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A total of 337 samples collected from five sediment traps located in the Gulf of Lions, Catalan margin and the
Alboran Sea have been analyzed in order to study the seasonal, interannual and geographical distributions of
silicoflagellate fluxes in the Western Mediterranean. As a general trend, maximum fluxes of silicoflagellate
skeletons always occurred during the spring bloom; i.e. during the winter–spring transition, while minimum
fluxes were recorded during summer, characterised by a strong stratification and oligotrophic conditions.
However, the sediment trap record of the Catalan margin did not exhibit any clear seasonal signal, probably
owing to the fertilizing effect of the rivers Llobregat and Besos. Regarding interannual variability, no clear
relationship between the NAO (North Atlantic Oscillation) and the silicoflagellate fluxes was found. In
contrast, the silicoflagellate assemblages from the Alboran Sea and the Gulf of Lions responded with low
fluxes and a delay in their annual maximum to the anomalous conditions elicited by the 1997–98 El Niño
Event. Furthermore, the 2003 summer heat wave over the Western Mediterranean had similar repercussions
on the silicoflagellate spring maximum 2004 in the Gulf of Lions. Three silicoflagellate species were identified
in the samples, following the taxonomic concepts of Throndsen (1997): Dictyocha fibula (Ehrenberg),
Dictyocha speculum (Ehrenberg) and Octactis octonaria (Ehrenberg) Hovasse 1946. D. fibula was
cosmopolitan and the dominant species at all sites, always accounting for more than 80%. Moreover, its
maximum fluxes were recorded in those sampling sites which were under the influence of high nutrient
concentrations caused by the river input. D. speculum was only recorded in the northern locations, which
suggests an affinity for colder water masses. In contrast, O. octonaria was restricted to the Alboran Sea
stations, where temperatures reached the highest values and nutrients were scarcer.
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1. Introduction

The silicoflagellates are a group of marine photosynthetic
flagellates with a cosmopolitan distribution. They occur in all ocean
environments but have a small contribution to the phytoplankton
communities. Despite this, they can be a major component in coastal
and estuarine waters (e.g. Jochem and Babenerd, 1989; Gómez and
Gorsky, 2003). Silicoflagellates are generally considered as photosyn-
thetic algae, however they have also been suggested to have
mixotrophic behavior (Martini, 1977) and/or to contain symbiotic
blue-green algae (Norris, 1967). Owing to their siliceous skeleton,
silicoflagellates can be preserved in the sediment. Nevertheless, naked
forms have also been described (Jochem and Babenerd, 1989;
Moestrup and Thomsen, 1990; Henriksen et al., 1993). The taxonomy
of this group has been based on the morphology of the siliceous
skeleton of its representatives. However, as pointed out by Onodera
and Takahashi (2005) this classification is in state of confusion due to
its broad morphological variations in relation to environmental
conditions (Van Valkenburg and Norris, 1970; Van Valkenburg,
1971a,b). The most recent literature (Throndsen, 1997) reports
eight extant species grouped in three genera: Dictyocha Ehrenberg
1837, Octactis Schiller 1925 and Mesocena Ehrenberg 1843.

Traditionally, silicoflagellates have been used for biostratigraphic
studies, mainly in high-latitude areas, where calcareous micro- and
nannofossils are missing or not diagnosed (Perch-Nielsen, 1985).
Additionally, they have been used as proxies for paleotemperature
reconstructions across a wide range of latitudes in both hemispheres
(Mandra and Mandra, 1970; Ciesielski and Weaver, 1974; Martini,
1977; Bukry, 1983; Schrader et al., 1986; Ciesielski and Case, 1989).
The ratio between the “warm” genus Dictyocha spp. and the “cold”
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species Dictyocha speculum (synonymous with six-sided Distephanus)
has been used to infer paleo-SST (Ciesielski andWeaver, 1974; Perch-
Nielsen, 1985; Whitehead and Bohaty, 2003; Escutia et al., 2009).
Silicoflagellates have also been suggested to be indicators of
atmospheric and water mass variations e.g. studies on sediment
traps registered changes in silicoflagellate fluxes in relation with El
Niño events (Lange et al., 1997; Romero et al., 2001; Onodera and
Takahashi, 2005), and as productivity indicators (e.g. Takahashi et al.,
1989). Moreover, laboratory cultures of living silicoflagellates have
shown that their growth rates are strongly influenced by environ-
mental conditions, especially by temperature and salinity (Henriksen
et al., 1993). Few authors have addressed the extant species of this
cryptic group, however, some work has been done in our study area:
the Western Mediterranean. Nival (1965) and Travers and Travers
(1968) have described the seasonal distribution of silicoflagellates in
Villefranche-sur-mer and the Gulf of Marseille respectively.

In this work, an array of five sediment traps set in three key areas
(Fig. 1) of the Western Mediterranean was studied in order to record
silicoflagellate information fromdifferent representative environments:

– Two sites in the Gulf of Lions (Fig. 1a): the Planier canyon station,
considered as an oceanic station with lower influence of shelf-
slope exchanges of particulate matter; and the Lacaze-Duthiers
canyon station, with a higher input of particulate matter
resuspended from the shelf and upper slope and affected by the
fertilizing effect of the Rhône river plume.

– A third trap in the Foix canyon on the Catalan margin (Fig. 1b),
characterised by sporadic inputs of particulatematter resuspended
from the shelf and/or discharged by the Llobregat and Besos rivers.

– Two open sea sediment traps set within the influence of the two
quasi-permanent anticyclonic gyres of the Alboran Sea (Fig. 1c).
Fig. 1. Geographical setting of the sampling stations in theWestern Mediterranean. The positio
circulation. a. Gulf of Lions. b. Catalan margin. c. Alboran Sea. Dashed areas represent the north
In this sense, the present study attempts to complement current
knowledge of the ecology and present distribution of silicoflagellates
in theWestern Mediterranean. Thus, the main objectives of this study
were the following:

(1) To define the geographical distribution of the group;
(2) To characterize the annual and interannual variations of the

silicoflagellate assemblages and their relationship with envi-
ronmental conditions;

(3) To integrate the data recorded in the sediment traps in further
paleoceanographic constructions.

2. Oceanographic setting

TheMediterranean Sea is a semi-enclosed basin that behaves as an
antiestuarine circulation system: the surface waters enter through the
Strait of Gibraltar from the Atlantic while deeper Mediterranean
waters leave the basin (Bormans et al., 1986). The driving force of the
general circulation has a thermohaline origin due to an excess of
evaporation over precipitation and is controlled by the exchange of
water through the Strait of Gibraltar.

The Mediterranean Sea is considered to be oligotrophic, however
the Western Basin shows a number of hydrographic features that
contribute to increasing its potential fertility (Estrada, 1996).

Here, three areas of the Western Mediterranean were considered;
the Gulf of Lions, the Catalan margin, and the Alboran Sea (Fig. 1).

2.1. Gulf of Lions

From the hydrodynamic point of view, the Gulf of Lions can be
considered a complex region (Millot, 1990). The general circulation in
n of the sediment traps is representedwith stars. Arrows represent the theoretical surface
ern border of the Western Alboran Gyre (WAG) and the Almeria–Oran Front (AOF).
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this area is dominated by the Northern Current (NC), whose flux is
directed to the south along the continental slope (Fig. 1a). Addition-
ally, the Gulf of Lions is one of the few locations in the Mediterranean
where dense-water formation takes place (Millot, 1990) and it is
therefore a key area for the functioning of the thermohaline
circulation in the Mediterranean. Dense-water formation occurs
during winter when persistent, cold and dry northwesterlies (Mistral
and Tramontana) cause heat losses and evaporation, that induce
cooling and mixing of shelf waters that sink, overflow the shelf edge
and cascade downslope (Béthoux et al., 2002). Dense-water formation
shows important interannual variability, and in especially cold and
dry years dense-water cascading may reach the bottom and erode the
sea floor (Canals et al., 2006).

Regarding productivity, the Gulf of Lions can be considered as an
exception to the general oligotrophy of the Mediterranean. The main
mechanisms of nutrient supply in this area are the mesoscale
variability of the Northern Current, the central divergence zone of
the Liguro–Provençal Sea, and river runoff (Estrada, 1996), especially
from the Rhône, which is one of the rivers with the highest flow to the
Mediterranean area (Fig. 1a).

2.2. Catalan margin

The general circulation in this area is controlled by the Northern
Current, which flows from the northeast to the southwest along the
coast, between a permanent shelf-slope density front and the upper
continental slope (Font et al., 1988) (Fig. 1b). The main nutrient
enrichment mechanisms in this area are similar to those reported for
the Gulf of Lions: the mesoscale variability of the Northern Current,
which induces exchange of inorganic and organic elements between
the ocean and the shelf, and the river input (Estrada, 1996). In
particular, the plumes of the rivers Llobregat and Besos, which flow
into the Catalano-Balearic Sea in its southern part (Fig. 1b), may affect
the site studied. Both rivers flow through the large industrial belts of
Barcelona and surrounding localities and receive agricultural, indus-
trial and domestic wastes (Céspedes et al., 2005; Bosch et al., 1986).

2.3. Alboran Sea

The Alboran Sea can be considered a transition area between the
Atlantic Ocean and the Mediterranean Sea. The pattern of circulation
is intense, subject to strong seasonal variations related to fluctuations
in the intensity of the water exchange through the Strait of Gibraltar.
At the surface, the main oceanographic feature of the area is the
entrance of a jet of Atlantic Surface Water (ASW) that forms two
almost permanent anticyclonic gyres: the Western Alboran Gyre
(WAG) and the Eastern Alboran Gyre (EAG) (Fig. 1c). Associated to
the gyres, the Alboran Sea has two systems of high biological
productivity as shown in Fig. 1c. For a detailed description of the
physiography and oceanography of the Alboran Sea, see Parrilla and
Kinder (1987).

In terms of sea surface productivity, the persistence of four main
regimes is noticeable along the year: the winter bloom regime
Table 1
Summary of the main characteristics and environmental conditions of the 5 stations.

Planier Lacaze-Duthiers

Coordinates 43.02 N, 5.18 E 43.02 N, 3.54 E
Depth (m) 1000 1000
Meters above botton (mab) 500 500
Sampling period 0ct 1993–Jan 2006 0ct 1993–Jan 2006
Sampling interval (days) 14 till Oct-94 and 30 till Jan-06 14 till Jan-97 and 30
SST(°C) 12.35–26.22 11.82–26.55
Salinity 37.98–38.48 37.96–38.48
Chlorophyll-a Available data (1997–2006) Available data (1997–
(November to March), the summer non-bloom regime (May to
September), and two transition periods: from April to May, when
thermal stratification starts, and October–November, coinciding with
the highest wind variability and water column destratification (García-
Gorriz and Carr, 2001).

3. Material and methods

3.1. Field experiments

The present study is a compilation of data from sediment trap
samples recorded in different European (Euromarge-MB, MTP II-
MATER and EUROSTRATAFORM) and French (PNEC: Programme
National Environnement Côtier) projects performed in the Western
Mediterranean.

All traps used were PPS3 Technicap sediment traps with a
cylindrical–conical shape with a 0.4 m opening diameter (2.5
height/diameter aspect ratio for the cylindrical part) and equipped
with 6 or 12 sampling cups (Heussner et al., 1990). Gaps in the
temporal series were caused by mooring recovery periods or by
problems in the functioning of the sediment traps.

In the Northwestern Mediterranean, three moorings were deployed
at different locations (Fig. 1): one at the entrance of the Gulf of Lions,
over thePlanier Canyon (43.02°N, 5.18° E); oneat the southwestern exit
of the Gulf of Lions, over the Lacaze-Duthiers Canyon (43.02° N, 3.54° E)
(Fig. 1a); and one in the Barcelona continental basin, over the Foix
Canyon (41.04 N, 1.93 E) (Fig. 1b).

At the Planier and Lacaze-Duthiers sites, the moorings were
deployed at a water depth of around 1000m and they were equipped
with two sediment traps at 500 and 30m above the bottom (mab
hereafter), paired with current meters (Heussner et al., 2006). Only the
data from the sediment traps at 500 mab are reported in this work. The
information recorded by these two sediment traps is especially relevant
owing to the exceptional length of the time series: from October 1993
until January 2006. The sampling interval was set at 14 days until early
1997, and at 1 month from 1997 onwards (Table 1).

At the Foix Canyon station (Fig. 1b), themooring was set at a water
depth of 680 m and it was also equipped with two sediment traps at
530 and 30 mab (Puig and Palanques, 1998). Here, only the samples
from the sediment trap at 530 mab were studied. In this experiment,
the sampling period comprised one year, from April 1993 to May
1994, with a collection interval of 15–16 days (Table 1).

In the Alboran Sea two mooring lines were deployed: ALB-1F and
ALB-5F (Fig. 1c). ALB-1F was set up on the continental slope at a depth
of 1004 m and located at 36.01 N; 4.26 W while ALB-5F was deployed
over the African continental margin at 2070 m depth and located at
35.91 N; 1.5W (Fig. 1c). In bothmoorings, the sediment traps were set
at 30 mab (Fabres et al., 2002; Sanchez-Vidal et al., 2005). The two
moorings were deployed from July 1997 to May 1998 along three
different periods. The sampling interval was set at 10–11 days for the
whole period, except between April 20th and May 16th for ALB-1F,
and between April 1st and May 22nd for ALB-5F, when the sampling
interval was 3 days (Table 1).
Foix ALB-5F ALB-1F

41.04 N, 1.93 E 35.91 N, 1.5 W 36.01 N, 4.26 W
680 2070 1004
530 30 30
Apr 1993–May 1994 July 1997–May 1998 July 1997–May 1998

till Jan-06 15 3–11 3–11
12.82–26.42 15.81–24.69 15.12–23.88
37.69–38.79 36.74–38.62 36.43–38.83

2006) No data Available data Available data



Fig. 2. Planier station. a. Total skeleton flux (skeletons/day×m2), temperature (°C) and chlorophyll-a concentration (mg×m3). b. D. fibula (squares) and D. speculum flux (skeletons
day/m2). Gaps in the time series are represented by a dotted line. The relative abundance of the different species and the SST are represented with solid lines. c. Composite year. Total
skeleton flux (skeletons /day×m2), temperature and chlorophyll-a concentration (mg×m3). d. Composite year. D. fibula and D. speculum flux (skeletons /day×m2).
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3.2. General processing of the sediment traps

A detailed description of the PPS3 sediment trap and the sample
processing used for this experiment can be found in Heussner et al.
(1990). Here, we summarize a description of the treatment for
siliceous microfossils analyses.

3.3. Specific treatment for siliceous microplankton

Different aliquots from the original samples were used for the
micropaleontological analyses; although the most common was 1/8,
other fractions were also used depending on availability, ranging from
1/64 to 3/4. The original samples were wet-sieved onto a 150 μm
mesh in order to separate foraminifera larger than 150-μm from
smaller diatoms, silicoflagellates and coccolithophores.

The samples studied were prepared with a standard decan-
tation method according to the methodology proposed by Flores
and Sierro (1997). Qualitative and quantitative analyses were
performed at 1000 and 400 magnification, using a Nikon Eclipse
80i light microscope.

Owing to the high seasonal flux changes of this group, we
detected some periods when almost no silicoflagellates were
present in the water column and hence in the samples. The number
of skeletons identified was usually higher than 100, but a
compromise between the number of skeletons to be counted and
the time spent analyzing them had to be accepted for some samples
in which abundance was really low. In addition, diatom valves were
counted in the Foix station samples. A minimum of 400 diatom
specimens per sample was counted.

Silicoflagellate and total diatom fluxes are given as the number of
skeletons or valves per day per square meter. In addition, an average
year was calculated for the two 12-years-long sediment traps records
of the Gulf of Lions. For this calculation, a flux value was assigned to
each day of each collecting period. Then, all the days of the same
month were placed in the same group and the flux average was
estimated (Figs. 2 and 3).

image of Fig.�2


Fig. 3. Lacaze-Duthiers station. a. Total skeleton flux (skeletons /day×m2), temperature (°C) and chlorophyll-a concentration (mg×m3). b. D. fibula and D. speculum flux (skeletons /
day×m2). Gaps in the time series are represented by a dotted line. c. Composite year. Total skeleton flux (skeletons /day×m2), temperature and chlorophyll-a concentration
(mg×m3). d. Composite year. D. fibula and D. speculum flux (skeletons /day×m2).
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3.4. Environmental variables

Weekly SSTs data from October 1993 until March 2006 were
obtained using NOAA Optimum Interpolation Sea Surface Tempera-
ture Analysis (Reynolds et al., 2002). Monthly chlorophyll-a satellite
data (since September 1997) were obtained from the NASA Giovanni
programme (Acker and Leptoukh, 2007). General salinity values for
each site were taken from MEDATLAS 2002. All this information is
summarized in Table 1.

4. Results

4.1. General considerations

Three silicoflagellate species were identified at the five stations of
the Western Mediterranean: Dictyocha fibula (Ehrenberg), D. specu-
lum (Ehrenberg) and Octactis octonaria (Ehrenberg) (Plate 1). D. fibula
Plate 1. SEM and LM photos of the three silicoflagellate species found in the samples. a–f. Dic
(g), LM (h,i). j–l. Octactis octonaria (Ehrenberg). SEM (j), LM (k,l). Scale bars: a, g, j=20 μm
exhibited greater morphological and size variability than the others,
although these variations were considered to be intraspecific
(Plate 1). No remarkable morphological differences were found
between seasons or locations in the samples studied. D. speculum
and O. octonaria (Plate 1) showed more homogeneous skeletons with
few aberrant specimens.

4.2. Gulf of Lions

Total silicoflagellate fluxes were one order of magnitude lower than
diatom fluxes in both traps (Rigual-Hernández, unpublished data). At
the Planier site, despite the time series exhibiting interannual
variability, the observations for the composite year revealed a clearly
unimodal trend (Fig. 2c and d). The highest fluxes were generally
recorded in winter and spring and the minima in summer until the
beginning of fall (Fig. 2c). The mean flux at the Planier station was
tyocha fibula (Ehrenberg). SEM (a), LM (b–f). g–i Dictyocha speculum (Ehrenberg). SEM
; b–f, h, i, k, l=10 μm.

image of Fig.�3
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2.89×106 skeletons m−2 d−1, while the maximum and minimum
fluxes occurred in May 2000 (1.98×107 skeletons m−2 d−1) and
August 2001 (6.69×104 skeletons m−2 d−1) (Fig. 2a) respectively.

The total silicoflagellate flux at the Lacaze-Duthiers site also
exhibited interannual variability and a clear seasonal trend. The 12-
year mean showed a trimodal distribution (Fig. 3c and d) with
maximum values during February–March (winter–spring transition),
a secondarymaximumat the end of the spring (May), and a third peak
in October, while minimum values were reached during summer and
the beginning of fall. Themean flux at the Lacaze-Duthiers station was
4.97×106 skeletons m−2 d−1. The highest flux at this station was
recorded in October 1999 (4.68×107 skeletons m−2 d−1), whereas
the minimum was recorded in September 1995 (9.77×104 skeletons
m−2 d−1) (Fig. 3a).

Regarding the composition of the silicoflagellate assemblage, D.
fibula was by far the most abundant species, with a mean of 95.5% for
both sites. D. speculum represented 4.3% of the assemblage for both
stations,while only a handful of specimens ofO. octonariawas identified
in both records, affording a relative contribution of 0.08% for the Planier
site and 0.18% for the Lacaze-Duthiers station. Owing to the scarce
presence ofO. octonaria in these two records, its relative abundancewas
considered negligible and hence it is not plotted in Figs. 2 and 3. The
seasonal distribution of D. fibula and D. speculum was slightly different
for both sampling sites: while at Planier D. speculum reached its
maximumrelative abundance in June (Fig. 2b andd), at Lacaze-Duthiers
the maximum occurred during August (Fig. 3b and d).

4.3. Catalan margin

Silicoflagellate fluxes at Foix station were one order of magnitude
lower than the diatom fluxes (Fig. 4a). Total silicoflagellate fluxes did
not show any clear seasonal trend and paralleled those of diatoms
(Fig. 4a). Total diatomfluxes (Fig. 4a) showed three remarkablemaxima
(April 1993, fall 1993 and February to April 1994) that were linked to
relatively high silicoflagellate fluxes. The highest silicoflagellate fluxes
were recorded during the first half of August 1993 (3.80×107 skeletons
m−2 d−1),whileminimawere recordedduring thewinter andMarchof
1994 (Fig. 4a). The mean flux at this site was the highest of the five
sediment trap records (6.36×106 skeletons m−2 d−1). Moreover, it is
worth noting that the most important discharge pulses of the river
Llobregat (Puig and Palanques, 1998) (Fig. 4a) were followed by
relatively high silicoflagellate fluxes; i.e., in the spring and fall of 1993.

D. fibula represented 96.7% of the annual assemblage, the highest
of the five records studied, while D. speculum represented 3.3% of the
assemblage. During June 1993,D. speculum reached its highest relative
abundance (17.6%) (Fig. 4b). No O. octonaria specimens were found in
Foix record.

4.4. Alboran Sea

Total silicoflagellate fluxes were one order of magnitude lower than
the diatom fluxes in both traps (Bárcena et al., 2004; Hernández-
Almeida et al., submitted for publication). The ALB 1F total silico-
flagellate flux exhibited a trimodal distribution, with a clear seasonal
pattern (Fig. 5a). The maximum values were recorded in summer 1997
and winter 1997–98, but a third peak was recorded at the end of the
spring1998. Themeanflux inALB-1Fwas3.05×105 skeletonsm−2 d−1.
In December 1997, the highest fluxes were recorded (1.05×106

skeletons m−2 d−1) while the lowest values were recorded during
fall, the end of winter and the beginning of the summer in 1998.

ALB-5F also exhibited a trimodal distribution, but different from
that seen for ALB-1F. The mean silicoflagellate flux at this site was
5.49×105 skeletons m−2 d−1. The maximum flux was recorded in
May 1998 (2.35×106 skeletons m−2 d−1) and the minimum fluxes
were recorded in October 1997 (2.52×104 skeletons m−2 d−1).
D. fibulawas the dominant taxon at ALB-1F and Alb-5F (Fig. 5b and
d), representing 81.69% and 88.8% of the annual assemblage,
respectively. D. speculum relative abundance in the Alboran Sea
stations was negligible, with only one specimen found in the whole
record of Alb-1F and a relative abundance of 0.4% in Alb-5F. Because of
these insignificant values, D. speculum is not plotted in Fig. 5.
Regarding O. octonaria, its relative abundance reached the highest
values of the study in the Alboran Sea stations, where it accounted for
16.74% in Alb-1F and 10.9% in Alb-5F (Fig. 5b and d).

5. Discusion

This study aims to shed new light on silicoflagellate ecology
defining, at least in broad outlines, the seasonal, interannual, and
geographic distribution of silicoflagellates in the Western
Mediterranean.

5.1. Biological and physical processes controlling the seasonal changes of
the silicoflagellate fluxes

The fluxes recorded at the two stations in the Gulf of Lions were
markedly seasonal and reflected changes in the water column and
atmosphere dynamics. In terms of input of particulate material, the
Planier site is subject to less influence from the shelf, while the Lacaze-
Duthiers site is more affected by the continental shelf and the Rhône
river plume (Heussner et al., 2006) (Fig. 1a). Thematerial recordedmay
be of diverse origin, such as shelf bottom and shelf break resuspended
sediments, Rhône river material, and shelf and open-ocean pelagic
biogenic material. Vertical transport and sediment resuspension are
more important during winter periods when the hydrodynamics in the
Gulf of Lions are more intense (i.e, currents, water mixing, and dense-
water formation) (Millot, 1990). The silicoflagellate fluxes recorded by
both sediment traps may be partially affected by the latter factors,
although several linesof evidence suggest that the skeletons recordedby
our sediment traps reflect silicoflagellate assemblages dwelling in the
euphotic layer. First, previous studies on water samples from the NW
Mediterranean (Nival, 1965; Travers and Travers, 1968; Gómez and
Gorsky, 2003) have described a similar seasonal silicoflagellate
distribution and assemblage composition to those observed in our
investigation. In addition, the silicoflagellate flux annual maxima
coincided with the highest annual chlorophyll-a values (Figs. 2c and
3c), which indicate that phytoplankton skeleton fluxes mirrored the
phytoplankton community of the photic zone. Finally, both sediment
traps were set at 500 mab, which hinders the recording of important
amounts of resuspended sediments.

The nutrient-rich euphotic layer and solar radiation increase
during the winter–spring transition (Leblanc et al., 2003) favour the
development of the spring phytoplankton bloom (Bustillos-Guzmán
et al., 1995; Marty et al., 2002), and hence of the silicoflagellate
assemblages in both Planier and Lacaze-Duthiers stations. The low
skeleton fluxes recorded during summer and the beginning of fall at
both stations (Figs. 2 and 3) are due to the strong oligotrophy and
stratification conditions of the water column (Leblanc et al., 2003).

The higher silicoflagellate fluxes at the Lacaze-Duthiers than at the
Planier site (almost twice as high) (Fig. 3) seem to be elicited by the
influence of the dilution zone of the Rhône plume, which enriches the
southwestern part of the Gulf of Lions shelf with nutrients (Lefevre et
al., 1997). This could be the cause of the silicoflagellate skeleton peak
at the beginning of fall at the Lacaze-Duthiers site (Fig. 3c and d),
when the Rhône River reaches its maximum discharge values
(Heussner et al., 2006).

Previous studies in the NW Mediterranean (Nival, 1965; Travers
and Travers, 1968; Gómez and Gorsky, 2003) have described that
during summer D. fibula sinks to deeper and colder waters. Since D.
speculum follows a similar annual cycle (Figs. 2 and 3), it is possible
that it could have a similar kind of behavior and could sink to deeper



Fig. 4. Foix station. a. Total skeleton flux (skeletons /day×m2), temperature (°C), total diatom flux (valves /day×m2) andmain river discharge events (red arrows). b. D. fibula and D.
speculum flux (skeletons /day×m2).
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waters during the stratification period. Despite the low D. speculum
fluxes, the relative abundance of this species increases during summer
(up to 12%), suggesting a better adaptation of this taxon to
oligotrophic conditions than D. fibula.

Regarding the Catalan margin, the Foix station does not exhibit a
clear seasonal signal, probably due to the proximity of the Llobregat
and Besos rivers (Fig. 1b) that could have influenced the plankton
communities by means of nutrient and freshwater inputs along the
collecting period. This, together with the fact that the Foix station is
closest to the coast of the five sampling sites, seems to be the reason
why the highest silicoflagellate fluxes of the five sampling locations
were recorded at the Foix site. Owning to the similar distribution of
diatom and silicoflagellate fluxes (Fig. 4a), both phytoplankton groups
Fig. 5. Alboran Sea (ALB-1F and ALB-5F) stations. a. ALB-1F total skeleton flux (skeletons/day
and O. octonaria flux (skeletons /day×m2). c. ALB-5F total skeleton flux (skeletons /day×m
octonaria flux (skeletons/day×m2). Gaps in the time series are represented by a dotted lin
seem to respond to the same conditions of the water column. Little is
known about the influence of river input on silicoflagellate popula-
tions, but Jochem and Babenerd (1989) described a progressive
increase of the silicoflagellates assemblages in relation with the
gradual eutrophication of the estuarine waters of the Kiel Bight. The
absence of a clear seasonal pattern, together with the fact that the
discharge pulses of the river Llobregat (Puig and Palanques, 1998)
were often followed by relatively high silicoflagellate fluxes (Fig. 4a),
suggests that the silicoflagellate skeleton fluxes recorded at the Foix
station could have been determined by the river input. The plumes of
the rivers Llobregat and Besos might have enhanced the growth of
phytoplankton communities, and hence the silicoflagellate skeleton
fluxes. In addition to this, it is worth noting that the highest
×m2), temperature (°C) and chlorophyll-a concentration (mg×m3). b. ALB-1F D. fibula
2), temperature, and chlorophyll-a concentration (mg×m3). d. ALB-5F D. fibula and O.
e. c. Composite year.
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Fig. 6. a. NAO winter index. b. monthly multivariate ENSO index. c. Planier station total skeleton flux (skeletons /day×m2) and chlorophyll-a concentration (mg×m3). d. Lacaze-
Duthiers station total skeleton flux (skeletons /day×m2) and chlorophyll-a concentration (mg×m3).
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Fig. 7. Relative abundance of the three silicoflagellate taxa along a N–S transect from the
Gulf of Lions to the Alboran Sea.
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silicoflagellate fluxes of the whole record occurred during August, a
period of strong stratification as indicated by the SSTs (Fig. 4), that can
be used as a rough indicator of stratification (e.g. Martinez et al.,
2009). We speculate that certain anthropogenic macro- or micro-
nutrient inputs to any of the rivers could have triggered the massive
growth of silicoflagellates during August, regardless of the river flow.

The sediment traps from the Alboran Sea were set in two systems of
high biological productivity associated with the Western Alboran Gyre
(WAG) and the Almeria–Oran density front (AOF) (Fig. 1), and were
relatively less influenced by coastal inputs as compared to the other
sampling sites. The lowest silicoflagellate fluxes of this study were
recorded at theAlboranSea stations, probably reflecting their location in
the relatively open sea. Both silicoflagellate flux records exhibited a
marked seasonality and responded to the same conditions as those
observed by Bárcena et al. (2004) and Hernández-Almeida et al.
(submitted for publication). At ALB 1F, the silicoflagellate skeleton
pulses during the beginning of summer and fall 1997 (Fig. 5a and b)
were related to the last steps of a high productivity period and to
upwelling-favourable winds (Bárcena et al., 2004) respectively. Fur-
thermore, theespeciallywarm fall conditions of that year elicited a delay
in thewinter–springbloom(García-Gorriz andCarr, 2001), andhence of
the development of the silicoflagellate populations. Concerning the ALB
5F sediment trap (Fig. 5c and d), the similar distribution of the
silicoflagellate fluxes to those found in ALB 1F suggest that both records
respond to the same conditions. However, the 1997 fall silicoflagellate
flux maximum was displaced to the winter, probably owning to the
warmer temperatures in this area (Fig. 5c).

5.2. Impact of NAO and ENSO variability on silicoflagellate fluxes

Because the Gulf of Lions time series spanned more than one year
we will focus on these two sediment traps to address interannual
variability. The first point to be noted is that the maximum fluxes in
both sediment traps did not always occur at the same time of year. The
lower influence from the shelf, the Rhône, and dense-water formation
events (Canals et al., 2006; Ulses et al., 2008) at the Planier site might
explain their different behavior.

The climate of theNorthernBasin (theGulf of Lionsand theLigurian–
Provencal Basin), as well as transport through the Corsica Channel
(Fig. 1), is under the influence of the North Atlantic Oscillation (NAO),
especially duringwinter (Fig. 6a) (Hurrell, 1995; Vignudelli et al., 1999).
In the Northern Basin, negative NAOwinter index values are associated
with an intensification of heat losses to the atmosphere and with a
consequent increase in water transport through the Corsica Channel,
which feeds the Northern Current (Fig. 1a). Conversely, positive values
of the NAO index mean that warmer and moister air masses are
conveyed towards the Northwestern Mediterranean, leading to milder
winters and a consequent decrease in the total amount of heat lost
(Vignudelli et al., 1999). In their review of the interannual phytoplank-
ton variability of the Northern Basin, Gómez and Gorsky (2003) pointed
out that low or negative NAO indices are often associated with a
remarkable spring diatom bloom, while positive values are associated
with a lower spring bloom. Since the beginning of the chlorophyll-a
record (September 1997), the most extreme negative winter NAO
values occurred during 2001 and 2006 (Fig. 6). At the Planier site, the
springs of 2001 and 2006were coupled to remarkably high chlorophyll-
a concentrations and elevated silicoflagellate fluxes, which reflect a
positive response of the phytoplankton communities to the environ-
mental conditions of those years (Fig. 6). In contrast, the spring
chlorophyll-a values at Lacaze-Duthiers did not show anomalously high
values during 2001 and 2006, although the silicoflagellate fluxes at this
station were relatively high (Fig. 6). The different response of the
phytoplankton community at the Lacaze-Duthiers station could be
related to the influence of the Rhone plume and the particulate matter
supply from the shelf and upper slope. Regarding the years with the
most extreme positive NAO values (1999 and 2000) (Fig. 6a), both
stations showed intermediate spring chlorophyll-a concentrations
while silicoflagellate fluxes behaved differently: at the Planier site the
silicoflagellates showed high fluxes, but relatively low silicoflagellate
fluxes were recorded in Lacaze-Duthiers station (Fig. 6c and d).
Therefore, although negativeNAOvalues could be related to remarkable
phytoplankton spring blooms in the Northern Basin, our silicoflagellate
flux time series do not reveal a straightforward relationship with the
winter state of the NAO, indicating that the process that generates
silicoflagellate flux variability is not controlled by the NAO.

Anothermajor source of climatic variability should be considered: the
El Niño Southern Oscillation (ENSO). The ENSO (Fig. 6b) is the dominant
mode throughout the tropical climate system and its major effects occur
over the southern hemisphere. However, there is evidence that extreme
ENSO events can modify the North Atlantic and European climate
(Wanner et al., 1997). According to McPhaden (1999), the 1997–98 El
Niño Event (Fig. 6b) was the strongest one of the last century and the
author suggested that the major climatic impacts around the world were
related to this event. This could be the case of the anomalously high
summer and fall SSTs recorded in the Alboran Sea (Bárcena et al., 2004;
Hernández-Almeida et al., submitted for publication) and theGulf of Lions
in 1997 (Figs. 5a, c, 6c and d). The winds at both locations were also
unusually weak, favouring a strong water stratification that delayed the
typical winter destratification and fertilization events, resulting in a
weaker than usual winter–spring bloom regime (Bárcena et al., 2004;
Rigual-Hernández et al. in prep.).

The anomalous warm conditions during the winter of 1997–98 in
the Alboran Sea elicited a delay in the spring phytoplankton bloom
until April–May (Bárcena et al., 2004), and hence in the silicoflagel-
lates collected in both sediment traps. Something similar occurred in
the Gulf of Lions: at the Planier site the spring bloomwas also delayed
until April and was linked to low silicoflagellate fluxes (Fig. 6c), while
at the Lacaze-Duthiers station the bloom took place as in a normal
year during the winter–spring transition (Fig. 6d). However, the
chlorophyll-a values, as well as the silicoflagellate fluxes, were lower
than in other years. Our observations coincide with those of Gómez
and Gorsky (2003) for the NW Mediterranean, who described lower
silicoflagellate concentrations and warmer temperatures during the
winter of 1997–98 in comparison with 1998–99.

The 1997–98 El Niño Event also altered the silicoflagellate fluxes in
other parts of the globe, such as in the North Pacific, where Onodera
and Takahashi (2005) described changes in the silicoflagellate
assemblage, or in the Santa Barbara Basin, where Lange et al. (2000)
reported the lack of the annual fall–winter silicoflagellate peak.

Apart from the NAO and ENSO, other phenomena could also affect
the silicoflagellate fluxes in the Western Mediterranean. In this sense,
the 2003 summer heat wave over Western Europe and the Western
Mediterranean Basin was coupled with an increase in air temperature
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and a decrease in wind stress that affected the SSTs over the Western
Mediterranean (Olita et al., 2007). During that year, the Planier and
Lacaze-Duthiers stations recorded the highest summer SSTs of the
record that probably contributed to reduce the spring chlorophyll-a
productivity and the silicoflagellatefluxes (Figs. 2a and3a) owned to the
weaker winter mixing.

5.3. Geographic distribution of the Western Mediterranean
silicoflagellates

The three areas studied in the Western Mediterranean show
important differences in the composition of silicoflagellate assem-
blages (Fig. 7) that seem to be closely related to environmental
factors, especially temperature.

D. fibula is a cosmopolitan species, and was the dominant species in
all the assemblages (Fig. 7). Its fluxes are maximum during winter–
spring periods andminimumduring summer, when it probably sinks to
deeper and colder water masses. D. fibula seems to be well adapted to a
wide range of temperatures and to be especially sensitive to nutrient
inputs, reaching its maximum fluxes in areas where the influence of a
river is important (i.e. at the Lacaze-Duthiers and Foix stations).

The distribution of D. speculum however, is restricted to the
Northern region (Gulf of Lions and the Catalan margin), being almost
absent in the Alboran Sea. In fact the Northern region can be
considered among the coldest areas in the Mediterranean, where
annual SSTs range from 12 to 26 °C (Table 1). Using cultures,
Henriksen et al. (1993) determined that the optimum growth of D.
speculum occurs at temperatures between 11 and 15 °C at salinities of
30‰. Higher temperatures dramatically decrease the number of cell
divisions. In nature, the skeleton-bearing and naked stages of D.
speculum grows within similar temperature ranges, whereas the
skeleton-bearing stage of D. speculum is generally found at higher
salinities. In addition, these authors reported that salinities over 30‰
would reduce the optimal temperature range of this taxon. Taking
into account that the salinity in the Mediterranean Sea is higher than
the concentration used for the cultures (Table 1), the optimal growth
temperature of D. speculum would be more restricted than for
laboratory cultures. In our study, the restriction of D. speculum to
higher latitudes (Fig. 7) suggests an affinity for relatively cold water
masses. Its growth would be inhibited at the other regions where
annual SSTs do not reach values below 15 °C; i.e., the Alboran Sea.

In contrast, the distribution of O. octonaria is restricted to the
Alboran Sea (Fig. 7), where temperatures range between 15 and 24 °C
(Table 1). The absence of significant relative abundances of this
species in the coldest and most fertile sampling locations (Gulf of
Lions and Catalan margin) (Fig. 7) suggests an affinity of O. octonaria
for warmer and/or relatively oligotrophic water masses.

6. Conclusions

Silicoflagellate fluxes in the Western Mediterranean mirror the
atmospheric and water column dynamics. Their fluxes are often
maximum during the winter–spring transition, coinciding with the
spring phytoplankton bloom. However, they seem to be especially
sensitive to river input, showing their maximum fluxes and a less clear
seasonal pattern at the stations affected by river plumes (e.g. the Lacaze-
Duthiers and Foix stations). Of the three identified species found in the
Western Mediterranean, D. fibula is themost widespread and abundant
taxon, always accounting for more than 80% of the silicoflagellate
assemblage in the five studied sites. The distribution of D. speculum and
O. octonaria seem to be controlled by temperature. While D. speculum is
restricted to the northern part of the Western Mediterranean Basin,
where annual temperatures often drop to 12 °C during winter, O.
octonaria is limited to the Alboran Sea stations, where annual minimum
temperatures are never colder than 15 °C. Regarding interannual
variability, the silicoflagellate fluxes do not show a straightforward
relationship with the NAO winter index. However, the strong 1997–
1998 ENSO event and the 2003 summer heat wave seem to have been
the cause of the low silicoflagellate fluxes of the spring season of the
following year, due to the higher winter temperatures and the delay of
the spring phytoplankton bloom.
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Appendix

The following descriptions of the three species identified (Fig. 1)
are based on our observations and the descriptions of Throndsen
(1997) and Hernández-Becerril and Bravo-Sierra (2005).

Dictyocha fibula Ehrenberg 1839
The siliceous skeleton size is 29–47 μm in width and 32–58 μm in

length. The skeleton is square to rhomboid, with four radial spines and
four “windows”. The apical bar (bridge) exhibits an apical spine in the
middle. Four supporting spines are situated in the basal ring close to
the junctions with the apical struts. This species exhibited more
morphological variations than the other two taxa, such as variations in
the size of the radial spines and in the shape of the basal ring, as well
as the presence of different aberrant skeletons (e.g. Plate 1f).

Dictyocha speculum Ehrenberg 1839
The skeleton of D. speculum (size 26–31 μm in width, 30–43 μm in

length) has a hexagonal basal ringwith six radial spines. An apical ring
is supported by six apical struts. All the components of the skeleton
appear to have the same thickness. Six supporting spines are
conspicuous in the basal ring. No remarkable morphological varia-
tions were found in the specimens studied.

Octactis octonaria (Ehrenberg) Hovasse 1946
The skeleton of this taxon has an octagonal basal ring with eight

radial spines. The shape of the skeleton is approximately circular with a
diameter of 48–61 μm. It exhibits an apical ring supported by 8 apical
struts. The apical ring is thinner than the rest of the skeleton. The basal
ring does not have supporting spines. The morphological variations of
this skeleton were mainly caused by the absence of the apical ring (e.g.
Plate 1l),which could be related to silica dissolution in thewater column.

References

Acker, J.G., Leptoukh, G., 2007. Online analysis enhances use of NASA Earth Science data.
Eos, Transactions. AGU 88 (2), 14–17.

Bárcena, M.A., Flores, J.A., Sierro, F.J., Pérez-Folgado, M., Fabres, J., Calafat, A., 2004.
Planktonic response to main oceanographic changes in the Alboran Sea (Western
Mediterranean) as documented in sediment traps and surface sediments. Marine
Micropaleontology 53 (3–4), 375–398.

Béthoux, J.-P., Durrieu de Madron, X., Nyffeler, F., Tailliez, D., 2002. Deep water in the
western Mediterranean: peculiar 1999 and 2000 characteristics, shelf formation
hypothesis, variability since 1970 and geochemical inferences. Journal of Marine
Systems 33–34, 117–131.

Bosch, A., Lucena, F., Gironés, R., Jofre, J., 1986. Survey of viral pollution in Besós River
(Barcelona). Water Pollution Control Federation 58, 87–91.



57A.S. Rigual-Hernández et al. / Marine Micropaleontology 77 (2010) 46–57
Bormans, M., Garret, C., Thompson, K.R., 1986. Seasonal variability of the surface infow
through the Strait of Gibraltar. Oceanologica Acta 9 (4), 403–414.

Bukry, D., 1983. Upper Cenozoic silicoflagellates from offshore Ecuador. Deep Sea
Drilling Project Site 504. Initial Reports DSDP 69, 321–342.

Bustillos-Guzmán, J., Claustre, H., Marty, J.C., 1995. Specific phytoplankton signatures
and their relationship to hydrographic conditions in the coastal northwestern
Mediterranean Sea. Marine Ecology Progress Series 124, 247–258.

Canals, M., Puig, P., de Madron, X.D., Heussner, S., Palanques, A., Fabres, J., 2006.
Flushing submarine canyons. Nature 444, 354–357.

Céspedes, R., Lacorte, S., Raldúa, D., Ginebreda, A., Barceló, D., Piña, B., 2005. Distribution
of endocrine disruptors in the Llobregat River basin (Catalonia, NE Spain).
Chemosphere 61 (11), 1710–1719.

Ciesielski, P.F., Case, S.M., 1989. Neogene paleoceanography of the Norwegian Sea based
upon silicoflagellate assemblage changes in ODP Leg 104 sedimentary sequences.
Proceedings, ODP, Scientific Results 104, 527–541.

Ciesielski, P.F., Weaver, E., 1974. Early Pliocene temperature changes in the Antarctic
seas. Geology 2, 511–515.

Escutia, C., Bárcena, M.A., Lucchi, R.G., Romero, O., Ballegeer, A.M., Gonzalez, J.J.,
Harwood, D.M., 2009. Circum-Antarctic warming events between 4 and 3.5 Ma
recorded in marine sediments from the Prydz Bay (ODP Leg 188) and the Antarctic
Peninsula (ODP Leg 178) margins. Global and Planetary Change 69, 170–184.

Estrada, M., 1996. Primary production in the northwestern Mediterranean. Scientia
Marina 60 (Suppl.2), 55–64.

Fabres, J., Calafat, A., Sanchez-Vidal, A., Canals, M., Heussner, S., 2002. Composition and
spatio-temporal variability of particle fluxes in the Western Alboran Gyre,
Mediterranean Sea. Journal of Marine Systems 33–34, 431–456.

Flores, J.A., Sierro, F.J., 1997. A revised technique for the calculation of calcareous
nannofossil accumulation rates. Micropaleontology 43, 321–324.

Font, J., Salat, J., Tintore, J., 1988. Permanent features of the circulation in the Catalan
Sea. Oceanologica Acta 9, 51–57.

García-Gorriz, E., Carr, M.-E., 2001. Physical control of phytoplankton distributions in
the Alboran Sea: a numerical and satellite approach. Journal of Geophysical
Research 106, 16795–16805.

Gómez, F., Gorsky, G., 2003. Annual microplankton cycles in Villefranche Bay, Ligurian
Sea, NW Mediterranean. Journal of Plankton Research 25 (4), 323–339.

Henriksen, P., Knipschildt, F., Moestrup, Ø., Thomsen, H.A., 1993. Autoecology, life
history and toxicology of the silicoflagellate Dictyocha speculum (Silicoflagellata,
Dictyochophyceae). Phycologia 32, 29–39.

Hernández-Almeida I, Bárcena MA, Flores JA, Sierro FJ, Sánchez-Vidal A and Calafat A,
Submitted for publication. Microplankton response to environmental conditions in
the Alboran Sea (Western Mediterranean): One year sediment trap record. Marine
Micropaleontology.

Hernández-Becerril, D.U., Bravo-Sierra, E., 2005. Planktonic Silicoflagellates (Dictyo-
chophyceae) from the Mexican Pacific Ocean. Botanica Marina 44 (5), 417–423.

Heussner, S., Durrieu de Madron, X., Calafat, A., Canals, M., Carbonne, J., Desault, N.,
Saragoni, G., 2006. Spatial and temporal variability of downward particle fluxes on
a continental slope: lessons from an 8-yr experiment in the Gulf of Lions (NW
Mediterranean). Marine Geology 234, 63–92.

Heussner, S., Ratti, C., Carbonne, J., 1990. The PPS 3 time series sediment traps and the
trap sample processing techniques used during the ECOMARGE experiment.
Continental Shelf Research 10, 943–958.

Hurrell, J.W., 1995. Decadal trends in the North Atlantic Oscillation: regional
temperatures and precipitation. Science 269, 676–679.

Jochem, F., Babenerd, B., 1989. Naked Dictyocha speculum — a new type of
phytoplankton bloom in the Western Baltic. Marine Biology 103, 373–379.

Lange, C.B., Weinheimer, A.K., Reid, F.M., Tappa, E., Thunell, R.C., 2000. Response of
Siliceous Microplankton from the Santa Barbara Basin to the 1997–1998 El Niño
Event. California Cooperative Ocean Fisheries Investigation (CalCOFI) Report, pp.
41186–41193.

Lange, C.B., Weinheimer, A.L., Reid, F.M.H., 1997. Sedimentation Patterns of Diatoms,
Radiolarians and Silicoflagellates in Santa Barbara Basin, California, vol. 38. California
Cooperative Ocean Fisheries Investigation (CalCOFI) Report, pp. 161–170.

Leblanc, K., Quéguiner, B., García, N., Rimmelin, P., Raimbault, P., 2003. Silicon cycle in
the NW Mediterranean Sea: seasonal study of a coastal oligotrophic site.
Oceanologica Acta 26, 339–355.

Lefevre, D., Minas, H.J., Minas, M., Robinson, C., Williams, P.J.L.B., Woodward, E.M.S.,
1997. Review of gross community production, primary production, net community
production and dark community respiration in the Gulf of Lions. Deep-Sea Research
II 44, 801–819.

Mandra, Y.T., Mandra, H., 1970. Antarctic Tertiary marine climate based on
silicoflagellates. Antarctic Journal of United States 5, 178–180.
Martinez, E., Antoine, D., D'Ortenzio, F.G., Bernard, 2009. Climate-driven basin-scale
decadal oscillations of oceanic phytoplankton. Science 326, 1253–1256.

Martini, E., 1977. Systematics, distribution and stratigraphical application of silico-
flagellates. In: Ramsey, A.T.S.E. (Ed.), Oceanic Micropaleontology, Vol. 2. Academic
Press, London, pp. 1327–1343.

Marty, J.C., Chiavérini, J., Pizay, M.D., Avril, B., 2002. Seasonal and interannual
dynamics of nutrients and phytoplankton pigments in the western Mediterra-
nean Sea at the DYFAMED time-series station (1991–1999). Deep-Sea Research II
49, 1965–1985.

McPhaden, M.J., 1999. Genesis and evolution of the 1997–98 El Niño. Science 283,
950–954.

Millot, C., 1990. The Gulf of Lions' hydrodynamics. Continental Shelf Research 10 (9–
11), 885–894.

Moestrup, O., Thomsen, H.A., 1990. Dictyocha speculum (Silicoflagellata, Dictyochophy-
ceae), studies on armoured and unarmoured stages. Biologiske Skrifter 37, 1–56.

Nival, P., 1965. Sur le cycle de Dictyocha fibula dans les eaux de surface de la rade de
Villefranche-sur-Mer. Cahiers du Biologie Marine 6, 67–82.

Norris, R.E., 1967. Algal consortiums in marine plankton. In: Krishnamurthy, V. (Ed.),
Seminar Sea Salt and Plants. Central Salt and Marine Chemistry Res, Bhavnagar,
India, pp. 178–189.

Olita, A., Sorgente, R., Natale, S., Gabersek, S., Ribotti, A., Bonanno, A., Patti, B., 2007.
Effects of the 2003 European heatwave on the Central Mediterranean Sea: surface
fluxes and the dynamical response. Ocean Science 3, 279–289.

Onodera, J., Takahashi, K., 2005. Silicoflagellate fluxes and environmental variations in
the northwestern North Pacific during December 1997–May 2000. Deep-Sea
Research I 52, 371–388.

Parrilla, G., Kinder, T., 1987. The physical oceanography of the Alborán sea. Boletín del
Instituto Español de Oceanografía 4, 133–165.

Perch-Nielsen, K., 1985. Silicoflagellates. In: Bolli, H.M., Saunders, J.B., Perch-Nielsen, K.
(Eds.), Plankton Stratigraphy. Cambridge Earth Science Series, pp. 811–846.

Puig, P., Palanques, A., 1998. Temporal variability and composition of settling particle
fluxes on the Barcelona continental margin (NorthwesternMediterranean). Journal
of Marine Research 56, 639–654.

Reynolds, R.W., Rayner, N.A., Smith, T.M., Stokes, D.C., Wang, W., 2002. An improved in
situ and satellite SST analysis for climate. Journal of Climate 15, 1609–1625.

Romero, O.E., Hebbeln, D., Wefer, G., 2001. Temporal and spatial variability in export
production in the SE Pacific Ocean: evidence from siliceous plankton fluxes and
surface sediment assemblages. Deep-Sea Research I 48, 2673–2697.

Sanchez-Vidal, A., Calafat, A., Canals, M., Frigola, J., Fabres, J., 2005. Particle fluxes and
organic carbon balance across the Eastern Alboran Sea (SW Mediterranean Sea).
Continental Shelf Research 25, 609–628.

Schrader, H., Pisias, N., Cheng, G., 1986. Seasonal variation of silicoflagellates in
phytoplankton and varved sediments in the Gulf of California. Marine Micropale-
ontology 10, 207–233.

Takahashi, K., Honjo, S., Tabata, S., 1989. Siliceous phytoplankton flux: interannual
variability and response to hydrographic changes in the northeastern Pacific. In:
Peterson, D.H. (Ed.), Aspects of Climate Variability in the Pacific and Western
Americas. Geophysical Monograph, pp. 151–160.

Throndsen, J., 1997. The planktonic marine flagellates. In: Tomas, C.R. (Ed.), Identifying
Marine Phytoplankton. Academic Press, San Diego.

Travers, A., Travers, M., 1968. Les silicoflagellés du Golfe de Marseille. Marine Biology 1,
285–288.

Ulses, C., Estournel, C., Puig, P., Durrieu de Madron, X., Marsaleix, P., 2008. Dense shelf
water cascading in the northwestern Mediterranean during the cold winter 2005:
quantification of the export through the Gulf of Lion and the Catalan margin.
Geophysical Research Letters 35.

Van Valkenburg, S.D., 1971a. Observations on the fine structure of Dictyocha fibula
Ehrenberg. I. The skeleton. Journal of Phycology 7, 113–118.

Van Valkenburg, S.D., 1971b. Observations on the fine structure of Dictyocha fibula
Ehrenberg. II. The protoplast. Journal of Phycology 7, 118–132.

Van Valkenburg, S.D., Norris, R.E., 1970. The growth and morphology of the
silicoflagellate Dictyocha fibula Ehrenberg in culture. Journal of Phycology 6, 48–54.

Vignudelli, S., Gasparini, G.P., Astraldi, M., Schiano, M.E., 1999. A possible influence of
the North Atlantic Oscillation on the circulation of the Western Mediterranean Sea.
Geophysical Research Letters 26, 623–626.

Wanner, H., Rickli, R., Salvisberg, E., Schmutz, C., Schuepp, M., 1997. Global climate
change and its influence on alpine climate: concepts and observations. Theoretical
and Applied Climatology 58, 53–76.

Whitehead, J.M., Bohaty, S.M., 2003. Pliocene summer sea surface temperature
reconstruction using silicoflagellates from Southern Ocean ODP Site 1165.
Paleoceanography 18 (3), 1075.


	Seasonal to interannual variability and geographic distribution of the silicoflagellate fluxes in the Western Mediterranean
	Introduction
	Oceanographic setting
	Gulf of Lions
	Catalan margin
	Alboran Sea

	Material and methods
	Field experiments
	General processing of the sediment traps
	Specific treatment for siliceous microplankton
	Environmental variables

	Results
	General considerations
	Gulf of Lions
	Catalan margin
	Alboran Sea

	Discusion
	Biological and physical processes controlling the seasonal changes of the silicoflagellate fluxes
	Impact of NAO and ENSO variability on silicoflagellate fluxes
	Geographic distribution of the Western Mediterranean silicoflagellates

	Conclusions
	Acknowledgements
	Appendix
	References




