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a b s t r a c t

Abundances and distributional changes of branched glycerol dialkyl glycerol tetraethers (brGDGTs) in flu-
vially influenced sediments are used in various paleoclimate studies to reconstruct variations in soil
export, continental air temperature and soil pH in corresponding river basins. For accurate interpretation
of these records, it is important to understand the provenance and the evolution of biomarker signals as
they move through the river system. Here we investigate the brGDGT composition of modern river sed-
iments of the Danube River, the second largest river in Europe. BrGDGT-based mean annual air temper-
ature and soil pH parallel the actual values of air temperature and soil pH from the upper to the lower
basin, showing that signals predominantly reflect local as opposed to basin-wide environmental condi-
tions. Furthermore, data generated using the recently developed method with improved chromatogra-
phy, separating the 6-methyl-isomers from the 5-methyl-isomers, was compared with that resulting
from the conventional method. We show that the temperatures and pH values reconstructed using the
data obtained by improved chromatography best resemble the local environmental conditions through-
out the Danube River basin. Our results highlight the importance of in-depth studies within river systems
to better understand the provenance of biomarker signals in fluvially derived sedimentary archives.

! 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Branched glycerol dialkyl glycerol tetraethers (brGDGTs; Fig. 1)
are promising biomarkers to reconstruct paleo-environmental con-
ditions on land (Weijers et al., 2007a; Bendle et al., 2010;
Sinninghe Damsté et al., 2012; Sanchi et al., 2014, 2015). These
lipids occur widely in soils and peats around the globe (Weijers
et al., 2004, 2007b; Peterse et al., 2012; Ding et al., 2015). In addi-
tion to being found in soils, brGDGTs are also produced in rivers
and lakes (e.g., Tierney and Russell, 2009; Weber et al., 2015).
Although identifying the organisms producing brGDGTs has pro-
ven challenging, brGDGTs are likely to be membrane lipids derived
from heterotrophic bacteria (Oppermann et al., 2010; Weijers
et al., 2010; Huguet et al., 2013). Certain cultured Acidobacteria
have been found to produce the tetra-methylated brGDGT Ia
(Sinninghe Damsté et al., 2011), however, other bacterial strains

synthesizing brGDGTs cannot be excluded and the exact source
organism(s) of brGDGTs remain(s) elusive.

In general, bacteria modify their composition of cell membrane
lipids for optimal function under given environmental conditions
such as temperature (that influences membrane flexibility) and
pH (which has an influence on the proton gradient across the cell
membrane) (Weijers et al., 2007b; Sinninghe Damsté et al.,
2011). Hence, variations in lipid composition can correspond to
an adaptation mechanism of the microorganisms to changing envi-
ronmental conditions, but can also result from changes in the
microbial community composition, that are reflected in the diver-
sity of lipids encountered (Prado et al., 1988; Suutari and Laakso,
1992; Sinninghe Damsté et al., 2011, 2014). This physiological
adaptation and associated variation in biomarker lipids provides
the foundation for molecular proxies to reconstruct parameters
such as mean annual air temperature (MAAT) and the soil pH from
the relative distributions of different brGDGTs (Fig. 1) (Weijers
et al., 2007b; De Jonge et al., 2014a). The brGDGTs occur with vary-
ing amounts of (a) four to six methyl groups (‘branches’), a feature

http://dx.doi.org/10.1016/j.orggeochem.2016.11.002
0146-6380/! 2016 Elsevier Ltd. All rights reserved.
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that can be summarized by the methylation index of branched tet-
raethers (MBT) that correlates to mean annual air temperature and
to a lesser extent to soil pH and (b) the incorporation of up to two

cyclopentane moieties, expressed as the cyclization index of
branched tetraethers (CBT) that co-varies with soil pH (Weijers
et al., 2007b; Peterse et al., 2012). Upon soil erosion and subse-
quent river runoff and discharge, brGDGTs may serve as tracers
of terrestrial organic matter, delivering continental climate infor-
mation to shelf sediments. The relative amount of brGDGTs com-
pared to that of crenarchaeol, an isoprenoidal GDGT produced by
Thaumarchaeota that are abundant in the open ocean, is quantified
by the branched to isoprenoid tetraether (BIT) index (Hopmans
et al., 2004) and is used to identify soil inputs to marine sediments.
The BIT index is also applicable to some freshwater systems since
crenarchaeol is also produced in lacustrine environments
(Schouten et al., 2013). However, the presence of crenarchaeol in
soils, and the production of brGDGTs in aquatic environments
may at times complicate the interpretation of the BIT index as indi-
cator of soil input (Schouten et al., 2013).

Regardless, application of these proxies has resulted in records
of continental paleotemperatures and past soil pH within river
basins, on the assumption that the brGDGT load exported by the
river to shelf sediments represents an integrated signal of the
catchment area (Weijers et al., 2007a; Bendle et al., 2010; Sanchi
et al., 2014). However, this assumption and simplification remains
largely untested as the source region and transport history of
exported organic carbon is not well constrained for many river sys-
tems. For example, the distribution of brGDGTs could potentially
be influenced by hydrodynamic sorting or microbial reworking
during fluvial transport. Furthermore, the finding that brGDGTs
may also be produced in aquatic environments complicates the
interpretation of proxy-based temperature, pH, and BIT records,
as this in situ contribution may affect or overprint the original
soil-derived brGDGT signature in a river (e.g., Tierney and
Russell, 2009; Buckles et al., 2014; De Jonge et al., 2014b; Zell
et al., 2014). Finally, certain brGDGT peaks have co-eluting isomers
in the initial chromatographic method used to analyze brGDGTs –
recognizable in the chromatogram as shoulders on the peaks –
complicating peak integration and thus contributing to an error
in the reconstructed environmental parameter. A recently refined
chromatographic method using different columns now enables
the separation of these shoulder peaks (De Jonge et al., 2014a;
Hopmans et al., 2016), which were found to be brGDGT isomers
with a methyl group at the a6 and/or x6 instead of the a5 and/
or x5 position (Fig. 1) (De Jonge et al., 2013), and shown to corre-
late with soil pH (De Jonge et al., 2014a; Xiao et al., 2015) and soil
moisture content (Dang et al., 2016). Subsequent recalibration of
the MAT and pH transfer functions for the global soil calibration
data set resulted in improved correlations, reducing the residual
mean error on brGDGT-based temperatures and soil pH from 5 "C
to 4.6 "C and from 0.8 to 0.5, respectively (Peterse et al., 2012;
De Jonge et al., 2014a). Using the new chromatography method,
De Jonge et al. (2014b) revealed that 6-methyl brGDGTs dominated
the brGDGTs in suspended particulate matter (SPM) carried by the
Yenisei River. Similarly, Weber et al. (2015) identified a novel iso-
mer of brGDGT-IIIa with methylations on the 5 and 60 positions in a
suite of Swiss lakes. The absence of this compound in surrounding
soils and its distinct d13C signature confirm the production of
brGDGTs in aquatic environments. Hence, in addition to the
improved accuracy, the novel chromatography method may also
provide information on possible contributions of in situ produced
brGDGTs when used in studies tracing fluvial transport of soil
organic matter.

In this study, a detailed basin-wide investigation of the brGDGT
composition of modern fluvial sediments along the Danube River is
undertaken. In order to understand the composition, provenance,
and transport history of the brGDGT signal that is finally exported
to the Black Sea, the changes in brGDGT abundances and distribu-
tions were examined from headwater tributaries to the Danube

Fig. 1. Molecular structures of the branched and isoprenoid GDGTs measured in
this study (De Jonge et al., 2014a).
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delta. Furthermore, data obtained using the ‘‘classic” GDGT mea-
surement method and soil calibration (Schouten et al., 2007;
Peterse et al., 2012) are compared with those using the method
with improved chromatography (De Jonge et al., 2014a;
Hopmans et al., 2016) to assess the potential of the latter method
to identify the contribution of aquatic production to the total
brGDGT pool present in river sediment deposits.

2. Site description

The Danube River (Fig. 2A) is the largest river of the European
Union (catchment area: 801,463 km2; length: 2850 km). With its
source in the Black Forest, southern Germany, and its terminus in
the Black Sea, the Danube has a general west to east orientation,
and can be divided into three geographic regions: the upper basin
from the source to the Gate of Devin (transverse valley between
the Eastern Alps and the Little Carpathians) east of Vienna (border
Austria/Slovakia), the middle basin from the Gate of Devin to the
Iron Gates reservoir where the Danube cuts the Carpathian Moun-
tains, and the lower basin downstream of the Iron Gates (Fig. 2A).
The upper basin is influenced by an Atlantic climate with high pre-
cipitation, whereas dry and cold winters and higher temperatures
in summer are typical for the continental climate that character-
izes the eastern part of the basin (ICPDR, 2005). The southwest,
i.e., the Drava and Sava catchments, is partly influenced by a
Mediterranean climate with less precipitation in summer (ICPDR,
2005; McCarney-Castle et al., 2012). In short, mean annual air tem-
perature in the upper, middle, lower basin, and the delta is 6.7 "C,
8.8 "C, 9.2 "C, 10.7 "C, mean annual precipitation is 1012 mm,
792 mm, 605 mm, and 432 mm, mean suspended solids are
27.5 mg/L, 29.0 mg/L, 43.7 mg/L, and 36.1 mg/L (Tockner et al.,
2009), and the average soil pH is 6.4, 6.3, 6.7, and 5.1 (Fig. 2B),
respectively. The Danube basin has experienced a long history of
human influence since the Neolithic as agriculture spread into Eur-
ope along the river and its tributaries. Deforestation started early
in the upper basin, and reached around 30% during the peak of
the Roman Empire. In the lower basin, deforestation rapidly
increased after 1000 years AD, resulting in enhanced soil erosion
and suspended sediment load (Giosan et al., 2012). With subse-
quent industrialization, inorganic nitrogen and phosphorus load
increased, leading to eutrophication of the river, floodplains and
the Black Sea (Kideys, 2002; Giosan et al., 2012). Training and dam-
ming of the Danube and its tributaries started in the 1870s. Follow-
ing the construction of the largest hydropower dams, Iron Gate I
(1972) and Iron Gate II (1986) downstream of the Carpathian
Mountains, the sediment load of the lower Danube basin was
reduced by approximately 50% (McCarney-Castle et al., 2012).

3. Methods

3.1. Sampling

Along a stretch of more than 2200 km, river sediments were
collected from the flanks of the river at 15 sites along the Danube
mainstream and of the 12 largest tributaries between Passau (Ger-
many) and the Black Sea (Fig. 2; Supplementary Table S1) during
May and June 2013. ‘‘River sediment” is defined here as recently
accumulated sediment from the riverbank or in very calm and
shallow water deposited during decreasing water level following
the last high water event. The fine fraction (< 63 lm) of this river
sediment is considered to represent an integrated signal of the
SPM of the river during the deposition period.

Notably, during the sampling campaign, a heavy rain event
impacted central Europe with precipitation of up to > 100 mm
within three days for large parts of the upper basin. This corre-

sponds to more than 100% of the average May precipitation
(Grams et al., 2014) and caused a 100-year flood event in the upper
andmiddle basin (ICPDR, 2014). High water levels and flood depos-
its of mostly coarse sandy sediments complicated the sampling
and rendered it impossible to find freshly deposited fine-grained
river sediments at several planned locations in the upper and mid-
dle basin.

Nevertheless, river sediments were collected from the following
tributaries: Inn, Enns, Morava, Vah, Drava, Tisa, Sava, Velika Mor-
ava, Jiu, Olt, Siret and Prut (n = 12; Fig. 2). Corresponding sediments
from the Danube mainstream (n = 15) were collected immediately
before and within !5 km after the confluence of these tributaries
and the mainstream, from sites with quiescent hydrodynamic con-
ditions where fine-grained sediment (! < 1 mm grain size) accu-
mulated. At every location where fine sediment was available,
approximately 2 kg of surface sediment was transferred to zip-
lock bags. The sediment samples were kept frozen until further
treatment in the laboratory at ETH Zürich.

3.2. Sample processing and extraction

Bulk river sediments were wet sieved with milliQ water over
200 lm and 63 lm sieves on a shaking table. The result-
ing < 63 lm fraction was freeze-dried and kept frozen until subse-
quent sample work-up.

30–50 g of dry < 63 lm bank sediments were microwave-
extracted with dichloromethane/methanol (DCM/MeOH, 9:1, v:v,
25 min at 100 "C). A 5% aliquot of the resulting total lipid extract
(TLE) was saponified with KOH in MeOH (0.5 M, 2 h at 70 "C) to
allow for analysis of other biomarkers (e.g., fatty acids) in the same
extract. After the addition of 5mL MilliQ water with NaCl the neu-
tral phase was back-extracted with hexane (Hex) and further sep-
arated by eluting over a 1% deactivated SiO2 column into: (1) an
apolar fraction with Hex:DCM (9:1, v:v) and (2) a polar fraction
(containing the GDGTs) with DCM:MeOH (1:1, v:v). The GDGT frac-
tion was dissolved in Hex/isopropanol (Hex/IPA, 99:1, v:v) and
passed over 0.45 lm PTFE filters. For quantification, 0.115 lg of
an internal C46 GDGT standard (Huguet et al., 2006) was added.

3.3. GDGT analysis

3.3.1. The classic HPLC–APCI–MS method
The GDGT fractions were dissolved in Hex:IPA (99:1, v:v) and

analyzed at ETH Zürich using a Agilent 1260 High Performance Liq-
uid Chromatograph with Atmospheric Pressure Chemical Ioniza-
tion coupled to a quadrupole Mass Spectrometer (HPLC–APCI–
MS) according to Schouten et al. (2007). GDGTs were separated
over a Grace Prevail cyano column (150 mm " 2.1 mm, 3 lm), pre-
ceded with a guard column with the same packing. Injection vol-
ume was 10 lL and the flow rate was set to 0.2 mL/min. The
samples were eluted for 5 min with 90% Hex, 10% Hex:IPA (9:1,
v:v), followed by a linear relative increase in Hex:IPA (9:1, v:v) to
82% Hex, 18% Hex:IPA over 34 min. Between samples, a 10 min
back-flush phase with Hex:IPA (9:1, v:v), and a 10 min equilibrium
phase with Hex:IPA (99:1, v:v), was set up.

3.3.2. The UHPLC–APCI–MS method with improved isomer separation
The GDGT fractions were dissolved in Hex:IPA (99:1, v:v) and

separated on a Ultra High Performance Liquid Chromatograph
(Agilent 1290) coupled to an Agilent 6310 quadrupole Mass Spec-
trometer (UHPLC–APCI–MS) at Utrecht University. Two silica
Waters Acquity UPLC HEB Hilic (1.7 lm, 2.1 " 150 mm) columns,
preceded by a guard column of the same material, were used for
separation of the GDGTs. The injection volume was set to 10 lL
and the flow rate to 0.2 mL/min. The samples were eluted with
82% Hex, 18% Hex:IPA (9:1, v:v) for 25 min, followed by a linear

90 C.V. Freymond et al. / Organic Geochemistry 103 (2017) 88–96



gradient to 70% Hex, 30% Hex:IPA (9:1, v:v), for 25 min, and then to
100% Hex:IPA (9:1 v:v) in 30 min. Each run was followed by a
20 min equilibration phase (Hopmans et al., 2016).

Both HPLC systems were operated in selected ion mode (SIM).
The following [M+H]+ ions were detected: m/z 1292, 1050, 1048,
1046, 1036, 1034, 1032, 1022, 1020, 1018 and 744 for the internal
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standard. Molecular structures corresponding to the m/z values are
depicted in Fig. 1.

3.4. Proxy calculation

GDGT-based proxies were calculated using the following equa-
tions for data generated using the classic method. Apparent shoul-
ders were generally cut off during the integration step.

BIT ¼ ðIaþ IIaþ IIIaÞ=ðIaþ IIaþ IIIaþ CrenÞ ð1Þ

(Hopmans et al., 2004)

MBT0 ¼ ðIaþ Ibþ IcÞ=ðIaþ Ibþ Icþ IIaþ IIbþ IIcþ IIIaÞ ð2Þ

(Peterse et al., 2012)

CBT ¼ ' log½ðIbþ IIbÞ=ðIaþ IIaÞ) ð3Þ

(Weijers et al., 2007b)

pH ¼ 7:90' 1:97" CBT ðr2 ¼ 0:70; RMSE ¼ 0:8Þ ð4Þ

(Peterse et al., 2012)

MAT ¼ 0:81' 5:67" CBTþ 31:0"MBT0 ðr2 ¼ 0:59; RMSE

¼ 5:0 *CÞ ð5Þ

(Peterse et al., 2012)
For the data generated using the method with improved chro-

matography, the following transfer functions were used to calcu-
late the proxy values:

BIT ¼ ðIIIaþ IIIa0 þ IIaþ IIa0 þ IaÞ=ðIIIaþ IIIa0 þ IIaþ IIa0 þ Ia

þ CrenÞ ð6Þ

(Hopmans et al., 2004; De Jonge et al., 2015)

Fractional abundance of each compound: rel-x

¼ x=ðIaþ Ibþ Icþ IIaþ IIa0 þ IIbþ IIb0 þ IIcþ IIc0 þ IIIa

þ IIIa0 þ IIIbþ IIIb0 þ IIIcþ IIIc0Þ; ð7Þ

where x stands for one of the brGDGTs.

CBT0 ¼ log10½ðrel-Icþ rel-IIa0 þ rel-IIb0 þ rel-IIc0 þ rel-IIIa0

þ rel-IIIb0 þ rel-IIIc0Þ=ðrel-Iaþ rel-IIaþ rel-IIIaÞ) ð8Þ

(De Jonge et al., 2014a)

MATmr ¼ 7:17þ ð17:1" rel-IaÞ þ ð25:9" rel-IbÞ þ ð34:4

" rel-IcÞ ' ð28:6" rel-IIaÞ ðr2

¼ 0:68; RMSE ¼ 4:6 *CÞ ð9Þ

(De Jonge et al., 2014a)

pH ¼ 7:15þ 1:59" CBT0 ðr2 ¼ 0:85; RMSE ¼ 0:52Þ ð10Þ

(De Jonge et al., 2014a)

IR ¼ ðIIa0 þ IIb0 þ IIc0 þ IIIa0 þ IIIb0 þ IIIc0Þ=ðIIaþ IIbþ IIc

þ IIIaþ IIIbþ IIIcþ IIa0 þ IIb0 þ IIc0 þ IIIa0 þ IIIb0 þ IIIc0Þ ð11Þ

(De Jonge et al., 2015).

3.5. Average soil pH calculation

The soil pH map was downloaded from the Harmonized World
Soil Database (HWSD, 2012) and imported to ArcGIS (version
10.2.2). The pH value for each layer (originally representing a range
of 1 pH unit) was set to the mean value (e.g., the layer pH 4.5–5.5
was set to pH 5). The average soil pH value (calculated with the
function ‘Zonal Statistics Table’) for each Danube sampling location
was calculated from the catchment area that lays in between the

considered location and the one more upstream. First, the drainage
area for the considered location was calculated, which includes the
entire catchment upstream of this point. Then, the drainage area
for the sampling location upstream of the considered location
was calculated in the same way. The intermediate area was finally
obtained by subtracting the catchment area from each other
(downstream minus upstream location). Average intermediate
area pH was chosen for comparison with brGDGT-derived pH val-
ues because it represents the local soil contributions. Average soil
pH values for tributary sampling locations represent the average of
the entire tributary catchment area.

4. Results

4.1. Classic method

Chromatograms from the classic method show clear shoulders
on the brGDGT-IIIa, IIIb and IIIc peaks that correspond to the 5-
methyl (left shoulder) and the 6-methyl (right shoulder) isomers.
These 6-methyl shoulders are often comparable in size as the pre-
sumed 5-methyl brGDGT-IIIa, IIIb and IIIc peaks, respectively (Sup-
plementary Fig. S1). No shoulders, and thus no isomers were
visible for the peaks corresponding to brGDGT IIa–c.

The brGDGT-derived temperatures based on brGDGTs mea-
sured with the classic method and transfer functions of Peterse
et al. (2012) are in the same range for the upper and middle basin
(Fig. 3A, Supplementary Table S1), and increase after the Iron Gates
reservoir. Reconstructed MAT values for the Danube plus tribu-
taries range from 4.9 "C to 10.9 "C (average MAT = 7.3 "C, n = 32)
and from 4.9 "C to 8.5 "C (average MAT = 7.1 "C, n = 18) only for
sampling locations in the Danube mainstream (Fig. 3A, Supple-
mentary Table S1). Calculated soil pH values after Peterse et al.
(2012) based on this method tend to increase from 6.7 to 7.5 (aver-
age pH = 7.2, n = 32) for the Danube plus tributaries and from 7.0 to
7.4 (average pH = 7.2, n = 18) only for the Danube locations
(Fig. 3A, Supplementary Table S1). Corresponding BIT index values
including the tributaries range from 0.81 to 0.95 with an average of
0.90 (n = 32), and from 0.83 to 0.94 with an average of 0.90 (n = 18)
excluding the tributaries (Fig. 3A, Supplementary Table S1).

4.2. Method with improved chromatography

Using the improved chromatography method with two silica
columns, all six 6-methyl isomers (IIIa0–IIIc0 and IIa0–IIc0) were
detected and appeared clearly separated from the 5-methyl iso-
mers in every chromatogram, in similar abundance as the 5-
methyl brGDGTs (Supplementary Fig. S1).

Reconstructed temperatures (Fig. 3B, Supplementary Table S1)
range from 5.7 "C to 11.1 "C (average MATmr = 7.9 "C, n = 32) for
the Danube plus tributaries, and steadily increase from 6.9 "C to
9.1 "C (average MATmr = 7.8 "C, n = 18) for the Danube mainstream
excluding tributary sampling locations (Fig. 3B, Supplementary
Table S1). Average MATmr values for the sub-basins are 6.7 "C,
7.4 "C, 8.8 "C and 8.7 "C for the upper, middle, lower basin and
the delta, respectively. Calculated soil pH values after De Jonge
et al. (2014a) are between 6.9 and 7.5 (average pH = 7.2, n = 32)
and between 7.2 and 7.5 (average pH = 7.3, n = 18) excluding tribu-
taries (Fig. 3B, Supplementary Table S1). The BIT values of the
Danube mainstream and tributaries (n = 32) show consistently
high values, ranging from 0.76 to 0.95 with an average of 0.89
(Fig. 3B, Supplementary Table S1). The lowest BIT values (0.76
and 0.78) are from an old, unchannelized distributary in the
Danube Delta and a tributary in the lower basin (Olt River), respec-
tively. Excluding tributaries, BIT values for the Danube mainstream
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are between 0.82 and 0.93 with an average value of 0.90 (n = 18)
(Fig. 3B, Supplementary Table S1).

4.3. Method comparison

For a comparison of the two methods, proxy values of the clas-
sic method are plotted against those from the improved chro-
matography method (Fig. 4A–E). MAT, BIT, total brGDGT
concentration, and crenarchaeol concentration show linear corre-
lations with r2 values of 0.79, 0.95, 0.95 and 0.95, respectively.
The improved method generally returns slightly higher MAT values
(average +0.6 "C), whereas brGDGT and crenarchaeol concentra-
tions are on average 34% and 26% lower compared to the classic
method. Notably, there is no correlation between brGDGT-
derived pH values reconstructed using the two methods
(r2 = 0.09), although this is likely caused by the limited pH range
(0.8; 0.6 pH unit for the classic and the improved chromatography
method, respectively) covered by the samples.

5. Discussion

5.1. Method comparison

The use of the new method revealed the presence of 6-methyl
isomers for brGDGT IIa–IIc that were not visible in the chro-
matograms obtained with the classic method (Supplementary

Fig. S1). As a consequence, for the latter, these isomers are auto-
matically included during derivation of proxy values (Eqs. (1)–(5)).

The brGDGT and crenarchaeol concentrations measured in two
different labs (ETH Zürich and Utrecht University) are very similar
(r2 = 0.95), albeit with generally lower concentrations measured
with the improved chromatography method than with the classic
method (Fig. 4D and E). This may reflect different response factors
of the two mass spectrometers used (Schouten et al., 2009) or a
greater loss (irreversible binding) to the HPLC column phases with
the improved method compared to the classic method because of
the higher column surface area. However, with the use of an inter-
nal standard, the latter should not be a factor, and indeed consis-
tent BIT values suggest that the data acquired using two different
HPLC–MS systems are comparable. Differences in calculated proxy
values depending on brGDGT ratios are therefore not considered to
result from use of two different HPLC–MS systems.

The brGDGT-derived MAT values from the two methods are lin-
early correlated (Fig. 4A), albeit with greater variability (r2 = 0.79)
than the BIT index (Fig. 4C) or GDGT concentrations
(Fig. 4D and E). This variability may be a result of the improved
separation of 6-methyl brGDGT isomers. Temperatures from the
improved method are slightly higher than temperatures derived
from the classic method (on average 0.3 "C, 0.9 "C, 0.3 "C and
0.5 "C for the upper, middle, lower basin, and the delta, respec-
tively; Supplementary Table S1) and closer to the actual mean
annual air temperature (c.f. Tockner et al., 2009; Fig. 3). The largest
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difference appears in the middle basin, where MATmr is on average
0.9 "C higher than MAT. Indeed, this offset, although it is still a very
small offset, coincides with a relative increase in 6-methyl com-
pounds compared to the 5-methyl compounds and therefore
higher isomer ratio (Fig. 5), confirming its presumed influence on
MAT reconstruction using the classic method. The influence of 6-
methyl brGDGTs does not manifest itself comparing the pH values
obtained by the two methods, as the values plot in the same lim-
ited range (pH range 6.7–7.5; Fig. 4B), implying similar recon-
structed pH values for the two methods. Nevertheless, soil pH in
the Danube catchment is in the range 5.8–6.8 (Fig. 2B), indicating
that both methods record the same offset with actual soil pH.

Overall, we conclude that the separation of 5-methyl and 6-
methyl brGDGTs improves the reliability of the generated proxy
data for this river system. The subsequent discussion of brGDGT
distributions in Danube River sediments therefore focuses exclu-
sively on the results from the new method with improved
chromatography.

5.2. Evolution of brGDGT distributions along the Danube

The brGDGT composition of Danube River sediments was deter-
mined with the goal of exploiting it as a tracer to study the trans-
port of soil-derived material along the course of a major modern
river system, with the working assumption that soil is the main
source of brGDGTs to the river sediment. Although the range of

reconstructed temperatures and pH values is relatively minor
(5.4 "C; 0.6 pH; Supplementary Table S1), MATmr follows the
increase in actual air temperature from headwater tributaries in
the Alps to the lowlands and the Black Sea (Tockner et al., 2009)
(Fig. 3B). The brGDGT-derived temperatures for the Danube main
branch are – except of the upper basin – slightly lower than the
actual temperatures (average offset: 0 "C; '1.4 "C; '0.4 "C and
'2 "C for the upper, middle, lower basin and delta). Although this
offset is well within the calibration error (4.6 "C; De Jonge et al.,
2014a), there are two processes that may have contributed to the
slight underestimation of MATmr: First, the sediment collected at
a specific location along the river includes sediment from the
upstream (cooler) part of the catchment, and will thus result in a
lower reconstructed temperature than actual MAAT. This interpre-
tation is supported by the fact that the average MATmr for the
upper basin (6.7 "C) exactly matches with the actual mean annual
air temperature (6.7 "C) of that sub-basin. Further, the contribution
of an upstream signal is apparent in the middle basin (Fig. 3B). This
river section may have received an exceptional contribution of
material from the upper basin due to the 100-year flood event that
occurred days before sample collection.

A second explanation is a contribution of in situ produced
brGDGTs that has altered the soil-derived signal. Upstream of the
Iron Gate dams, the offset in reconstructed vs actual MAAT is pro-
nounced (Fig. 3B). The dams lower the flow velocity and decrease
the turbidity of the river, promoting conditions for in situ produc-
tion. A similar scenario has been described to explain brGDGT sig-
nals in front of the Three Gorges Dam in the Yangtze River (Yang
et al., 2013). It is found that brGDGTs produced in lakes can cause
an underestimation of MBT-CBT derived temperatures by up to 10–
15 "C compared to that reflected by brGDGTs in catchment soils
(Tierney and Russell, 2009; Tierney et al., 2012; Li et al., 2016).
Similarly, the brGDGT composition of SPM from the Amazon River
resulted in reconstructed MAT that was !2 "C lower than that
reconstructed for soils in the river catchment, and !5 "C less than
actual measurements of MAAT (Zell et al., 2013). Part of such a
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‘cold bias’ may potentially be explained by an increased contribu-
tion of the 6-methyl isomers in freshwater systems, as brGDGTs
produced in a river would record the generally higher pH of river
water compared to that of soils. Using the original chromatography
method, the resulting larger contribution of 6-methyl brGDGTs
then causes an overestimation of their similarly eluting 5-methyl
counterpart, thus introducing the described bias. This suggests that
we may use the relative abundance of 6-me brGDGTs as indicator
of potential in situ production. The new chromatography method
and associated transfer functions (De Jonge et al., 2014a) has the
advantage that functions for pH and MAT are independent. Thus,
pH-induced in situ production should have a smaller effect on
MAT reconstruction than when using the classic method.

Changes in the relative contribution of 6-methyl brGDGTs along
the Danube are reflected by the isomer ratio (IR). This ratio is
indeed slightly higher upstream of the Iron Gates (Fig. 5), which
is consistent with the suggestion of enhanced in situ production
in this region. However, input of local soil material with a high
pH value would have a similar effect. In an attempt to disentangle
the contributions of aquatic and soil-derived brGDGTs, we com-
pared brGDGT-based pH and actual soil pH. Depicting the offset
between these two pH values reveals a similar picture to that of
the IR ratio, with an increased offset in front of the Iron Gate dams
(Fig. 5). The average soil pH in the catchment remains relatively
constant (pH = 6.3–6.4 in upper and middle basin), and only
slightly increases in the lower basin (average pH = 6.7; Fig. 2B).
BrGDGT-based pH values upstream of the Iron Gate dams deviate
from this trend by up to 1.2 pH units, implying that the offset is
indeed related to a contribution of aquatic brGDGTs. Nevertheless,
the good fit of actual mean air temperature and MATmr (Fig. 3) sug-
gests that the influence of in-river production on temperature esti-
mates is relatively minor even in this section of the river.

The largest offset in temperature is found in the delta, where
there is a 2.0 "C difference between reconstructed MATmr and
actual MAAT. The delta has a west-east extension of about 80 km
and contains an extensive network of small channels and con-
nected shallow lakes, which may promote in situ production. How-
ever, we speculate that the flow path of the Danube through the
delta (!90 km) is insufficient for local inputs to severely overprint
the Danube signal that is entering the delta region and exported to
the Black Sea. Furthermore, the consistently high BIT index values
along the river indicate that the relative proportion of brGDGTs
and crenarchaeol remains constant, and therefore points to a single
primary source of brGDGTs, likely soil.

5.3. Provenance of the GDGT signal

Reconstructions of past continental climate have been based on
indices and proxies derived from brGDGT distributions retrieved
from paleosol-loess sequences (Peterse et al., 2011, 2014; Zech
et al., 2012) and deltaic and river-proximal continental margin sed-
iments (Weijers et al., 2007a; Sanchi et al., 2015). However, con-
straining the provenance of proxy signals is a prerequisite for
accurate reconstruction of environmental conditions in sediment
deposits. While certain inorganic and mineralogical properties of
fluvial sediments integrate inputs from a river catchment and
reflect basin-wide signals (Martin and Meybeck, 1979), organic
matter turnover is much faster and therefore the particulate
organic matter load that is discharged to the ocean may not carry
an average basin-wide signal. Sanchi et al. (2015) reconstructed
soil pH variations over the past 40 ka from a sediment core in
the northwestern Black Sea and found a shift from Dnieper-
dominated sediments toward a dominant sediment supply from
the Danube at ca. 15.5 ka BP. However, this apparent shift in source
region of brGDGT signals can only be explained if the alkaline soils
(higher pH) from the lower Danube basin serve as the major source

to the Black Sea instead of the more acidic soils from the Car-
pathian Mountains. Our study of modern sediment deposits along
the Danube River shows proximal signals of the brGDGT-derived
proxies, following local temperature and soil pH, and only a weak
influence from upstream sources. Similar conclusions are reported
for another large river system, the Yangtze River (Li et al., 2015).
The finding of a local, lower basin, signal being exported from
the Danube supports the interpretation of Sanchi et al. (2015),
but underlines the importance of understanding signal provenance
in interpretations of brGDGT-based paleoclimate investigations of
fluvially dominated paleoclimate archives. In this context, further
within-river investigations are clearly required to understand the
evolution and origin of brGDGT and other molecular proxy signals
as a function of climate and drainage basin properties.

6. Conclusions

The comparison of methods for brGDGT analysis of fluvial sed-
iments undertaken here shows that improved chromatographic
separation of pH- and temperature-dependent isomers leads to
more accurate reconstruction of local environmental conditions.
Applying this new method, we find that longitudinal trends in
brGDGT-based mean annual air temperature and soil pH from flu-
vial sediments within the Danube River basin follow the actual
local conditions from headwater tributaries to the Black Sea. Minor
contributions from in situ derived brGDGTs do not significantly
alter the signal derived from local soil inputs. We therefore con-
clude that the brGDGT signal ultimately exported to the Black
Sea emanates from soils within the drainage basin, albeit domi-
nated by inputs from the lower Danube basin.
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