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Abstract. Lipid tracers including fatty acids, hydroxyacids,
n-alkanols, sterols and triterpenoids were used to determine
the origin and fate of suspended particulate organic mat-
ter (POM) collected in the Rhone River (France). This sea-
sonal survey (April 2011 to May 2013) revealed a year-
round strong terrestrial higher-plant contribution to the par-
ticulate organic matter (POM), with significant algal inputs
observed in March and attributed to phytoplanktonic blooms
likely dominated by diatoms. Major terrigenous contributors
to our samples are gymnosperms, and more precisely their
roots and stems, as evidenced by the presence of high pro-
portions of w-hydroxydocosanoic acid (a suberin biomarker).
The high amounts of coprostanol detected clearly show that
the Rhéne River is significantly affected by sewage waters.

Specific sterol degradation products were quantified and
used to assess the part of biotic and abiotic degradation of
POM within the river. Higher-plant-derived organic matter
appears to be mainly affected by photo-oxidation and au-
toxidation (free radical oxidation), while organic matter of
mammal or human origin, evidenced by the presence of co-
prostanol, is clearly more prone to bacterial degradation. De-
spite the involvement of an intense autoxidation-inducing ho-
molytic cleavage of peroxy bonds, a significant proportion of
hydroperoxides is still intact in higher plant debris. These
compounds could affect the degradation of terrestrial mate-
rial by inducing an intense autoxidation upon its arrival at
sea.

1 Introduction

With an average water discharge of 1700 m3 s~ (Ludwig et
al., 2009), the Rhone is the main freshwater contributor to
the Mediterranean Sea. Based on various studies, the mean
annual flux of suspended matter is about 6.7 x 108 tyr— over
the period 1967-2008 (Eyrolle et al., 2012), and the annual
particulate organic carbon (POC) flux was estimated to be
1.94+1.09 x 10°tyr—1 (Sempéré et al., 2000). The labile
POC fraction, calculated as the carbon contribution from
sugars and amino acids to Total POC, was estimated to be
between 3 and 27 % depending on the amount of SPM (Sem-
péré et al., 2000). The Rhéne River represents 14 and 10 % of
fresh water and particulate carbon input to the Mediterranean
Sea, respectively (Ludwig et al., 2009). Given the importance
of such a contribution, it is crucial to study the provenance
and composition of the organic matter found in the Rhone,
prior to its arrival in the Mediterranean Sea.

Up until recently, it was widely considered that the terres-
trial particulate organic matter (TPOM) flowing into oceans
through rivers was refractory to degradation (biotic and abi-
otic), since it was constituted of terrestrial plant debris pre-
viously degraded during transport (de Leeuw and Largeau,
1993; Wakeham and Canuel, 2006). However, coastal sedi-
ments have shown very little trace of a terrestrial OM signa-
ture (Hedges and Keil, 1995; McKee et al., 2004), which im-
plies that either global carbon fluxes and budgets are wrong,
or, as is more likely, that terrestrial POM undergoes a rapid
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and intense degradation upon its arrival at sea (Hedges et
al., 1997). The belief that terrestrial POM is refractory to all
sorts of decomposition has been recently challenged through
studies in the Mediterranean Sea (Bourgeois et al., 2011) and
northern Canada (Rontani et al., 2014b), showing that well-
preserved TPOM is heavily degraded upon leaving river sys-
tems. This is why we intend to study the chemical structure
and degradation state of TPOM in the Rhdne River, in order
to better understand how such an intense degradation can be
possible at sea, while it was not during freshwater transport.

In comparison with bulk geochemical analyses, where
813C terrestrial end-member determination is precarious,
813C signatures of organic matter at a molecular level can
be more specific (Tolosa et al., 2013). Unfortunately, car-
bon isotopic data in freshwater ecosystems is not always
source-specific, because freshwater phytoplankton and ter-
restrial plants can often produce similar §13C signatures
(Cloern et al., 2002). Many studies used biomarkers such
as lipids, cutins or waxes in sediment or soil samples in or-
der to determine the specific contribution of plants in or-
ganic matter (Amelung et al., 2008; Simpson et al., 2008).
Sterols (steroidal alcohols) have specific structural features
that can be linked to a restricted number of organisms (Molk-
man, 1986), and can be used to determine the main contribu-
tors to a pool of organic matter. Their degradation products,
such as stanols, 3,6-diols, or triols, can also inform on the
type of degradation undergone (Christodoulou et al., 2009;
Rontani et al., 2009). On the other hand, cuticular waxes and
cutins can be linked to relatively specific higher plant groups
(Mueller et al., 2012), allowing an estimation of the contri-
bution of terrestrial plants to the OM.

There are no studies dealing with the composition of the
plant-derived particulate organic matter carried along the
Rhéne River in the literature. We propose to confirm the hy-
pothesis according to which the POM sampled in the Rhéne
is mainly constituted of terrestrially produced organic mat-
ter traveling with the runoff, while also identifying other
sources of OM, sometimes significantly aquatic/planktonic.
Although limited research has been done on freshwater
plankton dynamics in the Rhone, it has been found that phy-
toplankton communities in the middle Rhéne suffer a high
turnover (Fruget et al., 2001) implying an important potamo-
plankton input in the particulate organic matter flowing down
the river.

Using specific lipids and their degradation products, here
we report for the first time on the different sources of OM in
the Rhéne River and discuss the main degradation processes
affecting this OM.

Biogeosciences, 12, 1431-1446, 2015

2 Materials and methods
2.1 Study area and sampling

The Rhoéne River is 816 km long and has a drainage area
of 97800km? (Fig. 1). The Rhéne being a river prone to
seasonal flooding, our samples span a wide range of water
flow conditions in order to be as representative as possible
(Fig. 2).

To monitor temporal variations of suspended particulate
matter (SPM), POC, nutrients and lipidic biomarkers in the
Rhone River, 30 surface water and particle samples were col-
lected between April 2011 and May 2013 at the Rh6ne River
reference riverine station of Arles, 40 km upstream from the
river mouth (Fig. 1).

The high-frequency study of the nutrients and particulate
matter input by the Rhdne to the Mediterranean Sea has been
carried out since 2010 in the framework of the national pro-
gram MOOSE (Mediterranean Ocean Observing System for
the Environment). Monitoring was undertaken at the Arles
station (Fig. 1). Sampling included filtering between 100
and 400 mL of water on GF/F glass fiber filters, as well
as particles collection using a high-speed centrifuge device
(CEPA Z61) coated with teflon to avoid metal contamination.
For suspended matter determination, water samples were
filtered on pre-weighted GF/F filters. After drying, filters
were weighted to determine the suspended particulate mat-
ter (SPM) content (in mgL~1). Non-weighted filters were
used to quantify Particulate Organic Carbon (POC) contents:
the filters were acidified with 50-100 pL 0.5N sulfuric acid
and dried overnight at 60° C (Raimbault et al., 1999). POC
contents were determined using a high-combustion (900° C)
procedure on a CN Integra mass spectrometer (Sercon). Fil-
trates were used to analyze inorganic nutrients (nitrate, ni-
trite, phosphate) using the automated colorimetric method
described in Aminot and Kérouel (2007), while samples for
silicate analysis were filtrated through a 0.45 pm polycarbon-
ate membrane and kept at 5° C until analysis. Uncertainty
of SPM is estimated to be 0.05mgL~! while the analyti-
cal error for POC determination is 5uM (both errors were
calculated during method validation, using replicates, and
take into account scale and spectrometer precision and de-
tection limits). Chlorophyll concentration was quantified us-
ing methanol extraction according to Raimbault et al. (2004).
Samples (filters, filtrates and particles) were immediately
frozen at —20° C until analysis.

2.2 Chemical treatment of the samples

Prior to analysis all samples were thawed and their wa-
ter content was measured through the weighting of humid
versus oven-dried particles: dry particles (g)/humid parti-
cles (g) x 100. The suspended particles collected (between
200 and 450 mg per sample) first needed to be reduced with
NaBH, and saponified. NaBH4-reduction of hydroperoxides
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Figure 1. Rhone River mouth area and sampling location: “Arles”.
gR and pR denote grand Rhéne and petit Rhéne which are the two
arms of the river.

to alcohols that are amenable to gas chromatography elec-
tron impact mass spectrometry (GC-EIMS) is essential for
estimating the importance of photo-oxidative and autoxida-
tive degradation in natural samples (Marchand and Rontani,
2001). Without this preliminary treatment, these labile com-
pounds can be thermally cleaved during alkaline hydrolysis
or GC analysis and thus be overlooked during conventional
organic geochemical studies. Lipids and their degradation
products in the resulting total lipid extracts (TLESs) were then
quantified by GC-EIMS. All manipulations were carried out
using foil-covered vessels in order to exclude photochemical
artifacts. It is well known that metal ions can promote autox-
idation during hot saponification (Pokorny, 1987). The prior
reduction of hydroperoxides with NaBH, allowed us to avoid
such autoxidation artifacts during the alkaline hydrolysis.

Particles were placed in methanol (MeOH) (15mL) and
hydroperoxides were reduced to the corresponding alcohols
with excess NaBH4 (70mg; 30 min at 20° C). During this
treatment, ketones are also reduced and the possibility of
some ester cleavage cannot be excluded.

Saponification was carried out on reduced samples.
After NaBH, reduction, 15mL water and 2.24g KOH
were added and the mixture directly saponified by re-
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Figure 2. Water flow (m3s~1), suspended particulate matter
(mg L—1) and particulate organic carbon (POC, uM) of Rhone wa-
ters on our sampling dates (MOOSE data). Samples span a wide
range of water flow conditions.

fluxing for 2h. After cooling, the content of the flask
was acidified with HCI (pH1) and extracted (3 x) with
dichloromethane (DCM). The combined DCM extracts
were concentrated to give the TLE. After solvent evapora-
tion, residues were taken up in 300 L of pyridine/N, O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA; Supelco; 2:
1, v:v) and silylated for 1h at 50°C to convert OH-
containing compounds to TMSi-ether or ester derivatives.
After evaporation to dryness under a stream of N>, the deriva-
tized residues were taken up in 100 uL BSTFA (to avoid desi-
lylation of fatty acids) and an appropriate amount of ethyl ac-
etate, depending on the concentration in lipids in each sam-
ple, in order to get the best possible GC-EIMS reading. It
should be noted that under these conditions steran-38,5«,6 8-
triols were silylated only at C3 and C6 and thus need to be
analyzed with great care (Rontani et al., 2014b).

A different treatment was used to quantify hydroperoxides
and their ketonic and alcoholic degradation products. The
samples were extracted three times with chloroform-MeOH-
H>0O (1:2:0.8, v:wv:v) using ultrasonication. The super-
natant was separated by centrifugation at 3500G for 9 min.
To initiate phase separation, purified H>O was added to the
combined extracts to give a final volume ratioof 1: 1 (v : v).
The upper aqueous phase was extracted three times with
DCM and the combined DCM extracts were filtered and the
solvent removed via rotary evaporation. The residue obtained
after extraction was dissolved in 4mL of DCM and sepa-
rated in two equal subsamples. After evaporation of the sol-
vent, degradation products were obtained for the first sub-
sample after acetylation (inducing complete conversion of
hydroperoxides to the corresponding ketones, Mihara and
Tateba, 1986) and saponification and for the second after re-
duction with NaBD4 and saponification. Comparison of the
amounts of alcohols present after acetylation and NaBDy re-
duction made it possible to estimate the proportion of hy-
droperoxides and alcohols present in the samples, while af-
ter NaBD4-reduction deuterium labeling allowed us to esti-
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mate the proportion of ketones really present in the samples
(Marchand and Rontani, 2003).

2.3 GC-EIMS analyses

Lipids and their oxidation products were quantified using
an Agilent 7850-A gas chromatograph connected to an Ag-
ilent 7000-QQQ mass spectrometer. The following condi-
tions were employed: 30 m x 0.25 mm (i.d.) fused silica col-
umn coated with HP-5MS (Agilent; film thickness: 0.25 pm);
oven programmed from 70 to 130° C at 20° Cmin—1, then
to 250° C at 5° Cmin~?! and then to 300° C at 3° Cmin—!;
carrier gas (He), 1.0bar; injector (splitless), 250° C; injec-
tor (on column), 50° C; electron energy, 70eV; source tem-
perature, 230° C; quadrupole temperature, 150° C; m/z 40—
700; collision energy, ranging from 5 to 15 eV; collision flow,
1.5mL min~1 (N5); quench flow, 2.25 mL min—! (He); cycle
time, 0.2s. An on-column injector was used for the analy-
sis of sterol degradation products and a splitless injector for
the analysis of FA degradation products. Compounds were
assigned by comparison of retention times and mass spectra
with those of standards and quantified (calibration with exter-
nal single standards) with GC-EIMS. For low concentrations,
or in the case of co-elutions, quantification was achieved us-
ing selected ion monitoring (SIM) or multiple reaction mon-
itoring (MRM). The main characteristic mass fragment ions
used to quantify degradation products of sterols have been
described previously (Christodoulou et al., 2009; Rontani et
al., 2011). Using replicates, the analytical standard error for
lipid quantification (from preparation to integration) was es-
timated to be 14 % (Standard Error = Standard Deviation /
J/(n) for n replicates).

3 Results and discussion

3.1 Water discharge, suspended particulate matter
(SPM) and particulate organic carbon (POC)

Water flow patterns in the Rhéne show pronounced seasonal
variations predominantly influenced by three factors that
can induce maximum discharge (Vivian, 1989): snow melt-
ing (May-June), intense rains in the south basin (October—
November) and rains over the entire basin (January—March).
During our sampling period the daily flow rate fluctu-
ated between 680 (19 September 2012) and 4661 m3s~1
(5 November 2011; Fig. 2). Suspended particulate mat-
ter (SPM) and POC concentrations (Fig. 2) ranged from 6.5
to 1381.3mgL~! and from 17.9 to 1383.3uM C, respec-
tively.

The temporal evolution of SPM clearly followed the same
pattern as water discharge (Fig. 2), which is typical for river
systems (Jansson, 1982). The samples collected on flood
dates (November 2011, May 2013, liquid discharges above
3000 m3s~1) display the highest SPM content and POC val-
ues (Fig. 2). POC expressed as a percentage of SPM ranged

Biogeosciences, 12, 1431-1446, 2015

from 0.8 to 11.6 %, and tends to be lower when water flows
are highest (Sempéré et al., 2000)

3.2 Use of lipid tracers to estimate the composition and
origin of POM collected in the Rhéne River

3.2.1 Sterols

Based on a literature review, cholest-5-en-38-ol (choles-
terol), 24-ethylcholest-5-en-38-ol (sitosterol if the C-
24 stereochemistry is 24«), cholesta-5,24-dien-38-ol
(desmosterol), 24-methylcholesta-5,24(28)-dien-38-ol (24-
methylenecholesterol), 24-methylcholesta-5,22-dien-38-ol
(brassicasterol and/or epi-brassicasterol depending on
C-24 stereochemistry) and 24-methylcholest-5-en-38-ol
(campesterol) have been selected as tracers of the origin of
POM. Apart from cholesterol, which can originate from a
wide number of sources, all the other quantified sterols are
relatively source-specific. Sitosterol constitutes the major
sterol in higher plants, even though it can also be found
in diatoms (Molkman, 1986), and is often used to trace
terrestrial organic matter in lacustrine and marine systems
(e.g., Meyers and Ishiwatari, 1993). Desmosterol is mainly
found in algae (Molkman, 1986). 24-Methylenecholesterol
is mainly found in diatoms, more particularly in the Tha-
lassiosira and Skeletonema genera in the marine realm
(Molkman, 2003). Epi-brassicasterol is mostly found in algae
(Volkman, 1986).

All samples are dominated by sitosterol and cholesterol,
with proportions being on average 3 times higher than those
of the other sterols, apart from the 6 March 2012 sample (Ta-
ble 1). This sample exhibits a rather different profile, domi-
nated by desmosterol (0.122 ugmg~1 (dry weight)) and 24-
methylenecholesterol (0.096 pgmg~1 (dry weight)), with a
strong contribution from brassicasterol (0.026 ugmg~1 (dry
weight)) compared to all other samples. All these sterols have
been considered to be planktonic markers, and have been
summed to compose the planktonic sterol fraction shown
in Fig. 3a. This fraction forms the major part of the total
sterol fraction of the March 2012 sample, evidencing a phy-
toplanktonic bloom event. Given the nature of the sterols in-
volved (desmosterol, methylene-cholesterol), diatoms seem
to be major contributors (Rampen et al., 2010). This concurs
with the drops in silica observed at the same period (MOOSE
data, unpublished). As we see an increase, although less im-
portant in the proportion of planktonic sterols in the Spring
2013 samples (20 times less in quantity when compared
to the 6 March 2012 sample, but still constituting 31 and
27 % of the total of all sterols quantified in the 12 and 21
March 2013 samples respectively), this type of planktonic
event is probably a yearly spring occurrence but our sam-
pling frequency was not adapted to study blooms that can
appear and disappear in a matter of days. Sitosterol has been
previously identified in marine algae, and more widely as
the major sterol in higher terrestrial plants (Volkman, 1986,

www.biogeosciences.net/12/1431/2015/
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Table 1. Percentages of sterols (relative to the sum of sterols quantified), and sitosterol : campesterol ratio in the samples investigated.

Date Sitosterol  Cholesterol ~ Desmosterol  Brassicasterol ~ Methylene-  Campesterol Sitosterol :

Cholesterol Campesterol ratio
5 April 2011 74.4 12.7 0.4 49 1.2 6.4 11.6
18 July 2011 21.2 455 2.6 16.1 33 11.3 1.9
4 November 2011 54.1 23.8 1.9 10.0 2.2 8.0 6.7
5 November 2011 60.2 21.4 1.2 7.7 1.7 7.9 7.6
7 November 2011 56.7 28.6 0.4 6.1 1.3 6.9 8.2
14 November 2011 34.6 45.7 0.9 10.0 15 7.4 4.7
19 December 2011 52.5 29.1 05 75 1.9 8.5 6.2
16 January 2012 39.2 43.6 1.3 6.7 1.8 7.4 53
6 March 2012 17.6 12.4 28.8 6.2 22.6 12.4 1.4
17 April 2012 36.5 39.3 4.7 8.2 29 8.4 44
2 May 2012 38.4 414 2.1 9.5 1.9 6.7 5.7
22 May 2012 325 43.6 4.4 10.3 2.6 6.5 5.0
11 June 2012 35.0 435 2.5 9.6 1.6 7.7 45
26 June 2012 24.7 54.9 2.6 10.0 1.8 6.0 4.1
25 July 2012 21.6 375 3.9 20.8 44 11.7 1.8
5 September 2012 22.6 46.6 3.4 15.4 33 8.6 2.6
19 September 2012 21.1 44.3 3.8 19.1 3.0 8.7 24
3 October 2012 27.4 46.7 2.3 11.9 1.9 9.8 2.8
16 October 2012 42.9 38.9 1.4 7.8 1.4 7.6 5.7
6 November 2012 44.9 36.9 2.0 7.3 1.8 7.1 6.3
17 December 2012 66.3 22.8 1.0 35 1.2 5.2 12.7
10 January 2013 46.9 34.8 2.5 7.1 15 7.2 6.5
22 January 2013 36.0 48.4 1.4 6.9 1.3 6.1 5.9
4 February 2013 50.0 39.2 0.8 4.0 0.8 5.1 9.8
13 February 2013 55.4 30.7 2.0 48 1.3 5.9 9.4
12 March 2013 35.1 27.6 14,5 9.0 7.6 6.2 5.7
21 March 2013 37.4 29.0 111 8.9 6.6 7.2 5.2
17 April 2013 35.6 45.6 2.6 7.0 25 6.7 53
2 May 2013 59.0 24.5 11 6.8 1.7 6.8 8.7
13 May 2013 49.7 38.6 0.0 4.6 11 6.1 8.2
Average 41.0 35.9 3.6 8.9 3.0 7.6 5.9
SD 14.6 10.7 5.6 4.2 4.0 1.8 2.8

2003). However, the clear increase observed here in March
2012 demonstrates that it is also present in potamoplankton
(Fig. 3a). The presence of cholesterol can indicate a zoo-
plankton contribution (Molkman, 1986), but it is also often
found in freshwater algae (Molkman et al., 1981; Gagosian et
al., 1983), and can also evidence human impacts (Sicre et al.,
1993). The relatively high proportions of 58(H)-cholestan-
3B-ol (coprostanol) detected in the samples investigated (see
Sect. 3.3.2) clearly show that in the Rhéne River cholesterol
mainly arises from waste water inputs (Brown and Wade,
1984).

We also looked at the ratio sitosterol / campesterol (Ta-
ble 1) as an indicator of the terrigenous versus diatom
origin of our POM. While many plants have a sitos-
terol / campesterol ratio of less than 4 (Molkman, 1986),
Nishimura and Koyama (1977) reported values ranging from
11.5 (Pinus densiflora) to 31 (hollyllex pedunculosa). Dachs
et al. (1998) identified the threshold of 1 as the limit un-
der which samples are dominated by OM of aquatic ori-

www.biogeosciences.net/12/1431/2015/

gin, and above which sources of OM are terrigenous. In our
case, all the samples present a sitosterol / campesterol ratio
above 1, mainly between 2 and 8 (up to 12). Three samples
show a ratio near 1 (July 2011 and 2012 and March 2012;
Table 1), a low value which confirms the presence of di-
atoms in the plankton since freshwater diatoms exhibit sitos-
terol / campesterol ratios close to 1.0 (Ponomarenko et al.,
2004).

3.2.2 Terrestrial vascular plant biomarkers

The contribution of terrestrial vascular plants to our samples
is also evidenced by the presence of the triterpenoids betulin
(lup-20(29)-ene-38,28-diol), oleanolic (38-hydroxyolean-
12-en-28-0ic) and ursolic (38-hydroxyurs-12-en-28-oic)
acids (Razbor3ek et al., 2008) as well as components
of cuticular waxes (16,8-11-dihydroxyhexadecanoic,
w-hydroxyhexadecanoic,  w-hydroxyoleic and 18-
hydroxyoctadec-9-enoic  acids)  (Kolattukudy, 1980)

Biogeosciences, 12, 1431-1446, 2015
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Figure 3. Sitosterol and planktonic sterols (a), cuticular waxes and
betulin (b) and poly-unsaturated fatty acid (PUFA) (c) contents of
the different samples. Standard error shown was estimated to be
14 % (see Sect. 2.3). Phytoplanktonic blooms are evidenced by the
spike in planktonic sterols, and while the other tracers show the
terrigenous origin of the POM sampled, the ubiquitous nature of
sitosterol is made clear.

(Fig. 3b). Betulin has been proposed as a tracer for pa-
per birch (Fine et al., 2001), a common species along the
Rhéne River, while oleanolic and ursolic acids are widely
distributed in terrestrial higher plants (Liu, 1995). The
amount of cuticular waxes is variable amongst samples,
between 0.02 and 3.8 pg mg~(dry weight), with the highest
in the 5 April 2011, 2 May 2013 and 4 November 2011
samples (3.8, 2.2 and 1.7ugmg~?! respectively). Two of
these sample dates (2 May 2013 and 4 November 2011)
happen to be flood dates. It is clear that floods, during which
higher water flows are coupled to surface runoff, collect and
carry more terrestrial plant leaf debris, and hence increase
the amount of cuticular waxes found in our samples. The
yearly variations in quantity are probably due to the fact
that waxes (linear compounds) are more easily degraded by
bacteria than cyclic structures such as sterols or triterpenoids
(Atlas and Bartha, 1992).

The betulin and sitosterol concentrations are significantly
correlated in most of our samples (r = 0,67 between sitos-
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terol and betulin, on 29 samples, p-value = 3.10~°, exclud-
ing the 6 March 2012 sample due to its out-of-range phy-
toplanktonic profile), thus reinforcing the idea that in the
Rhone River sitosterol mainly results from terrestrial higher
plant inputs. However, at the time of the spring bloom a sig-
nificant part of this sterol seems to derive from potamoplank-
ton (Fig. 3b).

Another ratio commonly used to attest to the terrige-
nous origin of compounds is the Terrigenous-to-Aquatic ratio
(TAR, Bourbonniere and Meyers, 1996). Here we used the
TAR(aL) as calculated by Van Dongen et al. (2008) for n-
alkanols: (C26+C2s8)/(C16+C1g). The TAR(aL) in our sam-
ples is always above 1, and clearly indicates a strong ter-
rigenous contribution to the suspended particulate matter
found in the lower Rhéne. The Average Chain Length of n-
alkanols, a proxy positively correlated to the abundance of
higher plant debris (Van Dongen et al., 2008), ranged from
26 to 22 across all samples, also attesting to the strong con-
tribution of terrestrial vascular plants. The long-chain even-
numbered r-alkanol profiles show a strong contribution of
Co2 and Cpg n-alkanols. Compared with those previously de-
scribed in the literature (Diefendorf et al., 2011), this char-
acteristic suggests a strong gymnosperm contribution, which
concurs with the low amounts of long-chain n-alkanes de-
tected.

3.2.3 Chlorophyll

The available data on chlorophyll « (MOOSE database, only
available for 2012 and 2013) show a content variability be-
tween 0.9 (10 October and 6 November, 2012) and 14.0 (3
April 2012) mgm~—2 (Fig. 4a). Chlorophyll a is frequently
used as a proxy for photosynthetic organisms and the vari-
ation observed here is consistent with the hypothesis of a
yearly phytoplanktonic spring bloom, with a larger magni-
tude for the 2012 event.

3.2.4 Fatty acids

A number of saturated linear fatty acids have been found
in our samples, with C16.9 and C1g.0 being the most abun-
dant (Table 2). These fatty acids are not specific, and can
stem from a number of sources including terrestrial vascu-
lar plants, algae and bacteria (Volkman et al., 1981). More
recently. Ci6:1,7 and Cao:543 (eicosapentaenoic acid) were
identified as two of the main fatty acids in Bacillariophyceae
(Taipale et al., 2013). These two markers are present in our
samples, and together form 40.5 and 34.1 % of the 6 March
2012 and 12 March 2013 samples (versus an average of
13.2% across all samples), which, when coupled with our
sterol analysis, concurs with our hypothesis that diatoms are
major contributors in the algal blooms identified. It is worth
noting that in the 3 October 2012 sample, Ci6.1,7 forms
53.6 % of all quantified fatty acids, while Cyp.5,3 iS com-
pletely absent (0 %), and therefore these markers alone can-
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Figure 4. Chlorophyll a levels (MOOSE data) and percentage of
photodegradation of chlorophyll, calculated using CPPI (Cuny et
al., 1999) in the Rhéne waters on and around sample dates.

not be considered to be specific enough in natural river water
samples which can contain a number of fatty acids from var-
ious sources.

Longer-chain saturated fatty acids (between Cyp and Cog)
with a strong even-chain predominance, which are specific
to the epicuticular waxes of vascular plants (Kunst and
Samuels, 2003), are scarcely present in our samples, with Cg
and Cy, being the most abundant relative to the others: over
98 % (on average) of the total of long-chain (C2p—Csg) satu-
rated fatty acids across all samples. Due to the high degrad-
ability of fatty acids, a number of them could not be quanti-
fied, potentially leading to an underestimation of higher plant
contribution.

Polyunsaturated fatty acids are present in very low propor-
tions in our samples, apart from the 6 March 2012 and 12
March 2013 samples where they contributed to 44 and 40 %
of total fatty acids (Fig. 3¢ — quantified using the total of all
PUFA quantified between C14 and Cyg). These high contri-
butions support the presence of a high proportion of fresh
algal material in these samples.

If we compare the average chain length (ACL) of fatty
acids in our samples with that of r-alkanols, it appears
clearly that the ACL of fatty acids is lower, with an average
of 16.7 across samples, against 23.9 for alcohols. It is widely
accepted that fatty acids are more prone to bacterial degrada-
tion than other lipids (Wakeham, 1995), and long-chain fatty
acids tend to be degraded more efficiently by a number of
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bacteria (Novak and Carlson, 1970). Such a bacterial degra-
dation could explain the ACL difference between n-alkanols
and fatty acids, and the lack of terrestrial higher-plant fatty
acids in our samples, while other markers for higher plants
(such as waxes or betulin) are present in large quantities.
This is reinforced by the fact that we also find a relatively
high proportion of vaccenic acid in our samples, a specific
marker for bacterial activity (Sicre et al., 1988)

3.2.5 Hydroxyacids

Hydroxyacid contents were low during the period studied but
some samples (18 July 2011, 4 November 2011 and 16 Jan-
uary 2012) exhibited high amounts of Cy; w-hydroxyacid
and small quantities of Cyp and Cy4 homologues (Table 2).
These compounds are generally considered to be suberin
markers when found in soil (Nierop, 1998; Otto et al., 2005),
even though they have been found in leaves and stems of
higher plants as well (Mendez-Millan et al., 2010). Suberin
is a cell wall component of cork cells, and is mainly found in
bark, woody stems and roots (Kolattukudy, 1980). Given the
geographical location of our sampling point, we can consider
this compound to be a marker of industrial activity, prob-
ably associated with a paper paste mill less than 3km up-
stream. The mill uses mainly local conifers (collected within
a 250km radius according to the company, Paper Excel-
lence, 2014), more particularly Pinus halepensis, Pinus ni-
gra, and Pinus sylvestris (Etude AGRESTE, 2011) and is au-
thorized to reject a certain amount of wastewater in the river.
This is consistent with our findings that the POM is domi-
nated by gymnosperms. Pinus species also display a sitos-
terol / campesterol ratio of between 5 and 10 (Conner et al.,
1980) in line with most of our samples as well. This indus-
trial contamination could explain the large contribution of
gymnosperms to our POM, and implies that we consider the
extra input of terrestrial plant matter that will be released,
and degraded, at sea.

As a summary, the overall lipid composition of the Rhéne
River SPM is characterized by major terrestrial higher
plant components (mainly derived from gymnosperms) with
episodic, but significant, contributions from freshwater algal
material (probably dominated by diatoms) in the spring. De-
spite the strong concentration of industries along this river,
SPM appears to be very weakly contaminated by petroleum
hydrocarbons, but is strongly impacted by the local paper
mill and wastewater discharges (see Sect. 3.2.2).

3.3 Use of lipid tracers to estimate the degradation
state of POM from the Rhéne River

If they can inform us on the origin of organic matter in nat-
ural environments, lipid biomarkers are also invaluable in
helping us estimate biotic and abiotic alterations of organic
matter and determine what are the main processes involved
in its degradation. Products resulting from the degradation
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of sterols, chlorophyll, monounsaturated fatty acids and hy-
droxyacids are among the most useful and specific tracers.

3.3.1 Chlorophyll

The absorption of light by some compounds, called photo-
sensitizers, in the presence of oxygen (regardless of these
compounds being endogenous or not) causes an oxidation
whose effects, chemical or biological, are mostly adverse
(Spikes and Straight, 1967). Photosensitizers induce chem-
ical reactions via the absorption of light that would not oc-
cur in their absence. Photosensitizers (Sens) are involved
in indirect photo-oxidative processes: they have two sys-
tems of electronically excited states, 1Sens and 3Sens. The
triplet state is much longer lived than the singlet state, which
is the initial product issued from light absorption. Indirect
photo-oxidation (photo-sensitized oxidation) can be intense
during the senescence of phototrophic organisms (Rontani,
2012) due to the presence of chlorophyll, which is a very
efficient photosensitizer (Foote, 1976) capable of generat-
ing singlet oxygen particularly reactive towards unsaturated
cellular components (Type 1l photoprocesses). Chlorophyll
may be also directly photodegraded by solar light (Nelson,
1993). Direct photodegradation of chlorophyll and Type Il
photo-oxidation of unsaturated cellular components can be
thus considered two competitive photo-processes.

In the photic layer of aquatic environments, photo-
oxidation has long been considered a major degradation
process for phytoplankton chlorophyll pigments (Lorenzen,
1967; Vernet, 1991). Since we have no marker stable and spe-
cific enough for chlorophyll tetrapyrrolic ring photodegrada-
tion, we used the CPPI (Chlorophyll Phytyl side chain Pho-
todegradation Index) for the in situ determination of the rate
of photodegradation of chlorophyll (Cuny et al., 1999). In-
deed, the photodegradation of the chlorophyll phytyl side
chain produces 3-methylidene-7,11,15-trimethylhexadecan-
1,2-diol (phytyldiol), specific of Type Il chlorophyll pho-
todegradation and widespread in the environment (Cuny and
Rontani, 1999). The CPPI, (phytyldiol:phytol molar ratio)
can be linked, through a mathematical model, to the global
quantity of photodegraded chlorophyll (Cuny et al., 1999),

The photodegradation rate of chlorophyll fluctuates
greatly (Fig. 4b). The 6 March 2012 and 12 March 2013 sam-
ples display very low rates (2.6 and 9.8 % respectively), in
line with our identification of planktonic blooms in March
2012 and 2013. Such blooms result in an increase of fresh
chlorophyll inputs, with intact phytyl side chains, and thus
in a decrease of CPPI. The dips in chlorophyll photodegra-
dation rates can help us identify blooms, or at least periods
when the input of chlorophyll is higher. The summer 2012
samples (July and September) also display a low photodegra-
dation rate ranging from 8.8 to 13.9 % while their amount of
planktonic sterols increases slightly.

www.biogeosciences.net/12/1431/2015/

3.3.2 AS-sterols

A®-sterols possess structural features that can be restricted
to a limited number of organisms (Molkman, 1986, 2003).
Moreover, biotic and abiotic degradation processes result to
specific functionalizations of their cyclic skeleton (De Leeuw
and Baas, 1986), which are very useful to estimate the rel-
ative importance of these processes (Christodoulou et al.,
2009; Rontani et al., 2009). Consequently, degradation prod-
ucts of A%-sterols constitute excellent biomarkers for tracing
diagenetic transformations of specific organisms (Macken-
zie et al., 1982). Using these tracers to evaluate the rel-
ative influence of different degradation processes requires
that their removal rate (by further degradation) is compa-
rable to that of the parent A°-sterol. Although each sterol
and its degradation products may be potentially totally min-
eralized by marine bacteria, we assume that they should ex-
hibit similar reactivity towards bacterial degradation. This
assumption is based on the fact that aerobic biodegradation
of sterols generally involves initial attack on the side chain,
which is similar in all the degradation tracers selected to that
of the corresponding parent A®-sterol. Moreover, it may be
noted that 38, 5«, 68-steratriols, employed for autoxidation
estimates are weakly affected by abiotic degradation pro-
cesses. This is also the case for A*-6a/ -hydroperoxysterols
(photo-oxidation tracers), which are much more stable than
A°-TalB- and A®-5x-hydroperoxysterols (Christodoulou et
al., 2009). Indeed, B-scission of the alkoxyl radicals re-
sulting from homolytic cleavage of A°-7-hydroperoxysterols
and A8-5-hydroperoxysterols affords secondary and tertiary
radicals, respectively, more stable than the primary radi-
cal resulting from the cleavage of A%-6-hydroperoxysterols
(Christodoulou et al., 2009). Moreover, proton driven cleav-
age (Hock cleavage) of A5-7-hydroperoxysterols and A6-5-
hydroperoxysterols involves a highly favored migration of
vinyl group (Frimer, 1979), while only an unfavored mi-
gration of alkyl group is possible in the case of AS6-5-
hydroperoxysterols (Rontani et al., 2014a).

Aerobic bacterial hydrogenation may convert A°-sterols
to 5a(H)-stanols, 5«(H)-stanones and ster-4-en-3-ones
(Gagosian et al., 1982; De Leeuw and Baas, 1986; Wake-
ham, 1989). During the treatment undergone by our samples
(NaBHy4 reduction), 5a(H)-stanones and ster-4-en-3-ones are
respectively converted in 5a(H)-stanols and ster-4-en-3-ols;
these compounds hence constitute useful markers of bacte-
rial degradation of sterols. To evaluate the proportion of bio-
logical degradation of cholesterol, and to better trace human
impacts on the OM found in the Rhéne, we also included
coprostanol and epicoprostanol in its biodegradation prod-
ucts. Sterol biodegradation percentages were estimated using
Eq. (1a) and (1b). Coprostanol (58(H)-cholestan-38-ol) is a
stanol that arises from the anaerobic microbial degradation
of cholesterol in the digestive tracts of higher land mammals,
including man (Martin et al., 1973). Epicoprostanol (58(H)-
cholestan-3-ol) is not a major sterol in human faeces, but it

Biogeosciences, 12, 1431-1446, 2015
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is often used as an indicator of sewage treatment (McCalley
et al., 1981):

sitosterol biodegradation% = [sitostanol]/[sitosterol]  (1a)
x 100

cholesterol biodegradation% = [cholestanol+ (1b)
coprostanol + epicoprostanol]/[cholesterol] x 100.

Free radical autoxidation yields mainly A®-38, 7a/g-
hydroperoxides and in smaller quantities 5,6-epoxysterols
and 38,5«,6 8-trihydroxysterols. 38,5«,6 8-trihydroxysterols
were chosen as tracers of autoxidation (Christodoulou et al.,
2009; Rontani et al., 2009) and the sterol autoxidation per-
centage was estimated using Eq. (2) based on autoxidation
rate constants calculated by Morrissey and Kiely (2006):

sterol autoxidation% = ([38, 5«, 68 — trihydroxysterols]
2)

x 2.4)/[sitosterol or cholesterol] x 100.

10,-mediated photo-oxidation (Type 1l photoprocesses)
yields mainly A®-5x-hydroperoxides and to a lower ex-
tent A%-38, 6al/B-hydroperoxides. AS-5¢-hydroperoxides
are unstable and are converted very easily to the non-
specific 7-hydroperoxides, so they were discarded as mark-
ers of photo-oxidation. Although produced in lesser amounts,
A%-38, 6alp-hydroperoxides, which are relatively stable
and highly specific, have been chosen as tracers of photo-
oxidation processes and quantified after NaBH,4 reduction
to the corresponding diols. The percentage of sterol photo-
oxidation was estimated using Eq. (3) (Christodoulou et al.,
2009), based on the ratio A*-6«/B-hydroperoxides/A8-5q-
hydroperoxides found in biological membranes (0.30) (Ko-
rytowski et al., 1992):

sterol photo — oxidation% = (3)
([A* — 3B, 6/ B-dihydroxysterol ]
x (14 0.3)/0.3)/[sitosterol or cholesterol] x 100.

Here, values are expressed in proportions relative to the
amount of remaining parent sterol in the sample. A total per-
centage of over 100% hence only means that degradation
products were present in larger quantities than their associ-
ated parent sterol.

The results of the evaluation of sitosterol and choles-
terol degradation processes are shown in Fig. 5. The most
highly degraded samples sitosterol-wise were the ones from
18 July 2011, 26 June 2012 and 22 January 2013. Inter-
estingly, cholesterol degradation shows a completely dif-
ferent trend. When looking at the type of degradation un-
dergone by AS-sterols, it also appears clearly that, if auto-
and photo-oxidation processes are the major drivers of sitos-
terol oxidation, biodegradation is the major player in choles-
terol degradation. Hedges and Keil (1995) hinted that sterols

Biogeosciences, 12, 1431-1446, 2015

B Photo-oxidation (%) B Autoxidation (%)

[ Biodegradation (%)

W Autumn -)ﬁ(— Winter

Figure 5. Biotic and abiotic degradation of sitosterol (a) and choles-
terol (b) in the different samples. Full error shown here incorporates
the 14 % analytical standard error estimated for lipid quantification
for all terms of the equations used. Sitosterol and cholesterol clearly
have very different degradation patterns.

associated with waxy higher plant material might not be
as prone to enzymatic degradation as other sterols, which
would explain why sitosterol is only weakly biodegraded in
our samples. Indeed, even though we showed that sitosterol
is also produced during spring phytoplanktonic blooms, it
is mainly derived from higher plants in most of the sam-
ples investigated. The dominance of coprostanol relative to
cholestanol attests to a strong contribution of human or an-
imal faeces to the cholesterol present in the Rhéne River.
Here we used two different ratios in order to better under-
stand how human activities and wastewaters affect the Rhéne
waters. The first ratio, used to determine if waters are af-
fected by waste water inputs and runoff has been previously
used by Writer et al. (1995), and is calculated as follows: co-
prostanol / (cholesterol + cholestanol). These authors have
defined a threshold of 0.06 above which samples are consid-
ered affected by wastewater inputs and runoff from pastures
and feedlots, and below which they can be considered pris-
tine. The second ratio is the epicoprostanol : coprostanol ratio

www.biogeosciences.net/12/1431/2015/
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proposed by Mudge and Seguel (1999), in order to illustrate
the level of treatment undergone by wastewaters. The higher
the ratio, the more treated the waters are, as epicoprostanol
is only present in traces in primary sludge, while it is present
in much higher quantities in treated sludge (McCalley et al.,
1981). Both ratios are represented in Fig. 6 and they show
that the Rhdne is undeniably affected by wastewaters and, to
a much lower extent given the historical land use around the
Rhéne, pasture runoff. However, we noted that both the ratio
and the threshold used are unofficial and in no way are proof
of a large-scale contamination or pollution. We only high-
light here the non-pristine state of the Rhéne waters, which
is logical given the level of urbanization along the river. The
epicoprostanol : coprostanol ratio also shows fluctuations in
the level of treatment of wastewaters, and fluctuates with flow
rates and precipitation levels.

During senescence, unsaturated higher plant lipids (and
notably A®-sterols) may be photodegraded (type Il photo-
oxidation), with chlorophyll acting as a sensitizer (Rontani
et al., 1996). Sitosterol present in higher plant phytode-
tritus should thus have been intensely photodegraded on
land. However, the photo-oxidation rate estimates appeared
to be relatively low compared to that of autoxidation and
biodegradation (Fig. 5a). This is probably due to an intense
free-radical-driven breakdown of hydroperoxides produced
during photo-oxidation (Rontani et al., 2003). The photo-
oxidation percentages displayed here are thus certainly un-
derestimated.

The presence of large amounts of 24-ethylcholestan-
38,5a,68-triol in most of the samples indicates that autoxi-
dation plays an important role in the degradation of sitosterol
(Fig. 5a). Autoxidation (spontaneous free radical reaction of
organic compounds with O2), which has been largely ignored
until now in the environment, seems to play a key role in the
degradation of sitosterol (Fig. 5a) and thus of higher plant
material carried by the Rhéne River. This assumption was
well supported by the detection of significant proportions
of compounds deriving from betulin autoxidation (data not
shown). Recently, it has been demonstrated that autoxidation
plays a key role in the degradation of terrestrial (Rontani et
al., 2014b) and marine (Rontani et al., 2014a) vascular plant
debris in seawater. There is clearly a growing body of evi-
dence suggesting that autoxidation reactions can strongly im-
pact the preservation of particulate organic matter in the envi-
ronment and should be considered carefully alongside other
removal processes such as biodegradation when construct-
ing carbon cycles and evaluating carbon budgets. The lowest
autoxidation rates observed in samples from 6 March 2012
and 12 March 2013 may be attributed to the phytoplanktonic
bloom events, with high inputs of fresh material. While there
is variability in the amount and type of degradation under-
gone by sterols in the sampled particulate matter, it is evident
that sitosterol and cholesterol behave very differently when
being degraded.

www.biogeosciences.net/12/1431/2015/

3.3.3 Unsaturated fatty acids and cuticular waxes

Fatty-acid sensitivity to photo- and autoxidation is intrin-
sically linked to their number of double bonds (Frankel,
1998), and we will only be looking at unsaturated fatty
acids here. Unfortunately, oxidation products of polyunsat-
urated fatty acids (PUFA) are not stable enough to be used
to monitor PUFA degradation. In contrast, photo- and au-
toxidation products of mono-unsaturated fatty acids (allylic
hydroperoxyacids) are much more stable, and can be used
(after NaBH4-reduction to the corresponding hydroxyacids)
as tracers of the abiotic oxidation processes affecting POM
(Marchand and Rontani, 2001). Free-radical-mediated oxi-
dation (autoxidation) processes can be easily discriminated
against photo-oxidation processes thanks to the specific al-
lylic hydroperoxyacids specifically produced by autoxidative
processes (Marchand and Rontani, 2001).

Samples only displayed small amounts of oxidation prod-
ucts of oleic acid (not quantified), probably due to the
fact that unsaturated fatty acids and their degradation prod-
ucts are very labile and easily metabolized by bacteria
(Marchand et al., 2005). Despite this degradation, the pro-
files obtained by GC-MS (exhibiting relatively high pro-
portions of cis oxidation products) allowed us to confirm
the important role played by autoxidation in the degrada-
tion of POM in the Rhéne River. Cutin is present in cu-
ticles covering all aerial parts of higher plants. It is con-
stituted of biopolyesters mainly composed of hydroxy fatty
acids. Long-chain n-alkanoic, w-hydroxy, dihydroxy, trihy-
droxy and epoxy-hydroxy acids constitute the major aliphatic
monomers (Kolattukudy, 1980). It was previously demon-
strated that Type Il photo-oxidation processes act on some
unsaturated cutin monomers such as w-hydroxyoctadec-9-
enoic acid (w-hydroxyoleic acid) during the senescence
of higher plants (Rontani et al., 2005). 10, reacts with
the carbon—carbon double bond, and leads to the forma-
tion of a hydroperoxide at each unsaturated carbon. Due
to the involvement of allylic rearrangements, Type Il pho-
tosensitized oxidation of w-hydroxyoleic acid results (af-
ter NaBHg4-reduction of hydroperoxides to the correspond-
ing alcohols) in the formation of isomeric allylic 18,(8-
11)-dihydroxyoctadecanoic acids, with a trans double bond.
These compounds constitute interesting specific tracers of
higher plant material photo-oxidation. Autoxidation of this
compound was never studied, but by analogy with oleic acid
oxidation the autoxidative formation of specific cis allylic
hydroperoxyacids was expected.

Significant amounts of allylic 18,(8-11)-dihydroxyoleic
acid, with cis and trans double bonds have been effectively
detected in some (not all) samples analyzed attesting to the
involvement of auto- and photo-oxidation of higher plant ma-
terial (Galeron and Rontani, unpublished data). The high pro-
portions of cis isomers observed confirmed the dominance of
autoxidation processes. Some samples (16 January 2012, 26
June 2012 and 18 July 2011) even displayed larger amounts
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Figure 6. Coprostanol:(cholesterol+cholestanol) and epicoprostanol : coprostanol ratios of the different samples. Full error shown here
incorporates the 14 % analytical standard error estimated for lipid quantification for all terms of the ratios. Contamination threshold is

0.06 (See Sect. 3.3.2).

of oxidation products than w-hydroxyoleic acid, which evi-
dences the importance of degradative processes on this com-
pound. The previously discussed yearly variability in cuticu-
lar wax content in our samples (see Sect. 3.2.2 and Fig. 3b)
explains some of these results.

3.3.4 Hydroperoxide stability in SPM

It was previously proposed that photochemically produced
hydroperoxides could induce intense autoxidation processes
in the marine environment (Rontani et al., 2014a). Hydroper-
oxides resulting from photo-oxidation processes may un-
dergo: (1) heterolytic cleavage catalyzed by protons (Frimer,
1979) and (2) homolytic cleavage induced by transition metal
ions (Pokorny, 1987) or UVR (Horspool and Armesto, 1992).
Homolytic cleavage of hydroperoxides would lead to the
formation of alkoxyl radicals, which can then: (1) abstract
a hydrogen atom from another molecule to give alcohols,
(2) lose a hydrogen atom to yield ketones, or (3) undergo
B-cleavage reactions affording volatile products. During the
NaBHg-reduction, hydroperoxides and ketones were reduced
to the corresponding alcohols. The sum of the correspond-
ing hydroperoxides, ketones and alcohols was evaluated un-
der the form of alcohols. Application of a different treatment
allowed us to specifically quantify hydroperoxides, alcohols
and ketones (remaining in cuticular waxes, phytol, oleic acid,
sitosterol and cholesterol oxidation products) (Fig. 7).
Clearly, the proportion of remaining hydroperoxides was
highest in the case of sterols, with 49.4 and 31.3 % respec-
tively for 3,6- and 3,7-diols of sitosterol, and 51.5 and 33.5 %
for 3,6- and 3,7-diols of cholesterol, against less than 20 %
(17.3 %) for cutins, 12.0 % for oleic acid, and 6.6 % for phy-
tol. Standard error was calculated based on all the results
obtained (standard error = standard deviation / /(n) for n
samples). These results clearly indicate that despite the in-
volvement of an intense free radical oxidation (autoxidation)
inducing homolytic cleavage of peroxy bonds, a significant
proportion of hydroperoxides is still intact in POM of the
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Figure 7. Relative percentages of intact hydroperoxides and their
ketonic and alcoholic degradation products measured in the case of
w-hydroxyoleic (cuticular waxes) and oleic acids, phytol, sitosterol
and cholesterol oxidation products. Standard error was calculated
based on the results obtained for all samples.

Rhone River. This proportion reaches 10% of the parent
residual compound in the case of sitosterol and 5% in the
case of cholesterol. Probably due to high compartmentaliza-
tion effects, preservation of these compounds seems to be en-
hanced in higher plant debris. It was recently proposed that
homolytic cleavage of photochemically produced hydroper-
oxides in riverine POM could be catalyzed by some redox-
active metal ions released from SPM in the mixing zone of
riverine and marine waters (Rontani et al., 2014b). Due to the
presence of significant amounts of hydroperoxides in higher
plant residues, the involvement of intensive autoxidation of
this material in the Rhéne estuary is thus likely.

4 Conclusions

Based on a 2-year study of the particulate organic mat-
ter content of the Rhéne River, the main freshwater sup-
plier to the Mediterranean Sea, lipid analyses evidenced a
strong contribution from terrestrial vascular plants, most no-
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tably gymnosperms. Phytoplanktonic cyclical inputs were
also observed and identified as seasonal blooms. The ob-
served amounts of sterols of diatom origin and steep drops
in silica observed at the time of the blooms led us to sus-
pect diatoms to be major contributors. Specific compounds
like suberin markers, coprostanol and epicoprostanol allowed
us to identify anthropic impacts on POM composition (pa-
per mill discharging wastewater and treated wastewater dis-
charge).

Using specific lipidic degradation products, we were able
to identify for the first time the part that bacterial degrada-
tion, autoxidation and photo-oxidation play in organic matter
degradation in a Mediterranean river. The study of lipid ox-
idation products showed that autoxidation, which has been
largely underestimated until now in the environment, plays a
major role in the degradation of plant-derived organic matter:
autoxidation-produced degradation products are nearly half
as important as the remaining amount of sitosterol (25 % on
average across all samples), while biodegradation-produced
compounds only represent about a quarter (15 % on average
across all samples). Photo-oxidation degradation products,
although probably underestimated, only stand at 10 % (on av-
erage across all samples) of the remaining sitosterol amounts.
While autoxidation processes appeared to play only a minor
role during the degradation of sitosterol in the cold Macken-
zie River (Arctic) (Rontani et al., 2014b), it is worth ques-
tioning the role that temperature plays in OM degradation,
and wondering if it influences one degradation process over
the others: do the temperatures found in the Rhéne River,
warmer than those of the Mackenzie, favor autoxidation?
However, the low autoxidation state in the Mackenzie River
could also be attributed to the presence of significant propor-
tions of fresh sitosterol-producing phytoplanktonic species
(Tolosa et al., 2013). Due to the lack of specificity of this
sterol, it is clear that identification of autoxidation products
of more specific tracers (such as betulin or amyrins) is abso-
lutely necessary to monitor the degradation of higher plant
material in rivers and oceans more precisely.

We also noted that cholesterol offers a very differ-
ent degradation profile, undergoing little autoxidation, but
mainly influenced by biotic degradation processes. Choles-
terol is non-specific and can come from a number of sources,
which is why it is not used as a tracer of the origin or the gen-
eral degradation state of POM. However, its bacterial degra-
dation products, including coprostanol and epicoprostanol,
are good markers of sewage contamination and sewage treat-
ment, and clearly indicated here that the Rhéne waters were
affected by wastewaters.

Finally, we have shown that even through the degrada-
tive processes impacting the TPOM flowing down the Rhéne,
there is still an important quantity of hydroperoxides remain-
ing in the OM, which in turn should favor autoxidation upon
the OM arrival at sea.
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