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1.  INTRODUCTION

Dissolved organic carbon (DOC) in the ocean is one
of the largest reservoirs of reactive organic carbon on
the Earth (Hansell & Carlson 1998). DOC in deep
oceans represents a pool of carbon (~650 Gt) com-
parable to that of CO2 in the atmosphere (~650 Gt) and
to that of terrestrial biomass (~650 Gt) (Hedges 1992,
Siegenthaler & Sarmiento 1993, Ogawa & Tanoue
2003). Growing interest devoted over the past 10 years
to the study of carbon dynamics in the sea is closely
tied to the recognised role of oceans in climate change;
in particular, oceans can affect CO2 concentration in
the atmosphere through physical and biological pumps
(Mann & Lazier 1996, Hedges 2002). Atmospheric CO2

has increased in the 20th century, and because it
absorbs infrared radiation (IR) the temperature of the
Earth has increased. The consequent global warming
will affect natural equilibriums in the whole planet
(Mann & Lazier 1996), with consequences that are only
partially imaginable. 

It has been estimated that the net oxidation of only
1% of marine DOC could be sufficient to generate an
amount of CO2 equal to that released annually into the

atmosphere by the combustion of fossil coals (Siegen-
thaler & Sarmiento 1993, Hedges 2002). Moreover, the
enhancement of UV-B radiation reaching the Earth
induces photochemical reactions that affect the quality
and quantity of DOC in the upper layer of the water
column, with important implications for CO2 fluxes
from the sea surface to the atmosphere (Moran & Zepp
1997, Blough & Del Vecchio 2002). Interest in marine
DOC has been also due to its ecological significance: it
represents the main substrate for the growth of hetero-
trophic bacteria, as well as a major intermediate in
the ocean carbon cycle (Azam et al. 1983, Ducklow &
Carlson 1992). 

Highly labile, semi-labile and refractory fractions
can be detected in the DOC pool on the basis of their
biological availability (Kirchmann et al. 1993, Doval et
al. 1999, Ogawa & Tanoue 2003). Biologically highly
labile DOC turns over on time scales of minutes to
days; this fraction is present in surface waters, where
biological productivity is high, and it usually repre-
sents only a small portion of total DOC as a conse-
quence of its rapid degradation. Biologically semi-
labile DOC turns over on time scales of months to years
because it is resistant to rapid microbial degradation.
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Biologically refractory DOC has a turn over of cen-
turies to millennia; this fraction is homogeneously
distributed throughout the water column and it repre-
sents approximately 70% of surface DOC in thermally
stratified systems (Druffel et al. 1992, Carlson &
Ducklow 1995).

Generally, biological activity and physical processes
are the main mechanisms that determine DOC concen-
tration and its distribution in the water column. In
the euphotic zone, photosynthesis, together with the
intense biological activity of plankton, is responsible
for the high production of DOC. This DOC may be
rapidly consumed by bacteria, accumulated, recycled
through the ‘microbial loop’ or removed by photo-
chemical oxidation, coagulation and/or adsorption on
sinking particles. Some conditions such as DOC bio-
chemical composition, molecular size, inorganic nutri-
ent availability, grazing by protists and competition
with phytoplankton determine the rate of bacterial
uptake and, consequently, the control of DOC con-
centration (Amon & Benner 1996, Shiah et al. 1998,
Søndergaard et al. 2000).

The main DOC production processes below the
photic zone are: grazing by protists and copepods
(Strom et al. 1997), degradation of fecal pellets, viral
lysis of bacterioplankton (Fuhrman 1999) and dissolu-
tion of sinking marine aggregates larger than 0.5 µm
by intense hydrolytic enzymatic activity, due mainly to
the attached bacteria (Smith et al. 1992, Ploug et al.
1999). Free-living bacteria play an important role in
the production of fine non-sinking particles within and
below the euphotic zone, and they are also the main
users of sinking carbon (Cho & Azam 1988). In bottom
waters, microbial activity on sedimentary organic
matter is another important source of DOC, which is
then recycled to the water column (Seritti et al. 1997).

The role of physical processes, such as deep water
formation, thermohaline circulation, ages and routes of
different water masses and horizontal and vertical
transport are other important factors that affect DOC
distribution in the water column. DOC vertical trans-
port is reduced when the water column is stratified and
stable; in contrast, when the water column is subject to
an intense vertical mixing, DOC is more easily trans-
ported to intermediate and deep waters. Recently, a
link between DOC distribution and circulation of the
main water masses in the Mediterranean Sea has been
detected and the occurrence of different DOC concen-
trations in different water masses reported (Santinelli
et al. 2002, Seritti et al. 2003).

Only a few DOC data from the Mediterranean Sea
are available in the literature and they are mainly
related to the Gulf of Lions and the Gibraltar Strait
(Western Mediterranean) (Copin-Montégut & Avril
1993, Cauwet et al. 1997, Yoro et al. 1997, Doval et al.

1999) and to the Adriatic Sea and Aegean Sea (Eastern
Mediterranean) (Pettine et al. 1999, 2001, Sempéré et
al. 2002, Giani et al. 2005).

In this study, DOC distribution in areas of the
Mediterranean Sea located at key points of thermoha-
line circulation is described. Moreover, an investiga-
tion into the links between DOC and the physical char-
acteristics of the water column, in both western and
eastern sub-basins, is reported and discussed.

2.  MATERIALS AND METHODS

Seawater samples were collected during 6 field stud-
ies carried out in the Mediterranean Sea in different
periods with RV ‘Urania’. Fig. 1 shows all the hydrolog-
ical stations at which conductivity, temperature and
depth (CTD) were measured (empty symbols), in addi-
tion to stations at which seawater samples for DOC
determination were also collected (filled symbols). The
stations were located at key points of thermohaline cir-
culation and they were usually positioned offshore in
order to minimize the terrestrial DOC contribution.
Seawater samples for DOC analysis were collected by
means of a General Oceanics rosette equipped with 24
Niskin bottles, with a collection frequency of 200 and/or
500 m in order to obtain a complete profile below the
euphotic zone. The rosette was assembled on the CTD
SBE 911 plus probe. Seawater samples (500 ml) were
immediately filtered on board through sterile 0.2 µm
membrane filters (Sartorius, Minisart, SM16534 K)
under low N2 pressure and then stored in amber glass
bottles at 4°C in the dark until further analysis, which
was performed within 1 mo of sampling. A check of
DOC variations with time, under storage conditions
just described, demonstrated the absence of significant
differences within 6 mo of collection. 

DOC measurements were carried out by means of a
Shimadzu TOC-5000 analyzer. Before analysis, sam-
ples were acidified with 50 µl of 50% H3PO4 and
sparged for 10 min with pure ‘CO2 free’ air to remove
inorganic carbon. A sub-sample (100 µl) was injected in
the furnace after 4 rinses with the sample to be ana-
lyzed. Replicate injections (3 to 5) were performed until
analytical precision was within 2%. The calibration
curve was executed daily using potassium hydrogen
phthalate as standard. DOC concentrations were calcu-
lated according to Thomas et al. (1995) by subtracting
the system blank area from that of the sample and then
dividing for the slope of the calibration curve. The accu-
racy of DOC measurements and the system blank were
checked daily by means of deep Atlantic water (nomi-
nal value 45 ± 1 µM, measured value 45 ± 1 µM) and
low carbon (5 to 6 µM) water reference samples (pro-
vided by D. Hansell, University of Miami).
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3.  RESULTS AND DISCUSSION

3.1.  Oceanographic characteristics of the
Mediterranean Sea

The hydrological stations investigated during the 6
cruises (Fig. 1) were located in the central part of the
Mediterranean Sea, with the island of Crete and the
Algero-Provençal basin as boundaries in the Eastern
(EM) and Western Mediterranean (WM), respectively.
No data from the easternmost (Levantine basin) and
westernmost (Gibraltar Strait) areas were gathered.

Although the Mediterranean Sea is a small basin, its
oceanographic importance is widely accepted because
it is characterized by a variety of biogeochemical pro-
cesses common to the world oceans, and its contribu-
tion to the global oceanic circulation has recently been
reconsidered (Theocharis et al. 1998). Moreover, its
small size allows it to be considered as a laboratory for
the study of physical, chemical and biological pro-
cesses that occur in the world oceans. In fact, the main
mechanisms of dense water formation, thermohaline
circulation, strait exchanges, wind-driven upwelling
and the effects of the climate change can be more eas-
ily studied in the Mediterranean Sea than in the
oceans (Bethoux et al. 1999).

The Mediterranean basin is characterized by 2 key
points with regard to its productivity and circulation:
the Strait of Gibraltar and the Sicily Strait. The Strait of

Gibraltar is the only narrow connection with the
Atlantic Ocean. It has a width of about 13 km and a
depth at the sill of about 300 m, and therefore only the
influx of surface Atlantic water (AW) and the outflow
of the Levantine intermediate water (LIW) may occur;
moreover, it represents a barrier to deep oceanic
waters. The Sicily Strait, with a width of 140 km and
an average depth of 500 m, connects the EM and the
WM (Fig. 1) (Theocharis et al. 1998, Astraldi et al. 1999).

The 2 sub-basins exhibit different thermohaline
characteristics: in general, the water masses circulat-
ing in the EM are saltier and warmer than those of the
WM. Deep water formation in the 2 sub-basins is dri-
ven by different processes. In the EM, it is mainly due
to an increase in salinity that results from intense evap-
oration occurring during the winter months, with the
consequent increase of density, which causes the sur-
face waters to sink to the bottom. An exception is rep-
resented by the Adriatic Sea, in which the Adriatic
deep water (ADW) is formed by the cooling of sur-
face waters induced by the Bora wind, which blows in
its northern part mainly during the winter season
(Astraldi et al. 1999, Lascaratos et al. 1999). In the WM,
the predominant process is surface water cooling with
a loss of heat due to the occurrence of the cold Mistral
wind in the Gulf of Lions, which determines the de-
crease in temperature and the consequent sinking
of surface waters to form the Western Mediterranean
deep water (WMDW) (Benzohra & Millot 1995, Millot
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1999, Rhein et al. 1999). The presence
of a sill at the Sicily Strait hinders
exchanges between the WMDW and the
Eastern Mediterranean deep water
(EMDW). Only the surface water (mainly
AW) and the LIW can pass through the
Strait, even if they assume different
thermohaline characteristics in the 2
sub-basins. During its route towards
the EM, the AW increases in salinity as
consequence of the evaporation process,
while the LIW becomes fresher as it
moves away from its formation site
(Levantine basin) towards the west
(Astraldi et al. 1999).

In spite of very low productivity that
characterizes the whole Mediterranean
Sea, a relevant west-east gradient with
an eastwards increase in oligotrophy,
together with primary and bacterial pro-
duction that is 2 to 3 times lower in the
EM than in the WM, was observed
(Turley 1999, Turley et al. 2000). In con-
trast, the phytoplankton and bacterial
biomass integrated over depth were sim-
ilar in the 2 sub-basins (Turley et al.
2000). Moreover, in the EM, where
microheterotrophs totally dominate the
food web, bacterial production was di-
rectly correlated to primary production;
in the WM, bacterial production in-
creased by (approximately) the square
root of primary production. This finding
suggests that bacteria in the WM are rel-
atively decoupled from local contempo-
raneous primary production. In contrast,
in the EM, less temporal decoupling and,
therefore, a minor seasonal accumula-
tion of DOC seems to occur (Turley et
al. 2000).

3.2.  DOC in the Mediterranean Sea

DOC data were plotted together in
Fig. 2 in order to investigate whether the
differences between WM and EM, in
both physical structures and biological
productivity, affect DOC distribution.
DOC showed similar vertical profiles
with depth in both EM and WM, albeit
with high variability. The highest values (65 to 100 µM)
were observed in the upper layer (0 to 100 m), even
though some EM and WM stations showed lower DOC
concentrations (50 to 65 µM). The high DOC values

found in the surface layer should be attributed to a
decoupling between production and consumption pro-
cesses. Release of cell exudates by phytoplankton,
grazing by zooplankton, excretion and cellular lysis by
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viruses are the main DOC production processes in the
euphotic zone, while bacteria are the major DOC con-
sumers. Nutrient limitation or predation on bacteria
may reduce DOC consumption, thereby resulting in
DOC accumulation (Shiah et al. 1998). This is particu-
larly frequent in an oligotrophic system, such as the
Mediterranean, which has phosphorus as limiting fac-
tor. The high variability of DOC values in the surface
layer may be related to (1) the different seasons and
hours of sample collection, (2) the presence of physical
processes such as upwelling or downwelling, (3) the
occurrence of a phytoplankton bloom, and (4) differ-
ent biological activities, which may be responsible
of different rates of production and/or consumption
processes, so determining a different extent of DOC
accumulation. 

No significant DOC differences were observed
between the 2 sub-basins in the upper layer, despite
differences in the extent of their oligotrophy and rate
of primary production. 

A portion of DOC produced in the upper layer may
be transported to the subsurface waters. In the inter-
mediate waters, between 200 and 800 m, a more or less
marked minimum of DOC (37 to 55 µM) was observed
in the LIW. At some stations a more pronounced mini-
mum (<40 µM) was detected between 700 and 1500 m.
These low values can be attributed to the occurrence of
the transitional Mediterranean water (TMW), which is
also characterized by a minimum in oxygen (Manca et
al. 2002, Theocharis et al. 2002). Instead, the higher
DOC values (~55 µM) observed at 200 to 600 m can be
related to vertical mixing and/or to the presence of a
different water mass, the younger Cretan intermediate
water (CIW), observed in the EM in January 1999
(Manca et al. 2002, 2003).

In deep waters, a further peculiarity of DOC in the
Mediterranean Sea was observed. DOC increased
from intermediate to deep and bottom waters. In fact,
below 2000 m, most samples exhibited DOC concen-
trations ranging from 45 to 70 µM, even reaching val-
ues of 80 µM at some WM stations. On the contrary,
very low DOC values (40 to 45 µM) were found at
depths below 3000 m at some EM stations (Fig. 2). This
high DOC variability in deep waters is another distinc-
tive feature of the Mediterranean Sea when compared
with the literature on oceanic deep waters, which
describe DOC values to be generally constant and
lower than 40 µM (Carlson 2002 and references
therein). The young age and different origin and route
of Mediterranean deep waters, together with the cen-
tral role of physical structures in DOC distribution, can
explain this particular trend. A large portion of semi-
labile DOC with different rates of utilization may be
still present in Mediterranean deep waters, and the
extent of its consumption, strongly connected to the

age, origin and route of each water mass, may deter-
mine the different DOC concentrations observed in the
different areas.

3.2.1.  DOC vertical profiles in the eastern
Mediterranean Sea

Three cruises were carried out in the EM from 1999
to 2001: SINAPSI3 (January 1999), MATER6 (May
1999) and TALASTRO2 (September 2000). The
SINAPSI3 stations were located in the Southern Adri-
atic Sea, in the Northern and Central Ionian Sea, close
to the Cretan Arc Strait on the east and to the Sicily
Channel on the west (Fig. 1). Samples were collected
in intermediate and deep layers every 500 m. The
TALASTRO2 stations were positioned along 2 tran-
sects: one perpendicular, the other parallel to the east-
ern coast of Sicily (Fig. 1). Here, water collection was
conducted every 200 m. The MATER6 stations were
located in the Western Ionian, in the Sicily Strait and in
the Sardinia Channel (Fig. 1). Only the stations located
in the Western Ionian and in the Sicily Channel are
immediately considered; the others, sited in Sicily
Strait and in the Sardinian Channel, are taken into
account when DOC in the WM is discussed (Section
3.2.2.). The study areas are important sites for the
exchanges between EM and WM. In fact, they are
placed in the central part of the Mediterranean Sea,
where only surface and subsurface water masses, cir-
culating in both EM and in WM, can pass through
(Astraldi et al. 1999). Fig. 3 shows DOC vertical pro-
files of all samples collected in the EM.

Most surface (5 m) samples were characterized by a
DOC concentration ranging from 55 to 75 µM in Jan-
uary and May 1999, respectively, while higher values
(75 to 90 µM) were observed in September 2000.
These differences can be attributed to the different
sampling period and to a different extent of stratifica-
tion, which can induce a higher accumulation of DOC
in late summer than in January or May. Below, at
about 100 m, almost all the samples had DOC con-
centrations in the range 50 to 70 µM. In the inter-
mediate layer (200 to 600 m) a DOC minimum (37 to
47 µM in January and May 1999, and 50 to 55 µM in
September 2000) was detected in most samples; more-
over, a more marked DOC minimum (30 to 40 µM)
was observed between 700 and 1500 m in some
SINAPSI3 samples.

A slight increase in DOC concentrations (40 to 45 µM)
was found in the deep waters (below 1200 m) of
SINAPSI3 and MATER6 surveys, while DOC values of
60 to 65 µM were detected in TALASTRO2 samples
(Fig. 3). In general, below 500 m, DOC concentrations
were higher in September 2000 than in January and
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May 1999; this was particularly evident in deep waters.
Moreover, the DOC minimum, detected at both 200 to
600 m and 800 to 1200 m, was found only in samples of
the SINAPSI3 survey. These patterns are related to the

changes in thermohaline circulation that
occurred in the 1990s, termed the eastern
Mediterranean transient (EMT) (Roether et al.
1996, Lascaratos et al. 1999, Theocharis et al.
2002). 

The high DOC variability observed also in
deep waters can be due to different origins,
routes and ages of the water masses that
occurred at these depths during the 3 cruises.
The DOC minimum of 37 to 47 µM, found in
the intermediate waters of the SINAPSI3 sur-
vey, can be explained by the presence of an
old vein of LIW, which re-circulated in the
Levantine basin during the EMT; only in 1999
was it able to reach the Western Ionian.
Instead, the second minimum (30 to 40 µM)
observed between 700 and 1500 m in
SINAPSI3 samples could be due to the occur-
rence of the TMW (Fig. 3). The higher values
(53 to 60 µM) found at some SINAPSI3 sta-
tions between 200 and 600 m, can instead be
attributed to the new CIW (Fig. 3), which
was younger and closer to the source than
LIW (Seritti et al. 2003). Moreover, LIW was
younger in September 2000 than in 1999,
because it started to move once again in an
east-west direction (as in the pre-EMT
period). This can explain the higher values (50
to 55 µM) observed in the intermediate waters
during the TALASTRO2 cruise (Fig. 3). Simi-
larly, the high DOC values (50 to 65 µM)
found in the deep waters of the same cruise
may be related to the higher contribution of
new and young ADW (rich in oxygen and
DOC) to the EMDW in 2000.

A comparison with literature data is not
easy because they refer only to the Adriatic
Sea (Pettine et al. 1999, 2001, Giani et al.
2005) and to the Aegean Sea (Sempéré et
al. 2002). In general, DOC concentrations
observed in the EM are lower than those
reported for the Adriatic Sea, especially in
surface waters (>100 µM) (Pettine et al. 1999,
2001, Giani et al. 2005). The Adriatic Sea
was strongly affected by terrestrial inputs,
mucilage events, as well as characterized by
very shallow waters (20 to 70 m); this explains
the high DOC concentrations observed. Sem-
péré et al. (2002) report total organic carbon
(TOC) data that refer to the Aegean Sea
samples collected in 1997. TOC vertical pro-

files were quite similar to those of the present study; in
particular they found TOC concentrations ranging
from 47 to 56 µM in the deep waters, which are very
similar to those above reported for DOC in the EM.
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3.2.2.  DOC vertical profiles in the western
Mediterranean Sea

Four cruises were conducted in the
WM: MATER6 (May 1999), MedOCEANOR
(August 2000), and 2 MedGOOS surveys
(April and September 2001). As reported
above, MATER6 stations covered the cen-
tral part of Mediterranean (Fig. 1); there-
fore, only stations located in the Sicily Strait
and Sardinia Channel are discussed here.
MedOCEANOR stations were located in 3
areas characterized by different hydrologi-
cal characteristics: the Tyrrhenian Sea, the
Sardinia Channel and the Algerian Sea
(Fig. 1); sampling strategy during the sur-
vey was every 100 m between 0 and
1000 m, and every 500 m from 1000 m to
the bottom. MedGOOS stations were posi-
tioned in the Sardinia Sea (Fig. 1). 

DOC vertical profiles from all stations
sited in the WM are reported in Fig. 4. The
trends of DOC in the water column here
was rather similar to that observed in the
EM. DOC showed highest values in the sur-
face waters (65 to 95 µM); however, some
samples collected in April 2001 (MedGOOS
survey) showed surface values of about 50
to 60 µM. The DOC minimum was gener-
ally detected in intermediate layers, as fol-
lows: 38 to 43 µM between 300 and 500 m
(MATER6); 40 to 60 µM between 300 and
700 m (MedGOOS, in both April and
September); 47 to 57 µM between 200 and
700 m at Algerian stations, and 43 to 48 µM
between 200 and 500 m at Tyrrhenian sta-
tions (MedOCEANOR). In the deep waters,
DOC showed only a small increase, with
most values ranging from 50 to 60 µM be-
low 1500 m. Only the DOC data from the 2
Medgoos surveys (particularly in Septem-
ber 2001) were in the range of 43 to 55 µM,
also in the deep waters. Finally, a very par-
ticular trend was observed below 2000 m
in some Tyrrhenian stations, where DOC
increased until values of about 80 µM.

The main feature of DOC in the WM,
with respect to that observed in the EM,
was a higher homogeneity along the water
column and only minor variability among
different stations. This may be explained by the
greater extent of vertical mixing that generally charac-
terizes the WM, particularly in the Sardinia Sea and
Algerian basin. An exception was provided by DOC
profiles in the Tyrrhenian Sea, where the greater

extent of stratification also affects DOC distribution,
with resultant major differences among the layers
(Santinelli et al. 2002).

These data are in good agreement with those
reported in the literature for DOC in WM (Copin-
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Montégut & Avril 1993, Cauwet et al. 1997, Yoro et al.
1997, Doval et al. 1999)—especially those that refer
to subsurface waters—despite the fact that these pre-
vious studies did not report a DOC increase in deep
waters.

DOC variations were observed between the 2
cruises conducted in the Sardinia Sea (Fig. 4). Al-
though seasonality cannot be excluded, in particular
close to the surface, the observed variability could be
also due to differences in mesoscale activity. Eddies
observed near this area (Salas et al. 2002) may have
influenced DOC distribution between the 2 cruises in
different ways.

3.3.  DOC in different water masses

A study of literature data on water mass circulation
in the Mediterranean Sea during the period 1990-2002
allowed the particular features observed in the DOC
vertical profiles of both EM and WM to be explained
(Benzohra & Millot 1995, Roether et al. 1996, Astraldi
et al. 1999, Lascaratos et al. 1999, Malanotte-Rizzoli et
al. 1999, Millot 1999, Rhein et al. 1999, Manca et al.
2002). DOC distribution in LIW and in deep waters of
the 2 sub-basins is reported below. The same investi-
gation was not conducted in the upper layer because
of its large variability, owing to exchanges with atmo-
sphere and biological activity.

3.3.1.  DOC in the Levantine Intermediate water

Literature data report the occurrence of LIW in both
EM and WM, even if with different thermohaline
characteristics (Benzohra & Millot 1995, Astraldi et al.
1999, Lascaratos et al. 1999, Malanotte-
Rizzoli et al. 1999, Millot 1999, Rhein et
al. 1999, Manca et al. 2002, 2003). LIW
forms in the Levantine basin and then
flows westward through the Sicily Strait
at a depth of about 200 to 800 m. It enters
into the Tyrrhenian Sea and then, exiting
through the Sardinia Channel, flows
northward along the western coast of
Sardinia and Corsica islands, finally
reaching the Gibraltar Strait, following
the French and Spanish coasts. Meso-
scale activity can interact with this pre-
dominant pattern (Millot 1999). In the
1990s, the occurrence of the EMT also
influenced the route of the LIW, which
was forced to re-circulate in the Levan-
tine basin (owing to the presence of the
new CIW) without receiving the contribu-

tion of new AW, with a consequent increase in salinity
(Theocharis et al. 2002, Manca et al. 2003). With the
relaxation of the formation of dense waters in the
Aegean Sea and the restoration of the water mass cir-
culation to the pre-EMT pattern, LIW was again able to
flow westward, and in 1999 was detected in the West-
ern Ionian Sea (Manca et al. 2003) with high salinity
values and low oxygen concentrations (hereafter ‘old’
LIW). This old LIW was present at the western Ionian
stations of SINAPSI3 and at some MATER6 stations
located in the Sicily Channel. Table 1 provides DOC
concentrations detected in the core of LIW during the
6 surveys conducted between 1999 and 2001 (Fig. 1).

Average DOC concentrations detected in samples
collected in the LIW core (hereafter DOC-LIW) showed
the lowest values (40 ± 1 µM) in the Ionian Sea (Janu-
ary 1999), a concentration of 45 ± 2 µM in the Sicily
Strait and Channel (May 1999), and highest values
(54 ± 4 µM) in the western Ionian Sea (September 2000)
(Table 1). In the WM, a DOC-LIW concentration of 44 ±
1 µM was found in the Tyrrhenian Sea, whereas DOC-
LIW concentrations of 54 ± 3 µM were detected in the
Algerian basin during the same period (August 2000,
MedOCEANOR cruise). Finally, mean values of 49 ±
5 µM were observed in the Sardinia Sea during both
April and September 2001.

This spatial trend can be explained by the different
hydrological conditions that occurred in the different
areas and periods of the various cruises. The lowest
DOC-LIW values found during SINAPSI3 (40 ± 1 µM)
were connected to the occurrence of the old LIW in the
Ionian Sea in winter 1999. This DOC-LIW concentra-
tion represents the lowest value observed in the inter-
mediate waters of the whole Mediterranean Sea, and is
similar to the concentration of the refractory DOC pool
reported by Carlson & Ducklow (1995) for the central
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Table 1. DOC concentrations (mean ± SE) in the core of Levantine Intermedi-
ate Water in different areas of the Mediterranean Sea, 1999 to 2001. Values 

in parentheses: ranges

Location and Sampling Depth DOC-LIW Sample
cruise period (m) (µM) size (N)

Western-Central Ionian Sea January 1999 200–700 40 ± 1 10
(SINAPSI3) (39–42)
Sicily Strait and Channel May 1999 200–600 45 ± 2 20
(MATER6) (42–49)
Western Ionian Sea September 2000 100–400 54 ± 4 23
(TALASTRO2) (48–60)
Tyrrhenian Sea August 2000 300–600 44 ± 1 10
(MedOCEANOR) (43–46)
Algerian Sea August 2000 300–600 54 ± 3 10
(MedOCEANOR) (49–57)
Sardinia Sea April 2001 300–900 50 ± 4 65
(MedGOOS ) (43–58)
Sardinia Sea September 2001 300–900 49 ± 5 42
(MedGOOS ) (42–60)
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equatorial Pacific Ocean. The highest DOC-LIW val-
ues (54 ± 4 µM), detected in September 2000 in the
Sicily transect (TALASTRO2), may have been associ-
ated with the restoration of pre-EMT circulation in the
Ionian Sea, with the LIW coming directly from its
source and so exhibiting a younger age than in Janu-
ary 1999. In the Sicily Strait in May 1999 (MATER6),
DOC-LIW values slightly higher (45 ± 2 µM) than those
detected in SINAPSI3 were observed. In that period
the process of restoration of the pre-EMT circulation
was in progress (Manca et al. 2003), therefore, the LIW
flowing trough the Sicily Strait was the product of mix-
ing of the old LIW with a certain extent of CIW, which
was characterized by an higher DOC concentration
(58 ± 3 µM), (Seritti et al. 2003); this may explain the
small DOC-LIW differences observed. The low DOC-
LIW values (44 ± 1 µM) found in the Tyrrhenian Sea
1 yr later (August 2000) may have depended on the old
age of the Tyrrhenian LIW, because it was far away
from its original source. In contrast, the high DOC-LIW
values (49 to 54 µM) found in the Sardinia Sea and
in the Algerian basin may have depended on the co-
occurrence of a high productivity and high extent
of vertical mixing in this area. Turley et al. (2000)
reported that the vertical particle flux ratio between
WM and EM was about 9:1, and that the WM:EM ben-
thic biomass ratio between 200 and 1000 m was about
46:1. These rather large biological differences may
explain the high DOC-LIW concentrations (54 ± 3 µM)
found in the Algerian basin. Also, Doval et al. (1999)
reported a DOC-LIW concentration of 44 to 53 µM in
the Catalan-Balearic Sea.

On the basis of these data, the hypothesis that DOC
values observed in the old LIW in January 1999 may
be mainly ascribed to the refractory DOC fraction
seems to be reliable enough. Higher DOC-LIW con-
centrations found in other areas and periods can be
explained by the occurrence of a portion of semi-labile
DOC fraction, not yet mineralized due to the younger
age of LIW.

3.3.2.  DOC in the Transitional Mediterranean water

Transitional Mediterranean water (TMW) occurs in
the layer characterized by the minimum in oxygen: it is
formed by mixing of old deep waters lifted to upper
layers by the formation of new dense waters, which fill
the deep layers (Theocharis et al. 2002). Generally,
TMW is located at about 700 to 1500 m, even if after
1995 it was uplifted at 300–500 m. It is likely to be
very old because neither surface dynamics nor deep
water formation process contributed to its ventilation
(Theocharis et al. 2002). The lowest DOC concentra-
tions (33 ± 2 µM) of the whole Mediterranean Sea were

found in this layer during SINAPSI3 cruise; in contrast,
in September 2000, DOC in the TMW showed values
of 49 ± 3 µM (Table 2, Fig. 3). This relatively large dif-
ference may depend on the circulation changes in EM
(as occurred for the LIW) observed in September 2000,
which were responsible of the general DOC increase,
detected in the whole water column during the
TALASTRO2 survey.

3.3.3.  DOC in deep waters

The EMDW is the main deep water circulating in the
EM. The EMT, which characterized the EM since the
beginning of the 1990s, influenced the EMDW forma-
tion process and its route. In particular, in the EMT
period, the major source of dense waters moved from
the Adriatic Sea to the Aegean Sea, so that deep layers
of the Ionian Sea were filled with new dense water
of Aegean origin, termed Cretan deep water (CDW)
(Roether et al. 1996, Malanotte-Rizzoli et al. 1999,
Theocharis et al. 2002). With the return to pre-EMT
conditions, a reduction in dense Aegean water produc-
tion and the consequent restoration of the ADW as the
dominant source of deep waters for the whole EM was
observed (Manca et al. 2003). Moreover, the old EMDW
was pushed up to the transitional layer (TMW) (Manca
et al. 2002, Theocharis et al. 2002). Given these hydro-
logical characteristics of deep waters of EM, DOC data
were investigated in the core of the different deep
water masses. Table 2 provides DOC concentrations
detected in the core of deep waters in the EM from 1999
to 2001. In general, DOC was present in lower concen-
trations in 1999 than in 2000. In fact, DOC values of 44
to 48 µM and 58 to 64 µM were detected in the EMDW
in January 1999 and September 2000 respectively.

During the SINAPSI3 cruise, the deep waters of the
eastern stations were probably mostly characterized
by the presence of CDW, with a DOC concentration of
45 ± 2 µM (Table 2). In contrast, higher DOC concen-
trations (62 ± 2 µM) detected in the EMDW in Septem-
ber 2000 may have depended on the occurrence of a
significant contribution of ADW (recently formed and
so rich in DOC) to the deep waters of EM.

Deep layers of the WM were characterized by the
WMDW, which forms in the Gulf of Lions during win-
ter, and by the Tyrrhenian Deep Water (TDW), which
originates in the Tyrrhenian Sea as a product of mixing
between LIW and WMDW (Rhein et al. 1999). Table 3
provides DOC concentrations found in the core of the
deep waters of the WM from 1999 to 2001. A DOC
increase towards the bottom was generally detected in
the WM (see also Fig. 4), even though small DOC dif-
ferences were observed in the WMDW and TDW of the
different areas investigated. DOC values of about 55 µM
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were found in the TDW, both in the Tyrrhenian Sea
and Algerian basin, while slightly higher mean values
(56 to 59 µM) were found in the WMDW in the same
areas. Small temporal differences (in both WMDW and
TDW) were detected in the Sardinia Sea, where DOC
concentrations were lower in September (47 ± 3 µM in
TDW; 46 ± 1 µM in WMDW) than in April 2001 (50 ±
2 µM in TDW; 55 ± 3 µM in WMDW) (Table 3).

In general, deep waters in the WM were character-
ized by DOC concentrations higher than those de-
tected in the LIW; this behavior was particularly evi-
dent in the Tyrrhenian Sea. The small differences
between DOC in TDW and in WMDW can be attrib-
uted to the fact that TDW forms by mixing between
LIW and WMDW; moreover, the large extent of verti-
cal mixing observed in the Algerian basin and Sardin-
ian Sea can drive the transport of DOC from the upper

layer to intermediate and deep waters, so reducing the
differences in DOC between LIW and deep waters.

4.  CONCLUSIONS

DOC in the water column showed similar trends in
the EM and WM; this can be explained by (1) the study
areas, which are mainly located in the central Mediter-
ranean (with the exceptions of the easternmost and
westernmost areas), and (2) the surveys, which were
not synoptic but conducted in different years and sea-
sons—the absence of a temporal sampling strategy
could have minimized differences in DOC patterns. 

DOC variability in the intermediate and deep layers
in both sub-basins may be linked to the occurrence
of a high fraction (20 to 30%) of semi-labile DOC,

which may be degraded to differ-
ent extents in each water mass.
The relatively high temperature
(~13°C), the high availability of
nutrients, oxygen and DOC, to-
gether with the absence of compe-
tition with phytoplankton, are fac-
tors that can support bacterial and
protist activity in the deep layers. 

Data reported in this study
represent a broad confirmation of
the firm link observed between
DOC distribution and physical
structures in a large part of the
Mediterranean Sea. DOC exhib-
ited different concentrations in
various water masses that can be
attributed to their origin, route and
age. The modification of thermo-
haline circulation in the EM dur-
ing the EMT also affected DOC
values, which were lower in 1999
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Table 3. DOC concentrations (mean ± SE) in the core of deep waters of the Western
Mediterranean during different surveys conducted between 1999 and 2001.
WMDW: Western Mediterranean deep water; TDW: Tyrrhenian Deep Water. Values 

in parentheses: ranges

Location and Sampling period Depth (m) Water Mass DOC Sample
cruise (µM) size (N)

Tyrrhenian Sea August 2000 900–1500 TDW 55 ± 3 6
(MedOCEANOR) (51–58)
Tyrrhenian Sea August 2000 1700–bottom WMDW 59 ± 3 4
(MedOCEANOR) (55–63)
Algerian Sea August 2000 900–1500 TDW 55 ± 2 11
(MedOCEANOR) (51–59)
Algerian Sea August 2000 1700–bottom WMDW 56 ± 4 12
(MedOCEANOR) (49–60)
Sardinia Sea April 2001 1000–2000 TDW 50 ± 2 22
(MedGOOS) (47–55)
Sardinia Sea April 2001 1800–bottom WMDW 55 ± 3 15
(MedGOOS) (49–59)
Sardinia Sea September 2001 1200–2000 TDW 47 ± 3 16
(MedGOOS) (43–56)
Sardinia Sea September 2001 2000–bottom WMDW 46 ± 1 6
(MedGOOS) (44–47)

Table 2. DOC concentrations in the core of deep waters of the Eastern Mediterranean during different surveys conducted between
1999 and 2000. TMW: transitional Mediterranean water; EMDW: Eastern Mediterranean deep water; CDW: Cretan deep water. 

Values in parentheses: ranges

Location and cruise Sampling period Depth Water DOC Sample
(m) Mass (µM) size (N)

Central Ionian Sea January 1999 700–1500 TMW 33 ± 2 5
(SINAPSI3) (31–36)
Western-Central January 1999 1500–bottom EMDW 46 ± 1 7
Ionian Sea (SINAPSI3) (44–48)
Eastern Ionian Sea January 1999 1500–bottom CDW 45 ± 2 4
(SINAPSI3) (43–47)
Western Ionian Sea and September 2000 600–1600 TMW 49 ± 3 22
Sicily Strait (TALASTRO2) (44–54)
Western Ionian Sea and September 2000 2000–bottom EMDW 62 ± 2 7
Sicily Strait (TALASTRO2) (58–64)
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than in 2000 in the subsurface waters. The greater
homogeneity of DOC values in the water columns in
the Sardinian Sea and Algerian basins was attributed
to the dominant role of vertical mixing in these areas of
the WM. In contrast, in the Tyrrhenian Sea, where the
water column exhibited greater stratification, DOC
exhibited larger variations with depth.
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