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ABSTRACT

Long chain alkyl diols are lipids that occur ubiquitously in marine sediments and are used as a proxy for
sea surface temperature (SST), using the Long chain Diol Index (LDI), and for upwelling intensity/high
nutrient conditions. The distribution of 1,13- and 1,15-diols has been documented in open marine'and
lacustrine sediments and suspended particulate matter, but rarely in coastal seas receivinga significant
riverine, and thus continental organic matter, input. Here we studied the distributionof diols-in four
shelf seas with major river outflows: the Gulf of Lion, the Kara Sea, the Amazon'shelfand the Berau delta,
covering a wide range of climate conditions. The relative abundance of the Cs; 1,15-diol is consistently
higher close to the river mouth and particularly in the suspended particulate matter of the rivers
suggesting a terrigenous source. This is supported by statistical analysis which points out a significant
positive correlation between the Cs; 1,15-diol and the Branched and Isoprenoid Tetraether index, a proxy
reflecting soil and riverine input in marine environments. However, the C3, 1,15-diol was not detected in
soils and is unlikely to be derived from vegetation, suggesting that the Cs;, 1,15-diol is mainly produced in
rivers. This agrees with the observation thatit is a dominant diol in most cultivated freshwater
eustigmatophyte algae. We, therefore, suggest that the relative abundance of the Cs, 1,15-diol can
potentially be used as a proxy for riverine organic matter input in shelf seas. Our results also show that
long chain alkyl diols delivered by rivers can substantially affect LDI-reconstructed SSTs in coastal regions

close to rivermouths.



1.Introduction

Long chain alkyl diols (LCD) are molecules composed of a long alkyl chain (humber of C atoms >28)
containing alcohol groups at C; and at a mid-chain position (e.g. carbon number 12, 13, 14, 15), which
have been reported in a wide range of environments (de Leeuw et al.,1979; Versteegh et al., 1997, 2000;
Gogou and Stephanou 2004; Schmidt et al. 2010; Rampen et al., 2012, 2014b; Romero-Viana et al., 2012;
Plancq et al., 2015; Zhang et al., 2011 and references therein). In marine environments, the major LCDs
are typically C,s and C301,13-diols, C,5 and C3 1,14-diols, and C39 and Cs, 1,15-diols (Rampen et al.,
2014a). Cyg and C3p 1,14-diols are biosynthesized by the diatom genus Proboscia (Sinninghe Damsté et al.,
2003, Rampen et al., 2007) and the marine algae Apedinella radians (Rampen et al., 2011), while Cys and
C301,13-diols and C;9 and C3; 1,15-diols have been reported in eustigmatophyte algae (Volkman et al.,
1992, 1999; Gelin et al., 1997; Méjanelle et al., 2003). However, eustigmatophyte algae are rarely
reported in the marine environment and the distribution of diols present in marine eustigmatophyte
algae (genus Nannochloropsis) does not match with the diol distribution in marine environments

(Volkman et al., 1992; Versteegh et al., 1997; Rampen et al., 2014a).

Multiples indices using LCDs have been developed that reflect different environmental parameters in the
marine environment. One such index is the LDI (Long chain Diol Index, equation 1, [C3 1,15] stands for
fractional abundance of the diol), which is used as a proxy for Sea Surface Temperature (SST; Rampen et

al., 2012):

[C301,15]
[C301,15]+[C3¢1,13]+[C2g1,13]

LDI = (1)

The LDI of marine surface sediments shows a strong correlation (r*=0.97) with SST (between -3°C and
27°C). Another index is diol index 1 (equation 2) which has been developed by Rampen et al. (2008) to

trace upwelling conditions.



[C301,14]+[Cpg1,14]
[C301,14]+[C281,14]+[C301,15]

diolindex 1 =

(2)

This index is based on the fractional abundance of C31,14-and C,5 1,14~ diols, produced primarily by
Proboscia diatoms. As Proboscia diatoms thrive in upwelled, nutrient-rich water they are a good indicator
of upwelling conditions. This upwelling index has been applied for the upwelling region of the Arabian
Sea (Somalian upwelling; Rampen et al., 2008). Willmott et al. (2010) constructed another diol index (diol
index 2, equation 3) as a proxy for paleo productivity of Proboscia diatoms and upwelling intensity at

high latitudes (around the Antarctic peninsula).

[C30 1,14]+[Cpg1,14]
[C30 1,14]+[Cpg 1,14]+[C30 1,13]+[Cg 1,13]

diol index 2 =

(3)

Rampen et al. (2014a) studied these two indices in globaly distributed marine sediments and showed
that the diol index 1 is likely impacted, besides by upwelling and high nutrients, by SST, while the diol
index 2 is more widely applicable as an indicator of upwelling conditions. Another diol index (diol index
3, equation 4) has been created for the.Congo River fan by Versteegh et al. (1997, 2000) to assess

relative changes in salinity.

[C301,15]
[C301,15]+[C321,15]

diol index 3 =

(4)

However, Rampen et al. (2012) showed that, on a global scale, this diol index only had a weak correlation

with salinity (Pearson correlation r<0.3).

With.respect to freshwater environments, Rampen et al. (2014b) showed that the LDl in surface
sediments of lakes only correlated weakly with mean annual air temperature (a proxy for lake surface
temperature) and that the distributions of LCDs differ from those in marine sediments. This indicates
that the producers and environmental controls on diols in lakes are different compared to those in

marine environments. Interestingly, only a few studies have investigated the diol distributions in marine



environments affected by continental input, i.e near large river outflows. A recent study by De Bar et al.
(2016) on long chain diol distributions of the Portugese margin suggested that some diols, in particular
the Cs, 1,15-diol, may be partially derived from a continental source. Indeed, Rampen et al. (2014a) also
reported relatively high amounts of the C;, 1,15-diol in several estuarine sediments and Versteegh et al.
(1997) showed that this diol was relatively more abundant close to the river mouth of the Congo River,
suggesting also a partial source from the continent. However, it is unclear if the Cs, 1,15-diol is
consistently derived from continental sources in coastal seas and from which sources on the continent

the Cs, 1,15-diol is derived.

To constrain the distribution and origin of the Cs; 1,15-diol in coastal marine environments, we studied
four coastal seas with a substantial river input and from different climate zones: The Gulf of Lion and the
Rhéne River (Mediterrannean Sea) with a temperate climate, the Amazon shelf and the Amazon River
(Atlantic Ocean) and Berau delta region (Pacific Ocean) with a tropical climate, and the Yenisei River and
Kara Sea (Arctic Ocean) with a (sub)polarclimate (Fig. 1). Our results shed light on the origin of the Cs;

1,15-diol in coastal seas and suggest its potential as a proxy for the input of riverine organic matter (OM).

2. Material and Methods

2.1 Study sites and sampling

2.1.1 Gulf of Lion

The Gulf of Lion is located in the northwestern part of the Mediterranean Sea (42°N 3°E and 44°N 6°E;
Fig. 1) with a fairly broad and crescent shaped continental shelf and is under the strong influence of
rivers. The major river discharging into the Gulf of Lion is the Rhdne River, with a catchment area of 98

000 km? and a length of 813 km. Its source is the Rhdne glacier in the Swiss Alps. The river is



subsequently discharged through the Lake Geneva and southern France into the Gulf of Lion
(Mediterranean Sea). The average water discharge is ca. 1.7 x 10* m*/s (Thill et al., 2001), and a mean
sediment discharge of 7-10 x 10° tons/yr represents 80 % of the inflow into the Gulf of Lion (Durrieu de
Madron et al., 2000, Sabatier et al., 2006). Other rivers besides the Rhone River which discharge into the
Gulf of Lion are the Vidourle, Herault, Orb, Aude, Agly, Tét and Tech rivers in France and the Riu Ter,
Fluvia and Tordera rivers in Spain. These rivers have more episodic discharges corresponding with major
rainfalls associated with storms. The major current in the Gulf of Lion is the Liguro-Provencal going from
East to West. The Mediterranean climate is characterized by warm, dry summers and mild to cool, wet
winters. The mean annual sea surface temperature (SST) is ranging from 16°C to 19°C (Kim et al., 2015).

The mean annual air temperature (MAAT) in the Rhone catchment is 9°C (Olivier et al., 2009).

The Gulf of Lion sample set consisted of 50 surface (0-0.5 or 0-1 cm) sediments and one sample of
suspended particulate matter (SPM) of the Rhone river. The samples were previously studied for Glycerol
Dialkyl Glycerol Tetraether (GDGT) lipids-and bulk parameters by Kim et al. (2006, 2007, 2010, 2014,
2015). The surface samples have been collected during several French research programs (River-
Dominated Ocean Margins, Climate and Human-Induced Alterations in Carbon Cycling at the River-Sea
Connection) and research programs funded by the European Union (Hotspot Ecosystem Research on the
Margins of European Seas, European Margin Strata Formation). The SPM was collected close to the
water surface in the Rhone River: 5 | of water were filtered through pre-ashed glass fiber filters
(Whatman GF-F, 0.7 um, 142 mm diameter) with an in-situ pump system (WTS, MclLane Labs, Falmouth,

MA). All samples were kept frozen at -20°C and freeze dried before analysis.

2.1.2 Amazon shelf

The Amazon River is the largest drainage system in the world (6.1 x 10° km?) in term of fresh-water

discharge (Milliman and Meade 1983) and catchment area (Goulding et al., 2003). Both its main (the



Madeira River) and secondary (the Solimoes River) tributaries originate in the Bolivian Andes. Due to the
equatorial position, the temperature in the drainage basin is relatively constant year-round with a MAAT
of 26°C (New et al., 2002). The coldest temperature is in the Andes Mountains due to the high elevation.
The mean annual water discharge is 2 x 10° m?/s at Obidos (Callede et al., 2000) and the mean annual
sediment discharge is 8-12 x 10'* kg/yr (Dunne et al., 1998). The mean annual SST for the Atlantic Ocean
offshore the Amazon River mouth is 28°C (Zell et al., 2014).The major current on the Amazon-shelf is the
North Brazilian Current, transporting riverine suspended matter to the northwest, along the North

Brazilian coast.

From the Amazon region, 14 marine surface sediments and 36 samples of riverine SPM (Fig. 1) were
collected as described by Zell et al. (2014). These samples have been previously studied for GDGTs by
Kim et al. (2012), Zell et al. (2013a, 2013b, 2014) and-for long chain glycolipids by Bale et al. (2015).
Surface sediments of the Amazon shelf and slope were collected on board of the R/V Knorr, cruise 197-4
between February and March 2010. All sediment samples were freeze dried prior to analyses. SPM was
collected along the Amazon River main'stem, in four tributaries (Solimones, Negro, Madeira, and
Tapajos), and in five varzeas (Cabaliana, Janauaca, Mirituba, Canacari, and Curuai). All SPM samples were

kept frozen at -20°C and freeze dried before analysis.

2.1.3 Yenisei River and Kara Sea

The Yenisei River is the ninth largest river in the world in terms of discharge (Telang et al., 1991), and it
crosses Mongolia and Siberian Russia in a south to north direction covering different climate zones. Thus,
the Yenisei river watershed is characterized by large differences in MAAT, i.e. -6°C in the southern part of
the catchment dropping to -11.4°C in the most northern parts (De Jonge et al., 2014). The mean annual

discharge is estimated at 2 x 10* m*/s. The Yenisei River catchment area is approximately 2.6 x 10° km?. It



discharges into the Kara Sea, which is the second largest shelf area of the Arctic Ocean. A fifth of the
continental run-off of the Eurasian continent drains into the Kara Sea (Lammers et al., 2000), where the
Ob and Yenisei rivers provide the largest part of the water discharge. The two rivers are separated by the
Gydan peninsula. The Yenisei discharge and Kara Sea circulation are characterized by a strong
seasonality. During the summer months, the surface currents in the Kara Sea follow a cyclonic
circulation. From mid-October to mid-May the Kara Sea and Yenisei River estuary are almost entirely ice-
covered. The mean annual SST for the Kara Sea is -1°C (Boyer et al., 2013).

SPM from the Yenisei river water (16 river SPM) and the Kara Sea (21 surface sediments, Fig. 1) were
obtained as described by De Jonge et al. (2014) by filtrating water through a GF/F glass fiber filter (0.7
pm pore size) using a McLane in-situ pump. For some sites inthe Kara Sea, surface sediments were
obtained via box coring on the R/V Akademik Mstislav Keldysh. These samples have been previously

studied for GDGTs and bulk parameters by De Jonge et al. (2014, 2015a, 2015b).

2.1.4 Berau delta

The Berau delta is situated along the east coast of Kalimantan (Indonesia) and is a coastal and shallow
embayment. It is situated north of the Makassar Trait, which is one of the main passages between the
Indian Ocean and Pacific Ocean. The catchment area of the Berau River, which accounts for most of the
freshwater input, is estimated at 1x10* km? (Booij et al., 2012) and the area of the delta is about 800 km?
(Sinninghe Damsté, 2016). Kalimantan has a tropical climate with a dry season from May to October and
two rainfall seasons: December to January and April to May. The surface water temperature in the Berau
delta is relatively constant around 30°C (Arifin and Koesmawati, 2007) and the MAAT in the catchment is
around 28°C (Harger, 1995).

A total of 37 surface sediments of the Berau delta were obtained. Samples from transects in the delta

were retrieved during a cruise of the R/V Geomarin | in July 2003 and surface sediments (0-5 cm) from



stations closer to the river mouth were collected in April 2007 using a Smith-McIntyre grab sampler as
described by Booij et al. (2012) and were frozen at -20°C on board (Fig. 1). These samples have been
studied previously for polycyclic aromatic hydrocarbons (Booij et al., 2012) and for GDGTs and bulk

isotopes (Sinninghe Damsté, 2016).

2.1.5 Soils

Ten soil samples from ten different countries (South Africa, Uruguay, Hawaii, Norway, Honduras, Gabon,
France, China, Brazil and Australia) covering a large range of climate zones, were analyzed for long chain
diols. These samples are part of the original set of soils used for branched GDGT analysis reported in

Weijers et al. (2007), Peterse et al. (2009, 2011) and De Jonge et al. (2014).

2.2 Diol analysis

The surface sediments of the Gulf of Lion have been previously extracted as described in Kim et al.
(2006). Briefly, the samples were extracted with an Accelerated Solvent Extractor (DIONEX ASE 200)
using a mixture of DCM : MeOH (9 : 1 v/v), and the extracts were separated over an activated aluminium
oxide column into three fractions (apolar, ketone and polar). The sediments from the Berau delta were
extracted and fractionated in a similar way (see Sinninghe Damsté, 2016). The surface sediments and
SPM of the Yenisei basin and Amazon basin have been extracted previously as described in De Jonge et
al. (2014) and Zell et al. (2014), respectively. Briefly, the freeze-dried filters and sediments were
extracted using a modified Bligh and Dyer method and separated into core GDGT lipids and intact polar

lipids over a silica column.



The total lipid extracts of 10 soils were base hydrolyzed in 2 mL of 1 N KOH in 96% methanol and
refluxed for 1h. After cooling the mixture was centrifuged, and acidified by adding ImLof 2 N HCl in a
H,0/MeOH mixture. 2 mL of DCM was added followed by centrifugation, and the organic phase was
collected. This procedure was repeated 3 times. This extract was separated on an activated aluminum
oxide column into three fractions using the following solvents: Hexane : DCM (9 : 1, v/v), Hexane : DCM
(1:1,v/v) and DCM : MeOH (1 : 1, v/v). The latter (polar) fraction containing the diols' was dried under a

gentle nitrogen stream.

Diols were derivatized by silylating an aliquot of the polar fraction with-10uL N,0-
Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 10 uL pyridine, heated for 30 min at 60°C and adding
30pL of ethyl acetate. The analysis of diols was performed by gas chromatography-mass spectrometry
(GC-MS) using an Agilent 7990B GC gas chromatograph, equipped with a fused silica capillary column (2
5m x 320 um) coated with CP Sil-5 (film thickness 0.12 um), coupled to an Agilent 5977A MSD mass
spectrometer. The temperature regime for the oven was as follows : 70 °C for 1 min, increased to 130 °C
at 20 °C/min, increased to 320 °C at 4 °C/min, held at 320 °C during 25 min. The gas flow was held
constant at 2 mL/min. The MS source temperature was held at 250 °C and the MS quadrupole at 150 °C.
The electron impact ionization energy of the source was 70 eV. The diols were quantified using Single lon
Monitoring (SIM) of the m/z 299.3 (C,51,14), 313.3 (C,5 1,13, C301,15), 327.3 (C301,14) and 341.3 (Cs,
1,15) ions (Versteegh et al., 1997; Rampen et al., 2012). The fractional abundance of the diols is

expressed as a percentage of the five diols quantified:

. ADiolx
%Diol x = x 100 (5)
AC321,15+AC301,15+AC251,13+AC591,13+AC301,14+AC,51,14

Where A is the peak area of diol and x the diol quantified

10



We calculated the LDI (equation 1) and used the global calibration to obtain the SST as followed

(equation 6, Rampen et al., 2012):

SST = LDI-0.095 (6)
0.033

2.3 Statistical analyses

The data were processed through statistical analysis with the software XLStat 2016. A Principal
Component Analysis (PCA) was performed on the fractional abundances of the diol isomers to provide a
general view of the variability within the distribution of the diols. Correlations have been evaluated with
Pearson r values and considered significant if p values were smaller than 0.005. The average data are

reported with their corresponding standard deviation.
3. Results

Sediments from the Gulf of Lion and river SPM from the Rhéne River all contained diols with variable
distributions (Fig. 2; see Appendix A for values). The Cs, 1,15-diol was the major diol with 50 % of total
diols in the SPM, with the Cs, 1,15-diol as second most abundant diol (18 %). For most of the marine
surface sediments; the C3p1,15-diol was also the dominant diol (average 55 + 15 % of all diols) followed
by the C301,14-, C3, 1,15- and C3¢1,13-diols. The C3¢ 1,15-diol is more abundant in the open marine
sediments compared to coastal sediments, which is also the case for the C,51,13-and C,5 1,14-diols (Fig.
3). The Cs, 1,15-diol comprises 0 to 45 % of diols with a trend towards a higher fractional abundance

closer to the coast.

In the Amazon basin the Czy1,15-diol was the dominant diol in marine surface sediments (55 to 90 %),
followed by the C3y 1,14 (average of 7 = 3 %, Fig. 2). In the river SPM the Cs; 1,15-diol (average of 30 £ 22
% reaching up to 76 %) and Cs1,15-diol (average of 20 + 7 % and reaching up to 47 %) are relatively

11



dominant, while the fractional abundance of Cs, 1,15-diol in the marine sediments is relatively low

(average of 2+1%, Fig. 4).

The C3, 1,15-diol (41 + 18% with values up to 76 % ) and Cs 1,15-diol (average of 19 + 16 % and up to 64
% of total diols) are generally the dominant diols in SPM of the Yenisei River and the marine sediments of
the Yenisei estuary and Kara Sea (Figs. 2 and 5). The C3, 1,13- and C,5 1,13-diols were relatively abundant

in these samples with a combined average of 26 £ 20 %.

The surface sediments from the Berau delta all contained diols with the C331,15-diol being the dominant
diol in the sediments further away from the river mouth (average of 68 £ 20 %), while those close to the
mouth of the Berau River contained much lower amounts (average of 27 + 11 %) and relatively high
fractional abundances of the Cs; 1,15-and C3 1,14-diol (average of 18 £ 4 % and 19 + 10 %, respectively)
(Fig. 2). The sediments further away from the coast'also have a lower abundance (average of 10 * 4 %) of

the Cs, 1,15-diol compared to those close to the river mouth (Fig. 6).

4. Discussion

4.1 Distribution of diols in coastal sediments and river SPM

Our study shows that the diol distribution varies substantially within and between the different regions.
The Gulf of Lion, Berau delta and Amazon marine surface sediments contain the C3y 1,15-diol as the
major diol, whereas for the marine surface sediments of the Kara Sea and the Amazon Shelf the C;, 1,15-
diol is the major diol (Fig. 2). Another interesting feature concerns a latitudinal trend in the proportion of
1,13-diols in marine surface sediments (Fig. 2). The most abundant 1,13-diols are found in surface
sediments of the Kara Sea (>30%), followed by the Gulf of Lion and the Berau delta (between 5-20%) and

the Amazon basin (<3%), i.e. the colder the SST of the shelf sea, the higher the fractional abundance of

12



the 1,13-diols is found. This is in good agreement with the observations made by Rampen et al. (2012,
2014a), who reported higher relative abundances of 1,13-diols in marine sediments with decreasing sea
surface temperatures. The fractional abundance of the Cs3; 1,15-diol is generally higher close to the
mouth of the river in all four areas investigated (Figs. 3- 6) and generally the highest in riverine SPM (Fig.
2). For example, for the Amazon shelf, the surface sediments only have a fractional abundanceof 2+ 1 %

for the Cs3,1,15-diol, while in the SPM of the Amazon it amounts 29 + 22 %.

To confirm the different behavior of the different diols we performed a Principal Component Analysis
(PCA, Fig. 7). The first two principal components combined explain 93 and 76 % of the total variance in
the distribution of the LCDs for the surface sediments and SPM, respectively. The PCA for the surface
sediments shows that for PC1 the C351,15-diol is loaded opposite to the C,3 and Czo 1,13-diols which
aggregate closely together. This opposite loading is consistent with the behavior of these diols with
respect to variations in temperature (cf. Rampen et al., 2012). PC2 of the PCA of the surface sediments
separates the 1,14-diols from the other diols, confirming that they are derived from a different source,
i.e. Proboscia diatoms (Sinninghe Damsté et al., 2003, Rampen et al., 2007). Interestingly, the Cs, 1,15
diol scores opposite to the C3p 1,15-diol on PC1, suggesting a different behavior compared to the C39 1,15
diol. This is even more.evident for the PCA of LCD distribution of the riverine SPM where the Cs, 1,15-diol
loads opposite all other diols on PC1. This suggests that the Cs; 1,15-diol does not have the same source

and/or environmental controls as the other diols.

To furtherinvestigate the controls on the fractional abundance of the Cs, 1,15-diol, we investigated the

relationships between the fractional abundance of the Cs, 1,15-diol, annual mean SST, TOC, 8"3C of bulk
OM (6Cow), BIT index and distance to the river mouth. The §"Cow is a proxy for bulk terrigenous versus
marine OM (Meyers, 1994) and the BIT index is a proxy for input from continental (riverine and soil) OM

into the marine realm (Hopmans et al., 2004; Walsh et al., 2008; Zell et al., 2014 and De Jonge et al.,
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2015). For this comparison we excluded the 1,14-diols from the data set as the 1,14 diols are known to
be produced by another group of organisms (Proboscia diatoms; Sinninghe Damsté et al., 2003; Rampen
et al., 2007) than the 1,13 and 1,15 diols. Thus, the abundance of Cs; 1,15-diol was normalized on the

sum of all 1,13 and 1,15-diols (equation 7):

AC331,15

%632 1,15 =
AC321,15+AC301,15+AC,81,13+AC3¢1,13

x 100 (7)

The results for the combined dataset show no relationship between the percentage of C;, 1,15-diol and
SST (r =0.001, p value=0.99; Table 1) agreeing with the conclusion of Rampen et al. (2012). To the
contrary, there is a significant positive correlation between Cs; 1,15-diol and BIT index (r=0.3, p<0.005,

Table 1) and a significant negative correlation with §"*Cop (r=-0.6, p<0.005, Table 1).

On a regional level, the correlation between Cs; 1,15-diol and BIT index is also observed in the Gulf of
Lion and the Berau delta (r=0.73, p value < 0.005 and r =0.80 p<0.005, respectively) but not for the Kara
Sea and Amazon shelf. In the Kara Sea, the BIT index is high in all surface sediments (>0.4), except for the
most northern sediments, indicating long-distance transport of soil- and riverine derived OM (De Jonge
etal., 2015a). The %Cs; 1,15 is showing the same pattern as the BIT, also indicating long-distance
transport of material into the Kara Sea (Fig. 5). However, because of soil input from cliffs in the Kara Sea
(De Jonge et al., 2015a), the BIT index is also high close to the coast despite a lack of riverine input, while
%Cs, 1,15-diol is low. Therefore, no significant correlation between BIT index and %Cs, 1,15-diol is
observed. For the Amazon shelf, the BIT index is low (mostly <0.1) and §**Coy values are relatively
positive (between -22 and -19%s.), suggesting no substantial continental input in these marine sediments.
This coincides with a low percentage of C;, 1,15-diol (<6%), i.e. much lower than in the other coastal
marine sediments and riverine SPM (Fig. 2) and similar to those of open marine sediments (Rampen et

al., 2012).
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Thus, in general the %Cs; 1,15 is higher close to river mouths, i.e. in sediments with high BIT indices and
low 6" Cowm values and, thus, containing a relatively high contribution of terrigenous OM. In contrast,
%Cs; 1,15 is low (<10%) in open marine sediments not containing a substantial terrigenous contribution
as evidenced by low BIT index and high §"*Coyvalues. Together with the substantially elevated amounts
of C3, 1,15-diol in riverine SPM versus the low amount in nearby marine sediments (Fig. 2), this
collectively suggests that the Cs; 1,15-diol derives, at least in part, from the continent. These results thus
confirm the initial observations of De Bar et al. (2016) for surface sediments of the Portuguese margin

that %Cs; 1,15 is higher close to river mouth due to an input from the continent.

4.2 Riverine production of the Cs, 1,15-diol

To assess if the C3; 1,15-diol is derived from riverine production, or transported by rivers from soil or
vegetation, we analyzed ten soils from diverse areas for the presence of diols. No 1,13-, 1,14- or 1,15-
diols were detected in the examinedsoils, which implies that, most likely, the presence of C;, 1,15-diol in
riverine SPM does not originate from soil erosion transporting material originally produced in soil to the
river. This is in agreement with Shimokawara et al. (2010) who reported traces of some LCDs (C3, 1,17-
and Cs4 1,15-diols) in the surrounding soils of lake Baikal (slopes of the lake) but not the Cs, 1,15-diol.
Furthermore, De Bar et al. (2016) could not detect the Cs, 1,15-diol in Portuguese soils. Alternatively, the
Cs; 1,15-diol could come from vegetation, as some mid-chain diols (C3o to C3¢ 1,w20-diols) have been
reported in land plants and a freshwater fern (Jetter et al., 1996; Jetter and Riederer, 1999; Jetter, 2000;
Speelman et al., 2009). However, to the best of our knowledge the Cs, 1,15-diol has not been reported in
higher plants. Thus, by elimination, it seems likely that the C3;, 1,15-diol is produced in the rivers

themselves and subsequently transported to the marine environment.
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Freshwater eustigmatophyte algae are known to produce the Cs, 1,15-diol (Volkman et al., 1992, 1999;
Rampen et al., 2014b). Within the order Eustigmatophyteae, species of the families Monodopsidaceae
and Goniochloridaceae all produce the C3, 1,15-diol as a major diol, i.e. with a fractional abundance of 40
- 60% for the Goniochloridaceae and 40 - 80% for the Monodopsidaceae (Rampen et al., 2014b).
Furthermore, the Cs; 1,15 diol was found in 90% of the 62 lakes used in the global study of Rampen et al.
(2014b) with 75% of the South American lakes and 30% of the European lake having the C3; 1,15 diol as
the major diol in the sediments. Also, Castafieda et al. (2011) found that the Cs,1,15-diol was the major
diol in lake Malawi. In contrast, in open marine environments, the Cs, 1,15-diol is generally <20 % of the
total LCDs (Rampen et al., 2014b; this study). The regions where the Cs; 1,15-diol represents more than
20 % of the total LCDs are areas under strong riverine influence like the Hudson Bay (Rampen et al.,
2014b). This suggests that riverine/freshwater eustigmatophytes produce the Cs; 1,15-diol in much

higher fractional abundances than the marine producers of LCDs.

Although further research should confirm'this hypothesis, our results suggest that the C;3, 1,15-diol is
predominantly produced in rivers and may therefore potentially serve as a proxy for riverine OM input in
marine environments. Currently, there is no organic proxy which solely reflects riverine OM input. For
example, the BIT index contains both a soil and riverine production component (Weijers et al., 2007; Zell
etal., 2014; De Jonge etal., 2015). Long chain n-alkanes are related to vegetation and soils (Eglinton and
Hamilton, 1963), while the §'C and C/N ratio of bulk OM are also reflecting vegetation, soil and to some
extent riverine OM (Hedges et al., 1997). The different influences on the terrigenous proxies is illustrated
in our regional datasets where sometimes significant correlations between the fraction of Cs, 1,15-diol
and the BIT index or §"*Cow is observed (Gulf of Lion, Berau delta), but sometimes not (Kara Sea). The
study of proxies reflecting different parts of terrigenous OM could potentially disentangle the input of

riverine, soil and vegetation OM in the marine realm.
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4.3. Effect of riverine input on LDI

Our results indicate that the Cs; 1,15 diol is produced in rivers and subsequently transported to coastal
marine environment. This may have an impact on diol distributions in coastal marine sediments,
specifically on SST determination using the LDI, since the eustigmatophytes in rivers most likely also
produce LCDs other than the Cs;, 1,15 diol. We investigated this by calculating SST from the LDI using the
calibration of Rampen et al. (2012) and comparing the values obtained with the satellite-derived annual
mean SST (for the Gulf of Lion and Berau Delta) or annual mean SST obtained from the World Ocean
Database (for the Kara Sea and Amazon shelf). Figure 8 shows the geographical distribution of this
temperature difference for the different areas studied. The LDI-estimated SSTs for the Amazon shelf do
not show any substantial difference with the satellite-derived SSTs, which agrees with the idea that their
surface sediments are unlikely to be affected by a substantial input from the Amazon River (see the
discussion above). In contrast, the LDI-SST values for the Kara Sea are much higher than observed annual
mean SST (+ 0 to +11°C), with a higher difference close to the Yenisei river mouth. This may derive from a
seasonal bias, i.e. the diols can be produced during a specific season and not reflect annual mean SSTs.
For the subpolar Kara Sea, the diols may be more likely produced during summer time rather than winter
time when the sea is frozen and light penetration for photosynthesis is limited. Indeed, when we
compared the LDI-SST with summer SST, the values are much closer, between +0 to +7 °C (Fig. 8) with
the highest difference found close to the river mouth and in the northern surface sediments. The higher
values close to the river mouth may relate to the input of diols from the river. Indeed, there is more Czg
1,15-diol than 1,13-diols in the Yenisei River SPM (Fig. 2), which results in higher LDI values and,

consequently, higher LDI-SST.
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For the Berau delta, the LDI-SST underestimates SST close to the Berau River mouth (Fig. 8, up to -10 °C)
but is similar to the satellite-derived SST further away from the river mouth and within the £2 °C error
range of the LDI-SST calibration (Rampen et al., 2012). This is also the case for the Gulf of Lion, where the
LDI-SST is lower than the satellite-derived SST close to the Rhdne mouth (Fig. 8, up to -5 °C). These trends
are similar to what De Bar et al. (2016) found in the Portugal margin where the SST-LDI gave colder SST-
LDI values closer to the river mouth. De Bar et al. (2016) suggested that this could come from-the
presence of different diol producer communities in the delta region, leading to a production of diols in
different proportions than those of the open marine communities. Regardless of the exact causes, our

results suggest that the LDI should be used with caution in coastal, river influenced areas.

5. Conclusion

The diol distribution in surface sediments from four shelf seas from different climate regions shows that
the C3, 1,15-diol is more abundant close to the coast and even more in rivers sediments and SPM. The
relative abundance of the Cs, 1,15-diol is also'strongly positively correlated to the BIT index, a proxy for
soil and riverine OM input. Together with the absence of the C3; 1,15-diol in soils and vegetation, this
indicates that the Cs;, 1,15-diol inrivers is predominantly derived from riverine in-situ production, most
likely by freshwater eustigmatophyte algae. This makes the relative abundance of the C;, 1,15-diol a
potential proxy for tracing riverine input, both in present day environments such as river mouths as well
as in marine sedimentary records of river outflows. Our study shows that riverine diols affect LDI-

reconstructed SSTs in coastal seas under riverine influence.
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Table 1: Pearson correlation table between the Cs; 1,15-diol and environmental parameters for all the

areas combined. SSTs are from observational data. Values in bold are significant values (p<0.005)

TOC 8¢ SST BITindex Distance* Cs, 1,15-diol
TOC
8¢ -0.758
SST -0.132 -0.305
BIT index 0.591 -0.645 -0.123
Distance* -0.135 0.517 -0.855 -0.027
Cs2 1,15-diol | 0.608 -0.617 0.001 0.341 -0.219

*Distance from the closest river mouth
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Figure legends

Figure 1 Location of the study sites. Surface sediments and suspended particulate matter are

represented by red circles, soil samples are represented by blue squares.

Figure 2 Average diol (C,3 1,13, C531,14, C3, 1,15, C301,13, C39 1,14 and C3 1,15) distributions for the four
coastal areas studied. Distributions for both surface sediments and riverine suspended particulate
matter (when available) are given. Error bars indicate the standard deviations and n is the number of

samples for each location.

Figure 3 Spatial distribution of the relative abundance of the six diols studied (C,5 1,13, C»3 1,14, C3,1,15,
C301,13, C301,14 and C301,15) and, for comparison, the BIT index (from Kim et al. 2006, 2015) in the
surface sediments of the Gulf of Lion (the southernmost site has been excluded). The map was made by

Ocean Data View software, using DIVA gridding.

Figure 4 Spatial distribution of the relative abundance of the six diols studied (C,5 1,13, C53 1,14, C3,1,15,
C301,13, C301,14and C301,15) and, for comparison, the BIT index (from Kim et al. 2012, Zell et al., 2013a,
2013b) in the surface sediments of the Amazon shelf. The map was made by Ocean Data View software,

using DIVA gridding.

Figure 5 Spatial distribution of the relative abundance of the six diols studied (C,5 1,13, C»3 1,14, C3,1,15,
C301,13, C301,14 and C301,15) and, for comparison, the BIT index (from De Jonge et al. 2014, 2015a) in
the surface sediments of the Kara Sea. The map was made by Ocean Data View software, using DIVA

gridding.
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Figure 6 Spatial distribution of the relative abundance of the six diols studied (C,5 1,13, C»3 1,14, C3,1,15,
C301,13, C301,14 and C301,15) and, for comparison, the BIT index (from Sinninghe Damsté, 2016) in the
surface sediments of the Berau delta. The map was made by Ocean Data View software, using DIVA

gridding.

Figure 7 PCA on the relative abundances of Cy31,13, C31,14, C301,13, C301,14, C301,15and C5, 1,15 for
four coastal regions (Gulf of Lion, Amazon shelf, Kara Sea and Berau delta) for (a) surface sediments and

(b) riverine suspended particulate matter.

Figure 8 Difference between satellite-derived SST and SST estimated from the LDI for the Gulf of Lion,
Berau delta, Amazon shelf and Kara Sea. The map was made by Ocean Data View software, using DIVA

gridding.
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Figure 2
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Figure 3
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Figure 4
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Figure 7
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Figure 8
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