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Abstract Particulate (POC) and dissolved organic carbon
(DOC) is an important parameter for the pollution assessment
of coastal marine systems, especially those affected by anthro-
pogenic, domestic, and industrial activities. In the present
paper, a similar marine system (Saronikos Gulf) located in
the west-central Aegean Sea (eastern Mediterranean Sea) was
examined, in terms of the temporal and spatial distribution of
organic carbon (POC and DOC), with respect to marine
sources and pathways. POC was maximum in winter in the
Saronikos Gulf, due to the bloom of phytoplankton, whereas
in the Elefsis Bay (located in the north side of the Saronikos
Gulf) in summer, since phytoplankton grazes in the Bay in the
end of summer (except for winter). Approximately 60 % of
the bulk DOC of the water column was estimated as non-
refractory (labile and semi-labile), due to the major anthropo-
genic, domestic, and industrial effects of the region and the
shallow depths. The spatial distribution of POC and DOC
mainly affects the northeastern section of the Gulf, since that
region has been accepted major organic discharges for a long
time period, in connection to the relatively long renewal times
of its waters.
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Introduction

Organic carbon bound in a dissolved form [dissolved organ-
ic carbon (DOC)] represents the largest pool of organic
matter in the ocean, exceeding standing stocks of particulate
organic carbon (POC) and phytoplankton carbon by approx-
imately one and two orders of magnitude, respectively
(Kepkay 2000). The pool of POC, although small, is active
in exchanging with other phases of oceanic carbon. Previous
studies have emphasized that both DOC and POC play
important roles in biogeochemical processes and cycles of
carbon and other bio-reactive elements in open waters and
marginal seas (Walsh 1991; Guo et al. 1995; Hansell 2002).

In the surface seawater, DOC stocks exceeding the deep
refractory pool are composed of “labile” and “semi-labile”
DOC (Hansell and Carlson 1998a). Because labile DOC
concentrations represent a very small fraction of bulk
DOC (0–6 %), the vertical gradient of the bulk DOC ob-
served in stratified systems is mostly comprised of “semi-
labile” dissolved organic matter (Carlson and Ducklow
1995; Cherrier et al. 1996). This component of DOC arising
from autotrophic production in the surface ocean is thought
to support production of heterotrophic bacterioplankton
(i.e., the microbial loop; Azam et al. 1983), and is either
repackaged into bacterial organisms and passed to higher
trophic levels or remineralized. The fraction of semi-labile
DOC that escapes rapid degradation by marine heterotrophs
in surface ocean waters is available for export to the seawa-
ter’s interior (1.2 GtCyear−1, or 17 % of global new pro-
duction; Hansell and Carlson 1998b).

On the other hand, total suspended matter (TSM) in
aquatic systems is an important vehicle for the transport,
dispersion, and redistribution of many chemical elements,
particularly inorganic or organic carbon, heavy metals, ra-
dionuclides, etc. (e.g., Evangeliou et al. 2011). Because of
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the significance of sinking particles for the transport of
carbon from the surface into the deep ocean and sediments,
POC plays a crucial role in the marine and global carbon
cycle despite its small pool size (Prentice et al. 2001).

In the present study, we address the surface and vertical
distribution of DOC and POC, both spatially and temporal-
ly, as an important polluting factor in a populated eastern
Mediterranean enclosed basin (Saronikos Gulf, Greece) ad-
jacent to the Athens metropolitan area of Greece. The major
goal is to elucidate the present status of organic carbon
content in the area after the operation of the secondary
treatment in the Wastewater Treatment Plant of Psitalia
(WWTP) in 2004. The mobility of organic carbon is
assessed, as well as its sources (riverine, atmospheric, in-
dustrial, and domestic) and its fate in the water column. The
present work is expected to comprise a baseline study of the
distribution patterns of organic carbon in one of the most
organic polluted marine regions in the Mediterranean Sea.

Topography, characteristics, and major polluting factors
of the study area

The present study was carried out in the west-central region
of the Aegean Sea (Saronikos Gulf and Elefsis Bay, Greece;
Fig. 1). The Saronikos Gulf (2,600 km2) is typical of many
semi-enclosed marine areas in Mediterranean and presents
two sections, the eastern and the western one, separated by
the Aegina Island (Fig. 1). The eastern section (stations S.3,

S.5, and S.7), characterized by the Athens metropolitan area,
has relatively uniform depth topography, with a maximum
depth of 200 m to the southeast of Aegina to 90 m between
Aegina and coastal suburbs of Athens. The main body of the
eastern basin has depths between 70 and 95 m. The western
part of Saronikos is deeper (station S.4). From the west of
Salamis, the basin is 130 m deep and is connected to the
south with over 400 m maximum depth in the west of the
Methana peninsula. The Saronikos Gulf is connected to
central Aegean Sea at its south part via an imaginable line
that connects eastern Peloponisos with Sounio (stations S.6
and S.7; Fig. 1). At the north end of the Gulf lays the Elefsis
Bay with maximum depth of about 30 m (stations S.1 and
S.2). The Bay is joined to the Gulf by two narrow and
shallow channels. The eastern connection, with a dredged
channel 11 m deep, communicates with the Keratsini Bay.
Depths in Keratsini area are between 25 and 35 m, increas-
ing towards the Saronikos Gulf. The Piraeus Port, which is
one of the greatest in the Mediterranean Sea, is located
about 1 km southern of the eastern channel.

The Saronikos Gulf is mainly polluted from (a) the
Piraeus Port; (b) a number of industrial units located in the
north of Elefsis Bay; (c) industrial and commercial vessel
traffic; (d) domestic and touristic activities at the coastal
regions of the Gulf; and (e) the Wastewater Treatment
Plant of Psitalia (WWTP), located in a small island near
the Piraeus harbor and the Keratsini Bay.

The Psitalia WWTP is the main wastewater treatment
plant in the greater Athens area, receiving an average

Fig. 1 Sampling region (Saronikos Gulf), bathymetry, selected sta-
tions (S.1 to S.7), and marine bearing of the sampling vessel. Small
circles denote sampling route during summer 2008, autumn 2008, and

winter 2009. The triangle of squares and small circles on the east of the
map denote the vessel’s route during winter 2007 sampling along
Eastern Saronikos Gulf (S.3, S.5, and S.7)
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wastewater flow of approximately 730,000 m3day−1 carry-
ing 100×106gCday−1 (or 96 molCs−1; 8.3×106molC
day−1) of DOC (Zeri et al. 2009). The Psitalia WWTP
capacity is of 5,600,000 population, being one of the biggest
WWTPs in Europe and worldwide. The Psitalia WWTP
facilities include wastewater pre-treatment at Akrokeramos
(in the Keratsini Bay in the Attica mainland), comprising
debris removal, screening, grit removal, and odor control
units, as well as a smaller pre-treatment unit at Kynosoura,
on the Salamis Island. Pre-treated wastewater is piped to the
Psitalia Island, by means of submerged pipes, so as to
undergo primary treatment, producing primary sludge.
Primarily treated wastewater further undergoes advanced
secondary biological treatment, using activated sludge pro-
cesses, achieving both organic load removal and a consid-
erable reduction of nitrogen load in the biological stage,
which comprises bioreactors and final settling tanks, where
biological sludge sedimentation clarifies the treated waste-
water. The Psitalia WWTP final effluent is being received
by the Saronikos Gulf through gradual deep disposal by
means of a system of submerged outfall pipes. By then,
wastewater treatment has achieved suspended solids and
organic load reduction by about 93 % and total nitrogen
reduction by about 80 % in comparison with influent loads.
Part of the effluent undergoes filtration (through sand-
filters) and disinfection (by means of UV devices) so as to
be reused as process water for the facilities on the Psitalia
Island. The operation of the Psitalia WWTP achieves con-
tinual protection, revival, and enhancement of biodiversity
in the Saronikos Gulf ecosystem. As one of the biggest
environmental projects in Greece, the Psitalia WWTP con-
tributes vitally and to a considerable extent in a sustainable
manner (biosolids utilization, biogas utilization, and reuse of
treated effluent) to environmental protection in Greece
(EYDAP 2011).

Materials and methods

Field sampling

Four seasonal cruises in winter 2007, summer 2008, autumn
2008, and winter 2009 were carried out in the Saronikos
Gulf and the Elefsis Bay, and profile samples from seven
stations (S.1 to S.7) with final depths of 30 m (S.1 and S.2),
65 m (S.3), 97 m (S.5), 105 m (S.6), and 220 m (S.4 and
S.7) were collected (two of them in the Elefsis Bay and five
in the Saronikos Gulf). Moreover, during the bearing of the
sampling vessel, a number of 40 surface samples (and 15
surface samples during winter 2007 cruise) were also col-
lected, in order to define the spatial distribution of organic
carbon in the area (Fig. 1). It is noteworthy that during
winter 2007 sampling campaign, an inconvenience of

sampling instruments resulted in profile sample collection
from only three stations (S.3, S.5, and S.7), whereas 15
surface ones. During all cruises, the temperature, salinity,
and pH were determined by an in situ CTD, model YSI 53.

The conventional definition of POC and DOC, based on
filtration with a 0.6-μm filter, is used in this study. As a
consequence of this definition, a fraction of DOC may be
colloidal material (Sharp 1973). A frame for in situ filtration
was employed comprising pipelines (up to 200 m) in con-
nection to a disc pre-filter (pre-weighted Whatman Low
Metal TCLP Glass Microfiber Filters, diameter 142 mm,
pore size 0.6 μm) to scavenge POC, impeller-based flow-
meter to record the volume of the water filtered, and an on-
board outflow to collect the DOC fraction. A schematic
view of the system can be seen in Supplementary
Materials. Sample volumes of 500–1,000 L were processed
at flow rates of 0.3–1.0 m3h−1. The accuracy of the flow-
meter was ±2 %, operating in a range of 22.7 to 2,730 Lh−1

(Simpson 1997; Trull and Armand 2001).

Laboratory work—analysis of DOC, POC, and TSM

Seawater at the outflow of the in situ filtration frame was
collected in order to determine the organic carbon content.
Since the pumping system was isolated from the environ-
ment and considering that the seawater had been already
filtered thought 0.6-μm Whatman Low Metal TCLP Glass
Microfiber disc filter, this organic carbon content corre-
sponds to the DOC content. After the collection, the samples
were kept in an on-board refrigerator, and after transfer to
the laboratory, they were deposited at −70 °C until the day
of analysis. DOC was determined by a total organic carbon
(TOC) SHIMADZU analyzer 5000A (percentage uncertain-
ty less than 1), with the method reported by Sigimura and
Suzuki (1988) and Cauwet (1994). Specifically, this appa-
ratus operates on the principle of high-temperature catalytic
oxidation (HTCO) of organic compounds in liquid samples.
Samples were acidified with 0.5 ml of 2.5-N HCl to pH2.
Intense bubbling of pure synthetic air throughout the sample
for 10 min allowed complete decarbonation. Thus, the mea-
sured DOC was non-purgeable organic carbon. Some vola-
tile organic carbon (VOC) may be lost at room temperature
by acidification and purging. Nevertheless, the contribution
of the VOC to the DOC value (less than 1 %) is considered
insignificant (Wangersky 1993). The decarbonated sample
was pumped with a glass syringe and injected into a vertical
furnace (combustion quartz tube) filled with a 0.5 % Pt on
Al2O3 catalyst. Three replicate injections were processed
per sample. The concentration of DOC was determined by
subtracting system blank area from the average peak area
and dividing by the slope of the standard curve (Thomas et
al. 1995). The system blank is the instrument blank plus
DOC in Milli-Q water plus the filtration blank (after
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filtration of Milli-Q through the in situ frame). The filtration
blank (determined by filtering Milli-Q water through the
filtration frame) was <5 μmolCL−1. Before sample analy-
ses, the catalyst was washed by injecting Milli-Q, for at least
12 h, until the instrument blank was low and stable. The
instrument blank was <8 μmolCL−1; when it was higher, it
was washed or even the catalyst was replaced. The system
was standardized with potassium hydrogen phthalate (KHP).
A two-point calibration was performed routinely every 20
samples with freshly prepared running standards. The coeffi-
cient of variation (CV) of the peak area for the three replicates
of each sample was less than 1 %. The limit of detection
(LOD) was calculated as 4.2 μmolCL−1.

The disc pre-filters (0.6-μm Whatman Low Metal TCLP
Glass Microfiber Filters) were dried on air-flow and silica

gel and frozen to −70 °C until analysis in the laboratory.
Carbonates were eliminated from the previous analysis by
fuming the filter with 10 % HCl. The filters were then
analyzed with TruSpec CHN Leco analyzer. The advantage
of this apparatus is that high amount of the filter could be
loaded into (50–1,500 mg), and thus, no further aliquots or
subsamples need to be produced. The range of TruSpec
CHN Leco analyzer for carbon is 0.002–100 %. The LOD
was calculated to be 1 μmolL−1 (100 L sample).

Prior to the POC analysis, the same pre-weighted disc
filters (Whatman Low Metal TCLP Glass Microfiber Filters
with pore size of 0.6 μm and diameter of 142 mm) were
subsequently rinsed with distilled water to remove residual
salts, dried (on air-flow and silica gel), and then weighed in
a microbalance Sartorius BP 211 D to obtain the TSM

Fig. 2 Vertical distribution of POC and DOC concentrations at the
selected sampling stations during the four cruises (winter 2007, sum-
mer 2008, autumn 2008, and winter 2009). X-axis breaks whenever

extreme values of DOC were observed. A logarithmic scale at the x-
axis was used in order to present all data at the same graph and avoid
the large variations of organic carbon values
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concentration. The percentage uncertainty of the microbal-
ance was less than 1.

Results

Hydrographical characteristics and vertical distribution
of POC and DOC

Temperature, salinity, pH, and density (sigma-t) profiles have
been recorded and presented here, for the four seasons (winter
2007, summer 2008, autumn 2008, and winter 2009).
Moreover, profiles of TSM are also presented in the

Supplementary Materials in order to record any potential
source impact (e.g., terrestrial origin).

The organic carbon concentrations, in terms of POC and
DOC vertical profiles, are depicted in Fig. 2 for winter 2007,
summer 2008, autumn 2008, and winter 2009 cruise. During
winter 2007, POC ranged between 7.5 and 10.9 μmolCL−1

at S.3 located near Psitalia WWTP with the maximum being
at 60 m depth. At S.5 and S.7, POC concentrations were
considerably lower (S.5, 1.5–4.3 μmolCL−1; S.7, 1.3–
3.1 μmolCL−1). DOC concentrations fluctuated between
104 and 117 μmolCL−1 at station S.3, whereas they were
in the same level at S.5 (102–111 μmolCL−1) and slightly
higher at the bottom of S.7 (101–125 μmolCL−1).

Fig. 3 Vertical profiles of temperature, salinity, density, and pH at the selected sampling stations during the four cruises (winter 2007, summer
2008, autumn 2008, and winter 2009)
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During summer 2008, POC showed strong fluctuation
with the depth at stations S.4, S.5, S.6, and S.7 (1.8–
4.9 μmolCL−1). At the stations located in the Elefsis Bay
(S.1 and S.2), POC concentrations were three to four times
higher (11.4–21.1 μmolCL−1). This is more or less
expected, since at the northern part of Elefsis Bay, the major
industries of Athens are located comprising cement, smelter,
chemical, food industries, as well as shipyards and hulk
ships, etc. POC concentrations at S.3 varied between 9.5
and 27.8 μmolCL−1. DOC concentrations were consider-
ably higher than POC ones presenting smaller variation (58–
175 μmolCL−1) in most of the stations examined (S.1, S.2,
S.4, S.6, and S.7). However, an extreme DOC concentration
was found at 60 m depth of S.3 (2,433 μmolCL−1) near the
pipeline of the WWTP (Fig. 2).

During autumn, POC concentrations ranged from 1.4 to
28.4 μmolCL−1 with increased values observed at the sta-
tions located in the Elefsis Bay (S.1 and S.2) and next to the
WWTP (S.3). A significantly extreme concentration at 15 m
depth of S.3 was found (28.4 μmolCL−1) indicating the
impact from the pre-treated wastes discharging next to the
station. At the stations S.4, S.5, S.6, and S.7, POC was
lower decreasing with the depth (1.4–4.3 μmolCL−1).
DOC concentrations varied between 65 and 2,013 μmolC
L−1. At S.1 and S.3, DOC increased with the depth, whereas
at stations S.2, S.5, S.6, and S.7, the highest values were

observed in the intermediate layers of the water column.
Finally, at S.4, which is located far from the major sources
of organic carbon of the area, DOC decreased with the
depth. A high concentration of DOC was found at 35 m of
S.5 (2,013 μmolCL−1), inside the mooring area of the
Piraeus Port (Fig. 2).

POC and DOC concentrations showed lower values with
small variation with the depth during winter (<LOD to
11.2 μmolCL−1 for POC, <LOD to 433 μmolCL−1 for
DOC). DOC was decreased at S.2 and S.3 with the depth,
whereas at S.4, S.6, and S.7, DOC reached maximum in the
medium layers and then decreased in the deeper ones.
Finally, at S.1 and S.5, DOC increased in deeper layers.
Regarding POC concentrations, the respective profiles
showed similar patterns at the same stations comparing to
DOC ones (Fig. 2).

Discussion

Physicochemical parameters and organic carbon

During winter 2007, at S.3 located next to the pipeline of
Psitalia WWTP, a sharp halocline can be observed as a result
of the low dense waters that outflow at 65 m depth and
primarily dominate the deeper layers before mixing. At the

Fig. 4 Temporal distribution of
organic carbon in the stations of
Saronikos Gulf for the different
cruises (winter 2007, summer
2008, autumn 2008, and winter
2009)

Environ Sci Pollut Res (2013) 20:5708–5721 5713

Author's personal copy



deepest S.5 and S.7 stations, which are located at 7 and 28
nautical miles away from WWTP, a complete mixing layer
can be observed, as no significant impact from washout pro-
cesses and low dense outflows can be recorded (Fig. 3). TSM
concentrations ranged from 0.11 to 0.30 mgL−1 at S.3, which
is in the lowest lever considering that Psitalia WWTP pipe-
lines outflow next to the station. These outputs seem to affect
S.5 more, as TSM was relatively high (0.51 mgL−1) near the
seabed. Regarding S.7, higher concentrations were observed
at the surface (0.82 mgL−1), as a result of the bloom of
phytoplankton. Phytoplankton blooms in the Mediterranean
Sea during winter (Speicher et al. 2006) producing biogenic
particles at the surface that gradually sink to the sediment.
Nevertheless, the relatively low TSM values certify the im-
perceptible washout and erosion processes that characterize
the area.

In summer 2008, a sharp thermocline was developed in
the water column of the seven selected stations (Fig. 3).
Specifically, at the shallower stations located in Elefsis Bay
(S.1 and S.2), thermocline was found at about 15 m depth.
At station S.3, located in the Saronikos Gulf, thermocline
was also found at around 15 m depth, at the deeper stations
S.5 and S.6, intense stratification was observed with ther-
mocline at 35 m and at about 50 m for the stations S.4 and
S.7. The observed stratification was amplified with halo-
cline existing near the same depths of the stations of the
study areas (Fig. 3). TSM concentrations were augmented at
the surface during summer as a result of the torpidity of the
water column caused by the observed stratification. This is the
reason that atmospheric or land-based particles, as well as
biogenic particles created by phytoplankton bloom introduced
at the surface, are usually accumulated in the layer above
thermocline. Specifically, at station S.1, TSM decreased with
the depth (1.46–0.55 mgL−1); at S.2, it ranged between 0.52
and 1.88 mgL−1 with maximum near the thermocline. At S.3,
TSM concentrations were found between 0.65 and 1.27
mgL−1, and maximum was found near the bottom nepheloid
layer (BNL) at 60 m, which is the depth that WWTP outfalls
low saline pre-treated wastewaters. TSM ranged from 0.48 to
1.31 mgL−1 at station S.4 decreasing with the depth precisely
as at S.6 (1.01–0.54 mgL−1). Finally, at stations S.5 and S.7,
TSM varied from 0.60 to 0.70 mgL−1 and from 0.56 to
0.57 mgL−1, respectively, showing no intense variability
(Supplementary Materials). These values are comparable with
those observed in similar marine environments of the
Mediterranean, such as Thermaikos Gulf (Greece) where
TSM was between 100 and 1,700 μgL−1 in summer (Muir
et al. 2005), whereas another work in Saronikos Gulf showed
values between 0.05 and 1.41 mgL−1 for the same period
(Krasakopoulou and Karageorgis 2005).

During autumn 2008, a more homogenous layer was
observed at the stations of Elefsis Bay (S.1 and S.2), due
to the shallow final depths of the stations (∼30 m) and the T
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collapse of thermocline. At S.3, a mild pycnocline was
observed at 15 m depth attributed to the freshwater outflows
from the WWTP of Psitalia, since large amounts of pre-
treated wastes were discharged at about 65 m depth; they
occupied mostly the bottom layers of the column before
their dilution and mixing with seawater. At stations S.4–
S.7, the situation was clearer as thermocline started breaking
down at the end of summer and the denser surface waters
submerged at higher depths (Fig. 3). TSM concentrations
varied between 0.33 and 0.97 mgL−1. Higher values were
observed in the intermediate and bottom layers of most of
the stations. For example, at stations S.1, S.5, and S.6,
maximum values were found in the BNL (at 25, 90, and
100 m depth, respectively), whereas at S.2, S.3, and S.7, in
the intermediate layers (at 15, 35, and 100 m depth, respec-
tively). Finally, at S.4, TSM distributed anomalously with
the depth (Supplementary Materials). These vertical profiles
of TSM present additional evidence that the thermocline
collapsed and the mixing of the water column has started
by rapid sinking of the denser surface water masses. As a
result, the mixing processes in connection with the gravita-
tion forces occurring for suspended particles influenced this
eerie distribution of TSM.

The water column of the seven stations was completely
mixed due to the advective and weather (e.g., turbulence)
processes during winter 2009. Even S.3, which continuously
accepted effluents throughout the year, was found homoge-
nous in winter. The deepest stations (S.4, S.6, and S.7)
showed elevated density near the seabed indicating that the
temporarily denser surface layer submerged after thermo-
cline breakdown dominating the bottom layers (Fig. 3).
Unexpectedly, TSM concentrations showed minimum
values fluctuating between 0.30 and 0.82 mgL−1. One could
note that there was no apparent impact from the continental
shelf at this moment through erosion and runoff processes.
Higher values were observed in Elefsis Bay (S.1 and S.2), as
well as at S.3 near the pipeline of the WWTP of Psitalia at
15 m depth, and lower ones at S.5 and S.6. The increased
TSM concentrations in the BNL of the deepest stations S.4
and S.7 amplify the mechanism of the rapid sinking of water
and particles after the end of summer stratification. Another
explanation could be sediment slight resuspension processes
that brought particles in the BNL of the water column
(Evangeliou and Florou 2013).

As regards the seasonal variability of POC concentrations
(Fig. 4), it is apparent that at the stations of the wider

Fig. 5 Spatial distribution of POC, DOC, and physicochemical parameters of seawater in Saronikos Gulf after interpolation of 15 surface values
from samples collected during the bearing of the sampling vessel during winter 2007 cruise

Environ Sci Pollut Res (2013) 20:5708–5721 5715

Author's personal copy



Saronikos Gulf (S.3–S.7), maxima were observed in winter.
This is expected as earlier studies in the Mediterranean Sea
have certified the existence of phytoplankton bloom during
winter (Speicher et al. 2006). During the bloom, the biogen-
ic particles developed rapidly sink to the sediment carrying
organic carbon to the bottom. This is really essential for the
counterbalance of CO2 concentrations, produced in large
scale at the atmosphere, through the marine carbon cycle.
It is important to note that POC was found maximum in
summer at the stations of the Elefsis Bay (S.1 and S.2).
Friligos (1982) reported that the bloom of phytoplankton
might exist in the Elefsis Bay, except from winter, in the late
summer period. On the other hand, DOC concentrations
(Fig. 4) showed no seasonal trends in the Saronikos Gulf
and the Elefsis Bay, as a result of the intense mobility of
DOC through advective and diffusive processes.

Refractory and labile DOC

Primary production, occurring in the upper euphotic layer
via photosynthesis of algae, is the main source of organic
matter in the marine environment. In the present basin,
another significant source is undoubtedly the Psitalia

WWTP, as well as several industrial effluents. DOC results
from various known mechanisms such as exudation of phy-
toplankton, excretion, cell lysis, breakdown and dissolution
of particles, and bacterial activity (Riley and Chester 1971).
It has been generally accepted that DOC could be regarded
as being composed of two major pools. One is recent and
labile, resulting from biological excretion and partial bacte-
rial mineralization, while the second is older and refractory
(Bada and Lee 1977). In a more detailed approach, the bulk
pool is divided into three fractions with quite different
turnover times: very labile (hours/days), semi-labile
(months/seasons), and refractory (hundreds to thousands
of years) pools (Carlson and Ducklow 1995). While
differentiation between the labile and semi-labile pools
requires specific kinetic studies, it is simple to estimate
the two major pools (labile+semi-labile and refractory).
Based on the assumption that the refractory pool mea-
sured in deep waters is homogeneously distributed
throughout the water column (Carlson and Ducklow
1995), the excess of DOC, in the euphotic layer, with
respect to the refractory DOC (r-DOC) represents the
labile+semi-labile DOC (also called the non-refractory DOC
or nr-DOC, hereafter).

Fig. 6 Spatial distributions of POC, DOC, and physicochemical parameters of seawater in Saronikos Gulf after interpolation of 40 surface values
from samples collected during the bearing of the sampling vessel during summer 2008 cruise
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In the present study, the decrease of DOC concentrations
in deep waters was attributed to mixing of water bodies of
different ages. Considering that the renewable times of
bottom seawater in Saronikos Gulf are relatively long (with-
in few years, Scoullos et al. 2007), the average minimum
DOC concentration of bottom seawater of S.4 and S.7
(bottom depth of 220 m) was assumed to be the valid value
of r-DOC for the subsequent determination of the non-
refractory fractions in the overlaying waters, since the sta-
tions are the most stable (insignificant influence from ad-
vective and diffusive processes) and deepest ones. nr-DOC
is equal to the subtraction of r-DOC from that average DOC
value. They were determined only for the layer above the
thermocline, which is the marine area where most of the
DOC is produced and/or discharged before being injected in
the water column. The results are summarized in Table 1.

The average r-DOC was assumed to be the average of the
minimum DOC at 200 m of S.4 and S.7 during winter 2009
(53±19 μmolL−1). During winter 2007, the respective la-
bile+semi-labile DOC ranged between 56 and 73 μmolC
L−1 covering a 56±3 % of the bulk DOC. In summer 2008,
the nr-DOC fluctuated from 32 to 246 μmolL−1 (63±13 %
of the bulk DOC). The wide range of labile+semi-labile
fraction of DOC is attributed to the Psitalia WWTP

discharges, which are distributed by the prevailing anti-
cyclonic circulation mainly at the central part of Saronikos
Gulf (see Laskaratos and Kaltsounidis 1989). During au-
tumn cruise, nr-DOC usually corresponds to semi-labile
DOC, as other researchers have found labile DOC (turnover
times of hours to days) to be undetectable when phytoplank-
ton activity is low (Carlson and Ducklow 1995). It is note-
worthy that high nr-DOC concentrations were estimated
during that cruise at S.1 (central Elefsis Bay), as well as at
S.3 (WWTP of Psitalia; 161 and 133 μmolL−1, respectively)
providing additional evidence of industrial and domestic
impact. nr-DOC was found to be 62±15 % of the bulk
DOC. Finally, during winter 2009 sampling, nr-DOC
showed a tremendous variation at the seven stations (30–
230 μmolL−1). Comparing the winter data to similar ones
from the Mediterranean Sea (e.g., Doval et al. 1999; Zeri et
al. 2009), it can be concluded that the observed large vari-
ation of nr-DOC can be attributed to the terrestrial origin of
DOC during winter (via weather processes and/or runoff),
although the area is characterized by low rainfall supplies
but large fresh water discharges (WWTP). It has been
reported elsewhere that the input of terrestrial organic matter
to the ocean is estimated to be 400 Tgyear−1 by riverine
transport (Schlesinger and Melack 1981) and 20 Tgyear−1

Fig. 7 Spatial distributions of POC, DOC, and physicochemical parameters of seawater in Saronikos Gulf after interpolation of 40 surface values
from samples collected during the bearing of the sampling vessel during autumn 2008 cruise
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by atmospheric transport (Buat-Menard et al. 1989); thus, it
may be significant. A general comment is that the Saronikos
Gulf is a pool of labile+semi-labile DOC, as it is character-
ized by anthropogenic and industrial supplies of organic
carbon, in conjunction to the relatively shallow depth
topography, corresponding to an average of 60 % of the
bulk DOC.

Spatial distribution of organic carbon

Figures 5, 6, 7, and 8 show the spatial variability of POC
and DOC surface concentrations, along with the physico-
chemical characteristics (temperature, salinity, pH, and den-
sity), in the Saronikos Gulf for the four sampling seasons,
respectively. The figures have been obtained after interpo-
lating 40 surface (and 15 for winter 2007) samples collected
during the campaigns.

During winter 2007 (Fig. 5), temperature showed small
variability since the water is well mixed in the cold period,
in contrast to salinity and density, which were found in-
creased at the southern part that connects the Gulf with the
open Aegean Sea. This is more or less expected since the
central and north part of the Gulf is affected by the WWTP

and several industrial outputs (Elefsis Bay), as well. The pH
was higher near the WWTP and decreased both northerly
and southerly. Large variability between POC concentra-
tions was absent, as POC throughout the route of sampling
was more or less comparable and close enough (Fig. 5).
However, maxima were found in the Elefsis Bay. In general,
the same distributional patterns were observed for DOC as
surface maxima were estimated mainly in the northeastern
side of the Saronikos Gulf (Fig. 5), although the area of
sampling was relatively narrow.

The spatial distribution of the surface temperature
showed that higher values were presented in the north side
of the Gulf during summer (Fig. 6). Surface salinity and
density were affected by the Aegean Sea waters, since the
renewal of the seawater in the Gulf occurs from its southern
side. It is expected that pH was found minimum at the
eastern part of the Gulf where the main industrial activity
is present that could decrease the pH of the surface seawater
(in terms of wastewater outflows). POC followed the pat-
terns of winter 2007 period increasing in the Elefsis Bay. On
the other hand, a hot spot of increased DOC was found in
the area were the WWTP outflows to the Saronikos Gulf
(Fig. 6).

Fig. 8 Spatial distributions of POC, DOC, and physicochemical parameters of seawater in Saronikos Gulf after interpolation of 40 surface values
from samples collected during the bearing of the sampling vessel during winter 2009 cruise
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During autumn, surface temperature was found elevated
in the northwestern region of the Saronikos Gulf reaching
24 °C (Fig. 7). On the other hand, salinity and density were
observed increased at its southern part similarly to winter
2007, showing the surface impact from the open sea in
connection to the continuous fresh water input from the
WWTP of Psitalia (Fig. 7). Surface pH was indicative of
the presence of several industrial influences along the north-
ern coastline of the Saronikos Gulf. The maximum surface
values were determined for the Elefsis Bay, due to the
intense industrial activity (mentioned previously in detail),
and this part of the Saronikos Gulf is generally considered to
be the most polluted. In addition, increased POC concentra-
tions dominated mainly Elefsis, with the spatial distribution
of DOC to follow the same trends.

Finally, the spatial distribution study showed that the
surface temperature was again increased at the southern side
of the Gulf being around 16 °C during winter 2009. Salinity
and density followed similar spatial trends as they were
increased in the Elefsis Bay and in the western side of the
Saronikos Gulf and decrease in the area near the pipelines
that outflow fresh waters from the WWTP (Fig. 8).
Unexpectedly, pH was minimum in the southwestern region
of the Gulf. To our knowledge, no significant industries are
present there that could affect the marine environment (in
terms of waste inputs that might decrease the pH), and the
area is rather indicative of touristic development. The max-
imum POC concentrations were again estimated for the

eastern coastal section of Saronikos Gulf. This might be
attributed to the washout processes of the wider area of
Athens metropolitan section that carry out organic pollutants
from the land, although only ephemeral streams are present
there (Fig. 1). Moreover, WWTP discharges play a signifi-
cant role in the pollution of the eastern section, as the
outflow pipelines are located four nautical miles southern
of Psitalia Island in eastern Saronikos (Fig. 1). An important
parameter characterizing the eastern region is the high nu-
trient concentrations, which have been systematically
recorded in the area (Friligos 1982, 1985, 1989; Siokou-
Frangou et al. 1990; Pagou 1995; Pagou et al. 1996)
resulting in increased phytoplankton growth that, in turn,
lead to high POC concentrations. DOC was found maxi-
mum at the eastern section of Saronikos Gulf, equally to
POC spatial dispersion, attributed to the land washout, as
well as to the cyclonic water movements carrying DOC
from WWTP directly to the eastern coastal region.

Table 2 indicates the most recent concentration levels of
organic carbon (in terms of POC and DOC) in the
Mediterranean region. At first glance, it can be observed
that the values obtained in the present study are in the
highest level, at least for DOC, showing extreme variations
(42–2,433 μmolL−1); however, a true range of DOC would
be between 42 and 315 μmolL−1 (rather than 42–
2,433 μmol L−1) wi th only two ext reme values
(2,433 μmolCL−1 at 60 m depth of S.3 during summer
and 2,013 μmolCL−1 at 35 m of S.5 during autumn). The

Table 2 Organic carbon inven-
tory (POC and DOC) in the
Mediterranean Sea from the rel-
evant literature

Numbers in parentheses denote
average concentrations of POC
and DOC (±SD) obtained in the
present study
aDOC concentrations were mea-
sured as TOC ones assuming
that in open marine environ-
ments of low total suspended
matter (TSM) the particulate
fraction is negligible

Location Depth (m) POC
(μmolL−1)

DOC
(μmolL−1)

Reference

Saronikos Gulf 0–200 1–28 (8±6) 42–2,433
(220±336)

This study

Saronikos Gulf 0–200 2.8–6.9 Krasakopoulou (2004)

60–91a Zeri et al. (2009)

Thermaikos Gulf 0–1,100 1–33 Karageorgis et al. (2008)

84–204a Zeri and Hatzianestis (2005)

North Aegean Sea 0–1,200 1–16 Karageorgis et al. (2008)

48–128a Sempere et al. (2002)

South Aegean Sea 0–1,800 – 47–87a Sempere et al. (2002)

Adriatic Sea 0–70 4.4–35.7 78.9–156.1 Giani et al. (2005)

Tyrrhenian Sea 0–25 4.7–18.7 51.5–178.7 Misic et al. (2005)

Levantine Basin 0–2,750 3.1–6.8 Tanaka et al. (2007)

34–75 Santinelli et al. (2010)

Ligurian Sea 0–2,000 0.1–0.5 Speicher et al. (2006)

52–68 Santinelli et al. (2010)

Gulf of Lions 0–2,000 2.5–19.2 Lapouyade and De
Madron (2001)

50–220 Cauwet et al. (1997)

Western Mediterranean
(Alboran and Catalan Sea)

0–2,000 1.7–10.0 Sanchez-Vidal et al. (2005)

42–62 Santinelli et al. (2010)
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observed values are higher that previous ones (2.8–
6.9 μmolL−1 for POC and 60–91 μmolL−1 for DOC) in
the area reported by Krasakopoulou (2004) and Zeri et al.
(2009), though indicative for areas of eastern Mediterranean,
e.g., between 1–33 (POC) and 84–204 μmolL−1 (DOC) in the
Thermaikos Gulf (Greece), 1–16 (POC) and 48–128 μmolL−1

(DOC) in North Aegean, 47 and 87 μmolL−1 (DOC) in South
Aegean, and 4.4–35.7 (POC) and 78.9–156.1μmolL−1 (DOC)
in the Adriatic Sea, whereas they are generally lower at the
western Mediterranean Sea (Table 2). Nevertheless, organic
carbon in theMediterranean Sea is likely allochthonous caused
by anthropogenic and industrial interferences inside populated
marine systems (gulfs), as in the open sea, POC and DOC
concentrations have been found up to one order of magnitude
lower (e.g., between 4.7–18.7 (POC) and 51.5–178.7 μmol
L−1 (DOC) in the Tyrrhenian Sea, 3.1–6.8 (POC) and 34–
75 μmolL−1 (DOC) in Levantine, 0.1–0.5 (POC) and 52–
68 μmolL−1 (DOC) in the Ligurian Sea, and 1.7–10.0
(POC) and 42–62 μmolL−1 (DOC) in Alboran and Catalan
Sea; see Table 2).

Conclusions

The present study focuses on the temporal and spatial distri-
bution of organic carbon (both POC and DOC) in Saronikos
Gulf. During winter 2007, the average values of POC and
DOC concentrations were estimated to be 5.7±3.1 (range,
2.9–11.2 μmolL−1) and 118±12 μmolL−1 (range, 101–
133 μmolL−1), whereas they were found as 9.6±5.8 (range,
4.5–16.7 μmolL−1) and 151±50 μmolL−1 (range, 85–
299 μmolL−1) in summer 2008, 8.4±5.2 (range, 3.5–
19.5 μmolL−1) and 162±49 μmolL−1 (range, 89–258 μmol
L−1) in autumn 2008, and finally, 7.5±2.1 (range, 3.1–
9.1 μmolL−1) and 160±67 μmolL−1 (range, 83–283 μmol
L−1) in winter 2009, respectively. POC was determined max-
imum during winter period in wider Saronikos, as a result of
phytoplankton evolution that creates biogenic particle rapidly
settling to the bottom; in the stations of Elefsis Bay (S.1 and
S.2), POC was found increased during summer, due to the
growth of phytoplankton that might occur in the bay during
the end of summer (except from winter). It is suggested that
the Gulf is dominated by non-refractory (labile and semi-
labile) DOC (60 % of the bulk DOC), as a result of the major
anthropogenic and industrial discharges that characterize the
region. Both in terms of the surface spatial distribution of
organic carbon, POC and DOC affect mostly the Elefsis Bay
and the eastern coastal region of the wider Saronikos, which is
adjacent to the metropolitan area of Athens. In contrast, al-
though Saronikos has been accepted major organic discharges
for a long time period and the presence of sewage outfall of
Athens has been found not to contribute to the TOC accumu-
lation, the organic material in the effluents of the sewage unit

is very labile, which is consumed by bacteria sustaining ex-
tremely high production rates at the site of the sewage outfall
(Zeri et al. 2009).
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