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Abstract
On the Mediterranean side of the Strait of Gibraltar, the distribution of physical, chemical and biological variables
Žtemperature, salinity, nutrients, chlorophyll a, lipids, particles size and plankton abundance. was examined. Sampling was
carried out between the surface and 150 m at a fixed station over a 24-h time series. The patterns observed were related to
the overlaying of different processes. The Atlantic–Mediterranean interface acts as a strong pycnocline and its vertical
oscillation accounts for the gross distribution of nutrients, particles, and living biomass. Injection of North Atlantic Central
Water ŽNACW. into the upper layer occurs at the sill each semidiurnal tidal cycle Ževery 12 h.. As a consequence, in the
upper Atlantic layer the NACW was observed every 12 h in the trough of the interface oscillation, whereas Surface Atlantic
Water ŽSAW. dominated in the crest at the fixed station. The initially nutrient-rich NACW was associated with eutrophic
signatures such as high chlorophyll, large cells and low turbidity; The nutrient depleted SAW was associated with
oligotrophic signatures such as low chlorophyll, small cells and high turbidity. The distribution of lipid biotracers at the
depth of the chlorophyll maxima Ž10–40 m. depicted a similar trend with abundant chloroplast lipids and a low lipolysis
index in NACW-enriched waters, and a high lipolysis index and abundant zooplankton tracers in SAW especially at night.
During the eastward advection of Atlantic water, the nutrient content of NACW is likely to be assimilated by phytoplankton.
A scenario is proposed for explaining changes in phytoplankton maxima composition during the time series observations,
taking into account the timing of the NACW injection at the sill, the diurnal cycle and zooplankton grazing. Although more
studies over a longer temporal scale are necessary to validate this scenario, our observations show the scale of daily
variations in the physicalrbiological coupling in the Strait and the implications for nutrient and matter exchanges between
the Atlantic and Mediterranean. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The Strait of Gibraltar connects the Mediterranean
Sea with the Atlantic Ocean. The exchange between
the two basins is attributable to two opposite currents
with a high-density contrast, modulated by tidal and
subinertial variations ŽCandela et al. 1989; Bryden et
al., 1994.. Tidal ranges in the Gulf of Cadiz
´ exceed
2 m, while in the Mediterranean Sea the range is less
than 1 m. As a consequence, a drastic transition in
the tides occurs within the Strait ŽGarcıa
´ Lafuente et
al., 1990; Candela et al., 1990.. In the case of most
tidal cycles, internal waves are generated by the
interaction of the tidal flow with the prominent
bottom features, particularly the Camarinal sill. The
study of thermal microstructures has shown the high
frequency of variability in the physical phenomena
Že.g., Frassetto, 1960; Ziegenbein, 1970; Boyce,
1975; Lacombe and Richez, 1982..
Due to the considerable vertical exchange between the fresher inflowing Atlantic Waters ŽAW.
and the saltier Mediterranean Outflowing Water
ŽMOW., the region at the interface, between the two
opposite currents, has been defined as a third layer
with distinct properties ŽBray et al., 1995.. However,
from the point of view of water exchange, the interface is the surface of null along-strait velocity.
Therefore, it is possible to define the interface as a
surface of a given salinity, whose mean depth coincides with that of the zero velocity ŽBryden et al.,
1994; Garcıa
´ Lafuente et al., 2000..
The observed temperature and salinity distributions within the Strait can be attributed to the mixture of three principal types of water. On the Atlantic
side of the Strait, Surface Atlantic Water ŽSAW. is
warm and fresh and, as a result of atmospheric
warming, forms a sharp seasonal thermocline Ž5
8Cr100 m. above the colder and fresher North Atlantic Central Water ŽNACW.. Below the Atlantic
layer the cold, saline MOW is observed ŽGascard
and Richez, 1985; Ochoa and Bray, 1991.. The
properties of the water masses change along the
Strait as a result of mixing, entraining and vertical
advection ŽBray et al., 1995.. As the upper layer
flows eastward, the mixing in the lower region erodes
progressively at the NACW signature and the influence of SAW increases towards the top of the interface layer. The injection of NACW into the upper

Atlantic layer of the Strait is highly influenced by
tides and the amplitude of the internal waves ŽGascard
and Richez, 1985..
Although studies on the variability of physical
phenomena have been frequent, the study of the
biological features associated with them are less
numerous. A few biological data are available from
the Ictio. Alboran–Cadiz
annual surveys Ž1993–
´
´
1997. ŽPrieto et al., 1999; Rubın
´ et al., 1999.. On the
Atlantic side, SAW forms an upper layer of low
nutrient concentration, whereas the deeper NACW
yields relatively high nutrient concentrations. Previously, Minas et al. Ž1991. reported the role of the
entraining of NACW nutrients into the upper eastern
Atlantic layer, as a factor introducing biological
enrichment into the Strait and the Western Alboran
Sea. Recently, within the context of the EC MAST3CT96-0060 CANIGO ŽCanary Islands Açores Gibraltar Observations. project, new cruises in the area
have been performed, including joint studies on biological, chemical and physical variables. These results show that the specific hydrodynamics of the
Strait Žespecially the position of the interface. has a
clear influence on biological variables. Phytoplankton biomass shows a tendency to increase towards
the north eastern side of the Strait. This increase is
directly related to the proximity of the interface
average depth to the surface ŽGomez
et al., 2000a..
´
In this present study, we examined the short-term
variability of chemical, biochemical and biological
variables such as nutrients, lipids, chlorophyll a,
plankton biomass and marine snow, over 24-h sampling on the Mediterranean side of the Strait of
Gibraltar. This data set allows us to propose a conceptual scenario explaining the effects of the interface vertical oscillations on the injection and mixing
of NACW in the inflowing Atlantic water, and ultimately on the periodicity of the distribution of biogeochemical variables.

2. Materials and methods
A 24-h survey was performed aboard RrV
AThalassaB ŽIFREMER-IEO, France–Spain. on September 8, 1997 Ž2 days before crescent moon.. The
sampled station was located at the eastern entrance
of the Strait Ž36802X N, 5818X W; water depth was
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about 800 m; Fig. 1.. A CTD–rosette system
equipped with 20-l Niskin bottles was used to collect
water samples every 4 h ŽTable 1.. Following this
sampling, one or two casts were taken using the
Underwater Video Profiler ŽGorsky et al., 2000..
This multisensor array includes a CTD probe, fluorometer, a nephelometer for turbidity measurements
in a formazide turbidity unit ŽFTU. and a video
system to estimate the abundance and size of particles ) 500 mm.
The composition of the 0- to 400-m water column
in the three water bodies ŽSAW, NACW and MOW.
was estimated according to the method of Bray et al.
Ž1995.. Using the CTD–rosette data, we have calculated the depth-averaged values for temperature and
salinity between 0 and 400 m at each casts. The
composition of triangle apex points was Ž22.6 8C,
36.4. for SAW, Ž13.6 8C, 35.8. for NACW and Ž13.5
8C, 38.4. for MOW. The triangle formed by the three
points enclosed all the measured T–S points during
the sampling period at the fixed station.
Nitrate, phosphate and silicate were collected in
5-ml samples Žunpreserved and stored at y20 8C.
and analysed using a Technicon AA-II analyser following the method described by Grasshoff et al.
Ž1983.. For total chlorophyll and fractionated chlorophyll a analyses, suspended particles and particles
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Table 1
Date, time and tide Žfrom Anuario de Mareas, 1997. during bottle
sampling casts. All times were referred to the high water at Tarifa
Cast

Hour ŽGMT.

HrTide

1
2
3
4
5
6

03:30
07:30
11:10
15:30
19:00
00:00

HWy2
HWq2
HWy5
HWy2
HWq1.5
HWy5

larger than 20 mm were concentrated on GFrF
filters by filtering 500 ml seawater samples and
using particles retained when passing 2500 ml seawater through 20-mm filters, respectively. Filters
were homogenized in a 90% acetone solution and
kept overnight at 4 8C for pigment extraction. Fluorescence of the acetone extracts was measured using
a Turner Designs-10 fluorimeter. Phaeopigments
were estimated as the difference in fluorescence
between acidified and non-acidified extracts ŽUNESCO, 1994.. Lipids were extracted by concentrating suspended particles from 2 l seawater on GFrF
filters according to the method of Bligh and Dyer
Ž1959.. The lipid extract was separated into the
different class of compounds and analysed on an

Fig. 1. Map of the Strait of Gibraltar and position of the diel cycle station sampled on September 8, 1997.
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Iatroscan MK-IV apparatus following the protocol
proposed by Gerin
´ and Goutx Ž1994., modified by
Striby et al. Ž1999.. For microplankton analysis, 2 l
of water was filtered through a 5-mm mesh collector
and the retained material was washed out carefully
with filtered seawater and then preserved with Lugol’s solution. Subsamples Ž10–50 ml. were settled
in Utermohl
¨ chambers and counted using an inverted
microscope. Simultaneously to the counting process,
microplankton biomass expressed as biovolume was
calculated by approximation to regular figures Žellipsoid, cylinder, hemisphere. using a VIDS V ŽAnalytical Measuring Systems. semiautomatic image
analysis system. Copepod abundance Žincluding nauplii and juvenile stages. was estimated following the
examination of the whole Utermohl
¨ chamber, which
uses 1–1.5 l of seawater. Although the counting
error is ) 50% according to the statistical considerations proposed by Lund et al. Ž1958., the pattern of
abundance and distribution observed suffered no ambiguity and therefore has been reported. Due to
shipboard constraint, only nutrients, pigments and
biomass were collected from the first cast Ž03:30
GMT..
The Underwater Video Profiler ŽUVP. was used
for the quantitative study of particles recording all
objects illuminated in a 1.3-l volume. The lowering
speed was 1 m sy1 and the analysed images did not
overlap. The profiles obtained were digitized using a
Matrox Magic digitizer ŽMatrox Electronic Systems.

and analysed by the dedicated software ŽGorsky et
al., 2000; Stemmann et al., 2000.. The tidal status
during sampling was obtained from Anuario de Mareas Ž1997.. All sampling times were taken according
to High Water ŽHW hereafter. at Tarifa. The depth
of the interface was considered as the isohaline of
37.8. This salinity was proposed by Garcıa
´ Lafuente
et al. Ž2000. based on their results of current meter
mooring lines located at the eastern side of the Strait
during the CANIGO period. The temporal evolution
of different variables represented in the section plots
was produced by interpolation between casts using
the kriging as the gridding method in the Surfer
software ŽGolden Software..

3. Results
3.1. Physical features
Fig. 2 shows that the composition of the water
column changed during the 24-h cycle. Table 2 gives
the percentage of the different water masses observed in the upper 400 m following the technique
employed. The lowest salinity values were observed
at 03:30 GMT at 45 m and were associated with the
presence of relatively pure NACW. Later on, at
15:30 GMT, a new salinity minimum appeared. In
both cases, the temperature was between 16 and 17
8C. At 07:30 and 19:00 h, respectively, the NACW

Fig. 2. Temperature Ž8C. and salinity diagrams from the CTD–rosette sampler system. The results showed lower salinity levels ŽNACW.
approximately every 12 h. NACW, North Atlantic Central Water; SAW, Surface Atlantic Water; MOW, Mediterranean Outflowing Water.
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Table 2
Percentage of SAW ŽSurface Atlantic Water., NACW ŽNorth
Atlantic Central Water. and MOW ŽMediterranean Outflowing
Water. between 10-and 400-m depth calculated according to Bray
et al. Ž1995.. The percentages of Surface Atlantic Water and
Mediterranean Outflowing Water do not present tidal modulations
as clear as the percentage of North Atlantic Central Water
GMT hour

%SAW

%NACW

%MOW

03:30
07:30
09:30
11:10
12:30
15:30
19:00
00:00

17
15
15
15
21
17
16
22

6
4
1
1
2
6
1
1

77
82
84
85
77
77
83
77

signatures in the upper layer were still detected as a
slight salinity minima Žtemperature about 18.5 8C.
ŽFig. 3B.. The vertical oscillation of the interface
and the presence of NACW in the upper layer were
clearly related to the semidiurnal tidal cycle whereas
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the percentage of SAW and MOW water masses are
not dependant on tidal modulations ŽTable 2.. Evolution of the 14 8C isotherm was correlated to the
oscillations at the interface, whereas oscillations of
the near surface isotherms show the opposite pattern.
Thus, the 20 8C isotherm was deeper when the
interface was shallower. This feature can be associated to the NACW signatures.
The range of oscillations at the interface depth
were around 30 and 40 m and reached a minimum
depth Žshallowest interface depth. about 2 h after
High Water at Tarifa ŽHW q 2.. These results agree
with those of Garcıa
´ Lafuente et al. Ž2000. who
provide harmonic constants for the isohaline vertical
oscillations as a function of salinity. Between 50 and
75 m, the vertical separation of the different isohalines was observed which was lowest at the time of
the maximum height Žwave crest. than at the minimum Žwave trough.. This behaviour is related to the
vertical shear of velocities. When the shear is higher,
the interfacial layer Ždefined as the separation between two given isohalines. is thicker. Since tidal

Fig. 3. Section plots of the upper 125 m at the diel cycle station. ŽA. Salinity, ŽB. temperature Ž8C., ŽC. turbidity ŽFTU. and ŽD. abundance
of particles greater than 500 mm Žnumber ly1 .. Note that the shape of the interface in panel ŽA. and panels ŽC. – ŽD. are different. Salinity
and temperature are taken from the CTD bottle and turbidity and particles from the Underwater Video Profiler using different casts. The
identified water masses are noted on the diagram: NACW, North Atlantic Central Water; SAW, Surface Atlantic Water; MOW,
Mediterranean Outflowing Water. The gross line represents the interface considered as the isohaline of 37.8.
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Fig. 4. Section plots of ŽA. nitrate ŽmM., ŽB. phosphate ŽmM. and ŽC. silicate ŽmM. distributions during the diel cycle. The gross line
represents the interface as the isohaline of 37.8.

Fig. 5. Section plots of fluorescence Žrelative units, RU. from the ŽA. UVP fluorometer, ŽB. fractionated chlorophyll Žfrom particles retained
by a 20-mm pore size mesh, in mg ly1 ., ŽC. total chlorophyll a Žmg ly1 ., ŽD. microplankton biovolume Ž) 500 mm3 , in mm3 mly1 . from
water samples, ŽE. abundance of copepods Žindividual ly1 . Žmainly nauplii and juvenile stages., ŽF. Phaeopigments Žmg ly1 .. The gross
line represents the interface as the isohaline of 37.8.
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currents in the upper layer are small ŽGarcıa
´ Lafuente et al., 2000., the shear is related to the
inversion of the tidal currents in the lower layer, with
a maximum current towards the Atlantic when the
interface is at its lowest position. Therefore, the
stratification is higher when the interface is shallower and the mixing is enhanced when it is deeper.
3.2. Particle distribution
The surface water turbidity Žparticles- 50 mm,
units expressed as FTU. was high compared to the
underlying water turbidity. Maximal values Ž0.18.
were observed in waters associated with SAW signatures and exhibited the same pattern as the 20 8C
isotherm, which depicted the crest of the interface
oscillation. Turbidity values were lower in NACW.
The abundance of large particles Ž) 500 mm. ranged
between 10 and 120 particles ly1 . It was neither
related to the chlorophyll biomass nor to nephelometry. Large particles Ž80–90 aggregates ly1 . accumulated above the interface in the 37.1–37.8 salinity
gradient. Accumulation near the surface was noticeable in samples taken at night. Below the interface,
in MOW, both variables presented low values Ždata
not shown..

vertical distribution of both total and fractionated
Ž) 20 mm. chlorophyll a were better related to
fluorescence than to the interface oscillations. This
might be due to the fact that Chl a data was obtained
using discrete sampling Žwith only 1–2 samples in
the interface region., whereas the spatial resolution
of the fluorescence measurements was significantly
higher. In the upper layer, fluorescence and total
chlorophyll exhibited maxima in the 25- to 35-m
layer associated with the NACW signature. High
fluorescence and total chlorophyll a were also noticeable at 11:30. Total and fractionated chlorophyll
a showed the highest value in the first maximum in
the less saline water Žat 03:30 GMT. and a second

Table 3
Lipid content and lipid class composition of suspended particles
along depth Žm. profiles. Total lipids ŽTL, mgrl., chloroplast
lipids ŽChlip, %., wax and sterol esters ŽWSE, %. and index of
lipolysis ŽLI.
Time

Depth

TL

Chlip

WSE

LI

07:30

12
21
30
38
51
80
119

19.6
5.5
22.2
19.2
6.7
4.7
3.5

19.5
13.3
25.2
17.3
16.8
16.7
21.8

11.4
6.5
5.7
43.1
9.0
14.9
19.5

0.8
2.2
1.2
0.5
1.0
0.2
0.6

11:10

11
30
40
80
120

39.6
22.8
20.7
29.2
18.6

20.2
24.5
34.9
30.0
27.0

3.8
4.2
3.5
10.3
13.5

2.2
1.4
1.1
1.2
0.9

15:30

14
31
40
81
125

40.9
22.0
6.2
21.7
11.9

24.4
43.4
22.2
29.6
29.2

4.0
7.5
4.1
4.6
9.5

0.7
0.4
1.4
1.8
0.8

19:00

11
31
40
80
124

41.6
16.5
29.5
18.3
12.3

18.8
19.9
25.7
29.1
22.6

6.6
7.3
14.4
12.4
18.1

1.2
1.2
1.5
1.4
0.7

24:00

11
29
41
79
122

16.0
20.1
36.9
13.3
15.6

11.3
11.0
16.0
14.5
15.6

13.4
7.4
12.0
9.5
13.5

0.9
3.0
1.5
1.1
1.0

3.3. Nutrients
At the interface region Ž80–120 m., the distribution of nutrient concentration ŽFig. 4., silicate in
particular ŽFig. 4C., was controlled by the interface
oscillations, i.e. the shallower the interface depth, the
shallower the nutrient maxima. On the contrary, the
pattern observed for nutrient distribution near the
surface was related to the presence of NACW signatures. The first salinity minimum Ž03:30 GMT. did
not show any increase in nutrient concentration ŽFig.
4. whereas the second salinity minimum Ž15:30
GMT. exhibited enhanced concentrations of phosphate and silicate. Nitrate concentrations showed the
lowest values in the upper layer in the first hours of
the diel cycle ŽFig. 4A..
3.4. Phyto- and zooplankton biomass
At the interface region, in situ fluorescence Žisoline 0.1. oscillated like the interface ŽFig. 5A.. The
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maximum at midday Ž15:30 GMT. ŽFig. 5B–C.. In
the first maximum fractionated chlorophyll a Ž) 20
mm. represented about 40% of total Chl a, whereas
in the second one the fractionated chlorophyll a
represented 25–30% of the total Chl a. In the last
sampling cast Ž24:00 GMT for bottle samples and
1:00 for UVP., an increase of fluorescence and
chlorophyll suggested a third maximum.
The biovolume of larger phytoplankton Ž) 500
mm3 . ranged between 0.3 and 0.8 mm3 ly1 Žwith
maximum values corresponding to the first chlorophyll a maximum. and showed a slight oscillation
with the interface ŽFig. 5D.. Microphytoplankton
were mainly composed of colonial diatoms Ž) 80%.,
dinoflagellates and silicoflagellates. The first and
third maxima were characterized by both small and
large phytoplankton, whereas the second one in the
middle of the day included smaller phytoplankton.
These results are in good agreement with the distribution of fractionated chlorophyll ŽFig. 5B–C..
The distribution of zooplankton Žmainly small
copepods. was neither directly related to the phytoplankton biomass maxima nor to the NACW lenses.
Copepods showed the highest abundance during the
night ŽFig. 5E., being present in the upper layer at

the end of the first night and in the whole water
column at beginning of the second night of investigation. Abundant phaeopigments ŽFig. 5F. were also
observed during the second night of sampling.
3.5. Lipid signatures
Lipid classes can be used as tracers of organisms
or of the biological activity associated with them.
Total lipids Žthe sum of the different lipid classes in
suspended particles. Ž3.5–41.5 mg ly1 . were accumulated in the surface layer in relation to the presence of planktonic biomasses and exhibited a minima at the level of the interface ŽTable 3 and Fig.
6A.. A periodicity characterized the distribution of
the individual components of the lipid pool. In surface waters, chloroplast lipids ŽChlip., a tracer of
phytoplankton cells ŽParrish, 1988; Cailliau et al.,
1999; Goutx et al., 2000., exhibited increasing contribution ŽTable 3. to total lipids from the beginning
of the day through to midday Ž25.2% at 07:30,
34.9% at 11:10, 43.4% at 15:30.. The Chlip maximum was associated with the 15:30 NACW lense
above the trough of the interface oscillation ŽFig.
6B.. It then decreased to a minimum at night Ž24:00

Fig. 6. Lipid biotracer distribution in suspended particles during the diel cycle. ŽA. Total lipids Žmg ly1 ., ŽB. the chloroplast lipids
Žmg ly1 ., ŽC. the wax and sterol esters Ž%., ŽD. the lipolysis index. The gross line represents the interface as the isohaline of 37.8.
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GMT.. Wax esters and sterol esters ŽWErSE., reserve products in zooplankton, are usually dominated
by wax esters in marine samples ŽParrish, 1988. and
are found in zooplankton pellets, detritus and carcasses in marine suspended matter. At the surface,
these zooplankton tracers exhibited a trend similar to
that of small copepod abundance with higher contributions at night, in the 07:30 GMT Ž43%., 19:00
Ž14%. and 24:00 Ž13%. profiles, than during the day
Ž11:10 and 15:30 profiles.. Maxima were also observed at depth, in relation to the crest of the interface oscillation ŽFig. 6C.. The lipolysis index ŽLI. is
the ratio of the lipid degradation metabolites to the
entire acyl lipids such as wax esters and chloroplast
lipids. It is an indicator of the early stage of organic
matter degradation by heterotrophic hydrolytic activity. Weeks et al. Ž1993. found a relationship between
LI and mesozooplankton grazing, whereas our experiments showed an increase of LI with increasing
bacterial enzyme activity ŽVan Wambeke et al.,
2001.. The highest LI estimated in the surface layer
during the time series were being observed at night
Ž2.2 and 3.0 at 07:30 and 24:00, respectively. whereas
the lowest value was associated with the NACW
signature Ž0.4 at 15:30 GMT..
4. Discussion
Recent investigations have improved our knowledge of the water exchanges at Gibraltar, namely the
effect of topographic constraints on the dynamics of
the flow, the temporal variations of the exchanges
and the effect of tides ŽBryden et al., 1994; Send et
al., 1999; Garcıa
´ Lafuente et al., 2000; Tsimplis,
2000.. By contrast, few studies have addressed the
functioning of ecosystems in the Strait. One reason
for this must be the difficulty in carrying out suitable
sampling strategies for estimating biological processes when considering the spatial and temporal
scales characteristic of this highly dynamic area. A
preliminary step towards a comprehensive sampling
program for biological studies in the Strait was
performed in the framework of the CANIGO European program. Observations emphasized the heterogeneity of chemical and biological standing stocks in
the area. However, quite permanent features in the
distribution of biomass in summer Žlate June and
early September. were related to the combined effect
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of the interface depth and the availability of light and
nutrients on phytoplankton. Despite a certain variability in phytoplankton composition, a clear southwestrnortheast gradient in autotrophic biomass, attributable to microphytoplankton, was observed
ŽGomez
et al., 2000a. whereas the picoplankton
´
contribution to the autotrophic biomass increased
from Northeast to Southwest.
This work constitutes another approach to the
spatio-temporal heterogeneity of the ecosystem components in the Strait. The time series observations
lasted only 24 h due to inherent factors making
sampling difficult in an area characterized by strong
surface currents and winds Žup to 25 m sy1 for the
Levante., fishing activity and heavy ship traffic.
However, for the first time, standing stocks of chemical, biochemical, and biological parameters were
recorded at a fixed station in the Strait, simultaneously with the continual recording of the physical
properties of the water masses.
4.1. Interface oscillations
Results show the relevant role of the interface
oscillations, induced by the internal tide, by the
distribution of chemical and biological variables. As
already observed, the interface is the transition region between the nutrient-rich MOW and the relatively impoverished AW. In this region, the phytoplankton is produced and accumulates because of
water stratification. The vertical displacement of the
interface determines the position of the phytoplankton assemblages as well as the irradiance level required for primary production. Previous investigations performed at a northern station ŽGomez
et al.,
´
2000a. in the Strait revealed a shallow interface
which probably oscillated in the euphotic layer during the whole tidal cycle. As a consequence, the
phytoplankton received a continuous supply of nutrients from MOW and enough irradiance for photosynthetic production, generating a large abundance of
biomass. At the site investigated during our 24-h
survey, the interface oscillated between 100 and 140
m so the irradiance level was only sufficient to
support a low phytoplankton biomass.
The role of the interface as a density gradient is
also relevant for the vertical distribution of both
small and large particles. Small particles appeared to
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be mainly produced in the productive surface waters
and remained concentrated herein, whereas, large
particles Ž) 500 mm. accumulated at the deeper
salinity gradients above the interface ŽFig. 3.. Large
particles are formed through the aggregation of small
particles Žphytoplankton andror detritus. into faecal
pellets and mucous ŽAlldredge and Silver, 1988..
Aggregation might also occur through coagulation
by physical processes ŽFowler and Knauer, 1986;
Alldredge and Gotschalk, 1989.. Both processes are
likely to occur in the Strait. In the surface layer at
night, the lipid signatures of the zooplankton corresponded to large particle accumulation and certainly
reflect the formation of aggregates through zooplankton feeding activity. In addition, the periodic variation of the shear stress of velocities during the tidal
cycle ŽBray et al., 1990., is likely to generate aggregation of particles produced in the water overlying
the upper region of the interface. Finally, the surface
of zero velocity also resides inside the region of the
interface. Here, phytoplankton cells and detritus are
not so rapidly advected as observed in the upper and
lower layers, leading to an increased residence time
of particulate organic matter of photosynthetic origin.
4.2. Tidal periodicity of NACW injection
Besides horizontal stratification, our results
demonstrate that above the interface region, the distribution of biological variables is related to the
presence and the proportion of NACW. Gascard and
Richez Ž1985. reported that this occurs only during
neap tides when a high proportion of NACW can
enter the eastern entrance of the Strait; The mean
amplitude of the internal waves is weaker and the
interface is not reaching the bottom at the sill as it
happens during a spring tide. Injection of NACW
through the Strait can be followed during the ebb
tide, and salinity levels lower than 36.0 can be
detected at Low Water. During spring tides, the
amplitude of the internal waves is greater than for
neap tides, a strong mixing occurs at the location of
NACW and this water mass is not observed in the
T–S diagrams. During our survey, the quantity of
NACW injected at the sill was clearly controlled by
the semidiurnal tidal periodicity ŽTable 2.. Recently
Tsimplis and Bryden Ž2000. also reported the influ-

ence of the diurnal component on the intrusion of
NACW. At the sill the NACW lenses appear around
130–140 m depth with higher signatures each two
tidal cycles associated with the deeper interface values. Using chemical tracers, Elbaz-Poulichet et al.
Ž2001. reported an average value of 3% for the
NACW in the Atlantic inflow.
A clear turbidity minima corresponded to the
NACW signatures ŽFig. 3C.. Jerlov Ž1953. also reported a minimum value for turbidity in the NACW
layer in the Gulf of Cadiz when compared to the
SAW. This low turbidity can be related to the position of NACW in the water column in the Gulf of
Cadiz. Indeed, considering that the distribution of
suspended matter strongly relates to the production
of living matter and derived detritus, low particle
content might be expected in NACW located in the
aphotic zone in the Cadiz Gulf. By contrast, the
SAW located in the euphotic zone presented high
concentrations of small particles originating from
biological activity. Although the concentration of
particles in the NACW increased along the Strait, it
did not reach the values observed in the biologically
ageing SAW.
On the Atlantic side, NACW is relatively rich in
nutrients in comparison with the impoverished SAW
ŽGomez
et al., 2000b.. Increased proportions of ini´
tially nutrient-rich NACW in surface waters obviously enhanced phytoplankton biomass. Signatures
of a freshly upwelled system Žlow turbidity, large
cells, chloroplast lipid maxima, minimum of lipid
hydrolysis tracer, low phaeopigment levels. accompanied this feature. On the contrary, signatures of
zooplankton biomass and hydrolysis activity predominated in SAW ŽFigs. 5E and 6D, Table 3. with
maxima registered in the night samples. These signatures are certainly the result of the different heterotrophic status of the SAW and NACW, with the aged
SAW having a more developed heterotrophy than the
freshly upwelled NACW.
4.3. Diel pattern
In contrast to the trend above, NACW-enriched
surface waters exhibited different nutrient concentrations and zooplankton distributions, not always fitting the tidal-related semi-diurnal periodicity. In the
first hours of the cycle Ž03:30 GMT., the NACW
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signature was nutrient depleted but included high
phytoplankton biomass, leading to the conclusion
that nutrients were depleted due to the biological
uptake. By contrast, in the second signature Žat
15:30., we observed a relatively large concentration
of nutrients, in particular silicate and phosphate ŽFig.
4. associated with a greater number of smaller cells.
Generally, nitrate is consumed faster than silicate or
phosphate during the development of a bloom ŽKudo
et al., 2000.. Differences in light available to microalgae growing in NACW lenses, might explain
the different nutrient contents. NACW lenses exposed to the light would favour intense photosynthetic activity. Lower nutrient uptake would occur in
NACW lenses exposed to less illumination, so the
development of a strong phytoplankton maximum
could not be completed.
Zooplankton distribution seems related to the
normal pattern of diel vertical migration ŽLampert,
1989.. The low number of copepods in NACW-enriched surface water during the day suggests that this
population migrates to the aphotic zone during the
day to avoid visual predators ŽZaret and Suffern,
1976.. By contrast at night, copepod activity at the
surface was noticeable by the increase in marine
snow accompanied by zooplankton lipid tracers of
biomass Žcf. Fig. 6C. andror activity Žcf. Fig. 6D
and Table 3.. Indeed, zooplankton activity can contribute to the formation of large particles via the
production of rapidly sinking faecal material ŽKarl et
al., 1988; Kiorboe, 1997.. This was particularly true
for the last maximum Ž24:00 GMT. which associated
large copepod abundance to high phaeopigment levels from the surface down to the depth of the interface ŽFig. 5F..
4.4. Conceptual scenario
The Strait presents an assemblage of inter-related
physical phenomena which control biological processes. Isolating one of these physical phenomena is
necessary to understand the observed periodicity of
chemical and biological variables. In this study, we
aimed to emphasize the role of the injection of
nutrient-rich NACW into the upper inflowing Atlantic layer by mixing at the sill.
Previously, Gomez
et al. Ž2000a. reported a re´
circulation scheme for diatoms at the Strait including
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Ži. the development of important biomasses at the
northeastern part of the Strait where the interface is
shallower, Žii. sinking through the interface region,
Žiii. transport to the west in outflowing waters and
Živ. subsequent injection in the upper Atlantic waters
at the sill when outflowing waters meet high bottom
features. Processes of advection and mixing are
known to favour the growth of taxa such as diatoms,
especially adapted to mixing events compared to
other groups. It is likely that seeding cells show
higher growth rates in the nutrient-enriched NACW
than in the nutrient depleted SAW.
Based on this assumption, we propose a scenario
of the history of each NACW signature along the
Strait that could explain the observed distributions of
chemical and biological parameters ŽFig. 7.. We
estimate an average velocity in the upper layer Ž35–
40 cm sy1 . from the ratio between the mean transport Ž0.7–0.8 Sverdrup ŽSv.. Ž1 Sv s 10 6 m3 sy1 .
ŽBryden et al., 1994; Garcıa
´ Lafuente et al., 2000.
and the mean cross-section Žabout 2 km2 .. This
estimation falls within the values reported by Send et
al. Ž1999. for the eastern side of the Strait. Considering that the Camarinal sill is the place where the
deep NACW can ascend and that its distance to the
diel cycle station is about 40 Km, the time needed
for the ascending water to reach the station is approximately 27–30 h.
The frequent high interface oscillations at the sill
ŽPettigrew and Needell, 1989; Wesson and Gregg,
1994; Bray et al., 1990, 1995. are controlling the
proportion of NACW injected into the Atlantic inflowing waters. The tidal-related interface oscillation
is based on the model proposed by Armi and Farmer
Ž1988. and La Violette and Arnone Ž1988.. For neap
tides, authors have reported the maximum AW inflow at the sill just before Low Water and the
minimum just before High Water. Considering that
the injection of nutrient-rich NACW occurs with a
frequency of 12 h, and that this water is advected
towards the Mediterranean Sea in the euphotic zone,
we can observe two phytoplankton maxima capable
of nutrients uptake for growth each day.
Due to alternating day and night, one of these
phytoplankton blooms receives a lower light irradiation than the other. As a consequence, on the Mediterranean side, one of these phytoplankton maxima
has low nutrient and high phytoplankton biomass
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Fig. 7. Scheme proposed to explain the sequence of biological maxima and associated nutrient signatures in the Mediterranean side of the
Strait of Gibraltar during a one day period. Nutrient-rich NACW is injected into the inflowing Atlantic Water at the Camarinal sill every
semidiurnal tidal cycle around Low Water ŽLW.. Sampling times are taken according to the High Water ŽHW. at Tarifa. The position of the
diel cycle station is the right side of each panel. There are 40 km between the sill and the station. Typically, the scenario is as follows:
NACW nutrient-enriched lense 1 upwelled for example at midday at the sill, earlier than the start of the scenario Žon the left., is transported
eastwards during the night and submitted to zooplankton grazing before reaching the fixed station in the middle of the following day Žcf.
15:30 NACW lense.. NACW-enriched lense 2 upwelled around midnight, supports phytoplankton growth mostly during the illuminated
period and under low grazing pressure before reaching the fixed station in the middle of the following night Žcf. 3:30 NACW lense.. The
periodicity of NACW injection coupled to the diel pattern of biological processes Žphytoplankton growth versus zooplankton grazing. lead
to different types of NACW-enriched lenses transported from the Atlantic to the Mediterranean. Lense 1 has high nutrient and low
phytoplankton maxima ŽHNLP. Žwith relatively few microphytoplankton cells in it. and lense 2 has low nutrients and high microphytoplankX
X
ton maxima ŽLNHP. when reaching the fixed station Ž36802 N, 5818 W..

ŽLNHP. whereas the next maximum has the opposite
characteristics ŽHNLP.. In this study, the NACW
signature observed at the diel cycle station at 03:30
GMT Žfirst salinity minimum. probably upwelled
27–30 h before this time and thus, had developed a
phytoplankton maxima in an illuminated period during its eastward advection. Moreover, considering
that the distribution of copepods in surface waters
Žcf. Fig. 5E. and associated tracers ŽFig. 6C. showed
higher values during the night, for each day, one of
the maxima could be more affected by grazing than
the other. Copepods would preferentially consume
larger cells Žmicrophytoplankton.. Therefore, one
day, a maxima can show less microphytoplankton
Žchlorophyll in particles ) 20 mm. than the next.
Such phenomenon would affect pico- and nanophytoplankton to a lesser extent.
According to the proposed scenario, the proportion of NACW in each tidal cycle, despite its low

contribution to the AW ŽTable 2., appears as an
important factor in determining the intensity of the
chlorophyll maxima observed at the eastern side of
the Gibraltar Strait. Phenomena such as the entraining of outflowing Mediterranean water or the passage of the internal bore were not considered, but
certainly must be taken into account in the modulation of the biological consequences of the injection
of NACW. Obviously other constituents of the tide,
especially the fortnightly variations can alter the
proposed scheme. Further studies in the area will be
necessary to test this preliminary model and factors
affecting its variability.
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