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ABSTRACT

Two major types of glycerol dialkyl glycerol tetraethers (GDGTSs) are commonly
used in paleoecological and paleoclimatological reconstructions: isoprenoidal and
branched GDGTSs. In aquatic environments it was originally assumed that isoprenoidal
GDGTs, especially crenarchaeol, derive mainly from aquatic Thaumarchaeota, whilst
branched GDGTs are an allochthonous input derived from soil Bacteria. Recently,
direct co-variation of crenarchaeol and branched GDGTs has been described in two
marine sedimentary records, and this observation suggests in situ production of
branched GDGTs is possible at least in some aquatic environments. After investigating
30 published and unpublished data sets from downcore and surface sediments as well as
sediment traps from 15 distinct regions around the world we found a widespread
significant correlation between concentrations of branched GDGTs and crenarchaeol
(p<0.01; r’=0.57-0.99), even when normalized against TOC, where available. These
data sets include freshwater and marine environments with varying distances from the
shore, varying redox conditions and different terrestrial matter input pathways. Our
findings from this large-scale data set suggest that a common or mixed source for both

GDGT types is actually commonplace in lacustrine and marine settings.

Keywords: Archaea; branched GDGTSs; crenarchaeol; in situ production; isoprenoid

GDGTs; lakes; oceans
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1. INTRODUCTION

The glycerol dialkyl glycerol tetraethers (GDGTs) are cell membrane lipids of
Archaea and Bacteria that are used in paleolimnology and paleoceanography to track
changes in archaeal abundance, terrestrial organic matter input into aquatic systems and
to estimate past water and air temperatures. The two major types of GDGTSs currently

used have isoprenoidal and branched structures.

Mesophilic Archaea synthesize isoprenoidal GDGTs and the isoprenoidal GDGT
crenarchaeol, for example, has become a marker for Thaumarchaeota (Sinninghe
Damsté et al., 2002). Thaumarchaeota, formerly known as Crenarchaeota group |
(Brochier-Armanet et al., 2008), are ubiquitously distributed in marine environments
(Fuhrman et al., 1992; DeLong et al., 1998; Massana et al., 2000) as well as in lakes
(Schleper et al., 1997; Keough et al., 2003; Casamayor and Borrego, 2009).
Consequently, isoprenoidal GDGTs and especially crenarchaeol, have been found
globally in marine and lacustrine water column and sediment samples (Powers et al.,

2010; Kim et al., 2010).

The branched GDGTs have been predominantly found in terrestrial settings such as
peat bogs and soils (Weijers et al., 2006a), but also in sedimentary settings receiving
significant terrestrial input (Hopmans et al., 2004). The glycerol stereochemistry of the
branched GDGTs supports a bacterial provenance (Weijers et al., 2006b) and recently a
branched GDGT could be identified in two cultures of Acidobacteria (Sinninghe
Damsté et al., 2011). However, these Bacteria are aerobes and the highest branched
GDGT concentrations are found in low-oxygen environments, suggesting that the
branched GDGTs are likely synthesized by other groups of Bacteria as well (Sinninghe-

Damsté et al., 2011).
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Three main indices have been proposed for paleo-reconstructions in marine and
lacustrine sedimentary records using isoprenoidal and branched GDGTSs, which are the
TEXgs (Schouten et al., 2002), the MBT/CBT (Weijers et al., 2007) and the BIT
(Hopmans et al., 2004). The basic premise for those indices is that isoprenoidal GDGTs
are of aquatic origin and that the branched GDGTSs are exclusively terrestrially-derived
and transported to the aquatic environment through erosion, rivers, ice rafting, etc.
However, isoprenoidal GDGTs including crenarchaeol have also been found in
terrestrial environments, e.g., in peat bogs and soils (Gattinger et al., 2003; Leininger et
al., 2006; Weijers et al., 2006a). Furthermore, a mixed allochthonous and autochthonous
source for branched GDGTs has been recently suggested in lakes (Sinninghe Damsté et
al., 2009; Bechtel et al., 2010; Blaga et al., 2010; Tierney et al., 2010; Zink et al., 2010;
Sun et al., 2011). Peterse et al. (2009) and Zhu et al. (2011) also proposed an
autochthonous source for branched GDGTs in marine coastal sites. In contrast,
Yamamoto et al. (2008) suggested an allochthonous source for crenarchaeol in the
central Arctic Ocean. Yamamoto et al. (2008) and Zhu et al. (2011) based their
conclusions on the strong correlation they observed between branched GDGT and

crenarchaeol concentrations.

In the present study, we show the pervasive significant correlation between branched
GDGTs and crenarchaeol in a wide range of aquatic environments. These include
sediment trap samples, surface sediments and downcore records from lacustrine and
marine settings. The sites were not initially selected for the purpose discussed here and
several data sets used for this large-scale comparative study have already been
published (Herfort et al., 2006; Huguet et al., 2007, 2011; Bendle et al., 2010; Fietz et

al., 2011a, 2011b). We discuss the possible mechanisms responsible for such a global
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pattern, including the prospect that branched GDGTs have a significant autochthonous

source in some aquatic settings.

2. REGIONAL SETTINGS

The map in Figure 1 identifies the sites included in this paper and further information
on each sampling location is provided in Table 1. We show sediment trap, surface
sediment and downcore data from lakes in Russia, France, and Turkey, as well as data
for water column (filtered particulate matter), sediment trap, and surface and downcore
sediment samples from locations in the Atlantic, Pacific, North Sea, and Mediterranean.

Brief descriptions of all locations and data sets are given in Appendix 1.

3. MATERIAL AND METHODS

Sample processing methods are diverse as the data were obtained by different research
groups with a focus initially outside the scope of the present analysis. All methods are
briefly described, including those concerning already published data sets (Herfort et al.,
2006; Huguet et al., 2007, 2011; Escala 2009; Bendle et al., 2010; Fietz et al., 2011a,
2011b; McClymont et al., in press) so that they can be compared. The numbering given
for extraction, fractionation and analyses refer to the respective data sets listed in Table

1.

3.1. Lipid extraction

All samples were freeze-dried and sediments homogenized. Solvents used for extraction
were mixtures of dichloromethane and methanol (DCM/MeOH). E1) Microwave

assisted extraction (as in Huguet et al., 2007, 2011; Escala et al. 2009; Fietz et al.
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2011a, 2011b; McClymont et al., in press), E2) Accelerated Solvent Extractor (ASE
200, Dionex; as in Herfort et al., 2006), E3) Ultrasonic extraction (as in Schouten et al.,

2007), E4) 24h Soxhlet extraction (as in Bendle et al., 2010).

3.2. Fractionation, purification

F1) Extracts were analyzed without further fractionation (as in Fietz et al., 2011a). F2)
Extracts were fractionated with preparative column chromatography using activated
alumina and sequential eluent mixtures of hexane (HEX)/DCM, HEX/DCM and
DCM/MeOH (as in Huguet et al., 2011). F3) Extracts were fractionated with
preparative column chromatography using activated or deactivated silica (1 or 5% H0)
and sequential eluents HEX, DCM or a mixture of HEX/DCM and DCM/MeOH (as in
Herfort et al., 2006). F4) Extracts were redissolved in HEX/DCM and injected in a
Thermo Surveyor HPLC system equipped with a Lichrosphere silica column.
Fractionation was achieved running sequentially HEX, DCM, and acetone (as in Fietz et
al. 2011a). F5) Extracts were hydrolyzed overnight with 8% potassium hydroxide
(KOH) in MeOH. The GDGT-containing fraction was recovered with hexane (as in
Escala, 2009). F6) Extracts were redissolved in chloroform and eluted through 500 mg
aminopropyl mini-columns running sequentially chloroform/2-propanol and diethyl

ether/acetic acid (as in Ruiz et al., 2004).

3.3. Analysis

All polar fractions were redissolved in HEX/n-propanol or HEX/isopropanol prior to
injection into the respective HPLC-MS system. All instruments used in this study were
equipped with an atmospheric pressure chemical ionization (APCI) source. Mixtures of
HEX/n-propanol or HEX/isopropanol were used as eluents either in gradient or isocratic

modes. Al) A Dionex P680 HPLC system coupled to a Thermo Finnigan TSQ
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Quantum Discovery Max quadrupole mass spectrometer (MS) was used with a Tracer
Excel CN column (as in Fietz et al., 2011a, 2011b. A2) An Agilent 1100 HPLC system
coupled to a Bruker Esquire 3000 ion trap MS was used and a Nucleosil CN column (as
in Escala, 2009). A3) An HP 1100 Series HPLC-MS system was used and a Prevail
Cyano column (Herfort et al., 2006; Huguet et al., 2007). A3 analyses were done in
triplicate and averages are presented in this study. A4) An Agilent 1100 series/HP 1100
MSD series HPLC-MS system was used and an Alltech Prevail Cyano column (Bendle
et al., 2010). A5) A Thermo Finnigan LCQ MS was used with a Grace Prevail Cyano
column (McClymont et al., in press). GDGTs in all A1-A5 analyses were monitored in
selected ion monitoring (SIM) mode at m/z 1302, 1300, 1298, 1296, 1292 (isoprenoidal
GDGTs, with 1292 referred here as crenarchaeol), 1050, 1036, and 1022 (major
branched GDGTs), and m/z 1048, 1046, 1034, 1032, 1020, and 1018 (minor, cyclized

branched GDGTSs).

3.4. Normalization

Since we can not rule out artefacts in concentrations derived from the different
instrument and quantification methods used across the various laboratories included in
this study, all data were normalized and data are given here as relative units.
Normalization was accomplished by finding the sample with the highest crenarchaeol
relative unit in a given data set and then dividing all crenarchaeol and branched GDGT

data in that set to this reference value.

3.5. TOC and chlorophyll

For some sample sets, reference data for total organic carbon (TOC) and chlorophyll a
transformation products (including all pheopigments) were available, partly from

published studies (Herfort et al., 2006; Fietz et al., 2007, 2011a; Huguet et al., 2007,
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2011; Martinez-Garcia et al., 2009). This information allows the data to be expressed
per gram TOC or per gram chlorophyll degradation products. For the Lake Baikal
interglacial record, TOC and chlorophyll transformation products analyses were carried
out on parallel samples (same core) to the above described GDGT analyses within an
earlier study (Fietz et al., 2007). TOC analyses for the Drammensfjord were carried out
on parallel samples to the above described GDGT analyses as described by Huguet et al.
(2007). Chlorophyll transformation products for sediment trap samples from Lake Van
(Huguet et al., 2011) and Lake Baikal, as well as downcore samples from Fram Strait
(Fietz et al., 2011a), subantarctic Atlantic (Martinez-Garcia et al., 2009), and Guaymas
Basin were measured on the total lipid extracts before further fractionation was carried

out for GDGT analyses. The method is described by Martinez-Garcia et al. (2009).

4. RESULTS

In almost all sample sets, the abundance of crenarchaeol is significantly (p<0.001)
correlated to the combined abundance of the major branched GDGTSs (Figures 2 and 3,
Table 1), as well as to the combined abundance of the minor cyclized branched GDGTSs,
(Table 1). This strong correlation is observed in samples from freshwater and marine
environments at varying distances from the shore, over a range of redox conditions and
with different pathways of terrestrial matter input. No significant correlation between
crenarchaeol and branched GDGTs was found in only three out of the 30 data sets

examined in this study.

4.1. Data sets with significant correlations between crenarchaeol and branched

GDGTs

4.1.1.Lakes
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Significant correlations (p <0.01) are found in down core sediment sample sets from
Lake Baikal, Lake Bourget, and Lake Van even though different interglacial and glacial
cycles are considered, as well as in surface sediments and sediment trap material (Fig.
2). All correlations have coefficients of determination (r®) higher than 0.8 and a wide
range of slope values (Table 1). Variation in slope values is indicative of the relative
concentration change between branched GDGTs and crenarchaeol. It must be noted that
in an intercalibration study (Schouten et al., 2009) the BIT index, which resembles the
slope of branched GDGTs versus crenarchaeol, varied greatly between individual LC-
MS systems (e.g., BIT values ranging from 0.25 to 0.82 on a scale from 0 to 1).
However, in the present study a wide range of slope values is also found for sample sets
measured on the same LC-MS (e.g., 0.4 to 4.1 for LC-MS system Al, see Table 1) and
the coefficient of variation (CV, calculated as standard deviation per mean value) is
higher for the lake slope values (CV=0.5) than for the BIT in the intercalibration study
(CVv=0.2). Significant correlations are furthermore observed between cyclized branched
GDGTs and crenarchaeol in the lakes and the r>-values are only slightly lower than
those calculated for the major branched GDGT versus crenarchaeol correlations (Table

1).

4.1.2.Marine Settings

Significant correlations (p <0.01) between the major brGDGTSs and crenarchaeol are
observed in most downcore records of our marine sites (Fig. 3A-J), although the
environmental conditions as well as pathways and amounts of terrestrial matter input
strongly differ between the studied sites. All r* values are higher than 0.57 (Table 1).
Such strong correlation is not only found through time at certain sites, but also in two
surface sediment compilations of the North and Catalan Seas (Table 1, Figs. 3K,L). As

for lakes, slopes vary over a wide range (0.01 to 0.9; Table 1). Some sites that receive

9
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more allochthonous material through eolian input (Guaymas Basin, equatorial Pacific,
subantarctic Atlantic) than by river discharge have shallow slopes (<0.07). The
equatorial Atlantic site, however, which predominantly receives dust input from the
Sahara, has a remarkably steep slope of 0.61 (even though measured on the same LC-
MS than the subantarctic Atlantic samples that have a slope of 0.06, see Table 1).
Significant correlations are also observed between cyclized branched GDGTs and
crenarchaeol in the marine sites and again (as for lakes) the r? values are in a similar
range as those calculated for the major branched GDGT wversus crenarchaeol

correlations (Table 1).

4.2. Sites without significant correlation between crenarchaeol and major

branched GDGTs

No significant correlation is found in two downcore records and one water column
sample set (Fig. 4). Lake Yamozero is, at present, a shallow lake with large lake level
variations, which have caused major hiatuses in the record (Henriksen et al., 2008). This
may explain the large scatter in the branched GDGTSs vs. crenarchaeol correlation. The
NE Atlantic site lies within the impact zone of the British Ice Sheet and the record is
characterized by the sudden input of abundant and very ancient terrestrial organic matter
(Peck et al., 2006), which might have caused the scatter. Lack of significant correlation
is also observed in the water samples from Chipana, off Chile. One sample deviated
from the five others and this outlier (February 2007 surface sample) was mainly due to
low crenarchaeol concentration instead of exceptionally high branched GDGT

concentrations (Fig. 4).

4.3. Correlation for data sets normalized to total organic carbon or chlorophyll

transformation products

10
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When possible, the GDGT data were normalized to TOC in order to assess the
possible impact of organic matter diagenesis on the correlation (Fig. 5). Where TOC
data are available, the brGDGTs/TOC vs. crenarchaeol/TOC correlations are still
significant at p<0.01 (Baikal Interglacial, Buguldeyka Uplift, Drammensfjord and North
Sea; Fig. 5; Table 2). Yamamoto et al. (2008) and Zhu et al. (2011) both also published
significant correlations between TOC normalized branched GDGTs and crenarchaeol.
Only in one data set (Lake Van) the relationship between brGDGTs/TOC and

crenarchaeol/TOC is deteriorated (p=0.05; Fig. 5, Table 2).

For many records, TOC data are not available. Chlorophyll a transformation products
(including phaeopigments) are considered instead, because they track the aquatic
primary productivity component of the deposited organic matter (Harris et al., 1996).
Chlorophyll a produced in the water column is strongly degraded before final burial and
hence, normalization to chlorophyll transformation products (Chl.) reduces the impact
of diagenesis in the data sets similarly to TOC. The fit of brGDGTs/Chl. versus
crenarchaeol/Chl. is still significant (p<0.01) for Lake Baikal and Lake Van seasonal
traps, as well as for Lake Baikal Interglacial, Guaymas Basin, Fram Strait, and

subantarctic Atlantic records (r*= 0.58-0.99; Table 2).

5. DISCUSSION

Crenarchaeol is considered a marker for mesophilic Thaumarchaeota of predominantly
aquatic origin (Sinninghe Damsté et al., 2002), while branched GDGTs are proposed
markers for soil Bacteria (Weijers et al., 2010). Positive correlation between branched
GDGTs and crenarchaeol was reported previously for the Central Arctic (Yamamoto et

al., 2008) and the East China Sea shelf (Zhu et al., 2011). Since we observe it in all, but

11



278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

three, of the 30 data sets examined here, this phenomenon is a global feature. The key
question to answer is: how can two markers from purportedly two different source

environments display such strong correlation in so many different settings?

5.1. Amplification of correlation by diagenesis

Preservational efficiency is an important factor to explain variability in downcore
sedimentary signals (Furlong and Carpenter, 1988; Calvert and Pedersen, 1992). Earlier
studies demonstrated that oxygen exposure can cause a decrease in GDGT
concentration by one or two orders of magnitude (Schouten et al., 2004; Zonneveld et
al., 2010). Amplification in the dry weight related concentrations due to the settling and
preservation conditions can therefore not be excluded as an explanation for the observed
correlations in the sedimentary data sets. However, if diagenetic factors primarily
control the biomarker concentrations, the significant correlation between brGDGTs and
crenarchaeol normalized to dry weight should be largely deteriorated when both are
normalized to TOC. GDGTs are associated to their respective organic matter sources.
Input, settling and preservation of GDGTSs are therefore closely related to the TOC,
which contains aquatic and terrestrial compounds. TOC-normalization of the GDGTs
therefore minimizes temporal or regional variability in the amount of organic matter
deposited and/or changes in preservation conditions for given data sets. However, in
two Lake Baikal records, the Drammensfjord record and the North Sea surface sediment
compilation, the correlations between brGDGTs/TOC and crenarchaeol/TOC are
diminished but remain significant (Fig. 5, Table 2). brGDGTs/TOC and
crenarchaeol/TOC are also correlated in sample sets from the Central Arctic
(Yamamoto et al., 2008) and China Sea (Zhu et al., 2011). The regression is deteriorated
at insignificant level in only one data set (Lake Van). If plotted against chlorophyll

degradations products (chl.), which are also affected by the preservational conditions,
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the correlations of brGDGTs/chl. versus crenarchaeol/chl. are also still significant

(Table 2).

Furthermore, diagenesis differs between branched and isoprenoid GDGTSs. Huguet et
al. (2008) found that over long time spans (>100 ky) branched GDGTs are better
preserved than isoprenoidal GDGTs. At sites or time spans with lower overall
productivity and sedimentation, and therefore prevailing oxic conditions, the
brGDGTs/crenarchaeol ratio might thus be biased towards higher values. Such redox
condition dependant shift in the brGDGTs/crenarchaeol ratio should have reduced the
correlation. Therefore, diagenetic processes are probably not the primary driving factors

for the observed correlations.

5.2. Correlations triggered by physical processes in different source

environments

Very few environmental factors might have a direct and equal influence to both
aquatic Thaumarchaeota and GDGT-producing soil Bacteria. Temperature, for example,
which would be a global feature for soil and aquatic systems, has only been shown to be
of major influence for the relative distribution of isoprenoid GDGT distributions but not
for absolute abundances (Schouten et al., 2002). pH and anaerobic conditions have been
proposed as major environmental factors driving the concentration of branched GDGTs
in soils (Weijers et al., 2007), but there is no published study about what environmental

factor drives the crenarchaeol concentration in the aquatic settings.

The observed co-variations between crenarchaeol and branched GDGTs might instead
result to some extent from parallel or sequential effects. For example, if branched
GDGTs indicate allochthonous matter input, they would be coupled to nutrient input

which may result in site fertilization. A likely scenario to explain the co-variation
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between branched GDGTs and crenarchaeol might therefore be that increases in
branched GDGTs would be an indicator of e.g., erosion, dust, or ice-rafted debris input.
This might serve as a substrate for the Thaumarchaeota or contain nutrients that fertilize
the system and induce increased deposition. However, it remains questionable if
fertilization can possibly explain the worldwide observed correlations, including sites

unlikely to be resource limited (e.g. Lake Baikal, Lake Bourget, Lake Van, North Sea).

5.3. Correlations due to common source environment of both GDGT types

A common terrestrial origin has been suggested by Yamamoto et al. (2008) for
crenarchaeol and branched GDGTs in central Arctic sediments. Yamamoto et al. (2008)
proposed that both types of GDGTs were introduced by terrestrial matter trapped in the
ice and released as the ice drifted and melted over the central Arctic. However, a
common terrestrial origin is an unlikely explanation for correlations observed globally.
In contrast, Zhu et al. (2011) suggested a common aquatic source for crenarchaeol and
branched GDGTSs in the East China Sea. Co-variation of Thaumarchaeota and Bacteria
has been shown in water column studies based on metagenomic surveys (Beman et al.,
2011). Therefore, co-production of branched GDGTSs in aquatic settings by Bacteria

may account for the observed correlation.

From the distribution of branched GDGTs in soils (Weijers et al. 2007, 2010), it
actually seems that they are produced by waterborne Bacteria as they seem to be found
predominantly around the water table or in soil pore water. Furthermore, brGDGT-
producing Bacteria have been proposed to be anaerobic (Weijers et al., 2006b). This
suggests that they could possibly also be produced in the water column (oxygen
minimum zone), at the sediment surface, or in anoxic interstitial spaces within the

sediments. Aquatic in situ production of branched GDGTSs has been in fact suggested in
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many earlier studies, predominantly in lakes (Sinninghe Damsteé et al., 2009; Bechtel et
al., 2010; Blaga et al., 2010; Tierney et al., 2010; Zink et al., 2010; Sun et al., 2011),

and also in two marine settings (Peterse et al., 2009; Zhu et al., 2011).

5.4. Mixed origins

Part of the branched GDGTs detected in lakes and oceans must be of terrestrial origin
because in almost all aquatic settings there is evidently some terrestrial matter input
through erosion, river run-off, or wind transport. Furthermore, branched GDGTs and
crenarchaeol are not correlated if we pool all of the data into one global set, because of
the large differences in regression slopes. Partly these differences might be attributed to
the analytical constraints (Escala et al., 2009; Schouten et al., 2009). However, the
slopes varied over wide ranges even if analyzed with the same LC-MS (e.g., 0.06 and
0.6 for subantarctic Atlantic and equatorial Atlantic). Furthermore, the coefficient of
variation of our slope values is much higher (0.88) than for the BIT values in the
Schouten et al. (2009) intercalibration study (0.24), indicating that the slope values
range is beyond the LC-MS-based differences. Most slopes are higher in the lakes than
in the marine sites (Table 1). This could support the original premise that crenarchaeol
is autochthonous and branched GDGTs are allochthonous or indicate a higher in situ
production of branched GDGTSs in lakes than in oceans or a combination of both. It is
therefore most likely that both GDGTs types have a mixed autochthonous and
allochthonous origin. This mixed origin has consequences for the use of GDGT derived
proxies for paleoclimatic reconstructions, as the reliability of both BIT and MBT/CBT
indices depends on the assumption that the branched GDGTSs deposited in the sediments

are exclusively of terrestrial origin.

15



375

376

377

378

379

380

381

382

383

384

385

386

387

388

6. CONCLUSION

Until recently, it has been widely accepted that in sedimentary archives crenarchaeol is
predominantly derived from aquatic Archaea and branched GDGTs are derived from
soil Bacteria. In this study, we show that branched GDGTs are correlated to
crenarchaeol on a region by region basis in globally distributed records. Certainly, the
correlation is partly due to an amplification effect caused by preservation of both GDGT
types in sedimentary settings with high preservation potential, but diagenesis can not be
the one and only process driving the observed tight correlations. Various scenarios of
common physical driving factors or cascading effects are plausible to explain the
correlations at specific sites. Those are, however, not satisfying to explain the global
pattern. Globally considered, our findings of strong correlations coupled to a wide range
of slopes indicate a more complex situation, suggesting that a mixed source for both

GDGT types is commonplace in lacustrine and marine settings.
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TABLES

Table 1. Sites, Methods and Regression details: Locations (numbers refer to map in
Figure 1) and methodologies (referring to numbers in the "Material and Methods
section) as well as references for previously published data sets. Regression details are
given for plots shown in Figures 2 and 3 for the correlation of brGDGTs (sum of m/z
1050, 1036, and 1022) vs. crenarchaeol. Statistics are given here as well for cyclized
brGDGTs vs. crenarchaeol (sum of m/z 1020, 1028, 1034, 1032, 1048, and 1046; not
shown in Figures). Cyclised brGDGTs were, however, not analysed for all sample sets
and “not determined” (nd) refers to sites where they were not. Brief site and data set
descriptions are shown in Appendix 1. Abbreviations: Ref. — References; Ext. —
extraction methods; Fract. — fractionation methods; Anal. — analytical methods.; n -
number of samples included; nd — not determined; ns — not significant. Coefficients of

determination and slopes are only given if statistically significant (p<0.01).
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Table 2. Correlation statistics for major branched GDGTs versus crenarchaeol as

related to total organic carbon (TOC; cf. Fig. 5) or to chlorophyll transformation

products (CHL): Number of samples included (n), coefficients of determination (r?)

and slopes. All correlations and slopes are significant with p<0.001, if not stated

otherwise. Details of the respective sample sets are given in Table 1. All data are

normalized. Normalization was accomplished by finding the sample with the highest

crenarchaeol/TOC concentration in a given sample set and then dividing all

crenarchaeol/TOC and brGDGTs/TOC data in that set by that value. The same

normalization was applied for the concentrations related to chlorophyll transformation

products. The GDGT, TOC and pigment concentration data were partly published

previously (Herfort et al., 2006; Huguet et al., 2007, 2011; Fietz et al., 2007, 2011;

Martinez-Garcia et al., 2009).

major brGDGTs/TOC vs.
crenarchaeol/TOC

major brGDGTs/CHL. vs.
crenarchaeol/CHL.

ref.lFlg. n 2 n P2
Lake Baikal North Interglacial L1 44 0.50 46 0.97
Lake Baikal Centre L3 44 0.81 - -
Baikal seasonal trap (North) L1 6 0.99
Baikal seasonal trap (South) L2 - - 8 0.95
Lake Van seasonal trap L6 8 0.50% 8 0.96
Drammensfjord c2 41 0.81 - -
Guaymas Basin C4 144 0.84
Fram Strait c7 43 0.77
subantarctic Atlantic C10 - - 126 0.40°
North Sea surface sediment compilation S1 21 0.88 -

% p=0.05
® 12=0.94 if only glacial periods are considered (n=69)
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FIGURES

Figure 1. Map showing all sample locations; codes refer to Table 1. Map created using

Ocean Data View (Schlitzer, 2001).

Figure 2. Correlations between crenarchaeol and branched GDGT concentrations per
gram dry weight in lakes with significant (p<0.01) correlation. Lake Baikal (A) long-
term records from North Basin (Fietz et al., 2011a,b), (B) long-term record from
Buguldeyka uplift, (C) 10 cm upper surface sediment from South and North basins
(Escala 2009), and (D) annual and monthly sediment traps from South and North
basins; (E) Lake Bourget downcore record, and (F) Lake Van seasonal traps (Huguet et
al., 2011). See Figure 1 for locations, Table 1 for site details and Appendix 1 for brief
data set descriptions. Coefficients of determination (r?) and slopes (x) are given for each
data set. See also Table 1 for more regression details. All data are normalized and given
here as relative units. Normalization was accomplished by finding the sample with the
highest crenarchaeol value in a given sample set and then dividing all crenarchaeol and

brGDGT data in that set by that value.

Figure 3. Correlations between crenarchaeol and branched GDGT concentrations per
gram dry weight in marine sites with significant (p<0.001) correlation. (A-J) downcore
records, (K-L) surface sediment sets (0-1cm). In the North Sea surface sediment
compilation (K) the linear regression is given for samples influenced by the Dutch
Coast and Channel waters (DCC) omitting the station Central Southern Bight (CSB)
influenced by the English Channel and Turbidity plume (see Herfort et al., 2006). Some
data sets were previously published (Herfort et al., 2006; Huguet et al., 2007; Bendle et
al., 2010; Fietz et al, 2011a, 2011b). Coefficients of determination (r?) and slopes (x) are
given for each data set. See Figure 2 legend for site, regression and normalization

details.
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Figure 4. Sites without significant correlation between crenarchaeol and branched
GDGT concentrations per gram dry weight (p>0.01). See Figure 2 legend for site and

normalization details.

Figure 5. Correlations between crenarchaeol and branched GDGT normalized to total
organic carbon (TOC) in (A) Lake Baikal North Basin Interglacial record, (B) Lake
Baikal Buguldeyka uplift Holocene record, (C) Lake Van seasonal traps, (D)
Drammensfjord record, and (E) North Sea surface sediment (0-1cm) compilation. In the
North Sea surface sediment compilation (K) the linear regression is given for samples
influenced by the Dutch Coast and Channel waters (DCC) omitting the station Central
Southern Bight (CSB) influenced by the English Channel and Turbidity plume (see
Herfort et al., 2006). Data were partly published previously (Herfort et al., 2006;
Huguet et al., 2007, 2011; Fietz et al., 2011a, 2011b). See Figure 2 legend for site,

regression and normalization details.
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Appendix 1: Brief description of each sampling location and data set (e.g., geographic
location, major environmental features, time span of data set for sediment cores or

deployment of traps, and reference literature).

1. Lacustrine samples

Lake Baikal (central Siberia) is the World’s deepest lake (ca. 1.6 km) and also one of
the largest (ca. 600 km long). The water column remains oxygenated throughout the
year. The lake is oligotrophic with periodic massive diatom blooms (Kozhov and
Izmest’yeva, 1998). The Selenga River is the largest tributary into the central lake and
has built up an enormous delta region. Lake Baikal downcore sediments were recovered
from the North and South Basins (Oberhansli and Mackay, 2005), and from the
Buguldeyka Uplift in front of the Selenga Delta (Karabanov et al., 2008). The North
Basin Last Interglacial record spans ca. 113-129 thousand years before present (ky BP;
Fietz et al. 2007), the North Basin Last Glacial record spans ca. 12-57 ky BP, and the
North Basin Holocene record the last 12 ky. The South Basin and Buguldeyka Uplift
records also cover the Holocene but only part of the Last Glacial (<30 ky). Two surface
sediment cores (upper 10 cm) were recovered in 2001 from the North and South basins.
Both coring sites are located at a distance of ca. 400 km from each other. The North is
ice covered for longer and has a shorter vegetation period than the South, and it has an
overall lower sedimentation rate resulting in deeper oxic and oxygenized sediment
depth (Mdller et al., 2005). Annually integrating sediment traps were deployed in June
2001 at 6 different depths along the 920 m deep water column in the North, and at 14
different depths along the 1396 m deep water column in the South (Fietz et al. 2005).
Seasonal traps were deployed on the same moorings than the annually integrating traps

below the upper mixed water layers and above the lake bottom.
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Lake Yamozero, located in northern Siberia outside the present zone of permafrost,
covers an area of ¢. 30 km?, and has an almost circular outline with a maximum water
depth of ca. 3 m (Henriksen et al., 2008). The small catchment area of 95 km? consists
of mires near the shore and a boreal forest (Henriksen et al., 2008). A series of distinct
shorelines encircles the lake up to a level of about 15 m above the present lake level
(Henriksen et al., 2008). The downcore record from this lake spans ca. 1-22 m. Lake
Bourget is a mesotrophic lake located in front of the French Alps (42 km?, 146 m deep,
Jacob et al., 2008). The catchment area is characterized by a local river watershed of
600 km? and sporadic major flooding events of the Rhone River (Jacob et al., 2007).
The record covers a time span of ca. 3.5-9 ky BP. Lake Van is situated in eastern
Anatolia (Turkey) and is the world’s largest soda lake (3570 km?, 460 m deep, pH ~9.5-
9.9 and ~21-24 %o salinity; cf. Stockhecke, 2008). It receives water mainly through
precipitation and snowmelt from a catchment area estimated to be 12500 km? (cf.
Stockhecke, 2008). Seasonal traps were deployed between June 2006 and August 2007

deep in the lake, just above the sediments (Stockhecke, 2008).

2. Marine samples

2.1. Water column, sediment trap, and surface sediments samples

Chipana Bay is located off Northern Chile in one of the most productive areas of the
Humboldt Current system, characterized by cold upwelling bottom waters. The nearest
river (Loa River) has almost no outflow except during El Nifio events, when the
discharge increases due to intense precipitation. The data set includes filtered water
samples taken at three depths in both February and August 2007 at ca. 1 km off Chipana
Bay. The depths were: 1) fluorescence maximum, 2) upper boundary of the oxycline,
and 3) 1 m above the seabed (ca. 90 m). The Catalan Sea, in the North Western

Mediterranean (Spain), is a comparatively productive area in the mostly oligotrophic
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Mediterranean. The data set includes surface sediment (0-1 cm) obtained from transects
between the city of Barcelona and the Balearic Islands, i.e., from the southward directed
Catalan coastal current to the northward flowing modified Atlantic waters. The southern
North Sea is a shallow shelf sea (<50 m) characterized by a predominant influence of
coastal runoff. The surface sediment samples (0-1 cm) were taken in February, April,
and August at seven stations located within or at the outflow of the Dutch coastal
waters, characterized by high riverine freshwater input, and channel water of recent
oceanic origin (see Herfort et al., 2006 for more details on sample collection). One
station was located in the English coastal waters and East Anglian turbidity plume

(Herfort et al., 2006).

2.2. Downcore records

Loch Sunart is a marine fjord located in northwest Scotland. The loch is approximately
31 km long with an average width of 1.5 km. Peat bogs occur in the catchment. The
record spans an interval of 145 to 1745 c¢cm, which correspond to approximately 465-
6637 ky BP. Drammensfjord is located in southern Norway and is a hyposaline (salinity
<32) silled basin with a length of 20 km and a width of 1.6-3 km. The Drammen River
feeds the Drammensfjord introducing a large volume of particulate matter and creating a
brackish surface layer on top of the saline bottom waters (Huguet et al., 2007). The
downcore record spans the most recent period, approximately the past 70 y (Huguet et
al., 2007). The Amazon Fan is the third largest submarine delta and is situated off the
northeastern coast of Brazil. The major input pathway in the Amazon Fan is from the
outflow of the Amazon River with a wide backland catchment area (Bendle et al.,
2010). Biomarkers of unambiguous terrestrial origin dominate the sediments (Bendle et
al., 2010 and references therein). The record used here spans approximately 13 m,

which correspond to the last 20 ky (Bendle et al. 2010).
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The Skagerrak is a strait located between the North and the Baltic Sea (Scandinavia).
The water circulation in the Skagerrak is counterclockwise, with Atlantic water entering
along the Danish coast and Baltic water outflowing along the Norwegian coast. Most
suspended sediments entering the Skagerrak are supplied by large volumes of Atlantic
water. The Glomma River is the largest river draining into the Skagerrak and enters the
sea close to the coring site (cf. Rueda et al., 2009). The data included in this study cover
approximately the past 2000 y (see Rueda et al., 2009 for past 200 ky). Guaymas Basin,
located in the central Gulf of California (Mexico), has high productivity and low-
oxygen bottom waters. It is influenced by North Pacific deep and intermediate water as
well as subequatorial subsurface and equatorial surface water. Nutrients are brought to
the surface by tidal mixing around the islands north of Guaymas Basin and wind-driven
upwelling, fuelling high phytoplankton productivity (Cheshire et al., 2005 and
references therein). The record used here spans the upper 38 m (McClymont et al., in
press).

The Alaskan coast site (Gulf of Esquibel, USA) is located in an area of coastal
downwelling which, however, supports relatively high marine productivity. The site is
in inland waters adjacent to heavily forested, steep terrains that are presently glaciated
only in upland regions (Walinsky et al., 2009). The Alaskan coast record here includes
five samples from five depth intervals of a gravity core (5, 50, 80, 120, 140 cm depth).
The Fram Strait is the passageway between Greenland and Svalbard through which
warm saline waters are transported northwards with the West Spitsbergen Current (the
end member of the North Atlantic Current) and fresh water and sea ice is exported
southwards with the East Greenland Current. This record was retrieved from the
western continental margin of Svalbard and spans the last ~2000 years (Spielhagen et

al., 2011). Most of the recent organic matter is autochthonous with terrestrial organic
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matter supply being likely the result of long range sea-ice transport from the north, with
contributions of the nearby Svalbard landmass (Birgel et al., 2004). The NE Atlantic site
is located in the northwestern flank of the Porcupine Seabight. The site is situated close
to a principal outlet glacier draining the British Ice Sheet and also receives ice rafted
debris derived from other North Atlantic margins (Peck et al., 2006). The record
comprises a sedimentary sequence with a time span of 15-25 ky, including two periods
of massive ice rafted debris input (Heinrich events; cf. Peck et al., 2006).

The equatorial Pacific site is located east of Galapagos Islands and is influenced by
the westwards flowing Southern Equatorial and the Peru Current Systems, including the
Humboldt Current. Sediments in this region very likely contain particles from both
windborne dust, transported by the southerlies, and submarine volcanic debris (Saukel
et al., 2011). The coring site possibly contained some fluvial debris originating from the
Gulf of Guayaquil on the eastern end of the Carnegie Ridge (Saukel et al., 2011). The
record spans the upper 1.4 m. The equatorial Atlantic record is located in the open
ocean within the southeastern margin of the Sierra Leone Rise. The region is
characterized by excellent preservation of the calcareous organisms, high sedimentation
rates, as well as windblown and fluvial delivery of diverse indicators of continental
climate (Shipboard Scientific Party, 1988). The record comprises a time span of ca. 0.96
— 1.12 million y BP. The Benguela current site is located off the West African coast,
where cold, nutrient-rich waters from the coastal upwelling area mix with low-
productivity oceanic water and form a zone of intermediate productivity (Shipboard
Scientific Party, 1998). The studied record covers approximately 340 m (ca. 2 million y
BP). The subantarctic Atlantic site is located in the open ocean within the present day
Subantarctic Zone (Martinez-Garcia et al., 2009, 2011). It is characterized by relatively

low phytoplankton export production during interglacial periods and high export
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production during glacial stages essentially stimulated by atmospheric supply of iron
(Martinez-Garcia et al., 2009, 2011). The studied record covers a time span from the
mid-Pleistocene to the Holocene, encompassing several glacial and interglacial cycles

(MIS 1 to MIS 12, ca. 500 ky BP; Martinez-Garcia et al., 2009).
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