthic cyanobacteria in 

aquatic primary productivity. A unique characteristic of the Preboreal was the presence of 

HG32 triol and keto-diol, which together constituted between 0.6 to 10% of all HGs. Both HGs 

exclusively occur in true-branching cyanobacteria (Gambacorta et al., 1998; Bauersachs et 

al., 2014a, 2019), which may occur as part of the phytoplankton community but are particularly 

widespread as subaerophytes. Although it could not be excluded that some HG32 triols and 

keto-diols may have originated from in-lake production, the increased abundance of both HGs 

may have been caused by an increased run-off and transport to the lake under more humid 

conditions. Wetter conditions with the onset of the Preboreal have been reported from Lake 

Meerfelder Maar (W-Germany) (Rach et al., 2014). 

An increased activity of cyanobacteria with the start of the Preboreal might have been 

triggered by the higher lake water temperature as indicated by heavier δ18Ocarbonate and 

increased HIR28D values and was also supported by higher concentrations of hopanoids and 

heavier δ13CTOC values (Figs. 3.2 and 3.3). With the onset of the Preboreal Oscillation at 

11,300 yr BP, however, δ15N values increased again to an average of +2.5‰, indicating a shift 

in the nitrogen utilization metabolism and to a declining contribution of cyanobacteria to the 

organic matter content. This was also expressed in a significant decrease in HG abundance 

and the concomitant shift in δ13CTOC to more depleted values. 

The absence of alkenones during the entire Preboreal, including the Preboreal Oscillation, 

reflected a shift in aquatic community and supported the assumption of a haptophyte algae 

community only viable in Lake Steisslingen upon a colder climate (Fig. 3.6). HBI producing 

freshwater diatoms population decreased constantly with the new climate conditions at the 

beginning of the Preboreal until they disappeared exhaustively from 11,125 yr BP on. We infer 

that this freshwater diatom required colder temperatures, whereas its occurrence during 



78 
 

moderate Allerød does not suggest this hypothesis unless the HBIs where produced by 

different precursors.  

With the onset of the Preboreal a response in vegetation to the new environmental conditions 

was visible in decreasing nC27-alkanes and increasing relative abundances of nC29- and nC31-

alkanes, respectively. This observation would predict a spread of conifers and grasses with 

only moderate contribution of birches to the plant lipid pool (Schwark et al., 2002). 

Palynological data of Lake Steisslingen, on the contrary, reveal a clear increase in birch pollen, 

which could also be identified in the n-alkane and pollen distribution in the sediments of the 

Polish Lake Trzechowskie at the Pleistocene/Holocene-transition (Eusterhues et al., 2002; 

Aichner et al., 2018). The increase of in particular the nC29-alkanes at this time may have 

reflected the input of other non-birch broadleaf trees. 

 

3.7 Conclusion 

Sediments deposited in Lake Steisslingen provide high-resolution archives (Fig. 3.6) for the 

reconstruction of climate and environmental change during the cold event of the Younger 

Dryas. Our data demonstrated that significant perturbations in the productivity and 

composition of the aquatic and terrestrial community in and around the lake occurred during 

the chronozones of the Allerød, Younger Dryas and Preboreal. These were likely driven by a 

decline of temperature with the onset of the Younger Dryas. The Younger Dryas cold spell did 

not evolve monotonous but could be separated in three sub-zones YD-I, YD-II, YD-III, each 

showing a differential response in preferentially aquatic biomass composition to environmental 

change, which is not or much less reflected in the bulk parameters (Fig. 3.6). The YD-I is 

characterized by high in-lake production of phytoplankton and bacteria. High average 

abundance of alkenones, which are indicative for a sufficient adaption of freshwater 

haptophyte algae to ongoing cold condition, marked the YD-II phase (Fig. 3.6). The terminal 

YD-III phase (Fig. 3.6) was characterized by a high productivity of HBI producing freshwater 

diatoms. 

In addition to the frequently used molecular temperature proxies UK
37 and MBT’5ME, we first 

applied the new HG-based HIR28D proxy to a paleo-lake sediment to determine continental 

relative temperature shifts. The HIR28D was in a good agreement with estimated temperature 

trends for the Pleistocene/Holocene transition and demonstrated the potential of HGs in 

paleoclimate und paleoenvironmental reconstruction although a temperature calibration to 

convert proxy values to absolute temperatures is still pending. 
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Figure 3.6: Schematic overview of aquatic and terrestrial organisms contribute to the organic matter in 

Lake Steisslingen. 
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3.8 Supplementary material 

 

Figure S3.1: Distribution of heterocyte glycolipids, showing temperature effects on HG28-isomers. 
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Figure S3.2: Chromatograms of the aliphatic fractions of each chronozone Allerød, Preboreal and the 

subdivided Younger Dryas (YD-I, YD-II, YD-III) 
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Figure S3.3: Chromatogram of the aliphatic fraction of a sample from the Younger Dryas, showing 

distribution of saturated and unsaturated hopanoids and steroids. 
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Figure S3.4: Principle component analysis (PCA) of HG data.  
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4. Holocene and late Pleistocene vegetation and environmental 

history of Lake Stymphalia (Peloponnese/Greece) 

 

4.1 Introduction 

The Mediterranean region is of great interest for paleoclimate-/paleoenvironmental 

reconstruction since the region is highly sensitive to climate change due to its unique position 

between the mid-latitude (European climate) and subtropical (northern African climate) 

atmospheric regimes (Lionello, 2012). Several studies have been conducted across the 

Mediterranean Basin to reconstruct both regional and temporal differences in the 

environmental and climate evolution (Bar-Matthews et al., 1999; Kim et al., 2004; Magny et 

al., 2007b; Roberts et al., 2012; Martrat et al., 2014). In order to improve understanding the 

individual regional climate forcing mechanisms, it is necessary to enhance the spatial 

coverage and the quality of paleorecords. The eastern Mediterranean Sea region and the 

Peloponnese peninsula are particularly vulnerable to climate change as they are influenced 

by multiple atmospheric circulation patterns, which create strong west-east rainfall and 

temperature gradients (Katrantsiotis et al., 2019). In addition, the region is characterized by 

the early presence of humans and the development of ancient Greek societies to advanced 

civilisations, from early farmers to the Greek city-states (Weiberg et al., 2016). Thus, the 

Peloponnese peninsula in the southern region of Greece has become the focus of numerous 

studies investigating climate and environmental change (Kontopoulos and Avramidis, 2003; 

Fuchs, 2007; Unkel et al., 2014; Katrantsiotis et al., 2016, 2018; Emmanouilidis et al., 2018; 

Norström et al., 2018) as well as human-environmental interactions during the late and mid 

Holocene (Weiberg et al., 2016; Seguin et al., 2019). Paleoclimate and paleoenvironmental 

studies from terrestrial and/or lacustrine archives, however, are scarce in southern Greece 

and in particular from the central Peloponnese. The limited information available derived 

mainly from studies focusing on lagoons (Lazarova et al., 2012; Avramidis et al., 2013; 

Emmanouilidis et al., 2018), speleothems (Finné et al., 2014, 2017) and coastal paleolakes 

(Norström et al., 2017; Katrantsiotis et al., 2019). Moreover, most records only cover the most 

recent climate history of Greece and usually do not exceed more than the last 7,000 years 

(Fig. 4.1). Thus, here is a pressing need for sediment records that date back to the early 

Holocene and late Pleistocene to put the climate and environmental evolution of the 

Peloponnese into a larger climate context. The only continuous long-term lacustrine record 

from the Peloponnese is preserved in Lake Stymphalia, which is the only remaining natural 

lake located in the north-eastern region of the peninsula. Previous studies on Lake Stymphalia 

have focused on either studying the most recent lake history (e.g. the last 2,500 years) using 

X-ray fluorescence (XRF) measurements (Seguin et al., 2019) or the late Glacial to mid-
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Holocene period (Heymann et al., 2013) and identified several local environmental/climatic 

variation, but also regional climatic changes. Additionally, a short period from the Roman to 

Early Byzantine time (~100-700 AD) has been studied using glycerol dialkyl glycerol 

tetraethers (GDGTs) to reconstruct mean annual air temperatures (MAATs) (Seguin et al., 

2019). Previous pollen analysis for a short interval of ca. 250 years during the middle Holocene 

period have demonstrated that the vegetation was dominated by oak Quercus trees and herbs 

of the subfamily Lactucoideae (Walsh et al., 2017a), despite the generally poor pollen 

preservation at this site (Seguin et al., 2019). 

The Lake Stymphalia record thus constitutes a highly valuable archive of climate and 

environmental change of the south-eastern Mediterranean that up until now has not yet been 

comprehensively investigated. In this study, we investigated the late Pleistocene to Holocene 

sediment sequence of Lake Stymphalia to reconstruct the paleoclimate of the Peloponnese 

and associated changes in the terrestrial vegetation cover as well as aquatic community 

structure by application of organic-geochemical methods.  

 

4.2 Study area 

Lake Stymphalia (37°51'14"N, 22°27'49"E) is located in a karst polje on the south side of Mt. 

Kyllini (also known as Mt. Ziria) in the north-eastern Peloponnese, Greece (Fig. 4.1). The polje 

stretches east-west and is bordered in the south by the 1,900 m high Mt. Oligirtos. The western 

end of the polje is formed by the ~1,700 m high mountain ridge of Mt. Mavrovouni (Morfis and 

Zojer, 1986). The shallow holomictic lake is situated at 600 meters above sea level (masl). It 

is fed by several karst springs and minor torrential river systems (Morfis and Zojer, 1986). At 

present, Lake Stymphalia is the largest natural lake of the Peloponnese with an average 

surface area of ~3.5 km2. During high water in spring, the lake size can increase up to 5 km2. 

In arid years, however, the lake can also desiccate completely (Morfis & Zojer, 1986). Lake 

Stymphalia is a shallow lake with an average water depth of 0.8 m and a maximum depth of 

1.2 m (Papastergiadou et al., 2007). The lake experiences a Mediterranean climate with warm, 

dry summers and colder but humid winters. The mean annual air temperature (MAAT) in the 

Stymphalia polje is about 14°C (2017/2018), while the annual precipitation is 618 mm (Seguin 

et al., 2019). Today’s pH value is 8.5 (Heymann et al., 2013).  

The periodically wet meadow areas of the lake’s catchment are characterised by Molinio‐

Holoschoenion and Magnocaricetea marshland plant communities, while reed beds are 

dominated by Phragmitetalia (Papastergiadou et al., 2007). The regularly flooded areas allow 

growth of the white willow Salix alba and the poplar Populus alba, while the forested areas are 

characterised by Abies cephalonica, Quercus coccifera, Pistacia lentiscus and Cistus spp. 

(Papastergiadou et al., 2007). 
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Figure 4.1: Map of study area showing the Peloponnese peninsula in south Greece. Numbers represent 

important paleoclimate achieves on the Peloponnese: 1. Lake Stymphalia (this study, Seguin et al., 

2019), 2. Lake Lerna (Jahns, 1993; Katrantsiotis et al., 2019), 3. Kapsia Cave (Finné et al., 2014), 4. 

Asea Valley (Unkel et al., 2014), 5. Mavry Trypa Cave (Finné et al., 2017), 6. Agios Floros (Katrantsiotis 

et al., 2016; Norström et al., 2017, 2018), 7. Gialova Lagoon (Emmanouilidis et al., 2018; Katrantsiotis 

et al., 2018), 8. Alepotrypa Cave (Boyd, 2015). The colour code marks the maximum time range of the 

records.  

 

4.3 Methods 

4.3.1  Coring and sampling 

The field and coring campaigns were conducted in March 2010 and March/April 2011 as 

detailed in Heymann et al. (2013). Briefly, the 16 m-long sediment core STY-1A and a 5.6 m-

long parallel core STY-1B were obtained using a Usinger piston corer employed from a floating 

platform. The collected sediment core was sliced immediately in 1 m-long sections and stored 

in plastic liners at 4°C at Kiel University. In addition, a lake surface sediment sample and soils 

surrounding the lake were taken in autumn 2018 and 2019. 

The lithostratigraphy of the core mainly consists of clay to silty clay with sparse sand/gravel 

clastic fragments and gastropod shells/shell fragments (Heymann et al., 2013; Seguin et al., 

2019). 
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In order to recover Holocene and late Pleistocene sediments, 5-10 mm-thick samples were 

collected between 152 to 431 cm from core STY-1A. A total of 97 samples were taken, 

lyophilized for 24 h and ground to a homogenous powder using solvent-cleaned pestle and 

mortar. Subsequently, all sediments were stored frozen until further processing.  

 

4.3.2 Age-depth model 

For dating purposes, 21 bulk sediment samples from the Lake Stymphalia record were 

collected between 72 and 430.5 cm and radiocarbon-dated using accelerator mass 

spectrometry (AMS; Table 1). For the age-depth-model (ADM) we included dating results of 

the humic acid fractions published previously by Heymann et al. (2013) and Seguin et al. 

(2019) from the Leibniz-Laboratory for Radiometric Dating and Isotope Research at Kiel 

University (KIA) and new dates from the National Laboratory for Age Determination at NTNU 

University Museum Trondheim (TRa) for the lower part of the sediment core (Fig. 4.2). The 

humic acid fraction was selected for dating as it compositionally fits best with the lipid organic 

material studied. In addition, lake sediment received substantial influx of older, recalcitrant soil 

and sediment organic matter from adjacent slopes that would compromise the chronology. All 

dates are reported as calibrated years BP (cal yr BP; 1950 AD = 0 BP). Age-depth-modelling 

was conducted using the R package Rbacon v.2.3.8 (Blaauw and Christen, 2011) with the 

InCal13 calibration curve (Reimer et al., 2013). 

 

 

 

Figure 4.2: Age-depth model of Lake Stymphalia. 
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Table 4.1: Results of ADM dates of bulk sediments. Calibrated ages are shown in 1σ range. Median 

probabilities are shown in brackets. 

Sample ID Depth (cm) 14C Age (yr BP) Calibrated Ages (yr BP) 

KIA-47446 72 1285±35 1184-1275 (1232) 

KIA-47450 146 1731±17 1609-1694 (1652) 

KIA-47450 146 1690±18 1562-1608 (1588) 

KIA-42912 164 1355±22 1280-1299 (1289) 

KIA-47447 168.5 2355±26 2338-2420 (2357) 

KIA-47451 189.5 3336±22 3515-3612 (3576) 

KIA-47451 189.5 3567±26 3833-3895 (3863) 

KIA-47448 207 3168±27 3365-3443 (3394) 

KIA-44005 236 3563±27 3833-3895 (3863) 

KIA-44006 266 4837±32 5486-5607 (5587) 

KIA-45955 280 6023±33 6797-6910 (6865) 

TRa-13962 303.5 7656±30 8404-8506 (8438) 

TRa-13956 304.5 7836±24 8591-8633 (8610) 

TRa-13963 322.5 8261±32 9138-9301 (9248) 

TRa-13957 325.5 8235±27 9135-9263 (9202) 

KIA-45956 345 10,673±51 12,601-12,690 (12,643)a 

TRa-13964 364 9433±27 10,595-10,708 (10,665) 

TRa-13958 365.5 15,305±80 18,486-18,681 (18,578) a 

TRa-13959 378.5 15,320±73 18,511-18,691 (18,596) a 

TRa-13960 412.5 12,046±45 13,797-13,960 (13,890) 

TRa-13961 430.5 15,714±68 18,866-19,033 (18,955) a 

a Dates excluded from age-depth modelling. 

 

4.3.3  Bulk organic-geochemical and stable carbon isotope analyses 

The total carbon (TC), total nitrogen (TN) and total sulphur (TS) content of the sediment 

samples were determined with an Elementar Vario EL-III CNS analyzer. The amount of total 

organic carbon (TOC) was measured on an Eltra Helios system after decalcification using 

10% and 25% hydrochloric acid (HCl) until no reaction occurred. The total inorganic carbon 

content (TIC) was calculated as the difference between TC and TOC. The calcium carbonate 

(CaCO3) content was calculated by multiplying the TIC by 8.33 (stoichiometry of carbon in 

CaCO3). Sedimentary TOC/TN ratios were calculated on a molar basis. 

The carbon isotopic composition of the bulk organic matter (δ13CTOC) was determined on 

decalcified and neutralized sediment samples using a Flash EA elemental analyzer interfaced 

via a ConFlow III to a Delta V isotope ratio mass spectrometer (Thermo Scientific, US). Results 

were expressed in conventional delta () notation with reference to the Vienna PeeDee 

Belemnite standard (V-PDB). Reproducibility of duplicate analysis was <0.1‰. 
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4.3.4  Lipid extraction  

Sediment samples were extracted using an accelerated solvent extraction (ASE 200) method 

or a modified Bligh and Dyer procedure (Bligh and Dyer, 1959; Rütters et al., 2002). For 

sample extraction by ASE, 5 to 8 g of sediment were extracted with a mixture of DCM:methanol 

(MeOH) (9:1, v:v), at a temperature of 75°C and 5.0×106 Pa to obtain a TLE. Sediment 

samples, which were extracted using the Bligh and Dyer procedure were ultrasonically 

extracted for 10 min with a solvent mixture of MeOH:DCM:phosphate buffer at pH 7-8 (2:1:0.8, 

v/v/v). After centrifugation (1690 g, 4 min), the supernatant was collected and the remaining 

residue extracted twice more as described above. In the following, DCM and phosphate puffer 

were added to the extract to yield a solvent ratio of 1:1:0.9 (MeOH:DCM:phosphate buffer, 

v/v/v), which induced phase separation. The bottom layer, containing the organic fraction, was 

transferred into a round-bottom flask and the remaining solution was extracted twice with 

DCM. The Bligh and Dyer extracts (BDE) were rotary evaporated and stored at -18°C until 

further processing.  

 

4.3.5 n-Alkane analysis and proxy calculation 

Aliquots of all extracts were analysed using an Agilent 7890A (GC) equipped with an Agilent 

DB-5 column (30m × 0.25mm × 0.25µm) coupled to an Agilent 5975 B (MS). Samples were 

injected splitless with the injector temperature set to 320°C. The oven program started at 60°C 

for 4 min, followed by a ramp to 140°C at 10°C/min and subsequently to 325°C at 3°C, followed 

by an isothermal period of 45 min. The MS operated with a scanning mass range of m/z 50-

850 Da and an ionization energy of 70 eV. Alkanes were identified by comparison with an n-

alkane standard mixture containing nC20 to nC40 (Supelco). 

 

The average chain lengths (ACL) of n-alkanes was calculated as  

ACL = Σ(n × Cn)/ ΣCn)               (1) 

where Cn is the relative abundance of an n-alkane and n indicating the number of carbon atoms 

(Poynter and Eglinton, 1990). The Paq index was calculated using the relative abundance of 

n-alkanes as described by (Ficken et al., 2000):  

Paq = (C23 + C25)/(C23 + C25 + C29 + C31)           (2) 

 

4.3.6  GDGT analysis and proxy calculation 

An aliquot of each extract was separated into an apolar and a polar fraction using column 

chromatography. A small Pasteur pipette filled with activated aluminium oxide was used as 

stationary phase. The aliphatic fraction was eluted with 4 ml hexane:DCM (9:1, v/v) and the 

polar fraction with 4 ml DCM:MeOH (1:1, v/v), respectively. The polar fractions were dried 

under a gentle stream of nitrogen, re-dissolved in n-hexane:2-propanol (99:1, v/v) to a 
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concentration of 2 mg/ml and passed through a 0.45 µm polytetrafluoroethylene (PTFE) filter 

(Macherey-Nagel, Germany) prior to analysis. GDGTs were analysed using a Waters Alliance 

2695 HPLC system coupled to a Micromass Quattro LC triple quadrupole mass spectrometer 

(HPLC-MS) following the analytical protocol described of Hopmans et al. (2016). This protocol 

allows the separation of 5- and 6-methyl branched GDGTs (brGDGTs). 

Mean annual air temperatures were reconstructed using the Index 1 (De Jonge et al., 2014) 

and applying the lake calibration of Russell et al. (2018): 

Index 1 = log((Ia + Ib + Ic + IIa’ + IIIa’)/(Ic + IIa + IIc + IIIa + IIIa’))        (3) 

MAAT = 12.22 + 18.79 × Index 1            (4) 

 

The pH was calculated using the CBT’ index for the cyclisation of brGDGTs defined by De 

Jonge et al. (2014) and using the surface water calibration of Russell et al. (2018): 

CBT’ = log(Ic + IIa’ + IIb’ + IIc’ +IIIa’ +IIIb’ + IIIc’)/(Ia + IIa + IIIa)        (5) 

pH = 8.95 + 2.65 × CBT’             (6) 

 

The BIT index was determined as detailed in Hopmans et al. (2004) using the combined peak 

areas of the 5- and 6-methyl isomers of brGDGTs:  

BIT Index = (Ia + IIa + IIa’ + IIIa + IIIa’) / (Ia + IIa + IIa’ + IIIa + IIIa’ + crenarchaeol)     (7)  

 

The relative abundance of 6-methyl over 5-methyl brGDGTs is expressed as IR ratio (De 

Jonge et al., 2014):                

IR = (IIa’ + IIb’ + IIc’ + IIIa’ + IIIb’ + IIIc’)/ (IIa + IIa’ + IIb + IIb’+ IIc + IIc’+ IIIa + IIIa’ + IIIb + IIIb’   

+ IIIc + IIIc’)                         (8) 

 

To trace for the process of methanogenesis in lake systems the %GDGT-0 ratio has been 

used and is defined by Blaga et al. (2009) as 

%GDGT-0 = GDGT-0/(Crenarchaeol + GDGT-0)         (9) 

 

The %crenarchaeol isomer ratio has been defined by (Sinninghe Damsté et al., 2012a) as 

%crenarchaeol isomer = crenarchaeol regioisomer/(cren. + cren. regioisomer)    (10) 

 

4.3.7 HG analysis and proxy calculation 

For the analysis of heterocyte glycolipids (HGs), an aliquot of the BDE was dissolved in a 

mixture of hexane:2-propanol:H2O (72:27:1, v/v/v) and filtered through a 0.45 µm regenerated 

cellulose filter. Concentrations ranged from 7 to 10 mg/ml depending on the abundance of the 

target analyte in the sample. HGs were analysed using high-performance liquid 
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chromatography coupled to electrospray ionization tandem mass spectrometry (HPLC-

ESI/MS2) as described by Bauersachs et al. (2017, 2009b).  

A number of different indices based on the ratio of HG alcohols and hydroxyketones has been 

postulated, which all correlate with either grow temperate in cultures of heterocystous 

cyanobacteria (Bauersachs et al., 2009; 2014) (Bauersachs et al., 2009a, 2014b) or surface 

water temperature (SWT) in lake environments (Bauersachs et al., 2015). Here, we used the 

heterocyte diol index of 26 carbon atoms (HDI26) to investigate SWT changes in Lake 

Stymphalia over time. The HDI26 was calculated and transferred to SWT as described by 

Bauersachs et al. (2015):  

HDI26 = HG26 diol/ (HG26 keto-ol + HG26 diol)                                                                          (11) 

HDI26 = 0.0405 × SWT + 0.0401          (12) 

 

4.3.8 Statistical analysis for phase separation 

Principal components analysis (PCA) was performed after normalisation of the relative 

abundances of GDGT abundances using the statistical software Past 3.17 (Hammer et al., 

2001). The PCA results demonstrate significant differences in geochemical characteristics of 

GDGT data over time (Fig. S4.1). Therefore, the lipid record was divided into five main phases 

as discussed below.  

 

4.4  Results 

4.4.1  Bulk composition and stable carbon isotopes in Lake Stymphalia sediments 

The TOC content varies between 0.2 and 4.6%, with an average of 1.1±0.7% (Fig. 4.3). 

Lowest values of 0.2% occured at the base of the sediment sequence, after which the TOC 

content increased gradually towards the youngest samples. Around 3,600 yr BP, a maximum 

in TOC with a value of 4.6% was observed. The average TIC content in the sediments of Lake 

Stymphalia was 4.5±1.5%. High TIC values varying between 4.3 and 6.8 from 14,720 to 

10,288 yr BP were replaced by low values of around 3.7±0.9 around 10,000 yr BP. Thereafter, 

a period with maximum average values of 6.5±1.3 occurred from 9,447 to 7,457 yr BP, while 

the TIC values varied between 2.4 and 5.5% for the next 3,500 years. At 3,332 yr BP, the TIC 

dropped by about 3% to 1.7% and remained on a low level until 2,120 yr BP, when the TIC 

value raised to 5.3%. The TOC/TN ratio showed an average value of ca. 20±5.4 between 

14,720 and 13,200 yr BP. Thereafter, values varied between 19 and 44 until 10,730 yr BP, 

followed by a decrease to average values around 20 for the next 800 years. Subsequently, 

the TOC/TN ratio increased to 28.9 at 8,648 yr BP and then declined to an average of 20 until 

6,750 yr BP. The period from 6,750 to 2,000 yr BP was characterized by comparatively low 

TOC/TN ratios that average 13.0±3.8%. The δ13CTOC values ranged from -23.4 to -27.7‰ 

(average -26.1±0.8‰) and showed a shift to more enriched values towards the core top. A 
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shift from -25.7 to -23.4‰ occurred at 8,290 yr BP. The most depleted values of -27.7‰ 

occurred around 3,700 yr BP. 

 

 

4.4.2 Aliphatic hydrocarbons in Lake Stymphalia 

n-Alkane distributions in Lake Stymphalia sediments ranged from nC17 to nC33 and usually 

showed a unimodal distribution pattern maximizing at nC29 or nC31. The mid- and long-carbon 

number homologues (≥nC23) comprised more than 90% of the total n-alkane pool. During the 

late Pleistocene the ACL was comparatively high with values >29.5 (Fig. 4.3). In the following 

2,350 years, the ACL decreased gradually to a minimum of 28.5 at 11,645 yr BP. With the 

onset of the Holocene, the proportion of long-chain n-alkanes increased continuously. This 

trend was interrupted around 8,600 and 3,600 yr BP, where short oscillations to lower values 

were observed.  

The nC31/nC27-alkane ratio (Fig. 4.3) used for the differentiation of vegetation sources (grass 

vs. trees) reached its maximum of 4.9 at 14,003 yr BP. Thereafter, the ratio declined to 0.6 at 

10,398 yr BP, followed by a new increase to 2.4 within 1,000 years. In the following 5,500 

years the vegetation remained relatively constant with nC31/nC27 values around 1.4±0.4. At 

3,584 yr BP a minimum of 0.4 was observed, followed by an increase to 2.3 at 2,885 yr BP. 

During the late Pleistocene, the Paq values of about 0.13 remained relatively low at 14,003 yr 

BP (Fig. 4.3). In the following 2,350 years the Paq increased to a maximum of 0.56, followed 

by a decline to 0.25 at 9,268 yr BP. The period from about 9,000 to 3,800 yr BP was 

characterized by Paq values between 0.27 and 0.47, with a short spell of 0.53 at 8,290 yr BP. 

Subsequently, the Paq increased to 0.56 at 3,584 yr BP, followed by a minimum of 0.12 at 

2,885 yr BP. 
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Figure 4.3: Downcore bulk-geochemical, isotope and lipid data from Lake Stymphalia with concentration 

of total organic carbon (TOC), molar total organic carbon to total nitrogen ratio (TOC/TN), total inorganic 

carbon (TIC), bulk isotopes of organic carbon (δ13CTOC), average chain lengths (ACL) of n-alkanes, 

nC31/nC27 alkane ratio and a proxy for the proportion aquatic macrophytes (Paq).  

 

4.4.3 Glycerol dialkyl glycerol tetraethers (GDGTs) in Lake Stymphalia 

In the modern lake surface sediment, brGDGTs dominated over isoGDGTs and constitute 

92.3% of all GDGTs (Fig. 4.4) as expressed in a BIT index of 0.98. The corresponding GDGT-

reconstructed MAAT is 12.6°C and the GDGT-reconstructed pH is 8.9. Catchment soils (n=4) 

exhibited a GDGT composition similar to those of the lake surface sediment with brGDGTs 

constituting on average 87.3±6.1% of all GDGTs (Fig. 4.4). The BIT index values were about 

0.93±0.05, while the GDGT-derived MAATs were 14.5±1.6°C and the reconstructed pH values 

averaged 9.2±0.5. 

Both iso- and brGDGTs were detected throughout the entire sediment sequence. Amongst 

these, brGDGTs dominated, ranging from 85 to 98% of all GDGTs during the Holocene but 

comprising only ~65% during the late Pleistocene. GDGT-0 predominated among the 

isoGDGTs, except between 10,093 and 12,158 yr BP, when crenarchaeol contributed most to 

the isoGDGT pool. The brGDGTs consisted of GDGT-Ia (16.09±3.81), GDGT-Ib 

(13.68±3.24%), GDGT-IIb (10.49±3.4%), GDGT-IIa (9,60±2.66%), GDGT-IIa’ (9,32±1.29%) 

and GDGT-IIb’ (6.11±2.28%; Fig. 4.4). 

Branched GDGT-reconstructed MAATs varied between 14.7 and 20.8°C (Fig. 4.5). From the 

base of the record to 9,854 yr BP, MAAT increased from 16.6 to 20.8°C. Thereafter, MAAT 

remained relatively constant at about 17.9±0.9°C until 4,000 yr BP and was only interrupted 

by a short but strong cooling to 14.7 °C at 8,290 yr BP. Between 4,000 and 2,000 yr BP, MAAT 

fluctuated but showed a cooling trend from 20.0°C to 15.6°C (Fig. 4.5). 

BIT and %Cren exhibited an inverse trend between 14,720 and 10,288 yr BP, followed by a 

period of relative constancy until 3,854 yr BP, when BIT values remained around 0.9 and 

%Cren at 0.15, respectively. Thereafter, the BIT index increased and showed highest values 

of >0.95. %Cren values were lowest in this interval and remained below 0.1 mostly. 

GDGT-reconstructed pH values ranged from 8.4 to 9.8 (average 8.8±0.3) with highest pH 

values occurring during the late Pleistocene. In the following, pH values decreased 

substantially reaching a minimum at 9,700 yr BP with pH values of 8.4. From 9,268 until 3,936 

yr BP, pH values varied between 8.8 and 9.2, followed by a decline to a pH of 8.4. Thereafter, 

the pH value ranged from 8.4 to 8.8 until 2,000 yr BP. 
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Figure 4.4: Relative abundances of individual GDGTs in the lake surface sediment, catchment soils and 

selected intervals of the sediment core. 
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Figure 4.5: Downcore variation in GDGT- and HG-based proxies for Lake Stymphalia. 
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4.4.4 Heterocyte glycolipids in Lake Stymphalia 

The lake surface sediment contained abundant HG26 diols (23.8%), HG28 diols (17.3%) and 

HG30 triols (26.7%) together with their corresponding keto-ol and keto-diol structures. Minor 

relative abundances of HG28 diol with a pentose headgroup (P HG28 diol) were detected as 

well. The HDI26-inferred lake surface water temperature (SWT) was 16.3 °C, which is close to, 

but somewhat higher than the mean SWT of 14.6°C of modern Lake Stymphalia (Morfis and 

Zojer, 1986).   

Fourteen different HG structures were detected in variable proportions in the fossil sediments 

(Fig. 4.6). HG26 diols, HG28 diols and HG30 triols constituted the most dominant HG 

homologues contributing >80% to all HGs. In addition to these three dominant components, 

the four oldest samples (12,493 - 14,720 yr BP) also contained comparatively large 

proportions of the HG28 diol (7.7±3.9%). From 8,917 to 7,830 yr BP the amount of HG28 diols 

increased substantially contributing to more than half of the total HG pool. Thereafter, the 

relative abundance of HG26 diols and HG28 triols increased gradually with a relapse to a 

dominance of HG28 diols at 3,584 yr BP. HG32 triols (2.6±1.5%) and keto-diols (0.5±0.4%) 

exhibited subordinate abundances only and were absent in the youngest fossil sample and 

the lake surface sediment.  

HDI26-inferred SWT varied from 17.7 to 24.0°C (Fig. 4.5). The SWT with 17.7°C was lowest in 

the basal sediment sample but increased to 20.9°C during the late Pleistocene. With the 

transition to the Holocene, reconstructed SWTs increased pointing to a climate optimum with 

a maximum temperature of 23.6°C at 8,290 yr BP. In the following 2,000 years, HDI26-based 

temperatures declined and yielded a minimum of 19.6°C at 6,276 yr BP, while subsequently 

increasing to 24.0°C at 3,782 yr BP. During the late Holocene, the SWT showed only little 

variation and averaged 23.5°C. 
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Figure 4.6: Fractional abundances and semi-concentrations (stippled red line) of heterocyte glycolipids 

in Lake Stymphalia.  

 

4.5 Discussion 

4.5.1 Modern lipid distributions in Lake Stymphalia surface sediments 

4.5.1.1 Modern GDGT distributions 

In the surface sediment of Lake Stymphalia, brGDGTs were most abundant and constitute 

92.3% of all GDGTs (Fig. 4.4). These components were most likely synthesized by soil living 

Acidobacteria but possibly also other bacteria (Sinninghe Damsté et al., 2018b) and 

transported to lakes by means of run-off. In meromictic lakes with anoxic bottom water they 

may also derive from an in situ source (Blaga et al., 2009; Sinninghe Damsté et al., 2012a; 

Zink et al., 2016). IsoGDGTs, derived from Archaea, contributed only subordinate (7.7%) to 

the total GDGT pool. This was expressed in a BIT value of 0.98 in the surface sediment, which 

suggested a high organic matter input to the lake from surrounding soils. GDGT-0, the 

predominant isoGDGT in the surface sediment of Lake Stymphalia, is primarily found in 

Euryarchaeota and considered diagnostic for methanogens (Blaga et al., 2009; Bauersachs 

et al., 2015b). In lake environments, high %GDGT-0 values (>67%) have been advocated as 

a tool to trace for methanogenesis, a process exclusively carried out under anaerobic 

conditions (Sinninghe Damsté et al., 2012a). In Lake Stymphalia, the %GDGT-0 ratio was 78 

in the surface sediment and ranged from 47 to 89 in the soils adjacent to the shore, which 

indicated the activity of methanogens in the modern lake. The ratio of crenarchaeol to its 

regioisomer (%Cren) has been proposed as an indicator to trace for a thaumarchaeotal input 
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from soils to lake environments (Pitcher et al., 2011; Sinninghe Damsté et al., 2012a). The 

lake surface sediment had low to intermediate %Cren values ranging from 0.05 to 0.09, which 

may suggests that aquatic Thaumarcheota were the main source of crenarchaeol and its 

regioisomer in the surface sediments and that the loading of a soil-derived organic matter was 

moderate. This was also suggested by the dominance of pentamethylated brGDGTs in the 

surface sediment (Fig. S4.2), which are also abundant in other lake systems (Russell et al., 

2018). Tetramethylated brGDGTs, which are common in soils and peats (De Jonge et al., 

2014; Naafs et al., 2017b), on the contrary were only present in minor abundances. 

As the majority of brGDGTs seemed to be lake derived, we here used the East African lake 

calibration of Russell et al. (2018) to infer past MAAT. The surface sediment yielded a 

brGDGT-reconstructed MAAT of  12.6°C, which was 2°C lower than average SWT of 14.6°C 

of modern Lake Stymphalia (Morfis and Zojer, 1986) and the MAAT of 14°C recorded by single 

temperature logging in 2016/17 (Seguin et al., 2019).  

 

4.5.1.2 Modern heterocyte glycolipid (HG) distributions 

Heterocyte glycolipids are biological markers unique to N2-fixing heterocytous cyanobacteria 

(Gambacorta et al., 1999; Bauersachs et al., 2009b). The distribution of HGs in cultured 

cyanobacteria has been shown  to vary on an order and family level (Bauersachs et al., 2009a, 

2017, 2019), which has been used to study the community composition of heterocytous 

cyanobacteria in freshwater and brackish environments (Bauersachs et al., 2015a; Sollai et 

al., 2017). In Lake Stymphalia, the surface sediment was dominated by HG26 diols and keto-

ols as well as HG28 diols and keto-ols (Fig. 4.6). These components are common in aquatic 

cyanobacteria of the family Nostocaceae (Gambacorta et al., 1998; Bauersachs et al., 2009a, 

2017) and have been reported previously from European (Wörmer et al., 2012; Bauersachs 

et al., 2015a) and North American lakes (Bale et al., 2016). Although the phytoplankton 

community of Lake Stymphalia has not been studied phycologically, our data suggests that 

cyanobacteria such as Dolichospermum (previously Anabaena), Anabaenopsis, 

Aphanizomenon and/or Nodularia may occur as part of the phytoplankton community in Lake 

Stymphalia. In contrast, HG30 triols and keto-diols have only been reported from  mat-forming 

heterocytous cyanobacteria belonging to the Scytonemataceae (Gambacorta et al., 1999; 

Bauersachs et al., 2019). Their presence in Lake Styphalia surface sediment suggested a 

potential origin from benthic microbial mats developed along the fringes of the lake. The 

absence of HGs with a longer carbon chain (e.g. HG32 triol and HG32 keto-diol) suggested that 

true-branching heterocyte cyanobacteria of the order Stigonematales (Gambacorta et al., 

1999; Bauersachs et al., 2013, 2014a) were not endemic to modern Lake Stymphalia. 

The HDI26-reconstructed temperature for the lakes surface sediment sample was 16.4°C and 

was considered to reflect summer SWT (Bauersachs et al., 2015a). As, however, the summer 
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air temperature varied between 20°C and 23°C between June and September in the 

Stymphalia polje (Seguin et al., 2019), the calculated HDI26-temperatures rather seemed to 

reflect spring or autumn temperatures. 

 

4.5.2 Paleoclimate and paleoenvironmental reconstruction of Lake Stymphalia 

Changes in the elemental, isotope and biomarker composition reflected the evolution of Lake 

Stymphalia from the late Pleistocene to ~2000 yr BP and allowed the definition of five distinct 

lake stages that are discussed below. 

. 

 

4.5.2.1 Late Pleistocene/early Holocene – Stage I (14,720 – 10,288 yr BP) 

The early stage of Lake Stymphalia was characterized by low sedimentary TOC (<1%) and 

comparatively high CaCO3 (4-7%) contents indicative of a low primary productivity and/or poor 

preservation conditions of organic matter in a well oxygenated limestone-rich karst 

environment. Oxic conditions in the water column usually promote the degradation of organic 

matter prior to its incorporation into sediments (Meyers, 2003), which may explain the low 

organic matter content observed for stage I. The TOC/TN ratios initially varied between 10 

and 20, suggesting a mixed contribution of algal and terrestrial/pedogenic organic matter to 

the lake at this stage. However, from about ~12,300 yr BP to the top of stage I, the TOC/TN 

ratio increased and ranged from 17 to 45. This may indicate a period of increased input of land 

plants or emergent macrophytes, both of which have been shown previously to express 

TOC/TN ratios >20 (Tyson, 1995; Mayr et al., 2009). The Paq, an indicator for the loading of 

macrophyte organic matter to lake environments (Ficken et al., 2000), followed the TOC/TN 

profile and increased in parallel with the TOC/TN ratio. Paq values in this interval range from 

0.22 to 0.56 and thus were well in line with an input of organic matter from emergent 

macrophytes (Ficken et al., 2000). Emergent macrophytes, such as the reed Phragmites 

australis, form dense stands in the littoral zone of modern Lake Stymphalia and today cover 

more than 60% of the open water areas (Papastergiadou et al., 2007). Lake level lowstand is 

generally considered to promote the expansion of reed vegetation. The simultaneous increase 

in TOC/TN ratios and Paq values from 12,300 yr BP to ~10,500 yr BP may thus suggest a 

decline in algal productivity (Fig. 4.3).  

Epicuticular leaf wax-derived n-alkanes were dominated by nC29 and nC31 resulting in ACL 

values indicative for evergreen or deciduous angiosperms or phrygana plants (Norström et al., 

2017). The input of long-chain n-alkanes, diagnostic for gymnosperms, may be under-

represented, since gymnosperms generally produce low n-alkanes concentrations in their 

epicuticular waxes (Diefendorf et al., 2011; Bush and McInerney, 2013; Norström et al., 2017). 

The most common gymnosperms in Greece are Pinus species, which then due to their low 
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wax n-alkane content (Diefendorf et al., 2015) should not affect the sedimentary n-alkane pool 

of Lake Stymphalia. Between 14,700 and 13,000 yr BP a substantial part of sedimentary n-

alkanes may have originated from phrygana bushes and shrubs (Norström et al., 2017) or 

grasses as indicated by the predominance of nC31 over nC27 (Maffei, 1996; Marseille et al., 

1999). In this period at the end of the Late Glacial, the vegetation cover in the catchment may 

have been rather sparse due to adverse climatic conditions. After this phase, the ACL 

decreased steadily and the amount of predominantly tree-derived nC27 increased, indicative 

of a forest extension due to warmer conditions. From about 11,600 yr BP, the proportion of 

mid-chain n-alkanes (nC23 and nC25) increased, expressed in an elevated Paq index and lower 

ACL, which refers to an enhanced proportion of submerged or floating macrophytes to the 

total organic matter (Ficken et al., 2000). The growth of macrophytes may have been favoured 

by a lake expansion, leading to a decline of the BIT index indicative of diminished terrestrial 

influx during the same period (Fig.4. 5). Another explanation for low BIT values could be the 

in-situ production of brGDGTs in the water column, which has been previously reported from 

other lakes (Blaga et al., 2009; Tierney and Russell, 2009; Naeher et al., 2014; Weber et al., 

2015; Zhang et al., 2016; Zink et al., 2016).  

During the early lake stage methanogens likely constituted a significant proportion of the 

archaea thriving in the lake. A strong correlation between %GDGT-0 and BIT index is 

observed when the sediment record is divided into two phases (Fig. S4.3). A comparable 

correlation has been found for GDGTs in sediments from Lake Chala (Kenya/Tanzania) and 

was interpreted to derive from in-situ production of brGDGTs in the lake’s anoxic bottom 

waters (Sinninghe Damsté et al., 2012a). Lake Stymphalia as a very shallow lake with a 

modern average water depth of about 0.8 m, is unlikely to develop anoxic bottom waters, 

where production of GDGT-0 might occur. However, the lake’s historic water-level might have 

been higher until later reduced due to water withdrawal via an aqueduct built in the 2nd century 

AD that transported water from Lake Stymphalia to the city of Corinth situated ca. 40 km to 

the north (Walsh et al., 2017a). Both ratios, however, the %GDGT-0 and BIT, were affected 

by the amount of crenarchaeol, which was highly variable in sediments from Lake Stymphalia 

(Fig. 4.5). High contribution of pedogenic thaumarchaeal GDGTs characterized the period 

between 13,500 and 10,100 yr BP, when BIT values were minimal. 

The brGDGT-based reconstruction of MAAT showed a temperature increase from 16 to 18°C 

in the period from 14,700 to 10,500 yr BP. The HDI26 indicated lowest SWTs in the oldest 

samples and a rapid increase in SWT to 21 °C thereafter. Although showing a similar 

temperature trend during stage I, absolute temperature estimates between both proxies 

differed by 1.1 to 8.6 °C for the entire record. This offset may be explained by (1) the 

environmental compartments reflected by the proxies (water vs. air temperature) and/or (2) a 

different seasonality captured by both proxies as the HDI26 is considered to indicate summer 
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SWT (Bauersachs et al., 2015a). The overall trend seen in both proxies reflected increasing 

temperatures from the cold Late Glacial period to the warmer early Holocene. A distinctive 

Younger Dryas cold event cannot be identified, which is compatible with a previous study on 

Lake Stymphalia (Heymann et al., 2013). In the marine record though, a Younger Dryas 

cooling was noted for  the wider Aegean region (Rohling et al., 2002; Kotthoff et al., 2008, 

2011; Kuhnt et al., 2008). At Lake Stymphalia a minor cooling event of about 0.5°C between 

12,500 and 11,600 yr BP coincided with the time of the Younger Dryas cold event. This 

moderate local cooling might be explained by the isolated position of the Stymphalia polje in 

an elevated mountain valley.  

The dominance of both HG diols with 26 and 28 carbon atoms, respectively, is indicative for 

cyanobacteria of the family Nostocaceae including Anabaenopsis, Aphanizomenon and 

Dolichospermum (Gambacorta et al., 1998; Bauersachs et al., 2009a, 2017), whereas the 

HG30 triol has been reported from benthic Scytonemataceae (Gambacorta et al., 1999; 

Bauersachs et al., 2019). The presence of a HG28 diol with a pentose (C5) sugar headgroup 

instead of a hexose (C6) is unusual for a lacustrine sediment. Such HGs have been found as 

nC30 and nC32 triols or tetraols in marine sediments or strains of endosymbiotic heterocytous 

cyanobacteria (Schouten et al., 2013b; Bale et al., 2015, 2019). The only evidence for a 

freshwater cyanobacterium synthesizing a pentose headgroup is provided by a cultivation 

experiment employing an Aphanizomenon ovalisporum strain found in three Spanish 

freshwater reservoirs (Wörmer et al., 2012). Thus, a freshwater HG-producer may have been 

present in early Lake Stymphalia. 

 

4.5.2.2 Early Holocene - Stage II (10,093 – 9,585 yr BP) 

The second stage of Lake Stymphalia was initiated by an abrupt increase in temperature of 

about 3°C around 10,000 yr BP that has not been reported in literature before. This dramatic 

change could have been triggered by a sinking lake level resulting in heliothermic heating of 

the shallow water and thus presumably was a local phenomenon. Increasing input of soil 

derived brGDGTs and less methanogens indicated a stronger allochthonous influence, 

leading to a community shift in archaea as expressed in a decreased Cren’/cren ratio. A 

concomitant pH shift to more acidic conditions (pH: <7), which could have been promoted by 

a water low-stand and a diminished calcium carbonate (CaCO3) influx, can be deduced from 

low TIC values. The temperature increase may have led to an increase in lake productivity 

(TOC) and was inferred from the composition of terrigenic wax lipids, which suggested a more 

grass-derived input.  
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4.5.2.3 Mid Holocene - Stage III (9,447 – 5,234 yr BP) 

During phase III the productivity increased constantly, while TOC/TN values of around 20 

suggested a mixed signal of aquatic and terrestrial derived organic matter. For the interval 

between 7,500 and 8,900 yr BP, TOC/TN values >20 indicated a predominance of terrestrial 

input (Meyers, 2003). The ACL values suggested a constant input of deciduous/evergreen 

angiosperms during the middle Holocene. This is supported by enhanced Quercus sp. and 

subordinate Pinus sp. pollen in Lake Stymphalia and Lake Lerna (NE Peloponnese) (Jahns, 

1993; Walsh et al., 2017a). In the aquatic community, the cyanobacteria population changed 

to a dominance of Dolichospermum sp. (former Anabaena sp.) as indicated by the 

predominance of the HG28 diol, while the corresponding pentose homologue decreased to a 

minimum.  

At 8,290 yr BP an environmental perturbation may have affected Lake Stymphalia. The 

amount of GDGT-0 over crenarchaeol increased drastically and was accompanied by a heavy 

δ13Corg signature of almost -23‰. Less negative δ13Corg values in lake sediments have been 

associated with phases of elevated algae productivity (Meyers, 2003), which would be in 

accordance with an increase in aquatic macrophytes and heterocyte cyanobacteria in Lake 

Stymphalia. Simultaneously, the GDGT-reconstructed MAAT dropped by more than 3°C. In 

parallel, the different GDGT composition for this interval may indicate a massive change in the 

microbial association. The environmental disturbance in the Lake Stymphalia record coincides 

with the 8.2 ka event (Alley et al., 1997), which has been identified previously in records from 

Tenaghi Philippon (NE Greece) and the Aegean Sea (Kotthoff et al., 2008; Peyron et al., 

2011). Despite of the coevolution of the environmental perturbation at Lake Stymphalia with 

the 8.2 ka event, the increase in lake level and the warmer temperatures stand in opposition 

to the cold and dry character of the 8.2 ka event (Alley et al., 1997; Robinson et al., 2006). 

Previous studies of the lake based on element distribution determined by XRF-scanning failed 

to detect a 8.2 ka event (Heymann et al., 2013). Following the 8.2 ka anomaly, the HDI26-

derived SWT decreased to about 20°C around 6,100 yr BP though this was not matched by 

GDGT-derived MAAT. Potentially, the mean annual temperatures remained constant, while 

the summer temperatures during maxima of heterocyte cyanobacteria production were 

constantly higher. In the second half of phase III the predominant brGDGT isomer switched 

from a 5-methyl to a 6-methyl predominance, which might be associated with a community 

shift in soil-derived bacteria. A positive relation between 6-methyl abundance and soil/lake pH 

(De Jonge et al., 2014; Dang et al., 2016) was not recognized in the Lake Stymphalia record. 

 

4.5.2.4 Late Holocene – Stage IV (4,946 – 3,584 yr BP) 

During phase IV, comprising the Early Bronze Age, the landscape around Lake Stymphalia 

was forested, while the TOC/TN ratio suggested that the organic matter derived from both 
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allochthonous land plant and autochthonous aquatic sources. In comparison with the low SWT 

values of the Neolithic, the HG-derived temperature increased by almost 5°C with the onset 

of the Bronze Age. Just before the end of the second phase between 4,000 and 3,900 yr BP, 

a short spell in the GDGT-reconstructed MAAT was noted, accompanied by a maximum SWT 

of about 27°C. This warmer spell coincided with a dry period reported for ancient Lake Lerna 

(Katrantsiotis et al., 2019). A short warm, arid period around 4,000 yr BP is also known from 

the Western Mediterranean, Eastern Mediterranean and Arabian Sea (Finné et al., 2011; Bini 

et al., 2019). Subsequently, a short decrease in BIT values and enhanced %GDGT-0 values 

suggested a reduced soil input accompanied with a higher proportion of methanogens, 

compatible with a deeper lake. 

 

4.5.2.5 Late Holocene – Stage V (3,527 – 2,000 yr BP) 

An increase in sedimentary %GDGT-0, BIT and TOC values characterized the onset of the 

Greek Late Bronze Age. Indications of enhanced methanogenesis and soil erosion reflect an 

intensification of anthropogenic impact onto the lake. Methanogenesis could have been 

associated with first agriculturalism and fertilization in the surrounding catchment area. 

Nowadays, methanogenesis is mainly found in episodically subaquatic paddy soils, which 

differ by a strongly elevated GDGT-0/crenarchaeol ratio from subaeric soils (Mueller-

Niggemann et al., 2016). Opposite to the Neolithic, the Greek Bronze Age on the Peloponnese 

was characterized by intensive land use  (Weiberg et al., 2016), corroborated by 

archaeological findings from the ancient city Stymphalos, dated to the early 3rd millennium 

BC., and from the Mycenaean period, suggesting human presence at the lake during the 

Bronze Age (Walsh et al., 2017a). Low Paq, TIC and high BIT indicated a dry period 

corresponding with a low-stand of the lake, which may have affected the brGDGT-

reconstructed temperature due to microbial community shifts. This was supported by a general 

change in GDGT proxies with the onset of phase III. The relative abundance of the 

crenarchaeol regioisomer dropped to almost <0.1, which is considered an intermediate value 

between aquatic (group 1.1a) and soil (group 1.1b) Thaumarcheota. (Pitcher et al., 2011; 

Sinninghe Damsté et al., 2012b). Furthermore, a change in the IR ratio from a predominance 

of the 6-methyl isomer during phase II to a predominance of the 5-methyl isomer in phase III 

occurred. The heterocyte cyanobacteria population changed to a predominance of species of 

the order Nostocales including Dolichospermum sp. (HG28 diol) and Nodularia sp., 

Aphanizomenon sp. and Nostoc sp. (HG26 diol) (Bauersachs et al., 2009a). The absence of 

longer-chain HGs with more than 30 carbon atoms from 2,800 years BP onwards indicates 

the lack of species of the order Stigonematales (Gambacorta et al., 1999; Bauersachs et al., 

2013, 2014a). 
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Between 3,900 and 3,000 yr BP a period of great instability with two significant cold spells at 

3,827 and 3,584 yr BP, accompanied by a decrease in carbonate content occurred in Lake 

Stymphalia. Coeval environmental changes were reported from Lake Dojran (northern 

Greece) for the same interval, with low productivity caused by lower temperatures (Francke et 

al., 2013). In the following ~1000 years Neugebauer et al. (2015) found two dry period from 

3,500 to 3,300 yr BP and 3,000 to 2,400 yr BP in the Dead Sea region, while Finné et al. 

(2017) recognised generally wetter conditions around 3,200 yr BP in southern Peloponnese. 

For Lake Stymphalia, lipid temperature proxies indicate a warming trend from 3,580 to 3,330 

yr BP, followed by an inverted temperature trend for the following 250 years. The HG-inferred 

SWT remained at warm 26°C, while the brGDGTs-based MAAT decreased to about 18°C. 

The discrepancy could be induced either by seasonality in bioproduction of the microbial 

organisms or by greater cyanophyte species diversity. The MAAT cooling at 3,580 to 3,330 yr 

BP occured contemporaneous with a time of high perturbation in Greek societies. At the end 

of the Greek Bronze Age (13th cent. BC), the Palatial Civilization collapsed and the Greek Dark 

Ages (13th to 8th cent. BC) began. In contrast to our colder GDGT-inferred MAAT, however, 

arid conditions were postulated as potential trigger for this phase (Drake, 2012). Aridity was 

reflected in enhanced δD values of terrigenic n-alkanes in sediments from Lake Lerna 

(Katrantsiotis et al., 2019). Due to the potentially intensive human impact on the Lake 

Stymphalia ecosystem, the reconstructed MAAT anomalies should be interpreted with caution 

when compared with other climate records.  

 

4.6 Conclusion 

Organic-geochemical analysis of Lake Stymphalia sediments revealed significant changes in 

environmental and climatic evolution during the Late Glacial to the late Holocene period. Local 

climate deterioration often did not comply with other records from the Peleponnese region. 

The lake’s history could be divided in five phases based on GDGT distributions. The low TOC 

content of the sediments suggested a low productivity and poor preservation of organic matter 

due to mostly oxic conditions associated potentially with dry phases and corresponding low 

lake level. Terrigenic n-alkane distributions indicated vegetation shifts in the catchment of Lake 

Stymphalia. During the late Pleistocene, dense forests were replaced by open grasslands, 

accompanied by colder temperatures. With the onset of the warmer Holocene, forestation with 

deciduous trees began as expressed in enhanced nC27 alkane proportions. For the Bronze 

Age (~4,000 yr BP), an intensive human impact on the ecosystem was recognised by 

enhanced soil erosion, methanogenesis and shifts in microbial community structure. 

Paleotemperature reconstruction using the established brGDGTs-based MBT’5ME proxy, 

complied with the heterocyte cyanobacteria-derived HDI26 proxy, which was applied for the 

first time to a lacustrine paleorecord.  
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Supplement material: 

 

 

Figure S4.1: Principle component analysis (PCA) of GDGT for separation of the sediment core into 5 

phases. Three samples (2,885; 8,290; 9,059 yr BP) were defined as outliers, due to deviant GDGT 

distribution. 
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Figure S4.2: brGDGT data from Lake Stymphalia (yellow) in comparison with global data. 

 

 

Figure S4.3: Correlation between %GDGT-0 and BIT index identifies two lake stages. 
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5. Organic residue analysis on ceramic vessels from Cucuteni-

Trypillia sites in Ukraine and Moldova 

 

 

5.1 Introduction 

Chemical and isotopic analysis of organic residues from archaeological pottery vessels 

provide direct information about the dietary habits of ancient cultures and the function of 

different types of ceramic vessels (Evershed, 1993; Craig et al., 2011). Unfortunately, most 

biomolecules do not survive completely intact over archaeological periods, which is why the 

lipid composition in modern animal fats is not the same as in archaeological samples (Dudd 

and Evershed, 1998). For example, modern animal fats from sheep, goat, pig, cattle or dairy 

fats can be distinguished by their carbon atom number of triacyclglycerols (TAGs), but these 

lipids decompose over time and free fatty acids, mainly C16:0 and C18:0, are released 

(Mukherjee et al., 2007). Therefore, these fatty acids are diagnostic for degraded animal fat 

and have been documented by several archaeological studies on organic residues from 

pottery vessels (Evershed et al., 1990; Copley et al., 2005a; Spangenberg et al., 2006). 

Recent studies have used these free fatty acids to measure their specific carbon isotope (δ13C) 

values to distinguish their origin as their relative distribution is rather undiagnostic and 

influenced by numerous factors (Dudd and Evershed, 1998; Spangenberg et al., 2006; Gregg 

et al., 2009). These studies include the differentiation of animal products of ruminant and non-

ruminant adipose fats, but also dairy and aquatic fats based on recording the δ13C values of 

the two major fatty acids (Copley et al., 2003; Cramp et al., 2019). The major variations in δ13C 

values of modern animal fats are interpreted as differences in the metabolism and physiology 

of the animals and the biosynthetic pathway of fats (Copley et al., 2003; Mukherjee et al., 

2007; Roffet-Salque et al., 2017). Nevertheless, the δ13C values can also be affected by the 

consumption of forage plants of different photosynthetic pathways (C3 vs. C4) and other 

environmental factors (Dunne et al., 2012; Roffet-Salque et al., 2017). Since the aim of this 

study is the characterization of lipid residues from archaeological ceramics from Cucuteni-

Trypillia settlements in Ukraine and Moldova and no previous studies have been carried out 

in this region so far, we analysed modern reference fats from Ukraine to establish a local 

calibration. 

The Neolithic/Eneolithic Cucuteni-Trypillia culture occurred between 5,400 and 2,700 BC in 

southwestern Europe, in the territory presently occupied by modern Ukraine, Moldova and 

Romania (Fig. 1.4) (Shukurov et al., 2015). The culture is characterised by their giant 

settlements or “mega-sites” with concentric rings of up to thousands of houses arranged 

around a central unbuild place, which at that time were probably the largest settlements in the 
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world (Chapman et al., 2019; Hofmann et al., 2019). Due to the enormous dimensions of the 

settlements, numerous inhabitants had to be supplied with food and natural resources by 

pastoralism and subsistence economy. Archaeozoological data revealed that the early 

Trypillia phase A was dominated by consumption of wild animals like red deer (Cerus elaphus) 

and wild boar (Sus scrofa ferus) and minor contributions of horses (Equus caballus), while 

domesticated animals were only consumed in minor amounts, though this portion increased 

in later phases (Kirleis and Dal Corso, 2016). Domesticated animals were dominated by cattle 

and pigs, while small livestock like sheep and goats were only found as supplements (Kirleis 

and Dal Corso, 2016). Phytolith analyses and macro remain analyses also evidence that 

numerous cereals and other plants were devoured (Kirleis and Dal Corso, 2016; Dal Corso et 

al., 2018). 

 

5.2 Material and methods 

5.2.1 Collection and extraction of modern reference fats 

Dairy and adipose fats from cattle, sheep, goats and pigs were collected on local markets 

within rural villages in Ukraine during a field trip in 2018. All animals were raised on pure C3 

plant diet. Samples were kept refrigerated at 6°C during storage and transport. At Kiel 

University, the meat samples were lyophilized and a few milligrams of fat were extracted with 

a mixture of 5 ml dichloromethane:methanol (DCM:MeOH) (2:1 v/v, 2 × 10 min) by sonification. 

The solvent was evaporated to dryness under a gentle stream of nitrogen to obtain a total lipid 

extract (TLE). TLEs were then re-dissolved in DCM and derivatized by using N,O-

bis(trimethylsilyl)trifluoroacetamide and pyridine (70°C, 60 min) for HTGC-MS analysis.  

An aliquot of each sample was extracted using a direct-acidification-methanol extraction 

method to obtain fatty acid methyl esters (FAME) (Correa-Ascencio and Evershed, 2014). 

Briefly, animal fats were treated with 5ml H2SO4-methanol (4%, v/v) and heated for 4 hours at 

70°C. Subsequently, 2 ml water (HPLC-grade) was added and lipids were extracted three 

times with 3 ml n-hexane and transferred into a clean vial. Combined n-hexane extracts were 

taken to dryness under a gentle stream of N2. FAME derivatives were then re-dissolved in n-

hexane for GC-MS and GC-C-IRMS analysis. 

All carbon isotope values were corrected for the addition of one methyl carbon derived from 

methanol (-23.0‰) during transesterification of FAMES and corrected by +1.3‰ due to 

contribution of post-industrial carbon (Friedli et al., 1986). 

 

5.2.2 Extraction of pottery vessels 

Organic residue analysis were conducted on 28 pottery vessels excavated from five Cucuteni-

Trypillia sites (Stolniceni, Volodymyrovka, Vesely Kut, Chyzhivka, Dobrovody) in Ukraine and 

Moldova following previously published extraction protocols (Copley et al., 2003). Briefly, sub-
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samples were taken from intact pots and sherds were abraded with a Dremel tool to remove 

any exogenous contaminations from handling and soil. Subsequently, the samples were 

crushed with a solvent washed mortar and pestle. 3-4 g crushed potsherds were extracted by 

ultrasonication with DCM:MeOH (2:1 v/v, 3 × 5 ml). All supernatants were combined and 

filtered through NaSO4 to remove any water and clay particles. Solvents were removed by 

evaporation to dryness under a gentle steam of nitrogen (N2) to obtain a total lipid extract 

(TLE). An aliquot of each sample was trimethylsilylated by adding 30 µl of N,O-

Bis(trimethylsilyl)trifluoroacetamide and pyridine (70°C, 60 min), and analysed by high-

temperature gas chromatography-mass spectrometry (HTGC-MS). 

An aliquot (~2g) of surface-cleaned sherd was extracted again using a direct acidified 

methanol extraction to obtain FAME as described above for the reference fats. An aliquot of 

the FAME extract was separated over aluminium oxide with n-hexane:DCM (95:5, v/v) yielding  

n-alkanes and n-hexane:DCM (1:2, v/v) affording FAMEs.  

 

5.2.3 GC-MS and GC-C-IRMS analysis 

High-temperature gas chromatography-mass spectrometry (HTGC-MS) 

HTGC-MS for TLE measurements were performed using an Agilent 7890A GC equipped with 

a Phenomenex ZB-1HT (10m × 0.25mm × 0.25µm) column connected to a Phenomenex ZB-

5HT Inferno (5m × 0.25mm × 0.25µm) column coupled to an Agilent 5975B mass 

spectrometer. 1 l of dissolved TLE was inject splitless at an injector temperature of 350°C.  

The oven temperature was held at 80°C for 2 min, after which the temperature was raised to 

400°C at 8°C/min and held for 1 min. Transfer line temperatrure was 350°C and the MS was 

operated at an electron energy of 70 eV, scanning the range of m/z 50-750 Dalton.  

GC-MS analysis on FAMEs were performed using an Agilent 7890A GC equipped with an 

Agilent DB-5 (30m x 0.25mm) column coupled to an Agilent 5975B mass spectrometer. 1 l 

of dissolved TLE was inject splitless at an injector temperature of 320°C. GC oven temperature 

was set to 40°C, held for 2 min and then ramped to 240°C at 15°C/min and held isothermal 

for 15 min. Transfer line temperatrure was 320°C and the he MS was operated at an electron 

energy of 70 eV scanning the range of m/z 50-750 Dalton. Peak identifications were performed 

using NIST14 mass spectral database, published mass spectra and retention time. 

 

Gas Chromatography-Combustion-Isotope Ratio Mass Spectrometry for δ13C Analysis 

(GC-C-IRMS) 

GC-C-IRMS analyses was performed using a Thermo Delta V Plus isotope ratio mass 

spectrometer coupled to a Thermo Fisher Trace 1310 GC. Samples were diluted in n-hexane 

and 1 µl was injected onto an Agilent DB-5 (30m × 0.25mm) column in split mode with a split 
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ratio of 50:1. The temperature program was 2 min isothermal at 40°C followed by an increase 

of 12°C/min to 250°C and 7°C min at 250°C isothermal. The combustion reactor consisted of 

a NiO tube filled with CuO, NiO and Pt wires and was maintained at 850°C. The ion intensities 

of m/z 44, 45, and 46 were monitored and the 13C/12C ratios of each sample peak were 

automatically computed by comparison with a standard reference of known isotopic 

composition. Each sample was run in duplicate. External standards were run every 8 samples. 

Instrument precision and accuracy of FAME isotope standard analyses were better than 0.5‰. 

δ13C values of samples were corrected for the carbon atom addition derived from methanol (-

23.0‰) during methylation using mass balance equations. 

 

5.3 Results 

5.3.1 Lipid and isotopic composition of modern reference fats 

δ13C values of 19 modern reference fats are shown in figure 5.1. The species have been 

grouped using a p= 0.683 (1σ) confidence ellipse drawn around them. Since the cattle and 

sheep adipose fats show similar values and both contribute to the ruminant animals, they are 

grouped in one confidence ellipse. The mean δ13C16:0 values of dairy fats from cow milk and 

goat milk are -26.67 and -23.43‰, respectively, while the mean δ13C18:0 values are -33.16 and 

– 29.39‰ (Fig. 5.1). The mean δ13C16 values of ruminant adipose fats of cattle and sheep are 

-25.18 and -24.1‰, respectively, while the corresponding δ13C18 values are more depleted in 

13C resulting in lower values of -27.8 and -27.47‰, respectively. Porcine adipose fats obtain 

mean δ13C16:0 and δ13C18:0 values of -22.17 and -22.37‰. 

∆13C (= δ13C18:0 - δ13C16:0) values of dairy fats from cattle range between -8.4 and -5.6‰, while 

goat milk fats range from -6.68 to -4.92‰ (Fig. 5.2). Ruminant fats from cattle and sheep are 

significantly different with mean values of -2.62 and -3.37‰, respectively. Non-ruminant fats 

from porcine range between -1.15 and 1.27 ‰ (mean -0.2‰).  
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Figure 5.1: Plot of the δ13C values of individual saturated fatty acids C16:0 and C18:0 obtained from modern 

reference fats from the Ukraine. Values of cattle and sheep adipose fats are combined to one reference 

field. The fields designated correspond to 1σ confidence ellipses calculated from the δ13C values of 

fatty acids. 

 

 

Figure 5.2: Plot of the ∆13C (= δ13C18:0 - δ13C16:0) values of modern reference fats from the Ukraine. 
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5.3.2 Lipid and isotopic composition of pottery vessels 

25 of 28 pottery vessels (89%) yielded sufficient amounts of lipids for further interpretation 

(Table 5.1 and 5.2). GC-MS analysis revealed that the majority of sherds were dominated by 

palmitic (C16:0) and stearic (C18:0) fatty acids (Fig. 5.3) with a P/S ratio ranging between 0.41 

and 2.53 typical for degraded animal fats (Evershed et al., 2002). Approximately 64% of all 

samples contain monoacylglycerols (MAGs), while di- and triacylglycerols (DAGs/TAGs) are 

only present in minor contributions. In two sherds (Ves-1017, Chy-1011-2) alkyl monoesters 

(C40-C50), long-chain n-alkanes (nC25-nC31) and long-chain n-alcohols (nC24-nC32) were 

present. In addition, hydroxyl fatty acyl monoesters were also detected in Ves-1017 (Fig. 5.4). 

These  in combination with the previously mentioned lipids, are typical for beeswax (Roffet-

Salque et al., 2015). 

∆13C and δ13C values of C16:0 and C18:0 fatty acids were measured from 22 pottery vessel 

samples and plotted in a discrimination diagram containg reference values (ellipses) of 

modern fats from Ukraine and from Kazakhstan (Outram et al., 2009) (Fig. 5.5 and 5.6). δ13C16 

values range between -30.25 and -25.23‰, while the δ13C18 values vary from -36.25 to -

26.25‰. The ∆13C values obtained from potsherds range from -6.0 to 1.28‰ and thus cover 

all three reference fields (Fig. 5.6). Most samples plot close to the ∆13C = 0‰ line in the δ13C16 

vs δ13C18 graph. However, they do not fall within a reference ellipse for modern non-ruminant, 

ruminant or dairy fats from Ukraine. It is suggested that an appreciable number of residues 

from especially Stolniceni and Volodymyrovka are derived from equine products. In the ∆13C 

vs δ13C16 plot, which excludes environmental factors, the predominant values are 

characteristic for non-ruminant fats (porcine or equine?) (59%), followed by ruminant (32%) 

and dairy products (9%). 
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Figure 5.3: Chromatogram of sherd Vol-1078-2 from Volodymyrovka indicative for degraded animal 

fats. MAGs = monoacylglycerols. 

 

 

Figure 5.4: Chromatogram of sherd Ves-1017 from Vesely Kut indicative of beeswax and minor 

contributions of animal fats. Blue = n-alkanes, red = n-alcohols, green = n-alkyl monoester (WE), blue 

= n-hydroxyl fatty monoesters (HWE), TAGs = triacylglycerols. 
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Figure 5.5: Scatter plot of the δ13C values of the C16:0 and C18:0 fatty acids from residues of Cucuteni-

Trypillia pottery vessels. All confidence ellipses correspond to modern to reference fats from the Ukraine 

(this study) and a previous study on equine fats from Kazakhstan (Outram et al., 2009). Both samples 

marked with a cross contain large amounts of lipids indicative for beeswax.  
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Figure 5.6: Plot of the ∆13C and C16:0 values from residues of Cucuteni-Trypillia pottery vessels. 

Reference ranges were obtained from modern reference fats from Kazakhstan (left, Outram et al., 2009) 

and Ukraine (right, this study). Both samples marked with a cross contain large amounts of lipids 

indicative for beeswax. 

 

5.4 Discussion 

5.4.1 Modern reference fats 

The ruminant dairy fats from goat and cattle plot below the 1:1 line in the δ13C16 vs. δ13C18 

diagram and have lower δ13C values as the corresponding adipose fats from sheep and cattle, 

compatible with previous studies (Copley et al., 2003; Outram et al., 2009; Craig et al., 2011). 

In contrast, porcine fats plot close to the 1:1 line, which can be explained by the different 

metabolism of ruminant and non-ruminant animals (Dudd and Evershed, 1998). However, 

some δ13C values, in particular from porcine adipose fats and goat dairy fats, isotopically are 

slightly heavier than shown in previous studies which may indicate a contribution of isotopically 

heavier forage like C4 plants (Roffet-Salque et al., 2017).  

It has been postulated that ruminant dairy fats can be distinguished from adipose fats by 

having lighter ∆13C values offset by > -3.1 or -3.3‰ (Copley et al., 2003; Dunne et al., 2012). 

Our data confirms the global applicability of a threshold around ∆13C = -3‰, except for one 

sheep sample, which shows an exceptionally light C16:0 value resulting in a low ∆13C value of 

-4.42 (Fig. 5.6). Similarly, the separation between ruminants and non-ruminant adipose fats is 

shifted to slightly lighter ∆13C values than previously stated (Copley et al., 2003). Our set of 

modern fats did not contain equine meat/milk refernces. Since it is under discussion whether 
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the Cucuteni-Trypillia culture has also kept or even consumed horses,  we have adopted the 

carbon isotope values of horse adipose and dairy fats from a previous study including modern 

reference fats from Kazakhstan (Outram et al., 2009). 

 

5.4.2 Archaeological context 

Stable isotope analysis on human bone collagen from the Neolithic and Eneolithic in Romania, 

roughly coeval to the Cucuteni-Trypillia culture, suggested that humans utilised primary 

terrestrial resources from ruminant animals like cattle and goat/sheep (Honch et al., 2006). 

This is in good agreement with an archaeological record spanning the Neolithic to the Copper 

Age in Eastern Hungary, which indicates that predominantly animal meat from domesticated 

animals was devoured, while dairy products did not play a major dietary role (Hoekman-Sites 

and Giblin, 2012).  

However, so far little is known about the diet and animal husbandry of the Cucuteni-Trypillia 

culture. Although there is archaeological evidence on the type of the animals used, either for 

people’s diet or as draught animals, this is the first direct evidence indicating that animals were 

used as staple food. Bone assemblages from Cucuteni-Trypillia sites indicated that 

preferential domestic animals like cattle, pigs and a minor proportion of sheep/goats were 

consumed rather than wild animals like deer and wild boar (Shukurov et al., 2015). In addition, 

the proportion of wild animals decreased from the Early Trypillia A to Late Trypillia C (Shukurov 

et al., 2015). The carbon isotopic values of the potsherds from the five sites indicate a 

predominant non-ruminant adipose origin, especially in comparison with modern reference 

fats from Kazakhstan having an equine adipose and/or dairy origin (Fig. 5.5). This is very 

striking, since horse bones have been found only to a small amount and were primarily 

interpreted as draught animals (Shukurov et al., 2015). Since one sample each from Stolniceni 

and Dobrovody fell into the reference ellipse for horse milk, this could be an indication for 

utilization of domesticated horses. However, most samples that fell into the equine adipose 

fat ellipse may derive from game animals. Earlier evidence of horse domestication, both for 

nutrition and in a mortuary rite, was reported for Eneolithic and Bronze Age cultures from 

Kazakhstan (Outram et al., 2009, 2011). Since, however, the ∆13C values fell into the field of 

pig fats from Ukraine, which overlap with the equine fats field, a porcine origin cannot be 

excluded completely.  

Fats from ruminant animals like cattle, sheep and goats are the second abundant class found 

in the residue analysis. Since red deer and roe deer bones were also found in large quantities 

atTrypillia sites, their corresponding fats were probably also processed in the pots (Shukurov 

et al., 2015). However, since deer fats have ∆13C values lighther than -3.3‰ and thus similar 

to dairy products, only two samples can be considered to be of deer origin (Craig et al., 2012). 

One of these samples, however, is very rich in beeswax, with the result that the isotopic signal 
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should be interpreted with caution since a portion of C16:0 and C18:0 fatty acids will have been 

released upon hydrolyses of wax esters in beeswax. Pure ruminant dairy products were 

observed just in one sample indicating that animals were primary utilized for their meat. The 

two findings of beeswax in the pottery vessels from Vesely Kut and Chyzhivka indicate that 

prehistoric humans exploited the honeybee. Beeswax was an important commodity used for 

sealing of pots, as ingredient in medicine and cosmetics or probably later as fuel for 

illumination (Mayyas et al., 2012). The findings of beeswax also imply the use of honey as 

sweetener or as source of fermented beverages (Heron et al., 1994). In a synthesis publication 

on beeswax findings in pottery vessels, the Eurasian Steppe region north of the Black Sea 

lacked any evidence of beeswax residues. This has been explained by the ecological limit of 

the honeybee (Apis mellifera) during this time (Roffet-Salque et al., 2015). Our results though 

manifest that the honeybee either already existed in the region north of the Black Sea or 

beeswax/honey was imported through trade from Anatolia, where it had been used since the 

7th millennium BC (Evershed, 2008; Roffet-Salque et al., 2015). 

Specific compounds like ω-(o-alkylphenyl) alkanoic fatty acids (APAAs), isoprenoid fatty acids 

and dihydroxy fatty acids have been established as diagnostic biomarker for aquatic resources 

(Hansel et al., 2011; Cramp and Evershed, 2014). As aquatic biomarkers are absent in the 

ceramic samples, a major diet based on fish or other aquatic animals can be excluded and a 

subsistence economy based on terrestrial animals is more likely. 
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6. Grave gifts manifest the ritual status of cattle in Neolithic 

societies of northern Germany 

 

 

Abstract  

The Neolithic period in NW-Europe marks a time of major transformation in human lifestyle 

including sedentism, farming, agropastoralism with early animal husbandry and the use of 

ornamented pottery by “Funnelbeaker” societies. Domestic animals, in particular cattle, served 

for traction, plowing, and manuring to support agricultural production but also supplied a 

variety of dietary products including meat, fat, and milk as well as wool. The impact of animal 

husbandry on improved living conditions in Neolithic societies and in a religious context has 

been inferred throughout NW-Europe and even earlier in African and Arabian regions by ritual 

cattle deposits. However, a potential spiritual/religious role of cattle in Neolithic societies is 

difficult to assess further due to the lack of interpretable Neolithic illustrations. Here, we 

demonstrate the ritual role of cattle in Neolithic societies from burial gifts preserved in Megalith 

tombs (3640 – 2900 BC) of Wangels, NW-Germany, where storage vessels for afterlife 

alimentary provision of the deceased contained cattle meat and milk products identified by 

their characteristic lipids but no common aquatic food sources or cereals. Pottery from the 

latest burial phase only yielded fatty acids which may derive from essential plant oils of Sea 

Buckthorn (Hippophae rhamnoides) that may have served as precious burial gift for medical 

or for alimentary purposes. The status of cattle as an object of veneration in Neolithic societies 

is represented by its dominating contribution to grave gifts underlining the esteem cattle 

received not only in agroeconomical but even further in ritual and religious respect. 

 

6.1  Introduction 

The Neolithic in Europe and the Middle East comprised a period of innovations in farming 

practices based on emmer or einkorn crops and agropastoralism with early animal husbandry. 

The domestication of cattle started during the 9th millennium BC in the Fertile Crescent region 

in the Middle East, while cattle domestication reached Central Europe only about 3000 years 

later (Scheu et al., 2015). Domesticated cattle were not only employed in more efficient 

farming activities like plowing and manuring to increase fertility and agricultural production but 

also supplied a variety of everyday alimentary products including meat, fats, and milk but also 

other commodities, e.g. horn and wool (Sherratt, 1983; Bogaard et al., 2013). Lipid analysis 

on pottery vessels indicate that ruminant milk processing took place since the 6th millennium 

in Eastern and the 5th millennium in Western and Northern Europe (Copley et al., 2005a; Craig 

et al., 2005; Isaksson and Hallgren, 2012).  
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In addition to the use of cattle as livestock and nutritional source, cattle held an important 

position in the religious and/or ritual context of Neolithic cultures, which is manifested by 

ubiquitous cattle deposits in Central Europe (Pollex, 1999; Kolodziej, 2011). Cattle burials are 

either connected to human graves or found individually, whereby cattle are usually laid down 

intact, but also in pieces, and a fire was lit on the cattle bodies. This procedure has been 

observed in the context of the early Bernburg culture society around 3100 BC (Müller and 

Schunke, 2014) or the western Globular Amphora culture (GAC) societies (Johannsen and 

Laursen, 2010; Woidich, 2014). Thus, it has been thought that cattle burials served to worship 

deceased animals, or cattle were sacrificed to e.g. humans or natural forces (Pollex, 1999; 

Kolodziej, 2011). The outstanding role of cattle in a ritual context is reported further from other 

cultures and regions, including archaeological sites from Arabia (McCorriston et al., 2012) and 

the Sahara (di Lernia, 2006) region of the 7th millennium or from the Viking Age on Iceland 

(Lucas and McGovern, 2007). Even today, the cow serves an important religious role in 

Hinduism, where it is sacred and worshipped. 

In contrast, information on the relevance of deposition of cattle in Megalith tombs of the Funnel 

Beaker culture societies (FBC) in Northern Germany and Southern Scandinavia, except the 

stone heap graves from northwest Jutland between 3100 and 2800 BC (Johannsen and 

Laursen, 2010), is very scarce. However, the high significance of cattle in the subsistence 

economy in this period is characterised by high ratios of cattle versus other bones in domestic 

sites (Benecke, 1994; Steffens, 2005; Brozio, 2016). The Megalith tombs in Northern 

Germany, with a boom in construction around 3400 BC, which declined until 3100 BC and 

ended around 2800 BC, are mainly characterised byvaluable grave goods such as axes, 

amber objects or highly decorated ceramics (Brozio et al., 2019). The original contents of the 

ceramic vessels, however, remain mostly unknown. Pottery vessels found in graves and 

tombs from later periods indicate that luxury and extraordinary goods were added, e.g. wine 

in amphorae of the Egyptian burial chamber of Tutankhamun (14th cent. BC) (Guasch-Jané et 

al., 2006), Bronze Age and Iron Age drinking bowls (Sweden) (Isaksson et al., 2010) and 

frankincense in Medieval pottery vessels from Belgium (Baeten et al., 2014). Thus, grave 

goods indicate, which resources were highly esteemed in the respective cultures.  
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Figure 6.1: Map of study area in Northern Europe and location of archaeological sites Wangels LA 69 

and Oldenburg-Dannau LA 77 in the Western Oldenburg Graben area on the Baltic coast of Northern 

Germany. 

 

6.2  Archaeological field work and chronology 

The investigation area of the Western Oldenburger Graben is located on the Wagrian 

Peninsula in Northeast Holstein, NW Germany. The relief comprises terrain elevations, 

depressions, lowlands and wetlands formed by glacial-geological processes during the 

Weichselian glacial period. Geomorphology is defined by the Oldenburger Graben, a lowland 

area 23 km long and up to 3 km wide (Fig. 6.1). After the formation of two fjords during the 

Holocene sea-level rise, coastline stabilised by a sequential arrangement of cliffs and beach 

ridges during the Late Mesolithic. The former bays and fjords were cut off from the sea during 

the Neolithic by sand barriers, promoting the development of inland lagoons (Brozio, 2016, 

2019), with Mesolithic and Neolithic settlement activity concentrated along their shores. The 

settlement site Oldenburg-Dannau LA 77 is located on a WNW – ESE oriented terrain 

elevation, measuring approximately 280 m long and 125 m wide (Brozio, 2016, 2019). 

Except for the western part, the archaeological site is covered with a settlement layer of 

variable conservation status. Organic materials such as botanical macroremains (Kirleis and 

Klooß, 2014) and bones were identified on the former prehistoric riparian zone and the terrain 

elevation. Settlement features occur as pits and postholes, well structures and rows of stakes, 

serving to enclose the settlement area between 3087 – 2927 BC (Brozio, 2016, 2019). Burials 

within the settlement date to 3960 – 3806 BC, 3489 – 3363 BC, and in the riparian zone to the 

Late Neolithic, 2897 – 2872 BC. The find material primarily comprises stone artefacts and the 
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ceramic material is mainly composed of highly-fragmented pieces. Overall, only 25 % of the 

vessels exhibit decoration, whereby ornamented vessels tend to be of a finer design (Brozio, 

2016, 2019).  

The compilation of the findings makes it possible to identify several huts and houses of the 

Funnel Beaker (FBC) or “Mossby” type (Artursson et al., 2003; Müller, 2013). Based on 14C 

dates in combination with a seriation of ceramic patterns, a chronological subdivision has been 

established for the settlement Oldenburg LA 77 (Fig. S6.1): phase 1, 3270 – 3110 cal BC; 

phase 2, 3110 – 3020 cal BC; phase 3A, 3020 – 2990 cal BC; and phase 3B, 2990 – 2920 cal 

BC (Brozio, 2016, 2019). During the Late Neolithic after 2920 cal BC, the terrain elevation was 

only used with low intensity. Oldenburg-Dannau is one of the few larger Middle Neolithic 

settlements of the FBC society in the area that was continuously used over a long period of 

time.  

Megalithic tombs separated spatially from the settlements were also located in the hinterland 

of the Baltic coast. Up to 15,000 megaliths, characterised by their uprights and capstones, 

were constructed in northern Germany and southern Scandinavia mainly during the early and 

middle Neolithic (~3500 – 3000 a BC) (Müller, 2011). These monumental collective burials are 

associated not only with the increasing population size, but also with the appearance of social 

differentiation and symbolizing a status marker (Furholt and Müller, 2011). The megalithic 

grave Wangels LA 69 is located in the southern moraine tracts bordering the lowland of the 

Oldenburger Graben on a natural terrain elevation at ca. +22 m a. s. l. The grave chamber is 

sub-divided into three areas by stone paving and covered by a mound, which was extended 

to a tumulus in Neolithic time. In addition to stone artefacts and 69 amber objects such as 

beads shaped like bobbins or double-edged axes, an extensive ceramic inventory – including 

57 vessels of the FBC and the Globular Amphora Culture (GAC) was recovered (Fig. S6.2). 

The inventory mainly comprises intricately-decorated pieces, some of which are preserved in 

a completely intact and non-fragmented state (Brozio, 2016, 2019).  

A fine chronological differentiation of the structure was achieved by a 14C model with 40 out of 

a total of 51 14C datings. As a result, seven individual construction and burial phases can be 

differentiated and classified by absolute chronology (Fig. S6.3) between 3360 – 1900 cal BC 

for Wangels: phase 1: Start of use (3640 – 3360 BC), phase 2: Construction of grave chamber 

and mound (3360 – 3280 BC), phase 3: Aggradation of long barrow and establishment of 

stone circle (3280 – 3120 BC), phase 4: Burial of a body (3120 – 3100 BC), phase 5: Burial 

phase (3120 – 3000 BC), phase 6/ 7: Secondary burial phase (3000 – 1900 BC). 

Seriation of the ceramics in combination with scientific dating and stratigraphic information 

enable the distinction of three ceramic phases integrated in the absolute-chronological phase 

model. A differentiation of the burials in two Funnel Beaker utilisation phases and a Globular 
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Amphora secondary burial phase (phase 7) is feasible. A unique phenomenon is the 

deposition of a vessel under one of the orthostats before the construction of the chamber, 

interpreted as a votive or a building sacrifice.  

In conclusion, the beginning of the site´s use is placed between 3640 – 3360 BC, followed by 

the period from 3360 – 3280 BC, when the construction of the grave chamber and the first 

mound in the form of a round mound took place. The enlargement of the round mound of the 

passage grave to a long barrow with a surrounding stone kerb dates between 3280 – 3120 cal 

BC. A more than 400-year frequentation span of the feature lasting to within the outgoing Late 

Neolithic around 1900 BC is verified by the 14C model.  

 

6.3  Material and Methods 

6.3.1 Lipid analysis 

Organic residue analysis were conducted on 33 pottery vessels excavated from two Neolithic 

sites Wangels LA 69 and Oldenburg-Dannau LA 77 in Northern Germany following previously 

published extraction protocols (Evershed et al., 2008). Briefly, from intact pots a 4 cm2 piece 

was cut and from sherds an equivalent sample size was obtained. Before further crushing and 

grinding, surfaces were carefully abraded to remove exogenous contaminations. 3-4 g of 

crushed potsherds were extracted by ultrasonication with dichloromethane:methanol (2:1 v/v, 

3 × 5 ml). All supernatants were combined and filtered through NaSO4 to remove water and 

clay particles. Solvents were evaporated to dryness under a gentle steam of nitrogen (N2) to 

obtain total lipid extracts (TLE). An aliquot of each sample was derivatized by using N,O-

bis(trimethylsilyl)trifluoroacetamide and pyridine (70°C, 60 min) and analysed by high-

temperature gas chromatography-mass spectrometry (HTGC-MS). 

A second aliquot (~2g) of surface-cleaned and powdered sherd was extracted using direct- 

acidification-methanol extraction to obtain fatty acids methyl esters (FAME) for GC-

combustion-isotope ratio mass spectrometry (GC-C-IRMS) analysis (Correa-Ascencio and 

Evershed, 2014). Briefly, powdered sherds were treated with 5ml H2SO4-methanol (4% v/v) 

and heated for 4 hours at 70°C. Subsequently, 2 ml water (HPLC-grade) was added and lipids 

were extracted thrice with 3 ml n-hexane and transferred into a clean vial. Combined n-hexane 

extracts were blown down under a gentle stream of N2. An aliquot of the extract was separated 

over aluminium oxide with n-hexane:dichloromethane (95:5, v/v) to recover the neutral fraction 

and n-hexane:dichloromethane (1:2, v/v) to obtain FAMEs.  

 

6.3.2 High-temperature gas chromatography-mass spectrometry (HTGC-MS) 

HTGC-MS for TLE measurements were performed using an Agilent 7890A GC equipped with 

a Phenomenex ZB-1HT (10m × 0.25mm × 0.25µm) column connected to a Phenomenex ZB-
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5HT Inferno (5m × 0.25mm × 0.25µm) column coupled to an Agilent 5975B mass 

spectrometer. The oven temperature was held at 80°C for 2 min, after which the temperature 

was raised to 400°C at 8°C/min and held for 1 min. The MS was operated at an electron 

energy of 70 eV, scanning at a rate of 1 scan per second for the range of m/z 50-750 Dalton 

in full scan mode.  

GC-MS analysis on FAMEs were performed using an Agilent 7890A GC equipped with an 

Agilent DB-5 (30m x 0.25mm) column coupled to an Agilent 5975B mass spectrometer. GC 

oven temperature was set to 40°C and held for 2 min then ramped to 240°C at 15°C/min and 

held isothermal for 15 min. The MS was operated at an electron energy of 70 eV scanning at 

a rate of 1 scan per second for the range of m/z 50-750 Dalton in full scan mode. In a second 

run, the samples were run in SIM mode, scanning the ions m/z 105, 262, 290, 318, 346 to 

detect APAAs. Peak identifications were performed using NIST14 mass spectral database, 

published mass spectra and retention time. 

 

6.3.3 Gas Chromatography-Combustion-Isotope Ratio Mass Spectrometry for δ13C 

Analysis (GC-C-IRMS) 

GC-C-IRMS analyses was performed using a Thermo Delta V Plus isotope ratio mass 

spectrometer coupled to a Thermo Fisher Trace 1310 GC. Samples were diluted in n-hexane 

and 1 µl was injected onto an Agilent DB-5 (30m × 0.25mm × 0.25µm) column in split mode 

with a split ratio of 50:1. The temperature program was 2 min isothermal at 40°C followed by 

an increase of 12°C/min to 250°C and 7°C min at 250°C isothermal. The combustion reactor 

consisted of a NiO tube filled with CuO, NiO and Pt wires and was maintained at 850°C. The 

ion intensities of m/z 44, 45, and 46 were monitored and the 13C/12C ratios of each sample 

peak were automatically computed by comparison with a standard reference of known isotopic 

composition. Each sample was run in duplicate. External standards were run every 8 samples. 

Instrument precision and accuracy of FAME isotope standard analyses were better than 0.5‰. 

δ13C values of samples were corrected for carbon atom addition during methylation using 

mass balance equations. 

 

6.4  Results and Discussion 

Here, we present evidence of cattle employed in ritual context based on organic remains 

detected in Neolithic pottery vessels from Northern Germany. A total of 33 pottery sherds from 

the Megalith tomb Wangels LA 69 (n=15) and the adjacent domestic dwelling site Oldenburg 

LA 77 (n=18) in Northern Germany (Fig. 6.1) were solvent extracted and analysed by gas 

chromatography-mass spectrometry (GC-MS) and gas chromatography combustion isotope 

ratio mass spectrometry (GC-C-IRMS). Both sites are located in a nearshore landscape 

characterized by fjords and lagoons in the Oldenburger Graben (Fig. 6.1) (Brozio et al., 2014). 
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For the Megalith grave Wangels seven individual construction and burial phases have been 

defined (see SI Appendix) dating from 3640 – 1900 BC, which comprised partially intact and 

highly decorated ceramic artefacts of the Funnel Beaker Culture (FBC) and the Globular 

Amphora Culture (GAC). In contrast, in the adjacent settlement Oldenburg (3270 to 2920 BC) 

strongly fragmented and undecorated ceramics were found, which were interpreted as daily 

consumers goods (Filipović et al., 2019).  

Of the 33 potsherds, 28 (84%) yielded sufficient (>5 µg/g) lipid concentration in the range from 

5.9 to 9661.5 µg/g sherd with mean value of 600.8 µg/g (Table S1 and S2), which is 

concentration considered appropriate for further interpretation (Evershed, 2008). The sherds 

with concentrations <5 µg/g should be interpreted with caution as they may contain substantial 

proportions of contaminants. However, no modern contaminants such as squalene from 

human skin have been detected. Analysis of ceramic-bound organic residues by GC-MS 

allows subdivision of specimens into two broad categories (Fig. 6.2). The first category is 

dominated by palmitic (C16:0) and stearic (C18:0) acids combined with abundant triacylglycerols 

(C42 to C54), which derive from degraded animal fat (Fig. 6.2a). The ratio of both fatty acids 

expressed as P/S ratio has been used to distinguish between animal fats and plant origin, 

since plant oils produce up to 3 to 4 times greater amounts of palmitic acid and animal fats 

more stearic acid (Copley et al., 2005b). Most samples have low P/S values <2. In addition, 

we identified branched pentadecanoic and heptadecanoic fatty acid, occurring as iso- and 

anteiso-isomers, which derive from bacteria living in the rumen of the milk-producing species 

cattle, goat and sheep (Dudd and Evershed, 1998). The second category shows a dominance 

of C16 over C18 fatty acids with a P/S ratio of up to 3.3, combined with a higher proportion of 

unsaturated fatty acids (C16:1 and C18:1) and high relative abundance of C12:0 and C14:0 

homologues, a distribution diagnostic for plant oils (Copley et al., 2001) (Fig. 6.2b). Most fresh 

plant oils from e.g. poppy, safflower, hemp and wheat germ are dominated by unsaturated 

fatty acids such as C18:1, C18:2 or even C18:3 (Bozan and Temelli, 2008; Orsavova et al., 2015). 

Under common conditions of preservation, polyunsaturated compounds get destroyed or 

survive in just minor quantities in archaeological samples due to oxidation and microbial 

mineralization. Therefore, enhanced amounts of the C16:1 fatty acid as detected here are rarely 

found in archaeological vessel.  
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Figure 6.2: Partial ion chromatograms of lipid extracts from three representative pottery vessels. A: 

Pottery vessel from burial site Wangels showing a molecular distribution indicative for degraded animal 

fats. B: Pottery sherd from Wangels containing plant oils as revealed by abundant unsaturated fatty 

acids. C: Ceramic fragment from domestic site Oldenburg containing degraded animal fat with minor 

amounts of the plant/vegetable biomarkers phytosterols and C20 to C26 long-chain fatty acids. Blue circle 

with x:y: free fatty acids with x carbon atoms and y degrees of unsaturation; MAGs: monoacylglycerols; 

DAGs: diacylglycerols, TAGs: triacylglycerols; cho: cholesterol; sit: sitosterol. 
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Exceptionally high proportions of palmitic (C16:0) and palmitoleic acid (C16:1
cis9) occur in sea 

buckthorn (Hippophae rhamnoides) berry and pulp oils, contributing 50% to 80% of the total 

fatty acids (Yang and Kallio, 2001; Dulf, 2012; Fatima et al., 2012). These compounds are 

known as major constituent of human skin fat, leading to application of pulp oil for cosmetic 

and healing purposes (Yang and Kallio, 2001; Zeb, 2004; Fatima et al., 2012). Rare reports of 

abundant C16 fatty acids in tropical to subtropical plants include macadamia nuts with C16:0 and 

C16:1 contributing between 20 to 40% of total fatty acids (Maguire et al., 2004; Aquino-Bolaños 

et al., 2017) or durian fruit with C16:0 and C16:1 contributing between 30 to 40% of total fatty 

acids (Berry, 1981; Amid et al., 2012; Ho and Bhat, 2015). Amongst Zanthoxylium species, 

only Zanthoxylum armatum contain up to 20% C16 fatty acids, whereas Zanthoxylum 

bungeanum C16 fatty acid proportions did not exceed 10% (Hou et al., 2019). All of these C16 

fatty acid enriched plants were reported from warmer climates and can be excluded to have 

inhabit the coastal regions along the Baltic Sea. 

A variety of C16 fatty acids is further known to occur in non-plant sources, e.g. fish liver oils 

and in seal bone (Ackman, 1967; Özogul and Özogul, 2007; Heron et al., 2015; Keinänen et 

al., 2017), where they comprise between 15 to 25% of total fatty acids. The latter two aquatic 

sources can be excluded as potential origin as firstly, the diagnostic aquatic biomarkers 

(Hansel et al., 2004, 2011; Evershed et al., 2008a) isoprenoidal, long-chain unsaturated,ω-(o-

alkylphenyl) alkanoic fatty acids (APAA), or dihydroxy fatty acids were lacking, secondly, the 

carbon isotope signatures of the C16:0 fatty acid did not correspond with a marine source, 

although both locations are close to the sea (Fig. 6.3), and thirdly the relative proportions of 

C16 fatty acids are too low.  

Sea buckthorn, on the other hand, is nowadays a common widespread growing plant at the 

coast of northern Germany and is used as healing agent and cosmetic thus explaining their 

use as precious grave gift. Further source-specific lipids such as animal sterols and 

phytosterols and their derivates (cholesterol, 7-ketocholesterol, β-sitosterol, stigmasterol) 

occurred in subordinate amount or traces, which can be explained by the rapid degradation 

due to oxidation during deposition and/or firing of the vessels (Hammann et al., 2018). In 

potsherds (n=33) of the burial site Wangels, 73% revealed an origin from animal fats, whereas 

in contrast the domestic site Oldenburg yielded 61% samples derived from plant sources. 
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Figure 6.3: Stable carbon isotope composition of individual fatty acids in lipid residues of animal origin 

from Neolithic pottery vessels of the Megalith tomb Wangels (red) and domestic site Oldenburg (blue) 

(a, b). Modern δ13C reference values in a are according to Craig et al., 2011. δ13C16 and δ13C18 values 

of plant origin from Wangels (green circle) and Oldenburg (green square) (c). Distribution of δ13C values 

reported for C16 and C18 fatty acids of Mesolithic age from Northern Germany (Craig et al., 2011) 

attributed to terrestrial (red dots) and marine (black squares) food sources. A shift from Mesolithic, more 

marine influenced to fully terrestrial Neolithic diet is evident if compared with b. Ranges for ∆13C values 

in b and d are based on a global database comprising modern animal reference fats from the United 

Kingdom, Switzerland, the Near East, Africa, and Kazakhstan (Dudd and Evershed, 1998; 

Spangenberg et al., 2006; Gregg et al., 2009; Outram et al., 2009; Dunne et al., 2012).  
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Further corroboration of animal fat origin in ceramic sherds was achieved by determination of 

carbon stable isotope (δ13C) values of the two major fatty acid methyl esters derivatives (C16:0 

and C18:0) (Fig. 6.3). Differences in δ13C values of fatty acids occur due to specific metabolic 

routes for ruminant and non-ruminant animals (Copley et al., 2003). To diminish local 

environmental or climatic influence or variation in food source (C3 vs. C4 plants), a ∆13C 

(=δ13C18:0 - δ13C16:0) value is employed to differentiate food source or processing (Copley et al., 

2003). For source allocation of animal fats, δ13C results obtained from archaeological 

specimens have been compared with those from modern reference fats (Dudd and Evershed, 

1998; Copley et al., 2003; Craig et al., 2011). By comparison of the ∆13C values of the 18 

animal fat residues with the modern reference animal fats, a predominance of ruminant fats 

(73%) over dairy products (27%) is observed for specimens from the Megalith tomb of 

Wangels (Fig. 6.3). Contrary, pottery sherds from the domestic site Oldenburg contain 

preferentially dairy fats (71%). The ruminant fats are interpreted as of cattle meat origin, since 

archaeozoological findings of ruminant species from the coeval Oldenburg site are derived 

predominantly, about 40%, from cattle (Filipović et al., 2019). The animal bones of the 

Oldenburg LA 77 site are currently being investigated. A first sample showed 41% cattle, 

followed by pigs with 33%. Fatty acids derived from porcine meat could not be detected in the 

burial gift vessels although porcine bone, contributed one third of bones found in the 

Oldenburg domestic site, the remaining being of cattle origin, this underlining that the spiritual 

esteem devoted to husbandry animals was selectively placed on cattle. Since decorated 

beakers were mainly found intact and no evidence for exposure to cooking was observed, 

they were presumably produced solely for the burial rite and filled with high-quality cattle meat 

as grave good in a ceremonial ritual. The appreciation of cattle fat as precious burial gift is 

explained by the fact that slaughter and sacrifice of animals is terminal, whereas sustainable 

utilization is achieved by milking.  

δ13C values of the archaeological samples with plant origin (Fig. 6.3) to a large extent possess 

values comparable to modern C3 vegetable oils (Woodbury et al., 1998; Spangenberg and 

Ogrinc, 2001; Steele et al., 2010) and plot close to the 1:1 line in the δ13C16 vs. δ13C18 

discrimination diagram. This parity is characteristic for vegetable oils due to the fatty acids 

biosynthesis in plant cells (Spangenberg and Ogrinc, 2001). The higher proportion of dairy 

products and plant oils in the utility vessels from the Oldenburg settlement is in keeping with 

the common plant spectrum used for subsistence farming based on cereals like barley and 

einkorn, gathered plants and weeds (Kirleis et al., 2012; Filipović et al., 2019) for this period 

and contrast sharply with the exclusivity of cattle meat in the burial gifts. However, the 

presence of cereals in the ceramic is uncertain as no cereal-specific biomarkers like 

alkylresorcinols or long-chain alkyl lipids have been found. This is ascribed to the substantially 

lower concentrations of lipids in plants than in animal products (Colonese et al., 2017; 
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Hammann and Cramp, 2018). The presumed consumption of sea buckthorn, which is 

widespread on the coast of the Baltic Sea, could have been a healthy dietary supplement due 

to its active ingredients such as antioxidants, carotenoids, unsaturated fatty acids and vitamin 

C (Zielińska and Nowak, 2017). 

By comparing our results from the coeval Oldenburg domestic site and Wangels ritual burial 

sites with earlier studies on ceramics from the Baltic Sea region, a transformation in diet over 

time becomes evident. High proportions of aquatic biomarkers were identified in Late 

Mesolithic/Early Neolithic potteries from coastal sites in Germany, Denmark and South 

Sweden, indicating that early farming had not been induced yet (Craig et al., 2011; Papakosta 

et al., 2019). These studies revealed the utilization of ceramic pots from hunter-gatherer sites 

in marine or freshwater resource but not terrestrial food (animals and plants) processing. The 

absence of aquatic biomarkers, despite availability of animal and plant resources in our study 

of younger Neolithic samples is corroborated by isotope data from human remains suggesting 

a trend from more aquatic to more terrestrial food consumption in the Mesolithic-Neolithic 

transition (Fischer et al., 2007; Terberger et al., 2018).  

 

6.5  Conclusion 

Food residues recovered from Neolithic (3600 to 2900 BC) delicately designed pottery 

recovered from a Funnel Beaker Megalith tomb contrasted compositionally from those found 

in an adjacent domestic dwelling site on the shores of the south-western Baltic, NW-Germany. 

Burial gift aliments held extraordinary and precious products to serve the buried ancestors 

during afterlife. Molecular biomarkers and their respective carbon isotope signatures identified 

a specific plant essential oil and cattle meat or dairy products. Amongst aliments from three 

different burial phases, the youngest only (3000 to 2900 BC) yielded the plant oil, possibly 

produced from sea buckthorn (Hippophae rhamnoides) and stored in specific vessels of the 

globular amphora type, exclusively. All remaining grave goods comprised either ruminant 

meat or milk, consistent with predominant cattle husbandry, corroborated by bone findings in 

coeval adjacent domestic sites. Here, food residues from pottery used in everyday cooking 

revealed a mixed composition of dominantly plant and milk origin but only subordinate or no 

meat. With no porcine burial gifts identified but porcine bone contributing one third of animal 

bone findings in dwelling sites we note that although pork made up a portion of Middle Neolithic 

meat diet, it lacks in grave aliments and conclude that domestic pigs possessed no spiritual 

attribute in the Neolithic spiritual world. Burial gifts of animal origin exclusively consisted of 

cattle products indicating that these animals not only served as food source but also played 

an important role in the ritual sphere in Neolithic societies. In particular this underlines the 

importance of cattle in the spiritual perception of the Globular Amphora Culture, known for its 

cattle burials. For the Funnel Beaker culture, in which the importance of cattle is also evident 
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through depositions in settlements and enclosures, we for the first time demonstrate by 

organic residue analysis that high-quality meat products were used as grave goods and/or 

sacrifices in the context of megalithic tombs. 
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6.6 Supplementary material 

 

 

Figure S6.1 Dating of artefacts for establishment of Oldenburg dwelling site chronology 
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Figure S6.2 Wangels LA 69: Exquisitely ornamented funnel beaker ceramic, globular amphoras and 

stone artefacts like axes and blades were deposited in the Wangels grave chamber. 
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Figure S6.3 Sequential calibration of 14C dates to derive fine chronology of phases 1 to 6-7.  
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7. Summary and further perspectives 

This PhD project was integrated into the Collaborative Research Center 1266 (CRC 1266) 

and therefore not only “typical” geological/geochemical questions were addressed. As a result 

of the interdisciplinary orientation of the CRC 1266, organic-geochemical techniques were 

applied to related fields including (paleo)botany (chapter 2), paleolimnology (chapter 3 and 4), 

paleoenvironmental reconstruction (chapter 3 and 4), human-environmental interactions 

(chapter 4 and appendix B) and archaeology (chapter 5, 6 and appendix A). The main 

objectives of this thesis were the characterisations of different spheres by biomarkers and 

stable isotopes, which were implemented by analysing different media including modern plant 

leaves and animal fats (biosphere), Pleistocene/Holocene lacustrine sediments (geosphere) 

and ancient pottery vessels (archaeosphere).  

The following parameters were collected in at least one of the subprojects that were essential 

for the work on this PhD project: TOC, TIC, TN and TS content, δ13C and δ15N signature of 

bulk sediment, total and individual lipid distributions as well as δ13C signature of individual 

compounds. The results of this thesis indicate that these organic-geochemical techniques 

used have potential for a wide range of applications. In the following, the main results of each 

subproject are summarized. As most subprojects opened the door to multiple possibilities for 

future research work, a future perspective is also given. 

The geochemical analyses of leaves from the four European birch species Betula nana, B. 

humilis, B. pubescens and B. pendula grown at the Botanical Garden of Kiel University 

revealed a distinct differentiation of the four species based on their epicuticular wax 

composition (n-alkanes, n-alcohols, n-alkanoic acids, n-alkyl esters).  

For a better understanding of the biosphere-geosphere interaction of leaf wax lipids, a 

theoretically stepwise degradation of the prior intact n-alkyl esters was simulated. The 

resulting degradation products, n-alcohols and n-alkanoic acids with varying carbon chain-

lengths, were added to the existing free homologues, a procedure simulating continuous 

alteration expected to occur upon leaf ontogenesis and in soils and sediments after burial. The 

results indicate that the wax lipid composition changed significantly not only in quantity, but 

also in quality for all species. Based on the theoretical approach of wax ester decomposition, 

further research is pending to verify the theoretical values by direct hydrolysis of the wax esters 

upon extraction and by e.g. saponification.  

When comparing the n-alkane composition of the Betula waxes collected in Kiel with published 

data, no trend in geographical location or temperature could be observed. Since other studies 

identified changes in the wax lipid composition dependent on environmental factors like 

temperature or latitude, further research is encouraged in this field. One possibility to verify a 

dependence of the wax lipid composition onenvironmental factors would be to expose different 
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clones of the same tree to different environmental conditions like temperature, water 

availability, light or CO2 content.  

Further decarboxylation and reduction of n-alcohols and n-alkanoic acids can affect the n-

alkane pool, which then is increased in mid-chain homologues mimicking the n-alkane 

fingerprint from mosses or aquatic macrophytes. Since most studies tend to analyse 

exclusively the n-alkane composition in sediments, further studies should also consider other 

wax lipid compounds and their compound specific carbon/hydrogen isotopic composition as 

n-alkane precursors. Differences in wax composition might yield various secondary or tertiary 

degradation products of potential devating isotope signature that contribute to the n-alkane 

pool. 

 

Application of biomarkers was carried out on two lacustrine sediment cores from Lake 

Steisslingen (Germany) and Lake Stymphalia (Greece). The sediment sequence from Lake 

Steisslingen comprised laminated sediments prior, during and after the Younger Dryas cold 

event (12,680 – 11,590 yr BP). Several climatic shifts were identified in the sediment core like 

the Gerzensee Oscillation or Preboreal Oscillation, which correlate with prior studies. 

However, based on variations in biomarker composition (long-chain alkenones, HBI-20, nC17-

alkanes, hopanoids, long-chain n-alkanes), a new separation of the Younger Dryas 

chronozone into three sub-zones I, II, III was implemented, indicating a different response of 

the aquatic and terrestrial community to environmental change. Surprisingly, well established 

paleothermometer like UK
37 and MBT’5ME did not or only partially show the expected 

temperature trends during the Late Glacial/ Early Holocene phase in comparison with literature 

data. Long-chain alkenones (LCA) were only detectable in the Younger Dryas sediments and 

exhibited a temperature increase only at the end of the cold period. Contrary, the brGDGT 

based temperature showed both no clear cooling and warming at the onset and the end, 

respectively, of the Younger Dryas. Consequently, this implies that this proxy is not fully 

applicable as paleothermometer in the Lake Steisslingen sediment core. A new induced proxy 

(HIR28D) based on the relation of specific isomers from cyanobacteria-derived heterocyte 

glycolipids (HGs) was used to determine relative continental temperature shifts and revealeda 

good agreement with estimated trends. However, further research is needed for 

understanding paleoenvironment evolution in Lake Steisslingen due to the following reasons. 

First, lake surface sediments and/or sediment traps should be investigated by lipid analysis 

and genetic techniques to identify the still unknown producer(s) of LCA in the lake. Second, 

the same samples could be analysed accompanied by surface sediments from the 

surrounding soils to understand the origin of brGDGTs in the lake. This could shed light on the 

brGDGT temperature problems at Lake Steisslingen. Third, based on existing research, a 

temperature calibration for brGDGTs from African lakes (Russell et al., 2018) has been used 
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since there is no local or regional calibration existing. This encourages further research on a 

brGDGTs-temperature calibration on German or other European lakes. Fourth, proposed HG 

based ratios indicative for a temperature dependency like HDI26, HDI28, HTI30 consistently 

approached the maximum value of 1. This suggests that one homologue is less abundant and 

potentially preferable degraded over time. In this case, it should be investigated further how 

resistant the individual HG homologues are against degradation. 

 

For the Lake Stymphalia manuscript, the wax lipid composition the sediment sequence of Lake 

Stymphalia situated in a karst polje has been investigated to reconstruct paleovegetation 

changes for the last 15,000 years. As the pollen preservation is poor (Seguin et al., 2019), this 

is the first attempt to reconstruct the vegetation for the late Pleistocene to early Holocene 

period in the Peleponnese. As the vegetation reconstruction is based on the n-alkane 

distribution further studies could improve the interpretation by comparing the n-alkanes 

signature of the sediment record with modern local vegetation. Again, the sediments have 

been analysed by HPLC in respect of HGs and brGDGTs compounds. Based on the latter 

compounds, a separation of the lake’s evolution has been accomplished, with an initial phase 

of more aquatic influence visible in low BIT values. The following phases are characterised by 

strong increase in terrigenous soil input and an increase in calculated brGDGTs-MAAT. The 

youngest phase shows highest BIT values with strong temperature fluctuations, which have 

not been reported in the literature before. As in this phase a stronger human occupation on 

the Peloponnese is reported, the lake and its catchment might have been influenced by 

humans and the lipid composition might be disturbed by human interference. 

The HG distribution has been used to firstly describe the heterocyte cyanobacteria community 

in the ancient lake and secondly to produce a n independentd temperature trend based on the 

HDI28. In contrast to the brGDGTs-inferred MAAT, this temperature seems to reflect the 

summer temperatures based on a calibration from a German lake (Bauersachs et al., 2015). 

However, similar to the Lake Steisslingen problem, further research on both temperature 

proxies has to be conducted since no local calibrations are existing and the HGs have not 

been fully applied in (lacustrine) paleo studies.  

 

The second part of this PhD thesis deals with the application of biomarkers and isotopes in 

archaeology. By analysing the δ13C values of C16:0 and C18:0 fatty acid of modern animal 

reference fats (ruminant and non-ruminant adipose fats, ruminant dairy fats) from Ukraine, a 

local calibration has been developed for applications to distinguish animal fats from ancient 

potteries of the same area. Therefore, pottery vessels from Cucuteni-Trypillia sites in modern 

Ukraine and Moldova haven been analysed to determine their use and content. Some fats 

originated from ruminant adipose or beeswax. Most of the samples, however, plot outside of 



146 
 

a modern reference fat value regime. By adapting the carbon isotope ranges from modern 

equine fats from literature (Outram et al., 2009) in our reference dataset, the results indicate 

that most of these fats originate from equine. However, as these reference samples originate 

from Kazakhstan, these values should be evaluated with modern samples from Ukraine or 

Moldova in future research. In addition to archaeozoological remains investigated in previous 

studies, the results from pottery residue analysis give a direct insight in the feeding behaviour 

and culinarian practises of Cucuteni-Trypillia culture. 

The findings of beeswax in samples from Ukraine as well as in samples from central Germany 

(Hesse) are highlights from the archaeological point of view. These findings are the first 

evidence of the use of beeswax in the two study areas. The lipid interpretation of the samples 

from central Germany of the Neolithic Wartberg Culture could be directly linked to the function 

of the individual vessels. Biomarkers formed during heating (mid-chain ketones) were found 

in vessels with heavy temper indicative for fire exposure. Milk fats with beeswax, which may 

have served as impregnation, were found in vessels with an outwardly directed rim that 

facilitates pouring. 

In samples from Neolithic pottery vessels from two Funnelbeaker and Globular Amphora 

culture sites in northern Germany, molecular biomarkers and their respective carbon isotope 

signatures identified a plant oil and ruminant meat or dairy product origin. In the highly 

decorated pots from the Megalithic tomb Wangels, preferential ruminant adipose fats and plant 

oils were found, which were interpreted as precious funerary objects like cattle meat and sea 

buckthorn oil. In contrast, in the non- or only less decorated pots from the adjacent dwelling 

site Oldenburg-Dannau, less valuable products like plant and dairy products were found. 

These results demonstrate the exclusive use of valuable grave goods at funeral sites and 

manifest the important role of cattle in Neolithic societies. 

The application of organic residue analysis in archaeology offers a unique opportunity to 

directly trace human diet in ancient cultures. However, there are some contradictions and 

unresolved issues. Especially plant material is underrepresented in most studies. Mostly the 

carbon isotope values of fatty acids after hydrolysation are interpreted as animal fat origin 

although these compounds may also be produced by plant oils with similar carbon isotope 

ranges. The argument that animal fats produce more fatty acids than plant oils and therefore 

the fatty acids found in ceramic vessels derive predominantly from animals is not tenable, if 

only vegetable material was cooked. More research is needed to identify other typical plant 

biomarkers such as miliacin for broomcorn millet (Jacob et al., 2005). Additionally, cooking 

and degradation experiments with mixed ingredients should be performed, to identify how the 

lipid distribution and isotope ratios behave.  

Overall, this study has shown that molecular biomarkers are an essential tool in paleoclimate 

and (paleo)environmental studies to trace the interaction between biosphere and geosphere. 
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Additionally, organic compounds can be applied to identify transformation in human-

environmental-interaction. In the field of molecular archaeology, biomarkers are a potent tool 

to identify the use and contents of unglazed pots and help to reconstruct the ancient diet and 

domestication of certain animals and plants. 
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Appendix A: Organic residue analysis on pottery vessels from the 

Wartberg culture in central Germany 

In the following chapter, first results of organic residue analysis on pottery vessels from the 

settlement Wittelsberg (n=5) and the gallery grave Altendorf (n=1) located in central Germany 

are outlined. The results will be incorporated in a further publication with colleagues from the 

B2 project “Third millennium transformations of social and economic practices in the German 

Lower Mountain Range” of the CRC 1266. The extraction and analysis of lipids were 

performed as described in the manuscripts of chapters 5 and 6.  

 

Results and discussion 

Palmitic (C16:0) and stearic (C18:0) fatty acids were the most dominant compounds in all 

samples, which is due to their widespread occurrence in both animal fats and plant oils (Fig. 

A1 and A2). A simple ratio of both fatty acids expressed as palmitic to stearic acid ratio (P:S) 

has been used to distinguish between animal fats and plant origin, where a plant origin in 

pottery is interpreted with a predominance of stearic acid (Copley et al., 2005b). However, the 

ratio should be used with caution, since there are stearic acid lean oil plants like linseed or 

sesame (Copley et al., 2005). Furthermore, the degradation processes of lipids are 

complicated and not fully understood (Romanus et al., 2007) and may lead to a preferable 

removal of either stearic or palmitic acid. As noted for most archaeological samples, the odd 

carbon numbered fatty acids pentadecanoic (C15:0) and heptadecanoic (C17:0) were detected 

as well as their branched iso- and anteiso homologues (brC15:0, brC17:0). These components 

preferentially derive from ruminant animal fats like cattle, goat, sheep adipose fats or their 

dairy products (Baeten et al., 2012). An animal origin is also supported by the presence of 

monoacylglycerols (MAGs) in four and diacylglycerols (DAGs) in two samples, respectively, 

which are formed during the hydrolyses of triacyclglycerols (TAGs) the most abundant 

compounds in modern animal fats (Evershed et al., 2002). Additionally, the presence of mid-

chain ketones in the range of C29 to C35, which are formed upon pyrolysis (>300°C) of 

acylglycerols was indicative for heating of the pots (Fig. A1) (Raven et al., 1997). This supports 

the assumption that the pots (Wit 7 9007 3.86 / 4.47, Wit 7 9003 4.17/1.02) were used as 

cooking rather than storage utensils, which is in agreement with their medium to heavy 

tempering that corroborates heat exposure. 

One sherd each from Wittelsberg and Altendorf contains large amounts of n-alkyl monoesters 

(wax esters in the range of nC40 to nC50), long-chain n-alkanes (nC25-nC33), long-chain n-

alcohols (nC24-nC32) as well as minor amounts of long-chain n-fatty acids (Fig. A2). This type 

of lipid mixture has been interpreted as of beeswax origin (Heron et al., 1994). As modern 

beeswax does not contain large amounts of C16:0 and C18:0 fatty acids, these may originate 
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from the hydrolysis of the wax esters during burial or derive from plant oil storage in the 

vessels. Beeswax is thought to have been used for sealing of the pots, which served to store 

oily liquids or medical ingredients and cosmetics inside (Mayyas et al., 2012). As both samples 

containing beeswax have an outwardly orientated rim that allowed an easy pouring, a use for 

liquid storage is considered. The presence of branched fatty acids and MAGs in one of these 

samples (WIT 7- 3D- 2.60/3.60) may indicate the presence of an animal fat such as milk or 

another dairy product (butter) in the ceramic pot. Evidence for beeswax in pottery was found 

in several sites from all over Europe with a predominance in south-east Europe/Anatolia, with 

the oldest samples found in Çatalhöyük (Anatolia, 7,000 cal BC) (Roffet-Salque et al., 2015). 

In central Europe, beeswax was found in pottery from Altheim and from the Linearbandkeramik 

culture (Linear Pottery culture, LBK) sites in Austria and southern Germany, which are up to 

2,000 years older than the Wartberg culture samples in this study (Heron et al., 1994; Roffet-

Salque et al., 2015). However, the two findings are the first evidence for the use of beeswax 

processing and potentially beekeeping for central Germany. 

 

 

 

 

Figure A1: Partial ion chromatogram of derivatized lipid extract (TLE) from sample Wittelsberg Wit 7 

9007 3.86/4.47 showing a lipid distribution indicative for cooked ruminant animal fat. Blue circle: n-fatty 

acids, red circle: branched fatty acids (Cbr15, Cbr17), black circles: mid-chain ketones.  
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Figure A2: Partial ion chromatogram of derivatized lipid extract (TLE) from sample Altendorf 4174 

showing a lipid distribution indicative for beeswax. Blue circle: n-fatty acids, black diamonds: n-alkanes, 

red square: n-alcohols, P: phthalates (contaminations from plastic bags during storage). 
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Abstract 

Lacustrine sediments generally record landscape development in the lake’s catchment area 

controlled by palaeoclimatic and human induced changes. To improve our understanding on 

the anthropogenic and climatic influences on landscape development in Southern Greece for 

the last 2,500 years, we report a 2 m-long, continuous high-resolution sedimentary record from 

shallow Lake Stymphalia (Peloponnese, Greece). Our proxies record climatically as well as 

anthropogenically induced landscape changes, influencing the lake area and lake depth.  

The Classical-Hellenistic era reflects a moderate, stable Mediterranean climate with low 

sedimentation rates. The parallel existence of the highly populated, major ancient city of 

Stymphalos, on the contemporary lake edge, doesn’t seem to have caused lasting alterations 

in the record. The construction of the Hadrianic Aqueduct in the Roman era, ca. 130 AD, 

however causes an influential transformation in the lake development. It has a lasting effect 

on the lake hydrology as well as the vulnerability of this ecosystem. During Late Roman times, 

5th to 6th century cal AD, the abandonment of the aqueduct combined with cooler climate 

conditions allows lake levels to recover. A phase of very high climatic instability was identified 

for the subsequent Early Byzantine (EB) period, during the 7th and 8th century cal AD. For this 

period, the later phase of the Late Antique Little Ice Age (LALIA), our proxies indicate further 

cooling and highly fluctuating water availability in a rather small lake area. The Middle 

Byzantine (MB) Period (9th-12th century AD) is characterized by an over fivefold increase in 

sedimentation rates. Since local population was still well below Classical levels, we explain 

this singular period through an interaction of modest increase in land use but marked by 

careless management of deforested areas, warm and wet climatic conditions during the 

Medieval Warm Period and long-term effects of vulnerability caused by the aqueduct 

construction. Probably during this phase, the lake level rose through unparalleled sedimentary 

infill to flood and bury a significant part of the Lower Town of the abandoned ancient city. The 

Late Byzantine Period (13th and 14th century AD) sees core evidence for erosion of 

established, non-vegetated soils (high magnetic susceptibility), in a period of almost total 

depopulation. In the subsequent Ottoman era (late 15th – early 19th centuries AD) local 

settlement made only slight recovery, the climatic conditions seem less stable during the Little 

Ice Age (LIA) and the lake seasonally and later periodically starts to dry up, cumulating in a 

longer dry phase at the end of the 19th century AD, when agricultural activity on the polje floor 

was possible. The conclusion conforms with recent modelling of environmental change, critical 

of mono-causation, rather focussing on complex interactions of human and natural factors in 

the inception of landscape transformation. 
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1. Introduction 

The Late Holocene in southern Greece is shaped by a strong interaction of climatic changes 

with natural and anthropogenic landscape transformations. Although there is an increasing 

number of studies demonstrating the complex interrelationship between climate and societies, 

it often remains challenging to decipher the influence of climatic change versus human 

activities in environmental records. Palaeoclimatologists have developed reconstructions of 

climate change in the Mediterranean region during the Holocene, covering cultural periods 

back to the Neolithic, when humans became sedentary and the interrelationship between 

climatic fluctuations and human activity grew in importance (Finné et al., 2011; Magny and 

Magny, 2013; Roberts et al., 2016; Meriam et al., 2017; Palmisano et al., 2017, 2019).  

Recent studies have suggested that important climatic shifts in the Late Holocene coincide 

with major changes in Mediterranean cultural history (Butzer, 2012; Drake, 2012; Kaniewski 

et al., 2013; Langgut et al., 2013; Staubwasser and Weiss, 2006; Weninger et al., 2009). 

However, many archaeologists and historians have been critical of naïve use of climate 

change as a forcing factor in the socio-cultural development of the region due to the lack of 

both high-resolution terrestrial palaeoclimate data in a solid chronology framework and simple 

forcing-and-response mechanisms (Haldon et al., 2018). Hence, there is a strong need for 

closer interdisciplinary collaboration on research questions dealing with human-environmental 

interaction and societal response to climatic changes (Bintliff, 2002, 2012a; Casana, 2008; 

Sadori et al., 2008; Izdebski et al., 2016; Knapp and Manning, 2016).  

Climate reconstructions from lake sediment archives in the Eastern Mediterranean are still 

relatively scarce and the climate patterns often seem less well constrained compared to the 

Western Mediterranean (Gogou et al., 2016; Luterbacher et al., 2012, McCormick et al., 2012). 

In particular, the last 2,500 years have been studied less frequently or with lower resolution in 

palaeoenvironmental records although this time period is of major relevance for the 

development of Greek society (Finné et al., 2011; Sadori et al., 2016; Xoplaki et al., 2016). 

Recently, Büntgen et al. (2016) identified a cold phase in Eurasia lasting from 536 to 660 AD 

based on high-resolution tree ring records and named it Late Antique Little Ice Age (LALIA). 

This overlaps with the latter part of the European Migration Period (4th – 7th century AD; 

Moschen et al., 2011), an interval of widespread migration movements into the Roman Empire, 

which saw considerable societal changes, including the collapse of the Western Roman 

Empire, the transformation of the Eastern Roman Empire into the Byzantine state, the collapse 

of the Sasanian Empire, the expansion of Slavic-speaking peoples in central and eastern 

Europe and the Justinian Plague (Moschen et al., 2011). Due to these significant societal 

changes and its negative impacts on European civilisations, this wider period is also referred 

to as the “Dark Age[s]” (McCormick et al., 2012; Brooke, 2014; Büntgen et al., 2016; Helama 

et al., 2017a). While there is considerable archaeological information from the Greek 
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Mainland, including the Peloponnese Peninsula, for human activities during the last two 

millennia (Bintliff, 2012b; Izdebski et al., 2016), high resolution palaeoclimate records for this 

period are rare (Atherden and Hall, 1994; Finné et al., 2011; Izdebski et al., 2016; Jahns, 

1993). In a recent review of the currently available climate records from the Mediterranean for 

the last two millennia, Luterbacher et al. (2012) state that the existing climate proxies often 

express varying trends, even within the same region. All of this demonstrates the need for 

further interdisciplinary, high-resolution studies on landscape development in the Eastern 

Mediterranean.  

With the intention of addressing this gap and limited dataset, we here provide a detailed 

palaeoenvironmental reconstruction of the last 2,500 years from Lake Stymphalia, the only 

remaining natural perennial lake in the Peloponnese. We discuss the environmental changes 

in the catchment in relation to the human history known from the area in order to distinguish 

anthropogenic from climatic developments imprinted into the sedimentary record. The 

potential expression of the LALIA in Southern Greece is investigated in order to improve our 

understanding of the societal and environmental history of this area during this period of rapid 

climate fluctuations. Excavations at Ancient Stymphalos by the Canadian Institute in Greece 

since 1983 provide the archaeological groundwork to reconstruct human activity in the area 

(cf. section 0). As a karst polje without surficial outflow represents on the one hand a 

continuous sediment sink and on the other hand has always been considered as an important 

location for agriculture and farming in the Mediterranean area (Vött et al., 2009), Lake 

Stymphalia represents an excellent archive to study a combination of climatically as well as 

anthropogenically induced environmental changes. The differentiation between human and 

climate induced factors behind environmental changes, however, is not always trivial and 

several causes may provoke the same response in the sedimentary record. For example, 

reduction in the amount of water available in Lake Stymphalia may result from either: (1) a 

decrease in precipitation; (2) an increase in evaporation; (3) changes in the thawing period 

and variations in the discharge related to snowmelt; (4) inferred or recorded human 

channelling of the water from the source; (5) increased water usage of lake water for 

agricultural purposes. To get a better idea of the complete picture, we take into account 

several different palaeoenvironmental proxies, traditional and well-established ones as well 

as new and innovative proxies. As far as available, we included archaeological or historical 

evidence and when we can still not be certain of the process causing a signal in the record, 

we provide a selection of possible scenarios.  
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2. Study area 

Lake Stymphalia (Λίμνη Στυμφαλία) (37.85° N, 22.46° E), is a shallow karstic lake located in 

the north-eastern Peloponnese (Greece; Figure B1 and B3-A). It is described in detail by 

Heymann et al. (2013). Sediment material is only received from surface runoff and torrential 

rivers originating from karst springs, which depend on the amount of precipitation that is 

brought mainly in winter and early spring (Figure B2). On the polje floor, the karstified 

limestone is covered by argillaceous sediments of up to 160 m thickness (Morfis and Zojer, 

1986). Presently, Lake Stymphalia is the largest remaining mountain lake in the Peloponnese, 

protected by the NATURA 2000 network (Heymann et al., 2013; Morfis and Zojer, 1986, 

Papastergiadou et al., 2007). 

Modern climatic conditions are described in Heymann et al. (2013) and Morfis and Zojer 

(1986). In a recent publication, Nanou and Zagana (2018) indicate a mean annual precipitation 

of 850 mm and ranges from 719 to 1656 mm for the time period 1975–2015, confirming high 

inter-annual variation. Based on daily precipitation data recorded between 1949 and 2011 at 

the meteorological station Driza-Stymphalia (37.8699° N, 22.4643° E, Greek Special 

Secretariat for Water, Ministry of Environment and Energy), we calculated the mean annual 

precipitation at 618±201 mm over the respective period; this occurs mainly from October to 

February (Figure B2). In April 2017, we installed a small datalogger (Tinytag Plus 2) close to 

the fountain house of ancient Stymphalos to measure daily temperatures and relative humidity, 

which provided the monthly temperature values shown in Figure B2. 

The lake’s surface area may have varied substantially throughout time and there is evidence 

for seasonal desiccation (Walsh et al., 2017b). Since the 19th century, the lake occasionally 

dried out completely, which in the mid-20th century allowed it occasionally to function as an 

aircraft runway (hence the reason for its local nickname “aerodromio” (airport)). In recent 

times, Lake Stymphalia fell dry during the early 1990s and was used for agricultural purposes 

(Papastergiadou et al., 2007). For several reasons, we do not assume any extreme lake level 

rise at Lake Stymphalia, at least not during the last 2,500 years, although local archaeological 

and historical records indicate significant variation in the height and extent of the lake since 

Classical times: (1) there is no evidence of rocky, barren beach deposits in Stymphalia 

comparable to those described by Knauss (1990) from the neighbouring Pheneos polje, where 

an exceptionally high lake level was artificially induced by Ottoman troops during the Greek 

liberation battle in the 19th century; (2) Stymphalia has three discharge possibilities, the large 

natural sinkhole in the Southwest of the polje, a smaller sinkhole in the North (Morfis and Zojer, 

1986) and the Hadrianic Aqueduct built around 130 AD; (3) the Cistercian Zaraka Monastery, 

the best preserved Frankish monastic site in Greece (Campbell, 2018), was built in the first 

half of the 13th century AD on the relatively flat valley floor, about 2 m above and 1 km distant 

from the present day lake shore, with no sign of later flooding. However, a major part of the 
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Lower Town of ancient Stymphalos city has been submerged and silted since the Early Roman 

era and currently lies under sediments (Williams, 2005), induced by a rise of the lake bottom 

of only few metres since the founding of that town. 

 

 

Figure B1. Topographic and geological map. The Stymphalia basin with its drainage system and the 

approximate catchment area are shown. The map was created using ESRI ArcGIS 10. 

 

 

3. Materials and Methods 

3.1 Sediment cores 

Field and initial laboratory work were mostly conducted in 2010 and 2011 and have been 

described in detail by Heymann et al. (2013). Three overlapping sediment core pairs of 

different lengths (STY-1, STY-2, and STY-3) were retrieved. The 16-m-long composite core 

STY-1 is the most complete and here, we discuss the upper 208 cm of it in detail (units 59 – 

70b; Table 1), that cover approximately the last 2,500 years based on the updated age-depth-

model described below which records both natural and anthropogenic influences. The lower 

limit was set at the upper sedimentary boundary of unit 58. We use the following proxies 

measured and described by Heymann et al. (2013): lithology, sediment structure, Munsell 

color (Munsell, 2000), grain size distribution, total carbon (TC), total inorganic carbon (TIC), 

total nitrogen (TN), magnetic susceptibility (Nowaczyk et al., 2002; Nowaczyk, 2005), and X-

ray fluorescence (XRF) measurement (see section 0 below). 

 



159 
 

 

Figure B2. Modern air temperature and precipitation for the Stymphalia basin. The mean monthly 

temperature for the station Driza-Stymphalia (37.8699 °N, 22.4643 °E, 622 m a.s.l.) for the period 1950 

– 2011 (red line) and boxplots for the monthly precipitation are shown from January (1) to December 

(12).  

 

3.2 Dating technique 

The age control of the sediment cores was based on accelerator mass spectrometry (AMS) 

radiocarbon (14C) measurements performed at four different laboratories. For radiocarbon 

dating, 24 core samples and 3 surface samples have been taken and, as visible organic 

remains were almost absent from the core, mainly bulk sediments were used for dating (Table 

2). The combined dating results lead to a time scale substantially different from the one 

published by Heymann et al. (2013). We present the construction of the time scale in detail in 

the following section 0. Throughout the paper, the year 1950 AD is used as year 0 BP (Mook 

and Van Der Plicht, 1999). 

 

3.3 Elemental composition: X-ray fluorescence measurements 

Non-destructive X-ray fluorescence (XRF) measurements using energy dispersive 

fluorescence radiation on split core surfaces were performed with an Avaatech XRF Core 

Scanner, using a Rhodium X-ray source. The scanning parameters are the same as described 

by Heymann et al. (2013). The scan resolution of the upper 5 m of core STY-1A and 

overlapping intervals of core STY-1B was 1 mm with an exposure time of 10 s at 10 kV and 

15 s at 30 kV, respectively. We selected 13 elements (10 kV: Al, Si, S, Cl, K, Ca, Ti, Mn, Fe; 
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30 kV: Zn, Rb, Sr, Zr) for a detailed analysis of their presence across the sediment sequence 

and their palaeo-environmental and -climatic significance (n = 4961). Elements with low 

intensities (< 300 total counts) which are less reliable (Tjallingii et al., 2007) were excluded. 

The XRF scanning results represent element intensities in total counts per second (tcps) which 

mainly depend on element concentration, but also on matrix effects, physical properties, 

sample geometry, and hardware settings of the scanner (Tjallingii et al., 2007). We chose to 

plot the XRF scanning results as log-ratios that can be interpreted as changes in relative 

concentration of an element pair, to avoid statistical analysis of data sensitive to the closed-

sum effect and asymmetric element ratios (Weltje and Tjallingii, 2008). As we were applying 

the R software (R Core Team, 2017) for plotting, natural logarithms with base e (log) were 

applied by default. To assess the normalized elemental data in a palaeo-environmental and -

climatic context, we compare relative changes of one element to another, rather than using 

absolute changes in element concentration. 

 

3.4 Organic analysis: Lipid extraction and GDGT analysis 

The interval 152 – 191 cm has been sampled at an average resolution of 0.5 cm from the 

sediment core STY-1A. Generally, five mm-thick sediment slices were taken, but for some 

exceptions, the spacing was varied due to the lithology. The sediments were lyophilized for 

24 h and ground to a fine powder using a solvent-cleaned agate pestle and mortar. 

Subsequently, an aliquot (3.6-8.1 g) of each homogenized sediment was extracted using an 

ASE 200 (Dionex, USA) at a temperature of 75 °C and a pressure of 5.0 × 106 Pa. Each 

sample was extracted for 20 min using a solvent mixture of dichloromethane (DMC)/methanol 

(MeOH) (9:1, v/v). The bulk of solvent was removed by rotary evaporation and the obtained 

total lipid extract (TLE) dried under a gentle stream of nitrogen. An aliquot (0.7-1.0 mg) of each 

TLE was separated into an apolar and a polar fraction using a small Pasteur pipette filled with 

activated aluminum oxide (3.5 cm) as stationary phase. The apolar fractions were eluted with 

4 ml n-hexane/DCM (9:1, v:v) and the polar fractions with 4 ml DCM:MeOH (1:1, v/v), 

respectively. The polar fractions (containing isoprenoid and branched glycerol dialkyl glycerol 

tetraethers (GDGTs)) were dried under nitrogen, re-dissolved in n-hexane:2-propanol (99:1, 

v/v) to a concentration of 2 mg/ml and passed through a 0.45 µm polytetrafluoroethylene 

(PTFE) filter (Macherey-Nagel, Germany) prior to analysis. 

GDGTs were measured using an Alliance 2695 HPLC system (Waters, UK) following the 

analytical protocol described by Hopmans et al. (2016), which allows the separation of 5- and 

6-methyl branched GDGTs. The HPLC system was equipped with two Waters BEH HILIC 

silica columns (2.1 x 150 mm; 1.7 µm particle size) and a guard column of the same material, 

which were all maintained at 30 °C. Target compounds were eluted with a flow rate of 

0.2 ml/min starting isocratically with 82 % eluent A (n-hexane) and 18 % eluent B (n-hexane:2-
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propanol (9:1, v/v)) for 25 min. A linear gradient was set to 65 % eluent A and 35 % eluent B 

in 25 min, followed by a linear gradient to 0 % eluent A and 100 % eluent B in 30 min. Re-

equilibration of the column to initial conditions with 82 % eluent A and 18 % eluent B was 

within the following 20 min. Detection of isoprenoid and branched GDGTs was achieved using 

a Micromass ZQ single quadrupole mass spectrometer (MS) equipped with an atmospheric 

pressure chemical ionization (APCI) interface operated in positive ion mode. MS conditions 

were as detailed in Weidenbach et al. (2017). The methylation index MBT’5Me, a proxy that was 

developed to reconstruct absolute temperatures, was calculated using only 5-methyl isomers 

according to De Jonge et al. (2014) with roman numerals corresponding to GDGT structures 

displayed in the supplementary online material (BS5). 

 

MBT’5Me = (Ia + Ib + Ic) / (Ia + Ib + Ic + IIa + IIb + IIc + IIIa)               (1) 

 

The branched-over-isoprenoid tetraether (BIT) index, indicating the relative input of terrestrial 

organic matter, was calculated as given in Hopmans et al. (2004) using the combined peak 

areas of the 5- and 6-methyl isomers of the branched GDGTs:  

 

BIT Index = (Ia + IIa + IIa’ + IIIa + IIIa’) / (Ia + IIa + IIa’ + IIIa + IIIa’ + IV)        (2) 

 

3.5 Statistical data processing 

We applied statistical approaches such as correlations and multivariate analyses, including 

principal component analyses (PCA) using the R software (R Version 3.4.2; R Core Team, 

2017) to investigate the covariance of the different chemical elements of the sediment core. 

For the geochemical data, cleaning of the dataset, i.e. the removal of explicit outliers and filling 

of missing values by spline interpolation was done manually prior to statistical processing. 

Correlation coefficients of elemental log-ratios can give an insight into the coupling/decoupling 

of elements over time. Hence, the relationships between different elemental ratios were 

explored calculating Pearson correlation coefficients, if normal distribution of the data existed 

(tested with the Shapiro-Wilk-test), or alternatively, Spearman rank-based correlation was 

applied. Furthermore, we applied PCA to the original XRF elemental dataset to objectively 

describe similarities and differences between the elements and to identify the main 

environmental processes that influence the composition of the lake sediment. The aim of the 

PCA is to reduce a high dimensional dataset to a very limited amount of meaningful and 

uncorrelated variables, so called components or factors, that still explain most of the variance 

in the data set (Filzmoser et al., 2009). Here, the loadings indicate the contribution of each 

element to the respective principle component (PC). Not all element records in our dataset 

are normally distributed, and some show a pronounced skewness. As PCA requires a 
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Gaussian distribution of the data, the dataset was standardized, i.e. z-normalized to a mean 

of zero (m = 0) and a standard deviation of one (σ = 1) for each parameter. In this way, we 

also avoid overestimating elements with extremely high counts (mainly calcium and iron) in 

order to equally weight the different parameters. Subsequently, PCA based on the correlation 

matrix was applied using the function prcomp from the R stats package. This approach also 

includes an orthogonal rotation of the components, which may facilitate the interpretation of 

the scores and loadings. We abstained from the application of intensive smoothing of the 

dataset to avoid any further approximation of the data.  

 

3.6 Archaeological data 

Regional surveys in the area started in 1982. From 1983 to 2012, the site of Ancient 

Stymphalos was excavated under the auspices of the Canadian Institute in Greece, however 

the publication of the finds has still not been completed. For the present study, no further 

excavation or archaeological data collection have been conducted, as the focus was on the 

palaeoenvironmental investigation. Instead, already existing, published data have been 

gathered (Philippson, 1892; Williams, 1996, 2003, 2005, 1983, 1984a, 1984b; 

Panagiotopoulos, 1985; Williams and Cronkite Price, 1995; Williams et al., 1997, 1998, 2002; 

Lolos, 1997; Williams and Gouley, 2005; Bintliff, 2012b; Schaus, 2014; Brown and Walsh, 

2017; Walsh et al., 2017b) and consulted for information on human activity in the Stymphalia 

Polje. 

As empirical data collections from archaeological and palaeoenvironmental archives are 

traditionally very different, juxtaposition of these different kinds of (quantitative) proxies can 

be challenging (Palmisano et al., 2017) and only a small number of studies try to bring them 

together (Weiberg et al., 2016; Palmisano et al., 2019). Weiberg et al. (2016) provide 

continuous quantitative data on settlements from archaeological information during the last 

8000 years on the Peloponnese Peninsula. As it is the only quantitative proxy currently 

available, we use it as indication of settlement intensity, also in the Stymphalia Polje, and 

refined it from local archaeological information. 

 

4. Results 

4.1 Lithology 

Building upon the stratigraphy presented by Heymann et al. (2013), the uppermost 208 cm of 

core STY-1 are subdivided into 20 stratigraphic units (No. 59 – 70b, Table B1, Figure B4) 

based on sedimentological properties (e.g. colour, texture, macro remains). None of the units 

is laminated nor are there visual, sedimentological indicators of short-term cyclic beddings. 

The sediment sequence has a fine texture and is generally composed of a varying mixture of 
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clay (mean = 27%) and silt (mean = 70%), containing 0 – 4 % sand with the exception of units 

63 and 70a, in which 7.5 % and 17 % of sand were recorded (BS3). 

Munsell (2000) colours in the upper 161 cm of the core range from olive to greyish brown and 

are generally brighter than in the lower part, which is also evident in the distance of the 

respective RGB colours to each other (Figure B4, Table B1). Organic debris and roots are 

generally small and scarce. Below 164 cm, darker greyish colours dominate and shell 

fragments of Bythinia sp. (Figure B3-D) and Valvata sp. gastropods are more frequent. A 

distinct black layer (unit 62), ranging from 164 – 161 cm, separates the upper brownish units 

from the lower more greyish units.  

TIC values range between 0.8 to 8.0 wt% and correlate well with Ca counts (Figure B4, Figure 

B2). The TOC content varies from 1.2 to 6.4 wt% and is 3.0 wt% in the black layer (Figure B4, 

BS2). While TIC values are lower in units 59 and 60 compared to the upper part, the TOC 

content does not show any obvious differences between these two. The blackish unit 62 

exhibits a singularly high magnetic susceptibility (MS) peak (SI = 3000). For the rest of the 

depicted core sequence, MS constantly fluctuates around a median of 70.27 (mean = 103.68). 

The upper brownish units 68 and 69 dispose of persistently higher MS values.  

 

 

Figure B3: Photos of Lake Stymphalia and sample material. (A) Photo of Lake Stymphalia taken from 

the southern shore during coring campaign in 2010 with Mt. Ziria in the background (coring platform in 

the centre for scale). (B) Crataegus seed (VERA-6258) found at 165 cm depth (masterscale) in core 
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STY-1A. (C) Ceramic shard dated to 5th century BC found at 205 cm depth (masterscale) in core STY-

3B. (D) Bythinia sp. shell sample. 
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Figure B4: STY-1 composite core log with lithological units for the upper 208 cm (left) and overview of 

different proxies plotted against depth. Depths where samples for 14C dating were taken from STY-1A 

are indicated with red arrows. The only sample taken from the parallel core (VERA-6383) at 161 cm is 

additionally marked on the STY-1B core picture with a red dot. RGB color values (blue, green, red), 

magnetic susceptibility, TOC, TIC (black) and counts per second of Calcium (darkblue), Iron (darkred) 

and Manganese (green), as well as log-values of Rubidium, Aluminum, Zirconium, Titanium, Potassium, 

and Silicon (from left to right) are plotted against depth. For orientation, boxes with cultural periods and 

ages (BC/AD) at the respective transition boundaries to the right (for abbreviations of cultural periods 

see Table 3). For interpretation of the references to color, the reader is referred to the web version of 

this article. 

 

 

Table B1: Sedimentary units of the uppermost 208 cm of core STY-1. The soil type classification follows 

the German Arbeitsgruppe Boden (2005). (UB = upper boundary, G = gradational, E = erosional, S = 

sharp) 



166 
 

4.2 Core chronology 

4.2.1 Radiocarbon dates 

From the uppermost 324 cm of the parallel cores STY-1A and STY-1B (units 48–70), 

24 samples for radiocarbon dating have been taken. Although our focus is on the uppermost 

208 cm recording anthropogenic influences, the age model was calculated for a longer interval 

in order to construct a solid model and avoid boundary effects (Figure B5). The 

sedimentological analysis of the core sequence gave no indications for any hiatus or erosional 

discontinuities; hence, a continuous, even if sometimes very low sedimentation is assumed 

(Figure B6).  

To determine the time at which specific layers in a sediment core were deposited, we need to 

isolate organic material from the time of sedimentation that is either terrestrial or has a known 

reservoir age. The challenge in dating sediments is that they contain a small fraction of old 

carbon, eroded and transported with the mineral fraction, in addition to limnic and terrestrial 

material from the time of deposition. Furthermore, sediments are open systems, so dissolved 

and colloidal carbon may be introduced at a later point in time. The standard Acid-Alkali-Acid 

(AAA) chemical pretreatment, commonly used in radiocarbon dating, aims to remove 

potentially mobile contaminating acid and alkali soluble organic compounds. If no recognizable 

macrofossils can be found, dating the remaining insoluble fraction (humin fraction) is the best 

candidate to provide a useful sedimentation age in organic rich sediments (organic content of 

the residue >1 %) (Grootes et al., 2004). A check on the age inhomogeneity of organic carbon 

in the sediment can be obtained by dating not only the insoluble residue, but also the organic 

material removed by alkali extraction. Acidification of this alkali extract precipitates the humic 

acid fraction. This fraction often dates younger than the insoluble residue since it may contain 

contaminating younger compounds and is less likely to receive a contribution from recalcitrant 

reworked carbon compounds. In case of an age difference between the humic acids and the 

humin, the humins are most likely to indicate the approximate time of sedimentation for organic 

rich sediments. For organic poor sediments the fraction of old reworked carbon, which is often 

around 0.1 %, is no longer negligible and can lead to measured humin ages that may be 

thousands of years too old (Grootes et al., 2004). In the eastern Mediterranean, it has been 

observed in a number of cases that humic acids extracted from samples appear not to offer 

appreciably different 14C ages and so likely derive from the sample in question or 

contemporaneous material (Wild et al., 2013). 

In total, 45 radiocarbon measurements were made on these 26 samples (Table 2). Alkali 

residue, humic acids, shell carbonates, and repeats of some fractions were measured at four 

different AMS-14C facilities, the Leibniz-Laboratory for Radiometric Dating and Isotope 

Research at Kiel University (KIA), the Beta Analytic Radiocarbon Dating Laboratory Miami 
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(BETA), the VERA Laboratory at Vienna University, and the Poznań Radiocarbon Laboratory 

at Adam Mickiewicz University (POZ). 

Due to the limestone rich environment containing a high amount of “old” carbon, a large hard 

water effect may be expected for limnic organics. Together with an influx of fresh and reworked 

old terrestrial organics this makes radiocarbon dating of the sediment challenging (Finné et 

al., 2011).  

Table 2 shows sometimes large differences between results from different fractions and 

laboratories. Carbonate of the Bythinia gastropod shells at 141 cm dates at least 700 years 

older than organic samples above and below it indicating the expected large hard water effect. 

A Ranunculus aquatilis specimen, which grows subaqueously and was sampled live in 2015, 

provides an apparent age of 657 ± 29 years (PMC 92.15 or F14C 0.92146; VERA-6256, Table 

2) that after comparison with the Jungfraujoch atmospheric 14C record (Hammer and Levin, 

2017) yields a reservoir age of 810 ± 30 14C years. This is in good agreement with the 

carbonate result at 141 cm and slightly higher than the reservoir age of 600±10 years applied 

by Heymann et al. (2013). The ten KIA results for the alkali residue give, as expected 

considering the low organic carbon content of 0.19 to 0.83 % of this fraction, unreasonably old 

ages and should not be used in the time scale construction. Recognizable terrestrial plant 

remains are largely absent from the core, except for one single Crataegus seed, which was 

found at 165 cm depth (masterscale) in core STY-1A, yielding an age of 1237 ± 35 14C years 

(690 – 870 cal AD; VERA-6258; Figure B3-B). The humic acid result for KIA42912 of 1355±23 

yr BP at 164 cm is only 118 years older. This small difference indicates that the humic acid 

fraction is largely of terrestrial origin as opposed to the limnic material with 800-year reservoir 

effect. Ages obtained on the humic acid fractions may thus better indicate the time of 

deposition with a reservoir effect in the range 100 to 200 years. This reservoir effect will 

however vary with the balance between limnic and terrestrial organics supplied to the lake and 

there is no reason to assume that it was constant in the past. Hence, this is an inherently 

problematic issue and we can only employ the current situation as a guide and try to estimate 

the recent reservoir age (as we do below). 

 

4.2.2 Bayesian age model 

The Crataegus seed and a ceramic fragment (Figure B3-C) – the latter was found at 205 cm 

depth (masterscale) in core STY-3B and was identified as non-Attic, late or sub-Archaic and 

dated approximately to 500 BC ± 50 years (ceramic classification: Bernhard Schmaltz, Kiel 

University, personal communication) –serve as “golden spikes” in the age-depth-model. For 

the ceramic shard, ca. 500 BC is considered a terminus post quem, the earliest possible date 

when the shard may have found its way into the lake; most likely it continued to exist as part 

of a decorative bowl for a while before it broke apart and then at some later point in time was 
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deposited in the lake. A piece of charred organic matter from 324 cm depth, dated at 7708 ± 

35 14C yr BP (KIA42913) and with a combustion yield of 32.5 % carbon, which proves its high 

organic matter content, sets the lower limit of the age-depth-model (ADM). 

Bayesian age-depth-modelling was performed using the R package Rbacon (v.2.3; Blaauw 

and Christen, 2011) as well as the software OxCal 4.2  (Ramsey, 2008; Bronk Ramsey, 2009; 

Ramsey and Lee, 2013), both using IntCal13 as the terrestrial calibration curve (Reimer et al., 

2013). 

The final age-depth-model (STY_25) was constructed with Rbacon in an iterative process 

based on several key assumptions and offers a best plausible interpretation: (1) The age of 

the core top is set at 2010 cal AD, the year of coring. The age determinations for the Crataegus 

sp. seed and the ceramic shard serve as reliable, solid anchor points. The charcoal sample at 

324 cm likewise gives a reliable result for the bottom of the model. (2) If there are multiple 

dates for one depth derived from the same carbon fraction, they have been combined to one 

value using the R_combine function in OxCal. Otherwise, the fact of having a higher quantity 

of datings for a certain depth would have influenced the modelling by assuming a higher 

credibility for these samples. (3) As the Bythinia sp. shell samples (VERA-6381_30, VERA-

6381_50) delivered different ages, depending on the degree of etching, they were excluded 

from the age-model (Figure B5 marked in light blue). (4) Based on the assessment of alkali 

residue ages versus humic acid ages outlined above, the generally younger humic acid ages 

were regarded as more plausible and the considerably older KIA alkali residue ages were 

excluded from modelling (Figure B5 marked in red). (5) As outlined in section 0, the reservoir 

correction was set to 200 ± 100 years for all bulk sediment samples because of the age 

difference between the Crataegus seed (1237 ± 35 14C years) and the adjacent KIA42912 

humic acid sample (1355 ± 23 14C years). To take the uncertainty of varying reservoir effects 

into account, we assigned a relatively high standard deviation of ± 100 years to the reservoir 

correction (the table can be found in BS1). (6) Finally, the construction of the Hadrianic 

Aqueduct, a cultural event that took place around 130 AD (Lolos, 1997), indicated in the 

sediment core among others by a strong and abrupt increase in the Fe content due to oxidation 

processes (see section 0), was taken into account in the modelling process. In the following, 

all proxies are plotted against the mean calendar age estimates of model STY_25. Calibrated 

years are denoted as cal BC/AD, due to the focus of this paper on cultural and climatic aspects 

of the last 2,500 years (Mook and Van Der Plicht, 1999). The applied cultural chronology 

(Table 3) is based on Bintliff (2012) and Weiberg et al. (2016). 

Based on the age-depth-model, we calculated the sedimentation rate in the lower part to be 

approx. 0.2 mm/yr. It rises slightly to 0.4 mm/yr at 195 cm and strongly increases to more than 

2 mm/yr at 165 cm. For the uppermost 50 cm, a lowering of the sedimentation rate to 
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0.7 mm/yr was calculated (Figure B6). This pattern of sedimentation largely resembles that of 

carbonate content and Ca (Figure B4) and hence supports the age-depth-model.  

Note that the age-depth-model published by Heymann et al. (2013), which was based on fewer 

radiocarbon dates for the respective core sequence, is outdated. The discovery of the 

Crataegus seed (VERA-6258) and the improved modelling approach presented here require 

a substantial shift – to more recent ages – in the dates and associations compared with the 

published data of Heymann et al. (2013).  
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Figure B5: Age-depth model STY_25 from rbacon for 324 cm of STY-1. The red dashed line represents 

the weighted mean. Black dashed lines represent minimum and maximum ranges (95% confidence 

interval). The red (Alkali residue) and the light blue (Carbonate shells) dates have been treated as 

outliers and have been excluded from the modelling processes. The black stars highlight the anchor 

points ceramic shard, aqueduct, and Crateagus seed (cf. details in section 0). For interpretation of the 

references to color, the reader is referred to the web version of this article. 
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Figure B6: Sediment accumulation rate (mm/yr) over the last 2,500 years. Dashed, horizontal lines 

broadly indicate 4 phases with differing sedimentation rates and the approximated average 

sedimentation rate within this phase. 
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Table 3. Cultural chronology of southern Greece from Early Iron Age to Late Medieval. The chronology 

is based on Weiberg et al. 2016, Bintliff, 2012, Manning, 2010.  

 

 

4.3 Geochemical Proxies 

Our palaeoclimate record consists of continuous XRF core-log measurements of 13 chemical 

elements, augmented with discrete measurements of grain size, TOC, TIC, and TN contents 

as well as isoprenoid and branched GDGT distributions. 

The sediment is dominated by calcium (Ca, 67.3 % of all considered total counts), caused by 

autochthonous calcium carbonate precipitation in the lake and allochthonous limestone 

weathering in the catchment. Iron (Fe, 14.7 %) and silicon (Si, 8.6 %) were the elements with 

the second and third most abundant counts, respectively. The elements Rb, K, Zr, Ti, Si, and 

Al all show extremely high correlations (rhoSp > 0.9) throughout the sequence due to their 

common allochthonous origin from siliciclastic rocks in the catchment such as schists and 

breccias (Figure B4). 

Gastropod shells in core STY-1B1 in the depth interval 84.4 – 105.4 cm made it difficult to 

obtain the smooth, planar core surface needed for reliable XRF analysis (Tjallingii, 2006; 

Tjallingii et al., 2007; Bloemsma et al., 2018). As a result some element counts deviated from 

those in the other core sections, showing larger oscillation and leading to artefacts at the 

section boundaries (Figure B7).  
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Figure B7. Selected elemental ratios depict paleoenvironmental changes at Lake Stymphalia for the 

last 2,500 years. The log-normalized ratios plotted in grey are based on the Avaatech XRF counts per 

second measured on STY-1. Colored lines were calculated with a 5-point moving window. Dashed 

horizontal lines mark the respective mean values for the whole dataset. PC1 and Rb/Sr indicate 

changes in the material composition. Zr/Rb is used as a grain size proxy. Mn/Fe hints to redox 

conditions in the bottom water. Sr/Ca explains the origin of the carbonates. Arrows to the right explain 

how to read the proxies. All proxies are plotted against age (cal BC/AD). Approximate depth scale (cm) 

is included for comparison. The upper boxes above the graph show the lithological units. The lower 

boxes and vertical red lines refer to the transitions between Greek cultural boundaries as specified in 

Weiberg et al. (2016; cf. Table 3). The blue vertical bar shades the approximate period of the functioning 

of the Hadrianic Aqueduct (130 – max 500 AD). Values in the grey shaded area (>1720 cal AD) need 

to be interpreted with caution due to strong anthropogenic alteration. For interpretation of the references 

to color, the reader is referred to the web version of this article. 
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Figure B8: Comparison of Lake Stymphalia climate proxies (log(Rb/Sr), A) and MBT’5Me (B) to other 

regional (C-F) and supra-regional/global climate archives (G-H) and the number of archaeological sites 

on the Peloponnese (I) for the last 2,500 years. (C) (Finné et al., 2014) (inverted); (D) Fleitmann et al., 

2009 (inverted); (E) Bar-Matthews et al., 1999 (inverted); (F) Gogou et al., 2016; (G) Büntgen et al., 

2011; (H) Alley, 2004 (I) Weiberg et al., 2016; Blue proxies reflect precipitation or humidity; higher water 

availability is plotted towards the top. Red proxies reflect absolute or relative temperature. Warmer 

temperatures are plotted towards the top. Dashed horizontal lines mark the mean values for the 

respective dataset. Boxes and vertical red lines represent transitions between Greek cultural 

boundaries as specified in Weiberg et al. (2016) and Table 3. For interpretation of the references to 

color, the reader is referred to the web version of this article. 

 

 

Four element ratios were determined that show trends which can be interpreted as suitable 

palaeoenvironmental proxies (cf. section 0). The generally negative log(Rb/Sr) ratios (Figure 

B7) in our record (varying between -0.18 to -3.29) indicate the dominance of carbonates 

compared to siliciclastic material in the lake’s catchment, which is dominated by limestone 

karst. Relatively higher values of the Rb/Sr ratio occur in units with low carbonate content.  

As stated by Heymann et al. (2013), we use the log(Zr/Rb) ratio as a grain size proxy; higher 

values are linked to the coarser, silt-sized fraction, while low values refer to fine, clayey mineral 

input. The mean is 0.44 and the median is 0.41. There is a considerable shift in the data 

around 700 cal AD and afterwards the variability in the ratio is considerably larger than in the 

first half of the sequence (Figure B7). The log(Mn/Fe) ratio fluctuates between -5.0 to -3.0 and 

highest variation can be seen for the period 500 to 1000 cal AD. As Fe show a high correlation 

with other terrestrial elements (rhoSp for Fe and Ti = 0.92), it is mainly related to allochthonous 

input and hence the potential use of the Fe/Mn ratio as an indicator of redox conditions in the 

water column needs to be applied with caution. The log(Sr/Ca) ratio (Figure B7) is consistently 

negative and varies between -4.6 to -2.8. Between 350 to 700 cal AD, we see the highest 

variation.    

We additionally applied a principal component analysis (PCA) to the dataset of the 13 selected 

geochemical elements in order to reduce the dimensions and summarize the data structure. 

The scree test suggests using the first three factors, as the first (PC1), second (PC2) and third 

principal component (PC3) account for about 79 % of the variance in the dataset (BS4). We 

only apply PC1, taking into account 52.9 % of the variance. The loadings provide information 

on the influence of the chemical elements on the respective component. While PC1 is tied to 

Ca and Sr at the negative end and to all the other elements at the positive end, PC2 is 

negatively related to Zr and Si, while the other elements show positive loadings (BS4). 

Consequently, PC1 can be interpreted as an axis that spans between carbonate rich samples 

(Ca, Sr) on the negative end and mineral rich assemblages indicated by positive values. These 
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divergent elemental compositions are likewise reflected in the Rb/Sr ratio. A Spearman 

correlation between log(Rb/Sr) and PC1 hence leads to an extremely high correlation (rhoSp= 

-0.968, p < 0.05). This similarity is also apparent in the high degree of alignment between the 

curve progressions in Figure B7, as they show the same temporal responses. It can thus be 

concluded that PC1 for the STY-1 XRF dataset represents a suitable summary proxy for 

chemical weathering. In addition, the results of the PC1 confirm the applicability of Rb/Sr as a 

palaeoenvironmental proxy, because it covers the most important fluctuations in the complete 

dataset. 

 

4.4 GDGT distributions 

Both isoprenoid and branched GDGTs were ubiquitously present in the investigated interval 

with the latter dominating the GDGT pool. This is also expressed in generally high BIT values 

varying between 0.95 and 0.98 (data not shown). Highest MBT’5Me values of about 0.60, 

reflecting higher mean annual air temperatures (MAATs), are found at 200 cal AD, after which 

MBT’5Me values decrease by about 0.13 over the next 200 years, yielding a minimum MBT’5Me 

of 0.47 at 390 cal AD. Subsequently, the MBT’
5Me increases over the next 140 years and stays 

relatively invariant with values between 0.52 and 0.53 in the interval from 535 to 660 cal AD. 

A second minimum of 0.47 occurred at 690 cal AD followed by an increase in temperature 

expressed by an increase in the MBT’5Me value of about 0.52 shortly after. The MBT’5Me value 

decreased to an absolute minimum of about 0.45 at 710 cal AD followed by a rapid increase 

to 0.53 around 720 cal AD (Figure B8). 

 

5. Discussion 

5.1 Geochemical ratios 

The geochemical elements obtained from XRF analysis are shown and interpreted as log-

ratios to circumvent the closed-sum effect and to obtain a signal that is relatively easy to 

interpret for palaeoenvironmental variation (Weltje and Tjallingii, 2008; Löwemark et al., 2011). 

Selected element ratios are explained and discussed in the following. 

The rubidium-strontium (Rb/Sr) ratio is commonly applied as a proxy for weathering intensity 

in the catchment (Chen et al., 1999; Jin et al., 2006; Xu et al., 2010). Rb has an allochthonous 

source and can replace potassium (K) in the crystal lattice of clay minerals. It enters the lake 

environment with silicates and K-rich minerals. Sr can have an allochthonous or 

autochthonous origin and is thus introduced either from carbonate weathering in the 

catchment or from precipitation of SrCO3, as substitute for Ca, within the lake (Cohen, 2003; 

Koinig et al., 2003). Precipitation of SrCO3 also increases by evaporative concentration in 

lakes, a process which often happens during a lowering of the lake level due to dry and warm 
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climate conditions (Heymann et al., 2013). Hence, high Rb/Sr values in lake sediments may 

generally be interpreted as enhanced erosion of siliciclastic material under cooler and wetter 

climatic conditions and enhanced catchment precipitation, while low Rb/Sr values indicate 

warmer and drier conditions with evaporation-driven carbonate precipitation in the lake 

(Heymann et al., 2013; Unkel et al., 2014). As the period presented in this paper shows a 

strong imprint of human activity in the polje, the Rb/Sr ratio cannot unequivocally be linked to 

climatic variations and firstly reflects the balance between carbonates and clastic components. 

For the period presented here, the Rb/Sr ratio can instead be interpreted as proxy for water 

availability and lake size. High Sr and low Rb/Sr values indicate high water availability 

dissolving carbonates from the limestone bedrock and precipitating in the lake during warm 

summers, while high Rb and high Rb/Sr values are present in phases with less water 

availability and thus a smaller lake area, where terrestrial detritus is more easily eroded up to 

the depocentre of the lake. The proxy does not indicate whether these processes occur 

naturally or are human induced.  

For the strontium-calcium (Sr/Ca) ratio, some authors associate higher values in stalagmites 

with lower levels of recharge into the karstic aquifer during dry climate conditions (Cruz et al., 

2007). Other authors explain higher Sr concentrations with enhanced biogenic carbonate 

precipitation compared to detrital carbonates, because the Sr partition coefficient (KDSr) for 

biogenic carbonate is much greater than that for inorganic carbonates (Hodell et al., 2008). 

We here follow the interpretation of Hodell et al. (2008) and interpret higher Sr/Ca ratios as 

more biogenic carbonate precipitation in the lake and lower values as more inorganic, detrital 

carbonate input from the catchment.  

Iron (Fe) and manganese (Mn) concentrations correspond among others to oxidation 

processes within the lake. The Mn/Fe ratio is often interpreted as an indicator for redox 

conditions (Davison, 1993; Heymann et al., 2013). In the water column, Fe2+ is less stable 

than Mn2+ and precipitates earlier. Thus, low (high) Mn/Fe values are considered to indicate 

anoxic (oxic) conditions, often visible by greyish-blue (brownish-red) sediments (Koinig et al., 

2003; Unkel et al., 2014). Besides redox conditions, pH changes affect the ratio, as more Mn 

is mobilized when pH is decreasing. Hence, low (high) Mn/Fe values may also indicate acidic 

(alkaline) conditions. In periods of high productivity, intensive degradation of organic matter 

leads to oxygen depletion and acidic condition and may also be reflected in higher TOC values 

(Koinig et al., 2003). If the variability of Fe is closely related to allochthonous input, this 

suggests that Fe mainly originates from terrestrial sources and the use of the Mn/Fe ratio as 

an indicator of redox conditions in the water column may be limited (Naeher et al., 2013). As 

Fe and inert Ti show a high correlation (Sprho: 0.86) at Lake Stymphalia, we assume that Fe 

mainly originates from terrestrial sources and interpret the Mn/Fe proxy with caution only in 

phases when both elements show clear signals. 
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The ratio of allochthonous Rb versus zircon (Zr) is widely used as grain-size proxies, as Rb is 

associated with clay minerals, while Zr is mainly associated with coarser grain material (Dypvik 

and Harris, 2001; Koinig et al., 2003; Chen et al., 2006; Cuven et al., 2010; Kylander et al., 

2011). In the Stymphalia record, Zr is linked to the silt-sized fraction and Rb is strongly linked 

to the clay mineral assemblage suggesting no K-feldspar source contribution (Heymann et al., 

2013).  

 

5.2 General palaeoenvironmental interpretations  

The lack of lamination throughout the entire core sequence indicates that the water level has 

never been considerably higher than at present over any long time period as would be 

necessary to allow for water column stratification and repress complete mixing of the water 

column (Zolitschka et al., 2015). A generally low water level is also supported by the presence 

of Bythinia sp. (Figure B3-D) and Valvata sp. shells or shell fragments throughout most of the 

sediment sequence (Figure B4). Both organisms are gastropods living in well oxygenized, 

shallow waters and swamps, and are often found, e.g., in the reed belt of shallow lakes in the 

Balkans (Tom Wilke, pers. comm. 2015; Davies, 2008). Their presence in Lake Stymphalia 

thus indicates a generally molluscan favourable environment with well-mixed, oxygenized 

conditions within a small, permanent and constantly shallow freshwater lake even within the 

blackish units 62 and 63 (Davies, 2008; Mischke et al., 2017).  

The different shades of colour in the sediment sequence indicate varying depositional 

conditions. While the lower part of the core shows signs of low sedimentation under water-

logged conditions, the brownish colours of the upper part indicate increased erosion, a higher 

input of terrigenous material and short periods of desiccation, e.g. during summer (Figure B4). 

The grain size distribution in lake sediments provides information on the erosion, transport 

and accumulation mechanisms of material from the source to the lake. The compact, fine-

grained silty clay and clayey silt units in this sequence point to a dominance of chemical 

weathering in the catchment. In a water balance calculated by Morfis and Zojer (1986), more 

than half of the water discharge volume is ascribed to underground inflow, suggesting the 

importance of mineral transport in dissolution, mainly concerning the carbonates.  

Four main sedimentation phases can be distinguished over the last 2,500 years (Figure B6). 

During Classical-Hellenistic times, the sedimentation rate is approx. 0.2 mm/yr. It slightly 

increases to about 0.4 mm/yr during the Roman Period. Interestingly, this is on a comparable 

scale to the sedimentation rates calculated from colluvia in the neighbouring Phlious basin 

(Fuchs et al., 2004). Around 800 cal AD, we see a strong increase in the sedimentation to 

>2 mm/yr lasting for approximately 300 years and then gradually decreasing to the top; and 

for the last 500 years it is calculated at 0.7 mm/yr (Figure B6). Walsh et al. (2017) report a 
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mean accumulation rate of 1.7 mm/yr for their Stymphalian sediment cores recovered from 

the lakeshore.  

The MBT’
5Me proxy provides a means to quantify temperature variations over time (De Jonge 

et al., 2014). As no regional lake temperature calibration for the MBT’
5Me is currently available 

and the only other calibrations available for tropical East African lakes (Russel et al., 2018) 

and alkaline Chinese lakes (Dang et al., 2018) yield temperature estimates for Lake 

Stymphalia that are much higher than the 20th century data from the meteorological station at 

Driza-Stymphalia, and are thus highly unrealistic, we prefer to discuss relative temperature 

trends instead of reporting absolute temperatures (Figure B8). Additionally, we do not address 

the question of variation between autochthonous and allochthonous sources in the sediment 

composition, which likely affects the palaeothermometer. As lipid biomarker analysis in 

Greece is still at an early stage (Gogou et al., 2016; Katrantsiotis et al., 2018; Norström et al., 

2018), we assume the full potential of this method is not yet achieved, and only provide a first 

tentative interpretation. However, we included this dataset with the aim to contribute to the 

further development of this method.  

 

5.3 The socio-environmental history 

5.3.1 Classical-Hellenistic and Early Roman Periods (479 BC – 130 AD; unit 59) 

Archaeological investigations and palaeoecological findings postulate agricultural activity in 

the Stymphalia catchment from the Early Neolithic onwards (Williams, 2005; Walsh et al., 

2017b). Thus, variations in the analysed sediment sequence most likely reflect both natural 

as well as anthropogenic changes in the landscape.  

During Archaic to Middle Hellenistic times (600-250 BC), the city of Stymphalos was 

flourishing, accommodating ca. 2,500 people plus potentially another 500 people in the rural 

surroundings (Williams, 2005, 2003; Karambinis personal communication). Williams (2005, 

2003) describes a large, fortified wealthy city for the 5th to 3rd century BC; the florescence of 

the city was associated with the maximum regional population and land use unrepeated until 

the later 20th century AD. Excavations in the Lower Town by Williams, a large part of which 

lies in the lake flats, have revealed that the archaeology is covered by at least 1 m of fine-

grained colluvial sediments deposited into a shallow freshwater environment overlying the 

abandoned buildings, while the house foundations extend below the modern water level. 

Clearly, the lake during this urban phase must have been further out into the current lake bed, 

and at a significantly lower level. 

The geochemical records for this urban period (lithological unit 59) are all very stable 

(Figure B7). The absence of major fluctuations points to a phase of rather stable 

environmental conditions. Greyish clayey silt with a slightly black mottled appearance and a 
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high content of shell fragments suggests that the sediments were continuously water-logged 

at that time. 

The finding of a larger ceramic shard at 205 cm in core STY-3B (Figure B3-C) as well as a 

small amount of tiny ceramic particles in STY-1B prove human presence at this depth, during 

the 6th to 5th century BC. The shard was embedded in a fine matrix, indicating slow, regular 

and constant accumulation excluding any extreme event such as a debris flow or strong 

erosion induced by land-use management which would have required a coarser matrix, whilst 

the Zr/Rb ratio shows consistently fine sediment. The low sedimentation rate (~ 0.2 mm/yr) for 

this period further confirms this assumption (Figure B6). On that basis, we assume that the 

ceramic was deposited under regular, stable sedimentation conditions and it was thus also 

considered a terminus post quem for the surrounding sediment. It is striking, that despite high 

levels of local population and inferred maximal land use in the surroundings of the lake, 

unparalleled until the late 19th century AD, no larger disturbances can be found in the sediment 

core. Clearly, on the one hand, farming and pastoralism were practised in ways that protected 

the landscape from significant erosion, and on the other hand, reconstructions of 

contemporary climate in Classical-Hellenistic Greece suggest stable climate conditions 

unlikely to destabilize the land surface (Finné et al., 2011). 

In later Hellenistic into Early Roman times (locally 250 BC – 100 AD) the city shrank and then 

lost its city status, becoming a far smaller settlement which by Middle Roman times (200-400 

AD) may have been little more than a village (Williams, 2003). This demographic decline in 

Stymphalia is in agreement with decreasing settlement activity from the Peloponnese (cf. 

Figure B8-I; Weiberg et al., 2016).  

Around the beginning of the Roman period, we observe a slight shift in the grain size of the 

sediment core towards even finer silty clay. This matches the archaeological data indicating 

that land use was more restricted. During this period, land use will have declined on a massive 

scale and natural vegetation cover may have spread again, stabilizing the soils, limiting 

surface weathering, and leading to less detrital input. The sedimentation rate is lowest around 

0 – 100 cal AD which suggests a largely abandoned land use and a recolonization of the 

landscape by stabilizing natural vegetation such as scrub and woodland that hinders the soils 

from eroding. However, the TOC/TN values for this period are incomplete and pollen is not 

well-enough preserved in the sediments to support this indication. 

It can be considered that during Classical, Hellenistic and the first two centuries of the Early 

Roman period, inhabitants of the Stymphalia polje practised sustainable agro-pastoralism that 

didn’t cause a lasting imprint in the lake. For this period, the lake seems to have been steady 

in size and the ecosystem seems to have been resilient and in equilibrium as no large 

disturbances have been recorded. 
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5.3.2 Later Early to Late Roman Period (ca. 130 – 641 AD; unit 60) 

From approximately the first two centuries of Early Roman times onwards, only a very small 

settlement is known in the catchment of Stymphalia and the impact on the landscape is 

assumed to have been small (Williams, 2003). A slight increase in population might be 

recorded for Late Roman times (400-650 AD), indicated among others by the finding of graves 

dated to the late 4th and 5th century (Williams et al., 2002; Williams, 2003); but in the former 

city and in the wider region it will have been a fraction of the population development seen in 

the climax era of Archaic to Middle Hellenistic times. For the Peloponnese, a higher settlement 

activity is also reported by Weiberg et al. (2016) for the time span 350 – 700 AD (Figure B8-

I). 

All geochemical elements measured from the sediment core show an abrupt change in the 

measured counts at 189 cm (140 cal AD). While the carbonates Ca, Sr as well as the TIC 

content drop considerably, the terrigenous elements (Rb, Zr, Al, Ti, K, Si) increase sharply 

and stay constant at higher level for several centuries, with the exception of a small dip at 180 

cm (360 cal AD). This very sudden shift at 189 cm, clearly seen in Mn and Fe counts (Figure 

B4) is interpreted as a direct consequence of the building of the imperial, Hadrianic aqueduct. 

Around 130 AD the Hadrianic aqueduct was built over a distance of 84 km from the spring of 

Driza to the ancient city of Corinth in order to extend the latter city’s water supply (Lolos, 1997; 

Unkel et al., 2011). In the natural state, underground discharge from the Stymphalia catchment 

would drain first into the lake, mainly being fed by two sources, and then by subterranean 

sinkholes into the Gulf of Argos to the SE (Morfis and Zojer, 1986), but with the help of tunnels 

and bridges, the engineers of the time redirected the bulk of the water to the NE. Ancient 

Corinth, as the capital of the Roman province of southern Greece, was flourishing at that time, 

and although water supply in the city was generally sufficient for the basic needs of the 

citizens, it is assumed that the Corinthians wanted the additional water source for elaborate 

water infrastructure features such as fountains and bath complexes (Lolos, 1997). The 

construction of the aqueduct meant a huge impact for the Stymphalia lake system. As 

response to the water being diverted directly from the spring of Driza to the aqueduct, the lake 

area shrank drastically and the lake level became lower. This explains the sudden shift in the 

geochemical elements at 189 cm (Figures B4 and B7). 

The sedimentation rate was at a minimum at the beginning of the aqueduct construction 

project and reached a small local maximum of approximately 0.5 mm/yr between 200 to 300 

cal AD (Figure B6), contemporaneous with the zenith of the aqueduct. We assume that the 

increase in sedimentation rate can best be explained by the diminishing lake area; the coring 

spot in the depocentre of the lake would have been closer to the shores and thus more 

terrigenous material would reach its position. Throughout the existence of the aqueduct during 

the Roman and Late Roman Period, carbonate content in the system is considerably lower 
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and we hardly find any gastropod and shell fragments here, while detrital input of terrigenous 

elements is highest, indicating that material input was dominantly allochthonous.  

Additionally, a strong increase in Fe is visible over the running time of the aqueduct, peaking 

at 178.9 cm and 176.8 cm (ca. 380–440 cal AD). Here, we find a coarser grained, oxidized, 

orange layer, clearly visible in the high Fe content as well as in the RGB colour together with 

a peak in Zr/Rb (Figures B4 and B7). Sedimentologically, the orange colour and the high Fe 

content point towards oxidation and precipitation of Fe-hydroxide. It seems plausible that the 

lake area continuously shrank over time and by the end of the 4th century AD, the lake 

seasonally or periodically dried up allowing for oxidation to take place. Several proxies point 

towards a very small lake, desiccating and oxidizing conditions around 400 cal AD, which can 

be ascribed to the draw off of water discharges for the aqueduct. When we compare the 

Stymphalia dataset to other archives for the Eastern Mediterranean, e.g. the δ18O and δ13C 

stable isotope data from Kapsia Cave, Peloponnese (Finné et al., 2014), Soreq Cave, Israel 

(Orland et al., 2009), and Sofular Cave, Turkey respectively (Fleitmann et al., 2009; Göktürk 

et al., 2011), we do not see a consistent picture, but rather regionally diverse expressions 

(Luterbacher et al., 2012; Roberts et al., 2012; Manning, 2013). Around 400 AD however, most 

proxies tend to indicate slightly drier conditions (Figure B8-C,D,E) and it is thus possible that 

the dry conditions in Lake Stymphalia at that time may have additionally been influenced by a 

climatic factor.  

Conditions change during the 5th century AD, when relatively more Sr is precipitated within the 

lake and additionally the Mn/Fe ratio points towards more anoxic conditions suggesting that 

the lake was continuously waterlogged again. Historical information indicate that during the 

3rd to 4th century AD maintenance was carried out to keep the aqueduct working, while during 

the 5th century AD, the Hadrianic Aqueduct was abandoned and partially collapsed, associated 

with a significant decline in the size and prosperity of Corinth (Lolos, 1997; Hammond, 2015). 

The beginning of the long-term abandonment of the aqueduct – which was actually not re-

activated until the 1880s (Morfis and Zojer, 1986) – coincides with the changes in the sediment 

geochemistry. After the collapse of the aqueduct, more water stayed in the basin and the lake 

was refilling. The Fe content is continuously decreasing again and it seems as if the lake 

system that had been disturbed and unbalanced by the construction of the aqueduct was trying 

to retrieve its equilibrium state. The Rb/Sr ratio, which was relatively constant since the 

construction of the aqueduct, starts to decrease around 540 cal AD, parallel to when Mn/Fe 

reaches its minimum. Temporally, this coincides with two large volcanic eruptions in 536 AD 

and probably in 540 AD, which caused atmospheric dimming and contributed to a cold spell 

in the Northern Hemisphere. A climatic connection, concomitant with cooler conditions at Lake 

Stymphalia, seems possible and could be consistent with the age-depth-modelling for this 

phase. 
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The period 500–650 cal AD, depicting high Sr/Ca values and low Mn/Fe ratios, emphasizes 

constantly waterlogged conditions. As the Mn/Fe ratio during this period shifts to more anoxic 

conditions, we conclude that Lake Stymphalia was probably (slightly) deeper and less well 

ventilated. One possible explanation could be that wind intensity during this phase was lower 

causing less frequent mixing of the whole water body and the sediment surface. Another 

scenario would be that the target surface for the wind might have been lower due to protection 

by vegetation cover, e.g. like a pronounced reed belt as it can be found around the lake today. 

Sr/Ca shows its highest peak in the record here, pointing to an increased supply of biogenic 

carbonate material. This is supported by a high amount of shells and shell fragments. The 

gastropods must have developed under constant water conditions. It can thus be concluded 

that during the 6th and early 7th century cal AD considerably higher amounts of water reached 

the Stymphalia polje enabling the extension of the lake area. As the aqueduct was not working 

anymore and human influence in the area is very low at that time, the water supply can be 

primarily associated with the reintroduction of water from the lake’s main source, the Driza 

spring. Additional effects of changes in precipitation and temperature may have influenced 

this turn; reconstructions from the Eastern Mediterranean however do not show a 

homogeneous pattern. The Sofular Cave proxies show considerable higher precipitation at 

this time (Fleitmann et al., 2009; Göktürk et al., 2011), while data from Soreq Cave is 

interpreted as showing a decrease in precipitation for the 2nd to 7th century AD (Göktürk et al., 

2011; Luterbacher et al., 2012). In their review of climatic changes during and after the Roman 

Empire 100 BC – 800 AD, McCormick et al. (2012) state that precipitation in France and central 

Europe became exceptionally variable between 250 and 650 AD. They see a warming trend 

in the 4th century AD, while the 6th century is characterized by generally cooler conditions, crop 

failures and the Justinian Plague (541 AD onwards), a devastating epidemic outbreak in the 

Mediterranean, as well as droughts and heat events, a high number of famines and cold 

winters in the Middle East (600–724 AD) (McCormick et al., 2012). 

During the Roman Period, we initially see crucial human influence on the lake ecosystem with 

the building of the aqueduct, followed by a period, when the proxies seem to respond to 

climatic influences again, however more sensitively than before, which may be ascribed to the 

unbalancing caused by natural rebound of the hydrographic system once the aqueduct ceased 

to function.  

 

5.3.3 The Early Byzantine Period (641-842 AD; units 61 – 65) 

During the Early Byzantine and the early part of the Middle Byzantine very low population and 

very limited land use are expected for the Stymphalia basin in the context of generally low 

settlement activity in the Peloponnese and Greece generally (Bintliff, 2012a; Weiberg et al., 

2016; Figure B8-I). The plague in the Eastern Mediterranean began in 541 AD and recurred 
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several times until ca. 800 AD (Little, 2007; Benovitz, 2014; Izdebski et al., 2016), causing 

major depopulation for the Stymphalia area. The Migration Period in Greece is most prominent 

in the 8th century AD, when Slavic colonisation spread to the Peloponnese, taking in some of 

the land emptied by the lost local population. Although recognition of Slavic sites is highly 

problematic (just two cemeteries have been excavated in the Peloponnese), and surviving 

Greek populations in the countryside are hard to detect since much of their material culture 

continues Late Roman forms, the evidence overall points to a demographic low point in Greek 

rural landscapes (Bintliff, 2012b). Dated churches confirm the delay in population recovery 

until the 10th century AD (Sigalos, 2004). 

For the 7th and early 8th century cal AD (156.5 – 167.5 cm, unit 61 – 64) we see high variability 

in the sediment core and all geochemical proxies (Figure B4). As human activity is considered 

to be low, as outlined above, it can be assumed during this period that fluctuations in the 

sediment are primarily attributed to natural climatic and environmental changes rather than to 

anthropogenic influence. Four very thin but lithologically different units (unit 61 – 64) have 

been identified in this phase. As gastropods are present throughout all phases, we assume 

the constant existence of a lake, however with varying extent. The short but intense 

fluctuations indicate that after the vast disruption from building the aqueduct, the lake system 

had not fully recovered and regained its balance, but was highly vulnerable and new 

environmental changes led to significant repercussions in the ecosystem.  

Unit 61, dating to the second half of the 7th century, contains light olive grey material with a 

higher amount of coarse material and only few shell fragments (Table 1). It contains a sharp 

Ca peak, higher than in the units below but lower than in unit 65 and above. High Zr counts 

indicate coarser grain size most likely due to more intense erosion or strong precipitation 

events in the lake’s catchment. Vegetation cover or a potential reed belt around the lake must 

have been low or absent, allowing the coarser material to reach the coring spot. Unit 62 again 

is rather fine grained, has a high amount of terrigenous elements and the lowest Ca counts of 

the analysed core sequence. The Crataegus seed, dated to ca. 780 AD, was found within this 

unit (modelled to 690 cal AD). The most characteristic features of this unit are its black colour 

and the high magnetic susceptibility values (>30x higher than the median). The blackish colour 

may indicate organic matter and anoxic conditions, supported by a very low Mn/Fe ratio. Unit 

63, is also black, but consists of considerably coarser material, a high amount of intact shells 

and shell fragments and shows a strong Fe peak. What can clearly be observed here is a 

sudden, strong increase in the sedimentation rate to over 2 mm/yr that continues with a slightly 

decreasing trend for the following centuries. The variable and rapidly changing Zr/Rb proxy, 

reflecting grain size fluctuations, implies a vulnerable environment with quick changes in water 

availability. The intensity of variation of the geochemical proxies in units 61–64 is unparalleled 
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through the entire sequence at Lake Stymphalia, even stronger than during the 

Pleistocene/Holocene transition (Heymann et al., 2013). 

The period between approximately 100 to 750 cal AD was specifically investigated using the 

distribution of branched GDGTs MBT’
5Me to gain information on relative temperature 

fluctuations, because it is known as a period of significant temperature variations (Büntgen et 

al., 2016). The relative ΔMAAT variation (Figure B8-B) based on the MBT’
5Me lipids suggests 

relatively warm conditions in Stymphalia during the 2nd to 3rd century cal AD followed by a 

strong cooling trend at the beginning of the Late Roman period and coldest temperatures 

around 400 and again later around 700 cal AD. This first cold phase is parallel to the decrease 

in rainfall described from the Middle East (Orland et al., 2009; Göktürk et al., 2011), and also 

aligns with δ18O inferred drier conditions observed in the Kapsia Cave (Finné et al., 2014) and 

the Soreq Cave (Bar-Matthews et al., 1999). Within the error margin of the age-depth-model, 

the MBT’
5Me-reconstructed relative MAAT variation is also largely in agreement with a 

previously reported cooling in the 6th and 7th century AD based on dendrochronological data 

from the French Alps and the Russian Altai described by Büntgen et al. (2016) and referred to 

as the “Late Antique Little Ice Age” (LALIA, Figure B8-G). As possible triggers, Büntgen et al. 

(2016) suggest high volcanic activity and low solar forcing. In a recent review paper, Helama 

et al. (2017) describe a longer period of cold conditions between 400 and 765 AD termed 

“Dark Ages Cold Period” (DACP). However, we here follow the terminology of Büntgen et al. 

(2016) and abstain from using the term DACP (Büntgen et al., 2017; Helama et al., 2017b), 

as the latter is not only culturally pejorative, but it can also easily be confused with the Greek 

Dark Ages at the Bronze Age/Iron Age transition (Drake, 2012), which for the same cultural 

reasons are more frequently referred to as the Early Iron Age or (Proto-) Geometric and 

Archaic Period (Bintliff, 2012b; Weiberg et al., 2016). For the temporal extension of the cold 

LALIA period as reflected in our Stymphalia record, we would however rather follow Helama 

et al. (2017), as our brGDGT-inferred relative temperature record shows continuously colder 

temperatures until the beginning of the 8th century as compared to the 2nd century cal AD. 

Izdebski et al. (2016) also report colder climate conditions during the Late Antiquity for Anatolia 

and the Levant and add that the coldest decade most probably covered the time of the 

devastating pandemic known as the “Justinian plague” (541 AD). Büntgen et al. (2016) also 

consider the LALIA as one influential factor on “crop failure, famine and plague, as well as a 

possible trigger for political, societal and economic turmoil”. During this period, described as 

the “rural agrarian system of Antiquity” (Izdebski et al. 2016), the people in the Eastern 

Mediterranean were strongly depending on cereal cultivation, viticulture and arboriculture, 

activities that are generally vulnerable to climatic fluctuations. The rapid drop in temperatures 

may have strongly increased their vulnerability, made them less resilient and more fragile to 

social crises. More pertinently, as occurred in the early years of the 17th century during the 
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LIA, closely spaced and even contiguous severe drought years may have caused historically 

significant unrest/collapse of normal agrarian adaptive systems (White, 2013; Manning, 2018). 

The situation in the eastern Roman Empire during the 6th and 7th centuries AD is described as 

showing “signs of hydroclimatic difficulties” and drier conditions that seemed to have prevailed 

until the 8th century AD (McCormick et al., 2012; Manning, 2013). The onset of the Late Antique 

cooling in the 7th and 8th century AD is described by McCormick et al. (2012) as a period of 

“deep transformations”. This phase of high climatic instability in the Eastern Mediterranean is 

contemporaneous to the period of high instability and very varying conditions seen in Lake 

Stymphalia.  

The core sequence reflecting the second half of the Early Byzantine Period, unit 65, comprises 

bright clayey silt containing some sand and a considerable amount of gastropod shells. Ca 

content is highest compared to the lower core sequence and the Sr/Ca ratio indicates mainly 

detrital input due to enhanced limestone weathering intensity. Strong chemical weathering 

may be explained by episodes of warm and wet climate conditions (Jin et al., 2001). Strong 

precipitation events may account for the influx of coarser material in unit 62, together with 

chemical changes. The continuing effects of the LALIA climatic fluctuation may be responsible, 

given the very low human impact. The notable rise in sedimentation after 780 cal AD and on 

till the 14th century AD begins in what Büntgen et al. (2011) as well as Bradley et al. (2016) 

term “Medieval Quiet Period”, a period of reduced climate variability between 700 and 1000 

AD. With the exception of the Mn/Fe ratio, which points towards decreasing oxic conditions 

and thus less intense mixing conditions, our proxies also show comparatively few fluctuations 

within that period, but that may also be explained by low human activity in a more stable land-

cover. Although evidence for population changes in the Stymphalos Polje are so far not 

studied for the entire Early Byzantine period, wider evidence from the Peloponnese and other 

parts of Greece suggest low population and levels of land use throughout the era. The onset 

of increased sedimentation seem to mark the earliest phase of the Early Medieval Warm era, 

but this in itself would not seem sufficient to account for the increased influx of erosion 

products, which is lacking in the Greco-Roman eras under similar climatic conditions. 

 

5.3.4 Middle Byzantine Period (842 – 1204 AD; units 66 – 67) 

In the 9th century AD, southern Greece is re-integrated into the Byzantine Empire (Xoplaki et 

al., 2016). From Middle Byzantine (MB) times onwards, we see a gradual rise in population 

and a revival of agricultural use across the study region, reaching its climax after 1150 cal AD 

(Figure B8-I; Bintliff, 2012b; Williams, 2005; Xoplaki et al., 2016b). Xoplaki et al. (2016) define 

the 12th century AD as a “most prosperous period for southern Greece, with high agricultural 

productivity” and a relatively resilient society.  
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The steady increase in terrigenous elements (Figure B4), consequently an increase in Rb/Sr 

(Figure B7) and the sustained high sedimentation rate (Figure B6) from the 11th century until 

approximately 1400 cal AD would fit increasing human impact. While the Zr/Rb ratio showed 

only minor fluctuations before ca. 700 cal AD, the ratio strongly oscillates within this period 

starting in the mid-8th century, which could suggest enhanced human activity, land use, and 

erosion of soils with varying grain sizes. The silt content increases from 63 % in unit 64 to 79 

% in unit 68 (BS3). The coarsening of the particles could potentially be linked to more 

intensified land use, such as herding, agricultural activity or deforestation loosening the soil 

and destabilizing the slopes, although the archaeologists believe that during this period the 

area was largely covered by forest (Campbell, 2018). Contrary to the Late Roman period, we 

do not consider that the lake area was small during the MB time, allowing more coarse-grained 

material to reach the depocentre, because we see high carbonate content here, which 

demands chemical weathering due to the presence of water and a rather large lake surface 

for summer evaporation to be more effective. Additionally, more allogenic organic matter is 

washed in and preserved, as seen by higher TOC and TOC/TN values at 145 cm (4.9% and 

39.6 respectively) or 110-115 cm (6.4% and 43.6 respectively; BS2). For the analysed 

sequence, TOC/TN ratios usually fluctuate between 10 and 20 (mean = 17.6), which suggests 

significant mixing of terrestrial and aquatic organic matter (Meyers, 2003). In the MB period, 

the amount of terrestrial organic matter dominates, while the high sedimentation rates may 

contribute to the comparatively better preservation of the organic matter as the sediment 

buries it before it can be completely decomposed. While in unit 66 we still find intact gastropod 

shells, unit 67 only contains shell fragments and additionally root fragments, suggesting the 

reworked nature of the material and vegetation growth. The increase in detrital terrestrial 

material input is likewise visible in PC1 and Rb/Sr (Figure B7). As Ca and Sr still have high 

values, although decreasing over time, we would expect intensive chemical weathering and 

high evaporation, thus generally warm and wet conditions. The archaeological and historical 

evidence for Greece clearly indicate an increasing rate of demographic growth and land intake 

between the 9th and the 12th centuries (Bintliff, 2012b; Xoplaki et al., 2016). That this took 

place within a climate phase, which was warm and moist according to current climate 

reconstructions, was a very positive background to a new political stability in the countryside. 

Other high resolution climate proxies for this period are still rather sparse (Xoplaki et al., 2016), 

but SSTs from M2 in the Aegan Sea (Figure B8-F; Gogou et al., 2016) also record increasingly 

warmer temperatures for this phase starting from 900 AD up to the 14th century.  

However since demographic levels are well below those of Classical-Hellenistic times, and by 

inference the extent of landscape in intensive use, the unparalleled erosion into the lake, seen 

by the high sedimentation rate, must imply either strong precipitation events, or effective 

evaporation from a large and shallow water body, or non-investigated more localised and very 
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destructive deforestation and modes of farming and herding in the immediate catchment of 

the lake, than prevailed throughout Greco-Roman times. 

 

5.3.5 Late Byzantine-Frankish Period (1204 – 1460 AD; units 67 – 68) 

The uppermost part of sedimentary unit 67 and the lower part of 68 cover the era of Crusader 

occupation and parallel Byzantine control of different parts of the Peloponnese, before the 

Ottoman conquest of the mid-15th century. Since the 13th to early 14th centuries show dramatic 

contrasts both in the archaeological and historical record, as in the core evidence, to the period 

of the late 14th into mid-15th centuries, we shall discuss these separately. 

For the 13th century the high sedimentation rate which had commenced already in Middle 

Byzantine times is maintained, but with a visible slowing down. The continued increase in 

Rb/Sr points to more terrigenous influence and Mn/Fe suggests that the lake continued to 

become shallower and/or well mixed, reaching its most oxic state in the first half of the 13th 

century, which coincides with societal changes in the catchment. 

Although we do not expect any major change in regional demography and land use, the 

Stymphalos lakeside has a truly exceptional history in the 13th century, since it was chosen for 

the foundation of a Cistercian monastery, located above and slightly inland of the ancient city 

site (Campbell, 2018). In general, such establishments favoured areas with high agro-pastoral 

potential but remote from major population centres. They emphasized manual labour by the 

monks and advanced farming techniques, but the assistance of local labour (lay-brothers) 

required the existence of nearby settlements. We can expect intensive use of the landscape 

around the monastery but rather good management of local ecology. That erosion into the 

lake continued but at a declining rate may indicate new clearance initiatives near the coring 

site but maybe slightly greater ecological care than in the preceding period of settlement. 

However, the Zaraka monastery existed for only less than one century and due to the age 

uncertainties in the sediment core outlined above, it is not possible to draw conclusive links 

between changes in the sediment sequence and monastery activities. We conclude here that 

the climatic regime for this century marks the highpoint of the early Medieval Warm period, 

remaining as favourable to settlement and land use as in previous centuries.  

In the second half of the Late Byzantine-Frankish (B-F) era, there is strong societal 

transformation. The collapse of Frankish power leaves the Peloponnese in Byzantine control, 

and the monastery at Stymphalos is abandoned. Furthermore, in the mid-14th century, the 

Black Death produces a massive reduction in European populations, while a period of colder 

climatic conditions lasting into the 15th century, a first phase of the Little Ice Age, was 

reconstructed from the Alps (Büntgen et al., 2011). Although this climatic period is associated 

with increased precipitation in temperate Europe, the effects in the southern parts of Europe 

may have been temperature and rainfall decline (Magny et al., 2007b).  
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The latter part of the B-F period is covered by sedimentary unit 68, which shows a more 

brownish colour and considerably high magnetic susceptibility (MS) values suddenly 

increasing by a factor of 4 around 1400 cal AD and this continues into the first part of the early 

Post-Medieval period (Figure B4). High magnetic susceptibility indicates that these sections 

contain a higher amount of terrigenous material that may be magnetized, especially 

ferromagnetic elements such as magnetite or maghemite (Lucke and Sprafke, 2015). Fe 

counts are elevated but not as high as during the Late Roman period (Figure B4). Contrary to 

the material eroded in early centuries, it seems likely that the sediments eroded at this period 

were stored locally as colluviums or on terraces before, where processes of soil formation took 

place before they were finally deposited in the lake. This would likewise explain the strong rise 

in the magnetic susceptibility followed by a declining trend; upper layers with most intensive 

development of soil formation and highest MS values eroded first. The loss of soil from 

abandoned fields following the phase of the Black Death is also described from Macedonia 

(Gogou et al., 2016).  

Throughout Greece, the 14th to early 15th centuries is a period of large-scale depopulation in 

the countryside, associated with a devastating plague, prolonged episodes of warfare between 

Franks, Byzantine and the expanding power of the Ottoman Turks, and colder climatic 

conditions (Finné et al., 2011; Bintliff, 2012b). After the abandonment of the Zaraka monastery 

in the mid-14th century, we have only minor archaeological traces of human settlement in the 

region at the ancient city site and the former monastery until archival records from 1700 AD 

(Williams, 2005; Campbell, 2018). In agreement with better-documented trends elsewhere in 

Greece (Bintliff, 2012b), we expect very low populations and widespread abandonment of 

cultivated land in the 14th to early 15th centuries, coinciding with the core trends just discussed. 

Hence, the highly magnetized sediments eroding into the lake probably mark the erosion of 

deserted, non-vegetated fields during an unstable and generally colder climate, perhaps with 

shorter but more powerful precipitation events.  

 

5.3.6 Ottoman to Modern times (1460 – 2010 AD; units 68 – 70) 

With the Ottoman conquest of the Peloponnese in mid-15th century, we enter a new phase of 

local settlement history, so we shall first discuss the relevant evidence up until the end of the 

18th century AD, associated with the upper three-quarters of sediment unit 68. The age-depth-

model for the uppermost 50 cm of the core has high uncertainties and the calculated ages are 

probably slightly too old. Thus, we rather combine the geochemical signals with known 

historical dates.    

The Ottoman authorities were proactive in Greece in encouraging the resettlement of 

abandoned fields and villages (Kiel, 1987, 1997; Bintliff, 2012b), in particular inviting Albanian 

farmers and pastoralists to recolonise the Greek regions, including the Stymphalos district, 
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where the modern villages mostly take their origin from this population movement. In Central 

Greece, repopulation began in the late 14th century and led to settlement growth into the late 

16th century. The later inception of repopulation in the Peloponnese occurred within the late 

15th into 16th century. This era falls within the generally colder and locally potentially drier Little 

Ice Age period and posed problems to the population for prosperous land use (White, 2013). 

The rate of sediment deposition into the lake continues to decrease up to the 16th century and 

stays at a rather constant level of ca. 0.7 mm/yr until the core top. Throughout unit 68, this is 

accompanied by a parallel fall-off in magnetized material, indicating that less soil material is 

eroded. Additionally, a refinement of the material is observed as shown by the Zr/Rb ratio. We 

suggest this marks stabilisation of an almost empty landscape by vegetation, scrub or 

emerging young woodland and only minor human impact. 

Central Greek populations were to collapse dramatically from the late 16th into the 18th century. 

The demographic recovery which had begun much later in the Peloponnese, would also have 

been reversed at this time. The failure of central government, the peak of the Little Ice Age, 

and devastating warfare between the Ottomans and Venice were the major factors (Bintliff, 

2012b). As a result, the first census figures for villages in the Stymphalos district ca. 1700 AD 

show very low levels, with 50 or less inhabitants per village for almost all settlements in the 

Stymphalos district (the successor to the ancient city and medieval monastery, the village of 

Stymphalia, has 52; Panagiotopoulos, 1985).  

Brown and Walsh (2017) see a drastic decrease in clastic sedimentation (Cu, Zn, Fe, Ti) and 

an increase in Ca in the upper 72 cm of their sediment cores taken from the lake shore, which 

they interpret as a lake level becoming constantly shallower and drying out repeatedly. 

However, their chronology needs to be regarded with caution, as it is not well anchored in the 

uppermost part. In contrast to these results, we see the opposite elemental trend in our 

sediment record, a constant increase in terrigenous elements (Rb, Zr, Al, Ti, K, Si) for the 

upper 156.5 cm (with the exception of unit 69 – 70) and a decreasing carbonate content (Ca 

and Sr). TOC and TOC/TN values for this period are low, indicating, as the Mn/Fe ratio implies 

strongly oxic conditions, that organic matter input in this section was strongly decomposed 

and not preserved. Unit 68 contains shell fragments of Bythinia sp. proving that a lake, 

however shallow, existed at that time. In addition, the sediment in unit 68 is orange mottled 

with iron oxides hinting oxygen supply and desiccation. This leads to the conclusion that a 

small, shallow lake existed for most of the year and periodically dried out in summer. Thus, 

although the geochemical argumentation is different, we come to a similar conclusion as 

Brown and Walsh (2017) that the lake bottom became shallower over time and since 

approximately 1500 AD may have periodically dried out.  

The uppermost units 69 and 70, covering the Early Modern era of the 18th to 20th century cal 

AD, need to be regarded with caution. We see very strong, abrupt changes and we assume 
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that the material was altered post-hoc; for example, due to desiccation, some material might 

have been eroded or due to agricultural activity on the lake bottom, it may have been 

anthropogenically reworked and first soil formation processes may have set in. According to 

Walsh et al. (2017) the lake dried up completely over several years in the recent and was even 

used as a landing strip. This is known from historical sources and brought the lake its nickname 

“aerodromio”, airport (Walsh et al., 2017b). The desiccation, compaction and anthropogenic 

drainage can also be seen in the sedimentological record; unit 69 (dated to ca. 1720 – 1860 

cal AD) is very dense and compact and contains a sudden, abrupt increase in terrigenous 

elements, especially in Rb and K, typical clay elements; this increase in clay can also be seen 

in the Mastersizer data. Zr/Rb firstly indicates a shift to coarser material and then a refining 

within the unit. The TOC content in this section is low, only increasing in unit 70 above, 

indicating that enough oxygen was present in this section to decompose the organic matter. 

An increase in Mn, Fe and MS suggests first soil formation processes; gastropods are absent 

here. All these proxies indicate that in the 19th century the lake has repeatedly fallen dry. 

Furthermore, there is historical evidence that the authorities in the Corinth region re-activated 

the aqueduct in the 1880s to irrigate their local farmland (Morfis and Zojer, 1986), giving one 

explanation why less water reached the lake. Although the sinkhole at the southern shore has 

been isolated from regular outflow since the 19th century (Walsh et al., 2017b), no larger 

flooding events are visible in the core apart from the more coarse grained unit 70a (at 9 cm, 

dated to ca. 1880 cal AD). During the late 19th and early 20th century, agricultural production 

in the polje strongly expanded. The population of this district, as over the rest of the 

Peloponnese, grew exponentially; Philippson (1892) lists village sizes in the Stymphalos 

district that are 10 to 15 times those of the same communities two hundred years earlier 

(Stymphalos has now 808 inhabitants). This did not simply mean sustainable subsistence and 

minor commercial agriculture as during Classical-Hellenistic times (cf. section 0), but rather 

industrialized primary production for the global market with the help of farming machines 

(Kourelis, 2018), which would also explain the strong compaction of the soil. The shift from 

the colder LIA climate to a more typical Mediterranean climate over this same period, starting 

in the 19th century AD based on SSTs in M2 (Figure B8-F; Gogou et al., 2016), was highly 

positive for the observed agricultural take-off.   

The thin unit 70a, characterized by a high amount of sand particles probably indicates a strong 

precipitation event with surface run-off refilling the lake and feeding in coarser grained material 

into the centre of the lake that accumulated in the plain during the dry period; reed vegetation 

holding back the material was probably absent by then.   

Unit 70b may be characteristic for today’s conditions; high TOC, average TIC and Ca counts 

as well as moderate terrigenous input. The lake is perennial, but depending on the season it 

can vary considerably in size. The polje is intensively used for agricultural purposes. For the 
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second half of the 20th century, land use has also been analysed by Papastergiadou et al. 

(2007); wet-meadows and open water areas declined considerably while reed beds and 

irrigated agricultural land spread out. The use of fertilizers reinforces the reed growth and most 

likely affects the faunal populations.  

 

6. Conclusion 

The geochemical and sedimentological analyses of the Stymphalia lake sequence show a 

complex interlinking of natural variability and anthropogenic influence on the lake over the last 

2,500 years. Water supply to the lake was not constant over time and the land cover in the 

catchment must have changed substantially in relation to climate fluctuations, intensity of land-

use and human occupation phases that influenced the sedimentary conditions. The lake level 

and particularly the lake area have fluctuated considerably over the last 2,500 years including 

shorter periods of entire desiccation, more frequently occurring in the younger phase. No 

evidence for a very high lake level comparable with the neighbouring Pheneos polje has been 

found in the sediment sequence; we are continuously dealing with a shallow lake system here.  

Stable climatic conditions and sustainable agro-pastoralism prevailed during Classical 

Hellenistic times. Major alteration in the lake’s hydrological cycle occurred with the 

construction of the Early Roman Hadrianic Aqueduct around 130 AD, which increased the 

vulnerability of the ecosystem and, even after its failure, probably had a long-lasting impact 

on ecosystem reactions to climatic changes during the following centuries. We interpret this 

event as a trigger for the highly sensitive reaction to climatic variations during the LALIA period 

in the 6th to 8th century AD. The Lake Stymphalia data indicate that the Late Roman to Early 

Byzantine Period in southern Greece is associated with a shift to several cold periods of 

varying durations, strong variation in water availability and a generally more unstable climatic 

context. Although anthropogenic influence was chronologically limited, it represents a 

significant element in understanding long-term reactions in the sediment core that were mainly 

linked to water availability. For the period 9th to 17th century, the age-depth-model implies 

higher uncertainties; however, we see a phase of higher sedimentation and carbonate 

precipitation during warm and wet conditions within the Medieval Warm Period roughly until 

the 15th century and indications for colder conditions during the Little Ice Age. The last 200 

years are strongly shaped by desiccation and human activity.     

Land use intensity and vegetation cover were in a fluctuating dialectic with temperature and 

precipitation changes in the degree and nature of surface erosion. These conclusions agree 

with recent modelling of environmental change, critical of mono-causation, rather focussing 

on complex interactions of human and natural factors in the inception of landscape 

transformation (Bintliff, 2002; Casana, 2008). Pollen analysis would lead to an additional 
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value, supporting our hypotheses or further classifying the land use activities, however pollen 

preservation in the core sequence was inadequate for any detailed analysis. The close 

interdisciplinary collaboration between natural scientists and archaeologists in this research 

field was highly beneficial and offers a more holistic interpretative approach. In the near future, 

independent sedimentary records from other sedimentary archives in adjacent valleys shall 

offer additional insights on the reconstruction of climatic changes and associated human 

impact interaction in the NE Peloponnese.  
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Supplement Material 

 

BS1: Input table as applied for Rbacon modelling of STY_25. Column 2 indicates the uncalibrated C14 

ages for radiocarbon ages or the calender ages for historical dates. Column 3 mainly shows 

measurement uncertainties (always ±) or defined errors for historical dates. The depth unit for column 

4 is cm. Column 5 indicates the applied calibration curve (cc=0 for none - applied for calender dates or 

cal BP, cc=1 for northern hemisphere terrestrial material which is calibrated with IntCal13. Column 6 

and 7 indicate the mean and error of core-wide age offsets, namely reservoir effects. Comments in the 

last column were excluded from modelling and only have a documentation purpose to improve the 

readability. 
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BS2: TIC, TOC and TOC/TN (atomic masses) plotted against depth. The boxes to the right show the 

lithological units and the Greek cultural phases as specified in Weiberg et al. (2016; cf. Table 3). 
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BS3: Table of grain size measurements for every sediment unit. The fraction classes and the soil type 

classification follow the German Arbeitsgruppe Boden (2005). 
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BS4: Principle Components Analysis of XRF data. Plot of the 13 included element variables as defined 

by the first two principal components of the PCA. The PC1 accounts for 52.8% and PC2 for 16.9% of 

the observed variability. 
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BS5: GDGTs structures. 
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