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Phytoplankton pigment distribution in relation to upper
thermocline circulation in the eastern Mediterranean
Sea during winter

Francesca Vidussi', Hervé Claustre', Beniamino B. Manca?, Anna Luchetta’,
and Jean-Claude Marty"

Abstract. Using a sampling grid of 67 stations, the influence of basin-wide and subbasin-
scale circulation features on phytoplankton community composition and primary and new
productions was investigated in the eastern Mediterranean during winter. Taxonomic pig-
ments were used as size class markers of phototroph groups (picophytoplankton, nanophy-
toplankton and microphytoplankton). Primary production rates were computed using a light
photosynthesis model that makes use of the total chlorophyll a (Tchl a) concentration pro-
file as an input variable. New production was estimated as the product of primary produc-
tion by a pigment-based proxy of the fratio (new production/total production). For the
whole eastern Mediterranean, Tchi a concentrat1on was 20.4 mg m2, and estimated primary
and new production were 0.27 and 0.04 g C m™ d! ,respectively, when integrated between
the surface and the depth of the productive zone (1.5 times the euphotic layer). Nanophyto-
plankton and picophytoplankton (determined from the pigment-derived criteria) were the
dominant size classes and contributed to 60 and 27%, respectively, of Tchi a, while micro-
phytoplankton contributed only to 13%. Subbasin and, to a certain extent, mesoscale struc-
tures (cyclonic and anticyclonic gyres) were exceptions to this general trend. Anticyclonic
gyres were characterlzed by low Tchl a concentrations (18.8 + 4.2 mg m™, with the lowest
value being 12.4 mg m~) and the highest picophytoplankton contribution (40% of Tchl a;
In contrast, cyclonic gyres contained the highest Tchl a concentration (40.3 + 15.3 mgm
with the hlghest microphytoplankton contribution (up to 26% of Tchl a). Observations con-
ducted at a mesoscale in the Rhode gyre (cyclonic) region show that the core of the gyre is
dominated by microphytoplankton (mainly diatoms), while adjacent areas are characterized
by high chlorophyll concentration dominated by picophytoplankton and nanophytoplankton.
We estimate that the Rhodes gyre is a zone of enhanced new production, which is 9 times
higher than that in adjacent oligotrophic areas of the Levantine basin Our results confirm
the predominance of oligotrophic conditions in the eastern Mediterranean and emphasize
the role of subbasin and mesoscale dynamics in driving phytoplankton biomass and compo-

sition and, finally, biogeochemical cycling in this area.

1. Introduction

It is recognized that physical processes affect the structure
of plankton communities [Legendre and Demers, 1984; Mann
and Lazier, 1991]. Water movements, such as eddies and jets,
may cause vertical mixing, which can enhance nutrient trans-
port from deeper water masses to surface layers [Legendre
and Demers, 1984]. This availability of "new nutrients" en-
hances phytoplankton biomass and production [e.g., Lohrenz
et al., 1993; Claustre et al., 1994]. Exogenous nitrates are
principally used by large phytoplankton (microphytoplankton),
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which mainly contribute to new production [Goldman, 1993],
while regenerated forms of nitrogen (ammonium and urea) are
the likely source for small phytoplankton (picophytoplankton
and nanophytoplankton). Therefore the input of new nutrients
in the euphotic layer is expected to modify the composition of
the phytoplankton community. On the basis of the size of the
primary producers, two types of food web pathways can be
distinguished [Legendre and Rassoulzadegan, 1995]: (1) the
herbivorous food web, based on large phytoplankton, herbivo-
rous zooplankton, and fish, and (2) the microbial food web,
which consists of small phytoplankton, heterotrophic bacteria,
and protozoa. Food web structure controls the fate of biogenic
carbon such that export of particulate organic matter occurs
when large phytoplankton and the herbivorous food chain
dominate, whereas the microbial food web leads to recycling
and to weak exportation of organic material [Michaels and
Silver, 1988]. Therefore hydrodynamics can affect the magni-
tude and composition of phytoplankton biomass, the structure
of the food web, and the balance between exported and recy-
cled production [Legendre and LeFevre, 1989].

The influence of hydrodynamic forcing on phytoplankton
community structure may occur at different spatial scales that
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range from a few meters (e.g., the mixed layer depth) to thous-
ands of kilometers (basin scale). Given our present observation
capabilities, this makes the observation of such an influence a
challenge for most oceanic areas. Remote sensing can resolve
large and mesoscale patterns but not phytoplankton communi-
ty structure. On the other hand, discrete sampling allows phy-
toplankton community structure to be characterized but not si-
multaneously over a large range of spatial scales.

The eastern Mediterranean is a relative small basin, which
allows quasi-synoptic resolution of variability on different spa-
tial scales and possesses hydrodynamic processes that are
quite similar to those observed in the open ocean [POEM
group, 1992]. Therefore this basin may serve as an interesting
case study [Béthoux and Gentili, 1994, Malanotte-Rizzoli et
al., 1996] to investigate the influence of hydrodynamics on
phytoplankton community composition and subsequent effects
on biogeochemical cycling. In addition, as the euphotic layer of
the eastern Mediterranean Sea is nutrient-depleted throughout
most of the year, this basin is considered as one of the most
oligotrophic areas of the world’s oceans [Berman et al., 1986].
Moreover, superimposed on this general oligotrophic charac-
ter, episodic blooms and elevated levels of primary production
related to specific hydrographic features have been reported in
field studies or detected through Coastal Zone Color Scanner
(CZCS) imagery [Salihoglu et al., 1990, Krom et al., 1992,
Antoine et al., 1995].

The aims of the present study, conducted in the eastern Me-
diterranean Sea during winter as part of Meteor cruise 31/1,
were (1) to provide evidence for the influence of various circu-
lation features (from basin-scale to meso-scale) on phyto-
plankton community structure using high-performance liquid
chromatography (HPLC)-determined pigmeént biomarkers and
(2) to address the relationships between phytoplankton com-
munity structure and the balance between regenerated and new
production in the various identified circulation features using a
combination of pigment information and a light photosynthesis
model.

2. Methods

2.1. Water Sampling and Analysis

2.1.1. Hydrographic measurements and water sample
collection. The basin-wide Mereor cruise 31/1 (December 30,
1994 to February 5, 1995) was part of both the Physical Ocea-
nography of the Eastern Mediterranean-Biological Chemical

(POEM-BC) and the Marine Science and Technology-Medi-
terranean Targeted Project (MAST-MTP) programs. Tem-
perature and salinity vertical profiles (surface to 250-330 m)
were measured at 69 stations (Figure 1) in the eastern Medi-
terranean Sea using a SeaBird SBE-911 plus conductivity-
temperature-depth profiler (CTD) equipped with a Sea Teach
fluorometer. Quality control CTD data were obtained with
parallel Neil Brown MK3 CTD deep casts. The salinity and
temperature data were routinely checked against independent
measurements performed on board with a Guildline 8400 sali-
nometer (accuracy + 0.002) and digital SIS reversing thermo-
meter readings (resolution + 0.001°C), respectively. Water
samples for nitrates and pigments were collected using a ro-
sette Niskin bottle system at 69 and 67 stations, respectively,
and at 12 shallow depths, which were selected by examining
the fluorometer profiles obtained during the downcast.

2.1.2. Nutrient and pigment analysis. Nutrient (nitrate
and nitrite) samples were collected in acid-washed 50 mL po-
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lypropylene bottles. Nitrate plus nitrite and nitrite were ana-
lyzed on board within a few hours after recovery of the ro-
sette, or frozen until analysis, using a Technicon Auto-analyzer
I according to the procedures described by Grasshoff [1983].
Precision of the method, calculated from five replicates, was
+0.04 uM (Cv <5.0%). Nitrate concentrations were obtained
subtracting nitrite from nitrate plus nitrite concentrations. The
depth of the nitracline (Z,) was calculated as the depth of the
center of the gradient of the NO; profile.

For pigment analysis, 2-4 L of seawater were filtered
through 25 mm GF/F Whatman glass fiber filters. The filters
were stored in liquid nitrogen until the end of the cruise and
then frozen (-20°C) until analysis. Samples were extracted in 3
mL methanol, which contained a known amount of the internal
standard Zn(IT) pyropheophorbide a octadecyl ester [Man-
toura and Repeta, 1997]. Pigment extracts were stored for 1
hour at -20°C sonicated with a sonication probe, and subse-
quently, filtered onto 25 mm GF/C Whatman glass fiber fil-
ters. Pigments were analyzed by HPLC using the method and
chromatographic system (augmented with a Thermo Separa-
tion Products Autosampler AS3000) described by Vidussi et
al. [1996]. The Autosampler mixed 800 pL of extract with
400 pL of 1 M ammonium acetate before injection through a
500 pL loop onto a 3 um C8 column (Hypersil® endcapped
MOS, 10 cm, 4.6 mm ID, Shandon). Pigments (chlorophylls
and carotenoids) were detected and quantified using a variable
wavelength Milton Roy detector set to 440 nm. Pigments were
identified using an on line diode array detector (Waters 991)
on selected samples. The HPLC system was calibrated using a
chlorophyll a standard (Sigma) and chlorophyll and carotenoid
standards as recommended by Scientific Committee on Re-
search, U. N. Educational, Scientific, and Cultural Organisa-
tion (UNESCO) [Repeta and Bjornland, 1997).

2.2, Data Processing and Analysis

2.2.1. Hydrographic measurements. The CTD data were
collected at a maximum rate of 24 scans s”. Throughout this
paper, pressure is used as the vertical coordinate, temperature
is given as potential temperature 6, and salinity is according to
the practical salinity scale. The dynamical computations are
based on a reference level of 800 dbar, which corresponds ap-
proximately to the bottom of the Levantine Intermediate Water
layer [Malanotte-Rizzoli et al., 1997). The dynamic height
anomalies are calculated in m* s in reference to 800 dbar and
depicted subtracting the mean from the computed values. The
objective analyses are made on a regular grid spaced over 1/4°
using an isotropic correlation function fitted to observations
after first order polynomial detrending. The first zero crossing
was typically of the order of 180-200 km, and the decay scale
was reduced by a factor of V2 [Carther and Robinson, 1987].
The field was not represented when the normalized error ex-
ceeded 60%. From an examination of station distributions
(Figure 1), a detailed identification of the horizontal circulation
structures cannot be made. Only the interconnecting basin-
scale jet-like currents and the coarser elements of subbasin-
scale features can be revealed. Features with mesoscale and
submesoscale signatures, i.¢., those with dimensions of 2 or 3
times the internal Rossby radius of deformation, calculated of
the order of 10-12 km [POEM Group, 1992], can be revealed
from the satellite IR image traced by the monthly average sea
surface temperature (SST) over the period immediately before
the cruise (see section 3). However, the near-surface vertical
distribution of temperature and salinity, plotted along the sec-
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Figure 1. (top) Location of stations sampled during Meteor cruise 31/1 between January and February 1995 in the
eastern Mediterranean Sea. (bottom) Map of the investigated area with geographical provinces.

tions crossing the gyres, aid the interpretation of the water
mass pathways observed in the horizontal analysis (see section
3). The mixed layer depth Z,, was defined as the deepest
depth where the potential density does not exceed surface (2.5
dbar) density by a given threshold. Thresholds of 0.01, 0.02,
0.03, 0.04, and 0.05 were examined. In 90% of the cases the
0.01 criterion was retained.

2,2.2. Taxonomic pigments and size structure indices.
The chemotaxonomic correspondence of HPLC-determined
pigments (Table 1) can be used to study the phytoplankton
community composition [e.g., Gieskes et al., 1988; Goericke
and Repeta, 1993; Claustre and Marty, 1995]. With the in-
creasing capacity of HPLC techniques (reduction of the analy-
sis time and automation), pigment databases are generally
large (e.g., 804 samples in this study). Moreover, some pig-
ments may covary with others or be redundant, which can

make data interpretation and visualization tedious. Therefore
data reduction is required in order to extract the relevant in-
formation, especially for a purpose of comparison with the
major patterns of hydrography. Furthermore, from a biogeo-
chemical point of view the size structure of phytoplankton
communities is a more appropriate parameter than the com-
munity composition itself. Small phytoplankton are generally
associated with nutrient-depleted oligotrophic waters, while
large phytoplankton predominate in nutrient-rich and produc-
tive systems. Therefore pigment data reduction was performed
with this aim in mind using the size taxonomic pigment corre-
spondence presented in Table 1.

The diagnostic pigments (DP, in mg m™ or in mg m”) are
defined as the sum of seven diagnostic pigments:

DP=Zea+Tchl b+Allo+19’-HF+19’-BF+FucotPeri. (1)
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Table 1. Taxonomic Pigments Used in This Study and Their Significance in Term of Size Class

Pigments Abbreviations Taxonomic Significance Size um  References”
angcanthin Zea cyanobacteria and prochlorophytes <2 1,2,5
Divinyl-chlorophyll a Dv-chl a prochlorophytes <2 3,4,5
Chlorophyll b+Divinyl-chlorophyll 5  Tchl b green flagellates and prochlorophytes <2 6,7,8,9

19" hexanoyloxyfucoxanthin 19'-HF chromophytes nanoflagellates 2-20 10,11, 12,13, 14
19" butanoyloxyfucoxanthin 19-BF chromophytes nanoflagellates 2-20 10, 13, 14, 15,16
Alloxanthin Allo cryptophytes 2-20 14,17
Fuc.oy_canthin Fuco diatoms >20 10, 11,13, 18
Peridinin Peri dinoflagellates >20 18, 19, 20

®References are 1, Gieskes et al. [1988); 2, Guillard et al. [1985]; 3, Goericke and Repeta [1992]; 4, Gieskes and Kraay
[1983a); 5, Chisholm et al. [1988]; 6, Partensky et al. [1993]; 7, Moore et al. [1995]; 8, Jeffrey [1976]; 9, Simon et al. [1994],
10, Bjernland and Liaaen-Jensen [1989]; 11, Hooks et al. [1988]; 12, Arpin et al. [1976]; 13, Wright and Jeffrey [1987]; 14,
Jeffrey and Vesk [1997]; 15, Andersen et al. [1993]; 16, Bjornland et al. [1989]; 17, Gieskes and Kraay [1983b]; 18, Kimor et
al. [1987]; 19, Johansen et al. [1974]; and 20, Jeffrey et al. 1975.

The prochlorophyte marker divinyl (DV)-chl a (Table 1) is not
included in DP as zeaxanthin is a marker of surface prochloro-
phyte populations (together with cyanobacteria) and Tchl b is a
marker of deep prochlorophyte populations (together with
green flagellates). Figure 2 shows that water column-inte-
grated (0-300 m) total chlorophyll a (Tchl @) concentration is
linearly related to integrated DP (linear regression was calcu-
lated using the model II geometric mean method). The rela-
tionship 1s significant (r=0.97, n=67, and p<0.001), which
makes DP a valid estimator of Tchl a. We assume that each
diagnostic pigment contributes equally to chlorophyll a (chl ),
an assumption that is not strictly realistic since diagnostic pig-
ment/chl a ratios may vary with species and physiological state
[e.g., Kana and Glibert, 1987]. Nevertheless, this assumption
is reasonable for mapping purposes and interpretation of gene-
ral trends on a large-scale basis.

The biomass proportion (BP) associated with each size
class is further defined as

BP,,=(Zea+Tchl b)/DP, )
BP,.no=(Allo+19'-HF+19'-BF)/DP, (3)
BP..ucro =(Fuco+Per)/DP, C))

where the subscripts pico, nano, and micro refer to the size
classification of Sieburth et al. [1978]: picophytoplankton (<2
um), nanophytoplankton (2-20 pm), and microphytoplankton
(20-200 pm).

The pigment-derived classes defined here do not strictly re-
fer to the true size of phytoplankton as can be the case for
studies based on chlorophyll size fraction. In particular, dia-
toms (fucoxanthin) and dinoflagellates (peridinin) are associ-
ated here with microphytoplankton, which is not always the
rule (e.g., diatoms <20 um have been reported in the tropical
Pacific by Chavez et al. [1996]). Although studies focused on
phytoplankton size in the eastern Mediterranean are scarce, the
investigation of Kimor et al. [1987] off the coast of Israel
(eastern Mediterranean Sea) reported that large (>65 pm)
diatoms and dinoflagellates dominate the community (more
than 90% of the cell number). This observation is at least a
partial validation of the pigment-derived size class BPpgo.
Note that BP,. is equivalent to the Fp ratio [Claustre, 1994],
defined as the biomass ratio of phytoplankton involved in new
production over total phytoplankton, and, as such, is a proxy of
the f ratio (new production/total production) [Eppley and Pe-
terson, 1979]. This means that together with a size signifi-

cance, some of the criteria defined, also have a func-
tional/biogeochemical significance.

Finally, the average (n=804) pigment composition within
each class determined from the pigment-derived criteria was
as follows: (1) picophytoplankton (zea+Tchl ) were com-
posed of 52% of zeaxanthin, 33% of chlorophyll b, and 15%
of divinyl-chlorophyll 5; (2) nanophytoplankton (19'-HF+19'-
BF+Allo) were composed of 68% of 19'-HF, 29% of 19'-BF,
and 3% of alloxanthin, and (3) microphytoplankton
(Fuco+Peri) were composed of 82% of fucoxanthin and 18%
of Peridinin.

Integrated Tchl a (£Tchl @ in mg chl a m™) was computed
for the 0-1.5 Z, layer (hereafter called the “productive layer”)
where Z, corresponds to the euphotic depth defined as the
depth where the photosynthetically available radiation (PAR)
is reduced to 1% of its surface value. Z, was estimated using
the model described by Morel [1988] on the measured HPLC-
Tchl a profile. The chl a associated with each size class (in mg
chl a m™) is subsequently computed as the product of BP and

70

DP=0.834 Tchla- 1.110
(r=0.97; n=67)
0 T T T T T T
0 10 20 30 40 50 60 70

Tehla (mg m>)

Figure 2. Relationship between water column-integrated (0-
300 m) concentrations of Tchl @ and DP.
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Tchl a, both integrated down to 1.5 Z,:

Zpico chl a=BP,,, ZTchl a, (5)
Znano chl &=BP,,,, ZTchl a, (6)
Zmicro chl a=BPy;,, ZTchl a. N

2.2.3. Computation of primary and new production.
Primary production was computed according to the spectral
photosynthesis model of Morel [1991]. This model first em-
ploys an atmospheric segment, which computes, for each day
and a given latitude, the spectral irradiance at the ocean sur-
face for a clear sky. The biooptical segment of this model,
which is based on standard parameters of algal physiology
[Morel el al., 1996], predicts the vertical profile of daily pri-
mary production from measured Tchl a profile and measured
temperatures. The same algal physiological parameters [Morel
el al., 1996, table 1, version 2] were employed here; however,
no attempt was made to account for the possible dependence
of physiological parameters on community composition in the
computation of primary production. Estimates of modeled
primary production calculated in this study were not compared
to field measurements, and no sensitivity analysis of the model
was possible because “C prlmaly production rates were not
measured dunng Meteor crulse 31/1. Integrated primary pro-
duction (EPP, in g C m™ d) was computed down to 1.5 Z
Subsequently, the integrated new production (ENP, in g C m™
d™) was defined as

ENP=BP,;.,,.2PP. ®)

Similarly, regenerated production (ZRP, in g C m? d”) was
defined as

ZRP =(1-BP iero) ZPP. )

According to previous studies that report that principally large
phytoplankton (e.g., diatoms) are involved in new production
[e.g., Goldman, 1993, Villareal et al., 1999] the new produc-
tion computed here takes into account only the contribution of
microphytoplankton (diatoms and dinoflagellates). Therefore
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this new production may be an underestimate when N, fixing
cyanobacteria are abundant and in the case when algae other
than diatoms or dinoflagellates (e.g., prymnesiophytes) con-
tribute significantly to new production.

3. Results

3.1. Whole Eastern Basin

The dynamic height anomaly at the surface with reference
to 800 dbar (Figure 3) essentially shows the most significant
features of the upper thermocline general circulation (for no-
menclature, see Robinson et al. [1991], Ozsoy et al. [1993],
and Theocharis et al. [1993]. In winter 1995 the general cir-
culation shows a near-surface current that, entering through
the Sicily Strait (Figures 3 and 4), meanders into the northern
Ionian transporting Modified Atlantic Water (MAW). The
major branch of the current turns southward and veers to the
east upon entering the Cretan passage (south of Crete) where
it rejoins the Mid-Mediterranean Jet (MMJ) transporting
MAW into the Levantine basin. The satellite image (Plate 1a)
indicates warm surface water along the coastal regions, which
is up to 6°C higher than cold patches located within the basin
interior. A tendency for general anticyclonic rotation is evident
(Plate 1a; e.g., in the Ionian interior and along the African
coast) and is associated with low surface layer nitrate concen-
trations (generally <0.5 uM and sometimes undetectable; Plate
1b), except in some peculiar situations (see later). At the same
time, Tchl a concentrations integrated over the 0-1.5 Z, layer
(ZTchl a) were low (12.6-33.5 mg chl a m? Plate 1c).
Among the different phytoplankton classes (determined from
the pigment-derived criteria) the microphytoplankton biomass
showed the largest variability (from 0.9 to 11.8 mg chl a m?)

compared to nanophytoplankton (from 7.3 to 21.5 mg chla
m?) and picophytoplankton biomasses (from 3.3 to 9.7 mg chl
a m? Plate 2). Nevertheless, nanophytoplankton was the
dommant algal size class (Table 2). The integrated primary

26°E 30°E 34°E 38°E

Longitude

Figure 3. Dynamic height anomalies (m’s) at the surface with reference to 800 dbar during the Meteor cruise 31/1
(January 1995). The network of CTD stations is marked by dots.
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Plate 1. (a) Satellite image of monthly averaged SST (December 1994) and distribution of (b) nitrate concentrations
at 10 m and (c) ZTchl a concentrations in the eastern Mediterranean Sea during winter. Data of satellite image are

courtesy of Deutsche Forschungsanstait fiir Lufi-und Raumfahrt e.V., reprocessed at OGS, Trieste, Italy, by C.
Fragiacomo.
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Plate 2. Distribution of (top) Zpico chl @, (middle) Znano chl a, and (bottom) Zmicro chl a@ concentrations in the
eastern Mediterranean Sea during winter.
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Figure 4. Vertical distributions of (top) temperature and (bottom) salinity down to 800 dbar (a) for the cross section
through the eastern Mediterranean (see insert map), (b) for the cross section in the Ionian (see insert map), and (c) for
the cross section in the Levantine basin (see insert map). The numbers at the top axis indicate the station positions

along the section,

production rates ranged from 0.17 to 0.42 gC m2 4" (Plate 3).
Integrated new production rates were variable and ranged over
more than one order of magnitude (from 0.01 t 0.15 gC m?d"",
Plate 3). The Tchl a concentrations were quasi-homogenously
distributed in the euphotic layer, and surface values varied
between 0.090 and 0.485 mg m™ (Figure 5). Phytoplankton
class concentrations and estimated productions (NP and RP),
when plotted against nitrate concentrations integrated over the
productive layer (Znitrate, Figure 6), showed different linear
relationships: microphytoplankton was positively correlated
(p<0.001, r=0.66, and n=64) with Znitrate concentrations,

while the reverse was observed for picophytoplankton
(»<0.001, and r=0.62). In contrast, no relationship was ob-
served between nitrate and nanophytoplankton. Finally, nitrate
concentrations were positively correlated with new production
(»<0.001 and r=0.63), while no significant relationship was
observed between nitrate and regenerated production (r=0.13).

3.2. Regional Oceanography

The geographical regions (Figure 1) were analyzed sepa-
rately on the basis of their hydrographic properties and dy-
namics and their effect on chemical and biological response,
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Figure 4. (continued)

namely, the Adriatic Sea, the Ionian basin, the Aegean Sea,
and the Levantine basin. In addition to the continuous current
system described above, the eddy field provides evidence for
some local structures, which partially define the former system
and which have been described in detail in the geographical
region sections. Since some structures (e.g., the intense Iera-
petra anticyclone to the southeast of Crete, Plate 1a) were not
adequately covered by the station network, only the well cov-
ered structures have been described in detail.

3.2.1. Adriatic Sea. The southern portion of the Adriatic
Sea is characterized by cyclonic circulation (Figure 3). Colder
and saltier water of Levantine origin intrudes into the Adriatic
Sea in the intermediate layer and upwells in the center of the
gyre. The cyclonic vorticity is generally defined by the out-
cropping of the isotherm 13.3°C and isohaline 38.60 at station
17. Here the dynamics mixed the upper 250 m (Figure 4) and
upwelled nitrate-rich water (5 uM) in the euphotic layer (Plate
1b). In response to the upwelling of nitrate-rich waters, rela-

tively high concentrations in ZTchl a (24 1+2.3 mg chl a m?),
Znano chl a (13.8 + 1.7 mg chl a m®), and Emicro chl a (6.1
+ 0.9 mg chl a m™) were observed (Plates 1 and 2 and Table
2). Despite relatively high ZTchl @ concentrations, mean PP
rates were the lowest estimated when compared to the other
regions. Conversely, mean INP rates were the highest (Table
3).

3.2.2. Ionian basin. In the Ionian the MAW is entrained
anticyclonically around the stream forming a pool of light less
saline water (salinity <38.50) accompanied by high tempera-
tures in the range 14.3-15.5°C (Figure 4). Thus low surface
density values characterize this region, forming a well-
developed seasonal pycnocline (not shown) separating the
water of Atlantic origin from that of Levantine origin at the
intermediate layer. This pycnocline limits nutrient upwelling in
the euphotic zone, and surface nitrate concentrations were
generally low (<0.5 pM, Plate 1b). Particularly low nitrate
concentrations (<0.1 pM, Plate 1b) were related to the large
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Figure 4. (continued)

Ionian anticyclone (Figure 3), which was also assoc1ated with
low ZTchl a concentrations (17.3£1.6 mg ch chl a m™) and low
estimated PP rates (0 233003 g C m” d") and NP rates
(0.02+0.01 g C m2 d”, Plates 1¢ and 3). The concentrations of
Znano chl a (9 7+1.8 mg chl @ m?) and Emicro chl a (1.7+0.7
mg chl @ m?) observed in this anticyclonic structure were
among the lowest measured in the whole eastern basin (Plate
2), whereas Zpico chl a concentratlons were the highest re-
corded (5.941.1 mg chl @ m?). However, nanophytoplankton
always prevailed over picophytoplankton (Plate 2). The second
main structure in the Jonian is the doming structure in tem-
perature and salinity (station 26), which is generally indicative
of a small-scale cyclonic activity. Associated with this struc-
ture, relatively high nm'ate and ZTchl g concentrations (1pM
and 20.4+1.0 mg chl a m , respectively) and estimated ZPP
rate (0.27+0.01 g C m™ d™*) were found (Plates 1 and 3).

3.2.3. Aegean Sea. The southern Aegean was character-
ized by a series of cyclonic eddies. A meandering current

seems to advect surface water from the Aegean interior,
through the Western Cretan Arc Straits (namely, the Kytherian
Straits), into the Cretan passage. It flows eastward south of
Crete, while the MM] transporting MAW is shifted southward
close to the African coast. This feature is evident in the satel-
lite image (Plate 1a), which displays two symmetrical cold-
core waters indicative of cyclonic eddies at both western and
eastern flanks of Crete. The eddies are not so evident in the
corresponding objective map (Figure 3) because of the coarse
data resolution in this region. In the southem Aegean the aver-
aged ZTchl a concentration was similar to the mean calculated
for the whole eastern Mediterranean (Table 2). Despite differ-
ences in nitrate and ETchl a concentrations (Plate 1), the
phytoplankton composition was similar for all the stations:
nanophytoplankton (61%) predominated over picophytoplank-
ton (22%) and microphytoplankton (17%).

3.2.4. Levantine basin. The physical and biochemical
property distributions changed with the transition from the
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Table 2. Phytoplankton Biomass for the Whole Basin and for the Various Regions of the Eastern Mediterranean Sea

in Winter®
Region or Basin n Surface, ZTchl a, Zpico chl a, Znano chl a, Zmicro chl g
% mg chl am” mgchl am’ mg chl a m” mg chl @ m”

Eastern Mediterranean® 67 100 20.4 54027 12.6 (60) 2.9(13)

Adriatic Sea 5 8 24.1£2.3 4211 (17 13.8+1.7 (57) 6.1£0.9 (26)
Ionian basin 14 46 19.0+2.9 5.5£1.3 (30) 11.2+£2.6 (58) 22406 (11)
Acgean Sea 10 11.5 18.8+2.8 4.0+0.9 (22) 11.5+£2.3 (61) 3.2+1.0(17)
Levantine basin 38 345 22.144.5 59+1.5(27) 13.6+2.8 (62) 2.7£2.0 (12)

®The integrated concentration (surface to 1.5 Z) is reported for ZTchl a and for three phytoplankton classes (determined from
the pigment-derived criteria): picophytoplankton chl a (Zpico chl a), nanophytoplankton chl a (Znano chl a) and microphyto-
plankton chl & (micro chl a). Surface refers to the percentage of sea surface covered by each region, and » is the number of pig-
ment profiles. Data are presented as the mean =1 standard deviation. The percentage to £Tchl a of each phytoplankton class is

given in parenthesis.

e average is weighted according to the surface covered by each region.

Ionian to the Levantine basin. To the east of the eastern Cretan
passage the near-surface contours (Figure 4) indicated high
salinities ranging between 38.85 and 39.0, accompanied by
higher temperatures (0 >16°C). Thus a frontal system was es-
tablished in the upper 150-200 m within the interior of the
Cretan passage. In the Cretan passage it seems that the path-
way of MAW is contrasted by an opposing flow of salty water
of Levantine origin. At the entrance of Levantine basin, small
packets of MAW (6 >15.5°C and S <38.85) occupied the
southernmost portion of the section at stations 50 and 49 in the
upper layer of 150 dbar (Figure 4). The hydrographic struc-
tures in the Levantine basin, which were better covered by the
sampling grid, were (Figure 3 and Plate 1a): (1) the Cretan cy-
clone, (2) the Rhodes gyre, and (3) the multilobe anticyclone in
the southernmost region and along the Egyptian coast (namely,
the Mersa-Matruh and the Shikmona gyres). In response to the
Cretan cyclone, the broader cyclonic circulation southwest of
Crete, relatively high ZTchl a concentrations were measured
(Plate 1c) and relatively high ZPP and INP rates were esti-
mated (Plate 3). The major hydrographic feature in the Levan-
tine basin is characterized by a broad cyclonic circulation cen-
tered over the topographic depression southeast of Rhodes is-

w (a) E N
0’70§ 1|0 2|7 ?I,O

land (i.e., the Rhodes gyre). It extends from the eastern Cretan
Arc Straits to the west of Cyprus and includes the West Cy-
prus cyclonic eddy (Figure 3). This permanent feature [Robin-
son et al., 1991] is bordered to the north by the westward me-
andering Asia Minor Current (AMC), while to the south a
contrasting system is established by the multilobe anticyclonic
circulation. The crescent shape of the Rhodes gyre to the south
penetrates into the anticyclonic region. The MAW is found at
the left of the section in Figure 4 that corresponds to the south-
em portion of the Cretan passage (see insert of Figure 4). The
most striking feature is represented by the doming of the iso-
therms and isohalines at station 63 situated at the center of the
Rhodes gyre (Figure 4). Its influence encompasses stations 54
and 57, which border the gyre. The center of the gyre is char-
acterized by the relatively cold and less saline water that
clearly upwells from the deep layer (6 = 14.5°C and § =
38.94). The upwelling transports nitrate into the euphotic
layer, which was much higher in the center of the gyre (NO; =
4 pM) than at the border or in adjacent areas (<1 pM, see
Plate 1b). In the Rhodes gyre the ZTchl a (32.9 mg chl a m?)
and estimated PP and NP rates (0.42 and 0.15 g C m™ d”, re-
spectively) were among the highest for the whole eastern
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Figure 5. Vertical distribution of Tchl a (mg chl @ m™) (a) for the cross section through the eastern Mediterranean,
(b} for the cross section in the Ionian, and (c) for the cross section in the Levantine basin. Z, is the depth of the eu-
photic zone, Z,,; is the mixed layer depth, and Z, is the depth of the nitracline. For the cross sections, see the insert
map in Figure 4. The numbers at the top axis indicate the station positions along the section. Note that at stations 17

and 63, Z,,is 475 and 800 m, respectively.
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Mediterranean (Plates 1c and 3). These relatively high bio-
masses were mainly due to microphytoplankton and nanophy-
toplankton in the center of the gyre, whereas nanophytoplank-
ton and picophytoplankton dominate at the periphery (Plate 2).
In contrast, nitrate concentrations in the euphotic zone were
<0.1 uM (Plate 1b), and lower ZTchl a concentrations as well
as estimated ZPP and ZNP rates were observed (17.0 mg chl
am?and 0.23 and 0.02 g C m™ d" respectively; Plates 1c and
3) in the southern multilobe anticyclone region (e.g., Shikmona
eddy). In this anticyclone the Ipico chl a made an important
contribution to the ZTchl a (40% ZTchl a). Conversely, mi-
crophytoplankton contributed <8% to ZTchl a .

4. Discussion

4.1, General Trends at the Basin Scale

At the basin scale the upper thermocline general circulation
in the eastern Mediterranean is dominated by the spreading of
MAW (less salty and warmer). This limits nutrient upwelling
from deeper to surface layers, and thus the MAW can be con-
sidered as the main driving force behind the general oligotro-
phic character of the whole eastern basin. This view remains
valid despite the fact that the nutricline is about 100 m shal-
lower than the previous observations in 1987 because of the
general uplifiing by the large intrusion of new deep waters at
the bottom of the basin [Klein et al., 1999].

The present study confirms the previously reported
oligotrophic character of the eastern Mediterranean Sea al-
ready reported elsewhere [Berman et al., 1986; Krom et al.,
1991; Antoine et al., 1995]. Surface waters were generally
nutrient-depleted (Plate 1b), and phytoplankton biomass as

well as estimated primary production rates were low (Plates 1
and 3 and Tables 2 and 3). Moreover, the phytoplankton bio-
mass was essentially dominated by picophytoplankton and
nanophytoplankton (87% of Tchl a). As a consequence, new
production rates as estimated from the proportion of micro-
phytoplankton (see (8)) were very low. Although our estimates
of new production are derived from pigment measurements
performed over a 1 month period, and thus mainly reflect the
spatiotemporal context of their acquisition, it is tempting to
extrapolate these rates of new production to an annual scale for
a comparison with previous studies. The estimated value of
new production extrapolated to an annual scale (13.5 g C m”
yr') is in agreement with the estimation of Béthoux [1989]

Table 3. Estimated Phytoplankton Productions for the Whole
Basin and for the Various Region of the Eastern
Mediterranean Sea in Winter®

Region or Basin n ZPPi ZNP,
gCm?d’ gCm?d"
Eastern Mediterranean® 67 0.27 0.04
Adriatic Sea 5 0.24+0.03 0.06+0.01
Ionian Sea 14 0.25+0.04 0.03+0.02
Aegean Sea 10 0.25+0.04 0.04+0.01
Levantine basin 38 0.30+0.05 0.04+0.03

® The integrated rate (surface to 1.5 Z,) is reported for primary
(ZPP), and new production (ENP). Data are presented as the mean %1
standard deviation, » is the number of pigment profiles.

®The average is weighted according to the surface covered by each
region reported in Table 2.
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based on deepwater circulation and oxygen budgets (12 g C
m? yr'). The agreement between these two independent
methods validate, at least partly, the pigment-based approach
proposed in this study to get estimates of new production from
pigment profiles alone. However, our estimate, when con-
verted in terms of nitrogen (134 mmoles N m? yr) through
the use of a C/N ratio of 106:12.6 proposed for the Mediterra-
nean [Krom et al., 1992], was lower than the 210 mmoles N
m? yr’ computed by Krom et al. [1992] based on results in
the Shikmona gyre. Our estimate and that of Béthoux [1989]
could be low because N, fixation, potentially significant in the
eastem Mediterranean as in other oligotrophic regions [Car-
penter, 1983; Olson et al., 1990], is not accounted for in these
calculations. Indeed, to explain the unbalanced N budget as
well as anomalous N/P ratios in the Mediterranean basin,
Béthoux and Copin-Montegut [1986] suggested that N, fixa-
tion, possibly by cyanobacteria, should be taken mto consid-
eration. To our knowledge, there have been no studies devoted
to planktonic N, fixing organisms (e.g., Trichodesmium) for
the eastern Mediterranean sea. Therefore the possible role of
cyanobacteria in N, fixing in the Mediterranean Sea seems to
be a crucial point that must be clarified in order to establish a
more accurate nitrogen budget of the basin. In addition, our
annual estimate of new production does not take into account
seasonal variations in chlorophyll, which is the basis of the es-
timation of primary and new productions in this study. In fact,
seasonal variations of PP could be significant in different areas
of the eastern Mediterranean as has been reported by Antoine
et al [1995). Antoine et al [1995] showed a twofold in-
crease in the modeled PP during summer, essentially due to
the increase in biomass and n PAR during this period.

The observed prevalence of nanophytoplankton and
picophytoplankton classes (determined from the pigment-de-
rived criteria) is in agreement with previous studies in Medi-
terranean waters, which reported the dominance (80-100% of
the Tchl a biomass) of phytoplankton <10 um [Raimbault et
al., 1988; Li et al., 1993; Yacobi et al., 1995]. Consequently,
because protozoa are the main grazers of picophytoplankton
and nanophytoplankton [4zam er al., 1993], the microbial food
web [Legendre and Rassoulzadegan, 1995; Azam et al.,
1983] is likely to be the prevalent trophic pathway in the east-
ern Mediterranean.

However, the most interesting result is that nanophyto-
plankton prevail over picophytoplankton. This dominance and
ubiquity of nanophytoplankton seems to be a typical charac-
teristic of Mediterranean autotrophic communities [Li ef al.,
1993; Barlow et al., 1997]. In this sense the communities dif-
fer from the phytoplankton communities of "“typical" open
ocean oligotrophic areas, like the central gyres of oceans,
which are generally picophytoplankton-dominated [Goericke
and Welschmeyer, 1993; Letelier et al:, 1993; Claustre and
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Marty, 1995]. In particular, in other oligotrophic areas, pro-
chlorophytes generally account for the larger amount of bio-
mass [Goericke and Welschmeyer, 1993; Letelier et al., 1993
Claustre and Marty, 1995]. In the present study the pro-
chlorophyte contribution, estimated using DV-chl a as a
unique prochlorophyte marker [Goericke and Repeta, 1992],
accounted for only 11% of Tchl a (but see later differences at
subbasin scale).

To support these observations, we have compared the com-
position of phytoplankton communities (derived from pigment
estimation) in the eastern Mediterranean (this study) to those
from monthly estimates at the Hawaii Ocean Time-series
(HOT) [Karl and Lukas, 1996] and at the Bermuda Atlantic
Time-series (BATS) [Michaels and Knap, 1996] (data avail-
able from the U.S. Joint Global Ocean Flux Study data man-
agement office, http://www1.whoi.edwjgofs). Stations Aloha
in the North Pacific subtropical gyre (study site of HOT) and
Bermuda in the North Atlantic (BATS) can be considered as
typical oligotrophic areas [Karl and Lukas, 1996, Michaels
and Knap, 1996). Picophytoplankton, nanophytoplankton and
microphytoplankton from HOT (from December 1994 to De-
cember 1998, 49 profiles, 479 samples) and BATS (from De-
cember 1989 to December 1990 and July 1994 to December
1996) databases were determined using the pigment-derived
criteria as described in this study (section 2). DV-chl a at the
HOT site accounted for 40-70% (average 57%) of the Tchl a,
or about fivefold the average value recorded for the eastern
Mediterranean (11%) and 1.6-2.8-fold the higher value meas-
ured in the eastern Mediterranean (25% see below). When
comparing the average percentage of picophytoplankton,
nanophytoplankton and microphytoplankton, picophytoplank-
ton prevailed over nanophytoplankton at the HOT site (63 and
32%, respectively), while both contributed equally at the
BATS site (45 and 48%, respectively). Thus these sites appear
inherently different from the eastern Mediterranean, where
nanophytoplankton were always dominant (60% this study,
Tables 2 and 4). Even if the eastern Mediterranean data are
compared to data from those periods at BATS when nano-
phytoplankton were dominant (>55% of Tchla), picophyto-
plankton remain relatively more abundant at BATS (average
36%) than in the eastern Mediterranean (average 27%, Table
2).

The general conclusion is therefore that even if the eastern
Mediterranean displays a general oligotrophic character (e.g.,
low biomass and low production rates), it differs from other
oligotrophic areas of the world’s oceans in terms of its phyto-
planktonic composition. The origin of such differences, as well
as the potential trophodynamics and biogeochemical implica-
tions, remains to be evaluated. In spite of the differences in the
phytoplankton composition, average PP and NP rates (0.27
and 0.04 g C m” d") were within the range (though near the

Table 4. Comparative Phytoplankton Biomasses and Estimated Primary and New Productions for Cyclonic and
Anticyclonic Structures in the Eastern Mediterranean Sea During Winter®

Structure ZTchl a, Zpico chl a, Znano chl a, Zmicro chl g, }:sz’ %NP,
mg chl g m*> mg chl am’ mg chl a m’ mg chl g m’ gCm*d' gCm?d!
Cyclonic 40.3+15.3 55£1.1(15)  23.3+7.2(59) 11.5%85(26) 0.31+0.10  0.08%0.05
Anticyclonic 18.8+4.2 7.4£1.5 (40)  10.1+3.5(53) 1.3£0.4 (7) 0.22+0.03  0.02+0.01
Cyclonic/anticyclonic 2.1 0.7 23 8.5 1.4 4.5

*Data are presented as the mean 1 standard deviation. The percentage to Tchl a is given in parenthesis.
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Plate 3. Distribution of estimated (top) ZPP and (bottom) ZNP rates in the eastern Mediterranean Sea during winter.
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lower end) of previous values (0.22-0.55 and 0.02-0.18 gC m”
d", respectively) reported for typical oligotrophic areas of the
world’s oceans [Knauer et al., 1990].

4.2, Variability at the Subbasin Scale and Mesoscale

4.2.1. Cyclonic versus anticyclonic gyres. At the sub-
basin scale the oligotrophic character of the eastern Mediterra-
nean Sea can be modified in response to subbasin physical
structures. While nutrient concentrations are low in the eu-
photic zone of the warm anticyclonic gyres, upwelling enriches
the euphotic layer of cyclonic gyres with "new" nutrients. In
response to the nutrient availability, phytoplankton biomass
was 2 times higher in the cyclonic gyres (Adratic gyre, cyc-
lonic structure in the Ionian basin, Cretan gyre, and Rhodes
gyre, Table 4) than in anticyclonic gyres (Ionian and Shikmona
gyres). Phytoplankton size classes also responded markedly to
this subbasin scale activity. When cyclonic gyres are compared
to anticyclonic gyres, the biomass ratio is 8.5, 2, and 0.7 for
microphytoplankton, nanophytoplankton, and picophytoplank-
ton, respectively (Table 4). These differences are further illus-
trated by analyzing the nitrate in the productive layer and the
phytoplankton classes pigment-derived relationship (Figure 6).
Microphytoplankton were positively related to the surface ni-
trate concentrations, while the reverse occurred for picophyto-
plankton. These results are in agreement with previous studies,
which demonstrated an association of large species (e.g., mi-
crophytoplankton) with eutrophic nitrate-rich areas and small
species (e.g., picophytoplankton) with oligotrophic (e.g., ni-
trate-poor) areas [Malone, 1980; Chisholm, 1992]. As a con-
sequence, an increase in nitrate concentrations is associated
with enhanced new production, while regenerated production,
which relies on recycled forms of nitrogen, is not related with
nitrate levels (Figure 6).

4.2.2. Ionian versus Shikmona gyre. In the Ionian and
Shikmona gyres the nitracline was situated below the euphotic
zone (the nitracline was, on average, 40 m below Z, in the Io-
nian Sea and 70 m below Z, in the Shikmona gyre, Figure 5)
and surface nutrient concentrations were always low or unde-
tectable. Thus, in these anticyclonic structures the general oli-
gotrophic character of the Eastern basin was amplified. ZTchl
a concentrations and PP and NP rates were the lowest and the
proportion of picophytoplankton was the highest (40% of Tchl
a, Table 4) of the whole Eastern basin. However, several fea-
tures indicate differences between both gyres. First, diffe-
rences recorded in terms of average particulate organic
carbon/ZTchl a ratio (429 and 276 for the Shikmona and Io-
nian gyres, respectively; data not shown) would suggest that
the Shikmona gyre is an older system of production with a
higher content of non vegetal material (i.e., detritus and/or het-
erotrophs). Furthermore, a more detailed inspection of the
phototrophic prokaryotic community (prochlorophytes and
cyanobacteria) revealed differences between the Ionian and the
Shikmona gyres. The twofold greater prochlorophyte contri-
bution to Tchl a in the Ionian (25% of Tchl a) than in the
Shikmona gyre (12% of Tchl a) and the similar concentrations
of zeaxanthin (cyanobacteria and prochlorophytes marker)
suggest that prochlorophytes were more abundant in the
Jonian, whereas cyanobacteria prevailed in the Shikmona gyre.
Because phosphorus depletion is thought to increase from
west to east [Krom et al., 1991, and references therein], we
speculate that prochlorophytes might be more sensitive to
phosphorus limitation than cyanobacteria.
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The annual new production rate (36 mmoles N m™ yr'), ex-
trapolated from the estimated daily rates in the Ionian and in
the Shikmona gyres using a C/N ratio of 106:12.6 [Krom et
al., 1992], is identical to the estimate of Dugdale and Wil-
kerson [1988] for the whole Eastern basin (36 mmoles N m?
yr''). Dugdale and Wilkerson [1988] made this estimate using
an f ratio of 0.3 and the pnmary production measurements
performed by Berman et al. [1986] in the southeastern Medi-
terranean. However, these estimations did not take into ac-
count seasonal forcing, which may enhance phytoplankton
biomass and new production in both the Ionian and Shikmona
gyres [Antoine et al., 1995; Krom et al., 1992). Thus the esti-
mate of Dugdale and Wilkerson [1988] and that of the current
study for the two anticyclonic gyres should be considered as
minimum values for new production rates in the eastern
Mediterranean.

4.2.3. The peculiar case of the Rhodes gyre. In the Rho-
des gyre, CTD measurements performed during the study pe-
riod showed a 800 m mixed layer in the center of the chimney
[Malanotte-Rizzoli et al., 1996]. The Tchl a content of the 0-
230 m (61.3 mg chl a m™) layer was 2 times greater than the
Tchl a content in the productive layer (32.9 mg chl @ m™ in the
layer 0-83 m). The relatively high Tchl a concentrations (0.2-
0.4 mg chl a m™) down to 150 m suggest that mixing was ac-
tive so that the potentially productive biomass is certainly not
restricted to the 0-1.5 Z, layer. In other words, estimates of PP
and NP rates in the core of the gyre are probably underesti-
mated. Nevertheless, given these possible underestimations,
the average Tchl a concentrations at the surface and PP rates
computed in the Rhodes gyre were fourfold and twofold
higher, respectively, than the values reported by Antoine et al.
[1995] on the basis of CZCS observations. Two reasons may
explain these discrepancies: (1) underestimation of the en-
hanced Tchl a biomass in the Rhodes gyre by CZCS observa-
tions during winter convection [Antoine et al., 1995] and (2)
interannual variability. Previous studies reported that during
cool winters, chlorophyll concentrations were increased as
compared to warmer winters [Ediger and Yilmaz, 1996]. In
addition, the enhanced Tchl a biomass observed can be ex-
plained by recent changes in the deep circulation of the eastern
Mediterranean [Roether et al., 1996], which might affect the
upper thermocline circulation that determines the upwelling of
new nutrients in the Rhodes gyre region. We estimate that the
Rhodes gyre region, which represents only 10% of the whole
Levantine basin, contributed up to 20% of the new production
in this basin (Table 5). This result clearly points out the neces-
sity of taking into account small scale features (subbasin and
mesoscale) when establishing budgets at a larger scale.

High variability in phytoplankton composition was observed
in the Rhodes gyre region. In the core of the gyre the phyto-
plankton community was dominated by microphytoplankton
and nanophytoplankton classes (determined from the pigment-
derived criteria). At the border of the gyre, where high bio-
masses were still recorded (33.5 mg chl @ m?), nanophyto-
plankton and picophytoplankton prevailed over microphyto-
plankton. The upwelling of high-nutrient waters (NO; >4.0
uM) in the core of the Rhodes gyre enhanced microphyto-
plankton biomass, particularly that of diatoms. This group is
recognized as the most opportunistic phytoplankton, benefiting
from upwelling and active mixing [Fogg, 1991]. The occur-
rence of a bloom of nanophytoplankton and picophytoplankton,
in the vicinity of the gyre, is a rather unusual phenomenon.
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Table 5. Biogeochemical Significance of the Rhode Gyre
Region in the Levantine Basin During Winter

INP, ANP?

10 m? gCm?d’ 10%g C d*
Rhodes gyreregion  0.060° 0.071 0.004
Levantine basin 0.511° 0.031 0.016

“ANP is the areal or basin daily new production.

PCalculated on the basis of a rectangular surface where one side is
the distance latitude between stations 61 and 54 and the other side is
the distance longitude between stations 62 and 68.

°Excluded the Rhodes gyre region and case 2 waters [seec Antoine
etal., 1995].

High biomasses of nanophytoplankton have been reported as-
sociated with peculiar hydrodynamic conditions in association
with a geostrophic front in the western Mediterranean [e.g.,
Claustre et al., 1994]. Similarly, mesoscale activity in the vi-
cinity of the Rhodes gyre might be the origin of similar condi-
tions.

5. Conclusions

Phytoplankton composition and primary production meas-
urements in the eastern Mediterranean are very sparse and
generally restricted to particular regions (e.g., the Shikmona
gyre) [Krom et al., 1992]. To our knowledge the only basin-
wide study in the eastern Mediterranean is restricted to chloro-
phyll and primary production derived from ocean color
(CZCS) data [Ansoine et al., 1995]. The study presented here
1s by far the most complete basin-wide survey of phytoplank-
ton biomass and composition in the eastern Mediterranean, in
particular, in the Ionian and Levantine basins.

From the distribution of phytoplankton biomass and new
production it is clear that the eastern Mediterranean is not a
homogenous oligotrophic water body. Although significant
differences at small scales (subbasin scale and mesoscale)
were documented during this study, two main zones can be
recognized in the eastern Mediterranean basin. These corre-
spond to the separation of the basin by the modified Atlantic
water current. a northern zone (north of the 35™ to 38th paral-
lels), which is dominated by cyclonic circulation, and a south-
ern zone which 1s dominated by anticyclonic structures.
Therefore relatively high phytoplankton standing stocks and
new production are confined in the northern zone, while the
oligotrophic character increases in the southern zone, where
biomasses and new production are particularly low.

Our estimate of the annual new production of the eastern
Mediterranean is in agreement with that calculated previously
using an independent method [e.g., Béthoux, 1989]. This re-
sult validates, at least partially, the pigment-based method
coupled with the modeling of primary production for the re-
trieval of new production. Nevertheless, further work is
needed to cross compare such estimates and those derived
from "N incubation techniques. Similarly, the importance of
N, fixation and its potential influence on biogeochemical cy-
cling in the eastern Mediterranean Sea deserves attention.
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