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The Baltic Sea is an enclosed basin that experienced a number of different salinity phases during the
Holocene corresponding to the establishment of a connection with the North Sea. Branched glycerol
dialkyl glycerol tetraethers (brGDGTs) in surface sediments and Holocene sedimentary successions from
the Gotland and Arkona Basins were analyzed to examine their potential applicability as indicators for
soil organic matter input, as well as their suitability for paleoclimate reconstructions. Our results show
a marked change in brGDGT distributions and the branched and isoprenoid tetraether (BIT) index. The

Key V.VordS" transition of the Ancylus Lake (fresh) to the Littorina Sea (brackish) phase is revealed by a large drop
Baltic Sea in the BIT index and an i in the MBT'sye, which reveals a large shift i f the sedi

Branched vs. isoprenoid tetraether (BIT) in the index and an increase in the sme, Which reveals a large shi t'm provenance o t e sedimen-
index tary brGDGTs. During the lake phase, brGDGTs are presumed to be primarily produced by in situ produc-

tion in the water column. During the brackish phase, in situ brGDGT production in the alkaline pore
waters of the surface sediments (as revealed by their high degree of cyclization) was predominant
Holocene although there was evidence of occasional input of soil-derived brGDGTs. The predominant aquatic auto-
Temperature reconstruction chthonous production of brGDGTs does not allow the use of brGDGTs for continental air temperature
Lake reconstructions but they can be used for bottom water and lake temperature reconstructions during
Coastal sea some intervals. The results from this study demonstrate that geological changes and concomittant salin-

ity variations can be revealed by the provenance of brGDGTs.
© 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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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
(Weijers et al., 2006a) and their occurrence was initially thought to
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be restricted to soils and peats (Hopmans et al., 2004; Weijers
et al., 2006b). Their distribution, expressed by the degree of methy-
lation (methylation index of branched tetraethers; MBT) and
cyclization (cyclization index of branched tetraethers; CBT), has
been shown to correlate with soil pH and mean annual air temper-
ature (MAT) (Weijers et al., 2007a). The preserved distribution of
these fossilized membrane lipids has been used for paleoclimate
reconstructions in coastal marine sediments (e.g. Weijers et al.,
2007b; Bendle et al., 2010), paleosoils (e.g. Peterse et al., 2011;
Zech et al., 2012), peats and coals (e.g. Weijers et al., 2011; Naafs
et al., 2017), and lacustrine sediments (e.g. Zink et al., 2010;
Loomis et al., 2012; Niemann et al., 2012). In marine and lacustrine
sediments the bacterial brGDGTs were initially assumed to origi-
nate predominantly from continental soil erosion and terrestrial
runoff, whereas the isoprenoid GDGTs (isoGDGTs; including
crenarchaeol, the GDGT specific to Thaumarchaeota; Sinninghe
Damsté et al., 2002) were thought to be mainly produced by aqua-
tic ammonia-oxidizing archaea. Capitalizing on their terrigenous
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Fig. 1. Chemical structures of the widespread brGDGTs (I-III; Sinninghe Damsté et al., 2000; Weijers et al., 2006a; De Jonge et al., 2013), the novel brGDGT isomer Illa”
(Weber et al., 2015), and crenarchaeol IV (Sinninghe Damsté et al., 2002). The molecules designated with a prime symbol are referred to as the 6-methyl brGDGTs.

origins, the branched vs. isoprenoid tetraether (BIT) index was
developed, representing the ratio of the major brGDGTSs over cre-
narchaeol, as a proxy for terrestrial organic matter 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). In situ production of brGDGTs in aquatic environ-
ments has also been shown to alter their distribution and thus
affects the use of these proxies (Peterse et al., 2009; Zhu et al.,
2011; Loomis et al., 2011; Zell et al., 2013; Buckles et al., 2014;
Sinninghe Damsté, 2016) and so it is recommended to understand
the provenance of brGDGTs in a region before attempting paleocli-
mate reconstructions (Zell et al., 2013; De Jonge et al., 2015a).

To date, most brGDGT-based paleoclimate reconstructions are
based on a suite of nine components with six of them containing
a 5-methyl substituent (Fig. 1). However, in addition to these 5-
methyl brGDGTs, six novel 6-methyl brGDGTs were recently dis-
covered and shown to be co-eluting with the 5-methyl brGDGTs
employing the commonly used separation methods (De Jonge
et al, 2013). In lake sediments, 7-methyl brGDGTs have been
shown to comprise up to 6% of the total brGDGTs (Ding et al.,
2016). Using improved chromatography methods (Hopmans
et al., 2016), the separation and quantification of 5- and 6-
methyl brGDGTs has led to the definition of new indices (De
Jonge et al., 2014a, 2014b) and the improved MAT reconstructions
based on a global soil calibration (De Jonge et al., 2014a), a global
peat calibration (Naafs et al., 2017), and an African lake calibration
(Russell et al., 2018).

The Baltic Sea (BS) is a large, brackish body of water with a high
terrestrial influence, which makes it an interesting region for
examining if sedimentary brGDGT records can be used for climate
reconstruction. In this study, we examine Holocene sedimentary
sections, covering varying phases, from two locations in the BS
proper, as well as eleven surface sediments from around the BS
and two from the Skagerrak. Through examination of concentra-
tions and distributions of iso- and brGDGTs, and BIT index values,
we gain further insight into how GDGT distributions were affected
by the physical and chemical changes that took place during the
Holocene (see Section 2). By making comparisons to present day
conditions we gain understanding about how such changes may
affect brGDGT-based paleotemperature reconstructions, as well
as whether these lipids can be indicators of other environmental
changes.

2. Study site

The BS (Fig. 2) 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? (Bjérck, 1995). Substantial amounts of
saline water (475 km?/yr) flow 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 ca. 950
km?>/yr (Bjorck, 1995). Although the BS is the world’s largest brack-
ish body of water, it is fairly shallow and on average is only 54 m
deep (Emeis et al., 2003). Its salinity varies greatly ranging from
~3.5 in the north to ~8 in the central BS and ~30 in the Skagerrak,
the region where the BS connects to the North Sea. A salinity gra-
dient also exists between the surface and deep waters, separated
by a permanent halocline at about 30 m depth. The air tempera-
tures around the basin range from almost 0 °C in the winter to
more than 20 °C in the summer (Wasmund, 1997). Presently the
BS is persistently stratified resulting in anoxic bottom waters in
the deeper basins as well as hypoxic coastal areas.

The BS has gone through several phases since the last deglacia-
tion; the Baltic Ice Lake, the Yoldia Sea, the Ancylus Lake, the
Littorina Sea and the modern BS. The Baltic Ice Lake was created
ca. 14,000 BP by a retreating ice sheet that blocked water exchange
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 freshwa-
ter 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 2000 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 BS since the deglaciation (Andrén et al., 2000b), while the pre-
sent day BS is regarded as a continuation of this phase with lower
salinity (Punning et al., 1988). The higher summer see surface tem-
peratures (SSTs) starting at around 6.0 cal kyr BP in the BS are
believed to have initiated the onset of anoxia in regions of the
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Fig. 2. The location of the study sites. Surface sediments were collected form eleven locations, indicated by red circles, in the BS and the Skagerak. Sediment cores were
obtained from four locations, indicated by blue squares, in the Gotland and Arkona basins. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

basin (Warden et al., 2017). When summer SSTs subsequently
decreased by 1-3 °C during the post Littorina Sea phase (starting
ca. 4.3 cal kyr BP) anoxic conditions were not reestablished in the
BS for a period of about 3000 years until a subsequent increase
in summer SST at around 1.4 cal kyr BP (Warden et al., 2017).

3. Experimental methods
3.1. Sampling

Eleven surface (0-1cm) sediments from the entire BS basin
(Fig. 2) were used. Their sampling is described in Kabel et al.
(2012). Two Skagerrak surface (0.0-0.5 cm) sediments (Table 1;
Fig. 2) were collected using a multi corer during cruise EMB046
of the R/V Elisabeth Mann-Borgese in May 2013.

Four sediment cores from two locations (Table 1; Fig. 2) were
studied. A multicore (MUC P435-1-4) from the Gotland Basin was
collected during the R/V Poseidon cruise P435 in June 2012. A grav-
ity core (GC 303600-N) was collected at the same location during a
R/V Prof. Albrecht Penck cruise in July 2007. This core (0-377 cm)
covers the brackish, the Ancylus Lake, and part of the Yoldia Sea
phase (Sollai et al., 2017). An age model for the 80-210 cm of this
core has been previously established using radiocarbon dates of
benthic foraminifera (Warden et al., 2017). Sediment core P435-
1-4 MUC (0-52 cm) contains the most recent sediments and par-
tially overlaps with core GC 303600-N, based on the TOC profiles
(Sollai et al., 2017). Samples were plotted on a composite depth
scale by adding 34 cm to the depth of the samples of the GC
303600-N core.

Two gravity cores were collected from the Arkona Basin on a
cruise of the R/V Maria S. Merian in April 2006. For these cores
(318340, 0-670 cm, and 318310, 0-1160 cm) an age-depth model
is available (Warden et al., 2016a) and the combined record covers

the last part of the Baltic Ice Lake period, the Yoldia Sea phase, the
Ancylus Lake stage, and the Littorina Sea (or brackish) phase. The
data were plotted on a composite depth scale by converting the
expanded depth scale of core 318340 to that of core 318310.

3.2. 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). Sediments
(1-3 g) were extracted with a solvent mixture of dichloromethane
(DCM):methanol (9:1, v/v) at a temperature of 100 °C and a pres-
sure of 1500 psi (5 min each). The collected extract was concen-
trated with a Caliper Turbovap®LV, and dried over anhydrous
Na,SO4 and blown down over a gentle stream of N,. In order to
quantify GDGTSs, 1 ug of an internal standard (C4¢ GDGT; Huguet
et al., 2006) was added to the total lipid extract before separating
it over an Al,05 column (activated for 2 h at 150 °C) into three frac-
tions 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:isopropanol
(99:1, v:v) at a concentration 10 mg ml~! before being passed
through a 0.45 pm PTEFE filter and analyzed with ultra high perfor-
mance liquid chromatography-atmospheric pressure positive ion
chemical ionization-mass spectrometry (UHPLC-APCI-MS) using
the method described by Hopmans et al. (2016). Selected ion mon-
itoring of specific ions was used to quantify crenarchaeol and the
brGDGTs; for a selected set of samples GDGT-0 was also quantified
using a second run. The concentration of brGDGTs were normal-
ized on the total organic carbon (TOC) content. TOC data for cores
P435-1-4 MUC and GC 303600-N have been published previously
(Sollai et al., 2017). For the Arkona cores only loss in ignition
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Table 1

Location and water depths of surface sediments and sediment cores used in this study and MAT data of nearby weather stations where appropriate.
Station Location Latitude [N] Longitude [E] Water depth [m] MAT" (°C)
Surface sediments
372820° Bothnian Bay 65°10.70 23°05.73 122 14
377830% Bothnian Sea 62°50.71 18°53.34 210 4.1
377850 Bothnian Sea 61°04.31 19°43.68 136 4.5
349190° Gulf of Finland 59°26.09 22°58.39 94 6.9
349200* Gulf of Finland 59°46.97 26°35.05 82 6.9
3705207 Central Baltic 58°53.66 20°34.43 182 6.9
377860" Central Baltic 58°48.92 20°25.17 195 6.9
3705317 Gotland Sea 57°23.12 20°15.55 232 7.2
370540* Gotland Sea 57°17.04 20°07.26 243 7.2
303600° Gotland Sea 56°55.01 19°19.99 170 7.2
372720° Bornholm Sea 55°15.67 15°28.21 96 8.1
EMBO046-10 Skagerrak 57°49.74 07°17.66 457 n.a.
EMBO046-20 Skagerrak 58°31.60 09°29.09 532 n.a.
Cores
303600-N Gotland Basin 56°55.01 19°19.99 170 n.a.
P435-1-4 Gotland Basin 56°57.94 19°22.21 178 n.a.
318310 Arkona Basin 54°50.34 13°32.03 46 n.a.
318340 Arkona Basin 54°54.77 13°41.44 47 n.a.

@ These sediments were collected previously (Kabel et al., 2012).

> MAT (°C) values are from the closest weather station (www.rimfrost.no) and an average over the period of 1890-2016.

(LOI) data was available (Warden et al., 2016a) and these data were
transformed into TOC data (Dean, 1974).

3.3. 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 sedi-
ments from three different depth intervals from within the Ancylus
Lake and Yoldia phases in sediment core 303600-N were pooled by
equal amounts, homogenized in a mortar, and subsequently
extracted by ASE and fractionated over Al,03; 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:iso-
propanol (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,0; by elution with hexane. The identity of the brGDGT-
derived alkanes was confirmed by gas chromatography mass spec-
trometry (GC-MS) analysis and comparison of electron ionization
(EI) mass spectra with previously published data (Sinninghe
Damsté et al., 2000; Weijers et al., 2010; De Jonge et al., 2013;
Weber et al., 2015). The '3C content of the alkyl chains was deter-
mined by GC/combustion-isotope ratio mass spectrometry (GC/C-
IRMS) using a Delta V™ Advantage IRMS (Thermo Scientific, USA).
Samples were injected at 50 °C on a 50 m low-bleed Rxi®-5ms
GC column (0.2 mm iD, 0.33 um dy, 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 stable carbon isotopic composition of the analytes
(reported in the 3-notation with respect to the V-PDB carbonate
standard) were calibrated externally using an n-alkane mixture
(C16-C30) with known isotopic compositions (mixture B3 provided
by A. Schimmelmann, Indiana University, USA). GC/C-IRMS perfor-
mance was monitored by regular analysis of this standard mixture.
All samples were analyzed in triplicate.

3.4. Calculation of GDGT-based proxies

The Roman numerals refer to the GDGTs indicated in Fig. 1 and
IV refers to crenarchaeol (Sinninghe Damsté et al., 2002). The
5-methyl brGDGTs and 6-methyl brGDGTs are distinguished by a
prime 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):

BIT index = [(Ia) + (Ila) + (Illa) + (Ila') + (Illa)]/[(la) + (Ila)
+ (Ia) + (1) + () + (V)] (1)

where (X) denotes the peak area of GDGT X (see Fig. 1) in the LC-MS
analysis.

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

IR = ([lla'] + [llb'} + [lIc'] + [Ia’] + [Illb'} + i)/
(1a] + [Ib] + [lic] + [Ha'] + [Ilb/] + [lIc'] + [IIa] + [IIb]

+ [lIc] + [ + [Illb'} + [lIc)) (2)
where [X] denotes the fractional abundance of brGDGT X (see Fig. 1)
based on the fractional abundances of all 15 brGDGTs that were
quantified (i.e. excluding Illa").

The MBT'sy,e was calculated according to De Jonge et al.
(2014a):

MBT sme = ([Ia] + [Ib] + [Ic]) /([1a] + [Ib] + [Ic] + [[1a] + [IIb] + [IIc] + [1IIa])

3)

The weighted-average of cyclopentane moieties was calculated

for the tetra- and pentamethylated brGDGTs according to
Sinninghe Damsté (2016):

#1ingStetra = ([Ib] + 2+ [Ic])/([la] +- [Ib] + [Ic]) 4)
#TINGSpenasme = ([I1] + 2 [Iic])/([I1a] + [ITb] + [IIc]) (5)
#TINGS peniasme = ([1ID] + 2 % [Ic]) /(] + [Ib'] + [Iic]) (6)

The average number of rings of the tetra- and pentamethylated
brGDGTs was calculated as follows:
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#rings = ([Ib] + [IIb] + [1Ib'] + 2 * ([Ic] + [lIc] + [IIc']))/
([1a] + [Ib] + [Ic] + [Ia] + [Ib] + [IIc] + [1a'] + [IIb'] + [IIc’])
(7)

The soil-based CBT' and MBT's)e calibrations were used for the
calculation of pH and MAT (De Jonge et al., 2014a):

CBT'="log](Ic +l1a’ + IIb' + IIc’ + 1N’ + 1B’ + 1Ic’) /(1 + l1a + 111a)
8)

pH = 7.15 + 1.59  CBT' 9)

MAT = —8.57 + 31.45 + MBT'sye (10)

The marine bottom water temperature (BWT) calibration
designed for coastal marine sediments was calculated according
to Dearing Crampton Flood et al. (2018):

BWT = 59.5 + MBT s — 23.7 (11)

Mean annual air temperature (MAT) was calculated using a
novel calibration created using sediments from East African lakes
(Russell et al., 2018):

MAAT = —1.2141 + 32.4223 x MBT s (12)

3.5. Statistical analysis

Principal component analysis (PCA) was executed using Sigma-
plot© version 13. The statistical analysis was performed using the
fractional abundances of all 15 of the 5- and 6-methyl brGDGTs for
the entire set of sediments (n = 237).

4. Results

The two sediment cores from the central Gotland Basin together
comprise a record composed of the last part of the Yoldia Sea
phase, the Ancylus Lake and the brackish phases (see Sollai et al.,
2017 for details). Their TOC content varied from ca. 3 to as high
as 16% in the recent brackish phase (from 7.2 cal kyr BP to the pre-
sent; see Warden et al., 2017), while it was substantially lower (i.e.
<2%) in the Ancylus Lake and Yoldia Lake phases (Fig. 3a; Sollai
et al., 2017). The two Arkona Basin cores provided a record starting
in the Baltic Ice Lake period up to the recent brackish period (see
Warden et al., 2016a). The sedimentary loss on ignition (LOI) con-
tent varied from ca. 11% to as high as 17.7% in the recent brackish
phase, while it was substantially lower (i.e. 5.5% on average) in the
Ancylus Lake phase (Fig. 4a). For the sediments deposited during
the start of the Ancylus Lake phase, the Yoldia Sea phase, and the
Baltic Ice Lake period no LOI data are available.

4.1. Concentration and distribution of GDGTs

The summed brGDGT concentrations (normalized to the TOC
content) in both the Gotland and Arkona Basin sedimentary
records during the brackish phase were substantially lower than
during the Ancylus Lake and preceding phases (Figs. 3b and 4b).
The crenarchaeol concentration was highly variable but the aver-
age amounts were similar in the Ancylus Lake and the brackish
phases of both basins (Figs. 3 and 4). The same holds true for the
concentration of GDGT-0, which was also highly variable and the
amounts were similar in both the Ancylus Lake and brackish
phases in both the Gotland and Arkona basins. In the brackish
phase of the Gotland Basin record, lower concentrations of both
crenarchaeol and summed brGDGTs occured in low TOC sediments

(Fig. 3), i.e. at times when bottom water were oxic. This may be
related to decreased preservation under oxic conditions.

The relative abundances of the three major classes of GDGTSs, i.e.
summed brGDGTs, crenarchaeol, and GDGT-0 (cf. Blaga et al,
2009), showed substantial variation (Fig. 5). Included in this plot
are data from BS surface sediments and those of the nearby Skager-
rak (for which no absolute concentration data are available). All
but one had relatively low brGDGT abundances and fall in the same
area as those of the brackish phase sediments of the Gotland and,
to a lesser extent, Arkona Basin. Such GDGT distributions are typ-
ical for marine sediments (Schouten et al., 2013). The sediments of
the Ancylus Lake, the Yoldia Sea, and Baltic Ice Lake phases from
both basins contained substantially higher relative amounts of
brGDGTs (i.e. >20%; Fig. 5) with one exception (in the Ancylus Lake
phase of the Gotland Basin).

These changes translated into distinct differences in the BIT
index. The BIT index was low for both the Skagerrak (0.08 + 0.02)
and BS surface sediments (0.06 + 0.09). However, a Bothnian Sea
surface sediment (377850; Fig. 2) stood out with a substantially
higher value, i.e. 0.31. For the Gotland Basin record, the BIT index
decreased from the Ancylus Lake (0.44 +0.16) to the brackish
phase (0.06 + 0.02) (Fig. 3d). The brackish phase values are close
to those of most BS surface sediments. For the Arkona Basin record,
the BIT index was high in the Baltic Ice Lake (0.79 + 0.03), Yoldia
Sea (0.77 £0.05) and Ancylus Lake (0.74 +0.08) phases and
declined again in the brackish phase (0.17 +0.02) (Fig. 4d) but
not as pronounced as for the Gotland Basin.

4.2. brGDGT distributions

All 15 brGDGTs (see Fig. 1 for structures) identified previously
in soils and marine sediments with the UHPLC-MS method (e.g.
De Jonge et al., 2013; Warden et al., 2016b; Sinninghe Damsté,
2016) were detected. Similar brGDGT distributions were observed
in the BS and Skagerrak surface sediments (Fig. 6¢c and f) and the
brackish phase sediments from both basins (Fig. 6a and b). The
brGDGT distributions during the Ancylus Lake and Yoldia Sea
phases of the Gotland and, to a lesser extent, Arkona basins were
characterized by a much higher fractional abundance of brGDGTs
Illa and Illa’ than in the brackish phase (Fig. 6). The Ancylus Lake
phase of the Gotland Basin had the highest average fractional
abundance of brGDGT IllIa’ (0.31 = 0.08) of all sediments (Fig. Ge).
The Ancylus Lake phase of the Gotland Basin and the Baltic Ice Lake
phase of the Arkona Basin had the highest average fractional abun-
dance of brGDGT Illa (~0.34) (Fig. 6e and h). All of the lower salin-
ity phase sediments from both basins (Ancylus Lake, Yoldia Sea,
and Baltic Ice Lake phases) were dominated by non-cyclic brGDGTs
(Fig. 6e-h) in contrast to those of higher salinity phases such as the
BS and Skagerrak surface sediments, and those of the Arkona Basin
brackish phase (Fig. 6a-d).

To determine the factors controlling the brGDGT distribution in
all sediments (n = 237), PCA was performed on the fractional abun-
dances of the 15 brGDGTs. PC1 explained 46% of the total variance
and appeared to be predominantly related to the degree of methy-
lation of brGDGTs, as the most abundant hexamethylated brGDGTs
(Illa, IIa’, IIb, Illc) plotted negatively on PC1 and most of their less
methylated counterparts (Ia, Ib, Ic, IIa, 11, IIb, IIb/, Ilc, 1Ic’) plotted
positively (Fig. 7a). For the overall sample set, the sample score on
PC1 was highly positively correlated (R% = 0.91) with the MBT sye
(see Eq. (3)), a measure of the degree of methylation of the
5-methyl brGDGTs (De Jonge et al., 2014a). PC2 explained 20% of
the variance and was related to the fractional abundance of the
5- versus 6-methyl brGDGTs. All 6-methyl brGDGTs scored posi-
tively on PC2, whereas the most abundant 5-methyl brGDGTs
(i.e. Ia, Ila, and Illa) scored negatively on PC2 (Fig. 7a). Indeed,
the sample score on PC2 correlated negatively with the IR (see
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Eq. (2)) (R?=0.61), which is a reflection of the relative abundance
of the 6-methyl brGDGTs (De Jonge et al., 2014b). PC3 explained 9%
of the variance. Ia, Ila, and Ila’ scored negatively on this PC, whilst
almost all cyclic tetra- and pentamethylated brGDGTs (i.e. Ib, Ic,
IIb, Ilc, and IIc’) scored positively (Fig. 7c). The sample score on
PC3 is negatively correlated (R? = 0.45) with the average number
of rings of the tetra- and pentamethylated brGDGTs (#rings, see

Eq. (7)). The correlation coefficient increased to 0.78 when only
the surface sediments and sediments of the brackish phase are
considered. The significant correlations of the three PCs with the
molecular ratios of brGDGTs for the degree of methylation and
cyclisation and the relative abundance of 6-methyl brGDGTs indi-
cate that they provide a good description of the variance in the
dataset.
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The surface and brackish phase sediments scored positively on
PC1 but show substantial variation on PC2 (Fig. 7c). The BS surface
sediments that scored negatively on PC2 were mostly those from
the northern part of the basin (i.e. 372820, 377850, 377830,
349200 and 349190) and those in the south that were close to
the connection with the North Sea (372720 and 303600) as well
as the Skagerrak surface sediments. All Ancylus Lake and Yoldia
Lake phase sediments from the Gotland Basin scored negatively
on PC1 as did all of the sediments of the Baltic Ice Lake phase from
the Arkona Basin, albeit to a lesser extent (Fig. 7c). Again there is
quite some variation in the score on PC2. The Yoldia Sea phase sed-
iments from the Arkona Basin plot in between these groups, whilst
sediments from the Arkona Basin Ancylus Lake phase plot predom-
inantly in the upper quadrant of the score plot (Fig. 7c). The Got-
land Basin high-resolution record clearly reveals a gradual
change in the brGDGT distribution as indicated by the line con-
necting adjacent sediment layers (Fig. 7c); at the boundary

between the brackish and Ancylus Lake phases the score on PC2
is the highest of the entire dataset.

The novel brGDGT Illa” (Fig. 1), which has been linked to lacus-
trine in situ brGDGT production (Weber et al., 2015), was almost
constantly present during the Ancylus Lake and Yoldia Sea phases
of both the Gotland (Fig. 8d) and Arkona Basin (Fig. 9d) sedimen-
tary records but absent in the brackish period. The upper part of
the Gotland Basin Ancylus Lake phase lacked Illa”. It was also not
detected in the Baltic Ice Lake phase of the Arkona Basin (Fig. 9d).

4.3. Stable carbon isotopic composition of brGDGTs

To shed light on potential brGDGT sources, we examined their
13C content in core sections with a high fractional abundance of
brGDGT Illa” by ether cleavage and GC-IRMS analysis of their alkyl
chains (see experimental). It was not possible to obtain individual
8'3C data for the 5,13,16- and 6,13,16-trimethyloctacosanes
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(which were only partly separated by GC); when integrated
together resulting 5'3C values were identical to that of 13,16-
dimethyloctacosane (Table 2).

5. Discussion
5.1. Provenance of brGDGTs

The application of brGDGTs on marine and lake sediments for
paleoclimate studies can be complicated when diverse sources of
brGDGTs exist. These sources include soils (Weijers et al., 2007a;
Bendle et al., 2010), peats (Weijers et al., 2006a), and lacustrine
(Buckles et al., 2014), riverine (Yang et al., 2013; Zell et al., 2013;
De Jonge et al, 2014b; Warden et al., 2016b), and marine
(Peterse et al., 2009; Weijers et al., 2014; Sinninghe Damsté,
2016) in situ production. Therefore, the major sources should be
assessed before using brGDGTs for paleoenvironmental purposes
(e.g. Yang et al., 2013; Zell et al., 2013; De Jonge et al., 2015b;
Warden et al., 2016b).

The ternary plot of the major GDGTs (Fig. 5), along with the BIT
index, the summed brGDGTs and crenarchaeol concentrations
(Figs. 3 and 4), and brGDGT distribution (Figs. 8 and 9) all demon-
strated that the sedimentary GDGT composition was highly depen-
dent on the varying environmental conditions in the BS over the
Holocene. The Baltic Ice Lake, Yoldia Sea and Ancylus Lake phases
show higher values for the BIT index, whereas it is substantially
lower during the brackish phase (Figs. 3d and 4d). The records of
crenarchaeol and summed brGDGTs concentration indicate that
for both basins the decline of BIT index values is predominantly
caused by the much reduced brGDGT concentration in the brackish
phase (Figs. 3d and 4d). This decrease goes together with a sub-
stantial change in the brGDGT composition as is evident from the
PCA analysis (Fig. 7). This change in brGDGT provenance is the
most remarkable and consistent event in both the Gotland and
Arkona Basin GDGT records and roughly co-occurs with the
increased marine influence corresponding with the opening of
the Danish Straits, which allowed inflow of marine water into
the BS (Winterhalter, 1992; Andrén et al., 2000a, 2000b). Indeed,

these co-occurring changes start at the end of the Ancylus Lake
phase, which is characterized by a consistent decreasing trend in
the BIT index and rapid changes in the brGDGT molecular ratios
(Figs. 8 and 9). When the BIT index was introduced more than a
decade ago, it was interpreted to reflect soil organic matter input
(of which a value close to 1 indicates a predominant soil origin
and a value close to zero indicates a marine origin; Hopmans
et al., 2004). However, in situ brGDGT production in rivers (Yang
etal,, 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 also result in a high BIT index.
Therefore, the high BIT index values in the pre-brackish phases do
not necessarily indicate a substantially enhanced input of soil
organic matter. To examine the potential brGDGT sources, we will
discuss their provenance in detail. Various lines of evidence sug-
gest that autochthonous brGDGT production played an important
role in the BS during the Holocene and shall be discussed below.

5.1.1. The brackish phase

In the Gotland Basin the brGDGT concentration is low compared
to the aquatic crenarchaeol production by Thaumarchaeota result-
ing in a generally low BIT index (<0.10; Fig. 3d). These minor
brGDGTs could derive from either soil erosion or in situ produc-
tion. Sinninghe Damsté (2016) discussed how these dual sources
of brGDGTs complicated their paleoclimatic application in coastal
marine sediments and showed that in situ brGDGT production is
widespread at water depths of 50-300 m, likely due to the higher
delivery of organic matter. Sinninghe Damsté (2016) explored
several methods for determining the brGDGT provenance in such
settings. Since the average depth of the BS is 54 m and the water
depth of the core locations are 175 (Gotland Basin) and 46 m
(Arkona basin), sedimentary in situ brGDGT production must be
assessed.

Sinninghe Damsté (2016) demonstrated that when the frac-
tional abundances of the tetra-, penta- and hexamethylated
brGDGTs from soils were plotted in a ternary diagram, the data
points lie within a distinct area. By comparing brGDGTs in coastal
sediments with soils, it can be assessed whether the brGDGTs are
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Table 2

The §'3C values of brGDGTs and TOC from selected sediment depths from core 303600-N from the Gotland Basin.

Sediment depth (cm) brGDGT-derived alkane(s)

513C% (%o) 5'3Croc (%)

234-243 13,16 dimethyloctacosane (a) —-28.4+03 -28.1+0.1
5,13,16- and 6,13,16 trimethyloctacosane (b + c) -29.0+£0.0

309-323 13,16 dimethyloctacosane (a) -28.8+0.3 -27.7+04
5,13,16 and 6,13,16 trimethyloctacosane (b + c) —-28.7+0.1

351-363 13,16 dimethyloctacosane (a) —-27.4+0.1 -26.3+0.2
5,13,16 and 6,13,16 trimethyloctacosane (b + c) -28.4+0.1

@ Average and standard deviation based on analysis in triplicate.

predominantly derived from soils through input from land (e.g. by
riverine transport) or from aquatic (in situ) production. Few brack-
ish phase BS sediments plot on top of the global soil data set
(Fig. 10), suggesting that the brGDGTs are not predominantly
derived from soil.

The number of rings of the tetramethylated and the 5- and
6-methyl pentamethylated brGDGTSs (#TingStetra, #IiNgSpenta 5Mes
and #1ingSpenta sme; S€€ Eqgs. (4)-(6)) is another way of detecting
in situ production in marine sediments (Sinninghe Damsté,
2016). Most of the surface and brackish phase sediments have
the highest values for #ringsietra, #IiNgSpencta smes aNd #TiNgSpenta
eme (Fig. 10). To simplify the discussion we will focus on the aver-
age number of rings of the tetra- and pentamethylated brGDGTs
(#rings, see Eq. (7)). The degree of cyclization of brGDGTs is pre-
dominantly controlled by pH (Weijers et al., 2007a; Peterse et al.,
2010). The high #rings in Svalbard fjord (i.e. 0.8-1.0) and other
coastal marine sediments have consequently been interpreted to
be predominantly the consequence of in situ production in alkaline
sedimentary pore waters (Peterse et al., 2009; Sinninghe Damsté,
2016). For BS and Skagerrak surface sediments #rings ranges
between 0.44 and 0.72 (average 0.60 + 0.09), excluding sample
377850 located in the lower Bothnian Sea as the outlier (0.11). This
suggests that most surface sediments in situ production was
important and the contribution of soil-derived brGDGTs has been
low. High #rings values (i.e. 0.6-0.7) have also been observed in

alkaline soils (Sinninghe Damsté, 2016) and thus erosion could also
be the cause. However, the often peat covered soils of the continent
surrounding the BS basin are slightly acidic. The average pH is 6.1
for soils (0-25 cm depth) collected from 10 countries surrounding
the BS basin (Reimann et al., 2000). Additionally, high pH soils tend
to have high amounts of 6-methyl brGDGTs (IR > 0.7; De Jonge
et al.,, 2014b) and the BS surface sediments have a much lower
average IR (0.47 £0.10; Figs. 8 and 9), also pointing towards
insignificant input of alkaline soils. Hence, the #rings can be used
as an indicator for in situ production and where values exceed
0.7 (value indicated by the gray dotted lines in Fig. 11) a predom-
inant origin from in situ production can be assumed.

The exceptional Bothnian Sea surface sediment 377850 with
the low #rings (0.11) also had a much higher BIT index (0.31)
compared to all other surface sediments. Kaiser and Arz (2016)
compared brGDGT and leaf-wax n-alkane concentrations in BS sur-
face sediments and concluded that the BIT index does reflect the
relative contribution of soil organic matter. They also reported a
high soil organic matter input into the Bothnian Sea (average
29%), in agreement with lignin phenol data indicating a 30% terres-
trial organic matter contribution in the northern BS (Bianchi et al.,
1997). The low #rings (0.11) and low IR (0.34) values of the
brGDGTs in surface sediment 377850 are in agreement with the
low pH of soils surrounding the BS. Using this sediment as an
end-member of soil derived brGDGTs in the BS region and a #rings
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value of 0.8 for in situ produced brGDGTs (Sinninghe Damsté,
2016) suggests that 70 + 13% of the brGDGTs in the other surface
sediments is in situ produced.

The Gotland Basin brGDGT distribution in the brackish phase
sediments reveals that they also must be primarily derived from
in situ production. The brGDGT abundance relative to crenarchaeol
is always low (BIT index <0.10; Fig. 3d), caused by low absolute
brGDGT concentrations (Fig. 3b). At the same time, #rings values
are variable but generally high (0.4-0.75) and in certain intervals
even approach or exceed the value of 0.8 that indicates an exclu-
sive origin from in situ production. The brGDGT distribution during
this phase remains relatively constant as revealed by the PCA score
plot (Fig. 7c) and the relatively constant values for MBT'sy of
around 0.5 (Fig. 8c). Higher values for MBT'sy. and lower values
for #rings are seen in higher TOC sediments (i.e. Medieval Climate
Anomaly (MCA) and Holocene thermal maximum; Fig. 8a). Similar
observations are made for the Arkona Basin brackish phase record
(Figs. 4 and 9), where #rings is 0.70 £ 0.06 and MBT'sps. is 0.55 =
0.03. The values for the BIT index are slightly higher (0.18 £ 0.03)
than in the Gotland Basin (Fig. 3), but this is probably due to the
lower crenarchaeol concentration rather than due to increased
brGDGT concentrations (Fig. 4). The increased crenarchaeol con-
centration in the Gotland Basin brackish phase sediments may be
related to the strong stratification of its water column. A study of
the Black Sea, a large, stratified body of water with anoxic bottom
waters and abundant sulfide below 100 m, demonstrated that
crenarchaeol-producing Thaumarchaeota are abundant in the sub-
oxic zone (Coolen et al., 2007). Similarly, the Gotland Basin has also
been persistently stratified with an oxic upper layer and anoxic
bottom waters (e.g. Suess, 1979; Sternbeck and Sohlenius, 1997),
sustaining a chemocline and supporting a population of Thaumar-
chaeota (Berg et al., 2015) conducive to higher crenarchaeol
production.

The high resolution Gotland Basin MUC record shows the influ-
ence of bottom water oxygen concentration on the GDGT distribu-
tion. This core covers the MCA and Modern Warm Period (MWP),
both characterized by relatively high TOC contents and laminated
sediments (Fig. 3). The Little Ice Age (LIA), which occurs between
these two periods, is characterized by homogenous sediments
and a substantially lower TOC content (Kabel et al., 2012). The
highest BIT index values, although still low (<0.1; see inset in
Fig. 3b), coincides with the interval with the lowest TOC values,
likely indicating this period had the highest oxygen bottom water
concentrations. The brGDGT and crenarcheaol concentration pro-
files (Fig. 3b and c) show that the increase in the BIT index is
mostly due to the decrease in crenarchaeol concentration. This
could be explained by a reduced preservation of crenarchaeol
produced in the water column. The #rings is also highest in the
interval with the highest BIT index values (Fig. 8). This would be
consistent with the idea that these brGDGT are predominantly pro-
duced in the surface sediments, which would promote their
preservation. This has no major impact on the degree of methyla-
tion since MBT'syj. remains fairly constant (Fig. 8).

Down core in the Gotland Basin record, larger changes in the
MBT's\e profile are observed (Fig. 8c). The increases in MBT's5pe
occur in sediments with a high TOC content and are caused by a
large increase in the fractional abundance of brGDGT la and co-
occur with a substantial drop in #rings (Fig. 8a). In fact, a signifi-
cant linear correlation (R? = 0.88) exists between [la] and #rings
for the entire brackish interval. The endmember in this respect is
the sediment at 225 cm, which has values for MBT'sye, [Ia] and
#rings of 0.69, 0.44, and 0.29, respectively. This strongly suggests
that under anoxic bottom water conditions in situ production in
the sediments is suppressed, and brGDGTs from another source
become relatively important. Soil-derived brGDGTs would be a
possibility, but the overall brGDGT composition of these sediments
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Fig. 11. Scatter plots of the number of cyclopentyl rings (#rings) in the tetramethylated brGDGTs (calculated using Eq. (4)) vs. (a) 5-methyl pentamethylated brGDGTs
(calculated using Eq. (5)), and (b) 6-methyl pentamethylated brGDGTs (calculated using Eq. (6)). The different basins and different phases of sedimentation are shown by
symbol and color as indicated. Soils from the global data set are plotted for reference; those with a pH > 7 are indicated with an ‘X’ (data from De Jonge et al., 2014a). The data
reveal that sediments deposited during the brackish phase in both the Gotland and Arkona Basins have generally the highest degree of cylisation of their brGDGTs. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(e.g. 223 cm; see Fig. 10) is such that they still plot outside the
global soil dataset.

We conclude that in the brackish period for both basins, the
input of soil-derived brGDGTSs was relatively minor and the major-
ity of brGDGTSs was produced in situ in the alkaline pore waters of
the marine sediments, or perhaps, in the water column. However,
at times of anoxic bottom water conditions, an additional
unknown source of brGDGTs played a role in the brGDGT
provenance.

5.1.2. The pre-brackish phases

The brGDGTs in the sediments deposited before the brackish
period (i.e. during the Ancylus Lake, the Yoldia Sea, and the Ice Lake
phases) reveal fundamental differences compared to those
deposited in the brackish period. Firstly, the brGDGT concentration
(normalised on TOC) increased by an order of magnitude or more.
Since the crenarchaeol concentrations remained the same or
declined, this resulted in a marked increase of the BIT index in both
the Gotland (Fig. 3d) and Arkona (Figs. 4d and 9d) Basin at the tran-
sition to the brackish phase. In the GDGT ternary diagram (Fig. 5)
all these pre-brackish phase sediments plot in the “non-marine”
area, where sediments from lakes and soils are typically found
(cf. Schouten et al., 2013). This indicates that these sedimentary
brGDGTs are derived from aquatic production or from eroded soil
material washed into the BS (mostly a lake at that time). A second
prominent feature is that their distributions of the brackish and
these earlier phases are remarkably different; penta- and hexam-
ethylated brGDGTs are much more abundant (Fig. 10). The strong

increase in the degree of methylation is also revealed by the
MBT'spe that in the pre-brakish phases drops to values <0.2 for
the Gotland and <0.3 for the Arkona Basin (Figs. 8c and 9c). All
pre-brackish phase sediments have a brGDGT distribution different
from those of soils (Fig. 10a) and more similar to that of low-
temperature lakes (Fig. 10b). Hence, the transport of soil-derived
brGDGTs is not an important source as they seem to be mostly
derived from in situ aquatic production. Indeed, in situ production
is thought to be a major brGDGT source in a variety of lake systems
(e.g. Tierney and Russell, 2009; Sinninghe Damsté et al., 2009;
Buckles et al., 2014; Weber et al., 2015).

A predominant aquatic brGDGT origin during these phases is
supported by two other observations. Firstly, sedimentary brGDGT
concentrations in various lake systems are substantially higher
than in the soils of the lake watershed (Tierney and Russell,
2009; Loomis et al., 2011; Buckles et al., 2014; Tierney et al.,
2012). The brGDGT concentrations in the pre-brackish phase are
comparable or higher than those in lakes and substantially higher
than in soils, making a predominant soil origin unlikely. Secondly,
the presence of the novel hexamethylated brGDGT Illa” during
most of the Ancylus Lake and Yoldia Sea phases in both basins
(Figs. 8d and 9d) provides evidence for in situ production of at least
some brGDGTs. Illa” was recently identified in sediments of an
eutrophic Swiss mountain lake (Lake Hinterburg), where its
absence from the watershed soils indicated that its source is exclu-
sively lacustrine in situ production (Weber et al., 2015).

A further check for potential in situ production is the determi-
nation of the stable carbon isotope composition of the alkyl
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moieties of brGDGTs (8'*Cyrgper). In Lake Hinterburg 8'3Cpeper in
the sediment (ca. —43%.) was found to be substantially lower than
(i) 8'3Cyraper values measured in soils from the watershed (ca.
—27%o), and (ii) the 8'3C of sedimentary TOC (—34%.) (Weber
et al., 2015). This stark '*C-depletion of brGDGTs was attributed
to extensive microbial C recycling within the lake that led to '3C
depletion in the dissolved and particulate carbon pools, which in
turn served as a carbon source for the aquatic brGDGT-producing
microbes. Three intervals of the Gotland Basin sedimentary record
from both the Ancylus Lake and Yoldia Sea phases with the highest
fractional abundance of brGDGT Illa” were selected to determine if
the majority of the brGDGTs from these periods were in fact pro-
duced in situ. However, in contrast to Lake Hinterburg, the pres-
ence of the in situ-produced brGDGT Illa” was not linked to such
low 3"3Cipropery values in the BS sections analyzed (—27.4 to
—29.0%0; Table 2), which were similar to 5'3Croc values measured
in soils (—26 to —28%o; Table 2) and, therefore, could not further
support an origin of brGDGTs from aquatic C pools.

Based on the fractional abundances of the tetra-, penta- and
hexamethylated brGDGTs (Fig. 10), their high concentrations, and
the presence of the novel Illa” brGDGT in the sedimentary record,
we conclude that aquatic in situ production was the primary
brGDGT source in the pre-brackish period sediments. This is not
in contradiction with the high values of the BIT index in this inter-
val (Figs. 8d and 9d). In lakes the BIT index is determined by the
balance between production of crenarchaeol by ammonium-
oxidizing Thaumarchaeota (Buckles et al, 2013) and in situ
brGDGT production (Buckles et al., 2014, 2016) and is commonly
quite high (e.g. Blaga et al., 2009; Tierney et al., 2010). Several
maxima in the BIT index records are evident during the lower
salinity phases (Figs. 8 and 9). Both BIT index maxima (at 305
and 375 cm composite depth; Fig. 3d) in the Gotland Basin are pre-
dominantly due to decreased crenarchaeol concentrations (Fig. 3b
and c). In the Arkona basin a broad BIT index maximum, recording
the highest values (i.e. 0.90), occurred in the middle part of the
Ancylus Lake section (Fig. 9d). In contrast to the Gotland Basin
record, both the concentration of brGDGTs and crenarchaeol
increased during this maximum (Fig. 4b and c), suggesting perhaps
a different mechanism, e.g. by an increase in terrigenous input.
Peat may contain high brGDGT concentrations (Weijers et al.,
2011). In order to determine if peat erosion may have been respon-
sible for the BIT index maximum, four sediment horizons from
around the maximum (Table 3) were analyzed for specific peat
markers. Baas et al. (2000) showed that Sphagnum, an abundant
species in peat bogs, is characterized by a dominance of the Cy3
or Cy5 n-alkanes. Our results showed that the Cy3 and Cy5 n-
alkanes were abundant (average ratio of Cy3 + Co5 compared with
total n-alkanes is 0.27 = 0.04; Table 3), confirming a contribution
of Sphagnum and thus peat to the Arkona Basin sediments during
the Ancylus Lake phase. Kaiser and Arz (2016) also showed that
n-alkane distributions of BS surface sediments indicated a contri-
bution from peat in the northern and southern regions. However,
since the ratio of C,3 + Cy5 relative to total n-alkanes did not sub-
stantially increase with increasing BIT index values, an increased
influx of peat is unlikely to explain the higher BIT index values.
Therefore, the variations in the BIT index are most likely explained
by the balance of production of crenarchaeol and brGDGTSs.

Quite substantial changes in the brGDGT distribution in the pre-
brackish phase sediments are noted. For the Gotland Basin the
MBT'sye remains stable (Fig. 8c) but for the Arkona Basin an
increase towards values of 0.5 are noted at the Yoldia Sea - Ancylus
Lake transition (Fig. 9¢). The #rings and IR records show even more
variation (Figs. 8 and 9) and may be related to changes in pH or in
the brGDGT-producing microbial population. Interpretation of
these changes will require more in-depth knowledge of lacustrine
in situ brGDGT production. In any case, the brGDGT distribution in

Table 3

BIT index values and ratio of (Cy3 + Cys)/total n-alkanes, demonstrating the domi-
nance 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 core Sediment core depth BIT index (Cy3 + Cys)/total
(cm) n-alkanes

318340 540.5 0.69 0.25

318340 599.5 0.81 0.27

318340 634.5 0.82 0.23

318310 642.5 0.90 0.32

the Yoldia Sea phase of both basins is rather different from those in
the brackish phase. This suggests that, although during both
phases the BS was connected to the sea, the short duration of the
connection in the Yoldia Sea phase did not result in conditions that
were similar to those encountered during most of the brackish
phase.

5.1.3. The Ancylus Lake - Littorina Sea transition

A detailed examination of the Ancylus Lake/Littorina Sea transi-
tion in the Gotland Basin, where this transition was studied in high
resolution, reveals a number of stepwise changes. The largest
changes are seen at ca. 250 cm composite depth where the BIT
index drops substantially to a value <0.1 due to rapidly decreasing
brGDGT concentrations (Fig. 3), the MBT'sye rapidly increased
(Fig. 8c), and TOC content increased to the minimal levels observed
in the brackish phase (Fig. 3a). This is where we, on the basis of the
GDGT composition, place the boundary between the Ancylus Lake
and Littorina Sea phase. However, it should be noted that based on
the diatom record the Ancylus Lake/Littorina Sea boundary is
placed at 230 cm composite depth (Moros, unpublished results),
20 cm higher up in the section, which corresponds to a time gap
of ca. 200 years (Warden et al., 2017). From 250 cm upwards,
MBT'sye increased further, ultimately reaching values of >0.5 at
242 cm, and these higher values characterized most of the brackish
phase (Fig. 8c). At the same time, #rings increased reaching values
>0.8 at 241-243 cm for a short period, the highest values observed
throughout the brackish phase (Fig. 8a). The sediments above this
interval were sampled in lower resolution, but reveal a strong drop
in #rings to the lowest value of the brackish phase at 225 cm
(0.29), where the sediments are laminated and have the highest
TOC content of the brackish phase. At 227 cm (i.e. just before the
minimum in #rings), a sudden drop in MBT'sp and IR (Fig. 8)
and an increase in the BIT index and brGDGT concentration
(Fig. 3) is observed.

The discrepancy in the boundary between the Ancylus Lake and
Littorina Sea phases likely relates to the fact that the changes in
diatom assemblages record the changes in surface salinity, which
changed from fresh to brackish, whilst the brGDGTs predominantly
record changes in the deeper waters. The connection with the
North Sea resulted in the inflow of salt water and because salt
water is more dense, this influx probably first affected the Gotland
Basin bottom waters. This increase in salinity led to impoverished
conditions for brGDGT-producing microbes in the Ancylus Lake
deep water, resulting in a substantial decrease in brGDGT concen-
tration. Subsequently, the salinity of the bottom waters increased
further to such an extent that brGDGT-producing microbes found
a niche in the surface sediments, just like during the LIA, which
is evident from the distinct peak in #rings (Fig. 8c). As the Gotland
Basin became strongly stratified, the organic matter preservation
due to anoxic bottom waters increased, however, this probably
had a strong effect on the benthic and, probably oxygen-
requiring brGDGT-producing microbes. When the incursion of
North Sea waters also affected the salinity of the Gotland Basin
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photic zone, this resulted in a marked change in the diatom com-
position. Hence, the transition from the Ancylus Lake to the Lit-
torina Sea was likely gradual, first affecting the salinity of the
bottom waters and then later that of the surface waters.

5.2. Potential palaeoclimate application of brGDGTs

The heterogeneity of brGDGT sources in the BS basin greatly
complicates the use of brGDGTs as a temperature proxy. Some
recent developments, however, allow us to explore some new
approaches.

A Bothnian Sea sediment (377850) had the highest BIT index
(0.31) and the lowest #rings value of all surface sediments, indicat-
ing that this site received the highest soil-derived brGDGT contri-
bution. This is remarkable since other sampling sites (i.e. 372820,
377830, and 349200) were closer to the mouth of a river, thought
to be a predominant continental brGDGTs source (e.g. Zell et al.,
2013), However, these sediments did not have correspondingly
higher BIT index values (Table 1; Fig. 2). Perhaps the Bothnian
Sea site received more terrestrial material or in situ production
was low in this area and hence the terrestrial signal was not over-
whelmed by in situ produced brGDGTs. We applied the soil calibra-
tion based on individually quantified 5- and 6-methyl brGDGTs
from De Jonge et al. (2014a) to reconstruct continental pH and
MAT. The CBT’-derived reconstructed pH (see Egs. (10) and (11))
was 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 MBT'sy calibration (12) is 4.3 °C, similar to the mea-
sured MAT of 4.5 °C from the closest weather station (Table 1).
Apparently, the cold winters in this region, which may limit micro-
bial production in soil, do not result in a bias of MBT'5y.-derived
temperatures. Consequently, the Bothnian Sea may be a good loca-
tion for collecting sediment cores for future brGDGT-based conti-
nental climate reconstructions in the BS area.

A soil calibration is, however, not suitable for the other surface
sediments since the brGDGTs are predominantly derived from
in situ production. Recently, a novel MBT'sy. calibration for calcu-
lating bottom water temperatures (BWT) (Dearing Crampton Flood
et al., 2018) was developed for coastal marine sediments where
brGDGTs are predominantly in situ produced. Predicted BWT for
BS surface sediments varied substantially ranging from —1.2 to
9.0 °C with a clear trend toward higher temperatures at lower lat-
titudes. Measured MATSs from weather stations close to these sites
ranged from 1.4 to 8.1 °C (Table 1). The positive correlation of the
estimated BWTs and the MATs from the closest weather stations
was significant, R>=0.82 (n=11), providing confidence in this
new calibration. Estimated BWTs were 6-9 and 9 °C for the Got-
land and Bornholm basins, respectively, which is in fairly good
agreement with their measured BWT over the last 20 years of
5-6°C and 6.5-8.0 °C, respectively (Carstensen et al., 2014). The
offsets in the BWT estimates are likely due to the fact that the sed-
imentary brGDGTs are not purely derived from in situ production
but also from soil erosion. However, since the MBT'sp.-based tem-
perature calibrations for sedimentary in situ production and soils
are quite similar (Dearing Crampton Flood et al., 2018), the offsets
due to mixing may be limited in cold areas such as the BS.
However, the estimated average BWT for the Skagerrak surface
sediments, 17 °C, was unrealistically high. Earlier brGDGT-derived
MAT from Skagerrak sediments using a soil calibration (Rueda
et al,, 2009) were also high (15.5 °C). It was postulated that this
could be due to brGDGT transport from the southern North Sea or
alternatively that in this region the organisms that produced the
brGDGTs were more active during the summer since Scandinavian
soils are mostly snow covered during the winter months.

Because in situ production was an important brGDGT source
during the brackish phase, the new marine coastal BWT calibration

(Dearing Crampton Flood et al., 2018) was applied. However, this
had to be limited to sedimentary brGDGTs with a predominantly
aquatic origin and, therefore, this was only performed for sedi-
ments with #rings >0.7. For the Arkona Basin, BWT could be calcu-
lated for all but one of the brackish phase sediments, resulting in
an estimate of 9.2 + 1.6 °C. For the Gotland Basin only a limited
number of sediments have a #rings >0.7 (Fig. 8a). Sediments for
the LIA (11.5-29 cm) have an estimated BWT of 6.3 + 1.1 °C, which
is slightly higher than reported BWTs of ca. 4 °C for the period
1890-1930 (Carstensen et al., 2014). Just below the MCA (at 70
and 100 cm composite depth) there are two sediments for which
BWT can be estimated to be 5-6 °C. Since the Arkona Basin is more
shallow and is more to the south, it makes sense that this BWT
estimate (9.2 + 1.6 °C) is higher than for the Gotland Basin. The
other section for which BWT in the Gotland Basin can be estimated
is when the connection with the North Sea had just been estab-
lished and a peak in #rings is observed (see Section 5.1.3;
Fig. 8a); estimated BWT is here ca. 7 °C. Hence, it seems that during
the brackish phase when the BIT index was low and #rings was
high, the marine coastal sediment calibration performed well for
reconstructing BWT.

For the Ancylus Lake, Yoldia Sea and Ice Lake phases aquatic
in situ production in a large lake setting seems to be the domi-
nant source for brGDGTs. Hence, if we want to reconstruct tem-
peratures using these brGDGTs, we will have to apply a
lacustrine calibration. A number of calibrations have been devel-
oped to this end, including the global lake calibration developed
by Pearson et al. (2011). However, all of these calibrations are
based on calibration sets that have been obtained using chro-
matographic methods that result in an inadequate separation of
the 5- and 6-methyl brGDGTs. It has been demonstrated that sep-
aration of these isomers results in substantially improved calibra-
tions (e.g. De Jonge et al., 2014a, 2014b) and, therefore, should be
applied. Recently, a regional lake calibration set has become avail-
able (Russell et al., 2018), which is based on 65 lakes in tropical
East Africa from a variety of altitudes and, therefore, spanning a
wide temperature range (2-27 °C). Before applying this calibra-
tion to the Baltic data set, brGDGT distributions of the different
datasets were compared (Fig. 10b). This shows that the African
lake datapoints plot in a restricted area just as is the case for soils
(Fig. 10a; cf. Sinninghe Damsté, 2016), with the higher tempera-
ture lakes plotting to the right and low temperature lakes
towards the lefthand corner. The comparison also reveals that
some but not all BS pre-brackish phase datapoints follow the
trend of the African lake sediments (Fig. 10b). The Gotland Basin
sediments of the Ancylus Lake and Yoldia Sea phases plot in close
vicinity of the coldest African lakes. The MBT's5). is quite constant
in these phases (Fig. 8c) and application of the lake calibration
results in mean temperatures of 3+ 1 and 4 = 1 °C for the Ancylus
Lake and Yoldia Sea phases, respectively. For the Arkona Basin
this exercise is less straightforward since many data points do
not plot in the vicinity of the African lake dataset (Fig. 10c); they
are characterized by a higher fractional abundance of tetramethy-
lated (approaching 45% for some Ancylus Lake phase sediments)
and a lower fractional abundance of pentamethylated brGDGTs.
These sediments roughly correspond to the 600-840 cm section,
where MBT'sy increases to values of 0.5, which would corre-
spond to unrealistically high temperatures of ca. 15 °C (Fig. 9c).
When only Ancylus Lake phase sediments with a fractional abun-
dance of tetramethylated brGDGTs <20% (i.e. where they overlap
the area of the African lake data points in the ternary diagram;
Fig. 10b) are taken into consideration, temperature estimates
are 8 +2°C, which is higher than for the Gotland Basin. The
brGDGT distributions of the Yoldia Sea and Ice Lake phases
(Fig. 10b) reveal that most of them do not qualify for calculation
of temperatures using the African Lake calibration.
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These data indicate that it remains rather complicated to
extract palaeotemperature data from the BS brGDGT record. Under
certain circumstances, we can extract BWT during the brackish
phase and temperature information during the lake phases. How-
ever, more knowledge is required, especially on brGDGT produc-
tion in temperate lakes, before these data can be interpreted
with full confidence. At sites where brGDGT sources have been
constant through time brGDGTs remain a useful tool for paleotem-
perature reconstruction.

6. Conclusions

Marked changes in brGDGT distribution and the BIT index
occurred concomitantly with the re-establishment of the connec-
tion between the BS and the North Sea. These shifts were likely
caused by the change in the brGDGT sources from water column
in situ production during the lower salinity phases to in situ pro-
duction by benthic microbes during the brackish phase. The contri-
bution of continental brGDGTSs to Holocene BS sediments through
erosion of soil seems in general not to be substantial. In situ
brGDGT production over the Holocene confound their use for con-
tinental temperature reconstructions in the BS. After thorough
assessment of brGDGT provenance, however, temperature esti-
mates can still be meaningful if appropriate calibrations are
applied. Our results further indicate that changes in brGDGT distri-
bution, in turn, can be used to reconstruct past environmental
changes such as freshening and saltening of a basin. Hence, factors
controlling sedimentary brGDGT composition should be further
investigated using suitable sedimentary records from other regions
spanning known environmental changes to further explore this
exciting possibility.
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