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In this study, we investigated soils and river suspended particulate matter (SPM) collected
in the Rhéne and its tributary basins as well as marine surface sediments taken in the
Rhéne prodelta (Gulf of Lions, NW Mediterranean). Thereby, we traced the signal of
branched glycerol dialkyl glycerol tetraethers (brGDGTs) from the source to sink via the
Rhéne River and its tributaries and identified sources of brGDGTs in rivers and marine
sediments. Soil pH rather than the mean annual air temperature (MAAT) explains most
of the observed variances of the brGDGT distribution in our soil dataset. The observed
changes in the distribution of brGDGTs in the river SPM indicate that brGDGTs brought
by the river to the sea are primarily derived from the lower Rhéne and its tributary soils,
even though in situ production in the river itself cannot be excluded. In marine surface
sediments, it appears that the input of riverine brGDGTs is the primary source of brGDGTs
in the Rhéne prodelta, although the brGDGT composition may be further modified by the
in situ production in the marine environment. More work is required to assess fully whether
brGDGTs can be used to reconstruct the terrestrial paleoenvironmental changes using
marine sediment cores taken in the Rhdne prodelta close to the river mouth.

Keywords: glycerol dialkyl glycerol tetraethers, crenarchaeol, Rhéne River, Gulf of Lions, MBT’/CBT, BIT

Introduction

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) (see Schouten et al., 2013 for the review)
are membrane-spanning lipids, most likely derived from anaerobic (Weijers et al., 2006a) and
heterotrophic (Pancost and Sinninghe Damsté, 2003; Oppermann et al., 2010; Weijers et al., 2010)
bacteria that occur ubiquitously in peat (e.g., Weijers et al., 2006a) and soil (e.g., Weijers et al.,
2007a) as well as in lacustrine/marine sediments and water column (e.g., Blaga et al., 2009; Peterse
etal,, 2009a; Tierney and Russell, 2009; Pearson et al., 2011; Loomis et al., 2014; Weijers et al., 2014).
The brGDGTs contain four to six methyl groups and up to two cyclopentane moieties formed by
internal cyclization (Sinninghe Damsté et al., 2000; Weijers et al., 2006a, see Figure 1 for chemical
structures). Four of these methyl groups are present in mid-chain positions of the two Cyg linear
chains of the tetraether structure, whilst the others are present at the C-5 and C-5 positions. Some
acidobacterial species may produce brGDGTs (Weijers et al., 2009a), which was confirmed by the
recent identification of the brGDGT Ia in two cultured acidobacterial strains from subdivision 1
(Sinninghe Damsté et al., 2011, 2014). However, biological sources of other brGDGTs remain to be
identified.
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FIGURE 1 | Chemical structure of brGDGTs (la-llic) and
crenarchaeol (IV).

The methylation index of branched tetraethers (MBT) and
the cyclization index of branched tetraethers (CBT) were defined
to express the observed variations in the distributions of a
set of nine brGDGTs in soil in a quantitative way (Weijers
et al., 2007a). The MBT/CBT proxy was then introduced as a
paleotemperature proxy for terrestrial environments based on the
fact that the CBT correlated with soil pH and the MBT/CBT with
mean annual air temperature (MAAT). Based on an extended
soil dataset, the MBT was subsequently adjusted to the MBT’,
by excluding two minor compounds (brGDGT IIIb and IIIc)
in soil (Peterse et al., 2012). This resulted in new global soil
calibrations for the reconstruction of soil pH based on the CBT
and for the reconstruction of MAAT based on the MBT’/CBT.
For provenance studies of brGDGTs, the degree of cyclization
(DC), a ratio that gives an indication of the average number of
cyclopentane moieties, over the CBT has been applied because
the DC does not use a logarithmic function (Sinninghe Damsté
et al., 2009).

Initially, it was thought that brGDGTs are mainly produced
in soils, washed into small streams and rivers by soil erosion,
and further transported to the ocean where they are deposited
in sediments (Hopmans et al., 2004). Hence, by investigating
marine sediments deposited close to a river outflow, it would
be possible to reconstruct a continuous, long-term continental
climate changes using the MBT/CBT proxy. An initial study
of Congo deep-sea fan 0-25ka sedimentary record (Weijers
et al., 2007b) showed the potential of the MBT/CBT proxy for
providing an integrated MAAT signal of the whole river drainage
basin. However, a subsequent study in the Amazon deep-sea
fan sediments showed that an increased input of brGDGTs
from a particular area of the drainage basin might obscure the
representativeness of the entire river basin (Bendle et al., 2010).
In addition, in situ production in rivers (e.g., Yang et al., 2013;
Zell et al., 2013a,b, 2014a; De Jonge et al., 2014), in lakes (e.g.,
Tierney and Russell, 2009; Zell et al., 2013a; Buckles et al.,
2014), and in marine/estuarine environments (e.g., Peterse et al.,
2009a; Zhu et al,, 2011; Strong et al., 2012; Zell et al., 2014b)
may alter the original brGDGT signal of soils carried by the
particles transported by rivers. Hence, the interpretation of the
MBT/CBT (hereafter the term of the MBT’/CBT will be used)
in marine environments is much more complex than initially
anticipated. It is therefore of utmost importance to further
investigate how varying environmental conditions in different
river systems would affect the application of the MBT’/CBT
proxy to reconstruct past MAAT changes using marine sediment
cores.

A structurally related isoprenoid GDGT, crenarchaeol
(Figure 1), is a membrane-spanning lipid predominantly
produced by marine planktonic Group I Crenarchaeota
(Sinninghe Damsté et al, 2002), which is now reclassified
as the novel phylum Thaumarchaeota (Brochier-Armanet
et al., 2008; Spang et al., 2010). Crenarchaeol in combination
with three major brGDGTs (Ia, Ila, and IIla) were used to
define the branched and isoprenoid tetraether (BIT) index, as
a tool, initially for estimating the relative amounts of river-
borne terrestrial organic carbon (OC) in marine sediments
(Hopmans et al., 2004) and later more specifically as a proxy
for river borne soil OC input (e.g., Huguet et al., 2007; Walsh
et al., 2008). The BIT index has also shown potential as a
proxy for paleohydrology changes (e.g., Ménot et al, 2006;
Verschuren et al, 2009; Weijers et al, 2009b). The BIT
index varies between 0 and 1, representing the marine and
terrestrial end members, respectively. However, BIT values in
soils are typically lower than the hypothetical end-member
value of 1 as crenarchaeol also occurs in soils (e.g., Leininger
et al, 2006; Weijers et al, 2006b) albeit in relatively small
concentrations. The BIT index is also influenced by the
amount of crenarchaeol produced in rivers (e.g., Herfort
et al,, 2006; Kim et al., 2012; Zell et al., 2013a,b), in lakes
(e.g., Powers et al., 2004; Blaga et al., 2009; Zell et al., 2013a),
and in marine/estuarine environments (e.g., Fietz et al.,, 2011;
Smith et al., 2012; Zell et al., 2014a,b). Besides, as mentioned
above, brGDGTs are not only produced in soils but also
in lakes and rivers (e.g., Zell et al, 2013a). This suggests
that the BIT index does not indicate OC coming from soils,
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but rather a more general continental OC input. It has also
been suggested that the quantification of brGDGT fluxes or
concentrations is a better indicator for the recalcitrant OC
fraction transported from the continent to the ocean (e.g., Fietz
et al, 2011). Further investigation is also needed for the BIT
index to better understand how it can be used as a helpful
tool to trace the transport of continental OC and to guide if
and where the MBT’/CBT proxy might be applied in marine
environments.

We previously performed several GDGT-related studies in
the river-dominated continental margin of the Gulf of Lions
(NW Mediterranean) and in its adjacent Tét and Rhone basins
(Kim et al., 2006, 2007, 2009, 2010, 2014). However, all previous
studies were focused on the BIT index, and the applicability of
the MBT’/CBT proxy in this area has not been assessed yet.
In the present study, we have extended our previous studies
to the MBT’/CBT proxy, by analyzing soils and river SPM
collected in Rhone and its tributary basins as well as marine
surface sediments collected in the Rhoéne prodelta (Gulf of
Lions, NW Mediterranean). To this end, we traced the signal of
brGDGTs from source to sink via rivers, identified the sources
of brGDGTs in rivers and marine sediments, and assessed
the applicability of the GDGT-based proxies in the Rhone
prodelta. The brGDGTs are present as intact polar lipids (IPLs)
in living cells, which are relatively quickly transformed after
cell death into “fossil” core lipids (CLs) (e.g., Harvey et al,
1986). Hence, the concentration and distribution of brGDGTs
of both CL and IPL fractions were investigated for river SPM
in order to distinguish more recently produced (IPL-derived)
GDGTs from older (CL) GDGTs. However, for soils and marine
surface sediments only CL fractions were investigated since
these samples were not constantly kept frozen prior to GDGT
analysis.

Study Area

The Rhone River (Figure2) originates in the Swiss Alps,
emerging from the Rhone Glacier (Fette et al., 2007). The Rhone
River has a total length of 812km and a total drainage basin of
98 x 103 km? (Pont et al., 2002). The Rhéne River is characterized
by low winter discharge due to snow detention and high spring
and summer discharge caused by the melting of snow and
glaciers. The Rhone River discharges on average ~1700 m> s~! of
freshwater into the Gulf of Lions, NW Mediterranean (Thill et al.,
2001). Hence, the Rhone River is the largest river in terms of its
freshwater discharge into the Mediterranean since the damming
of the Nile at Aswan (Ludwig et al., 2003). The solid discharge
varies between 2 and 20 x 10° tons yr—! (e.g., Pont et al., 2002;
Eyrolle et al., 2012), accounting for ~80% of the riverine inputs
to the Gulf of Lions (Durrieu de Madron et al., 2000). The upper
Rhone River basin between Lake Geneva and the headwaters
in the Valais region of Switzerland has a MAAT of 4.3°C and
receives lots of precipitation with a mean annual precipitation
(MAP) of ca 1600 mm (Olivier et al., 2009). The lower Rhone
River basin between Lake Geneva and the river mouth has a
MAAT of 9.2°C and MAP of ca. 1000 mm (Olivier et al., 2009).
However, the southern part of the lower Rhone River basin has
a Mediterranean climate with hot and dry summers and a MAP
of ~600 mm.

The Rhone River has a number of important tributaries such
as the Sadne, Ain, Isére, and Durance rivers (Olivier et al., 2009).
The Sadne River originates at an altitude of 392 m near Vioménil
and joins the Rhone River in Lyon. Its length is 473 km with a
total drainage basin of 29 x 10°> km? and an average discharge
of 410 m® s™!. The Sadne River basin has a MAAT of 9.6°C and
MAP of 952 mm. Its largest tributary is the Doubs River with
a 453km long, a total drainage basin of 7.5 x 10*> km?, and
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FIGURE 2 | Map showing (A) soil (filled red dots) and SPM (filled yellow
triangles) sampling sites in the Rhone basin and its tributary basins
(white lines) and (B) multicore positions of the marine surface
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sediments (filled light blue dots) from the Rhone prodelta in the Gulf of
Lions. The sampling locations of SPM (filled yellow triangles) collected near to
the Rhone River mouth are also shown in (B). LG in (A) indicates Lake Geneva.
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an average discharge of 180 m> s~!. The source of the Doubs
River is at an altitude of 937 m near Mouthe in the western Jura
mountains. The Ain River originates at an elevation of 700 m near
La Faviére in the southern Jura mountains and flows into the
Rhone River about 40 km above Lyon. Its length is 190 km, and its
total drainage basin is 3.6 x 10° km? with an average discharge of
130 m® s~1. The Ain River basin has a MAAT of 9.2°C and MAP
of 1010 mm. The Isére River is a 286 km long, a total drainage
basin of 12 x 10® km?, and an average discharge of 360 m> s!.
It rises at an altitude of 2400 m near Col de I'Iseran in the Alps
and flows into the Rhone River above Valence. The Isére River
basin has a MAAT of 6.5°C and MAP of 1300 mm. The Durance
River originates at an altitude of 2300 m near Montgenévre in the
south-western Alps and flows into the Rhone River near Avignon.
Its length is 324 km, and its total drainage basin is 14 x 10% km?
with an average discharge of 188 m> s~!. The Durance River basin
has a MAAT of 8.8°C and MAP of 1079 mm.

In the marine coastal area, close to the Rhone River mouth,
most of the sediment delivered by the river is primarily entrapped
in the subaqueous prodelta (30 km?), between 0 and 20 m water
depth (Maillet et al., 2006; Ulses et al., 2008). In fact, most of
the material delivered by the Rhone River accumulates in the
prograding prodelta which extends from the shoreline to 60 m
water depth (Maillet et al., 2006; Wright and Friedrichs, 2006).
The sedimentation rates in the prodelta are 20 to 50 cm yr~!
at shallow stations (~20m) near the river mouth (Charmasson
et al., 1998; Radakovitch et al., 1999), ~1cm yr~! at 60 m water
depth where the prodelta ends, and then strongly decreasing
seaward, with a mean rate <0.3 cm yr~! on the continental shelf
(Zuo et al., 1997; Radakovitch et al., 1999; Miralles et al., 2005).

Material and Methods

Sample Collection

Sampling of top soils (upper 10 cm) in the Rhone River basin
was performed in September 2009 and July 2012 from the source
(Rhone Glacier) area in the Swiss Alps to the river mouth into
the Gulf of Lions, NW Mediterranean (Table 1; Figure 2A). The
soil sampling sites were generally within a few hundred meters
from the river and divided into two parts: upper Rhone River
basin (from the Rhone Glacier to Lake Geneva, n = 2) and
lower Rhone River basin (after Lake Geneva to the river mouth,
n = 17). Top soils were also sampled between 2848 m and 1188 m
altitude along the Fiesch transect (i.e., from the Fiescher Glacier
area to Fiesch, Switzerland, n = 16) and near to the Rhone
Glacier (n = 2) in the upper Rhone River basin. In addition,
top soils were collected in September 2009 in its tributary basins
(Table 1; Figure 2A): Sadéne (n = 13), Doubs (n = 5), Ain
(n = 5), Isére (n = 4), and Durance (n = 6). All samples
were immediately deep-frozen in a portable freezer in the field
and were stored frozen at —40°C until they were further freeze
dried and homogenized prior to analysis.

Rhone River SPM was collected close to the water surface from
the source (Rhone Glacier) area to the river mouth in September
2009, May 2010 and July 2012 (Table 1; Figures 2A,B): upper
Rhone River (n = 5) and lower Rhone River (n = 8). In
addition, River SPM was collected in September 2009 in the

various tributaries (Table 1; Figure 2A), ie., Sadne (n = 4),
Doubs (n = 1), Ain (n = 1), Isére (n = 1), and Durance
(n = 1). For the determination of the concentration of SPM and
its elemental composition, water was collected manually with a
bucket. A small portion of the collected water (0.5-0.7 1) was
filtered onto ashed (450°C, overnight) and pre-weighed glass
fiber filters (Whatman GF/F, 0.7 wm, 47 mm diam.). For GDGT
analysis, 5-23 L water were filtered onto pre-ashed glass fiber
filters (Whatman GF/F, 0.7 um, 142 mm diam.). All samples were
immediately deep-frozen in a portable freezer in the field and
were kept frozen at —20°C until they were freeze dried before
analysis.

The multi-corer surface sediments (0-0.5cm; n = 8)
were collected from the Rhone prodelta during the CHACCRA
Bent 2 cruise (R/V Le Suroit) in December 2008 (Table 1;
Figure 2B). All samples were immediately deep-frozen at —20°C
on board and they were freeze dried and homogenized prior to
analysis.

Determination of Environmental Parameters

To determine the pH of the soils, a mixture of soil and
distilled water (1:3.5, w:w) was prepared. This mixture was
stirred vigorously and left to settle down for 20 min. For the
pH measurements, a pH analyzer (Wissenschaftlich-Technische
Werkstitten pH 3151/SET and probe pH-Electrode SenTix 41,
pH range 0-14, T range 0-80°C, stored in 3 mol L~! KCI)
was calibrated with CertiPUR buffer solutions with pH 4.01,
7.00, and 10.00. The pH and the temperature of the river water
were measured in situ with the Wissenschaftlich-Technische
Werkstitten pH analyzer at the time of SPM sampling, after
calibration of the electrode.

The MAAT and MAP data for each soil sampling site
were extracted for the time period of ~1950-2000 from the
WorldClim dataset with a grid point resolution of 1km x
1km (http://www.worldclim.org/). More information about the
climatic data sets can be found in Hijmans et al. (2005).

Bulk Geochemical Analysis

For the OC analysis, soils and river SPM filters were decarbonated
with 2 mol L™! HCI (overnight at 50°C) and with HCI vapor
as described by Lorrain et al. (2003), respectively. They were
analyzed with a Thermo Flash EA 1112 Elemental Analyzer
interfaced with a Thermo Finnigan Delta?" mass spectrometer.
The OC content of the marine surface sediments was obtained
using an elemental analyzer (LECO CN 2000), after acidification
with 2 mol L~! HCI (overnight at 50°C) to remove carbonate.
The OC content is expressed as the weight percentage of dry
sediment (wt.%). The analyses were determined at least in
duplicate, and the analytical error was on average better than
0.2 wt.%.

Lipid Extraction and Purification

For the analysis of CL GDGTs, soils and marine sediments were
extracted with an accelerated solvent extractor (DIONEX ASE
200) using DCM:MeOH (9:1, v:v) at 100°C and 1500 psi. The
ASE extracts were collected in vials. Solvents were removed using
Caliper Turbovab®LV; and the extracts were taken up in DCM,
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TABLE 1 | Environmental and bulk geochemical data of soils and river SPM collected in the Rhone River and its tributary basins and marine surface
sediments collected in the Rhone prodelta (Gulf of Lions, NW Mediterranean).

Sample name  Geographical Sampling date Longitude (E) Latitude (N) Altitude or MAAT MAP Measured ocC SPM
setting (dd/mm/yyyy) water depth (m) (°C) (mm) pH (wt.%) (mgL-1)
SOILS
RHS12-23-b Upper Rhone 04/07/2012 8.364 46.564 1766 2.9 1617 5.4 3.6 -
RHS12-2 Upper Rhone 02/07/2012 8.353 46.538 1401 4.6 1395 6.8 2.3 -
RHS12-3 Upper Rhéne 03/07/2012 8.094 46.430 2848 -2.8 2085 5.1 29 -
RHS12-5 Upper Rhéne 03/07/2012 8.095 46.428 2796 —2.7 2085 5.5 0.5 -
RHS12-6 Upper Rhéne 03/07/2012 8.096 46.427 2698 -2.7 2085 5.6 0.9 -
RHS12-7 Upper Rhone 03/07/2012 8.098 46.424 2595 -1.8 1962 5.0 4.0 -
RHS12-8 Upper Rhone 03/07/2012 8.097 46.422 2497 -1.7 1962 5.0 1.3 -
RHS12-9 Upper Rhone 03/07/2012 8.100 46.419 2397 -1.2 1956 5.0 3.0 -
RHS12-10 Upper Rhone 03/07/2012 8.101 46.416 2296 0.3 1761 5.6 1.2 -
RHS12-12 Upper Rhone 03/07/2012 8.111 46.415 2100 1.7 1650 5.1 25 -
RHS12-11 Upper Rhoéne 03/07/2012 8.104 46.414 2202 0.3 1761 6.5 1.3 -
RHS12-14 Upper Rhéne 03/07/2012 8.118 46.414 1899 2.9 1509 5.4 1.9 -
RHS12-13 Upper Rhéne 03/07/2012 8.113 46.413 1991 1.7 1650 5.6 1.6 -
RHS12-15 Upper Rhéne 03/07/2012 8.121 46.412 1788 3.7 1509 5.0 3.9 -
RHS12-16 Upper Rhéne 03/07/2012 8.121 46.410 1687 3.7 1509 6.1 0.5 -
RHS12-17 Upper Rhone 03/07/2012 8.120 46.408 1594 5.0 1362 5.7 9.5 -
RHS12-18 Upper Rhone 03/07/2012 8.122 46.407 1487 5.0 1362 5.4 0.6 -
RHS12-19 Upper Rhone 03/07/2012 8.123 46.405 1399 5.0 1362 5.2 1.0 -
RHS12-20 Upper Rhone 03/07/2012 8.126 46.404 1298 6.5 1203 5.2 0.5 -
RHS12-21 Upper Rhone 03/07/2012 8.126 46.402 1188 6.5 1203 6.5 1.0 -
RhoS-31 Lower Rhéne 21/09/2009 6.050 46.192 389 104 831 5.9 2.7 -
RhoS-30 Lower Rhéne 21/09/2009 5.851 46.034 520 9.6 870 7.0 4.0 -
RhoS-29-2 Lower Rhéne 21/09/2009 5.835 45.954 269 11.0 786 7.9 3.4 -
RhoS-23 Lower Rhéne 21/09/2009 5.296 45.833 209 1.3 774 7.2 1.2 -
RhoS-24 Lower Rhéne 21/09/2009 5.292 45.827 209 1.3 77 7.3 1.1 -
RhoS-25 Lower Rhone 21/09/2009 5.460 45.781 208 114 789 8.2 1.6 -
RhoS-28 Lower Rhone 21/09/2009 5.757 45.765 261 11.0 798 8.5 0.3 -
RhoS-26 Lower Rhone 21/09/2009 5.553 45.711 208 114 789 8.1 0.5 -
RhoS-27 Lower Rhone 21/09/2009 5.646 45.640 221 11.3 798 71 1.4 -
RhoS-32 Lower Rhone 21/09/2009 4.782 45.583 159 11.8 717 8.3 0.5 -
RhoS-33 Lower Rhéne 22/09/2009 4.754 45.427 155 12.0 708 8.4 1.1 -
RhoS-34 Lower Rhéne 22/09/2009 4.812 45.187 129 121 729 8.1 2.5 -
RhoS-35 Lower Rhéne 22/09/2009 4.861 45.060 134 12.3 741 8.3 1.3 -
RhoS-40 Lower Rhéne 23/09/2009 4.696 44.453 77 13.1 750 7.2 6.1 -
RhoS-41 Lower Rhéne 23/09/2009 4.725 44.161 34 13.6 77 71 1.0 -
RhoS-42 Lower Rhone 23/09/2009 4.816 43.997 30 13.8 681 7.2 1.8 -
RhoS-44 Lower Rhone 23/09/2009 4.608 43.728 3 14.2 690 6.5 0.5 -
RhoS-8 Sadne 19/09/2009 5.455 47.328 193 10.7 750 7.4 1.4 -
RhoS-7 Sadne 19/09/2009 5.395 47.241 180 10.7 738 7.2 3.5 -
RhoS-6 Sadne 19/09/2009 5.361 47.128 207 10.9 735 7.2 1.9 -
RhoS-5 Sadne 19/09/2009 5.187 47.054 185 10.9 708 7.3 1.7 -
RhoS-3 Sadne 19/09/2009 5.061 46.942 182 11.0 699 7.1 2.8 -
RhoS-4 Sadne 19/09/2009 5.061 46.942 182 11.0 699 7.2 2.5 -
RhoS-2 Sadne 19/09/2009 4.956 46.880 171 11.0 684 7.3 2.0 -
RhoS-1 Sadne 19/09/2009 4.955 46.878 174 11.0 684 7.4 21 -
RhoS-14 Sadne 20/09/2009 4.933 46.712 178 11.1 693 8.1 1.2 -
RhoS-15-1 Sadne 20/09/2009 4.888 46.429 185 11.2 696 8.0 1.6 -
RhoS-15-2 Sadne 20/09/2009 4.888 46.429 185 11.2 696 8.3 0.3 -
RhoS-16 Sadne 20/09/2009 4.787 46.244 178 11.2 690 8.1 1.0 -
(Continued)
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TABLE 1 | Continued

Sample name  Geographical Sampling date  Longitude (E) Latitude (N) Altitude or MAAT MAP Measured ocC SPM
setting (dd/mm/yyyy) water depth (m) (°C) (mm) pH (wt.%) (mg L‘1)
RhoS-17 Sabne 20/09/2009 4.747 46.110 173 1.3 687 8.2 1.1 -
RhoS-9 Doubs 19/09/2009 5.377 47.003 192 10.9 750 7.4 1.7 -
RhoS-10 Doubs 19/09/2009 5.379 46.955 187 10.9 747 7.2 0.2 -
RhoS-11 Doubs 19/09/2009 5.379 46.955 187 10.9 747 7.8 3.2 -
RhoS-12 Doubs 19/09/2009 5.244 46.932 194 1.0 723 7.8 2.7 -
RhoS-13 Doubs 19/09/2009 5.084 46.903 165 11.0 702 8.2 0.6 -
RhoS-18 Ain 20/09/2009 5.443 46.159 370 10.7 825 7.8 1.4 -
RhoS-20 Ain 20/09/2009 5.448 46.151 275 10.9 795 7.3 1.4 -
RhoS-21 Ain 20/09/2009 5.337 46.046 248 111 765 7.3 0.7 -
RhoS-22-1 Ain 21/09/2009 5.212 45.818 192 1.3 771 7.4 2.5 -
RhoS-22-2 Ain 21/09/2009 5.212 45.818 192 1.3 771 8.5 0.1 -
RhoS-39-1 Isere 22/09/2009 5.618 45.271 199 1.4 789 7.0 1.4 -
RhoS-38 Isere 22/09/2009 5.426 45.193 229 1.5 804 5.2 2.7 -
RhoS-37 Isere 22/09/2009 5175 45.075 150 1.8 786 8.0 0.5 -
RhoS-36 Isere 22/09/2009 4.908 45.014 125 12.3 750 8.7 0.4 -
RhoS-50 Durance 24/09/2009 6.060 44.462 607 10.4 747 8.3 0.8 -
RhoS-49 Durance 24/09/2009 6.009 44110 437 1.6 696 8.4 1.3 -
RhoS-48 Durance 24/09/2009 5.904 43.924 354 12.2 678 7.4 1.6 -
RhoS-45 Durance 24/09/2009 4.989 43.851 65 13.6 630 7.3 1.4 -
RhoS-46 Durance 24/09/2009 5.366 43.7183 163 13.2 609 8.3 0.5 -
RhoS-47 Durance 24/09/2009 5.668 43.692 243 12.9 639 7.6 4.4 -
RIVER SPM
RWA1 Upper Rhéne 04/07/2012 8.364 46.564 1766 7.7 - 8.5 0.3 59
Rw2 Upper Rhéne 02/07/2012 8.349 46.534 1381 7.4 - 8.6 0.3 2003
RW3 Upper Rhone 03/07/2012 8.126 46.392 988 1.5 - 8.8 0.2 433
Rw4 Upper Rhéne 04/07/2012 7.743 46.306 623 9.4 - 8.4 0.2 140
RW5 Upper Rhéne 01/07/2012 6.888 46.349 348 10.7 - 8.4 0.2 166
RW6 Lower Rhone 21/09/2009 5.292 45.827 209 17.9 - 8.3 18.5 2
RwW7 Lower Rhéne 21/09/2009 4.782 45.583 159 18.5 - 8.6 19.4 7
RW8 Lower Rhone 22/09/2009 4.812 45.187 129 20.1 - 7.8 23.5 6
RW9 Lower Rhone 23/09/2009 4.816 43.997 30 22.6 - 8.0 8.1 9
RW10 Lower Rhéne 18/05/2010 4.640 43.774 3 14.8 - 7.9 1.9 25
RW11 Lower Rhone 19/05/2010 4.622 43.679 3 14.8 - 7.9 2.2 23
RW12 Lower Rhone 20/05/2010 4.743 43.488 3 14.8 - 8.0 2.2 21
RW13 Lower Rhone 20/05/2010 4.846 43.334 0 14.8 - 8.0 2.0 12
SWA Sabne 19/09/2009 5.455 47.328 193 20.0 - 7.6 114 6
SW2 Sadne 19/09/2009 5.061 46.942 182 19.5 - 8.0 7.4 ih
SW3 Sabne 20/09/2009 4.933 46.712 178 18.7 - 8.1 8.9 3
SW4 Sabne 20/09/2009 4.747 46.110 173 19.5 - 8.2 10.5 8
DWi1 Doubs 19/09/2009 5.084 46.903 165 19.9 - 8.2 18.2 3
AWA Ain 21/09/2009 5.212 45.818 192 12.8 - 8.5 10.9 3
W1 Isere 22/09/2009 4.908 45.014 125 171 - 8.0 6.5 4
Du2 Durance 24/09/2009 4.989 43.851 65 19.1 - 7.6 3.3 5
MARINE SURFACE SEDIMENTS
A Rhone prodelta 02/12/2008 4.852 43.310 21 - - - 1.22 -
AK45 Rhone prodelta 04/12/2008 4.855 43.307 46 - - - 4.06 -
B Rhoéne prodelta 02/12/2008 4.829 43.303 54 - - - 1.96 -
¢} Rhdne prodelta 02/12/2008 4.776 43.274 73 - - - 1.49 -
D Rhoéne prodelta 02/12/2008 4.856 43.299 74 - - - 1.16 -
K Rhéne prodelta 02/12/2008 4.856 43.300 67 - - - 1.62 -
L Rhéne prodelta 02/12/2008 4.883 43.303 66 - - - 1.1 -
N Rhone prodelta 02/12/2008 4.795 43.293 63 - - - 1.36 -

“~" Indicates no data available. Note that the temperature values of the river SPM sites represent instantaneous water temperatures measured at the time of sampling.

Frontiers in Earth Science | www.frontiersin.org

June 2015 | Volume 3 | Article 22


http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Kim et al.

Tracing tetraether lipids from source to sink

dried over anhydrous Na;SOy4, and blown down under a stream
of N,. For quantification of GDGTs, 0.1 g internal standard (Cyg
GDGT) was added to each total extract before it was separated
into three fractions over an activated Al,O3 column (activated
for 2h at 150°C) using hexane:DCM (9:1, v:v), hexane:DCM (1:1,
v:v) and DCM:MeOH (1:1, v:v).

In order to analyze both CL and IPL-derived GDGTs, the
river SPM filters were freeze-dried and extracted using a modified
Bligh and Dyer method (White et al., 1979; Pitcher et al,
2009). The Bligh and Dyer extracts were separated into CL
and IPL fractions over a silica gel column (activated for 2h
at 150°C) with n-hexane:ethyl acetate (1:1, v:v) and MeOH as
eluents, respectively. For the GDGT quantification, 0.01 pg of
C46 GDGT internal standard was added to each fraction. The
CL fractions were further separated into two fractions over
an activated Al;O3 column using hexane:DCM (1:1, v:v) and
DCM:MeOH (1:1, v:v), respectively. Two third of the IPL fraction
was hydrolyzed to obtain IPL-derived CLs as described by
Weijers et al. (2011).

GDGT Analysis and Calculation of GDGT-Based
Indices
For soils and marine sediments, the DCM:MeOH fractions were
analyzed for CL GDGTs. During the separation of CL and IPL
fractions, a small amount of the CL GDGTs were carried over
into the IPL fraction (Pitcher et al., 2009). Therefore, for the
river SPM samples the CL fractions, the hydrolyzed IPL fractions,
and the non-hydrolyzed IPL fractions were analyzed in order
to implement a correction for more accurately calculating the
amounts of CL and IPL-derived GDGTs as described by Weijers
et al. (2011). Note that the two different extraction methods
used for quantification of CL GDGTs would provide comparable
results (cf. Lengger et al.,, 2012). All samples were analyzed using
high-performance liquid chromatography-atmospheric pressure
positive ion chemical ionization-mass spectrometry (HPLC-
APCI-MS) with an Agilent 1100 series LC-MSD SL. The GDGTs
were separated on an Alltech Prevail Cyano column (150 mm X
2.1 mm; 3 wm) using the method described by Schouten et al.
(2007) and modified by Peterse et al. (2012). Quantification
was achieved by calculating the area of the corresponding peak
in the chromatogram and comparing it with the peak area of
the internal standard and correcting for the different response
factors. All CL GDGTs, except for CL brGDGT IIIb and Illc,
were well above the detection limit following the suggestion by
Schouten et al. (2007). The analytical error was determined by
duplicate measurements of 12 CL GDGTg and 7 IPL-derived
brGDGTs fractions. For the concentration of summed brGDGTs
(the sum of all the brGDGTs), the analytical error was 11% for
the CL GDGTs and 6% for the IPL-derived GDGTs. Crenarchaeol
concentrations had the analytical error of 17% for the CL GDGTs
and 10% for the IPL-derived GDGTs. The carryover of CL
brGDGTs into the IPL fraction was, on average, 10 &= 14% while
that of crenarchaeol was 0%.

The BIT index (Hopmans et al., 2004), the MBT” (Peterse et al.,
2012), the CBT (Weijers et al., 2007a), and the DC (Sinninghe
Damsté et al., 2009) were calculated as follows:

[Ta] + [IIa] + [IIIa]

BIT index = [Ia] + [Ila] + [IIa] + [IV] W
- [1a] + [1b] + [Ic] @)
[Ta] + [Ib] + [Ic] + [IIa]
+ [I1b] + [TIc] + [TTa]
~ [Ib] + [IIb]
CBT = -—log (M 3)
be - [Ib] + [1Ib] (4)

(Ia] + [Ib] + [IIa] + [1Ib]

The numerals refer to the GDGTs depicted in Figure 1. The
analytical error in the determination of the BIT index was
0.01 (CL) and 0.03 (IPL-derived) and the MBT  0.01 (CL)
and 0.06 (IPL-derived), and the DC 0.01 (CL) and 0.05 (IPL-
derived). For the calculation of pH and MAAT from the brGDGT
distribution of soils, river SPM, and marine sediments, the global
soil calibrations by Peterse et al. (2012) were used as follows:

pH = 7.90 —1.97 x CBT (R* = 0.70) (5)
MAAT = 0.81 —5.67 x CBT + 31.0 x MBT' (R*> = 0.59())
6

Statistical Analysis

We performed a Principal Component Analysis (PCA) on the
fractional abundance data of brGDGTs as well as a Hierarchical
Clustering on Principal Components (HCPC) on the PCA
results to better visualize and highlight the similarities between
samples. Fractional abundances of each brGDGT component
were obtained by normalizing each peak area to the summed
area of all brGDGTs considered. We also performed the
nonparametric Mann-Whitney U test, which does not meet
the normality assumption of the One-Way analysis variance
(ANOVA), to evaluate the differences in mean values between
two different groups in a similar way to Zell et al. (2013b). Groups
that showed a significant difference (p < 0.05) were assigned
different letters. The statistical tests were performed using the
R-3.0.3 package.

Results

Soils

Soils from the upper Rhone River basin (i.e., between the Rhone
Glacier and the Lake Geneva) were more acidic, with pH values of
5.5 £ 0.5 (averagetstandard deviation [10]), whereas soils from
the lower Rhéne River basin were more alkaline, with pH values
of 7.5 & 0.7 (Table 1). Soils from the five tributary basins were
also alkaline with pH values of 7.6 & 0.6. The TOC content of
the Rhone soils varied between 0.5 and 9.5 wt.%, with similar
average values of the upper (2.2 £ 2.0 wt.%) and lower (1.8 + 1.5
wt.%) Rhone soils (Table 1). The TOC content of soils from the
five tributary basins ranged from 0.1 to 4.4 wt.%, with an average
value (1.6 &= 1.0 wt.%) similar to the Rhone soils. In general, soil
characteristics in each tributary basin were similar in term of soil
pH and TOC content, comparable to those of the soils from the
lower Rhone River basin.
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CL brGDGTs were found in all Rhone soils. However, CL
brGDGT IIIb and IIlc were often below the detection limit
or detected in small amounts (Figure 3), which is in good
agreement with a previous study of globally distributed soils
(Peterse et al., 2012). For the upper Rhone soils, the fractional
abundance of brGDGT Ila (0.45 % 0.04) and Ia (0.36 £ 0.08)
were the highest (Figure 3A). BrGDGT IIIb and IIIc were below
the detection limit. For the lower Rhoéne soils, brGDGT Ila
(0.37 & 0.04) was also the most abundant compound. However,
brGDGT IIb (0.24 £ 0.05) was more abundant than brGDGT
Ia (0.15 £ 0.03) (Figure 3A). The average of the CL brGDGT
concentration (19 £ 12 ug goc ') (normalized to OC to account
for differences in grain size) was an order of magnitude higher
than that of crenarchaeol (0.4 £+ 0.4 g goc_l) in the upper
Rhone River basin (Figure 4A). As a consequence, the relative
amount of CL brGDGTs to CL crenarchaeol, which is defined
as the BIT index, was high in the upper Rhone River basin
(0.97 £ 0.04, Figure 5A). The concentrations of CL brGDGTs
(I1£10pg goc’l) were lower, albeit in a similar range, and the
CL crenarchaeol concentrations (3 £ 2 g goc™!) were higher
in the lower Rhone soils, resulting in a reduced CL BIT index
(0.62 £ 0.2) (Figure 5B). The average CL MBT’ was 0.39 =+ 0.07
and 0.29 % 0.04 while the average CL DC was 0.05 =+ 0.05 and
0.41 £ 0.07 for the upper and lower Rhone soils, respectively
(Figures 5A,B).

In the soils of the tributary basins, the distribution of CL
brGDGTs in the tributary soils strongly resembled that of
the lower Rhone soils (Figure 3A). The concentrations of CL
brGDGTs (15 + 15pg goc_l) and CL crenarchaeol (5 + 4pg

goc™!) were more similar to those in the lower Rhéne River
basin than in the upper Rhone River basin (Figures 4C-G; see
also Table 2). Hence, CL BIT values in the tributary basins were
much lower (0.61 % 0.19, Figures 5C-G) than those in the upper
Rhone River basin but similar to those in the lower Rhone River
basin. The average CL MBT” was 0.31 & 0.07 while the average
CL DC was 0.43 =+ 0.11 (Figures 5C-G).

River SPM

The pH of the river water was relatively constant at 8.1 & 0.3 with
similar values in the Rhone River and all its tributaries (Table 1).
The SPM samples from the upper Rhdne River were collected
during days with high precipitation. Hence, the concentration
of SPM was much greater in the upper Rhone River (560 £
730 mg L™!) than in the lower Rhéne River (13 + 8mg L),
where the SPM samples were collected during a dry period. The
concentration of SPM in its tributaries ranged from 3 to 11 mg
L~ (5+3mgL™!), comparable to that of the lower Rhéne River.
The average OC content of SPM (Table 1) was much lower in
the upper Rhone River (0.3 & 0.1 wt.%) than in the lower Rhone
River (10 £ 9 wt.%). The tributaries had comparable SPM OC
concentration to that of the lower Rhone River, with the average
value of 10 = 4 wt.%.

In the upper Rhone SPM, the most abundant CL brGDGTs
was brGDGT Ila (0.44 £ 0.02) while brGDGT Ia (0.34 +
0.14) was the most abundant IPL-derived brGDGT (Figure 3B).
BrGDGT IIa was most abundant in both CL (0.40 + 0.04)
and IPL-derived (0.35 + 0.08) fractions of the lower Rhone
SPM (Figure 3B). BrGDGT IIb did not show much variation

River SPM C Marine sediments
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T Upper Rhéne Surface sediment
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FIGURE 3 | Average CL brGDGT distribution of (A) soils, (B) river SPM, and (C) marine sediments.
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upper (A) and lower (B) Rhéne River basin as well as in its
tributary basins of Saéne (C), Doubs (D), Ain (E), Isére (F), and
Durance (G). Note that “n.d.” indicates no data available. Letters
indicate statistically significant groups of data (p < 0.05).

in fractional abundance as for the soil data set but cyclic
brGDGTs were relatively more abundant in the lower Rhéne
SPM. The average CL brGDGT concentration was 18 £ 12 ug
goc™ ! and the percentage of IPL-derived brGDGTs was 9 =+ 8
(Figure 4A; see also Table 3). The CL brGDGT concentration
and the percentage of IPL-derived brGDGTs in the lower Rhéne
SPM were comparable to those of the upper Rhéne SPM, with
the average values of 10 & 8 |1g goc ! and 8 & 6% (Figure 4B).
The CL crenarchaeol concentration was on average 2 & 1 and 1

+ 1 g goc ™! in the upper and lower Rhone River, respectively

(Figures 4A,B). The percentage of IPL-derived crenarchaeol was
much higher than that of IPL-derived brGDGTs amounting 48 +
4 and 28 £ 5% in the upper and lower Rhone River, respectively.
The resulting BIT index in the upper Rhone River was 0.90 £+
0.03 in CL fractions and 0.54 % 0.13 in IPL-derived fractions
(Figure 5A). The lower Rhone SPM had BIT values for CL
(0.89 =+ 0.02) and IPL-derived (0.53 &£ 0.19) fractions similar
to those of the upper Rhone SPM (Figure 5B). The average CL
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FIGURE 5 | Histograms of the BIT index, the MBT’, and the DC of CL basins of Saéne (C), Doubs (D), Ain (E), Isére (F), and Durance (G).
and IPL-derived fractions from soils and river SPM collected in the Note that “n.d.” indicates no data available. Letters indicate statistically
upper (A) and lower (B) Rhone River basin as well as in its tributary significant groups of data (p < 0.05).

MBT’ and CL DC values were 0.29 £ 0.02 and 0.12 £ 0.04 in the
upper Rhone SPM, respectively, while the average MBT” and DC
values in IPL-derived fractions were 0.40 £ 0.16 and 0.24 & 0.10,
respectively (Figure 5A). In the lower Rhone SPM, the average
CL MBT’ (0.35 £ 0.06) and CL DC (0.23 £ 0.02) were, in general,
higher than in the upper Rhone SPM but the average MBT’
(0.38 = 0.09) and DC (0.25 % 0.16) in IPL-derived fractions were
comparable (Figure 5B).

In the SPM of the tributaries, the concentration of CL
brGDGTs varied between 3 and 56 ug goc ™!, with the average
value of 20 4 17 ug goc ! (Figures 4C-G; see also Table 3). The
IPL-derived brGDGTs was 11 and 13% in Sadne and Isére SPM,
respectively. IPL-derived brGDGTs were under the detection
limit in SPM from Doubs, Ain, and Durance. The distribution
of CL brGDGTs in tributary SPM strongly resembled that of

IPL-derived brGDGTs as well as that of CL and IPL-derived
brGDGTs in the lower Rhone River, with the highest fractional
abundance of brGDGT IIa (Figure 3B). The CL crenarchaeol
concentration ranged from 1 to 4pg goc™! (Figures 4C-G).
The IPL-derived crenarchaeol was 32 and 46% in Sadéne and
Isére SPM, respectively. The BIT index, MBT’, and DC values
in CL fractions were on average 0.88 £ 0.06, 0.27 &£ 0.03, and
0.28 £ 0.03, respectively, while in IPL-derived fractions they
were 0.68 £+ 0.17, 0.29 £ 0.03, and 0.23 £ 0.06, respectively
(Figures 5C-G).

Marine Surface Sediments

The marine surface sediments in the Rhone prodelta had an
average TOC content between 1 and 4 wt.% (Table 1). The most
abundant CL brGDGTs were IIa (0.40 £ 0.03) and Ia (0.20 +
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0.01) (Figure 3C). The CL brGDGT concentrations ranged from
12 t0 26 ug goc !, with a generally slightly increasing trend from
the Grand Rhéne River mouth (Figure 6A; see also Table 2).
The crenarchaeol concentrations mainly varied between 2 and
40 g goc !, except for one outlier at 85 g goc~! (Figure 6B).
The CL BIT index varied between 0.12 and 0.83, showing a
trend toward lower values with increasing distance from the river
mouth (Figure 6C). The average CL MBT’ was 0.33 % 0.02, and

the CL DC was 0.28 % 0.04. Both CL MBT’ and CL DC did not
show a distinctive trend with increasing distance from the river
mouth (Figures 6D,E).

Statistical Analyses

PCA was performed on the fractional abundances of brGDGTs
to provide a general view of the variability of the distribution
of brGDGTs. GDGT IIIb and Illc were excluded from this
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analysis since they were mostly below the detection limit.
For the CL brGDGTs of the soils, the river SPM, and the
marine surface sediments, the first two principal components
explained a cumulative 79.5% of the variance (Figure 7). On
the first principal component (PC1, explaining 67.3% of the
variance) the loading of GDGT Ia, Ila, and IIIa was opposite
to that of all other brGDGTs, which all contain cyclopentane
moieties. On the second principal component (PC2, explaining
12.2% of the variance), GDGT Ia was negatively loaded while
GDGT IIIa positively loaded. We also performed a hierarchical
clustering of principal components (HCPC) on the PCA results
to cluster samples with similar brGDGT distributions. The
samples investigated were grouped into three distinct clusters,
i.e., Cluster 1, 2, and 3 (Figure 7).

Discussion

Abundance and Distribution of GDGTs in Soils

Our results did not reveal a distinct relationship between the
concentrations of CL brGDGTs in soils and soil pH (Figure 8A).
However, the concentrations of CL crenarchaeol in soils were in
general higher with increasing soil pH (>7, Figure 8B), resulting
in lower BIT values (Figure 8C). This is in good agreement
with previous studies which showed that soil pH was positively
related to CL crenarchaeol concentrations and thus negatively
associated with BIT values (e.g., Weijers et al, 2006b; Kim
et al,, 2010; Yang et al, 2011; Zell et al., 2014a). It has been
previously suggested that soil pH might more strongly influence
the occurrence of the source organisms producing crenarchaeol
than those producing brGDGTs (Kim et al., 2010). Recently,
lower BIT values in soils have also been attributed to a dryer
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FIGURE 7 | Results of the Principal Component Analysis (PCA) for CL
brGDGTs of the soils, the river SPM, and the marine surface
sediments. The first two PCs explain 79.5% of the variation in the data.
Symbols and purple lines represent scores and response variables (brGDGTSs),
respectively. Note that GDGT lllb and llic were not included in the analysis due
to the detection limit. Three clusters resulting from a Hierarchical Clustering on
Principal Components (HCPC) were highlighted as red circles.

climate, i.e., lower MAP (<600 mm) (Xie et al., 2012; Dirghangi
et al., 2013). Due to deeper oxygen penetration in dryer soils
(Cleveland et al., 2010) a dryer climate might be more favorable
for nitrifying (i.e., requiring oxygen) crenarchaeol-producing
Thaumarchaeota than for the presumably facultative anaerobic
brGDGT-producing bacteria (Xie et al., 2012). The soil sampling
sites in the upper Rhone River basin have an average MAP of ca.
1600 mm and an average soil pH of 6 (Table 1). On the other
hand, the soil sampling sites in the lower Rhone River basin
and its tributary basins experience a less humid, Mediterranean
climate with an average MAP of ca. 750 mm and soils are more
alkaline with an average soil pH of 8 (Table 1). Hence, it appears
that the more alkaline and better-oxygenated soil conditions in
the lower Rhone River and its tributary basins are associated with
higher CL crenarchaeol concentrations and thus lower CL BIT
values.

Although the impact of soil pH on the concentration of CL
brGDGTs seems to be less evident than on the CL crenarchaeol
concentration, it clearly affected the distribution of brGDGTs,
i.e,, DC values of CL brGDGTs were substantially higher with
increasing soil pH values (Figure 8E). Hence, this is in good
agreement with previous studies that showed the influence of soil
pH on the distribution of CL and IPL-derived brGDGTS: in soils
(Weijers et al., 2007a; Peterse et al.,, 2010). In our dataset, the
soils of the lower Rhone River and its tributary basins showed
a significantly higher CL DC (i.e., >0.2) compared to the soils
from the upper Rhone River basin (Figures 9E, 10). Hence, it
appears that more alkaline and better-oxygenated soil conditions
in the lower Rhone River and its tributary basins are associated
with a higher CL DC and thus a higher CBT-derived pH (data
not shown). It is also notable that the CL DC values stabilize
at ca. 0.5 when the soil pH is >7 (Figure 8E). This apparent
insensitivity of DC (or the CBT) to pH in alkaline soils has
also been observed in long-term soil pH manipulation plots in
Scotland (Peterse et al., 2010) and in Chinese soils (e.g., Xie et al.,
2012). It has been postulated that the distribution of brGDGTs
is mainly controlled by soil moisture associated with the MAP
in alkaline soils in arid/semi-arid regions (Yang et al., 2014).
However, in our study area, the CL DC (or CL CBT) was not
correlated with the MAP for the sub-dataset with pH >7 (R?
0.006, data not shown). Therefore, further studies are required to
better constrain potential environmental factors such as nutrient
condition in soil influencing the distribution of brGDGTs in
alkaline soils.

The distribution of the CL brGDGTs in the upper Rhone
soils differed substantially from that of the lower Rhone and
tributary soils (Figure 3A), which is reflected in the provenance
plot of CL MBT’ vs. CL DC (Figure 10). The PCA and the
subsequent HCPC confirmed this observation, showing that the
upper Rhone soils grouped in Cluster 1, whereas Clusters 2 and
3 contained the lower Rhone and tributary soils (Figure 7A).
The PCA results also showed that the PC1 (67.3%) is closely
related to DC or CBT with the positive loading of all cyclic
brGDGTs and the negative loading of the non-cyclic GDGTs (Ia,
IIa, and IIla), whereas the PC2 (12.2%) predominantly reflects
the degree of methylation (MBT’) with a negative loading of
the tetra-methylated GDGT Ia and a positive loading of the
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brGDGTs (1g goc™"), (B) crenarchaeol (g goc™'), (C) the BIT
index, (D) the MBT’, and (E) the DC of the CL fractions from
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hexa-methylated brGDGT Illa (Figure 7A). Since the degree of
cyclization of brGDGTs in soil is primarily determined by soil pH
and the degree of methylation by soil pH and MAAT (Weijers
et al., 2007a; Peterse et al., 2012), the PCA reveals that soil pH
explains most of the variances in the brGDGT distribution rather
than MAAT in our soil dataset. Indeed CL MBT” is not related
to soil pH or MAAT (Figure 8D), whereas CL DC depends
on soil pH and MAAT (Figure 8E). The relationship between
CL DC and MAAT might be due to the correlation between
soil pH and MAAT in the Rhone River system (R? = 0.62).
In a global soil dataset, the CL MBT’ values were positively

correlated with MAAT (Peterse et al., 2012). In our soil dataset,
the CL MBT’ was highly variable and did not show a strong
relationship with MAAT (Figure 8D). In the Fiesch soil transect
in the upper Rhone River basin (1188-2848 m altitude, -2.8
to 6.5°C MAAT, and 1203-2085 mm MAP), we also did not
observe a positive relationship between the CL MBT” and MAAT
(Figure 8D). Hence, it is not surprising that the Fiesch transect
dataset also showed no altitudinal trend of the reconstructed
MAAT (data not shown) in contrast to other similar studies
(e.g., Sinninghe Damsté et al., 2008; Peterse et al., 2009b; Ernst
et al,, 2013; Coflinet et al.,, 2014). We do not understand why
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the Fiesch transect data are different to other altitudinal transect
data for the moment. Therefore, further studies are required to
better constrain potential environmental factors such as nutrient
condition in soil influencing the distribution of brGDGTs in soils.

Sources of GDGTs in Rivers
In this section, we compare CL brGDGT distributions in soils
with those in the river SPM to test if soil could be a major

source for riverine brGDGTs. However, the results from the
river SPM should be considered only as a “snapshot” at the
moment of sampling (see Table 1) and should thus be interpreted
cautiously. The concentrations of CL brGDGTs in the upper
Rhone SPM were comparable to those of the upper Rhéne soils
and the IPL percentage of brGDGTs (9 £ 8) was relatively small
(Figures 3A, 9A). The distributions of the CL brGDGTs in the
SPM and soil were similar (cf. Figures 4A,B). The statistical
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analyses showed that the upper Rhone SPM grouped together
with the upper Rhone soils in Cluster 1 (Figure 7). Together,
this suggests that the brGDGTs in the SPM of the upper Rhone
were predominantly derived from soil erosion, at least at the time
of sampling. As noted, this was a time of heavy rainfall, which
would have facilitated the transport of soil-derived brGDGTs to
the river. In contrast, significantly higher concentrations of CL
crenarchaeol were found in the upper Rhéne SPM compared
to the soils (Figure 9B) and the IPL percentage of crenarchaeol
(48 £ 4) was also substantially higher than that of brGDGTs
(Figure 4A). This would point to a substantial in situ production
of crenarchaeol in the river as reported for other river systems
(Kim et al., 2012; Zell et al., 2013a). As a consequence, CL BIT
values were significantly lower in the upper Rhone SPM (albeit
still high; i.e., ca. 0.9) than in the upper Rhone soils (Figures 5A,
9C). This is in good agreement with previous studies that showed
higher crenarchaeol concentrations and thus lower BIT values in
river SPM than in soils (e.g., Kim et al., 2012; Zell et al., 2013a).
The concentrations of CL brGDGTs in the lower Rhone SPM
were significantly lower than those of the upper Rhone soils
and SPM (Figure 9A). The IPL percentage of brGDGTs (8 £ 6)

in the lower Rhone SPM was, however, comparable to those of
the upper Rhone SPM (Figures 4A,B). Notably, the distributions
of the CL brGDGTs in the lower Rhone SPM were different
in comparison to those of the upper Rhone SPM and soils (cf.
Figures 3A,B, 7). Although the limited number of SPM sampling
in each tributary hampers a detailed comparison to each other
and the lower Rhone SPM, it seems that the tributary SPM had
in general CL brGDGT concentrations comparable to those of
the lower Rhone SPM (Figures 3, 9A). Their distributions were
also basically comparable (cf. Figures 4A,B). Together these data
suggest that the brGDGTs in the lower Rhéne SPM were not
predominantly derived from the upper Rhone basin. This is
also evident at the closest station in the lower Rhone tributary
downstream of Lake Geneva, which has a brGDGT concentration
and distribution that is comparable to that measured at other
station along the lower Rhone (Figure 6). This is perhaps not
surprising, as it has been shown that Lake Geneva traps most of
the SPM transported from the upper Rhone River basin (Loizeau
et al, 1997). Accordingly, these results indicate that the CL
brGDGTs brought by the river to the sea are restricted to certain
areas of the lower Rhone River and its tributary basins, unlike the
initial idea that the riverine SPM reflects an integrated brGDGT
signal of the whole drainage basin of the river system (Weijers
et al., 2007b).

Since brGDGTs in the upper Rhéne River do not contribute
to brGDGTs of the lower Rhone or only to a small extent, there
must be other sources for brGDGTs in the lower Rhone River
basin. Soils from the lower Rhone River and its tributary basins
could be an important source for the brGDGTs found in the
lower Rhone SPM. Generally, this is supported by the similar
distributions of brGDGTs in the SPM of the lower Rhone and
these soils (Figure 3). Interestingly, only part of the lower Rhone
and tributary soils were included in Cluster 2 together with the
lower Rhone and tributary SPM (Figure 7). The other lower
Rhone and tributary soils were separately grouped as Cluster 3,
although this cluster was more closely linked to Cluster 2 than 1.
An alternative source for the brGDGTs in the lower Rhéne SPM
would be in situ production. Significantly higher CL brGDGT
concentrations in river SPM than in soils have been observed
in the Amazon River (Zell et al., 2013a) and in the Tagus River
(Zell et al., 2014a). This has been interpreted as evidence for in
situ production of brGDGTs in rivers. The presence of labile,
intact phospholipids in the Amazon River SPM also indicated the
occurrence of in situ production of brGDGTs in river waters since
IPLs degrade rapidly and must thus be produced by microbes in
the river (Zell et al., 2013a). However, in contrast to other river
systems, the concentrations of CL brGDGTs in the lower Rhone
SPM were comparable to those of the lower Rhone and tributary
soils, like in the upper Rhone basin (Figure 9A). Moreover, the
IPL percentage of brGDGTs was slightly lower in the lower Rhone
SPM (8 & 6) than in the Amazon River (11 £ 7, Zell et al., 2013a),
the Tagus River (12 = 8, Zell et al., 2014a), and the Yenisei River
(10 & 4, De Jonge et al., 2014). Hence, the proportion of in situ
produced brGDGTs to the riverine brGDGTs is possibly smaller
in the Rhone River system than in other river systems. Further
information on the potential in situ production of brGDGTs in
rivers can be found in the distribution of brGDGTs with the help

Frontiers in Earth Science | www.frontiersin.org

June 2015 | Volume 3 | Article 22


http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Kim et al.

Tracing tetraether lipids from source to sink

of the MBT’ and the DC (cf. Zell et al., 2013a, 2014a). Therefore,
we compared the CL MBT’ and the CL DC of the river SPM
with those of the soils (Figures 9, 10). The CL MBT’ differences
between the river SPM and the lower Rhone and tributary soils
are small (Figure 9D) but the difference in CL DC is clearly
significant (Figure 9E). This difference is likely caused by in situ
production in the river. Indeed, the distribution of IPL brGDGTs
(which reflects the distribution of in situ produced brGDGTs to a
larger extent) in the lower Rhone SPM is in agreement with this
interpretation (Figure 3).

The concentration of CL crenarchaeol in the lower Rhone and
tributary SPM was significantly lower than in the lower Rhone
and tributary soils (Figure 9B), while brGDGT concentrations
were similar between the SPM and soils. The CL BIT index
was significantly higher in the lower Rhéone and tributary SPM
than in soils from the lower Rhone River and its tributary
basins (Figure 9C). This is a quite different situation compared
to the upper Rhone River as well as some other rivers, since
crenarchaeol is usually produced in higher amounts in the
aquatic environments, causing decreased BIT values (e.g., Kim
et al,, 2012; Zell et al., 2013a). This might be associated with the
alkaline soil conditions in the lower Rhone River and its tributary
basins as discussed before. Accordingly, the significant difference
in the crenarchaeol concentration and the BIT index between the
soils and the river SPM in the lower Rhone River and its tributary
basins suggests that the crenarchaeol in the river SPM has a mixed
origin derived from soils and the in situ production in rivers.

Sources of GDGTs in Marine Surface Sediments

The concentrations of CL brGDGTs and CL crenarchaeol as well
as the distribution of CL GDGTs (i.e., CL BIT, CL MBT’, and
CL DC) detected in the surface sediment obtained at the marine
station A (Figure 2B; see also Table 1), which is located closest to
the Grand Rhoéne River mouth, were comparable to those of the
average values of the lower Rhéne SPM (Figure 6). The marine
surface sediments collected in the Rhone prodelta had an average
CL brGDGT concentration of 20 & 4 g goc !, identical to the
value reported previously (19 £ 9ug goc’l, Kim et al., 2010).
The results of the PCA and its HCPC showed that the marine
surface sediments mostly clustered with the lower Rhone River
SPM (Figure 7A). This also suggests that CL brGDGTs in these
marine surface sediments predominantly reflect the riverine
signals. To further investigate potential sources of brGDGTs in
marine surface sediments, we compared the CL MBT’ and the
CL DC of the lower Rhone SPM with those of marine surface
sediments (Figures 9, 10). The CL MBT’ values in the marine
surface sediments were comparable to those of the lower Rhdne
SPM (Figure 9D) and showed no offshore trend (Figure 6D).
However, the CL DC values in the marine surface sediments were
slightly higher than those of the lower Rhone SPM (Figure 9E),
showing a similar trend with increasing distance offshore as for
the concentrations of CL brGDGTs. Similar studies carried out in
other river systems also revealed an increase in the CL DC from
soils to the marine environment for a Svalbard fjord (Peterse
et al., 2009a), the lower Yangtze River-East China Sea shelf (Zhu
et al., 2011), the Pearl River estuary (Zhang et al.,, 2012), the
Portuguese margin (Zell et al., 2014a), and the Amazon shelf (Zell

et al., 2014b). This increase in the DC was assumed to be due to
in situ production of brGDGTs in the marine environment, since
the pH of the marine environment (pH = 8) is usually higher
compared to that of soils and river water. However, in our study
area, the soil and river water pH in the lower Rhéne River and
its tributary basins was on average 7.7 and thus similar to that of
the marine environment. Accordingly, the observed changes in
the distribution of CL brGDGTs in the marine surface sediments
suggest that the input of riverine brGDGTs is the primary
source of brGDGTs in the Rhone prodelta, but the brGDGT
composition may be slightly modified by in situ production of
brGDGTs in this system.

The average CL crenarchaeol concentration in marine surface
sediments was more than twentyfold higher than that of the lower
Rhoéne SPM (Figure 9B). The CL crenarchaeol concentrations
markedly increased seawards (Figure 6B). This indicates that
the crenarchaeol was mostly produced in the marine system.
A decrease in CL BIT values was also observed from the
river mouth toward the sea (Figure 6C), while the slightly
increasing trend of the CL brGDGT concentration stabilized
at ~4 km away from the Grand Rhéne river mouth (Figure 6A).
Declining BIT values are, therefore, predominantly determined
by the increasing crenarchaeol concentrations in the marine
environment.

Conclusion

Our study conducted in the Rhone River system (NW
Mediterranean) shows that the differences in soil pH are more
important than those in MAAT in explaining the variance in
the brGDGT distribution in soils. The observed changes in the
distribution of brGDGTs in the river SPM suggest that the
provenance of brGDGTs brought by the river to the sea might
be more restricted to certain areas in the lower Rhone River
and its tributary basins. The riverine brGDGTs were further
influenced by the in situ production in rivers. In the marine
surface sediments, it appears that the input of riverine brGDGTs
is the primary source of brGDGTs in the Rhone prodelta, but
the brGDGT composition may be slightly modified by the in
situ production in the marine environment. It is thus possible to
use brGDGTs to reconstruct the terrestrial paleoenvironmental
changes from marine sediment cores in this river system. This
should be further tested applying the MBT’/CBT proxy to
sediment cores taken in the Rhone prodelta close to the river
mouth based on the improved analytical separation of brGDGTs.
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