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Abstract. Drifting sediment trap measurements were carriedholesterol, steroid ketoneg,< 0.01,n = 31, suggest that the

out at high temporal frequency in the northwestern Mediter-short term temporal variability of biomarker export fluxes de-
ranean Sea in the course of the DYNAPROC 2 campaignpends primarily on the intensity of particle dry weight flux.
during the transition between late summer to autumn con-Biomarker concentrations vary on a relatively narrower range
ditions. Molecular biomarkers were analyzed in selectedthan biomarker fluxes, indicating that changes in particle
subsets of consecutive samples collected for 6 h at 200 neomposition (due to degradation or change in source appor-
depth. Fluxes ofi-alkanes, long-chain alkenones, sterols tionment) has a weaker influence on flux variability. Thus,
and steroid ketones show high variability between consecuparticle aggregation and sinking are key processes to explain
tive 6-h samples, comparable in range to seasonal variabilitythe dynamic of biomarker export at a temporal scale of 6 h.
n-Alkane export ranges from 1.4 to 29.7 uygfd—1, fluxes  None the less, abrupt changes of OC-normalized concentra-
of C37 alkenones varies from 0 to 14.2 pg?rd—l. Fluxes tions of biomarkers, in the time scale of 6 h, indicate that the
of sterols, steroid ketones angdalkane diol respectively exported particles composition also show short-time variabil-
range from 31 to 377, 2.2 to 46 and 0.3 to 9.3 1. ity. Highest biomarker flux values recorded by the trap sam-
Biomarker flux ranges are coherent with the relatively low ples from 27 to 29 September correspond to highest values
primary production and the low export ratio encountered dur-of zooplankton biomass integrated between the surface and
ing the study. Molecular characteristics of biomarker com-200m. The decrease in primary production after the Octo-
position is consistent with reworked algal and zooplanktonicber wind events is echoed by minima in biomarker flux val-
organic matter. Lipid biomarker composition points to the ues. Despite these correspondences, the coupling between
dominance of haptophytes over dinoflagellates in the exprimary production and biomarker export is complex.

ported material, and to a minor contribution of diatoms and
eustigmatophytes. The intrusion of coastal water at the study

site was recorded by an enhanced imprint of higher plant

alkanes. 1 Introduction

Two processes can be responsible for the pulses in ) ) .
biomarker flux: changes in the magnitude of particle flux 1 he fate of organic carbon produced by primary production

(dry weight mass flux) and changes in the concentration ofS & central issue of the carbon cycle. The vertical export
biomarkers in the particles. of biogenic particles results from biological production, ag-

Concurrent variability in fluxes, significant Pearson cor- 9€gation, incorporation of ballast minerals, recycling in the
relations between fluxes of biomarkers of haptophytes, gjSurface ocean and. vertical sinking. The flux of organic com-
noflagellates, eustigmatophytes, zooplankton activity and®©unds mirror the interplay of these processes.

higher plants (alkenones, dinosterol, alkyl diols, dehydroc- The PECHE-DYNAPROC 2 program aims at better un-
derstanding how physical and biological forcing control the

carbon flow through ecosystem compartments and in the wa-

Correspondence td:. Méjanelle ter column, in the Northwestern open Mediterranean Sea.
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(laurence.mejanelle@obs-banyuls.fr)  An interdisciplinary approach was set up to relate physical
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forcing, phytoplanktonic, zooplanktonic and bacterial com-2 Material and methods
munities as well as related changes in inorganic and organic
characteristics of dissolved and particulate phases, includin@.1 Cruise track and sample collection
sinking particles (Andersen et al., 2009). The strategy of
DYNAPROC 2 is based on high frequency observations atThe DYNAPROC2 cruise took place between the 13 Septem-
the late summer-fall transition, when water stratification is ber and 17 October 2004 in the Northwestern Mediteranean
disrupted by wind events (Andersen et al., 2009). Many bi-Sea, 28 miles offshore from Nice (France) (Andersen et al.,
ological processes show short-term variability, in particular2009). The sampling zone was a grid of 16 stations de-
day-night changes. However, to which degree this variabilityfined by the crosses in Fig. 1, at the vicinity of the French
is transferred to the export of organic matter remains largelyJGOFS Station DYFAMED (425 N, 7°52 E). Sinking par-
unknown. A previous work at the DYFAMED site during ticles were collected using Technicap PPS5 sediment traps
spring showed that lipid export variability over timescale of (1 m? collecting area) drifting at 200 m depth. Traps were
4 hours was in the same range as seasonal variability (Goutallowed to drift in this area while other sampling opera-
et al., 2000). Another study in a frontal system of the Alb- tions took place. When traps occasionally drifted out of this
oran Sea showed differences between day and night fluxezone, they were retrieved and replaced at the original site.
of biomarkers less 50% (Tolosa et al., 2005). During DY- Carousels of 24 collecting cups were programmed with a
NAPROC 2, sinking particles were collected at 200 m by 6 h-time resolution. Four series of samples were collected:
drifting sediment traps using a sampling frequency of 6 h.the A series from 17 to 22 September, the B series from 23
The export of organic carbon, organic nitrate, organic phosto 29 September, the C series from 3 to 8 October and the
phorus and lipid classes showed rapid changes over 6 h péd series from 10 to 15 October; their mooring and recov-
riods and are discussed by Marty et al. (2009). Lipid classering positions are given in Table 1. Before mooring, col-
composition evolved from a dominance of glycolipids to a lecting cups were poisoned by a 2% buffered formalin solu-
dominance of neutral lipids became along the sampling petion made with filtered seawater. Upon trap recovery, swim-
riod, a pattern associated with an increasing importance ofners were removed and the collected material was split us-
heterotrophs (Marty et al., 2009). ing a wet suspension divider. One tenth of the samples was
The present contribution assesses the export of molecudedicated to this study and kept frozen until analysis. The
lar biomarkers, aliphatic and steroidal alcohols, long-chainother fractions were dedicated to bulk analyses (2/10th), pig-
alkenones and hydrocarbons, in a selected number of thenent (2/10th) and lipid class analyses (1/10th) and the results
drifting trap series of samples. Some molecular biomarkersare reported and discussed in detail by Marty et al. (2009).
can be related to a specific phytoplanctonic, zooplanktonid=our other fractions were dedicated to mass flux and col-
or terrigeneous sources, and inform on the changes in thered matter analyses, but these results could not be suc-
contribution of the related sources to the exported materialcessfully acquired due to the low levels of material avail-
Vertical fluxes of are determined to explore the evolution of able. The accuracy of sample splitting is demonstrated by
the contribution of each respective source to the exported mathe reproducible trends in sterols fluxes measured by two
terial, which complements the general information borne bydistinct methods on one tenth of the sample, by latroscan
lipid classes. (Marty et al., 2009) and by GC/FID (Fig. S1, Supplementary
At different time scales than that of the present study,material, see:http://www.biogeosciences.net/6/3017/2009/
sediment traps time-course surveys have showed that phyg-6-3017-2009-supplement.pdf
toplanktonic biomarkers recorded seasonal changes in pri-
mary productivity and in the phytoplanktonic community, in 2.2 Lipid extraction, separation, and analysis
particular at the study site (Marty et al., 1994; Wakeham et
al., 2002, 2009; Sicre et al., 1999). The molecular compo-The supernatant of sediment trap samples were shown to con-
sition of lipid biomarkers of sinking particles also informs tain lipidic compounds accounting for 15 to 75% of the to-
on the freshness or degraded state of the organic matter andl trap material when the collection time was in the order
on contamination events (Matsueda and Handa, 1986; Wakesf weeks to one month (@tzinger et al., 1994). In colder
ham and Lee, 1989; Wakeham and Beir, 1991; Burns et al.waters, the dissolution of fatty acids into the dissolved super-
2001, 2003; Christodoulou et al., 2009). natant of the trap collecting cups still accounted for half of
Eventhough some biomarkers can be ascribed to a specifithe flux (Budge and Parrish, 1998). Beside organics, about
sources, others are contributed by several organisms, knowB0% of inorganic phosphorus was also reported to occur in
or not. Ecological information determined in the frame of sediment trap supernatant (O’'Neill et al., 2005). A challenge
the DYNAPROC 2 program helps implementing the signifi- of the present study was the small sample size: one tenth of
cance of biomarker profiles. Environmental parameters docé h-collection of sinking particles in a low productivity area.
umented by the program also facilitate exploring the driversTo maximize the recovery of lipids from the trap material,
of high frequency temporal variability of fluxes. the extraction procedure was set to recover the lipids from
the particles and from the supernatant of the trap, as well
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Table 1. Dates and positions (mooring and recovering) of drifting sediment traps. For each series, dry weight mass flux was measured for a
composite sample in which all the samples of the series were pooled. The mass flux is given with the absolute accuracy of the measurement
0.01mgnr2d-1.

Series D

10-15 October 2004
N 4323.79 E 800.36
N 4325.36 E 800.18

Series B Series C

24-29 September 2004 3-8 October 2004
N 4323.06 E 801.52 N 4323.59 E 802.78
N 4318.68 E 804.93 N 4319.31 E 746.09

Series A

17-22 September 2004
N 4324.80 E 800.61
N 422.72 E 751.75

Sample Series

Date
Mooring location
Recovering location

Dry Weight Mass Flux  3.1F#0.01 1.730.01 2.410.01 0.95:0.01
inmgm2d-1
as lipids that may leach during freezing and thawing. After - 1 ; T | ,
thawing, the samples were centrifuged and the water phase S Ty

was extracted by liquid liquid extraction using @El,. The
obtained solution was used to extract the particles according

N 44.00

m FRANCE

Nic

to a modified Bligh and Dyer (1959) method where £CHp 43pc=
replaced CHCl3. Known amounts of surrogates were added
to the samples prior extraction: 26Dsg, C21-OH and an-
drostanol were used as surrogates for hydrocarbons, alkanols
and sterols, respectively. Particles were extracted by 15 min-
utes of contact in a C}Cl>-H,O-CHzOH solution (1/0.8/2;
viviv) and the liquid phase was pipetted out after 5min of
centrifugation. Two other extractions were carried out by
sonication for 15 min in the solvent mixture and all the liquid
phases were combined into a decantation flask. After adding
H>0 and CHCI; to reach the proportions where two phases
appear, the phases were shaken and allowed to decant for
30min. The organic phase was collected, and the aqueous
phase was rinsed twice with 20 ml of GEl,. All combined
organic extracts were dried overnight over MgS@itered
and reduced by rota-evaporation. Total lipids were separated
into various lipid classes using SEP-PACK Si-NH2 glass
cartridges purchased from Macherey Nagel. The method
was adapted from Hinrichs et al. (2000) and the recoveryFig. 1. Location of sampling site (red star) and grid of stations
of the selected lipid classes was validated using standard@lue crosses) of the DYNAPROC 2 cruise. The DYFAMED site is
(C24Ds0CasH74 and squalene for hydrocarbons; a previously Iocgted on the low left angle of the grid of DYNAPROC 2 sampling
analyzed fraction of long chain alkenones for ketoneg-C  Stations.
OH, androstanol, coprostanol, cholesterol and lanosterol for
alcohols; the quantities were in the upper range of those ocg.25 um film thickness). The oven temperature was pro-
curring in the samples). The cartridge was conditioned bygrammed to rise from 60C to 100°C at 25°C min~1, then
10 ml of hexane and the sample was spotted on its top ino 310°C at 2°C min—! (80 min hold time). The injector was
150 pl of heptane. The first fraction was eluted by anotheran on-column injector programmed on the oven track mode,
3.850 ml of hexane and contained the hydrocarbons. The seghe detector temperature was 38and the carrier gas was
ond fraction, comprising long-chain alkenones was eluted byHelium set at a pressure of 1.1 bar.
6ml of hexane/CHCl, (3:1, v/v). The third fraction was Long-chain ketones were analyzed using a non-polar col-
eluted by 5ml CHCla/aceton (9:1, v/v) and containet  ,mp (CP Sil 5 CP, 50 m, 0.32 mm internal diameter, 0.25 pm
alkanols, sterolsp-alkyl diols and hydroxy-ketones. The fim thickness) and a Hewlett-Packard HP5890 chromato-
fractions were reduced by rota-evaporation and transferre%raph, with the oven temperature rising from*@to 140°C
to vials for gas chromatography analysis. at 30°C min~L, then to 280C at 15° min—* and to 310 at
The hydrocarbons were analyzed using a Hewlett-0.5° min~2, followed by a temperature hold of 60 min. The
Packard HP5890 gas chromatograph (GC) and a JW DB%5C was equipped with an on-column injector programmed
(Chrompack) column (50m, 0.32mm internal diameter, to track the oven temperature and a FID detector at°’820
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and helium was used as carrier gas at a pressure of 0.98 b&.4 Statistical analyses

Prior to analyses, a known amount of¢Bl74 was added as

injection standard to the fractions. Pearson correlations between data were computed using
Alcohols were transformed into the corresponding SPSS® Software version 17.0.

trimethylsilyl ether derivatives (TMS) using a mix-

ture of bis (trimethylsilyl)-trifluoroacetamide and

trimethylchlorosilane (99:1, Silyl-99) purchased from

Macherey-Nagel (Germany) and pyridine during 60 min

3 Physical and biological environment

t 80°C. TMS of alcohol vzed | Characteristic hydrological and meteorological conditions of
a | ' W DOBg cosgs w%reBZana yzed on Ia S_On—po al the cruise are detailed in Andersen et al. (2009). Briefly,
column ' m, 0.32mm internal diameter, hydrological conditions are typical of late summer sit-

(r)r;itsogrrgpﬂlTjs::écfr?:?izlo;?r?g S\r/]enAtgeiEgter:ti?(ejl\ylarocghrr:r_n'uation with a stratified water column and the location of the
’ thermocline at 25 m depth, with surface temperatures above
60° (1 min)/25° min-1/100°/15° min~1/150°/3° min~1/300° ! pth, WIth st peratu v

20°C to 22°C duri I iods). Th t logi-
(>60min). The GC was equipped with an on-column in- (up to uring calm periods) € meteororogl

et d to track th ¢ ¢ daFl Dcal regime is characterized by the alternation of strong wind
Jector programmed fo track the oven temperalure and a Flly, o nts and caim periods. Two NE wind events occur during
detector at 320C and helium was used as carrier gas at a

pressure of 0.8 bar the collection of trap series A and B (Fig. 2) and it rained sig-

GC led MS d . ... _nificantly before the start of the cruise and during the wind
coupled to mass spectrometry (MS) an Co-INjectiongents An intrusion of low salinity<38.3 PSU) coastal wa-

with authentic compounds of known structures confirmed the,, s evidenced between 15 and 75m depth while the wa-
identities of the major components. GC/MS analysis of ”_pidster column remains stratified (Fig. 2; Andersen et al., 2009).
was performed on an Agilent 6890 GC coupled to an Agilent, ... \cion of coastal water shows that the central part of the

5973 quadrupole mass spectrometer. The GC was equippge gurian Sea is susceptible to receive local lateral advection
with an on-column injector programmed on the oven rack gieyart et al., 2007). A succession of wind events from SW,
mode, a JW DB5-MS column (0.25mm interal diameter, \ie 54 sw directions occurs between 11 and 16 October,
0.25 um film thlgknless) a.”d the carrier gas was helium with %t the end of the collection of the trap series C and D (se-
{\Iﬂoév of1.2 f"' min (.j_'l_’he mterfa.ce_ temperature was 280 tries sampled from 3 to 15 October). As a consequence, the
operating conditions were: lon source temperature Ofy,q 1 cline deepens to 40 m depth and the mixed layer cools

23000}; (;tcj)ad\;uphole tempe(rjature 130, electronlllrgpgggen- down to 16°C. This destratification suggests that the transi-
ergy o eV, the scanned mass range was 40— atc’m'l(fon from late summer to autumnal condition is initiated at

mass units at 0.6scan’s The chromatographic columns the end of the cruise. A second intrusion of low salinity wa-

us_(le_g were DETS W'th O\flﬁn dprogrzzms as pdrewoulsly descnb-e?{er is recorded at the study site between 9 and 11 October,
e quantification of hydrocarbons and sterols was carriedgqq i intensity than the previous similar event (Fig. 2).

out .using the surrogates .u.sed as intern'al_ sta}ndards_ Long- Pigments analyses showed that phytoplankton is domi-
chain ketones were quantified using the injection standard. .. by pico- and nano-autotrophs (around 87%, Marty et

I Tf(]je fo_rmalklln solution useg to p0|s?1n the treltps was ana-) 2008). Microphytoplankton is dominated by dinoflag-
yzed using the same procedure as the samples 1o estimalg;oq \yhile senescent diatoms are present at subsurface at

whether it contributed targeted compounds to crude extractg, beginning of the cruise and around 5 October (Marty
of samples. et al., 2008; Lasternas et al., 2008). Primary production
varies between 97 and 310 mgC 12 h~1, which is con-
sistent with the oligotrophic character of the area in late sum-
The nomenclature used to design hydrocarbongiotsat- ~ Mer (Marty et al., 2009). Integrated chlorophylhowever
urated aliphatic homologues, where x is the number of carShowed higher values (20 to 40 mgf than those typical of

bon of the aliphatic chain, and,G for unsaturated hydrocar- this time of the year at the beginning of the cruise, in associ-
bons, y being the number of double bondsAlkanols are ation with the occurrence of senescent diatoms at subsurface

designed Gon, x is the number of carbon of the aliphatic (Marty et al., 2008). Zooplankton was dominated by cope-

chain. The nomenclature used to design sterols is used fd?0ds from 17 to 30 September, whereas their contribution

the graphics only and is detailed in the first figure’s Iegendsllghtly decreased in October in favor of other predators like

where they appear. Pteropods and other carnivorous predators (Mousseau et al.,
The carbon preference index (CPI)ofilkanes is calcu- 2009; Raybaud etal., 2009).

lated as:

2.3 Hydrocarbon and sterol nomenclature

1 4 Results
CPbg 34= 5% !

(C25+C27+ C29+Ca1+Cg3) | (Cos+Co7+ Co9+Ca1+ Caa) Five groups of consecutive samples were selected for the
((Cz4+C26+C28+C30+C32) (C26+028+C30+C32+C34)>’ present study on the basis of visual examination of the
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NE NE Wind conditions sw  NE sw is a minor compound and methylalkanes could not be de-
‘ o tected. Other hydrocarbons detected in the samples have
an algal origin: Gs, C17 (Clark and Blumer, 1967), pris-
tane, lycopane (Sinninghe Darastt al., 1993) as well as
Cs72 and G73 synthesized by alkenone-producing hap-
tophytes (Molkman et al., 1980). These phytoplanktonic
biomarkers occur in low percentages (Supplementary mate-
rial, Table S1, seehttp://www.biogeosciences.net/6/3017/
2009/bg-6-3017-2009-supplement.pdAt the same study
site, a high flux event was recorded at 200 m in April 1987
and G7 was the dominant-alkanes (20%, Marty et al.,
1994). In comparison, 7 abundances measured in the
present time series samples are lower (0.8 to 5.2% of hy-

8 8 &
T

i
I

wind speed
(knots)

3

°

262 264 266 268 270 272
salinity (psu)

Depth (m)

262 264 266 268 270 272 278 280 282 284 286 288

; vk Days 2004 R i s Days 2004 drocarbons, Supplementary material, Table S1), which indi-
" DrftngTrap  Drifing Trap * DriingTrap Drifing Trap cates that fresh phytoplanktonic inputs did not dominate the
A series B series C series D series

sinking material or that there was an efficient degradation
Fig. 2. Upper panel: time series wind conditions during DY- Of low MW alkanes during sinking. The relative contribu-
NAPROC 2. Wind speed is plotted in knots and wind direction tion of C;7 to n-alkanes peaks at the beginning of the D se-
is given above the panel. Lower panel: time-series salinity profiles.ries, on the night of 12 to 13 October, while the D series
The blue color shows the intrusions of low salinity waters at the corresponds to weak fluxes. Odd-chain alkenes in the C
study site. Cy9 range and gy are phytoplanktonic biomarkers com-

monly found in sinking particles rich in fresh phytoplank-

tonic residues (Burns et al., 2003) and they are rapidly de-
samples. The first part of the A series (17 and 18 Septemgraded during particle decay (Matsueda and Handa, 1986).
ber) and the samples from the D series (12 and 13 Octobemone of these indicators for fresh algal residue could be de-
showed few visible particles whereas particles could easilytected in sinking particles collected during DYNAPROC 2
be observed in the other groups of consecutive samples frorgruise.

the A, B and C series. No unresolved hydrocarbon mixture, sourced by
petroleum contamination, could be evidenced, nor hopanes
4.1 Hydrocarbons nor steranes; however the detection of the humps and of

petroleum biomarkers on the chromatograms may have been
The formalin solution used to preserve the samples conimpeded by the low quantities of material analyzed.
tributed some dissolved hydrocarbons in negligible quanti- A moderate odd-to-even carbon number predominance
ties except for @ and Gg n-alkanes; therefore both alka- or an even preference characterizes, @ Cz4 n-alkanes
nes are not reported here. Total hydrocarbon fluxes dein samples where long-chairalkanes fluxes showed low-
scribe ample variations between 1.4 and 29.7pddv!  est contribution (Fig. 4). In contrast, the samples with a
without clear day-night periodicity (Fig. 3). Hydrocarbon clear odd predominance of long-chaialkanes correspond
composition and fluxes are reported in the Supplementaryo maxima in Gs-Cz7 oddn-alkanes fluxes¥2 ug m2d-1).
Material (Table S1, seehttp://www.biogeosciences.net/6/ This signature is characteristic of terrestrial higher plants
3017/2009/bg-6-3017-2009-supplement)pdthey encom-  (Eglinton and Hamilton, 1967) whereas lower CPI values
passn-alkanes in the ©-Cz7 range with an even pre- point to petroleum or marine organism inputs (Davis, 1968;
dominance from & to Cys and an odd predominance for Han and Calvin, 1969; Cripps 1990).
the G7-Csg homologues. The even predominance of low  The hydrocarbons which relative abundances show greater
molecular weightz-alkanes is an unusual profile, reported variations are squalene, squalane and long-chaitkanes.
in other few situations. For instance d> Cis and Go  Squalene is likely contributed by zooplankton (Wakeham and
also dominated hydrocarbons in sinking particles from theCanuel, 1986, 1988). Its observed variation trend is quite er-
Western Mediterranean Sea and from the Laurentian Greafatic with increases and decreases up to 5 folds in consec-
Lakes (Dachs et al., 1998; Parrish et al., 1992). Odd alkautives 6 h-samples. Moreover, maxima occurred during the
nes also characterized sediment trap material collected igjay as well as at night.
the Mediterranean Sea, together with a high abundance of
methylalkanes and diploptene, and were associated to thg.2 Long-chain alkenones
contribution of cyanobacteria (Dachs et al., 1998). The
occurrence of alkanes with even carbon number has als€37 and Gg unsaturated methyl and ethyl alkenones are
been related to bacterial reworking of organic matter (Gri- synthesized by a few haptophytes, in particular the world-
malt and Albai@s, 1988). In the present report, diplotene wide distributed coccolithophoridEmiliania huxleyi and

www.biogeosciences.net/6/3017/2009/ Biogeosciences, 6, 30342009
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A series > < B series > < C series > < D series . ;
i
e e

— September 2004 > ¢ October 20004 —M8M8M8™Mm

Fig. 3. Fluxes of organic carbon and fluxes of sterols, alkenones and hydrocarbons measured at 200 m during DYNAPROC 2. Organic carbon
data are from Marty et al., 2009. Grey filling indicate night-time collection of particles. The x axis represents time of particles collection and
is discontinuous.

A series > B series C series D series
8 // /[ // // 4
7/ 7/ 7/ 7/

—8— Fluxes of odd alkanes =2C25 (ug m2d-")
A CP|24-34
N N fe))
g 1 | |
;éi:i;;;?:::ﬁ::::::i‘
—_ N w
(1-p z-w B61) HO-920-2ZD Jo sexn|4 —o—

0 // // // // 0
('('('l(—(—// a.dcolcla // o.d.a.d.d.d // c.c.d.d.dcd // cld .l
[al [co j= [} (o, (@
TR (Eeses ERISINER SEEIS RS NEESRE
aNogHIN [ A\ [eo g
SHIRISS NETRE PR SIS s NS SRS RS SRS
17 118 21 |22 28 |29 3 4 5 N4 13 (14

+<—  September 2004 October 2004 ——M

Fig. 4. Fluxes of higher plant biomarkers: oddalkanes having 25 C atoms and more and ev@tkanols having 22, 24 and 26 C atoms.

Red triangles indicate the Carbon Preference Index-alkanes in the C rangexg to Cg4. Grey filling indicate night-time collection of
particles. The x axis represents time of particles collection and is discontinuous.
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- SST estimated from UK’37 Measured Temperature at various depths:
3m 30m
—10m —40m
20m —50m
25
S
— I
20
I T 'l' N—
£
E T
=1
2 [T T
2 15 1 T
E ~NN— —_— = —’\/\
10 // // // //
el 77 Tl 77 Tl 7/ ]| 7/ []<]] <]
JIQIS|&F SIS S3IQIS| 8T NEIERNEERN S8XRISS
S O P e e R R R R B R
17 |18 21 |22 28 29 3 4 5 120 13 |14
September October

Fig. 5. Comparison of SST reconstructed using the alkenone unsaturation ind’ﬁ(ﬁlﬂb{ hydrocast temperatures at various depths. The x
axis represents time of particles collection and is discontinuous.

Gephyrocapsa oceanig&€onte et al., 1992). They are un- ter column. The depth of production of alkenones is in good
equivocal biomarkers for haptophytes. They could be de-agreement with that inferred from alkenones in suspended
tected in most of the samples except for the D series (Supparticles in November, whereas the depth of production of
plementary material, Table S2). Fluxes of alkenone andalkenones during spring and early summer is deeper (Ternois
alkenoates range from to 1.0 to 33.8pgfd—1, and G;  etal., 1997).

alkenone fluxes 0.4 to 14.28 ugtd—1, with increases or Alkenones and €3 and Ggs homologous long-chain
decreases up to ten fold between consecutive 6 h-sampleskenes show synchronous maxima in fluxes (Fig. S2 Sup-
(Supplementary material, Table S2 and Fig. 3). The alkenonglementary material, seéttp://www.biogeosciences.net/6/
unsaturation index Ui, defined as UK, = =322 isre-  3017/2009/bg-6-3017-2009-supplement)pdThe ratio of
lated to the growth temperature of the alkenone producingalkenones to homologous alkenes varies over one order of
haptophytes and is used to reconstruct sea surface tempeafagnitude (Fig. S2 Supplementary material). The geochem-
atures (SST) from U§7 measured in old sediments (Prahl ical significance of this ratio is unknown at present. If long-
et al., 1988). SST estimates may be overestimated wheghain alkenes are intermediates in the biosynthesis or the
the chromatographic peak of the methylalkenoggfds not  catabolism of alkenones, this ratio may be related to the
well above the noise or when the capillary column has beerphysiological state of alkenone producers.

used for a while (Villanueva and Grimalt, 1996; Grimalt et

al., 2001). For instance, we considered that a peak area of.3 Alkanols, sterols and steroidal ketones

methylalkenone &3 above 2500 mV s enables a proper de-

termination of UK. Two samples at the start of the A series Alcohols constitute the most abundant of the targeted lipid
and one at end of the D series, with lower peak areas, werelasses with fluxes one order of magnitude above those of
discarded for the calculation of UK. SST estimates recon- hydrocarbons and of long-chain alkenones (Fig. 3). The
structed using the Prahl et al. (1988)’s calibration varied betiming of sterol fluxes is similar to that of long chain
tween 13 and 21C (Fig. 5). Reconstructed temperature es- alkenones (Fig. 3). Total sterol fluxes ranged from 31
timates are in the range of the CTD hydrocast temperaturego 377 ugm2d-1, they are detailed in Table S2 of the
from 20 to 30 m for the A and B series-samples (Fig. 5). TheySupplementary material. The alcohol fraction is dom-
are higher for the C and D series samples and correspond tpated by 24-methylcholesta-5-dies-®! (brassicasterol)
hydrocast temperature above 20 m (Fig. 5). The sample fronand cholest-5-en/8ol (cholesterol) (Fig. S3, Supplemen-
the D series is collected after the mixing of the water columntary material). Four other sterols have abundances above
and alkenone composition may have adapted to the changingo: 27nor-24 methylcholesta-5,22E-diersal, cholesta-
temperature. When the C series is collected, the water is stils 22E-dien-8-ol, 24-ethylcholesta-5,22E-diersal and

well stratified and the results rather suggest that haptophyteg4-ethylcholestan-5-eng3ol (Supplementary material, Ta-
producing alkenones are situated slightly higher in the wa-ble S2 and Fig. S3). This composition resembles that

www.biogeosciences.net/6/3017/2009/ Biogeosciences, 6, 30342009


http://www.biogeosciences.net/6/3017/2009/bg-6-3017-2009-supplement.pdf
http://www.biogeosciences.net/6/3017/2009/bg-6-3017-2009-supplement.pdf

3024 L. Mgjanelle and J. Dachs: Short scale temporal variation of sinking fluxes

determined in sediment traps from the same site between High-molecular weighkz-alkanols are indicative of terri-

March and June 2003, however with a noticeably highergeneous higher plants and are little abundant in the present

contribution of 24-methylcholesta-5,22E-dieg-8l (Wake-  series of samples. Their flux pattern shows synchronous

ham et al., 2009). characteristics with that of long-chaialkanes, and lin-
4-Methylsterols having additional methyl groups substi- ear correlation between both biomarker groups explains 67%

tuted at G3 or both at G3 and G4 were identified in the of their variability (Fig. 2). Long-chaim-alkane abun-

sinking particles, with 4,23,24-trimethylcholest-22-eng3 dances accounted for two to four folds those of long-chain

ol (dinosterol) as the major homologue (2®5% of to- n-alkanols except for the last series of samples where they

tal sterols, Fig. S3 Supplementary material). Other sterolgeached 12 times long-chainalkanol abundances.

stemming from dinoflagellates are identified in the sink-

ing particles. 23,24-Dimethylcholesta-5,22E-digt+d and

its stanol counterpart contribute from 2.1 to 3.8% of total 5 Discussion

sterols, and 4,24-dimethylcholestan#Bol occurs at trace

levels. 5.1 Occurrence of lipidic biomarkers and nature of ex-

Coe Sterols having 27hor or 24-nor structures accounted ported particles
for a non negligible part (6.5 to 12.5%, Fig. S3 of
Supplementary material) of total sterols, with 2@24- The analysis of molecular biomarkers in one tenth of sed-
methylcholesta-5,22E-diens2ol ranking in the five more iment trap material collected during 6h in an oligotrophic
abundant sterols ( 4.7 to 8.7% of total sterols). area represented a challenge because of the low amounts of

24-Methylcholesta-5,24(28)-dierg2ol, often used to fin-  material. Hydrocarbons and sterols could be quantified in all
gerprint diatom occurrence, accounts for a few percent of tostudied samples, while alkenones could not be detected or
tal sterols (Fig. S3). & sterol with A5,24(28) double bond inappropriately quantified in a few samples.
system is also identified in all trap samples in small amounts Steroid ketones occur in minor abundances in marine or-
and is synthesized by Prasinophyceae, dinoflagellates anganisms and are produced by microbial oxidation of sterol,
diatoms. Two isomers of 24-propylcholesta-5,24(28)-dien-for instance cholest-4-en-3-one is produced by degradation
3p-ol are identified in the sinking particles (Supplementary of cholest-5-en-8-ol (Wakeham and Canuel, 1986, 1988;
material, Table S3) and have been previously reported irBurns et al., 2003). Their relative abundance in sediment trap
Mediterranean samples, including in sediment trap from thetend to increase with depth (Wakeham and Lee, 1989; Burns
study site (Tolosa et al., 2003; Christodoulou et al., 2009).et al., 2003). The ratio of cholest-4-en-3-one to cholest-
Its biological precursor is yet unknown. 5-en-3B-ol in the sinking particles collected during DY-

A series of steroid ketones was identified in the sampleNAPROC 2 is in the upper range or higher than values mea-
(Supplementary material, Table S2). @dr-cholesta-4,22E-  sured in sediment traps at the same site during spring bloom
dien-3-one, cholestanone and cholest-4-en-3-one were chr@nd post-bloom conditions (May—June, Christodoulou et al.,
matographically resolved from sterols whereas another is02009), suggesting a more intense reworking in the late sum-
mer of cholestanone coeluted withe @ )-cholestan-8- mer conditions. Pigments of sinking particles are character-
ol, and cholesta-4,22-dien-3-one occurred in a compositézed by the dominance of phaeopigments over intact chloro-
peak with 4-methylcholesta-24(25)-ep-8l in some sam-  phylls, which also denotes that phytoplanktonic remains are
ples. Other steroid ketone with mass peak of 412 and 414legraded (Marty et al., 2009). The concurrent variation in
daltons eluted at the end of the elution time span of sterolsfluxes of phaeopigments and molecular biomarkers suggests
However, their poor peak shape and the mismatch betweea common vector of transport, fecal pellets (Fig. S4 Sup-
their retention time under GC and GC-MS conditions (con- plementary material, seéttp://www.biogeosciences.net/6/
stant gas pressure fit versus constant gas flow) made the8017/2009/bg-6-3017-2009-supplement)pdf
quantification and their attribution tricky; therefore they were  24-Ethylsterols are synthesized by higher plants and are
not further considered. Cholest-4-en-3-one was the dominanpossibly related to fluvial and aerosol inputs. No major rivers
steroidal ketone and accounted for up to 19.5% of the comare located in the vicinity of the study site and the area of
pounds in the alcohol fraction, alike in sinking particles from study is located in the central Ligurian Sea, where the Lig-
various location (Wakeham and Canuel, 1986). The timingurian current prevents inputs of coastal waterstf®ux and
of its flux shares some similarities with that of sterols, with Prieur, 1983). However advective inputs occasionally oc-
no obvious maxima at night (Fig. 6). cur (Steward 2007), as evidenced by the intrusion of low

C30 mid-chain alkane diols and4g hydroxy mid-chain  salinity coastal waters during DYNAPROC 2 (Andersen et
alkanone were detected in comparable amounts (Supplemeia., 2009). After the intrusion of coastal waters, a stronger
tary material, Table S2). Eustigmatophytes are generallyhigher plant imprint inrz-alkanes indicates the incorpora-
considered as the source of mid-chain hydroxy alkanols intion of terrigeneous material to the rain of particles (Fig. 2),
marine sediments (Volkman et al., 1992; Gelin et al., 1997;whilst no increase in & sterol abundances was recorded.
Volkman et al., 1999; Versteegh et al., 2000). Aerosols inputs are significant at the study site (Migon et al.,
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Table 2. Comparison of the abundance ofdSsterols, of higher plani-alkanes and of higher plantalkanols in aerosols and in sinking

particles collected during DYNAPROC 2. The left side of the table comprise concentrations, the right side of the table comprise abundance
of biomarkers normalized to the abundance of long-chaalkanes. Minima and maxima of the reported values are given on top lines
separated by a dash; average values and standard deviation, when available, are given in brackets on the second lines. nd stands for n
detected? sum ofr-alkanes, but they are mostly long-chain odd alkaRe&um ofn-alkanols, but they are mostly long-chain even alkanols.

long-chain  long-chain long-chain
Location n-alkanes n-alkanols A5 24ENA5 24EW5,22E n-alkanols A5 24 ENS 24ENN5,22E  References
Marine aerosols ng e normalized to long-chain-alkanes, relative unit
Azores 0.3-6.18 0.75-8.8  0.002-0.209 0.01-0.139 2.5-3.0 0.01-0.03 0.01-0.03 Alves et al.,
(1.11) (3.47) (3.1) 2007
North Pacific 0.11-43 0.18-19.7 nd-0.89 nd-0.30 1.4-1.6 nd—-0.06 nd-0.03 Kawamura et al.,
(1.8) (2.2) (0.053) (0.066) 1.2) (0.03) (0.04) 2003
Korea 2.31-14.0 3.38-53.2 nd-2.19 nd-11.4 nd-13.6 1-4 nd-0.16 nd-0.81 nd-0.97 Wang et al.,
(7.94) (26.28) (0.38) (2.28) (2.66) (3.3) (0.05) (0.29) (0.34) 2009
Sinking particles ug (mg OC} normalized to long-chain-alkanes, relative unit
NW Mediterranean  0.16-3.2 nd-1.2 0.68-18.6 1.73-9.3 0.83-4.7 nd-156 0.11-62 1.7-22 0.8-7.4 This work
(1.2£0.8) (0.3:0.3) (6.13.8) (3.6£1.5) (2.2£1.0) (4731) (10t11) (5.6£3.5) (3.4:1.7)
A series B series C series D series
60 // // // //
Q // // // // N
3 3
i 6 2
[ o
N
3 N
-n
2 40 g
= X
] (0]
= -4 N »
5 M R =
o 3 &
E u 3 3
o < 8‘ 8
= = o
" 20 g 2
%) Lo & —
o B
3 q &
TR -I‘ N
< 1
+ K| Q.
[]
-~ hral ]
// // 3
| |l ol | o | | o | o clo ool o | ol | ol | o) o) o) o | o Y o Y I
S S S = B S SIS SEERIEsS SETSeS
0<H DlV|od) | o <H D[N 1| b <+ e[ < S|\ odl<H S| fedf < Sl odl HO|
(SISl Olol—IN[o ola—IN[OIS! — oIS IN[OISl+— NOlSI—IN[G
17 (18 21 22 28 29 3 4 5 el 13 4
+——  September 2004 October 2004

Fig. 6. Time series fluxes of selected zooplanktonic biomarkers and biomarkers of digestive oxidsfi@2: dehydrocholesteroh5:
cholesterol and its oxidation product cholest-4-en-3-one, 245@?2: 24nor-cholesta-5,22-dienfBol and its oxidation product 2der-
cholesta-4,22-dien-3-one. The x axis on the lower panel is discontinuous. Grey filling indicate night-time collection of particles.

2001; Guieu et al., 2002) and constitute a potential sourcegakes values varying from 0.01 to 0.81, whereas the val-
of Cyg sterols. The ratio of terrigeneous alkanols, cholest-ues are one order of magnitude higher in sinking particles
5-en-3-ol, 24-ethylcholest-5-enfBol and 24-ethylcholest- (5.6+3.5%). Similar behavior is observed for cholest-5-en-
5,22E-dien-8-ol to terrigeneous alkanes in marine aerosols 38-ol and 24-ethylcholest-5,22E-dieg-®l. Consequently,
are reported in Table 2. In marine aerosols, the ratio of 24-aerosol inputs accounts only for a small portion g§ €terols
ethylcholest-5-en-3-ol to terrigeneous long-chainralkanes  and algae likely constitute their dominant source.
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5.2 Relationships between lipidic biomarker composi- for both the dominance of brassicasterol and the relative
tion and phytoplanktonic community high abundance of 24-ethylcholest-5-e6-8l in sinking
particles.
During DYNAPROC 2, primary productidivity was mea-  24-Ethylcholesta-5,22E-dieng3ol is reported in signifi-
sured, specific abundances of microphytoplankton was decant amounts in algae that are little significant during this
termined by microscopy and pigment analyses gave a comstudy according to pigment chemometry (Cryptophycea and
plementary view of the whole phytoplanktonic community Chlorophyceae, Marty et al., 2008). It is also a compo-
(Lasternas et al., 2008; Marty et al., 2008). The good descripnent of Rhodophyceae and Chrysophyceae whose occurrence
tion of the phytoplanktonic community present in the water during DYNAPROC 2 study is not known (Volkman, 1986;
column sets a pertinent framework to attempt to implementDunstan et al., 2005). The sterol compositions of pelago-
the significance of sterol fingerprints in terms of phytoplank- phytes and prochlorophytes, two dominant groups in the
tonic sources in a oligotrophic Mediterranean system. oligotrophic situation encountered during this work, are un-
Pigment chemometry indicated that the phytoplankton isknown at present. Whether these algae may contribute to
dominated by small forms (haptophytes="prymnesiophytes”,the remarkable abundance opdCsterols remains an open
pelagophytes, prasinophytes, cyanobacteria and prochlorajuestion. The gap of knowledge concerning sterols of pico
phytes) whereas diatoms and dinoflagellates contributed to and nano-phytoplanktonic species of oligotrophic situations
to 18% of chlorophylla (Marty et al., 2008). This charac- is a drawback for deciphering the information brought by
teristic is in agreement with the oligotrophic character of thesterols. Improving our knowledge on sterols of nano and
system at this time of the year. pico-plankton would be a benefit for paleoceanographic stud-
24-Methylcholesta-5,22E-diens3ol (brassicasterol) is ies addressing the Mediterranean Sea and other oligotrophic
almost the exclusive sterol of haptophytes, a major compo-environments.
nent of the plankton in the water column (Marty et al., 2008). The high abundances of cholest-5-¢8+@ (cholesterol)
This sterol often accounts for more than 90% of sterols inand the cholesta-5,22E-die-®| (dehydrocholesterol) in
some diatoms species from productive ar€hngetoceros the DYNAPROC 2 sinking particles suggest an important
simplex Skeletonema costatumhalassiosira pseudonana zooplanktonic contribution. High proportions of cholesterol
Nitzschia albqwhich are not detected in the plankton of the are have also been reported in some dinoflagellates such as
water column (Lasternas et al., 2008). In addition the pig-the Gonyaulaxgenus, which is not an important phytoplank-
ment signature of diatoms is almost absent in the exportedonic component at the time of this study (Lasternas et al.,
particles (Marty et al., 2009). A diatom contribution to the 2009), in haptophytes and in some diatoms (Volkman, 1986).
source of brassicasterol thus can be discarded. Brassicaster®terols in cultures of cyanobacteria were dominated by a
represents 53% of total sterols in the dinoflagell@gmno-  mixture of cholesterol and sitosterol (Volkman, 1986), but
dinium simplexConte et al., 1994; Volkman, 1986), while further examination proved cyanobacteria to be devoid of
Gymnodiniumis one of the dominant genus of dinoflagel- sterols (Summons et al., 2006). Therefore, the occurrence of
lates at the time of study (Lasternas et al., 2008). Howevercholesterol in sinking particles is related to remains of zoo-
microphytoplanktonic species represents only a small fracplankton and haptophytes.
tion of the whole phytoplankton community (Marty et al.,  Haptophytes are specific producers of alkenones. A pluri-
2008), their contribution to brassicasterol abundance is morannual study of alkenone export at the study site and the
likely minor relatively to pico and nano-forms such as hap- same depth showed maxima at the end of the spring bloom
tophytes. (April to June) and in October-November with considerable
24-Ethylcholest-5-en{8-0l  (sitosterol) and 24- interannual differences in flux maxima (Sicre et al., 1999;
ethylcholesta-5,22E-dieng2ol are dominant sterols, Ternois et al., 1996). The maxima in fluxes measured dur-
and their fluxes depict the same variation trend as otheing DYNAPROC 2 are comparable to maxima measured in
phytosterols (Supplementary material, Fig. S5 and Table S3)1989, and higher than maxima measured in 1993 and 1994
Sitosterol is an important component of dinoflagellates and(Sicre et al., 1999).The average flux ofGalkenones mea-
haptophytes, of a few Prymnesiophycea and Raphidophytesured during this study (3#13.7 ugnm2d—1) is lower than
(Volkman, 1986; Nichols et al., 1987; Volkman et al., 1993). the flux maxima of 1989, but still higher than flux maxima
Its occurrence in diatoms is not relevant here, as it concernsf 1993 and 1994. Eventhough the fall disruption of the up-
genera insignificant in the water columAsgerionellaand per thermocline was only initiated at the end of the cruise,
Naviculg Lasternas et al., 2008). In DYNAPROC 2 sinking alkenones fluxes during DYNAPROC 2 are in the range of
particles, the proportion of sitosterol to alkyl diols denies seasonal maxima and suggest that the fall bloom of alkenone
that eustigmatophytes are a foremost source for this stergbroducers, haptophytes, may be occurring or starting.
(Volkman et al., 1992; Mjanelle et al., 2003). In this The low abundance of dinosterol and dinostanol reflect the
context, sitosterol is likely sourced by haptophytes andsmall contribution of microphytoplankton to the whole au-
dinoflagellates, both significant algal groups in the watertotrophs, eventhough dinoflagellates represent the dominant
column. A high abundance of haptophytes could accoungroup of microphytoplankton (Marty et al., 2008; Lasternas
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Table 3. Comparison of the biomarker fluxes measured by DYNAPROC 2 high frequency sediment trap experiment and in selected literature.
Fluxes are given in pug ? d~1; minima and maxima values are given separated by a @&hx of the sum of G7, Czg and Gg alkenones.

b Flux of 4a,23,23-trimethylcholest-22-eng3ol (dinosterol). © Flux of the summed & and Gg alkenones. d Flux of Cz7:2 methyl
alkanone £ Flux of 24-methylcholesta-5,24(28)-die-®l. “nd” stands for non detected.

Resolved G7 Cs3o Sum

Location Depth hydrocarbons alkenones  alkane diol sterols References
New Guinea Coast 300-1460m 2.6-46.5 13-602 Burns et al., 2004
Australian Shelf 300-1430m 29.7-36.8 13-602 Burns et al., 2004
NW Autralian Shelf 200-600 m 30-37 6-16.5 Burns et al., 2003
Eastern North Pacific
High productivity site 740-4750m 2.7-5.6 Matsueda and Handa, 1986
Low productivity site 741-4750m 0.37-0.82 Matsueda and Handa, 1986
Arabian Sea 2220m 0.22-2.64 0.87-40.8 nd-7.92 Prahl et al., 2000
Antarctic HLNC zone 200m 0.1-8.3 0-7%.2 68-661 Ternois et al., 98
SW Pacific Ocean 300-1000m 0.05-95 10-98 Sikes et al., 2005
N Pacific 140m ca.50-220 Wakeham and Lee, 1989
N Pacific 100m ca. 1200
N Pacific 505m-3380m 0.11-1%7 2.6-9.29 3.7-16.2 Wakeham et al., 2002
NPacific 1235-3815 15-110 Grimalt et al., 1990
NAtlantic 2865-4730 19-78 Grimalt et al., 1990
NE Atlantic 3700m nd-5 Rosell-Melet al., 2000
Mediterranea, Alboran Sea 100m 12.8-31.7 288-817 Tolosa et al., 2005

300m 2.60-15.7 95.5-294
Mediterranan, DYFAMED site 200 m 2.1-34.7 Marty et al., 1994
Mediterranan, DYFAMED site 200 m 0-9 Ternois et al., 1997
Mediterranan, DYFAMED site 200 m 1.4-29.7 0-14.2 0.3-9.3 31-377 This work

et al., 2008; Fig. 4). Dinosterol and dinostanol are abun-efficiency, and organic carbon mineralization between 60 and
dant sterols of dinoflagellates, in particularGymnodinium 200 m depth may explain this discrepancy (Schmidt et al.,
which stands as one of the dominant dinoflagellate genu2009). Evidenced of the degraded state of the exported ma-
during this study (Volkman, 1986; Piretti et al., 1997; Man- terial laid the authors to the conclusion that the recycling
sour et al., 2003; Lasternas et al., 2008). The other sterolsf organic matter between 60 and 200 m was the main fac-
substituted at galso fingerprint the dinoflagellate remains tor explaining the large reduction in thorium-derived fluxes
in the sinking particles. &,24-Dimethyl substitued sterols (Schmidt et al., 2009).

are identified in variable amounts $tripssiellaandGymno- Little is known about particle export at high resolution
dinium(Harvey etal., 1987; Mansour etal., 2003), relatively time scale. A previous study showed important variability of
abundant in the microplankton and thus susceptible of havayport fluxes of proteins and lipid classes with a 4-h time res-
ing contributed these sterols.>£sterols are not systemati- g|ytion at the same site during the spring transition (Goutx et
cally reported in studies dealing with sterols. However they | 2000). In the frontal structure of the Alboran Sea, no sub-
have been characterized in marine dinoflagellates, in partiCustantial variation in sterol and alkenone fluxes was observed
lar in the genusGymnodinium(Goad and Whithers, 1982; petween day and nigh50% night-time change), indicat-
Volkman, 1986), that dominates the dinoflagellates duringing that the export flux resulted mainly from passive sedi-
the present study (Lasternas et al., 2008) and is a possiblgentation of phytoplanktonic material (Tolosa et al., 2005).

source of these sterols. The DYNAPROC 2 sediment traps series show abrupt varia-
. _ _ o tion in fluxes of organic carbon, organic nitrogen and lipid
5.3 Timing and drivers of biomarker flux variation classes (Marty et al., 2009), where fluxes increase during

low wind periods, and also increase at night. The study of
Drifting sediment trap efficiency may be a drawback to flux biomarkers also shows a high variability of biomarker sedi-
estimates. Fluxes of organic carbon estimated from thoriunmentation at 6 h time resolution, characterized by pulses in
(%34Th) deficiency in the 60 top meters of the water column fluxes up to 6-folds. For non aromatic hydrocarbons and
varied from 197 to 219 mgCnf d—1, whereas fluxes of or- alkenones, the range of the variability with a temporal res-
ganic carbon calculated frof$*Th in the traps varies from olution of 6 h is of the same magnitude of seasonal variabil-
8to 13mgCnr2d-1 (Schmidt et al., 2009). Advection, trap ity at the same site (Ternois et al., 1997; Marty et al., 1994).
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Sterols decay during particle sinking complicate the compar-and those of biomarkers of oxidation, of zooplankton and of
ison with other worldwide situations because the literaturehigher plants explain a lower fraction of the variance than
on sterol fluxes concern sediment traps mostly moored atorrelations between phytobiomarkers only (57 to 97% and
deeper depths (Table 3). Sterol fluxes measured during DY86 to 99%, respectively, Table 4). Notwithstanding the gen-
NAPROC?2 compare well to those measured in High Nutrienteral similar pattern of export, these results indicate some di-
Low Chlorophyll Antarctic site at the same depth (Table 3), vergence in the relative variation of fluxes of higher plants,
which characterizes a weak export. This is in good agreeof zooplanktonic and of phytoplankton constituents, in turn
ment with low bulk parameter export fluxes measured duringimplying changes in the composition of sinking particles.
DYNAPROC 2 and with the relatively low primary produc- Compositional changes are also supported by the fact that
tion (Andersen et al., 2009; Marty et al., 2009). the offset between organic carbon and biomarker fluxes dif-
Chlorophyll a integrated over the water column showed fers from one series to the other (Fig. 3). Concentrations
a diel variation during DYNAPROC 2 cruise (Marty et al., of biomarker are calculated by normalizing their abundances
2008), and the exported organic matter (POC and lipidto that of organic carbon. They vary on a smaller relative
classes) flux echoed this variation (Marty et al., 2009). Max-magnitude than do export fluxes (Fig. 8, compared to Figs. 6
ima in export of some lipid classes were also observed atnd 7). As a consequence, biomarker concentration changes
night at the end of spring (Goutx et al., 2000). However, for cause smaller variations of biomarker flux than do organic
the subset of 31 samples under consideration here fluxes afarbon flux. Interestingly, concentrations of biomarkers are
hydrocarbons, alkenones and sterols failed to show an obviless significantly correlated between themselves than do their
ous day-night periodicity (Fig. 3), even though some maximafluxes. Concentrations of 42 alkenones and phytosterols
occur at night. Cholesterol and dehydrocholesterol, markersre not significantly correlated, neither concentrationsgf C
of zooplankton, and steroid ketones, markers of fecal pel-alkenones and higher plant alkanols and alkanes, suggest-
lets neither show this diel variability and their flux timing ing that their contribution to the organic particles have in-
is similar to those of intact phytosterols (Fig. 6). No day- dependent timing (Supplementary material, Table S4 and
night periodicity is depicted by the present subset of DY- Fig. 8). In contrast, concentration of other biomarkers such
NAPROC 2 samples, whilst this periodicity shows on the en-as brassicasterol are significantly correlated with concentra-
tire set of samples. It is possible that diel variability would tion of compounds of a distinct origin (higher plants alka-
have been as significant if the entire dataset (74 samples) haubls and alkanes), suggesting that compositional changes co-
been analyzed for biomarkers. The low export ratio impliesincide with an unknown common driver.
that sinking particles integrate algae which have remained During the present study, the microphytoplankton and
in the euphotic layer over a longer period than the samplingthe nano and picoplankton in the water column show some
frequency. In addition, particle sinking time may result in an changes at the time scale of a few days (Marty et al., 2008;
offset between particle production and their collection in the Lasternas et al, 2008). Biomarker concentrations normalized
traps. These processes may explain that some difference ito organic carbon points to some changes in sinking particle
the timing of primary production and fluxes of organic car- characteristics: punctual enrichments in haptophyte and di-
bon and of biomarkers. noflagellate biomarkers (brassicasterol, alkenones and dinos-
The complexity of the coupling between primary produc- terol) on 18 September (A series, Fig. 8) and on 28 Septem-
tion and export also shows when comparing integrated pri-ber (B series). The time scale of these enrichments does not
mary production and export fluxes (Fig. 7). Whilst primary correspond to the variation of phytoplankton composition in
production shows little variation between 17 September anceuphotic zone particles, for instance the peak in haptophytes
5 October, biomarker fluxes remain low during several suc-abundance lasted 3 days, from 17 to 19 September (Marty
cessive days and describe jagged pulses of high export duet al., 2008). The high frequency of the variation of sinking
ing others (Fig. 7). After the October wind events and theparticles composition more likely integrate other parameters
mixing of the upper water column of (10 October onwards), than water column primary production. The low export ratio
the production decrease is echoed by minima in the export ond consequent high residence time of organic matter likely
biomarkers. results in a temporal integration of biomarker signature in
Two processes can be responsible for the pulses irthe exported particles over a larger period than the sampling
biomarker flux: changes in the magnitude of particle flux frequency. In contrast, the enrichment in phytoplanktonic
(dry weight mass flux) and changes in the concentration ofmaterial inferred by lipid classes, which is a more general
biomarkers in the particles. All biomarkers show concur- signature, applies to the whole A series (Fig. 8 in Marty et
rent variation pattern, and their fluxes are significantly cor-al., 2009).
related (Table 4). This indicates that a common driver con-
trols biomarker fluxes: the mass flux intensity. Processes
controlling aggregation and formation of organic particles
have the most driving influence on flux variability. Linear
correlations between fluxes of phytoplanktonic biomarkers
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Table 4. Pearson matrix of correlation between fluxes of selected of biomarkers; Pearson Corr. coeff.: Pearson correlation coefficient. Sigma
expresses the probablity of non correlatign= 1-sigma).

Caz7 24 Me 24Me Cholest-4- 24Et 423,24 Goalkyl SumGy-  Alcene Sumodd Organic

Alkenones  A5,22 A5 A5,22  A5,24(28) en-3-one A5 triMe A22 diol  Gyg-OH C37zz3 HNAC>25  Carbon

o A Pearson Corr. coeff. 1 .B24% 6850 891 593% B64* 906+ 910  .881* 683 848 761 796+
37 Alkenones Sigma (bilateral) — N -31 .000-31 .000-31 .000-31  .000-31  .000-31 .000-31  .000-31 .000-31  .000-31 .000-31 .000-31 .000-31

A5.2 Pearson Corr. coeff. 824+ 1 4T™ 88T 627+ 838* 878 853 808%  BA3™ 823 831 877™
" Sigma (bilateral) =N .000-31 -31 .000-31 .000-31  .000-31  .000-17 .000-31  .000-31  .000-31  .000-31 .000-31 .000-31 .000-31

A5 Pearson Corr. coeff. 685 AT 1627 478 B11% 656+ 633 683+ A413* 666+ 597 626%
Sigma (bilateral)-N  .000-31 .000-31 -31 .000-31  .006-31  .000-31 .000-31  .000-31  .000-31  .021-31 .000-26 .001-28 .000-31

aMeAB 22 Pearson Corr. coeff.. 891%™ 887TH  G27 1 713% 968* 993+ 981% 865 796" 905 910%  .828%
" Sigma (bilateral) =N .000-31 .000-31 .000-31 31 .000-31  .000-31 .000-31  .000-31 .000-31  .000-31 .000-26 .000-28 .000-31

saMe AB 24(28 Pearson Corr. coeff. 593%™ 627 478 713 1 845* 712+ T52% 669+ 411*  593* 658 686+
e A5,24(28) Sigma (bilateral) =N .000-31 .000-31 .006-31 .000-31 31  .000-31 .000-31  .000-31 .000-31  .021-31 .001-26 .000-28 .000-31

Cholestd-en.3 Pearson Corr. coeff. 864  83g™  8l1¥*  .968* 845 1 .975% 966* 8827 822 870 915% 821+
0lest-4-en-3-0N€  gigma (bilateral) ~=N ~ .000-17 .000-17 .000-17 .000-17  .000-17 -17 .000-17  .000-17  .000-17  .000-17 .000-13 .000-15 .000-17

24 ELAS Pearson Corr. coeff. 906* 878  656*  .903% 712 975 1 002%  .899% 799  916% 008* 835+
Sigma (bilateral) =N .000-31 .000-31 .000-31 .000-31  .000-31  .000-17 -31  .000-31 .000-31  .000-31 .000-26 .000-28 .000-31

4.23.24 TriMen s _PEATSON Corr. Coeft 910%  .853% 633 981%™ 752+ 966* 992+ 1 .918% 758" 913w 887 845+
1e3,24 ThMe. Sigma (bilateral) —N  .000-31 .000-31 .000-31 .000-31  .000-31  .000-17 .000-31 31 .000-31  .000-31 .000-26 .000-28 .000-31

o alkol diol Pearson Corr. coeff. 881%™ 808 683" 865%™ 669 882% 899+ 918 1 573 834% 769 881
30 alkyl dio Sigma (bilateral) =N .000-31 .000-31 .000-31 .000-31  .000-31  .000-17 .000-31  .000-31 -31  .000-31 .000-26 .000-28 .000-31

S . Pearson Corr. coeff. 683 643%™ 413* 796 A411% 822% 799+ 758 573 1 762% 813 485+

um Gz-Cog- Sigma (bilateral) =N .000-31 .000-31 .021-21 .000-31  .021-31  .000-17 000 .000-31  .000-31 000 .000 006

A Pearson Corr. coeff. 848 823" 666" 905 593% 870% 916+ 913  834m 762 1 B51% 760
cene Gr3 Sigma (bilateral) =N .000-26 .000-26 .000-26 .000-26  .001-26  .000-13 .000-26  .000-26  .000-26  .000-26 -26 .000-26 .000-26

Sum odd HNA Gos _Pearson Corr. coeft T61% 8317 BO7TH  .910% 658* 915% .908% BB7* 7697 813 851 1 708%™
um o =2°  Sigma (bilateral) =N .000-28 .000-28 .001-28 .000-28  .000-28  .000-15 .000-28  .000-28  .000-28  .000-28 .000-28 -28 .000-28

Ordanic Carb Pearson Corr. coeff.. 796* 87T 626 .828% 686+ 821% 835+ 845 881% 485 760%™ 708 1
rganic Carbon Sigma (bilateral) =N .000-31 .000-31 .000-31 .000-31  .000-31  .000-17 .000-31  .000-31  .000-31  .006-31 .000-26 .000-28 -31

* The correlation is significant at the 0,05 level (2-paired).
* The correlation is significant at the 0,01 level (2-paired ).
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Fig. 7. Primary production integrated over the upper 60 m of the water column (data from Marty et al., 2008), and abundance of micro-
phytoplankton integrated over the 60 upper meters of the water column (Data from Lasternas et al., 2008). Lower panel: time series fluxes
of selected phytoplanktonic biomarkers. 24N®22: brassicasterolp423,24triMeA22: dinosterol; 24Ma5,24(28): 24-methylcholesta-
5,24(28)-dien-B-ol. The x axis on the lower panel is discontinuous, arrows between both panels indicate time correspondence. Grey filling
indicate night-time collection of particles.
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5.4 Relationships of biomarker export fluxes to

zooplankton biomass and wind events

The high frequency pulses in flux of biomarkers may be trig- (Mousseau et al.

show maximal values at night between 25 and 29 Septem-
ber, when maxima in biomarker fluxes also occurred. Rel-

atively high biomass is also observed on 21 September and
5 October when biomarker export describes moderate peaks
2009; Fig. 5). Despite these correspon-

gered by changes in grazing activity. Zooplankton was dom'dences, the relationship between export fluxes and zooplank-

inated by copepods during DYNAPROC 2 and their abun-

ton biomass is not always straightforward, for instance very

dance show important short-term variability (Mousseau ethigh biomass on the night of 11 and 13 October contrasts

al., 2009).
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with low export between 12 and 14 October (Fig. 3). Sink- graphic studies addressing the Mediterranean sea and other
ing particles collected from 12 to 14 October showed a spe-oligotrophic environments.

cific biomarker signature, with maxima in organic carbon- High frequency sampling of biomarkers exported at 200 m
normalized concentrations of oxidation indicators (steroidshows a variation range of the same magnitude as seasonal
ketones), of zooplanktonic indicator (cholesterol) and in hy-variation. Synchronous timing in fluxes of biomarkers asso-
drocarbons, less labile than other lipids (Fig. 8). This degra-ciated with different sources of organic matter strongly sug-
dation and fecal imprint is good agreement with high abun-gests that the short term temporal variability depends primar-
dance of zooplanktonic wax esters in these particles (Martyily on physical constrains exerted by particle dynamics, and
et al., 2009). In contrast to wax ester enrichment, organido lower extend, by particle composition. High frequency
carbon-normalized concentrations of steroid ketones, cholesshanges in phytoplanktonic fingerprints and digestive oxi-
terol and dehydrocholesterol show ample variation on thedation indicators evidences some high frequency change in
time scale of 6h (Fig. 8). The relation between a steroidparticle composition.

ketone ant_j its parent sterol indicates the intensity c_>f t.he d"AcknowIedgementsThis study was part of the PECHE project:
gestive oxidation of the parent compound. Th? \{arlatlon Offinancial support was provided by the 1.N.S.U.-C.N.R.S. through
fluxes of cholestenone and cholesterol shows distinct dyname PROOF (LEFE-CYBER) program (JGOFS-France). En-
ics, with consecutive samples where the predominant formyick Hermant contributed the analyses of part of the samples during
changes from the ketone to the sterol to the ketone agaihis Master study, and is gratefully thanked. We are indebted to
(end of the C series, Fig. 6). Similarly, Z¥r-cholesta-  Valérie Andersen and Madeleine Goutx for the opportunity to
4,22-dien-3-one describes more marked peaks thamop4- participate to DYNAPROC 2 and for impulsing an active exchange
cholesta-5,22-dienfol during the B series and the end of of results and idea from the participants. Madeleine Goutx is
the C series. Beside the marked degraded character of all tHanked for helpful discussion and cpmments on a previous version
samples, a short-time variability in the degree of digestive®’ e man”scr'pt'f The Conﬁ_tr”m“’? and dhelprI _commentsf og
oxidation of the compounds can be evidenced. two anonymous referees on this version and a previous one of the

. . manuscript are thankfully acknowledged, as well as the comments
_Exported fluxe_s of biomarkers and the coupling t_)etweenof three other anonymous referees on a previous version of the
primary production and export fluxes show conS|derabIepaper_
variability on short time scale with no obvious relationship
to wind events. However, the fingerprint of higher plants Edited by: U. Riebesell
becomes higher during the first intrusion of coastal waters
(Fig. 4) showing that these waters and/or the rain supplied
additional higher plant organic particles, entrained into the
rain of sinking particles. Enhanced export of higher plant
n-alkanes is not triggered by the second intrusion of coasta
water, weaker in intensity.
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The suite of identified biomarkers fingerprints mostly phyto-
planktonic and zooplanktonic remains in the exported ma-
terial, whilst the higher plan.t molecular S?gna..ture is tenu- Andersen, V., Goutx, M., Prieur, L., and Dolan, J. R.: Short-scale
ous. Th.e abundancepf Stero'd ketones, o?udatlon products of temporal variability of physical, biological and biogeochemical
sterols is coherent with an important fraction of fecal pellets  prgcesses in the NW Mediterranean Sea: an introduction, Bio-
in the exported material, in good agreement with information  geosciences, 6, 453-461, 2009,
brought by pigments and lipid classes on the same samples http://www.biogeosciences.net/6/453/2009/
(Marty et al., 2009). Alves, C., Oliveira, T., Pio, C., Silvestre, A. J. D, Fialho, P., Barata,

Lipid biomarker composition points to the dominance of F., and Legrand, M.: Characterisation of carbonaceous aerosols
haptophytes over dinoflagellates in the exported material, from the Azorean Island of Terceira, Atmos. Environ., 41, 1359—
and to a minor contribution of diatoms and eustigmatophytes. | 1373, 2007. _ _ ) ) _
This composition reflects the composition of the phytoplank-Bethf)u.X’ J",P' and Pr'egr’ L: !_'yd“)log'e et C'.rcmat'on en

. . Méditerrae Nord-Occidentale, &roles et Techniques, 299,

ton in the water column (Marty et al., 2008; Lasternas et

L 2 ) K led Is of pel 25-34, 1983.
al., 2008). Improving our knowledge on sterols of pelago- Bligh, E. G. and Dyer, W. J.: A rapid method of total lipid extraction

phytes and prochlorophytes, two dominant groups during ang purification, Can. J. Biochem. Physiol., 37, 911-917, 1959.
the late summer situation, would elucidate the contributiongydge S. M. and Parrish C. C.: Lipid biogeochemistry of plankton,

of these algae to the remarkable abundance jgfdterols. settling matter and sediments in Trinity Bay, Newfoundland. 1.
Such information will be fundamental to future paleooceano- Fatty Acids, Org. Geochem., 29(5), 1547-1559, 1998.
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