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Abstract

Short-term changes in the flux of particulate matter were determined in the central
north western Mediterranean Sea (near DYFAMED site) using drifting sediment traps
at 200 m depth in the course of the DYNAPROC 2 cruise (14 September–17 Octo-
ber, 2004). In this period of marked water column stratification, POC fluxes varied by5

an order of magnitude, in the range of 0.03–0.29 mg C m−2 h−1 over the month and
showed very rapid and high variations. Particulate carbon export represented less
than 5% of integrated primary production, suggesting that phytoplankton production
was essentially sustained by internal recycling of organic matter and retained within
the photic zone. While PON and POP fluxes paralleled one another, the elemental10

ratios POC/PON and POC/POP, varied widely over short-term periods. Values were
always higher than the conventional Redfield ratio indicating that the settling material
was in part degraded. This was confirmed by the very low chlorophyll-a flux recorded
in the traps (mean 0.017 µg m−2 h−1), the high phaeopigment and free lipid concen-
trations of the settling material, which all together indicated that the organic matter15

reaching 200 m depth was reworked (by grazing, fecal pellets production, degrada-
tion, . . . ) and that algal sinking made a small contribution to the downward flux. Over
time, the relative abundance of individual lipid classes in organic matter (OM) changed
from glycolipids-dominated to neutral (wax esters, triglycerides) and phospholipids-
dominated, suggesting ecosystem maturation as well as rapid and continual exchanges20

between dissolved, suspended and sinking pools. Our most striking result was docu-
menting the rapid change in fluxes of the various measured parameters. In the situation
encountered here, with dominant regenerated production, the effect of wind events was
a decrease of fluxes (probably through reduction of grazing). But fluxes increased as
soon as calm conditions settle.25
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1 Introduction

Vertical particle fluxes from surface waters are variable on broad spatial and tempo-
ral scales. Temporal pattern and its relation to hydrography and pelagic system dy-
namics have been documented for various oceanic and coastal regions at different
latitudes (Deuser et al., 1981; Miquel et al., 1993; Steinberg et al., 2001). Season-5

ality is certainly the most dominant scale. Eppley and Peterson (1979) conceptually
linked vertical fluxes to autotrophic new production. However, on small temporal and
spatial scales, vertical fluxes may be decoupled from ambient new and regenerated
production and reflect more likely pelagic food web interactions than nutrient sources
for primary production (Legendre and Gosselin, 1989; Peinert et al., 1989). The export10

flux of particulate organic carbon can represent more than 50% of the primary produc-
tion in high latitude systems but less than 10% in oligotrophic ones (Buesseler, 1998).
In the Mediterranean Sea, the export ratio was even lower, reaching around 1% of the
primary production (Karl et al., 2003; Moutin and Raimbault, 2002). These variations
in export ratios are mostly driven by changes in particulate fluxes rather than changes15

in primary production. The vertical flux of particulate biogenic matter out of the photic
zone is highly variable on seasonal and annual time scales (Buesseler, 1998). These
variations suggest variations in biogeochemical processes including, but not limited to,
possible changes in community structure (Karl et al., 2003). Buesseler (1998) showed
that the high export events appear to be related to the composition of the phytoplank-20

ton assemblages and more specifically to the occurrence of diatom blooms and large
cells in the photic zone (Boyd and Newton, 1995, 1999). Lee et al. (2008) studied the
mechanistic of aggregate formation, mineral dissolution, organic carbon degradation
and transport to depth, concluding that ballast is important but perhaps more as a nu-
cleator of aggregates and as a protection against organic matter degradation rather25

than due to its excess density.
The effect of short-term events is poorly understood because the resolution of sedi-

ment trap sampling is rarely shorter than days or weeks (Ittekkot et al., 1996). In fact,
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very little data exists on short-term (hour to day) variations fluxes of particulate mat-
ter. In the Mediterranean Sea an attempt to the study of high frequency fluxes has
been performed by Goutx et al. (2002) during spring and indicated that the short-term
variability can be as high as inter seasonal fluxes variations.

The multidisciplinary cruise DYNAPROC 2, a one-month long cruise undertaken in5

the central part of the Ligurian Sea (NW Mediterranean Sea, DYFAMED site), allowed
us to study the short term changes in rates of particle export during the late summer
period. Physical, chemical and biological processes were studied in the upper layer
at high frequency (6–8 profiles per day) and particle flux were collected using drifting
sediment traps deployed at 200 m depth during four experiments 5 days long each10

during the cruise. Carbon, nitrogen, phosphorus were measured in the traps together
with HPLC-measured pigments and Iatroscan-measured lipid classes which were used
as indicators of sources, degradation state and sedimentation processes of the particle
flux.

2 Materials and methods15

2.1 General

Physical, chemical and biological observations were performed during the DY-
NAPROC 2 cruise on the R.V. Thalassa 2 from 14 September to 18 October, 2004,
in the north-western Mediterranean Sea near DYFAMED site (main station 43◦25′ N
08◦00′ E, Fig. 1). This cruise was carried out in the course of the PECHE operation20

of the PROOF French program. This multidisciplinary approach was similar to that of
the first DYNAPROC experiment in the post-bloom period (May 1995) (Andersen and
Prieur, 2000). The campaign was based on month-long multidisciplinary observations
at the same station during the end of oligotrophic stratified period. In this part of the
NW Mediterranean Sea the horizontal advection is weak, as demonstrated during the25

first May 1995 cruise (Andersen and Prieur, 2000), and the area is isolated from direct
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inputs from the coast by the presence of the Ligurian current, which flows along the
coast and acts as a barrier to exchange between coastal waters and the study zone
(Béthoux and Prieur, 1983). The homogeneity of the work zone and the main station
was tested by precisely locating the Ligurian current during the Nice-DYFAMED tran-
sects at the beginning of each leg of the campaign, and by performing a grid of 165

stations (CTD casts) twice during the cruise (Fig. 1) to check the expected weakness
of horizontal gradients.

The general strategy of the cruise was to employ a biogeochemical multidisciplinary
approach during two cycles of 5 days for each leg. During the four cycles, 0–500 m CTD
casts were conducted at a 6 h minimum frequency. Drifting sediment traps (Technicap10

PPS 5, 1 m2 opening surface) were deployed at 200 m depth during the four cycles
(17–22 September; 24–29 September; 3–8 October, 10–15 October). The sampling
interval was set at 6 h. Each deployment allowed the collection of 20 samples. In case
of drift out of the study zone during deployment, the sediment trap was retrieved and
replaced at the original site, and this occurred once during each cycle.15

Before deployment, the cups were filled with a solution of 2% buffered formalin used
as preservative. After recovery of the traps, swimmers were carefully removed from cup
content. The cup content was then split (automatic splitter) in aliquots for the various
analyses. Aliquots were concentrated on 25 mm diameter Whatman GF/F filters and
stored at −80◦C for pigment and lipid analyses.20

2.2 Analyses

2.2.1 C, N, P

Immediately after filtration, filters were rinsed with deionised water to eliminate residual
saltwater as well as residual formalin. Then, filters were placed in 50 ml Duran Schott
bottles and stored at −20◦C until analysis. Particulate carbon, nitrogen and phospho-25

rus collected on filters were determined using a wet-oxidation procedure according to
Raimbault et al. (1999). First, filters were wetted with 100 µl of 0.5 N H2SO4 to remove
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inorganic carbon. Then, 40 ml of deionised water and 5 ml of oxidizing reagent (30 g l−1

sodium tetraborate +15 g l−1 potassium persulfate) were added in the bottles. Oxida-
tion was performed in an autoclave at 1 bar and 120◦C during 20 min. After cooling,
inorganic forms of carbon, nitrogen and phosphorus were analyzed on a Technicon II
AutoAnalyzer using automatic colorimetric procedures.5

2.2.2 Pigments

Pigments were analyzed using an Agilent Technologies HPLC system composed
of a degasser (1100 model), a binary pump (1100 model), an autosampler
(1100 model) with temperature control (4◦C) and automatic injection (Rheodyne
valve), a temperature-controlled column compartment and a diode array detector10

(1100 model). The filters of aliquots from the sediment trap were disrupted using an
ultrasonic probe in 3 ml methanol (HPLC grade) containing an internal standard. The
use of the internal standard (vitamin E acetate) allowed for the correction of possible
losses during extraction as well as for the presence of residual water in the filter. All
steps of analysis were realized under dim light conditions. Extracts were analyzed by15

reverse-phase HPLC on RPC8 column (Agilent), 150 mm long, 3 mm internal diameter,
and 3.5 µm granulometry (Zorbax Eclipse) following the method described by Vidussi
et al. (1996). The Agilent Technologies Chemstation software was used for conducting
the analysis as well as for post-analytical processing. Measurements were performed
at 440 nm (for carotenoids), 667 nm (for chloropigments and degradation products) and20

222 nm (for vitamin E acetate internal standard). Pigments were identified by compari-
son of on-line collected absorption spectra with those of a library of spectra established
from standards and from reference cultures obtained from the Villefranche sur mer cul-
ture collection.
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2.2.3 Lipids

Lipids were extracted from the filters (precleaned 6 h at 450◦C) following the Bligh and
Dyer (1959) protocol. Lipid classes were separated on chromarods and quantified on
a thin layer chromatography/flame ionization detection (TLC/FID) Iatroscan TH10 ap-
paratus model MK-6s (hydrogen flow, 160 ml min−1; air flow, 2000 ml min−1) coupled to5

a compatible PC equipped with an i-Chromstar 6.1 integration system (SCPA-Bremen,
Germany). Samples (4–8 µl of a 30 µl solution of the lipid extract in dichloromethane)
were spotted using a 10 µl Hamilton syringe onto SIII chomarods previously calibrated
with standard compounds (Sigma Chemical Ltd., GC grade). Most analyses were run
in triplicate except for some samples in the cycle 2 and 4, for which the totality of the10

lipid extract was deposited on the chomarod. The separation scheme involved five elu-
tion steps in solvent systems of increasing polarity: hexane+diethylether+formic acid,
acetone, chloroform+methanol and chloroform+methanol+ammonium hydroxide ac-
cording to Striby et al. (1999), a modified procedure of Goutx et al. (1990). The use of
these elution systems was successful in separating neutral lipid classes (hydrocarbons,15

sterol esters coeluting with wax esters, ketone as internal standard, triacylglycerols,
free fatty acids, alcohols, sterols and diglycerides), chloroplast lipids (pigments, glycol-
ipids), monoglycerides and non nitrogen containing phospholipids (diphosphatidylglyc-
erides coeluting with phosphatidylglycerides) from nitrogen containing phospholipids
(phosphatidylethanolamine and phosphatidylcholine). Under these conditions, the rel-20

ative standard deviation of replicate analysis (n=3) of the same sample spotted on
adjacent rods for Iatroscan TLC-FID analysis was 6±4%.
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3 Results

3.1 Hydrological and biogeochemical context

The DYNAPROC 2 cruise was conducted at the end of the summer stratified period
from 14 September to 19 October, 2004. The original objective of the cruise was to
study the destratification period. Nevertheless, as indicated by the hydrological series5

during the cruise, the stratification remained very marked and stable during the cruise
with the exception of the last days of cruise (from 12 October onward).

Two principal wind events were encountered during the cruise: one during the first
leg on 25 September, at the beginning of the second trap experiment and one begin-
ning on 10 October between the trap experiments 3 and 4 (Andersen et al., 2008).10

Additionally some hydrologic events have been recorded: the presence of desalted
water mass (<38.3) probably issued from the coast during each leg at days 23–24
September and 9–10 October (Andersen et al., 2008). The phytoplankton biomass (To-
tal Chlorophyll-a) was exceptionally high at the beginning of the cruise (35–40 mg m−2)
(Marty et al., 2008) higher than generally observed at this season during the DYFAMED15

time-series station survey (10 to 30 mg m−2) with a mean of 20 mg m−2 (Marty et al.,
2002). The biomass decreased during the cruise to 20–25 mg m−2 during the second
leg. The integrated total Chlorophyll-a biomass variation during the cruise is showed
in Fig. 2. The biomass was dominated by pico- and nano-phytoplankton (around 87%)
with the exception of the very beginning of the cruise when diatoms were abundant20

(Marty et al., 2008).

3.2 C, N, P particulate fluxes

The temporal shifts in fluxes of organic carbon (POC), nitrogen (PON) and phosphorus
(POP) collected during successive 6 h periods appear in Fig. 3. The vertical fluxes of
particulates displayed a high degree of variability over very short-time scales. POC25

fluxes varied by an order of magnitude, in the range 0.19–1.76 mg C m−2 6 h−1 over the
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month spanned by these observations. Large fluxes events were often followed im-
mediately by period of low flux, and produced a jagged appearance in the flux record.
They were maximal at the end of cycle 1 and 2 (21 and 29 September) and during cy-
cle 3 (5 October). They were minimal at the beginning of cruise (17 and 18 September)
and at beginning of cycle 2 (24–27 September) and from 6 October onward.5

PON and POP fluxes showed quite similar patterns and varied in the range 0.022–
0.27 mg N m−2 6 h−1 and 0.01–0.027 mg N m−2 6 h−1, respectively. Pooling all the avail-
able data, we noted a significant linear relationship between the three elements, with
a slope given atomic ratios slightly higher than the Redfield ratios:

POC = 7.7PON + 5.5, r2 = 0.83, n = 7510

POC = 169POP + 21, r2 = 0.57, n = 75

PON = 22POP + 2, r2 = 0.68, n = 75

Nevertheless, large variations in elemental composition of sedimenting particulate
matter were evident over short time scales (Fig. 4a and b). POC/PON ratio ranged
between 4.3 and 16 with large variations during the cycles 2 and 4. POC/POP ratio15

showed a similar time evolution but with a very large range between 100 and 730.
PON/POP ratio also displayed large variations with values ranging between 9.8 and

and 136. High values (>50) were essentially observed during cyle 2. During the sec-
ond part of the sampling period (cycles 3 and 4), PON/POP ratio tended to decrease
from 40 to 14 while POC/PON ratio increased from 7 to 15. High ratios of POC/PON20

and POC/POP were consistent with the finding that phosphorus and nitrogen are lost
more rapidly than carbon from sinking particles (Knauer et al., 1979; Lohrenz et al.,
1992).

To facilitate comparisons with literature, as well as with biological assimilation of
carbon measured on daily rates (Marty et al., 2008), vertical sinking fluxes of car-25

bon, nitrogen and phosphorus converted in daily rates are given in Table 1. During
the cruise, the means daily rates of sinking materials were 3.8±2.3 mg C m−2 d−1,
0.55±0.28 mg N m−2 d−1 and 0.04±0.02 mg P m−2 d−1 for carbon, nitrogen and phos-
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phorus, respectively. To provide information on the proportion of total primary produc-
tion leaving the euphotic zone in the form of sinking particles, we calculated exported
ratios of carbon (eratio) according to Murray (1989). The mean eratio is 2.04% indicating
that only a small part of primary production is exported through sinking particles.

No significant relationships were found between integrated daily primary production5

and daily POC flux, even though time-course changes in the rates appeared similar
as shown in Fig. 5a. Considering N2-fixation as the main source of new nitrogen for
phytoplankton and assuming a C/N ratio of 6.6 for growth, we can calculate the amount
of new carbon fixed along the cruise period. The mean primary production based on
N2-fixation carbon (3.1±1.1 mg C m−2 d−1; Table 1) was very close to the mean carbon10

export (3.8±2.3 mg C m−2 d−1). Moreover, the short-time evolution showed very com-
parable patterns with increasing of export associated with highest primary production
based on nitrogen fixation (Fig. 5b). In the same manner, the mean PON flux mea-
sured over the cruise period was 0.51±0.28 mg N m−2 d−1 and is quite similar to input
of nitrogen to the photic zone due to biological N2-fixation (0.54±0.19 mg N m−2 d−1;15

Table 1).
On short-time scales, export ratio (eratio) was not related to primary productivity, but

followed the same trend as export production (Fig. 5b) leading to significant relation-
ship:

eratio = 0.015 log[exportPOC] (r2 = 0.62; n = 20)20

3.3 Pigment fluxes

Pigment fluxes recorded during the cruise are shown in Fig. 6. Chlorophyll-a and
phaeopigments fluxes (Fig. 6A) varied independently during the cruise. Phaeopig-
ments dominated during cycle 1 reaching 0.5 µg m−2 h−1 (21–22 September) and
showed a general variation comparable to that of POC. In contrast, chlorophyll-a flux25

was maximum at the end of cycle 2 and beginning of cycle 3 (0.06 µg m−2 h−1). Both
phaeopigments and chlorophyll-a fluxes were very low for the first part of cycle 2 and for

584

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/575/2009/bgd-6-575-2009-print.pdf
http://www.biogeosciences-discuss.net/6/575/2009/bgd-6-575-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
6, 575–606, 2009

Short-term
particulate fluxes in

the NW
Mediterranean Sea

J. C. Marty et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

cycle 4 which corresponded to relatively windy periods. The Pheoapigment/chlorophyll-
a ratio (Fig. 6B) was maximum during cycle 1 (mean 12) and lower during the three
others cycles. Figure 6C shows the fluxes of major carotenoids detected in the traps
during the cruise. 19-hexanoyloxyfucoxanthin (19HF) and 19-butanoyloxyfucoxanthin
(19BF) which are characteristics of green nanoflagellates were the major contributors5

to fluxes, with smaller fluxes of peridinin and fucoxanthin. The variation of fluxes along
the cruise followed that of phaeophorbides, maximum at the end of cycle 1 and 2 and
at mid-cycle 3.

3.4 Lipid fluxes

Lipid fluxes are reported in Fig. 7. Total lipid fluxes varied in the range 8–10

98 µg C m−2 h−1. The contribution of lipids to POC flux was on average 24±11%. The
variation during the cruise paralleled that of POC except during cycle 1 when lipid fluxes
were relatively higher during a short period (19–21 September) with a strong day/night
variation. At shorter scale, the total lipid flux was minimal at the beginning of cycle 2
after the first wind event (25–27 September; 9–16 µg C m−2 h−1 except 26 September,15

54 µg C m−2 h−1), and also during the cycle 4 for the second wind period from 10 Oc-
tober to the end of cruise. Most individual lipid class fluxes showed a similar pattern.
The total phospholipids fluxes (PL) increased from 2 to 10 µg C m−2 h−1 during cycle 1,
and were very low (<2 µg C m−2 h−1) at the beginning of cycle 2 and during cycle 4.
The highest PL flux (11.7 µg C m−2 h−1) was noticeable during cycle 3 (6 October).20

Similarly, sterols (ST) fluxes were characterized by contrasted values during cycle 2,
ST fluxes were very low at the beginning (24–27 September, 1.1 µg C m−2 h−1) and
maximum at the end of cycle 2 (29 September, 22 µg C m−2 h−1), representing a high
percentage in total lipids (27–36%). The same contrast was observed for the glycol-
ipids (monogalactosyldiglycerides, MGDG) (1.4 and 12.4 µg C m−2 h−1, respectively)25

although, unlike sterols, MGDG contribution to the total lipid flux was maximal at the
early beginning of cycle 1 and during cycle 3 (in the range 20–30%). Wax esters and
triglycerides fluxes were maximal in cycle 3 (mean 2.4±5.4 and 3.3±3.2 µg C m−2 h−1,
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n=19, respectively). The qualitative distribution (relative abundance) of individual lipid
classes in total lipids showed a drastic change in the lipid material collected in the cups
throughout the cruise period (Fig. 8). During cycle 1, chloroplast lipids (the sum of the
pigments and glycolipids lipid classes) along with the metabolites dominated over the
total lipid pool whereas during cycles 2, 3 and 4, storage lipids (triglycerides and wax5

esters) largely dominated the lipid pool.

4 Discussion

4.1 Primary production and export

When compared to the measured primary production (87–283 mg C m−2 d−1) the mean
export ratio (eratio) for the cruise was of the order of 2% (Table 1), although showing10

rapid changes over short-time periods (Fig. 5b). These estimates agreed well with
those measured at the end of the DYNAPROC 1 cruise in oligotrophic conditions (1–
2%) (Goutx et al., 2000). The overall efficiency of carbon export to depth compared to
surface primary budget was low and consistent with values found in literature for other
oceanic systems (2–10%, Buessseler, 1998) and was also consistent with those found15

in the oligotrophic Sargasso Sea (Lohrenz et al., 1992). In the eastern Mediterranean
Sea, similar values were found, with an export efficiency of 2–3% in the Cretan Sea
(Stavrakakis et al., 2000) and less than 4% in Adriatic (Boldrin et al., 2002). Other
studies conducted in different parts of the Mediterranean Sea (Danovaro et al., 1999;
Moutin and Raimbault, 2002) have reported lower carbon export efficiency when com-20

paring the eastern (3%) to the western basins (10%). Our values are more consistent
with values found in the eastern basin, a result not surprising since oligotrophic con-
ditions were prevalent during this experiment (Marty et al., 2008). Our rates fell in the
lower part of the range of data reported by Miquel et al. (1994) for the same area during
the stratified period (2–16 mg m−2 d−1). Consequently, more than 95% of primary pro-25

duction is sustained by internal recycling of organic matter and retained in the photic
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zone.
The export organic nitrogen from the oceanic euphotic zone (principally as sinking

particulate nitrogen) is believed to balance the input of exogenous combined inorganic
nitrogen (i.e. export production balances new production (Eppley and Peterson, 1979).
In the same manner, it is generally assumed that the flux of POC escaping from the5

photic layer is equivalent to carbon fixed during the photosynthesis process sustained
by new nitrogen. In stratified oligotrophic systems, there are two significant sources
of new nitrogen which can sustain carbon assimilation: the vertical diffusion of nitrate
and the biological fixation of dissolved di-nitrogen. During this cruise, while nutricline
was always located below the thermocline leading to very low nitrate diffusion in surface10

waters, results of 15N-tracer assays on incubated samples (Marty et al., 2008) revealed
variations of integrated N2-fixation coherent with POC (Fig. 5b) and PON export. These
results confirmed that 1) N2-fixation can significantly contribute to export production
and 2) these two processes can rapidly vary in intensity (Karl et al., 1997; Deutsch et
al., 2007; Kerhervé et al. (2001).15

4.2 Links between production regime and fluxes; comparison with end bloom experi-
ment (DYNAPROC 1)

Very few sediment trap studies have employed high frequency sampling for tracking
short term events. Goutx et al. (2000) described this type of time series in the first
DYNAPROC cruise in May 1995, during the period of transition between spring bloom20

and oligotrophy. In the present study, we investigated late summer conditions. The
situation studied during the cruise was characterized by a strong stratification, unusual
at this period of the year where the end of stratification was generally observed (Marty
et al., 2002). The stratification remained strong during the cruise at the exception of
the last days, with the thermocline surrounding the nutricline inducing very low verti-25

cal diffusion of nutrients. Nevertheless the recorded phytoplankton biomass was rel-
atively high at least at the beginning of the cruise (40 mg m−3; Fig. 2) whereas the
usual integrated chlorophyll-a was in the range 10–30 mg m−2 for the 15 years obser-
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vations of DYFAMED TSS (Marty et al., 2002). The POC fluxes observed were in the
range 2.2–5.2 mg C m−2 d−1 (Table 1) lower than observed during spring period (34–
11 mg m−2 d−1, Goutx et al., 2000).

The elemental ratios during the cruise were always higher than the conventional
Redfield ratio (Fig. 4) and indicated that the settling material was in part degraded.5

Values of POC/PON ratio (mean 8.2) were a little higher than those observed during
the bloom period (mean 7.8) (Goutx et al., 2000). POC/POP ratios show very large
values (up to 730) suggesting that marked and rapid losses of phosphorus, and in
lesser extend of nitrogen, occurred during sinking, while comparatively large amounts
of carbon and nitrogen remained associated with sinking particles. No significant re-10

lationship was found between the export rates and the elemental composition of the
exported materials.

The chlorophyll-a flux recorded in the traps during the cruise was very low (mean
0.017 µg m−2 h−1) which indicated that the organic matter reaching 200 m depth was
reworked (by grazing, fecal pellets production, degradation, . . . ) and that sedimen-15

tation of intact phytoplankton made a small contribution to the downward flux. A low
contribution of algal sinking to biogenic flux in summer has been observed in other
areas (subarctic Pacific) by Thibault et al. (1999). On the other hand, the phaeopig-
ments flux was higher (0.099 µg m−2 h−1) and indicated the more important contribution
of grazing by zooplankton.20

The phytoplankton system observed during the cruise (Marty et al., 2008) was char-
acterized by the predominance of nano- and pico-phytoplankton groups which are
known to be characteristic of recycled production with low export fluxes of particu-
late matter (Claustre, 1994; Boyd and Newton, 1999). The major carotenoids de-
tected in the trap samples were essentially 19-hexanoyloxyfucoxanthin (19HF) and25

19-butanoyloxyfucoxanthin (19BF) which confirmed the contribution of nanoplankton
to particulate flux. In contrast, fucoxanthin (as indicator of diatoms) was present only
in low concentrations, in agreement with the low concentrations of diatoms in the wa-
ter column (with the exception of the very beginning of cruise) as noticed by Marty et
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al. (2008).
The lipid pattern reflected the contribution of both zooplankton and phytoplankton

to the trap material. In addition to the presence of zoopankton biomarkers (wax es-
ters), the flux of total lipids was significantly correlated with the flux of phaeopigments
(0.42, n=74), but neither with chla nor fucoxanthin fluxes, indicating that material other5

than phytoplankton contributed to the flux. The contribution of picoplankton to the
lipid flux was corroborated by the significant correlations between the total lipids and
19HF (0.49) and zeaxanthin (0.49), and between the phytoplankton lipid biomarker,
the chloroplast membrane lipids (monogalactosyldiglycerides, MGDG), and Peri (0.55),
19HF (0.56) and 19BF (0.58).10

The relative abundance of individual lipid classes among total lipids reflects the
global background pattern of the quality of export material in relation with the produc-
tion regime. For example, during the DYNAPROC 1 post-diatom bloom sampling, the
relative abundance of individual lipid classes was dominated by the chloroplast lipids
including the glycolipids and more or less degraded pigments, which all together indi-15

cated diatom-like material transferred to the traps through the grazing of zooplankton
(Goutx et al., 2000) (Fig. 9). Interestingly, our DYNAPROC 2 study which took place
during the late summer to autumn transition, documents a similar pattern of lipid class
distribution in the traps (cf. Fig. 8), although during the first cycle only, when the phy-
toplankton biomass was still elevated in the upper productive layer. With the decline20

in chlorophyll concentration as the season advanced towards autumn, phospholipids,
triglycerides and wax esters dominated the lipid material in the traps. Change in POM
and DOM lipid composition from a glycolipids-dominated lipid pool, to a neutral (wax
esters, triglycerides) and phospholipids-dominated lipid pool, has already been ob-
served in ecosystems changing from micro- and or pico-phytoplankton to heterotrophs-25

dominated regimes (Smith et al., 1997; Goutx et al., 2000; Ghiglione et al., 2007; Bour-
guet et al., 2008). During DYNAPROC 2, a similar shift occurred in the suspended
(unpublished data) and dissolved matter (Goutx et al., 2009) between the early begin-
ning and the end of the cruise. Clearly, the changes that we observed in the surface
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lipid properties were reflected in the trap material. This probably indicated that rapid
and continual exchanges occurred between dissolved, suspended and sinking pools.
Differences in carbon allocation during periods of lower productivity would result in tran-
sient increases in the availability of essential, energy-rich lipids to higher trophic levels
and/or to mesopelagic layer carbon limited community.5

4.3 Short-term variations (wind events, changing water masses, day/night)

The most striking result of our study is a documentation of the rapid change in fluxes
of the various measured parameters. For example, the shift in POC flux (Fig. 3), was
characterized by an increase during cycle 1, but by low values at the beginning of cy-
cle 2 and increase again from 28 September onward. During leg 2 there was also an10

increase in POC flux at the beginning of cycle 3 and an abrupt decrease on 6 October
and lower values for the rest of cycle 3 and for cycle 4. The increases in fluxes ap-
peared to be related to quiet weather periods and lower fluxes were recorded during
windy periods (Andersen et al., 2008). This is the opposite of what was observed dur-
ing post-bloom sampling (Goutx et al., 2000) where a wind event increased the flux of15

exported algal material.
In our study POC as well as other biogeochemical parameters fluxes increased dur-

ing quiet (i.e., low wind) periods. Since primary production was relatively constant dur-
ing the cruise (see Table 1) and phytoplankton biomass distribution between groups
was also relatively constant, the increase of flux could be linked to a more active graz-20

ing. Indeed, zooplankton exhibited several rapid increase of biomass during leg 1
and 2 (a factor 4 in 24 h) (Raybaud et al., 2008). The presence of low-salinity water
masses during some periods during cycle 2 and cycle 3, unfortunately in coincidence
with wind events, was probably of less influence since the repartition between phyto-
plankton groups was only slightly affected. Although the zooplankton distribution could25

be different in other water masses, the main constraint in this case was probably the
wind effect.

We showed that the reaction of carbon flux to wind in periods dominated by regener-
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ated production (small species: nano-pico-phytoplankton, new production sustained by
N2-fixation) was different from periods dominated by new production (large species di-
atoms and/or dinoflagellates). In the case of dominant new production (DYNAPROC 1),
sedimentation was principally linked to algal transfer and the effect of wind events was
to activate transfer through direct sedimentation. In the case of our study with dominant5

regenerated production, the effect of wind events was a decrease of fluxes (probably
through reduction of grazing). But fluxes increased as soon as calm conditions settled.
Accordingly, mesopelagic dissolved lipid signatures that we attributed to the dissolution
of settling POM from zooplankton origin, only occurred during the largest period of low
wind (Goutx et al., 2009).10

Short term fluctuations were obvious in flux data for all the measured parameters.
These variations could reach a factor of 2 in 6 h. These abrupt variations in fluxes were
partly the result of physical processes (see above) but also of biological processes.
The apparent short term periodicity of fluxes was often on the order of 12 to 24 h. POC
fluxes were generally higher during night period than during day with only rare excep-15

tions (20 September for example). This diel periodicity of POC fluxes could be the
result of the diel fluctuation in zooplankton grazing rate as evidenced by Welschmeyer
et al. (1984) or Dagg et al. (1989) even if phaeopigment fluxes do not follow the same
rhythm. There was a significant increase of the biomass of total zooplankton in the
0–200 m surface layer at night during the experiment (Raybaud et al., 2008). Small20

and large copepods that dominated the zooplankton community likely released faecal
pellets at night with consequence on the periodicity of the export flux. Once again, the
contrast appeared between a situation where fluxes were dominated by the sedimenta-
tion of algal biomass and the situation observed here where the principal contributions
to fluxes were the copepods faecal pellets.25
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5 Conclusions

The short term sedimentation characterized during DYNAPROC 2 was largely influ-
enced by the community structure present during the cruise. The system was strongly
stratified and the phytoplankton assemblages were dominated by small species (nano-
pico) and regenerated production.5

As expected during highly stratified waters, the exported fluxes were low and the
exported material degraded. The flux was probably more dominated by products is-
sued from grazing (e.g. faecal pellets of copepods) than by a direct contribution from
decaying algal biomass. Up to 95% of primary production is sustained by internal recy-
cling of organic matter and retained in the photic zone, and N2-fixation can significantly10

contribute to export production.
Measured fluxes were very variable at the scale of day. In general the day night

periodicity of organic fluxes was apparent but of weak amplitude and linked to grazing
by mesozooplankton. In this oligotrophic system, the influence of wind intensity was
the main constraint over fluxes with low fluxes during windy periods through reduction15

of grazing, and higher fluxes during quite periods.
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Table 1. Vertical particulate fluxes of total mass, carbon, nitrogen and phosphorus converted
in daily rates, mean primary production, new production and e ratio for the 4 collecting periods
during DYNAPROC 2.

Collected in sediment traps Tracer experiments

Collecting period Total mass Carbon mass Nitrogen mass Phosphorus mass Primary Production New production e ratio
mg m−2 j−1 mgC m−2 j−1 mgN m−2 j−1 mgP m−2 j−1 mgC m−2 j−1 mgC m−2 j−1

17/09 to 22/9 31.7±0.01 5.2±1.9 0.74±0.3 0.07±0.02 212±60 3.2±1.8 2.5%
24/09 to 29/09 17.3±0.01 3.7±3.3 0.47±0.28 0.02±0.01 197±53 3.5±0.8 1.9%
3/10 to 8/10 24.1±0.01 4.2±2.1 0.60±0.28 0.05±0.02 219±46 3.2±1.0 1.9%

10/10 to 15/10 9.5±0.01 2.2±0.9 0.22±0.09 0.03±0.01 117±16 2.5±1.7 1.9%
mean value 20.6 3.8±2.3 0.55±0.28 0.04±0.02 186±60 3.1±1.1 2.04%
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Figure 1: Location of sampling site (     ), stations of transect (♦), grid (x), and DYFAMED zone (         )

Fig. 1. Location of sampling site ( ), stations of transect (�), grid (×), and DYFAMED zone
( ).
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Figure 2: Time evolution of integrated chlorophyll a over the 0-150 m water column. ST1, ST2, ST3, ST4 indicate the 
period of deployment of sediment traps for the 4 experiments. 
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Fig. 2. Time evolution of integrated chlorophyll-a over the 0–150 m water column. ST1, ST2,
ST3, ST4 indicate the period of deployment of sediment traps for the 4 experiments.
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Figure 3: Time evolution of particulate carbon, nitrogen and phosphorus collected in 
sediment traps during 6 hours of collection periods
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Fig. 3. Time evolution of particulate carbon, nitrogen and phosphorus collected in sediment
traps during 6 h of collection periods
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Figure 4: Time evolution of POC/PON and PON/OP ratios (a) and POC/POP ratio (b) in 
particles collected in sediment traps during 6 hours of collection periods
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Fig. 4. Time evolution of POC/PON and PON/OP ratios (a) and POC/POP ratio (b) in particles
collected in sediment traps during 6 h of collection periods.
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Interactive DiscussionFigure 5: Evolution of POC vertical flux and primary production (a) and carbon 
assimilation sustained by N2-fixation assuming a C/N ratio of 6.6 and export ratio (eratio) 
estimated on daily rates. 
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Fig. 5. Evolution of POC vertical flux and primary production (a) and carbon assimilation sus-
tained by N2-fixation assuming a C/N ratio of 6.6 and export ratio (eratio) estimated on daily
rates (b).

602

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/575/2009/bgd-6-575-2009-print.pdf
http://www.biogeosciences-discuss.net/6/575/2009/bgd-6-575-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
6, 575–606, 2009

Short-term
particulate fluxes in

the NW
Mediterranean Sea

J. C. Marty et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

0

0.1

0.2

0.3

0.4

0.5

0.6

15/09 20/09 25/09 30/09 05/10 10/10 15/10
Date

Ph
ae

op
ig

m
en

t F
lu

x 
µg

 m
-2

 h
-1

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

C
hl

or
op

hy
ll 

a 
Fl

ux
 µ

g 
m

-2
 h

-1

Phaeopigments
Chlorophyll a

A

0

5

10

15

20

25

15/09 20/09 25/09 30/09 05/10 10/10 15/10
Date

Ph
ae

op
ig

m
en

ts
/C

hl
or

op
hy

ll 
a 

R
at

io Phaeo/ChlaB

0

0.2

0.4

0.6

0.8

1

1.2

15/09 20/09 25/09 30/09 05/10 10/10 15/10
Date

Pi
gm

en
ts

 F
lu

xe
s 

µg
 m

-2
 h

-1

 HF
 BF
 Peri
 Fuco

C

Fig. 6. Time evolution of phaeopigments and chlorophyll-a fluxes (A),
phaeopigments/chlorophyll-a ratio (B), and selected carotenoids fluxes (C) in sediment
traps. 19-HF: 19-Hexanoyloxyfucoxanthin; 19-BF: 19-Butanoyloxyfucoxanthin; Peri: peridinin;
Fuco: fucoxanthin.
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Fig. 7. Time evolution of individual lipid classes fluxes in sediment traps. (A): Total lipids; (B):
Sterols; (C): Hydrocarbons; (D): Alcohols; (E): Phospholipids; (F): Monogalactosyldiglycerides,
MGDG; (G): Fatty acids; (H): Wax esters; (I): Triglycerides.
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Fig. 8. Relative abundance of individual lipid classes in total lipids from DYNAPROC 2 drifting
traps, late summer to autumn transition, 2004. Metab: Metabolites; TG: Triglycerides; WSE:
Wax and sterol esters; ST: Sterols; CL: Chloroplast lipids; PL: Phospholipids.
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Fig. 9. Mean relative abundance of individual lipid classes in trap samples showing the dom-
inance of chloroplast lipids (>20%) (AMPL) during DYNAPROC 1 and DYNAPROC 2 cycle 1,
and the dominance of phospholipids (PL), wax esters (WE) and triglycerides (TG) during the
DYNAPROC 2 cycle 2, 3 and 4. Other individual lipid classes are metabolites (Metab) and
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