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Abstract

Sediment records recovered from the Baltic Seanduntegrated Ocean Drilling Program Expedition $43@vide a unique
opportunity to study paleoenvironmental and -clienettange in central/northern Europe. Such studiegibute to a better
understanding of how environmental parameters ahamgontinental shelf seas and enclosed basinsphé&ent a multi-
proxy-based reconstruction of paleotemperatureh(bmatrine and terrestrial), -salinity, and -ecosystdianges from the Little
Belt (Site M0059) over the past ~8,000 years, araduate the applicability of inorganic and orgapioxies in this particular
setting.

Salinity proxies (diatoms, aquatic palynomorphgraz®ds, long chain diol index — LDI) show thatuatine conditions
occurred in the Little Belt until ~7,400 cal. yr BR connection to the Kattegat at this time carekeluded, but a direct
connection to the Baltic Proper may have existédgk ffansition to the brackish-marine conditions rgnealine and warmer)
of the Littorina Sea stage occurred within ~20@ken the connection to the Kattegat became esitalolig-7,400 cal. yr BP).
The different salinity proxies used here show simitends in relative changes in salinity, but fteronot allow quantitative
estimates of salinity. The reconstruction of wagenperatures is associated with particular largeerainties and variations
in absolute values by up to 8 °C for bottom watensl even up to 16 °C for summer surface watersc€aimg the
foraminiferal Mg/Ca reconstruction, contaminatiaritie deeper intervals may have led to an ovemasin of temperatures.
Differences in results based on the lipid proxig3l(and TEXgs) can partly be explained by the application of evoeday
proxy calibrations in areas which experienced $icgmt changes in depositional settings, in caseuwfstudy e.g. change
from freshwater to marine conditions. Our studyvehithat particular caution has to be taken wheryappand interpreting
proxies in coastal environments, where water masslitons can experience more rapid and larger géshan in open-
ocean settings. Approaches using a multitude oépeddent proxies may thus allow a more robust paldmnmental

assessment.

1 Introduction

Coastal marine environments are particularly susigego global climate change (IPCC, 2014). Witlyoing climate change,
sea water is warming, and together with circulatitvanges and human-induced eutrophication thidtsesudecreasing

dissolved oxygen concentrations in many areas wadkel (Keeling and Garcia, 2002; Meier et al., 20T2)is is particularly

the case in semi-enclosed basins such as the GMkxico (Osterman et al., 2005; Platon et al.,®)0(Scandinavian) fjords
(Gustafsson and Nordberg, 2000; Filipsson and Nengil2004), and the Baltic Sea (Diaz and Rosen2&@g; Conley et al.,
2011; Gustafsson et al., 2012). Climate changedant decades is also showing a persistent treadrore positive state of
the North Atlantic Oscillation resulting in wetteonditions especially over northern Europe (Hurr&895; Visbeck et al.,

2001). Increased westerly winds together with engkd barotrophic pressure gradient would lead ¢oersed inflows of
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saline water into the Baltic Sea. Furthermore,iticeease in continental runoff due to increasecipi&tion may result in a
freshening of the Baltic Sea (Matthaus and SchitiR89; Gustafsson and Westman, 2002).

Both temperature and salinity changes will havedrtgnt consequences for the Baltic Sea environrfeegt Meier et al.,
2012). To improve our understanding of the impact magnitude of future environmental change inBhkic Sea region, it
is advantageous to generate high-resolution pa&eonstructions to investigate how salinity and terapure varied in the
past (e.g. Zillén et al., 2008; Andrén et al., 2813 multi-proxy approach, comprising proxies egentative for bottom
water, surface water and air (terrestrial) condgijcallows us to reconstruct a wide array of emritental change (especially
temperature and salinity) from the same sampled, tans, how conditions simultaneously changed i same age
constraints.

The occurrence of specific species of ostracods@nagninifera are important indicators of bottomtergparameters, in case
of the Baltic Sea primarily salinity (Lutze, 1965974; Murray, 2006; Frenzel et al., 2005; 2010;hbierg et al., 2008).
Additionally, stable oxygen and possibly carbortages in foraminifera are commonly related to clesnig salinity, though
stable oxygen isotopes are also influenced by teastype and global ice volume, while productivityaisother control factor
for carbon isotopes (Kristensen and Knudsen, 26@f{sson et al., in press). Bottom water tempeesBWT) can be
reconstructed using Mg/Ca in benthic foraminifdRaifzsch et al., 2008), but the specific conditionthe Baltic Sea may
significantly influence the application of Mg/Car@&neveld and Filipsson, 2013).

A proxy which appears to be only dependent on teaipee and may therefore be ideal for the Baltia &® clumped isotopes
on molluscs. This proxy has not yet been appliedamples from the Baltic Sea. 'Clumped isotopes'more correctly,
‘clumped isotopologues', are isotopic moleculeg tumntain more than one rare isotope (for examfile, carbonate
isotopologue C&C'0'0,). The abundance of these molecules in carbonatetesmined by the formation temperature of
the mineral.

Due to the low salinity and overall shallownessta# Baltic Sea, planktonic foraminifera are abdemin the Baltic Sea
(Andrén et al. 2015a). Diatoms and marine palynghsrike dinoflagellates, however, are common aftelnovery good
indicators of changes in salinity (Andrén et a0@; Snoeijs and Weckstrom, 2010; Ning et al., 2015

The lipid paleothermometer Tk (TetraEther index of tetraethers consisting of &@Bbon atoms) and its derivatives
(Schouten et al., 2002; Kim et al., 2010) is fretflyeused to reconstruct SSTs. In the Baltic Se@,REX g6 has been shown
to correlate well with summer SSTs and it has hesd to investigate climate driven changes in S&T the past ~1,000 yr
(Kabel et al., 2012). A more recently introducedxgrthat shows promise in paleoenvironmental sttiehe LDI (Rampen
et al., 2012). This proxy makes use of the sediargmistribution of long chain diols (LCDs) syntieel by eustigmatophytes
and in different marine settings has been suggestedher reflect an annual (Rampen et al., 2@&2Bar et al., 2016) or a
summer SST signal (Lopes dos Santos et al., 2013jdition to SST, however, salinity has been plesto also affect the
distribution of LCDs in aquatic environments (Veegh et al., 1997). Terrestrial palynomorphs ssgbodlen grains are ideal

biotic proxies for the reconstruction of contindrgavironmental and climate dynamics. Techniqueshsas the modern
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analogues technique (MAT) furthermore allow caltola quantitative climate data (e.g. temperaturegcipitation,
seasonality) from pollen assemblages (e.g. GuagQ1Kotthoff et al., 2008, 2011).

Despite a large amount of proxy-based researcloqeed in the Baltic Proper (e.g. Zillén et al., 80Rotilainen et al. 2014),
there are no continuous high-resolution records fitee Baltic Sea and its connections to the Kattéigtle Belt, Great Belt,
and Oresund) surpassing ~20 m sediment length ¢&nelral., 2009; Bennike and Jensen, 2011). Suchde would enable
multi-proxy studies in high temporal resolution fbe entire Holocene and possibly further backriret Continuous high-
resolution records would not only allow correlatioetween the different basins in the Baltic Seadorefut also provide a
connection to terrestrial archives and moreovésiteenland ice core records and marine records tihemNorth Atlantic.
International Ocean Drilling Program (IODP) Expédlit(Exp.) 347 drilled a series of long, continusasliment records in
the Baltic Sea region (Andrén et al., 2015a, byeHee present a centennial-resolution multi-praxylg of IODP Exp. 347
Site M0059 from the Little Belt, one of the connens between the Baltic Sea and the North Sea asiragiety of different
proxies which are commonly used in paleoceanographgconstruct past sea water temperature antdtgaliVe investigate
how these proxies perform in a proximal setting ltke Little Belt and how they link to seasonalltye selected the last
~8,000 yr of Site M0059 (top ~53 m of sediment)jriclude the transition from freshwater to brackisarine conditions
creating the connection between the Baltic Propdrthe Kattegat. We show that a multi-proxy apphoaléows to unravel
the different factors which have influenced pastditons in the Little Belt, suggesting that itstory may have been partly

different from that of the Baltic Proper.

2 Regional settings and methods

2.1 Regional setting

The Baltic Sea, including the Gulfs of Bothnia, &&nd Finland, covers an area of 33,793 km? anasspalistance from the
53° to 66°N latitude (Lepparanta and Myrberg, 208i@, 1). The Belt Sea, including the Oresund, @reat Belt, and the
Little Belt, connects the Baltic Sea to the Nor#aSthrough the Kattegat and Skagerrak. The Baéis one of the world’s
largest brackish water bodies, with a surface wsadinity ranging from close to zero in the innesnparts of the Gulf of
Finland, seven in the Baltic Proper and betweend2#4 in the Belt Sea. A halocline, varying betw@@nand 80 m water
depth in the different subbasins, separates theruppter mass from more saline bottom water. Thamveater depth is 54
m, varying between 25 and 200 m with the deepesihpthe Landsort Deep (central Baltic Sea) rearhimepth of 459 m
(e.g. Lepparanta and Myrberg, 2009). The Baltic I$#sin is surrounded by two biomes, from tempeiatest with mixed
coniferous and broad-leaved trees in the soutloteah forest with taiga-like conditions in the rort

As one of the three straits connecting the BaltmpPr to the Kattegat, currents in the Little Bansist of either relatively
low salinity (14-17) water flowing out of the BaltSea into the Kattegat or higher salinity (>24)rents flowing into the
Baltic Sea. Because the Baltic Sea has a surpliiegifwater input, i.e. the input of water by ppéteition and rivers exceeds

4
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evaporation, a positive barotropic pressure gradigists between the Baltic Proper and the Katteszathat under normal
conditions surface waters flow from the Baltic Resomto the Kattegat (HELCOM, 1986; Jakobsen an@d@t1997). The
contribution of transport through the Little Bedtrninor (<10%) in comparison with the Great Beli #me Oresund (Jacobsen,
1980). Occasionally the surface flow reverses aarkrsaline water enters over the sills into thaitst{(Matthaus and Schinke,
1999; Mohrholz et al., 2015). The higher saliniyses the inflowing water to sink and continueltdsssrface water into the
Baltic Proper. This contrast in salinity resultsairstrongly stratified water column. However, besgathe Little Belt is very
narrow, with high current velocity and turbulenaemajor marine inflow from the Kattegat can leadri@ing of the water
column (Jakobsen and Ottavi, 1997).

Mean surface water salinity in the Little Belt wigs9+0.4 for a 10-yr period (2004-2014), varyingvmsen 14.2+0.9 in spring
and 17.6x1.5 in autumn, while mean bottom wateénggpiwas 23.6+1.0 varying between 21.5+0.9 in wimand 25.2+1.1 in
summer (ICES, 2017). In the Little Belt region, thhean annual SST - averaged over a time intereah £2004-2014 - is
10.6£0.6 °C (ICES, 2017). The mean winter SST 5&2.5 °C, while the mean summer SST is 17.6+0. Wi maximum
water temperatures of 21-22 °C observed from latg tb mid-August (ICES, 2017). Bottom water tengiares average
7.640.6 °C and vary between 4.3+0.7 °C in wintet 8r8+1.3 °C in summer (ICES, 2017).

The Baltic Sea region has experienced several whuidven hydrological changes during the Holocétsehistory is highly
dynamic and governed by the regional isostatic wetaand global sea level changes resulting inredterg freshwater and
brackish phases and complex shoreline developreemtBjorck, 1995, 2008; Knudsen et al., 2011; Andet al., 2011). The
time interval investigated in this study compriffes transition from freshwater conditions to thadkish-marine conditions
of the Littorina Sea stage. In the Baltic Propbg Baltic Ice Lake (~16,000 to ~11,700 cal. yr BR)s followed by the
brackish Yoldia Sea stage (~11,700 to ~10,700ycd@P), the lacustrine Ancylus Lake stage (~10,#000,200 cal. yr BP),
a transitional low salinity phase and finally by thittorina stage (e.g. Andrén et al. 2000; Sohisit al., 1996; Bjérck, 2008;
Andrén et al., 2011).

2.2 Material and methods

During IODP Exp. 347, cores were recovered frora fieles (A to E) at Site MO059 (Little Belt; Fig, &t ~37 m water depth
(55°0.29N, 10°6.49%). The results of our multi-proxy analyses arecbasn sediments from Holes A, C, D, and E.

2.2.1 Sedimentology and age model

The sedimentology of Holes MO059A, D, and E wagsssd in the framework of the IODP Exp. 347 onskoience party
(Andrén et al., 2015a, b). The sedimentary sequeh&&e M0059 has been divided into seven littaiggraphic units based
on visual core descriptions and smear slide ansl¢&sedrén et al., 2015a). Only subunits la anddbenbeen investigated in

the present study. Subunit la (0-49.37 meters caitgpdepth — mcd) is composed of mostly homogenbtack to greenish
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black clay, with some millimetre-scale laminatiolisvas deposited under brackish-marine conditiassndicated by diatom
assemblages (Andrén et al., 2015a; Fig. 2). Subloi{t9.37-53.57 mcd) is a downhole continuatiorSabunit la. Its base
consists of 10-15 cm of black laminated clays. fidmeainder of Unit Ib comprises greenish to grayy siay, intercalated by
centimetre-scale pale green laminae. Silt and thsemce of freshwater diatoms indicate lacustramlitions (Andrén et al.,
2015a, Fig. 2). Magnetic susceptibility data (supgeb by natural gamma ray and gamma ray attenuakmsity data)
collected from Holes MOO59A-MOO059E were used taalate between each hole and to construct a cotepsasttion for
Site M0059 including a meters composite depth (nscdje (Andrén et al., 2015a). This scale is useHis study.

The age model for Site M0059 is based on 16 radiaradates taken from bivalve fragments and irtbaclve specimens
(Abra alba, Macoma balthica). Age-depth modelling was performed with CLAM (siem 2.2; Blaauw, 2010) with 2000
iterations using the Marine13 calibration dataBetifner et al., 2013) and with a deviatiaR{ of -90 + 53 from the Marine13
reservoir age. A detailed description is given bgn\Helmond et al. (accepted). Below 48.64 mcd,ates have been
extrapolated. In order to confirm the precisiorntaf“C-based age model, we have biostratigraphicallypzoed the marine
pollen record from Site MO059 (Fig. 2; see belowhva pollen record from varved sediments in LalaaB in northern
Germany (Dorfler et al., 2012).

2.2.2 Geochemistry

In order to measure the total organic carbon (T€D}ent, sediment samples from Holes C and E weezé&-dried, powdered
and homogenized using an agate mortar and peditautA.3 g of powdered sediment per sample wadaified using 1M
HCI. Subsequently the samples were washed repgatéti milliQ water after which they were dried f@2 h at 60 °C.
Finally the samples were powdered and homogenigathaafter which they were measured using a Fismstsuments NA
1500 NCS analyser at Utrecht University, the Nd#mefs. Results were normalized to internationaldaeds and TOC was
calculated upon correction for weight loss by deifiaation. The average analytical uncertainty dfOwt.% was calculated
based on duplicate analysis of sediment samples.

2.2.3 Palynology and pollen-based quantitative cliate reconstructions

For the analysis of terrestrial and marine palyngrh@assemblages, 36 samples were taken from 03tanefl. Per sample, 1
to 6 g of sediment was processed using standaymglabical techniques for marine sediments (e.gthadf et al., 2008).
Whenever possible, >200 terrestrial palynomorpksl(eling spores and bisaccate pollen grains) weterthined and counted
per sample under 400 to 1000x magnification. Initaafd organic-walled dinoflagellate cysts (dinotgjsas indicators for
marine conditions; e.g. Zonneveld and Pospelova5p@nd freshwater algae (as indicators for fresémafluence; e.g.

Mudie et al., 2002) were determined and countedwdeeurring. We did not aim at counting a certaimf dinocysts per

6
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samples, since their absolute amount varied greaty the analysed interval. On average, 50 dirtsaysre identified per
sample. This relatively low value is explained bg tarity of the counted types in some samplesraladively low dinocyst
diversity in the Baltic Sea (e.g. Ning et al., 2R16

Quantitative climate data were calculated fromgmliiata using the Modern Analogue Technique (MAg; €uiot, 1990).
For this techniqgue numerical methods are usedédntify recent analogues for fossil pollen assenmdsa@.g. Guiot, 1990;
Kotthoff et al., 2008; 2011). Climate conditions fine best modern analogues are considered to Is¢ similar to the
conditions during which the fossil pollen assemblags deposited. The MAT reconstructions are baseal database with
>3500 modern pollen spectra from Europe (Bordoal.eR009) and the Mediterranean area (Dormoy.e2@09). Here we
used the ten modern assemblages with smallest clistahces for the reconstructions of the climatmmeters. Bisaccate
pollen was removed from the evaluated samplestandatabase due to its over-representation in maotien records (e.g.
Kotthoff et al., 2008).

2.2.4 Diatoms

Sediment samples (36 in total) for the analysdiaoms were freeze-dried. Subsequently, a knowssmoésediment, between
0.03 and 0.07 g dry weight, was subsampled froracsedl depths and treated according to Warnock ahdr&r (2015).
Briefly, sediments were cleaned with dilute HCtémove carbonates and 10 %04 to remove organic carbon. The resultant
sediment slurry was disbursed in a 2 L square esesson beaker containing distilled water and alsgiass table with
known area including a coverslip, allowing for miite abundance determination. Coverslips were dnetlpermanently
mounted to glass slides with the mounting mediahxap (refractive index = 1.65).

Each slide was counted to a minimum of 300 vegetatiatom valves. Absolute diatom abundance (ADé) be calculated
by counting the number of fields of view neededdach 300 diatoms and scaling the number of diatooosited in that
known area relative to the total amount of surfacEa the sample settled onto and the original drigiht of the sediment
sample (Warnock and Scherer, 2015). Diatoms wesstiiied to the species level according to Snoefijal. (1993-1998),
Krammer and Lange-Bertalot (1986-1991), and Patigk Reimer (1966). The salinity preferences geddrms (benthic or
pelagic) of diatoms were classified according t@ejs et al. (1993-1998). All slides were analysesing differential
interference contrast at 1000x magnification aridromersion.Chaetoceros resting spores (CRS) were counted, but not
identified to the species level and were not inethich the absolute diatom abundance calculationthfe study. Analysis of
variance (ANOVA) was used to evaluate the diffeemnbetween the means of these data, accompanizd biey-Kramer
test to evaluate pair-wise relationships (for ttistical tests. = 0.05). Because data derived from sediment dsieherently
chronological the results of pairwise tests arg omported for adjacent environment zones (EZd)statistical relationships
were evaluated using PAST v. 3.10 (Hammer et 8012
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2.2.5 Benthic Foraminifera

Thirty-six samples of 2-cm sediment thickness (2d0setdiment) were prepared for foraminiferal anadyaed wet-sieved
220 through sieves with 63, 100 and 1000 pm mesh. Eaction was subsequently dried at 40 °C and weigfi@e 100-1000
um fraction was used for the foraminiferal asseglanalysis. In samples with a high concentratiomioeral grains, the
100-1000 um fraction of the samples was subjecté@avy liquid treatment using the heavy liquidaehlorethylene (&l5)
with a specific gravity of 1.6 g/chto separate foraminiferal tests from mineral gsaginor to analysis. To ensure statistical
validity of the assemblages, a minimum of 300 iftlial foraminifera were counted from each sampteempossible. Benthic
225 foraminifera were counted and identified to spedée®l to characterise the faunal assemblages.b&héhic foraminiferal

concentrations were calculated as number of spesifoe? sediment.

2.2.6 Ostracods

Since ostracod material was not abundant enoudditatM0059 to produce reliable percentage datauses the total
abundance of ostracods per 303@ample. We divided the ostracods into predomieaantogical groups and taxa and used
230 their ecological data to reconstruct paleosalinityotal of 75 30-crisedimensamples were processed for ostracod analysis.
Samples were freeze-dried and washed over a 63gumand subsequently oven dried in paper filted9a50 °C. Ostracods
were picked from the entire sample residues arid vhéves identified and counted.
Two ecological classes of ostracods in relatiosatnity were distinguished based on ecologicahdatd distribution of
modern taxa in the Baltic Sea and adjacent are&nZEl et al., 2010): freshwater and brackish-nearAkmong brackish-
235 marine ostracods very shallow and deeper wateriep@ere distinguished based on ecological daengel et al., 2010).
Predominance of a very shallow water group imgamity above 6-10, and an environment such ag@dn, estuary or very
shallow water open sea. The deeper-living ecolbgjazup includes species that can be found in fencsea environments

at both very shallow and deeper locations withnigl> 7-14.

2.2.7 Stable isotopes in foraminifera

240 Stable oxygen and carbon isotop&Q, 5'3C) measurements for 36 samples were performed &0 Epecimens (100-1000
pum fraction) ofElphidium selseyense andE. incertum. The analyses were performed on a Finnigan MAT@lisotope ratio
mass spectrometer equipped with a Kiel | automasetionate preparation device at the MARUBAiversity of Bremen,
Germany. The stable isotopic data were calibragkdive to the Vienna Peedee belemnite (VPDB) uisgNBS19 standard.
The standard deviation of the house standard (Sténhimestone) over the measurement period @3 %o fors*3C and

245 0.06 %o forde0.
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2.2.8 Trace metal/calcium in foraminifera

Up to 40 specimens (>150 pm) Bf selseyense and 25 specimens d. incertum (>150 um) were selected for trace
metal/calcium analysis. If the number of specimeas not sufficient, both species were combined. @ymor reservation,
not enough specimens were present for the analf/dg/Ca ratios in depths <5 and >30 mcd. Traceaif@a in foraminifera
from the Nordic/Baltic Seas has been shown to fectfd by diagenetic coatings (Groeneveld and $sbp, 2013; Ezat et
al., 2016). Standard cleaning procedures for tnaegl/Ca in foraminifera after clay removal eith@rolve only an oxidation
step to remove organic matter (Barker et al., 2@03)so include a reduction step before the oladaiMartin and Lea, 2002)
to remove (oxy)hydroxide coatings. Both methodsyéwer, triggered a reaction on samples of Site Nd0@Bich turned the
foraminiferal fragments (dark) brownish. This susig¢hat an additional contaminating phase wagptes the foraminiferal
tests which was not removed by reduction but despand to oxidation. A likely source for this aFe)-sulfides, which are
easily formed in Baltic sediments including thetleitBelt and adsorb cations (Raiswell and Canfi@RB8; Hardisty et al.,
2016; Van Helmond et al., accepted). Oxidation wdhen turn the (Fe)-sulfide into an (Fe)-hydroxidiich has a brownish
color. To remove this phase from the foraminifeesits the standard combination of reduction andatiin was reversed.
First, oxidation was performed to form the hydraidbllowed by a reduction step to remove this agAs reducing agent
0.1 M hydroxylamine-hypochlorid buffered in a 1 Mafdcetate solution was used (Shen et al., 200ihk8tet al., 2010).
250 pl reducing agent was added to the samplesatingles were heated for 30 min. at 70° C, aneédimgth Seralpur water
three times. After cleaning, the samples were Hissloand centrifuged for 10 minutes (6000 rpm)xolede any remaining
insoluble particles from the analyses. The samplee diluted with Seralpur before analysis with Uatively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES; éwilTechnologies, 700 Series with autosampler A3X-Getac and
micro-nebulizer) at MARUM, University of Bremen, eany. Instrumental precision was monitored afterg five samples
by analysis of an in-house standard solution withgdCa of 2.93 mmol/mol (standard deviation of @@&mol/mol or 0.67
%). A limestone standard (ECRM752-1, reported Mgd€& 75 mmol/mol) was analysed to allow inter-ledtory comparison
(Greaves et al., 2008; Groeneveld and Filipssoh3R he long-term average of the ECRM752-1 stathdahich is routinely
analysed twice after every 50 samples in everyiageds 3.78 +0.073 mmol/mol. Analytical precisifar Elphidium spp. was
0.08 % for Mg/Ca. Reproducibility using replicatefsthe same samples but cleaned separately wds7/-mmol/mol (n =
18). Potential contamination was monitored usingCAl (clays), Mn/Ca, and Fe/Ca (both for diagenetatings) (see

supplement for details).

2.2.9 Clumped isotopes in molluscs

The analyte for clumped isotope thermometry indase of carbonate is GGberated by acid digestion, whefg; is the
measure of the amount of mass-47 isotopologues@f @rimarily 3C'%0'€0) relative to that predicted by a random
arrangement of atoms (Eiler, 2011a, b). A robustienship betweerns; and the formation temperature of marine molluscs
has been determined (Henkes et al., 2013). We meghthe clumped isotope composition of mollusc matand repori\sz
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inferred temperatures for eleven samples. Molluatenial was separated from the sediment by weirgjeiA cold, ten-minute
soak of dilute HO, was used for samples where organic matter waplany difficult to remove. All samples were thgp
rinsed in distilled water and hand cleansed witlshes under a microscope. After species identidicasamples were ground
in a mortar and pestle and analysed at Johns Hspkiiversity (USA) on a Thermo Scientific MAT-25®tope ratio mass
spectrometer coupled to an automated acid digeatidrCQ purification system as described in Henkes €Rél13). Samples
were analysed (3-7 replicates, as material perd)itdongside carbonate standards of varying cortiposand CQ gases
approaching equilibrium at 1000 °C and 30 °C, fréanuary to March 2016 (see supplementary mateki@isurements of
the temperature-equilibrated €@as samples were used to create an absolutenedirame for normalization @7 values
(Dennis et al., 2011), with the calculations perfed using a MATLAB script that accounts for temporal drift in anadgti
conditions (Passey et al., 2010). Finally, we ubedfollowing empirically determined relationshipttveen mollus@.7 and
temperature (Henkes et al., 2013) to convert olasmedA4;to paleotemperaturedsr = 0.0327 x16T2 + 0.3286 .

2.2.10 Biomarkers

A total of 40 sediments collected from Holes MO058&#d M0059D was analysed for their lipid biomarkentent. For this,
~1-5 gram of sediment was freeze-dried and extagsing a modified Bligh & Dyer technique (Rittetsal., 2002). An
aliquot of each Bligh and Dyer extract (~5 mg) waparated into an apolar and polar fraction usahgnen chromatography
with activated AlOs as stationary phase and hexane:DCM (9:1, v:v)BM:MeOH (1:1) as respective eluents. The polar
fractions were subsequently dried under a gentbast of N and separated into two aliquots for analyses yafegbl dialkyl
glycerol tetraethers (GDGTSs) and long chain diblS[Ds), respectively.

To analyse the GDGTSs, aliquots of the polar fractiozvere dissolved in hexane:2-propanol (99:1; &hg passed through a
0.4 um polytetrafluoroethylene (PTFE) filter. Analysis@DGTs was performed using an Alliance 2695 (WatelK) high
performance liquid chromatograph (HPLC) coupled ©6Q (Micromass, UK) single quadrupole mass spewter (MS) as
detailed in Zink et al. (2016) following the anadyt protocols of Hopmans et al. (2000) and Liale{2012). Isoprenoid and
branched GDGTs were detected using single ion d@ogrof their protonated molecules [M+Hs outlined in Schouten et
al. (2013a). The TEX%s was calculated using the equation given by Kirale2010):

TEX'ss = [GDGT-2] / (GDGT-1] + [GDGT-2] + [GDGT-3]) 1

TEX'gs values were transferred to absolute temperatusig tthe Baltic Sea surface sediment calibrationickvis best
correlated with summer SSTs (Kabel et al., 2012):

SST = 34.03 * TEXgs + 36.73 [2]
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In order to assess whether the TgXcan reliably be applied in our setting, we alstcwlated the branched isoprenoid
tetraether (BIT) index (Hopmans et al., 2004):

BIT = ((GDGT-1] + [GDGT-2] + [GDGT-3]) / ([Crenatweol] + [GDGT-1] + [GDGT-2] + [GDGT-3]) [3]

For the analysis of LCDs, we dissolved an aliqdaazh polar fraction in DCM at a concentratior2ahg mi* and silylated
the mixture by the addition df,0-bis(trimethylsilyl)trifluoroacetamide (BSTFA) armyridine and heating at 80 °C for 2
hours. Gas chromatography coupled to mass spedimpii@C/MS) of LCDs was performed using an Agil&i@0A GC
coupled to an Agilent 5975B MS following the methdabscribed in Rampen et al. (2012). LCDs were dfieeshusing selected
ion monitoring (SIM) of the masses/z 313 (Gs 1,13- and & 1,15-diols) andn/z 341 (Go 1,13- and & 1,15-diols). The
long chain diol index (LDI) was calculated and ceried to SSTs using the equations provided by Rarapal. (2012):

LDI = [C301,15-diol]/([Czs 1,13-diol] + [Go 1,13-diol] + [Go 1,15-diol]) [4]
LDI = 0.033 x SST + 0.095 (5]

The Diol Index (D) was calculated according to $teegh et al. (1997):

DI = 100 * [Cao 1,15-diol]/([Gso 1,15-diol] + [G2 1,15-diol]) /6]

3 Results

3.1 Comparison of“C age model with palynology-based chronology

The “C-based age model for Site M0059 is discussed taildgy Van Helmond et al. (accepted). The mearinsedtation
rate was ~6.5 mm/yr and there are no obvious sifhi&tuses in Unit . A comparison with the vartggh-resolution pollen
record from Lake Belau in northern Germany (Doréienl., 2012; Figs. 1, 2), situated ~100 km saidit8ite M0059, reveals
a close congruency between the pollen signalsaitettustrine and marine records. Particularly cdégmals occurring in both
Lake Belau and M0059 pollen records are the ardf/&lgus (beech) in the catchment area ~6,000 cal. yr BiRaeacteristic
decline inUlmus (elm) around ~5,600 cal. yr BP after precedingiealbetween ~5 and ~10 %, maximum percentages of
Alnus (alder) at ~5,200 cal. yr BP, and maximum peraggafFagus at ~1,500 and ~600 cal. yr BP (Fig. 2 and Dordter
al., 2012). Grains of cultivated Poacea taxaceeeals (Fig. 2), particularfiriticum (wheat) andecale (rye), are consistently
present after ~1,100 cal. yr BP and increase sigmifly after ~800 cal. yr BP. This signal is atmngruent with the Lake
Belau record, but the cereal pollen signal at Bedaatronger (Dorfler et al., 2012), probably dadigher agricultural activity
close to the lake. The general palynomorph presiervis excellent over the analysed interval, aoliem concentration varies
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around 500 000 grains per gram sediment for mogiefinalysed samples. This is in accordance Wwithigh TOC values
(>2 wt%) encountered for most samples and betwedesHFig. 2). Only in the uppermost part, polleneentration decreases

to values around 200 000 grains per gram.

3.2 Pollen-based climate reconstruction

The pollen-based climate reconstructions reveareal increasing trend from ~8,000 to ~2,000 yraBP in both annual
precipitation and annual temperature (TANN Figd)3,The increase in the latter from ~5 to almo8€3s tied to an increase
in coldest month temperatures (MTCO; ~-8 to aln¥€), while warmest month temperatures (MTWA) shodecreasing
trend starting at ~7,000 cal. yr BP (~19 °C), whictds at ca. 2,000 cal. yr BP (~17 °C). Betweef02and ~1,000 cal. yr
BP, MTWA increase to >19 °C, and subsequently desgregain to <17 °C. The MTWA maximum around ~1 €4l0yr BP
is coeval with relatively low annual precipitatigalues (>640 mm compared to >800 mm earlier andesyently).

3.3 Marine ecosystem changes

The Holocene record of Site MO059 was divided fiotar overall environmental zones (EZs; Table 1)eldlasn statistically
assessed changes in diatom assemblages (sectidy & coeval congruent signals of other marinexips (benthic
foraminifera — section 3.3.2, ostracods — secti@M3 and aquatic palynomorphs — section 3.3.5)laMHY1 is characterized
by freshwater conditions, EZs 2-4 indicate brackisdrine depositional environments that persistettiénBaltic Sea during
the Littorina Sea stage. EZ1 corresponds with litgizal subunit Ib (49.37-53.57 mcd), while EZs 2etrespond with subunit

la.

Table 1: Environmental zones of the Holocene rexzofdSite M0059.

Zone Depth (mcd) Age (cal. yr BP) Characteristics

EZ1 ~53 to ~49 ~7,800 to ~7,400 high absolutefingdatalues of freshwater proxies

EZ2 ~49 to ~22 ~7,400 to ~4,100 increased abundaiicelicators of marine influence

EZ3 ~22t0 ~6 ~4,100 to ~1,000 increase in diatathGhaetoceros spore abundance, decreased

indicators of marine influence

EZ4 ~6 to top ~1,000 to present increase in braatiatoms Gymnodinium cysts, decrease in

diatom abundance

3.3.1 Diatoms

Relative abundances of salinity-based diatom aslsgyab, as well as absolute diatom abundance (Alpepl as the number
of valves per gram dry weight of sediment (v/dgal)solute abundance 6haetoceros resting spores (CRS; v/gdw), and the
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ratio of benthic to planktonic diatoms are presérmte Figure 3. The division into four environmertahes (EZ) as described
above was based on salinity preference, ADA, CR®dance, and the ratio of benthic to planktonitadies (B:P). These are
in general agreement with signals reflected byrophexies (see below).

EZ1 (~7,800 to ~7,400 cal. yr BP) is based on thia®m samples characterized by dominance of Watdr taxa, rare CRS
abundance, (average 3.2 *),0ow ADA (average 2.5 * 19, and low B:P (0.48). EZ2 (~7,400 to ~4,100 caB#®) is defined
by a distinct increase in brackish and marine gzeaf the expense of freshwater diatoms. In addlitieere is a clear increase
in the B:P ratio (average 4.17), ADA (average 4.687) and CRS absolute abundance (average 1.0)* E@2 contains both
the highest B:P and the greatest range in valu&sRf EZ3 ( ~4,100 to ~1,000 cal. yr BP) shows rmgréase in marine,
brackish-marine, and freshwater species at thensepef brackish species. The B:P ratio (averads) 2€clines some in EZ3,
however ADA (average 5.1 *Ipand CRS absolute abundance (average 2.2)%até highest in this interval compared to the
rest of the core. Marine and brackish-marine speicierease in abundance from the base of this @ré&,100 cal. yr BP
concurrent with a decrease in brackish speciesh Biatom and CRS absolute abundance increase frefase of this zone
to ~1,200 cal. yr BP. B:P increases from the bé&skeozone to ~1,000 cal. yr BP.

EZ4 (~1,000 cal. yr BP to present) begins withramease in brackish species. The relative abundzmoarine and brackish-
marine taxa, as well as B:P ratio (average 2.0@)irderather gradually throughout this interval,exas ADA (average 2.0
*107) and CRS abundance (average 5.3% tiécline rapidly at ~1,000 cal. yr BP and remailow levels until the core-top.
The significance of the differences between the fdentified EZs were assessed in regards to theepeabundance of all
five salinity affinities, as well as ADA, CRS abwarite, and B:P. ANOVA reveals a significant differeetween the means
of all of these measures (Table S1 in Supplem&hg.Tukey-Kramer pairwise test was then used ttuatathe differences
between individual EZs. Statistical differenceswssn adjacent zones, representing change throogh &re reported in
Table S2 (Supplement). Pairwise statistical analysieals significant differences between EZ1 ad@ b terms of all
ecological metrics with the exception of ADA. EZ2daEZ3 can be distinguished statistically on thsidaf the percent of
diatoms with a brackish affinity, which decreasesrf EZ2 to EZ3, as well as CRS, which increases &2 to EZ3. EZ3
can be significantly distinguished from EZ4 in terof ADA and CRS abundance, both of which decregisally, EZ3 does
not have a significant change in salinity with mespto EZ4, however there is a shift in the spepiesent between these

zones.

3.3.2 Benthic foraminiferal assemblages

Benthic foraminifera are found in sediments cowgrihe interval since ~7,400 cal. yr BP until tod@ye foraminiferal
assemblages comprise very few species, ®ifinidium selseyense (formerly namedE. excavatum forma selseyensis; see
Darling et al., 2016) being dominafdphidiumincertumis also found throughout the entire core, whil@#ier species occur

only in specific intervals. In the lower part of £Zfrom ~7,400 to ~6,600 cal. yr BP, the foramirafeassemblages are
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characterised by very high frequencie€ofncertum and, around ~6,900 cal. yr BP, relatively highradance oAmmonia
beccarii,. After ~6,600 cal. yr BP the relative abundancé\olbeccarri is strongly reduced, whilE. incertum continues to
dominate and increases in abundance until ~5,70§rcBP. During most of the interval since ~5,7€4. yr BP (top zone
EZ3 to zone EZ1), onl§. selseyense andE. incertum are found consistently, with only minor, shortrteoccurrences of
Elphidium albiumbilicatum andElphidium magellanicum at ~5,900 cal. yr BP and ~4,850 cal. yr. BP, a6 agea short-term
occurrence oA. beccarii at ~3,800 cal. yr BP. The samples representingalse~460 cal. yr BP contain no or only very few

foraminifera E. selseyense and a few specimens Bf incertum andE. albiumbilicatum).

3.3.3 Benthic foraminifer isotopes and trace metatalcium

Mg/Ca values reach numbers which are comparabladdern core top analyses of the same species (8relehand
Filipsson, unpublished data). Mg/Ca values befof®@ cal. yr BP, however, are still relatively higluggesting that the
cleaning did not fully remove the contaminationth®lugh FeS and Fe&re present in the studied sediments of Site M0059
(Van Helmond et al., accepted), it remains uncezat specific kind of sulfide would have been prese the foraminiferal
fragments as Fe/Ca did not vary between the differeethods (Fig. S1 in Supplement). Mean Mn/Canvash lower for the
samples in the oxidation-reduction series (10.094/81 mmol/mol; Table S3 in Supplement; Fig. SBupplement), but
these are still values which are much higher tlmmronly accepted for uncontaminated foraminifeedtite (Barker et al.,
2003). It is possible that the high Mn/Ca valuestanly part of the primary foraminiferal calcitadarelate as such to redox
conditions in the sediment. Groeneveld and Filips&013) showed Mn/Ca values as high as 10.58 mmoblin living
specimens of5lobobulimina turgida from the hypoxic zone in the Gullmar Fjord. Fotufie work it may be required to
perform a second reduction step instead of jusbtiee step performed here. The difference in aveMgfa betweerk.
selseyense andE. incertum was not significant (1.52 vs 1.53 mmol/mol; Suppéats), so for the remainder only result&of
selseyense are included, as they are of higher resolution/@égvalues decrease from 2.96 mmol/mol at ~4,000/c8P to
values between 0.62 and 1.10 mmol/mol between €28P0 cal. yr BP (Fig. 4). As a species-specifilibcation is absent
for Elphidium spp., we employed the Mg/Ca-temperature calibmefto Melonis barleaanum, which has been shown to give
reasonable temperatures for the Baltic Sea areatjgrsdéttir et al., 2007; Anjar et al., 2012).I¢Céated bottom water
temperatures decrease from 10.9 °C at ~4,000 cBPyto 0-4 °C between ~2,200 to ~800 cal. yr BP.

5%80 values show an initial increase from -1.2 to%.4rom ~7,400 to ~6,700 cal. yr BB'¥O average -0.%. for the interval
~7,400 to ~3,700 cal. yr BP and increase to anameepf 0.4 %0 afterwards, suggesting either a meoaidugl decrease in
bottom water temperature, an increase in bottoreweatinity, or bothd*3C values increase from -3.2 %o at ~7,000 cal. yr BP
to -2 %o at ~5,000 to ~4,500 cal. yr BP. Afterwardgues oscillate around an average of -1.3 %o, stggeimproved

ventilation of the water column (Supplements, T&B#3.
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3.3.4 Ostracods

Ostracod abundance was relatively low (=5 valvest8f) 23 samples barren), but preservation was goodoist samples.
430 EZ1 is entirely comprised of freshwater speciesurdant freshwater tax@andona spp. andCytherissa lacustris were
identified in the interval between ~7,800 and ~B,8al. yr BP. The rest of the record contains neaeind brackish-water
ostracod taxa. The ostracod assemblages implydivssibn of EZ2 (Fig. 3). EZ2a (~7,400 to ~6,800. & BP) is mainly
represented with two shallow water taRalmoconcha spp. andHirschmania viridis. The abundance peak of shallow water
taxa of 6 valves/30 chis observed at ~7,000 cal. yr BP. EZ2b (~6,8083®00 cal. yr BP) contains both shallow water and
435 deeper-living taxa, with deeper-living taxa beitigtgly more abundant and showing two abundancé&gesthis interval. In
the lower part (~5,600 to ~6,800 cal. yr BP), akpefar valves/30 cris observed for deeper-living taxa at ~6,500 yraBP.
A short interval (~5,600 to ~5,300 cal. yr BP) &ien of ostracods. The upper part of the interv@J600 to ~5,300 cal. yr
BP, includes a deeper-living-taxa peak of 5 vaR@sént at ~5,000 cal. yr BPSarsicytheridea bradii, Cytheropteron
latisssmum andElofsonella concinna, Robertsonites tuberculatus, andParaciprideis sp. are the dominant taxa in this interval.
440 These are typical representatives of Arctic/Boskalllow water shelf faunas (Stepanova et al., 200@gn sea environment
and salinity of 14-16 and higher is expected fas tiroup of species (Frenzel et al., 2010). Shalowater species like
Palmoconcha spp. and_eptocythere spp. are the most abundant among shallow watar tax
EZ3 (~3,600 to ~1,000 cal. yr BP) is characteribgdan overall increase in abundance and predomnahshallow water
taxa (reaching a peak of 15 valves/30*@n~3,500 cal. yr BP). The most abundant taxa aexehe shallow water genera
445  Leptocythere spp. andPalmoconcha spp. These taxa are present in the underlying Bd2pbecome dominant here. These
genera inhabit lagoons and open sea environmettissalinity above 7-12. A short interval between66® and ~2,200 cal.
yr BP is barren of ostracods.
Uppermost EZ1 (covering the past ~1,000 yr) is redity a decrease in the taxonomic diversity;atnsost solely represented

by Sarsicytheridea bradii. S bradii can be found in open sea environments and atrétgads low as 7 (Frenzel et al., 2010).

450 3.3.5 Aquatic palynomorphs

Percentages of dinocysts and freshwater algae $f-iare based on the total pollen sum (thus reptiegea dinocyst/pollen
or a freshwater algae/pollen ratio, respectivelyje freshwater alga@ediastrum andBotryococcus are present in the entire
record, but values >3 % are only found at >7,700yeaBP (Fig. 3). We have combined the dinocydtplmtotrophic taxa
belonging to gonyaulacoids into one group (“G-cystpredominately comprisingProtoceratium/Operculodinium,
455 Spiniferites, and Lingulodinium), and microreticulate, gymnodinioid cysts &fymnodinium in another. While not all
Gymnodinium cysts were identified to species level, most efdhcountere@ymnodinium cysts probably belong . nolleri.
Cysts of heterotrophic taxa were generally rardiwithe samples. The G-cysts percentages are >8t¥ebn ~7,800 and
~7,400 cal. yr BP (EZ1), but increase to > 5 % atbt7,400 cal. yr BP. Thereafter, values of thisxgrstay rather constant
at ~10 % until ~4,000 cal. yr BP (EZ 2). For thie& ~4,000 cal. yr BP, G-cysts percentages vauyrat 5 %, with particularly
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low values around 500 cal. yr BP (EZ @ymnodinium cf. nolleri cysts are almost completely absent until ~7,000yc&8P,
increase rapidly at ~6,800 cal. yr BP, but in tiofving decline and are almost absent at ~4,000/c8P. A second interval
of high Gymnodinium cf. nolleri abundances occurs between ~3,000 and ~300 &P, ywith maximum values at ~1,000 and
~200 cal. yr BP.

3.3.6 Mollusc clumped isotopes

Eleven mollusc shell fragments from Holes MOO59A Bnwere used to generate clumped-isotope bottotarkemperatures.
The species analysed were identifieddbga alba, Arctica isandica, Corbula gibba, andMacoma balthica (see Table S4 in
Supplement). The oldest analysed mollusc is frorg2 E£,800 cal. yr BP) and the youngest analyset Bhgment from
EZ4 (~140 cal. yr BP). Clumped-isotope-inferred penatures range from <€ to ~12°C. Average temperatures from ~7,000
to ~4,000 cal. yr BP are “€ (with ~11.8°C and ~5°C respective maximum and minimum temperatures)enhinperatures

in the past ~4,000 yr increase from ~2.1 °C to *T.Fig. 4).

3.3.7 Biomarkers

The Diol Index (DI) shows consistently low values55.2+2.7 in EZ1 but rapidly increases to valué90.5 with the
establishment of brackish-marine conditions atdtaet of the Littorina Sea stage (Fig. 3). ThemafDl values gradually
decline and show a minimum of 54.3 around ~4,000ycdP, after which values gradually increaseiagentil ~3,000 cal.
yr BP, where they peak at 80.1. In the followiritg DI stays rather constant averaging 77+3.0 fer¢imainder of the record
with an exception found around ~700 cal. yr BRylaich the DI decreases to values as low as 61.7.

High TEX'se-based SSTs of about 20 °C persist in EZ1 but thpidly decrease to 16 °C at the base of EZ2 apxb#iter
slowly decline to 14 °C until ~4,000 cal. yr BPF#). In the following, TEXss-SSTs gradually increase and cumulate in a
peak SST of 26 °C around ~1,000 cal. yr BP, afteiciwSSTs decline again and are at a minimum 6fCldround ~300 cal.
yr BP. The uppermost part of the record (<300yraBP) is characterized by increasing SSTs thatimiae at 21.1 °C in the
core top sample.

At a value of 0.80, the BIT in the freshwater introf EZ1 is high (Fig. 4). With the establishmeaifitbrackish-marine
conditions (base of EZ2), the BIT rapidly declineswever, and shows only little variation (0.29#).th the organic-rich
deposits of the Littorina Sea stage.

The LDI-inferred SSTs are with 15.3+1.4 °C compasy low in EZ1 but they rapidly increase and shawnaximum of
24.3°C at the base of EZ2 (Fig. 4). Subsequenily;thased SSTs gradually decline and show a minirti©%.9 °C at ~1,000
cal. yr BP that is followed by a short-lived warmievent with peak temperatures of 20.8 °C arour@D-€@l. yr BP. A second
minimum in LDI-based SSTs is observed between ~&@D~400 cal. yr BP, after which temperatures m®geagain to a
value of 18.3 °C close to the core top.
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4 Discussion

According to our results EZ2 to EZ4 represent thtina Sea stage, while EZ1 reflects an inteofdteshwater conditions.
This setting allows us to apply and test a wideyaof sea water salinity proxies under widely Valgaconditions. Of the
various proxies used, diatoms, dinocysts of phofdtic taxa, and the Diol index (DI) mainly reflettrface water conditions,
495 while foraminifera and ostracods indicate changeshe bottom water. The complex climatic developmeuring the
Holocene in the Baltic Sea region (Bjorck, 1995dAm et al., 2008; Zillén et al., 2008) enablesousompare and validate
several temperature reconstruction methods, willepoeflecting terrestrial conditions, LDI- and X indicating changes
in the surface water, and mollusc clumped isot@mesforaminiferal Mg/Ca and*®O allowing the reconstruction of bottom

water conditions.

500 4.1 Salinity and productivity changes

All biological proxies indicate a phase of low sitly before ~7,400 cal. yr BP during EZ1; diatondastracod data suggest
freshwater conditions and low productivity in tloevermost part of EZ1 (Fig. 3). Among the aquatitypamorphs, remains
of the green algaediastrum sp. andBotryococcus sp., together with low occurrences of marine diewgéllate cysts compared
to pollen grains, indicate a significant freshwatdtuence. These factors indicate that EZ1 repressa low productivity
505 freshwater environment. Low diatom abundance afidshwater flora, taken together with sedimentalabdata including
laminated silty clay (Andrén et al., 2015a), impliacustrine environment in the area around Sit®3a0during this interval.
Likewise, the DI shows lowest values in this in@drthat are of the same order of magnitude repdrted other lacustrine
environments (Versteegh et al., 1997). Comparisitmtive varved pollen record from Lake Belau (RigDorfler et al., 2012)
indicates that EZ1 is probably not older than ~0,08l. yr BP, as e.g. indicated by the preseno@mis andUImus in the
510 lowermost samples with ~5 %. This is corroboratgdhle constant temperature values indicated by polien- and TEXgs-
based SST encountered at the transition from EZZz& Our findings are in congruence with thos@efinike and Jensen
(2011) and Van Helmond et al. (accepted) who stdtatiduring the early Holocene, a large lake dmyed in the southern
part of the Little Belt.
Fully marine conditions in the southern Kattegatenvalready established by ~9,300 cal. yr BP (Bezrdiat al., 2016), but
515 not before ~7,300 cal. yr BP in the central BaRioper (Bjorck, 2008). This implies that during Efig Little Belt may have
been connected to the Baltic Proper, but not t&Kéitéegat. Bennike and Jensen (2011) suggesteththrinsition to brackish
conditions started at ~8,500 cal. yr BP in thel&iBelt, however the oldest dated marine shell ftbenLittle Belt is dated to
~7,700 cal. yr BP (Bennike and Jensen, 2011), wisiclonsistent with our findings.
The change to the more marine conditions in EZ2iwed quickly, as already implied by Andrén ef(2015b), since several
520 proxies show a rapid decrease or disappearancedffviater indicators (diatoms, green algae, ostijcét the same time,
salinity proxies indicate increasing salinity, eby. growing CRS abundance, Ghaetoceros requires brackish to marine
conditions (Snoeijs et al., 1993-1998). Maximumratances of dinocysts of phototrophic taxa occuimeBZ2, which are
17
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coeval with abundance maxima at the southern antheastern coast of Sweden found by Ning et all§p@nd Yu and
Berglund (2007), and in the Gotland and the FargiBa(Brenner, 2005, Willumsen et al., 2013).

Maxima in Gymnodinium cf. nolleri cysts between ~6,800 and ~4,300 cal. yr BP (~42®mcd) may also indicate more
saline conditions, though they may also be relaiedtemperature increase (e.g. Thorsen et al5, T8%rsen and Dale, 1997;
see below). Th&ymnodinium peak at ~6,800 cal. yr BP is to our knowledgeymdtdescribed from the Baltic Sea and seems
not to have occurred farther eastwards (Brennd52%u and Berglund, 2007; Ning et al., 2015). Heor et al. (1995) and
Harland and Nordberg (2011) describe laBymnodinium mass occurrences from the Skagerrak and the Keattbgt
sediments of the appropriate age to find the pea®800 cal. yr BP in our record were not readhetie framework of their
studies.

Increasing content of foraminifera per gram sedinvéithin a short interval also point to a salinibcrease, as well as the
near disappearance of the foraminif@rdeccarii at ~6,600 cal. yr BP and the relatively high frexcies oE. incertum until
~5,700 cal. yr BPAmmonia beccarii is a euryhaline species (Murray, 2006), but itéases in frequency in lower-salinity
environments in the Kattegat-Baltic Sea region.(ewgze, 1974; Seidenkrantz, 199&iphidium incertum is a shallow
infaunal species that favours sandy substraterackish, inner shelf areas (salinity >25), wheiis particularly frequent just
below the halocline in stratified waters (Lutze749Darling et al., 2016). ForaminiferalO values also point to increasing
salinity. The following drop irE. incertum and consequent increasefinselseyense in the upper part of this zone (EZ2) may
potentially be ascribed to somewhat reduced bott@ter salinities, a&. selseyense is an opportunistic species that is
widespread in tidal to shelf areas with relativielgge variations in temperature and salinity (Myrr2006; Darling et al.,
2016). As stablé'®0 values do not suggest a strong change in salieityeen ~6,600 and 3,700 cal. yr BP, the shifeinthic
foraminiferal fauna may also be linked to a redutiin bottom-water oxygenation, Bsincertum is also reported to require
relatively high oxygen concentrations (Lutze, 19Fdrray, 2006). However, the results of Van Helmeatdl. (accepted)
indicate a significant reduction in bottom-wateyg&nation only at the onset of this interval. Bottwater salinity change
was not as abrupt but gradual, thus in terms ohostl fauna, EZ2 can be subdivided into two sulegpwith the lower
interval ~7,400 to ~6,800 cal. yr BP representinpasitional early marine stage environment wahnity above 10-14 and
the second interval ~6,800 to ~3,900 cal. yr PBisdlinity above 14-16. There was only little changdiatom-based primary
productivity compared to EZ1. There is likely a pering of the photic zone or shallowing of the wa@umn as indicated
by the sharp increase in B:P. A decreasing Diokxndnd possibly also decreasi@gmnodinium percentages during the
second half of EZ2 imply slightly decreasing sajifietween ~5,500 and ~4,100 cal. yr BP. The irterepresented by EZ2
(~7,400 to ~4,100 cal. yr BP) is thus characterizgdbrackish to marine conditions with higher si§irat the onset of the
Littorina Sea stage and slowly decreasing saladigrwards, particularly in the surface water. Gfsston and Westman (2002)
regard this as the most marine period in the B&#a in general and suggest that low precipitatmnd be the main cause
for the increased salinity, which is in accordamd#h generally low precipitation values reconstattvia the MAT (<600
mm/yr excluding one sample until 4,000 cal. yr BBmpared to values from the lateé™entury which are generally >600

mm/yr and often reach ~800 mm/yr, e.g. OmstedL £1997).
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At the transition between EZ2 and EZ3, salinity wesbably lower for a short interval, as indicabdthe low values of the
DI and a short increase & beccarii. In EZ3 (~4,100 to ~1,000 cal. yr BP), the DI,tdia and benthic foraminiferal
assemblages, benthi®O, and to some degree, ostracod occurrences (witicglarly high values at ~3,500 cal. yr BP)
indicate another increase in salinity between ~@40d ~3,000 cal. yr BP (with ostracod-based resulggesting salinities
around 14-16), and diatoms imply that EZ3 includaether particularly marine phase of the LittletBebion recorded at
Site M0059. Peak marine conditions, as indicatedibtom species’ salinity affinities, occur from,2@0 to ~1,000 cal. yr
BP, at the transition to EZ4. This can be seeréndtatistically significant decrease in brackightai species, while the
proportions of marine and brackish-marine diatoecgs both increase throughout this interval. The Ddex also shows
particularly high values at the transition betw&8 and EZ4.

Environmental Zone 3 shows B:P ratios which arésstzally similar to EZ2, implying a deep photiore or shallow water
column (supported by a peak in shallow water osttdaxa in EZ3) and high productivity at the seafld he highest recorded
primary productivity, as indicated by ADA, CRS, gmabbably benthic foraminifera and ostracod abundaroccurs within
EZ3 as well (~1,700 cal. yr BP), during an interehparticularly high precipitation (and thus presbly increased runoff;
Fig. 3, pollen-based reconstructions), while thekpsalinity conditions at the transition to EZ4 aceipled with a significant
decrease in annual precipitation. While there isigaificant difference in ADA between EZ2 and ER%re is a significant
difference between EZ1 and EZ3, showing the lotggen increase in diatom-based primary productivity.

Following the peak marine interval, EZ4 (past ~D,@8l. yr BP) begins with increases in brackisliafiataxa and decreases
in marine and brackish-marine diatom species tactite-top. These species shifts are not statibtisanificant, however,
implying that changes between EZ3 and EZ4 areeelad primary productivity and nutrient conditiom®re than salinity
shifts. But the Diol Index an@ymnodinium percentages also decrease at the same time dwof@gmnodinium, the decrease
could be tied to temperature changes (accordifitntwsen and Dale, 1997, see below). Productivitjine from EZ3 to EZ4
is demonstrated by statistically significant dese=ain ADA and CRS abundance. The uppermost digtomple in this
interval has the lowest recorded ADA as well asltieest B:P of any brackish water interval. Thimpée (of almost recent
age) likely represents modern human influence ¢oBltic Sea, i.e. eutrophication. Eutrophicaticould cause a decline in
overall diatom abundance, as diatoms are ofteracepl by cyanobacteria (O’Neil et al., 2012; Mickadd al., 2013) and
dinoflagellates (Wasmund and Uhlig, 2003) in casfelsigh levels of eutrophication. This would leada shallowing of the
photic zone resulting from sunlight being rapidhsarbed by cyanobacteria and dinoflagellates irupper water column, as
seen in the low B:P ratio. The relative and absoarmount of dinocysts is decreasing though in figetmost palynology
sample, thus denser sampling will be needed tdiglgtthe human influence to the Baltic Sea ecasystin future studies.
Human influence is, however, indicated by the digant increase of pollen of cultivated Poacea tég. 2), starting at
~1,000 cal. yr BP, with consistent occurrencesesifitO0 cal. yr BP. The coeval decrease of pollareeftaxa likeAlnus and
Fagus may be an anthropogenic deforestation signal dircteased agricultural activity (Fig. 2).

TheGymnodinium maxima encountered in EZ3 and EZ4 are probablpteally related to mass occurrence&gmnodinium

in the eastern Kattegat as described by HarlandNordberg (2011) for ~300 and ~2,000 cal. yr BPe Dleccurrence of
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Gymnodiniumcysts in the sediments from the Skagerrak/Kattagatied to warm water conditions according to Fearand
Dale (1997), and this would be congruent with audihgs that the maximum at the transition from EZEZ4 is coeval with
the Medieval Warm Period and high temperaturesatdd by most proxies, but not by the LDI-basedpenature. However,
while Thorsen and Dale (1997) assign the cystS.teatenatum, Harland and Nordberg (2011) claim that @mnodinium
cysts found in Holocene sediments from the Skagema Kattegat rather belong@ nolleri (in accordance with our results)
and that the known mass occurrences may not bediéijh temperatures. Considering our findin@gmnodinium mass
occurrences may as well be tied to particularh)nhsglinity as implied by the good correlation watther salinity proxies, e.g.
the Diol index (which varies around values of ~Big. 3).

EZ4 is characterized by a taxonomic diversity daseein ostracods; this assemblage is almost smehesented by one
speciesS bradii, together with a decrease in juvenile percentiageay imply an unfavourable environment, salinitgrease,
low oxygen conditions and dissolution and/or nogita burial.

Taken together, the different salinity proxies giveonsistent picture of how salinity in the watelumn changed in the Little
Belt during the last 8,000 cal. yr BP, with freshevraconditions preceding ~7,400 cal. yr BP, a rapaease in salinity
afterwards, a decrease until the transition to &iil ~4,000 yr), a subsequent increase until 68,%r BP and a decrease in
EZ4. Precipitation (reconstructed via pollen asdag#s) may have been one of the factors influensaiigity, particularly
between ~8,000 and ~4,000 cal. yr BP. Slight dsaneies between the salinity proxies can be exptaby a) differences
between surface and bottom waters and b) additi@aeabrs influencing microfossil assemblages suslp@ductivity and
temperature. While qualitative estimates are cogrgréor most proxies, quantitative salinity estiegatould only rarely be

made in the framework of our study.

4.2 Temperature reconstructions

Inorganic (e.g. Mg/Ca an&t®O of benthic foraminifera, clumped isotopes) arghnic temperature proxies (e.g. T&X.DI)
have become indispensable tools in paleoenviroreheesearch as they provide quantitative infornrmatid past climate
variations. Yet, proxy-based temperature estimat@g vary significantly and/or show different treredsen within the same
sample set. This apparent mismatch between pr@desrely complicates their application in paleosinental and —
climate research. Ideally, multiple proxies shathierefore be used simultaneously to provide inddpehpaleotemperature
records.

Pollen-based reconstruction of seasonal and megenaperature as well as estimates on surface veatgrerature variations
using the TEXss and LDI are feasible for the entire record of $i@059 but clumped isotope and Mg/Ca data are ngsisi
particular from the freshwater interval reflectedBZ1 and in the lowermost section of EZ2 due ® Ititk of sufficient
carbonaceous micro- and macrofossils. Despitediverésolution of some proxies, there is a certaigree of similarity in
temperature trends observed across the differexigs used in this study. The pollen-based temperatreconstructed for

the two uppermost samples (comprising the past y#@@s) show an average value of ~0.1 °C for MT@® af ~16.4 °C
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for MTWA, which fits well with mean temperaturessaoved in Denmark during January (~1.5 °C) and Atu@tl7.2 °C;
Danish Meteorological Institute, 2017). The moshptete temperature record is provided by the LDlicl indicates a rather
constant summer SST of ~14.6 °C in the lowermortgféEZ1 that is followed by a rapid temperaturerease to maximum
values of 24°C at the transition from EZ1 to EZ2a400 cal. yr BP (Fig. 4). An interval of genérdligher mean annual air
and water temperatures has previously been dedcfiben other records of the Baltic Sea region sashLake Flarken,
Sweden (Seppé et al., 2005) or the Skagerrak (Hatai al., 2017) and is consistent with the Heloe Thermal Maximum
(HTM), a time period of warm summers in highertladies. The pollen-based temperature reconstruciioply that in the
terrestrial realm, high summer temperatures weaemady established before ~7,400 yr BP, but thaperatures were very
low during winter. In EZ2, the LDl and MTWA indigata gradual and slow cooling trend by ~1 to 4 “@atals the top of
EZ2. On the contrary, the TE¥ indicate a rapid cooling and rather constant teatpees of ~15°C throughout EZ2 with a
trend similar to the clumped isotope record. Theegal order of magnitude of the pollen-based teatpees for EZ2 (~-8 to
~1.5°C MTCO and ~17.5 to ~19°C MTWA) is in accordarwith pollen-based climate reconstructions freng, central
Germany (Kihl and Moschen, 2012), and the genesalds in all temperature reconstructions are camgrwith trends
reported by Davis et al. (2003) and Mauri et aQ1(®) for western central/northern Europe. Howefiadings of pollen of
thermophilous species in Danish records from theeBland Atlantic periods imply that winters sholié/e been mild enough
for these taxa (e.g. Iversen, 1944).

In EZ3, the LDI-SST, MTWA and Mg/Ca ratios suggasontinuation of the cooling that agrees withdiseabserved in other
records (Seppa et al., 2005), while MTCO, TANN #mel TEX g¢ indicate a gradual warming that cumulates in maxmair
and SSTs at the transition to EZ4 at ~1,000 c&B/and therewith time equivalent to the MWP. IniEthe LDI- and TEXge-
based SSTs are characterized by a rapid coolirg miliimum temperatures of 14°C (TE¥ and 17°C (LDI) observed at
~400 cal. yr BP, corresponding to the Little IceeA&uch a cooling trend is also evident in all grolbased temperature
reconstructions. In contrast to the pollen rechmyever, the LDI and TEY%s show a warming trend in the topmost samples
with SSTs increasing above 20 °C, which is of thee order of magnitude as modern water temperatirgsrved during
late July to mid-August in the Little Belt (ICESQ27).

Reconstructed absolute temperatures vary signtfichetween the different inorganic and organicxee (Fig. 4). This is -
to some extent - explained by the different realims proxies reflect but even between the LDI andX%E lipid
paleothermometers, which are both considered teateSummer SSTs in the Baltic Sea, significantiaténs are observed.
Such discrepancies have been previously reportetdih proxies from subpolar (Rodrigo-Gamiz et 2015) to tropical
regions (Jonas et al., in review) and were expthinedifferences in either the habitat depth anséaisonality of the biological
sources of both proxies. Long chain diols usedatoutate the LDI are synthesized by eustigmatopalgee (Volkman et al.,
1992) that are oxygenic photoautotrophs and thezdfee LDI should record SST. Indeed, the LDI-baS&d in the sample
closest to the core top is 18.3°C and therewitsetiomatches the summer SST of 17.6+0.7°C observéik Little Belt
region (ICES, 2017). This finding is in accordandéh the observation that the LDI reflects SST dgrthe late summer-
autumn season based on a comparison of LCD distribpatterns in globally distributed marine sugfesediments and
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monthly satellite SST data (Rampen et al., 2012addition to the marine realm, LCDs have also lmeserved in freshwater
environments (Rampen et al., 2014). These autlaiesira moderate linear correlation between sumemspératures and the
LDl in a set of globally distributed lake sedimen¥et, the slope of LDI regression lines found acustrine and marine
settings differs significantly, suggesting that theonstruction of LDI-based SST may be flawedeittisgs of high riverine
input of organic matter. Indeed, substantial off¢etween LDI-based SSTs and satellite derived $&V¥a been observed in
front of the Tagus and Sado river mouths (Iberitiamtic margin) with the LDI yielding SST that aup to 8 °C lower than
measured average or summer SSTs (de Bar et af).Zlie comparatively low summer SST values ofyerage 14.6+0.4°C
that are observed in the freshwater interval of BAd the subsequent rapid increase in SST towhedbase of EZ2 may,
therefore, be a result of the significant changesfa freshwater to brackish-marine environmenhefLittle Belt rather than
a true climate signal. This is corroborated by triglative proportions of 1,15s¢diol that indicates substantial contributions
of LCDs from freshwater eustigmatophytes (Volkmarale 1999; Rampen et al., 2014) and the lack afomchanges in
absolute temperatures based on the EENpid paleothermometer and pollen patterns acttes€£Z1/EZ2 boundary (Fig. 4).
TEX'ge-based SSTs vary from 12 to 26 °C (average of B75L%C) with three distinct maxima observed attteasition from
EZ1 to EZ2 (~7,500 to ~7,300 cal. yr. BP; 19.6+%C) as well as at the base (~900 cal. yr BP; 26)ahd the top of EZ4
(present-day; 21.1°C). This present-day FexXbased water temperature is with 21.1 °C closesfBsbserved in the Little
Belt region during late July to mid-August (ICES)1Z). This suggests that the TEXreflects summer surface water
temperatures in the Baltic Sea as previously aigoeal by Kabel et al. (2012), who observed the bestlation for GDGT
distribution patterns in surface sediments of th#i8 Sea with average water temperatures from tdu@ctober. In terms of
absolute temperature and overall trends, theF&écord is to some degree similar to the clumpetbize record but differs
significantly from the LDI as well as other tempera-based profiles (i.e. pollen and Mg/Ca ratibbenthic foraminifera).
A factor potentially complicating the reconstructiof TEX-s¢-based SSTs is the input of large quantities ofdwriived
GDGTs (Weijers et al., 2006; Schouten et al., 2018muantitative mean to determine the input oféstrial organic matter
to aquatic environments is the BIT with low valwdgshis proxy (<0.1) indicating open marine cormtits and high values
being representative for terrestrial settings (x®i8pmans et al., 2004). Empirical studies suggest the TEXs and its
derivatives do not allow a reliable reconstructigr8STs if BIT values exceed a threshold of ~0.%i{é/'s et al., 2006; Zhu
et al., 2011). BIT values in the Little Belt hawe average of 0.29+0.04 in EZ2-4, close to but bellow this threshold. The
TEX'ss does, therefore, not seem to be biased by arhdtionous contribution of GDGTSs. This is also supgabby an absence
of correlation between BIT and TE values (f = 0.04; p >0.001), which is only to be expectethé terrestrial influence
on the TEXsg is negligible (Schouten et al., 2013a). In factegy similar TEXss temperature record, covering the last 1,000
cal. yr BP with temperature maxima during the M\Wid Modern Hypoxic Period (MHP), has been reporntethfthe Gotland
Basin in the central Baltic Proper (Kabel et al12), suggesting that the TEs§ indeed traces climate-driven variations in
SST in the brackish-marine Littorina Sea stage. él@x, in EZ1 high BIT values of 0.87 indicate ah&g contribution of
terrestrial-derived GDGTSs that may potentially aanfd the application of the TE¥ in the freshwater interval of the Little

22



Biogeosciences Discuss., doi:10.5194/bg-2017-101, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 29 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

690

695

700

705

710

715

720

Belt. Yet, TEXg-SSTs in EZ1 and the immediately overlying marimaekish sediments of EZ2 are largely similar arel ar
in agreement with the reported warming in the Ba#ea region during the HTM (Seppa et al., 2006sKa et al., 2017).
Temperatures inferred from carbonate-clumped ist@md Mg/Ca ratios of benthic foraminifera argefy similar to those
observed during late summer in the Little Belt.ded, in temperate climate settings molluscs andhieiforaminifera
precipitate carbonate only if environmental comdi permit, so shell geochemical proxies (suchaabonate clumped
isotopes and Mg/Ca) tend to be skewed towardsdhsonis when growth is favourable (Filipsson et28l04; Austin et al.,
2006; Schone, 2008; Skirbekk et al., 2016). Dedpitgeratures which are within range of presentdability, the cleaning
experiments on the foraminiferal calcite show that8°C decrease in BWT may not be realistic afleit cannot be excluded
that the foraminiferal tests were still contaminhby the presence of authigenic carbonates likefample rhodochrosite,
which can also contain Mg, and which cannot be raddy the current cleaning methodologies. The weage of such
authigenic carbonate deposits in the Baltic Seamsmon (Huckriede and Meischner, 1996; Andrén.e28fl5b; Hardisty et
al.,, 2016; Van Helmond et al., accepted) and likalso affects foraminiferal tests (Groeneveld aiighgson, 2013).
Remaining contamination is also suggested by teifiant correlation coefficient between Mg/Ca avid/Ca (? = 0.72)
after the oxidation-reduction cleaning. This suggésat especially the older part of the Mg/Ca rdds contaminated.

The presence of benthic foraminifera in EZ2-4 drartabsence in EZ1 is related to salinity, i.eafoinifera do not occur in
the freshwater setting of EZ1. The absence of forédena in the upper meters of the record (<5 mbdyever, is more likely
due to poor preservation of the foraminiferal delcSimilarly, the foraminiferal abundance decreasd=Z2, such that enough
specimens were still present to perform stableojsed analyses, but there were too few to perfoliabte Mg/Ca analyses.
Poor preservation may have been caused by thediggna of organic matter in the sediment, whichtedbwer pH values

of the pore water such that dissolution of the riaraferal tests took place.

5 Conclusions

In this study, we have investigated and compared ihorganic and organic temperature as well asisalproxies perform
in the coastal setting of the Little Belt with higtvariable environmental conditions. Sedimentsasifed since ~8,000 cal.
yr BP at Site M0059 were analysed to capture #esttion from freshwater to marine conditions amastto study the effect
of facies change on proxy applications.

Our study demonstrates that a multi-proxy approalédws deciphering the various factors which hawftuenced past
oceanographic conditions in the Little Belt. Betwe€’,800 and 7,400 cal. yr BP, a direct connedtiothe Little Belt to the
Baltic Proper may have existed as salinity-spegifizxies indicate lacustrine conditions, while amection to the Kattegat
can be excluded. Water temperatures and salimiti@sased within 200 yr after the onset of thedritta Sea stage at ~7,400
cal. yr BP. An interval of particularly saline catdns and high summer water and air temperatuwsvwed, although both

salinity and water temperatures declined with iasheg precipitation until ~4,000 cal. yr BP. Afte4,000 cal. yr BP, the
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Little Belt witnessed decreasing temperatures duttie warm season both in the marine and terrestaém, while salinity
increased.

In addition, our study highlights the importanced aralue of a multi-proxy approach to reconstrucstpaceanographic
conditions. The different salinity proxies usedehshow generally similar trends in relative chanigesalinity, but do not
allow quantitative estimates of salinity (except foarine ostracods). In contrast, the reconstroctib temperatures is
associated with particular large uncertainties \anréhtions in absolute values by up to 8 °C fotdmotwaters and even up to
16 °C for summer surface waters. For example, miffecleaning techniques for Mg/Ca in the foranerdf show different
results which partly correlate with indicators famtamination especially in the deeper intervalglisd. This suggests that
the Mg/Ca of those samples is likely over-estimasadthat the decreasing trend in Mg/Ca and thicsileaed BWT may not
be as large. The differences in results basedelitid proxies (LDI and TEXgs) can partly be explained with the application
of modern-day proxy calibrations in areas whichezignced significant changes in depositional sgitife.g. change from
freshwater to marine conditions). Our study shole particular caution has to be taken when apglgind interpreting
proxies in coastal environments, where water masslitons can experience more rapid and larger gésihan in open-
ocean settings. Approaches using a multitude oépeddent proxies may thus allow more robust palemEmmental

assessment.

6 Data availability

Data not enclosed in the supplementary will be agéal to the PANGEA database (LINK). Already uplahdee ostracod
data (https://doi.pangaea.de/10.1594/PANGAEA.873270
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1045 Figure 1: Map of the southern Baltic Sea (redrawnom Groeneveld and Filipsson, 2013). The positiong mtegrated Ocean Drilling
Program Site M0059 (white star; 55°0.2N29'N, 10°6.49E49’E; Andrén et al., 2015a) and of Lake Belau in ndhern Germany
(black point; Dérfler et al., 2012) are indicatedContinuous (surface) and dashed (bottom) lines indate dominant current directions.
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1050 Figure 2: Comparison of the pollen record from SiteM0059 with the varved pollen record of Lake Belaurforthern Germany, Dorfler
et al. 2012). Sedimentological units, lithology (Adrén et al., 2015a), position of‘C ages (Van Helmond et al., accepted) plotted vs.
depth; plotted vs. age (extrapolated below ~48.64ad): a) environmental zones (EZ; Site M0059), Firbspollen zones (Lake Belau),
b)selected pollen taxa (w. horizontal bars: M005%ijlled: Lake Belau), c) total organic carbon (TOC; whte: shipboard data —
triangles: Hole A, rhombi: Hole C, pentagons: HoleD, circles: Hole E; grey squares: onshore data) fd8ite M0059, d) climate phases
1055 and chronozones.

Figure 3 (next page): Sedimentological units, lithogy (Andrén et al., 2015a), position of*C ages (Van Helmond et al., accepted) vs.

1060 depth; M0059 precipitation and salinity proxies pldted versus age (extrapolated below ~48.64 mcd): ahvironmental zones (EZs)
based on diatom data; b) pollen-based precipitatiomeconstructions based on the modern analogues tadhue; c) diatom salinity-
based affinities and life forms (benthic vs. pelag) following Snoeijs et al. (1993-1998); d) palynoonphs/pollen ratios based on total
amount of terrestrial pollen, freshwater algae compsing Bottryococcus and Pediastrum species, dinocysts predominately comprising
cysts of Protoceratium reticulatum (Operculodinium cysts), Lingulodinium, and Spiniferites species Gymnodinium excluded); e)

1065 Ostracod shallow water/deeper living marine taxa mitted from right to left; f) total abundance of berthic foraminifera per cm? of
dried sediment with the relative abundance of the mwst common species; benthic foraminiferal taxgElphidium incertum, E.
selseyense, E. magellanicum, and Ammonia beccarii) shown as % of total benthic foraminiferal fauna;total abundance of benthic
foraminifera shown as specimens per cm3 of dried dament; stable carbon and oxygen isotope data anadgd onE. selseyense; f) Diol
Index (DI) indicating relative changes in surface \ater salinity.
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Figure 4: Sedimentological units, lithology (Andrénet al., 2015a), position of“C ages (Van Helmond et al., in review) vs. depth;
MO0059 temperature proxies plotted versus age (extpolated below ~48.64 mcd): a) environmental zone&Zs) based on diatom
data; b) pollen-based climate reconstructions baseoh the modern analogues technique, shaded area legts the range of the best
10 analogues; c) LDI and TEXss reflecting summer SSTs; BIT shown as quantitative nesure for the amount of terrestrial organic
matter transported to marine realm; d) A47-inferred temperatures based on clumped isotope cgmosition of mollusc material; e)
Mg/Ca-based BWT using the benthic foraminiferaE. selseyense and E. incertum; stable oxygen isotopes based on the benthic
foraminifer E. selseyense; f) climate phases and chronozones. MTCO = mean tqrarature coldest month, TANN = annual
temperature, MTWA = mean temperature warmest month,SST = surface water temperature, BWT = bottom wateremperature.
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