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Chapter 1

1.1. The Importance of Reconstructing Past Environments

Understanding past climate variability is important for predicting how future climate
systems will be affected by anthropogenic greenhouse gas emissions, which in turn can
impact ecosystems and their organisms and human societies. The global climate is a very
dynamic system, which makes predicting how the climate will react to current anthropogenic
forcings difficult. Scientists are striving to gain more information on the climate system in
order to try and better understand it. This will allow for proposals to be made on how to
mitigate human impact on the climate system as well as to more accurately predict how the
environment and human societies will be affected by future climate change. Some of the
threats associated with climate change include prolonged increase in temperatures resulting in
damage and irreparable loss of unique and threatened ecosystems, increased probability of
extreme weather events such as floods, droughts, tropical cyclones and storms, regions and
countries being adversely affected by these extreme events, increases in vector organisms (i.e.
mosquitoes) and vector born infectious diseases (i.e. malaria) as well as projected sea level
rise and the increased probability of large scale events like the collapse of the West Antarctic
Ice sheet or the cessation of the North Atlantic thermohaline circulations (IPCC, 2007).
Hypoxia, or low oxygen conditions that occurs in aquatic environments when oxygen
concentrations dwindle can be harmful to aquatic organisms (Wieland and Zuzarte, 1991,
Wieland et al., 1994; Bagge et al., 1994; Brander, 2005), is another example of a threat to
ecosystems that can be intensified by global climate change and has far reaching effects.
When fish die offs occur due to low oxygen conditions, animals higher up in the food web
that rely on them, including humans, are negatively impacted (Bagge et al., 1994; Diaz, 2001;
Karlson et al., 2002; Weeks et al., 2002; Chan et al., 2008). Since hypoxia can be exacerbated
by warmer water temperatures (Matear & Hirst, 2003; Stramma et al., 2008; Hoegh-Guldberg
& Bruno, 2010), hypoxic zones are occurring more often and persisting longer in some
regions, such as in the Baltic Sea, due partly to global climate change (Wasmund, 1997;
Kabel et al., 2012).

One way to determine how the climate and environment may respond to human
induced forcings is through the use of models, which are created to predict future variability
in the climate as well as the possible effects of changing climate on the environment, i.e.
through the intensification of hypoxia. These models are based partially upon what we know
of past climate variability. Since instrumental records are only available from the recent past,
information from geological climate archives such as marine sediments, ice cores, tree rings

and corals (e.g. Bradley and Jones, 1993; Alley et al., 1997; Jones et al., 1998; Jones and
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Introduction

Mann, 2004; Weijers et al., 2007a) are used to extend the climate record back in the past.
Because we often cannot directly measure past environmental parameters we must use climate
indicators called proxies (Jones et al., 1998), which provide measureable information about
important climatic and environmental parameters such as temperature, salinity, nutrient
availability, CO, concentration (Wefer et al., 1999 and references cited therein) and hypoxia
(i.e. O’Sullivan 1983; Zillén et al., 2003; 2008). Data collected from these proxies can be used
to improve the robustness of climate models, increase the understanding of how the climate
reacted to past forcings, as well as how ecosystems have been affected by past climate
change, all of which will help develop our knowledge of the climate system and its potential
impacts. However, all of the current climate proxies used have limitations that need to be
better understood and addressed.

The validation of climate proxies is imperative for the correct interpretation of climate
archives. Since proxies can provide data about past environments and the availability of
trustworthy temperature data from terrestrial and aquatic environments are essential for the
development of reliable climate models, it is important to improve the reliability of proxies.
This can be done by applying them in a variety of settings to determine when they can be
successfully used as well as assessing their limitations. Since there is no instrumental climate
data from before the 1880s, one way to determine the effectiveness of a proxy is by
comparing the results to that of another independent proxy, particularly during times when
conditions are known, to help assess why the results are different and what additional
environmental controls exist on the proxy. Therefore, even though several paleoclimate
proxies already exist, the more independent proxies that show an agreement the more reliable
the reconstructed climate data is, making new proxies highly valuable to the scientific

community.

1.2. Sedimentary Lipids Used in Paleoenvironmental Studies

As mentioned above there are different types of environmental proxies. Environmental
proxies can be physical and based on the remnants or abundance of organisms such as
fossilized pollen or leaves. Environmental proxies can also include geochemical indicators,
such as 3'°0 and Mg/Ca and Sr/Ca ratios, all of which are considered inorganic, and those
produced through biological activity i.e. hydrocarbons, fatty acids, pigments, which are
considered organic. This thesis will concentrate on organic proxies, specifically fossilized

sedimentary lipids.
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Chapter 1

Lipid molecules found in marine sediments can be derived from terrestrial and aquatic
sources. Since lipids are able to reach the seafloor fairly unaltered and can be rather well
preserved in the sediments, these organic compounds are especially useful as biomarkers.
Examples of marine lipid biomarkers that have been successfully applied to reveal
information about climate include long chain alkenones (Prahl and Wakeham, 1987,
Schneider et al., 1995; Volkman et al., 1995; Miiller et al., 1998; Conte et al., 2006), glycerol
dialkyl glycerol tetraethers (GDGTs; Huguet et al., 2006, 2013; Sluijs et al., 2006; Kim et al.,
2008) and more recently long chain diols (Rampen et al., 2012; Rodrigo-Gamiz et al., 2014).
Terrestrial environments play an important role in global climate, however, continental
climate reconstructions are hindered by the much reduced availability of continental
temperature proxies compared with the marine realm. Terrestrially derived lipid biomarkers
include long-chain-n-alkanes (Eglington and Hamilton, 1967; Ternois, et al., 2001; Schefuf} et
al., 2003) and branched GDGTs (brGDGTs; Weijers et al., 2007a; 2007b; Bendle et al., 2010;
Keating-Bitonti et al., 2011). Below I will provide some background information on the

sedimentary lipids used in the research contained in this thesis.

1.2.1. Alkenones

Long-chain alkenones (Cs7-Cso) are biolipids that are ubiquitous in aquatic
environments and produced exclusively by a few species of marine (Volkman et al., 1980;
1995) and lacustrine or brackish (Marlowe et al., 1984; D’ Andrea et al., 2006) haptophyte
algae. Since a relationship was established between surface water temperature and the
unsaturation ratios of long-chain alkenones (See Fig. 1a for global core top calibration for
UX37), these sedimentary lipids have been successfully used for reconstructing past sea
surface temperatures (SST) worldwide (Brassell et al., 1986; Brassell, 1993; Prahl &
Wakeham, 1987; Volkman et. al., 1995; Miiller et al., 1998). Subsequent studies have made it
apparent that in addition to growth temperature the alkenone unsaturation ratios are
influenced by species composition (Volkman et al., 1995; Conte et al., 1998) and
physiological factors (Epstein et al., 1998; Yamamoto et al., 2000) and these should be taken

into account when using alkenone unsaturation indices for SST reconstructions.
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K
calibrations for (a) the alkenone paleotemperature index U ' 5 taken from Miiller et al. (1998) and
(b) the TEX_ paleothermometer taken from Schouten et al., 2002.

One environmental factor besides growth temperature that has been found to affect
alkenone distribution is salinity (Chu et al., 2005; Ono et al., 2012; Chivall et al., 2014) and it

is being explored for its possible application as a salinity proxy. However, Chivall et al.
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(2014) found that although salinity can have an effect on the distribution of long-chain
alkenones, whether alkenone distributions change in response to salinity changes can depend
on other factors such as species composition and growth phase. Alkenones can be found in
low salinity settings, but since salinity can affect alkenone distributions complications can
arise when using the unsaturation indices to derive temperature estimates in lacustrine (Zink
et al., 2001; Chu et al., 2005; Sun et al., 2007; Randlett et al., 2014; Song et al., 2016) and
brackish (Rosell-Melé, 1998; Schulz et al., 2000; Coolen et al., 2004; 2009; Blanz et al.,
2005) regions. Varying freshwater calibrations have been presented in order to obtain reliable
water temperature estimates using long-chain alkenones (i.e. Chu et al., 2005; Sun et al.,
2007; Zheng et al., 2016). Studies performed in coastal and brackish settings, such as the
Baltic Sea, the North Altantic, and Nordic Seas, suggest that fluctuations in salinity can
induce changes in haptophyte species composition creating difficulties using long-chain
alkenones for paleoclimate applications (Rosell-Melé, 1998; Schulz et al., 2000; Blanz et al.,
2005). In basins where salinity has evolved over time, such as Ace Lake and the Black Sea, it
has been suggested that alkenone distributions changed as haptophyte species composition
evolved triggered by salinity fluctuations. Consequently, this can result in erroneous SST
estimates based on long-chain alkenones at times in the past (Coolen et al., 2004; 2009).

When applying long-chain alkenones for paleoclimate studies in areas where salinity
changes in the past were possible, the hydrogen isotope composition (D) of long-chain
alkenones can be used to reconstruct relative changes in salinity in the past (M’boule et al.,
2014). Schouten et al. (2005) demonstrated in culture experiments a relationship exists
between the 6D of long-chain alkenones and salinity. The 6D of alkenones can also be
characteristic of certain alkenone biosynthesizing haptophyte species and so the values can
vary as haptophyte species composition alters with changing environmental conditions.
Therefore, 6D values can aid in assigning biological sources of sedimentary alkenones, i.e.
coastal haptophytes tend to fractionate less than marine type haptophytes (Schouten et al.,
2005; Chivall et al., 2014; M’boule et al., 2014).

1.2.2. GDGTs

Glycerol dialkyl glycerol tetraethers (GDGTs) are membrane lipids that can be
synthesized by both archaea (isoprenoid GDGTs including crenarchaeol (isoGDGTs;
Sinninghe Damsté et al., 2002) and bacteria (with branched carbon skeletons or branched
GDGTs (brGDGTs; Sinninghe Damsté et al., 2000). These GDGTs are ubiquitous in marine

and terrestrial environments (Schouten et al., 2000) and it was discovered that their
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distribution reveals information about the environment in which they lived, i.e. terrestrial
input (BIT index; Hopmans et al., 2004), sea surface temperature (TEXgs proxy; Schouten et
al., 2002), and soil pH and mean annual air temperature (MBT/CBT proxy; Weijers et al.,
2007b). Proxies based on GDGTs have been increasingly applied in paleoenvironmental
studies and more recently they have found new applications in lacustrine environments (Zink
et al., 2010; Blaga et al., 2010; Sun et al., 2011; Loomis et al., 2012). New proxies are still
being discovered based on GDGTs as new GDGTs are being discovered, such as the
hydroxylated GDGTs (Liu et al., 2012a) and additional branched isomers (De Jonge et al.,
2013).

Isoprenoid GDGTs. Nitrifying Archaea called Thaumarchaeota use isoGDGTs as their
membrane-spanning lipids. They are widespread in aquatic environments as well as soils and
are estimated to make up 20% of the picoplankton in the world’s oceans (Fuhrman, 1992;
Karner et al., 2001). Isoprenoid GDGTs can have 0-4 cyclopentane moieties and are named
according to the number of cyclopentane moieties they contain (GDGT-0 through 4; see Fig.
2a for structures). The most widespread isoGDGT, crenarchaeol, (Crenarchaeota has since
been reassigned to the newly defined phylum, Thaumarchaeota; Brochier-Armanet et al.,
2008; see Fig. 2a for structure) was isolated from Arabic Sea sediments and is unique in that it
has a cyclohexane moiety in addition to four cyclopentane moieties (Sinninghe Damsté et al.,
2002). Subsequently, a regio isomer of crenarchaeol was identified as well (see Fig. 2a for
structure). Through culture studies with hyperthermophillic archaea it was established that the
relative number of cyclopentane moieties increases with growth temperature (Gliozzi et al.,
1983; Uda et al., 2001). The ability to change the amount of cyclopentane rings with
temperatures is believed to be a response of the cell membrane to adapt to temperature
changes (Gabriel and Chong, 2000; Gliozzi et al., 1983). Because of this mechanism it is
possible to determine the temperature at which the isoGDGTs were produced in the
membrane by calculating the distribution of the preserved isoGDGTs in marine sediments.
Based upon this Schouten et al. (2002) introduced the TEXgg (tetracther index of tetraethers
consisting of 86 carbons) proxy for reconstructing SSTs. This relationship between the
number of cyclopentane moieties and SST is weaker in water temperatures below 15°C, and
so a revised index termed TEXgs" was developed for reconstructing SSTs in the lower
temperature ranges (Kim et al., 2010; see Fig. 1b for global core top calibration for the

TEXs" index). Additionally, it was determined that salinity did not have a large effect on the
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TEXs6 proxy (Wuchter et al., 2004) and so it could be applied in lacustrine sediments as well
(Powers et al., 2004; 2005; 2010).

a. Isoprenoid and hydroxylated GDGTs
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Fig. 2. Chemical structures of the (a) isoprenoid (I-IV) and hydroxylated (VI-VIII) GDGTs
and (b) branched (br)GDGTs. The 6-methyl brGDGTs are denoted by an apostrophe (°).
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Even though the TEXss proxy has been successfully used to reconstruct SSTs in an
array of regions and on a wide variety of timescales (i.e. Huguet et al., 2006; Zachos et al.,
2006; Kabel et al., 2012; Tierney and Tingley, 2014), issues still exist with the application of
the proxy. A large input of soil organic matter into a region can contribute GDGTs produced
by Thaumarchaeota and other soil archaea altering the GDGT distributions in the sediments
and thus affecting TEXgs based temperature estimates (Weijers et al., 2006a; Sinninghe
Damsté et al., 2012a). TEXgs derived SST estimates can also be biased by the contribution of
GDGTs from methanogenic archaea (Pancost et al., 2000; Blaga et al., 2009). Furthermore, it
is debated whether biases in SST reconstructions based on the TEXs¢ index can occur if a
significant portion of the GDGTs in the sediments are not fossilized but are instead produced
in situ in the sediments (intact polar lipids, IPLs, represent the faction from recently living

sources) (Lipp and Hinrichs, 2009; Lengger et al., 2012).

Hydroxylated GDGTs. Recently, a new type of GDGTs, i.e. hydroxylated GDGTs
(OH-GDGTs), were identified in marine sediments that can have up to two cyclopentane
moieties (OH-GDGT-O0, -1, and -2, where numbers refer to the amount of cyclopentane rings;
see Fig. 2a for structures) and have a hydroxyl group located at a tertiary carbon atom of one
of the biphytanyl chains adjacent to the glycerol moiety (Liu et al. 2012a). Liu et al. (2012a)
postulated that the hydroxylation of the biphytanyl moiety could enhance membrane rigidity.
Because of their relative abundance and widespread distribution in marine sediments, Liu et
al. (2012a) suggested the OH-GDGTs had the potential to be useful as biomarkers. In a
subsequent study, Huguet et al. (2013) demonstrated that the abundance of OH-GDGTs
relative to non-hydroxylated GDGTs (%) increases with increasing latitude and lower SST
and because of this strong correlation these compounds have potential for paleoclimate
application. With this study the first SST calibrations based on OH-GDGTs were established
(Huguet et al., 2013). It was also noted that OH-GDGTs occurred in lacustrine sediments
(Huguet et al., 2013). Additional OH-GDGTs based indices were developed by Fietz et al.
(2013) and applied to reconstruct SSTs in Nordic Seas. OH-GDGT indices have also been
used for paleoclimate studies in the Arctic Ocean (Knies et al., 2014) and the Baltic Sea
(Kaiser and Arz, 2016).

Branched GDGTs. Branched GDGTs are a group of membrane-spanning lipids likely
biosynthesized by heterotrophic bacteria (Pancost and Sinninghe Damsté, 2003; Weijers et al.,
2010), which were initially thought to be restricted to soils and peats (Sinninghe Damst¢ et

17
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al., 2000; Weijers et al., 2006a; 2006b). The distribution of brGDGTs is expressed by their
degree of methylation (methylation index of branched tetraethers; MBT) and cyclization
(cyclization index of branched tetraethers; CBT) and depends on the soil pH and the growth
temperature (Weijers et al. 2007b). MBT has more recently been modified as MBT’,
excluding those brGDGTs that rarely occur in soils (Peterse et al., 2012).

Originally it was believed that brGDGTs were produced predominantly in soils and
that through runoff they are washed from the land into aquatic sediments where they are
deposited. The preserved distribution of these fossilized membrane lipids in sediments has
proven useful as a tool for obtaining continental air temperature reconstructions from coastal
marine sediments (Weijers et al. 2007a; 2007b; Bendle et al. 2010), paleosoils (Peterse et al.,
2011; Zech et al., 2012) and even lacustrine sediments (Zink et al., 2010; Loomis et al., 2012;
Niemann et al., 2012). Problems using brGDGTs as a paleotemperature proxy have been
noted in some settings and this makes it imperative to investigate how varying environmental
conditions along with the transport and provenance of the brGDGTs affects their use as a
proxy.

The branched vs. isoprenoid tetraether (BIT) index is the ratio of primarily terrestrially
derived brGDGTs compared to the primarily aquatically derived isoprenoid GDGT
crenarchaeol, and is used as an indicator for soil organic matter input (Hopmans et al., 2004).
In areas with low terrestrial input as indicated by the BIT index, problems have been
encountered using brGDGTs for mean annual air temperatures (MAT) estimates (Peterse et
al., 2009; Zhu et al., 2011). Additionally, recent studies have demonstrated that the production
of brGDGTs in the water column and even marine sediments could be affecting their
distribution and therefore confounding the use of brGDGT based for temperature estimates
(e.g. Sinninghe Damsté et al., 2009; Tierney and Russell, 2009; Zell et al. 2013; Sinninghe
Damsté, 2016). Therefore, several studies have recommended performing a preliminary
investigation in a region to determine the provenance of brGDGTs when attempting
paleoclimate reconstructions (Zell et al., 2013; 2014; French et al., 2015; De Jonge et al.,
2016).

Until recently, paleoclimate reconstructions using brGDGTs were believed to have
been based on the collection of nine, 5-methyl brGDGTs. However, a set of six novel
brGDGT isomers that differ from the original set of 5-methyl brGDGTs in the position of the
methyl groups (6-methyl brGDGTs) were identified (see Fig. 2b for structures). It was also
determined that these 6-methyl brGDGTs were co-eluting with the 5-methyl brGDGTs with
the standard separation methods (De Jonge et al., 2013). Subsequently, the use of improved
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chromatography methods has allowed for the separation and quantification of the 6-methyl
brGDGTs (Hopmans et al., 2015) resulting in the development of new indices and the
improvement of MAT reconstructions based on the global soil dataset, especially in arid
regions (De Jonge et al., 2014). It was found that the relative abundance of these novel, 6-
methyl brGDGT isomers are strongly dependent on pH and so the CBT index was amended to
become CBT’ and to include all of the 6-methyl brGDGTs resulting in a higher correlation
with soil pH (De Jonge et al., 2014). Due to the strong relationship with pH, the 6-methyl
brGDGT isomers are now excluded from the MBT’ index (now defined as MBT sy)
improving the correlation with MAT (De Jonge et al., 2014).

1.3. Objectives and Outline of Thesis

The focus of this thesis is the application, development and validation of paleoclimate
proxies based on the sedimentary lipids described above (long-chain alkenones and GDGTs)
in Holocene sedimentary records. To accomplish this, proxies, both established and novel
ones, were applied to marine sediment cores and the results were then compared to previously
published results based on another independent proxy or by applying the proxy to different
areas of the same region and comparing the results. When it appeared the proxy was not
successful in a specific region, the causes and its limitations were explored. In some cases it
was determined the development of a new calibration or index was appropriate and could
improve the temperature estimates. In situations that the reconstructions seemed reliable, the
environmental and historical implications were examined. Most of the chapters in this thesis
are focused on the Baltic Sea environment, however, one chapter deals with the Tagus River
basin and off the Portuguese continental shelf.

Chapter 2-6 are all based on sediments from the Baltic Sea (see Fig. 3 for map of the
study site and sediment sample locations). The Baltic Sea is the world’s largest brackish body
of water and is fairly shallow and broken up into multiple sub-basins. The basin receives a
substantial amount of terrestrial input as it is surrounded by land except for a narrow
connection to the North Sea through the Danish Straits. The salinity varies greatly in the
basin, ranging from ~3.5 PSU in the north to ~8 PSU in the central Baltic Sea and ~30 PSU in
the region where the Baltic Sea connects to the North Sea (ICES). Due to it being persistently
stratified, the modern Baltic Sea has anoxic bottom waters in the deeper basins as well as
hypoxic coastal areas. The Baltic Sea has had a varied salinity history having experienced
several phases since the last deglaciation; the Baltic Ice Lake, the Yolidia Sea, the Ancylus

Lake, the Litorina Sea and the modern Baltic Sea.
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In Chapter 2 the impact of climate change on human societies during the Holocene in
northern Europe is explored. This was done by examining a high resolution record with a
detailed depth-age model of SST and anoxia from the central Baltic Sea and developing a
marine ecosystem model, which together reveal that a sudden increase in summer
temperatures at 6,000 BP improved farming conditions. Concomitantly, the intensification of
anoxia in the Baltic Sea caused a reduction in the availability of marine resources, making the
switch in economy from predominantly hunter-gather-fisher culture to agrarian enticing to the
human populations in the region at the time. The results from this study suggest that rapid
environmental changes drove a sudden increase in human population allowed by an economic
transition to agriculture, likely influenced by people migrating up from the south to take
advantage of the improved farming conditions. In Chapter 3 a detailed age depth model for a
sediment core from the central Baltic Sea (the Gotland Basin) is established and high-
resolution TEXgs" records from two separate sites in the Gotland Basin are obtained using a
local SST calibration developed for this study. The records show that increased summer sea
surface temperatures occur at the same time as laminations and increased organic carbon
content in the sediment cores, signifying anoxic conditions. As anoxic conditions intensified
with the start of marine influxes into the basin, cyanobacterial abundance and N»-fixation both
increased during the Holocene climatic optimum. A clear relationship between summer SSTs
and anoxia is demonstrated by these geochemical records indicating that low oxygen
conditions occurred naturally in the Baltic Sea during the Holocene. Also made apparent,
though, is that anoxia could be intensified by increasing temperatures related to global climate
change, which could create ecological havoc in the Baltic Sea ecosystem.

The fairly novel hydroxylated GDGTs (OH-GDGDTs) were recently discovered in
surface sediments in the Baltic Sea. In Chapter 4 eleven surface sediment samples from
around the Baltic Sea as well as two culture samples grown at different temperatures (4 and
22°C) were analyzed and the OH-GDGT distributions were compared with measured
temperatures to assess the performance of the established OH-GDGT based indices. In this
study a new OH-GDGT based index (OH-GDGT’ index) and local calibrations were
developed as well based on the results. Next, the OH-GDGT based indices that performed
best in reconstructing SSTs in the surface sediments from the Baltic Sea and culture
experiments were applied in two sediment records from different regions (the central Gotland
Basin and the southern Arkona basin) in the Baltic Sea. They resulted in reliable SST
estimates for the last 7,200 years that are in agreement with each other as well as previously

published data. We determined that the use of the distribution of OH-GDGTs for SST
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reconstructions in the Baltic Sea appears to be promising but that there is an effect of salinity
on OH-GDGT based indices that can complicate the use for paleoclimate application in low

salinity environments.
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Fig. 3. A map of the Baltic Sea region with the locations of the sampling stations for the surface
sediments (denoted by blue circles) and sediment cores (indicated by red circles). Bathymetry is
indicated by the colors denoted in the bar to the right.

In Chapter 5 changes in alkenone distributions are explored in two surface sediment
samples from the Skagerrak (a region just outside of the Baltic Sea basin) and the sediment
record from the Arkona Basin, but this time using long-chain alkenones. This study revealed
that the distributions and concentrations of alkenones and their 6D values co-varied with past
salinity changes in the Baltic Sea over the Holocene. Additionally, the Cs¢.» alkenone was
found in the Baltic Sea sediments, which has not been reported in the Baltic Sea previously,
and is believed to be an indicator of low salinity conditions. The Black Sea is a parallel to the
Baltic Sea in that it also transformed from a freshwater lake to a brackish basin over the
Holocene. Alkenone distributions and their D values for the Black Sea from a previous study
were used to demonstrate that the rare Csg.0 alkenone dominates the alkenone distribution at
lower salinities (2-8 PSU) by reconstructing changes in surface water salinity over the
Holocene in the Black Sea. This information was then transferred to the alkenone data

presented for the Baltic Sea to make inferences about salinity changes and haptophyte species
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composition in that basin over the Holocene. Both alkenone distributions and hydrogen
isotopic composition suggest low and variable salinity waters in the Baltic Sea over the
Holocene that have allowed for the production of alkenones by a mutable haptophyte
community that includes low salinity adapted species. The contribution of alkenones from a
variable haptophyte community is impeding the use of the indices based on long-chain
alkenones for paleoclimate application; however, the long-chain alkenone amounts and
distributions appear to be useful for examining salinity variations regionally as well as in the
past.

In Chapter 6 the provenance of brGDGTs in the Baltic Sea over the Holocene and the
effect it has on the use of brGDGTs in paleoclimate applications is investigated by examining
13 surface sediments and two sedimentary records covering the Holocene from the Gotland
and Arkona basins. The results from this study reveal that brGDGT distributions and the BIT
index changed concomitantly with the re-established connection between the Baltic Sea and
the North Sea between 7.8-7.3 cal kyr BP and also suggests that in situ production has
occurred in the basin over the Holocene complicating the use of brGDGT based proxies.
These results affirm that a preliminary study on the provenance of brGDGTs should be
performed prior to the use of brGDGTs for paleoclimate applications in regions that have
undergone environmental changes in the past.

Chapter 7 is the follow-up of a study performed on the Tagus River basin (see Fig. 4
for map of the study site and sample locations) that revealed that the MBT’/CBT proxy could
not be used in the region because of the great diversity of brGDGT distributions in the
sediments, which did not reflect the MAT in the region, and in situ production of brGDGTs
was occurring in the river system. The results from re-analyzing samples (soil, riverbank
sediment, and suspended particulate matter) from this previous study in the Tagus River basin
with enhanced methods to test if the separation of the 5- and 6-methyl brGDGTs along with
the newly developed indices to reconstruct MAT (MAT s/ MATyy), thought to perform better
in arid regions such as the Tagus River basin, resulted in more accurate temperature estimates.
Additionally, the new indices were applied to four sediment cores in a transect from the
continent to the deep ocean off the continental shelf to examine terrestrial input and derive
temperature estimates over the Holocene. Unfortunately, the new method and indices did not
result in much improvement in the MAT estimates as the application of the new indices on the
soils did not even obtain accurate MAT estimates and the issue of in situ production of
brGDGTs was complicating the use of the proxy. However, pH estimates were improved and

new factors that should be considered when using this proxy were revealed. The results from
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this study confirm the importance of examining the origin of the brGDGTs in a region before

using them for paleoenvironmental application.
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Fig. 4. Map of the study area on the Iberian Peninsula taken from Warden et al. (2016b) with the
locations where the four sediment cores were sampled (indicated by black squares) along a
transect from the Tagus River to off the Portuguese continental margin. The sampling sites of the
river SPM (indicated by a white diamond), riverbank sediment (indicated by red circles), and
soils (indicated by black circles), all collected in a previous study, are shown as well. Digital
elevation data are from Jarvis et al. (2006) and bathymetry from [OC-IHO-BODC (2003).

This thesis highlights the importance of paleoenvironmental studies. By illuminating
some successes as well as difficulties with using fossilized sedimentary lipids for
placoenvironmental studies, the reliability of proxies based on these compounds can be
improved. The results from these studies affirm the importance of examining the provenance
of fossilized sedimentary lipids regionally as well as historically before applying proxies
based on their distribution, as variable origins can complicate their application. The
information contained in this thesis also emphasizes the importance of investigating
environmental changes in a region’s past, since environmental changes, such as salinity, can
affect the distribution of fossilized lipids and thus their use for paleoclimate application. By
looking at the whole picture, the provenance of the fossilized sedimentary lipids as well as
environmental conditions they were produced under, other possible biomarker applications

may be determined as well.

23



i

iPhoto by Dietmat Riif3



CHAPTER 2

Climate forced human demographic
and cultural change in northern Europe
during the mid-Holocene

L. Warden, M. Moros, T. Neumann, S. Shennan, A. Timpson, M. Sollai, L. Wacker, K.
Perner, K. Hausler, T. Leipe, L. Zillén, A. Kotilainen, E. Jansen, R.R. Schneider, H. Arz, and
J.S. Sinninghe Damsté

Submitted to Nature Geoscience

25



Chapter 2

Climate change has played a key role in human evolution (Haug et al., 2003; Castafieda
et al., 2009) . The transition from hunter-gatherer-fisher to agrarian societies is arguably
the most significant change in recent human history (Bellwood, 2005). In the European
plain there is evidence for fully developed agrarian societies by 7,500 cal. BP (Bonsall et
al., 2002; Bogucki et al., 2012; Shennan et al., 2013), yet a well-established agrarian
society does not appear in the north until 6,000 cal. BP (Bonsall et al., 2002; Shennan et
al., 2013) for unknown reasons. Here we show a sudden increase in summer temperature
at 6,000 cal. BP in northern Europe using a high resolution record of sea surface
temperature (SST) from the Baltic Sea. Comparison with a summed probability
distribution of radiocarbon dates from archaeological sites indicates that this
temperature rise induced a dramatic population increase due to improved conditions for
farming. In addition, paleoenvironmental sedimentary records in combination with
marine ecosystem modeling indicate that the rapid increase of SST also resulted in a
marked spread of hypoxia (so-called dead-zones; Diaz & Rosenberg, 2008) in the entire
Baltic Sea, causing a reduction in the plentiful maritime resources in the region at that
time (Price, 2007), and thus further contributing to the transition from hunting-
gathering-fishing to farming as the more successful subsistence strategy. Our study

demonstrates how climate change shaped human demographic and cultural history.

The transition from foraging to farming provided the basis for a massive increase in
food production and human population density, which in turn drove the accumulation of
technology and specialization, ultimately enabling the establishment of modern day societies
(Haug et al., 2003). The reason and mechanism for this Neolithic Revolution occurring at
different times in different places continues to be debated. In Northern Europe cereal
agriculture with a full range of domestic animals did not begin until ca. 6,000 cal. BP (Bonsall
et al., 2002; Shennan et al., 2013; Krause-Kyora et al., 2013), i.e. 1,500 years later than in
neighboring populations to the south. It has been proposed that foraging societies were
successful in relying largely on the marine resources from the Baltic Sea and had no incentive
to adopt an agrarian lifestyle (Price, 2000), which required more intense labor with no
immediate increase in living standards (Banks et al., 2013). This leaves the question of why
the transformation did eventually occur at 6,000 cal. BP. It has been suggested that climate
change may have been responsible for the late onset of farming in the northern European
regions (Bonsall et al., 2002); however, due to the lack of high resolution climate

reconstructions the effects of environmental change on human societies have been unclear. In
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order to examine this at a fine temporal scale, we employed an approach combining sediment
proxy studies with 3D ecosystem modelling to reconstruct climate conditions in northern
Europe and environmental conditions in the Baltic Sea and compare this with human

population and subsistence changes from archeological sites from the region.
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Fig. 1 Sediment coring stations and archaeological sites in the Baltic Sea region. Location of the
sediment study sites are indicated with red dots with the location of the key-site 303600 is
labelled. Areas with information on changes in population density and settlement activity are
within the polygon shaded brown. The Baltic Sea’s modern bathymetry (see SI) is shown (inset:
Baltic Sea area in Europe) along with the Baltic Sea basins: AB — Arkona Basin, BB — Bornholm
Basin, GdB — Gdansk Basin, GB — Gotland Basin, FD — Far6é Deep, LD — Landsort Deep, NCB —

Northern Central Basin.

We examined a key-sedimentary record from the central Baltic Sea (Fig. 1) from
7,000-3,000 cal. BP (Fig. 2 & Extended data Table 1). Complementary information for the
entire Baltic was obtained from a number of other sediment cores (Fig. 1, Extended data Fig.

1 & Table 1). Our detailed age-depth model was developed based on radiocarbon (**C) dating
of fossil benthic foraminifera using accelerator mass spectrometry (Extended data Figs. 2 & 3;
see also SI). The key-sediment core was analyzed in high resolution using the TEXge-

paleothermometer, a proxy for reconstructing past sea surface temperature (SST) based on the
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distribution of Thaumarchaeotal membrane lipids (Schouten et al., 2002). We applied a local
calibration of TEXg to reconstruct summer SST in the Baltic Sea (Kabel et al., 2012). Our
record shows that summer SST during the studied time interval varied between 14.5-17.5°C
(Fig. 2C). A distinct and rapid warming phase is evident at 6,000 - 5,500 cal. BP terminating a
prolonged colder phase (Fig. 2C, Extended data Fig. 4). Subsequently, throughout the mid-
Holocene the general summer SST trend declines, following summer solar insolation (Fig.
2C).
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Fig. 2 Mid-Holocene SST and SPD records from the Baltic Region. (A) Population density (on a
relative scale) based on an SPD from archaeological radiocarbon dates within the polygon indicated
in Fig. 1. (B) Cultural composition (in %) based on a subset of the data used for the SPD analysis
used for (A). Radiocarbon dates that been assigned to a culture by the original excavator (58% of the
full dataset) were used. The archaeological data was smoothed (thick lines) with a 200 yr rolling
mean. (C) Summer SST record based on TEXss palacothermometry. The red line plots the 5-point
running mean. June insolation at 60°N (in W m-2) is plotted as a grey stippled line. The population
density and settlement activity strongly increased during a period of marked warming in the Baltic
Sea region (grey bar).
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The present-day Baltic Sea is persistently stratified with anoxic bottom waters in the
deep basins and oxygen-depleted (hypoxic) waters in coastal areas affecting food chain
dynamics, marine habitats and reducing fish stocks (Karlson et al., 2002). Summer SST
controls hypoxia in the Baltic Sea over the last 1000 yrs through various feedback loops
(Vahtera et al., 2007; Kabel et al., 2012). A comparison of SST, the total organic carbon
(TOC) content and the degree of lamination of the sediments clearly demonstrates that the
critical temperature threshold for the occurrence of severe hypoxia at about 16 °C, assisted by
the occurrence of cyanobacterial blooms (Vahtera et al., 2007), as proposed for the last 1000
yrs (Kabel et al., 2012), also acts earlier in the Holocene (Fig. 3B, Extended data Fig. 4, see
also SI). A marked and rapid warming at 6,000 cal. BP co-occurs with the onset of bottom
water anoxia (Extended data Fig. 4). This intensification of hypoxia at 6,000 cal. BP is
evident in the sedimentary records from the entire Paleo-Baltic (Extended data Fig. 5). Our
detailed analysis using a coupled hydrodynamic-biogeochemical model applying a
reconstructed paleo-bathymetry (SI, Extended data Fig. 6) and forced by a delta change
approach (SI, Extended data Fig. 7) indicates an increase of the hypoxic area in the Paleo-
Baltic from only 20,000 before to more than 100,000 km® after 6,000 cal. BP (Fig. 3A). The
likely strongly affected coastal areas are even not included in this calculation because of the
coarse model grid.

We reconstructed fluctuations in the local human population through time using a
Summed Probability Distribution (SPD) of 1,960 terrestrial radiocarbon dates from 608
archaeological sites (Fig. 2A), taken as a proxy for variation in human population levels in the
Baltic region through time. The rationale behind this approach is that periods of increased
population will leave more dateable material behind in the archaeological record (Bonsall et
al., 2002; Timpson et al., 2014). Evidently, the large climatic and environmental change at
6,000 cal. BP that took place in northern Europe is concurrent with the start of a massive
increase in population levels. Between 6,000 and 5,500 cal. BP the summer climate
substantially increased by 2°C in parallel with a 3.3 fold increase in population levels (Fig. 2
and 3C). This represents a population growth rate of 6.1% per 25 year generation compared to
1.9% previously between 7,000 and 6,000 cal. BP. Additionally, the strong relationship
between temperature and population is evident throughout the entire overlap in both time-
series from 7,000 to 4,000 cal. BP (Pearson’s R = 0.73, p-value < 0.00002; see SI for
statistical tests). Furthermore, cross-correlation analysis shows the population lagged behind

climate by 60 years, suggesting a rapid human response to climate changes (see SI).
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4mm Fig. 3 The 6,000 cal. BP event: Changes in ecosystem, climate and culture. Increasing summer
temperature after 6,000 cal. BP likely improved conditions for farming in the region and thus
prompted the establishment of the Funnel Beaker culture. (A), The extent of hypoxia in the Baltic
Sea based on 3D ecosystem modelling for the cold phase (right panel) before 6,000 cal. BP and for
the warm phase (left panel) after 6,000 cal. BP. Note the remarkable spreading of hypoxic areas to
the whole basin after 6,000 cal. BP, which had severe consequences for marine life, therefore
affecting the hunter-gatherer-fisher society. (B) Regional environmental changes at this time. The
sequence from non-laminated to laminated sediments along with the significant increase in organic
carbon content reveals that the development of anoxic bottom water conditions which is related to
the substantial increase in summer SST. (C) Cultural composition (in %) showing the rapid change
at the boundary between the Meso- and Neolithic. Note that this coincides with a substantial
increase of the population (see Fig. 2A).

Importantly, the marked population increase starting at 6,000 cal. BP also coincides
with the transition to an agrarian economy, which could indeed support a larger population in
a given area by increasing food yields (Shennan et al., 2013). Evidence of this economic
revolution is seen in archaeobotanical and faunal evidence showing the simultaneous
introduction of wheat, barley and domestic animals throughout southern Scandinavia ca.
6,000-5,700 cal. BP (Sorensen & Karg, 2014). This corresponds with a rapid change ca. 6,000
cal. BP from a predominantly marine to a mainly terrestrial based diet as indicated by a shift
in stable isotope values in ceramic residues and human remains from coastal areas of
Denmark, and there continues to be evidence of only a small contribution from marine food
throughout the Neolithic after the shift at ca. 6,000 cal. BP (Richards et al., 2003; Fischer et
al., 2007; Craig et al., 2011). This transition also reflects a cultural shift, from the Ertebelle
culture, representing hunter-gatherer-fisher societies, to the agricultural Funnel Beaker culture
(Fig. 2B, Fig. 30).

Modeling studies indicate that a warming climate in Scandinavia could induce shifts in
the northern limit of cereal suitability by 100-150 km per °C (Carter et al., 1996). Ancient
DNA (Skoglund et al., 2014) and archaeological evidence (Rowley-Conwy, 2011) suggests
that the transition occurred as farming communities to the south responded to the warming
climate by expanding north into southern Scandinavia. By around 5,500 cal. BP population
levels and summer temperatures reach a maximum (Fig. 2) and farming is at its most
extensive, with large areas of cleared land (Feeser et al., 2012).

In addition to temperature changes, the development of widespread hypoxia in the
whole Baltic Sea including coastal areas may also have played a substantial role in the rapid
transition from the Ertebglle to the Funnel Beaker culture in the Baltic region. At the
beginning of the early Neolithic, ~6,000 cal. BP, summer SSTs started to increase rapidly and

bottom water conditions in wide areas became persistently hypoxic (Fig. 3), a state that
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continued for most of the next two millennia during a local Thermal Optimum (when SST >
16°C, Extended data Figs. 4 & 5). Hypoxia in the Baltic Sea has been shown to contribute to a
reduction in fish populations (Breitburg et al., 2001) (see also SI) and consequently will affect
other marine predators such as harp seals. Therefore, we can infer from the rapid introduction
of hypoxia over the entire Baltic Sea beginning at 6,000 cal. BP that marine resources became
scarce for the Ertebolle population, at a time when farming groups were migrating north and
climate conditions for farming had improved substantially.

After the peak at 5,500 cal. BP, the SPD population reconstruction shows a steady
decline throughout the remainder of the record (Fig. 2A), synchronous with the declining
summer insolation at 60°N and summer SST (Fig. 2C), indicating that climatic deterioration
played a role in the decline in human population, probably due in part to poorer conditions for
farming. At this time there is evidence of woodland regeneration, which would result from a
decrease in human activity (Feeser et al., 2012). This period also sees the southward
expansion of the Pitted Ware Culture (Skoglund et al., 2014) (Fig. 2B), during a period when
environmental conditions were worsening further north (Tallavaara & Seppd, 2012). This
hunter-gatherer-fisher culture relied on marine resources for their main protein source, which
is evidenced from stable isotope analysis of human bones from coastal areas Eriksson et al.,
2008; Fornander et al., 2008), and so may have benefited from the long-term recovery of
marine resources predicted by the decreasing SST trend and associated reduction in hypoxia
(Extended data Figs. 4 & 5).

The Neolithic Revolution is widely considered to be the most consequential transition
in recent human history. In Europe this transition spread north and west following its full
establishment in SW Asia ca. 9, 000 cal. BP, and reached central Germany by 7,500 cal. BP.
Remarkably this northerly spread was then delayed by 1,500 years. We show that climate
change drove demographic and cultural changes by two key processes in northern Europe
during the mid-Holocene. Firstly, rapid warming ca. 6,000 cal. BP improved terrestrial
conditions for farming whilst simultaneously depleting marine resources. This incited an
expansion of the agrarian groups from the south (Skoglund et al., 2014) causing the transition
from foraging to farming and as a consequence a massive population increase in the Baltic
region. Secondly, the long term cooling from ca. 5,500 cal. BP drove a gradual decrease in
farming productivity causing a reduction in population size and contributed to a later
resurgence of hunter-gatherer-fisher communities as marine resources returned to more

productive levels. Our study indicates a rapid human reaction within only two to three
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generations to changing conditions, emphasizing the remarkable plasticity humans can

demonstrate in response to climate changes.

Methods

For a detailed description of the methods see Supplementary methods.

Sampling and preparation. Sediments were obtained by using a gravity-corer. The

subsamples were freeze dried, ground and homogenized for further analysis.

Dating. The sediment cores were radiocarbon dated on picked benthic forminifera tests. A
highly resolved age model was obtained analyzing 61 small-sized samples (0.3-1 pg
carbonate) with a new sampling technique employing an accelerator mass spectrometer
(AMS) equipped with a gas ion source, plus 8 normal-sized samples (3-5 mg) prepared with
traditional AMS methods.

TEXjs6 analysis. Freeze dried sediments (1-3 g) were extracted with an accelerated solvent
extractor. Glycerol dibiphytanyl glycerol tetracthers were analyzed by liquid chromatography-

mass spectrometry as described previously (Schouten et al., 2007).

TOC and LOI. The TOC content was calculated as the difference between total carbon
determined ona EA 1110 CHN analyzer (CE Instruments) and the total inorganic carbon
(TIC) using the Multi EA- 2000 Elemental Analyzer (Analytic Jena). For measurement of
LOI weighted aliquots of freeze dried sediments were ashed at 550°C for 3 h and the resulting

mass difference was determined and expressed in wt.%.

Model Simulation. For the simulations the 3D circulation Modular Ocean Model (MOM
v.5.1) with the integrated biological geochemical ecosystem model ERGOM was used,
applying a paleo-bathymetry (see SI). A realistic forcing for cold and warm climate periods
was derived from the coastDat project. For the warm and cold climate scenarios a delta

change approach was applied. Temperature data was adjusted to our sediment proxy findings.

Human population probability. Based on the premise that periods of increased human
population will leave behind more dateable archaeological artifacts (Karlson et al., 2002;
Castafieda et al., 2009), local human population fluctuations in the Baltic region were
reconstructed using a Summed Probability Distribution of 1,960 terrestrial radiocarbon dates

from 608 archeological sites.
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— SUPPLEMENTARY INFORMATION -

Part A: Proxy Data and Chronology

Al. Material, site selection and analytical methods

Sediment core sampling and sample preparation for analysis. For this study the key
sediment core 303600 was collected from the central Baltic Sea in the Gotland Basin just east
of Gotland Island at 56°55.02° N and 19°19.98” W (Extended data Fig. 1, Extended data Table
1) using a gravity corer during a cruise of the research vessel (R/V) “Professor Albrecht
Penck” in July 2009. The collected core was cut in 1-m sections and split lengthwise. The
core halves were line-scanned (photographic documentation) and sampled at a 1 cm
resolution. The samples were freeze dried, ground, and homogenized by mortar and pestle for
analysis. The sediment chronology was developed using gravity cores 370540-7 and P435-2-1
taken during cruises with R/V “Aranda” in 2009 and R/V “Poseidon” (P435) in 2012,
respectively, in the eastern Gotland Basin. For comparative studies a number of cores were
taken during several cruises between 2005 and 2014 in almost all Baltic Sea basins W

(Extended data Fig. 1, Extended data Table 1).

Site selection for determining core chronology and sediment proxy studies. Benthic
foraminifera (i.e. Elphidium spp.) were present in high numbers in cores P435-2-1 (220 m
water depth) and 370540-7 (242 m water depth) taken in the deepest part of the eastern
Gotland Basin as a result of strong saline water inflows (Lutze, 1965). They do not occur in
sediments from shallower water sites of this basin. For example, at our key site 303600 (175
m water depth) benthic foraminifera are absent, likely because the inflowing saline water
(vertical extent) did not reach this site. Cores P435-2-1 and 370540-7 were, therefore, selected
for determining the chronology. However, the deep sites are influenced by lateral transport of
fine grained material and, therefore, not suitable for sediment proxy studies of past in-situ
surface water conditions using biomarker. For this purpose, site 303600, located outside the
inflowing water pathway on the western side of the eastern Gotland Basin (Extended data Fig.

1), was chosen as it is only to a minor extent influenced by lateral matter transport.
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Extended data Table 1 Details on the core sites studied located in almost all basins of the Baltic Sea
(see Extended data Figure 1 for a map). The location, present-day and estimated paleo-water depths
(6,500 cal. BP) are indicated, along with cruises and years of sampling of sites. Key-sites for
chronology and proxy studies are marked in red. Loss on ignition (LOI) data are available from all
sites. LOI data from cores marked with (X) are shown in Extended data Figures 2, 3 and 5.

e e e T kot R/ Suping Lol
Gdansk Basin
P475-12-6 54°49.38'N 19°11.16’'E 105 101 Poseidon 475 2014 X
Gotland Basin
303600 56°55.01'N 19°19.99°E 170 190 Prof. Albrecht Penck 2009 X
370540-6(-7) Aranda 2009 X(X)
(349110) 57°17.01'N 20°07.25E 243 264 (Maria S. Merian) (2008) X)
MSM16/1-052 Maria S. Merian 16/1 2010 X
I gwan wewe o om fgess X
372740 Maria S. Merian 12/4 2009 X
(370530) 57°23.10N  20°15.50'E 232 255 (Aranda) (2009) x)
211640-7 Kotzov 1997 X
303630-3 57°00.37'N 19°50.08'E 185 199 Poseidon 2005 X
303640-6 56°43.66'N 19°57.49°E 153 165 Poseidon 2005 X
303650-5 56°30.05'N 19°40.46'E 141 155 Poseidon 2005 X
MSM16/1-057 57°38.88'N 20°38.75'E 139 165 Maria S. Merian 16/1 2010 X
Faré Deep
F80 58°00.00'N 19°53.81'E 181 225 Aranda 2009 X
Northern Central Basin
243060 58°46.90'N 20°15.30'E 190 211 Poseidon 282 2002 X
243070 58°46.10'N 20°15.30'E 195 211 Poseidon 282 2002 X
349140 58°48.99'N 20°25.07°E 189 222 Maria S. Merian 2008 X
P435-17 58°42.75'N 20°14.68'E 210 243 Poseidon 435 2012 X
Landsort Deep
349210 58°33.51'N 18°13.83'E 258 314 Maria S. Merian 2008 X
M86/1-33 58°21.90'N 17°50.04’E 101 144 Meteor M86/1 2011 X
M86/1-37 58°40.39'N 18°31.07°E 250 323 Meteor M86/1 2011 X
M86/1-38 58°35.84'N 18°28.03'E 179 236 Meteor M86/1 2011 X
M86/1-39 58°58.42'N 19°14.43’E 104 154 Meteor M86/1 2011 X
Bothnian Sea
P435-10 62°52.16'N 19°02.55'E 214 321 Poseidon 435 2012 X
P435-11 62°50.70'N 18°53.27°E 206 357 Poseidon 435 2012 X
P435-12 62°52.78'N 18°55.25'E 178 328 Poseidon 435 2012 X
P435-13 62°35.18'N 18°58.13'E 215 308 Poseidon 435 2012 X
P435-14 61°03.98'N 19°43.13'E 141 208 Poseidon 435 2012 X
Bay of Bothnia
MSM16/1-93 64°42.00'N 22°03.72°E 130 211 Maria S. Merian 16/1 2006 X
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Extended data Fig. 1 Location of the sediment coring sites on a map of the Baltic Sea with the
paleobathymetry at c. 6,500 cal. BP (see SI). For more details on the site location see Extended

data Table 1.

Radiocarbon dating. 69 individually picked benthic foraminifer samples from cores
P435-2-1 and 370540-7 were radiocarbon dated with accelerator mass spectrometry (AMS) to
obtain a detailed age model of the sediment cores. Eight samples of 3-5 mg foraminifera test
were leached to remove any potential surface contamination, before the remaining 70% was
decomposed to CO, under vacuum and converted to graphite for AMS '*C measurement at
the Poznan Radiocarbon Laboratory in Poland (see www.radiocarbon.pl). The majority of 61

samples was too small for routine AMS measurements on graphite and was dated with a new
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technique at ETH Zurich employing an AMS system equipped with a sample introduction
system based on a gas ion source (Wacker et al., 2013). Foraminifera tests of only 0.3 to 1 mg
were leached with 100 pl of 0.02 M HCI to remove 100 pg carbonate (12 pg carbon), before
the remaining carbonate was completely dissolved in phosphoric acid in 3 ml septa sealed
vials and the formed CO, was introduced into the ion source of the AMS for '*C measurement

(Bard et al., 2015).

Total organic carbon (TOC) content. The TOC content of sediments of core 303600
and P435-2-1 was determined as follows: After measuring the total carbon (TC) using the EA
1110 CHN analyzer from CE Instruments and the total inorganic carbon (TIC) using the Multi
EA- 2000 Elemental Analyzer from Analytic Jena the TOC content was calculated as the
difference between TC and TIC.

Loss on ignition. All cores described in this study have been analyzed for loss on
ignition (LOI); some record (cores F80, 373740, 370530, 370540-6) have previously been
published (Lougheed et al., 2012; Reinholdsson et al., 2013). The LOI was determined by
ashing freeze-dried samples at 550°C for 3 h and calculating the resulting mass difference in
wt.%. For Baltic Sea sediments, the LOI provides a proper estimate of the TOC content of the
sediments (Leipe et al., 2011) (see also Fig. S2).

TEXss analysis. Typically 1-3 g of sediment were extracted using the Dionex™™
accelerated solvent extraction with dichloromethane/methanol (9:1; v/v) as solvent. The total
lipid extract was dried over a Na,SO, column and then separated using Al,O3 column
chromatography. The polar fraction was obtained using dichloromethane/methanol (1:1. v/v)
as the eluent. The polar fraction was concentrated under N, gas and then dissolved in
hexane/isopropanol (99:1, v/v) before being filtered using a 0.4 um PTFE filter as described
previously (Hopmans et al., 2004). The sample was then analyzed by high-performance liquid
chromatography coupled with atmospheric pressure chemical ionization-mass spectrometry
(HPLC/APCI-MS) as described previously (Schouten et al., 2007). A local TEXg¢ calibration
for the Baltic Sea was established by Kabel et al. (2012) using nine surface sediment samples
from the Baltic Sea and comparing the TEXss derived SSTs with satellite sea surface
temperature (SST) data. The highest correlation was found using TEXsgs" and with the SST of
the months July through October. The resultant Baltic Sea summer SST calibration equation

1S:
SST = 34.03 x TEXgs" + 36.73 (R2=0.89, n=9)
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Thermal Optimum

303600
(water depth: 175 m)

370540-6
(water depth: 241 m)

——
400
AMS'14C dates
(ETH, Poznan)
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(water depth: 242 m)
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(water depth: 220 m)
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Extended data Fig. 2 Correlation of organic carbon (red curves) and LOI (black curves) data
from the key-cores from the Gotland Basin in the central Baltic Sea (dashed grey lines:
characteristic minima; grey lines: characteristic maxima). The chronology was developed based
on 69 AMS "C dates of benthic foraminifera in core P435-2-1 and 370540-7. Depth positions of
AMS '*C dates are marked (black triangles: ETH Ziirich, blue triangles: Poznan). The age-depth
relationships were transferred onto core 303600 correlating the high-resolution LOI and TOC

profiles.
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A2. Sediment core age-depth relationships

High-resolution AMS '*C dating was performed for the cores from sites P435-2-1 and
370540-7 (Extended data Table 2, Extended data Figs. 2 & 3). The foraminiferal abundance
and quality in the lower core interval of 370540-7 is much higher than in the equivalent depth
interval of P435-2-1. Therefore, high resolution dating of this older interval concentrated on
370540-7. Nevertheless, in order to secure a sound and robust high-resolution composite
(P435-2-1 and 370540-7) age-depth model, overlapping depths intervals in P435-2-1 were
dated too (Extended data Figs. 2 & 3). The raw AMS'*C dates of benthic foraminiferal
samples were calibrated using the Marinel3 database in the Calib7.01 (Reimer et al., 2013)
and adjusted with a standard reservoir age of 400 years commonly used in western Baltic Sea
studies (Extended data Table 2). As mentioned above, benthic foraminifera only occurred
after strong saline water inflows in the saline, oxygen rich deep water body and therefore they
very likely have the same reservoir age as Western Baltic / Skagerrak material.

The age-depth relationship developed on the central Baltic Sea cores from the
deeper cores, P435-2-1 and 370540-7, can be easily transferred onto shallower cores
from the central / southern Baltic by correlating LOI profiles, which are a good measure
of organic carbon content changes in Baltic Sea sediments (Leipe et al, 2011)
(Extended data Fig. 2), from the respective cores. This was demonstrated e.g. by
Lougheed et al. (2012) and Kabel et al. (2012). Extended data Fig. 2 and 3 show how
well the key cores for chronology (P435-2-1 and 370540-7) and proxy (303600) studies
can be correlated to each other using LOI (TOC) profiles.

The 370540-7 depth scale was transferred onto P435-2-1 equivalent depth scale by
correlating the LOI profiles using Analyseries Software. The resulting relationship for age
versus P435-2-1 equivalent depth is shown in Extended data Fig. 3. A polynomial fit was
applied for the age model and this model was transferred onto 303600 using high-resolution
LOI data in Analyseries Software. AMS'*C dating in sediment cores from the northern Baltic
Sea basins were performed in order to obtain information on the approximate duration of the

early Littorina Sea Phase hypoxic stage (Extended data Table 2, Extended data Figs. 3 & 4).

Extended data Table 2 AMS '*C dating results and calibrated ages (one sigma range, using
Marinel3 in Calib 7.01 program) from Gotland Basin key-site P435-2-1 and 370540-7, and
other sites of the central and northern Baltic Sea. Core 370540-7: (*) denotes equivalent core
depth in gravity core P435-2-1. Samples were measured as gas (ETH) and graphite samples

(Poz), respectively mmp
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Depth (cm) in core \ Lab code \ Material dated \

"C age \ Calibrated age 1o

P435-2-1, Gotland Basin (57°06.33'N, 19°50.77'E, water depth: 218 m)

293-294
304-305
331-336
346-348
358-359
365-366
378-379
384
392
399-401
410-412
423-424
434
440-441
444-445
454-455
465-466
466
473-474
482.5-484
488-489
496-497
500-501
505-508
516
521-523
533
545-547
586-587
625-626

370540-7, Go

264-267
(450%)
266.5-267.5
(452%)
288-289
(479%)
288-289
(479%)
298-299
(493%)
299-301
(495%)
312.5-314.5
(513%)
313-313.5
(513%)
322-324
(529%)

ETH-55053
ETH-55054
ETH-56921
ETH-56922
ETH-56231
ETH-55057
ETH-56923
ETH-59705
ETH-59706
ETH-56233
ETH-56924
ETH-55059
ETH-59707
ETH-56925
ETH-56926
ETH-56927
ETH-56928
ETH-59708
ETH-55060
ETH-56929
ETH-56930
ETH-55061
ETH-56931
ETH-56242
ETH-59709
ETH-56932
ETH-59710
ETH-56245
ETH-55064
ETH-55066

tland Basin (5

Poz-73943

ETH-62230

Poz-73946

ETH-62231

ETH-62232

Poz-73944

Poz-73945

ETH-62233

Poz-73947

Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.

7°17.01°N, 20°07.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.

Elphidium spp.

3090 +70
3150+ 70
3345 £ 50
3465+ 75
3570 £ 75
3615 £55
3710 + 65
3815+ 75
3860 + 75
4030 + 140
4010 £+ 65
4095 £+ 55
4185+ 75
4190 + 80
4290 + 80
4375+ 75
4500 + 70
4490 £ 110
4445 + 65
46607 £ 75
4826 + 80
5025+ 75
5020 + 80
5170 £ 170
5440 + 100
5205 £+ 65
5380+ 110
5570 £ 190
5895 £+ 65
6250+ 70

4390 + 50

4450 + 80

4650 + 80

4755 + 65

4860 + 75

4470+ 75

5080+ 75

5230+ 95

5460 + 75

2770 — 2940
2840 — 3040
3130 - 3270
3240 - 3430
3380 - 3550
3440 — 3580
3540 - 3720
3660 — 3860
3710 - 3920
3860 — 4240
3930 -4110
4060 — 4230
4170 — 4380
4160 — 4390
4290 — 4520
4410 — 4620
4610 — 4800
4540 — 4810
4520 — 4720
4800 — 4980
5020 - 5250
5290 - 5460
5280 — 5460
5310 -5700
5690 — 5920
5480 - 5630
5640 — 5870
5750 - 6170
6260 — 6380
6610 - 6790

25'E; water depth: 243 m)

4440 — 4610

4550 — 4660

4790 — 4990

4880 — 5090

5050 - 5270

4580 — 4730

5380 - 5510

5480 - 5690

5780 — 5890
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42

Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.
Elphidium spp.

Elphidium spp.

P435-13-4, Bothnian Sea (62°35.18'N, 18°58.

3 (2522'5’3)4 ETH-62234
( 533287*) ETH-59688
?523783;8) ETH-61284
?523783515; P0z-70380
3(351'633)4 ETH-61286
’ ; 2.45*) ETH-59690
3 (3585'133)0 ETH-59691
3{‘;86-53)9 ETH-59693
3(55%'33)2 ETH-61287
(3;58213) Poz-68833
( 5385:*) ETH-59694
3(5579'23)8 ETH-59695
3(66%'35)1 ETH-59696
3(6661'635)8 ETH-59698
3(7612'133)2 ETH-59699
3(76“2'5’3)5 ETH-61288
3(7663'33)7 ETH-59700
3(762'133)9 ETH-61289
(362813) Poz-70381
(362)163) ETH-59701
(3’6?51'3) ETH-59702
(%i%f) ETH-59703
2822855 | ETH-56905
303.5305.5 | ETH-56907

Elphidium spp.
Elphidium spp.

5395 £ 60

5620 + 85

5725 + 80

5690 + 60

5690 £ 75

5635+70

5565 + 85

5785 +70

5960 + 75

5970 £ 50

5900 =70

6025 + 75

6210 + 90

6255 +90

6220 + 75

6470 £ 75

6475+ 75

6485 + 80

6320 + 70

6350+ 75

6415 £+ 80

6710 =75

5700 — 5850

5920 -6120

6030 — 6230

6010 -6170

6000 — 6180

5940 - 6120

5870 — 6080

6130 — 6280

6290 — 6440

6310 — 6430

6260 — 6320

6350 — 6530

6540 — 6760

6600 — 6830

6570 — 6760

6870 — 7080

6880 — 7080

6890 — 7100

6700 — 6870

6720 - 6910

6780 — 7000

7160 — 7310

13'E; water depth: 215 m)

3495 + 80
4780 £ 110

3270 - 3470
4920 — 5220

P435-14-2, Bothnian Sea (61°03.98'N, 19°43.13 E; water depth: 141 m)

578-580

| ETH-59736 | Elphidium spp. | 4020 + 70 |

3930 — 4140
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610-611 ETH-59738 | Elphidium spp. | 5000 + 85 5260 — 5460
624-625 ETH-59739 | Elphidium spp. | 6450+ 70 6840 — 7040

MSM16/1-93, Bay of Bothnia (64°42.00°N 22°03.72 E; water depth: 130 m)

441.5-442.5 ETH-56908 | Elphidium spp. | 4365 + 65 4410 — 4590
464.5 ETH-59704 | Elphidium spp. | 4955 + 80 5210 - 5440
495.5-497.5 ETH-56909 | Elphidium spp. | 6545+ 110 6930 — 7180

Part B: Ecosystem modelling approach

B1. Model description

Circulation. To simulate the climatic impact on biogeochemistry, (for example on the
redox conditions, hypoxic/oxic), we used a coupled three dimensional hydrodynamic and
biogeochemical model. The hydrodynamic part of the model is based on the circulation model
MOM (version 5.1) (Griffies, 2004) and has been adapted to the Baltic Sea with an open
boundary condition to the North Sea, and freshwater riverine input. The MOM model is
complemented with a sea ice model to estimate ice cover thickness and extent. Furthermore, a
parametric surface wave model (Schwab et al., 1984) is coupled to MOM. The main purpose
in this application is to account for the surface wave generated bottom shear stress, which in
shallow seas is predominantly how the resuspension of sedimentary material occurs.

Biogeochemistry. The biogeochemistry was integrated using ERGOM (Leibniz-
Institute for Baltic Sea Research, 2015). The ERGOM biogeochemical model, which has been
developed for the Baltic Sea, describes the dynamics of nitrogen, oxygen and phosphorus
including the inorganic nutrients nitrate, ammonium and phosphate, and particulate organic
matter consisting of phytoplankton (autotrophs), dead organic matter (detritus) and
zooplankton (heterotrophs). In ERGOM, in-situ organic matter is produced from the inorganic
nutrients by three functional groups of phytoplankton: large cells, small cells and others, and
cyanobacteria. Organic material sinks and enters the model sediment as benthic nitrogen and
phosphorus. All model processes requiring electron acceptors (e.g. respiration) reduce the
oxygen concentration in the water. When oxygen is depleted nitrogen is first used as an
electron acceptor (denitrification) and then subsequently sulfate becomes the electron

acceptor resulting in the formation of hydrogen sulfide.
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Extended data Fig. 3 Loss on ignition (LOI) records of 370540-6(-7) and 303600 were
correlated to core P435-2-1 and transferred on P435-2-1 equivalent depth scale. AMS "C dates
of benthic foraminifera in cores 370540-7 and P435-2-1 (blue triangles: ETH dates, blue:
Poznan dates), calibrated ages (upper graph) are shown vs. P435-2-1 equivalent depth scale. The
resulting age model is a polynomial fit (upper graph).
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Bathymetry. The Baltic Sea bathymetry is not static. In particular the northern Baltic
Sea lifts up and becomes shallower due to the glacio-isostatic rebound. To reconstruct the
Baltic Sea bathymetry about 6,500 cal. BP, we made use of data for relative sea level change
by Rosentau et al. (2012). These data were combined with a contemporary bathymetry of the
Baltic region by Seifert et al. (2001). Extended data Fig. 6 shows the reconstructed paleo- (B)
and contemporary (A) bathymetry for the Baltic Sea, respectively. The northern basins are

sometimes more than 100 m deeper while the southern Baltic remains nearly unchanged.

Spatial resolution. Due to the tremendous computational load (2,000 years have been
simulated), we applied a relative coarse model grid of 6 nautical miles. Extended data Fig. 6C
shows the derived paleo bathymetry projected onto the model grid. Vertically the model is
resolved into 80 layers. Close to the surface the vertical resolution starts with 0.25 m

extending to the bottom to a maximum of 6 m.

Atmospheric forcing. Atmospheric forcing was reconstructed using via prescribed
surface boundary conditions. We used the coastDat data set (Weisse et al., 2009), a dynamical
downscaling re-analysis for the years 1948-2014. For the different climate states (warm vs.
cold), we modified the atmospheric data by a delta change approach successfully applied
earlier (e.g., Kabel at al., 2012). This approach is typically applied when meteorological data
are not available in a sufficient temporal and spatial resolution. In order to simulate the
biogeochemical consequences of the change in summer SST that occurred in the
reconstructed SST record at 6,000 cal. BP, we applied the following conditions. For the warm
climate state we increased the 10 m air temperature of the coastDat data by 1K, which results
in a slight increase of the water temperature. To mimic a colder climate we reduced the 10 m
air temperature by 2K and decreased the downwelling shortwave radiation. The effect is a
mean SST difference of 2K between cold and warm climate periods. The temperature
difference is higher in summer and amounts up to ca. 3K (Extended data Fig. 7). This
temperature change reflects the temperature difference we reconstructed in the proxy studies

for the transition at 6,000 cal. BP (Extended data Fig. 4).

Nutrient composition. The nutrient input has been compiled from HELCOM
assessments (www.helcom.fi). Pre-industrial nutrient loads to the Baltic Sea due to riverine

discharge and atmospheric deposition are derived from estimates by Gustafsson et al. (2012).

45



Chapter 2

Cal. BP (years)
3000 3500 4000 4500 5000 5500 6000 6500 7d00 7500

1 1 1

site P435-2

-5 r510

c &
o £
S~
© =
L500 & —
n
=1
o
©
’ “a90 S ©
5 " s ":." W i ©
151 @ Thermal Optimum_ *® = °
 cooling stable unstable

cold warm/cold

Ice-rafted debris in central Baltic $2

)
‘-2\,14' strong winters (Dreibrodt et al. 2012) r 30
L 2 |
° R
e
20 2
t 15 9
-~ 10

.
o
1

Central Baltic's
bottom water
conditions

:.35 d U R ' i
stable oxic stable anoxic  stable oxic unstable
(homogenous) (homog.) ©Oxic/anoxic
| A I I | 1T T T T T T T T T

3000 3500 4000 4500 5000 5500 6000 6500 7000 7500
Cal. BP (years)

(laminated)

Extended data Fig. 4 Relationship of SST with bottom water anoxia in the Baltic Sea. Loss on ignition
(LOL, black) and organic carbon (purple) data from two key-sites P435-2 and 303600 vs. age. Baltic
SST reconstruction for Gotland Basin site 303600 is shown in red (5 point running mean: thick red
line). June insolation at 60°N (in W m™) is plotted as a grey stippled line. Horizontal grey bar marks the
presumed 16°C threshold temperature for cyanobacteria blooms. Note, anoxic conditions of bottom
waters (i.e. laminated sediments and elevated LOI values) occurred when temperatures were above this
threshold temperature. Ecosystem modelling results confirm this close relationship (see SI). A rapid
warming with the sudden appearance/spread of anoxic conditions occurred at 6,000 cal. BP and is
followed by a regional Thermal Optimum. The general temperature decline/cooling follows the summer
insolation decrease finally leading to stable oxic bottom water conditions. The strong cold phase
between 6,300 and 6,000 cal. BP is also evident from lake reconstructions (Dreibrodt et al., 2012)
indicating strong winters, and an increase in coarse mineral fraction (ice rafted debris) in central Baltic
Sea sediments.
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We used their estimates for AD 1850 and reduced them by additional 10% to account for a
smaller population density at 6,500 cal. BP. Total loads including riverine loads and
atmospheric deposition for the whole model domain account for 1.2*10” kg phosphorus and
3.9 *10” kg nitrogen.

We simulated the Baltic Sea ecosystem under our model as described in Part B1 in 50-
year time slices, which were eventually concatenated into the complete simulated time-series.
The first time slice was initialized using data from a pre-industrial reconstruction of the Baltic
Sea’s environment(Gustafsson et al., 2012), which is characterized by low nutrient and high
oxygen concentrations in the waters of the Baltic. The output of the preceding time slice was
used as the starting condition for the next time slice in the simulation. Each time slice was
forced by the modified meteorological data producing respective warm or cold climatic
conditions (see Part B1). The modeled cold period (350 yr) mimics the cold climate before
6,000 cal. BP (Extended data Fig. 4) and the modeled warm phase (400 yr) the warm climate
after 6,000 cal. BP (Extended data Fig. 4).

B3. Simulation Results

The simulations clearly demonstrate a tight coupling between SST, hence climate, and
the oxygen concentrations in the Baltic Sea (Fig. 3A main text). During warm conditions the
probability for the occurrence of hypoxia in wide areas of the entire Baltic increases to a large
extent, while during cold periods most parts of the Baltic Sea are well oxygenated. An
increase of the hypoxic areas from 20,000 to > 120,000 km? is estimated by our simulations at
the transition from cold to warm climate at 6,000 cal. BP. It is worth noting that due to the
rather coarse model grid the spread of hypoxia cannot be accurately estimated in the coastal
regions. It is therefore likely that hypoxia increased significantly in all coastal regions at
6,000 cal. BP, but this is not shown in Fig. 3A as this represents the conservative estimate.

Our simulation results support the theoretical predictions by Vahtera et al. (2007).
These authors argue that when hypoxic or anoxic conditions emerge, a positive feedback
mechanism between temperature and hypoxia becomes established. This positive feedback
loop has two major ingredients: 1) bloom development by nitrogen-fixing cyanobacteria, and
i) enhanced phosphate availability. For an effective nitrogen fixation by cyanobacteria a
certain minimum temperature is required. For the Baltic Sea a temperature threshold of 16°C
has been estimated from observations (Kononen, 1992; Wasmund, 1997), therefore, when
summer SSTs are >16°C cyanobacterial blooms can develop, substantially affecting the

biogeochemistry of the Baltic Sea. Phosphorus mineralized in sediments under oxic
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conditions becomes to a certain extent bound with iron, forms phosphorus-iron complexes and
then is retained in the sediment and eventually buried. A change to hypoxic/anoxic conditions
liberates the iron bound phosphorus and it is released as phosphate to the water column
(Laima et al., 2001; Neumann & Schernewski, 2008 ). This surplus phosphate in the water
column can then be taken up by cyanobacteria. Consequently, SSTs >16°C result in a
substantial increase in primary productivity. This additional biomass (in modern times
approximately half of the sedimentary organic carbon is estimated to be derived from these
blooms in the central Baltic basins; Struck, et al., 2004) results in an increased carbon flux
into the deeper water and in turn the oxygen demand for heterotrophic processes increases.
Oxygen concentrations go down and increasingly larger sediment areas become covered by
anoxic waters resulting in even more phosphate release from the sediment. Nutrient
concentrations increase and as a final result of this positive feedback loop a eutrophic state of
the Baltic Sea is established. This state is almost independent of external loading and can only
be changed due to colder summer SSTs (below 16°C), which prevents cyanobacteria from

forming heavy blooms.

Part C: Regional, basin wide environmental changes from 7,500 to 3,000
cal. BP and its consequences for the food web

C1. Basin wide environmental changes from 7,500 to 3,000 cal. BP

The climatic conditions after the Littorina Sea transgression (c. 7,500 cal. BP) in the
Baltic region were characterized by high summer insolation at 60°N latitude, potentially
leading to warmer summer SSTs in the entire Baltic region. Warming SSTs in summer are
critical to the formation of cyanobacterial blooms in the Baltic Sea (Wasmund, 1997; Kabel et
al., 2012), which stipulates the feedback loop discussed in Part B3. During periods of warmer
climate, hypoxic conditions occur and laminated organic carbon rich (high LOI) sediments are
deposited as transpired in the entire Baltic Sea basin when the climate significantly warmed at
7,500 cal. BP (Extended data Fig. 5). The Baltic Sea region experienced climatic oscillations
(Fig. 2 main text, Extended data Fig. 4) between 7,500 and 6,500 cal. BP and effects of this
are seen clearly in the central Baltic basin (alternating homogenous/oxic and
laminated/hypoxic sediments (Zillén et al., 2008; Kabel et al., 2012), Extended data Figs. 4
and 5), but not in the formerly much deeper (> 150 m; Rosentau et al., 2012) northern areas

(Extended data Fig. 5).
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Extended data Fig. 5: Loss on ignition (LOI) profiles vs. depth from various sites from the entire
deeper Paleo-Baltic. The sharp transition (red arrow) from a marked cold (oxic, low LOI,
homogenous sediments) to a warm phase (hypoxic, high LOI, laminated sediments) at c. 6,000 cal.
BP is clearly seen in all records from the central and southern Baltic. Only the deeper part of the
northern Baltic (upper panel) was hypoxic before 6,000 cal. BP. During the Thermal Optimum
(vertical orange bar) the almost entire Baltic Sea was hypoxic but conditions gradually changed to
oxic after the Thermal Optimum. Records from the key-sites (Extended data Figure 2) are not
included here but fit these LOI profiles very well. AMS"“C are marked in profiles from the northern
cores.
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Extended data Fig. 6 Reconstructed contemporary (A) and paleo- (B - 6,500 cal. BP) bathymetry
for the Baltic Sea. About 6,500 cal. BP the northern Baltic Sea basins were more than 100 m deeper
than today due to the rapid galcio-isostatic land uplift in the region. The southern Baltic remained
nearly unchanged. The derived paleobathymetry was projected onto the 6 nautical miles model grid
and is shown in (C). Note that the contemporary coastline is marked by a dashed grey line in (C).

A strong cold phase is recorded between 6,500 and 6,000 cal. BP (Fig.2, main text,
Extended data Fig. 4) with a pronounced transition from cooler/oxic conditions to
warmer/anoxic conditions at 6,000 BP that is prevalent throughout the southern and central
Baltic (Extended data Figs. 4 and 5). The marked transition from oxic to hypoxic conditions at
c. 6,000 cal. BP had important implications for the marine fauna in the entire Baltic (basins

and coastal waters) at that time (described below) and consequently affected the human
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populations that relied upon them. The stable hypoxic conditions of the Thermal Optimum
phase, when SSTs are persistently higher than 16°C, are widespread in the entire Baltic Sea
(Extended data Figs. 4 and 5) and terminated parallel a marked cooling trend after 4,500 cal.
BP when SSTs became lower than 16°C (Fig. 2 main text, Extended data Figs. 4 and 5).

Our model generates simulated results (Part B3) that are similar to the data observed in
marine sediment cores, for example by successfully simulating the observed dramatic change
at 6,000 cal. BP in the ecosystem. Therefore we can infer that the overall model is useful, and
its mechanisms and dynamics are informative. The model nicely reproduces the remarkable
spread of hypoxia from the northern basins (laminated sediments were restricted to the North)
to the entire Baltic including coastal areas at/after 6,000 cal. BP (Fig. 3A, Extended data Fig.
5). A eutrophic ecosystem state was established during the local Thermal Optimum and

changed to oligotrophic as cooling continued after 4,500 cal. BP (e.g. Extended data Fig. 4).

C2. Environmental changes and consequences for food web dynamics

Previous studies have shown that in the last three decades changes in climate have
caused major restructuring of the upper trophic levels in the Baltic Sea (M6llmann et al.,
2003; MacKenzie & Koster, 2004). In the late 1980s the North Atlantic Oscillation (NAO)
shifted from a negative to a positive phase causing SSTs to increase by ~1°C, a temperature
change that most likely drove ecological regime shifts in the central Baltic Sea (Alheit, et al.,
2005; Mollmann et al., 2005). Warming SSTs can cause variations in phytoplankton
populations in the Baltic Sea and since they are the prey of zooplankton these shifts can
potentially create bottom-up changes in food web dynamics (Alheit, et al., 2005; Mollmann et
al., 2008). Additionally, fluctuations in copepod abundances in the Baltic ecosystem are
driven at least partially by temperature changes (Mdllmann et al., 2000). Climate induced
changes in copepod fecundity can both directly and indirectly affect fish stocks in the Baltic
Sea dynamics (Alheit, et al., 2005; M6llmann et al., 2008). For example, contemporary
warming in the Baltic in the late 1980°s shifted commercially important fish populations
towards sprat (Alheit, et al., 2005; Mollmann et al., 2005).

Climate variability and oxygen availability have been shown to especially affect cod, a
commercially important fish in the Baltic Sea. Cod spawn in late winter and early spring
when SSTs are around 5-7°C and if SSTs fall outside of this range survival of the offspring is
reduced (Brander, 2000). Oxygen depletion has also been found to be the limiting factor
determining reproductive success of cod in the Baltic Sea and egg survival diminishes with

decreasing oxygen concentrations (Wieland et al., 1994). Reduced oxygen conditions in the
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Baltic Sea are frequently sufficient to prevent cod eggs from hatching as most eggs are below
the halocline depth where hypoxia occurs (Wieland et al., 1994). Because the success of
hatching for cod eggs is closely related to oxygen concentration at their depth, salinity is also
a factor because it impacts the buoyancy of eggs and the depth at which they float (Wieland,
& Zuzarte, 1991). Additionally, hypoxia can affect food web dynamics in the Baltic
ecosystem by forcing fish living near the bottom to find prey alternatives or cause fish to feed
in shallower water (Bagge et al., 1994). Furthermore, research shows that cod recruitment is
more susceptible to the deleterious effects of climate change when stock biomass is already
low due to other conditions (Brander, 2005) such as overfishing, hypoxia, and increased
competition among other fish species.

Seals are an apex predator and their presence or absence would have a large top down
impact on the food web in the Baltic Sea. Additionally, harp seals were important game to
people living during the mid-Holocene (Eriksson, 2004; Fornander et al., 2008) as supported
by the abundance of bones from this species in refuse from islands in the Baltic Sea (Bennike,
et al., 2008; Stora & Ericson, 2008). When this species exactly arrived in the Baltic Sea is not
known for sure, but the dating of bones places their appearance in the basin after 7,500 cal.
BP (Ukkonen, 2002; Schmoelcke, 2008) succeeding the opening of the Danish Straits. Why a
subarctic species would enter the Baltic Sea during the warmest periods of the Holocene has
been a debated topic, but this study may shed some light on the debate as it is possible the
harp seals entered during a cooler period between 7,500 and 6,000 cal. BP (Extended data Fig.
4). Once the connection with the North Sea was re-established, marine water and species were
able to enter the Baltic Sea (Schmoelcke, 2008) making it a more productive marine
environment that was favorable for potential prey of the seals such as cod, herring (Lougas,
1999; Forstén,& Alhonen, 1975) and oysters (Bennike, et al., 2008). Since cod and herring are
prey to harp seals (Lawson et al., 1995; Lindstrem, et al., 1998), it is reasonable to assume
any changes in the fish populations based on changes in climate or oxygen availability would
also affect the seals. Through examining archaeological evidence one study showed a
correlation between oyster and harp seal remains in the Baltic Sea region and conjectured that
when oysters were abundant during mid-Holocene, so were their predators, harp seals

(Bennike, et al., 2008).
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Extended data Fig. 7 Modeled mean annual (A) and summer (JJA, B) temperature difference between
cold and warm climate states in the upper 15 m surface waters using the delta change approach (for
details see SI).

Part D: Human population and cultures

D1. Construction of Central and Western Baltic Summed Probability Distributions
(SPD)

Overall population proxy. We constructed an SPD using all '*C dates (Fig. 2A black
line, top) obtained from EUROEVOL radiocarbon database
http://discovery.ucl.ac.uk/1469811/ that fall within the Central and Western Baltic kml

polygon (brown polygon Fig. 1). All these '“C dates have an anthropogenic association and
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are of terrestrial origin from archaeological sites. The SPD was constructed using methods
described in Shennan et al. (2013) and Timpson et al. (2014). At each site, similar dates
(within 200 '*C years) were binned, calibrated using Intcall3, summed and normalized to
unity, such that multiple similar dates at a site had the same overall weighting in the SPD as a
single date. This is a conservative approach to dealing with differential dating at sites due to,
for example, a larger research budget permitting more samples to be radiocarbon dated. All
binned SPDs were then summed and the final SPD was normalized to unity. The rationale
behind this approach is that periods of increased population will leave more dateable material
behind in the archaeological record. Therefore, the SPD provides a proxy for relative
population levels through time within the polygon, but the density values are relative and
therefore the units are arbitrary. The thin solid line represents a fine temporal resolution SPD
and the thick dashed line represents a 200 year rolling mean.

The Polygon was specifically constructed to test the hypothesis of a demographic
response to climatic change across the broad region of Central and Western Baltic. By
utilizing the largest possible sample size (site n = 608, sample n = 1960) we can expect local
variability (e.g. from endogenous causes) to destructively interfere, and any patterns common

to the entire region to be maximized.

SPDs based on cultural assignment. We constructed SPDs from four subsets of '*C
dates (Fig. 2A colored lines, middle) from the Central and Western Baltic polygon, utilizing a
total of 1144 of the 1960 '*C dates (58%) which had been assigned to one of the following
cultures by the original excavator: Ertebelle (or Lihult), TRB (Funnel Beaker), Corded Ware,
Pitted Ware. Dates that were considered transitional between two cultures were not included,
i.e. Ertebelle/TRB (n=79) and TRB/Bell Beaker (n=1). Also not included were 24 dates
associated with cultures beyond the temporal interest of this study (for example Early Bronze
Age). The remaining 712 excluded dates had not been associated with a specific culture. SPD
analysis was performed as described above for all dates in the polygon, with the exception of
the final step of normalization to unity. This ensures a fair comparison of the magnitudes of
each cultural SPD. Again, the thin solid line represents a fine temporal resolution SPD and the

thick dashed line represents a 200 year rolling mean.

D2. Correlation tests between Baltic Sea SST and Central and Western SPD
Overall correlation. Correlation between SST and Central and Western Baltic SPD

was calculated using two methods. In both cases interpolation was required to simplify and
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match the SPD time series to exactly the same 99 unequal discrete SST time points that
overlap with the SPD, from 4,036 to 7,099 yrs BP inclusive. The first method uses Pearson’s
product moment correlation coefficient, r = 0.731 (95% CI = 0.624 to 0.812), p-value < 2.2e-
16, t=10.56, df = 97. However, there is the possibility of some spurious shared information
between the SST and SPD, which may exaggerate the p-value. For example, SST core time
points were estimated using a '*C time depth model from dates that were calibrated via the
same Intcall3 curve. Similarly both time-series are subject to the same atmospheric variability
in '*C. Therefore a second method using a Monte Carlo simulation approach as employed in
Shennan et al. (2013) generated 50,000 simulated radiocarbon datasets (using a uniform
distribution between 4,000 and 8,000 cal. BP). An SPD was generated for each, which were
then subjected to exactly the same correlation test with SST. This ensured each simulated
SPD was processed using the same calibration and interpolation as the observed radiocarbon
dataset and resulted in 50,000 Pearson’s product moment correlation coefficients ranging
from -0.735 to +0.721 (SD = 0.228), which were compared to the observed correlation
coefficient. Not a single simulated correlation coefficient was equal or greater (1-tailed) and
only one simulation was greater in magnitude but negative (2-tailed), providing a more
conservative p-value estimate of 0.00002.

Cross-correlation and lag. Both the SPD and SST time series were interpolated to
annual points between 4,036 and 7,099 yrs BP, allowing a fine resolution cross-correlation
analysis using Pearson’s product moment correlation coefficient in the lag range of +/- 15%
(460 years). A peak correlation was obtained when the SPD lagged SST by 61 years (r =
0.862 compared to r = 0.839 at lag = 0). Note only the relative values are informative as the
magnitude of these values are inflated compared to the correlation test since both time series

were heavily interpolated and trimmed to ensure a constant window length.

D3. Archaeological sites and cultures

Although there is now evidence of the presence of domestic pigs in Ertebglle
Mesolithic contexts in Baltic north Germany ca. 6,500 cal. BP (Krause-Kyora et al., 2013),
the arrival of farming in southern Scandinavia is associated in material culture terms with the
Funnel Beaker, or TRB culture, beginning ca. 6,000 cal. BP. Ancient DNA evidence has
recently shown that it involved an expansion of farming populations from further south
(Skoglund et al., 2014). In terms of the economy, farming is indicated by the presence of
cereal remains and the bones of domestic animals. Direct radiocarbon dates on charred cereal

grains of wheat and barley show their presence across southern Scandinavia as far north as
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middle Sweden in the period 6,000-5,700 cal. BP and the same is true for directly dated
domestic animal bones, including sheep/goat and cattle (Serensen & Karg, 2014). However,
this does not mean that wild resources ceased to be exploited. When coastal and lakeside sites
are distinguished from inland ones they generally show very high proportions of wild fauna
and even at inland sites wild fauna can represent a significant proportion at sites from the EN
I phase (Serensen & Karg, 2014) (Fig. 13), although there is a shift towards higher domestic
proportions in later phases at all sites (Serensen & Karg, 2014) (Fig. 14). The discussion
continues and it remains unresolved whether local forager groups continued to exist in coastal
zones side by side with incoming farmers or whether the latter exploited marine resources on
a seasonal basis; however, there is evidence of some introgression of genes from hunter-
gatherer lineages into the farming population but none in the opposite direction (Skoglund et
al., 2014).

In recent years extensive stable isotope and lipid analyses have been carried out on
both human bone and ceramic residues to examine dietary patterns during the Mesolithic and
Neolithic of southern Scandinavia. A stable isotope study of human bone by Richards et al.
(2003) indicated a wide-ranging diet for Mesolithic individuals, including partially
terrestrially-based protein. Neolithic diets, on the other hand, were much more uniform and
based entirely on terrestrial protein, most probably from domesticated resources. Fischer et
al.’s (2007) isotope study of human and dog bones from Mesolithic and Neolithic sites found
that Mesolithic samples indicated heavy dependence on marine resources, especially high
trophic level fish, even at inland sites. With one exception, the Neolithic samples indicated a
general shift towards a diet based on terrestrial foods with some low trophic level freshwater
and marine food. However, early Neolithic samples from coastal sites have not yet been
analyzed (Serensen & Karg, 2014).

Isotope analyses by Craig et al. (2007) found that ceramic residues from late
Mesolithic Ertebelle pottery from the coastal site of Tybrind Vig in Denmark indicated that
the vessels were mainly used ‘for processing marine products’, and that marine products were
strongly represented at the inland site of Ringklosters. The results of analyses of residues from
TRB vessels indicated the processing of freshwater fish as well as terrestrial products
including animal fats. A further study by Craig et al. (2011) of a much larger number of
ceramic residues from Ertebelle and early Neolithic TRB vessels in Denmark and the Baltic
coastal area of Germany found that EN vessels from coastal sites had been heavily used for
marine animals while evidence of freshwater resources was found at inland sites. However, a

third of the TRB vessels, including samples from the coastal sites, also had evidence of dairy
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fats indicating the keeping of animals for milking. It seems then that there was not a complete
switch to domesticated resources with the local beginning of farming and that, whoever the
farmers were, they initially combined both marine and domestic animal resources. Analyses
of TRB EN ceramic residues from the site of Skogsmossen in eastern middle Sweden
(Isaksson & Hallgren, 2012) produced similar results to those of Craig et al. (2011), including
evidence of both dairy fats and marine resources.

Isotopic analyses of human bones from the island of Oland in the Baltic show a
contrast between the MN TRB site of Resmo, ca. 5,400-4,800 cal. BP, which has the pattern
described above showing a mixture of marine and terrestrial resources, and the contemporary
Pitted Ware Culture (PWC) site of Kopingvik, which shows a heavy reliance on marine
mammals with a possible addition of marine fish, as in the Mesolithic phase at the site
(Eriksson et al., 2008). This pattern is confirmed by results from the eastern Swedish coastal
PWC site of Korsnas, dating to ca. 5,300-4,800 cal. BP, where the proportion of terrestrial
protein in the diet was negligible and virtually all individuals analyzed had diets indicating
seal consumption, with the outlier pointing to a diet of fish as well as seal (Fornander et al.,
2008). The faunal assemblages from Pitted Ware sites on the island of Gotland (Ref. 56, table
15.1, p. 291) support this picture. Domestic animals are either completely or virtually absent,
there are numbers of wild boar, and very large numbers of seals and fish. Further north, recent
lipid analyses of ceramic residues from the Combed Ware site of Vantaa
Stenkulla/Maarinkunnas in southern Finland ca. 5,900-5,300 cal. BP, thus contemporary with
the TRB further south, show that they derive from resources of marine origin, in keeping with
the archaeological remains from the site (Cramp et al., 2014).

The long-standing suggestion that the southward spread of the Pitted Ware to
Denmark represents a re-expansion of hunter-gatherer populations from the north has been
confirmed by a genomic analysis of ancient DNA samples from Pitted Ware skeletons from
Gotland (Skoglund et al., 2008; Skoglund et al., 2012). This showed continuity from a late
Mesolithic to the PWC samples, and that all belonged to a group of Mesolithic populations
that was very widely distributed across Europe. At the same time the difference between the
PWC samples and that from a TRB farmer burial in central southern Sweden was greater than
that between the two present-day European populations that are most different from one
another, Finns and Italians.

Finally, the Single Grave/Battle Axe/Corded Ware culture (all different regional
names for essentially the same set of material culture) appears in southern Scandinavia and

the Baltic area from ca. 4,800 cal. BP and succeeds the TRB, running alongside the later part
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of the PWC. Like the TRB this is an agricultural culture, though with probably more emphasis
than the latter on domestic animal exploitation. Like the latter, it may represent at least in part
an expansion of new populations into southern Scandinavia (Haak et al., 2015). Recent stable
isotope and lipid work on ceramic residues from Corded Ware sites in southern Finland
(Cramp et al., 2014) dated c. 4,500 cal. BP has produced patterns corresponding to terrestrial
ruminants at 60° degrees north even though the sites were close to the coast, and half of the
patterns correspond to dairy fats indicative of milking, although a single vessel had evidence
of marine product processing. In contrast, the subsequent Kiukainen culture, with pottery
similar to both Corded Ware and local Late Comb Ware, had residues indicative of processing
both marine and terrestrial ruminant products in the same vessels, thus a shift to use of both

domestic and marine resources, after 4,500 cal. BP.
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CHAPTER 3
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anoxia in the Baltic Sea over the
Holocene
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The Baltic Sea is currently one of the most polluted seas in the world and the biggest
disturbance is eutrophication, which causes anoxia and affects food chain dynamics,
marine habitats and fisheries (Karlson et al., 2002). However, research indicates anoxia
has been a natural feature of the Baltic Sea over the Holocene (Andren et al., 2000b)
although such events and their possible triggers are poorly understood. Here we
examine high-resolution records from two separate sites in the central Baltic Sea
revealing that increased summer sea surface temperatures (SST), obtained using a local
SST calibration developed for this study and based on the TEX;s -index, co-occur with
laminations and increased organic carbon content indicating anoxic conditions in the
basin. These results demonstrate that starting with the onset of brackish conditions in
the Baltic Sea (~7,300 BP) anoxic events are initiated by higher summer SSTs and a
threshold exists at ca. 16°C where above that anoxia persists. We also show that
cyanobacterial abundance and N,-fixation increases as anoxia intensifies in the Baltic
Sea with the start of the Holocene climatic optimum. These geochemical records show a
clear relationship between summer SSTs and anoxia over the Holocene, indicating that
it is a natural feature of the Baltic Sea but it could be exasperated by global climate

change, further threatening the ecological state of the Baltic Sea.

The Baltic Sea is the largest brackish body of water in the world with a drainage area
that is four times larger than the basin itself and with a human population of 85 million
(Karlson et al., 2002). The basin is mostly surrounded by land with limited water exchange
through a narrow and shallow connection to the North Sea via the Danish Straits (D60s et al.,
2004). Through the restricted connection to the North Sea, an inflow of denser, saline bottom
waters creates a lateral salinity gradient in the Baltic Sea with a decreasing salinity trend
towards the north where there is large freshwater input from rivers. The inflow of freshwater
from the north and the limited influx of saline water from the south creates a halocline that
keeps the Baltic Sea permanently stratified and prevents vertical mixing and oxygenation of
the bottom waters (Matthdus & Schinke, 1999). Major inflows of marine water from the North
Sea occur on a decadal timescale and are the main process that ventilates the oxygen depleted
bottom waters (Reissmann et al., 2009). Overall, the physical setting of the present-day Baltic
Sea with its restricted water exchange, relatively high river runoff, long water residence time,
and strong density stratification is conducive to low-oxygen bottom water conditions in the

basin. In conjunction with this there has been an increase in anthropogenic eutrophication in
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the past few decades that has led to an intensification in primary production, including
enhanced cyanobacterial blooms, which are now a characteristic feature of the Baltic Sea in
the summer months and further contribute to the depletion of oxygen in the bottom waters
(Wulff et al., 2007).

Many hydrological, geological and climactic changes characterize the environment of
the Baltic Sea since the last phase of the deglaciation (~13-9 ka BP in Scandinavia; Bjorck,
1995) and various phases can be recognized (Bjorck, 1995; Jensen, 1995; Andren et al.,
2000b). As a consequence of glacial retreat and melting along with isostatic rebound the
Ancylus Lake formed, ~9.5-8.0 ka BP, and was the last extended freshwater stage (Jensen et
al., 1999). The Ancylus Lake/Littorina Sea transition, ~7.8-7.3 ka BP, occurred when eustatic
sea-level rise opened up a connection through the Danish Straits allowing salt water to flow
into the southern part of the basin in pulses until gradually brackish conditions were
established (Andren et al., 2000b). The Littorina Sea phase, ~7.2-3.5 ka BP, is characterized
by a warmer climate and the most marine-like conditions in the basin during the Holocene
(Andrén & Sohlenius, 1995). The modern Baltic Sea basin is a continuation of the Littorina
Sea, except with a salinity almost half that of the Littorina Sea (Punning et al., 1988). During
this time period the region has experienced several climatic extremes including the Medieval
Warm Period (MWP), ~ 1250-900 AD, the Little Ice Age (LIA), ~1850-1250 AD, and the
Modern Warm Period (MoWP), since ~1850 AD (Leipe et al., 2008).

With this study we examine the fluctuations in summer SST that occurred in the Baltic
Sea over the Holocene and determine how this relates to the development of anoxia. To this
end we used three sediment cores from the central Baltic Sea in the Gotland Basin (Fig. 1).
The dating of the multi core (MUC) P435-1-4 and the brackish section of the gravity core
(GC) 303600-N is based on a depth age model obtained by high resolution '*C dating of
benthic foraminifera (Warden et al., in review). The age model for the MUC LL19 record is
based on the correlation of organic carbon profiles with a multi-core dated using *'°Pb
(Funkey et al., 2014) and aligned with the GC 303600-N record using loss on ignition (LOI)
profiles from both cores. Distinct lamination of the sediments, elevated TOC content and
Mo/Al ratio (Funkey et al., 2014) all indicate anoxic conditions in the bottom waters occur
during the MoWP, the MWP and the Litorina Sea Phase (Fig. 2). Contrastingly, sediments
that accumulated during the Ancylus Lake period, during the post-Littorina Sea phase before
the MWP, and throughout the LIA are homogeneous and have low TOC content and Mo/Al

ratio (Fig. 2) designating periods of oxygenated bottom waters.
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Fig. 1 Map of the Baltic Sea showing the location of the three sediment cores (indicated by red
circles) from the Gotland Basin and the nine surface sediments samples (indicated by blue circles)
used in this study.

To investigate if summer SST played a role in the development of anoxic conditions
throughout the Holocene, we reconstructed temperatures using the TEXgs"-paleothermometer
and compared the reconstructions with laminations in the cores, TOC content and the Mo/Al
ratio. The TEXgs - proxy is based on the distribution of archaeal Thaumarchaeotal membrane
lipids, i.e. isoprenoid glycerol diakyl glycerol tetraethers (Schouten et al., 2002) In order to
increase the accuracy of the SST reconstructions we applied a local calibration that was
developed for this study by comparing TEXgs data for nine surface sediment samples with
instrumental SST data derived from satellites (Kabel et a., 2012). The best correlation was
obtained using TEXse" with July SST. The TEX3s L derived SST records show warmer SSTs
by ~2°C during the Littorina Sea Phase, MWP and MoWP (Fig. 2). The increase of SST from
the Ancylus Lake to the Littorina Sea phase, and also moving into the MWP and the MoWP is
evident from both TEXgs - records from the different locations in the Gotland Basin as is the
decrease in SST during the LIA (Fig. 2). Comparing the SST reconstructions with the
indicators for anoxia, the strong correlation is apparent (Fig. 2). Higher SSTs co-occur with
laminations, increased TOC content and Mo/Al ratio all indicating anoxic conditions, whereas

lower temperatures correlate with homogeneous sediments and lower TOC content and Mo/Al
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ratio, signifying oxic periods. This suggests that the prevalence of anoxia in the Baltic Sea
throughout the Holocene was linked to warmer summer SSTs. Additionally, throughout the
Holocene a threshold appeared to have existed of ca. 16°C where above that anoxic

conditions persisted in the Baltic Sea.
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Fig. 2 (a) Reconstructed SSTs (°C) for the Gotland Basin over the last 7.2 cal kyr BP. The record
from sediment core LL19 is shown in green, from 303600 is in black, and the five point moving
average for the record from sediment core 303600 is in red. (b) TOC (%) and Mo/Al (ppm/ppm)
for the Gotland Basin record over the last 7.2 cal kyr BP. The TOC record from sediment core
LL19 is shown in green, the TOC record for sediment core 303600 is shown in black, and the
Mo/Al record for sediment core LL19 is shown in blue.
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Summer SST has been postulated as one of the main environmental controls on
blooms of nitrogen-fixing cyanobacteria (Wasmund, 1997; Kabel et a., 2012; Funkey et al.,
2014). In the present-day Baltic cyanobacterial blooms cause additional primary productivity
and this aids in the development of anoxia in the bottom waters as the biomass degrades
(Wasmund, 1997). A recent study proposed that over the past 1,000 years anoxia in the Baltic
Sea was caused by the spread of cyanobacterial blooms, which are more likely to occur when
SSTs are above ~16°C (Kabel et al., 2012). All bloom-forming cyanobacteria in the Baltic
Sea have the ability to form heterocysts (Laamanen & Kuosa, 2005), differentiated cells that
are sites for fixation of atmospheric dinitrogen (N;) into ammonium (NH4") (Walsby, 1985).
Heterocyst Glycolipids (HGs) are specifically produced to surround the heterocyst cell to
avoid oxygen diffusion into this compartment where N»-fixation occurs and the O,-sensitive
enzymes involved are located (Walsby, 1985). Because these lipids are only produced by
heterocystous N,-fixing cyanobacteria they are specific biomarkers for the presence of
nitrogen-fixing, heterocystous cyanobacteria (Bauersachs et al., 2010). An additional marker
for increased N-fixation is the 8'°N record (Haug et al., 1998), because nitrogen-fixing
cyanobacteria fix atmospheric nitrogen without significant fractionation resulting in '°N-
enriched OM (Cline & Kaplan, 1975). To determine if SSTs were the predominant cause of
cyanobacterial bloom-induced anoxia during the Holocene, we compared the HG profile
along with 8'°N record to the proxies for anoxia and reconstructed summer SSTs (Fig. 3).
Both 8"°N record from the Gotland Basin decrease from ~4%o to ~2%o at the Ancylus
Lake/Littorina Sea transition, indicating increased N,-fixation in the Baltic Sea when marine
inflows first began along with the initial increase in summer SSTs and the onset of anoxic
events (Fig. 2 & 3). Starting at the Ancylus Lake/Littorina Sea transition the more depleted
8'"°N values co-occur with a higher abundance of HGs revealing that N,-fixation and
cyanobacterial abundance increased at this time (Fig. 3). After the initial decrease in the '°N
record, there is not much variation and no clear correlation with SST or TOC content.
Although there is some variation in the HG profile, it does not directly correlate with SST or
TOC content after the initial increase. Subsequently, both records indicate N»-fixation and
cyanobacterial abundance increased at the Ancylus Lake/Littorina Sea transition with the
onset of warmer summer SSTs and anoxic events indicating that cyanobacterial blooms
contributed to the spread of anoxia in the basin. However, the 8'°N and the HG profiles do not
support the idea that past anoxic events were caused solely by cyanobacterial blooms that
were induced by increased SSTs. Therefore, we must consider that other factors besides SST-

induced cyanobacterial blooms are responsible for the development of anoxia.
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Fig. 3 The 8"°N (%o) record for two of sediment cores in the Gotland Basin, 303600-N (a) and LL19
(b), along with the HG profile for sediment record 303600-N (shown in gold).

Our results clearly show that the spread of anoxia in the Baltic Sea is controlled by
summer SST and a threshold exists at around 16°C where above anoxic conditions occur.
Since the 16°C threshold for the development of anoxia in the Baltic Sea over the Holocene
does not appear to be directly due to enhanced cyanobacterial abundance, this leads us to
question what other factors besides temperature are affecting N,-fixation in the Baltic Sea.
Hordoir & Meier (2012) demonstrated through a modeling experiment that stratification
changes are predominantly controlled by SST in the Baltic Sea and that a warming of 2-3°C

would intensify stratification in the water column in the springtime (Hordoir & Meier, 2012),
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preventing ventilation except for when the occasional inflows of oxygenated waters from the
North Sea arrive. Perhaps the anoxic conditions observed in the basin during the Littorina Sea
phase, the MWP and the MoWP occurred because of the enhancement of stratification caused
by the ~2°C increase in summer SSTs at those times. During cooler periods, as occurred after
the Littorina Sea phase and during the LIA, stratification lessened allowing more frequent
vertical mixing of the water column and, therefore, the oxygenation of the bottom waters.

Other interrelated aspects of climate should be considered as well. River runoff
through thermal convection is usually responsible for lessening thermal stratification that
occurs in the spring and summer. However, a warmer, drier climate such as is thought to have
occurred during the Littorina Sea phase (Digerfeldt, 1988) would result in decreased river
runoff allowing increased thermal stratification of the water column (Hordoir & Meier, 2012).
A persistent positive North Atlantic Oscillation (NAO), like that which occurred during the
MWP (Trouet et al., 2009), would indicate the climate was warmer as well as more humid.
Increased precipitation could have led to increased river runoff, which has been shown to
cause a decrease of inflows from the North Sea and consequentially a reduction in the
ventilation of bottom waters (Matthius & Schinke, 1999; Gustafsson, 2000). During the LIA
the NAO had shifted to a more persistent negative phase (Trouet et al., 2009) leading to
cooler SSTs and an increase in storm frequency (Hurrell, 1995), which could have disrupted
the stratification in the water column and led to ventilation of the bottom waters and the oxic
conditions.

This study demonstrates that in the Baltic Sea anoxia was controlled primarily by
climate during the Holocene. Warmer summer SSTs correlate with periods of anoxic
conditions and colder summer SSTs co-occur with more frequent oxygenated periods in the
basin. Although the proxies for N,-fixing cyanobacteria suggest that these blooms contributed
to past anoxic events, the fossil molecular evidence suggests that there is no direct link
between the occurrence of cyanobacterial blooms and the development of anoxia. We theorize
that climate induced stratification could be responsible for the anoxic events that occurred
throughout the Holocene after the basin became brackish. Since climate has the biggest effect
on the spread of anoxia in the Baltic Sea, there could be consequences in regards to the
ecological state of the basin considering projections of future climate warming over the region
(HELCOM, 2010). Taking into account the large anthropogenic pressure already on the Baltic
environment (HELCOM, 2010), local measures presently being taken to improve the

condition of the basin may not be adequate as summer SSTs rise and anoxia intensifies.
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— SUPPLEMENTARY INFORMATION -

Part A: Study Site

The Baltic Sea is the largest brackish body of water on Earth with an area of 413.10°
km® and a drainage area that is four times larger than the basin itself with a human population
of 85 million. Despite its large area the Baltic Sea is a shallow sea with an average depth of
52 m. The basin is mostly surrounded by land with only a narrow and shallow connection to
the North Sea via the Danish straits that restricts water exchange. Through the restricted
connection to the North Sea, denser saline bottom waters flow in creating a lateral salinity
gradient in the Baltic Sea with a decreasing salinity trend towards the north where there is
large freshwater input from rivers. There is also a salinity gradient within the water column as
surface salinity in the Baltic Proper is 7-8 PSU, but beneath the halocline, located at 60-80 m
depth, the salinity is 11-13 PSU (Samuelsson, 1996). Due to the halocline the Baltic Proper
(from the Aland Sea to the Danish sounds) is permanently stratified which prevents vertical
mixing of the water columns and oxygenation of the bottom waters (Matthdus and Schinke,
1999). Overall the physical setting of the Baltic Sea with its restricted water exchange,
relatively high river runoff, long water residence time, and strong density stratification is
conducive to low-oxygen bottom water conditions in the basin. Winter SSTs in the Baltic are
between -1 and 2 °C and summer SSTs between 15-17 °C (http://helcom.fi/baltic-sea-
trends/environment-fact-sheets/hydrography/development-of-sea-surface-temperature-in-the-

baltic-sea).
Part B: Supplementary methods

B1. Materials, site selection, dating and analytical methods

Sampling. All three cores used in this study were recovered from the Gotland Basin in
the central Baltic Sea, which is subdivided into several sub-basins (Fig. 1). Two of the cores,
Gravity core (GC) 303600-N and multi core (MUC) P435-1-4, were collected from the
Eastern Gotland Basin. GC 303600-N (0-377 cm length) was collected in July 2007 during
R/V “Prof. Albrecht Penck” east of Gotland Island, at the site 56 °55.02 N and 19 °19.98 E
and at 170 m water depth (wd). At a very near location (56°57.94 N, 19°22.21 E, 178 m water
depth) in June 2012 during the R/V “Poseidon” cruise, MUC P435-1-4 (0 to 51.5 cm length)

was also recovered. A third sediment core used in this study, the multi-core (MUC) LL19,
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was recovered from the Northern Gotland Basin (58.8807°N, 20.3108°E, 169 m water depth)
during a cruise with R/V Aranda in May/June 2009.

Sample preparation. GC 303600-N was cut into two halves before sampling to allow
for photographic documentation and more precise sampling. Half of GC 303600-N arrived at
the NIOZ in 2012 and was sub-sampled at high resolution from 0 to 377 cm length. The core
was cut into 1 cm-thick slices between 0 and 241 cm depth and then into 2 cm-thick slices for
the remainder of the core, from 241-377 cm. During the process depths 81-82 and 187-189
were missed. The samples were then freeze-dried and ground and homogenized with mortar
and pestle for further analysis. MUC P435-1-4 was sub-sampled at 0.5 cm resolution and after
being freeze-dried and grounded samples were sent to the NIOZ for further analysis. MUC
LL19 was sliced at 0.5-2 cm resolution in a nitrogen- or argon-filled glovebox. Sediment
samples were then freeze-dried before being returned to the glovebox to be ground in an agate

mortar.

Dating. The depth age model for cores GC 303600-N and MUC P435-1-4 were
obtained by high resolution '*C dating of benthic foraminifera. The shallow (0-42.75 cm)
sediment core MUC P435-1-4 covers from -0.06 to 0.64 cal kyr BP and sediment GC 303600-
N (0-377 cm) spans 0.2 to 10.6 cal kyr BP. A detailed age model based on correlation with
sediment cores from slightly deeper sediment cores that have been dated using radiocarbon
dates of benthic foraminifera exists for the upper 210 cm of MUC P435-1-4 (Warden et al., in
review). Sediment cores MUC P435-1-4 and GC 303600-N were correlated to each other
using TOC (wt. %) profiles, LOI (%) and XRF data (Warden et al., in preparation). An age
model for MUC LL19 was previously published (Funkey et al., 2014). The age model for this
core was updated by correlation of organic carbon profiles with a multi-core dated using *'°Pb

and correlated with cores GC 303600-N and MUC P435-1-4 for this study using LOI data.

Determination of the TOC content. For GC 303600-N, freeze dried and ground
sediment was used for analysis to determine total organic carbon (TOC) content and stable
isotopes analysis. About 2 mg of sediment per sample were de-carbonated by shaking for ~8 h
in 2N HCL. Afterwards sediments were again freeze-dried and ground. The TOC along with
the bulk stable nitrogen isotopes (8'°N) were analyzed in duplicate on a Thermo Finnigan
Delta Plus isotope ratio mass spectrometer (irmMS) connected to a Flash 2000 elemental

analyzer (Thermo Fisher Scientific, Milan, Italy). The 8"°Croc is expressed in relation to the
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Vienna PeeDee Belemnite (VPDB) standard, whereas the '°N of each sample is relative to

atmospheric dinitrogen. The isotope analysis precision was 0.1%o for carbon and 0.2% for

nitrogen measurements.
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Fig. S1 (a) Correlation between TEXg" values for sediment samples from 303600 run on the HPLC
method and the UPLC method (R*=0.68, n=33). (b) Correlation between TEXg" values for sediment
samples from LL19 analyzed at UU and the NIOZ (R*=0.76, n=6).
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The total carbon (TC) content of the MUC P435-1-4 sediments was determined using
loss on ignition (LOI) analysis with an EA 1110CHN analyzer from CE Instruments, whereas
a Multi EA- 2000 Elemental Analyzer (Analytic, Jena, DE) was used to determine the total
inorganic carbon (TIC). The TOC content was ultimately calculated as the difference between
TC and TIC (Kabel et al., 2012). The methods for TOC analysis for MUC LL19 were
previously published (Funkey et al., 2014).

GDGT analysis. For GC 303600-N analysis was performed at 1 cm resolution and
MUC P435-1-4 was analyzed at 0.5 cm resolution. Lipid analysis for both cores was
performed at the NIOZ. Approximately 0.5-3 g of sediment per sample was extracted using an
Automated Solvent Extractor (ASE 200, DIONEX; 100°C and 7.6*106 Pa) with a mixture of
dichloromethane (DCM): methanol (MeOH) (9:1, v:v), to obtain a total lipid extract (TLE),
which was dried under a gentle stream of N, air. After the TLE was dried over a NaSO4
column it was split into three fractions over an activated Al,O3; column. The apolar fraction
was obtained using Hexane (Hex):DCM (9:1; v:v) solvent, the ketone fraction with Hex:DCM
(1:1; v:v) solvent, and the polar fraction by the solvent DCM:MeOH (1:1; v:v). The polar
fraction was subsequently evaporated under a continuous flow of N, before being dissolved in
in hexane:isopropoanol (99:1; v:v) solution via sonication at about 2 mg mL™ concentration
and then filtered through an Alltech 0.45 um polytetrafluoroethylene filter before injection.

Even though GDGT analyses for GC-303600-N and MUC P435-1-4 were performed
at the NIOZ, the analysis was done on different instruments and using different methods.
Samples from GC 303600-N were analyzed using a high performance liquid chromatography-
at-atmospheric pressure positive ion chemical ionization-mass spectrometry (HPLC-APCI-
MS) with an Agilent 1100 series LC-MSD SL. The GDGTs were separated according to
conditions described by (Schouten et al., 2007) on an Alltech Prevail Cyano column (150 mm
x 2.1 mm; 3 pm). The polar fractions of the extracts of the sediments of core MUC P435-1-4
were analyzed with an Agilent 1290 Infinity ultra-high performance liquid chromatography
(UHPLC) coupled to an Agilent 6130 single quadrupole mass detector using a two silica
column according to Hopmans et al. (2015). The improved separation power of this method
leads to small but significant changes in TEXge values (Hopmans et al., 2015). In order to deal
with this we analyzed 33 samples from core GC-303600-N with the new UPLC method as
well. The correlation between the TEXgs" values obtained with the UPLC method and those
the older (HPLC) method was used to convert the TEXs6" (HPLC) values into TEXgs-
(UHPLC) index values (Fig. S1):
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TEXss- (UHPLC) = 0.80 * TEXss- (HPLC) — 0.10 (R*=0.68, n=33) (1)

Core MUC LL19 was analyzed at Utrecht University using an Agilent 1290 Infinity
ultra-high performance liquid chromatography (UHPLC) coupled to an Agilent 6130 single
quadrupole mass detector with the new UPLC method according to Hopmans et al. (2015).
Even though MUC LL19 was analyzed on the same type of machine using the same method, a
slight offset in TEXgs was observed. To deal with this offset six samples from MUC LL19
were also analyzed at the NIOZ with the UHPLC method. The equation resulting from the
correlation of TEXgs" values measured at Utrecht and NIOZ was used to deal with the offset

in TEXgs- values:

TEXs6- (NIOZ) =0.66*TEXgs" (UU)-0.21 (R*=0.76, n=6) ()

20 +

8 1 y= 35.05x+38.39 ¢
R2=0.93
n=9

17 +

July satellite derived SST (°C)

15 +

14 I f f f f f {
-0.68 -0.66 -0.64 -0.62 -0.60 -0.58 -0.56 -0.54
TEXg"

Fig. S2 Correlation of TEXg" values with previously published (Kabel et al. 2012) July satellite
derived SSTs for nine surface sediment samples around the Baltic Sea basin (R*=0.93).

Development of a new local SST calibration. The TEXg¢ -index reflects temperature —

induced changes in the distribution of archaeal Thaumarchaeota membrane lipids (Schouten
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et al., 2002) and the correlation of this index with SST has been demonstrated for global (Kim
et al., 2010) as well as local data sets such as the Baltic (Kabel et al., 2012). For this study a
local TEXgs-SST Baltic Sea calibration was developed based on nine surface sediment
samples from around the Baltic Sea, which were analyzed using the new UPLC method
(Hopmans et al., 2015). Isoprenoid GDGT distributions were compared to previously
published satellite derived SSTs (Kabel et al., 2012). The highest correlation was found
between SST of the month July and TEXgs" making the following a summer SST calibration:

SSTjuy = 35.05 X TEXss" + 38.39 (R’=0.93, n=9) 3)

Heterocyst glycolipids (HGs) analysis. After extraction the sediment samples were
analyzed for HG content respectively at 2 cm resolution between 1-2 cm to 239-241 cm depth
and at 4 cm resolution from this depth to the end of the core for the gravity core 303600,
whereas for MUC P435-1-4 the resolution of analysis was 0.5 cm. Briefly, the total extract
collected was sonicated for 10 min in DCM/MeOH (1:1, v:v). We prepared aliquots and
dissolved them in hexane, isopropanol and water (72:27:1, v:v:v) to be filtered through a 0.45
um regenerated cellulose syringe filter (4 mm diameter; Grace Alltech). Consequently, we
analyzed the sediments by using a HPLC-MS2 system in the multi reaction monitoring
(MRM) mode as modified by Bale et al. (2015), based on Bauersachs et al. (2010). For the
analysis we employed an Agilent (Palo-Alto, CA, US) 1100 series LC equipped with a
thermostat-controlled auto-injector, coupled to a Thermo TSQ Quantum EM triple quadrupole
MS equipped with an lon Max source with ESI probe. The MRM method here applied
specifically targets C5 and C6 HGs (Bale et al., 2015). HGs were quantified as the integrated
IPL area peak response per g of TOC (r.u. TOCg-1) as a result of the lack of a suitable

standard.
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Abstract

Hydroxylated glycerol dialkyl glyceral tetraethers (OH-GDGTs) occur throughout the modern
day Baltic Sea and have also been prevalent in the past. Known SST calibrations based on
OH-GDGTs were applied to an thaumarchaeote culture enriched from the Baltic grown at
known temperatures (4 and 22°C) and to surface sediments from around the Baltic Sea for
which sea surface temperature data was available. The OH-GDGT ingex 5, the OH-TEXgs
index, and the novel OH-GDGT’ index (which was developed in this study) have the highest
correlation with the measured temperatures when applied to both surface sediments and
cultures. Calibrations based on these indices were then applied to sedimentary records in both
the Arkona (12.5-0.1 cal kyr BP) and Gotland (10.6- -0.06 cal kyr BP) basins. The resultant
reconstructed SSTs in the Gotland Basin captured the major SST fluctuations over the
Holocene and gave reasonable SST estimates for the recent brackish phase (7.2- -0.06 cal kyr
BP). The three reconstructions derived from different calibrations and indices were in good
agreement with each other as well as previously published proxy based temperature data. In
the Arkona Basin the reconstructed SSTs derived from calibrations based on the OH-GDGT
ndex 5 and the OH-GDGT’ index are in good agreement during the recent brackish phase (7.2-
0.1 cal kyr BP), however, SSTs derived from the OH-TEXgs¢ index in the Arkona Basin
appear unreliable. Perhaps this is due to the proximity to the North Sea and an increased input
of allochthonous OH-GDGTs. The calibrations based on the OH-GDGT’ index resulted in
unrealistically high SSTs during the lower salinity phases in both basins. Since this effect was
not apparent with the OH-GDGTingex s and the OH-TEXss index, which both also incorporate
isoprenoid GDGTs, this suggests that lower salinities may complicate the use of indices based
solely on the OH-GDGT distributions for SST reconstructions, an issue that perhaps a

freshwater calibration could assuage.
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1. Introduction

Thaumarchaeota are nitrifying Archaea that occur ubiquitously in aquatic environments
and soils. They are estimated to make up 20% of the picoplankton in the world’s oceans
(Fuhrman, 1992; Karner et al., 2001). Thaumarchaeota use isoprenoidal glycerol dialkyl
glycerol tetraethers (isoGDGTs) as their membrane-spanning lipids. These lipids can contain
a varying number of cyclopentane moieties. In addition, they contain crenarchaeol, a unique
GDGT with one cyclohexane and four cyclopentane moieties (Sinninghe Damsté et al., 2002).
Archaea adjust the number of cyclopentane moieties depending on growth temperature (De
Rosa and Gambacorta, 1988). The increase in the production of cyclopentane rings with
higher temperatures is thought to be a mechanism of temperature adaptation within the cell
membrane, for example to maintain membrane permeability and fluidity at various
temperatures (Gabriel and Chong, 2000; Gliozzi et al., 1983). Because of this physical
adaptation, the distribution of Thaumarchaeotal isoGDGTs in marine and lacustrine sediments
can be used to estimate past water temperature (Powers et al., 2004). Schouten et al. (2002)
developed the TEXs6-index to be used as a SST proxy based on the relative abundance of
is0GDGTs. This linear relationship between the number of cyclopentane moieties and SST is
weaker in cooler waters, below 15°C, and a modified index termed TEXss- was developed to
reconstruct SSTs for lower temperature ranges (Kim et al., 2010).

Recently, Liu et al. (2012a) identified a new type of GDGT, i.e. hydroxylated GDGTs
(OH-GDGTs), in marine sediments from both tropical and temperate regions. These GDGTs
contain 0-2 cyclopentane moieties with the hydroxyl group positions at a tertiary carbon atom
of one of the biphytanyl chains that are closest to the glycerol moiety of the GDGT (Fig. S1).
Liu et al. (2012a) postulated that their relative abundance and distribution could potentially be
used as a proxy for SST. This premise was supported through the exploration of marine
subsurface sediments that revealed their abundance in the marine environment may potentially
be used as taxonomic biomarkers and geobiological proxies (Liu et al., 2012b). Huguet et al.
(2013) showed that these OH-GDGTs can be found in lacustrine as well as marine sediments
and that the abundance of OH-GDGTs relative to non-hydroxylated GDGTs increases with
increasing latitude and lower SST. This study suggested that, because of the significant
correlation between the relative abundance of OH-GDGTSs and SST in surface sediments,
these compounds have potential as a new paleotemperature proxy. Fietz et al. (2013) recently
proposed two new indices based on OH-GDGTs, i.e. the so-called OH-GDGT-0/crenarchaeol
ratio and OH-GDGT index which were used to reconstruct SSTs in Nordic Seas. This same

study also suggested that both the abundance of OH-GDGTs relative to non-hydroxylated
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GDGTs (OH-GDGT%) and OH-GDGT index can be used as indicators of coastal ice-covered
and less saline polar waters. These novel indices were also applied as paleotemperature
proxies in the Arctic Ocean (Knies et al., 2014) and the Baltic Sea (Kaiser and Arz, 2016).

The Baltic Sea is an interesting study area for paleo SST studies since temperature has
been shown to affect the occurrence of harmful cyanobacterial blooms, which have a large
ecological and biogeochemical impact (e.g. Kabel et al., 2012). Due to the variable salinity
within the Baltic Sea basin, complications arise when attempting to use the alkenone
unsaturation indices to reconstruct SST (Blanz et al., 2005; Schulz et al., 2000; Warden et al.,
2016b). Previous studies have successfully reconstructed summer SST in the Baltic using a
calibration specific to the region based on the TEXg6" index (Kabel et al., 2012; Warden et al.,
in review), however, there is a potential benefit to exploring additional paleotemperature
proxies that could be utilized in the area. Since OH-GDGTs are relatively abundant in cold
areas, it is desirable to further evaluate these compounds in the Baltic Sea (cf. Kaiser and Arz,
2016). In this study we describe the presence of OH-GDGTs in Baltic Sea surface sediments
and evaluate the potential of previously published indices based on the OH-GDGTs to
reconstruct SST in the Baltic Sea back to ~10.6 cal kyr BP in the Gotland Basin and to 12.5
cal kyr BP in the Arkona Basin.

2. Setting

The present day Baltic Sea (Fig. 1) is almost completely landlocked except for a
narrow connection to the North Sea through the Straits of Denmark where an inflow of denser
saline bottom waters occurs. These influxes of marine waters cause a lateral salinity gradient
that decreases from the south to the north, where there is a large input of fresh water from
rivers. The Baltic Sea has gone through several phases over the Holocene; the Ancylus Lake,
the Litorina Sea and the modern Baltic Sea. Before the Ancylus Lake phase another
freshwater period, known as the Baltic Ice Lake, existed when the Baltic Sea was
disconnected from the ocean. A retreating ice sheet, however, allowed the re-connection to the
ocean and caused an influx of marine water creating the slightly brackish conditions of the
Yoldia Sea (Bjorck et al., 1996; Jensen, 1995). As the ice sheet melted, the land uplifted
resulting in the basin once again being disconnected from the ocean (Jensen et al., 1999). This
separation from the ocean produced an enclosed freshwater basin, the Ancylus Lake (Bjorck,
1995). Eustatic sea-level rise caused the connection to the ocean to become re-established and
allowed once again for the inflow of saline water transforming the lake into the Litorina Sea

(Winterhalter, 1992). The transformation of the Ancylus Lake to the Littorina Sea is
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considered to be very complex consisting of pulses of marine waters entering the basin for

nearly 2,000 years before becoming a fully brackish basin (Andren et al., 2000b).
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Fig. 1 Map of the Baltic Sea region showing the locations where the surface sediments (indicated
by green squares) and sediment cores (indicated by blue circles) were collected.

3. Methods

3.1 Enrichment culture
A Thaumarchaeotal enrichment culture closely related to Candidatus Nitrosoarchaeum

limnia obtained from the Landsort Deep in the Baltic Sea (Berg et al., 2014) was grown at
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different temperatures (4 and 22°C) but constant salinity (12 ppt) and other environmental
factors to determine the effect of growth temperature on the relative abundance and

distribution of OH-GDGTs. The cultures were filtered and the filters were stored at -20°C.

Table 1 Location, water depth, sea surface temperature and salinity of surface sediments and sediment
cores for this study.

Station Location Latitude Longitude Water SST SSS
[N] [El  depthm] _ [°Cl _[ppt]
Surface sediments
EMB046-20 Skagerrak 58°31.59 09°29.09 457 10.2 n.a.
372720 Gotland Basin  55°15.67 15°28.21 96 9.7 10.5
303600 Gotland Basin  56°55.01 19°19.99 170 9.3 8.0
370540 Gotland Basin  57°17.04 20°07.26 243 9.4 9.8
370531 Gotland Basin ~ 57°23.12 20°15.55 232 9.4 9.8
377860 Gotland Basin ~ 58°48.92 20°25.17 195 9.1 8.2
370520 Gotland Basin  58°53.66 20°34.43 182 9.1 8.2
349190 Qulfof 59°26.09 22°58.39 94 8.5 6.5
Finland
349200 Qulfof 59°46.97 26°35.05 82 8.3 6.5
Finland
377850 Bothnian Sea  61°04.31 19°43.68 136 7.2 5.7
377830 Bothnian Sea  62°50.71 18°53.34 210 6.9 5.8
372820 Bothnian Bay  65°10.70 23°05.73 122 5.8 34
Sediment cores

303600-N Gotland Basin  56°55.01 19°19.99 170 n.a. n.a.
303600-3 Gotland Basin  56°55.01 19°19.99 170 n.a. n.a.
I:S\i%é- Gotland Basin =~ 56°57.94 19°22.21 178 n.a. n.a.
318310 Arkona Basin  54°50.34 13°32.03 46 n.a. n.a.

a SST was obtained from CTD measurements and reflect annual mean SST.
b SSS was an average of the years 2000-2006 obtained from the website, http://www.ices.dk/
and using the data from the closest HELCOM sampling site.

3.2 Sampling of sediments

Eleven surface sediments from different locations in the Baltic Sea basin (Table 1; Fig.
1) were studied; the sampling information has been described previously by Kabel et al.
(2012). Additionally, a surface sediment sample from the Skagerrak, located northeast of the
Arkona Basin where the Baltic Sea opens up to the North Sea, was collected using a multi

corer during a cruise EMBO046 of the R/V “Elisabeth Mann-Borgese” in May 2013.
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Four sediment cores were used in this study (Table 1; Fig. 1). Two of the sediment
cores, 303600-N and 303600-3, were obtained in July 2007 during the cruise campaign on the
R/V “Prof. Albrecht Penck” from the Gotland Basin in the central Baltic Sea to the east of
Gotland Island. Core 303600-N was cut into 1-cm sections from 0-237 cm and a sub-set of
those samples were used in this study. In June 2012 a third sediment core, P435-1-4MUC,
was also collected from the Gotland Basin using a multi corer during the R/V “Poseidon”
cruise P435. The sediment core was taken from the location and then sub-sampled at 0.5 cm
resolution. Sediment core 318310 was collected using a gravity corer on the R/V “Maria S.
Merian” in April of 2006 from the Arkona Basin, which is located in the south-western part
between the Bornholm Basin to the Danish Isles of Falster and Zealand. All sediment samples

were freeze-dried and grounded before extraction.

3.3 Lipid extraction and GDGT analysis

The filters of the cultures were extracted with a modified Bligh and Dyer extraction
and the extracts were base hydrolysed to release core isoprenoid GDGTs as previously
described (Pitcher et al., 2011). All sediment samples were freeze dried and then subsequently
ground and homogenized by means of a mortar and pestle. These samples were then extracted
with the Dionex ™ accelerated solvent extraction (ASE) using 1-3 g of sediment and
extracting with dilchloromethane (DCM):methanol (9:1, v/v) as the solvents at a temperature
of 100°C and a pressure of 1,500 psi for 5 min with 60% flush and purge 60 s. The extract
was collected and then dried using Caliper Turbovap®LV. Next, using DCM the lipid extract
was dried over a column of anhydrous Na;SO4 and then blown down under a gentle stream of
Nz. To quantify the amount of GDGTs, 1pug of an internal standard (C4s GDGT; Huguet et al.,
2006) was added to the total lipid extract which was then separated over an Al,O3; column
(activated for 2 h at 150°C) into three fractions using hexane:DCM (9:1, v:v) to obtain the
apolar fraction, hexane:DCM (1:1, v:v) for the ketone fraction and DCM:MeOH (1:1, v:v) for
the polar fraction.

The polar fractions of both the cultures and the sediments, which contain the GDGTs,
were dried using N, re-dissolved in hexane:isopropoanol (99:1, v:v) at a concentration 10 mg
ml" and then passed through a 0.45 um PTFE filter and analyzed with an Agilent 1290
Infinity ultra-high performance liquid chromatography (UHPLC) coupled to an Agilent 6130

single quadrupole mass detector according to Hopmans et al. (2015).
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3.4 Age model and core correlation

The age depth models for all of the sediment cores in this study have been previously
established and are based on picked forams. The correlation techniques and depth age model
for sediment cores 303600-N, P435-1-4 MUC, and 303600-3 from the Gotland Basin are
previously published in Warden et al. (in preparation). These three sediment cores were
combined to form the record in the Gotland Basin from 10.6 cal kyr BP to 2008 AD, which
covers the Ancylus Lake phase (10.6-7.8 cal kyr BP), the Ancylus Lake/Littorina Sea
transition (7.7-7.3 cal kyr BP), and the recent brackish phase (7.2 cal kyr BP-2008 AD). The
correlation methods and core depth age models for sediment cores 318310 and 318340 from
the Arkona Basin are published in Warden et al. (2016b). The two sediment cores were
combined to form a single long sediment record in the Arkona Basin spanning 12.5-0.1 cal
kyr BP, which includes the Baltic Ice Lake (12.5-11.6 cal kyr BP), the Yoldia Sea phase
(11.5-10.6 cal kyr BP), Ancylus Lake Phase (10.5-7.8 cal kyr BP), the Ancylus Lake/Littorina
Sea transition (7.7-7.3 cal kyr BP) and the recent brackish phase (7.2-0.1 cal kyr BP).

3.5 Calculation of GDGT-based indices
The percentage of OH-GDGTs compared with the total isoGDGTs is calculated
according to Huguet et al. (2013):

OH-GDGT% = YOH-GDGTs / [XOH-GDGTs + ZisoGDGTs] x 100 [1]

Where the OH-GDGTs include OH-GDGT-0, OH-GDGT-1 and OH-GDGT-2 and the
1s0GDGTs include GDGT-I, GDGT-II, GDGT-III, GDGT-1V, GDGT-V or crenarchaeol (a
specific isoprenoid GDGT from Thaumarchaeota identified by Sinninghe Damsté¢ et al. (2002)
and GDGT-V’, the crenarchaeol regio isomer (Refer to Fig. S1 for structures).

The OH-GDGT index used for SST determination was calculated according to Fietz et al.
(2013):

OH-GDGT index = OH-GDGT-0 / (OH-GDGT-0 + OH-GDGT-1) [2]

Huguet et al. (2013) reported three indexes based on the OH-GDGTs and isoprenoid GDGTs
as well as modified the TEXjs index to include the OH-GDGTs in the denominator:
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OH-TEXjs¢ index = (GDGT-III+GDGT-1V+crenarchaeol’)/(XOH-GDGTs +GDGT-

[I+GDGT-III+GDGT-IV+crenarchaeoHcrenarchaeol’) [3]
OH-GDGTingex1(%)=100*20OH-GDGTs/(ZOH-GDGTs +ZisoGDGTs) [4]
OH-GDGTingex3(%)=100*2OH-GDGTs/(ZOH-GDGTs + crenarchaeol) [5]

OH-GDGTingexs(%)=100*20H-GDGTs/(XOH-GDGTs +GDGT-I+GDGT-II+GDGT-II) [6]

4. Results

4.1 Occurrence and distribution of OH-GDGTs in the Thaumarchaeotal enrichment culture

A culture of a Thaumarchaeote enriched from Baltic Sea water and closely related to
Candidatus Nitrosoarchacum limnia (Berg et al., 2014) was grown at 4 and 22°C but
otherwise identical conditions. The distribution of the core GDGTs was studied after base
hydrolysis of intact polar lipids. It is dominated by GDGT-0 and crenarchaeol (Table 2) as is
commonly observed for Thaumarchaeota (Blaga et al., 2009; Sinninghe Damst¢ et al., 2012b;
Pitcher et al., 2011). A marked difference was noted between 4 and 22°C; in the latter case
cyclopentane-containing GDGTs were relatively more abundant. This resulted in an increase
of the TEXgs index from 0.32 at 4°C to 0.49 at 22°C. OH-GDGTs were detected in fairly low
relative amounts (1.3-2.4%; Table 2) with higher relative amounts at low growth temperature.
A marked change in the distribution of the OH-GDGTs was also apparent. At 4°C OH-
GDGT-0 was most abundant, whereas at 22°C OH-GDGT-2 dominated (Table 2).

4.2 Occurrence and distribution of OH-GDGTs in surface sediments

All three known OH-GDGTs were found in the Baltic Sea sediments (Fig. 2). OH-
GDGTs range between 3.8-8.6% of total isoprenoid GDGTs (isoGDGTs) in the Baltic Sea
surface sediments and on average make up 6.8+1.4% (averagetstandard deviation). Surface
sediments of the central Baltic (349190, 349200 and 377850; Fig. 1) contain a higher OH-
GDGT% (8.5+0.2%) than the other surface sediments in the Baltic Sea (6.2+1.2%). OH-
GDGT-0 made up the largest component of the OH-GDGTs in the Baltic Sea surface
sediments with a fractional abundance of 0.84+0.04. OH-GDGT-1 was the second most
abundant at 0.12+0.03 and OH-GDGT-2 had the lowest fractional abundance at 0.0440.02.
The average OH-GDGT index for the surface sediments is 0.88+0.04.

88



Hydroxylated GDGTs in the Baltic Sea

®

1 + —-0OH-GDGT-0 —-OH-GDGT-1 —e—OH-GDGT-2 —e—%0OH-GDGT + 30
0.9 -
+ 25
2 0.8
CE 20 2
= Qo
2200 =
205 15Q
S8 =
520 107
P%03
£
=02 1 s
0.1 l Littorina Sea/Modern Baltic Sea
4 t Ancylus/Littorina Transition
l Ancylus Lake
b I - 30 Yoldia Sea
——0OH-GDGT-0 —e—OH-GDGT-1 --0H-GDGT-2 ——%O0OH-GDGT
0.9 I Baltic Ice Lake
+ 25
2 0.8
N 2 5
& 29 2
g£205 15 A
o= o
2504 q
<€
203 - 1
£
=02 3
0.1
0 0

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13
Aie ical kyr BP)

Fig. 3 The fractional abundance of OH-GDGT-0 (indicated in green), OH-GDGT-1 (indicated
in blue), and OH-GDGT-2 (indicated in red) and the OH-GDGT% (indicated in black) plotted
against age (cal kyr BP) for both the (a) Gotland and (b) Arkona basins. The various phases of
the Baltic Sea are indicated.

4.3 Occurrence and distribution of OH-GDGTs in the sedimentary record

In the Gotland Basin the sediments deposited up to 7.8 cal kyr BP correspond with the
low salinity period of the Baltic Sea, the Ancylus Lake phase, and the average OH-GDGT%
(7.9+0.9%) are slightly higher than in the sediments deposited after 7.3 cal kyr BP, which
corresponds to the brackish phase of the basin (5.4+1.2%) (Fig. 3a). An anomaly of much
higher OH-GDGT% than the average (16.0+£0.3%, triplicate analysis; Fig. 3a) occurs at 5.9
cal kyr BP. The OH-GDGT% for the sediments in the Arkona Basin record are statistically
the same in all of the phases covered in the sediment record (Fig. 3b). During the Baltic Ice
Lake period (12.5-11.8 cal kyr BP; 3.8+0.6%) and the recent brackish phase (from 7.2 cal kyr
BP onwards; 3.8+0.4%), the OH-GDGT% are less variable than during the Yoldia Sea phase
(11.2-10.7 cal kyr BP; 5.6+4.6%) and the Ancylus Lake phase (10.6-8.0 cal kyr BP;
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5.5£1.4%) (Fig. 3b). An outlier also occurs in the Arkona Basin record with the sediment with
an age of 8.5 cal kyr BP having a much higher than average OH-GDGT% (24.6%; Fig. 3b).
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Fig. 4 Scatter plots of the measured mean annual sea surface temperature (MASST; °C) plotted
against (a) OH-GDGT%, and fractional abundance of (b) OH-GDGT-0, (¢) OH-GDGT-1, and (d)
OH-GDGT-2. The blue symbols represent the sediments from the Bothnian Bay and Sea, which
were left out of the regression analysis because they are considered as outliers (see text).

With respect to the distribution of the OH-GDGTs in the Gotland Basin record, OH-
GDGT-0 always makes up the most abundant OH-GDGT (Figs. 3a-). The fractional
abundance of OH-GDGT-0 increases moving from the Ancylus Lake phase, 0.66+0.10, into
the brackish phase, 0.85+0.02 (Fig. 3a). The fractional abundance of OH-GDGT-1 decreases
moving from the Ancylus Lake phase (0.23+0.05) into the brackish phase (0.12+0.02) (Fig.
3a). OH-GDGT-2 is always the least abundant component of OH-GDGTs and also decreases
over the transition from the Ancylus Lake phase, 0.11+0.06, to the brackish phase, 0.03+0.01
(Fig. 3a).

OH-GDGT-0 is the most abundant OH-GDGT for the Arkona Basin record as well
(Fig. 3b). OH-GDGT-1 is the second most abundant component of the OH-GDGTs during the
Baltic Ice Lake phase (0.18+0.01) and recent brackish phase (0.18+0.02), but during the
Yoldia Sea phase (0.19+0.03 v. 0.11£0.05) and the Ancylus Lake phase (0.26+0.02 v.
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0.29+0.06) there is statistically no difference between the fractional abundance of OH-GDGT-
1 and OH-GDGT-2 (Fig. 3b). During the Baltic Ice Lake period, the Yoldia Sea phase, and
the recent brackish phase, there is statistically no change in the fractional abundances of OH-
GDGTs-0 (0.73%0.05), -1 (0.18+0.02) and -2 (0.08+0.03) (Fig. 3b). However, during the
Ancylus Lake phase the fractional abundance of OH-GDGT-0 (0.46+0.06) decreases as it did
in the Gotland Basin record, and the fractional abundances of OH-GDGT-1 (0.26+0.02) and -
2 (0.29+0.06) increases (Fig. 3b).

5. Discussion
5.1 Influence of temperature on the distribution of OH-GDGTs

Surface sediments. Previously it has been observed in marine sediments that OH-
GDGT% increases with decreasing SST (Huguet et al., 2013). Although the correlation is low
(R?=0.28), the same trend is noted for the surface sediments of the Baltic Sea (Fig. 4a). The
fractional abundance of the hydroxylated GDGT with no cyclopentane moieties, OH-GDGT-
0, increased with decreasing SST (R*=0.36) (Fig. 4b). The fractional abundances of the OH-
GDGTs with one, OH-GDGT-1, and two, OH-GDGT-2, cyclopentane moieties increases with
increasing SST (Figs. 4c-d), as has been observed in other marine sediments (Huguet et al.,
2013). For all correlations, it was observed that if the three surface sediments from the
Bothnian Sea and Bothnian Bay (stations 377850, 377830, and 372820; Fig. 1) were removed
from the data set, the correlations increased substantially (e.g. for OH-GDGT% to R*=0.85).
These sediments probably represent outliers because the salinity of the Baltic Sea in this

region is the lowest (5.0+1.4 ppt; Table 1) of the suite of surface sediments examined.

Enrichment culture. The increase in cyclopentane-containing GDGTs along with the
resultant increase of the TEX3gs index observed in the enrichment culture grown at the higher
temperature (22°C) is in line with what has been previously demonstrated in marine
sediments (Schouten et al., 2002). An earlier study also showed with marine sediments that
with increasing SSTs, the OH-TEXgs index increases along with the increased abundance of
cyclopentane-containing GDGTs (Huguet et al., 2013), and this is also observed in the
enrichment culture grown at 22°C. Additionally, the higher value for OH-GDGT% in the
enrichment culture grown at a lower temperature (4°C) is in agreement with what has been
observed in marine sediments with the abundance of OH-GDGTs relative to non-
hydroxylated GDGTs decreasing with increasing SST (Huguet et al., 2013). The change in the
distribution of OH-GDGTs with growth temperature, from OH-GDGT-0 making up the
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majority in the enrichment culture grown at 4°C to the predominance of OH-GDGT-2 in that
grown at 22°C (Table 2), gives credence to the use of the distribution of OH-GDGTs as a
proxy for SST.

5.2. Determining the potential application of existing OH-GDGT-based indices and the
development of local calibrations for SST reconstruction

Surface sediments. Huguet et al. (2013) were the first to propose OH-GDGT-based
indices for reconstructing SST and Fietz et al. (2013) has proposed some alternatives.
Recently, another index based on OH-GDGTs, designed specifically for the Baltic Sea, was
proposed by Kaiser and Arz (2016). To determine how the various OH-GDGT-based proxies
perform in the Baltic Sea, we applied them to the GDGT distributions of the twelve examined
surface sediments from around the Baltic Sea (Fig. 1) and regressed each proxy ratio with the
mean annual SST data measured by CTD from the surface waters where the sediment was
collected (Table 1). In this exercise, it was again (see section 5.1) observed that for all of the
indices the correlation increased substantially if the three surface sediments in the north of the
basin from the Bothnian Sea and Bay were removed from the dataset, yielding highly
significant correlations with SST (R*=0.92-0.71; Table 3). The two indices with the highest
correlation were the OH-GDGT pnaex s (R?=0.92) and the OH-TEXss index (R*=0.88, Table 3;
Figs. 5a).

Next, the suite of existing SST calibrations were assessed to determine how well they
predict SST. In this exercise, we again omitted the surface sediments from the lower salinity
Bothinian Bay and Sea. The SST estimates obtained from the calibration based on the OH-
GDGT pgex s had the lowest average difference between reconstructed and measured SST
(ASST = 0.0£1.1°C; Table 3). The SST estimates derived from the calibration based on the
OH-TEXjss index (Huguet et al., 2013) also had a low ASST (0.5+1.2°C; Table 3). The
calibration based on OH-GDGT% from Fietz et al. (2013) had on average the largest ASST
(5.9+1.8°C; Table 3). Since the OH-GDGT ngex s and the OH-TEXgq index had the highest
correlations with measured SSTs from surface sediments in the Baltic Sea from this study and
both indices incorporate isoGDGTs, this suggests that the inclusion of the isoGDGTs,
especially GDGT-II and GDGT-IIL, in the OH-GDGT indices results in better SST estimates
using GDGT-derived proxies in the Baltic Sea. This broaches the question if using only
isoGDGTs for SST reconstruction would lead to higher correlations with measured SSTs in
the Baltic Sea. However, as Huguet et al. (2013) found in their study that the addition of the
OH-GDGTs to the TEXgs index increased the correlation with SST, this was also the case
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here. The correlation with the measured temperatures for the surface sediments was
substantially higher using the OH-TEXgs index (R*=0.88) than with the TEXgs index
(R?=0.40). Since it has been shown previously that the TEXss- index, that was developed by
Kim et al. (2010) for use in regions with cooler temperatures and shown to have a good
correlation with seasonal temperatures, has a high correlation to summer SST in the Baltic
Sea (Kabel et al., 2012; Warden et al., in review). Therefore, this index was also compared to
the mean annual measured temperatures for the surface sediments, however, resulting in an

even lower correlation of R?>=0.23 (Fig. 5¢).

a. b.

105 + 105 +

*

100 -+ 100 -+
o o
< * <
& 9.5 - .’ & 95 +
N n
é 9.0 + o E 9.0
= =
g g
285+ ¢ z 857
S * 2 ® o

. < R2=0.82
= g0 R2=0.88 80 o -9
n=9
y=11.40x+7.38
7.5 1 1 1 | 1.5 I 1 | 1 !
0.10 0.12 0.14 0.16 0.18 0.00 0.05 0.10 0.15 0.20 0.25
OH-TEX; Index OH-GDGT' Index

C.

10.5 ¢ . _ '

7S Fig. 5 Scatter plots showing the correlation
10 + between the measured mean annual sea

surface temperature (MASST; °C) and (a)
OH-TEXg index, (b) OH-GDGT’ index, and
(c) OH-GDGT ppgex 5 The three samples
from the Bothnian Bay and Sea were

95 +

Measured MASST (°C)
©

85 -+ * excluded from the regression analysis
R2;0'23 . because they are considered as outliers (see
g+ I~
y=10.81x+2.88 text).
75 : : : : : |
066 -064 -062 -06 -058 -0.56 -0.54

TEX, -

Local calibrations may be expected to perform better than those based on global
datasets or from other regions, so next the already existing calibrations based on Baltic Sea
sediment developed by Kaiser and Arz (2016) were applied. The calibration based on the OH-
GDGT-0/crenarchaeol ratio developed gave fairly accurate SST estimates (ASST =
1.7£1.5°C; Table 3), whereas that based on OH-GDGT% resulted in a much larger ASST.
Additionally, two local calibrations based on the surface sediments from this study and their

accompanying SST data were developed. One calibration, based on the OH-TEXs index of
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Huguet et al. (2013), resulted in the same average difference between reconstructed and
measured SST (0.6+1.1°C; Table 3) as the general calibration. A modified version of the OH-
GDGT index, which will be referred to as the OH-GDGT’ index, had a slightly higher
correlation with SST than the OH-GDGT index presented in Fietz et al. (2013) (Table 3; Fig.
5b).

OH-GDGT’ index = (OH-GDGT-1+OH-GDGT-2) / (SOH-GDGTs) (n=9, R’=0.82) [7]

This calibration also had a low average difference between reconstructed and measured SST

(0.6£1.1°C; Table 3).
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Fig. 6 Reconstructed sea surface temperatures (SST; °C) based on the OH-GDGT 1n4ex 5 (designated in
purple), OH-TEXg index (designated in yellow), and the OH-GDGT’ index (designated in black)
plotted with age (cal kyr BP) for the (a) Gotland and (b) Arkona basins. The different phases of the
Baltic Sea are indicated by the different colors in the bar below the x-axis as designated in the legend.

Enrichment culture. The indices OH-GDGT 1ndex 1, ndex 3, aNd 1mdex s (Eqns. 4-6) and
the OH-TEXgs index (Eqn. 3) from Huguet et al. (2013) as well as two other indices applied
in the Nordic Seas, the OH-GDGT-0/crenarchaeol ratio and the OH-GDGT index (Eqn.. 2)
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from Fietz et al. (2013), and the new OH-GDGT’ index (Eqn. 7) developed in this study, were
all applied to the GDGT distributions of the thaumarchaeotal enrichments grown at 4°C and
22°C (Table 4). All of the published calibrations applied resulted in an overestimation of
temperature for the culture grown at 4°C (Table 4). For the culture grown at 22°C all of the
calibrations gave temperatures that were an underestimation, with the exception of the
calibration from Fietz et al. (2013) based on the OH-GDGT index, which greatly
overestimated the temperature (AT = 50°C; where AT represents average difference between
estimated and growth temperature) and the calibration based on OH-TEXgs index presented in
Huguet et al. (2013), which also overestimated the temperature (AT c¢. 10°C) (Table 4). For
the culture grown at 4°C, the calibration of Fietz et al. (2013) based on the OH-GDGT-
O/crenarchaeol ratio (Eqn. 11; AT ca. 3°C) and of Huguet et al. (2013) the calibration based
on the OH-GDGT 1ndex 1 (Eqn. 4; AT ca. 4°C), had the lowest difference between estimated
temperature and actual growth temperature (Table 4). With respect to the enrichment culture
grown at 22°C, the calibration from Kaiser and Arz (2016) based on the OH-GDGT% (Eqn.
1; AT ca. -4°C) and the calibration from Huguet et al. (2013) based on the OH-GDGT 1ndex 3
(Eqn. 6; AT ca. -4°C), had the smallest difference between estimated and actual growth
temperature (Table 4). However, the calibration from Fietz et al. (2013) based on the OH-
GDGT-0/crenarchaeol ratio (AT ca. -12°C) and from Huguet et al. (2013) based on OH-
GDGT ndex 1 (Eqn. 4; AT ca. -14°C) both greatly underestimated the growth temperature for
the enrichment culture grown at 22°C. The calibration of Kaizer and Arz (2016) based on the
OH-GDGT% (Eqn. 1; AT ca. 13°C) and the calibration based on the OH-GDGT 1y4ex 1 from
Huguet et al. (2013) (Eqn. 4; AT ca 11°C) greatly overestimated the temperature for the
sample grown at 4°C (Table 4). Therefore, the calibrations from this study based on the OH-
TEX3s index (Eqn. 3) and the new OH-GDGT’ index (Eqn. 7) performed the best overall for
estimating growth temperatures for both culture samples (Table 4).

It may be expected that the calibrations from Fietz et al. (2013) based on ratio of OH-
GDGT-0/crenarchaeol and OH-GDGT% (Eqn. 1) perform better for cooler SSTs since these
are local calibrations for the Nordic Seas (Table 4). However, that the calibration from Kaizer
and Arz (2016) based on OH-GDGT% is better for estimating higher SSTs is perplexing since
it was developed on samples from the Baltic Sea where SSTs rarely, if ever, make it as high
as 22°C (Table 4). Although the distribution of the GDGTs, both isoprenoid and
hydroxylated, are behaving as expected with increasing number of cyclopentane moieties with
increasing temperatures, the calibrations based on OH-GDGTs overall are not producing

accurate temperature estimates. Perhaps a more extensive calibration based on cultures could
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assuage this issue. Huguet et al. (2013) suggested that the OH-TEXjs index could be more
effective as a SST proxy in colder waters, however, the results from this culture experiment
do not support this as the reconstructed temperatures based on this index are more accurate for

the culture grown at 22°C (5.0+0.0°C) than the one grown at 4°C (6.6+0.3°C) (Table 4).

5.3 Application of OH-GDGT-derived SST proxies to the Baltic Sea sedimentary record.

Next, the three SST calibrations (the OH-GDGT jn4ex 5, the OH-TEXg6 index, and the
OH-GDGT’ index) that performed best in both predicting SST (set of surface sediments) and
growth temperature (enrichment culture) (see section 5.2) were applied to the sedimentary
records of both the Arkona Basin and the Gotland Basin (Figs. 6a-b). The results from the
application of these SST calibrations will be examined below.

The values of the OH-GDGT’ index are higher during the Ancylus Lake phase in both
basins and decrease moving into the brackish phase (Figs. 6a-b). The decrease in OH-GDGT’
index values that occurs over the Ancylus Lake/Littorina Sea transition in the Gotland Basin
results in a decrease in estimated SSTs from 11.2+1.2°C during the Ancylus Lake phase to
9.1£0.3°C during the recent brackish phase (Figs. 6a). The SST average from the recent
brackish phase is identical to today’s measured SST in that area (9.3°C; Fig. 6a). However, a
mean annual air temperature (MAT) reconstruction based on a pollen-climate calibration
model from south central Sweden showed a ~2.5°C increase in MAT from the MAT (5.9°C)
at c. 8,000 cal year BP (Seppd et al., 2005), whereas the OH-GDGT’ index-derived SST
record shows a decrease in temperatures (Fig. 6a; black line). The change in OH-GDGT’
index-derived SST from the Ancylus Lake phase to the recent brackish phase in the Arkona
Basin (Figs. 6b) also results in a decrease in estimated SST at this time (from 13.6+0.7°C to
10.24+0.4°C). The average reconstructed SST during the recent brackish phase in the Arkona
Basin is similar to the measured SST from that area (9.7°C; Table 1). The OH-GDGT’ index
based SST estimates are statistically the same for the Baltic Ice Lake phase (10.4+0.3°C), the
Yoldia Sea phase (10.84+0.8°C) and the recent brackish phase (Fig. 6b). The average OH-
GDGT’ index values and the resultant SSTs for the Ancylus Lake and recent brackish phases
are similar for the Arkona Basin and Gotland Basin records (Figs. 6a-b).

The SST record of the Gotland Basin based on the OH-GDGT ngex 5 has an outlier at
5.9 cal kyr BP. This sample was run in triplicate and the resultant OH-GDGT ngex 5 Values
were similar (34.0+0.6). This sample is unique in that it has an OH-GDGT% ca. three times
the amount in the other sediments, 16.0+0.3%. This outlier was removed from the SST record

of the Gotland Basin presented in Fig. 6a. The average SST (outlier removed) based on the
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OH-GDGT pngex s during the Ancylus Lake phase is 7.1+£0.6°C and increases to 9.3+0.3°C in
the recent brackish phase, which again is the same as today’s measured SST in that area
(9.3°C; Table 1) (Fig. 6a). This increase in temperature is consistent with the ~2.5°C from
modern MAT (5.9°C) increase in MAT at c. 8,000 cal year BP (Seppd et al., 2005). In the
Arkona Basin record there is also an outlier that occurs at 8.5 cal kyr BP, where again the
OH-GDGT% is much higher than in the other sediments in the core (Fig. 6b). This outlier was
also removed from the OH-GDGT ngex 5 based SST record. The average SSTs (with the
outlier removed) in the Arkona Basin are quite similar for the four different phases (Baltic Ice
Lake phase, 10.6+0.4°C; Yoldia Sea phase, 9.8+0.8°C; Ancylus Lake phase, 10.1+0.1°C;
recent brackish phase, 9.7+0.4°C; Fig. 6b) and these SST estimates are similar to the
measured SST in the Arkona Basin (9.7°C; Table 1). In the Arkona Basin the OH-GDGT [ngex
s based SST record, a cooling of ~2°C occurs at 8.0 cal kyr BP and then a warming of ~3°C
(Fig. 6b). Such a temperature evolution was also demonstrated in the MAT reconstruction
from south central Sweden (Seppa et al., 2005) and for Greenland ice cores (Alley et al.,
1997). The estimated SSTs during the recent brackish phase are statistically the same in both
basins, however, for the Ancylus Lake phase the reconstructed SST in the Arkona Basin is ca.
~3°C higher than in the Gotland Basin (Figs. 6a-b).

The observed change in values in the OH-GDGT pp¢ex s and OH-GDGT’ indices over
the Ancylus Lake/Littorina Sea transition does not occur in the OH-TE X5 index record (Figs.
6a-b). The estimated SSTs for the OH-TEXg¢ index based calibration developed in this study
are statistically the same throughout the record in both the Gotland (9.6+0.8°C during the
Ancylus Lake phase and 9.8+0.5°C during the recent brackish phase; Fig. 6a) and Arkona
(13.2+1.6°C during the Ancylus Lake phase and 13.2+2.7°C during the recent brackish phase;
Fig. 6b) basins. In the OH-TEXss index records there were “spikes” towards lower values in
each record that occurred at the same time as the outliers in the OH-GDGT 1ngex 5 records.
These outliers were removed. The SST average estimate from the recent brackish phase in the
Gotland Basin based on the OH-TEXjs¢ index is statistically the same as today’s measured
SST in that area (9.3°C), however, the average temperature estimate from the recent brackish
phase in the Arkona Basin is higher than the measured SST from that area (9.7°C; Table 1).
For the modern Baltic Sea in the Gotland Basin the SST estimate for the year 1975 AD (-
0.025 cal kyr BP; 14.6°C) is ~4°C warmer than the temperature estimates for other recent
sediments, and although this sediment was deposited during the modern warm period, this
estimate seems too high for a mean annual temperature. In the Arkona Basin a distinct

warming phase is observed from 5.41-2.67 cal kyr BP (16.1+2.0°C), which is not realistic for

97



Chapter 4

a mean annual temperature estimate in this region. Since it is not also observed in the Gotland
Basin OH-TEXgs index-derived SST record nor in any of the other SST records presented, it
must be flawed for some unknown reason. In the Arkona Basin temperatures from the
Ancylus Lake phase and recent brackish phase are similar to those during the Yoldia Sea
phase (14.2+1.9°C) but SST estimates during the Baltic Ice Lake phase, 16.8+1.1°C, are
higher (Fig. 6b). The reconstructed SSTs are statistically the same in each basin over the
Holocene, although there is more variation in the Arkona Basin (Figs. 6a-b), which may be
explained by the proximity of the Arkona Basin to the opening with the North Sea allowing a
greater influence of allochthonous GDGTs brought in by the marine influxes and settling in
the sediments.

For the portion of the record when the Baltic Sea was brackish, from c. 7.2 cal kyr BP
onward, the OH-GDGT ppgex 5, the OH-GDGT’ index, and OH-TEXs index temperature
estimates are in good agreement and capture the major temperature fluctuations over the
Holocene in the Gotland Basin (Fig. 6a), including the Medieval Climate Anomaly (MCA,
from 950-1250 AD) and the Little Ice Age (LIA, from 1400-1700 AD) (Mann et al., 2009), as
well as the warming trend occurring in recent times (from 1840 AD —present; Kabel et al.,
2012) (Figs. 6a-b). However, the changes in SST are smaller than those observed in the
TEXse" record (Kabel et al., 2012; Warden et al., in preparation). This may be due to the fact
that the TEXss- index based reconstructions record summer temperatures, whereas the OH-
GDGT ratios are calibrated against MAT and changes in summer SST may be larger than for
annual mean SST. Due to the lower resolution in the more recent times in the Arkona Basin it
is difficult to assess if these OH-GDGT based indices have captured the LIA and MCA,
although, the recent warming period appears to be captured (Fig. 6b). In the Arkona Basin
record the OH-GDGT’ index and OH-GDGT ngex s SST estimates are in good agreement with
each other. The temperature estimates are higher in the Arkona Basin record and since it is
located more to the south than the Gotland Basin, it would be expected that SSTs would be
slightly warmer (station 372720 is close to the Arkona Basin record and the measured mean
annual SST is 9.7°C compared with 9.3°C from station 303600 in the Gotland Basin; Table
1), however, the differences in the estimated SSTs between the Gotland and Arkona basin for
the recent brackish phase based on the OH-TEXg index is too large (Figs. 6a-b).

For the lower salinity phases in both basins the SST estimates based on the OH-GDGT
Index 5, the OH-GDGT”’ index, and OH-TEXgs index are for the most part not in agreement with
each other, however, the SST estimates based on the OH-GDGT ppgex 5 during the Ancylus

Lake phase for the Gotland Basin is in agreement with the MAT reconstruction from south
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central Sweden (Seppi et al., 2005; Figs. 6a-b). The correlation between OH-GDGT based
indices and measured SSTs increased when the lower salinity sediment samples from the
northern region of the Baltic Sea basin (Bothnian Sea and Bay) were removed (Figs. 4a-d).
This raises the question of whether salinity changes are affecting the distribution of OH-
GDGTs and therefore the application of OH-GDGTs for SST estimates in the Baltic Sea
during the Ancylus Lake phase. Therefore, it should be considered when applying the OH-

GDGTs for SST reconstructions that low salinity environments may complicate their use.

Conclusions

The use of the distribution of OH-GDGTs for SST reconstructions in the Baltic Sea

appears to be promising. The OH-GDGT ngex 5, the OH-GDGT’ index, and OH-TEXgs index

performed the best of the OH-GDGT based indices when reconstructing SSTs of both

enrichment cultures and surface sediments samples. When these indices were applied to two

sedimentary records in the Baltic Sea they resulted in reliable SST estimates for the last 7,200

years that were in agreement with each other as well as previously published data, except for

the SST estimates based on the OH-TEXs¢ index in the Arkona Basin, which is perhaps due
the proximity of the North Sea allowing a greater influence of allochthonous GDGTs. It

to

appears there is an effect of salinity when using the OH-GDGT based indices and it should be

considered when applying these for paleoclimate application in low salinity environments.
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CHAPTER 5

Sedimentary alkenone distributions
reflect salinity changes in the Baltic Sea
over the Holocene
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Abstract

The Baltic Sea has had a complex salinity history since the last deglaciation. Here we show
how distributions of alkenones and their 3D values varied with past fluctuations in salinity in
the Baltic Sea over the Holocene by examining a Holocene record (11.2 to 0.1 cal kyr BP)
from the Arkona Basin. Major changes in the alkenone distribution, i.e. changes in the
fractional abundance of the Cs7.4 alkenone, the Csg., Et alkenones and the Cs¢., alkenone, the
latter which has not been reported in the Baltic Sea previously, correlated with known
changes in salinity. Both alkenone distributions and hydrogen isotopic composition suggest a
shift in haptophyte species composition from lacustrine to brackish type haptophytes around
7.7-7.2 cal kyr BP, corresponding with a salinity change that occurred when the connection
between the basin and the North Sea was re-established. A similar salinity change occurred in
the Black Sea. Previously published alkenone distributions and their dD values from the Black
Sea were used to reconstruct Holocene changes in surface water salinity and, hence, it was
shown that the unusual Cse., alkenone dominates the alkenone distribution at salinities of 2-8
PSU. This information was used to corroborate the interpretations made about salinity
changes from the data presented for the Baltic Sea. Low and variable salinity waters in the
Baltic Sea over the Holocene have allowed for alkenones derived from a variable haptophyte
community composition, including low salinity adapted species, hindering the use of the
unsaturation ratios of long-chain alkenones for sea surface temperature reconstruction.
However, these alkenone based indices are potentially useful for studying variations in

salinity, regionally as well as in the past.
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1. Introduction

Long chain alkenones, biolipids composed of predominantly Cs7- Cs9 n-alkyl chains with
di-, tri- or tetra unsaturations and a keto functionality at position C-2 or C-3 (de Leeuw et al.,
1980; Rechka and Maxwell, 1988) are produced exclusively by only a few species of
haptophyte algae in both open marine (i.e., Emiliania huxleyi and Geophyrocapsa oceanica;
Volkman et al., 1980, 1995; Group III following the phylogenetic classification of Theroux et
al., 2010) and coastal marine or lacustrine settings (i.e. algae of the genera Isochrysiss,
Ruttnera (formerly Chrysotila), and Tisochrysis; Marlowe et al., 1984; Nakamura et al, 2016;
Group II) and the more recently discovered ‘Greenland haptophyte’ species, so far exclusively
found in Greenland and Alaskan lakes (D’ Andrea et al., 2006; Longo et al., 2013; Group I).
This latter group has a distinctly different alkenone distribution relative to alkenones
produced by all other haptophytes since they all contain tri-unsaturated alkenone isomers not
observed in other species (Longo et al., 2013; Dillon et al., 2016). An unusual Cs
diunsaturated alkenone was identified by Xu et al. (2001) in Holocene sediments from the
Black Sea. Coolen et al. (2009) reported its biological origin as a specific strain of E. huxleyi
based on the analysis of fossil DNA.

Since field sampling and culture experiments demonstrated a relationship between surface
water temperature and the unsaturation ratios of long-chain alkenones (Prahl and Wakeham,
1987; Miiller et al., 1998), the unsaturation ratios of sedimentary alkenones have been
extensively used as a paleotemperature proxy in marine settings. Two alkenone unsaturation
ratios have been predominantly used in sea surface temperature (SST) reconstructions, the
U%y, (which includes the relative abundance of di-, tri- and tetra- unsaturated alkenones;
Brassell et al., 1986) and the U 3; (which excludes the tetra-unsaturated alkenone; Prahl and
Wakeham, 1987). Even though this proxy has been successfully applied in marine settings,
uncertainties still exist due to increasing evidence of non-thermal effects on alkenone
distribution patterns such as species and strain composition (Volkman et al., 1995; Conte et
al., 1998) and salinity (Chu et al., 2005; Ono et al., 2012; Chivall et al., 2014). For example,
Rosell-Mel¢ (1998) demonstrated that the amount of C37.4 alkenone compared to the
abundance of the other Cs; alkenones (%Cs7.4) in particulate organic matter from Nordic Seas
had a stronger correlation to sea surface salinity (SSS) than SST. Despite these results, the
correlation between salinity and %Cs7.4 in surface water and sediment trap samples worldwide
varies greatly and so there is no evidence supporting the application of a linear relationship

(Sikes and Sicre, 2002), which would make the use of %C37.4 as a salinity proxy possible.
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Alkenones are common biomarkers in marine sediments, but also occur in lake sediments
(e.g. Cranwell, 1985; Volkman et al., 1988; Thiel et al., 1997; Zink et al., 2001; Chu et al.,
2005; Sun et al., 2007; Randlett et al., 2014; Nelson and Sachs, 2014; Song et al., 2016)
although not as widespread. In these lake settings, complications applying long chain
alkenone unsaturation patterns as a temperature proxy have often been noted. Alkenone
biosynthesizing haptophyte algae are much more genetically diverse in lacustrine settings than
marine (e.g. Coolen et al., 2004; Theroux et al., 2010; Randlett et al., 2014) and this affects
alkenone composition and has implications for lake surface temperature (LST) reconstruction
since alkenone calibrations for Group I and II Isochrysidales vary substantially (e.g.
Versteegh et al., 2001; Theroux et al., 2013; Nakamura et al., 2014, 2016; Longo et al., 2016).
In many lakes the fractional abundance of the Cs7.4 methyl ketone is much higher (up to 96%
of the sum of C;; alkenones) than has been observed in marine settings (e.g. Chu et al., 2005;
Nelson and Sachs, 2014). The predominance of the C;7.4 methyl ketone and the observed
negative relationship with salinity suggested that its production may be a response to low
salinity conditions (Chu et al., 2005; Song et al., 2016). Consequently, it was suggested that
the long chain alkenone unsaturation ratio omitting Cs7.4 (U~ 37) may yield more accurate
LST/SST estimations when used in lacustrine, brackish and estuarine waters. However, it is
more likely that salinity influences the haptophyte composition, in turn affecting alkenone
distributions, i.e. in freshwater and oligohaline lakes Group I Isochrysidales dominate and
their alkenone distribution is dominated by the Cs7.4 alkenone (Toney et al., 2012). Based on
this finding, a new temperature index has been proposed for lacustrine, brackish and estuarine
settings that includes the Cs7.4 alkenone and instead excludes Cs7: (UK”37; Zheng et al., 2016).
This study suggests that the di-unsaturated alkenones play a less important role than the tri-
and tetra-unsaturated alkenones in regards to regulating cell functions in accordance with
temperature fluctuations in lower salinity settings.

Previous studies in brackish settings have shown that since alkenone distributions co-vary
with salinity driven changes in haptophyte species composition, the use of long chain
alkenones is complicated in areas with low and/or fluctuating salinity such as in the Black Sea
(Coolen et al., 2009), Ace Lake in Antarctica (Coolen et al., 2004), the Baltic Sea (Rosell-
Melé, 1998; Schulz et al., 2000; Blanz et al., 2005) and the North Atlantic and Nordic Seas
(Rosell-Melé, 1998). In Ace Lake, Coolen et al. (2004) demonstrated that as lake chemistry
changed over time, particularly the salinity as it evolved from a freshwater basin to a marine
inlet, the alkenone distributions changed reflecting differences in the haptophyte population as

evident from palacogenetic signatures. Similarly, in the Black Sea, Coolen et al. (2009)
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showed that as salinity increased over the Holocene in the basin that the haptophyte
composition changed as well resulting in erroneous alkenone-derived SST estimates at times.

Culture experiments indicate that alkenone distribution patterns can vary with changing
salinity and that this should be taken into account when using the alkenone unsaturation
indices for SST reconstructions (Chu et al., 2005; Ono et al., 2012; Chivall et al., 2014). The
results from Chivall et al. (2014) indicate salinity has an effect on alkenone distributions, but
that other factors such as growth phase and species composition also play a role in whether
the long chain alkenone distributions are affected by salinity. This culture study found a
positive correlation between %Cs7.4 and salinity, however, they found growth phase has a
larger effect on the %Cs7.4 than salinity. Further complicating the use of long chain alkenones
for SST and LST reconstructions, Ono et al. (2012) established using culture experiments that
salinity had an effect on alkenone unsaturation ratios at 20°C, but not at 15°C.

In addition to looking at alkenone distributions to infer salinity changes, culture studies
have shown the hydrogen isotopic composition (3D) of long chain alkenones strongly depends
on salinity as well in batch culture (Schouten et al., 2005) and recently also in continuous
culture where salinity was the environmental parameter that was changed (Sachs et al., 2016).
M’boule et al. (2014) also found a strong linear relationship between 6D and salinity in
culture experiments involving both /. galbana (a coastal species) and E. huxleyi (an open
ocean species), suggesting that 6D of alkenones might indeed be used to reconstruct relative
shifts in paleosalinity. However, coastal species, such as I. galbana and Ruttnera (Chrysotila)
lamellosa, have been observed to fractionate almost 100%o less against deuterium than more
open marine species, such as E. huleyi and G. oceanica, in culture (Schouten et al., 2005;
Chivall et al., 2014; M’boule et al., 2014). The 6D of sedimentary alkenones might therefore
also be indicative of specific alkenone producing haptophytes.

The present day Baltic Sea has a large range in salinities (~3.5-32 PSU), with fresher
water in the northeastern part of the basin (including the Gulf of Bothnia and Gulf of Finland)
and saltier water closer to the connection to the North Sea, making it an interesting site to
study present-day salinity effects on alkenone production. Schulz et al. (2000) demonstrated
that alkenone unsaturation ratios in surface sediments of the Baltic Sea have a low correlation
to mean annual SST and instead primarily reflect salinity changes. The authors postulate that
lower salinity in parts of the basin causes salinity stress induced changes in alkenone
biosynthesis. This, together with the production of alkenones by haptophytes adapted to lower
salinities, results in distinct alkenone patterns with lower salinity regions of the basin having

patterns more characteristic of freshwater haptophytes or a mixture of freshwater and marine
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haptophytes, and saltier regions having distributions that resemble more marine haptophyte
derived alkenones. Blanz et al. (2005) also reported that in the Baltic Sea salinity-induced
stress on E. huxleyi could alter the biosynthesis of alkenones, thus affecting the use of the
alkenone unsaturation ratios as a proxy for SSTs. The absence of C;3 methyl ketones observed
in lower salinity water masses in the Baltic Sea has been observed in Chinese Lakes as well
(Song et al., 2016). This may be an indication for the presence of brackish alkenone producers
of the Group II Isochrysidales. However, it should be noted that the freshwater and
oligohaline species of the Group I Isochrysidales do produce Css methyl ketones like E.
huxleyi (Toney et al., 2012; Zheng et al., 2016).

Here we determine how alkenone distributions and concentrations, along with the 3D of
alkenones, varied with past changes in salinity in the Baltic Sea over the Holocene. Not only
does salinity vary regionally over the Baltic Sea basin today, but the Baltic Sea also has had a
complex salinity history since the last deglaciation and has gone through two fresh water and
two brackish water stages (see Section 2.1 for more details). In this study we examined a
Holocene record from the Arkona Basin to determine if changes in alkenone distribution
patterns that exist today and correlate with salinity around the basin also existed in the past

and co-varied with historical salinity changes.

2. Methods
2.1. Historical setting of the Baltic Sea and description of the study site

The Baltic Sea (Fig. 1) is the world’s largest brackish body of water with an area of about
377,000 km® that is partitioned into multiple sub-basins. The Baltic is almost entirely enclosed
by land with a large freshwater contribution (including precipitation) of 660 km® yr' from a
drainage basin that is 1.6 million km® (Bjorck, 1995). An inflow of 475 km® yr™' of saltwater
pours in through the only connection to the North Sea, the narrow Straits of Denmark
(Tikkanen and Oksanen, 2002). The Baltic Sea is a fairly shallow basin and on average only
about 54 m deep. The salinity varies greatly in the Baltic Sea ranging from ~3.5 PSU in the
north to ~8 PSU in the Baltic proper and ~32 PSU in the region where the Baltic connects to
the North Sea. A permanent halocline exists at about 13-15 m depth, separating a relatively
fresh surface and saline bottom waters.

The development of the Baltic Sea since the last deglaciation has been the focus of many
studies in the last decades (Winterhalter, 1992; Bjorck, 1995; Jensen, 1995, Jensen et al.,
1999; Andrén et al., 2000). Reasons for such intense scientific interest include the shifting

bathymetry, dynamic hydrology and the resulting fluctuating salinity of the Baltic Sea over
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the Holocene as the basin went through several different phases. Following deglaciation and
before its present state, the Baltic Sea transformed from the freshwater Baltic Ice Lake (c.
12.6-10.3 ka BP) to the slightly brackish Yoldia Sea (c. 10.3-9.5 ka BP) into the freshwater
Ancylus Lake (c. 9.5-8.0 ka BP) and then into the brackish Littorina Sea (c. 8.0-3.0 kyr BP)
and subsequently into the Post-Littorina Sea/modern Baltic Sea (Winterhalter, 1992; Bjorck,
1995; Andrén et al., 2000). The Baltic Ice Lake formed as large areas of the southern Baltic
basin became ice free. Rapid deglaciation resulted in the uplift of the seabed, bringing the
connection of the basin with the North Sea above sea level and causing a large influx of fresh
melt-water into the system (Bjorck, 1995). A climatic cooling resulted in less meltwater and
the gradually receding ice sheet allowed drainage of the Baltic Ice Lake to occur, lowering the
water level and resulting in a short period of seawater ingression, which characterized the
very slightly brackish Yolidia Sea (Bjorck et al., 1995; Jensen, 1995). Continued isostatic
rebound caused the basin to be once again cut off from the ocean and resulted in the Ancylus
Lake (Jensen et al., 1999). Then, at around 8,000 years ago, eustatic sea level rise re-opened
the connection with the North Sea through the Danish Straits allowing salt water to flow into
the Ancylus Lake and transforming it into the brackish Littorina Sea (Winterhalter, 1992).
The Ancylus Lake/Littorina Sea transition is a complex period characterized by different
phases of brackish-water pulses, initially weak and eventually resulting in fully established
brackish conditions (15-20%o in the Baltic proper; Hyvérinen et al., 1988) only after ~2,000
years (Andren et al., 2000b). The Littorina Sea phase, which lasted from ~8,000-3,000 BP, is
characterized by a warmer climate and thought to reflect the most marine-like conditions in
the Baltic Sea since deglaciation (Andren et al., 2000b). The Post-Littorina Sea/modern Baltic
Sea are a continuation of the Littorina Sea, but with a salinity thought to be almost half (7-8%o

in the Baltic proper; Hyviérinen et al., 1988) that of the Littorina Sea (Punning et al., 1988).

2.2. Sampling

Two sediment cores were retrieved from the Arkona Basin, which extends from the
Bornholm Basin to the Danish Isles of Falster and Zealand (Fig. 1; Table 1). This basin
represents a boundary between the Straits of Denmark, where high salinity water flows in, and
the lower salinity Baltic Sea basin. The total discharge of brackish water from the basin is on
the order of 950 km’/yr (Bjorck, 1995). Both sediment cores were 12 m long and collected
using a gravity corer on the R/V “Maria S. Merian” in April of 2006. Sediment core 318310
was recovered at 46 m water depth at 54°50.34’N and 13°32.03°E and core 318340 was
collected nearby at 54°54.77°N and 13°41.44°E at 47 m water depth.

109



BOS BIP[OA = SA ‘e snjhouy = Ty ‘aseyd [euonisuen = J ‘@dS BULIONIT = §T ‘A[eWOUY diBWID) [BASIPIN
= VDI ‘onjeq uiopouw/eutioni 3sod = gIN/Sd , PAINSLIW JOU SEM SJUSWIPIS ASAY) 10J JUSIU0D D[, dSNLIIQ PIUIULIAIAP 10U = 'P°u d[qedrjdde jou = ey

U U U U U U U U U SA 711 S0vS

B'U ‘B'U 2'U U ‘B'U ' 2'U R U SA 601 $'008

10°0 IT0 200 €0 600 0€0 €00 1070 pu A4 901 SosL

€00 s¢o0 s00 Lo IO ¥CO  ¥00 000 pu A4 S0l $s0L

2 ‘B'U ‘2'U U B'U 2'U 2'U 2'U U v €0l S'€h9

€00 Iro Lo0 sT0  vI0 9¢0 700 000 Y v 66 8¢

00 €ro 110 ero I10 €0 600 000 Sl v 68 Sovs

BU BU ‘2'U ‘2'U 2U U 2'U U 00 v '8 S'0ZS

¢00 o L00O 0CO OL'0  LEO 600 %00 '8 v 08 $00S

0 <¢ro <00 cCo Iro 80 800 110 69 dLST1V L'L $081

0ro 910 90 Iro  0ro LEO 01°0 000 8y dL ST/1IV 9L SYovy

00 600 0[O0 SI0 1o 8¢0 €ro <00 09 dL STT/IV S'L SOvPy

100 LT'0 200 SI'0 €0 6v0 €00 10°0 4% dLST1V V'L socy (0v€81¢€ 2100)

¢00  LCTO ¢00 I€0 900 €C0 00 L0oO 91 dLST1V £L § 001 BUONIY

v0'0  0I'0 800 +¥C0 600 §e0 01°0 10°0 L'e v ol STr9

<00 Iro 800 Ico 0ro 8€0 60°0 000 9¢ A4 06 0°529

v0'0  II'0 200 800 €0  <CT0 €00 8¢0 9¢ ST I'L 0°009

L0O0 [0 200 900 900 600 00 LS0 6C ST v'S 0°00S

LO0O 600 COO0  LOO SO0 01°0 €00 9¢°0 9¢ ST L'e 0°00%

LO0  LT'0O  OI'0 600 0CO0 vC0O  TO0 110 Y4 dIN/Sd LT 0°00¢

900 0T0 600 IO 0C0 €0 o 600 L1 dIN/Sd 81 0°00¢

0ro Lo €00 LOO 9C0 O0I'0C 000 S0°0 9¢1 Amw\/mw\mw 60 07001

LOO  8I'0 600 600 CCTO €Co €00 600 (43 dIN/Sd v'0 0°0s (01€81€ 9109)

900 ¥C0  LOO vI'0  LIO 81°0 100 €0 144 dIN/Sd 10 0°0C BUONIY

LO0 0 v1'o €10 610 LTO 1070 0 pu eu p/u 1-0 (0Z- 1970HINE) Ye1a3eyS

LO0 0 vI'0 €10 0 970 10°0 0 pu el p/u 1-0 (01- 1970GINH) Ne1195eYS
(D01 3 31) (dg

DE .Hm DE .Hm— oz DE oz 02 uonenuaduod OSeyd .H%M EOV AEOV AIS

N.wmQ m.wmo m.me m.me m.an m.nmU v.nmo mbmo VOEESW 4 ow< SHQQD

QduBpUNQE [BUONIRI]

SJUSWIPIs BaS dnjjed Ul SUONNALISIP pue SUONBNUIdUOI JUOUSN[Y T 9|ge_L

110



oye] snjhouy = Ty ‘oseyd [euonisuen = J ] ‘@dS BULIONIT = ST * = VDN “Onjeqg uropou/eutiont | isod = g/ 1d ,

pu pu U (441 S0 L9 v S0SL
pu pu pu g0 ¢o I'é6 v §'S0L
pu pu pu 8C°0 ¥'0 S'L v 8¢
pu pu pu §co €0 6°CI1 v Sovs
pu pu U 170 €0 143! v §'00¢
pu pu pu 8C°0 €0 I'LT dL ST/1V S8y
pu pu pu 170 €0 8'LI dL ST/1V SYov
pu pu pu €Co 0 ¥'0c dL ST/1V S0y
Pu Pu Pu o €0 9y dLSTIV ~ s0zr  (0pe8Igd100)
pu pu pu 14 90 S'L dL STIV S'00v euoy Iy
pu pu pu 1T0 €0 4! v ST9
pu pu pu 170 €0 €91 v 54
€O0LI- L3891~ v C8l- 9¢0 0 68 ST 009
pu pu pu [340) 0 9¢l ST 00¢
pu pu U ceo 0 10 S1 00¥
60T ¥ S0C- 691- 90 €0 [4S qIN/Sd 00¢
v'91¢C- v'LOC- 1991~ LY0 €0 ¢¢ Amz\mﬁw 00¢
. . - . . . VO
§'0ce SyIc en Lo v'0 L0 GN/Sd 00T
pu pu pu 870 €0 ¢¢ qIN/Sd 0¢ (0T€81€ 2109)
891C S'LOT v ELL- 810 ¥'0 8'¢ qIN/Sd 0¢ BUONIY
Lesl- 6hLI- vu 10 €0 81 -0 Aow_wmw%mwmv
cr8l- 9°GLI- U 1440 €0 6’1 1-0 SMNWH%MMAMV
sauoudy[e sauoudy[e sauoudy[e sauouay[e 17 3¢) . wo
%) QVM LEy QM [£1%9) Mw tan douepunge E:vw_ﬁom@ pawung 0% 50Ud ammomﬁ NS

"ow) Y3NOIy) SHUAWIPIS edS dnjeq Ay}
ur s93ueYD AJUI[ES dUIWIEX 0) APN)S SIY) Ul PISn SOUOUIN[. JO SANJBA (JQ O} SE [[9M S SOJIPUI PISEq JUOUIY[B PUB SIOUBPUNE [BUOIIORI] QUOUY[Y g 9|ge.L

111



Chapter 5
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@ Surface sediment sampling site
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Fig. 1 A map of the Baltic Sea region and sampling sites. The sediment coring sites 318310 and 318340
in the Arkona Basin are designated by blue circles and the two stations in the Skagerrak where surface
sediment samples were collected are indicated by red squares.

Two surface sediment samples from the Skagerrak obtained using a multi-corer
provided a marine end member for comparison with our Baltic Sea sediment core samples.
The surface sediment samples were collected during R/V “Elisabeth Mann-Borgese” cruise
EMBO046 in May 2013. The sampling site for EMB046-10 was positioned at 57°49.74'N and
07°17.66'E from 457 m water depth. Site EMB046-20 was situated a bit to the east of
EMBO046-10 at 58°31.60°'N and 09°29.09E from 532 m water depth.
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2.3. Loss on ignition (LOI)

The LOI was determined by ashing freeze-dried sediments at 550°C for 3 h. The
resulting mass difference was then calculated in wt.%. Previously, it was demonstrated that
LOI provides an accurate estimate of the total organic carbon content of the sediments in the
Baltic Sea (Leipe et al., 2011). In order to obtain estimates for the total organic carbon (TOC;
%) content to normalize the concentration of ketones in the sediments, LOI values were

divided by 2.5 (i.e. assuming that the organic matter contains on average 40% C; Dean, 1974).
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Fig. 2 Correlation of sediment cores 318310 (left panel) and 318340 (right panel) using Ca data
obtained from XRF analysis (cps; designated by the gold line) and LOI (wt%; designated by the
black line). The red numbers indicate the radiocarbon dates (in cal yr BP) of carbonate fossils from
specific horizons in core 318310. The blue lines indicate tie points used for correlating both cores
(see text). The closed circles along the depth axes indicate the depths of the sediments analyzed for
alkenones in this study.

2.4. X-ray fluorescence (XRF) core scanning
XRF elemental scanning of sediment cores 318310 and 318340 was performed with

an Avaatech XRF scanner (Avaatech, n.d.) at a resolution of 0.5 cm.
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2.5. Correlation of sediment cores and age model

Sediment cores 318310 and 318340 were correlated to each other on the basis of LOI
and XRF-Ca records (Fig. 2). The transition of the Ancylus Lake phase to the Littorina Sea
phase is marked by a substantial increase in the TOC content, coinciding with color change of
the sediment (e.g. Moros et al., 2002; RoBler et al., 2011). Just after the large increase in TOC
(here reflected in the LOI record), there is a maximum in the carbonate content (here reflected
in the maximum in the elemental XRF- Ca record) (Fig. 2), which is caused by the occurrence
and preservation of benthic foraminifera (Moros et al., 2002; RoBler et al., 2011). The
Ancylus Lake regression is also characterized by a clear peak in the LOI (TC) records, which
can be used for correlation purposes (Fig. 2). The transitions, Baltic Ice Lake/Yoldia Sea and
Yoldia Sea/Ancylus Lake are revealed by marked changes in the elemental XRF-Ca
(carbonate) and bulk density records (Fig. 2; see Moros et al., 2002), and by basin-wide
traceable sandy layers (Moros et al., 2002).

The age model for sediment core 318310 is based on a previous AMS'*C date (7.2 cal
kyr BP) on Mytilus edulis close to the base of the Littorina phase (Ro8ler et al., 2011) and five
additional dates on mollusc shells (Fig. 2). The age model of the section of sediment core
318340 that was studied (400-840 cm) is based on the carbonate maximum at 380 cm (7.2 cal
kyr BP; Moros et al., 2002; RéBler et al., 2011). The start of the Ancylus Lake/Littorina Sea
transitional phase at 7.7 cal. kyr BP (unpublished results) is revealed by the increase in the
LOI record at 485 cm, and the Ancylus Lake regression at 10.2 cal kyr BP is denoted by the
sharp peak in the LOI record (sandy layer; Moros et al., 2002) at 600 cm. The boundary
between the Yoldia Sea phase and the Ancylus Lake phase (10.6 cal kyr BP; Moros et al.,
2002) at 768 cm, and the boundary between the Baltic Ice Sea and Yoldia Sea phases (11.6
cal. kyr BP; Moros et al., 2002) at 895 cm.

2.6. Lipid extraction and analysis

The sediments were freeze dried and ground and homogenized by mortar and pestle
for extraction. In general, 1-3 g of sediment was extracted using a Dionex' " accelerated
solvent extractor with dichloromethane/methanol (9:1; v/v) as extraction solvent. The total
lipid extract was dried over a Na,SO4 column and then separated into three fractions using
AlL,O3 column chromatography: apolar (eluted with 9:1 v/v hexane/DCM), ketone (1:1 v/v
hexane/DCM), and polar (1:1 v/v DCM/MeOH) fractions. The ketone fraction was then base
hydrolyzed by refluxing the dry fraction in a 1 N KOH in MeOH solution for 1 h after which
the pH was adjusted using a 2 N HCL/MeOH solution. DCM was added and the solution was

114



Alkenone distributions reflect salinity changes

washed twice with DCM. The DCM layers were removed and combined to be dried over a
Na,SO4 column. After the addition of a nonadecan-10-one internal standard, the alkenone
fraction was analyzed using gas chromatography (GC) with an Agilent 6890 instrument
equipped with an Agilent CP-Sil 5 CB column (50 m x 0.32 i.d.; 0.12 um film thickness) and
a temperature program from 70°C increasing at 20°C/min to 200°C and then at 3°C/min to
320°C where it remained stable for 44 min. Alkenones were identified by GC-mass
spectrometry (GC-MS), including the Cse., alkenone, using an Agilent 7890A GC instrument
equipped with a Agilent 5975C VL mass selective detector (MSD) and by comparing relative
retention times with those of known alkenones of a culture of E. huxleyi. Peak areas were
used to calculate alkenone unsaturation indices and alkenone concentrations were determined

based on peak responses relative to the nonadecan-10-one internal standard.

2.7. Compound specific hydrogen isotope compositions

Alkenone hydrogen isotope analyses were carried out on a subset of the samples, i.e.
those containing sufficient amounts of alkenones, on a Thermo Scientific DELTA" xI
GC/TC/irtMS. The temperature conditions of the GC increased from 70 to 145°C at 20°C min
! then at 8°C min™' to 200°C and to 320°C at 4°C min™', at which it was held isothermal for 20
min using an Agilent CP Sil-5 column (25 m x 0.32 mm) with a film thickness of 0.4 um and
helium as carrier gas at 1 ml min™ (constant flow). The high temperature conversion reactor
was set at a temperature of 1425°C. The H;" correction factor was determined daily and was
constant at 5.640.2 before and 3.8+0.1 after a scheduled power outage and retuning of the
irm. A set of standard n-alkanes with known isotopic composition (Mixture B prepared by
Arndt Schimmelmann, University of Indiana) was analyzed daily prior to analyzing samples
in order to monitor the system performance. Samples were only analyzed when the alkanes in
Mix B had an average deviation from their off-line determined value of <5%.. Squalane was
co-injected as an internal standard with each sample to monitor the accuracy of the alkenone
isotope values. The oD of long chain Cs; alkenones were measured as the combined Cs;
alkenones (0Daikenone) (van der Meer et al., 2013) and the same applies to the C;g alkenones.
The squalane standard yielded an average 6Daikenone Value of -160.7+2.7, which is stable but
relatively enriched in D compared to its offline determined 6D value of -170 %o, potentially

due to co-eluting compounds in this sample set.
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2.8. Calculation of alkenone based proxies
%Cs7.4 is the contribution of the tetra-unsaturated 37-carbon methyl alkenone (Cs7.4) to
total C;7 alkenone concentrations and calculated according to Rosell-Melé (1998):
%C37.4= C37.4/ (C372+ G373+ C37.4) x 100 (D
The UX;; index represents the relative abundance of the diunsaturated (Cs7.), triunsatured
(C37:3), and tetraunsaturated (Cs7.4) methyl ketones (Brassell et al., 1986). Later, the
tetraunsaturated methyl ketone (C;7.4) was removed from the equation because this compound
was rarely found in open-sea sediments or suspended water column particles and the equation
was modified by Prahl and Wakeham (1987):
U537 = C372/ (C372+ Ca73) (2)

2.9. Statistical analysis

Utilizing the R software package for statistical analysis, principle component analysis
(PCA) based on the correlation matrix was executed on the fractional abundances of the eight
alkenones quantified in the sediments studied. Four sediment samples from sediment core

318340 with no alkenones present were omitted from the PCA.

3. Results
3.1. Phases of the Baltic Sea covered in the Arkona Basin record

The XRF (Ca) and LOI (TC) data were used to distinguish different phases captured
by each sediment core in this study (Fig. 2) and to correlate the two sediment cores (see
methods). The sedimentary record for sediment core 318310 covers the upper section of the
freshwater Ancylus Lake stage starting at 10.2 cal kyr BP (642.5 cm), but mostly spans the
brackish phase of the basin beginning from 7.1 cal kyr BP (600-20 cm) (Fig. 2a). From
sediment core 318310 we studied eight sediment samples representing the brackish phase
including the Littorina Sea and Post-Littorina Sea/modern Baltic Sea stage and two samples
representing the Ancylus Lake stage (Fig. 2a; Table 1). To obtain more information on
alkenone occurrence and distribution during the Ancylus Lake stage, we also studied samples
from another sediment core. This core (318340) includes the Yoldia Sea stage (11.2-10.6 cal
kyr BP; 840.5-780.5 cm), the Ancylus Lake stage (10.6-7.8 cal kyr BP; 750.5-500.5 cm), and
the Littorina Sea and Post-Littorina Sea/modern Baltic Sea stage (7.2-0.1 cal kyr BP; 400.5-
20 cm) (Fig. 2b). We analyzed 14 sediment samples from this core spanning depths 840.5-
400.5 cm (Fig. 2b; Table 1).
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Fig. 3 Partial GC-FID chromatograms displaying alkenone distribution from various sediment
horizons. (a) Sample EMB0461-10-MUC from the Skagerrak shows a typical marine distribution,
(b) a sediment interval from 0.4 cal kyr BP (50 cm depth from core 318310) is from a brackish
period and displays a distribution similar to the marine distribution except with the additional
presence of the Cgs:, alkenone, (c) the sediment interval from 0.9 cal kyr BP (100 cm depth from
core 318310) has a different distribution from the other depths in both cores with no Ca;.4
alkenone, Cs7.3< Cs7:2, and a lower contribution of the Cag., alkenone relative to the Cg; alkenones,
(d) the sediment interval from 7.1 cal kyr BP (600 cm depth from core 318310) is from the period
immediately following the Ancylus Lake/Littorina Sea transition and has an alkenone distribution
characteristic of lower salinity haptophytes. Note the high relative abundance of the Csg., alkenone
at this time. The alkenones are color coded according to the legend with circles designating the Csg
alkenones, triangles signifying the Csq., alkenone, and squares indicating the Cs; alkenones.
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freshwater portion of the record (14+£21 ng/g C; Table 1). In the latter case, there were also
sediment horizons that did not contain detectable concentrations of alkenones. In the
sediments of the Yoldia Sea phase no alkenones were detected (Table 1). Fig. 3 shows some
typical alkenone distributions from sediment sample set. Alkenones are comprised of the
more common Cs7. Cs7:3, and Cs7.4 methyl (Me) ketones, Csg» and Csg.3 methyl (Me) and
ethyl (Et) ketones, and the uncommon Css.» Me ketone. This latter alkenone has not been
previously reported in sediments of the Baltic Sea. It is especially relatively abundant in
sediments deposited during the Littorina Sea period. Skagerrak surface sediments (Fig. 1)
were analyzed as a marine end member for comparison with the results obtained from the
Arkona Basin record. We did not detect the presence of the Cse., alkenone in the Skagerrak
sediments (Fig. 3a; Table 1). In sediment core 318310 a large difference in the relative
abundance of Cs¢, C37 and Csg alkenones is observed from 600 cm depth (c. 7.1 cal kyr BP;
Fig. 3d), which is close to the Ancylus Lake/Littorina Sea transitional phase, to more recent
sediments from the brackish phase of the Baltic Sea, i.e. at 100 cm (0.9 cal kyr, BP) and 50
cm (0.4 cal kyr BP) depth (Fig. 3b-c). For the Skagerrak surface sediments the alkenone
distribution is representative of a more open ocean setting (Fig. 3a). The alkenone distribution
at 50 cm depth (Fig. 3b) is more similar to that of the Skagerrak sample than any of the other
alkenone distributions shown (Fig. 3d), however, there are still a few differences between the
two, such as the absence of the Cs¢.» alkenone and the lower relative abundance of Cz7.4 Me in
the Skagerrak sediments.

For a statistical evaluation of alkenone distribution changes, PCA was performed on
the distributions of Cs¢, C37 and Csg alkenones in the different sediments studied. Most of the
variation is explained by principle component 1 (PC1; expressing 41% of the variance), which
is related to the degree of unsaturation of the alkenones with the most unsaturated alkenones
scoring negatively on PC1 (Fig. 4a). This is confirmed by the good correlation (r* = 0.86) of
the score on PC1 with UX'3; (Fig. 4e). The variation in PC2 (27%) appears to be mostly
explained by the fractional abundance of the Cse., alkenone, which scores negatively on PC2
(Fig. 4a). Indeed, the score on PC2 significantly (r* = 0.77) negatively correlates with the
fractional abundance of the Cse., alkenone (Fig. 4f). PC3 explains 18% of the variance with
the Css Et ketones scoring negatively on PC3 (Fig. 4c). PC3 correlates significantly (r* = 0.77)
negatively with the summed fractional abundance of the Csg.3 and Css.» Et ketones (Fig. 4g).

Most sediments score between -1 and +1 on PC2, however, the Skagerrak sediments
plot more positively (ca. 2.0) and sediments from the core 318310 from the Littorina Sea

phase (sediment core depths 400, 500 and 600 cm) plot more negatively on PC2 (ca. -3.2)
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(Fig. 4b). Fig. 5a shows the scores of PC1-3 plotted as a function of age. This reveals that the
score on PC1 is mostly negative for sediments older than 7.2 cal kyr BP and is mostly positive
during the more recent phases of the Baltic Sea (after 7.2 cal kyr BP) (Fig. 5a). The score on
PC2 consistently plots positively throughout the combined record from the Arkona Basin
except for the sediment depths that correspond to the Littorina Sea phase (sediment core
depths 400-600 cm from core 318310, which spans 7.1-3.7 cal kyr BP) and the end of the
Ancylus Lake phase (sediment core depth 400.5 cm in core 318340, which spans 7.1-3.7cal
kyr BP; Fig. 5a-b (Fig. 5a). Two other core 318340 samples that plot slightly negatively for
PC2 are depths 480.5 cm (7.7 cal kyr BP) and 750.5 cm (10.6 cal kyr BP) (Fig. 5a). PC3
scores mostly between -1 and 1 throughout the sediment record and for the Skagerrak
samples, however, some samples that fall within the Ancylus Lake phase plot outside of this

range as does sediment sample 100 cm from record 318310 (0.9 cal kyr BP; Figs. 4d and 5a).

3.3. 0D of alkenones

We also determined 8D values of alkenones on a subset of the samples from sediment
core 318310 (Table 2), which can be an indicator of environmental conditions, mainly salinity
and potentially haptophyte species composition (Schouten et al., 2005; van der Meer et al.,
2008, 2015; Chivall et al., 2014; M’boule et al., 2014). The surface sediment samples from
the Skagerrak have similar 6D values for the Cs;and Csg alkenones that fall between -175 and
-185%o (Fig. 6; Table 2). In the Arkona Basin the Cs;7 and C;g alkenones have lower 6D values
during the more recent brackish phase going back to about 2.7 cal kyr BP, (-212.2+5.5%o)
(Fig. 6; Table 2). However, at the base of the Littorina Sea phase (7.1 cal kyr BP, 600 cm
sediment depth from sediment core 318310), the 3D values for Cs7(-182.4%0) and Csg
alkenones (-170.3%o) are much higher and, in contrast to the other samples, the Cs7 are more
depleted in D than the Csg alkenones. The obtained 6D values of the Cse., alkenone deposited
during the brackish portion of the record in the Arkona Basin are enriched in D relative to the
Cs7 and Csg alkenones from the same samples, but similar to those of the C37 and Csg
alkenones encountered in the modern day Skagerrak (-169.3+£3.0%o). Just after the Ancylus
Lake/Littorina Sea transition, the 6D values of the C;¢., alkenone (-168.7%o) is similar to that

of the Csgalkenones (-170.3%o; Fig. 6; Table 2).
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4. Discussion
4.1. Changes in sources of alkenones and its relation to changes in salinity

The observed changes in the relative abundances of the different alkenones through
time may be a direct response of alkenone biosynthesis to changing environmental conditions
of the Baltic Sea over the Holocene, or alternatively, the changing conditions could result in
changing species composition leading to different alkenone distributions. There are many
characteristics of alkenones that have been linked to haptophyte species composition and/or
environmental conditions. The most important are:

(1) The degree of unsaturation of alkenones is commonly interpreted to be
predominantly dependent on growth temperature (Brassell et al., 1986; Prahl and Wakeham,
1987).

(i1) The relative abundance of the Cs7.4 alkenone is generally higher in coastal
haptophytes that thrive at lower salinities and this predominance is even more extreme in
freshwater systems (Rosell-Mele, 1998; Schulz et al., 2000; Blanz et al., 2005; Liu et al.,
2008, 2011).

(ii1) The ratio of C37/Csg alkenones might be indicative of haptophyte species since
different C37/Csg values were observed for different haptophytes with coastal haptophytes
generally showing higher ratios compared to more open ocean species (Prahl et al., 1988;
Conte et al., 1998; Schulz et al., 2000). However, it has also been shown that environmental
conditions, e.g. temperature, also affect the Cs7/Csg ratio (Conte et al., 1998; Sun et al., 2007).

(iv) The presence of the uncommon Cse.; alkenone, which only has been reported in
the Black Sea (Xu et al., 2001; Prahl et al., 2006), Japan Sea (Fujine et al., 2006), and in an
estuary in Florida (Van Soelen et al., 2014). Previous studies suggested it to be an indicator of
brackish conditions (Xu et al., 2001; Fujine et al., 2006) and more recently, Coolen et al.
(2009) proposed its biological origin in the Black Sea is likely a strain of low salinity-adapted
E. huxleyi.

(v) The oD of alkenones are characteristic of certain types of haptophytes, but can also
change with changing environmental conditions. Coastal haptophytes tend to fractionate less
than more open marine haptophytes (Schouten et al., 2005; Chivall et al., 2014; M’boule et
al., 2014), therefore, 6D values can aid in assigning biological sources of sedimentary
alkenones. However, hydrogen isotope fractionation also depends on environmental factors
such as salinity, light intensity and growth rate (Schouten et al., 2005; Prahl et al., 2006; van
der Meer et al., 2008, 2015; Wolhowe et al., 2015).
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Fig. 6 6D values of the Cs4.5, C37 and C;galkenones plotted against age (cal kyr BP) from the
record 318310 and the two Skagerrak surface sediment samples. In the Arkona Basin conditions
were fresh until 7.8 cal kyr BP and brackish from 7.1 cal kyr BP onwards. The red squares
designate the Cs;; alkenones and the red diamonds represent the Csg alkenones from the
Skagerrak surface sediments. From the Arkona Basin sediment record (core 318310) dark blue
circles denote the 6D of the Css., alkenones, the light blue squares signify the 8D values Cs;
alkenones and the gold diamonds represent the 6D of the Css alkenones.

Some of these parameters were used to assign potential biological sources of the Baltic
Sea sedimentary alkenones. To this end, the Arkona Basin data was compared with that from
surface sediments of the Skagerrak (Figs. 4 and 6). Marine haptophytes, such as E. huxleyi,
living at higher salinities and in more open ocean settings (like the Skagerrak; Egge et al.,
2015) with a salinity of approximately 34 PSU (Danielssen et al., 1996) will fractionate at
approximately 190%o against D. Using a 6D of Skagerrak water of ca. 0%o (Frohlich et al.,
1988) the D values for the Cs7 and Csg alkenones are predicted to be ca. -190%o (Englebrecht
and Sachs, 2005; Schouten et al., 2005; M’boule et al., 2014). The 6D value of the C37and Csg
alkenones in the Skagerrak surface sediments is -180+5%o (Fig. 6; Table 2), indicating the
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haptophyte species in this region are predominantly of the marine type, most likely derived
from E. huxleyi.

The alkenones in the sedimentary record of the Arkona Basin up to ca. 2.7 cal kyr BP
have a distribution that is quite similar to that observed in Skagerrak surface sediments (Figs.
3a-c), which is typical of a marine haptophyte such as E. huxleyi. The low %Cs7.4 during this
time (3.142.3%) would also suggest that these alkenones are derived from marine type
haptophytes (i.e. E. huxleyi) (Fig. 5d). However, the C37 and Csg alkenones have substantially
lower 8D values (-2124+6%o) than found in the Skagerrak surface sediments for the alkenones
(-180£5%o0; Fig. 6; Table 2). There are two main factors to consider. Firstly, the present-day
3D of surface waters in the Arkona Basin is ca. -40%o averaged over the photic zone (Frohlich
et al., 1988), i.e. 40%o depleted relative to the Skagerrak waters. This will shift the oD values
of alkenones to substantially lower values (e.g., Englebrecht and Sachs, 2005). Secondly,
culture studies have shown that hydrogen isotope fractionation is dependent on salinity,
among other factors, with increased fractionation at lower salinities (e.g. M’boule et al.,
2014). The present-day salinity of surface waters of the Arkona Basin is ~10 PSU (ICES-
CIEM, n.d.). If E. huxleyi would be able to grow at these low salinities, the alkenone 6D value
is estimated at ca. -270%o, which is substantially lower than the measured values for the Cs;
and C;g alkenones (-212+6%o). This value was arrived upon by extrapolating the isotope
fractionation (a)-salinity relationship to these low salinities (M’boule et al., 2014), and using
the oD value for surface waters of -40%o over the photic zone (Frohlich et al., 1988).
Consequently, this indicates that an E. huxleyi only origin for the Cs7 and Csg alkenones in the
sedimentary record of the Arkona basin up to ca. 2.7 cal kyr BP, is unlikely. Haptophyte
species adapted to lower salinities, such as 1. galbana or C. lamellosa, fractionate less against
D (Chivall et al., 2014; M’Boule et al., 2014), and the alkenones produced will have a less
negative 0D value. For 1. galbana (M’boule et al., 2014) a 6D value of alkenones of ca. -
180%o can be estimated using a salinity of 10 PSU and a 3D of surface waters of -40. This
value is higher than the values observed for the C37 and Csg alkenones in the Arkona Basin up
to ca. 2.7 cal kyr BP (i.e. between -205 and -220%o). This suggests that these sedimentary
alkenones represent a mixture of alkenones produced by low salinity adapted haptophytes
such as /. galbana and higher salinity adapted haptophytes such as E. huxleyi, with a more
substantial contribution from the low salinity adapted haptophytes.

The C;¢.2 alkenone was detected in the Arkona Basin sediments, but not in the

Skagerrak surface sediments (Fig. 3; Table 1). This supports the premise that the Cse.
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alkenone is exclusively produced by a low-salinity adapted haptophyte (Coolen et al., 2009).
PCA revealed that the fractional abundance of the Cse., alkenone is an important factor in the
changing alkenone distributions in the Baltic Sea (Figs. 4a and f); i.e. PC2, explaining 27% of
the total variance, is predominantly determined by the fractional abundance of the Cs¢.»
alkenone (Fig. 4a). In the sedimentary record of the Arkona Basin up to ca. 2.7 cal kyr BP, the
fractional abundance of the Cs¢.» alkenone amounts to 0.10+0.03 (Figs. 5c; Table 1). From
7.1-3.7 cal kyr BP in the sediment record the fractional abundance of the Cs¢., alkenone
increases to 0.51+0.11 and it dominates the alkenone distribution (Figs. 3d and Sc; Table 1).
For the entire period of 7.1-0.1 cal kyr BP the 6D values for the Cs., alkenone show only
minor variation and are similar to the 8D values for the C37 and Csg alkenones from the
modern day Skagerrak (-1704+3%o; Fig. 6; Table 2). However, for most of the record the D
value of the Cse., alkenone is significantly higher than those of the Cs; and Csg alkenones.
Since the 6D value of the Cs¢., alkenone is close to that (-180%o) calculated for I. galbana
using a salinity of 10 PSU and a 6D of surface waters of -40%o (see above), this suggests that
it is derived from a single low-salinity adapted haptophyte species. Previous studies (Coolen
et al., 2009; Van Soelen et al., 2014) have also reported a substantial offset in 6D values for
Cs7and Cse.2 alkenones with that of the Cse.2 alkenone being significantly higher. Van Soelen
et al. (2014) concluded that the offset in 0D values for Cs;7 and Cse:; alkenones found in an
estuary in Florida is evidence that different haptophytes, yet still unknown, are producing the
Cse2 alkenone. Interestingly, close to the Ancylus Lake/Littorina Sea transition (7.1 cal kyr
BP, 600 cm sediment depth from core 318310), which falls within the period characterized by
the high fractional abundance of the Cs¢., alkenone, the 6D values for Cs7(-182.4%o) and Csg
(-170.3%o) alkenones are much higher than in the other Arkona Basin samples and similar to
the 6D values of the Cse., alkenone (Fig. 6; Table 2). This suggests a similar origin for most of
the Cs6, C37 and Csg alkenones at this time, most likely a low salinity adapted haptophyte
species. This is strongly supported by the deviating alkenone distribution at this time (Fig. 3d)
dominated by the Cse., alkenone. The observed trends in 8D values of alkenones over the
period between 7.1 and 0.1 cal kyr BP, thus, corroborate the idea that during this period in the

Baltic Sea there is more than one alkenone producing haptophyte species.
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. Fig. 7 Comparison of Cs¢., alkenone abundance data for the Baltic Sea and the Black Sea
over the Holocene. Top panel (a) shows the fractional abundance of the Cs¢., alkenone relative
to the C;4-C;g alkenones for the Black Sea (blue circles; data from Coolen et al., 2009) and
Baltic Sea (green triangles; this study). The middle panel (b) shows the haptophyte community
composition in the Black Sea as reconstructed based on DGGE analysis of partial 18S rRNA
genes amplified with a specific haptophyte primer set with Isochrysis-related haptophytes in
red and E. huxleyi in blue (data modified from Coolen et al., 2009; note that in their Fig. 3
relative abundance data is shown based on the relative abundance of all DGGE bands not only
those related to alkenone-producing haptophytes, Coolen, personal communication). These
data are in agreement with earlier haptophyte 18S rRNA gene work on a box core just
penetrating Unit 2 from a deep water site in the eastern Black Sea (Coolen et al., 2006). The
bottom panel (¢) shows reconstructed salinities for the Black Sea based on the hydrogen
isotopic compositions of the Cs4,, and Cs; alkenones. For all data the fractionation factor o was
calculated using a water hydrogen isotopic composition of -20 permille (Swart, 1991).
Salinities were reconstructed based on the a-salinity relationship for Isochrysis galbana
(0=0.0019*S+0.836; M’Boule et al., 2014) for the C;., alkenone and E. huxleyi
(0=0.0021*S+0.740; M’Boule et al., 2014) for the Cs; alkenones. Original alkenone hydrogen
isotope data are for the eastern Black Sea from van der Meer et al. (2008) and for the western
Black Sea from Giosan et al. (2012). The stratigraphy for the Baltic Sea (top) and Black Sea
(bottom) is indicated. TS denotes transition sapropel. Note that the stratigraphy described for
the Black Sea core in the study of Coolen et al. (2009) and Giosan et al. (2012) has been
adjusted to fit the commonly applied stratigraphy for the Black Sea (see lowermost part of the
figure), i.e. the layer of the first invasion of E. huxleyi (grey bar in the other panels) is taken as
the start of Unit 1 deposition (Hay et al., 1992; Arthur et al. 1994; Jones and Gagnon, 1994).
In the sediment core used in the work of Coolen et al. (2009) this layer is not clearly revealed
by an increase of the carbonate content but the alkenone distribution shows a distinct change at
ca. 3,350 cal yr BP (see sudden decrease of the relative abundance of the Csq.; alkenone in
panel a; in addition this horizon is also characterized by a 3-4 fold increase in total alkenone
concentration and the detection of Cs9 alkenones; Coolen et al., 2009) towards a composition
highly comparable to the upper part of Unit I that is composed of coccolithic ooze. Their
reported radiocarbon date for this section (3,360+68 cal yr BP) is by this adjustment in good
agreement with the reported age of the base of Unit I at other locations in the Black Sea (Hay
et al., 1992; Arthur et al. 1994; Jones and Gagnon, 1994).

From circa 7.1-3.7 cal kyr BP, during the Littorina Sea phase in the Baltic Sea, the
C36:2 ratio is highest demonstrating the greatest contribution from these low-salinity adapted
haptophytes and the %Cs7.4 is more variable during this period ranging from 0.1-13.6%. This
suggests mutable input from non-marine type haptophytes and therefore potentially
fluctuating salinities (Fig. 5d; Table 2). The enrichment in the 8D of the C37 and C;z alkenones
corroborates the contribution from non-marine haptophytes as well (Fig 6). Why the %Cs7.4
and the fractional abundance of the Cs¢., alkenone is higher and the C;7 and Csg alkenones are
more enriched in D during the Littorina Sea phase than after is not clear since they are both
brackish water periods. Possibly this is related to the period after the Ancylus Lake/Littorina
Sea transition being a time of not only low, but also variable salinity. Perhaps the haptophytes
producing the Cse.; alkenone had a competitive advantage over other haptophytes at this time
because they were better adapted to changing salinities, or alternatively, certain haptophyte

species biosynthesize this compound in response to changing salinities or marine haptophytes
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brought in from the North Sea were not yet established. These possibilities suggest that
variable salinity was a characteristic of the Littorina Sea phase.

Prior to 7.1 cal kyr BP in the Arkona Basin sediment record we do not have oD values
of alkenones to report, however, some remarkable changes in the alkenone distributions are
observed. Firstly, the U7 is lower prior to the Ancylus Lake/Littorina Sea transition (Fig.
Se) potentially due to a change in the composition of the haptophyte community as indicated
by the somewhat higher fractional abundance of the Cj7.4 at this time (Fig. 5d; Table 1).
Secondly, the fractional abundance of the Css., alkenone is relatively low from 10.7 cal kyr
BP up to the transition (0.02+0.03; Fig. 5c; Table 1). Thirdly, during the transitional phases of
this time period, both the Yoldia Sea phase to Ancylus Lake transition (c. 10.7-10.6 cal kyr
BP) and at the Ancylus Lake/Littorina Sea transition (c. 7.3 cal kyr BP), the alkenone
distributions are dominated by Css ethyl alkenones (i.e. a low score on PC3; Figs. 4c-d and i.e.
summed average fractional abundance of 0.55+0.03; Fig. 5b; Table 1). The lower fractional
abundance of the Cjs4.» alkenone during the Ancylus Lake phase, (Fig. 5c; Table 1) suggests
that most likely a change in haptophyte species composition occurred related to salinity.
Additionally, the Cs¢.2 alkenone is absent in the Arkona Basin sedimentary record from 10.2-
8.0 cal kyr BP (Fig. 5c; Table 1). Since it is a potential indicator for the low salinity adapted,
but not freshwater haptophyte species, the presence of the Cse., alkenone prior to the Anyclus
Lake phase ending suggests marine influxes had already begun in the basin at that time. A
diatom study by Witkowski et al. (2005) reported that the first brackish water inflows began
just before this time period, i.e. between 8.9 and 8.4 cal kyr BP. The presence of the Cse.
alkenone from 10.6-10.2 cal kyr BP aligns with the ending of the slightly brackish Yoldia Sea
phase. Lastly, the higher %C37.4 during the Ancylus Lake phase verifies that there was an

increase in freshwater haptophytes during this time.

4.2. Comparison with the Holocene alkenone record of the Black Sea

A previous study of alkenones in the Black Sea (Coolen et al., 2009) reported similar
trends with respect to the fractional abundance of the Cjsq., alkenone to those reported here for
the Baltic Sea. The Black Sea experienced a somewhat comparable geological history to the
Baltic Sea. In the early Holocene it was a freshwater lake until a connection was established
with the Aegean and Mediterranean Seas due to the global transgression allowing the influx
of more saline waters (Ryan et al., 1997). The permanent establishment of this connection is
dated at c. 7.2 cal kyr BP (Ryan et al., 1997; Ballard et al., 2000). The resultant increase in

salinity is reflected by the sedimentary sequence revealing a transition from banded clay with
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graded sand and silt layers (Unit III) to sapropel mud (Unit II) (Ross et al., 1970). As the
influx of salty Mediterranean waters continued it caused an increase in the surface salinity of
the Black Sea allowing a massive growth of E. huxleyi (Jones and Gagnon, 1994) in the basin
c. 2.7 cal kyr BP, resulting in deposition of a coccolith ooze (Jones and Gagnon, 1994). The
abundance in E. huxleyi at this time has been attributed to a surface water salinity increasing
above 11 PSU and the base of Unit I is generally defined as the horizon that reveals the first
invasion of E. huxleyi, ca. 700 yr earlier (Fig. 7) (Arthur and Dean, 1998; Hay, 1988).

Since the salinity changes in the Baltic Sea and Black Sea occurred around the same
time (~7.2 cal kyr BP), we compared the relative abundance of the Cs¢.; alkenone from the
Baltic Sea directly to that in the Black Sea reported by Coolen et al. (2009) (Fig. 7a). In both
the Baltic Sea and Black Sea the fractional abundance of the Cs.2 alkenone is rapidly
increasing to values of 40-70% just after the inflow of more saline waters started.
Subsequently, a period of sustained high fractional abundances follows in both basins up to
ca. 2.6 cal kyr BP. The higher resolution record of the Black Sea shows that the period
between 7.0-5.4 cal kyr BP is characterized by the highest values (up to 75%), followed by a
drop to a fractional abundance of ca. 25% for the period 5.0-2.6 cal kyr BP. This latter period
is interrupted by the horizon of the first invasion of E. huxleyi at 3.5 cal kyr BP when the
fractional abundance drops to 5%. For the Baltic Sea the fractional abundance of the Css.»
alkenone is high throughout the 7.0-2.6 cal kyr BP period although this is based on a small
dataset. In both basins the fractional abundance of the Cs¢., alkenone is substantially reduced
in the most recent period (2.6-0.0 cal kyr BP) although for the Baltic Sea it does not drop to
the low values seen in the Black Sea (i.e. 1%) and it increases towards the present day
situation (Fig. 7a). In conclusion, we note a quite similar behavior for the fractional
abundance of the C;4.2 alkenone in both enclosed basins with limited connection to the open
ocean. This may relate to a somewhat comparable response to the global sea level
transgression during the Holocene. For the Black Sea substantial additional data is available
for the interpretation of this trend and this may help, by analogy, to provide a more detailed
interpretation of the Baltic Sea record.

Coolen et al. (2006, 2009) provided through ancient DNA analysis clues on the
biological origin of the sedimentary alkenone in the Black Sea. The most extensive record
comes from a site in the western Black Sea. It reveals that during deposition of the base of
Unit II Isochrysis-related haptophytes thrived (Fig. 7c). This fits with the time of the newly
established connection with the Mediterranean since these type of haptophytes are adapted to

low salinity. Subsequently, there is a short period (5.7-4.8 cal kyr BP) where Coolen et al.
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(2009) detected both Isochrysis-related haptophytes and E. huxleyi, followed by a period
where only ancient DNA of E. huxleyi was found. When this information is combined with
the record of the fractional abundance of the Cs¢., alkenone (Fig. 7a), it is evident that this
alkenone must have been produced by Isochrysis-related haptophytes since the period of
highest fractional abundance (up to 75%) falls in the period where only ancient DNA of
Isochrysis-related haptophytes is detected (Fig. 7). However, the Cse.» alkenone also occurs
(albeit at a substantially reduced fractional abundance) in more recent periods when only
ancient DNA of E. huxleyi is detected, suggesting that this haptophyte may also produce this
alkenone. However, this latter conclusion is at odds with the large difference (90-100%o0) in
dD composition of the Cs.2 and Cs7 alkenones as reported by Giosan et al. (2012) for this
section, which indicates clearly distinct biological sources for these alkenones. In fact, when
the 0D record of the Cse.; alkenone is combined with the recent determination of the isotopic
fractionation factor o for Isochrysis galbana (M’boule et al., 2014) to estimate palaecosalinity
of the surface waters of the Black Sea over the Holocene, we obtain a record (Fig. 7c; blue
line) that is in good agreement with our general concept of the development of surface salinity
of the Black Sea. In the lowermost part of Unit II the estimated palacosalinity is only a few
PSU, it subsequently rises to 15 PSU at the Unit I/II transition, reaches a maximum of ca. 26
PSU at 2.0 cal kyr BP and then declines to 17 PSU for the most recent period. These data are
in good agreement with salinity calculations (Fig. 7¢) based on 8D data of C3; alkenones in
cores from both the western and eastern Black Sea (van der Meer et al., 2008; Giosan et al.,
2012) in combination with the isotopic fractionation factor a for E. huxleyi (M’boule et al.,
2014). For the period where the fractional abundance of the Csq., alkenone is still elevated (i.e.
up to 2.6 cal kyr BP) these estimations of palacosalinity are on the high end (except for the
horizon reflecting the first invasion of E. huxleyi in the Eastern Basin). This is most likely
caused by the fact that the Cse., alkenone-producing haptophytes are also contributing D-
enriched Cs7 alkenones to the total pool of Cs7 alkenones, influencing the palacosalinity
calculation that is based on a 100% origin from E. huxleyi. Hence, the 6D data of the Cs¢.»
alkenone in combination with the salinity calculations strongly suggest that the Cse., alkenone
has been produced by an Isochrysis-related haptophyte and not by a lower salinity adapted
strain of E. huxleyi as suggested previously (Coolen et al., 2009). It remains unclear why
ancient DNA of this haptophyte is only detected for the period 7.4-4.8 cal kyr BP. However, it
is known that Denaturing Gradient Gel Electrophoresis (DGGE), the method used by Coolen
et al. (2009) to detect ancient DNA is only able to quantify the predominant DNA sequences.
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Combining the fractional abundance record of the Cse., alkenone (Fig. 7a) with the
palaeosalinity record (Fig. 7c) now makes it possible to determine the optimal salinity for the
Isochrysis-related haptophyte producing the Cs6.2 alkenone. In the Black Sea at salinities from
2-8 PSU, the Cse., alkenone dominates the alkenone distribution. At a salinity of up to ca. 19
PSU the C;6.2 alkenone can still contribute substantially (25%) and above this level it becomes
a minor alkenone. It is clear that salinity is not the only environmental control on the Cs¢.»
alkenone-producing haptophyte since when in recent times salinities drop to ca. 17 PSU, the
Cs6:2 alkenone still remains a minor alkenone (Fig. 7).

The Cse.2 alkenone data of the Black Sea allow the interpretation of the Cse.» alkenone
record of the Baltic Sea in term of changes in salinity. This should be done cautiously since it
is clear that other environmental factors also may have an effect. Nevertheless, the sudden
increase of the fractional abundance of the Cse. alkenone record at the Ancylus Lake/Littorina
Sea transition is highly comparable to what happened in the Black Sea at the Unit I1I/11
transition and indicates an incursion of marine waters into the freshwater lakes most probably
by the worldwide sea level transgression, resulting in a modest increase in surface water
salinity to ca. 2 PSU. In the Baltic Sea the fractional abundance of the Css., alkenone remains
high until ca. 3.0 cal kyr BP, suggesting that the salinity of the surface waters of the Arkona
Basin increased at a lower rate than in the Black Sea. The lowest fractional abundance of the
Cs6:2 alkenone is recorded in the Arkona Basin at 0.9 cal kyr BP, suggesting that the salinity
was highest at that time, which corresponds to the medieval climate anomaly (MCA, which
occurred between 950 and 1,250 AD). This trend is similar to salinity records for the whole
Baltic Sea based on combined proxies and modelling (Gustafsson and Westman, 2002)
although the maximum salinity is thought to be earlier even when we correct for the different
age models. Generally, it is believed that the Littorina phase of the Baltic Sea was more saline
than the post-Littorina phase, however, other studies do not reveal this difference (Andren et
al., 2000b; Westman and Sohlenius, 1999; Andrén et al, 2002; Witkowski et al., 2005) or
show the opposite (Emeis et al., 2003).

4.3 Potential uses of alkenones as environmental indicators for SST/LST

The indices and ratios we have presented in this study all corroborate that a haptophyte
species composition change, most likely driven by a salinity shift, occurred during the Yoldia
Regression (10.6 cal kyr BP), the Ancylus Lake/Littorina Sea transition (7.7-7.2 cal kyr BP),
and at the MCA (0.9 cal kyr BP). The results also indicate that the haptophyte species

composition since 7.2 cal kyr BP in the Baltic Sea basin is a combination of marine (E.
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huxleyi type) and low-salinity adapted haptophytes. This designates that higher salinity
conditions have prevailed since the Ancylus Lake/Littorina Sea transition.

To determine how shifts in haptophyte species composition in the Baltic Sea could
affect paleoclimate reconstructions using long chain alkenones, we examined the U 37 index
over the Holocene. UX 57 values changed across the Ancylus Lake/Littorina Sea transition
with lower values (0.24+0.04) during the Ancylus Lake phase and an increase in the U* 3
index after 7.2 cal kyr BP (0.47+0.12; Fig. Se; Table 2). This resulted in an increase in
average estimated SST/LST based on the UX 37 index from ~6°C during the Ancylus Lake
phase to ~13°C during the brackish phase. We believe that variations in haptophyte
community composition resulting from fluctuating salinity is most likely responsible for this
change in U* 37 values and the corresponding unrealistic increase in SST/LST over the
Ancylus Lake/Littorina Sea transition. The highest contribution of the Cs;., alkenone occurred
during the Littorina Sea phase, which indicates salinity was relatively low at that time. The
presence of this alkenone even in the more recent phase of the Baltic Sea is evidence of the
continued contribution from low salinity adapted haptophytes, which are most likely
complicating the use of alkenone unsaturation ratios for SST reconstructions in this region.
Schulz et al. (2000) demonstrated in a study performed in the Baltic Sea that U* 3; varied
regionally depending on salinity and that higher salinity areas in the Baltic had higher U* 37
values and vice versa. Since previous studies have also shown that alkenone distributions co-
vary not only with temperature changes, but also with salinity driven changes in haptophyte
species composition (Coolen et al., 2004, 2009) we cannot apply the U* 3; index for SST/LST
reconstructions in the Baltic Sea basin over the Holocene.

Interestingly, we observed that during the brackish phase the alkenone distribution at
0.9 cal kyr BP (100 cm depth) is unique compared to the other sediment samples (Fig. 3) from
the brackish phase. This sediment horizon has the lowest contribution of the Css., alkenone,
the lowest %C37.4 and the highest fractional abundance of the Csg Et alkenone (Fig. 5b-d;
Tables 1-2), all indicating the increased presence of marine type haptophyte species and
therefore that more marine conditions prevailed in the Baltic Sea at this time. This sample
falls within the MCA, also known as the Medieval Warm Period. The lower contribution of
the C;7.3 alkenone compared with Cs7., corroborate that warmer temperatures (Fig. 3c)
occurred during this time, although the minor contribution of Isochrysis-related haptophytes

do not allow absolute SST determination.
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5. Conclusions

This research demonstrates the usefulness of alkenone distributions along with the 6D of the
alkenones for paleosalinity studies in the Baltic Sea and other environments as well. Both
alkenone distributions and hydrogen isotopic composition indicate a shift in haptophyte
species composition in the Arkona Basin of the Baltic Sea from the Ancylus Lake to the
Littorina Sea phase, c. 7.2 cal kyr BP, from lacustrine to brackish type haptophytes,
corresponding to the incursion of marine waters that occurred in the Baltic Sea at that time as
a consequence of the global sea level rise. During the Littorina Sea Phase the fractional
abundance of the Cs¢.» alkenone remains high, suggesting that salinity did not rise above 8
PSU. From ca. 3.0 cal kyr BP onwards the fractional abundance of the Cs¢., alkenone is lower,
suggesting a slightly higher salinity. During this phase there is a substantial offset in 8D
values with the C;¢., alkenone substantially more enriched than the C;; alkenones. The
presence of the Cse., alkenone in the Baltic Sea as well as the 6D record suggest it is produced
by a different species of haptophyte adapted to lower salinity conditions that is not
contributing much to the production of C37 and Csg alkenones. The contribution of alkenones
from lower salinity adapted species in the Baltic Sea hinders the use of the U~ 3 index for

SST reconstructions.
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Abstract

The Baltic Sea is an enclosed brackish basin receiving freshwater from the northeast and
marine water from the southwest that has experienced a number of different phases during the
Late Pleistocene and Holocene. In this study we analyzed brGDGTs in surface sediments and
Holocene sedimentary successions from the Gotland and Arkona Basins in the Baltic Sea, in
order to examine their applicability as indicators for terrestrial input, as well as their
suitability for paleoclimate reconstructions. Several geological phases have occurred since
deglaciation and before the current brackish-water state of the Baltic Sea, which according to
our record occurred between 7,700-7,300 cal kyr BP. These include the Ancylus Lake phase,
a freshwater period that began around 10,600 cal kyr BP and lasted c. 2,500 years, preceded
by the Yoldia Sea phase, a brief slightly brackish water period from 11,600-10,600 cal kyr
BP, preceded by the Baltic Ice Lake phase, a freshwater period that ended around 11,600 cal
kyr BP. Our results show a marked change in brGDGT distributions and the BIT index
corresponding to the opening of the connection between the Baltic Sea and the North Sea.
Through examining the fractional abundances and distributions of brGDGTs from the Baltic
Sea sediments regionally in the modern Baltic Sea and over the Holocene it was established
that although the extent fluctuated, autochthonous production of brGDGTs contributed to the
total pool of brGDGTs in the Baltic Sea sediments complicating the use of brGDGTs for
temperature reconstructions. Although it is evident from these results that in situ production is
affecting the distribution of brGDGTs in the Baltic Sea sediments, it was determined a portion
of the brGDGTs in the Ancylus Lake phase sediments of the Baltic Sea were terrestrially
derived and so the novel MAT,,/CBT’ soil calibration was applied to reconstruct continental
air temperatures in two sediment records from the Gotland and Arkona basins from about
12,500 BP ~ 7,800 BP. The resulting temperature estimates in both basins are similar to each
other and a previously published climate reconstruction from the region based on a different
proxy. As for the brackish sediments in the Baltic Sea where in situ produced brGDGTs
appeared to dominate, a novel coastal marine sediment calibration for bottom water
temperature was applied to the surface sediments and the resultant temperature estimates were
in good argeement with instrumental measurements from the area and it was also applied to
the two sediment records over the Holocene and the results from the two records are in good
agreement with each other. The results from this study demonstrate that geological changes
and salinity variations in a basin’s past can complicate temperature reconstructions using
brGDGTs and this must be considered when using brGDGTs for paleoclimate applications in

regions that have experienced similar environmental changes in the past.
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1. Introduction

Investigating climatic variability is important for predicting future climate change as
well as how ecosystems, organisms and human society could be affected. To better
understand past climate systems, more reliable continental climate data are necessary and so
is further research on developing and improving terrestrial climate proxies. Branched glycerol
dialkyl glycerol tetraethers (brGDGTs; see Fig. 1 for structures) are biosynthesized by
bacteria, which were initially thought to be restricted to soils and peats (Weijers et al., 2006a).
Their distribution, expressed by their degree of methylation (methylation index of branched
tetracthers; MBT) and cyclization (cyclization index of branched tetraethers; CBT), has been
shown to correlate with soil pH and mean annual air temperature (MAT) (Weijers et al.,
2007b). The preserved distribution of these fossilized membrane lipids has been used for
paleoclimate reconstructions in coastal marine sediments (Weijers et al., 2007a; Bendle et al.,
2010), paleosoils (Zech et al., 2012; Peterse et al., 2011) and even lacustrine sediments (Zink
et al., 2010; Loomis et al., 2012; Niemann et al., 2012). In marine sand lacustrine sediments
the bacterial brGDGTs were assumed to originate predominantly from continental soil erosion
and terrestrial runoff, whereas the isoprenoid GDGTs (isoGDGTs; includes crenarchaeol the
GDGT specific to Thaumarchaeota (Sinninghe Damsté et al., 2002)) are thought to be mainly
produced by aquatic ammonia oxidizing archaea. Capitalizing on their terrigenous origins, the
branched vs. isoprenoid tetraether (BIT) index was developed, representing the ratio of the
major brGDGTs over crenarchaeol, as a proxy for terrestrial input into a region (Hopmans et
al., 2004). Complications using brGDGTs for climate reconstructions have arisen in areas
with low terrestrial input as determined using the BIT index (Peterse et al., 2009; Zhu et al.,
2011). Also, several studies have suggested in situ production of brGDGTs in aquatic
environments could be altering their distribution and thus affecting the use of these proxies
(Zhu et al., 2011; Zell et al., 2013) and so it is recommended to understand the provenance of
brGDGTs in a region before attempting paleoclimate reconstructions (Zell et al., 2013; De
Jonge et al., 2015a). To date, most paleoclimate reconstructions using brGDGTs have been
thought to have been based on the suite of nine 5-methyl brGDGTs (Fig. 1). However, in
addition to the nine 5-methyl brGDGTs, six novel 6-methyl brGDGTs were recently
discovered and shown to be co-eluting with the 5-methyl brGDGTs employing the commonly
used separation methods (De Jonge et al., 2013). Using improved chromatography methods
(Hopmans et al., 2015) the separation and quantification of 6-methyl brGDGTs has led to the
definition of new indices and the improvement of MAT reconstructions based on a global soil

calibration (De Jonge et al., 2014a)
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Fig. 1 Chemical structure of all 15 brGDGTs (I-1II), crenarchaeol (IV) and the novel isomer I11a”.
The molecules designated with a prime symbol are referred to as the 6-methyl brGDGTs.

The Baltic Sea (Fig. 2) is a large, brackish body of water with high terrestrial
influence, which makes it a promising region for investigating sedimentary brGDGT records.
In this study we examine two sedimentary sections covering the Holocene from two locations
in the Baltic Sea proper, covering varying time spans within different regions of the basin, as
well as ten surface sediment samples from around the Baltic Sea and two from the Skagerrak.
Through examining the brGDGT concentrations, GDGT distributions and the BIT index
values we can gain further insight into how these lipid biomarkers are affected by physical
changes in a basin. By making comparisons to present day conditions we gain new
understanding about how certain physical changes in a system can affect paleotemperature
reconstructions based on brGDGTs as well as whether these lipids can be indicators of other

changes in the environment.
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Fig. 2 The location of the study sites in the Baltic Sea including the 13 locations where surface sediments
were collected, indicated by red circles, and the 5 locations where sediment cores were obtained in the
Gotland and Arkona Basins, indicated by blue circles.

2. Study Site
The Baltic Sea (Fig. 2) and has an area of about 377,000 km? that is broken up into

multiple sub-basins. It receives 660 km® of freshwater (including precipitation) per year from
a drainage basin that has an area of 1.6 million km® (Bjorck, 1995). An influx of 475 km” yr’!
of saline water flows from the only connection to the North Sea through the narrow Straits of
Denmark (Tikkanen and Oksanen, 2002). The total outflow of brackish water is of the order
0f 950 km® yr' (Bjorck, 1995). Although the Baltic Sea is the world’s largest brackish body
of water, it is fairly shallow and on average is only about 54 m deep (Emeis et al., 2003). Its
salinity varies greatly ranging from ~3.5 PSU in the north to ~8 PSU in the central Baltic Sea
and ~30 PSU in the Skagerrak, the region where the Baltic connects to the North Sea (ICES).
A salinity gradient also exists between the surface and deep waters, separated by a permanent

halocline at about 30 m depth. The air temperatures around the basin range from almost 0°C
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in the winter to more than 20°C in the summer (Wasmund, 1997). Presently the Baltic Sea is
persistently stratified resulting in anoxic bottom waters in the deeper basins as well as
hypoxic coastal areas.

Table 1 Retrieval locations and water depths of surface sediments and sediment cores used in this
study.

Station Core or sediment Latitude Longitude Water Measured
sample name IN] [E] depth [m] MAT (°C)
349190° Baltic Sea surface 59 056 19 55 058 39 94 6.9
sediments
349200° Baltic Sea surface 59 046 97 56 035,05 82 6.9
sediments
370520 ° Baltic Sea surface o053 o 5003443 182 6.9
sediments
370531 ° Baltic Sea surface 50073 15 5015 55 232 7.2
sediments
370540 ° Baltic Sea surface 57017 04 50 907,26 243 72
sediments
372720° Baltic Sea surface ;o015 7 15008 91 96 8.1
sediments
3708000 BalticSeasurface (oo 50 930 )5 73 122 14
sediments
377830° Baltic Sea surface 1050 71 1505334 210 4.1
sediments
377850° Baltic Sea surface 1001 31 19043 68 136 4.5
sediments
377860 ° Baltic Sea surface 50046 97 502517 195 6.9
sediments
303600 ° Baltic Sea surface ;oo 01 19019.99 170 7.2
sediments
EMBO46-10  Skagerraksurface o 0/ 50 7019 66 457 na.
sediments
EMB04620  Skagerraksurface — soo0) o0 gg079 09 532 n.a.
sediments
303600-N  Gotland Basin record 56°55.01 19°19.99 170 n.a.
303600-3 Gotland Basin record 56°55.01 19°19.99 170 n.a.
P435-1- . . .
AMUC Gotland Basin record 56°57.94 19°22.21 178 n.a.
318310 Arkona Basin record 54°50.34 13°32.03 46 n.a.
318340 Arkona Basin record 54°54.77 13°41.44 47 n.a.

* These sediments were used collected in a previous study (Kabel et al., 2012).
Measured MAT (°C) values are from the closest weather station and an average of temperatures from
over the period of 1890-2016 obtained from: http://rimfrost.no/

The Baltic Sea has gone through several phases since the last deglaciation; the Baltic
Ice Lake, the Yoldia Sea, the Ancylus Lake, the Littorina Sea and the modern Baltic Sea. The
Baltic Ice Lake was created ~14,000 BP by a retreating ice sheet that blocked water exchange
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with the North Sea (Bjorck, 1995). After the ice sheet retreated, the connection to the ocean
was opened and an influx of marine water created the slightly brackish conditions of the
Yoldia Sea (Jensen, 1995; Bjorck et al., 1996). The following post-glacial rebound and uplift
of land once again restricted the connection between the basin and the ocean (Jensen et al.,
1999), resulting in the freshwater Ancylus Lake (Bjorck, 1995). Eustatic sea-level rise
initiated a reconnection to the ocean allowing the inflow of salt water and transforming the
lake into the Littorina Sea (Winterhalter, 1992). The Ancylus Lake/Littorina Sea transition is
considered to be very complex and consisted of weak pulses of higher salinity waters entering
the basin for almost 2,000 years before fully brackish conditions were established (Andrén et
al., 2000a). The Littorina Sea is considered to have had the most marine-like conditions of
the Baltic Sea since deglaciation (Andrén et al., 2000b), while the present day Baltic Sea is
regarded as a continuation of this phase with lower salinity (Punning et al., 1988). A previous
study suggests that anoxic conditions in the Baltic Sea are likely controlled by climate and
demonstrates that higher summer SSTs starting at around 6.0 cal kyr BP initiated the onset of
anoxia in regions of the basin (Warden et al., in preparation). When summer SSTs
subsequently decreased by 1-3°C during the post Littorina Sea phase (starting c. 4.3 cal kyr
BP) anoxic conditions were not reestablished in the Baltic Sea for a period of about 3,000
years until a subsequent increase in summer SST at around 1.4 cal kyr BP (Warden et al., in

preparation).

3 Experimental methods
3.1 Sampling.

Eleven surface (0-1 cm) sediment samples from various positions around the Baltic
basin (Fig. 2) were used in this study and their sampling has been documented previously by
Kabel et al. (2012). In addition, two surface (0.0-0.05 cm) sediment samples were collected
from the Skagerrak (Table 1; Fig. 2), northeast of the Arkona Basin, where the Baltic Sea
opens up to the North Sea, using a multi corer during a cruise EMB046 of the R/V “Elisabeth
Mann-Borgese” in May 2013.

Five sediment cores from two locations within the Baltic Sea were used in this study
(Table 1; Fig. 2). Two of the sediment cores, GC 303600-N and GC 303600-3, were collected
during the cruise campaign on the R/V “Prof. Albrecht Penck™ in the Gotland Basin to the
east of Gotland Island in July 2007. The core was subsampled into 1-cm sections from 0-237
cm and into 2-cm slices for the remainder of the core (237-377 cm), A third sediment core,

P435-1-4MUC, was also collected from the same region in the Gotland Basin using a multi
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corer during the R/V “Poseidon” cruise P435 in June 2012. Two sediment cores were
collected from the Arkona Basin, located in the south-western part between the Bornholm
Basin and the Danish Isles of Falster and Zealand. Both cores were obtained using a gravity

corer on the R/V “Maria S. Merian” in April of 2006.

Ancylus Lake/Littorina
Sea Transition
7.7-7.3 cal kyr BP

20 T MCA
0.8 cal kyr BP

Sediment core P435-
1-4 MUC

o)
av)

Littorina Sed

50 60 i Phase

Sediment core GC
Ancylus Lake Phase 303600-N
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Ancylus Lake Phase 303600-3
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Fig. 3 TOC content (wt. %) vs. depth (cm) profiles for the three sediment cores (P435-1-4 MUC,
GC 303600-N, and GC 303600-3) from the Gotland Basin. The TOC (wt. %) profiles were used
to correlate the three cores as indicated and reveals the clear transition as TOC values increased
from the Ancylus Lake to the Littorina Sea phase. A photo of sediment core GC 303600-N is
displayed beneath its TOC profile. The different phases over the Holocene of the Baltic Sea are
indicated. For sediment core 303600-N the TOC content was not measured but calculated from
LOI data (see experimental).
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3.2 Age models and correlation among cores.

Detailed age models based on picked foraminifera have been previously established
for two of the sediment cores of the Gotland Basin studied here. The shallow (0-42.75 cm)
sediment core P435-1-4 MUC is spanning from -0.06-0.64 cal kyr BP. Sediment core GC
303600-N (0-377 cm) covers most of the Holocene (0.2-10.6 cal kyr BP; Warden et al., in
review). A detailed age model for the upper 210 cm of this sediment core was determined
through correlation with slightly deeper sediment cores from this basin with age models that
were previously established using radiocarbon dates of benthic foraminifera (Warden et al., in
review). Sediment cores P435-1-4 MUC, GC 303600-3 and GC 303600-N from the Gotland
Basin were correlated to each other by comparing TOC (wt. %) profiles (Fig. 3), LOI (%) and
XRF data (Fig. S1). Based on this correlation the uppermost part of the analysed section (300-
420 cm) of core GC 303600-3 overlaps with the lower part of core GC 303600-N (253-377
cm) with an age of c. 8.7-10.4 cal kyr BP. For the lowermost section (420-590 cm) of this
core GC 303600-3 we applied a higher sedimentation rate of 10 mm yr”', which is relatively
close to the average sedimentation rate of section 317-375 cm for core GC 303600-N (2.4 mm
yr''), to generate tentative ages for the deeper section of this core. The reason a higher
sedimentation rate than the average of the previous sediment section was used is because the
base of core GC 303600-3 is believed to have recovered the beginning of the Ancylus Lake
phase and exclude the Yoldia Sea phase, and this sedimentation rate when applied created a
tentative age model that began right after the close of the Yoldia Sea phase and the start of the
Ancylus Lake phase. Combining these three sediment cores from the Gotland Basin generates
one long continuous sediment record spanning from10.6 to -0.1 cal kyr BP.

For the two sediment cores of the Arkona Basin (318340 and 318310) an age-depth
model is also available (Warden et al., 2016b). The XRF (Ca) and LOI data were used to
correlate and determine the different phases captured in each core. The sedimentary record for
core 318310 spans the later part of the freshwater Ancylus Lake phase and most of the
brackish phase of the Baltic Sea (10.2-0.1 cal kyr BP). For sediment core 318340 the part of
the sedimentary record we analysed captures the Baltic Ice Lake period (12.5-11.6 cal kyr BP)
the Yoldia Sea phase (11.3-10.7 cal kyr BP) the Ancylus Lake stage of the Baltic Sea (10.6-
7.8 cal kyr BP), as well as a the Ancylus Lake/Littorina Sea transition (7.7-7.3 cal kyr BP).
These two sedimentary records were correlated and combined to form a single, continuous

sedimentary record of the Arkona Basin.
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3.3 Total organic carbon (TOC).

TOC analysis was performed on the sediments subsampled from core 303600. To this
end, the sediment was decalcified using a 2 N HCL solution for approximately 18 h. The
sediment was subsequently rinsed three times with double-distilled water and then freeze-
dried again. The TOC content of the decarbonated sample was analyzed in duplicate and
measured using the Flash 2000 series Organic Elemental Analyzer (Thermo Scientific)
equipped with a TCD detector and from this data and the carbonate content the TOC was

calculated.

3.4 Loss on ignition (LOI).

In order to estimate the organic carbon content for sediment cores 303600-3, 318310,
and 318340, freeze-dried samples were ashed at 550°C for 3 h and the resulting mass
difference was then calculated in wt.%. Total organic carbon (TOC%) was calculated by
dividing LOI values by 2.5 and then used to determine concentration of GDGTs in sediments.
The factor of 2.5 is based on values for LOI and TOC for a large set of Baltic Sea sediments
(Dean, 1974).

3.5 Lipid extraction and GDGT analysis.

All sediment samples were freeze-dried, and then after being ground and
homogenized using a mortar and pestle, extracted using the Dionex ™ accelerated solvent
extraction (ASE). For the ASE, 1-3 g of sediment was extracted with a solvent mixture of
dilchloromethane (DCM):methanol (9:1, v/v) at a temperature of 100°C and a pressure of
1500 psi (5 min each) with 60% flush and purge 60 s. The collected extract was concentrated
with a Caliper Turbovap®LV, then using DCM the lipid extract was dried over anhydrous
Na,S0O,4 and blown down over a gentle stream of N,. In order to quantify GDGTs, 1 pgofan
internal standard (C4s GDGT; Huguet et al., 2006) was added to the total lipid extract before
separating it over an Al,O3 column (activated for 2 h at 150°C) into three fractions using
hexane:DCM (9:1, v:v) for the apolar fraction, hexane:DCM (1:1, v:v) for the ketone fraction
and DCM:MeOH (1:1, v:v) for the polar fraction. The polar fraction containing the GDGTs
was dried under N; and then re-dissolved in hexane:isopropoanol (99:1, v:v) at a
concentration 10 mg ml”' before being passed through a 0.45 um PTEE filter and analysed
with high performance liquid chromatography- atmospheric pressure positive ion chemical
ionization —mass spectrometry (UHPLC-APCI-MS) using the method developed by Hopmans
et al. (2015).
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3.6 Compound specific stable C isotope analysis.

In order to constrain the source of brGDGTs in the sediments, we assessed their stable
carbon isotope composition by analysis of their ether-bound alkyl moieties. To this end
freeze-dried sediments from three different depth intervals from within the Ancylus Lake
phase in sediment core 303600-N were pooled by equal amounts, homogenized in a mortar,
and subsequently extracted by ASE and fractionated over Al,Os as described above. The polar
fractions were dissolved in hexane:isopropanol (99:1, v:v) and transferred to a column (4 cm)
containing activated silica gel (3 h at 130°C). The column was eluted with (1)
hexane:isopropanol (96:4, v:v) and (2) hexane:isopropanol (90:10, v:v). The brGDGT-
containing second fraction was dried and subjected to 57 % HI in H,O (Schouten et al., 1998)
to cleave the ether bonds linking the alkyl chains with the glycerol backbone. The resulting
alkyl iodides were reduced to hydrocarbons by H; in the presence of PtO, (Kaneko et al.,
2011), and finally purified over activated Al,O3 by elution with hexane. The identity of the
brGDGT-derived alkanes were confirmed by gas chromatography mass spectrometry
(GC-MS) analysis and comparison of electron ionization (EI) mass spectra with previously
published data (Sinninghe Damst¢ et al., 2000; Weijers et al., 2010; De Jonge et al., 2013b;
Weber et al., 2015). Thereafter, the °C content of the alkyl chains was determined by
GC/combustion-isotope ratio mass spectrometry (GC/C-IRMS) using a Delta V™ Advantage
IRMS (Thermo Scientific, USA). Samples containing the hydrocarbons released by ether
cleavage were injected at 50°C on a 50 m low-bleed Rxi”-5ms GC column (0.2 mm iD,

0.33 um dg, Restek, USA). After 2 min hold time, GC oven temperature was rapidly increased
to 220 °C at 20 °C min™', held for 65 min to improve separation of alkanes and steranes, and
finally increased at 4 °C min™ to 320 °C (held for 35 min). The carbon isotopic composition
of the analytes (reported in the -notation with respect to the V-PDB carbonate standard) were
calibrated externally using an alkane mixture (C;¢ - C30) with known isotopic compositions
(n-alkane mixture B3 provided by A. Schimmelmann, Indiana University, USA). GC/C-IRMS
performance was monitored by regular analysis of this standard mixture. All samples were

analyzed in triplicate.

3.7 Calculation of GDGT-based proxies.

The Roman numerals refer to the GDGTs indicated in Fig. 1. The 5-methyl brGDGTs
and 6-methyl brGDGTs are distinguished by an accent on the latter and IV is crenarchaeol.
The BIT Index was calculated including the 6-methyl brGDGTs as according to De Jonge et
al. (2016):
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BIT index = (Ia+ITa+IITa+1Ia’+1Ia’)/(Ia+1Ta+11la+Ta’+1Ta’+1V) [1]

The isomer ratio (IR) signifies the quantity of the penta- and hexa-methylated 6-methyl
brGDGTs compared to the total brGDGTs (De Jonge et al., 2015a):

TR=(ITa’+IIb’+1c’+ITTa’+IIIb’+TIc”)/(Ia+1Tb+IIc-+H Ta+TITb+ITTc+Ta +ITb +Ic +IITa +ITTb +
IIc’) 2]

The relative abundance of the 6-methyl, hexa- and pentamethylated isomers compared with

the 5-methyl are calculated according to (De Jonge et al., 2014b):

IRy= ITa’/(1Ta+11a’) [3]

IRy = Ta’/(ITa+11a’) [4]

The MBT was calculated according to (Weijers et al., 2007b) but without the inclusion of the

novel isomers as in (De Jonge et al., 2014a):

MBTsye = (I+1b+Ic)/(I+1b+Icta+1Ib+Ic+Ta+111b+1Ic) [5]
The degree of cyclization, DC’, was calculated according to Warden et al. (2016b), and was
modified from (Sinninghe Damste et al., 2009) to include the 6-methyl, pentamethylated
isomers:

DC’ = (Ib+HIb+IIb*)/(Ta+Tb+Ta+1Tb+Ia’+1Ib%) [6]

For the cyclopentane moieties the weighted average was calculated for the tetra- and

pentamethylated brGDGTs according to Sinninghe Damste (2016):

Hringsiem = ([Ib]+2*[Ic])/([Ta]+[Ib]+[Ic]) [7]

#rINgSpenta sme = ([1Ib]+2*[1Ic])/([Ha]+[1Ib]+[1Ic]) [8]
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#HrINGSpenta 6me = ([1Ib7]+2*[11c’])/([11a’ ]+ [1Ib’]+[1Ic’]) [9]

The novel MAT,,, /CBT’ calibration was used for the calculation of pH and MAT (De Jonge
et al., 2014a):

CBT’ = "log[(Ic+IIa’+1Ib’+Ic +Ia’+I1Ib’+Ic’)/(la+11a+111a)] [10]
pH=7.15+1.59 * CBT’ [11]
MAT oy = 7.17 + 17.1 * [Ia] + 25.9 * [Ib] + 34.4 * [Ic] - 28.6 * [IIa] [12]

The marine bottom water temperature (BWT) calibration designed for coastal marine

sediments was calculated according to Dearing et al. (unpublished results):

BWT = (MBT’s5me — 0.3912)\0.0168 [13]

For the calculation of mean summer air temperature (MST) using the distributions of
aquatically produced brGDGTs we implemented the calibration from (Pearson et al., 2011)
that was previously modified to account for the newly separated 6-methyl isomers in a study

by (De Jonge et al., 2015b) :

MST (°C) = 20.9 + 89.1 x [Ib] — 12 x ([Ila] + [Ia’]) -20.5 x [IIa] [14]

The square brackets indicate the fractional abundances of the brGDGT within the brackets
relative to the sum of all brGDGTs.

3.8 Statistical Analysis.
Principal component analysis (PCA) was executed using the software package R. The
statistical analysis was completed using the fractional abundances of all 15 of the 5- and 6-

methyl brGDGTs for the entire sample set from the Baltic Sea region.

4. Results
Three sediment cores from the central Gotland Basin were correlated (see

experimental) and together provide a continuous record spanning the last 10.6 cal kyr BP. The
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TOC content of the sediments varies from c. 3% to as high as 16% in the recent brackish
phase (7.2— 0.1 cal kyr BP), while it is substantially lower (i.e. <2%) in the section
representing the Ancylus Lake phase (10.6-7.8 cal kyr BP; Fig. 4).

Two sediment cores from the Arkona Basin were also correlated (see experimental)
and together provide a continuous record spanning from at least 12.5 to 0.1 cal kyr BP. The
LOI content of the sediments varies from c. 11% to as high as 17.7% in the recent brackish
phase, while it is substantially lower (i.e. 5.5% on average) in the Ancylus Lake phase (Fig.
4). For the beginning of the Ancylus Lake phase (10.6-10.3 cal kyr BP) the Yoldia Sea phase
(11.2-10.7 cal kyr BP) and the Baltic Ice Lake period (12.5-11.8 cal kyr BP) no LOI data are
available (Fig. 4). The LOI-derived TOC content (wt. %) of Arkona Basin sediments
deposited during the brackish phase (i.e. 5.8+0.7 wt. %, average+standard deviation) is highly
comparable to that for the more recent brackish phase sediments from the Gotland Basin
record (5.8£3.2 wt. %; Figs. 3-4). However, the TOC (wt. %) of sediments deposited during
the Ancylus Lake phase in the Arkona Basin (3.1£1.8 wt.) is higher than those in the Gotland
Basin (1.1+0.6 wt. %; Figs. 3-4).

4.1 GDGTs in the sedimentary records: concentrations, general distribution, and the BIT
Index

The summed brGDGT concentrations (normalized to the TOC content) in both the
Gotland and Arkona Basin sediment records were substantially higher during freshwater
Ancylus Lake phase as compared to the brackish phase that followed (181£107 vs. 18+17 pg
g TOC, and 260+141 vs 37+5 pug g TOC, respectively; Figs. 5a & d). The concentration of
crenarchaeol is highly variable but the average amount remains the same in the Ancylus Lake
phase and the brackish phase of both the Gotland (218+190 vs. 2334222 pug g” TOC) and
Arkona Basin records (62+49 vs. 10715 pg g TOC) when the standard deviations are taken
into account (Fig. 5b & ). The same holds true for the concentration of GDGT-0, which is
also highly variable but the concentration is not significantly different from the Ancylus Lake
to the brackish phase in both the Gotland (156166 vs. 109111 pg g"' TOC) and Arkona
(4119 vs. 73+12 pg g TOC) basins. In the last 0.5 cal kyr BP of the Gotland Basin record, a
decrease occurs in both the concentration of crenarchaeol, 77+13 ug g”' TOC, and the

summed concentration of brGDGTs, 8.0£1.2 pg g”' TOC (Figs. 5a & b).
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Fig. 4 The LOI (%) plotted with sediment core depth (cm) for the two sediment cores
(318310 and 318340) from the Arkona Basin. Dotted lines illustrate how the LOI (%)
profiles were used to correlate the two cores as well as designate the different phases that
occurred in the Baltic Sea over the Holocene.

When these data are used to plot the fractional abundances of the three major classes
of GDGTs, i.e. summed brGDGTs, crenarchaeol, and GDGT-0 (cf. Blaga et al., 2009), it is
evident that there is a strong variation in this respect (Fig. 6). Included in this plot are data
from surface sediments in the Baltic Sea and the nearby Skagerrak (for which we lack
absolute concentration data). These surface sediments are all characterized by relatively low
amounts of brGDGTs and the GDGT distributions of the sediments deposited during the
brackish phase in both the Gotland and, to a lesser extent, Arkona Basin plot in the same area.
Distributions such as this are more characteristic for marine sediments (Schouten et al., 2012).
The sediments from both the Arkona and Gotland Basins deposited during the Ancylus Lake,
and in the Arkona Basin sediments from the Yoldia Sea, and Baltic Ice Lake phases contain

substantially higher relative amounts of brGDGTs (i.e. >20%; Fig. 6).

149



Chapter 6

® Gotland Basin brackish phase sediments )
O Gotland Basin Ancylus Lake sediments Brackish phase
® Gotland Basin Ancylus Lake/Littoria Sea transition sediments D AL/LS transition
@ Arkona Basin brackish phase sediments . Ancylus Lake phase
< Arkona Basin Ancylus Lake/Littoria Sea transition sediments
¢ Arkona Basin Ancylus Lake sediments - Yoldia Seca phase
¢ Arkona Basin Yoldia Sea sediments - Baltic Ice Lake phase
& Arkona Basin Baltic Ice Lake sediments
900 + Gotland Basin B Arkona Basin
800 d.

[ |
[ ]
S O

LN
o
o)

brGDGTs (ng g TOC-1)
W W
= =
3 3

—
o
()
()

o0
o
o)

LN
o
o)

Crenachaeol (ug g TOC-1)
) o)
S S
& &

BIT Index

10 11 12 13

150



brGDGTs in the Baltic Sea

>PD>D>DD>PP>POOEEO®@O

Baltic Sea surface sediments
Skagerrak surface sediments
Gotland Basin brackish phase
Gotland Basin AL/LS transition
Gotland Basin Ancylus Lake phase Crenarchaeol
Arkona Basin brackish phase
Arkona Basin AL/LS transition
Arkona Basin Ancylus Lake phase
Arkona Basin Yoldia Sea phase
Arkona Basin Baltic Ice Lake phase

BGDGTs O 10 20 30 40 50 60 70 8 90 100  GDGT-0

Fig. 6 Ternary diagram (after Blaga et al., 2009) illustrating the composition of the major
isoprenoid and brGDGTs in the Baltic Sea sediments used in this study. Corresponding BIT
values are indicated by black lines. The lines with constant values for the BIT are plotted to
illustrate the wide variety in in the BIT index among these sediment samples. The different
sediment samples from the Baltic Sea are represented by symbols with different colors and
shapes as indicated.

4mmm [ig 5 Variations in the concentrations of summed brGDGTs (in pg g TOC) and
crenarchaeol (in pg g' TOC) and the the BIT index for the Gotland Basin (a-¢) and Arkona
Basins (d-f). For the Gotland Basin the Ancylus Lake phase is designated in yellow, the
Ancylus Lake/Littorina Sea transition in purple, and the brackish phase in red. For the
Arkona Basin the Baltic Ice Lake is indicated in black, the Yoldia Sea phase in orange, the
Ancylus Lake phase in light blue, the Ancylus Lake/Littorina Sea transition in gray and the
brackish phase in green. There was no TOC or LOI data for the Baltic Ice Lake and Yoldia
See phases to normalize the concentrations on and so the data from that phase is missing
from plots (d) and (e).
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The changes in the relative abundances of the GDGTs translate into distinct
differences in the BIT index. The BIT index for both the Skagerrak surface sediments
(0.08+0.02) and the Baltic Sea surface sediments (0.06+0.09) is low (Fig. 6). However, one of
the Baltic Sea surface sediment from the Bothnian Sea, 377850 stands out with a significantly
higher value for the BIT index, i.e. 0.31 (Fig. 2). With respect to the Gotland Basin
sedimentary records, the BIT index decreases from the Ancylus Lake phase (0.44+0.16) to
much lower values (0.06+0.02) in the brackish phase (Fig. 5c). These latter values are close to
those of the Baltic Sea surface sediments. For the Arkona Basin record, the BIT index is
highest in the Baltic Ice Lake phase (0.79+0.03), Yoldia Sea phase (0.77+0.05) and the
Ancylus Lake phase (0.7440.08) and is much lower in the brackish phase (0.17+0.02) (Fig.
51). In the Gotland Basin sediments the BIT index is generally lower than in the Arkona Basin
record (Figs. 5¢ & f). A period with higher BIT index values, (c. 10.3 cal kyr BP in the
Gotland Basin and c. 10.20 cal kyr BP in the Arkona Basin; Figs. 5S¢ & f) are observed and in
both records this period is preceded by a “spike” towards lower BIT index values, i.e. 10.44
cal kyr BP in the Gotland Basin record and in the Arkona Basin record between 10.56-10.52
cal kyr BP (Figs. 5¢ & 1), just after the Yoldia Sea/Ancylus Lake transition. In the Arkona
Basin record, a BIT “spike” towards lower values also occurs at the start of the Yoldia Sea
phase (11.2 cal kyr BP) (Fig. 5). A maximum in BIT index values (0.91) occurs at ¢. 9.1 cal
kyr BP in the Gotland Basin record (Fig. 5c), and although the maximum does not occur at
this time in the Arkona Basin record (maximum occurs at 10.20 cal kyr BP), BIT index values

are high at this time as well (between 0.72-0.77) (Fig. 51).

4.2 Distribution of branched GDGTs

All 15 brGDGTs (see Fig. 1 for structures) identified previously in soils with the
UHPLC-MS method (De Jonge et al., 2013b) were detected in the examined sediments. The
Baltic Sea and Skagerrak surface sediments and the sediments from the recent brackish phase
of both the Gotland and Arkona Basins have similar brGDGT distributions (Figs. 7a, b, ¢, &
d). The distribution of brGDGTs during the Ancylus Lake phase of the Gotland Basin is
characterized by a higher fractional abundance of the brGDGTs Illa and I1la’ than in the
brackish phase (Figs. 7c & e). This is also true for the Arkona Basin but to a lesser extent
(Figs. 7d & 1). The Ancylus Lake phase of the Gotland Basin has the highest average
fractional abundance of brGDGT Illa’ (0.26+0.09) out of all of the sample sets presented in
this study (Fig. 7e).
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Fig. 8 Results of a principal component analysis (PCA) based on the fractional abundances of
the 15 brGDGTs in sediments from the Baltic Sea, showing (a) variable loadings and (b) sample
scores (b). The Roman numerals refer to brGDGT structures (Fig. 1). The different sample sets
are designated by symbols with different color and shape as indicated.
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The Ancylus Lake phase of the Gotland Basin and the Baltic Ice Lake phase of the Arkona
Basin have the highest average fractional abundance of brGDGT Illa (~0.34) (Figs. 7e & h).
All of the lower salinity phase sediments from both basins (Ancylus Lake phase, Yoldia Sea
phase and Baltic Ice Lake phase) are dominated by non-cyclic brGDGTs (Figs. 7e-h). This is
mostly not the case with the higher salinity sediments such as the Baltic Sea surface
sediments, the Skagerrak surface sediments, and the recent brackish phase in the Arkona
Basin (Figs. 7a- d).

To better understand the factors controlling the distribution of brGDGTs in the
sediments, PCA was performed on the fractional abundances of the 15 brGDGTs present in
all sediments from this study. PC1 explained 42 % of the total variance and appears to be
related to the degree of methylation of the brGDGTs, with most of the hexamethylated
brGDGTs (Illa, I1Ia’, IIIb, lllc, IIIc’) plotting negatively on PC1 and most of their less
methylated counterparts (Ia, Ib, Ic, Ila, I1a’, IIb, IIb’, Ilc, IIc’) plotting positively (Fig. 8a).
For the overall sample set, PC1 is highly correlated (R*=0.89; Fig. 9a) with the MBTspye, i.c.,
the degree of methylation of the 5-methyl brGDGTs (De Jonge et al., 2014a).
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Fig. 9 Scatter plots of (a) principal
component (PC) 1 and MBTs5,,e
(R’=0.89), and (b) PC2 and IR
(R’=0.50), and (¢) PC1 and DC’

(R?=0.43) for all sediment samples.
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With the exception of one sample (420.5 cm from core 303600-3, 10.44 cal kyr BP), all
Ancylus Lake phase sediments from the Gotland Basin plot negatively on PC1 as do all of the
sediments of the Baltic Ice Lake phase from the Arkona Basin (Fig. 8b). Additionally, the
three sediments from the early Yoldia Sea phase (sediment depths 847.5, 840.5 and 839.5 cm
from core 318340 corresponding to 11.23-11.16 cal kyr BP) as well as four sediments from
the Ancylus Lake phase (sediment depths 540.5 and 564.5 cm depth from core 318340 and
625 and 642.5 cm depths from core 318310 corresponding with 9.43-8.91 and 10.20 cal kyr
BP) in the Arkona Basin plot negatively as well (Fig. 8b). The remaining sediments all score
positively on PCl1, indicating that their brGDGT distributions are dominated by the less
methylated brGDGTs (Figs. 8a & b). When plotted against age a sudden substantial increase
in the scores on PC1 in the Gotland Basin record is observed during the Ancylus
Lake/Littorina Sea transition (7.7-7.3 cal kyr BP; Fig. 10a). This transition takes place in c.

400 years. A less drastic increase occurs in the score on PC1 for the Arkona Basin
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sedimentary record during this transition (Fig. 10a). Clearly, enhanced scores on PC1 are also
noted for both records at 10.44 cal kyr BP, following the Yoldia Sea/Ancylus Lake transition
(Fig. 10a). Overall, the score on PC1 for the Arkona Basin sediments is higher than for the
Gotland Basin sedimentary record (Fig. 10a). The PC1 values increase from the Baltic Ice
Lake phase, which has the lowest values in the Arkona Basin record, to the more recent
brackish stage. This increasing trend in PC1 values going from the Ancylus Lake phase into
the more recent brackish phase also occurs in the Gotland Basin (Fig. 10a).

PC2 explains 18% of the variance in the PCA and is related to the fractional
abundance of the 5- versus 6-methyl brGDGTs (Fig. 8a). The 6-methyl brGDGTs all score
positively on PC2, and except for some of the more minor 5-methyl brGDGTs, Ilc, Illc, and
I1Ib, the 5-methyl brGDGTs score negatively on PC2 (Fig. 8a). Indeed, for the overall dataset
PC2 correlates with the IR (R*=0.50; Fig. 9b), which is a reflection of the relative abundance
of the 6-methyl brGDGTs (De Jonge et al., 2014b). The Baltic Sea surface sediments that
score negatively on PC2 are mostly those from the northern part of the basin (372820,
377850, 377830, 349200& 349190) and those more in the south closer to the connection to
the North Sea (372720 & 303600) as well as the surface sediment samples from the Skagerrak
(Fig. 2). The sediments that plot negatively on PC2 include all of those from the Baltic Ice
Lake, the brackish sediments from the Arkona Basin, two samples from later in the Ancylus
Lake/Littorina Sea transition in the Arkona Basin (sediment core 318340 depths 420.5 and
400.5 corresponding to 7.39-7.30 cal kyr BP), and a portion of the Gotland Basin sediments
from both the Ancylus Lake phase and the brackish phase as well as sediments from later in
the Ancylus Lake/Littorina Sea transition (sediment depths 207-197 from core 303600-N
corresponding to 7.55-7.27 cal . kyrs. BP) (Fig. 8b). The sediments that plot positively on
PC2 include four of the Baltic Sea surface sediments from the Gotland Basin (excluding
surface sediment sample 303600; Fig. 2), almost all of the sediment record from the Ancylus
Lake phase in the Arkona Basin (excluding sediment depth 642.5 from core 318310
corresponding with 10.20 cal kyr BP and sediment depth 732.5 cm from core 318340
corresponding to 10.52 cal kyr BP), a portion of the samples from both phases of the Gotland
Basin record and those from the early part of the Ancylus Lake/Littorina Sea transition from
both basins. When plotted against age the scores on PC2 are mostly negative and fairly stable
in the brackish phase in both basins of the Baltic Sea (Fig. 10b). Most of the recent (2008 and
1793-1948 AD) sediments of the Gotland Basin are an exception in this respect since the
score on PC2 increases to positive values at this time (Fig. 10b). The scores on PC2 are much

more variable for the sediments deposited during the Ancylus Lake phase (Fig. 10b) than for
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the recent brackish phase. A positive score on PC2 for the sediments from the Ancylus Lake
phase in the Arkona Basin is noted, with the exception of one sediment with an age of 10.20
cal kyr BP (Fig. 10b). For the Gotland Basin the scores on PC2 for the sediments deposited
during the Ancylus Lake phase are more variable and mostly higher than in the brackish stage
(Fig 10b), however, unlike in the Arkona Basin the scores on PC2 are mostly negative from
about 10.35-8.77 cal kyr BP. Despite the differences in absolute scores for PC2 for the two
basins, both profiles show similar temporal trends (Fig. 10b). As noted for PC1, a marked
change in the scores on PC2 is evident in both basins at the Anyclus Lake/Littorina Sea
transition (7.7-7.3 cal kyr BP) and immediately following the Yoldia Sea phase (c. 10.44 cal
kyr BP; Fig. 10b). After the Anyclus Lake/Littorina Sea transition, the high resolution profile
of'the Gotland Basin record shows that the scores on PC2 first increase and subsequently
sharply decrease to the negative scores that are common for the brackish phase (Fig. 10b).
This transition takes place in c. 400 yr and coincides with the marked increase in the scores on
PC1 (Fig. 10a). As the Yoldia Sea phase neared its end (10.6 cal kyr BP), the scores on PC2
increase to positive values in the Arkona Basin record (at 10.86 cal kyr BP) and in the records
from both basins there is a sudden increase in the PC2 values during the early Ancylus Lake
phase (c. 10.4 cal kyr BP in the Arkona Basin and c. 10.3 cal kyr BP in the Gotland Basin
record) and then a subsequent decrease in values (Fig. 10b). In the Baltic Ice Lake phase the
PC2 values are all negative, but then sharply increase at the Ancylus Lake regression (10.23
cal kyr BP; Fig. 10a). The PC2 score then returns to negative values until close to the Yoldia
Sea/Ancylus Lake transition at 10.9 cal kyr BP when the score increases sharply once again to

positive values (Fig. 10b).

4.3 Stable carbon isotopic composition of brGDGTs

The presence of the novel brGDGT IlIla” (Fig. 1), which has been linked to lacustrine
production of brGDGTs (Weber et al., 2015), was found in specific sections of the Gotland
Basin sediment record from core 303600-N (Table 2). In order to determine if the origin of
this brGDGT is different from that of the other brGDGTSs, we determined the BC content of
the brGDGTs in the sections of the sediment core with a higher abundance of brGDGT Il1a”
by ether cleavage and GC-IRMS analysis of their alkyl chains (see experimental).
Unfortunately, it was not possible to obtain individual §'3C data for the 5,13,16- and 6,13,16-
trimethyloctacosanes (which are only partly separated by GC), and when these isomers were
integrated together the resulting 8'°C values were identical to that of 13,16-

dimethyloctacosane (Table 2).
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Table 2 The average of triplicate analysis for §"°C values of brGDGTs from selected sediment depths
from core 303600-N from the Gotland Basin record.

Sediment Age . Avg. Avg.
depths  (cal kyr broDo1-derived 5°%C  STDEV 8°Copc STDEV
(cm) BP) alkane(s) (%0) (%o)
13,16
234-243 8.21-8.43 dimethyloctacosane (a) -28.4 0.28
5,13,16- and 6,13,16 -28.1 0.1
234-243 8.21-8.43 trimethyloctacosane -29.0 0.01
(b+c)
309323 1003-1023 1310 288 026
dimethyloctacosane (a) ' '
5,13,16 and 6,13,16 -27.7 0.4
309-323  10.03-10.23 trimethyloctacosane -28.7 0.10
(b+c)
351363 1034-1039 1310 274 014
' ' dimethyloctacosane (a) ' '
5,13,16 and 6,13,16 -26.3 0.2
351-363  10.34-10.39 trimethyloctacosane -28.4 0.11
(b+c)

5 Discussion

5.1 Provenance of brGDGTs in the Baltic Sea

The application of brGDGTs on marine sediments for paleoclimate studies can be

complicated when diverse sources of brGDGTs, which can include soils (Weijers et al.,
2007b; Bendle et al., 2010), peats (Weijers et al., 2006a), and riverine (Yang et al., 2012; Zell
et al., 2013; De Jonge et al., 2014b; Warden et al., 2016a) and marine (Peterse et al., 2009;

Weijers et al., 2014; Sinninghe Damste, 2016) in situ production, contribute to the marine

sediments. Therefore, the main sources of brGDGTs to a study site should be assessed before

using brGDGTs for paleoenvironmental studies (Yang et al., 2012; Zell et al., 2013; De Jonge
et al., 2015b; Warden et al., 2016a). Previously, a study by Sinninghe Damsté (2016)

discussed how the heterogeneity of brGDGT sources complicates their application for

paleoclimate studies, especially in coastal sediments between the depths of 50-300m where in

situ production of brGDGTs is widespread, likely due to the higher delivery of organic matter.

This study explored several methods for determining the provenance of brGDGTs in a

specific setting (Sinninghe Damsté, 2016). Since the average depth of the Baltic Sea is 55 m,

in situ production within the sediments as well as the water column must be assessed before

applying a soil calibration for MAT estimates based on brGDGTs. Various lines of evidence
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suggest that autochthonous production of brGDGTs played an important role in the
sedimentary system of the Baltic Sea during the Holocene and shall be discussed below.

Sinninghe Damste (2016) demonstrated that when the fractional abundances of the
tetra-, penta- and hexamethylated brGDGTs from soils are plotted in a ternary diagram, the
composition of these soil derived brGDGTs lies within a distinct area. By comparing
brGDGTs in coastal sediments with soils using this diagram, it can be assessed whether the
brGDGTs are derived from soils through riverine transport or from aquatic production. A
ternary plot comparing the distribution of brGDGTs of the Baltic Sea sediments with the
global soil data set (Fig. 11; cf. Sinninghe Damsté 2016) shows that very few of the Baltic Sea
sediments plot on top of the global soil data set. Those that do include some of the Baltic Sea
surface sediment samples, one sample from the Ancylus Lake phase of the Gotland Basin, and
a portion of samples from the Ancylus Lake phase of the Arkona Basin, suggesting that in
these cases a higher percentage of the sedimentary brGDGTs are soil derived (Fig. 11).

A larger fraction of the brGDGTs was hexamethylated during the lower salinity phases
and a decrease in methylation of brGDGTs occurs moving from the Ancylus Lake into the
brackish phase (Figs. 7 & 11). This trend is true for both basins but is less pronounced in the
Arkona Basin than in the Gotland Basin. Relatedly, an increase in MBT sy, is observed over
the Holocene with each phase change in the Baltic Sea. Additionally it should be noted that an
increased presence of the hexamethylated brGDGT isomer Illa’ is seen in all of the lower
salinity phases in the Baltic Sea for both the Gotland (2™ most abundant brGDGT) and
Arkona (most abundant brGDGT along with I1la) basins during the Ancylus Lake phase and
also in the Arkona Basin during the Baltic Ice Lake and Yoldia Sea phases (most abundant
brGDGT along with IIla and Ia). A higher abundance of IIla’ was also observed in the SPM
of Yenisei River waters (De Jonge et al., 2014b) as well as Svalbard sediments (Sinninghe
Damste, 2016) and thought to indicate in situ production. Therefore, this suggests in situ
production is a factor in these basins during lower salinity times.

Previously it has been suggested that when the average value for the number of rings
(#rings) of the tetramethylated and the 5- and 6- methyl pentamethylated brGDGTs exceeds
0.7 (value indicated by the gray dotted lines in Fig. 12) as was observed in the Svalbard fjord
sediments (#rings = 0.8-1.0), the brGDGTs are predominantly derived from in situ production
(Peterse et al., 2009; Sinninghe Damste, 2016). The #rings for the 5-methyl pentamethylated
brGDGTs, calculated using equation [8], exceeds 0.8 for a short time period during the
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Fig. 11 Ternary diagram illustrating the fractional abundances of the tetra- (Ia-c), penta (Ila-c and
II’a-c), and hexamethylated (Illa-c and III’a-c) brGDGTs. The global soil dataset (open circles; De
Jonge et al., 2014) is included for reference. Very few of the Baltic Sea sediments plot exactly on
top on the global soil data demonstrating that for none of the complete sample sets brGDGTs are of
100% of soil origin (cf. Sinninghe Damsté, 2016). Only the samples from the Ancylus Lake phase of
both basins and a few Baltic Sea surface sediments plot on top of or close to the global soil dataset
indicating these samples have the largest contribution from terrestrially derived brGDGTs. The
basins and phases of the Baltic Sea sediments are denoted by color and shape as indicated.

Ancylus Lake phase in both basins ~10.4 cal kyr BP (0.91+£0.02 for the Gotland Basin and
0.88+0.12 for the Arkona Basin) and also during the Ancylus Lake/Littorina Sea transition in
the Gotland Basin (0.85+0.06). Leading up to the Ancylus Lake/Littorina Sea transition (8.38-
7.87 cal kyr BP) in the Gotland Basin the #rings for the 5-methyl pentamethylated brGDGTs
are elevated (0.73+0.02) but do not reach the value of 0.8. The #rings for the 6-methyl
pentamethylated brGDGTs, calculated using equation [9], in the Skagerrak surface sediments
exceeds 0.7 (0.84+0.01) as it does in the Baltic Sea surface sediment in the Bothnian Bay
(372820; 0.80), and although the overall average for the brackish phase of the Gotland Basin
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is below 0.8, a section in the more recent past exceeds the threshold of 0.7 (1760-1961 AD;
0.83+0.05; Fig. 12b). In the brackish phase of the Arkona Basin the #rings for the
tetramethylated brGDGTs, calculated using equation [7], also exceeds 0.7 (0.80+0.05) as do
values for sediments from the more recent brackish phase in the Gotland Basin (0.77+0.01;
1786-1893 AD) and the surface sediment sample 349190 (0.77) located in the mouth of the
Gulf of Finland (Figs. 12a-b). Therefore, the average value for the #rings indicates that in situ
production is occurring in the brackish phase of both basins, the Ancylus Lake/Littorina Sea
transition of the Gotland Basin (c. 10.4 cal kyr BP in both basins), as well as in the Skagerrak
surface sediments and locations in the Baltic Sea basin close to sources of freshwater input

(349190 and 372820; Fig. 2).

. 5-methyl brGDGTs b. 6-methyl brGDGTs A Arkona Basin brackish
1T o phase sediments
A A Arkona Basin Ancylus

09 + o 4 Lake phase sediments
u AArkor?a Basin Yoldia

Sea phase sediments

A Arkona Basin Baltic Ice
Lake sediments

B Gotland Basin brackish

hase sediments

OGotland Basin Ancylus
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Fig. 12 Scatterplots of the number of cyclopentyl rings (#rings) in the tetramethylated brGDGTs
vs. (a) 5-methyl pentamethylated brGDGTs, and (b) 6-methyl pentamethylated brGDGTs. The
basins and phases of the sediments from this study are differentiated by symbol and color as
indicated. Soils from the global data set with a pH greater than seven are indicated with an ‘x’.

Since pH is the major control on the degree of cyclization, (DC’; Weijers et al., 2007b;
Peterse et al., 2010) values for the #rings between 0.6-0.7, as observed for the Ancylus
Lake/Littorina Sea transition in the Gotland Basin, the recent sediments from the Gotland
Basin (1786-1893 AD) and surface sediments sample 349190, have been observed in alkaline
soils (Sinninghe Damste, 2016). However, the often peat covered soils of the region
surrounding the Baltic Sea basin have a slightly acidic pH; the average pH for topsoils (0-25
cm depth) is 6.1 according to a study on soils collected from 10 European countries
surrounding the Baltic Sea basin (Reimann et al., 2000). Additionally, high pH soils tend to
have higher amounts of 6-methyl brGDGTs (IR >0.7; De Jonge et al., 2014b), and the fact
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that the Baltic Sea sediments have an average IR value of 0.41+0.10 points towards
insignificant input of alkaline soils. The Baltic Sea surface sediment sample, 377850, located
in the lower Bothnian Sea, is characterized by the lowest number of rings (#ringset,=0.09,
#ringspenia for the 5S-methyl brGDGTs=0.09, #ringspena for the 6-methyl brGDGTs=0.30; Figs.
12a-b). This surface sediment also has a much higher BIT index (0.31) compared to all other
studied surface sediments, suggesting that it receives the highest contribution of soil-derived
brGDGTs. Recently, a study on Baltic Sea surface sediments that compared brGDGT
concentrations and leaf-wax n-alkanes proposed that the BIT index does reflect the relative
contribution of soil organic matter in the surface sediments, indicating high soil organic
matter input into the Bothnian Sea area (average 29%; Kaiser and Arz, 2016). They also
asserted that this value was in agreement with previously published data that used lignin-
phenols to estimate terrestrial organic matter contribution in the northern Baltic Sea (30%;
Bianchi et al., 1997). The low #ring values for surface sediment sample 377850 are in
agreement with the reported low pH of soils surrounding the Baltic Sea, which indicates that
this sediment can be used as an end-member for the composition of soil derived brGDGTs.
This suggests that especially for all other surface sediments and the sediments deposited
during the brackish phase, the contribution of soil-derived brGDGTs has been low (<20%)),
whereas for sediments deposited during the other phases soil-derived brGDGTs account for
30-90% based on a simple two endmember mixing model. In summary, we conclude that for
the time periods and regions mentioned above, the input of terrestrial material is likely
relatively minor and the majority of brGDGTs are being produced in situ in either or both the
alkaline pore waters of the marine sediments and the water column.

The novel hexa-methylated brGDGT IlIla”, which we only detected in specific parts of
the record, has been just recently been identified in sediments of a eutrophic Swiss mountain
lake (Lake Hinterburg), where it’s absence from soils of the watershed indicated an
exclusively lacustrine source of this compound (Weber et al., 2015). Hence, the presence of
brGDGT IlIa”’ during certain periods of the Ancylus Lake phase in the Gotland Basin record
as well as at times during the Ancylus Lake phase and the Yoldia Sea phase in the Arkona
Basin, demonstrates that at these times at least some of the brGDGTs were produced in situ.
Further information on the origin of brGDGTs may be derived from the stable carbon isotope
composition of their alkyl moieties (8'°Cupor)-

A further check for potential in situ production is the determination of the 8'°C of the
alkyl moieties of brGDGTSs. In Lake Hinterburg the °C content of brGDGTs in the sediment

(c. -43%o0) was found to be substantially lower than (i) 8"*Cyepar values measured in soils
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from the watershed (c. -27%o), and (2) the 5"°C of sedimentary TOC (-34%o) (Weber et al.,
2015). Weber et al. (2015) postulated that this stark '*C-depletion of brGDGTs arises from
extensive microbial C recycling within the lake that leads to °C depletion in the dissolved and
particulate C pools, which in turn serve as a C source for the aquatic brGDGT-producing
microbes. Three intervals from the Gotland Basin sedimentary record with the highest
fractional abundance of brGDGT IIla”, an indication of in situ production of brGDGTs (see
above), were selected to determine if the majority of the brGDGTs from these periods were in
in fact produced in situ. However, in contrast to Lake Hinterburg, the presence of the
(supposedly) in-situ-produced brGDGT Illa”> was not linked to such low 8" Cpopar) values
in the Baltic Sea sections analysed (-29.0%o to -27.4%o; Table 2), instead they seem rather
consistent with a predominant soil origin of brGDGTs (cf. Pancost and Sinninghe Damsté,
2003; Weijers et al., 2010). However, the low TOC content (<1.1%) and lack of lamination in
the shallower Ancylus Lake (Figs. 3-4), as well as the relatively higher 8'*Croc values (-26%o
to -28%o; Table 2) compared to Lake Hinterburg sediments (-34%o) indicate that the basin was
probably not stratified or eutrophic during that period. It remain therefore ambiguous, whether
the 813C(erDGT) values in the Ancylus Lake phase mainly reflect a terrestrial signal or are
inherited from aquatic C pools. Given the presence of the “aquatic” brGDGT Illa’’ and the
results of the two endmember mixing model we, however, reason that both in situ production
and terrigenous input must have contributed to the brGDGTs deposited during the Ancylus
Lake phase in the Gotland Basin.

After comparing the fractional abundances of the tetra-, penta- and hexamethylated
brGDGTs from soils to the Baltic Sea sediments in the ternary diagram (Fig. 11), considering
the (#rings) of the tetramethylated and the 5- and 6- methyl pentamethylated brGDGTs (Fig.
12a-b), using the abundance of the novel IlIa” brGDGT in the sedimentary record, and
considering the 8'"°C of the alkyl moieties of brGDGTs at that time, we conclude that in situ
production of brGDGTs is contributing to the pool of brGDGTs in the Baltic Sea sediments

over the Holocene to a varying extent.

5.2 Using brGDGTs for climate reconstructions in the Baltic Sea

The heterogeneity of brGDGT sources in the Baltic Sea basin will greatly complicate
the use of brGDGTs as a temperature proxy. The 8'"°C of the alkyl moieties of brGDGTs and
the lower values for the #rings during the lower salinity phases of the Baltic Sea indicates a
portion of the brGDGTs during these phases are terrestrially derived and so a soil calibration

will be applied in an attempt to obtain MAT estimates. Evidence suggests that a change in the
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provenance of the brGDGTs occurred over the Holocene and even though the recent brackish
phase appears unsuitable for a soil calibration, perhaps another calibration, which takes into
account in situ production of brGDGTs could be used for obtaining MAT estimates during
this time. In the previous section it was established that in situ production of brGDGTs is
contributing to the total pool of brGDGTs over the Holocene in the Baltic Sea basin, however,
we proceeded to apply the new soil calibration based on individually quantified 5- and 6-
methyl brGDGTs from De Jonge et al. (2014a) for reconstructing continental pH and MAT
when there was evidence that a portion of the brGDGTs in the sediments were of soil origin.
The novel marine coastal sediment calibration for calculating bottom water temperatures
(BWT) from Dearing et al. (unpublished results) was applied on sediments where a soil
calibration was deemed inappropriate due to the lack of soil-derived brGDGTs.

Surface sediment sample 377850 has the highest BIT index of the surface sediments
(0.31) and a lower #rings than all other surface sediments, indicating this sediment most
probably received a higher soil contribution than the other surface sediments. This could be
because this sediment is close to a river mouth, although some of the other surface sediments
in the Baltic Sea are even closer to a river mouth (i.e. 372820, 377830, and 349200) but do
not have correspondingly higher BIT index values (Table 1; Fig. 2). Perhaps this site receives
more terrestrial material or less in situ production is occurring in this region and so the
terrestrial signal is not being overwhelmed by in situ produced brGDGTs. The CBT’-derived
reconstructed pH [10-11] for this sediment is 6.4, which is close to the reported average of
soils in the Baltic region (6.1; Reimann et al., 2000). The reconstructed temperature using the
MAT,, calibration [12] is 5.4°C and this value is similar to the reported measured MAT from
the closest weather station, 4.5°C (reported measured MAT values are an average from over
the period of 1890-2016; RIMFROST). Consequently, this appears to be a good site for
collecting sediment cores for future brGDGT based climate reconstructions in the Baltic Sea
area.

Since a soil calibration was not suitable for the other surface sediments, the newly
developed coastal marine calibration for BWT was applied to all other surface sediments [13]
(Dearing et al., unpublished results). For the Baltic Sea surface sediments, the resultant BWT
varied substantially ranging from -0.4 to 9.4°C. Measured MATs from weather stations in
Sweden and Finland close to these sites ranged from 1.4-8.1°C (RIMFROST). The correlation
of the estimated BWTs and the MATS from the closest weather stations is quite high, R*=0.82
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Fig. 13 Correlation of measured MATSs from weather stations in Sweden and Finland (RIMFROST)
close to sediment sample sites and the reconstructed BWTs ( R’=0.82, n=11).

(n=11, Fig. 13), providing some confidence in this new calibration. The derived BWTs from
the northern Baltic Sea are the coldest, -0.4-1.3°C, and the MATs reported for the closest
weather stations in Sweden ranged from 1.4-4.5°C (RIMFROST). The highest estimate for
BWT is from the Arkona Basin, 9.4°C, and correspondingly the measured MAT from the
closest weather station in Sweden was 8.1°C (RIMFROST). The resultant average BWT for
the Skagerrak surface sediments, 16.6+1.5°C, is unrealistically high for BWT estimate
(reported measured MAT average over 1890-2016 from the closest weather stations as

reported at http://www.rimfrost.no/ was 6.8-7.8°C). It was previously found that MBT/CBT

derived MAT from a sediment core in the Skagerrak compared best with summer
temperatures (15.5°C; Rueda et al., 2009). Rueda et al. (2009) postulated that this could be
due to transport of brGDGTs from the southern North Sea or alternatively that in this region
the organisms that produce the brGDGTs are more active during the summer since
Scandinavian soils are mostly snow covered during the winter months. The results from this
study, however, indicate that the higher temperature estimates obtained using brGDGTs are

likely due to in the input of in situ produced brGDGTs.
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Fig. 14 Reconstructed BWT (°C) for both the Gotland (indicated by red circles) and Arkona
(indicated by green diamonds) basins for the brackish phase (7.2-0 cal kyr BP). The previously
published TEX®*| index record (blue line) is shown for reference.

Because in situ production is the major source of brGDGTs during the brackish phase,
the new marine coastal BWT calibration (Dearing et al., unpublished results) was applied to
the records in both basins as well (Fig. 14). The records from both basins are in good
agreement for the last 1,000 years (6.7+1.4°C in the Gotland Basin and 8.7+2.2°C in the
Arkona Basin; Fig. 14). The measured MAT from a weather station close to the Arkona
Basin, 8.1°C, is similar to the average of the estimated BWT from the brackish phase of the
Arkona Basin record, 9.4+1.7°C (Fig. 14). From the weather station close to the Gotland
Basin station the measured MAT, 7.2°C, is similar to the estimated average BWT from the
Gotland Basin record during the brackish phase, 6.8+2.7°C (Fig. 14). Therefore, during the
brackish phase of the Baltic Sea when the BIT index is low and the #rings for the tetra- and
pentamethylated brGDGTs are high, the marine coastal sediment calibration performs well
reconstructing temperatures (Fig. 14). Next, the BWT records from both basins were
compared to a previously published TEXgs" record (the TEXgq- is sea surface temperature
proxy based on the distribution of Thaumarchaeotal membrane lipids called isoprenoid
GDGTs; Kim et al., 2010) from the same sediment cores making up the Gotland Basin record
(Warden et al., in preparation) and shows fairly good agreement with the trends in the BWT
reconstruction during the brackish phase, although the resolution for the BWT record is much
lower throughout most of the brackish phase in both basins, but especially the Arkona Basin,

making comparison difficult at times (Fig. 14).
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Fig. 15 Plot of reconstructed (a) MAT ., (°C) and (b) MST (°C) with age (cal kyr BP) from the
Ancylus Lake phase of both the Arkona (blue diamonds) and Gotland Basin (yellow circles).

Even though in the previous section it was determined that in situ production of
brGDGTs is contributing to the total pool of brGDGTs over the Holocene in the Baltic Sea
basin, some of the evidence presented indicates that a substantial portion (30-90%) of the
brGDGTs during the lower salinity phases are of soil origin. Therefore, we proceeded to
apply the new soil calibration based on individually quantified 5-methyl and 6-methyl
brGDGTs from De Jonge et al. (2014a) for reconstructing continental pH and MAT in the
region during the lower salinity phases of the Baltic Sea. Using equation [11] to reconstruct

the average pH in the Gotland Basin over the Ancylus Lake phase, the resultant value,
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6.9+0.3, was similar to those in the Arkona Basin during the Baltic Ice Lake phase, 6.5+0.1,
the Yoldia Sea phase, 6.7+0.2, and the Ancylus Lake phase, 7.2+0.2. As previously stated a
canvass of soils around the Baltic Sea region found the average pH of topsoils to be 6.1
(Reimann et al., 2000) and so the reconstructed values are slightly higher than those of the
soils and this difference is likely due to the input of aquatically produced brGDGTs.

The average reconstructed MAT using the MAT,,,, equation [12] are the same when
the standard deviation is considered during the Ancylus Lake phase in both the Arkona,
8.7£1.6°C, and Gotland, 7.1£0.5 °C, basins (Fig. 15a). A temperature reconstruction from
Lake Flarken in south-central Sweden based on a pollen-climate calibration model showed
MAT was fairly stable around 7°C during the Ancylus Lake period of the Baltic Sea (Seppa et
al., 2005). Therefore, the estimated air temperatures presented here using the new MAT
calibration for the lower salinity phases of the Baltic Sea are in good agreement with the
previously published temperature reconstruction from south central Sweden (Seppé et al.,
2005).

Since there are indications that in situ production could be a complicating factor
during the Ancylus Lake period, an aquatic calibration might be a better choice for this
portion of the record. Hence, we applied a modified version of the aquatic calibration [14]
developed by Pearson et al. (2011) to calculate mean summer air temperatures (MST). The
higher resolution Gotland Basin record reveals a high amount of variation between about
10.6-8.7 cal kyr BP in the estimated temperatures using the MST calibration as the
reconstructed temperatures fluctuate by ~5°C in less than 100 year period (Fig. 15b).
However, the calibration estimates summer lake temperature and variation within summer
lake temperatures would be expected. The average MST for the Ancylus Lake phase in the
Gotland Basin record, 14.5+1.8°C, is similar to the average for the Arkona Basin record,
19.4+2.8°C (Fig. 15b). The fact that the MST estimates derived using brGDGTs in both
basins are similar increases the reliability of these summer temperatures estimates. These
values are also similar to the instrumental summer temperatures reported for the Skagerrak
regions in Rueda et al. (2009) (ranges between 14.2-16.3°C, average 15.5°C).

Weather stations in the region close to the Arkona Basin show higher measured MAT
than weather stations to the north of that area, which is in agreement with what we see in the
temperature reconstructions. For all three reconstructions the temperatures are slightly but
consistently higher in the Arkona Basin record (Figs. 14 & 15 a-b), which is located more to
the south than in the Gotland Basin record. Higher temperatures in both the MAT,: and the
MST estimates is apparent in the Arkona Basin between c. 10.60 cal kyr BP, which covers a
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part of the early Ancylus Lake phase and could correspond to the warmer temperatures
experienced during deglaciation. However, the increase in temperatures according to the MST
seems too large for this time period (Figs. 15b) and so it could be that the increase in
estimated temperatures seen during this time is a product of brGDGT distribution changes
related to a shift in the provenance of brGDGTs that occurs during the transition between the
Yoldia Sea phase and the Ancylus Lake phase. Both PC1 and PC2 increase in the Arkona
Basin over each subsequent transition from the Baltic Ice Lake to the Yoldia Sea phase and
then again during the Yoldia Sea/Ancylus Lake transition, lending credence to the idea that
the increased production of in situ produced brGDGTs are affecting temperature estimates

during this transition.

5.3 Changes in the BIT index and GDGT concentration in the Baltic Sea over the Holocene
reflect environmental changes

The ternary plot of the three major GDGTs (Fig. 6) along with the BIT index, the
summed concentration of brGDGTs, the amount of crenarchaeol (Fig. 5), and distribution of
brGDGTs (Fig. 7-8 & 10) all demonstrate that the sedimentary GDGT composition is highly
dependent on environmental conditions in the Baltic Sea over the Holocene and this has
implications for paleoclimate studies based on brGDGTs. The sediments of the Baltic Ice
Lake, Yoldia Sea phase and Ancylus Lake phase received a larger fraction of soil-derived
brGDGTs, whereas in the sediments of the brackish phase brGDGTs are for a substantial part
produced in situ. The BIT index has previously been interpreted to reflect soil organic matter
input (of which a value close to 1 indicates terrestrial origin and a value close to zero indicates
marine origin; Hopmans et al., 2004) However, in situ production of brGDGTs in rivers
(Yang et al., 2013; Zell et al., 2013; 2014; De Jonge et al., 2014b) and lakes (Tierney and
Russell, 2009; Sinninghe Damsté et al., 2009; Loomis et al., 2011; Buckles et al., 2014) can
lead to a higher BIT index value that is not actually indicative of a higher portion of
terrestrially derived brGDGTs. Additionally, crenarchaeol can be produced in soils resulting
in a lower BIT index that does not actually reflect a higher contribution from aquatic organic
matter (Weijers et al., 2006a; Peterse et al., 2010; Yang et al., 2011). Therefore, studies that
examine the provenance of brGDGTs such as this one are necessary before using the BIT
index to make inferences about terrestrial input.

The BIT index is consistently >0.30 in the Ancylus Lake phase of both basins as well
as the Yoldia Sea phase and Baltic Ice Lake phase of the Arkona Basin and decreases in both
basins during the transition from the Ancylus Lake phase to the brackish phase of the Baltic
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Sea (Figs. 5S¢ & f). This is in line with the increased marine input into the system
corresponding with the opening of the Danish Straits, which allowed inflows of marine water
into the basin. The concentration of crenarchaeol increased from the Ancylus Lake phase and
moving into the Littorina Sea phase becoming more abundant than the brGDGTs as marine
water continued to flow into the basin (Figs. 5b & ¢). The sum of the brGDGTs (ug g”' TOC)
decreased moving into the Littorina Sea phase, and since the discussion in the previous
section indicated marine in situ production increased in the brackish phase, this suggests that

the input of terrestrially derived brGDGTs lessened substantially at this time (Figs. 5a & d).

Table 3 BIT index values and ratio of (C,3+ Cys)/total n-alkanes, demonstrating the dominance of
Sphagnum plants indicating the presence of peat (Baas et al., 2000), for samples with BIT values
above 0.7 from the Arkona Basin during the Ancylus Lake phase.

Sediment  Sediment core depth Age BIT (Ca3t+ Cas)/
core (cm) (cal kyr BP) index total n-alkanes
318340 540.5 8.91 0.7 0.25
318340 599.5 10.19 0.8 0.27
318340 634.5 10.28 0.8 0.23
318310 642.5 10.20 0.9 0.32

Several ‘spikes’ in the BIT index records occur in the basins during the lower salinity
phases (Figs. 5¢ & f). In order to determine the causes of the BIT index ‘spikes’ towards
higher values in the two basin records, the concentrations of brGDGTs and crenarchaeol were
examined. The most recent BIT index ‘spike’ (c. 9.1 cal kyr BP) in the Gotland Basin record
is caused by an increase in brGDGT concentration (ug g’ TOC) and a concomitant decrease
in the crenarchaeol concentration (Figs. 5a-c). In both basins a second BIT index ‘spike’
occurs around the same time (c. 10.2 cal kyr BP in the Arkona Basin and c. 10.3 cal kyr BP in
the Gotland Basin). However, it appears that different processes are responsible for the
increase in BIT index values in each basin (Figs. 5S¢ & f). During this time in the Gotland
Basin the amount of crenarchaeol (ug g TOC) decreases relative to the sum of brGDGTs (ug
g TOC), possibly indicating a decline in marine input could be responsible for the increase
in the BIT index (Figs. 5S¢ & f). In contrast to the Gotland Basin, in the Arkona Basin the sum
of brGDGTs (ug g TOC) increases relative to crenarchaeol (ug g TOC), suggesting either a
proliferation of brGDGT-producing bacteria in the water column or sediments, or an increase
in terrigenous input (Figs. Sa-f).

Peat usually contains higher concentrations of brGDGTs than soils (Weijers et al.,

2011). In order to determine if peat erosion could have been responsible for the ‘spikes’ in the
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BIT index towards higher values c. 10.2 cal kyr BP in the Arkona Basin, four sediment
horizons from around the BIT ‘spike’ during the Ancylus Lake phase were analyzed for
specific peat markers. A previous study by Baas et al. (2000) showed that Sphagnum, an
abundant species in peat bogs, is characterized by a dominance of the C,3 or C,s n-alkanes.
Our results showed that the n-alkane distributions in all four sediments analyzed were
dominated by the C,3 and C,5 n-alkanes (average ratio of Cy3+ Cys5 compared with total -
alkanes is 0.27+0.04; Table 3) confirming the presence of Sphagnum and thus peat
contribution to the Arkona Basin sediments during the Ancylus Lake phase. However, since
the ratio of Cy3+ Cys relative to total n-alkanes does not increase with increasing BIT index
values, there is most likely not an influx of peat occurring during periods with higher BIT
index values. A study by Kaiser and Arz (2016) found that the n-alkane distribution in
sediments from the Baltic Sea indicated a contribution from peat in the northern and southern
regions. Since peat is a possible source of brGDGTs to the basin c. 10.20 cal kyr BP, this
could mean that the contribution of brGDGTs from peat during the deposition of the Ancylus
Lake phase may further complicate temperature reconstructions at that time in Arkona Basin.
A previous study demonstrated that the contribution of brGDGTs from peat leads to an
overestimation of MAT, perhaps because shifts in the distribution of brGDGTs could be
related to changing brGDGT producing communities with peat type and not solely
temperature dependent (Weijers et al., 2011), although other studies have successfully used
brGDGTs from peats for paleoclimate studies (Ballantyne et al., 2010; Zhou et al., 2011).
Since peats usually contain high concentrations of brGDGTs, the presence of peat in the
Arkona Basin is likely contributing to the higher BIT index values than in the Gotland Basin
record during the Ancylus Lake phase. However, a higher abundance of crenarchaeol in the
Gotland Basin than in the Arkona Basin occurs throughout most of the brackish phase as well
as the freshwater phase and thus contributes to the lower BIT index values in the Gotland
Basin during the Ancylus Lake phase (Figs. 5b-c¢ & e-f). The increased amount of
crenarchaeol in the Gotland Basin is perhaps surprising since the site is further from the
connection to the North Sea, however, it has been shown that in large lakes crenarchaeol can
be ubiquitous (Blaga et al., 2009; Powers et al., 2004). Since the Gotland Basin is located in
the center of the Baltic Sea, which is similar to a large lake even during its brackish phase,
perhaps a higher production of crenarchaeol in the Gotland Basin is contributing to the lower
BIT index values observed in the Gotland Basin relative to the Arkona Basin over the
Holocene (Figs. 5a-f). A study from the Black Sea, a large, stratified body of water with

anoxic bottom waters and abundant sulfide below 100 m, demonstrated that different species
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of marine Crenacrchaeota live in the suboxic zone compared with the low-sulfide conditions
at the top of the sulfidic zone and a higher concentration of crenarchaeol was biosynthesized
under low-sulfide conditions than in the suboxic zone (Coolen et al., 2007). Similarly, the
Gotland Basin is also persistently stratified with an oxic upper layer and anoxic bottom waters
and since iron-sulfide concentrations have been observed in the laminated sediments from the
Littorina Sea phase deposited during anoxic times (Suess, 1979; Sternbeck and Sohlenius,
1997; among others), perhaps a sulfidic cheomcline existed in the Gotland Basin conducive to
higher crenarchaeol production.

The increase of the BIT index in the Gotland Basin prior to the Ancylus Lake/Littorina
Sea transition appears to be caused by a higher contribution of in situ produced brGDGTs.
The changes in the BIT index and distribution of GDGTs at the transitional phases over the
Holocene demonstrate the strong impact environmental changes can have on the amounts and
provenance of brGDGTs in the Baltic Sea, which should be considered when brGDGT-based
climate reconstructions extend over varying phases, especially during transitional times, in

any region.

Conclusions

This study reveals that marked changes in GDGT distribution and the BIT index
occurred concomitantly with the re-establishment of the connection between the Baltic Sea
and the North Sea. These shifts are likely caused by variable contributions of terrestrial and in
situ GDGT sources, as indicated by the BIT index, as well as the fractional abundances and
the degree of cyclization in brGDGTs. The variable sources of brGDGTs over the Holocene
confounds their use for temperature reconstructions in the Baltic Sea. After thorough
assessment of GDGT provenance, however, MAAT estimates can still be meaningful if
appropriate calibrations are applied. Our results further beg the question whether changes in
brGDGT distribution, in turn, can be used to reconstruct environmental changes such as
freshening and saltening of a basin that occurred in a region in the past. Hence, the factors
controlling sedimentary brGDGT composition should be further investigated using suitable
sedimentary records from other regions spanning known environmental changes to further

explore this possibility.
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Abstract

The distributions of branched glycerol dialkyl glycerol tetraethers (brGDGTs), which
are transported from the soils where they are predominantly produced to marine sediments via
rivers, have been applied in reconstructing mean annual air temperatures (MAT) and pH of
soils. However, paleoclimate reconstructions using sedimentary brGDGTs have proven
difficult in arid regions including the Iberian Peninsula. Recently, six novel 6-methyl
brGDGTs have been described using new analytical methods (in addition to the nine 5-methyl
brGDGTs previously used for climate reconstructions), and so new pH and MAT calibrations
have been developed that in a set of global soil samples were shown to improve the accuracy
of reconstructions, especially in arid regions. Because of this we decided to apply the new
method to separate the 5- and 6-methyl isomers along with the novel calibrations to a sample
set from the Iberian Peninsula to determine whether it improves paleoclimate reconstructions
in this area. This set includes samples that run in a transect from source to sink along the
Tagus River and out to the deep ocean off the Portuguese margin spanning the last 6,000
years. We found that although pH reconstructions in the soils were improved using the new
calibration, MAT reconstructions were not much better even with the separation of the 5- and
6-methyl brGDGTs. This confirmed the conclusion of previous studies that the amount of
aquatically produced brGDGTs is overwhelming the soil derived ones in marine sediments
and complicating MAT reconstructions in the region. Additionally, the new separation
revealed a strong and until now unseen relationship between the new degree of cyclization
(DC’) of the brGDGTs and MAT that could be making temperature reconstructions in this

and other arid regions difficult.

1. Introduction

Understanding past climate variability is important for predicting future climate change
as well as how ecosystems, organisms and human society could be affected. The validation of
climate proxies is imperative for the correct interpretation of climate archives and therefore
also for the climate models building on these past climate data. Terrestrial environments play
an important role in global climate, however, continental climate reconstructions are hindered
by the lack of continental temperature proxies. In the future, changes in terrestrial climate are
likely to have a large impact on human society just as they had in the past (e.g. Haug et al.,
2003). Availability of trustworthy temperature data from the terrestrial environment will be

essential for the development of reliable climate models.
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The distribution of branched glycerol dialkyl glycerol tetraethers (brGDGTs, Fig. S1), a
group of membrane-spanning lipids that occur in heterotrophic bacteria (Pancost and
Sinninghe Damsté, 2003; Weijers et al., 2010) pervasive in peat (Weijers et al., 2006b) and
worldwide in soils has proven useful as a tool to obtain high resolution, continental
temperature reconstructions (Weijers et al., 2007b; Schouten et al., 2008; Bendle et al., 2010).
Branched GDGTs are biosynthesized by bacteria (Sinninghe Damsté et al., 2011; 2014) living
in soils and the distribution of brGDGTs in soils is affected by growth temperature and pH
(Weijers et al., 2006b). More specifically, the degree of methylation of the brGDGTs
(expressed as methylation of branched tetraethers index, MBT) relates to mean annual air
temperature (MAT), and to a lesser extent soil pH, whereas the degree of cyclization (DC) of
the brGDGTs (also expressed as the cyclization of branched tetraethers index, CBT)
correlates solely with soil pH (Weijers et al., 2007b). MBT has recently been amended to
become MBT’ by eliminating the brGDGTs that rarely occur in soils (Peterse et al., 2012).
These observations led to the development of a continental paleoclimate proxy based on the
distribution of brGDGTs that has been applied in paleosoils (Peterse et al., 2009; Weijers et
al., 2007b; 2011). Branched GDGTs that are produced in soils are washed by runoff into
streams and rivers where they are transported to and deposited in river sediment and in coastal
marine sediment that are under the influence of major river systems. In this way, brGDGTs
have been used as recorders of the continental paleoclimate (Weijers et al., 2007a; Bendle et
al., 2010; Hren et al., 2010; Keating-Bitonti et al., 2011).

Complications using brGDGTs as a proxy for MAT have arisen in some settings. In
marine sediments receiving a low input of soil organic matter (OM), it was found that the
distribution of brGDGTs and the reconstructed temperatures were quite different from that
observed in regional soils (Peterse et al., 2009). Peterse et al. (2012) found in arid regions
temperature is no longer an important control on the distribution of brGDGTs and therefore
MAT reconstructions in these areas should be interpreted with care. In the Iberian Peninsula,
Menges et al. (2014) found that MBT’ was not correlated to MAT but instead correlated with
the aridity index (Al), a parameter for water availability in soils, and mean annual
precipitation (MAP). In drainage basins with varying soil sources that had different MATs
(i.e. mountainous vs. lowland), it was found that the provenance of the soil matter must be
considered when interpreting MAT reconstructions (Bendle et al., 2010). In-situ production of
brGDGTs can occur within the river systems (Yang et al., 2012; Zell et al., 2013, De Jonge et
al., 2014b) and cause brGDGT distributions and MAT reconstructions that differ from those

in the soils of the source area. These complications make it vital to investigate how varying
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environmental conditions, the transport of these terrestrially derived fossilized lipids, and in-
situ production affect the implementation of brGDGTs for paleoclimate reconstructions.

Recently a set of six new brGDGT isomers that differ in the position of the methyl
groups were identified and described (De Jonge et al., 2013). The relative abundance of these
novel, 6-methyl brGDGTs are strongly dependent on pH and so by excluding them from the
MBT’ index (newly defined as MBT’sug) the correlation with MAT is improved (De Jonge et
al., 2014a). The CBT index was also redefined in this study, as CBT’, to include all of the pH
dependent 6-methyl brGDGTs and consequently yielded a higher correlation with soil pH as a
result (De Jonge et al., 2014a). De Jonge et al. (2014a) also developed, based on a dataset of
globally distributed soils, a new pH calibration taking into account the new CBT’ as well as
new MAT calibrations, defined as MAT,,,, and MAT . In a global soil set they were shown
to improve the accuracy of reconstructions, especially in arid regions. These indices and
calibrations were applied in a coastal sediment core in the Northern Kara Sea off Siberia in a
study emphasizing the importance of examining the provenance of brGDGTs when using
these lipids for paleoclimate reconstructions (De Jonge et al., 2015).

A comprehensive study has been previously performed on the present day transport of
brGDGTs in the Tagus River basin from source to sink (Zell et al., 2014). The results from
this study demonstrated that the distribution of brGDGTs in the riverine suspended particulate
matter (SPM) did not reflect that of the soils, implying that due to the aquatic production in
river and marine environments the use of brGDGTs for paleoclimate reconstructions in the
region would be complicated (Zell et al., 2014; 2015). Here we examine if the assessment of
the provenance of brGDGTs in the Tagus River basin can be improved by the application of
the analytical methods allowing the separation of the 5- and 6-methyl brGDGTs (De Jonge et
al., 2013). In addition, we examine if the provenance of brGDGTs changed over the Holocene
and if the distribution of brGDGTs in the past reflected continental sources and thus past
temperature and pH of the soils in the drainage basin of the river. To this end we compare the
down core brGDGT distributions in Holocene sediments retrieved from four locations along a
transect in the Tagus River basin, which includes the river floodplain (Tagus River Floodplain
core), the offshore mudbelt (Mudbelt core), and marine sediments from the canyons (Lisbon
Canyon Head core and Lower-Sétubal canyon core) (Fig. 1), and compare them to brGDGT
distributions of soil and river SPM from the Tagus River watershed. This allows insight into
the potential and limitations of using the novel MAT/CBT’ proxies for climate

reconstruction in this region and in river systems in general.
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Fig. 1 The location of the study area on the Iberian Peninsula with the stations where the four
sediment cores were sampled (indicated by black squares) along a transect from the Tagus River to
off the Portuguese continental margin as well as the river SPM sampling site (indicated by a white
diamond), riverbank sediment sampling sites (indicated by red circles), and soil sampling sites
(indicated by black circles). The River SPM, riverbank sediments and soil samples were all collected
for a previous study. Digital elevation data from Jarvis et al. (2006) and bathymetry from IOC-IHO-

BODC (2003).

1.1 Study Area

The Tagus River drains the central part of the Spanish Plateau with an E-W orientation

(Benito et al., 2003). The waters originate at an elevation of about 1600 m altitude in eastern

Spain at the Iberian Range and the mouth of the river feeds into the Atlantic Ocean near

Lisbon (Vis and Kasse, 2009). At 1,200 km long the Tagus River is the longest river of the

Iberian Peninsula and it occupies 82 x 10° km® making it the third largest in catchment area

(Benito et al., 2003). The Tagus Basin is surrounded by mountains on three sides with the

Iberian Range to the east, the Central Range to the north, and the Toledo Mountains to the

south. Present-day mean discharge at the Tagus River mouth is 400 m® s™ (Vale and Catarino,

1996; Vaz et al., 2011) and the largest contribution of draining tributaries comes from the
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Central Range in the North (Benito et al., 2003). The Tagus River is characterized by extreme
seasonal and annual variability, including periods of flooding with 30 times the mean
discharge and an annual discharge cycle characterized by two peaks in the winter (December
and then again February to March) and a discharge minimum in the summer (August) (Benito
et al., 2003). Since the 1940s dams have been built along the expanse of the Tagus River for
water supply, hydropower, and flood prevention (Dias et al., 2002), which have likely
impacted the transport of brGDGTs in the Tagus River system since their construction.

Where the Tagus River debouches into the Atlantic Ocean, the narrow continental shelf
and steep continental slope are deeply incised by the Lisbon-Setiibal canyon system. The head
of the Lisbon branch of that canyon system is located 13 km offshore from the Tagus River
mouth at 120 m water depth. From that point, the canyon descends over a length of 165 km
until it opens out onto the Tagus Abyssal Plain at 4860 m (Lastras et al., 2009). Even though
the shelf is very narrow, sparse amounts of continental organic matter and clastic sediment
reach the deep ocean in this region (Jouanneau et al., 1998; de Stigter et al., 2011; Vis et al,,
in press). This is because the Lisbon-Setubal canyon is not a very dynamic system and has a
weak down-canyon transport of sediments (Jouanneau et al., 1998; Jesus et al., 2010; de
Stigter et al., 2011). A part of the continental shelf in this region is covered by mud deposits,
which originate predominantly from the Tagus estuary (Jouanneau et al., 1998). According to
this same study, the mouth of the much smaller Sado River is located further to the southeast
and contributes only a relatively minor sediments volume to the shelf mud deposits.

Generally, the climate of the Tagus River Basin is characterized by seasonal variability
and is considered continental Mediterranean (Le Pera and Arribas, 2004). Summers in the
Tagus region are hot and dry and the winters are relatively mild and wet (Benito et al., 2003).
During the summers, the climate regime in the Tagus Basin is controlled by the Azores high
and in the winter by the westerlies (Benito et al., 2003). The MAT in the interior regions of
the Tagus River basin varies from the highlands to the lowlands of the inner basin from 7.5 to
12.5°C, respectively and can increase up to 16°C along the Atlantic Coast (Le Pera and
Arribas, 2004). The mean annual precipitation in the lowlands of the inner basin is mostly
below 500 mm making it an arid region, however, some of the highest altitudes of the
mountainous areas have a larger mean annual precipitation ranging from 750-1200 mm (Le
Pera and Arribas, 2004).

The Iberian Peninsula is located between two major pressure systems, the Azores High
and the Iceland Low, which make up the North Atlantic Oscillation (NAO). This climate

phenomenon is caused by the varying pressure gradient in the North Atlantic and greatly
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influences climate conditions all over Europe (Hurrell, 1995; Hurrell and VanLoon, 1997).
Because of the Iberian Peninsula’s advantageous position for studying the shifting NAO, the
climate in this region has been intensively investigated (Zorita et al., 1992; Rodo et al., 1997;
Trigo et al.,, 2004). Many of these studies are from an oceanic perspective, obtaining sea
surface temperatures from marine sediments using the alkenone unsaturation indices
(Abrantes et al., 2005, 2009; Rodrigues et al., 2009), coccolithophore assemblages (Cachao
and Moita, 2000; Palumbo et al, 2013), and stable isotopic oxygen composition of
foraminifera (Lebreiro et al., 2006 ; Bartels-Jonsdottir et al., 2006; 2009). The terrestrial
climate has been examined using continental paleoarchives such as speleothems (Munoz-
Garcia et al., 2007; Martin-Chivelet et al., 2011; Stoll et al., 2013), tree rings (Andreu et al.,
2007; Linan et al., 2012), and pollen (Huntley and Prentice, 1988; Lebreiro et al., 2006; Davis
et al., 2003; Fletcher et al., 2007; Corella et al., 2013). The integrated continental and marine
approach can give complimentary information to past climate in a region and by using the
same proxy on the continent, in the ocean, and at the ocean-continent interface we would
perhaps obtain a clearer picture of continental climate processes in an area rather than using

separate studies or a multi-proxy approach.

2. Material and Methods

Sample collection. Soil samples, riverbank sediment samples, and river SPM from the Tagus
River basin (Fig. 1b) were collected previously (Zell et al., 2014). These samples were
complemented with four long sediment cores collected along a transect running from the
Tagus River to the lower continental slope (Fig. 1). The Tagus River Floodplain core
(0501.029) was collected in a low-energy backswamp of the present-day floodplain of the river
at ~4 km west of the Tagus channel (Table 1). The sediment was collected using an Edelman
hand auger for sediment above the groundwater table and a gauge for sediment below the
groundwater table (Vis et al., 2008). The sediments were wrapped in the field for laboratory
analyses. The other three cores were collected using a piston corer, during campaigns in May
2007 and March 2011 with RV Pelagia conducted by the NIOZ - Royal Netherlands Institute
for Sea Research. The coring site for the Mudbelt core (64PE332-30-2) was to the west of the
Tagus Estuary mouth, for the Lisbon Canyon Head core (64PE332-44-2) it was to the east of
the Tagus Estuary mouth, and for the Lower Setibal Canyon core (64PE269-39) it was on the

crest of the northern levee of the lower Setubal Canyon (Table 1).
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Table 1 Stations, sediment core names, locations of sampling and water depth for each sediment core
used in this study.

Station Core name Latitude [N] Longitude [W] Wate[;l(]iepth

Tagus ijer (o] 1 n [e] 1 n

0501.029 . 39° 23' 07.80 08° 31' 55.56 0
Floodplain

64PE332-30-2 Tagus Mudbelt 38° 39' 02.20” 09° 28' 07.68" 82

64PE332-44-2  Lisbon Canyon Head  38° 30'20.19" 09° 15' 04.87" 259

64PE269-39-4 Lower Setiibal 38° 13' 12.00" 10° 10' 00.00" 4217

Canyon

Age models. The accelerated mass spectrometry (AMS) '*C measurements of the three
marine sediment cores were carried out at the BETA analytic laboratory (USA) on benthic or
planktonic forams, gastropods or shells fragments (Table 2). As for the Tagus River
Floodplain core, the radiocarbon dating material was performed for a previous study and
consisted of mostly terrestrial botanical macrofossils, but other bulk material was used as well
(Vis et al., 2008). In order to establish consistent chronologies for the four sediment cores, all
the AMS dates were calibrated into calendar ages using the CALIB 7.0, available at

http://radiocarbon.pa.qub.ac.uk/calib (Stuiver et al., 1998). For the three marine sediment

cores, Marinel3 was used for calibration data and curve selection, and Int-Call3 was used for
the Tagus River Floodplain core (Reimer et al., 2013). All radiocarbon dates mentioned have

age spans at the 20 range and are expressed as calibrated ages (cal. BP) (Table 2, Fig. S2).

Bulk isotope data Prior to bulk carbon isotope analysis, sediment was decalcified using a 2 N
HCL solution for approximately 18 h. The sediment was rinsed three times using double-
distilled water and then freeze dried again. Total organic carbon (TOC) and 8" Croc (Table 3)
were measured in duplicate using the Flash 2000 series Organic Elemental Analyzer (Thermo
Scientific) equipped with a TCD detector. The 8'°Croc is expressed in relation to the Vienna

PeeDee Belemnite (VPDB) standard and the isotope analysis precision was 0.1%o.

Lipid extraction and GDGT analysis. Between 1-3 g of freeze dried sediment was extracted
using the Dionex ™ accelerated solvent extraction (ASE) with dilchloromethane
(DCM):methanol (9:1, v/v) as the solvent at a temperature of 100°C and a pressure of 1500
psi for 5 min with 60 % flush and purge 60 seconds. The extract was then collected and dried
using Caliper Turbovap®LV. Next, using DCM, the lipid extract was dried over a column of
anhydrous Na;SO4 and then blown down under a gentle stream of N». In order to quantify

GDGTs, 1 pg of an internal standard (C4¢ GDGT; Huguet et al., 2006) was added to the total
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lipid extract before it was separated over a column of Al,Oj3 (activated for 2 h at 150°C) into
three fractions using hexane:DCM (9:1, v:v) for the apolar fraction, hexane:DCM (1:1, v:v)
for the ketone fraction and DCM:MeOH (1:1, v:v) for the polar fraction. The polar fraction,
which contained the GDGTs, was dried under a N, stream and then re-dissolved in
hexane:isopropoanol (99:1, v:v) at a concentration 10 mg ml”. Finally it was passed through a
0.45 um PTFE filter and analysed with high performance liquid chromatography-atmospheric
pressure positive ion chemical ionization—mass spectrometry (HPLC-APCI-MS) with a
separation method that allows the separation of 5- and 6-methyl brGDGTs (Hopmans et al.,
2015). For the study of Zell et al., (2014) the samples were split into two different fractions
before the analysis, the intact polar lipid (IPL) fraction and core lipid (CL) fractions. For the
purposes of this study the IPL and CL fractions of the river SPM were analyzed separately on
the HPLC-APCI-MS for GDGTs (Hopmans et al., 2015) and then the amount of GDGTs
found in the CL and IPL fractions were combined. After analysis some of the GDGT based

indices were recalculated for the entire sample set.

Calculation of GDGT-based proxies. The Roman numerals used to calculate the following
GDGT-based proxies refer to the GDGTs indicated in Fig. S1. The 5-methyl brGDGTs and
6-methyl brGDGTs are distinguished by an accent on the 6-methyl brGDGTs. The GDGT
indicated by IV is crenarchaeol, the isoprenoid GDGT specific to Thaumarchaeota (Sinninghe
Damsté et al., 2002). The BIT index (Hopmans et al., 2003), which results in a value between
0 and 1 with those values closer to 0 designating a more marine signal and a value close to 1
indicating a more terrestrial signal, was calculated using the following formulae that

specifically includes the novel 6-methyl brGDGTs according to De Jonge et al. (2015):

BIT index = (Ia+ITa+1ITa+1Ia’+1Ia’)/(Ia+1Ta+11la+Ta’+11a’+1V) (1)

The isomer ratio (IR) signifies the quantity of the penta- and hexamethylated 6-Me brGDGTs
compared to the total brGDGTs and was calculated according to De Jonge et al., (2015):

TR=(ITa’+IIb’+1c’+ITTa’+IIIb’+IIc")/(Ia+1Tb+IIc-+Ta+TITb+TTc+Ta +ITb +Ic +ITa +ITTb +
IIc’) 2)

The relative abundance of the penta- and hexamethylated 6-methyl brGDGTs are calculated
according to (De Jonge et al., 2014b):
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IR = ITa’/(ITa+1Ta’) 3)
IRy = ITTa’/(11Ta+I11a’) 4)

The MBT’spe (Which excludes the 6-methyl brGDGTs) was used to calculate MAT according
to De Jonge et al., (2014a):

MBT’sme = (Ia+Ib+Ic)/(Iat+Ib+IctIla+1Ib+1Ic+I1Ia) (5)
MAT =-8.57 +31.45* MBT suc (6)

The equation to determine DC (Sinninghe Damsté et al., 2009) was reformulated to

specifically include the pentamethylated 6-methyl brGDGTs:

DC’ = (Ib+HIb+IIb*)/(Ta+Ib+Ta+1Tb+Ta +IIb") (7)

To calculate pH and MAT the novel MAT,,,, /CBT" calibration was used (De Jonge et al.,
2014a):

CBT’ = "log[(Ic+Ia’+1Ib’+Ic +a’+I1Ib’+Ic’)/(la+1la+111a)] (8)
pH=7.15+1.59 * CBT’ 9)
MAT = 7.17 + 17.1 * [Ia] + 25.9 * [Ib] + 34.4 * [Ic] - 28.6 * [IIa] (10)
MAT 1 = 5.58 + 17.91 * [Ia] — 18.77* [Ila] (11)

Statistical analysis. Using R software package for statistical analysis we employed principal
component analysis (PCA) based on the correlation matrix. The PCA was performed on the
fractional abundances of all 15 of the 5- and 6-methyl brGDGTs for the entire sample set

along the transect from the land to the ocean.

3. Results

We report bulk and brGDGT data for four cores covering Holocene sedimentation in the
Tagus River Basin and its outflow into the Atlantic. We compare these data with new results
acquired through an improved LC method able to distinguish between the 5- and 6-methyl
brGDGTs (De Jonge et al., 2013) on the soils, riverbank sediments, and SPM samples
previously obtained by Zell et al., (2014).
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3.1 Bulk parameters of the sediments

The age-depth models for the marine sediment cores (Fig. S2, Table 1) are based on
radiocarbon dating of picked foraminifera, gastropods, and shell fragments. The data show
that of the four sediment cores from the transect the Tagus River Floodplain sediments date to
6.7 cal. kyrs. BP, the Mudbelt sediments date to 5.8 cal. kyrs. BP, the Lisbon Canyon Head
sediments date to 8.7 cal. kyrs. BP, and the Lower Setibal Canyon penetrated the oldest strata
(13.0 cal. kyrs. BP). Reported values for sediments from each location were averaged over the
interval 0-6.0 cal. kyrs. BP, so as to avoid a bias in the data since not all of the sediment cores
covered more than 6.0 kyrs.

The bulk carbon isotope data for the Tagus River SPM, riverbank sediments, and soils
has been previously discussed in Zell et al., (2014). The TOC values for the Tagus River
Floodplain sediments are relatively high and also highly variable with a range of 1.5-16 wt. %
and a mean of 6.5+4.3 wt. % (average + standard deviation) and the mean 813CTOC was -
27.0£1.0 %o (Fig. 2; Table 3). In the Mudbelt sediments the TOC is less variable than in the
Tagus River Floodplain sediments, ranging from 0.6-1.2 wt. % and with an average of
0.9+0.2 wt. % (Fig. 2; Table 3). The average 5"°Croc in the Mudbelt sediments, -24.3+0.2 %o,
is higher than in the Tagus River Floodplain sediments. The average 8'’Croc of the Lisbon
Canyon Head sediments, -23.040.6 %o, is higher than the Mudbelt sediments and the TOC
content is similar to that of the Mudbelt sediments, ranging from 0.25-1.5 wt. % with the
mean of 0.9+0.3 wt. % (Fig. 2; Table 3). The average 83 Croc values in the Lower Settibal
Canyon sediments (-23.4+1.5%o) are similar to those of the Lisbon Canyon Head sediments
with a TOC content ranging from 0.51-0.85 wt. % with a mean value of 0.65+0.14 wt. % (Fig.
2; Table 3).

3.2 Concentrations and distributions of GDGTs

Tagus Soils and Riverbank Sediments. The average concentration of crenarchaeol is
higher in the riverbank sediments (~8.7+7.8 pg gOC™) than in the soils (~1.4+1.1 pg gOC™)
(Fig. 3a-b; Table 3). The same trend is true for the brGDGTs with the average concentration
being higher in the riverbank sediments (~33.9+24.5 pg gOC™) than the soils (~6.8+6.5 pg
gOC™) (Fig. 3a-b; Table 3). The values of the BIT index were similar to those previously
reported (Zell et al., 2014) for both the soils and riverbank sediments and ranged from 0.3 to
1.0 with an average of 0.7+0.2 (Fig. 3c; Table 3). The re-analysis of the brGDGTs in the soils
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Fig. 2 Boxplots of (a) 8" Croc (%o) of the organic carbon and (b) TOC (wt. %) for each sample set
along the Tagus River source to sink transect. The increasing 8"*Croc values in the sediment core
locations with increasing distance from the coast indicates that more of the organic carbon in these
sediments is marine derived.
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Fig. 3 Boxplots of (a) crenarchaeol concentrations (ug gOC™), (b) sum of brGDGTs (ug gOC™), (c)
BIT index, (d) DC’, (e) IR, (f) MBT sy, for each sample set in the transect from the land to the ocean
off the Portuguese coast.

reveals that the relative abundance of the novel 6-methyl brGDGTs is highly variable (ranging
from 0.13-0.92) and can be quite high; the average values for the IR are 0.6+0.3 (Fig. 3e;
Table 3). IR is even higher but less variable for the riverbank sediments with an average of
0.7+0.1 (Fig. 3e; Table 3). In general the penta- and hexamethylated brGDGTs show the same
ratio of 5- and 6-methyl isomers (Fig. 4), however, in soils from an altitude of >350 m the 6-
methyl brGDGTs are especially dominant (Fig. S3). Values for the new MBT s, index,
which excludes the 6-methyl brGDGTs (cf. De Jonge et al., 2014a), of the soils and riverbank
sediments are quite similar with an average of 0.5+0.1 in both cases (Fig. 3f; Table 3). The
DC’ ratio deviates between the soils and the riverbank sediments (Fig. 3d; Table 3). The DC’
for the soils is highly variable but on average low (0.2+0.1); for the riverbank sediments it is

higher with an average of 0.4+0.1 (Fig. 3d; Table 3).
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Fig. 4 Isomer ratio for the non-cyclized pentamethylated brGDGT (IRy) plotted against that of the non-
cyclized hexamethylated brGDGT (IRyy).

Tagus River SPM. The SPM was obtained from the Tagus Estuary near the mouth of
the Tagus River once a month over the course of a year (excluding the month of August).
Data from the Tagus River SPM showed that the summed brGDGT and crenarchaeol
concentrations in the river SPM varied throughout the year and were on average 45+23 nug
gOC™, and 9.8+6.8 pg OC™', (Figs. 3a-b; Table 3), respectively, resulting in only small
variations in the BIT index (i.e. 0.8+0.1; Fig. 3¢; Table 3). The distribution of brGDGTs (Fig.
5¢) was relatively constant throughout the year as is evident from the values for MBT spe

(0.5+0.0), DC’ (0.34£0.0), and IR (0.6+0.0) for the river SPM (Figs. 3d-f; Table 3).
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Tagus River Floodplain sediments. The average crenarchaeol concentration is fairly
low in the Tagus River Floodplain sediments, 2.8+1.7 pg gOC™, conversely, the average sum
of the brGDGTs in the sediments, 70+26 pg gOC™, is the largest out of the entire transect
(Figs. 3a-b; Table 3). The BIT index is fairly high and constant throughout the sediment core
with an average value of 0.9+0.0 (Fig. 3¢; Table 3). The distribution of brGDGTs (Fig. 5d) is
somewhat similar to that of the riverine SPM (Fig. 5¢) and shows no major changes over the
Holocene. The Tagus River Floodplain sediments has the lowest average values for MBT sy,
0.4+0.1, and IR, 0.4+0.0, of all the sediment records in the transect (Figs. 3e-f). The mean
DC’ throughout the sediments in this sample set is 0.4+0.1 (Fig. 3d; Table 3).

Mudbelt sediments. The average concentration of the brGDGTs in the mudbelt
sediments, 25+14 pg gOC™, is lower than in the Tagus River Floodplain sediments, however,
the concentration of crenarchaeol, 170+50 pug gOC’, is higher in the Mudbelt sediments
(Figs. 3a-b; Table 3). This results in a lower mean value of the BIT index (i.e. 0.09+0.03; Fig.
3c; Table 3). The brGDGT distribution is relatively constant over the Holocene and is fairly
similar to that of the Tagus River floodplain sediments with slightly higher fractional
abundances of la and Illa’ (cf. Figs. 5d-e; Table 3). The average value of the MBT sy
(0.5+0.0) is similar to the Tagus River SPM value (Fig. 3f). The average value of the DC’ is
0.3+0.1 and the mean value of the IR is 0.5+0.0 (Figs. 3d-e; Table 3).

Lisbon Canyon Head sediments. The average sum of the brGDGTs, 31+9.3 pg g OC™,
is about the same in the Lisbon Canyon Head sediments as in the Mudbelt sediments but the
amount of crenarchaeol, 390+130 pg gOC™, is larger in the Lisbon Canyon Head sediments
(Figs. 3a-b; Table 3). This results in lower BIT index values (0.05+0.02) than in the Mudbelt
sediments (Fig. 3c; Table 3). The average brGDGT distribution (Fig. 5f) is fairly similar to
that of the Tagus Floodplain and Mudbelt sediments and is relatively constant over the
Holocene. The average of the MBT sy, (0.5+0.0) is statistically identical to that in the
Mudbelt sediments (Fig. 3f; Table 3). However, the average IR, 0.6+0.0, and DC’, 0.4+0.0,
are both a bit higher (Figs. 3d-e; Table 3).

Lower Setubal Canyon sediments. The concentrations of the brGDGTs in these most
distal sediments are quite low, on average 16+5.5 pg OC™ (Fig. 3a; Table 3), while the
amount of crenarchaeol in this sediment core is the highest out of the entire transect at
4704200 pg gOC™ (Fig. 3b; Table 3). This results in a low average BIT index value of
0.02+0.01 (Fig. 3c; Table 3). The average distribution of brGDGTs in these sediments (Fig.
5g) is different from the marine sediments from the other two sites, with a higher fractional

abundance of I1la’. However, another component with the same molecular ion eluted at
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around the same time as I11a’ in the Lower Setubal Canyon sediments (which we determined
was not the “mixed 5,6-dimethyl isomer”; cf. Weber et al., 2015), complicating integration
and quantification. This indicates that the brGDGT results from these sediments must be
interpreted with some caution. The average MBT sy (0.620.1) and DC’ (0.4+0.1) are fairly
similar to the Lisbon Canyon Head sediments averages but the average IR (0.7+0.0) is the
highest of all sediments (Figs. 3d-f; Table 3).

3.3 PCA

In order to determine the variation in the distribution of brGDGTs, we performed
principal component analysis (PCA) on the distributions of brGDGTs of all the samples
examined. Most variation is explained by principal component 1 (PC1; 29.8 %) and is clearly
related to the fractional abundance of the 5-methyl versus 6-methyl brGDGTs (Fig. 6a). With
the exception of Illc (which is typically a minor brGDGT with a fractional abundance of <1
%; Fig. 5), all of the 5-methyl brGDGTs score positively on PC1 and the 6-methyl brGDGTs
score negatively. For the overall data set, PC1 is highly negatively correlated with the IR ratio
(Fig. 7a, R>=0.78). PC2 explains 25.6 % of the variance of the PCA. Branched GDGTs that
score positively on PC2 are generally comprised of cyclized and more methylated brGDGTs
(Fig. 6a). With the exception of IIIc (which is typically a minor brGDGT with a fractional
abundance of <I %; Fig. 4), all of the tetra- and penta-methylated brGDGTs containing no
cyclopentane moiety (i.e. Ia, Ila, and I1a’) score negatively on PC2. Consequently, PC2 is

highly positively correlated with DC’ for the whole data set (Fig. 7b, R*=0.84).

4. Discussion
4.1 Environmental parameters affecting brGDGT distribution in Tagus soils

Evident from the earlier study by Zell et al. (2014) was that the distribution of the
brGDGTs in Tagus soils varies widely. The primary environmental parameters influencing
brGDGT distributions in soil (Weijers et al., 2006b), i.e. MAT and pH, did differ substantially
in the Tagus River basin. MAT varies from 10-17°C and pH from 5.5-8.6 (Zell et al., 2014)
and both parameters show a distinct correlation with altitude (R*=0.93 and 0.73, respectively).
Applying the brGDGT global soil calibration of Peterse et al. (2012), Zell et al. (2014) arrived
at unrealistically low (0-10°C) estimated MATSs using the brGDGT distributions. This was
attributed to the arid conditions in the region (MAP<800 mm yr™'), which has in other studies,
including one that analyzed soils from the Iberian peninsula, been indicated as a likely cause

for the discrepancy between actual and reconstructed MAT using brGDGT distributions
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(Peterse et al., 2012; Dirghangi et al., 2013; Menges et al., 2014). Our re-analysis of the soils
taking into account the novel 6-methyl brGDGTs now provides the possibility to re-evaluate
these data. It is clear that the fractional abundances of the novel 6-methyl brGDGTs vary to a
large extent. The IRy and IRy vary from 0.1 to 0.9 (Fig. 4) and some of the soils score very
negatively on PCI1 (Fig. 6b), which is predominantly determined by the fractional abundance
of the 6-methyl brGDGTs. From the global soil brGDGT dataset (De Jonge et al., 2014a) it
was evident that the main factor influencing the fractional abundance of the 6-methyl
brGDGTs is soil pH with an increased abundance in high pH soils. In the Tagus River basin
soil pH indeed shows a large variation, i.e. from 5.5 to 8.6, and this likely explains the large
variation in IR. When we calculate the pH from the brGDGT distribution using the new
equation (9) of De Jonge et al. (2014a), which is based predominantly on the fractional
abundances of 6-methyl brGDGTs, we find a highly significant correlation between measured
and reconstructed pH (R*=0.89) following the 1:1 line (Fig. 8a). Differences in soil pH also
affect the degree of cyclization of brGDGTs (Weijers et al., 2007b; De Jonge et al., 2014b)
and indeed we find a significant positive correlation between DC” and soil pH (R*=0.74). The
effect of MAT is not clearly revealed in the dataset. For the global soil brGDGT dataset a
strong relationship exists between MAT and MBT sy (De Jonge et al., 2014a). Although we
observe substantial variation for MBT sy in soils (i.e. 0.3-0.7; Fig. 3f) for this dataset, we do
not observe a statistically significant relationship of MAT with MBT sye. Also, reconstructed
MATs are far too low, i.e. 0.5-13°C using equation (6) and 2.6—11°C using equation (10).
Evidently, the “cold bias” of the brGDGT distributions in the soils of the Tagus river basin
(Zell et al., 2014) is not solved when 5- and 6-methyl brGDGTs are individually quantified.

Previously it was postulated that in this region aquatic in-situ production and arid
conditions are complicating the use of brGDGTs for climate reconstructions (Menges et al.,
2014; Zell et al., 2014). Within the soil sample set a strong negative relationship exists
between the DC’ and the measured MAT in the Tagus basin (R*=0.79), whereas the degree of
cyclization up until this point has only been reported to be related to pH and not to MAT
(Weijers et al., 2007a). Conversely, though, the MAT s reconstructed values for the soils
have a positive correlation with DC’ (R*=0.51) and it is lower than with the measured MAT.
Although at this point we are unsure if this association occurs in other arid areas as well, we
do believe this strong relationship between the DC’ and the MAT could be affecting the

applicability of brGDGTs for temperature reconstructions in this region.
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4.2 Provenance of brGDGTs in the Tagus River and its outflow

The application of brGDGTs in marine sediments influenced by river outflows for
reconstruction of the continental paleoclimate (e.g. Weijers et al., 2006b) rests on the premise
that the distribution of the brGDGTs produced in the soils must be conserved throughout
riverine transport to the sediments where they are archived. Therefore, we compare brGDGT
distributions and concentrations from the rest of the sample set in the source-to-sink transect
to determine if the soil signal is conserved during transport in the Tagus River basin. The
PCA results (Fig. 6b) indicate that for the most part the distribution of brGDGTs from the
river SPM and sediments along the transect is not similar to those from the soils or the Tagus
Watershed. Sediments from three of the sample sets in the transect, the Tagus River
Floodplain sediments, the Mudbelt sediments and the Lisbon Canyon Head sediments, all plot
differently from the soils, and although the distributions of the Lower Setiibal Canyon
sediments and the Tagus River SPM plot closer, there is still an offset from the soils. The The
Tagus riverbank sediments plot the most closely to the soil samples in the Tagus River basin,
however, again a slight offset still exists. So, even without considering the effects of
environmental parameters on brGDGT distributions, we can already conclude that the
brGDGTs in the sediments and river SPM only reflect the distribution of brGDGTs in the
Tagus soils by a minor extent and, thus, it is unlikely that Tagus soils are a major source for
brGDGTs in the marine sediments.

Using PCA (Fig. 6) we tried to determine what factors are causing the variation in the
distribution of brGDGTs in the Tagus River basin. PC1 is primarily related to the
predominance of 5-methyl versus 6-methyl brGDGTs (Fig. 6a) and thus pH (cf. De Jonge et
al., 2014a). This was confirmed for the soils in the Tagus basin where the calculated pH based
on the fractional abundance of predominantly 6-methyl brGDGTs shows good agreement with
the measured pH (see Sect. 4.1). De Jonge et al. (2014b) showed that in the SPM of the
alkaline waters of the river Yenisei 6-methyl brGDGTs also predominate, indicating that pH
in all kinds of environmental settings determines the ratio between 5 and 6-methyl brGDGTs.
The Tagus riverbank sediments, river SPM and the Lower Setubal Canyon sediments score
mostly negatively on PC1 as do soils from higher altitudes (>350 m) (Fig. 6b). The Mudbelt
sediments, Lisbon Canyon Head sediments, the Tagus River Floodplain sediments, and the
lower altitude soils (<350 m) have similar abundances of the 5- and 6-methyl brGDGTs or
higher abundances of the 5-methyl brGDGTs and plot mostly positively on PC1. Since the
Tagus River Floodplain sediments, the Mudbelt sediments, and the Lisbon Canyon Head
sediments do not have a predominance of 6-methyl brGDGTs, this indicates that either they
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received an equal contribution of soil derived organic matter from the lower altitude soils in
the region (<350 m) as from the higher altitude region (>350m) or, more likely, that in-situ
production of brGDGTs is a large source of brGDGTs in these sample sets.

8

PC1

IR

PC2

DC'

Fig. 7 Scatter plots of (a) PC1 against the IR (R>=0.78) and (b) PC2 against DC’ (R*=0.84) for the
entire set of samples used in this study.
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PC2 also explains a substantial part of the variance in the dataset (25.6 %, Fig. 6b) and
is correlated with DC” (R*=0.84, n=109, Fig. 7b). Since pH is also the main driver of DC’
(Weijers et al., 2007b), it suggests that differences in pH are also responsible for the variance
seen in PC2. The samples that standout are the sediments from the Lower Setubal Canyon
core, which are the most marine sediments in the sample set, and plot most positively, and the
lowest altitude soils (28-344 m), which plot the most negatively. These latter soils are
characterized by a low measured pH. The oldest (11.6-13.0 kys BP) sediments of the Lower
Setibal Canyon score most positively on PC2. A high degree of cyclization of brGDGTs has
been observed previously in marine sediments from a Svalbard fjord and attributed to marine
in-situ production in the alkaline pore waters of marine sediments (Peterse et al., 2009;
Weijers et al, 2014). Re-analysis of the Svalbard sediments for brGDGTs actually showed that
this cyclization affects the tetra- and pentamethylated brGDGTs to a much larger extent than
that of the hexamethylated brGDGTs (Sinninghe Damsté, 2016) and the same observation can
be made for the sediments of the Lower Setibal Canyon (Fig. 5g). Evidently, the high degree
of cyclization of brGDGTs as a response to pH is not as clearly seen in the soils since the high
altitude, high pH soils from the Tagus watershed (Fig. S3¢) do not exhibit the pattern (i.e.
fractional abundance of IIb’ larger than that of [1a”) observed in the Lower Setubal Canyon
sediments (Fig. 5g). This pattern is, to a lesser degree, also seen in the sediments of the
Lisbon Canyon Head core (Fig. 5f). As mentioned earlier, the Lower Setiibal Canyon
sediments also display a predominance of 6-methyl brGDGTs over the 5-methyl counterparts,
especially with regards to the hexamethylated brGDGTs. In the Lower Setubal Canyon
sediments IIIa’ is by far the most abundant brGDGT, consisting of 29 % of the entire
brGDGT pool (Fig. 5g). This is comparable to Svalbard sediments (Sinninghe Damsté, 2016)
where IIIa’ is also the most abundant brGDGT. Taken together this clearly indicates the
influence of in-situ production in the Lower Setiibal Canyon sediments. However, the degree
of cyclization for Ia-c and Ila-c is not as high as observed for the Svalbard sediments, which
still suggests some allochthonous input of brGDGTs even in these remote marine sediments.

Another way to determine if in-situ production is a factor affecting the brGDGT
distribution in aquatic environments is by the calculation of reconstructed pH values. If in-situ
production is heavily contributing to the brGDGT pool, then the reconstructed pH values
should reflect that of the aquatic environment in which they were produced. The average
reconstructed pH of the sample sets in the transect are relatively high with a clear trend to
higher values with increasing distance from the river mouth (Fig. 9a), which would be in line

with increased in situ production of brGDGTs in the alkaline pore waters of marine
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sediments. However, these values are still within the range of the measured (5.5-8.5) and
reconstructed (Fig. 9a) pH of the soils and so this does not prove in-situ production as a major
contributor of brGDGTs in these sample sets. Conversely, the newly calculated DC’, also a
reflection of pH, is quite variable throughout the sample sets in the transect except for in the
river SPM where it is fairly constant (Fig. 3d; Table 3). Since the DC’ is lowest in the soils
(0.240.1) and then higher in the rest of the samples in the transect (0.3-0.4), this suggests in-
situ production is an issue (cf. Zell et al., 2014) in all of the sample sets (Fig. 3d; Table 3).
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Fig. 9 Boxplots of all the sample sets within the transect from the land to the deep ocean off the
Portuguese coast for (a) reconstructed pH, (b) MAT s (°C) and (c) MAT,,; (°C). Red dotted line
indicates estimated present day MAT for the Tagus River basin (14.6°C).
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4.3 Branched GDGTs as indicators of terrestrial OM transport by the Tagus River

Classically, the assessment of the contribution of terrestrial OM to marine sediments is
performed by measuring 8'°Croc (Hedges and Oades, 1997 and references cited therein). In
the earlier study of the Tagus River system, Zell et al. (2014) determined that the average
8" Croc of the riverine SPM (~-29 £0.8%o), like the Tagus soils, are consistent with a
predominant Cs higher plants origin (Fry and Sherr, 1984). Additionally, this study found the
8"*Croc in marine surface sediments off the Portuguese coast in front of the Tagus River
increase with increasing distance offshore by an increased contribution of '*C-enriched
marine OM. This trend is also evident for the Holocene sediments studied here. The most
terrestrial sediments of the transect, i.e. from the Tagus River Floodplain, also have a 813CTOC
value (~27+1.0 %o; Fig. 2a; Table 3) consistent with a predominant C i of higher plants.
Moving offshore, the less negative 83 Croc values of the Mudbelt sediments (-24£0.2 %o), the
Lisbon Canyon Head sediments (-2340.6 %o) and the Lower Setiibal Canyon sediments (-
23+1.5 %o) all indicate that the majority of the TOC off the Portuguese shelf is of marine
origin (Fig. 2a; Table 3). So, as Zell et al. (2014) found with marine surface sediments off the
Portuguese coast, the 83Croc (%o0) averages from the sediments in our transect also increase
with increasing distance offshore, demonstrating that the present trend in the 8'*Croc signal
remained the same over the Holocene.

Zell et al. (2014) previously showed that in the present day Tagus River system the
amount of brGDGTs (ng gOC™) increases from the soils to the riverbank sediment to the river
SPM and explained this increase as proof of riverine in-situ production of brGDGTs.
Concentrations of summed brGDGTs in surface sediments in transects from the Portuguese
coast rapidly declined with increasing distance from the coast, suggesting that brGDGTs
could still be used as tracer for terrestrial organic matter (Zell et al., 2015). The trends
observed in these earlier studies are confirmed here for the Holocene. The Tagus River
Floodplain sediments have the highest concentration of brGDGTs (67426 pg gOC™) in the
entire transect, much higher than in the soils (Fig. 3b; Table 3). However, the sediments in
this core are somewhat a-typical for the Tagus Floodplain as some layers consist of peat as a
result of the low-energy backswamp conditions in the vicinity, which could explain the
difference in brGDGT concentrations from the surrounding soils. This could also be due to
the addition of aquatically produced brGDGTs from the river during times of flooding
although it should be noted that the concentration of brGDGTs is even higher than in riverine
SPM (Fig. 3b). The summed brGDGT concentration decreases and is fairly similar among the
Mudbelt sediments (25+14 pg gOC™) and the Lisbon Canyon Head sediments (31+9.3 pg
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gOC™), and then decreases further moving away from the coastline to the Lower Setubal
Canyon sediments (16+5.5 pg gOC™) demonstrating the decrease in input of riverine
brGDGTs moving away from the shoreline (Fig. 3b). However, even though the sum of the
brGDGTs are lower in the marine sediment than in the Tagus River Floodplain sediments, the
amount of brGDGTs in all four sediment cores are higher than in the Tagus soils (~6.8+£6.5 ng
gOC™) indicating the origin of the brGDGTs in the sediment cores are not all soil derived and
pointing instead to riverine in-situ production as well as possibly in aquatic sediments (Fig.
3b).

A previous study by Zell et al., (2015) determined that in the surface sediments off the
coast of Portugal the BIT index is influenced by both declining brGDGT concentrations and
increased crenarchaeol production with increasing distance from the coast. For the Holocene
sediments studied here, the average concentration of crenarchaeol in the Tagus River
Floodplain sediments is low (2.8+1.7 pg gOC™) and similar to that of the Tagus soils (1.4=1.1
ng gOC™'; Fig. 3a; Table 3). The crenarchaeol concentration increases in the sediments with
increasing distance from the shoreline, signifying the increase in marine production with
water depth and distance from the coast (Fig. 3a). Consequently, the BIT index is the highest
in the Tagus River Floodplain sediments (0.94+0.03) out of the entire transect (Fig. 3c) and
then the BIT index decreases within the sediments along the transect with increasing distance
from the Portuguese coast potentially signifying a decrease in terrestrial input moving away

from the shoreline.

4.4 Factors affecting the application of brGDGTs for paleoclimate reconstructions off
the Iberian Peninsula

Despite the caveats with respect to in-situ production of brGDGTs in aquatic
environments as described in the previous section, we tested how the new soil calibration
based on individually quantified 5-methyl and 6-methyl brGDGTs (De Jonge et al., 2014a)
performed to reconstruct continental MAT in this region. For this comparison we will
consider the present day MAT of the entire Tagus River basin, 14.6+2.2°C (Zell et al., 2014),
assuming that soil derived brGDGTs from along the whole river basin are contributing to the
marine sediments. The assumption that the brGDGTs from the entire Tagus River basin are
being contributed to oceanic sediments is probably invalid for modern times as the
construction of dams along the Tagus River, which began in the 1940s, most likely prevents
part of the terrestrial material from upstream making it downstream and out off the coast of

Portugal. However, since we are not looking at marine surface sediments in this study but
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instead sediments deposited during the Holocene, the placement of dams in the river should
not affect our results except for with the riverine SPM. Despite the separation of the 5- and 6-
methyl brGDGT isomers and the application of the new proxy, the reconstructed MATSs using
both riverine SPM and Holocene sediments is still substantially lower than 14.6°C (Figs. 9b
and 9c), as noted for the Tagus basin soils (see Sect. 4.1). Using the MAT s calibration, the
reconstructed average temperature for the Lower Setiibal Canyon sediments (11.240.7°C) is
the most similar to modern day MAT in the regions (Fig. 9b). Using the MAT,y, calibration,
the average reconstructed temperature of the Lisbon Canyon Head sediments, 12.44+0.5° C,
comes closest to the modern day MAT in the region (Fig. 9c).

Even though we used the new calibration to reconstruct MAT, it should be noted that
the low BIT values (<0.15; Fig. 3c) of the Holocene sediments deposited at the three marine
sites indicates that there were probably not enough soil-derived brGDGTs making it out to
ocean and being deposited in the sediments over the Holocene for reliable climate
reconstructions (cf. Weijers et al., 2014). When considering the summed concentration of
brGDGTs along the entire transect, since the concentration is lowest in the soils this indicates
that the origin of the brGDGTs may not be solely soil-derived. Therefore, even though the
BIT index seems high enough for MAT reconstructions in the riverbank sediments and river
SPM, in situ production of brGDGTs could be complicating the applications of brGDGTs for
paleoclimate reconstructions throughout the transect of samples as was previously discussed
(see Sect. 4.2). This further supports earlier conclusions from preceding studies (Yang et al.,
2012; Zell et al., 2013) stating that the amount and origin of brGDGTs in a system needs to be
examined along with the BIT index when determining if brGDGTs can be applied for MAT

reconstruction.

5. Conclusions

We have established that the distribution of brGDGTs varies greatly within the Tagus
River basin (Fig. 5) and although this may be partly explained by the varying contributions of
higher altitude, which contain a greater proportion of 6-methyl isomers, versus lower altitude
soils in the sample sets it is more likely due to the contribution of aquatically produced
brGDGTs in some of the sample sets. In order to use sedimentary brGDGTs for paleoclimate
reconstructions, the distribution of brGDGTs in the soils must be related to the MAT and
conserved throughout riverine transport to the sediments where they are deposited, however,
our results corroborate previous studies stating that most of the terrestrial matter is not making

it out to the ocean and being deposited in sediments close to shore. The lack of soil derived
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OM in offshore sediments along with the substantial input of aquatically produced brGDGTs
is complicating MAT reconstructions from sedimentary, marine brGDGTs in this region.

Additionally, we confirm the findings of Zell et al., (2014; 2015) that in-situ production
of brGDGTs is occurring in the river and marine systems of the Tagus River basin and go on
to show that there are indications that it occurred in the past as well. Although in-situ
production is complicating environmental reconstructions using marine sediments, another
issue is that accurate MAT reconstructions using brGDGTs cannot currently be performed on
the soils, even with the separation of the 6-methyl brGDGTs from the 5-methyl isomers using
the new method and calibrations. Previous studies have concluded that paleoclimate
reconstructions in arid regions using brGDGTs are complicated due to a breakdown in the
relationship with MBT’ and MAT (Peterse et al., 2012; Menges et al., 2014). In this study we
confirm that there is not a strong relationship between the MBT s, and measured MAT in
this arid region. However, we also do not observe the same relationship with MAP and
MBT sme that has been previously reported between MAP and MBT’ in arid regions and has
been implicated in making reconstructions difficult. Instead, we see a strong relationship with
the DC’ and measured MAT in the area not observed before. We also see a predominance of
6-methyl isomers, previously only reported in river SPM, in the Tagus soils from greater than
350 m altitude. Although this might be a characteristic of arid soils and related to MAP since
it is below 550 mm yr™' in most of the soil samples above 350 m, the two highest elevation
soil samples, which both have a MAP above 550 mm yr™', also demonstrate this trend. Future
studies need to be performed in arid environments to determine if a strong relationship
between MAT and DC’ as well as a predominance of 6-methyl isomers are characteristics of
arid regions and contributing to the complications found using brGDGTs for paleoclimate
reconstructions. Also, higher elevation environments should be further studied to determine if
a predominance of 6-methyl brGDGTs is a feature of higher altitudes and complicating
climate reconstructions.

Because of these unique features in this region, perhaps the development of a local
calibration could assuage difficulties in using brGDGTs as a paleoclimate proxy for soils in
the Tagus River basin. This would not, however, solve the issue of in-situ produced brGDGTs
overwhelming the amount of soil derived brGDGTs in aquatic sediments. We did find that the
new CBT’ and pH calibration do an excellent job reconstructing pH in the soils of the Tagus
basin and since pH is related to other environmental factors such as MAP this will be useful
for paleoclimate reconstructions in terrestrial sites over the Iberian peninsula where in-situ

production is not a complicating factor.
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— SUPPLEMENTARY INFORMATION -

Part A: Sediment core descriptions

Tagus River Floodplain core (0501.029). Description has been previously published in:

Vis, G.-J., Bohncke, S. J. P., Schneider, H., Kasse, C., Coenraads-Nederveen, S., Zuurbier, K.
and Rozema, J.: Holocene flooding history of the Lower Tagus Valley (Portugal), J.
Quat. Sci., 25, 1222-1238, DOI: 10.1002/jgs.1401, 2010.

Mudbelt core (64PE332-30-2). Core 64PE332-30-2 retrieved from the Tagus Mudbelt
consists of a fairly monotonous succession of dark olive gray homogeneous to weakly
stratified sandy silt, gradually coarsening in downcore direction to silty sand. The silt and
sand are composed of a mixture of siliciclastic material and bioclastic carbonate, with minute

shell fragments but occasionally also intact bivalve and gastropod shells.

Lisbon Canyon Head core (64PE332-44-2). Core 64PE332-44-2 retrieved from the Lisbon
Canyon head consists in its upper three meters of dark olive gray bioturbated clayey silt.
Finely dispersed iron monosulphide, indicative of a strongly reduced state of the sediment,
gives the sediment a dark mottled appearance. Below three meters depth the sediment turns to
lighter shades of olive gray. Moving further downcore there is an increasing content of
bioclastic carbonate sand. This sandy material, including foraminiferan shells and minute
shell fragments, is found dispersed throughout the sediment but also locally concentrated in
pockets produced by burrowing fauna. In the lower three meters towards the base of the core,
the sandy material also occurs as discrete layers of a few centimeters thick, likely deposited
by sediment gravity flows running down the canyon slopes. This is particularly the case for a
coarse bioclastic sand layer at 778-797 cm depth, which has a sharply defined erosive lower

boundary and fining upward succession typical of turbidite deposits.

Lower Setubal Canyon core (64PE269-39). Core 64PE269-39pc was recovered from the crest
of the large sediment levee bounding the lower Setiibal Canyon towards the north. In its upper
half, considered in the present study and dated by AMS '*C as of Holocene to Younger Dryas
age, it consists of uniform olive-gray to gray bioturbated hemipelagic silty clay. From the
presence of 2.5 cm of yellowish-grey oxidized sediment at the top of the core, with a thin
rusty-brown iron oxide band marking the transition to reduced olive-grey sediment, it can be
deduced that core recovery is fairly complete. In the lower half of the core, which on the basis

of unpublished planktonic foraminiferal 'O results can be attributed to the Younger Dryas to
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Last Glacial Maximum, silty layers of a few millimeters thick are found intercalated in the
bioturbated hemipelagic silty clay. These silty layers are interpreted to represent deposition
from sediment plumes spilling over the edges of the Setubal Canyon in the wake of major
down-canyon sediment gravity flows. The silty layers are particularly abundant in the lower
part of the core, where they give the sediment a distinctly laminated appearance, further
accentuated by intense black iron monosulphide coloring that comes along with the silty
layers. The abundance of silty layers in the lower part of the core is indicative of a prevalence
of deposition from sediment gravity flows along this part of the Portuguese margin during the

late glacial sea level lowstand, contrasting with hemipelagic deposition during the Holocene.
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Part B: Supplementary figures
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Figure S1 Chemical structures of all 15 brGDGTs (I-I1I) and crenarchaeol (IV) (De Jonge, et al.,
2014a). The compounds indicated with a prime symbol are referred to as the 6-methyl brGDGTs
and the ones not designated by the prime symbol are referred to as the 5-methyl brGDGTs.
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Figure S2 Depth age models for each sediment core used in this study based on the information
summarized in Table 2. To create consistent chronologies for the four sediment cores, the dates were
calibrated into calendar ages using the CALIB 7.0, available at http://radiocarbon.pa.qub.ac.uk/calib
(Stuiver et al., 1998). The calibration data and curve selection utilized for the three marine sediment
cores was Marinel3 and for the Tagus River Floodplain core IntCall3 was implemented (Reimer et al.,
2013). All radiocarbon dates mentioned are expressed as calibrated ages (cal. BP) and have age spans
in the 20 range.
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B Tetramethylated brGDGTs b. Tagus soils alt <350 m
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Figure S3 Averaged brGDGT distributions in soils of the Tagus River Basin are shown in panel a.
Panels b-c show average brGDGT distributions for the Tagus soil samples based on altitude where
Tagus soils sampled below 350 m (b) are considered low altitude and Tagus soils sampled above 350
m (c) are considered high altitude. Clearly the distribution of brGDGTs for low altitude samples is
distinct from the distribution of brGDGTs for high altitude samples and the high altitude soil samples
display a predominance of the 6-methyl over the 5-methyl brGDGT isomers. The colors of the bars
reflect the brGDGT structure as labeled in the legend and the error bars represent 2xs the standard
deviation.
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Summary

The better understanding society has about the global climate system the more
educated choices that can be made for how to mitigate anthropogenically induced global
climate change and its impacts on ecosystems. Knowledge about the climate system from
before the instrumental data era comes from climate archives, such as marine and lake
sediments, corals, tree rings, and speleothems to name a few, which contain measurable
information about climate such as temperature, oxygen availability, salinity, etc. These
indicators of past climate are called proxies. Proxy-records are used to extensively lengthen
the climate record into the past. The information gathered about the past climate can be used
to increase the robustness of climate models, helping to make predictions on future climate
change and its impacts on ecosystems and societies more accurate. Therefore, proxy data must
be accurate and so it is imperative to ensure the correct interpretation of climate archives and
the reliability of climate proxies. This is done through applying the proxy in a variety of
settings and comparing the results to instrumental data or data from another independent
proxy to determine situations where it’s application can be successful and to assess its
limitations.

The focus of this thesis is on the use of organic biomarkers in the form of fossilized
sedimentary lipids as proxies. Fossilized sedimentary lipids are useful as proxies because their
preserved distribution in the sediments can reflect the environmental conditions (e.g.
temperature) under which their source organism once lived. The research in this thesis is
based on two different types of sedimentary lipids, long-chain alkenones and glycerol dialkyl
glycerol tetracthers (GDGTs), both biomarkers for temperature. These biomarker proxies
were examined to learn about past environments over the Holocene, in several regions, as
well as to understand more about the proxy being applied. Additionally, indicators for anoxia
or low oxygen conditions that can cause fish die offs, including laminations in the sediments
and bulk isotope data, were examined as well.

Most of the research contributing to this thesis was performed on sediments from the
Baltic Sea, a large brackish body of water with just a narrow connection to the North Sea that
has experienced a complicated salinity history since the last deglaciation. Here sedimentary,
alkenones, isoprenoid GDGTs (isoGDGTs), hydroxylated GDGTs (OH-GDGTs), and
branched GDGTs (brGDGTs), were used to examine environmental changes in the region as
well as the success and limitations of these proxies under changing environmental conditions
such as occurred in the Baltic Sea over the Holocene. By comparing SST, indicators for

anoxia and biomarkers for cyanobacteria (bloom forming microorganisms that when they die,
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sink to the bottom of the basin and decompose consuming oxygen) from the Baltic Sea it was
revealed that climate is the main controller of low-oxygen conditions in the basin. Therefore,
increasing SSTs caused by global climate change could have disastrous effects for the Baltic
Sea ecosystem. Additionally, a reconstruction of human population based on the abundance of
human artifacts, when compared with SST estimates revealed evidence of the impact of
climate on human population size and the transition to agrarian societies from 7,500-3,500 BP
in the Baltic Sea region. In this study it is postulated that warmer temperatures intensified
anoxia in the basin causing a decrease in marine resources while at the same time increased
temperatures improved conditions in the region for farming. These changes triggered the
switch from hunter-gather-fisher economy to agrarian, and this allowed for population
growth.

The novel OH-GDGTs were discovered in the Baltic Sea recently and already
established proxies based on these components were applied to surface sediment and archaeal
cultures. A new index and new calibrations were developed for the region, as well. Several
OH-GDGT based indices were applied to two sedimentary records in different regions of the
basin (central and southern; i.e. the Gotland and Arkona basins) and the results were
compared revealing that OH-GDGTs are a promising proxy for estimating SST in the Baltic
Sea.

By examining the relationship between the distribution of alkenones and varying
salinity regionally in the Baltic Sea, it was revealed that alkenone distributions co-vary with
salinity changes. The alkenone distributions from the sediment records in the southern Baltic
Sea (12.5-0.1 cal kyr BP) were also examined and it was found that the relationship between
salinity and alkenone distributions that exists regionally in the Baltic Sea today also existed in
the past, which suggests alkenone distributions can be used to examine paleosalinity. The
rare, Cse2 alkenone, believed to be an indicator of low-salinity conditions, was discovered in
the Baltic Sea sediments and has not been reported in this basin before. Previously published
data (hydrogen isotopic compositions of alkenones) from Black Sea sediments, which also
contain the Cs¢.2 alkenone, was used to reconstruct salinity for the Black Sea over the
Holocene, demonstrating that the Cs., alkenone is an indicator for low salinity conditions.
Because the Black Sea has a similar salinity history to the Baltic Sea, these results were then
used to make inferences about the composition of alkenone producing species and salinity
changes in the Baltic Sea over the Holocene.

The provenance of brGDGTs were examined in two different sedimentary records in

the Baltic Sea (from the Gotland and Arkona basins) and it was determined that the
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provenance changed when the basin was reconnected to the North Sea and transformed from a
freshwater lake to a brackish body of water. Despite evidence that in-situ production has
occurred in the basin over the Holocene, it was determined which new calibrations were
appropriate to apply in order to use the brGDGTs to reconstruct continental temperatures.
Using enhanced chromatography methods, continental and bottom water temperatures along
with pH were reconstructed over the Holocene. The resultant temperature estimates were
similar in both basins, to previously published data from the region based on another proxy,
and to present day instrumental data from the area. This study affirmed the importance of
examining the origins of brGDGTs before using them for paleoclimate application, especially
in regions that have undergone major environmental changes.

For a part of this thesis a re-examination of the provenance and distribution of
brGDGTs in the soils, riverbank sediments, and river suspended particulate matter (SPM)
from the Tagus River basin was performed using enhanced chromatography methods.
Additionally, the distribution of brGDGTs in past sediments were studied by analyzing four
sediment cores in a transect from the river to the deep ocean to determine if today’s trends
held true over the Holocene. Although mean annual air temperature estimates were not greatly
improved upon, pH estimates based on the new methods and calibration were improved and
new factors to be cautious of when applying brGDGTs for paleoclimate studies were
revealed. This study also confirmed the importance of investigating the provenance of
brGDGTs in a region before performing paleoclimate reconstructions.

The research contained in this thesis not only presents important findings about
climate and its potential impacts on ecosystems and human societies, but also increases the
knowledge base on sedimentary, fossilized, lipids used for paleoenvironmental studies, long-
chain alkenones and GDGTs. Through applying proxies based on these fossilized lipids and
comparing the estimates to previously published results based on an independent proxy, to
instrumental data, or to the results from a different area in the same region, new knowledge
was gained about the source organisms of these proxies and conditions that result in their
successful application for paleoclimate studies. Proxy development and validation studies like
the ones contained in this thesis are important for increasing the reliability of proxy data as

well as the conjectures made about past and future climate based upon them.
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Samenvatting

Hoe beter het inzicht van de samenleving is met betrekking tot het wereldwijde
klimaatsysteem, hoe beter maatregelen om de door de mens veroorzaakte klimaatverandering
en de effecten daarvan op ecosystemen te beperken zijn gemaakt kunnen worden. Kennis van
het klimaat van voor de periode van instrumentele meetgegevens komt voornamelijk van
klimaatarchieven, zoals mariene en meer sedimenten, koralen, jaarringen en ijskernen, die
meetbare informatie over het klimaat, zoals temperatuur, beschikbaarheid van zuurstof, en
zoutgehalte bevatten. Deze indicatoren van het vroegere klimaat worden ook wel proxies
genoemd. Proxy-records worden gebruikt om ons inzicht in het klimaat van vroeger
aanzienlijk uit te breiden. De verzamelde informatie over het vroegere klimaat kan worden
gebruikt om de robuustheid van klimaatmodellen te verhogen, waardoor de toekomstige
klimaatverandering en de effecten op ecosystemen en samenlevingen nauwkeuriger te
voorspellen zijn. Daarom moeten proxy-gegevens nauwkeurig zijn en is het noodzakelijk de
betrouwbaarheid van klimaat proxies te waarborgen en daarmee een juiste interpretatie van de
klimaatarchieven te waarborgen. Dit gebeurt door de toepassing van de proxy in verschillende
milieus te toetsen door de voorspellingen te vergelijken met instrumentele klimaatgegevens of
gegevens bepaald met behulp van andere onathankelijke proxies.

Het onderwerp van dit proefschrift is het gebruik van organische chemische
fossielen in de vorm van sedimentaire lipiden als proxies. Omdat de distributie van deze
lipiden vaak een afspiegeling zijn van de condities waaronder de micro-organismen die ze
produceren ooit groeide, kunnen hiermee kwantitatief bepaalde parameters (zoals
temperatuur) gereconstrueerd worden. Het onderzoek in dit proefschrift is gebaseerd op twee
verschillende types van sedimentaire lipiden, alkenonen met lange ketens en glycerol dialkyl
glycerol tetracthers (GDGTs), beide proxies voor temperatuur. Deze chemische fossielen
werden bestudeerd om in verschillende gebieden meer te weten te komen over
klimaatveranderingen gedurende het Holoceen. Tevens werd de toepasbaarheid van deze
proxies getoetst. Indicatoren voor zuurstofgebrek, zoals bijvoorbeeld de gelaagdheid van
sedimenten en bulk isotoop data, werden ook onderzocht.

Het grootste deel van het onderzoek beschreven in dit proefschrift werd uitgevoerd
aan sedimenten van de Oostzee. Dit is een grote binnenzee die brak water bevat en momenteel
slechts een beperkte verbinding met de Noordzee heeft. Sinds de laatste deglaciatie kent de
Oostzee een sterk fluctuerend zoutgehalte. Sedimentaire alkenonen, isoprenoide GDGTs

(1s0GDGTs), gehydroxyleerde GDGTs (OH-GDGTs), en vertakte GDGTs (brGDGTs),
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werden gebruikt om veranderingen in het milieu van de Oostzee in het Holoceen te
onderzoeken. Tevens werd de toepasbaarheid en mogelijke beperkingen van deze proxies
onder veranderende omstandigheden gedurende het Holoceen onderzocht. Door het
vergelijken van gereconstrueerde oppervlakte zeewatertemperaturen, proxies voor
zuurstofgebrek en chemische fossielen voor cyanobacterién (micro-organismen die vaak door
een sterke bloei gekenmerkt worden en, wanneer ze sterven, naar de bodem zinken leidend tot
een grote consumptie van zuurstof) bleek dat het klimaat de belangrijkste factor voor het
veroorzaken van zuurstofarme omstandigheden in de Oostzee geweest is. Een verdere
verhoging van de zeewatertemperatuur veroorzaakt door de voorziene wereldwijde
klimaatverandering kan daarom rampzalige gevolgen voor het ecosysteem van de Oostzee
hebben. Voor de periode van 7,500-3,500 BP, bleek uit een reconstructie van de menselijke
bevolking op basis van archeologische gegevens in vergelijking met gereconstrueerde
zeewatertemperaturen de beslissende invloed van klimaat op de dichtheid van menselijke
bevolking rondom het Oostzeegebied. Uit deze studie volgt dat hogere temperaturen leidde tot
zuurstofgebrek in de Oostzee die waarschijnlijk leidde tot veel lagere visstand. Tegelijkertijd
zorgde de toegenomen temperatuur voor verbeterde omstandigheden voor het doen van
landbouw. Deze veranderingen leidde tot een overgang van jager-verzamelaar-visser naar een
agrarische economie, hetgeen de groei van de bevolking positief beinvloedde.

De OH-GDGTs werden recent ontdekt in Oostzee sedimenten en bestaande proxies
op basis van deze componenten werden toegepast op culturen van archaea en
oppervlaktesedimenten uit de Oostzee om hun toepasbaarheid te testen. Tevens is een nieuwe
index geformuleerd en zijn nieuwe kalibraties ontwikkeld voor deze regio. Verschillende OH-
GDGT gebaseerde indices werden toegepast op twee sedimentaire archieven uit verschillende
gebieden van de Oostzee (de Gotland en Arkona bekkens; in het midden en zuiden van de
Oostzee). De resultaten laten zien dat OH-GDGTs een veelbelovend proxy kunnen zijn om
zeewatertemperaturen te reconstrueren in de Oostzee.

Het onderzoek naar het verband tussen de verspreiding van alkenonen en het op
regionale schaal variabele zoutgehalte in de Oostzee liet zien dat alkenoon distributies co-
vari€ren met veranderingen in zoutgehalte. De alkenoon samenstelling in het sedimentaire
archief (12,5-0,1 cal kyr BP) van de zuidelijke Oostzee werd eveneens onderzocht. Het bleek
dat de alkenoon distributies variéren met het zoutgehalte, net als gevonden voor de
oppervlaktesedimenten. Dit suggereert dat alkenoon distributies gebruikt kunnen worden om
paleosaliniteit te reconstrueren. De zeldzame Cjq.2 alkenoon, een indicator van een laag

zoutgehalte, werd voor het eerst gevonden in de Oostzee sedimenten. Eerder gepubliceerde
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gegevens (distributies en waterstofisotoop samenstelling van alkenonen) uit de Zwarte Zee
sedimenten, die ook de Cse.; alkenoon bevatten, werden gebruikt om het zoutgehalte te
reconstrueren voor de Zwarte Zee in het Holoceen. Hieruit bleek de Cse.» alkenoon inderdaad
een betrouwbare indicator voor een laag zoutgehalte te zijn. Omdat de Zwarte Zee een
soortgelijke geschiedenis heeft als de Oostzee omtrent zoutgehalte, werden deze resultaten
vervolgens gebruikt om conclusies over de samenstelling van alkenoon producerende soorten
en veranderingen in het zoutgehalte in de Oostzee in het Holoceen verder te onderbouwen.
De herkomst van brGDGTs werd in twee verschillende sedimentaire archieven onderzocht in
de Oostzee (Gotland en Arkona bekkens). Er werd vastgesteld dat hun herkomst veranderde
toen het bekken weer verbinding kreeg met de Noordzee en omgevormd werd van een
zoetwater meer naar een binnenzee met brak water. De toepassing van brGDGTs ligt in het
feit dat ze gebruikt kunnen worden voor reconstructie van continentale temperaturen. Er zijn
aanwijzingen dat er in situ productie van brGDGTs in de Oostzee zelf heeft plaatsgevonden.
Daarom werden er verschillende kalibraties getest voor paleoklimaat reconstructie. Met
behulp van een verbeterde methode voor de chromatografische scheiding van brGDGTs,
werden zowel continentale en bodemwater temperaturen en pH gereconstrueerd gedurende
het Holoceen. De resulterende temperatuurschattingen waren vergelijkbaar tussen beide
bekkens, en in overeenstemming met eerder gepubliceerde gegevens uit de regio op basis van
een andere proxy, en met instrumentale gegevens te presenteren uit het Oostzeegebied. Deze
studie bevestigde het belang van het onderzoek naar de oorsprong van brGDGTs alvorens ze
voor paleoklimaat reconstructie toe te passen, met name in regio's die in de loop van de tijd
grote milieuveranderingen hebben ondergaan.

Het proefschrift besluit met een onderzoek van de herkomst en de verdeling van
brGDGTs in de bodem, rivieroever sedimenten, en in de rivier zwevende deeltjes (SPM) van
het Taag bekken op het Iberisch schiereiland. In tegenstelling tot eerder gepubliceerd werk is
hier gebruik gemaakt van verbeterde chromatografie methoden. Tevens is de verdeling van de
brGDGTs in sedimenten van het Holoceen onderzocht door het analysen van vier
sedimentkernen in een transect van de rivier de Taag naar de diepe oceaan om te bepalen of
de veranderingen in de distributies van de brGDGT die momenteel gezien worden
karakteristiek zijn voor het gehele Holoceen. Jaarlijkse gemiddelde luchttemperatuur (MAT)
schattingen zijn niet sterk verbeterd ten opzichte van eerdere methoden. De pH schattingen op
basis van de nieuwe methode en kalibratie echter wel. Bovendien kwamen er nieuwe factoren

aan het licht die bij het gebruik van brGDGTs in paleoklimaat studies van belang zijn.
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Wederom bevestigt ook deze studie het belang van het onderzoek naar de herkomst van
brGDGTs in een regio voor het uitvoeren van paleoklimaatreconstructies.

Het onderzoek in dit proefschrift presenteert niet alleen belangrijke bevindingen met
betrekking tot het klimaat en haar mogelijke effecten op ecosystemen en menselijke
samenlevingen. Het verhoogt ook de kennis over sedimentaire lipiden die gebruikt kunnen
worden voor paleomilieu studies, met name met betrekking tot alkenonen en GDGTs. De
toepassing van proxies op basis van deze fossiele lipiden en de vergelijking met eerder
gepubliceerde resultaten gebaseerd op onathankelijke proxies of instrumentele data heeft
nieuwe kennis gegenereerd over de bron van deze componenten en toepassing van de proxies
zodat zij succesvol gebruikt kunnen worden in paleoklimaat studies. Proxy ontwikkeling en
validatie studies zoals die hier beschreven zijn zijn van belang voor het verhogen van de
betrouwbaarheid van de proxy gegevens en daarmee van daarop gebaseerde

klimaatreconstructies.
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