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The vertical distribution of c~~oro~hy~~-a
was record
esn part of the ~evant~ne Basin of the eastern
Mediterranean and was related to patterns of the physic
1991-March 1994 period. A well developed
deep chlorophyll maximum (DCM) was observed in the northern Levantine Basin (NLB), with concentrations greater than 1
pg/L at depths ranging from 45 to 100 m on average. Chlorophyll-a concentrations ranged between 0.01 (in surface waters,
Oct. 1991) and 3.07 p.g/L (in subsurface waters, March 1992). In general high concentrations of chlorophyll-a were
and the nutricline coincided and relatively high
observed in late winter. In cyclonic regions the depths of the
concentrations were observed at shallower depths at relatively high percentages of surface light. In anticyclonic regions the
DCM (at low level of concentration) were located at the base of the euphotic zone and much above the nutricline. beak
defined DCM feature was not prominent since at most of the stations, uniform distributions of chlorophyll-a were observed
in the euphotic zone during the cooler winter conditions in 1992. ‘The chlorophyll concentrations were significantly high in
this winter when compared with those of ordinary mild winters. !$ecause of the relatively low chlorophyll-a concentration
resulting most probably low phytoplankton biomass in the basin and low input of material from the land, a thick euphotis
zone forms with an average value of * 80 m.
Euphotic zone is nutrient depleted and the concentrations are close to detection limits (e.g. 0.02 PM for phosphate and
> 0.05 MM for nitrate) and in general they do not show significant seasonal variations. Nut&line takes place in the euphotic
zone in cyclonic regions. In anticyclonic regions, the main nut&line is deep (as deep as 60 m). In cooler winter
condititions in 1992, very high concentrations of both nitrate and phosphate 6tlmost equal to deep values) were observed in
the euphotic zone in the cyclonic Rhodes region. In deep waters phosphate and nitrate concentrations stay almost cx~nstantat
the levels of nearly 0.2 and 5.5 PM, respectively.
Keywords: chlorophyll-a; deep chlorophyllmaximum;euphoticzone; NorthernLewntine Bcsin:nutricline

1. Introduction
A well-developed deep chlorophyll maximum associated with increased phytoplankton biomass, is a
prominent feature of the Mediterranean sea during a
large part of the year (Estrada, 1985; Berman et al.,
1984; Estrada et al., 1993). Nevertheless the DCM

!

structure is disturbed by moderately strong winter
conditions as was observed in the southern Levantine
basin in 1989 Worn et al., 1992).
Chlorophyll concentrations previously recorded in
the Levantine basin were low, not exceeding 1 pg/L
even in coastal waters (Berman et al., 1984; Dowidar,
1984; Azov, 1986; Abdel-Moati. 1990; Salihoglu et
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al., 1990, Yllmaz et al., 19941, as, indeed one would
for extremely oligotrophic waters. In the eastern Mediterranean, the chlorophyll concentrations
var; seascnally, the highest concentrations occurring
during late winter, with the onset of mixing of the
upper water layers (BernIan et al., 1984, 1986; Azov,
1986; Salihoglu et al., 1990; Krom et al., 1991,
1992).
Eastern Mediterranean (deep) waters are poor in
nutrients because of limited external inputs to the
surface waters (Bethoux, 1981; Dugdale and Wilkerson, 1988). Therefore phytoplankton production is
principally dominated by the extend and duration of
winter mixing which provides transportation of nutrients from deeper layer Krom et al., 1992; Yllmaz
and Tu&ul, 1996).
In the western Mediterranean and in the other
oligotrophic seas, DCM appears to be closely associated with the nutricline (Estrada, 1985; Lohrenz et
al., 1988; Cox et al,, 1982) and has been compared
to the Typical Tropical Structure (TTS) of Herbland
and Voituriez (1979). However, while a number of
publications deal with the characteristics of the DCM
expect

in areas of the Atlantic, Pacific oceans and Western
Mediterranean (Anderson, 1969: Venrick et al., 1973:
Cullen and Eppley, 198 1; Lohrenz et al., 1988 and

Bstradu et al., 19931, information on the variability
of the DGM in the eastern Mediterranean is scarce.
In this paper, we attempt to compare seasonal changes

in hydrographic variables and examine the relation-

ships between distribution of biological an
cal-chemical variables in the water column.

2. Methods
The oceanographic cruises discussed in this work
took place between October 1991 and March 1994.
October 1991 and July 1993 cruises represent stratified conditions. The March 1992 and 1994 cruises
represent cooler and mild winter conditions, respectively. Unfortuanatelly there were no representative
data for the summer of 1992 and the winter of 1993.
The study area and the positions of the stations,
located between longitudes 28”OO’and 36”OO’Eand
latitudes 34”OO’and 36“45’N are shown in (Figs. 1
and 2). Biologically related measurements did not
always cover the entire basin (Fig. 2).
Water samples were collected with Go-F10 bottles
(Rosette) attached to the Sea-Bird CTD probe down
to at least 1000 m. The euphotic zone were subsampled for chlorophyll-a measurements. 0.5-2 L of
seawater was filtered through 0.45 pm pore size, 47
mm diameter membrane tilters using a vacuum of
less than 0.5 atm. At some stations Whatman GF/F
filters (with a 0.7 km pore size) were also used for
comparison. The filters were subsequently homogenized in 90% acetone, and the suspension was cleared
by centrifugation. A standard fluorometric method
was used for chlorophyll-a determination (Wolm-

Fig. I. L%iition map and bathymetry of the NLB with the nomenculutute of mujor sub-busins.

36’

chlorophyll] and surface
Fig. 2. Locations of hyd
gcopotential height anomalies during (a) Oct. 1991, (b) Mar. 1992 (modified from SW et al.. 1993). (cl Jul. 1993, (d) Mar. 1994
(unpublished data). Dynamic topography contours are given in centimeter units and L and H represent low and high pressuresanomalies.

time. This instrument measures Photosynthetically
Active Radiation (PAR) within the range of 400-700
nm in yE m-” s- ’ unit.

3. Results
3.1. Wilter c0tW2?lstrl&mr~
The hydrodynamics and hydrochemistry within
the northern Levantine Sea display three regions of
distinct behavior: the cyclonic Rhodes basin; the

25

anticyclonic Cilician basin and the transitions area
between them (Antalya bay or its offshore neighbourhood) (Figs. 1 and 2).
The profiles of March, 1994 and 1992 represent
the mild and relatively cooler winter conditions respectively. The cooling of the salty surface waters in
winter causes extensive vertical mixing in the upper
layer due to the instability of the water columra until
those depths are reached where the density exceeds
that of the sinking waters. This results in the formation of a mixed layer down to a certain depth (&soy
et al., 1989, 1991, 1993 and unpublished data from
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urine, 1992 winlc:r(Fig.

and ~lu~~e~tsilnter convective mixing on the
1 variations of the nutrient distri(~a~~~~o~~u
et al.? 1990; VII
hy

ore saline surface waters. In
have been seen to rise into t

the euphotic zone during summer-autumn
The upper layer of the cyc~ouic Rhodes gyre, occupied by salty and warm walers (Fig. 3a), was separated from the LDW by a relatively sharp
ne
in
located at around 50 m. This density strat
the Rhodes gyre can be completely destroyed in
cooler winters, as was observed in 1987 (Gertman et
al., 1990) and more recently in 1992 iSur et al.,
1993).
The upper layer of the Cilician Basin, where
small scale anticyclonic eddies are enerally observed (Gzsoy et al., 1989, 1991, 1993), possesses
different hydrography relative to the Rhodes cyclonic region. The Cilician surface waters are more
saline and warmer and separated from the intermediate layer by a very sharp seasonal stratification at
50-100 m during summer-autumn period (Fig. 3b).
The ver&.~lly ho~il~~g~~~?i~us
water layer formed bctween the less saline waters (< 39 ppt) of Atlantic
origine (which is observed below the seasonal halocline) and the LDW during stratifications is termed
as the Levantine Intermediate Water (LIW) which is
characterised by a temperature of around 15S”C and
salinity of 39.1 ppt (Hecht et al., 1988; Gzsoy et al.,
1989) and its thickness changes both seasonally and
regionally. During winter convection, LIW mixed
thoroughly with the salty surface waters to form a
vertically mixed upper layer down to 500 m in rhe
mild winter of 1994 (unpubl. data) but down to
600-650 m during the cooler winter of 1992 (Sur et
al., 1993).
In Antalya bay, the permanent halocline which

Nutrient c~~ce~~t~.~~i~~s were vertically uniform
throughout the water column down to a depth of
about 1000 m since dee convection had mixed the
~~u~~eu~-~~oo~,
more saline surface waters of the
Rhodes gyre with the relatively nutrient rich LDW in
March 1992 (Fig. 4a). However, the concentralions
of nutrients in the surface layer of the cyelonic
Recodes Gyre have been recorded to be very similar
to the characteristic deep water values (0.2 pM for
phosphate and 5.5 p,M for nitrate) as the consequence of deep concective mixing but deep waters
had relatively lower values due to di~uli~~lwith the
nutrient-poor surface waters. In March 1994, a perfectly mild winter, a well defined ~lu~ric~i~~
existed
in the upper layer (50- I25 rn) (Table 11 af the
Rhodes gyre and/or at the lower parts of the euphoric zone (Fig. 4a). A relatively sharp nutricline is
always observed at around 50 m under stratified
conditions which coincides closely with the shw
salinity and density gradient (pycnocline) in the
Rhodes gyre (Figs. 3a and 4a). In the euphotic zone,
the concentrations diminish to trace levels in summer-autumn period, being less than 0.03 and 0.2 pM
for phosphate and nitrate, respectively (Fig. da).
However, the surface concentrations increased to the
levels of about 0.5 p,M for nitrate and insignificantly
for phosphate during the mild winter of 1994.
Below the euphotic zone, vertical distributions of
nutrients appear to show different features from cyclonic to anticyclonic regions. In the anticyclonic
and partly in peripherial regions, there exists a nut+

ent-poor aphotic zone coinciding consistently with
the LIW layer which is subject to vertical mixing
with the surface waters during winter months. The
nutrient-poorLIW is, therefore, well defined in the
anticyclonic regions but it does not form in cyclonic
regions (Fig. 4a-c). The nutrient concentrations of
this layer remain almost constant with depth down to
the permanent nutricline, but vary with season (e.g.
up to 0.1 FM for phosphate and 3 pM for nitrate
during July 1993) and region. In the core of the
anticyclonic eddies, the nutrient-poor aphotic layer
may extend down to SO and 500 m as experienced
in October 1991 and July 1993, respectively (Fig.
4b). Close examination of the profiles in Figs. 3b,c
and 4b.c also shows that the top of the nutricline has
been esrablished permanently at depths corresponding to the lower boundary of the LIW layer throughout the basin; its depth and thickness vary in space
and time, but its upper and lower boundaries are
defined respectively by the 29.00-29.05 and the first
appearance of the 29.15 density surfaces as previously reported by Yllmaz and Tu&ul (1996). The
upper boundary of the prominent nutricline in the
Cilician basin, located at relatively shallow depths
(200-500 m) during normal winters, such as 1994.
In the stratified months the prominent nutricline was
located between SD-450 m and 500-600 m depth
range for October 1991 and July 1993, respectively
(Fig. 4b; Table 1).
In Antalya bay, continuous vertical and lateral
fluxes of nutrients through the fronts cause effective
nutrient enrichment of the upper layers above nutricline. Nutricline was located between 100-300 m
depth range in the stratified months in this region. In
the mild winter conditions (1994) this depth range
changed between 150 and 250 m (Table 1). A regular increasing trend with depth was observed for
nutrients in this area during cooler 1992 winter
starting with relatively higher euphotic zone concentrations (e.g. N 0.05 PM for phosphate and N 1.5
@I for nitrate) not showing a developed nutricline.
3.3. Lighr and chlorophyll
Levantine basin is one of the most transparent
water body among the world oceans. The depth of
of the surface light is relatively deep in the NLB
and shows temporal and spatial differences. In gen-
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Fig. 4. Vertical prolilcs of dissolvednutrients[as phosphate(POd)
und nitratef nitrite (NO, f NO2 11for the same stutionsin which
the hydragraphic data is represented (see Fig. %I-c).

eral, it is greater in summer than in winter, due to
decrease in phytoplankton abundance of the water
column. The winter of 1994 was extraordinarly warm
and the phytoplankton biomass indices were relatively lower (e.g. chlorophyll concentration was low
in general) resulting in a relatively thick euphotic
layer (Tables 2 and 3). The depth of 1% of the
surface light is shallow in cyclonic areas such as in
the Rhodes gyre and its adjoining waters where the
shallowness of the nutricline is observed and the
phytoplankton abundance is relatively high com-

Table I

Jul. 1993

ar. 1994

SO-75
5O- I25

55-W
40-50

500-600
200-500

7.5-115
60-W

100-300
P50-250

75-I IQ
SO-SO

CYC = Cyclonic areas.
ACYC = Anticyclonic areas.
P + F = Peripheral and Frontal areas.

tb of 1% ofthe
pared to a~t~cyc~ol~ic
regions. T
surface light was determined in t
m with an average value of 80 m
(Table 2).
The deep cbloro
axima, a common feature of the Mediterranean, have clearly been observed in the NLB (Fig. 5). Eddy systems an
events influence the vertical and horizor.tal
tion of chlorophyll-a and hence the magnitude and
depth of DCM (Figs. 2 and 6). The L/CM usually
formed at shallower depths in cyclonic eddy fields
(such as the Rhodes gyre) (Figs. 5 and 6) and, in
general, the depth of DCM coincided wit
of the top of the nutricline (Table 1). The
tluader in shape and were observed at relaGvely
shallower depths in mild winter conditions of 1994.
Ir. comparison with summer months (Fig. 5). In
(during
March
relatively cooler winter cslndihs
59921, the: DCM was not well developed and relatively high chlorophyll values were observed in the

summer months
ig. 5) e.g. with relatively high
concentrations, ranging from 0.85 to 1.24
with an average value of 1.0 pg/L in the Rho
July 1993 (Table 3).
was observed to form and to be maintained
at deeper layers in the andicyclonic basins than in
those of cyclonic regions both for winter and summer months (Figs. 5 and 6; Table 3). In general, they
were located at the base of the cuphatic zone or
below it and well above the nutricline. The nutricline
was certainly below tbc eupbotic zone (Fig. 4; Table
I), e.g., as deep as 2OQ-600 m in such areas. As
expected the chlorophyll concentrations were rela-

Table 2
The monthly averages of depths to which 1% of surface light penetrated (compensation depth) and the average light level at the DCM (%/ol,)
in the Northern Levantine Basin concerning the eddy fields
Date

1% Light depth(m)

Oct. 1991
Mar. 1992
July 1993
Mar. 1994

CYC
II
59
73
85

Overall range for the NLB

55-95 m

CYC = Cyclonic areas.
ACYC = Anticyclonic areas.
P + F = Peripheral and frontal areas.

%I, at DCM
ACYC
95
66
90
90

P+F

CYC

ACYC

P+F

SO
55
86
82

I

0.9

0.8

3
5
OS-5%

0.5
I

I
3

DCM were located at the base of the eup
or below it and above the nutricline (Table
In general the chlorophyll concentration
served to be similar to those of cyclonic region but
more higher concentration values (e.g. 0.75 pg/L
on average for the DCM, Table 3) were observed in
such areas as was specially experienced in the winter
of 1992 (Fig. 5; Table 3). Mean values of 0.45 and
0.50 p,g/L for March 1992, representing the cooler
winter mixing in the Rhodes gyre and its adjacent
waters in Antalya bay respectively, were almost
twice the concentrations observed in late winters.
Integrated chlorophyll-a values show that the cyclonic Rhodes gyre and its adjacent waters are more
productive than the anticyclonic region in the NLB
(Table 3).
The highest observed chlorophyll concentration
was 3.07 pg/L (at 10 ml and to a depth (surface to
125 m) integrated value of 238 mg/m* at a station
(36”OO’N,30”OO’E)near Finike Trough in the Antalya region during March 1992 (Table 3). At this
station chlorophyll-a concentration was still high

tivety iow compared to Rhodes gyre e.g. DCM concentrations ranged between 0.20-0.35 pg/L during
March 1994 (Table 3). Infact the concentrations were
slightly lower than those found in previous winters
in the same region (Ediger, 1995). Mixing extended
over the whole basin, water column being throughly
mixed down to 600 m in the anticyclonic Cilician
basin in 1992 winter. As a consequence a common
DCM structure was not observed in this region and
the concentration ranged between 0.27-0.51 pg/L
(Table 3). Chl-a concentrations were relatively high
and the average concentration at DCM was determined to be 0.77 pg/L in the anticyclonic Cilician
basin in July 1993 (Table 3) and the shapes of the
DCM were much more pronounced (Fig. 5). Average
chlorophyll concentrations at the DCM have been
observed to be relatively low (e.g., 0.11 pg/L on
average) in the Cilician Basin for October 1991 (Fig.
5; Table 3).
Between 1991 and 1994, the Chl-a profiles from
Antalya bay usually exhibited a broad and prominent
maximum (DCM) at a 50-130 m depth range. The

Table 3
The level of chlorophyll-afor offshorewatersof the NLB for 1991-1994 period concerning the eddy fields

Time

CHL-A (up/L)

INTG (mg/m” 1

KM

??

D-DCM (ml

@g/L)

Range

X

Range

X

RilllgP

X

Range

X

Get 9RCYCI
Ckt 9lfACYC)
Get 9l(P + PI
Mar 92EYC)
Mar 92CACYCI

Q&W. I6
a.0 I -0.07
0.01~0.09
0.38-0.49
0,19-0.45

O.OV
0.05
0.05
0.45
0.29

50-100

75
190
98

a35

-

030

0.07-0.56
o.O4-0.20
0.03-0.2s
0.36-0.64
0.27-0.5 1
0.32-1.35

75-130
75-130
-

020-1.10

Mar 92(CYC)
(Finike Trough)
Jul93(CYC)
Jul93(ACYC)
Jul93(P + F)
Mar 94@YC)
Mar 94(ACYCI
Mar9#P+F)

-

1.71

12
9
9
44
28
42
238

0.26
0.11
0.13
0.51

Mar 9m + r9

6-20
7-12
3-t”l
29-S
15-47
21-90
-

0.75
3.07

-

0.28-0.57
0.23-0.24
0.19-0.47
0.20-0.57
0.10-0.15
0.12-0.25

0.42
0.22
032
OS
0.12
0.17

31-50
25-37
30-50
20-54
IO-14
14-26

39
30
38
36
12
20

0.85-1.24
0.71-0.86
0.42-1.24
0.37-1.08
0.20-0.35
0.30-0.4s

1.00
0.77
0.82
0.70
0.22
0.40

S-80
75-l 15
75-l 10
40-50
60-85
50-80

CHL-A = averagesof water column chlorophyll-a.
JNIG = averagesof integratedchlorophyll-a.
DCM - averagesof deep chlorophyllmaxima
D-DCM - averagesof depth of DCM.
X = mathematicalaverages.
* a DCM WBSnot observedin March 1992 thus the maximum valuesof the water column were taken into account.
CYC - cyclonicareas,
ACYC = anticyclonicareas.
P + F = peripherialand/or frontal areas.
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similar to the light intensity at the depth of the DCM
in the southern Levantine basin (Berman et al., 1984),
in a front in the south-west of the Azores (Fasham et
al., 198% and in the Sargasso Sea (Cox et al.,
1982).
In the winter months the DCM was generally
located in the upper mixed layer (MLD) when the
mixing deepened on the MLD to about 200-500 m
during ordinary mild winters. In cooler winter in
1992, high chlorophyll concentration values were
observed near surface and well defined DCM was

Fiu.6. Spatial distributionof DCM

not observed. The euphotic zone was rendere
mogeneity in terms of chlorophyll concentr
major part of the NLB. Usually, the studied
visited in late winter-early spring (February
when the seasonal stratification would start to form
very soon and the DCM were observed in the MLD
in this period. On the other hand when the seasonal
stratification was established, DCM was located at
the lower parts of the salinity gradient zone or just
below it. Monthly averages of the depth of the DCM
fluctuated between 45-100 m throughout the basin,

as its magnitude(upperline, pg/L) and the depth(lower line, ml in the NLB.

e population was deigber and patients can
As proposed by Cullen (198% a decrease in the
sinking rate of ~hyto~~a~kto~ leads to their accun~ulation at a certain depth therefore forming the
Lande and Wood (1987) showed that this kiud of
buoyancy regulation near the pycnocline could
greatly enhance the residence time of s~l~ki~~g
particles in the euphotic zone. Some high 01-a concen-
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Fig. 7. Relationship between chlorophyll-a and hydrograpbk parrmeters (temperature, salinity and sigma-theta) for the NLl3 concerning the
eddy fields.

primary production in such waters (Kirk, 1983). The
main questionis that,whether or not the chlorophyll
maximum represents the true biomass (e.g., phytoplankton carbon) in the NLB. However, DCM may
have been the result of an increase in either the
biomass of the phytoplanktonic species or in the
chlorophyll content of the cell at certain depths in
oligotrophic seas (L,i et al., 1992). Unfortunately
there are no primary productivity measurements for
this region. A limited number of pmicuiate organic
1
carbon (FOC) data obtained in the studied area

showed that there is a close correlation between the
POC and Chl-a profiles and the DCM was probably
due to the increase in phytoplankton density. This
coincidence generally occured only where the water
column is stabilized by a pycnocline formation and a
good example is July 1993 when the POC maxima
coincided with the DCM (Fig, 5).
The mechanism of formation of th.: DCM in the

NLB seems to be similar to that of the eastern
tropical Atlantic Ocean. The close and relatively
stable coupling between physical and biological processes in the eastern tropical Atlantic Ocean has
permitted the characterization of hydrographic and
biological features into 1’typical tropical structure
(TTS) (M&.4andand Voituriez, 1979). It has been
shown that TTS is a continuum of pattern, ultimately
controlled by the input of nutrient&from below,
supplidd by upwelling or turbulent mixing (Cullen,
1982).The oligotrophic extreme of TTS was characterized by a deep main stratification and uutriclinc,
low chlorophyll concentrations,and minimal primary
u&on. Hydrographic and biological features
ther along the continuum,culminating in
the productiveextreme of TTS, shallow stratification
and nut&line, high chlorophyll and production.
These conditions were provided in the anticyclonic
and cyclonic regions of thf: NLB respectively. If the
nutrient flux was sufficient to elevate nutrient Coilcentrations in the surface layers, TTS breaks down
and tbe DCM was not observed (Cullen, 1982) as
was seen during the winter of 1992.
As the vertical distribution of nutrients was highly
influenced by the physical environment, such a:, the
eddy fields in the NLB; the dynamics also directly
affected the formation and maintenance of the DCM
at a certain depth. The intensity of winter mixing
modified the vertical transportationof nutrients and

when relatively high concentration of nutrients became available in the euphotic zone, the magnitu
behaviour and most probably the composition of
phytoplankton biomass changed and hence the st
ture of chlorophyll distribution. Comparison of Chl-a
data with the data from other sites of the Mediterranean revealed that concentrations measured in the
northern Levantine basin during cooler winter in
1992 and for the summer in 1993, exceeded the
values reported for the southern Levantine
[0.06-O. 12 p,g/L (Berman et al., 1986); 0.15
pg/L (Krom et al., 1991, 1992); 0.15-0.35 kg/L
(Abdel-Moati, 199Oj], but they were corn~~~b~e to
the concentrations of the western ~edite~anea~
[O.l-0.8 p,g/L (Berland et al.. 1988); 0.12-0.84
Fg/L (Estrada, 1985); O.l- 1.0 pg/L (Lohrenz et
al., 1988)], indicating how the intensity of winter
mixing affects the nutrient transportation mechanism
and hence the feature of DCM in the basin.
Finally, the NLB is a very dynamic sea and the
distribution of chemical and biologically related parameters are influenced by the physical dynamics.
The NLB is not as oligotrophic as previously reported. Cyclonic and frontal regions represent a significant proportion of the regional phytoplanktonic
biomass and probably the primary production.
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