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Abstract. The Baltic Sea, one of the world’s largest brackish- 1  Introduction
marine basins, established after deglaciation of Scandinavia
about 17000 to 15000yr ago. In the changeable history offThe Baltic Sea had a variable geological and biogeochemi-
the Baltic Sea, the initial freshwater system was connectedal history after it originated 17 000-15 000 yr before present
to the North Sea about 8000 yr ago and the modern brackishBP; see comprehensive summary in Aemwiret al., 2011).
marine setting (Littorina Sea) was established. Today, a relaAfter deglaciation of Scandinavia, the closed basin of the
tively stable stratification has developed in the water columnmodern Baltic Sea was filled with melt water and a fresh-
of the deep basins due to salinity differences. Stratification igvater system developed around 16 000 yr BP, the so-called
only occasionally interrupted by mixing events, and it con- Baltic Ice Lake. This oligotrophic lake setting was termi-
trols nutrient availability and growth of specifically adapted nated about 11700yr BP by a pulse of marine water that
microorganisms and algae. We studied bacteriohopanepolyentered the Baltic Sea via a passage through south-central
ols (BHPs), lipids of specific bacterial groups, in a sedimentSweden and led to a slightly brackish environment (Yoldia
core from the central Baltic Sea (Gotland Deep) and foundSea). Freshwater conditions re-established about 10700 yr
considerable differences between the distinct stages of thBP (Ancylus Lake), until the major marine transgression
Baltic Sea’s history. Some individual BHP structures indi- took place via the Kattegat, resulting in the establishment of
cate contributions from as yet unknown redoxcline-specificthe modern Littorina Sea. The onset of the Littorina Sea stage
bacteria (bacteriohopanetetrol isomer), methanotrophic bads still a matter of discussion (see e.gb(Rer et al., 2011).
teria (35-aminobacteriohopanetetrol), cyanobacteria (bactePating based on calcareous fossils revealed 8100-8000 yr BP
riohopanetetrol cyclitol ether isomer) and from soil bacte-in the Great Belt (e.g. Bennike et al., 2004) and Mecklen-
ria (adenosylhopane) through allochthonous input after theburg Bight (FoBBler et al., 2011), and 7200yr BP in Arkona
Littorina transgression, whereas the origin of other BHPs inBasin (e.g. Moros et al., 2002). Bulk sediment dates revealed
the core has still to be identified. Notably high BHP abun- older ages of 8500-8000yr BP for the onset in Bornholm
dances were observed in the deposits of the brackish-marinBasin (Andén et al., 2000a) and Gotland Basin (Aedret
Littorina phase, particularly in laminated sediment layers.al., 2000b).
Because these sediments record periods of stable water col- The ingression of marine North Sea waters led to the de-
umn stratification, bacteria specifically adapted to these convelopment of a stratified water body in the deep basins of
ditions may account for the high portions of BHPs. An ad- the central Baltic Sea, with more saline, denser waters in the
ditional and/or accompanying source may be nitrogen-fixinglower water column. Such conditions also characterise one
(cyano)bacteria, which is indicated by a positive correlationof the deepest basins of the modern Baltic Sea — the Got-
of BHP abundances withdg ands°N. land Deep (249 m water depth). In this basin there exists
a relatively stable oxic—anoxic transition zone (redoxcline)
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at about 100 m water depth. The stratification of the Got-

land Deep is only occasionally disturbed by turbulent ver-

tical transport processes and inflows of North Sea water
(Reissmann et al., 2009). The stratification has major conse-
quences on the nutrient situation of the central Baltic Sea and
the composition of pelagic micro- and macroorganisms (e.g. s
Labrenz et al., 2007; Schmale et al., 2012). For instance, high 98 N /g
nutrient input with excess phosphorus loads promotes growth i
of nitrogen-fixing cyanobacteria (Nausch et al., 2009; Was-

study site in
i~ Gotland
i Deep

mund et al., 2012). 56" NS AZ 0
Numerous micropalaeontological and biogeochemical Q ¢

studies on the Holocene in the central Baltic Sea exist, ; g -1004

mainly reflecting the change from oligotrophic freshwater 54°N.-"P\2° p -200

conditions (Ancylus Lake) to a brackish-marine setting (Lit- L )
torina Sea) with widespread deep water anoxia (e.g. Sohle- 10 E 13’ 15 19 22E 25F

nius et al., 1996; Bianchi et al., 2000; Brenner, 2001, 2005;

Voss et al.,, 2001). As a result of the Littorina Sea trans-Fig. 1. Study site (station 52-07) in the central Baltic Sea.
gression, marine diatoms and dinoflagellates entered the

central Baltic Sea (Brenner, 2005), and cyanobacteria be-

came increasingly important as indicated by pigment and2 Study site and core stratigraphy

molybdenum abundances (Bianchi et al., 2000; Kunzendorf_ . _ _ . .

et al., 2001; Poutanen and Nikkila, 2001; Borgendahl and2uring aresearch cruise W'_th RMaria S. Merlanl_n sur‘rjmer
Westman, 2007). Due to the lack of preservable cell rem—2010' an 11.6 m long gravity core, together with a “Frahm-

nants, however, information about the microbial protagonists!°t',hC°rGe t? o(;atgm unglj(t)urbed sur;acehlgyers, W&rgl\}lall(gn
of biogeochemical cycling in the changeful history of the in the Gotland Deep ( m water depth; station )

central Baltic Sea is scarce. An organic geochemical ap-1 52-07; coordinates: 316.998; E 20.7182 for sampling

proach was made by Nytoft and Larsen (2001), who reportecfite see Fig. 1). The cores cover sedimentary depositions

changes in the composition of bacterial hopanoid hydrocar—Olc all stages of the Baltic Sea's history. Sediment depths in

bons from the Gotland Deep and concluded that bacteria bet_he figures are compo;ites resulting from lithostratigraphic
came more prominent during the Littorina Sea stage. oufCrelation of the gravity and the Frahmlot corer. The de-
study aims to specify these bacterial contributions to thePOSItS of the Baltic Ice Lake were characterised by brown-

Holocene sediments of the Gotland Deep by using one Ofsh and clayish sediments with low visible organic matter

the most ubiquitous classes of lipids, bacteriohopanepoly—Content (- 1000 to 680 cm below sea floor (cmbsf); Fig. 2).

ols (BHPs). BHPs are produced by many groups of bacte_Similarly organic-lean Ancylus Lake sediments were found

ria and are excellently suitable for palaeoreconstructions Opetween 680 to~ 440 cmbsf. A black colour in the upper

contributions from metabolically and phylogenetically dis- AnIC)r/](_:(Ijus bLakde Ia¥ter 'j most Iil(;e(lj)_/ﬁdu_e to p;?ipitatio? of
tinct bacteria into lake and marine sediments (e.g. Talbo ulphide bands after downward diffusion og$ifrom sul-

and Farrimond, 2007: Coolen et al., 2008; Blumenberg e ate reduction in the overlying Littorina Sea deposits (Boe-
al. 2009 Taylc’)r and'Harvey 2011')’ So fr;mr only one re- SN and Postma, 1988; Sohlenius et al., 1996; Moros et al.,

port of BHPs from surface sediments of the central Baltic 2002). The brackish-marine Li_ttorina .Sea. sediments st_a Tt at
Sea exists (Berndmeyer et al., 2013). This study focused 0ré}40 cmbsf and partially show fine lamination, characterlsmg

BHPs from methanotrophic bacteria living in the redoxcline times of 5ronc(j)_unced gnd stablgodeeg S\;\gatert;a\r}ox%._Strhongly
of the Gotland Deep water column and clearly demonstratedarnIrlate sediments etween an cmbstan In the up-
the utility of BHPs to reflect water column processes. ThePErmost 20 cmbsf most likely represent deposits of the warm

current study is aimed at BHPs and selected other biomarkSt29es Medieval Climate Anomaly .(MCA’ fromAD 950

ers in deeper Holocene sediments of the Gotland Deep. odP 1250) and the Modern Warm Pe”.Od (MOWP’.SIMAD

goal is to bridge the gap between the relatively well known 1850), respect|vely,_wh|le the organic-lean sediments in be-
record of eukaryotic remains and the much less understoodee" recor_d the Little Ice Age (LIA, from-AD 1350 to
bacteria and, by that, to get a better understanding of bactel—850; ages inferred from Kabel et al., 2012).

rial primary production and redoxcline-related processes in

the geological history of the central Baltic Sea.
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3 Material and methods 3.4 Liquid chromatography—mass spectrometry
(LC-MS)

3.1 Sample preparation and bulk analyses (&g, N,

815N, LOI) Details about LC-MS analyses and quantification of bac-

teriohopanepolyols (BHPs) can be found elsewhere (Blu-

The core was stored cool on board and in the laboratory unmenperg et al., 2010). Briefly, LC-MS was performed us-
til sampling in February 2011 (samples for biomarker anding a Prostar Dynamax High-Performance Liquid Chro-
bulk analyses were then stored frozen until further analyseS)matography (HPLC) System interfaced with a 1200L tr|p|e
The upper three samples were obtained from the accompanyquadrupole mass spectrometer (both Varian). HPLC sep-
ing Frahmlot (MSM 16-1 52-04) and data were taken from aration was achieved using a Merck Lichrocart (Lichro-
Berndmeyer et al. (2013) The Samples were homogenisegphere 100; RPC18e 5 pum column; 254)mm) and a Merck
by grinding, and aliquots were taken for elemental analyseg jchrosphere pre-column of the same material. Quantifica-
(C/N/S) using a Eurovector Euro EA CNS analyser. To de-tjons were done using external standards of BHPs, bacterio-
termine the contents of organic carbony(f, each sample  hopanetetrol and 35-aminobacteriohopanetriol, with known
was also analysed after decarbonatisation with HCI. The ergoncentrations. Routine replicate analyses of the standard

ror for C and N analyses are generaty? and 5%, respec- BHPs revealed an error in quantification-620 %.
tively. Bulk §1°N isotope analysis was carried out in dupli-

cate using elemental analysis—isotope ratio mass spectrome-

try (EA-IRMS, Delta plus, Thermo scientific). The lab stan- 4 Results

dard deviation of this method is.1%.. The loss on igni-

tion (LOI) was determined in high resolution for the upper 4.1 Bulk geochemical data and stratigraphy
500 cm of the gravity core by ashing freeze-dried samples

at 550°C (3 h) and calculating the resulting mass diﬁerencecf”g as well as high-resolution LOI data are presented in

(Wt.%). Fig. 2. In the central Baltic Sea, LOI (%) approximately mir-
rors Gorg (%), if divided by 2.5 (Leipe et al., 2010), and
3.2 Extraction, column chromatography and this conversion factor appears to be also valid for the stud-
derivatisation ied core from the Gotland Deep (see converted LOI data in

Fig. 2). The high resolution of LOI data allowed a compar-
About 7.5¢g of the sediments was extracted three timedson with dated cores from the same area (Lougheed et al.,
(20min) with 40ml of a mixture of dichloromethane 2012; see supplementary figure). Four maxima ipy @ere
(DCM) and methanol (MeOH) (3:1, v/v) in a CEM Mars found, the lower of which represents the establishment of the
5 microwave (Matthews, NC, USA) at 8C and 800 W. An  Littorina Sea (about 440 cmbsf; peak at 420 cmb$500 yr
aliquot of the combined extract was acetylated and analBP), the peak at 290 cmbsf represents 4500yr BP, and the
ysed for bacteriohopanepolyols by liquid chromatography-peak at 70 cmbsf that of the MCA (maximising-at800 yr
mass spectrometry (LC-MS; see below). Acetylation wasBP). The uppermost & maximum records the MoWP of
performed using a mixture of acetic acid anhydride andthe last 100 yr (g data from Frahmlot).
pyridine (1:1, viv, 50C for 1h and overnight at room In Fig. 3, Gorg is compared withs'>N and C/N ratios.
temperature). The pyridine/acetic acid anhydride mixtureAs clearly demonstrated in Fig. 3bo and S1°N are ex-
was then dried under vacuum. Another aliquot was sepacellently negatively correlategp(value 3x10~7; excluding
rated by column chromatography into a hydrocarbon (F1),the surface samples). Lowest C/N ratios of about 5 were ob-
a ketone and alcohol (F2), and a polar fraction (F3; de-served during the Baltic Ice Lake and Ancylus Lake stages
tails are described in Blumenberg et al., 2009). Result-and highest C/N values of about 10 in sediments deposited
ing alcohols in the F2 were silylated using BSTFA (N,O- during the Littorina stage. The maximum value of 12.9 was
bis[trimethylsilyl]trifluoroacetamide) for 1.5 h at 8C. observed in the deepest sediment sample of the Littorina Sea

stage.
3.3 Gas chromatography—mass spectrometry (GC-MS) ?

4.2 Biomarkers
The hydrocarbon and alcohol fractions (F1 and F2) were

analysed using GC-MS (Varian CP-3800 chromatographFigure 4 shows concentrations of selected biomarkers in
coupled to a 1200L mass spectrometer), and peaks were idethe Gotland Deep sediments. Highest abundances of nona-
tified by comparing mass spectra and retention times withcosane §Cg) were found in Baltic Ice Lake and Ancylus
published data. The system was equipped with a fused silichake samples~ 600 to 1000 cmbsf; up to 150 ugy Corgs
column (Phenomenex Zebron ZB-5MS, 30 m, 0.25um film Fig. 4a). All core samples revealed a high carbon prefer-
thickness, i.d. 0.32 mm). Helium was used as carrier gas anénce index (CPIl) of- 5, reflecting a strong odd-over-even
the temperature programme was°8)(3 min) to 310C at  carbon number predominance and thus a mostly terrestrial
4°C min~1(held 25 min). origin of nCog and other long-chaim-alkanes (Bray and

www.biogeosciences.net/10/2725/2013/ Biogeosciences, 10, 27352013
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Fig. 2. Corg concentrations of the samples used for biomarker analyses in comparison with LOI (loss on ignition) data obtained at higher
resolution. Dark grey areas in the column on the right represent sediments with strong lamination and thus pronounced and stable water
column stratification during the Littorina Sea stage. Layers in between lacked strong bottom water anoxia, at least for extended periods of
time. Ages are inferred from correlations with the master core described in Lougheed et al. (2012). In the central Baltic Sea, LOI have to
be divided by approximately 2.5 to obtairg abundances (Leipe et al., 2010). L#ALittle Ice Age; MCA= Medieval Climate Anomaly,

MoWP = Modern Warm Period.

Evans, 1961). Above the Ancylus Lake-Littorina Sea tran- Similar to dinosterol, the sum of bacteriohopanepolyols
sition, concentrations clearly decreased to about 20igg (BHPs) revealed highest abundances in the Littorina Sea sed-
Corg. In the Littorina Sea sediments, concentrationa©$g iments. Within this lithological unit, particularly high BHP
were relatively stable, demonstrating low fluctuations of ter-amounts, maximising at about 600 pgtgCorg, Were ob-
restrial plant input. In contrast teCpg, abundances of di- served in the most organic-rich layers. Whereas dinosterol in-
nosterol (4¢,23,24-trimethyl-&-cholest-22E-en-3-ol), a 4- creased at the establishment of the Littorina Sea stage, BHPs
methyl steroid prominent in dinoflagellates (Withers, 1983), had already risen during the late Ancylus Lake stage (after
is positively correlated with total &g (Fig. 4b). the initial Littorina transgression at about 470 cmbsf). The

Biogeosciences, 10, 2728+35 2013 www.biogeosciences.net/10/2725/2013/
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Fig. 3. (a) Concentrations and distributions of bulk geochemical daag(Gl5N, and C/N). Shaded areas in dark grey mark strongly

laminated Littorina Sea sediment layers (see caption of Figh2)Cross plot of Grg with §15N. Surface samples were excluded from the
correlation. MOWP= Modern Warm Period.

lowest BHP concentrations were observed in the earlier An5 Discussion

cylus Lake and Baltic Ice Lake sediments. The Gotland Deep

core contains eight distinct BHPs whose individual distribu-5.1  Biogeochemical changes in the Holocene as reflected
tions are shown in Fig. 5. Highest amounts were found for by bulk geochemical parameters
bacteriohopanetetrol (BHT) and 32,35-anhydroBHT, with

the latter showing greater abundances with increasing deptfhe sediments from the Gotland Deep markedly reflect the
35-aminobacteriohopanetriol and —tetrol were prominent ingstaplishment of the marine-brackish Littorina Sea in a steep
sediments representing the beglnnlng of the Littorina Segncrease in Grg Probably due to enhanced preservation
stage. BHT cyclitol ethers (two isomers; tentatively identi- anq/or increasing primary production, and the deposition of
fied by co-elutions with previously identified BHT cyclitol strongly laminated sediments (Fig. 2; see discussion below).
isomers) were first observed in sediments of the late Ancy-p peak in Gy Was also observed at about 800 yr BP, most
lus Lake stage and were omnipresent, although in low abunyikely reflecting high organic carbon accumulation and sedi-
dance, in the sediments of the Littorina Sea. In the lower-pant lamination during the MCA. The sediments deposited

most Littorina Sea stage sample studied (at 420 cmbsf), agyring the subsequent cooler period (Little Ice Age: LIA) are
unknown BHT isomer was found, whose elution CharaCter's'characterised by low & and most likely oxic conditions

tics correspond with a BHT isomer found in the recent Got-j, the pottom waters (Sohlenius et al., 1996; Aerdet al.

land Deep water column (Berndmeyer et al., 2013). 2000b; Fig. 2). Above, the MOWP and recent anthropogenic
influence are reflected by a parallel increas&ttN and Gorg

www.biogeosciences.net/10/2725/2013/ Biogeosciences, 10, 27352013
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Fig. 4. Selected biomarkers in the Holocene sediments of the Gotland Deep in comparisonyyittafINonacosanenCog), representing
higher plant inputs(b) dinosterol (4,23,24-trimethyl-&-cholest-22E-en3-ol), representing dinoflagellate inpuig) total BHP, repre-
senting inputs from hopanoid-producing bacteria. Error bars show the analytical uncertainty of BHP analyses of 20 %. Shaded areas in dark
grey mark strongly laminated Littorina Sea sediment layers. BHP concentrations for the surface sediment samples (0—2 and 6—8 cmbsf) were

taken from Berndmeyer et al. (2013).

(Voss et al., 2001; Struck et al., 2000). Except for the sam-high energy costs of cleaving,Nnitrogen-fixing cyanobac-
ples from the MoWP, g correlates negatively with bulk teria have only an advantage over algae in waters depleted
815N (Fig. 3). Enhanced growth of cyanobacteria capable ofin bioavailable nitrogen (Karl et al., 2002). Hence, the good
biological nitrogen fixation is a plausible explanation for low correlation between highdg and lows1N argues for (i) a
815N values, a scenario which has been suggested for numemajor role of nitrogen-fixing (cyano)bacteria during the de-
ous settings (Sachs and Repeta, 1999; Kuypers et al., 2004psition of organic-rich, laminated sediments (e.g. after the
Blumenberg et al., 2009), including the Baltic Sea (Bianchi Littorina Sea transgression, and during the MCA), and for
et al., 2000; Voss et al., 2001; Voss, 2005). The increasindii) enhanced primary production under N/P ratios lower
importance of nitrogen fixing cyanobacteria after the Litto- than the Redfield Ratio (C/N/P: 106/16/1; (Redfield et
rina Sea transgression is demonstrated by enhanced occuat., 1963)). At the same time, cyanobacteria are known for
rences of cyanobacterial carotenoid pigments and molybdebiomass C/N ratios higher than that obtained from the Red-
num, which is an essential micronutrient to facilitate nitro- field Ratio (C/N= 6.6). ForNodularia spumigenaan im-

gen fixation (Poutanen and Nikkila, 2001; Kunzendorf et al., portant (nitrogen-fixing) cyanobacterium in the central Baltic
2001; Borgendahl et al., 2007). Today, cyanobacteria conSea, a C/N of 8.5 was reporteddf@nsson and Sahlsten,
tribute about 45 % to the bulk sedimentary nitrogen (Struck1987). Consequently, the observed increase in C/N in lami-
etal., 2004). Flourishing of nitrogen-fixing (cyano)bacteria is nated sediments after the Littorina Transgression (Fig. 3a) is
commonly promoted by phosphorus excess (lowering N/ Pwell explainable with an increasing importance of cyanobac-
ratios) through riverine input or release from anoxic sedi-teria among the primary-producing community. Moreover, a
ments (Bianchi et al., 2000). Consequently, the establishmendirect temperature dependence of cyanobacterial blooming in
of a stratified, partly anoxic water body after the Littorina the central Baltic Sea has also currently been reported (Kabel
Sea transgression is a conceivable scenario for a decreas¢al., 2012), in addition to the indirect role of high tempera-
of N/P ratios and an increase in cyanobacterial biomass. Aures for water column stratification, and the related shift to
further reduction in the N/P ratio may have been inducedlow N/P ratios.

by bacterial denitrification under the established anoxic con-

ditions (Haug et al., 1998; Struck et al., 2000). Due to the

Biogeosciences, 10, 2728#35 2013 www.biogeosciences.net/10/2725/2013/
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Fig. 5. Distributions of major BHPs. Note different y-axes for individual BHPs; Mo¥Wodern Warm Period; LIA=Little Ice Age;
MCA = Medieval Climate Anomaly. Shaded areas in dark grey mark strongly laminated Littorina Sea sediment layers.

5.2 Biomarker records of biogeochemical perturbations  After the Littorina Sea transgression, a substantial environ-

in the central Baltic Sea mental change is reflected by a dropri€y9 abundance
by an order of magnitude (Fig. 4a). At the same time, a
5.2.1 Baltic Ice Lake—Ancylus Lake transition biomarker for dinoflagellates, dinosterol (Withers, 1983), in-
(10700 —9800yrBP) creased (Fig. 4b). Together, both biomarkers mirror the shift

) ) from an oligotrophic, terrestrially influenced system towards
The resolution of samples from these intervals was low, buty setting controlled by particular brackish-marine primary
among the studied biomarkers the transition is not reﬂeCte‘broducers, which fits well with micropalaeontological stud-
in any changes. ies (e.g. Brenner, 2001). It must be noted, however, that di-
nosterol contributions in the Gotland Deep sediments appear
to be largely due to marine dinoflagellates of the Littorina
Sea stage, whereas the high relevance of specific freshwater
dinoflagellates (e.gGonyaulax apiculatareported for the
. éAncyIus Lake stage (Brenner, 2001; Yu and Berglund, 2007)

(Fig. 4a).nCyg is a biomarker for higher plant waxes (Eglin- Is not reflected by thls.b|or.narker. .
ton et al., 1962), and the concentration in the lower core, As a result of the Littorina Sea transgression, concentra-

demonstrates the high relevance of allochthonous input durEIons of BHPs increased by almost two orders of magnitude

ing the Ancylus Lake stage. This is supported by previ- gr;dpfollowedta st_lmllar ';rendttoé({‘)go(Fng.gééc). The max':mum
ous findings of abundant plant-derived triterpane biomark- concentrations of up to 600 uggCorg Were extraor-

ers in Ancylus Lake sediments (Nytoft and Larsen, 2001).dlnanly high compared to other marine settings (e.g. four

5.2.2 Ancylus Lake—Littorina Sea transition
(~ 8500 — 8000yrBP)

In Ancylus Lake sediments, honacosan€fg) was much

www.biogeosciences.net/10/2725/2013/ Biogeosciences, 10, 27352013
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times higher than in Black Sea sediments; Blumenberg et al.all cyanobacteria produce BHPs nor that their BHP inven-
2009). Similarly, diploptene, a hopanoid hydrocarbon that istory, if present, must always be specific.
produced by many bacteria along with BHP, was reported to
be most abundant in the Littorina Sea stage in Gotland Dee%
sediments (Nytoft and Larsen, 2001). The consistently low
amounts of adenosylhopane, a BHP abundant in soil bacteria
(Talbot and Farrimond, 2007; Cooke et al., 2008; Fig. 59),
argues against variations in land-derived allochthonous BHRDespite the generally higher importance of BHP produc-
contributions as a major control on BHP patterns. Likewise,ing bacteria in the Littorina Sea stage, internal variations in
the peak in adenosylhopane in the late Ancylus Lake stag¢his unit were also observed. 35-aminobacteriohopanetriol
may be due to enhanced input of soil organic matter durings, along with BHT, a ubiquitous BHP and is pro-
the flooding of land areas during the Littorina transgressionduced by diverse bacterial groups. Bacteria rich in 35-
(Fig. 59). aminobacteriohopanetriol flourished particularly during the
The observed trends might be also influenced, or amplitransition from the Ancylus Lake to the Littorina Sea
fied, by enhanced lipid preservation as result of the estabwhere concentrations are about 4-fold higher than in all
lishment of anoxic bottom waters and sediments. Enhancedther samples studied (Fig. 5d). Which group of bacte-
preservation is crucial for high BHP abundances in sedimentsia particularly sourced 35-aminobacteriohopanetriol is un-
as these polyfunctionalised lipid structures are prone to miclear, but the same maximum, at the time of the Littorina
crobial degradation. A change in the redox environment inSea transgression is revealed by a more specific BHP, 35-
the course of the Littorina Sea transgression is reflected iraminobacteriohopanetetrol (Fig. 5e), which was also partic-
a decrease in the relative abundance of 32,35-anhydroBHTilarly abundant in Black Sea sediments reflecting the ma-
(Fig. 5b). 32,35-anhydroBHT is a diagenetic degradationrine ingression after the last deglaciation (Blumenberg et al.,
product of BHT and composite BHPs under acidic and ma-2009). 35-aminobacteriohopanetetrol was reported from cul-
rine sedimentary conditions (Bednarczyk et al., 2005; Schatured methanotrophic bacteria (Neunlist and Rohmer, 1985;
effer et al., 2008, 2010). Higher concentrations of this diage-Talbot et al., 2001) as well as from sulfate reducing bac-
netic product consequently suggest a lower preservation pateria (Blumenberg et al., 2006, 2012). Indeed, both bacte-
tential in Ancylus Lake and older sediments. In turn, the gen-rial groups can plausibly explain the observed trend in these
erally low amounts of 32,35-anhydroBHT in Littorina Sea individual BHP concentrations. First, the inflow of marine
deposits, with lowest abundances recorded in the organicsulfate-rich waters during the Littorina Sea transgression,
rich laminated sediments, may reflect a different preservaand the establishment of a stratified water column has likely
tional status of BHP. Apart from that, however, it is un- strongly stimulated the activity of sulfate reducing bacteriain
likely that total BHP concentrations, including the diagenetic the upper sediments and bottom waters. Increased microbial
product 32,35-anhydroBHT, are controlled by redox changessulfate reduction is also expressed by an increase in pyrite
in bottom waters and sediments. Studies from comparableulfur in the respective core section (data not shown; see also
settings demonstrated a stability of BHPs up to an age oblack pyrite layers from downward-diffusing,8 in the up-
100000 yr (Cooke et al., 2008; Coolen et al., 2008; Blumen-permost Ancylus Lake sediments; Fig. 2). However, during
berg et al., 2009, 2010). Providing additional evidence forthe Littorina stage, SRB should have remained a stable part
production of BHPs as key control for BHP abundances inof the microbial community. This conflicts with the observed
the studied core, &q trends were found to be slightly de- decreases in 35-aminobacteriohopanetriol and —tetrol abun-
layed to BHPs (e.g. Ancylus-Littorina transition or at the dances after the Littorina optimum (Fig. 5d and e). More-
MCA; Fig. 4). This rather indicates BHPs to record pioneer over, a quantitative estimate on sedimentary SRB in a com-
organisms of these changes. parable sedimentary setting (the Black Sea), clearly argued
BHPs specific for cyanobacteria were not found in the against these bacteria as considerable contributor to the BHP
Gotland Deep sediments. However, an isomer of the commoipool in this setting (Blumenberg et al., 2009). Another possi-
BHT cyclitol ether was observed that was also observed inble source for both BHPs are methanotrophic bacteria, which
the oxic part of the water column (Berndmeyer et al., 2013),were reported as important members of the microbial com-
which suggests a bacterial source from within the euphoticmunity at the recent redoxcline of the Gotland Deep water
zone (Fig. 5f; BHT cyclitol ether were summed up as similar column (Schmale et al., 2012; Berndmeyer et al., 2013). Un-
trend suggest the same origin). An isomer of the commorfortunately, the analyses 6f3C values to characterise the
BHT cyclitol ether was also reported from the cyanobac- bacterial source (Hayes, 1993) and particularly to identify
terium Anacystis montangHerrmann et al., 1996), which methanotrophy (Freeman et al., 1990) were not possible for
has, however, not been reported from the recent Baltic Seéhe Gotland Deep due to low concentrations. Despite this, we
water column. The contribution of cyanobacteria to the sedpropose that both 35-aminobacteriohopanetriol and —tetrol
imentary BHP pool in Gotland Deep sediments therefore re-are related to pioneer methanotrophic bacteria related to the
mains ambiguous and seemingly reflects the fact that neitheestablishment of the pelagic redoxcline.

.2.3 Biogeochemical variations during the Littorina
Sea stage as reflected by BHPs
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Redoxcline processes are also reflected by another abun- 5
dant BHP in Gotland Deep sediments. In the upper part of . r=0.37
the core, we found relatively high amounts of a BHT iso- * p-value = 0.0028
mer (Fig. 5¢). The nature of the isomerisation was not further
identified, but a BHT isomer was observed to be abundant in
suboxic zones of stratified marine water columnagi® et >
al., 2011) and near the redoxcline of a microbial mat (Blu- ¥
menberg et al., 2013), and a compound with the same spec- © 3 -
tral and chromatographic properties was also reported from
the redoxcline of the modern Gotland Deep water column
(Berndmeyer et al., 2013). We therefore suggest that the con-

sistent occurrence of the BHT isomer in the underlying sed- 2 ° ¢
iments of the Littorina Sea stage records water column strat- , , , , , ,
ification. It appears, however, that the concentrations of this 0 200 400 600
compound cannot directly be translated into the stability of )

the stratification because neither the strongly laminated sedi- BHPs (ug g~ C.)

ments of the MCA and MoWP warm periods (intense stratifi-
cation) nor the sediments of the LIA (less pronounced strati-
fication; Zillen and Conley, 2010) show corresponding excur-
sions in the relative abundance of the BHT isomer (Fig. 5c).
Further studies are needed to corroborate the relationship o

BHT isomer occurrences to redoxcline processes, as well a3 omposite core (gravity core and Frahmlot) covering the
the identification of the biological so.urc_e_(s). last 9000yr of the central Baltic Sea history was studied
_ Apart from the ups and downs of individual BHP sources, ¢ 11 geochemical parameters and selected biomarkers,
it can be stated that the overall input of hopanoids is linked,, i+, 4 particular focus on bacteriohopanepolyols (BHPS).
to changes in the nutrient situation (low N/P ratios with high gjomarker distributions and abundances in the Baltic Ice
phosphorus loads; Bianchi et al., 2000) and the establishmeq_take (before 11700yr BP) and Ancylus Lake (10700 to

of water column stratification. A similar scenario may ex- ggq0yr Bp) sediments were similar and reflect pronounced
plain BHP increases in Black Sea sediments as a result of thﬁigher plant inputs and low primary productivity. Marine di-

ingression of Mediterranean waters through the Bosporus afhoflagellates, as indicated by dinosterol, and BHP produc-

ing bacteria began to flourish after the Littorina Sea trans-

correlation between the occurrence of laminated Sed'ment%ression 8500 to 8000 yr BP. In the Littorina Sea stage, BHP
15 X . ,
bulk *°N and total BHPs may be taken as support for a sim-,,cantrations are the highest so far reported from a ma-

ilar relationship for the Baltic Sea (Fig. 6), but may also be \ine o prackish setting. BHPs are most abundant in lami-
linked th the dei.velopme_rf{t of redoxclines and the ,eStablLSh'nated sediments, pointing at an important role of hopanoid-
ment of redoxcline-specific BHP producing bacteria (Wake- o ,cing bacteria during times of water column stratifica-

ham etal., 2007;&nz etal., 2011; Berndmeyer et al., 2013; tion and pronounced anoxia of the lower water column. Such
Blumenberg et al., 2013). For the Gotland Deep sediments,qitions characterised, for instance, the onset of the Lit-

itis Iikel_y that both bacterial primary prod_uction under low torina Sea transgression, the MCA and the MOWP. Whereas
N/P ratios and the presence of a redoxcline controlled BHPy,o giscrete microorganisms that sourced the BHPs in Got-

abundances, but which factor prevailed is unclear. Neverthep, 4 peen sediments still have to be identified, the structures
less, the stability of the stratification is most likely an impor- .+ qistributions of individual BHPs point at contributions

tant factor as BHP abundances appear to be exceedingly high,, methanotrophic and other bacteria specific to redox-

during warmer times (e.g. during the MCA and the MOWP). ¢ines a5 well as most likely cyanobacteria. A good correla-
Future studies should focus on the identification of MICrO- i1 between BHPs,&;ganszlSN highlights an involvement

Fig. 6. Cross plot of BHP abundances with bukoN.

Conclusions

. . X X , as this process is crucial for the present day Baltic
b|0_syr_1thes!s of the precursors 9f geohopanoids, which '%ea, underpins their role for the entire nutrient cycle in this
ubiquitous in rocks, oils and sediments. marginal marine basin
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