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\bstract

A long-term experiment of downward particle fluxes and currents has been initiated in 1993 on the continental slope of the Gulf
f Lions (NW Mediterranean) and pursued within the frame of several French and European projects (PNEC, Euromarge-NB, MTP
-MATER, EUROSTRATAFORM). Sediment traps and current meters were deployed at several locations on this slope deeply
1cised by numerous canyons, with an extensive spatial coverage for the first 2 years (canyons at the entrance, middle and exit of
1e gulf with respect to the general along-slope circulation, head and mid-canyon depths, adjacent open slope). From late 1995
nwards, this design was reduced to the two mid-canyon moorings at the entrance and exit of the gulf. Monthly fluxes and hourly
mperatures and currents were recorded at 500 m (30 m above bottom, mab) in the canyon heads, at 500 and 1000 m (respectively
30 and 30 mab) nominal depths at the mid-canyon sites, and at 750 m (30 mab) open slope.

This study aims at describing the spatial, seasonal and interannual variability of flux intensity and composition of settling
articles, and at analyzing the role of diverse forcings in the control of particle exchange across the margin. Results from the first
years (1993-2001) show that total mass fluxes — in the 10'~10* mg m~? d"! range — increase along slope, particularly for the
car-bottom traps, between the NE (Planier Canyon) and the SW (Lacaze-Duthiers Canyon) limits of the Gulf of Lions, indicating
1" increased shelf export of particulate matter in the western part of the system. Bulk chemical composition (organic matter,
arbonate, opal and lithogenic fraction) remained rather stable during the course of the experiment, tending towards values typical
f superficial shelf sediments at higher mass fluxes. First-order calculations using a simple two-component mixing model suggest a
ccreasing contribution of primary particles settling out of the overlying waters to the total flux from the entrance towards the exit
f the system. Particulate material transferred to the deeper slope in the southwestern part of the Gulf of Lions appears therefore to
redominantly originate in resuspended shelf and/or upper slope sediment. Downward particle fluxes and potential forcing
arameters exhibit a high seasonal variability, with higher values from late autumn to early spring. Furthermore, unprecedented
inter flux peaks observed in 1999 dominated the interannual differences, which otherwise were quite limited. Correlations
stween sources of particulate material on the shelf (i.e., river and atmospheric inputs, phytoplankton biomass and sediment
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resuspension), cross-slope exchange mechanisms (derived from in situ temperature and current records) and flux data indicate a
predominant effect of dense cold water cascading on the exchange of particulate matter between the shelf and the slope.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Continental margins represent buffer zones be-
tween the continent, the open ocean and the
atmosphere. They act both as a sink for particulate
matter supplied by continental inputs (riverine and
atmospheric) and biological production, and a source
for the adjacent open ocean. From a biogeochemical
viewpoint, assessing how shelves concentrate and
export organic particulate matter to the open ocean is
a necessary step to estimate their influence in the
global carbon cycle (Liu et al, 2000). From a
geological viewpoint, knowledge on the fate of
particles is needed to investigate the present impact
of coastal sediment dispersal in the formation of strata
in deeper slope and basin environments (Nittrouer and
Wright, 1994). It also helps to better understand how
environmental conditions can be archived in the
sediment record, an aspect of major importance in
disentangling recent climatic and oceanographic
evolution of the Earth.

Over the last two decades, knowledge on the
present export of shelf particulate matter to the slope
essentially derived from measurements of downward
particle fluxes by sediment traps (e.g., Biscaye et al.,
1988; Monaco et al., 1990; Biscaye and Anderson,
1994; Puig and Palanques, 1998; Antia et al., 1999;
Heussner et al., 1999; McCave et al., 2001; Fabres et
al.,, 2002; Iseki et al., 2003). All these experiments
used basically the same strategy: weekly to monthly
fluxes were measured at single locations or along
transects and from short-term process studies to
longer times scales, generally an annual cycle. Such
observations allowed building a picture of horizontal
and vertical gradients and seasonal variability of flux
characteristics (intensity, composition). Monitoring of
particle fluxes over several years has been largely
restricted to the open ocean and was or is largely
intended to evaluate variations in the export of carbon
to the deep realm, a mechanism that contributes to the
regulation of CO, exchange between the atmosphere
and the sea (e.g., Deuser et al., 1995; Karl et al.,
1996; Wong et al., 1999; Conte et al., 2001; Unger
et al., 2003; Waniek et al., 2005). On continental
margins however studies covering more than one

annual cycle are more than scarce (e.g., Thunell,
1998), despite their fundamental importance in the
characterization of shelf—slope exchange variability
and the understanding of the factors controlling these
fluctuations.

In the Gulf of Lions, a temperate continental margin
of the northwestern Mediterranean Sea (Fig. 1a), several
multidisciplinary studies such as the French ECO-
MARGE programme and its European extensions
EUROMARGE-NB and MTP II-MATER unveiled a
variety of factors that could potentially influence the
pathways and observed spatial and temporal variabil-
ities of particle export to the open ocean (Monaco et al.,
1990, 1999; Durrieu de Madron et al., 1999; Flexas et
al., 2002; Van Wambeke et al., 2002). These studies
suggested that flux variations on the slope respond to
the major particulate sources feeding the shelf and
particularly to physical transport mechanisms. In order
to improve the quantification of the particle flux
towards the intermediate and deep layers of the adjacent
basin, and also to validate and better understand the
effective role and the recurrence of the exchange
processes, two consecutive experiments have been
carried out since 1993. A network of 3 sites distributed
over the whole slope was first instrumented with an
extended array of 7 moorings (Fig. 1b). This 2-year
experiment was designed to describe horizontal and
vertical variations of flux and particle composition at
the local scale, within and outside canyons, and at a
larger scale, by comparison of fluxes at several
locations along the slope. The deeper moorings at
both ends of the gulf were maintained to provide a long-
term monitoring of downward fluxes (current duration:
13 years). This unique time series, part of three con-
secutive European projects (Euromarge-NB, MTP II-
MATER and EUROSTRATAFORM) and the French
PNEC (Programme National Environnement Cétier),
was completed with contemporaneous information on
the variability of major sources of particulate matter on
the shelf, and physical exchange processes. The aim of
the latter study was to describe the interannual
variability of downward particle fluxes on the slope
and that of potential forcing parameters (sources,
physical exchange processes), and to possibly discrim-
inate the forcings responsible for the major flux events
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ig. 1. (a) Location of the Gulf of Lions (GoL) in the Northwestern Mediterranean Sea. Stars indicate the DYFAMED site (Dyf) in the Ligurian Sea and
he Ponte Leccia site (PoLe) in Corsica. (b) Location of the sediment trap/current meter moorings in the Planier Canyon, Séte Canyon and Lacaze-
Juthiers Canyon on the continental slope of the Gulf of Lions (Northwestern Mediterranean Sea). Black stars represent the position of moorings during
he short-term experiment (Oct. 1993—Nov. 1995) and black squares the long-term moorings (Oct 1993—June 2001). The large grey arrow underlines
he mean path of the along-slope general circulation (Northern Current). (c) Sketch of the sediment trap/current meter mooring configuration used
uring the long-term experiment.

bserved. The long-term monitoring was also intended 2. Regional setting

o provide a temporal framework (i.e., “usual” versus

unusual” years) into which shorter, process-oriented The Gulf of Lions continental margin presents a
xperiments could be placed, as for example the High crescent-shaped shelf and an upper slope indented by
‘requency Flux Experiment, part of MTP II-MATER about ten submarine canyons (Fig. 1b). Several sources

e.g., Flexas et al., 2002; Van Wambeke et al., 2002). feed the shelf waters with particulate matter: riverine
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(primarily the Rhone River discharge) and atmospheric
(primarily Saharan dust deposition) contributions of
continental origin, biological production, and particle
resuspension (freshly deposited material and sediments).
Due to the predominance of river inputs, suspended
particle concentrations present a strong, seaward-de-
creasing gradient all year round, nevertheless with a
marked seasonal variation (Fig. 2). The distinct surface
turbid layer, which extends over the shelf edge and slope,
is largely composed of biological material. Conversely,
the bottom turbid layer, which extends to the shelf edge,
is mostly lithogenic (Aloisi et al., 1982; Durrieu de
Madron and Panouse, 1996).

A permanent along-slope current (Northern Current)
and a mean shelf circulation appear to transport sus-
pended matter in a general cyclonic (counter-clockwise)
direction (Millot, 1990). During periods of high river

discharge and major southeastern storms, river plumes
and shelf water are primarily advected cyclonically along
the shelf and exported at the southwestern end of the gulf
(Ulses, 2004). In addition, other cross-shelf transport
mechanisms are moving particles across the shelf break.
Shallow flows occasionally penetrate over the shelf
under the effect of wind (Millot, 1990; Estournel et al.,
2003) and current instabilities (Durrieu de Madron et al.,
1999; Flexas et al., 2002; Petrenko et al., 2005), and
exchange matter between the shelf and the open sea. In
winter, cold continental winds and air—sea temperature
difference induce an important evaporation and heat loss
from the sea. The sustained cooling and mixing of the
surface layer lead to a homogenisation of the water
column and the formation of dense, cold waters on the
shelf that cascade down the slope (Durrieu de Madron
and Panouse, 1996; Tusseau-Vuillemin et al., 1998;
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Fig. 2. (a) Seasonal distribution of suspended particulate matter concentration (particulate beam attenuation coefficient, BAC,,) across the shelf and
slope of the Gulf of Lions. The “summer” (April-September) composite transect averages 644 stations and the “winter” (October—March) composite
transect averages 609 stations collected between 1993 and 2004. (b) Average values (solid line) and range (dashed lines) of suspended particulate
matter concentration (particulate beam attenuation coefficient, BAC,) measured between 1993 and 1999 in the vicinity of the 1000 m moorings in the
Planier and Lacaze-Duthiers canyons. The intermediate nepheloid layer around 150 m is the extension of the bottom nepheloid layer on the shelf. The
suspended particulate matter concentration (SPM inmg | ! can be derived from the particulate beam attenuation coefficient (BAC, in m ") using the
relation SPM=1.17xBAC, +0.17 of Lapouyade and Durrieu de Madron (2001).
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Dufau et al., 2004). This latter process appears to have a
strong interannual variability (Béthoux et al., 2002).

Earlier ECOMARGE studies of particle fluxes con-
ducted in 1985—86 within the Lacaze-Duthiers Canyon at
the southwestern end of the gulf (Monaco et al., 1990),
and in 1988—89 within the Grand-Rhone Canyon in its
northeastern part (Monaco et al., 1999; Durrieu de
Madron et al., 1999) showed that:

- The overall composition of settling particles collect-
ed above the shelf break depth (~150 m) was sig-
nificantly different from material collected deeper.
There was a clear biological contribution and flux
peaks related to periods of surface biological pro-
duction, especially in summer and autumn.
Particulate matter trapped at deeper horizons was
characterized by a more stable composition, with a
major lithogenic contribution possibly related to
resuspended sediments. Seasonal variability was
apparent with larger fluxes in winter. It seemed to
covary with that of major sources of particulate matter
(river discharge) and physical forcing (winter con-
vection, along-slope current intensity and mesoscale
variability).

Mean total mass fluxes on the slope increased with
depth, indicating an increasing contribution of the
lateral input of shelf and slope particles that ac-
cordingly dilute the material exported from shallower
water layers.

Fluxes inside the Grand-Rhone Canyon were larger
than on the adjacent open slope, demonstrating, in
the absence of enhanced local resuspension, a
preferential transport of material within the canyon.
Annual mass fluxes were 3—10 times higher at the
southwestern end of the gulf than at its northeastern

-end. The limited variation in the chemical composi-
tion (major constituents) of the trapped material sug-
gested that the particle reservoir feeding shelf-slope
exchanges was homogeneous at the scale of the
entire Gulf of Lions.

. Material and methods
. 1. Field experiment

During the first phase of the experiment (1993-95)
ree sites were instrumented with 7 mooring lines
vithin and outside the Planier and Lacaze-Duthiers
anyons, respectively at the northeastern entrance and
outhwestern exit of the Gulf of Lions, and in the
itermediate Séte Canyon (Fig. 1b). All moorings were
quipped with one trap and current meter pair at roughly

30 m above bottom (mab hereafter). For the Planier and
Lacaze-Duthiers sites, moorings were deployed at
around 530 m water depth in the canyon head, 1000 m
in the canyon axis at mid-slope, and 750 m on the open
slope upstream of the canyons. The 1000 m canyon
moorings were further equipped with one trap and cur-
rent meter pair at 500 mab, to estimate vertical changes
(Fig. 1). A single mooring was located at 1000 m depth in
the Séte Canyon, roughly at mid-distance between the
Planier and Lacaze-Duthiers canyons. All traps were
PPS3 Technicap sediment traps: cylindro-conical in
shape with a 0.4 m opening diameter (2.5 height/diam-
eter aspect ratio for the cylindrical part) and equipped
with 6 or 12 sampling cups (Heussner et al., 1990). They
were coupled with Aanderaa rotor current meters (RCM
7 and 8) located 2 m below the traps (Fig. 1). Four 6-
month deployments were realized between October 1993
and November 1995. Trap sampling interval was set at
14 d or 1 month (for the older trap version with only 6
sampling cups). Current meters recorded pressure,
temperature, current speed and direction at 1-h intervals.

During the second phase of the experiment (1995—
2001), only the mid-slope moorings within the axes of the
Planier and Lacaze-Duthiers Canyons were maintained
and serviced every 6 months. Trap sampling interval was
set at 14 d until early 1997, and at 1 month from this time
onwards. Current meters recorded pressure, temperature,
current speed and direction at 1-h intervals.

Data are presented for the entire period October
1993—June 2001. The recovery percentage was satisfac-
tory both for current meters (64 6-month time series out
of a maximum of 71) and sediment traps (512 samples
out of a maximum of 570). For the sake of convenience,
the first phase will be thereafter referred as “short-term
experiment” while the overall experiment will be
referred as “long-term experiment”.

3.2. Measurement of downward particle fluxes

3.2.1. Processing of sediment trap samples

A detailed description of the PPS3 sediment trap and
the sample processing used during this experiment can
be found in Heussner et al. (1990), and the main steps
are therefore only summarized here. The trap sampling
cups were filled before deployment with a buffered 5%
(v/v) formaldehyde solution in 0.45 pm filtered
seawater. This poisoning solution limits degradation of
trapped particles, and prevents the mechanical disrup-
tion of swimming organisms (“swimmers”) that occa-
sionally enter the traps during sampling (e.g., Knap
etal., 1996). After recovery, the cups were stored in the
dark at 2—4 °C until they could be processed in the
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laboratory, within a maximum delay of a few months.
After decantation of the supernatant, particles were wet-
sieved through a 1 mm nylon mesh to retain the largest
swimmers. Smaller ones were removed under a dis-
secting microscope using fine-tipped tweezers. Contrary
to upper open-ocean trap samples (<500 m) that can be
heavily contaminated by swimmers, it is worthy to note
that biological contamination is a negligible problem in
our slope traps. Most samples contained less than a few
tens of individuals (predominantly copepods). Even
though no check other than careful visual examination
was performed, it can be considered that the bulk of
swimmers was removed by this method, and that the
“biological” contamination, if any, is negligible. The
original samples were then precisely divided into
subsamples for subsequent analyses using a rotary
splitting method. Sample dry weights, from which total
mass fluxes were calculated, were determined on four
subsamples filtered onto 0.45 pum Millipore cellulose
acetate filters, rinsed with distilled water to remove salts,
and dried at 40 °C for 24 h. Overall precision for total
mass flux, derived from a previous experiment under
similar conditions, is around 7% (Heussner et al., 1999).

3.2.2. Quality check of downward particle fluxes

The use of sediment traps has contributed signifi-
cantly to our understanding of particle transfer in natural
environments, but questions remain about the potential
bias in the measurement of downward particle fluxes.
We therefore present here a brief quality assessment of
our trap results by examining the hydrodynamic biases
that could have been experienced by our instruments.

The mooring lines were maintained taut by the
distribution of floats at the mooring head and along the
line. Examination of the current meter pressure sensors
showed that tilting and deepening of the canyon
mooring line was insignificant even during strong cur-
rent episodes (up to 80 cm s_! on some very limited
occasions). Mooring dynamics were computed for each
line using actual current values. The results showed that
tilting never exceeded a few degrees, i.e. with no de-
tectable effect on the collection rate of cylindrical traps
(Gardner, 1985).

Current statistics over the 8-yr period are given in
Table 1. Mean speeds at the trap levels ranged from 1.3
to 3.4 cm s~ '. Maximum values were observed near-
bottom in both canyons, but speeds were mostly lower
than 10 cm s~ ', and rarely exceeded 15 cm s '. This
latter value is generally considered as a threshold above
which trapping efficiency of cylindrical traps strongly
decreases (e.g., Baker et al., 1988). The cumulated time
of current exceeding this threshold during the long-term

Table 1

Statistics on current speeds and frequency of observations (%) by
velocity classes in the Lacaze-Duthiers and Planier Canyons over the
8-yr period (October 1993—June 2001)

Planier Planier Lacaze Lacaze
500 m 1000 m 500 m 1000 m

Number of observations 65795 64560 55226 57790
(2825d) (2690 d) (2301 d) (2408 d)

Minimum speed (cm s~ ') 0.1 0.3 0.4 0.2
Maximum speed (cm s 170 71.3 17.7 59.8
Mean speed (cm s Y 1.3 25 1.9 3.4
Speed class :
<5cms ! 97.30% 88.29% 93.84% 76.63%
5-10cms™' 2.53% 8.62%  5.76% 18.30%
10-15cms™" 0.17% 2.24% 037%  4.16%
>15cms ! <0.01% 0.85% 0.03% 091%

experiment represented <1 d for the traps at 500 m and
around 23 d for the 1000 m traps. These larger speeds
occurred during bursts lasting several hours to a few
days and affected only a few trap sampling periods.
Local resuspension of sediments in the vicinity of the
traps entrained by increased local current speed and
followed by local deposition has been put forward as a
mechanism susceptible to enhance “apparent” fluxes for
traps located near to the seabed. Though such an artefact
cannot be ruled out, it was certainly not an important
bias during this experiment. Speeds high enough to
entrain resuspension (>10 cm s~ 1 represented only 3—
5% of the total current record. Furthermore, such
stronger currents, when they occur, affect larger parts
of the slope for (e.g., Palanques et al., 2006-this issue).
The sediment, once resuspended, is therefore advected
laterally in the general direction of the currents, i.e. a
situation that corresponds to a real transfer.

Three dimensionless parameters are important in the
collection efficiency of cylindrical traps (Butman et al.,
1986): (i) the trap Reynolds number, R;=uD/v, where u
is the flow velocity at the height of the trap mouth, D is
the diameter of the trap mouth, and v is the kinematic
viscosity (ratio of fluid viscosity to fluid density), (ii) the
trap aspect ratio, and (iii) the ratio of flow speed to
particle settling velocity. Only the effect of R; can be
checked since the trap aspect ratio is constant and par-
ticle settling velocities are variable and unknown.
According to Butman et al. (1986) and US GOFS
(1989), the collection efficiency of cylindrical traps
(with aspect ratio >1) is expected to decrease over some
range of increasing R, for fixed values of the other two
parameters. Trap Reynolds numbers were computed
using averaged current intensity for each trap and each
individual sampling period, and a constant temperature
and salinity (T=13 °C, §=38.5,v~1.3x10"°m *s™ ")
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it each depth. The calculated mean R, values varied
etween 3x10° and 40x 10° (corresponding to cur-
ent intensity of 1 and 13 cm s~ respectively). Corre-
ation coefficients between total mass flux and R, were
tatistically not significant, except for the near-bottom
_acaze-Duthiers trap. The significant positive covaria-
ion calculated for the latter suggests that, at that depth,
nass flux increased with R,, that is the opposite from the
xpected effect due to a hydrodynamic bias. Since we
vere not able to detect unambiguously any of the
upposed effect of R,, we are inclined to consider that
nass fluxes determined during the experiment were not
ignificantly biased by the flow of water around the
raps, and that the observed flux variability essentially
eflected changes in downward particle transfer.

On two occasions at the Lacaze-Duthiers site, in
‘ebruary—March 1994 for the near-bottom trap in the
anyon head and February—March 1999 for the near-
ottom trap at 1000 m, the sampling cup overflowed due
o very high fluxes and the excess material probably
ntered the following cup during the rotation of the
arrousel. Thus, these consecutive flux values were
espectively under- and overestimated, but with little
ffect on the overall statistics and results presented here.

.2.3. Determination of major constituents

Replicate subsamples were filtered onto Whatman
5F/F filters, rinsed with distilled water, and oven-dried
t 40 °C. Total carbon was analyzed by combustion in a
LECO CN 2000 analyzer. Organic carbon was analyzed
n the same way after progressive, controlled acidifica-
ion with 2 N HCI to remove carbonate. Organic carbon
nalysis can be problematic because of the difficulty in
eparating intimately associated organic and inorganic
arbon phases, but it does not affect seasonal and inter-
nnual variations based on the consistent use of a given
nethod (King et al., 1998). Organic matter content was
stimated as twice the organic carbon content. Carbonate
ontent was calculated assuming all inorganic carbon
total C — organic C) was CaCOj; and using the molecular
nass ratio 100/12. After filtration onto 0.45 pm Milli-
ore filters, biogenic silica (opal) content was measured
ollowing the method of Mortlock and Froelich (1989).
he siliciclastic residue was defined as the difference
etween total mass and the sum of biogenic components
l.e. organic matter, carbonate and opal). It includes
uartz, feldspars, heavy minerals and aluminosilicate,
nd is generally referred to as the lithogenic fraction.

Changes in particle composition will be discussed
ereafter based on average values. As the temporal
ariability of flux must be taken into account in the
omputation of the means, a flux-weighted mean content

was computed for each constituent and each trap by
weighting individual sample concentrations by their
corresponding mass fluxes: Cg,=2C:F;/2F, where
Crw is the flux-weighted content for a given element, and
C; and F;; the measured content and mass flux for sample
i. If the sampling interval is not constant, then it is also
necessary to weight individual samples by the cor-
responding sampling duration to obtain a flux and time-
weighted content: Cpy,=3,C,F;T;/ 3F,T; where T; is the
sampling duration of sample i. This way of computing a
mean yields a “true” average value equivalent to what
would have been obtained if settling particles had been
collected as a single sample during the averaged period.

3.3. Current meter derived variables

Variables, derived from current meter measurements,
are used to characterize the major cross-slope transport
processes. Monthly mean kinetic energy (MKE=
(<u>?+<v>?)/2, where <u> and <v> are the average
of the longitudinal and latitudinal components of the
current), and eddy kinetic energy (EKE=(s2+s2)/2,
where s2and s2 are the variance of the longitudinal and
latitudinal components of the current) were estimated
from hourly current measurements. MKE is an indicator
of the mean flow variability of the along-slope
circulation, whereas EKE is an indicator of shorter
current fluctuations, i.e. over periods of several days
(e.g., meanders, current reversals, up/down oscillations
along the canyon axis). In addition to the advection by
the mean current, mixing induced by such shorter
fluctuations represents a mechanism transporting parti-
cles across the slope (Durrieu de Madron et al., 1999).
Temperature was used as an indicator of the magnitude
of winter cooling and of dense, cold water cascading
down the slope.

3.4. Complementary data sets

3.4.1. River inputs

More than ten rivers drain the area adjacent to the
Gulf of Lions. The freshwater and particulate matter
inputs are dominated by the Rhéne River, in the north-
eastern part of the area, which delivers >80% of the total
discharge (Aloisi et al., 1977). Consequently, variations
of the solid discharge provided by that river to the Gulf
of Lions during the experimental period were used as a
template. It was calculated using the daily water dis-
charge measured at Arles (50 km upstream of the river
mouth, Fig. 1b) by the Compagnie Nationale du Rhéne
and the suspended sediment concentration—water dis-
charge regression derived by Sempéré et al. (2000).
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3.4.2. Sediment resuspension

We consider here sediment resuspension associated to
storms that generally act at the scale of the entire gulf and
mobilize large amounts of sediment within short periods
of time (Ferré, 2004; Ulses, 2004; Ferré et al., 2005).
Wave-induced bottom shear stress was used to character-
ize the stormy periods and as an index of potential sedi-
ment resuspension. Bottom stress was calculated using the
Swart (1974) equations for a water depth of 33 m, which is
approximately the maximum influence depth of the
average wave regime in the Gulf of Lions. The 6-hourly
wave characteristics (significant wave height, wave
period) were provided by the Météo-France VAGMED
model and averaged over the Gulf of Lions shelf area.
These data were available only from April 1996 onwards.

3.4.3. Atmospheric inputs

Saharan dust is the major source of atmospheric par-
ticulate inputs to the Mediterranean Sea (Loye-Pilot
et al., 1986; Bergametti et al., 1989; Loye-Pilot and
Martin, 1996). As atmospheric deposition was not
documented for the Gulf of Lions during the 1993—
2001 period, we approximated the dry and wet atmo-
spheric deposition with measurements made in Ponte
Leccia (Corsica, Fig. 1a) by M.D. Loye-Pilot (personal
communication). It is worthy to note that during a survey
performed in 2001-2002, time series of bulk atmospher-
ic deposition in Ponte Leccia and near Cape Creus
showed close seasonal patterns (Loye-Pilot, unpublished
data). Absolute fluxes at the SW exit of the Gulf of Lions
were however roughly 1/3 of that measured in Corsica,
indicating that the Ponte Leccia values retained for the
present study probably represent an upper limit.

3.4.4. Biomass

Spatial and temporal variabilities of primary produc-
tion on the continental shelf of the Gulf of Lions are high
(Lefevre et al., 1997; Diaz et al., 2000). In the absence of
regular measurements during the 1993-2001 period, we
used the depth-integrated chlorophyll-a time series
available at the DYFAMED site in the Ligurian Sea
(about 200 km upstream, east of the Gulf of Lions,
Fig. 1a). Measurements made during 2 years (Oct 1997—
Sep. 1999) at the shelf edge north of the Planier site
provided similar results (P. Raimbault, unpublished
data). Also, in their study derived from SeaWiF$S obser-
vations, Bosc et al. (2004) showed very similar seasonal
and interannual patterns of algal biomass and primary
production between the Ligurian Sea and the Gulf of
Lions between September 1997 and December 2001.
Annual primary production during these 4 years was, on
average, around 15-20% higher in the Gulf of Lions.

Thus, despite the fact that the DYFAMED permanent
station is an open-ocean site, it represents the best
available reference point for the seasonal and interan-
nual variability of phytoplankton biomass in the
Northwestern Mediterranean.

3.5. Statistical analysis

3.5.1. Processing of time series

The raw time series, which had different regular or
irregular time steps (from hourly to monthly periods)
and occasionally presented gaps, were transformed into
regular and continuous time series. This preliminary
regularization was necessary to perform the subsequent
time series analyses. A common time step of 1 month,
corresponding to the largest sampling period of the
sediment traps, was chosen for all time series. Data
from each series were accordingly pooled and averaged
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Fig. 3. Time series of total mass flux (mg m 2 d™') of downward
settling particles collected by sediment traps during the course of the
long-term experiment in the Planier and Lacaze-Duthiers Canyons, at
depths of 500 m and 1000 m (30 mab). Note the changes in vertical
scale. *Flux values respectively under- and overestimated, due to the
overflowing of the first receiving cup into the second.
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yver successive monthly periods. Small gaps in total
nass fluxes (e.g., the 15-d interval between two
onsecutive deployments) were linearly interpolated,
vhile larger gaps (up to 7 months at the Planier site, i.e.
1 complete deployment period missing) were filled
1sing flux values calculated from the overall linear
elationship between total mass fluxes from the two
raps at this site. Regarding the chemical composition
of settling particles, no attempt was made to fill the
Xisting gaps.

Although this averaging approach smoothes the high
requency signals (typically pulses), it generally appears
idequate to describe and compare the seasonal and
nterannual variability of all signals, except temperature.
A specific processing was used for the latter to keep
rack of the significant, but brief cooling events that
therwise would have disappeared during the regular-
zation step. We therefore choose the minimum tem-
erature recorded during each monthly period as an
ndicator of the magnitude of the downslope cascading
f dense cold water.

.5.2. Correlation analysis

The degree of dependence between time series was
xpressed by Pearson correlation coefficients. They
vere calculated on the one hand between total mass
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fluxes determined by each trap and the sources,
common to all traps, and, on the other hand, between
total mass fluxes and the physical exchanges processes,
specific to each trap. It is assumed that monthly particle
fluxes are in phase (i.e., no time lag) with forcing
variables. This relies on the fact that shelf dynamics
respond quickly to meteorological forcing (Estournel et
al., 2003; Ulses, 2004) and that the residence time of
shelf waters is <1 month (Durrieu de Madron et al.,
2003). Correlation assumes a linear relationship
between times series, and given the high scattering of
data due in particular to a few peculiar events, data
were Log-transformed to compress scale at both ends of
the distributions and straighten the relationship. An
effective 2-year sample size (window) was used to
examine temporal variations in the strength of the linear
correlations for the long-term time series. The statistical
significance of the relationship for any of the 4 sub-
periods was tested. Correlation significance was
evaluated on the series (population) of time-windowed
correlation coefficients, and adjusted using the “Bon-
ferroni adjustment” to compensate for the increased
likelihood of observing high correlations where no
relation exists. When the population correlation was
non-zero, we estimated for which sub-period the
relationship was significant.
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ig. 4. Composite mean total mass fluxes (+1 SD) resulting from the multiway ANOVA performed on the entire 8-yr data set. Years were used as
plicates. (a) site effect (Planier versus Lacaze-Duthiers), (b) trap depth effect (500 and 1000 m), (c) month effect, (d) site x depth interaction for the

00 m and 1000 m traps.
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4. Results

4.1. Temporal and spatial variability of downward
particle fluxes

The regularized monthly fluxes for the 4 traps de-
ployed within the axes of the Planier and Lacaze-
Duthiers Canyons are depicted in Fig. 3. Downward
fluxes exhibited a strong variability, both temporal and
spatial. The first point worthy to note is the temporal
signal, demonstrated by the upper trap at the Planier site.
Downward fluxes there, generally the lowest of all
determined fluxes, clearly followed a similar annual
pattern, in terms of timing and magnitude. For the other
traps, and especially for the near-bottom trap in the
Lacaze-Duthiers Canyon, short-term variability (i.e.,
from one sample to the next) confused this seasonal
signal. Another important temporal feature concerns the
major flux event that affected 3 of the 4 traps (except the
Lacaze-Duthiers 500 m trap) during winter 1999.
Relatively limited in the Planier upper trap, this event
affected up to 3 collection periods (i.e., up to 3 months),
and provided a quantity of matter comparable to that
collected during one full, “normal” year. Finally, spatial

Table 2

variability was apparent across the region, with local
flux increase from the upper to the lower trap and from
the entrance (Planier site) to the exit (Lacaze-Duthiers)
of the Gulf of Lions.

To examine closer the factors responsible for the
observed flux variability, a multi-factorial ANOVA was
conducted on monthly total mass fluxes. Three fixed
factors — site, depth and month of collection — were
considered, with the different years as replicates (Fig. 4
and Table 2). This statistical analysis confirms the visual
examination of the data and further allows determining
the respective contribution of the considered factors to the
overall variability. On average, total mass flux increased
from 869 mgm™ > d” ! in the Planier Canyon to 2736 mg
m 2 d” ! in the Lacaze-Duthiers (Fig. 4a). With a x3
increase and a 17% contribution to the overall variance,
the site effect (i.e., entrance versus exit of the gulf)
represents the main explained source of flux variation in
the Gulf of Lions (Table 2). The depth effect was also
highly significant, with an average mass flux increase
from 1201 mg m 2 d” " at 500 m to 2404 mg m 2d 'at
1000 m (Fig. 4b). This two-fold increase represented 7%
of the overall variance. The third significant factor is the
month of collection, which contributed 8%. Mean total

Results of the multi-factorial ANOVA performed on total mass fluxes measured on the continental slope of the Gulf of Lions during the long-term

experiment (upper box) and excluding the unusual year 1999 (lower box)

Overall long-term experiment (1993-2001)

Factors DF SS % total variability F p

Trap site 1 3.15E+08 17 86.3 <<0.001
Trap depth 1 1.30E+08 7 355 <<0.001
Month of collection 11 1.43E+08 8 3.6 <0.001
Site x depth 1 7.05E+07 4 19.3 <<0.001
Site x month 11 8.43E+06 0 0.2 0.99

Depth x month 1 2.22E+07 <l 0.5 0.87

Site x depth x month 11 1.22E+07 </ 0.3 0.99

Residual (unexplained) 320 1.17E+09 63

Total 367 1.87E+09 100

Long-term experiment without 1999

Factors DF SS % Total variability F p

Trap site 1 2.14E+08 44 332.1 <<0.001
Trap depth 1 6.04E+07 12 93.7 <<0.001
Month of collection 11 3.83E+05 <l 6.5 <<0.001
Site x depth 1 3.60E+07 7 55.9 <<0.001
Site x month 11 9.90E+04 0 1.7 0.08

Depth x month 11 5.49E+04 0 0.9 0.51

Site x depth x month 1 4.63E+04 0 0.8 0.65

Residual (unexplained) 272 1.75E+08 36

Total 319 4.86E+08 100

Three factors were considered: the trap site (Planier versus Lacaze-Duthiers), the trap depth (500 versus 1000 m), and the month of the year. Years
were taken as replicates. The table presents the factors and the interactions among factors (plain numbers are significant, italics are not), the degree of
freedom (DF), the sum of squares (SS), the contribution to the overall variability of fluxes, the F value and its probability P.
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mass fluxes exhibited a clear seasonal signal, with a
maximum flux in February and a minimum in September
(Fig. 4c). A Tukey Post Hoc test was performed to specify
internal differences between the 12 monthly means. It
distinguished 3 groups of months: the first includes
February and March that exhibit significantly higher
mean fluxes; a second group comprises July, August and
September with the lowest mean fluxes; and the third
group contains all remaining months whose means could
not be distinguished. Finally, among the different possible
interactions between factors, only the Site x Depth
interaction was significant (Fig. 4d). Mean total mass
flux increase between the Planier and the Lacaze-Duthiers
sites was significantly more important for the near-bottom
raps at 1000 m (from 1037 to 3751 mgm 2d ™!, i.e. a x
3.6 increase) than for the traps at 500 m (from 721 to
170l mgm 2d™ !, ie. ax24 increase). The Tukey test
distinguished again 3 groups: Planier 500 m and 1000 m,
Planier 1000 m and Lacaze 500 m (thus overlapping the
first group), and, the isolated mean flux for the Lacaze
1000 m trap.

However, the overall explained source of variance
lescribed by this analysis reaches only 37% (including
he non significant interactions), which means that over
50% of the total observed flux variance remains un-
>xplained and has to be attributed to other factors than the
hree considered here. One obvious supplementary source
of variability is the interannual one, which has not been
aken into consideration since years were used as repli-
ates. The above-mentioned strong flux event during
vinter 1999 largely contributed to increase the overall
/ariability. Consequently, a second 3-way ANOVA was
erformed, excluding the 1999 data (Table 2). The sig-
ificant factors remain unchanged but the model
xplained 64% of the variance, essentially with a strong
ncrease of the site effect (from 17 to 44%)).

Seasonal flux patterns for each trap were computed
rom the 8-yr time series (Fig. 5a). All 4 traps exhibited
- similar pattern in total mass fluxes, showing an
ssentially unimodal distribution, with maximum fluxes
n late winter (February to April), and minimum fluxes
n summer (July to September). The Lacaze-Duthiers
00 m trap was somewhat different from the others in
hat it was the only one that did not peak in February.
his situation largely resulted from the absence of flux
eak in 1999. Differences between the seasonal patterns
ssentially concerned the relative span between winter
1axima and summer minima, which was around an
rder of magnitude in the Planier Canyon traps (11.7
nd 8.3 respectively at 500 m and 1000 m) but reduced
> a factor of 3 in the Lacaze-Duthiers traps (respectively
.8 and 2.7).
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Fig. 5. Seasonal and interannual variability of total mass fluxes on the
slope of the Gulf of Lions. (a) monthly means (in mg m 2 d " ") for the
four traps, (b) annual means; the integration period runs from October

of the previous year to September. P1: Planier Canyon (entrance of the
gulf); LD: Lacaze-Duthiers Canyon (exit of the gulf).

Differences in annual mass flux means were, sur-
prisingly, quite limited apart from the exceptional year
1999 (Fig. 5b). Interannual variability expressed as the
ratio of the highest to the lowest annual mean was 2.3,
3.1, 1.4 and 2.7 for the Planier 500 m, Planier 1000 m,
Lacaze-Duthiers 500 m and Lacaze-Duthiers 1000 m
respectively. Again, the mid-water trap at the exit of the
Gulfof Lions showed a slightly different pattern from the
other 3. Fluctuations of the annual means around the
overall mean of each time series were less than 40% for
the Planier traps and 25% for the Lacaze-Duthiers traps.
Downward particle fluxes over the considered 8-yr
period are thus more constant at the exit of the Gulf of
Lions than at the entrance. Another interesting point is
that, for two consecutive years (1995-1996), mean
annual fluxes were virtually equivalent between the two
Planier traps, i.e. no flux increase with depth was ob-
served. These statistics further give indication of some
potential, longer-term trends in the annual means.
Though the time series are obviously too short to draw
any firm conclusions it is worth mentioning that, except
for the near-bottom trap in the Lacaze-Duthiers, the last
3 years of each time series (1999-2001) represented the
highest observed values.
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Finally, with its extended array of moorings, the
short-term experiment (1993—1995) allowed us to get a
closer view of the spatial variability of total mass fluxes
at different scales (Fig. 6). At the local scale, i.e. inside
each canyon, traps deployed at the same 500 m depth
(canyon head versus mid-canyon) showed a similar
seaward decrease of annual mass fluxes by a factor of
~ 6 in both sites. This seaward decrease was slightly less
pronounced in near-bottom fluxes with a factor of 3—4.
Such spatial trends were to some extent modulated at the
seasonal scale. Indeed, the decrease in mean flux from
the canyon head to the 1000 m trap in the canyon axis
was highest during “summer” (i.e. April to September)
in the Planier Canyon, but during “winter” (i.e. October
to March) in the Lacaze-Duthiers. During these 2 years
of extended survey, fluxes at mid-water depth (500 m)
were on average about half the near-bottom ones. Near-
bottom fluxes on the Planier open slope were slightly
higher than their counterpart in the canyon axis at
1000 m, indicating no preferential transfer within the
canyon at the entrance of the gulf. On the contrary,
fluxes on the open slope upstream the Lacaze-Duthiers
Canyon were about only half that within the canyon. At
the scale of the entire gulf, fluxes significantly increased

Summer

Planier
Canyon

Lacaze-Duthiers
Canyon

Canyon head [500]
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westward, a feature that remained permanent during the
long-term experiment as already mentioned above.
Annual mean fluxes for similar locations (canyon
head, mid-canyon, mid-depth) generally increased by a
factor of 2 to 4 from the Planier site towards the Lacaze-
Duthiers, with some marked seasonal differences (e.g.,
more than a 10-fold increase in summer means, but only
2-fold in winter for the near-bottom trap at 1000 m in the
axis). The near-bottom flux in the Sete Canyon was
similar to that in the Lacaze-Duthiers during winter but
only half during summer, indicating that the increasing
trend from the eastern entrance towards the southwest-
ern exit was not constant, but season-dependent. The
increase was less (about 2) for open-slope fluxes.

4.2. Trends in the composition of settling particles

The particulate material collected by traps was
composed of grey to yellow brown, fine-grained par-
ticles. In the mid-water traps at 500 m, and for samples
with low mass fluxes the texture was generally coarser,
fluffier and more aggregated. Grain size analysis per-
formed on sonicated samples at mid-water (500 mab)
and near-bottom levels (30 mab) within the canyon axis

Open slope

Mid-slope canyon axis

Fig. 6. Seasonal and annual mean mass fluxes (mg m~ 2 47" for the different mooring sites during the short-term experiment (1993-1995) on the Gulf
of Lions slope. The lower sketch represents the experimental design with trap locations and depths. The winter season runs from October to March,
the summer season from April to September.
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indicated that 10 to 30% of primary components of
larger, aggregated particles were clays (<4 pm) and two
major modes systematically appeared around 7 um and
17 pm. D50 was around 8 pm at mid-water depth and
7 um near the bottom.

Faecal pellets were present in all samples but presented
generally only a small fraction (a few %) of total mass.
The bulk of material was therefore essentially amorphous.
Scanning Electron Microscope observations of selected
samples showed the presence of typical components such
as clay particles, and grains of quartz, feldspars and calcite
embedded in an amorphous organic matrix. Biogenic
components were essentially of planktonic origin, and
were dominated by siliceous (diatoms) and calcareous
(coccoliths) remains. Coccoliths always appeared more
aggregated and less degraded than diatoms. Samples from
periods of higher organic content were further character-
ized by the presence of large organic sheets, or films.

Time series of the bulk chemical composition of
settling particles (major constituents) underline the
predominant lithogenic content in all traps (Fig. 7).
The range of individual values extended from 36 to
74%, and the overall (all traps) flux-weighted mean was
52.5%, with quite limited differences in annual means or
imong traps (Table 3). Statistics of the three major
iogenic components were the following: individual
rganic matter contents ranged from 2 to 24% with an
yverall flux-weighted mean of 4.1%, carbonate between
3 and 53% with a mean of 29.2%, and opal ranged
rom 1 to 16% with a mean of 4.2%. Temporal vari-
bility was quite important, but fluctuations did not
lescribe a clear seasonal signal, with the noticeable
xception of organic matter in the two 500 m traps.
/alues generally evolved within a limited range for each
rap, a feature that was best exemplified by the near-
ottom trap in the Lacaze-Duthiers Canyon. Several
nusual peaks or troughs in contents occasionally dis-
upted this evolution. This was the case for example for
ow lithogenic contents in the Planier traps in 1994 (for a
eriod of several months), in the Planier near-bottom
rap at the end of 1996 (2 months), or in the Lacaze-
Juthiers 500 m trap in 1997 (2 months), which were to
e related to higher than usual values in the contents of
ther constituents. Conversely, organic matter contents

eaked on several occasions (end of spring 1994 in both
lanier traps, summer 1994 and summer 2000 in the
pper Lacaze-Duthiers trap).

Spatial variability in the content of major constituents

f settling particles, as shown for example by the
etailed flux-weighted means from the short-term
xperiment (Fig. 8), was less important than temporal
ariability. The main spatial changes can be summarized
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Fig. 7. Time series of the bulk chemical composition (%) of the trap-
collected particles (major constituents: organic matter, carbonate, opal
and lithogenic) during the course of the long-term experiment in the
Planier and Lacaze-Duthiers Canyons on the slope of the Gulf of Lions.

in the following way: (i) a lithogenic content near the
seabed slightly higher than at mid-water depth, and
highest for the Lacaze canyon head trap, (ii) an organic
matter content decreasing from the mid-water trap to the
open slope trap, the 1000 m canyon trap and the canyon
head trap, (iii) for a given trap position, an organic
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Table 3

Annual mean total mass fluxes (in mg m > d~ '), flux-weighted mean biogenic (organic matter, carbonate, opal) and lithogenic contents (in %), and

overall means of particles collected on the slope of the Gulf of Lions

1994 1995 1996 1997 1998 1999 2000 2001 Overall

Planier 500 m TMF 539 731 668 435 587 929 888 994 721£201

O.M. 6.2 7.0 6.5 6.8 6.4 5.4 6.7 5.4 6.2

Carb. 24.9 29.2 339 24.7 27.1 27.7 26.8 26.6 27.7

Opal 5.2 6.9 6.2 8.2 4.0 5.0 5.8 45 5.6

Lith. 63.7 56.9 53.4 60.3 62.5 61.9 60.7 63.5 60.5
Planier 1000 m TMF 935 769 659 652 849 2035 1186 1211 1037+456

oM. 43 5.0 4.6 5.0 53 4.2 52 44 4.7

Carb. 26.8 30.4 31.2 29.0 26.7 29.5 27.1 27.7 28.5

Opal 6.0 5.6 4.5 5.8 4.0 4.7 5.1 3.7 4.8

Lith. 62.9 59.0 60.2 60.2 64.0 61.6 62.6 64.2 62.0
Lacaze- Duthiers 500 mL TMF 1519 1429 1743 1680 1428 1979 1951 1878 1701225

oM. 5.1 5.2 39 4.0 4.7 5.1 59 4.6 4.8

Carb. 28.0 30.5 32.0 30.3 27.4 27.1 27.3 26.3 28.5

Opal 6.8 6.3 4.1 4.9 3.6 4.4 7.2 5.6 5.4

Lith. 60.1 58.0 60 60.8 64.3 63.4 59.6 63.5 61.3
Lacaze-Duthiers 1000 m TMF 2845 3137 3080 3809 2912 7707 3420 3099 3751+1627

O.M. 3.6 3.4 3.2 2.8 33 2.8 4.2 3.2 3.2

Carb. 323 30.0 322 29.4 28.7 30.5 28.1 28.5 30.0

Opal 33 4.8 43 2.8 2.7 2.1 4.5 32 33

Lith. 60.8 61.8 60.3 65.0 65.3 64.6 63.2 65.1 63.5

The annual integration period runs from October of the previous year to September.

matter content systematically higher in the Planier than
in the Lacaze site (and lowest in the Séte Canyon axis),
and (iv) for a given trap position, a lower carbonate
content in the Planier (except for the canyon head) but a
mixed pattern for opal. These main characteristics are
also found in a quite similar way for annual means from
the long-term experiment (Table 3).

Due to the relatively limited variation in the content of
major constituents for each trap series (variation within a

Organic matter

Planier
Canyon

Lacaze-Duthiers
Canyon

Carbonate

factor of 2 at the most, depending on constituent) in
comparison with the much higher variations in individ-
ual total mass fluxes (from 1 to 2 orders of magnitude),
time series of major constituent fluxes essentially
mimicked fluxes of total mass and are therefore not
shown. Some results concerning the interannual evolu-
tion of organic matter fluxes are, however, worthy to
note. Overall mean fluxes for the entire experimental
period, which can be derived from the data presented

Opal

Lithogenic

Fig. 8. Flux-weighted mean annual contents of the major constituents of particle fluxes for the Oct. 1993—Nov. 1995 period. Trap position and depth

at each location is similar to Fig. 6.
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in Table 3, were 45 and 49 mg m 2 d™! for the upper
and lower Planier traps respectively, and 82 and
120 mg m > d™' for those in the Lacaze-Duthiers.
Spatial trends at the scale of the entire gulf were similar
o those found for total mass, but the increase factors
were significantly less important (1.8 versus 2.4 for the
500 m traps, and 2.5 versus 3.6 for the near-bottom
raps). This is even more noticeable at the local scale,
with a moderate organic matter flux increase with depth
n the Lacaze-Duthiers (X 1.5 compared to x 2.2 for total
mass), and virtually no increase between the 500 m and
he 1000 m traps in the Planier Canyon. Strikingly,
annual organic matter fluxes in the latter even decreased
n 1995-1996, when mean annual fluxes were virtually
>quivalent between both traps. This specific depth beha-
viour of organic matter could relate to its degradation.
Degradation with depth however can only be demon-
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strated when total mass flux increase is small enough or
nonexistent so that lateral input of organic matter does
not compensate for organic matter degradation.

4.3. Temporal variability of particulate matter sources
on the shelf

River discharge, wave-induced bottom stress entrain-
ing sediment resuspension, bulk atmospheric deposition,
and phytoplankton biomass provided proxies of particu-
late supply to the system. The fundamental characteristics
of these variables at seasonal and interannual time scales
are illustrated in Fig. 9. The first 3 sources were char-
acterized by brief events (typically 1 d or less), which are
respectively linked to floods of various intensities, south-
eastern storms and southern high altitude winds. Floods
and southeastern storms were often concomitant. They
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ig. 9. Time series plots of particle sources (or proxies for sources) to the Gulf of Lions waters. (a) Rhone river solid discharge (kg s™') measured in
\rles, (b) wave-induced bottom stress (N m™2) for a depth of 33 m indicative of bottom sediment resuspension on the shelf, (c) atmospheric
eposition (mg m~ 2 d” ') of particulate matter collected in Ponte Leccia, Corsica (data from M.D. Loye-Pilot), and (d) integrated chlorophyll a content
0—-200 m) at the DYFAMED site in the Ligurian Sea (data by courtesy of J.C. Marty) taken as a proxy of phytoplankton productivity in the NW
Aediterranean. The dashed lines represent the regularized monthly data and are labelled according to the right axis. The inserts represent the monthly

1ean signals during a composite yearly period.
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mostly arose during autumn and early winter, but their
intensity strongly varied between years. The largest flood
events were recorded in October 1993, and January and
November 1994, while river discharge was lowest during
1998, 1999 and part of 2000 (Fig. 9a). High bottom
stress related to storms occurred in December 1997 and
November 1999 (Fig. 9b). Atmospheric input was more
erratic with yet larger deposition during spring and
autumn, and negligible deposition during winter (Fig. 9c¢).
The largest atmospheric deposition events were recorded
in March (i.e. before the start of the experiment) and
October 1993. Phytoplankton biomass, sensed through
Chlorophyll-a concentration (Fig. 9d), showed a distinc-
tive seasonal signal with a late winter/early spring bloom
and a secondary summer bloom. The interannual vari-
ability was dominated by the 1999 winter bloom, which
exhibited a Chlorophyll-a concentration about 3 times
larger than the other years.

4.4. Variability of cross-slope exchange mechanisms

Mid-water currents were generally low (a few cms™ h
and isotropic, i.e. with no preferential direction (Fig. 10

Planier Canyon (mid water, 500m)

N

; @"0\%\ \ ;

S

Planier Canyon (near bottom, 1000m)
N

and Table 1). Near-bottom currents were stronger and
anisotropic due to bathymetric constraints. They were
oriented along isobaths on the open slope (short-term
experiment, data not shown), and cross-isobaths within
the canyon axes due to their channelling effect.

The mesoscale variability of the flow (characterized by
the eddy kinetic energy) dominated the mean flow
(characterized by the mean kinetic energy), but their
temporal variability broadly looked alike (Fig. 11). The
Planier site displayed a seasonal signal with minimum
current intensity at the end of summer (Fig. 11a, c). A
period of maximal activity occurred in March—April
1996, due to bursts of mean current intensity and en-
hanced cross-slope fluctuations. Currents within the
Lacaze-Duthiers Canyon were larger than in the Planier
Canyon, but noisier (Fig. 11b, d). However, except for a
few periods (summer 1998 at mid-depth, summer and
autumn 2000 at 1000 m), mesoscale activity was larger in
winter and minimum in summer. The near-bottom peak of
February 1999 related to massive and continuous down
canyon flows of cold water, with speed up to 60 cm s~ L

The in situ temperature measured at the depth of each
trap was used as an indicator of wintertime cascading of

Lacaze-Duthiers Canyon (mid water, 500m)
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N
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S

Fig. 10. Scatterplots of currents recorded between October 1993 and June 2001 at mid-water depth (500 m) and near the seabed (1000 m) in the
Lacaze-Duthiers and Planier Canyons. Mid-depth currents are slow and isotropic (absence of prevailing flow direction), whereas near-bottom currents
are stronger and anisotropic (prevailing flow direction along the axes of the canyons).
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‘ig. 11. Time series plots of Mean Kinetic Energy (MKE, dashed line) and Eddy Kinetic Energy (EKE, solid line) in the Planier and Lacaze-Duthiers
Canyons on the Gulf of Lions slope, calculated from the current meter records provided by instruments located below each trap. Inserts represent the
nonthly mean mesoscale activity and mean current during a composite yearly period. Notice the differences in vertical scales.

old and dense water formed on the shelf (Fig. 12).
Winter cooling was more visible at mid-depth (500 m)
han close to the bottom (1000 m). At mid-depth, tem-
erature “normally” decreased by 0.2—0.5 °C, and excep-
ionally by 1.2 °C during the winters of 1999 and 2000,
oth events lasting several months (Fig. 12a, b). Near-
ottom temperatures remained rather stable (13.2+
).2 °C), except during the 1999 winter when a sudden
lecrease by 0.5 °C (1 day) and 1.4 °C (2 months) occurred
or the Planier and Lacaze-Duthiers sites respectively
Fig. 12¢, d).

. Discussion

.1. Spatial and temporal variability of downward
article fluxes on the Gulf of Lions slope

The range of settling particle fluxes measured in our
lifferent experimental sites was large, both in time and

space (Fig. 3). Individual total mass fluxes covered a
broad range of values — 3 orders of magnitude — from
approximately 18 mgm ™2 d ™' (June 94, 500 mab trap at
the Planier site) to 27 g m > d ! (February 99, near-
bottom trap in the Lacaze-Duthiers Canyon, probably
underestimated due to cup overflow). Regarding spe-
cifically the Northwestern Mediterranean, these values
confirm previously established results. Indeed, total
mass fluxes ranging from several tens of mgm > d™ ' to
several g are typical figures for margin environments in
that area. They have been reported by Monaco et al.
(1990) for the Lacaze-Duthiers Canyon, by Monaco
et al. (1999) for the Grand-Rhone Canyon (nearby the
Planier Canyon), and by Puig and Palanques (1998) for
the Foix Canyon on the Catalan margin to the southwest
of the Gulf of Lions. They are definitely one order of
magnitude larger, on average, than open-ocean fluxes
measured at the DYFAMED site in the Ligurian Sea
(Miquel et al., 1994), offshore Almeria (Sanchez-Vidal
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Fig. 12. Time series plots of in situ temperature in the Planier and Lacaze-Duthiers Canyons on the Gulf of Lions slope, recorded by current meters
located below each trap. Inserts represent the monthly mean temperature during a composite yearly period.

et al., 2004) or in the central Western Mediterranean
(Heussner et al., in preparation).

Our longer-term measurements also confirm and
expand some of the main conclusions derived from
previous annual experiments. On a broad scale, they
show in particular strong horizontal and vertical gra-
dients of downward fluxes across the slope. Flux
intensity rapidly decreases seaward and down canyon
over the short distance of roughly 10—15 km separating
the canyon head traps at 500 m and the near-bottom traps
at 1000 m in the canyon axes (Fig. 6). This decrease is
site-and season-dependent. Besides, at any given
location, mean annual fluxes increase with depth (except
for the Planier site in 1995-1996), indicating a lateral
input of particulate material (Table 3). These spatial
features have been largely described in the past, in most
if not all experiments conducted on continental margins
(e.g., Monaco et al., 1990; Biscaye and Anderson, 1994,
Monaco et al., 1999; Antia et al., 1999; Heussner et al.,
1999; Chung and Hung, 2000; Antia et al., 2001; Iseki et
al., 2003).

As for the Grand-Rhéne Canyon (Monaco et al,
1999) or the Foix Canyon (Puig and Palanques, 1998),
fluxes measured within the Lacaze-Duthiers Canyon
during the short-term experiment were larger than on the
adjacent open slope, underlining the channelling effect
of some canyons, which act as conduits for the transfer
of particles to deeper parts of the slope (Fig. 6). How-
ever, the efficiency of canyons in doing so seems to be
related to the intensity of the export from the shelf, as
suggested by the opposite canyon/open slope gradient
observed in the Planier Canyon, at the entrance of the
Gulf of Lions.

The compilation of mean annual fluxes (F igs. 5
and 6) also reveals a permanent east-to-west flux
increment for all trap positions, which represents the
main source of the overall explained flux variability as
shown by the ANOVA analysis. Over the 8-yr period,
the average increase was 3-fold, but was significantly
larger in the near-bottom traps (% 3.6) than at mid-water
(x2.4). This along-slope flux increase continues further
to the south, since measurements performed in the Foix



S. Heussner et al. / Marine Geology 234 (2006) 63-92 81

Canyon on the Catalan margin are even higher than
those in the Lacaze-Duthiers (Heussner et al., 1996;
Puig and Palanques, 1998). In a modelling study of the
shelf-slope exchanges of water during the winter
seasons from 1996 to 2001, Guarracino et al. (2006)
showed that shelf water was primarily exported in the
western half of the gulf under the action of the
mesoscale circulation and the cascading of dense shelf
water generated by northern continental winds. Thus the
canyons of the western part of the slope — a broad
geographic subdivision that covers the area from the
Séte Canyon towards the Lacaze-Duthiers — appear as
major conduits of water and associated particulate
matter exported from the shelf to the slope.

However, despite the differences in the intensity of
transfer between the entrance and the exit of the Gulf of
Lions, downward fluxes exhibited similar temporal
patterns (Figs. 3 and 5). The mid-water Planier trap at
500 mab within the canyon provides the clearest sea-
sonal signal, with a quite smooth transition from a
marked winter high to a pronounced summer low. This
temporal pattern is disrupted to various degrees for the
other three traps. Centering, reducing and smoothing the
raw time series presented in Fig. 3 make the comparison
of the relative fluctuations within the series easier
(Fig. 13). We limit our presentation here to the near-
bottom Lacaze-Duthiers trap, which presents the most
disturbed seasonal signal. Two main features character-
ize the “noise” around the original signal shown by the
mid-water Planier trap. First, the Lacaze trap (and, to a
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Fig. 13. Time series of transformed data (centred and reduced, z=
(x—mean)/standard deviation) of total mass fluxes measured by the
mid-water trap (500 m) in the Planier Canyon, at the entrance of the
Gulf of Lions, and by the near-bottom trap (1000 m) in the Lacaze-
Duthiers Canyon, at the exit. The series were smoothed (3% moving
average) to enhance the seasonal signal clearly visible in the 500 m
rap. Black arrows indicate major additional flux peaks in the Lacaze
rap, whereas open arrows indicate opposite trends.

lesser extent, the other two traps) shows a larger number
of short-term oscillations around the zero mean of the
transformed time series, indicating short flux pulses.
Such pulses are frequently observed during the summer
period or at the onset of the broad winter flux increase,
which therefore appears earlier and more intensely in the
near-bottom trap at the entrance and the two traps at the
exit than in the mid-water Planier trap (also visible in
Fig. 5a). Second, the amplitude of fluctuations is much
more limited, a feature that contributes to lessen the
winter—summer contrast. It can be safely assumed that
the mid-water Planier trap is the one that experiences the
minimum influence of particle inputs from the Gulf of
Lions shelf. The “degradation” of the seasonal pattern
shown by the other traps is therefore largely attributable
to short export periods of particles from the shelf.

Seasonal variability is a common feature of particle
transfer in the world ocean. In the open environment it
has been quite often attributed to seasonal changes in the
productivity in the euphotic zone (e.g., Deuser and Ross,
1980; Lampitt, 1985; Jickells et al., 1996; Waniek et al,,
2005). It was also suggested for the nearby open-ocean
DYFAMED site that seasonal control of particle fluxes
was largely due to pelagic production and increased
during winter vertical mixing (Miquel et al., 1994). On
continental margins, the seasonality of transfer is a more
complex feature, since factors claimed to be responsible
for the observed temporal variability are more diversi-
fied. In most cases seasonality relates to events that
redistribute particles introduced into shelf waters by
rivers or by resuspension events (e.g., Biscaye et al.,
1988; Biscaye and Anderson, 1994; Puig and Palan-
ques, 1998; Monaco et al., 1999; Iseki et al., 2003). But
temporal variability of particle transfer to slope areas is
not necessarily seasonal. On the continental margin of
the Bay of Biscay for example transfer seems to be
ultimately controlled by non-seasonal hydrodynamic
processes that modulate and distribute the amount of
material delivered from the shelf and upper slope
particle reservoirs to the Cap-Ferret Canyon waters
(Heussner et al., 1999). Our findings on the Gulf of
Lions slope provide a mixed example in so far the
seasonal signal clearly shown at the entrance of the
system progressively fades out downstream under the
influence of processes that control short pulses of set-
tling material to the slope.

As mentioned in the introduction, trap experiments
that cover periods long enough (>5 years) to address the
interannual variability of particle transfer are, for ob-
vious reasons, rare. The most recently published work
(with earlier references therein) concern the HOT (Karl
et al,, 2001) and OSP (Wong et al., 1999) sites in the
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Pacific, the OFP/BATS (Conte et al., 2001), ESTOC
(Neuer et al., 1997) and JGOFS L1/K276 (Waniek et al.,
2005) site in the Atlantic and three deep Bay of Bengal
sites in the Indian Ocean (Unger et al., 2003). In the
Mediterranean, downward fluxes are measured at the
DYFAMED site in the Ligurian Sea since the late 80s
(Miquel et al., 1994). All these experiments, some of
which are still running, concern open environments and
have been extensively documented. Interannual vari-
ability has been recognized and appears to be forced by
variations in upper ocean physics and biology. Changes
in the intensity of particle transfer to the deep ocean are
relatively limited and interannual differences are more
related to the phasing of the seasonal cycle than to the
transferred amount itself. The 20-year record at the
OFP-BATS site near Bermuda shows for example that
annual means evolve within a factor of 2 (Conte et al.,
2001). As for the seasonal signal when it exists, inter-
annual variability at most of these sites is related to
changes in surface water productivity, even if some
decoupling exists between primary production and
carbon export (Karl et al., 1996). For the Pacific sites
a clear relation was further shown between increased
biogenic transfer and warmer ENSO years (Karl et al.,
1996; Wong et al., 1999; Marchant et al., 2004), whereas
the Bay of Bengal time series revealed significant
monsoon-induced interannual variations in total and
component fluxes (Unger et al., 2003).

On continental margins, the existing database is
extremely small. Several studies exceeded the classical
1-yr duration and provided data for longer periods (e.g.,
Goni et al., 2003), however not long enough to really
address interannual trends. The longest experiment we
were able to find, besides some grey literature references
(e.g. Boynton et al., 1993), concerns a 6-yr time series
obtained by a single trap deployed at 500 m depth
(200 mab) in the Guyamas Basin, Gulf of California
(Thunell, 1998). Interannual variability of total mass
fluxes was quite limited (interannual ratio of 1.6) and more
detectable in the changes of major constituents, which
were attributed to ENSO versus non-ENSO conditions.

In the present study, the interannual evolution of
mass fluxes was dominated by the year 1999 that af-
fected the annual means of 3 of our 4 traps. Despite this
unusual year characterized by a very strong flux event,
the ratios of highest to lowest annual means varied from
1.3 to 2.7. Annual measurements were previously
performed at a slightly shallower part (650 m) of the
Lacaze-Duthiers Canyon in 1985-1986 (Monaco et al.,
1990) and at similar depths in 1988—1989 within the
Grand-Rhone Canyon and the adjacent open slope
(Monaco et al., 1999), close to the Planier Canyon.

Annual means reached 5600 mg m~ > d™! at the 600 m
trap (45 mab) in the Lacaze-Duthiers, i.e. in between the
canyon head and the 1000 m depth means presented
here. For the Grand-Rhéne Canyon, the near-bottom
annual means were slightly lower than the range of
values reported for the Planier Canyon and open slope,
reaching 450 and 250 mg m > d™! respectively. These
earlier values are nevertheless at the same level as those
observed here, suggesting that the range of present
values is representative of longer, decadal time scales.

5.2. Sources of the trapped material

The limited variation of the bulk composition of
particles trapped at the different sites suggests that the
reservoir(s) feeding shelf-slope exchanges is (are)
relatively homogeneous at the scale of the entire Gulf
of Lions. Atmospheric deposition (average: 50 mg m 2
d’', ie. 022x10° T y~ ! for the approximately
15500 km? of the Gulf of Lions shelf and slope area
down to 1000 m) represents only a negligible fraction
(<2%) of the Rhone River inputs (average: 12x10° T
y~'). Newly introduced particulate matter is thus domi-
nated by river discharge and surface biological produc-
tion. An average estimate of the latter over the years
1997-2001, an upper limit when compared to previous
estimates, is 530 mg C m™* d~' (Bosc et al,, 2004),
which leads to a total POC production of 3x 10 TCy ™!
for the area considered. Using the x 3 biomass to C ratio
of Strickland (1960), this value represents an algal
biomass production of 9x 10° Ty~ !, from which a large
part (90%) is recycled within the photic layer (Durrieu
de Madron et al., 2000). Sediment resuspension by
storm-induced waves and bottom currents provides an
additional input of material of mixed origin. This in-
cludes resuspension of superficial sediment and resus-
pension of freshly deposited material that has not
become incorporated into the sediment. This latter cate-
gory of particles or aggregates is often termed rebound
particles or aggregates (Walsh et al., 1988; Gardner and
Walsh, 1990; Monaco et al., 1990; Heussner et al., 1999;
Lampitt et al., 2000). As mentioned by McCave et al.
(2001), it is very difficult to distinguish between shelf
export of modern supply and resuspension of past sup-
ply for lithogenic material, and between primary
productivity within the statistical funnels of our traps
(sensu Siegel and Deuser, 1997), shelf export, and re-
suspension for organic carbon and skeletal components.
It has been suggested however that lateral advection of
material from the sources on the adjacent shelf and slope
is far more important than the settling flux of primary
particles produced in surface waters (Biscaye and
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nderson, 1994; Van Weering et al., 2002; Inthorn et al.,
006). In the Gulf of Lions, evidence of particle shelf
<port has been provided by Lapouyade and Durrieu de
fadron (2001) and Palanques et al. (2006-this issue),
r what concerns suspended sediments, and by Monaco
~al. (1990, 1999) for settling particles. What is of
sential concern here is therefore the immediate source
) of particles — on the shelf and upper (200—1000 m)
ope — and the relative importance of primary versus
suspended material.

The bulk composition of the trapped particles varied
ith total mass flux intensity. Biogenic content — in
articular organic matter and opal — was maximum for
e lowest fluxes and continuously decreased with
creasing fluxes, tending towards values of respective-
2 and 1% (Fig. 14). Carbonate displayed a peculiar
/olution with a minimum content of about 28% for
edium-range fluxes (around 1000 mgm 2d~ ") and an
crease for higher fluxes (towards 31-32%). Thus,
ar-bottom total mass fluxes at 500 m in both canyon
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heads and at 1000 m in the Lacaze-Duthiers Canyon,
which displayed the strongest flux values, had a rather
stable composition with higher lithogenic content
throughout the year. The other fluxes, particularly for
the Planier site, generally showed periods with maxi-
mum biogenic content (between 45 and 65%) from late
spring to early autumn, at a period of lowered total mass
transfer. This evolution of composition linked to the flux
intensity reflects the dual origin of particles on the slope,
i.e. sediment resuspension and primary flux signal from
superficial waters. Indeed, the asymptotic composition
obtained for the largest fluxes approaches the compo-
sition of the superficial (upper 5 mm) sediments from
the Gulf of Lions shelf and upper slope. The latter have
an organic matter content ranging from ~ 1% on sandy
substrate to ~4% on prodeltas (the primary depository
for fluvial inputs), yielding an average content of 1.8%
(Roussiez et al., 2006). Average carbonate content in the
<63 pm fraction is 31% with some local differences,
e.g. between prodelta deposits (higher for the Rhone
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. 14. Variation of the mean content of major constituents (% dry weight) with increasing total mass flux (mg m™ 2 d" ') of particulate matter
lected by all sediment traps and arranged in size-classes. Error bars represent the 95% confidence interval of the means.
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prodelta) or western versus eastern outer shelf sedi-
ments. Opal is nearly absent (~1%; Leblanc et al.,
2005) or below the analytical detection limit.
Concerning the immediate sources and the impor-
tance of shelf and upper slope resuspension in providing
particles for slope export, these compositional trends
justify the use of a simple mixing model with two end-
members: on the one side superficial sediment resus-
pended from the shelf and upper slope areas with the
above mentioned average characteristics, on the other
primary flux particles that settle for the first time out of
the upper water layers of the Gulf of Lions. Rebound flux
is not explicitly taken into account here, since we have no
compositional values for this category of particles, but its
implication will be discussed below. The general mixing
equation system for organic carbon at depth (2) is:

FTcorg(Z) = FT(Z) X CTcorg(Z) = (FP(Z) X CPcorg(Z))
+(Fr(2) X Creorg(2)) and, (1)
Fr(z) = Fp(z) + Fr(2)

where Freor is the total flux of organic carbon, Fris the
total mass flux, Fp the mass flux of primary particles, Fr
the mass flux of resuspended particles, and Crcorg, Cpeorg
and Creorg the organic carbon content of total, primary
and resuspended particles respectively. Eq. (1) can be
rearranged into:

Fp(z) = Fr(z) X (CTcorg(Z)—CRcorg(Z))
/ ( CPcorg (Z ) _CRcorg (z ) )

Fr(z) = FT(Z) X (CPcorg(Z)_CTcorg(Z))
/ ( CPcorg (Z ) —CRcorg (Z ) )

and the ratio of primary flux to resuspension flux reads:

FP/FR = (CTcorg(Z)_CRcorg(Z))/(CPcorg(Z)_C(Tcorg) (Z))
)

The total organic carbon content Creorg and Creorg
the organic carbon content of resuspended particles
considered invariant with depth, are known.

The organic carbon content of primary particles,
Cpeorg, can be derived from complementary measure-
ments from which depth change of carbon content due
to degradation during settling from the production layers
down to the trap depths can be estimated. Indeed, fresh
organic matter leaving surface waters will be subject to
mineralization, entraining a flux reduction with depth that
can be generally fitted by a power function Fpcorg (2)=
axz®, where Fpeorg 18 the organic carbon flux at depth z
and b the slope of the fit (e.g., Suess, 1980; Betzer et al.,
1984; Pace et al., 1987; Berelson, 2001; Armstrong etal.,
2002; Lutz et al., 2002; Muller-Karger et al., 2005). To

characterize primary particles we use previous estimates
of annual downward fluxes of organic carbon collected
between 50 and 200 m depth in the area, and a weighted
mean organic carbon content of 19% at 50 m (Monaco
et al., 1990, 1999). Though “contamination” by resus-
pension cannot be entirely ruled out, these values
represent the best available estimates of primary flux
particles out of the 200 m surface layer (Fig. 15). The
equation of the power fit to these annual mean fluxes is:

Freorg(2) = 602.1 x z % (3)

From this equation we extrapolate a residual primary
flux of organic carbon of 8.4 mg m 2d" ' at 500 m depth,
and 5.2mgm 2 d” " at 1000 m. It is interesting to note that
the latter flux at 1000 m, though severely extrapolated, is
very close to the long-term mean organic carbon flux of
44mgm 2d” ! measured at the same depth in the nearby
open-ocean DYFAMED site (calculated from the June
1988—March 2003 data available at http://www.obs-vlft.
fr/sodyf/home.htm), specially when one considers that
primary production is 20% lower in the Ligurian Sea
(Bosc et al., 2004). Compared to our long-term means,
these extrapolated values of primary fluxes of organic
carbon show that lateral advection of organic matter
represents between ~ 60% (upper Planier trap) and ~ 90%
(lower Lacaze-Duthiers trap) of the total flux of organic
matter. This supplementary, laterally advected input
includes primary and resuspended carbon.

Given that at any depth z, Fpcorg(z) =Fp(2) X Cpcorg(2)s
the change of primary organic carbon content with depth
between the surface layer (at z=50 m) and the trap depth
can be extrapolated using Eq. (3) as:

CPcorg(z) = CPcorg(SO) X (FP(SO)/FP(Z))
x (z/50) %% 4)

The Fp(50)/Fp(z) ratio allows to take into account
the total primary flux decrease with depth, through
partial dissolution of all biogenic flux components.
Using the ratio observed between 200 and 1000 m depth
at the DYFAMED site (1.175), we calculate a ratio of
2.2 10 * m™ . For our traps, this yields:

Fp(50)/Fp(z) = 1+ (2.2 x 107* x (z-50))

Substituting this latter term into Eq. (4) yields:

Cheorg(2) = Creorg(50) X (1 + (2.2 x 107* x (z-50)))
% (Z/SO)—0.687

This correction for primary flux reduction leads to
the upper limits for Cpeorg, i.€. 4.61% at 500 m and
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Fig. 15. Depth evolution of organic carbon flux in the Northwestern
Mediterranean Sea. DYFAMED data represent the long-term, time-
weighted fluxes at 200 and 1000 m depth in the Ligurian Sea averaged
over the 1988—2003 period (calculated from the raw data available at
http://www.obs-vlfr.fi/sodyf/home.htm), Gulf of Lions data are the
annual means in surficial waters (50—200 m depth) calculated from
previous slope experiments in that area (Monaco et al., 1990, 1999),
and Planier and Lacaze traps are the 8-yr means from the present work.
Solid and dashed lines represent power fits to the DYFAMED and Gulf
of Lions means.

3.04% at 1000 m. Substituting the measured and
calculated values to the terms of the general mixing
Eq. (2) allows calculating the primary (Fp) and total
resuspension (FR) fluxes over the 8-yr period (Table 4).
Primary flux contribution to total mass flux ranges from
33 to 68%. It is higher in the Planier Canyon (59—68%,
with the highest value observed in the near-bottom trap),
and decreases significantly in the Lacaze-Duthiers
Canyon (33-40%). The lowest contribution, 1/3 of
total transfer, is seen in the near-bottom trap there.
Conversely, around 70% of the particles transferred to
this location during the 8-yr period are of resuspended
origin.

Table 4

85

The absolute values of primary and resuspension
fluxes in each trap provide some further insights into the
transfer to the Gulf of Lions slope. Both fluxes increase
between the mid-water and the near-bottom traps at both
sites. This feature indicates that, in any case, lateral
advection predominates and also militates in favour of a
common reservoir that mixes primary and resuspended
particles. Both fluxes further increase between the
entrance and the exit of the gulf, and the highest transfer
occurs in the near-bottom Lacaze-Duthiers trap.
Depending on depth, the Lacaze-Duthiers Canyon
transfers 1.6—1.8 times more primary particles and
~3.5-7.5 times more shelf and upper slope sediments
than the Planier Canyon. However these diverse in-
creases mark out the resuspension flux in the Lacaze-
Duthiers where the depth increase factor between the
500 m trap and the near-bottom trap is 2.5 (from 1013 mg
m 2d ' to 2517 mgm~2d "), whereas it is 1.6-1.8 for
primary fluxes in both canyons and only 1.1 for the
resuspension flux in the Planier. Those processes re-
sponsible for the transfer of resuspended material must
be particularly active in feeding the near-bottom region
of the Lacaze-Duthiers Canyon. Very recent modelling
of particle transport in the Gulf of Lions, using real
meteorological conditions, suggested that superficial
sediment was resuspended by storms and dense water
cascading during winter and preferentially exported in
the southwestern part of the gulf (Ferré, 2004). This
resuspension entrained a substantial sediment erosion in
specific areas of the shelf and upper slope (Ulses, 2004).

Though lateral advection predominates (Fig. 15),
primary flux remains the predominant source of organic
carbon in both canyons with a contribution of 62 to 88%
to the total organic carbon transfer (Table 4). It is also
interesting to note that the absolute flux in the near-
bottom trap is 70% higher in the Lacaze (37.5 mg m 2
d™") than in the Planier Canyon 21.3 mgm 2d™ '), a
result that should be considered when addressing
benthic—pelagic coupling, since less-degraded organic
carbon of primary flux particles is more efficient in

Primary and resuspension fluxes (in mg m 2 d" ') and their respective contribution (%) to the total mass flux of donward settling particles on the

continental slope of the Gulf of Lions

Trap depth Total primary flux Total resuspended flux Organic C primary flux

(mgm ?d") (%) (mgm*d") (%) (mgm*d") (%)
Planier 500 m 428 59 293 41 19.7 88
Planier 1000 m 702 68 335 32 21.3 88
Lacaze 500 m 688 40 1013 60 31.7 78
Lacaze 1000 m 1234 33 2517 67 375 62

Primary flux of organic carbon and its contribution to the total flux of organic carbon.
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sustaining benthic food webs than does carbon resus-
pended from shelf sediments.

As mentioned above, these first-order calculations did
not take into account another source of particles, namely
rebound aggregates. We have, indeed, no compositional
values to apply to this category of particles and we do not
exclude that they could represent a significant source of
material transferred towards the deeper part of the Gulf of
Lions slope. However the borderline case here is to con-
sider that all particles that are not primary flux particles are
rebound aggregates, and replace in the equations above
CRreorg, the organic carbon content in superficial sedi-
ments, by Cracorg the content in rebound aggregates. To
obtain realistic solutions, the unknown Cgracorg Values
have to be bound on the one side by Creorg (it is unlikely
that the fresher aggregates lying on the superficial
sediments show lover carbon contents than the underlying
sediment) and on the other by Crcor,, the organic carbon
content in the traps (higher values would entrain negative
flux values). Within the realistic limits assigned to Cracorg
for each trap, Fp will decrease for increasing Cgracorg and
will be lower than the values presented in Table 4. So,
even if we did not considered rebound aggregates, our
estimates of the contribution of primary flux in the diverse
traps represent upper limits. We can therefore safely as-
sume that resuspended sediment represents a significant
(1/3 in the upper Planier trap) or even predominant (2/3
in the lower Lacaze trap) source for the particles
transferred to the Gulf of Lions slope.

5.3. Factors controlling particle transfer to the slope

The shelf and upper slope water column reservoirs of
particulate matter showed a seasonal variability with
higher average turbidity during autumn and winter
(Fig. 2) directly linked to the seasonality of the inputs.
Before examining the relation between fluxes, particle
sources and exchange processes it is important to notice
that the interpretation of the available results is in-
trinsically limited by the experimental strategy used, in

Table 5

particular the sampling intervals and the location of our
observation sites. The monthly time step used for all time
series most probably smoothed out the effect of short
export events associated to episodic fluvial discharge
and storm events. More importantly, the dispersal of
particulate matter during some intense transport events
was dependent on the hydrological conditions. For ex-
ample, export during stratified conditions is only
perceptible on the upper slope. Thus the variability of
our long-term flux observations is only representative of
particulate transfer towards intermediate and deep
waters, and not of the entire set of shelf-slope ex-
changes, since some of the latter are restricted to the shelf
edge (see Palanques et al., 2006-this issue).
Correlations between the potential forcing — sources
and exchange processes— are summarized in Table 5,
together with their degree of statistical significance. It
appears that the various coefficients computed are all
except one lower than £0.5 which means that the degree
of flux variance explained by any given forcing does not
exceed 25%, a result that is not very surprising con-
sidering the natural variability and the noise around the
seasonal and interannual time series (Figs. 3, 9, 11, 12).
For those correlations that were significant for most or all
traps, the temporal evolution of the covariation strength
was examined with a sliding, offset window of 2 years
(Fig. 16). The 95% confidence intervals (CI) of the
correlation coefficients adjusted for the Bonferroni
correction (£0.58 for 22 DF and K =4 for the adjustment)
or not (£0.44, 22 DF) are reported on the plots. The
adjustment increases the threshold of significance and
reduces the probability of a type-I error (i.e., rejecting the
null hypothesis “none of the population correlations is
different from zero” when it is true). Thus, despite the
fact that some non-adjusted r-coefficients calculated for
the 2 year periods are significant for a given window,
only those adjusted r-coefficients that exceed the
adjusted threshold significantly contribute to the rejec-
tion of the null hypothesis. The covariation of the two
parameters during the corresponding period is non-zero.

Overall correlation coefficients between total mass fluxes on the continental slope of the Gulf of Lions and forcing parameters (sources and shelf—

slope exchange processes) for the entire 8-yr period

Particle input or production processes

Exchange processes

Trap position Atmos. input Rhone discharge Bottom stress Chlorophyll biomass EKE MKE Min. temperature
Pl. 500 m -0.09 0.32%* 0.25*% 0.57%** 0.13 0.22* —0.41%**

PL. 1000 m -0.04 0.30%* 0.28** 0.46%** 0.10 0.19 —-0.26*

LD 500 m -0.27* 0.37%** 0.24* 0.37%** 0.25% 0.13 —0.33%*

LD 1000 m -0.01 0.04 0.22* 0.34** 0.32%* 0.24* —0.42%**

*Significant correlation (p<0.05), **Highly significant (p<0.01), ***Very highly significant (p<0.001).
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Concerning the sources of particles to the system,
monthly fluxes on the slope were significantly correlated
with the Rhone River discharge, the most important
particle supplier to the Gulf of Lions. However, the
noticeable exception is the lack of covariation for the near-
bottom Lacaze-Duthiers trap, quite probably because the
latter showed a very large number of short flux events
induced by other mechanisms. Correlations for the shorter
time windows were only significant for some traps during
the second half of the experiment (98—01). This is the first
example showing an overall statistically significant
covariation but with a moderate strength in the relation
between the two considered variables on shorter time
scales. Wind-induced bottom stress, taken as an index of
potential resuspension of sediments on the shelf, followed
the same pattern and no short correlations were observed
(data are only available from 1996 onwards). Phyto-
plankton biomass, approximated by integrated chloro-
phyll a, showed the highest correlations for all traps, and
with the exception of the 94—95 window, most of the short
correlation coefficients approached the upper CI limit.
The best fit was observed for the mid-water Planier trap at
the entrance of the gulf throughout the monitoring period,
due to the remarkable coincidence of biomass and particle
flux seasonal signals (compare Figs. 3 and 9d). The last
considered source forcing, atmospheric deposition over
the Gulf of Lions, was not significant, except for the mid-
water trap at the exit. As mentioned above, this is not
surprising if one considers the relative importance of
atmospheric supply versus rivers.

Concerning the exchange processes induced by
shelf-slope water motions, MKE and EKE were only
weakly correlated with fluxes, though some overall
coefficients were significant. For shorter periods, MKE,
primarily due to the low frequency trend of the along-
slope current, showed occasionally significant associa-
tion with fluxes, as for the Planier traps in 96-97 or the
Lacaze-Duthiers near-bottom trap in 98-99. Tempera-
ture drops, induced by cascading events, were inversely
and significantly correlated in both canyons during the
course of the entire experiment. However, at shorter
time scales, the only significant covariations were found
for the near-bottom traps in both canyons during the 98—
99 period that included the very strong February—April

Fig. 16. Sliding correlation between particles fluxes and river
discharge, wind-induced bottom stress, integrated chlorophyll-a,
local mean kinetic energy and in situ minimum temperature for the
1993-2001 period. Correlations for each 2-year window are plotted in
the middle of each period. Dotted line represents the 95% confidence
interval for r (£0.44, 22 DF). Dashed line represents the 95%
confidence interval for the population correlation coefficient adjusted
for multiple (K=4) testing (95% CI=+0.58).
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99 peak associated to an intense temperature drop
(Fig. 12). The following 2-yr period (00-01) was also
concerned for the Planier near-bottom trap, but not its
equivalent in the Lacaze-Duthiers, where no tempera-
ture drop was observed in February—April 2000. Some
forcing parameters were obviously inter connected. For
example, the rapid down slope propagation of the dense
water plume in the Lacaze Duthiers canyon during
winter 1999 incidentally led to an increase of the mean
intensity (MKE) and variability (EKE) of the near-
bottom currents, concomitant to the temperature drop
(Figs. 9d and 12d).

Regarding the practical significance and relative
impact of the various controlling factors on the inter-
mediate and deep fluxes, these results reveal the
limitation of the correlation analysis performed on the
existing data set. Furthermore, significant correlation
does not mean causative relationship, but more often that
the two variables considered vary according to a third
one. This is particularly true for the Gulf of Lions, a
temperate margin environment that experiences, during
the autumn—winter season, increase of river discharge —
hence of nutrients that promote phytoplankton produc-
tivity — and increase of storms events that contribute to
resuspend deposited particles, making them available for
export. But increasing sources of matter do not neces-
sarily have a direct influence on slope fluxes since
transfer towards intermediate and deep waters is pri-
marily modulated by physical exchange processes, as
shown for other margin environments (e.g., Biscaye and
Anderson, 1994; Heussner et al., 1999; Antia et al.,
2001; McCave et al., 2001; Iseki et al., 2003). E-SE
storms cause a sudden, but brief, resuspension of
sediment on the inner shelf (Ferré et al., 2005). The
subsequent export of suspended particles from the shelf
to the upper slope, in particular for the westernmost
canyons, was clearly evidenced by Palanques et al.
(2006-this issue). Ulses (2004) further showed that the
large downwelling, promoted by the massive conver-
gence of water to the southwestern end of the gulf,
extended down to several hundreds of meters under
stratified conditions (autumn), but could also enhance
the export of dense shelf water to deeper levels during
winter. Such processes could explain why the resuspen-
sion flux is so important in the near-bottom Lacaze-
Duthiers trap. The absence of practical correlation of the
long-term time series with large inputs of suspended
particles during shelf storms events, which are often
associated in the Gulf of Lions with river flood, is
probably further related to the too large distance between
the moorings and the shelf edge (~ 10 km) and also to the
depth of the traps. Except for the peculiar 1999 dense

water cascading event, fluctuations of the along-slope
current are merely correlated to downward flux in the
Planier Canyon. Here, the core of the current is close to
the slope and its fluctuations generate significant cross-
slope oscillations that, in turn, transport more turbid shelf
waters down the slope (Durrieu de Madron et al., 1999).
On the western part of the gulf, the core of current moves
away from the slope and interacts less with topography.
Cascading of dense shelf water, although of an annual
recurrence, has variable density characteristics and
equilibrium depths from one year to the next (Béthoux
et al., 2002; Durrieu de Madron et al., 2005). Tem-
perature records show that events that are perceptible
down to 500 m, all the more so at 1000 m, are rare. But
any of these events, regardless of their intensity, are
likely to export material from the shelf (Lapouyade and
Durrieu de Madron, 2001). Since the largest fluxes are
clearly correlated with cascading, this process is believed
to be a predominant factor to transfer particulate matter
down to deep slope waters and to explain the observed
interannual variability.

6. Conclusions

A number of conclusions may be drawn from this
unique, long-term measurement of particle transfer to
the deeper slope at the NE entrance and SW exit of the
Gulf of Lions margin system:

(1) Settling particle fluxes present spatial and tem-
poral variations in the 10'-10* mg m™? da!
range. Total mass fluxes increase with depth at
both sites, decrease seaward at equivalent depth,
and exhibit an increasing gradient at equivalent
position between the entrance and the exit of the
gulf. The same spatial pattern is observed for all
fluxes of major constituents (organic matter,
carbonate, opal and lithogenic fraction). These
features confirm similar trends previously re-
ported in other margin environments and indicate
lateral transport of particulate matter from the
adjacent shelf and upper slope waters. However,
higher fluxes within the canyon axis as compared
to those on the adjacent open slope were only
observed in the western part of the gulf, qual-
ifying thus the generally accepted idea of the
channelling effect of canyons.

(2) Settling particles are predominantly lithogenic
(around 60%). Over the course of the experiment,
the bulk chemical composition remained within a
limited range of values for each major constituent,
with a few exceptions of short duration. As a
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consequence, fluxes of major constituents vary in a
way similar to that of total mass. This homogeneity
in composition associated with the increase of
material delivered to depth leads us to consider that
most settling particles originate from similar, quite
homogeneous reservoirs that mix particles from
various primary sources (riverine, atmospheric,
biological production). Whereas the flux of
organic matter remains constant (Planier Canyon)
or even increases (Lacaze-Duthiers Canyon) its
content in settling particles decreases at both sites,
but also, for similar depths, between the entrance
and the exit. This indicates a dilution of organic
particles that relates to the lateral input of particles
with lower organic content, modulated according
to these two gradients.

(3) Downward fluxes exhibit a high temporal vari-

ability, with a clear signal of winter maxima and
summer minima (sensu lato), perfectly evidenced
in the mid-water trap at the entrance of the system.
This seasonal signal progressively weakens for
increased mass fluxes in the other traps, due to the
occurrence of shorter events that disrupt the
original pattern. Over the 8-yr course of the ex-
periment, annual means did not vary by more than
a factor of 2—3 between the lowest and highest
values. Interannual variability was largely domi-
nated by the unprecedented flux event that was
observed in February—April 99, which conse-
quently increased annual means of the two near-
bottom traps.

(4) The content of major constituents of particles

caught by the traps is directly related to the in-
tensity of total mass fluxes and asymptotically
tends towards values measured in superficial shelf
and slope sediments. On the basis of a binary
mixing model using bulk chemical composition of
the latter on the one hand and of particles settling
from the upper water layers (primary flux) on the
other, we conclude that resuspended sediment
represents a significant component of the partic-
ulate transfer towards the deeper area of the Gulf of
Lions slope, between 1/3 and 2/3 of the total flux.
The contribution of resuspended material is high-
est at the exit of the Gulf of Lions, especially in the
near-bottom trap. However, the contribution of
primary flux to the total export of organic matter
remains high (from 60% to 90% depending on
location) and, despite the overall predominance of
resuspension there, “fresh” organic matter fluxes
are highest in the Lacaze-Duthiers traps at the exit
of the system.

(5) Forcing of the flux variability considered both the
sources of particles feeding the Gulf of Lions
(rivers, resuspension, atmospheric deposition and
biological production) and the dynamical processes
controlling shelf—slope exchange. The time series
analyzed did not permit to clearly demonstrate
causal relationships between the considered for-
cings and the variability of particulate transfer,
partly because of the differences in the pertinent
time scales of the selected parameters. This calls for
dedicated experimental strategies — such as the
experiment performed during EUROSTRATA-
FORM (Palanques et al., (2006-this issue)) specif-
ically designed to decipher the complexity of the
processes controlling the shelf to slope transfer.
Nevertheless, the observed correlations between the
various forcings and the slope fluxes reinforced the
growing idea that input processes contribute to
increase the load of the particulate reservoir(s) on
the shelf from which physical exchange processes,
and particularly winter cascading of dense shelf
water, draw the particles responsible for increased
transfer towards the deeper slope.
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