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ABSTRACT The Cyprus Eddy, a warm-core eddy southeast of Cyprus, was sampled towards the end 
of an exceptionally cold winter in early March 1992, within 4 d of a storm and w~thin 24 h of an intru- 
sion of cold air. Depth profiles of temperature, salinity and dissolved nutrients showed an active deep 
mixed layer from the surface to ca 500 m at the core of the eddy, while at the eddy boundaries the 
mixed layer extended only to 150 m. Microb~al populations were evenly distributed over the entire 
upper 500 m at the core station, as iiidicated by chlorophy!! and high performance liquid chromato- 
graphy (HPLC)-determined pigment composition, by flow-cytometric analysis of the ultraphyto- 
plankton, by direct counts of 4',6-diam~dino-2-phenylindole (DAP1)-stained bacter~a and %-thymidine 
measurements of bacterial activity. As far as we know, thls is the first deta~led description of the micro- 
bial populations in a warm-core eddy during the bloom season. The integrated water column chloro- 
phyll content, 59 mg m-2 at the core and 45.5 mg m-2 at the boundary, was more than double the typical 
late autumn values, suggesting a bloom was occurring. Noticeably, this bloom was not delayed until the 
establishment of summer stratification as has been observed previously in warm-core eddies. While 
theoretical considerations based on the calculated critical depth at the core of about 300 m suggested 
that a bloom should not have occurred, our data jointly with previous data from the Cyprus Eddy 
support the hypothesis that interim periods of quiescence between mixlng events enable bloom devel- 
opment even when the mixing depth is greater than the critical depth. Added nutrients and dilution 
of grazers, both resulting from the deep mixing, probably contributed jointly to the enhanced pro- 
ductivity. Based on phytoplankton 11ght-shade adaptation features and cellular chlorophyll fluores- 
cence per cell, we calculated that the rate of vertical mixing in the core was at least 30 m h-' 
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INTRODUCTION 

Mesoscale eddies have been recognized and studied 
as potentially important oceanographic features over 
the past 15 to 20 yr. Recent physical and ecosystem 
modeling attempts (Robinson 1983, Robinson & Gol- 
naraghi 1993, Malanotte-Rizzoli et  al. 1996) have pro- 
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vided new insights into the role these eddies play in 
the dynamics and functioning of the Eastern Mediter- 
ranean Sea.  Cold-core eddies are widely recognized as 
important sources of nutrients for new production, and 
within the oligotrophic Mediterranean 'desert' were 
labeled by Malanotte-Rizzoli (pers. comm.) as 'oases' 
of primary production. During the 1980s it was shown 
that cores of warm-core eddies also constitute areas of 
enhanced productivity as a result of deep winter mix- 
ing (Tranter et  al. 1980, Bradford e t  al. 1982, Jenkins 
1988). 
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A quasi stationary, persistent warm-core eddy (or 
more accurately, sequence of eddies), known as the 
Cyprus Eddy (Fig. l), was identified south of Cyprus in 
the Levantine basin of the Eastern Mediterranean 
(Robinson et al. 1987, Brenner 1989). The eddies are 
thought to form as a result of the interaction between 
the Mid-Mediterranean Jet and the Erastothenes 
Seamount (Brenner 1989), although results from recent 
numerical simulations indicate that the eddy may orig- 
inate as an anticyc1oni.c meander of the shelf break 
frontal system (Brenner 1997). Each individual eddy 
has a lifetime of 2 to 3 yr before it is replaced (Brenner 
1993). 

Krom et al. (1992, 1993) examined the seasonal 
dynamics of nutrients and chlorophyll concentrations 
in this eddy and reported that a phytoplankton bloom 
occurred following deep winter mixing, as manifested 
by elevated chlorophyll content. In this study we sam- 
pled the Cyprus Eddy in late winter to characterize and 
examine in detail the nature of the phytoplankton and 
bacterial populations during this bloom period. Of 
particular interest was a previous observation by Krom 
ct a!. (1992) that in wil~ier (mid-February 1989) in the 

core of the eddy, chlorophyll was present to 500 m 
depth, well below the water layer considered as the 
euphotic zone. At the time of sampling the mixing 
depth in the core, ca 350 m (Krom et al. 1993), was 
greater than the calculated critical depth (<300 m; 
Yentch & Phinney 1985). According to classical theory, 
under such circumstances a phytoplankton bloom 
should not be initiated. Bishop et al. (1986) and 
Smetacek & Passow (1990) have suggested that interim 
periods of quiescence during winter can temporarily 
prevent deep mixing thereby allowing phytoplankton 
populations to bloom even when theoretically the 
mixing depth is greater than the critical depth. 

On the basis of conventional physical and chemical 
measurements made in the water column, it is only 
possible to determine the depth of winter mixing. No 
information can be obtained on the timing of that mix- 
ing nor on the rate of vertical mixing Phytoplankton 
populations are known to adjust their physiological 
responses to variations in the ambient light conditions 
(light-shade adaptation) and thus can potentially 
provide information about timing and rate of vertical 
mixing. In particular, phytoplankton cells modify their 
cellular chlorophyll content depending on the light 
conditions at time scales of a few hours (Falkowski 
1984): at low light intensities cellular chlorophyll 
content is increased, to increase the light-capturing 
capacity. This light-shade adaptation mechanism does 
not operate in complete darkness, e.g. at night. Flow 
cytometry allows the measurement of the chlorophyll 
fluorescence of individual cells, and thus provides a 
quick relative estimate of the chlorophyll content of 
phytoplankton. 

In this study, we used these features of phytoplank- 
ton to put limits on the timing and rate of vertical 
mixing in the water column of the eddy. We also re- 
examined the critical depth concept and provide sup- 
portive field evidence to the Smetacek & Passow (1990) 
modification to the theory. 

METHODS 

A cruise to the Cyprus Eddy was undertaken on 2 to 
5 March 1992 aboard the RV 'Shikmona'. This cruise 
was conducted 4 d after a storm had passed through 
the region and within 24 h of an intrusion of cold air 
into the eastern end of the Levantine Basin. A series of 
stations was sampled for physical and chemical char- 
acteristics at 10 km intervals along N-S and E-W tran- 
sects across the eddy. The center of the eddy was 

Fig. 1 Map of the eastern region of the Mediterranean Sea ,  defined ~reviously (Krom et al. 1992) as the site where 
showins the location of the Cyprus Eddy in relation to the the 15°C isotherm was deepest on both transects, and . . 
Erastothenes Seamount a.nd our sampling stations at the core its boundary as the sites closest to the core where the 

and northern boun.dary deep mixing characteristics were no longer apparent. 
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Water samples for chemical analyses (dissolved 
oxygen, nitrate, phosphate and silicate concentrati.ons) 
were collected from a series of depths between the sur- 
face and 1400 m. Details of sampling and analytical 
procedures for these chemical parameters are a.s in 
Krom et al. (1992). 

After locating the eddy, additional biological sam- 
ples were taken at core and northern boundary sta- 
tions (Fig. 1) Water samples were collected from 18 
depths within the upper 600 m with a General Oceanic 
rosette equipped with interchangeable sets of twelve 
1.7 1 or six 5 1 Niskin bottles attached to a Neil-Brown 
conductivity, temperature, depth profiler (CTD). The 
boundary station (34.08" N, 33.50" E) was sampled at 
16:00 h on 3 March; the core (33.38ON, 33.50°E) at 
06:OO h on 4 March. Samples for pigment concentra- 
tions, picoplankton, bacterial abundances and bac- 
terial activity measurements were prefiltered through 
a 200 pm mesh to eliminate macrozooplankton and 
large particles. 

Subsamples (250 rnl) for chlorophyll determinations 
were filtered immediately after sampling onto GF/F 
filters. In addition, duplicate 500 m1 samples were 
collected; one replicate was filtered through a 2 pm 
Nucleopore filter and another through a 10 pm filter. 
Tne particulate matter remaining ir, the fi!trates was 
collected on GF/F filters. The filters were wrapped in 
aluminum foll, stored at -20°C and processed in the 
laboratory 1 wk later. Plgments were extracted in 
90% acetone and chlorophyll a,  b a n d  c (chl a,  band c) 
were determined spectrofluorometncally according to 
Neveux et al. (1990). 

A more detailed determination of pigment composi- 
tion was carried out using reverse-phase high perfor- 
mance liquid chromatography (HPLC). Large volume 
(10 1) samples from 9 depths within the upper 500 m 
were filtered through GF/C filters, which were kept 
frozen in aluminum foil until analysis in the lab within 
2 wk. The HPLC system consisted of a CM4000 (LDC- 
Milton Roy) multiple solvent delivery pump, a Rheo- 
dyne injector and a 3 pm C-18 33 X 4.6 mm column 
(Perkin Elmer). The pigments were detected by a vari- 
able wavelength detector set at 436 nm and the chro- 
matogram was recorded by a CI-IOB (LDC-Milton Roy) 
integrator. The experimental schedule of the HPLC 
system was a modification of those previously pub- 
lished by Klein & Sournia (1987) and Zapata et al. 
(1987). Two solvents were used in the system: solvent 
A consisted of 30% 1 M ammonium acetate (Sigma) 
in double-distilled deionized water, and 70% methanol 
(HPLC grade. Biolab); solvent B consisted of 30'2, 
ethylacetate (HPLC grade, Biolab) and 70% methanol. 
The solvent program showed a linear increase of sol- 
vent B from 20 to 60 % in 5 min, then a linear increase 
from 60 to 100% solvent B in 7 min, followed by a hold 

at 100% B for 3 min. Peaks that showed on HPL chro- 
matograms were identified on the basis of thelr reten- 
tion time, compared to cultures of known pigment 
composition and purified pigments. Calibration curves 
for pigment quantification were made with purchased 
chl a and b (Sigma), and from prepared chl c and 
carotenoids, eluted on-line from the HPLC system. The 
isolated pigments were scanned a t  the range of 350 to 
700 nm on a spectrophotometer (Kontron instrument), 
and their concentration determined using published 
extinction coefficients (Davis 1976). 

Samples (50 ml) for bacterial counts were preserved 
with a Lugol-Formaldehyde combination (Sherr et al. 
1989) and counted using epifluorescence microscopy 
and 4l.6-diamidino-2-phenylindole (DAPI) stain. Bac- 
terial activity was measured using the 3H-methyl 
thymldine method as modified by Robarts & Zohary 
(1993) for the ultraoligotrophic conditions of the East- 
ern Mediterranean. Samples for flow cytometry were 
collected in 1.5 m1 cryovials, preserved with 2.5% 
glutaraldehyde, and immediately frozen in liq.uid 
nitrogen. The frozen samples were kept a t  -80°C until 
shipped to the Bedford Institute of Oceanography, 
Canada, where they were analyzed. Measurements of 
phytoplankton abundance and chlorophyll fluores- 
cence per cell were performed as previously described 
(Li 1995). The identification of Prochlorococcus, Syne- 
chococcus, and eukaryotic ultraphytoplankton from 
cytometrlc signatures was based on interactive analy- 
sis of multiple bivariate scatterplots as  described ex- 
plicitly by Olson et al. (1993). Each sample was 
analyzed only once, but an indication of analytical con- 
fidence can be inferred from previous work (Li 1990) 
which indicates an average coefficient of variation of 
6% for the range of cytometric counts in the present 
work. 

Secchi depth was measured with a white disk of 
30 cm diameter. The depths to which 1 and 0.1 % light 
penetrated were calculated from Secchi depth using 
equations developed for Eastern Mediterranean water 
and given in Megard & Berman (1989). 

RESULTS 

The physical-chemical environment 

Durlng the period 23 to 26 February 1992, the east- 
ern Levantine Basin was under the influence of a 
Cyprus low. During this storm, in the vicinity of the 
eddy the air temperature dropped to 9-10°C as com- 
pared to the normal value of 15 to 16°C for this time of 
year. The winds were westerly to northwesterly with 
speeds of 8 to 13 m S-' By 27 February the storm had 
passed, daytime temperatures rose to 14'C and the 
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wind speed dropped to 5 m S-'. Just prior to the cruise, 
on 1 to 2 March 1992 a localized ridge of high pressure 
developed to the west of Cyprus. As a result, winds in 
the vicinity of the eddy shlfted to northerly, leading to 
an  intrusion of cold air dunng which daytime tempera- 
tures dropped to 11°C. During the cruise (2 to 5 March 
1992) the weather was generally fair, winds shifted to 
westerly and temperatures gradually warmed to 17OC. 
We note that the cold air intrusion prior to the cruise, 
even though dunng a penod of fair weather, led to 
surface cooling that was nearly as intense as during the 
preceding storm. 

At 06:OO h on March 4,  1992, the water column at the 
core of the eddy was isothermal (16.6"C) and isohaline 
(39.37 psu) to a depth of 500 m (Fig. 2). A deep pycno- 
cline extended from 500 to 850 m beneath which 
Levantine Deep Water (LDW) was found, with a range 
of temperatures from 13.8 to 13.6"C and salinities from 
38.85 to 38.78 psu, typical for LDW from this region 
(Hecht et al. 1988). Dissolved oxygen concentrations 
at  the core were also uniform throughout the upper 
500 m (222 PM), declined between 550 and 800 m and 
remair,ed at a constant value 01 i72 pM at  deeper 
depths. Nutrient concentrations showed similar verti- 
cal distribution, with constant values from the surface 
to 500 m of <0.01 pM phosphate, 0.14 pM nitrate, and 
1.6 pM silicate. The nutricline coincided with the pyc- 
nocline and beneath it phosphate reached 0.22 pM and 
nitrate exceeded 5 pM. Silicate concentration contin- 
ued to increase slowly beneath the nutricline and ex- 
ceeded 10 pM at 1100 m. 

Temperature, 'C 
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In contrast cvith the pattern of chemical distributions at 
the core, at the boundary station isothermal (16.loC) and 
i s o h a h e  (39.34) conditions extended only down to 150 m 
(Fig. 2) .  Slight warming together with a small decrease in 
salinity was observed at the surface. A more gradual 
pycnocline compared to that at the core extended from 
150 m to 800 m, beneath w h ~ c h  typical LDW was found. 
Oxygen was also uniform throughout the upper 150 m 
(225 pM), then declined with depth and reached the 
constant value of 172 PM beneath 500 m.  Nutrient con- 
centrations in the upper 150 m were 0.01 pM for phos- 
phate, 0.2 pM for nitrate, and ranged from 1.8 to 2.0 pM 
for silicate. Similar to the situation at the core, the 
nutricline coincided with the pycnocline and beneath it 
phosphate reached 0.22 pM and nitrate exceeded 5 pM. 

The measured Secchi disk depths were 30 m at the 
core and 24.5 m at the boundary station. Megard & 

Berman (1989) showed that in this region of the East- 
ern Mediterranean, l % light level is 3.04 times the 
Secchi disk depth (SDD) and the 0.1 % light is at 4.56 
times the SDD. Thus it was calculated that 1 % of the 
light penetrated to 91 m at the core and to 75 m at the 
boundary and 0.1 % to 137 and 112 m respectively. The 
typical midday incident light in this region in early 
March is ca 1000 pEinst m-' S-'. 

Spectrofluorometrically determined chlorophylls 

The depth profiles of chl a mirrored approximately 
those of nutrients (Figs. 2 & 3) .  At the core of the eddy, 
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Core Boundary chl band  c were similar although at con- 
siderably lower concentrations (16 to 

Concentration, ng I-' Concentration, ng I-' 26 ng chl b I-'; 14 to 25 ng chl c I-'). A dis- 
0 50 100 150 200 250 0 50 100 150 200 250 

tinctly greater proportion of chl b (com- 
pared to chl a) was found in particles 
smaller than 2 pm (Table 1). 

At the boundary station pigments were 
depth-distributed as expected in Eastern 
Mediterranean oceanic waters (Fig. 3). At 
l l 0  m,  chl a concentration reached a peak - c 2 p m  --t < 2 p m  

+ <lolrm I -t c l ~ ~ m  of 230 ng I-', which was double the highest 
& WW - WW concentration at the core, but then de- 

clined sharply with depth between 110 
and 280 m depth. Depth integration over 
the entire upper 500 m column showed 
that the chlorophyll content was about 
30% greater a t  the core than that at the 
boundary (Table 1). For all 3 chlorophylls, 
the fractions contained in small particle 
sizes were somewhat larger in the core 
than in the boundary (Fig. 3, Table 1). 

5 HPLC-determined pigment composition 

Chlorophylls a,  5 and c, the carotenoids 
19' butanoyloxy fucoxanthin (BF), fuco- 
xanthin, 19' hexanoyloxy fucoxanthin 
(HF), zeaxanthin and carotene were the 
prominent photosynthetic pigments in our 
samples and were present in all HPLC 
chromatograms. In the core, the distribu- 
tion of total accessory pigments as well as  
that of the individual pigments, including 

Fig. 3. Depth profiles of spectrofluorometrically determined concentrations 
of chlorophyll (chl) a, b, and c in whole (WW) and size-fractionated (12 pm, fucoxanthin, and HF, were Or 

< l 0  pm) seawater at the core and northern boundary of the Cyprus ~ d d y ,  less uniform with depth (Fig. 4). In con- 
3-4 March 1992 trast, at the boundary the total amount 

dropped dramatically between 130 and 
spectrofluorometrically determined concentrations of 200 m. Furthermore, in the core, at all depths the total 
chl a were more or less evenly distributed from the sur- amount of accessory pigments exceeded 60 % of the 
face to 500 m depth (range: 85 to 123 ng 1-l), with an amount of chl a whereas at the boundary the proportion 
average concentration of 110 ng I-'. On average, 98 % of was generally lower. The relative concentration of chl b, 
the chl a was found in particles < l 0  pm and 64 % in par- partic.ularly within the euphotic zone, was on average 
ticles < 2  pm (Fig. 3, Table 1). The depth distributions of higher at the core than at the boundary. 

Table 1. Depth-integrated (0 to 500 m) chlorophyll content (mg m-2) in unfiltered seawater (Total) and in the < l 0  pm and <2 pm 
fractions. Data are also expressed as of the amount in the unfiltered water 

Station Chlorophyll a 
Total <10pm <2 pm 

Chlorophyll b Chlorophyll c 
Total <10pm e 2 p m  Total <10pm < 2  pm I Core 59.0 58.0 37 9 12.4 13.2 10.6 11.7 11.5 7 5  1 

(lOO?'o) (98%) (64 %) (100%) (> loo%)  (85%) (100%) (98%) (64 P:,) 
Boundary 45.5 42.3 24 7 11.5 12.5 8.1 9.3 

( lOO? 'o )  (93%) (53 %) (100%) (> loo%)  (71 %) (100 %) (96 "A) (54 %) 
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Core Boundary 
Pigments, ng lk1 Pigments, ng I-' 
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The suite of HPLC determined pigments suggest 
that the phytoplankton population was dominated by 
prymnesiophytes (chl c + fucoxanthin + HF or BF), 
prochlorophytes (zeaxanthin + chl b), and cyanobac- 
teria (zeaxanthin) (Rowan 1989). Although fucoxanthin 
is the major carotenoid of the diatoms, the small quan- 
tities of another major carotenoid of diatoms, diadino- 
xanthin (Stauber & Jeffrey 1988), suggests low pres- 
ence of this taxonomic group in our samples, as was 
also suggested by the relatively low fraction of the total 
chlorophyll contained in the > l 0  pm fraction (Fig. 3).  
The abundance of chl b, particularly in the <2  pm 
fraction, suggests high abundance of prochlorophytes, 
although due to their minute size their contribution to 
total phytoplankton chl a was estimated to be only 10 
to 15% (see below). Chl b is present also in other algal 
groups (chlorophytes, prasinophytes), but we did not 
detect the auxiliary carotenoids associated with these 
other taxa. 

Ultraplankton abundance 

Flow cytometric analysis has shown that the ultra- 
and pico-phytoplankton populations consisted of 3 
main groups: eukaryotic cells, cyanobacteria (Syne- 
chococcus) and prochlorophytes (Prochlorococcus). 
The distinct differences between the core and bound- 
ary stations was also apparent in the vertical distri- 
bution of these phytoplankton groups (Fig. 5 ) .  At the 
core station, eukaryotic cells, Synechococcus and Pro- 
chlorococcus were evenly distributed with depth down 
to 500 m. Eukaryotes numbered ca 1000 cell ml", 
cyanobacteria about 1200 ml-' and prochlorophytes 

Fig. 4. Depth profiles of HPLC- 
determined indicator pigments ex- 
pressed as concentrations (upper 
panel) and as proportion of chl a 
(lower panel) at the core and 
boundary of the Cyprus Eddy,  3-4 
March 1992. Chl b: chlorophyll b; 
BF: 19' butanoyloxy fucoxanthin; 
Fuc: fucoxanthin; HF: 19' hexan- 
oyloxy fucoxanthin, L+Z: lutein + 

zeaxanlhln 

Abundance Fluorescence per cell 
(1 o6 cells I-') (arbitrary units) 

Cyano D 
Fig. 5. Depth distribution of ultraplankton analyzed by flow 
cytometry at the core (0, A ,  o)  and boundary (a, A, m) of the 
Cyprus Eddy. March 1992, showing properties for eukaryotic 
ultraplankton (Euk, top panels), cyanobacteria (Cyano, middle 
panels) and prochlorophytes (Prochl, bottom panels). Left 
column shows cell abundances; nght column shows chloro- 

phyll fluorescence per cell 
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about 3000 ml-l. At the boundary peak abundances 
were recorded at the surface (for eukaryotes) or at 
50 m (for Synechococcus and Prochlorococcus), while 
most organisms disappeared by 200 m. At the core, 
neither cell abundance nor mean chlorophyll fluores- 
cence per cell varied with depth, whereas at 
the boundary station distinct depth-dependent pat- 
terns were evident for fluorescence per cell of the 3 
groups (Fig. 5). 

Total chlorophyll can be partitioned amongst the 3 
phytoplankton groups i f  the ratio of chlorophyll to 
fluorescence is known for each group (Li et al. 1993). 
These ratios are not known for the conditions under 
study. However, as a first approximation, we made this 
partition using the relevant ratios derived previously 
by multiple regression (Li et al. 1993) for the station 
closest to the present ones. Over the depth integral 0 
to 500 m, total chlorophyll calculated from cytoinetric 
measurements (Table 2) equaled the direct spectro- 
fluorometric determination (Table 1) a t  the core, but 
overestimated that at the boundary. The partition of 
calculated chlorophyll was 10 to 15% Prochlorococcus, 
32 to 34% Synechococcus, and 51 to 58% eukaryotic 
phytoplankton (Table 2). 

Bacterial abundance and activity 

As with all the other parameters, bacterial numbers 
and production were evenly distributed throughout 
the upper 500 m at the core of the eddy, but not at the 
boundary (Fig. 6). At the core, bacteria numbered 
between 2.5 and 3.5 X 105 cells n~l- '  at all depths. Bac- 
terial rates of thymidine incorporation were extremely 
low, close to the detection level of the method, mostly 
around 0.1 pm01 TdR 1-' h-'. Two peaks were observed, 
one at about 100 to 130 m and a second at 280 to 300 m 
depth. Both of these peaks coincided with small peaks 

105 bacteria ml-l ~ r n o l  TdR 1-1 h-' 

Fig. 6. Bacterial numbers and bacterial activity (expressed as  
rates of thymidine incorporation into DNA; pmol TdR I-' h-') 
at the core and boundary of the Cyprus Eddy, 3-4 March 1992 

Table 2 .  Depth-integrated (0 to 500 m) chlorophyll (mg m-') 
calculated from flow cytometric measurements indicating 
partition amongst Synechococcus (CYA), Prochlorococcus 
(PRO), and eukaryotic ultraphytoplankton (EUK). Values in 

parentheses are percentages of the sum 

Station CYA PRO EUK Sum 

Core 18.9 6.2 34 7 59 8 
(32 %) (58 %,) 

Boundary 18 9 8 1 28 6 55 7 
(34 "") (15") (51%) 

in bacterial numbers. At the boundary, there was a 
gradual decline in bacterial numbers with depth, from 
>4 X 10"ells ml-' at the surface to 2.6 X 105 cells ml-' 
at 300 m and then a sharper decline to 1.2 X 105 cells 
ml-' at 350 m followed by a slow decline down to 
500 m. The bulk of bacterial production occurred 
within the upper 200 m (Fig. 6). 

DISCUSSION 

A winter bloom in the Cyprus Eddy 

The eruption of Mount Pinatubo in the Philippines 
led to a cold air-temperature anomaly throughout the 
Middle East during the winter of 1992, associated with 
more stormy weather and higher precipitation than 
the multiannual means (Robock & Mao 1992). As ex- 
plained later, this anomaly was the cause for the 
deeper winter mixing in the Cyprus Eddy (>500 m) 
than the typical 350 to 400 m reported by Brenner et 
al. (1991). Exceptionally deep vertical mixing (>850 m) 
was reported that winter also in the Gulf of Aqaba 
(Genin et al. 1996) 

The eddy sampled in this study had many of the 
chemical and physical features of the eddy studied in 
detail in 1988/89 by Krom et al. (1991, 1992, 1993). In 
particular, there was also a deep mixed layer in the core 
of the eddy which was depleted in phosphate but not in 
nitrate or silicate. However, the eddy sampled in this 
study was actually not the same body of water as the 
one examined previously by Krom et al. (1991, 1992, 
1993). Brenner (1993,1996) showed that, based on tem- 
perature/salinity properties sampled over a period of 
5 yr, the water in the core is renewed every 2 to 3 yr. 

The seasonal cycle in the Mediterranean Sea is 
characterized by a peak in productivity following deep 
winter mixing, which diminishes after the onset of 
summer stratification, when primary production de- 
pends on regenerated nutrients (Thingstad & Ras- 
soulzadegan 1995). In previous studies (Li et al. 1993, 
Yacobi et al. 1995, Robarts et al. 1996) we examined 
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the spatial distribution of various biological parameters 
throughout the southern Levantine basin in autumn, 
i.e. towards the end of the annual production cycle. 
These studies demonstrated an ultra-oligotrophic situ- 
ation, with a distinct lateral homogeneity in the depth 
distribution of nutrients, phytoplankton and bacteria in 
the upper 200 m, with a characteristic deep chlorophyll 
maximum (DCM) at 90 to 100 m depth. The only ex- 
ception noticed was at the core of the warm-core 
Ierapetra Eddy southeast of Crete, where the depth- 
distribution was uniform, with no DCM. 

The Cyprus Eddy was not sampled in these previ- 
ous studies. However, when comparing the data from 
those studies with autumn data from Krom et al. 
(1992) it is apparent that the vertical distributions of 
nutrients and chlorophyll at the Cyprus Eddy bound- 
aries were similar to those reported from the rest of 
the eastern Mediterranean but that the core was dif- 
ferent. Based on those observations, we assume that 
the same holds true in winter and that in this study 
the boundary station represented the situation in 
winter throughout most of the southern Levantine 
Basin, whereas the core station represented a pattern 
characteristic of a warm-core eddy. As far as we 
know, this is the first detailed description of the 
microbial populations in a warm-core eddy during 
the bloom season. 

The differences between the eddy core and its 
surrounding sea resulted from the different mixing 
patterns. In the core, all the biological parameters 
examined were evenly distributed with depth over the 
500 m upper layer, including photosynthetic and ac- 
cessory pigments, abundance and cellular chlorophyll 
content of 3 ultraphytoplankton taxa, bacterial abun- 
dance and bacterial activity, whereas in the sur- 
rounding sea a distinct stratification was apparent, 
with organism abundance and activities diminishing 
beneath 150 to 200 m depth. Secchi transparency was 
greater in the core, probably due to the lower pigment 
concentrations in the uppermost 100 m (although the 
depth-integrated value was greater in the core). Based 
on the FC and HPLC analyses, it seemed that the same 
phytoplankton taxa occurred both within and outside 
the eddy, although the relative abundance of the dif- 
ferent components was different. 

Krom et al. (1992) found that in 1989 deep winter 
mixing was initiated in late January/early February 
and continued until late March. When they sampled 
the eddy core in mid-February, there was already a 
phytoplankton bloom, based on the highest depth- 
integrated chlorophyll value over the year (70 mg m-2), 
which was also considerably higher than the value at 
their boundary station (44  mg m-2). In the present 
study a similar phytoplankton bloom was found in the 
core of the eddy in early  march, with a higher depth- 

integrated chl a content (59 mg m-*) than at the bound- 
ary station (45 mg m-') and a considerably higher chl a 
content than at the core in October 1990 (13 mg m-2; 
Zohary et al. unpubl.) or in November 1989 (10 mg m-'; 
Krom et al. 1992). This pattern has been found previ- 
ously for other warm-core eddies (Tranter et al. 1980, 
Bradford et al. 1982, Jeffrey & Hallegraeff 1987) and 
rings (Nelson et al. 1985). 

The deep mixing probably enhanced productivity 
via several interacting mechanisms, the obvious one 
being increased nutrient availability. Another likely 
mechanism that may have contributed to the develop- 
ment of the bloom is reduced grazing pressure due to 
the dilution of grazers. Not only does the portion of 
the mixed community subjected to sufficient light grow 
faster because of the added nutrients, their removal 
rate also decreases because the grazers have been 
diluted. 

A principal difference, however, between the en- 
hanced productivity in the Cyprus Eddy and that 
observed previously in other eddies or rings is that the 
bloom in the Cyprus Eddy occurred in mid-winter, 
simultaneously with the deep winter mixing, and was 
not delayed until the establishment of stratificat~on. 
In the rings observed off Australia and in the Gulf 
Stream, phytoplankton blooms were not initiated until 
thermal stratification had occurred and deep mixing 
ceased. In fact, the evidence suggests that the Cyprus 
Eddy bloom may have already peaked some time 
before our early March sampling, since the depth- 
integrated chl a was lower than that found in mid- 
February 1989, and also because the amount of nitrate 
left in the water column (0.2 pM) was less in March 
1992 compared to the amount in mid-February 1989 
(0.6 PM). 
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Fig. 7. Depth-distributions of chl a in the core of the Cyprus 
Eddy in  winter. (0)  17 February 1989 (data from Krom et al. 

1992); (0 )  4 March 1992 (this study) 
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The timing of a phytoplankton bloom in the presence 
of excess nutrients is generally considered to occur 
when phytoplankton receive sufficient light to sustain 
photosynthesis. This is a function of both light penetra- 
tion and mixing depth (Sverdrup 1953, Smetacek & 

Passow 1990). The critical depth for the Cyprus Eddy 
in March 1992, calculated as in Yentsch & Phinney 
(1985), was approximately 300 m. This is expected to 
be a maximum estimate by analogy with the calcula- 
tion for the warm core ring WCR 82B (Bishop et al. 
1986). Nevertheless, in this study we observed viable, 
evenly distributed phytoplankton and bacteria to a 
depth of 500 m. 

The shape of the chlorophyll curve at the core of the 
Cyprus Eddy in winter 1992 was different from that 
reported by Krom et al. (1992) from winter 1989 
(Fig. 7 ) .  In 1989, chl a was more or less evenly distrib- 
uted with depth over the upper ca 150 m, then declined 
at an approximately linear rate down to 400 m, and 
then declined at a faster rate to near-zero at a depth of 
550 m. In winter 1992, chl a (as well as other pigments, 
phytoplankton and bacterial cell abundances and bac- 
terial activity) were evenly distributed over the entire 
upper 500 m. A possible explanation to the different 
depth distributions of chl a within the core is different 
vertical mixing conditions. T i e  1989 sa~llpiillg iol- 
lowed a short-term quiescent period caused by low 
wind and/or temporary heat gain from the atmosphere, 
which reduced the rate of vertical mixing. Prior to and 
during the 1989 cruise, the weather was fair, daytime 
temperatures were 16 to 17'C, and winds were light 
with speeds of 3 to 8 m S-'. Such conditions would 
enhance phytoplankton growth, especially within the 
upper part of the euphotic zone, by maintaining them 
in a favorable light environment, whereas the deeper 
layers remain in the dark. The storm and cold air 
intrusion that preceded our March 1992 sampling 
caused the complete mixing of the 500 m water 
column, leading to the observed homogeneous depth 
distribution. 

Vertical mixing rates 

The deep mixing and the uniform profiles of the 
physical, chemical, and biological parameters at the 
core are dependent upon a combination of several fac- 
tors: the pre-existing subsurface profiles of tempera- 
ture and salinity; the intensity of the surface cooling; 
and the time of sampling relative to the die1 cycle. The 
typical winter mixed layer in this region reaches a 
depth of 150 to 200 m as seen at the boundary. This 
defines the depth of the seasonal thei-mocline. An 
unusually cold winter such as 1991/92 will force the 
typical mixed layer to be somewhat deeper but cer- 

tainly not by several hundred meters. The establish- 
ment of the deep mixed layer at the core depends on 
the typical winter mixing combined with the presence 
of a subsurface isothermal layer, or thermostad, at the 
base of the seasonal thermocline. This thermostad is 
essentially the remnant of the eddy signal from the 
previous winter (Brenner et al. 1991, Brenner 1993). 
Once the seasonal thermocline has eroded, the surface 
mixed layer combines with the thermostad to form a 
single deep mixed layer. The timing of this joining of 
the 2 layers depends upon the intensity of the atmos- 
pheric forcing. During the extremely cold winter of 
1991/92 it most likely occurred earlier than usual, per- 
haps as early as the beginning or middle of January. 
The water column at the core was therefore exposed to 
intense surface cooling for longer than normal, whlch 
explains the unusually deep mixing. Once the water 
column is well mixed, the density lapse rate is neutral 
so that it becomes easier to continue to mix the layer. 
With the same surface cooling it is therefore possible to 
maintain the deep convection at the core while at the 
boundary the mixing is constrained by the underlying 
thermocline at 200 m. 

In addition to being transported vertically by the 
physical mixing, the microbial populations in the eu- 
photic zone arc affected by the die! cycle. At both the 
core and the boundary, the euphotic zone, defined as  
the layer overlying the depth to which 1 % of incident 
light penetrates, is much shallower than the mixed 
layer. The even distribution with depth of chlorophyll 
fluorescence per cell (fluo/cell) for all 3 ultraplankton 
groups at the core (Fig. 5) suggests that the cells did 
not have time to make physiological adjustments to the 
light environment at their specific depth. Since these 
cells were sampled approximately at sunrise, their last 
opportunity to change their pigment composition in 
response to changes in the light climate would have 
been during the light hours of the previous day. 

In contrast, at the boundary the depth distribution 
of fluo/cell was indicative of light-shade adaptation. 
Cyanobacteria had a distinct peak of fluo/cell around 
100 m, prochlorophytes between 100 and 250 m. For 
eukaryotes the pattern was less distinct, but still, 
fluo/cell increased with depth over the upper 100 m, 
where the light gradient was largest, suggesting light- 
shade adaptation took place. Had the water column at 
the boundary station been recently mixed, we would 
have expected the fluo/cell to be uniform over the 
upper 150 m. It follows that in the core vertical mixing 
occurred recently, possibly as convective mixing dur- 
ing the night of 3-4 h4arch. Thus, we suggest that, had 
we sampled the core in the late afternoon hours of 3 
March instead of early in the next morning, we proba- 
bly would have observed the fluo/cell prof~le typical of 
light-shade adaptation 
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This enabled us to put an upper limit to the last time 
the upper 500 m at the core station m~xed .  Assuming 
that light-shade adaptation changes do not take place 
at night, and in light of the fact that our sampling was 
at sunrise, it is possible that the water column was 
actively mixing at the time of sampling or that it had 
been actively mixing until same point in any time dur- 
ing the previous night. But not much before that: had 
the last mixing event taken place during the previous 
day, followed by several hours of daylight, we would 
have expected to see a characteristic light-shade adap- 
tation profile at the core. Therefore, we concluded that 
the last deep vertical mixing event could have still 
been going on, but must have taken place at the latest 
ca 12 to 15 h before sampling. With a 500 m water 
column, we calculate a lower limit for vertical mixing 
rates in the order of 500/15 = 3 3  m h-'. This conserva- 
tive estimate falls close to the upper limit of the wide 
range of 0.14 to 4 0  m h-' suggested by Falkowski 
(1983), suggesting that vertical mixing rates were high. 

In contrast, in February 1989 sampling was carried 
out during a period of calm weather. Furthermore, the 
core station was then sampled between 23:OO and 
01:OO h.  While we do not have fluo/cell data for this 
cruise, the depth distribution of chl a suggests that the 
upper 500  m of the water column had not been mixed 
for a t  least several days, causing the depletion with 
depth of chl a (Fig. 7). Thus, the 1992 profile is repre- 
sentative of a time of active deep vertical mixing, 
whereas the 1989 profile is representative of an interim 
period of quiescence between mixing events that 
allows cells in the euphotic zone to take advantage of 
the new nutrients and photosynthesize. Jointly, those 
2 types of processes allow phytoplankton blooms in 
the Eastern Mediterranean to develop even during 
winter. 

In summary, our study has shown that in the Eastern 
Mediterranean, phytoplankton blooms develop con- 
comitantly with winter deep mixing and are more pro- 
nounced within a warm-core eddy, where mixing is 
even deeper and more intense than in the oceanic 
water outside the eddy boundaries. Vertical mixing can. 
be vigorous, at least 30 m h-'. Our data suggest some 
modification to the critical depth concept: blooms can 
develop when mixing is deeper than the critical depth, 
providing that mixing is intermittent, with interim 
quiescence periods when actlve growth takes place. 

Light-shade adaptation characteristics of the phyto- 
plankton can be used to conveniently put an upper 
limit to vertical mixing rates, when supporting physical 
data are unavailable. In order to minimize the uncer- 
tainties about the estimates, measurements of fluo/cell 
or cellular chlorophyll content should be taken several 
times during the die1 cycle, especially during daylight 
hours. 
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