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Abstract

The south east Levantine basin of the eastern Mediterranean is a uniquely P starved system with a nitrate:phosphate

ratio in the deep water of 25–28:1, a PON:POP ratio of 27–32:1 and a DON:DOPUV ratio of �100:1 (which probably

represents a DON:DOPTOTAL of �50:1). The C:N:P ratio of nutrients accumulated in the deep water from decomposed

organic matter was 106:8.5–10.8:0.34–0.43 similar to the measured ratios for dissolved and particulate organic matter and

much higher than the Redfield ratio. It is concluded that the P limitation of the eastern Mediterranean is due to the lack of

P within the system and not in the preferential removal of P relative to N.

Results from the first extensive deployment of on-board nanomolar nutrient measurements in this low nutrient low

chlorophyll system showed that free ammonia (50–80 nM) was present in the surface waters while nitrate was less than

10 nM, confirming the results obtained elsewhere in the CYCLOPS addition experiment results that grazing/nutrient

recycling is a dominant process in this system. The total DIN:DIP ratio in the nutrient depleted waters above the

chlorophyll maximum was predominantly greater than 16:1, suggesting that the system has not switched to N limitation. A

primary nitrite maximum was observed immediately below the chlorophyll maximum at the top of the nutricline, which

was similar to those found previously in oligotrophic ocean locations. Where nanomolar technology was deployed through

the nutricline, it was found that the phosphocline started at the same depth as the nutricline for nitrate and silicate, a

conclusion that would not have been made if only conventional micromolar technology had been available. An

intercomparison of nutrient procedures suggested that freezing samples is acceptable for samples with a concentration

above 20 nM (DIP) and 400 nM (nitrate and nitrite), which represent most of the previously published data from

intermediate and deep waters from the Levantine basin. However for concentrations lower than this, which in practice
front matter r 2005 Elsevier Ltd. All rights reserved.
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means within the photic zone in the eastern Mediterranean, it is highly desirable to use on-board measurements and ideally

the new nanomolar techniques.

r 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Primary productivity in the eastern Mediterra-
nean has been shown to be phosphorus limited
(Krom et al., 1991). An important part of the
evidence for this P limitation is that the nitrate:pho-
sphate ratio in the deep water is 28:1 far in excess of
the normal Redfield ratio found in deep water of the
oceans (Redfield et al., 1963). Since the initial
papers that noted this unusual N:P ratio, several
authors have analysed inorganic nutrients in the
deep water confirming this high N:P ratio (Kress
and Herut, 2001; Kress et al., 2003). However, no
previous study had been carried out in the eastern
Mediterranean in which all the possible nutrient
phases, including dissolved inorganic nutrients,
dissolved organic nutrients and particulate organic
nutrients had been measured simultaneously. It was
thus possible, in this study, to determine whether
the eastern Mediterranean is simply P starved or
whether its unusual P limitation is due to cycling of
nutrients between more labile and less labile
reservoirs in some unusual combination.

Preformed nutrients have been used widely as a
conservative, albeit calculated tracer to identify and
follow water masses in the major oceans (Redfield et
al., 1963; Broecker et al., 1985). The normal
assumption used in the calculation is that nutrients
are mixed into the surface waters in winter and
because of the limited light available in the regions
of oceanic deep water formation, they are then
preserved in the descending water mass. It is also
normally assumed in such calculations that the
elemental ratio (O:C:N:P) of the decomposing
organic matter is 138:106:16:1 (Redfield et al.,
1963) or 175:106:16:1 (Takahashi et al., 1985). In
the eastern Mediterranean, neither of these supposi-
tions are correct. The eastern Mediterranean is the
only region of subtropical water where deep water is
being formed. As is characteristic of such regions,
the phytoplankton bloom occurs in winter (Novem-
ber–March) during the many relatively warm sunny
days (Krom et al., 2003). As a result the descending
water has the characteristic of the nutrient depleted
water which occurs during the phytoplankton
bloom. We have used data available from the
literature on the preformed nutrient concentration
of the descending water (Zavatarelli et al., 1998;
Krasakopoulou et al., 1999) to calculate the
elemental ratio of the decomposed organic matter
found at this location.

Previous studies of the eastern Mediterranean in
summer have shown that the surface waters above
the chlorophyll maximum are low nutrient low
chlorophyll (LNLC) with both nitrate and phos-
phate below detection limits of conventional auto-
mated technology. Recently, a new on-board
nanomolar autoanalyser technology has been devel-
oped in which phosphate, nitrate and nitrite are
determined at nanomolar levels (Woodward, 2002).
The eastern Mediterranean was the ideal location
for an extensive trial use of this technology because
of the extremely low nutrient content particularly in
the surface waters. We have used this technology
here to provide new insights into the biogeochem-
ical processes that exist within the upper layers of
the water column.

This study was carried out as part of the
CYCLOPS project in which phosphate was added
to a patch of East Mediterranean surface water to
investigate the nature of P limitation in the region.
This Lagrangian experiment was carried out in a
similar manner to the IRONEX and SOIREE
experiments (Behrenfeld et al., 1996; Boyd et al.,
2000) with the limiting nutrient, in this case
phosphate, being added with SF6 as an inert tracer
to a 2� 2 km2 patch of seawater. The chemical and
biological changes in the system were then tracked
for 8 days until the patch had relaxed to a dilution
in excess of 95%. The detailed results of the
CYCLOPS P addition experiment are presented
elsewhere in this volume (Krom et al., 2005). The
data presented in this study describe the chemical
conditions in the SE Levantine basin in general and
the core of the Cyprus warm-core eddy at the time
of the CYCLOPS experiment in early summer.

Most of the previous studies of the eastern
Mediterranean involved the use of samples frozen
soon after sampling, and then analysed subse-
quently in shore-based laboratories using conven-
tional micromolar autoanalyser technology (Krom
et al., 1991, 1992; Kress and Herut, 2001; Kress
et al., 2003). This procedure was used in part
because determination in a shore-based laboratory
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enabled the best possible precision to be obtained
which was necessary because of the very low levels
of nutrients in both surface and deep waters. In this
study, we have carried out a preliminary intercom-
parison study of on-board analysis vs. freezing
samples followed by analysis in shore-based labora-
tories to enable reasonable estimates to be made of
the value and limitation of previous results.

2. Sampling and methods

For reasons described in Krom et al. (2005), the
centre of the Cyprus quasi-stationary warm-core eddy
was chosen as the location for the CYCLOPS
addition experiment. In this study, we are reporting
the data from stations close to the centre of the eddy
sampled before the phosphate was added and from
‘‘OUT’’ stations away from the fertilised patch but
still in the eddy core. Although the effects of the patch
were only seen in the surface layers, for the sake of
simplicity, no data from ‘‘IN’’ patch stations are
reported here. Together these data are described as
eddy core stations. In addition, samples were taken
from stations outside the eddy feature (Table 1).

Water samples were taken using a multi-sampler/
carousel CTD system (Sea Bird Electronics) with 24
bottles, 10 l each. Physical data were gathered using
the Sea Bird Electronics (SBE911plus) CTD pro-
filer, equipped with oxygen and fluorometer sensors.

Water samples for dissolved oxygen were sampled
and fixed using standard procedures (Kress and
Herut, 2001). Dissolved oxygen was measured at
sea using Carpenter–Winkler titration procedure
Table 1

Stations sampled for chemical parameters presented in this study show

Station no. Type of station Depth (m) Additional p

50 Outside eddy 0–1620 Dissolved o

matter

68 Outside eddy 0–2600 Nanonutrien

particulate o

26 Core of eddy 0–1600 Ammonium

organic mat

58 Core of eddy 0–350 Nanonutrien

matter, part

67 Core of eddy 0–750 Nanonutrien

None of these stations were sampled from within the patch of the C

oxygen, chlorophyll and micromolar nutrients were measured at all sta
(Carpenter, 1965) and a radiometer automatic
titrator (TTT80), equipped with a dual platinum
electrode, in the dead-stop end point mode. The
precision was 0.3% as determined by analysing
replicate samples from the same Niskin bottle.

2.1. Dissolved nutrients

A suite of dissolved nutrients was determined on
unmodified samples on-board ship within hours.
Nitrate, nitrite, phosphate, ammonium and silicate
were measured colorimetrically at micromolar con-
centrations using a conventional 5-channel Techni-
con AAII, segmented flow autoanalyser, with
techniques developed for optimum sensitivity
(Woodward, 1994; Woodward and Rees, 2001).

A colorimetric segmented flow analytical system,
using a long path-length (2m) liquid waveguide
capillary cell (LWCC) as the detection flow-cell was
used to measure for nanomolar phosphate, nitrite
and nitrate (Woodward, 2002). The detection limit,
defined as twice the standard deviation of the blank,
for phosphate is 2 nM, nitrate+nitrite, 1 nM, and
nitrite, 0.5 nM, and the precision was 0.2, 0.06 and
0.03 nM, respectively. For ammonium measure-
ments the water samples analysed by the conven-
tional Technicon autoanalyser were always below
the detection limit, so we used a fluorimetric
detection technique, following ammonia gas diffu-
sion across a Teflon membrane (Jones, 1991;
Woodward and Rees, 2001).

Duplicate samples for nutrient analysis were
collected in 15ml acid washed plastic scintillation
ing those within the core of the eddy and those outside the eddy

arameters measured Location

rganic matter, particulate organic LAT ¼ N33 04.79,

LON ¼ E31 50.33

ts, dissolved organic matter,

rganic matter

LAT ¼ N33 43.44,

LON ¼ E32 12.61

, dissolved organic matter, particulate

ter

LAT ¼ N33 20.10,

LON ¼ E32 17.46

ts, ammonium, dissolved organic

iculate organic matter

LAT ¼ N33 17.37,

LON ¼ E32 15.30

ts, ammonium LAT ¼ N33 16.52,

LON ¼ E32 26.67

YCLOPS addition experiment. Temperature, salinity, dissolved

tions.
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vials and immediately frozen. In the laboratory
(IOLR), nutrients were determined using a segmen-
ted flow Skalar, T SANplus SYSTEM by the
methods described by Krom et al. (1991) and Kress
and Herut (2001). The instrument precision for
nitrate+nitrite, phosphate and silicic acid was 20, 3
and 60 nM, respectively. The corresponding analy-
tical limit of detection (two times the standard
deviation of the blank) for the procedures is 7.5 nM
for nitrate+nitrite, 8 nM for phosphate and 30 nM
for silicic acid.

2.2. Dissolved organic matter (DOC and DON)

Polythene (powder-free) gloves were worn
throughout handling procedures. Pre-cleaned all-
glass syringe systems with Teflon tubing and an on-
line stainless-steel unit containing 0.7 mm glass fibre
filter (GFF) were used to collect the water samples
directly from the CTD bottle. GF/F filters were
combusted in an oven at 450 1C for at least 4 h. The
samples were transferred to pre-combusted 10ml
glass ampoules, acidified with high-grade phospho-
ric acid and flame sealed. The glass ampoules
containing the sample were stored cold (�4 1C) in
the dark and transferred for analysis on-shore.

Samples were analysed by high temperature
combustion (Alvarez-Saldago and Miller, 1998;
Spyres et al., 2000). The acidified samples were
purged with pure gas immediately prior to analysis
for approximately 10min to remove the inorganic
carbon. A high temperature combustion system that
has a Shimadzu TOC-5000A infrared gas analyser
coupled to an Antek 7000 nitrogen-specific chemi-
luminescence detector was used for the simulta-
neous measurement of DOC and TDN. Deep
Sargasso seawater (DW) samples were used daily
as a check on instrument performance and accu-
racy. The estimated DOC concentration of the
certified DW samples is 44.071.5 mMC. The mean
concentration and standard error for the DW
samples analysed for each analytical run in this
study was 5178 mMC (n ¼ 7). A daily blank
correction was applied to the DOC measurements.

2.3. Dissolved organic phosphorus (DOPUV)

DOPUV was determined using a UV irradiation
method adapted for use on-board ship. The unit
consists of two 125WHg vapour lamp, two
carousels of six quartz test tubes and a cooling
fan. All equipments used to contain the samples
were cleaned with 10% hydrochloric acid for at least
24 h, and rinsed thoroughly with deionised water
before use. Samples were taken from the CTD
carousel in 125ml high-density polyethylene
(HDPE) bottles, which were rinsed with the sample
before filling. Samples were filtered through 2 mm
polycarbonate filters into the quartz tubes to the
10ml mark, and the tubes were capped with custom-
made Teflon screw tops. The samples irradiated for
40min, cooled and transferred to 20ml HDPE
bottles, in which they were frozen immediately. The
samples were irradiated and frozen within 1 h of the
initial sampling time.

Frozen samples were defrosted at room tempera-
ture and shaken to avoid stratification, before
analysis. A Bran and Luebbe autoanalyser (AAII)
was used for the determination of phosphorus (P).
The detection limit was 6 nMP (3� standard
deviation of the blank). Precision (as relative
standard deviation of replicates) was 2.8%
(50 nMP), 4.3% (100 nMP) and 1.6% (200 nMP).
DOPUV was determined by subtracting the concen-
tration of dissolved inorganic-P (DIP) from that of
total dissolved P after UV oxidation.

Recovery of model compounds was tested in the
laboratory before use with a range of compounds,
including easily oxidised phosphate esters and the
refractive phosphonate, 2-aminoethylphosphonic
acid (Table 2). Low nutrient seawater was used for
the tests. Percentage recovery was comparable with
two similar studies by Ormaza-Gonzalez and
Statham (1996) and Thomson-Bulldis and Karl
(1998). It can be seen from the results (Table 2) that
the P–O–P bonds in both inorganic and organic
polyphosphates are the most refractive, while
P–O–C bonds, such as those in P esters, are the
easiest to break. Recoveries were 99% and 100%
recovery for the esters (P–O–C bonds), 85% for a
phosphonate (P–C bond) and 54% for another P–C
bonded molecule. The exact composition of organic
P in seawater is unknown, but Kolowith et al.
(2001) detected a ratio of 25% phosphonates and
75% monoesters and diesters in ultra-filtered
Pacific, Atlantic and North Sea samples. The
process of ultra-filtration results in only a fraction
of the total DOP pool being analysed. Diesters
include the nucleic acids, DNA and RNA, but these
are thought to make up a relatively small fraction of
the DOP pool (Paul et al., 1987; Karl and Bailiff,
1989). Although total DOP (by persulphate oxida-
tion—PO) was measured in our study, there were
problems with noise in the data related to the
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Table 2

Percentage recovery of model DOP compounds for the UV procedure used in this study

Percentage recovery of model compounds

Bond This study Ormaza-Gonzalez

and Statham (1996)

Thomson-Bulldis

and Karl (1998)

Trimetaphosphate P–O–P 10 3 nd

Tripolyphosphate P–O–P 15 20 (DIW) 18

Sodium pyrophosphate P–O–P 10 nd 3

Adenosine-50-triphosphate P–O–P, P–O–C 28 3 35

Phosphonoacetic acid P–C 54 nd nd

2-Aminoethylphosphonic acid P–C 85 82 81

O-phospho-DL-serine 88 nd 99

4-Nitrophenyl phosphate P–O–C 99 90 (DIW) nd

Lecithin P–O–C 100 nd 89

All compounds were tested in seawater except those followed by deionised water (DIW). nd, no data.
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combination of seawater and repeated use of plastic
bottles (polypropylene). We have therefore chosen
to disregard these data.

2.4. Particulate organic matter (POC, PON and

POP)

For particulate organic carbon (POC) and nitro-
gen (PON), 1–2 l of samples were filtered through
pre-combusted 25mm Whatman GF/F GFFs and
stored frozen. Before analysing the samples, filters
were dried and treated with HCl fumes to remove
carbonate. The samples were analysed on a Leeman
Lab 440 CHN elemental analyser. Measurement of
particulate P was modified after Koroleff (1976).
Briefly, a suitable volume (usually 250ml) was
filtered onto a 47mm, 0.2 mm pore-sized polycarbo-
nate filters at low vacuum (o0.2 bar). Filters were
suspended in 5ml Milli-Q water in 10ml polypro-
pylene tubes and wet oxidised in acid persulphate.
The low concentration of P in the filter blanks was
subtracted from all samples. Released P was
measured as SRP using the standard molybdenum
blue technique and a 5 cm cuvette.

3. Analytical quality control discussion of frozen vs.

unfrozen nutrients

It is axiomatic amongst marine chemists that
analyse dissolved nutrients (nitrate, nitrite, phos-
phate, ammonium, silicic acid, etc.) that it is
desirable to analyse seawater nutrients on-board
ship as soon as possible after sampling. In this way,
problems related to sample storage are negated or,
at worst, minimised. Prior to this study most of the
nutrient data available from the Levantine basin
was acquired from samples frozen prior to analysis
in land-based laboratories (Krom et al., 1991, 1992;
Kress and Herut, 2001; Kress et al., 2003). In this
study, we sampled and measured DIP and total
dissolved phosphate (TDPUV), nitrate+nitrite and
silicic acid in various ways which allow intercom-
parisons to be made. A full and complete series of
tests was not possible for practical reasons, but
sufficient tests were made to allow preliminary
conclusions to be drawn concerning the quality of
the data produced and the procedures used.

Nanomolar and micromolar analyses for nitrate,
nitrite and phosphate were carried out on-board
ship within 2 h of sample collection with no storage
procedure required (Woodward, 1994). The micro-
molar procedures used by Woodward and co-
workers are quality controlled and monitored by
participation in the QUASIMEME intercalibration
programme. The nanomolar LWCC technique
(Woodward, 2002) is too new to be part of a
specific intercalibration exercise. However, in-house
tests have been carried out to show that there is a
good comparison between nanomolar and micro-
molar DIP for the range (20–100 nM) where both
procedures are appropriate (Woodward, unpubl.
data). We have used these phosphate data as the
reference data for our other DIP results. For
comparison, micromolar DIP analysis was carried
out in which the samples were frozen on-board ship
immediately after sampling and analysed on-shore
some time later. This is the same procedure used
originally by Krom et al. (1991, 1992, 1993) and
used subsequently in a series of studies of nutrients
in the eastern Mediterranean by Kress and Herut
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(2001) and Kress et al. (2003). This procedure has
been verified as part of the NOAA/NRC Inter-
comparison for nutrients in seawater with good
results (Willie and Clancy, 2000). In addition,
interlaboratory comparisons also took place within
the POEM-BC programme (Kress et al., 1991).

Micromolar nutrient data were compared be-
tween on-board measurements and frozen samples
(Fig. 1). The results for nitrate+nitrite in the deep
water are similar and consistent, with a slope close
to 1 and with a correlation coefficient of 0.962.
However, the results for the upper water mass
(above 250m) did not compare well. For samples
with a concentration of less than 400 nM, the on-
board samples were consistently lower. The differ-
ence became proportionately worse when the
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Fig. 1. Plot of nutrient samples (nitrate+nitrite, phosphate and

silicate) analysed on-board ship within a few hours of sampling

against samples frozen immediately and analysed subsequently in

a shore-based laboratory. The line plotted is the 1:1 plot. The

linear regression coefficient (r2) for nitrate+nitrite is 0.962, for

phosphate is 0.846 and for silicate is 0.941.
concentration was lower. It was concluded that at
concentrations less than 400 nM the frozen samples
were not reliable. In addition to the nitrate and
nitrite intercomparison, we performed the same
intercomparison of the results for phosphate and
silicic acid (Fig. 1). The slope of the phosphate line
was close to the 1:1 line (r2 ¼ 0.846) though there
was considerable scatter below 20 nM. The silicic
acid results of the frozen samples were slightly
higher than those of on-board measurements, in
particular at high concentrations, though overall the
regression coefficient was 0.941. It was thus
concluded that freezing samples are acceptable for
samples with a concentration above 20 nM (DIP)
and 400 nM (nitrate and nitrite) which represents
most of the published data from intermediate and
deep waters from the Levantine basin. However for
concentrations lower than this, which in practice
means within the photic zone in the eastern
Mediterranean, it is highly desirable to use on-
board measurements and ideally the nanomolar
techniques (Woodward, 2002).
4. Physical oceanography of the region

The physical oceanography of the region is
summarised in Krom et al. (2003). Briefly, the
surface layers of the eastern Mediterranean are
represented by modified Atlantic water which flows
east from the straits of Gibralter and Sicily. This
water is characterised as having relatively low
salinity (36.15) and low nutrient content. As it flows
east the salinity gradually increases. Beneath this
surface layer is the Levantine Intermediate Water
(LIW) with a salinity of �39.15 which is formed in
the NE Levantine basin in winter and then flows to
the west. Until 1989 the deep water of the Levantine
basin (LDW) was formed exclusively in the N
Adriatic in winter. This LDWADR has a salinity of
38.65 and a temperature of 13 1C. Starting in 1989 a
new source of LDW originating in the Aegean was
observed. This LDWAEG has a salinity of 39.0 and a
temperature of 14 1C.

The physical circulation is highly dynamic with a
series of mesoscale features. The Cyprus eddy is a
semi-permanent warm-core feature approximately
100 km in diameter situated south of Cyprus. It is
characterised by an isothermal layer of relatively
warm water to a depth of 300–500m. There is deep
winter mixing to the base of this isothermal layer in
most winters.
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5. Results

5.1. Stations outside the eddy

The vertical structure of stations 50 and 68 (outside
the eddy) was typical of stations in the south eastern
Levantine basin sampled in early summer (Krom
et al., 1993; Kress and Herut, 2001). There was a
seasonal thermocline beneath a shallow mixed layer
(Fig. 2). The salinity minimum observed beneath the
immediate surface layer was attributed to modified
Atlantic water. From �50 to 200m there was an
increase in salinity to a maximum representing LIW.
The salinity and temperature then decreased to the
Eastern Mediterranean Deep Water of Adriatic origin
(EMDWADR). At these stations there was then a
relatively thin layer (�100m) of EMDW formed in
the Aegean Sea (EMDWAEG; Klein et al., 2003) at the
bottom of the water column.

The surface layers of stations 50 and 68 to 70m
had a low but measurable amount of chlorophyll
(20–50 ng/l) which increased to a maximum of
200 ng/l at 110m depth (Table 4) and then decreased
to background levels below 200m. In the photic
zone above the chlorophyll maximum in station 68,
nitrate and phosphate as determined by conven-
tional micromolar technology were below detection
limits (Fig. 3). However, when phosphate was
measured using nanomolar technology, there was
a small (3–6 nM) but detectable concentration of
phosphate present. Nitrate was not determined by
nanomolar technology for these stations. In the
same layers, ammonium was 65–70 nM which was
higher than the concentrations present deeper with-
in the water column. Silicate was present through-
out the photic zone at a concentration of �1.2 mM.

At the base of the chlorophyll maximum
(130–160m), there was a sharp nitrite maximum of
�70 nM (Fig. 3). There was no associated change in
ammonia-N concentration at this depth. The main
nutricline starts at 130–160m depth for nitrate,
silicate and phosphate. Using conventional micro-
molar phosphate it appeared that the phosphocline
was deeper than the nitricline and silicacline but
when nanonutrient measurements were used, all
nutrients increased simultaneously. There was a
nutrient (nitrate and phosphate) maximum (Fig. 3)
and dissolved oxygen minimum (Fig. 2) at approxi-
mately 500m. The nutrients then decreased and
the dissolved oxygen increased slightly throughout
the EMDWADR. Silicate increased throughout the
depth profile to 1200m. The silicate, phosphate and
nitrate content of the EMDWAEG was slightly lower
than that for EMDWADR while the dissolved
oxygen content was slightly higher. Ammonium
decreased to 59 nM at the base of the nutricline
(400m) and remained essentially constant at that
concentration to the bottom of the profile.

5.2. Stations at the core of the eddy

The vertical structure of the stations at or close to
the core of the warm-core eddy were typical of those
found previously for the Cyprus eddy in early
summer (Krom et al., 1993). There was a shallow
sharp seasonal thermocline to a depth of �30m
beneath a shallow mixed layer (Fig. 4). The salinity
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minimum observed beneath that layer is attributed
to modified Atlantic water. From 25 to 150m there
was an increase in salinity. The isothermal layer
characteristic of a warm-core eddy is found from
150 to 200–250m. The precise depth of this
isothermal layer depends on the particular station
being sampled and how far it is from the geometric
centre of the eddy as well as on the strength of the
feature (Krom et al., 1993). Beneath the isothermal
layer the salinity and temperature decrease to the
EMDWADR. Beneath the EMDWADR, there was a
thin layer (�100m) of warmer and more saline
water which is identified as EMDWAEG.

The depth of the chlorophyll maximum was
120–140m (Table 4). In the photic zone above the
chlorophyll maximum, there was low but detectable
levels of both nitrate (1–10nM) and phosphate
(o2–5nM) as determined by nanomolar technology
(Fig. 5). At the same depths silicate was constant
(�1mM). Ammonia was present in the surface layers
(�80nM). At the base of the chlorophyll maximum
there was a nitrite maximum (60–120nM; Figs. 6
and 7). There was also a small but detectable increase
in both nitrate (30–60nM) and phosphate (3–5nM;
Figs. 5–7) associated with the seasonal nutricline
(Krom et al., 1992, 1993). This is the layer of isothermal
water which is formed during deep winter mixing and
becomes isolated from the surface after the seasonal
thermocline forms and deep winter mixing ceases. At
station 58 (Fig. 5), there was a slight decrease in
phosphate in this layer while in station 67 phosphate
increased (Fig. 7). Beneath this layer, the permanent
nutricline was found and the nutrient content increased
to a maximum at 700m (nitrate and phosphate). The
dissolved oxygen minimum was found at 600m.
EMDWAEG had lower phosphate, silicate and nitrate
and higher dissolved oxygen than EMDWADR (Fig. 4).

5.3. Dissolved and particulate organic matter (DOM

and POM)

A complete depth profile for DOM was obtained
for four stations (44, 50, 64 and 68) outside the eddy
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(Fig. 8). DOC decreased rapidly from 60–110mM in
the upper layers of the photic zone to a constant value
of 4575mM from 350m to the bottom of the profile.
DON decreased from 4.5–11.5mM in the upper 50m
to a constant value of �2mM below 350m depth. In
contrast there was only a small decrease in DOP in the
upper water column (o350m) and then a relatively
constant of �50nM below that depth except for
several anomalously high values at station 50 near the
bottom of the profile. The resultant DOC:DON:DOP
ratio in the photic zone was 106:8–13:0.05–0.06
changing to 106:6–8:0.2–0.3 at depth.

In the eddy core stations, except for a few
apparently anomalously high values, DOC re-
mained relatively constant at 60–100 mM from the
upper photic zone to the bottom of the isothermal
layer and only began to decrease to a constant level
of 45 mM below 450m (Fig. 9). DON values
decreased rapidly from 5–10 mM in the uppermost
layers to �2 mM below 300m. As with the outside
the eddy stations, DOP only decreased a relatively
small amount from the uppermost photic zone
(50–60 nM) to �40 nM at depth. There were also a
number of anomalously scattered data close to the
bottom of the water column (1500m) in station 26.
The resultant DOC:DON:DOP ratio in the photic
zone was 106:4.3:0.11 changing to 106:9.1:0.10 at
depth.

Carbon, nitrogen and phosphorus were deter-
mined in particulate matter collected from stations
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below the nutricline, the total dissolved nitrogen was somewhat lower than the sum of nitrate+nitrite+ammonium. If the lowest value at

600m was assumed to be zero, and the remaining data corrected correspondingly (i.e. add �2 mM), the values in the deep water became

similar to those measured at stations outside the eddy.
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both within the eddy core and outside the eddy. The
results, summarised in Table 3, show that the POC
in surface waters above the chlorophyll maximum
was 3–3.7 mM decreasing to 2.3–2.6 mM within the
chlorophyll maximum to 1.2–1.5 mM in the deep
waters. PON values were 0.39–0.32 mM above 70m,
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Table 3

POC, PON and POP concentrations for particulate matter in the water column

Station and depth POC (mM) PON (mM) POP (nM) No. of samples

Eddy core stations

Surface layer (0–50m) Aver. 3.7 0.39 9.1 28

s.d. 1.2 0.12 2.5

Chlorophyll maximum and just below (140–250m) Aver. 2.3 0.29 7.6 5

s.d. 0.9 0.11 2.6

Deep waters (350–1600m) Aver. 1.2 0.11 3.8 6

s.d. 0.4 0.05 1.1

Outside eddy stations

Surface layer (70m) Aver. 3.0 0.32 n.m. 2

s.d. 0.5 0.20

Chlorophyll maximum and just below (130–250m) Aver. 2.6 0.30 n.m. 7

s.d. 0.6 0.11

Deep waters (350–2500m) Aver. 1.5 0.12 n.m. 13

s.d. 0.34 0.05

Average values71� s.d. given. All values in mM.
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0.29–0.30 mM within the chlorophyll maximum and
0.11–0.12 mM in the deep waters. The POP values
were only measured in the eddy core stations and
were 9.1 nM decreasing to 7.6 nM at the chlorophyll
maximum to 3.8 nM in the deep waters. Given the
limited number of samples analysed there was no
noticeable difference in the POM values between the
eddy stations and outside the eddy.

6. Discussion

6.1. Dissolved inorganic nutrient profiles in the water

column

In this study, for the first time in the eastern
Mediterranean, a complete set of dissolved and
particulate nutrient elements (C, N and P) were
measured. In the eastern Mediterranean, the annual
phytoplankton bloom takes place between Novem-
ber and March as soon as the dissolved nutrients are
mixed into the photic zone (Krom et al., 2003). At
the time of the winter bloom, when chlorophyll is
distributed evenly throughout the mixed layer
decreasing towards the base of the photic zone,
phosphate is entirely depleted and significant con-
centrations of nitrate (300–1000 nM) remain. By
May when this study was performed, summer
conditions are firmly established with a strong
seasonal thermocline and a well-developed deep
chlorophyll maximum. In the photic zone above the
chlorophyll maximum, LNLC conditions have
developed with both phosphate and nitrate below
detection limits of conventional automated technol-
ogy. Using nanomolar methods, there were low but
detectable concentrations of ammonia (30–80 nM),
while nitrate and nitrite was o1–10 nM and
phosphate o2–4 nM. The presence of measurable
ammonia in the photic zone while nitrate was close
to or below detection limits suggests that grazing is
an important process in this system since ammonia
(and DON) are the first products of microbial
grazing. A principal conclusion of the CYCLOPS
addition experiment is that a very efficient grazing
community is present that recycles bacterial and
phytoplankton production rapidly (Thingstad et al.,
2005). It has been estimated that export production
is �5% of gross primary production which is low
for a basin with such a large dust flux (Carbo et al.,
2005) and again emphasises the crucial importance
of microbial grazing and recycling in this system.

The determination of total inorganic nutrients
(DIN and DIP) by nanomolar technology enables
N:P ratio to be calculated for surface waters. The
ratio varied from 8.4 to 59, with five values below
the Redfield ratio of 16:1 and four values above this
ratio. The calculated N:P ratio at 80–120m for IN
patch stations sampled during the CYCLOPS
experiment was greater than 16:1 for 21 out of 23
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samples (Krom et al., 2005a). Since the P addition
was confined to the Surface Mixed Layer (o20m),
these data represent depths unaffected by P addition.
Cavender-Bares et al. (2001) note that at the BATS
station in the Sargasso Sea (N Atlantic), the system
switches from P limitation in winter when the nitrate
+ nitrite:DIP416:1 to N limitation in summer when
nitrate and nitrite:SRP o16:1. This switch to N
limitation caused the N2 fixation observed at BATS
in summer. In the eastern Mediterranean, it is known
that there is excess N in winter. The results of this
study in which the DIN:DIP ratio in the photic zone
are predominantly greater than 16:1 suggest that
under summer conditions also the water column
remains short of DIP.

Silicate is present throughout the water column
including in the photic zone. It has not been entirely
depleted because the diatoms are only a very minor
component of the phytoplankton biomass (Pitta et
al., 2005). The total concentration of nutrients is so
low that it favours the growth of nano- and pico-
plankton and mitigates against the growth of larger
eukaryotic phytoplankton such as diatoms. The
only significant blooms of diatoms in the eastern
Mediterranean occur in coastal waters in winter and
in the cores of cold core eddies such as the Rhodes
gyre (Krom et al., 2003). Thus, it is unlikely that
there are large enough populations of diatoms with
symbiotic N fixers in the offshore waters of the
eastern Mediterranean to allow significant N fixa-
tion as suggested by d’Alcala et al. (2003) to occur.

There was a prominent nitrite peak at the base of
the chlorophyll maximum and at top of the
permanent nutricline in the out of eddy stations
and at the top of the seasonal nutricline in the eddy
stations (Figs. 3, 6 and 7, Table 4). The location and
magnitude of this peak were very similar to the
Table 4

Depth relationship between the chlorophyll maximum and the

adjacent nitrite maximum

Station no. Depth of

chlorophyll

maximum

Depth of

nitrite

maximum

Magnitude of

the nitrite

maximum (nM)

50 (outside eddy) 110 130 70a

68 (outside eddy) 110 130 67a

26 (core of eddy) 140 150 60b

58 (core of eddy) 130 150 84a

67 (core of eddy) 120 160 120b

aDetermined using nanomolar technology.
bDetermined using micromolar technology.
primary nitrite maximum (PNM) found at station
ALOHA (Dore and Karl, 1996) and at BATS
(Lipschultz et al., 1996). This PNM has been
ascribed to a combination of incomplete assimila-
tory reduction of nitrate by phytoplankton and
chemoautotrophic oxidation of ammonium by
nitrifying bacteria. Without further detailed mea-
surements it is not possible to determine the relative
importance of these two processes in the develop-
ment of the PNM here.

In stations outside the warm-core eddy, the
permanent pycnocline and nutricline starts immedi-
ately below the chlorophyll maximum. However, in
the warm-core eddy, the chlorophyll maximum is
within the isothermal water layer and a seasonal
nutricline which develops (Krom et al., 1993). The
presence of a nitrite maximum at the top of this
seasonal nutricline shows that the process that
results in the production of nitrite occurred rapidly,
within the past 6–8 weeks since the seasonal
thermocline developed. The magnitudes of the
nitrite peak at the eddy core stations are somewhat
higher than that observed at stations 50 and 68
which have a permanent nitrite maximum. Similar
short-term changes in the magnitude of the PNM
are commonly found in such highly oligotrophic
systems (Dore and Karl, 1996; Lipschultz et al.,
1996).

Beneath this isothermal layer, there was a
permanent nutricline. This is at 350–400m in the
eddy core compared with 150m depth at stations
outside the eddy. Using conventional micromolar
technology, it appeared that the phosphocline was
deeper in the water column than the nitricline or
silicicline. However, when nanomolar technology
was used (Figs. 5–7), it was evident that the
phosphocline occurred at the same depth as the
increase in the other nutrients. There is thus no
evidence from the nutrient profiles of more rapid
recycling of P relative to nitrate and silicate in these
waters. The nutrient profile beneath the nutriciline
was similar to that observed previously in the region
(Kress and Herut, 2001) with a nutrient (nitrate and
phosphate) maximum at �600m.

6.2. Dissolved organic matter profiles in the water

column

The concentration of DOC in the eastern
Mediterranean is similar to that determined at
station ALOHA in the N Pacific subtropical Gyre
(data as presented in Hansell, 2002) with both
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Table 5

Concentration of DOC measured by High Temperature Oxidation in the eastern Mediterranean compared to values determined in other

subtropical oligotrophic regions of the world’s oceans

Location Depth DOC (mM) Depth (m) DOC (mM) Reference

Eastern Mediterranean Photic zone 65–100 500–1200 40–60 This study

N Pacific Central Gyre (ALOHA) 0–50m 100–120 400 40 Hansell (2002)

Sargasso Sea (BATS) 0–50m 60–70 400 40–50 Hansell (2002)

North-West Mediterranean Surface 100 400 60 Raimbault et al. (1999a)

Ionian Sea Surface 50–73 400 31–62 Seritti et al. (2003)

Table 6

Concentration of DON measured by High Temperature Oxidation in the eastern Mediterranean compared to values determined in other

subtropical oligotrophic regions of the world’s oceans

Location Depth DON (mM) Depth (m) DON (mM) Reference

Eastern Mediterranean Photic zone 3–11 500–1200 1–2 This study—HTC

Northern N Pacific Surface 8–10 200–4000 6–8 Koike and Tupas (1993)—HTC

Equatorial Pacific Upper 200m 3–7 Raimbault et al. (1999b)—PO

Sargasso Sea Surface 4–5.5 250–1000 2.1–5 Hansell and Carlson (2001)—UV

North-West Mediterranean Surface 5 400 3 Raimbault et al. (1999a)—PO
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systems having approximately 100 mM in the surface
waters and 40 mM at depth (Table 5). The values of
both are somewhat greater than those found in the
Sargasso Sea where surface values are 60–70 mM
while values at 400m are 40–50 mM and in the
Ionian Sea in winter with values of 50–73 and
31–62 mM at depth (Table 5). Likewise the DON
contents (Table 6) are similar to those measured
elsewhere in the surface layers of open ocean waters
such as the Northern N Pacific (Koike and Tupas,
1993). DON is determined by a variety of chemical
procedures which result in determination of some-
what different chemical phases. The determinations
of DON in the Equatorial Pacific and the Sargasso
Sea have been carried out using PO and UV
methods which are thus not strictly comparable
with the high temperature oxidation (HTO) method
used here. Nevertheless, the values seem to be of a
similar order of magnitude in contrast to the data
for DOP discussed below.

The amount of DOC (and DON) and their trends
imply at least as a first hypothesis that the processes
controlling their concentrations in the eastern
Mediterranean might be similar to those observed
in other subtropical ultra-oligotrophic systems.
Vertical trends in DOC and DON have been
interpreted elsewhere as being due to nutrient
limited production of phytoplankton continuing to
fix carbon after running out of N and/or P. As some
of this carbon leaks into the water column as a
result of grazing or other processes, DOM with a
high DOC/DON ratio accumulates. It is, however,
somewhat surprising that the DOC and DON
contents are as high as those determined in other
tropical oceanic areas despite the fact that primary
productivity levels are much lower (Krom et al.,
2003) and light levels are high. Indeed, it has been
found that a fraction of the DOC and DON is
photolabile and its photochemical breakdown was
shown to release inorganic N (NH4

+ and NO2
�)

while there is also evidence of DOC photodegrada-
tion (Kitidis et al., pers. comm.). While DOC and
DON are consumed by heterotrophic bacteria, this
only occurs when phosphate is supplied. The result
of the CYCLOPS addition experiment shows that in
this system DOM consumption by heterotrophic
bacteria is strongly P limited (Krom et al., 2005).

DOPUV is the largest reservoir of phosphorus
within the surface water column, in general, and the
photic zone in particular. Typically DOPUV values
are �50 nM in surface waters (Table 7) compared to
a few nanomoles of DIP and 5–25 nM of particulate
P. However, the concentration of DOPUV is much
lower than the amount found in other surface
waters even within subtropical ocean gyres such as
North Pacific subtropical gyre (Williams et al.,
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Table 7

Concentration of DOPUV measured by UV photooxidation in the eastern Mediterranean compared to values determined in other

subtropical oligotrophic regions of the world’s oceans

Location Depth DOP (nM) Depth (m) DOP (nM) Reference

Eastern Mediterranean Photic zone 50 500–1200 40 This study

N Pacific Subtropical Gyre Surface 270 900 120 Williams et al. (1980)

N Pacific Subtropical Gyre 0–100m 150–200 900 30 Smith et al. (1986)

Sargasso Sea Surface 100–500 Cavender-Bares et al. (2001)

Sargasso Sea Surface 74742 Wu et al. (2000)

North-West Mediterranean Surface 130 400 bdl Raimbault et al. (1999a)—PO
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1980; Smith et al., 1986) or the Sargasso Sea (Wu
et al., 2000; Cavender-Bares et al., 2001; Table 7). It
is also somewhat lower than values measured in the
NW Mediterranean (Raimbault et al., 1999a). This
DOPUV is biologically unreactive. Although N is
present in the surface waters as free ammonia, there
is only limited primary productivity. When ammo-
nia was provided to ‘‘out of patch’’ water in a
microcosm, no significant growth occurred (Zohary
et al., 2005). Loh and Bauer (2000) used data from
the eastern North Pacific Ocean to test the relative
mineralisation rates of N relative to P and of N
and P relative to C. They concluded that DOP is
preferentially mineralised compared with DOC and
DON resulting in increasing C:P and N:P ratios
with depth. In contrast in the eastern Mediterranean
there is a smaller decrease in DOPUV with depth
than that for either DON or DOC which decreases
rapidly with depth implying that the labile DOP has
already been recycled.

DOPUV measures only a proportion of the total
DOP present in the water column. In the North
Pacific, �2/3 of the total DOP is present in a UV
labile form (Thomas-Bulldis and Karl, 1998). Thus
it is considered reasonable to assume that the
DOPUV measured in this study represents a mini-
mum of 50% of the total DOP and probably
contains most of the biologically available DOP.
Thus, even if the total DOP is twice the measured
DOPUV, there was a drastic shortage of P relative to
both C and N.

6.3. Elemental ratios of different organic matter

phases in the water column

The DOC:DON:DOP ratio in the photic zone
was 106:8–13:0.05–0.06 which is thus depleted in N
and very depleted in P relative to the Redfield ratio.
The C:N:P ratio of particulate matter was also very
much greater than the Redfield ratio (Table 8). High
carbon:nutrient ratios are not uncommon in ultra-
oligotrophic systems where carbon fixation con-
tinues after N and P become totally depleted.
However, in this system, the samples are also
severely depleted in P relative to N (N:P ¼ 32–40).
There is a systematic decrease in POM concentra-
tion with depth which reflects the progressive
decomposition of labile organic matter mainly by
bacterial consumption and respiration. As is noted
above there is a parallel build up of dissolved
nutrients and decrease in dissolved oxygen. The
systematic increase in C:N ratio with depth suggests
that N is being remineralised preferentially below
the photic zone. Rather surprisingly the C:P values
do not increase as fast as the C:N ratios suggesting
that N is recycled more rapidly than P in the deeper
zones of the water column. A similar pattern is
found for DON and DOP. A possible explanation is
that the rapid recycling of P occurs within the photic
zone while N is recycled less rapidly on the time
scale represented by the intermediate and deep
waters.

Until recently (ca. 1990) all EMDW was formed
in the Northern–Middle Adriatic in winter and then
flowed out to fill the remainder of the deep waters of
the eastern Mediterranean basin. Zavatarelli et al.
(1998) have reviewed the seasonal nutrient data for
the Adriatic Sea. In winter, they showed that the
nitrate content in the deep Northern and Middle
Adriatic contain 0.8–1 mM nitrate. The same waters
contain 50–75 nM of phosphate, very close to or at
the limit of detection of the analytical method used.
The water mass characteristics and nutrient content
of this deep water is similar to the values determined
by Kress and Herut (2001) and Kress et al. (2003)
for the more extensive data sets collected across
the Levantine basin. Assuming the original phos-
phate in the descending water was zero, then the
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Table 8

C:N:P ratios of particulate organic matter sampled from the water column in the core of the eddy and outside the eddy: average values and

1� s.d. are given

C N P No. of samples

Eddy core stations

Surface layers (0–50m) 106 11.31 0.284 28

0.908 0.095

Chlorophyll maximum (140–250m) 106 12.92 0.401 5

1.746 0.212

Deep waters (350–1600m) 106 9.612 0.36 6

1.126 0.127

Out of eddy stations

Surface layers (70m) 106 11.34 n.m. 2

Chlorophyll maximum (140–250m) 106 12.29 n.m. 7

4.19

Deep waters (350–1600m) 106 9.77 0.36 13

2.41
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calculated C:N:P ratio of the organic matter which
decomposed in the transit from the Adriatic to the
SE Levantine basin is 106:8.8:0.34 assuming an
O:org C ratio of 138:106 (Redfield et al., 1963) and
106:11.1:0.43 assuming an O:org C ratio of 175:106
(Takahashi et al., 1985). A similar calculation can
be carried out for the EMDW that has recently
formed in the Aegean Sea. In the Aegean Sea, the
annual range of phosphate and nitrate concentra-
tion in the surface waters is bdl–0.05 and bdl–1 mM,
respectively (Krasakopoulou et al., 1999). Assuming
the sinking waters have 1 mM of nitrate and zero
phosphate, this results in a similar C:N:P ratio for
the decomposed organic matter of 106:8.5:0.34 or
106:10.8:0.43, respectively. If the preformed phos-
phate was 0.05 mM then the content of the P in the
decomposing organic matter would have been even
lower.

Thus, the C:N:P ratio of the organic matter that
has decomposed to provide the nutrients observed
in the deep water (Table 9) is rather similar to the
measured residual C:N:P ratio of the particulate
matter in the deep water (106:9.6:0.36) and some-
what higher than the measured residual C:N:P ratio
of dissolved organic matter (106:5.3:0.13). On the
basis of these data either or both could be
considered the source of the unusual ratio for the
decomposed organic matter. It is, however, under-
stood that the calculated C:N:P ratio of the
decomposed organic matter is the sum of all of
the organic matter which has decomposed within
that water mass during its passage from when it first
descended from the surface to its present position in
the eastern Mediterranean. Without specific data on
the nutrient content of the POM and DOM along
the entire transect particularly at the site where the
water descended it is not possible to determine
which of these sources of decomposing organic
matter is more important.

6.4. Eastern Mediterranean as a P starved system

The south eastern Levantine basin of the eastern
Mediterranean is a uniquely P starved system. Prior
to this study it was known that the nitrate:pho-
sphate ratio in the deep water was 25–28:1 (Krom
et al., 1991; Kress and Herut, 2001). In this study,
similar nitrate:phosphate ratios were determined.
The overall DIN:DIP ratio in the deep water is
actually somewhat higher since a small but measur-
able concentration of ammonium (40–80 nM) was
determined throughout the water column. In the
nutrient depleted surface waters, the total DIN:DIP
ratio, as determined by nanomolar technology was
predominantly 416:1. It has been shown here that
the particulate matter throughout the water column
has an N:P ratio of 27–32:1. The DON:DOP ratio
was greater than 100:1. This is likely to be a
maximum estimate since DOPUV was determined
rather than total DOP. In comparison to studies in
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Table 9

Calculated elemental ratio of decomposed organic matter in Eastern Mediterranean Deep Water (EMDW)

Water mass Carbon Nitrogen Phosphorus No. of samples

EMDWADR averagea 106 8.8 0.34 6

EMDWADR rangea 106 8.2–9.4 0.27–0.40 6

EMDWADR averageb 106 11.1 0.43 6

EMDWADR rangeb 106 10.4–12.0 0.34–0.51 6

EMDWAEG averagea 106 8.5 0.34 6

EMDWAEG rangea 106 7.9–9.1 0.29–0.39 6

EMDWAEG averageb 106 10.8 0.43 6

EMDWAEG rangeb 106 10.3–11.5 0.39–0.49 6

Measured POM in the deep water 106 9.6 0.36

Measured DOM in the deep water 106 8–13 0.05–0.06

0.1–0.12c

The calculation assumes that the descending water had an initial nitrate content of 1 mM and was entirely depleted in phosphate

(Zavatarelli et al., 1998; Krasakopoulou et al., 1999).
aCalculated assuming an O:organic ratio of 138:106 (Redfield et al., 1963).
bCalculated assuming an O:organic ratio of 175:106 (Takahashi et al., 1975).
cAssuming that UV labile DOP is 50% of total DOP.
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other oligotrophic waters (Thomson-Bulldis and
Karl, 1998), the total DOP might reasonably be
assumed to be twice the DOP measured here and
thus the DON:DOP ratio might be 50:1. Thus, all of
the N:P ratios within the water column in this
region are far in excess of the Redfield ratio of 16:1.
Taking into account the limitations of a study
carried out in one location and at one time it is
concluded that there is no previously unidentified
reservoir of biologically available P in the system.
Furthermore, the N:P ratio of the decomposed
organic matter, which represents a basin-wide
integrated nutrient ratio is 23–30:1 The only large
reservoir of P within the system of non-biologically
labile P is the one which is supplied with Saharan
dust (Herut et al., 1999). Carbo et al. (2005) have
shown that there is evidence in this P starved system
of significant remobilisation of inorganic ‘refrac-
tory’ P supplied in the Saharan dust probably in the
photic zone. The P limitation of the eastern
Mediterranean is thus due to the lack of P within
the system and is not due to some unusual recycling
processes within the system which is removing P
relative to N. If N fixation is occurring as has been
suggested by Bethoux et al. (1992) and Pantoja et al.
(2002), then it is against a background of severe
overall P starvation.

As a result of work carried out during the
CYCLOPS programme, a new hypothesis has been
presented to explain the P starved status of the
eastern Mediterranean (Krom et al., 2004, 2005).
Krom et al. (2004) have carried out a total nutrient
budget for the eastern Mediterranean and have
shown that the N:P ratio of the nutrients supplied to
the system is �50:1, far in excess of the Redfield
ratio. While globally microbial denitrification is
known as an important process which causes the
system to relax to the Redfield ratio of 16:1 (Tyrell,
1999), it has been suggested that this does not occur
in the eastern Mediterranean. Denitrification re-
quires sub-oxic to anoxic conditions. The eastern
Mediterranean is ultra-oligotrophic, with very low
levels of primary productivity. This is principally as
a result of its unusual anti-estuarine circulation in
which nutrients are net exported from the basin at
the straits of Sicily within the LIW. This means that
very little organic matter is produced and accumu-
lated. Organic matter is required by denitrifying
bacteria both to drive the system to the sub-oxic to
anoxic conditions required for nitrate reduction and
to provide the fuel for this microbial process. Since
only very limited denitrification occurs, the N:P
ratio does not relax back to the Redfield ratio and
the system remains P starved. The data presented in
this study are entirely consistent with this inter-
pretation for the overall nutrient control of the
system.

Acknowledgements

The authors would like to thank the captain and
crew of the R.V. Aegaeo for making the research



ARTICLE IN PRESS
M.D. Krom et al. / Deep-Sea Research II 52 (2005) 2879–2896 2895
cruises so successful and enjoyable. They also
acknowledge the many useful discussions that took
place with the other members of the CYCLOPS
team during the production of this manuscript. The
research was supported by EC Grant EVK3-CT-
1999-000009.
References

Alvarez-Saldago, X.A., Miller, A.E.G., 1998. Simultaneous

determination of dissolved organic carbon and total dissolved

nitrogen in seawater by high temperature catalytic oxidation:

conditions for precise shipboard measurements. 62, 325–333.

Behrenfeld, M.J., Bale, A.J., Kolber, Z.S., Aiken, J., Falkowski,

P., 1996. Confirmation of iron limitation of phytoplankton

photosynthesis in the equatorial Pacific Ocean. Nature 383,

508–511.

Bethoux, J.P., Morin, P., Madec, C., Gentili, B., 1992.

Phosphorus and nitrogen behavior in the Mediterranean

Sea. Deep-Sea Research II 39 (9), 1641–1654.

Broecker, W.S., Takahashi, T., Takahashi, T., 1985. Sources and

flow patterns of Deep-Ocean Waters as deduced from

potential temperature, salinity and initial phosphate concen-

tration. Journal of Geophysical Research 90, 6925–6939.

Boyd, P.W., Watson, A.J., Law, C.S., Abraham, E.R., Trull, T.,

Murdoch, R., Bakker, D.C.E., Bowie, A.R., Buesseler, K.O.,

Chang, H., Charette, M., CRoot, P., Downing, K., Frew, R.,

Gall, M., Hadfield, M., Hall, J., Harvey, M., Jameson, G.,

LaRoche, J., Liddicoat, M., Ling, R., Maldanado, M.T.,

McKay, R.M., Nodder, S., Pickmere, S., Pridmore, R.,

Rintoul, S., Safi, K., Sutton, P., Strzepek, R., Tenneberger,

K., Turner, S., Waite, A., Zeldis, J., 2000. A mesoscale

phytoplankton bloom in the polar southern ocean stimulated

by iron fertilization. Nature 407, 695–702.

Carbo, P., Herut, B., Krom, M., Homoky, W., 2005. Impact of

atmospheric deposition on N and P geochemistry in the South

Eastern Levantine basin. Deep-Sea Research II, this issue

[doi:10.1016/j.dsr2.2005.08.014].

Carpenter, J.H., 1965. The Chesapeake Bay Institute technique

for the Winkler dissolved oxygen method. Limnology and

Oceanography 10, 141–143.

Cavender-Bares, K.K., Karl, D.M., Chisholm, S.W., 2001.

Nutrient gradients in the western North Atlantic Ocean:

relationship to microbial community structure, and compar-

ison to patterns in the Pacific Ocean. Deep-Sea Research 48,

2373–2395.

d’Alcala, M.R., Civitarese, G., Conversano, F., Lavezza, R.,

2003. Nutrient ratios and fluxes hint at overlooked processes

in the Mediterranean Sea. Journal of Geophysical Research

108 (C9), 5.

Dore, J.E., Karl, D.M., 1996. Nitrite distributions and dynamics

at Station ALOHA. Deep-Sea Research II 43, 385–402.

Hansell, D.A., 2002. DOC in the global ocean carbon cycle. In:

Carlson, C.A. (Ed.), Biogeochemistry of Marine Dissolved

Organic Matter. Academic Press, New York, pp. 685–716.

Hansell, D.A., Carlson, C.A., 2001. Biogeochemistry of total

organic carbon and nitrogen in the Sargasso Sea: control by

convective overturn. Deep-Sea Research II 48.

Herut, B., Krom, M.D., Pan, G., Mortimer, R., 1999. Atmo-

spheric input of nitrogen and phosphorus to the Southeast
Mediterranean: sources, fluxes, and possible impact. Limnol-

ogy and Oceanography 44, 1683–1692.

Jones, R.D., 1991. An improved fluorescence method for the

determination of nanomolar concentrations of ammonium in

natural waters. Limnology and Oceanography 36, 814–819.

Karl, D.M., Bailiff, M.D., 1989. The measurement and distribu-

tion of dissolved nucleic acids in aquatic environments.

Limnology and Oceanography 34, 343–558.

Klein, B., Roether, W., Kress, N., Manca, B.B., d’Alcala, M.R.,

Souvermezoglou, E., Theocharis, A., Civitarese, G., Luchetta,

A., 2003. Accelerated oxygen consumption in eastern

Mediterranean deep waters following the recent changes in

thermohaline circulation. Journal of Geophysical Research—

Oceans 108.

Koike, I., Tupas, L., 1993. Total dissolved nitrogen in the

Northern Pacific assessed by a high temperature combustion

method. Marine Chemistry 41, 209–214.

Kolowith, C.L., Ingall, E.D., Benner, R., 2001. Composition and

cycling of marine organic phosphorus. Limnology and

Oceanography 46, 309–320.

Koroleff, F., 1976. Determination of Phosphorus. Verlag

Chemie, Weinheim.

Krasakopoulou, E., Souvermezoglou, E., Pavlidou, A., Ko-

nyoyiannis, H., 1999. Oxygen and nutrient fluxes through the

straits of the Cretan Arc (March 1994–January 1995).

Progress in Oceanography 44, 601–624.

Kress, N., Herut, B., 2001. Spatial and seasonal evolution of

dissolved oxygen and nutrients in the Southern Levantine

Basin (Eastern Mediterranean Sea): chemical characterization

of the water masses and inferences on the N:P ratios. Deep-

Sea Research I—Oceanographic Research Papers 48,

2347–2372.

Kress, N., Krom, M.D., Gordon, L.I., 1991. POEM Phase II

Intercalibration Exercise Dissolved Nutrients Determination.

Israel IOLR, Haifa.

Kress, N., Manca, B.B., Klein, B., Deponte, D., 2003. Continu-

ing influence of the changed thermohaline circulation in the

eastern Mediterranean on the distribution of dissolved oxygen

and nutrients: physical and chemical characterization of the

water masses. Journal of Geophysical Research 108 (C9),

1–20.

Krom, M.D., Kress, N., Brenner, S., Gordon, L.I., 1991.

Phosphorus limitation of primary productivity in the Eastern

Mediterranean-Sea. Limnology and Oceanography 36,

424–432.

Krom, M.D., Brenner, S., Kress, N., Neori, A., Gordon, L.I.,

1992. Nutrient dynamics and new production in a warm-core

eddy from the E Mediterranean. Deep-Sea Research 39,

467–480.

Krom, M.D., Brenner, S., Kress, N., Neori, A., Gordon, L.I.,

1993. Nutrient distributions during an annual cycle across a

warm-core eddy from the E Mediterranean. Deep-Sea

Research 40, 805–825.

Krom, M.D., Groom, S., Zohary, T., 2003. The Eastern

Mediterranean. In: Black, K.D., Shimmield, G.B. (Eds.),

The Biogeochemistry of Marine Systems. Blackwell Publish-

ing, Oxford, pp. 91–122.

Krom, M.D., Herut, B., Mantoura, R.F.C., 2004. Nutrient

budget for the eastern Mediterranean: implications for P

limitation. Limnology and Oceanography 49, 1582–1592.

Krom, M.D., Thingstad, T.F., Carbo, P., Herut, B., Kress, N.,

Flaten, G.A.F., Skjoldal, E.F., Tanaka, T., Mantoura, R.F.C.,

dx.doi.org/10.1016/j.dsr2.2005.08.014


ARTICLE IN PRESS
M.D. Krom et al. / Deep-Sea Research II 52 (2005) 2879–28962896
Tselipides, T., Pitta, P., Psarra, S., Polychronaki, T., Rassoul-

zadegan, F., Law, C.S., Groom, S., Woodward, E.M.S.,

Liddicoat, M.I., Fileman, T.W., Zohary, T., Spyres, G.,

Wassmann, P., Wexels-Riser, C., Zodiatis, G., Drakopoulos,

P., 2005. Summary and overview of the CYCLOPS P addition

Lagrangian experiment in the eastern Mediterranean. Deep-

Sea Research II, this issue [doi:10.1016/j.dsr2.2005.08.018].

Lipschultz, F., Zafiriou, O.C., Ball, L.A., 1996. Seasonal

fluctuations of nitrite concentrations in the deep oligotrophic

ocean. Deep-Sea Research II 43, 403–419.

Loh, A.N., Bauer, J.E., 2000. Distribution, partitioning and

fluxes of dissolved and particulate organic C, N, and P in the

eastern North Pacific and Southern Oceans. Deep-Sea

Research 47, 2287–2316.

Ormaza-Gonzalez, F.I., Statham, P.J., 1996. A comparison of

methods for the determination of dissolved and particulate

phosphorus in natural waters. Water Research 30, 2739–2747.

Pantoja, S., Repeta, D.J., Sachs, J.P., Sigman, D.M., 2002. Stable

isotope constraints on the nitrogen cycle of the Mediterranean

Sea water column. 49, 1609–1621.

Paul, J.H., Jeffrey, W.H., DeFlaun, M.F., 1987. Dynamics of

extracellular DNA in the marine environment. Applied

Environmental Microbiology 53, 170–179.

Pitta, P., Stambler, N., Tanaka, T., Zohary, T., Tselipides, T.,

Rassoulzadegan, F., 2005. Biological response to P addition

in the Eastern Mediterranean Sea: a race against time in the

microbial side. Deep-Sea Research II, this issue [doi:10.1016/

j.dsr2.2005.08.012].

Raimbault, P., Pouvesle, W., Diaz, F., Garcia, N., Sempere, R.,

1999a. Wet-oxidation and automated colorimetry for simulta-

neous determination of organic carbon, nitrogen and phos-

phorus dissolved in seawater. Marine Chemistry 66, 161–169.

Raimbault, P., Slawyk, G., Boudjellal, B., Coatanoan, C., Conan, P.,

Coste, B., Carcia, N., Moutin, T., Pujo-pay, M., 1999b. Carbon

and nitrogen uptake and export in the equatorial Pacific at 150w;

evidence for efficient regenerated production cycle. Journal of

Geophysical Research 104, 3341–3356.

Redfield, A.C., Ketchum, B.H., Richards, F.A., 1963. The

Influence of Organisms on the Composition of Seawater.

Interscience, New York.

Seritti, A., Manca, B.B., Santinelli, C., Murru, E., Boldrin, A.,

Nannicini, L., 2003. Relationship between dissolved organic

carbon (DOC) and water mass structures in the Ionian Sea

(winter 1999). Journal of Geophysical Research 108 PBE 13-

1–13-12.

Smith, S.V., Kimmerer, W.J., Walsh, T.W., 1986. Vertical flux

and biogeochemical turnover regulate nutrient limitation of
net organic production in the north Pacific gyre. Limnology

and Oceanography 31, 161–167.

Spyres, G., Nimmo, M., Miller, A.E.G., Worsfold, P.J.,

Achterberg, E.P., 2000. Determination of dissolved organic

carbon in seawater using high temperature catalytic oxidation

techniques. 19 (8), 498–506.

Takahashi, T., Broecker, W.S., Langer, S., 1985. Redfield ratio

based on chemical data from isopycnal surfaces. Journal of

Geophysical Research 90, 6907–6924.

Thingstad, T.F., Krom, M.D., Mantoura, R.F.C., Flaten,

G.A.F., Groom, S., Herut, B., Kress, N., Law, C., Pasternak,

A., Pitta, P., Psarra, S., Rassoulzadegan, F., Tanaka, T.,

Tselipides, A., Wassmann, P., Woodward, E.M.S., Wexels

Riser, C., Zodiatis, G., Zohary, T., 2005. Nature of P

limitation in the ultra-oligotrophic Eastern Mediterranean.

Science 309, 1068–1071.

Thomson-Bulldis, A., Karl, D.M., 1998. Application of a novel

method for phosphorus determination in the oligotrophic

North Pacific Ocean. Limnology and Oceanography 43,

1565–1577.

Williams, P.M., Carlucci, A.F., Olson, R., 1980. A deep profile of

some biologically important properties in the central North

Pacific gyre. Oceanologica Acta 3, 471–476.

Willie, S., Clancy, W., 2000. NOAA technical memorandum

NOS NCCOS CCMA 143. NOAA/NRC Intercomparison for

nutrients in seawater, vol. 36.

Woodward, E.M.S., Rees, A.P., 2001. Nutrient distributions in

an anticyclonic eddy in the North East Atlantic Ocean, with

reference to nanomolar ammonium concentrations. Deep-Sea

Research 48, 775–794.

Woodward, E.M.S., 1994. Nutrient Analysis Techniques. Ply-

mouth Marine Laboratory (26pp).

Woodward, E.M.S., 2002. Nanomolar detection for phosphate

and nitrate using liquid waveguide technology. EOS Transac-

tions (American Geophysical Union, Supplement) 83, 92.

Wu, J.F., Sunda, W., Boyle, E.A., Karl, D.M., 2000. Phosphate

depletion in the western North Atlantic Ocean. Science 289,

759–762.

Zavatarelli, M., Raicich, F., Bregant, D., Russo, A., Artegiani,

A., 1998. Climatological biogeochemical characteristics of the

Adriatic Sea. 18, 227–263.

Zohary, T., Herut, B., Krom, M., Mantoura, R.F.C., Pitta, P.,

Psarra, S., Rassoulzadegan, F., Stambler, N., Tanaka, T.,

Thingstad, T.F., Woodward, E.M.S., 2005. P-limited bacteria

N and P co-limited phytoplankton in the Eastern Mediterra-

nean — a microcosm experiment. Deep-Sea Research II, this

issue [doi:10.1016/j.dsr2.2005.08.011].

dx.doi.org/10.1016/j.dsr2.2005.08.018
dx.doi.org/10.1016/j.dsr2.2005.08.012
dx.doi.org/10.1016/j.dsr2.2005.08.012
dx.doi.org/10.1016/j.dsr2.2005.08.011

	Nutrient cycling in the south east Levantine basin of the eastern Mediterranean: Results from a phosphorus starved system
	Introduction
	Sampling and methods
	Dissolved nutrients
	Dissolved organic matter (DOC and DON)
	Dissolved organic phosphorus (DOPUV)
	Particulate organic matter (POC, PON and POP)

	Analytical quality control discussion of frozen vs. unfrozen nutrients
	Physical oceanography of the region
	Results
	Stations outside the eddy
	Stations at the core of the eddy
	Dissolved and particulate organic matter (DOM and POM)

	Discussion
	Dissolved inorganic nutrient profiles in the water column
	Dissolved organic matter profiles in the water column
	Elemental ratios of different organic matter phases in the water column
	Eastern Mediterranean as a P starved system

	Acknowledgements
	References


