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Abstract

The Alboran Sea (southwestern Mediterranean) exhibits strong horizontal and vertical
gradients associated with macroscale and mesoscale physical structures due to the input of
surface Atlantic waters into the Mediterranean basin. During the summer of 1992, two
anticyclonic and two cyclonic areas were found with fluorescence maxima (DFM) below the
seasonal thermocline (ST). Although the depth of the ST is fairly constant, the position and
intensity of the DFM is more variable, with a tendency to deepening and smoothing in the
anticyclonic gyres. The position of the Atlantic-Mediterranean interface (AMI) can be used as
a tracer for cyclonic or anticyclonic dynamics and their potential biological effects. A shallow
AMI indicates divergence or upwelling dynamics and coincides with the highest fluorescence
intensity, chlorophyll concentration and phytoplankton biovolume in the DFM. Under the
conditions typical of the two anticyclonic gyres, the contrary is found. The size structure of
phytoplankton shows significant differences between cyclonic and anticyclonic structures.
Log-transformed size-abundance spectra can be adequately described by linear models with
slopes of —0.78 for cyclonic and —0.93 for anticyclonic structures. The integration of
size-abundance spectra indicates that picoplankton biovolume in the DFM is independent of
the type of circulation or dynamics, whereas nanoplankton and, particularly, microplankton
increase their absolute and relative presence in the DFM under cyclonic or upwelling dynamics.
{("; 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The presence of a deep or subsurface chlorophyll maximum (DCM) is a common
feature of profiles collected from the oligotrophic oceanic gyres or during summer in
temperate seas (Herbland and Voituriez, 1979; Cullen, 1982; Longhurst and Harrison,
1989; Mann and Lazier, 1991; Estrada et al., 1993; Li, 1994). The mechanisms and
processes that control the origin and position of the DCM differ widely (see Cullen,
1982; Longhurst and Harrison, 1989; Varela et al., 1992, 1994; Ruiz et al., 1996). Where
sinking and accumulation are the main formation mechanisms, phytoplankton at the
DCM is expected to show a composition similar to that in the surface layer. If the
DCM is mainly explained by the in situ growth of cells adapted to low light
conditions, then taxonomical and other differences can appear between layers (see
Venrick et al., 1973; Beers et al., 1975; Furuya and Marumo, 1983; Latasa et al., 1992
as examples of different cases).

Under oligotrophic, open ocean conditions the DCM is usually deeper and has
lower chlorophyll concentration than under more productive conditions (Li, 1994). In
the first case, where photoadaptation can be expected to be relevant, small cells
typically <3 um usually dominate the DCM environment due to their better efficien-
cy at low light levels (Bienfang and Szyper, 1981; Li and Wood. 1988; Platt et al.,
1983). This is consistent with the results of Ruiz et al. (1996), who found that the slope
of the size-abundance spectrum of phytoplankton (Platt and Denman, 1977, 1978;
Sprules and Munawar, 1986; Rodriguez and Mullin, 1986) is more negative at the level
of the DCM, indicating a higher proportion of small cells in the DCM as the result of
favourable light-limited growth conditions.

What can we expect about the size structure of phytoplankton when the DCM is
shallower and encloses high chlorophyll concentration, as is the case under upwelling
or more productive conditions? Observations of Malone (1971, 1980), Margalef
(1978), models such as those proposed by Legendre and Le Févre (1989) and the more
recent data compilation of Chisholm (1992) suggest that large phytoplankton should
characterize these areas, but a precise analysis of the size structure of the complete
phytoplanktonic community is still lacking.

The Alboran Sea (southwestern Mediterranean) offers a unique opportunity to
study the variability of the size structure of the phytoplankton community in the
DCM layer, due to the close presence of anticyclonic (oligotrophic) and cyclonic
(productive) gyres resulting basically from the interchange of water between the
Atlantic and the Mediterranean through the Gibraltar Strait (Lacombe, 1971; Lanoix,
1974; Cano, 1978; Lacombe and Richez, 1982; Parrilla and Kinder, 1987; Gascard and
Richez, 1985; Tintor¢ et al., 1991). During summer stratification, in those zones with
a two-layered system formed by surface modified Atlantic waters over Mediterranean
waters, there is a salinity interface and pycnocline, usually deeper than the seasonal
thermocline. In the horizontal plane, the interaction between the Atlantic and
Mediterranean waters determines the proximity of diverse structures such as cyclonic
and anticyclonic gyres, fronts and upwelling phenomena with characteristic mesoscale
and macroscale dimensions (see Tintoré et al, 1991). This makes the Alboran
Sea a natural laboratory to analyze the variability of DCM characteristics under
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different physical conditions and for the study of physical and biological interactions
in the ocean.

In this paper we compare several properties of the phytoplankton community in the
deep fluorescence maximum of the Alboran Sea. The position, fluorescence intensity,
chlorophyll content, phytoplankton biovolume and size-spectrum model parameters
in the DFM are related to the cyclonic or anticyclonic character of the gyres.

2. Methods
2.1. Field measurements

The “Ictio-Alboran 927 cruise (11-25 July 1992) of the R.V. “F.P. Navarro”
occupied 51 stations (Fig. 1). Continuous vertical profiles of temperature, salinity and
depth were made in the upper 200 m with a Sea-Bird 25 CTD equipped with a Sea
Tech fluorometer. From these vertical profiles three basic attributes were defined:

“DFM depth”: the depth of the peak of the fluorescence profile. CTD readings were
averaged to give values every 1 m depth. A few profiles presented a second, less
pronounced and deeper peak; the maximum fluorescence value was always selected to
define DFM depth.

“ST depth™ the depth of the bottom of the highest temperature gradient. For each
sampling station, gradients were measured every 5 m depth for series 0-5, 1-6, 2--7 m
and so on in an iterative process. Once the layer with the highest gradient was
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Fig. 1. Area of study and sampling stations. The positions of stations representative of either cyclonic or
anticyclonic structures (7, 38, 25, 50) or typically Mediterranean character (28) are indicated.
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identified, the depth corresponding to the bottom of the layer was selected. Obviously,
describing the location of the thermocline as a single depth is a crude simplification,
but the only aim was to have a value comparable to “DFM depth”.

“AMI depth™: the depth of the 37.5 salinity value. In fact this is the bottom of the
AMI interface layer defined by Lacombe and Richez (1982) as the layer between 37.0
and 37.5.

At each station, seawater samples were taken with Niskin bottles at 0, 20, 100 m, the
depth of the DFM and three other varying depths around the DFM. Water samples
were filtered through Whatman GFF filters, and pigments were extracted with 90%
acetone for 24 h in the dark in a cold chamber. Chlorophyll concentration was
determined with a Turner Designs fluorometer.

The size distribution of phytoplankton abundance was analyzed on samples from
the DFM layer through a combination of flow cytometry and microscopy-image
analysis. Following the procedure recommended by Vaulot et al. (1989), 10 ml
samples were preserved with 1% glutaraldehyde and stored in liquid nitrogen for flow
cytometric (FC) analysis. An additional 100 ml was preserved with lugol for micro-
scopy analysis.

2.2. Flow cytometry analysis

In the laboratory, FC samples were filtered through a 40 um net and analysed with
a FACScan (Becton Dickinson) flow cytometer with the following acquisition para-
meter settings: FSC = E00; SSC = 271; FL1 = 450; FL2 = 450; FL3 = 300 and a thre-
shold for chlorophyll fluorescence (FL3) = 001. Sample volume was deduced from the
time of analysis (500 s) and the flow rate (*high” setting = 60 plmin ~!). Data were
acquired in “list mode™ and processed with the help of Lysis I software. The smallest
cells identified and adequately quantified with these settings are cyanobacteria
(Synechococcus). We did not run a second analysis for very small prochlorophytes,
whose contribution to the size-abundance spectra has yet to be studied in these
waters.

2.3. Microscopy and image analvsis

After sedimentation of the Lugol’s preserved sample, cells and colonies were counted
and measured at 100 x and 200 x in a Nikon TM2 inverted microscope connected to
a VIDS-IV (Analytical Measuring Systems) semi-automatic image analysis system,
following the protocols in Echevarria and Rodriguez (1994) and Ruiz et al. (1996).

2.4. Calibration and preservation tests

Prior to sample analysis, the light scattering signal of the flow cytometer was
calibrated against image-analysis volume measurements of the following cell cultures:
Synechococcus sp. (around 1 pm), Nannochloris atomus (2-4 um), Nannochloropsis
gaditana (2-5 um), Isochrysis galbana (3-5 pm), Phaeodactylum tricornutum (3-6 pm)
and Tetraselmis chui (811 pm), whose flowcytometric identification appears in
Fig. 2A.
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Fig. 2. (A) Flow cytometry discrimination of the six cultured species employed in the calibration of light
scatter signal. (B) Relationship between side scatter channel and cell volume for the cuitured phytoplankton
populations.

Population size structure was analysed with the VIDS-IV video-interactive image
analysis system described previously. The relation between side light scatter (SSC) and
cell volume for these species appears in Fig. 2B, together with the equation employed
to transform SSC channel to size (volume) equivalent. Although preservation followed
recommendations of Vaulot er al. (1989), we tested this effect under our particular
working conditions. There were no apparent differences in the flow cytometric
features of populations between fresh and preserved samples.

2.5. Size spectrum analysis

The coupling of flow cytometry and image analysis analytical subranges produces
a size (log, volume scale)-abundance spectrum of phytoplankton that adequately
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covers the ensemble from picoplankton to microplankton. The flow cytometry covers
approximately the subrange from 0.5 pm Equivalent Sphaerical Diameter (the lower
limit of the volume class between 0.125 and 0.256 um*) to 13 um (the upper limit of the
volume class between 512 and 1024 um?). The image analysis subrange is from about
8 um (the lower limit of the 256-512 pm* volume class) to 80 um (the upper limit of
the volume class between 1.3 x 10° and 2.6 x 10° um®). Both subranges are conserva-
tive in the sense that size classes of very small or very large cells, potentially
underestimated, were eliminated for size spectrum statistical analysis (see Garcia
et al., 1994).

A linear model can be fitted to the spectrum with the aim of examining the relation
between model parameters and the physical environment (Rodriguez, 1994; Eche-
varria and Rodriguez, 1994; Garcia et al, 1994). The empirical size-abundance
spectrum also allows determination of total biovolume (um?/ml) for a particular size
compartment (for example, nanoplankton, covering size classes between 2 and 20 pm)
as

B = Z n;v;,
i

where n; is the number of cells in the size class i with nominal volume v;. In this study,
nominal volume is the lower limit of a particular class (but see Blanco et al., 1994, for
other possibilities).

3. Results and discussion
3.1. Physical background

Fig. 3 describes the main hydrodynamical features found during the study. The
Atlantic jet feeds the permanent, macroscale southwestern anticyclonic gyre (Al, see
references above) and a second, smaller and less persistent anticyclonic gyre (A2) to
the east of the Tres Forcas Cape (see Tintoré et al., 1991). Between these two structures
a cyclonic eddy occupying the central-eastern part of the basin (C2) is similar to the
one described by Tintoré et al. (1991). Another cyclonic area (C1), north of the
large-scale structure A1, affects the northwestern Alboran Sea between the Gibraltar
Strait and the bay of Malaga; this is usually related to upwelling phenomena in the
area (Cano, 1978; Gil and Gomis, 1994).

These four structures are represented by the T-S diagrams in Fig. 4. The
water column of station 25, situated in the core of A1, has a layer of modified Atlantic
surface water (ASW, 36.5 salinity) over the layer of deep Mediterranean waters
(DMW, >37.5). The Atlantic surface water is warmer and its salinity higher at
station 50, where the current forms the second anticyclonic gyre (A2). Both cyclonic
gyres C1 and C2 (represented by stations 7 and 38, respectively) have a surface layer of
Atlantic modified water with salinity signatures very similar to that found in A2 but
lower surface temperatures, particularly C1. Fig. 4 also includes the T-S profile
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Fig. 3. Dynamical topography (200 mb reference level) of the studied area. C1, C2, A1 and A2 represent the
nuclei of cyclonic and anticyclonic structures.

corresponding to station 28 (see Fig. 1), where the surface layer of Atlantic modified
water is no longer present. Here, instead of the layered system formed by
ASW-AMI-DMW, we found a continuous transition from surface to deep Mediter-
ranean water types. This situation is typical of some stations in the northeast coastal
sector of the basin (Cano et al., 1997).

3.2. Relations between DFM, ST and AMI

The depth of the ST (see Methods) is quite constant at the whole basin scale
(mean = 21.3 m; s.d. = 6.5), as it is the depth of the main associated seasonal pycnoc-
line (Fig. 5). There is a clear difference between the density gradient in C2 (but not in
C1) and the two anticyclonic gyres. On the other extreme, the AMI depth (S = 37.5,
see Section 2) is highly variable. It ranges from 36 to 178 m and lies below 100 m in the
two anticyclonic gyres (Fig. 5, A1 and A2). It is shallower in the cyclonic areas, where
it can be very close to the seasonal thermocline or pycnocline (Fig. 5, C2).

The depth of the DFM shows intermediate variability. It ranges from 17 to 71 m
{mean = 45 m; s.d. = 13.9). The deepest (60-70 m) location and lowest fluorescence
intensity were found in the two anticyclonic gyres (Fig. 5, A1 and A2), in agreement
with the accumulation of surface water and consequent oligotrophy. Here, chloro-
phyll concentration in the DFM is 1 pgl~'. The DFM is shallower (30—40 m) in the
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Fig. 4. Temperature-salinity diagrams of some stations representative of cyclonic (C1, C2) and anticyclonic
(A1, A2) structures. Station 28, with Mediterranean-type surface water, is also shown for comparison.

cyclonic areas (Fig. 5, C1 and C2), in accordance with the divergence pattern and
upwelling that usually characterize these structures. Fluorescence intensity and
chlorophyll concentration in the DFM increase by more than a factor of 2 between C1
(3.1 pug chlorophyll 17"y and C2 (7.4 pg chlorophyll 171).

In all cases the DFM is below the ST (Fig. 5). This finding agrees with the
generalization of Longhurst and Harrison (1989) for a seasonally stabilising water
column, with the DCM trapped below the thermocline at the bottom of the euphotic
zone. A similar relative position for the DCM has been described by Estrada et al.
(1993) in northwestern Mediterranean waters.

On the other hand, Fig. 6 suggests that there is an inverse relation between AMI
depth and the maximum value of any of the two indicators of phytoplankton abund-
ance (fluorescence intensity and chlorophyll concentration) in the DFM. Under
anticyclonic circulation, the AMI goes below 100 m depth, with a clear decreasing
tendency of the maximum chlorophyll concentration in the DFM, in correspondence
with the oligotrophic conditions determined by this type of vertical motion. Under
cyclonic circulation the AMI can be found at around 40 m depth. In these cases,
chlorophyll concentration in the DFM can reach maximum concentrations close to
8 ug 17", although actual values are highly variable (Fig. 6). Our interpretation is that
a shallow AMI indicates only the necessary conditions for nutrient availability and
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Fig. 6. Relation between AMI depth, DFM fluorescence intensity (O) and chlorophyll concentration (@)

phytoplankton growth, but there are additional factors, like grazing or sinking, that
can control phytoplankton biomass accumulation in the DFM. All these processes
operate at time scales that could be partially uncoupled from the space and time scales
of our observations, thus producing the variability of observed chlorophyll measure-
ments under conditions potentially favourable for phytoplankton growth. Thus we
conclude that AM1 depth can be used as a tracer for cyclonic or anticyclonic dynamics
and their potential biological effects, indicated by the maximum values that DFM
chlorophyll concentration can reach.

3.3. Size structure of phytoplankton

It is an accepted idea that phytoplankton in the open ocean is dominated by small
cells (picoplankton), whereas coastal and productive areas are dominated by large
cells (“net-plankton™) (Malone, 1971). Similar changes are also described along the
succession process from the mixed, nutrient-rich waters, which favour the develop-
ment of a diatom spring bloom, to the oligotrophic conditions found in the upper
water column at the end of the summer stratification period, which favour the
dominance of small flagellates with a high affinity for regenerated nutrients ( Margalef,
1978; Legendre and Le Févre, 1989).
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The majority of studies addressing the size structure of phytoplankton biomass rely
on measurements of size-fractionated chlorophyll (Takahashi and Bienfang, 1983;
Pefa et al., 1990; Rodriguez and Guerrero, 1994). This approach, in spite of its many
technical and interpretative inconveniences, supports the generalization that the open,
oligotrophic ocean is characterized by picoplankton whereas coastal, productive
areas permit the development of large-cell phytoplankton populations. Harris et al.
(1987) found that, over the year in Tasmanian waters, there is a relationship between
the chlorophyll content of surface waters and the slope of the log-log plot of the
size-density spectrum. According to these authors (see also Chisholm, 1992, for
a review) high chlorophyll values arose only from the presence of large phytoplan-
kton, which results in less negative values of the spectrum slope. Sprules and
Munawar (1986) had previously shown that the slope of the size-abundance spectrum
becomes less negative as ecosystem eutrophy increases. They compare the complete
planktonic spectra (phytoplankton + zooplankton) from many lakes and include the
oligotrophic ocean case from Rodriguez and Mullin (1986). Their explanation is that
the higher turnover rate of phytoplankton in eutrophic ecosystems enables a higher
biomass of zooplankton to be sustained.

The size distribution of phytoplankton abundance in the four cases we have selected
previously (Fig. 7) is characterised by a good linear relation between the log-trans-
formed values of cell abundance and size (Table 1). This is in agreement with
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Fig. 7. Phytoplankton size-abundance spectra in the DFM of the four selected structures. Continuous line:
flow cytometry subrange; broken line: image analysis subrange.



1588 J. Rodriguez et al. | Deep-Sea Research 1 45 (1998) 15771593

Table 1

Parameter values and regression coefficients of the size-abundance spectra model log [cell abundance
(cells/ml)] = a — b log [cell volume (pm ~*)] for selected stations placed within the core of cyclonic (C) and
anticyclonic (A) structures as well as their combination

Structure (St. no.) a+95%c. L b +95% c. L. r? p

Al (25) 346 +0.22 —0.97 +0.08 0.97 <0.0001
A2 (50) 314 +£0.17 —0.89 + 0.06 0.98 <0.0001
Ci{7) 363 +0.14 —0.79 +0.05 0.98 <0.0001
C2(38) 3.78 +£0.20 —0.77 £ 0.07 0.96 <0.0001
Al + A2 330 +0.14 —0.93 +0.05 0.97 <0.0001
Ct+C2 371 +£0.12 —0.78 + 0.04 0.97 <0.0001

theoretical predictions (Sheldon et al., 1972; Platt and Denman, 1978) and empirical
observations in the ocean (Platt et al., 1984; Rodriguez and Mullin, 1986). However,
slope values range from —10 to —0.65 (mean = —0.85, s.d. = 0.10), which, in
general, are less negative than those predicted by theoretical methods (—1.20to —1.0)
or measured in the ocean (— 1.16) by the above cited authors. It is important, however,
not to forget that our size-abundance spectra refer exclusively to the autotrophic
component of the planktonic community. In any case, it is usecless to look for
a common, universal slope value with a unique explanation (see Rodriguez, 1994 for
a review) simply because of the highly different size ranges and methodologies
described by different authors. The important fact is that, frequently, the size spectrum
can be described by a simple log-linear model, that can be used as a tool in the analysis
of spatial and temporal variability of the pelagic ecosystem (Platt et al, 1984;
Chisholm, 1992; Rodriguez, 1994). In this context, our results indicate that the size
spectrum in cyclonic areas of the Alboran Sea has a slope less negative (—0.78 + 0.04,
Table 1) than the spectrum in the anticyclonic areas (—0.93 + 0.05, Table 1). An
ANCOVA analysis (Sokal and Rohlf, 1995) of the four spectra shows no significant
differences among the means of the distributions (p > 0.28). However, differences are
significative among slopes (p < 0.0001) as well as among intercepts (p < 0.0001), thus
supporting the conclusion that the size distributions in cyclonic and anticyclonic gyres
are significatively different.

Differences between spectra seem to be minor in the picoplankton size range (Fig. 7)
and increase within the nanoplankton compartment up to a maximum difference in
the limit between nanoplankton and microplankton. The size spectrum of C2 shows
a change in slope just in the transition from flow cytometry to image analysis
subrange, which in principle might be considered an artifact. However, Fig. 7 shows
that, with the same methodologies, there is no slope change in C1 and AZ cases. In
fact, the change in slope observed in C2 is explained by the accumulation of diatoms
(Rhizosolenia spp.) in the DFM. These cells have a characteristic volume between 4000
and 8000 pm? (that is, between 20 and 25 um approximately) and contribute signifi-
catively to the high amount of chlorophyll and biovolume in the microplankton
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compartment. The size spectrum of A1 also shows a discontinuity just in the transition
from flow cytometry to image analysis. In this case, the jump is explained by the
accumulation in the DFM of a diverse and relatively abundant community of small
dinoflagellates with cell size around 8-10 um, just in the upper limit of the selected
flow cytometry subrange and the first size classes covered by microscopy and image
analysis. The conservative character of the subranges selected from each methodologi-
cal approach allow the conclusion that these are real deviations within the global size
spectrum and that they are not artifacts derived from the necessary use of two
complementary methodologies.

The approximate constancy and ubiquity of picoplankton is confirmed in Fig. 8,
where the biovolume of typical size compartments (as defined by Sieburth et al., 1978)
are compared (see Section 2). Biovolume differences between anticyclonic and
cyclonic areas are due to nanoplankton and particularly microplankton. Obviously,
in terms of cell numbers oligotrophic environments are characterized by the domin-
ance of picoplankton cells, but their absolute contribution to the DFM phyto-
plankton community does not vary much in spite of the greatly varying physical
conditions found in the Alboran Sea. In terms of biovolume, picoplankton abundance
is between 20,000 (A1) and 40,000 um>*ml ! (C2) whereas total biovolume changes

7.0 10
6.0 10° M PICOPLANKTON —
NANOPLANKTON
5
5.0 10 [0 MICROPLANKTON
4.0 10°

BIOVOLUME (um® / ml)

At A2 Ci1 c2

Fig. 8. Comparative integrated biovolume of picoplankton (from 0.6 to 2pm ESD), nanoplankton
{2-20 pm) and microplankton (from 20 um up to the largest size included in the spectrum, 80 pm) in the four
selected structures.
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from 10° to 10° pm> ml~'. Microplankton biovolume is in the same order of magni-
tude as picoplankton in the anticyclonic gyres but increases sharply up to more
than 6 x 10° um®ml~! in the cyclonic gyre C2. The nanoplankton compartment
follows the same tendency, with intermediate biovolume values. In relative terms, the
picoplankton compartment represents approximately 3 of total biovolume in A1 but
drops to less than 5% in C2, where microplankton increases up to more than 60% of
total biovolume. Nanoplankton relative contribution is rather constant and around
35% of total biovolume in the four cases studied. Thus, picoplankton cells are
ubiquitous and their absolute abundance similar under different hydrographic struc-
tures. It is the growth and accumulation of large cells (large nanoplankton and mainly
microplankton) that make cyclonic gyres different.

Our overall conclusion is that the DFM is shallower in cyclonic areas and contains
high chlorophyll and biomass due to the abundance of large cells, which leads to
a size-abundance spectrum with a less negative slope. In anticyclonic areas the DFM
is deeper and contains low amounts of chlorophyll and biomass due to the absence of
large cells, which leads to a more negative slope of the phytoplankton size-abundance
spectrum. Picoplankton, or very small cells in general, are invariant in relation to the
physical structure at the scales of the study.
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