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Abstract

A north–south transect crossing the quasi-permanent upwelling area and the front which usually occupies the north-

western part of the Alboran Sea (Western Mediterranean) was sampled 16 times during four cruises, covering an annual

cycle in order to study the coupling between hydrodynamics and phytoplankton spatial distribution. On a spatial scale,

considerable changes in biomass, size-structure and composition of the phytoplankton community were found at both

sides of the front. The upwelling area was characterized by higher cell abundance, higher mean integrated chlorophyll

values, intense subsurface chlorophyll maximum (SSCM) dominated by the size fraction 410mm, as well as

significantly less negative slopes of the size-spectra. Prokaryotic phytoplankton cells were more abundant in the

oligotrophic waters off the front. These qualitative and quantitative differences of the phytoplanktonic spatial

distribution were maintained in spite of the north–south displacement of the front that might occur even within days, in

association with changes in position and size of the Western Alboran Gyre. On a temporal scale, the mean chlorophyll

concentrations at the SSCM were similar in July and December (3.070.4 and 3.571.0mg l�1 respectively), while

abundance and biomass decreased in winter. The resulting lower C:Chl a and higher fluorescence cell�1 ratio indicate

photoacclimation in winter. Implications of the different SAS at both sides of the front on the fate of phytoplankton

biomass and importance of field measurements for satellite image interpretation are discussed.
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1. Introduction

The Alboran Sea, together with the Gibraltar
Strait, can be called the corridor of the Mediterra-
nean Sea and, as such, has long been recognized as
an oceanographic site of major interest (Prieur and
Sournia, 1994). Hydrological observation (Gas-
card and Richez, 1985; Tintoré et al., 1988;
Heburn and La Violette, 1990; Garcı́a-Lafuente
et al., 1998; Vargas-Yáñez et al., 2002, and
references therein) and satellite images (Morel
and André, 1991; Parada and Cantón, 1998;
Garcı́a-Górriz and Carr, 1999; Baldacci et al.
2001) reveal very complex temporal and spatial
circulation patterns promoted by the exchange of
Atlantic and Mediterranean waters through the
Strait of Gibraltar. The large scale in the western
Alboran Sea is dominated by a quasi-permanent
western anticyclonic Gyre (WAG) enclosed and
fed by the inflowing jet of superficial Atlantic
water (AW), which undergoes changes in its
properties as it progresses into the Mediterranean
and becomes modified Atlantic water (MAW).
The thermohaline characteristics of the Atlantic
jet (AJ) are easily distinguishable from those
of the adjacent waters to the north and generate
a density front, which is revealed by salinity
contrast throughout the year (Sarhan et al.,
2000). Smaller scale analysis may show the
existence of several mesoscale cyclonic
eddies along the northern boundary of the WAG
(Tintoré et al., 1991) and the presence of a
concomitant almost permanent upwelling in the
region (Cano, 1978; La Violette, 1984; Viúdez et
al., 1996). This upwelling can be forced by several
mechanisms, the two most important are the wind
(westerly) driven upwelling and that due to the
north–south excursion of the AJ-front (Sarhan et
al., 2000). These local fertilization mechanisms
enhance biological activity and raise controversy
about the real productivity in oligotrophic areas as
a whole.
In the Alboran Sea, in situ observational data

and ocean colour data support the control exerted
by above mentioned mesoscale circulation struc-
tures on the spatio-temporal distribution of
phytoplankton biomass, primary production, the
size-structure of phytoplankton communities, ver-
tical particle fluxes, etc. (Rodrı́guez et al., 1998,
2001; Garcı́a-Górriz and Carr, 1999; Ruı́z et al.,
2001; Morán and Estrada, 2001; Baldacci et al.,
2001; Fabres et al., 2002; Arin et al., 2002;
Echevarrı́a et al., 2002). Biological data were
always linked to physical forcing at the different
scales resolved by the sampling design, emphasiz-
ing the necessity of spatially and temporally
detailed in situ studies, which may contribute to
the interpretation of satellite data and be fed back
by ocean colour data.
The results presented in this paper undertake

this objective through the analysis of the coupling
between hydrodynamics and phytoplankton dis-
tribution in the northwestern Alboran Sea. In
order to achieve this, the mesoscale and seasonal-
subinertial temporal variability of phytoplankton
size-distribution, abundance, biomass, and chlor-
ophyll concentration were analyzed along a coast-
al-offshore transect crossing the almost permanent
upwelling area, the front, and the northern edge of
the WAG.
2. Material and methods

The study site is located in the NW-Alboran
(Fig. 1). A section perpendicular to the shore
(Estepona, Málaga) was visited on four consecu-
tive times over 5-day cruises in April–July–De-
cember 1996 and May 1997 on board R/V Odón
de Buen. These four cruises are labelled respec-
tively as A, B, C and E in Table 1. During each
cruise two replicate transects with chemical-biolo-
gical sampling (labelled ‘‘a’’ and ‘‘b’’) were carried
out. Before and after these two chemical-biological
transects, physical (CTD) surveys (labelled ‘‘1’’
and ‘‘2’’) were carried out to study short-term
dynamics of the front. The positions of the stations
were dependent on the hydrological structure
identified the day before, but on average the
stations were placed every 8 km from the shoreline.
At each sampling station a CTD profile was

carried out between 0 and 200m. Eight sampling
depths between 0 and 100m were selected trying to
collect water from the subsurface chlorophyll
maximum (SSCM) and the 37.5 salinity layer, a
cut-off value to delineate the boundary between
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Fig. 1. Sampling area and the 5 station transect crossing the upwelling region sampled on four consecutive times over 5-day cruises in

April (A), July (B) December (C) 1996 and May (E) 1997. Additional information about the actual hydrodynamic situation was

provided by a CTD transect carried out one day before and after biological sampling (dotted line).
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MAW, and the Mediterranean waters (MW)
(Tintoré et al., 1991; Garcı́a-Lafuente et al., 1999).
For each transect, the maximum gradient of

salinity at 20m depth was used to determine the
position of the northern boundary of the AJ, the
front (Sarhan et al., 2000). Wind direction and
velocity at Tarifa, in the area of the Strait of
Gibraltar, was provided by the Instituto Nacional
de Meteorologı́a (Spain). The incoming angle of
the AJ the day of each cruise was obtained
from currentmeter observations at the NE part
of the Strait of Gibraltar available in CANIGO
data-base.
Samples for nutrient analyses were kept in

polyethylene vials rinsed with 5% HCL and
immediately frozen (�20 1C). Nitrate, phosphate,
silicate and nitrite concentrations were later
measured with a Technicon AAII following
Strickland and Parsons (1972).
Samples to estimate total Chl a (500ml) were
filtered on board through Whatman GF/F glass-
fibre filters. For size-fractionated Chl a analyses,
samples of 250ml of water were successively
filtered through 10 and 2 mm polycarbonate filters
and GF/F glass-fibre filters. The filters were frozen
at �20 1C and stored in dark prior to the Chl a

analysis by fluorometry (Yentsch and Menzel,
1963) using a Turner Design-10 fluorometer.
Samples of 4.5ml seawater were taken in

cryotubes, fixed with glutaraldehyde (1% f.c.)
and stored in liquid nitrogen (Vaulot et al., 1989)
until the analysis with a Becton Dickinson
FACScan flow cytometer. The combination of
fluorescence signals (phycoerythrin and chloro-
phyll a) with measurements of forward and side
light scatter, allowed the enumeration of cyano-
bacteria (Synechococcus), prochlorophytes (Pro-

chlorococcus) and eukaryotic phytoplankton
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Table 1

Survey (column ]1), date (]2), distance of the front to the shore
(]3), movement of the front between two successive surveys:

(+) towards the shore, (�) towards the south (]4), horizontal
salinity gradient at a depth of 20m (]5)

Survey Date Dist.

(km)

DK(m) DSm�1
� 10�5

A1 22/04/96 29.0 7.1

Aa 23/04-25/04/96#a 39.5 �10.5 6.7

Ab 26/04/96 27.3 +12.2 5.7

A2 27/04/96 19.4 +7.9 7.8

B1 07/07/96 26.9 5.6

Ba 08/07/-10/07/96# 19.9 +7 9.2

Bb 11/07/96 11.9 +8 13.6

B2 12/07/06 14. �2.1

C1 07/12/96 26.7 8.2

Ca 08/12/-09/12/96# 26.4 +0.3 5.1

Cb 10/12/96 36.4 �10 4.4

C2 11/12/96 26.7 +9.7 8.6

E1 02/05/97 35 5.0

Ea 03/05-04/05/97# 27.4 +7.6 5.5

Eb 05/05/97 440 �(4)12.6 —

E2 06/05/97 440 —

*The time interval required for the sampling of the 5 station

transect during the Surveys Xa was o29 h.
aIn Survey Aa only the sampling station 2, 3, 4 and 5 were

considered for the calculation of the position of the front.
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Fig. 2. Phytoplankton size-spectra between 1 and 200mm ESD

obtained by combination of the size-spectra derived from FC

measurements (black symbols) and IA (open symbols). Upwel-

ling area (Stn 1, circles) and off the front (Stn 5, squares) at

surface during Survey (Ba) in July 1996.
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(Chisholm et al., 1988; Olson et al., 1990 and Li et
al., 1992). Two separate analyses were carried out
for Prochlorococcus and the remaining groups with
different acquisition settings and sample volumes
(0.24 and 0.4ml) (see Reul et al., 2002 for details).
The forward scatter signal (FSC) of each cell

was converted into cell volume by the equation
Bv ¼ 10�1:78þ0:0055�FSC; where Bv is cell volume
(mm3) and FSC is the number of the forward
scatter channel with E00 amplification (Jiménez-
Gómez, 1995; Reul et al., 2002; Rodrı́guez et al.,
2002). As for the size-fractionated chlorophyll, we
discriminated three size-fractions of eukaryotic
cells that correspond to ‘‘picoplankton’’ (o2 mm
ESD), ‘‘nanoplankton’’ (2–10 mm ESD) and ‘‘large
nanoplankton’’ (10�20 mm ESD). However, cell
size estimation by FC is influenced by the light
history of the cells, which was not considered in
the present study, and cell size estimates in surface
water might be greater than below the mixed layer
(Green et al., 2003). This uncertainty increases
with cell size, but good agreement between FC and
IA size-abundance-spectra (SAS) (Fig. 2) gives
confidence to the nanoplankton estimates derived
from FC measurements.
Additional water samples were placed in 125ml

darkened glass bottles and fixed with Lugol’s
solution (2% f.c.). At the laboratory, the analysis
of phytoplankton was performed at two depths
(surface and SSCM) following the method of
Utermöhl (1958). At least 400 cells were counted
and measured at 400� , 200� and 100� with the
help of an inverted microscope connected to a
VIDS-IV video-interactive Image Analyzer. Bio-
volume for each individual organism was esti-
mated as a revolution volume according to an
ellipsoidal or cylindrical shape. Cells were identi-
fied into broad groups such as diatoms, flagellates
and dinoflagellates.
Complete SAS were elaborated by a combina-

tion of the size-spectra derived from FC and IA
measurements (Fig. 2). Size classes were estab-
lished on an octave (log2) scale basis scale. Then
the log10 of the abundance was represented versus
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Table 2

Conversion formulae used to estimate plankton biomass

Biological group Formulae Reference

Synechococcus Bm ¼ 0.25?cell Kana and Glibert, 1987

Prochlorococcus Bm ¼ 0.053?cell Morel et al., 1993

Eukariotic phytoplanktono15mm Bm ¼ 0.433?(Bv)
0.863 Verity et al., 1992

Dinoflagellates&others 415 mm Bm ¼ 0.433?(Bv)
0.864 Menden-Deuer and Lessard, 2000

Diatoms 415mm Bm ¼ 0.288?(Bv)
0.811 Menden-Deuer and Lessard, 2000

Bm is biomass (pgC), Bv is Biovolume (mm
3).
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the log10 of the lower limit of the corresponding
octave size class. Both methodologies (FC and IA)
overlap in the size classes between 128–2048 mm3

(6–16 mm ESD). A value of 15 mm ESD was
selected as the limit between both methodologies
in the complete SAS. Only size classes with
an original count of more than 5 cells were
considered.
To calculate the ratio of biomass to Chl a

(C:Chl a) the cell volume of eukaryotic phyto-
plankton was converted into carbon equivalent
using published conversion factors and equations
shown in Table 2. For Prochlorococcus and
Synechococcus we used a carbon conversion factor
per cell. Abundance and cell size of phytoplankton
o15 mm ESD were analysed by FC and phyto-
plankton 415 mm ESD by IA.
3. Results

In Table 1 we present, for each survey, the
distance of the front to the shore and the north–
south movements of the front between two
successive surveys. Zonal wind component, which
provides information about wind-driven upwelling
(WU), and the incoming angle under which the AJ
comes into the Alboran Sea, related to the
importance that jet drift upwelling events (DU)
might have, are shown in Fig. 3. Among the
several cruises, the summer and winter cruises (B
and C) depict two very contrasted situations:
northward vs. southward drifts of the front;
easterlies vs. westerlies prevailing winds, and
increasing vs. decreasing incoming angles, respec-
tively. These are the reasons for presenting the
results from cruises B and C in some detail as
representative examples of these two aforemen-
tioned situations.

3.1. Hydrology and nutrients

Vertical sections of salinity, temperature and
nitrate of the first transect of cruise B (July) are
shown in Fig. 4. The isohalines rise towards the
surface from the open sea to the shore, the
isohaline 37.0 reaching the surface at Stn 1
(�8 km offshore) from a depth of 90m at Stn 4.
The front, defined by a salinity gradient of
9� 10�5m�1 at a depth of 20m, was located
20 km offshore (Table 1), and located between
stations 2 and 3. The strong summer thermocline
found at the outermost station (Stn5) gradually
weakens towards the coast, a fact that suggests the
presence of colder, Mediterranean water close to
the coast. It is important to note that the westerlies
blowing previously to cruise B sharply changed to
very strong easterlies during the cruise (Fig. 3). So,
the upwelling at the most coastal stations (in
apparent contradiction with easterlies) may be the
residual of the favourable previous conditions.
Several important changes occur along the two
replicate transects (Ba and Bb, Table 1 and Fig. 3):
(a) shoreward movement of the front from 20 to
12 km, which is in agreement with an increase of
the incoming angle of the AJ between 7–12th, July;
(b) the intrusion of more surface AW (salini-
tyo36.5; not shown) that fills the upper water
column from a depth of �90m at station 5 to a
depth of �20m at station 2, and (c) generalized
sinking of the cut-off isohaline 37.5 and intensifi-
cation of the thermal stratification at the surface of
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Fig. 3. Component of mean E-W wind at Tarifa (m s�1, left scale), positive values indicate Westerlies and negative values Easterlies

(thin line). Mean entrance angle (degrees, right scale) of the AJ at the NE of the Strait of Gibraltar (36102.4N, 5123.7W) at 40m depths

(bold line). The front moves towards the north if the angle increases (positive counterclockwise) and vice versa. The sampling periods

of the cruise is indicated by the bold horizontal line.
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the two outermost stations (not shown). All these
variations are in concordance with daily sea
surface temperature satellite images available at
the German Remote Sensing Data Centre (DLR),
http://isis.dlr.de.
The nitrate concentration reached minimum

values (o0.5 mM) in the upper 50m at station 5,
and also in the upper 20m of the upwelling area
(Stn1 and Stn2, Fig. 4). While the surface nitrate
minimum located off the front coincided with the
presence of nutrient impoverished AW and strong
thermal stratification, it was difficult to quantify
the availability of nutrients at the surface nitrate
minimum in the upwelling area without any
measurements of upwelling rates. The distribution
of phosphate and silicate concentrations followed
the same pattern as nitrate concentration.
During cruise C (December), the salinity values
measured successively in Ca and Cb surveys
suggest the existence of a front between station 3
and 4 (26 km) and between station 4 and 5 (36 km),
respectively (Table 1, Fig. 5). The isohaline 37.0
reached the surface 15 km offshore in Ca and
26 km offshore in Cb (not shown). So, the salinity
values at the surface waters in the upwelling area
are always 37.5–37.0, a range value associated to
the Atlantic–Mediterranean interface (AMI). The
movement of the front means southward drifts of
about 10 km in two days (Table 1) and causes an
expansion of the upwelling area.
Several factors enhance the upwelling: (a)

westerlies that induce upwelling by Ekman trans-
port, (b) decrease of the incoming angle of the AJ
(Fig. 3) and (c) weak thermal stratification (Fig. 5).

http://isis.dlr.de
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Fig. 4. Salinity, temperature (1C) and nitrate concentration (mM) of the survey Ba in July 1996. On the nitrate plot the AMI (37.0–37.5

isohalines) is indicated by dotted lines. The vertical arrow indicates the position of the front.
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The low nutrient concentration off the front
persists in December (Fig. 5) and the smallest
concentration of nitrates was also found in the
upper 20m of the outermost station. In contrast to
July, nutrient concentration did not decrease at the
surface of the upwelling area. Concentrations of
nitrate, phosphate and silicate in the water column
were always greater than 1.5, 0.12 and 1.8 mM,
respectively.
3.2. Spatial distribution of phytoplankton

3.2.1. Chlorophyll

At survey Ba (July), a marked SSCM
(3.39 mg l�1) was centred at a depth of 30m
between the sloping up isohalines 37.5 and 37,
occupying the area from the shoreline to the front
(Stn 1 and Stn 2, Fig. 6). Chlorophyll concentra-
tion in particles 410 mm accounted for 87% of
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Fig. 5. Salinity, temperature (1C) and nitrate concentration (mM) of the survey Ca in December 1996. AMI limits and vertical arrow as

in Fig. 4.

A. Reul et al. / Continental Shelf Research 25 (2005) 589–608596
total Chl a, while Chl a o10 mm were one order of
magnitude lower. A weaker and deeper chloro-
phyll maximum (0.23 mg l�1, 60m deep) was found
off the front (Stn 5), which was dominated by the
o2 mm size-fraction (87%) because of the marked
decrease in the concentration of chlorophyll
410 mm in this area.
The depicted spatial pattern persists in winter

(cruise C, December, Fig. 7). It is worth mention-
ing the expansion of the area of SSCM associated
to the southward movement of the front and its
deepening at the frontal region. Also, maximum
Chl a concentrations are similar (3.5 mg l�1, Fig. 7)
and even greater (5.0 mg l�1, survey Cb, not shown)
than those measured in July, and Chl a 410 mm
size-fraction is the main contributor to the total
Chl a (60% on average; 89% at the SSCM). Mean
Chl a concentration at the SSCM was highest
during the winter cruise (3.571 mg l�1 in the
upwelling area and 1.070.2 mg l�1 off the front,
Table 3). The same pattern was observed for mean
integrated Chl a concentration in the upwelling
area (148.9763.1mgm�2) and off the front
(58.3730.3mgm�2, Table 3).
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Fig. 6. Chlorophyll a (mg l�1) total and size-fractionated (410 mm, 2–10mm ando2 mm), of the survey Ba in July 1996. AMI limits and

vertical arrow as in Fig. 4.

A. Reul et al. / Continental Shelf Research 25 (2005) 589–608 597
Considering all the cruises, the mean concentra-
tions of chlorophyll at the SSCM, the relative
contribution of the size fraction 410 mm and
the mean integrated Chl a values were significantly
higher (po0.05, paired t-test) in the upwelling
area (2.6570.8 mg l�1, n ¼ 4; 70710%; 104.97
34.0mgm�2, n ¼ 4) than off the front (0.637
0.3 mg l�1, n ¼ 4; 41713%; 37.5717.2mgm�2,
n ¼ 4). Also, a significant relationship (r2 ¼ 0.62,
po0.001) existed between the surface and 50m
integrated values of Chl a.

3.3. Phytoplankton abundance and biomass

In agreement with the fractionated Chl a

distributions observed in summer (survey Ba),
the two larger eukaryotic size classes determined
by flow cytometry (2–10 mm and 10�20 mm), but
particularly the cells 410 mm (FC and IA) reached
highest abundance in the more intensive and
shallower SSCM in the upwelling area (Fig. 8).
In terms of biomass, diatoms415 mm ESD were
the major contributor to phytoplankton biomass
(51%, Table 5).
Eukaryotic picoplankton (o2 mm) showed simi-

lar abundance at both sides of the front
(�1� 104 cellsml�1). On the contrary, prokaryotic
picoplankton (Prochlorococcus and Synechococ-

cus) reached highest abundances off the front,
associated to the impoverished MAW. Although
Synechococcus was the most abundant cell and the
main contributor to the biomass (48%) at the
weaker and deeper SSCM off the front observed in
Survey Ba (July, Figs. 6 and 8), eukaryotic



ARTICLE IN PRESS

Fig. 7. Chlorophyll a (mg l�1) total and size-fractionated (410 mm, 2–10mm and o2 mm), of the survey Ca in December 1996. AMI

limits and vertical arrow as in Fig. 4.

Table 3

Mean chlorophyll a concentration (mg l�1) at the SSCM and mean integrated (0–100m) chlorophyll a concentration (mgm�2) in the

upwelling area and off the front

Cruise Chlorophyll a (mg l�1) at the MSSC Integrated Chlorophyll a 0–100m (mgm�2)

Upwelling area Off the front Upwelling area Off the front

Mean sd n Mean sd n Mean sd n Mean sd n

A 2.4 0.7 7 0.4 0.3 3 98.3 26.9 7 25.7 5.2 3

B 3.0 0.4 3 0.4 0.3 7 105.9 38.1 3 21.2 9.0 7

C 3.5 1.0 7 1.0 0.2 3 148.9 63.1 6 58.3 30.3 3

E 1.6 0.4 8 0.8 0.1 2 66.4 15.2 8 44.9 31.7 2

Standard deviation (sd) and number of samples (n).

A. Reul et al. / Continental Shelf Research 25 (2005) 589–608598
picoplankton was the main contributor to Chl a

concentration.
The spatial pattern observed in survey Ba

(Fig. 8): large eukaryotic cells in the upwelling
area and prokaryotic picoplankton off the
front was maintained in all cruises in spite of
considerable short-term variability of the position
of the front. These findings suggest that the front
acts as a physical frontier for phytoplankton
assemblages.
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Fig. 8. Abundance (cellsml�1) of eukaryotic phytoplankton size-fractions (10�20mm, 2–10mm and o2 mm) and prokaryotic

picophytoplankton (Synechococcus and Prochlorococcus of the survey Ba in July 1996. AMI limits and vertical arrow as in Fig. 4.
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On the temporal scale, the main change to
emphasize is the decrease in the biomass at the
SSCM in December (Table 4) which is not
accompanied by a proportional decrease of Chl
a. In fact, the highest values of the mean
fluorescence per cell of samples between 0-100m
(Table 5) were observed during the December (C)
cruise, which were significantly higher than the
fluorescence cell�1 values observed in July
(cruise B).
3.3.1. C:Chl a ratios

The C:Chl a ratio was calculated for two depths
(surface and SSCM) for the first transect of the
four cruises (Aa, Ba, Ca and Ea, Table 6).
The average C:Chl a ratio was higher than the
value generally accepted (50) and it was
affected by a very high dispersion of the data.
The values were higher at surface waters than at
the SSCM in all the surveys. On a temporal scale,
lowest average C:Chl a ratio was observed in
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Table 4

Biomass (mgCm�3) and relative contribution of differentiated taxonomic groups and size fractions at the SSCM

Survey Station Relative

position

Biomass

(mgC m�3)

Proc (%) Syn (%) Euk. o2 (%) Euk. 2–15 (%) Diat.415 (%) Dinof.415 (%)

Aa 1 U 251 0.1 4.1 0.8 65.7 25.5 3.8

Aa 2 U 223 0.2 4.4 2.3 48.0 41.1 4.0

Aa 3 U 193 0.0 4.1 2.0 34.1 46.8 12.9

Aa 4 U 189 0.1 3.3 1.7 61.9 18.4 14.7

Aa 5 O 57 0.2 12.5 5.0 70.5 6.8 5.1

Ba 1 U 126 0.2 2.5 4.2 49.1 37.2 6.8

Ba 2 U 168 0.3 2.4 3.3 37.0 51.2 5.9

Ba 3 O 38 2.1 9.9 6.1 38.6 36.1 7.3

Ba 4 O 28 4.1 17.1 7.9 39.4 26.0 5.4

Ba 5 O 24 7.4 48.3 3.6 33.6 2.4 4.8

Ca 1 U 44 0.1 0.6 0.2 45.9 45.9 7.2

Ca 2 U 111 0.2 0.7 0.4 64.3 30.6 3.8

Ca 3 U 99 0.2 0.7 0.3 46.6 44.8 7.5

Ca 4 O 29 2.2 3.1 3.0 79.1 10.7 1.9

Ca 5 O 39 1.7 2.9 2.3 73.2 6.3 13.6

Ea 1 U 96 0.0 2.1 2.0 30.8 51.8 13.2

Ea 2 U 93 0.0 2.6 2.5 29.1 55.4 10.3

Ea 3 U 104 1.2 7.9 7.2 50.8 27.7 5.3

Ea 4 O 118 0.6 2.9 5.2 45.6 10.8 35.0

Ea 5 O 53 1.7 7.9 7.6 65.3 15.2 2.2

Survey, sampling station, and relative position to the front (U) upwelling area and (O) off the front are indicated in the first three

columns.

Table 5

Comparison of the mean channel of fluorescence 4650 nmcell�1 ratio of FC measurements analysed with a setting of 300mV

Fluorescence cell�1

Cruise Median 25% 75% n H df p

A 421.2 402.1 445.7 70 13.2 3 o0.01

B 412.4 379.4 430.2 80

C 438.6 403.5 449 79

E 416.1 383.8 441.9 81

All samples between 0–100m depths of each cruise (A, B, C, E) were considered in the Kruskal–Wallis one way analysis of variance on

ranks. The pairwise multiple comparison (Dunn’s Method) depict that the median fluorescence 4650nmcell�1 ratio of cruise C

(December) is significantly higher than the median of cruise B (July).
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December (Ca), either at the surface or at the
SSCM.
The results of a variance analysis on log

transformed C:Chl a ratio (Table 7) corroborate
those observations. It show differences between a)
the surface (2.0) and the SSCM (1.8); and b)
among cruises (April, July, December, May): a
post hoc test of Student-Newman–Keuls Method
reveal that the log C:Chl a ratio in December is
significantly lower (1.6) than the log C:Chl a ratio
of the other three cruises (2.1 in April and July; 2.0
in May). However, no difference exists between the
log C:Chl a ratio at both sides of the front.

3.4. Phytoplankton size-structure

Independent of the survey (season) and vertical
position (0m, SSCM), the slope of the combined
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Table 6

Mean C:Chl a ratio, standard deviation (sd) and number of samples (n) at surface and the SSCM

Cruise Surface SSCM

Mean sd n Mean sd n

Aa 183.7 66.6 5 96.2 28.4 5

Ba 155.4 103.8 5 147.6 142.9 5

Ca 60.5 36.9 5 32.7 4.1 5

Ea 134.3 59.9 5 79.8 31.1 5

Table 7

Two-way ANOVA on log transformed C:Chl a ratio

Source of variance DF SS MS F-value P-value

Space (surface-MSSC) 1 0.37 0.37 6.40 0.016

Time (April, July Dec, May) 3 1.48 0.49 8.55 0.000

Interaction (space-time) 3 0.05 0.02 0.29 0.834

Residual 32 1.85 0.06

Total 39 3.74 0.10

Table 8

Regression and comparison of combined SAS at both sides of the front of each Cruise

Survey Relative position SAS (n) Surface (0m) SSCM Intercept Std Slope Std R2 P Ancova

(a) (b) a b

Aa U 4 0m 3.868 0.078 �0.635 0.030 0.881 *** *** ***

Aa O 1 0m 3.894 0.100 �0.930 0.043 0.975 ***

Aa U 4 SSCM 3.812 0.066 �0.628 0.025 0.910 *** ** ***

Aa O 1 SSCM 4.037 0.148 �0.982 0.060 0.954 ***

Ba U 2 0m 3.987 0.078 �0.730 0.030 0.954 *** *** ***

Ba O 3 0m 3.728 0.074 �0.911 0.032 0.955 ***

Ba U 2 SSCM 3.774 0.086 �0.608 0.032 0.922 *** *** ***

Ba O 3 SSCM 3.403 0.077 �0.794 0.030 0.940 ***

Ca U 3 0m 3.206 0.098 �0.536 0.038 0.819 *** * ***

Ca O 2 0m 3.498 0.129 �0.805 0.061 0.879 ***

Ca U 3 SSCM 3.033 0.110 �0.513 0.040 0.777 *** n.s ***

Ca O 2 SSCM 3.468 0.106 �0.757 0.046 0.913 ***

Ea U 3 0m 3.567 0.092 �0.667 0.035 0.887 *** * n.s

Ea O 2 0m 3.516 0.099 -0.791 0.037 0.926 ***

Ea U 3 SSCM 3.564 0.078 �0.665 0.027 0.924 *** * ***

Ea O 2 SSCM 3.788 0.067 �0.807 0.023 0.975 ***

Survey (column #1). Relative position to the front: upwelling Area (U) and off the front (O) (column #2), number of SAS considered

(column #3). Vertical position of the SAS: surface (0m) and SSCM (column #4), intercept (a) and standard error (column #4&5), slope

and standard error (column #6&7) of the SAS, R2 and significance of the regression model (column #8&9), comparison of the intercept

(a) and slope (b) (column #10&11) *po0.05,**po0.01, ***po0.001.
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SAS was always less negative in the upwelling
area than off the front (Table 8). Thus, the
relative contribution of big cells to the phyto-
plankton biomass was significantly higher in
the upwelling area than off the front throughout
the year.
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The slopes of the SAS of the four surveys were
positively correlated (flatter, or less negative) with
salinity (r ¼ +0.645, n ¼ 40, po0.001), and nega-
tively correlated (steeper, or more negative) with
temperature (r ¼ �0.645, n ¼ 40, po0.001).
Furthermore, a negative correlation between the
water column stability (Brunt–Väisälä–frequency)
in the first 100m and the slope of the size-spectra
was also found (r ¼ �0.404, n ¼ 38, po0.05).
Thus, the SAS become flatter as potential nutrient
availability increases (increase of salinity and
decrease of temperature) and water stability
decreases, giving support to the increased relative
contribution of bigger cells to the phytoplankton
biomass increased in the upwelling area, and
driving presumably to a more efficient canalization
of the biomass to the seafloor or exploitable fish
stocks.
4. Discussion

The northwestern part of the Alboran Sea
around 51W usually presents the highest values
of chlorophyll and primary production as well as
the lowest in situ and satellite sea surface
temperature in the basin (Rodrı́guez et al., 1997;
Rodrı́guez et al., 1998; Garcı́a-Górriz and Carr,
1999; Morán and Estrada, 2001; Ruı́z et al., 2001;
Baldacci et al., 2001; Arin et al., 2002). The
northern edge of the incoming AJ is the southern
boundary of the upwelling area in such a way that
the strong gradient properties between water
northwards and inside the jet produces one of
the most intense fronts of the Mediterranean Sea
(Sarhan et al., 2000). The front position fluctuates
in a north–south direction in connection with the
velocity variation of the inflow through the Strait
of Gibraltar and with the internal hydraulics of the
Strait (Bormans and Garret, 1989; Bryden and
Kinder, 1991) that affects the position, size and
shape of the WAG (La Violette,1984; Garcı́a-
Lafuente et al., 1998).
In this study, the sloping up of the isohalines

towards the coast and the consequent nutrient
enrichment of the surface waters always produced
a marked contrast between the coastal upwelled
waters and water off the front, with the greatest
values of phytoplankton biomass in the upwelled
water forced mainly by wind (westerly) stress and
the southward drifting of the AJ. However, other
mechanisms have been suggested to explain similar
phytoplankton distribution: the ageostrophic up-
ward velocities in the same region and mixing
processes tidally induced along the Strait that
periodically fertilize the upper layer that enters
into the Alboran Sea (Ruı́z et al., 2001; Echevarrı́a
et al., 2002).
Nutrients furnished by upwelling are consumed

by phytoplankton and the measured concentration
is low. Without any measurements of upwelling
rates, an estimation of the potential nitrate
concentration in upwelled water was calculated
using the salinity values as a tracer for mixing
between (a) surface, poor nutrient water off the
front and (b) deep, nutrient rich, saline and
potentially upwelled water (Minas et al., 1986).
The resulting nitrate concentration at 10m depth
in the upwelling area of Survey Ba is 41 mM and
suggests a fast incorporation of nitrate by phyto-
plankton which lead to concentration o1 mM in
the first 20m in the upwelling area (Fig. 4).
Nitrate concentration was negatively correlated

with abundance of cells 42 mm, but no relation-
ship was found with phosphate (Table 9). In
addition, the median nitrate:phosphate ratio (N:P)
above the nutricline was smaller than the Redfield
ratio of 16 for optimal phytoplankton growth
(Table 10), suggesting a main role of nitrate in the
regulation of phytoplankton growth, as generally
accepted for most of the world’s ocean (Dugdale
and Goering, 1967; Krom et al., 1991; Fanning,
1992; among others). Even though this observa-
tion is the expected result from the assumptions of
(a) nitrogen-limited growth in the inflowing
Atlantic water and (b) a faster recycling of
phosphorous than nitrogen (Thingstad et al.,
1998), is however surprising because several
studies carried out in the western Mediterranean
have shown N:P ratios higher than 16:1, indicating
that P is the principal limiting nutrient during all
or part of the year (Thingstad et al., 1998; Krom et
al., 1991; Morán et al., 2001).
In fact, 85% of our samples below the nutricline

showed a N:P ratio higher than 16, supporting the
usual trend of deep Mediterranean waters to be
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Table 9

Correlation (Spearman Rank Order) between the abundance of phytoplanktonic groups o20mm ESD, and physical (temperature, salinity, depth of the AMI (isohaline

37.5), and the depth average of N2 (Brunt-Väisälä-frequency) between the bottom of the nutricline and the sample) and chemical variables (nitrate, nitrite, phosphate and

silicate), as well as total and size-fractionated chlorophyll a concentrations

Proc. (cellsml�1) Syn. (cellsml�1) Euko2 mm (cellsm�1) Euk2–10mm (cellsm�1) Euk10–20mm (cellsm�1)

r n p r n p r n p r n p r p n

Temperature (1C) 0.55 277 *** 0.43 300 *** 0.27 299 *** �0.29 299 *** �0.41 *** 299

Salinity �0.50 277 *** �0.17 300 ** �0.11 299 n.s 0.10 299 n.s 0.45 *** 299

N2 Depth average (bottom nutricline�sample) 0.22 277 *** 0.33 300 *** 0.27 299 *** �0.16 299 ** �0.10 n.s 299

Distance to AMI (37.5) 0.41 277 *** 0.15 300 * 0.03 299 n.s �0.15 299 * �0.45 *** 299

NO3
� (mm) 0.09 263 n.s �0.31 283 *** �0.30 282 *** �0.33 282 *** �0.31 *** 282

NO2
� (mm) �0.05 274 n.s �0.19 296 *** �0.11 295 n.s �0.16 295 ** �0.07 n.s 295

PO4
3� (mm) 0.08 273 n.s �0.36 296 *** �0.34 295 *** �0.09 295 n.s �0.06 n.s 295

SiO4
4� (mm) 0.03 274 n.s �0.45 297 *** �0.31 296 *** �0.19 296 ** �0.22 *** 296

Proclorococcus (cellsm�1)

Synechococcus (cellsm�1) 0.30 277 ***

Euk. o2 mm (cellsm�1) 0.12 276 *** 0.61 299 ***

Euk. 2–10mm (cellsm�1) �0.15 276 * 0.17 299 ** 0.45 299 ***

Euk. 10–20mm (cellsm�1) �0.45 276 *** �0.08 299 n.s 0.12 299 * 0.61 299 ***

Chl. a total (mg l�1) �0.28 276 *** �0.24 299 *** 0.01 298 n.s 0.39 298 *** 0.64 *** 298

Chl. a 410 mm (mg l�1) �0.26 197 *** �0.31 215 *** 0.02 214 n.s 0.45 214 *** 0.61 *** 214

Chl. a 2–10mm (mg l�1) �0.24 197 *** �0.14 215 * 0.15 214 * 0.58 214 *** 0.64 *** 214

Chl. a o2 mm (mg l�1) 0.00 197 n.s 0.04 214 n.s 0.30 213 *** 0.58 213 *** 0.52 *** 213

Correlation coefficient (r), po0.05*, po0.01**, po0.001***, not significant (n.s).
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Table 10

Mann-Whitney U-test to compare the ratio of NO3
�/PO4

3�, and salinity concentration in the upwelling area and off the front above the

nutricline

Median Min Max n t p

Groups (NO3
�/PO4

3�)

Upwelling 9.8 1.6 36.0 103 12767 n.s

Off the front 11.8 0.22 37.9 163

Groups (salinity)

Upwelling 37.1 36.4 38.1 103 20131 ***

Off the front 36.6 36.3 37.4 163

Median, minimum (Min.), maximum (Max.), number of samples (n), t-value (t). Not significant (n.s), po0.001***.
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depleted in phosphate relative to nitrate. The
change of N:P ratio from values higher than 16 in
potentially upwelling, more saline water to values
lower than 16 in upwelled water (Table 10)
suggests a fast incorporation and accumulation
of nitrate by phytoplankton, especially eukaryotic
cells 42 mm were usually found next to the
upwelled AMI, where the nutrient availability
was higher. Among them, cells 410 mm are
mainly responsible for the high Chl a concen-
trations at the upwelling area, which is in
agreement to Chisholm (1992) assertion that Chl
a concentrations higher than certain threshold
values (2 mg l�1) can only occur with the help of
large cells.
The main difference between both sides of the

front is the marked SSCM at the coastal side of the
front. At other frontal systems the highest Chl a

values have been reported both at the coastal side
of the front (Gieskes and Kraay, 1986; Montegut
and Raimbault, 1994; Estrada et al., 1999) and off
the front (Pingree et al., 1976; Delgado et al., 1992;
Raimbault et al., 1993), related to the frequency of
mixing events (ranging from tidal to seasonal
variability) and the intensity of the upwelling.
Thus, in the NW-Alboran Sea, the time-scale for
upwelling of deeper water and its advection
towards the front in the photic zone appears to
be sufficiently long to permit the development of
phytoplankton and SSCM.
Our spatial and temporal distribution of Chl a

(highest in the upwelling area and during the
December cruise) agrees with the spatio-temporal
variability of sea surface pigment distribution
described by Garcı́a-Górriz and Carr (1999). The
authors mention that phytoplankton bloom occurs
at minimum incident PAR levels during the annual
cycle and suggest that phytoplankton growth is
not light limited in the Alboran Sea.
On the other hand, Morán and Estrada (2001)

show no significant correlation between primary
production and integrated Chl a for a very close
area of the NW Alboran Sea, although usually a
correlation is found between surface and inte-
grated Chl a values. They suggest severe light
limitation and low contribution of the phyto-
plankton cells found at subsurface depths, which
contained an important proportion of the total
Chl a in the water column.
Our data show significantly lower C:Chl a ratio

and higher fluorescence per cell during December
(Tables 5 and 6). Biomass at the SSCM in the
upwelling area was lowest at this time
(44–111mgCm�3) while the other two cruises
April and July exhibited concentration between
126 and 251mgCm�3 (Table 4). Avoiding the
influence of vertical position of the SSCM, cell
volume and biomass conversion factors; an
ANOVA and posthoc test (tukey) on integrated
(0–100m) abundances determined by flow
cytometry (cells o20 mm) was carried out for the
upwelling area, which demonstrate significantly
lower abundances in December (687
49� 106 cells cm�2, n ¼ 7) than in June
(189746� 106 cells cm�2, n ¼ 3) and April 1996
(190721� 106 cells cm�2, n ¼ 7). All these
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findings suggest photoacclimation of phytoplank-
ton to either lower incident irradiance in the
upwelling area in winter without nutrient limita-
tion (Fig. 5), or longer residence time of the cells in
deeper water due to increasing mixing depth in
winter, and support the necessity of improving
coupled in situ and remote sensing studies.
With respect to picoplankton, the eukaryotic

fraction was ubiquitous but the prokaryotic
Prochlorococcus and Synechococcus reached the
highest abundance associated to the impoverished
MAW off the front, which is consistent to the
spatial covariation of both prokaryotes described
by Vaulot and Partensky (1990), and Binder et al.
(1996). Consequently, Prochlorococcus and Syne-

chococcus presented significant positive correla-
tions with temperature, water column stability and
the distance to the interface (AMI) which turns
into the opposite for cells 42 mm (Table 9). No
correlation was found between prokaryotic phy-
toplankton abundance and Chl a concentration
o2 mm, perhaps because Prochloroccoccus is most
abundant in well illuminated surface water and
exhibit lower C:Chl a ratio as indicated by the low
fluorescence cell�1 ratio.
Related to these observations, the analysis of the

abundance of Prochlorococcus, Synechococcus and
eukaryotic picoplankton at the neighbour Almer-
ı́a-Oran front, allowed Jacquet et al. (2002) to
distinguish two major types of systems: (a)
mesotrophic conditions (Atlantic waters, detect-
able nutrient level) dominated by eukaryotes and
Synechococcus, and (b) more oligotrophic areas
(Mediterranean sea waters, low to undetectable
nutrient levels) dominated by Prochlorococcus

and, to a lesser extent, Synechococcus. A similar
association is suggested by Partensky et al. (1996)
and Zubkov et al. (1998) in the NW-African
upwelling area. Such association could only be
suggested for our data on a seasonal scale:
Synechococcus with mesotrophic (spring) waters
and Prochlorococcus associated with potentially
more oligotrophic (summer) waters. The
maximum abundance of Prochlorococcus found
in this study (6.2� 104 cells ml�1) was similar to
those described previously for the Mediterranean
Sea (Vaulot and Partensky, 1990; Li et al., 1993;
and Zohary et al., 1998) and were considerably
lower than those described for the Atlantic
Ocean (10–28� 104 cellsml�1, Olson et al.,
1990; Veldhuis and Kraay, 1993; Zubkov et al.,
1998).
Upwelling processes fuel phytoplankton growth

in general but especially that of large cells
(Malone, 1980). According to this, Rodrı́guez et
al. (1998) described significantly flatter size-spectra
under cyclonic than under anticyclonic circulation
in the Alboran Sea. Correspondingly, in this study
the higher phytoplanktonic biomass dominated by
cells42 mm found in the upwelling area resulted in
flatter size-spectra than off the front. The injection
of nutrients into the photic layers associated to the
vertical motion produced by the upwelling is the
usual explanation for the growth of large cells in
these areas (Arin et al., 2002). However, Rodrı́-
guez et al. (2001) demonstrate a direct relationship
between phytoplankton size-distribution and ver-
tical velocity with no dependence on nutrient
availability, where positive vertical velocities in
part counteract the size-dependent sedimentation
velocities.
Although in the present study it is not possible

to determine the importance of each mechanism to
the abundance of big cells, the flatter size-spectra
usually found in the upwelling area will have
important implications for the fate of phytoplank-
ton biomass in the region (in the sense of Legendre
and Le Fèvre, 1989). The encountered north–south
displacement of the front alternates DU during the
southward drift and subduction of upwelled
waters during the northward drift, which may
enhance along isopycnal export of phytoplankton,
in a similar way as depicted by Fiedling et al.
(2001) in the close Almerı́a-Oran front. The almost
permanent or periodical mesoscale fertilizing
events may influence basin-wide balances estab-
lished on macroscale studies. More intensive
mesoscale studies with accurate estimations of
upwelling rates and vertical velocities together
with process measurements like primary produc-
tion, nitrate uptake, underwater light fields, size-
structures and export of biomass to the sea floor
would be necessary to improve our understanding
about the exploitable and exportable biomass
in small but high-dynamic regions like the
Alboran Sea.
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53–64.

Rodrı́guez, J., Blanco, J.M., Jiménez-Gómez, F., Echevarrı́a,
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