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The concentrations of 22 polyaromatic hydrocarbons (PAH) in Posidonia oceanica seagrass, sediments, and
seawater from the Alexandroupolis Gulf in the Aegean Sea, were investigated from 2007 to 2011. Tem-
poral trends of total PAH contents in P. oceanica and sediments were similar. PAH levels in seawater, sed-
iments, and seagrasses generally decreased with increasing distance from Alexandroupolis Port. Leaves
and sheaths of P. oceanica had higher PAH levels than roots and rhizomes. P. oceanica accumulates PAHs
and has good potential as a bioindicator of spatiotemporal pollution trends. PAH concentrations were also
examined using in situ passive seawater sampling and were compared to results of passive sampling in
the laboratory using local sediments and seawater. Levels of high molecular weight PAHs assessed using
passive samplers confirmed the decreasing gradient of pollution away from Alexandroupolis Port. Passive
sampling also proved useful for investigating sources of PAHs in P. oceanica meadows.

� 2014 Elsevier Ltd. All rights reserved.
Seagrass meadows are considered to be the most productive
ecosystems in coastal waters (Hemminga and Duarte, 2000). Posi-
donia oceanica is the dominant endemic seagrass in the Mediterra-
nean Sea, occurring until a depth of approximately 40 m.

Although many studies have highlighted the usefulness of
P. oceanica as a recorder of ambient trace metal pollution (Maserti
et al., 1988; Catsiki and Panayotidis, 1993; Malea, 1993; Malea
et al., 1994; Warnau et al., 1995; Pergent-Martini, 1998;
Delgado et al., 1999; Ferrat et al., 2002; Ancora et al., 2004;
Balestri et al., 2004; Gosselin et al., 2006), much less information
is available regarding the content of organic contaminants in this
seagrass. However, the few studies that have reported on bioaccu-
mulation of organic contaminants in P. oceanica tissues (e.g., Viso
et al., 1993; Lewis and Devereux, 2009; Pergent et al., 2011) high-
light the potential of this plant to serve as an indicator of organic
pollutants in the Mediterranean Sea. For instance, Pergent et al.
(2011) report increased PAH concentrations (R16 PAHs) in
P. oceanica leaves from a site next to Toulon’s military and industrial
harbor (France) compared to a pristine site located in Calvi (Cor-
sica). Organic contaminants, including PAHs, are lipophilic and
can penetrate lipid membranes and thus cells (Clark et al., 1990;
Cerniglia, 1993; Sikkema et al., 1995). In aquatic plants, these com-
pounds accumulate in the thylakoid membranes of chloroplasts
(Ren et al., 1994). Among organic pollutants, polycyclic aromatic
hydrocarbons (PAHs) are of major concern because they are persis-
tent and potentially genotoxic and carcinogenic. Anthropogenic
PAHs can be pyrogenic or petrogenic in origin. Pyrogenic PAHs
are formed from the incomplete combustion of organic matter
(e.g., coal, petroleum, and wood), whereas petrogenic PAHs are
derived mainly from crude oil and petroleum products such as ker-
osene, gasoline, diesel, lubricating oil, and asphalt. PAHs tend to
accumulate in sediments and in biological tissues to concentrations
that may have adverse effects on resident biota, and may accumu-
late along the food chain (Irwin et al., 1997; Gogou et al., 2000;
Zadeh et al., 2010).

Passive sampling techniques have been used to analyze PAHs in
sediments, water, and biota (Vrana et al., 2005; Smedes et al.,
2010; Monteyne et al., 2013). Passive sampling involves the trans-
fer of analyte molecules from the solution of interest to a receiving
phase in the sampling device until equilibrium is reached. This
technique relies on the difference in chemical potential between
the sampled medium and the receiving phase. Silicone rubber
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strips have been used as passive samplers because of their large
affinity for PAHs and their ability to detect very low concentrations
of pollutants (Vrana et al., 2005; Monteyne et al., 2013). Results for
PAHs obtained via passive sampling compare well with those
obtained from biomonitoring using organisms such as mussels
(Mytilus edulis, Smedes, 2007, 2010; Smedes et al., 2010) and rag-
worms (Nereis virens, Yates et al., 2011).

The Alexandroupolis Gulf, located in the Northeast Aegean Sea,
is subject to significant anthropogenic stress caused by inputs of
organic pollutants (Kanellopoulos et al., 2007). Marine traffic in
Alexandroupolis port increased between 2007 and 2011 (Hellenic
Statistical Authority, 2013) and the number of vessels passing
through the northern Aegean Sea doubled between November
2009 and October 2011 (Miliou et al., 2012). The United States
Energy Information Administration (EIA, 2012) reported that trans-
portation of crude oil and petroleum products through the Turkish
straits between 2007 and 2010 reached 2.9 million barrels per day.
In addition, according to the Turkish Marine Research Foundation
(Oral and Öztürk, 2006), the number of oil tankers passing yearly
through the Bosporus and Dardanelles straits has increased from
4200 in 1996 to 10,000 in 2010 and the quantity of oil transported
through this area is estimated to be 145 million tons per year.
Finally, the European Maritime Safety Agency reported that the
number of shipping accidents in the Aegean Sea between Greece
and Turkey has increased (EMSA, 2010).

In the present study, we assess the levels and sources of PAHs in
coastal waters, sediments, and P. oceanica seagrass from the NE
Aegean Sea and Evros River. For direct analysis of the different sub-
strates for PAH content we also used passive samplers consisting of
silicone rubber sheets to determine PAH levels. Our main objec-
tives were to examine the potential of P. oceanica as an indicator
of spatial and temporal trends of PAH pollution and to assess the
utility of passive sampling as a monitoring tool.

Three study sites were selected in coastal waters and three sites
in Evros River (Fig. 1, Table 1). Sites A, B, and C are located in Alex-
androupolis Gulf, whereas site D stations were located at the
downstream end of Evros River, outside (D1) and inside (D2 and
D3) Evros Delta National Park. Details for each sampling site are
listed in Supplementary Material 1. In total, 178 samples (80 mar-
ine and 45 river surface sediments, 41 P. oceanica tissues, and 12
water samples) were collected for PAH and bulk analyses. Marine
sediments and P. oceanica seagrasses were collected by diving in
2007, 2009, 2010, and 2011 at sites A, B, and C. Note that seagrass-
es were absent at site C. The river stations (D1, D2, and D3) were
sampled only in 2010 and 2011 (Table 1). At sites C and D the fine
sediment fraction (<63 lm) represents >60% of total weight, while
at sites A and B the fine sediment fraction is less (about 40%). Pas-
sive and water sampling was only performed in 2011. Details for
the sampling procedures of sediments, P. oceanica, and water sam-
ples are presented in Supplementary Material 1.

Passive sampling at marine and riverine stations took place only
in 2011. Silicone rubber strips composed of polydimethylsiloxane
(PDMS, AlteSil Laboratory Sheet, Altec Products Ltd., Bude, UK)
were used as passive samplers. These were suspended inside stain-
less-steel cages (40 � 25 � 35-cm commercial bird cages from
which all plastic parts were removed) to protect the silicone rubber
strips from mechanical damage after deployment. Ten cages were
prepared, each containing three strips. The passive samplers were
pretreated in the laboratory at the Management Unit of the North
Sea Mathematical Models and the Scheldt Estuary (MUMM) fol-
lowing Booij et al. (2002) and Monteyne et al. (2013). Detailed pro-
cedures of the in situ and in vitro passive sampling are presented in
Supplementary Material 2. PAHs were Soxhlet-extracted in the
MUMM laboratory, which was accredited according to the ISO
17025 standard, and details are presented in Supplementary Mate-
rial 3. Known concentrations of deuterated PAHs (naphthalene,
acenaphthene, anthracene, pyrene, benz[a]anthracene, benzo[a]-
pyrene, and indeno[1,2,3-cd]pyrene) were added as internal stan-
dards before extraction. The efficacy of the Soxhlet extraction
procedure was verified by extracting duplicate samples with a
pressurized liquid extraction (Dionex Thermo Scientific ASE 200).
Chrysene was added as a recovery standard at the end of the
procedure.

We investigated 22 PAHs, 16 of which are included in the United
States Environmental Protection Agency priority list (EPA 610):
naphthalene, acenaphthylene, acenaphthene, fluorene, phenan-
threne, anthracene, fluoranthene, pyrene, benz[a]anthracene, chry-
sene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
dibenz[a,h]anthracene, benzo[ghi]perylene, indeno[1,2,3-cd]pyr-
ene (EPA, 2009); methylnaphthalene, biphenyl, 2,6-dimethylnaph-
thalene, 1-methylphenanthrene, benzo(e)pyrene, and perylene
were measured in the passive samplers and in the different natural
substrates sampled. Capillary gas chromatography (GC) coupled to
a quadrupole mass spectrometer (MS) was used for method develop-
ment and validation. The analytical method of GC is presented in in
Supplementary Material 4.

Our recovery rates for PAH’s from P. oceanica and sediments
were between 65% and 124%, fitting the generally accepted range
(i.e., between 40% and 120%; see Kimbrough et al., 2006). The
recovery of the reference compounds by the passive samplers ran-
ged between 81% and 112% for field samples and between 63% and
115% for the in vitro passive sampling experiments. The reported
results were corrected based on the recovery rates of internal stan-
dards. The limits of quantification were 3.34 and 1.65 ng ml�1 for
the in-situ and in vitro passive sampling experiments, respectively,
and 0.49 ng g�1 (dry-weight basis [DW]) for sediments and seag-
rasses. Quality assurance data and validation parameters of the
analytical methods are described in Supplementary Materials 5
and 6. For the various data conversions and calculations required
to estimate the freely dissolved aqueous-phase concentrations
from the passive samplers, we refer to Supplementary Material 7.
Statistical analyses were performed using SPSS for Windows v.20
software (IBM, New York, USA) (see Supplementary Material 8).

To the best of our knowledge this is the first study to report on
temporal trends of PAH concentrations for the Alexandroupolis Gulf.
The total PAH concentrations (

P
22 PAHs) in sediments ranged from

5 to 49 ng g�1 DW for site A, with the highest median values
observed in 2009 and 2010 (21 and 20 ng g�1 DW, respectively,
Fig. 2a). At site B, PAH concentrations ranged from 5 to 81 ng g�1

DW with the highest median values also occurring in 2009 and
2010 (22 and 25 ng g�1 DW, respectively, Fig. 2b). At site C, PAH con-
centrations ranged from 25 to 223 ng g�1 DW, and the highest med-
ian values were recorded in 2010 (116 ng g�1 DW, Fig. 2c). Overall,
the minimum

P
22PAH value was 5 ng g�1 DW (site A) and the max-

imum value was 223 ng g�1 DW (site C). The
P

22 PAH concentra-
tions in marine sediments reported here overlap with the lower
end of ranges reported by other researchers for the northern Aegean
Sea: 88–807 ng g�1 DW in the Strymonian Gulf (Hatzianestis and
Sklivagou, 2001), 44–166 ng g�1 DW in the Gulf of Kavala
(Papadopoulou and Samara, 2002), and 23–746 ng g�1 DW in the
Thermaic Gulf (Panagiotopoulos et al., 2009; Kapsimalis et al.,
2010). PAH concentrations for the Evros River sites ranged from 6
to 727 ng g�1 DW with the highest values at the most downstream
station D3 (Fig. 2d). Additionally, concentrations differed signifi-
cantly among the 3 river stations (p < 0.01; Fig. 2d). The highest
values were in agreement with published values for the Evros River
Delta (628–980 ng g�1 DW; Kanellopoulos et al., 2007) and with
other studies conducted in rivers in northern Greece, such as in the
Strymon River (404–747 ng g�1 DW; Pavlidou et al., 2002).

Whole plant P. oceanica from site B had a similar temporal trend
for

P
22 PAH concentrations and sediments (Figs. 2b and 3b); con-

centrations increased in 2009 and 2010 (the maximum median



Fig. 1. Study area: A: pristine site (extensive P. oceanica meadows); B: flood-prone site (extensive P. oceanica meadows); C: Alexandroupolis Port; and D: Evros River
(P. oceanica meadows are absent here).

Table 1
Year, location and sample types.

Year Sampling site Sample type

2007 A, B Sediment, P.oceanica
C Sediment

2009 A, B Sediment, P.oceanica
C Sediment

2010 A, B Sediment, P.oceanica
C Sediment
D1, D2, D3 Sediment

2011 A, B Sediment, water, P.oceanica, passive sampler
C Sediment, water, passive sampler, water and

sediments for in vitro passive sampling experiment
D1, D2, D3 Sediment, water, passive samplers, water and

sediments for in vitro passive sampling experiment
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value for P. oceanica was 1770 ng g�1 DW) and then decreased
slightly in 2011. For site A, we note that for sediments (Fig. 2a)
and whole plant P. oceanica (Fig 3a) alike, the lowest PAH concen-
trations were recorded in 2007 (Supplementary Material 9). Over-
all, the temporal trend of PAHs in P. oceanica tissues reflects is
similar to that for sediments (Figs. 2–4), which highlights the use-
fulness of seagrasses as pollution indicators, because the PAH lev-
els expressed per dry weight of substrate are higher for seagrasses
than for sediments, and thus easier to determine.

PAH concentrations in sediments from sites A and B did not dif-
fer significantly and had median values of approximately 20 ng g�1

DW. Additionally, PAH contents in P. oceanica from sites A and B
were not significantly different (p > 0.05; Supplementary Material
9), which would initially suggest a low level of pollution in
those locations. However, seawater in 2011 showed increasing
concentrations of
P

21 PAHs from site A to C (note that naphthalene
is not considered in the analysis of seawater; Fig. 5; also see below),
revealing a clear spatial gradient in the degree of contamination.

We also expressed the PAH contents in the sediments and seag-
rasses relative to the organic carbon (POC) contents (Fig. 4). The
methods used and the data set for analysis of C and N in bulk sed-
iments and P. oceanica tissues are presented in the Supplementary
Material 10. The sediment POC content ranged from 0.7 mg g�1

DW (site A) to 7.2 mg g�1 DW (site C), whereas the average P. oce-
anica POC content was 371 ± 174 mg g�1 DW. It appears from Fig. 4
that PAH concentrations in sediments and seagrasses, when
expressed relative to POC content, are similar, but sediments gen-
erally have higher PAH/POC ratios than seagrasses.

Because several studies have reported that seagrass roots and
rhizomes exhibit lower levels of pollutants than leaves and
sheaths, which are the most exposed parts of the plant (Lacerda
and Resende, 1986; Ward et al., 1986; Lewis and Devereux,
2009), we also analyzed the PAH contents of different P. oceanica
tissues (leaves, sheets, roots, rhizomes). The concentrations of
R22PAHs ranged from 364 to 4072 ng g�1 DW, 769 to 2153 ng g�1

D, 135 to 1818 ng g�1 DW, and 54 to 825 ng g�1 DW in the leaves,
sheaths, roots, and rhizomes, respectively (Fig. 6). There were sig-
nificant differences in total PAH content between the leaves and
rhizomes (p = 0.001), leaves and sheaths (p = 0.013), roots and
sheaths (p = 0.043), roots and rhizomes (p = 0.01), and sheaths
and rhizomes (p = 0.001) Supplementary Material 11). Therefore,
it appear that uptake of PAHs into P. oceanica indeed occurs mainly
via the water-to-leaf (epiphyte) pathway.

Naphthalene was not measured in passive samplers and seawa-
ter because it is a very volatile and fugacious compound and may be
easily contaminated during sample handling. Most blank samples



Fig. 2. Temporal trends in PAH concentrations (ng g�1 dw) in sediments from coastal sites A (a), B (b), and C (c); Spatial trends in Evros River sediments from sites D1 to D3
(d) (note that for Evros River data are only available for 2010 and 2011). The box and whisker diagram illustrates the spread of a set of the data, including the median and
upper and lower quartiles. Twenty-two PAHs were measured: naphthalene (Na), acenaphthylene (Ac), acenaphthene (Acn), fluorine (Fl), phenanthrene (Phe), anthracene
(An), fluoranthene (Fa), pyrene (Py), benz[a]anthracene (B(a)A), chrysene (Chr), benzo[b]fluoranthene (B(b)F), benzo[k]fluoranthene (B(k)F), benzo[a]pyrene (B(a)P),
dibenz[a,h]anthracene (D(a,h)A), benzo[ghi]perylene (B(ghi)P), indeno[1,2,3-cd]pyrene (IP), methylnaphthalene (1-Mna), biphenyl (Bph), 2,6-dimethylnaphthalene (2,6-
dMna), 1-methylphenanthrene (1-Mph), benzo(e)pyrene (B(e)P), and perylene (Pyl).

Fig. 3. Temporal trends of PAH concentrations (ng g�1 dw) in P. oceanica leaves at sites A (a) and site B (b).
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exhibited higher concentrations and standard deviations for naph-
thalene than the deployed samplers. However, because naphtha-
lene is moderately hydrophobic and has a tendency to adsorb
onto particulate matter and accumulate in biota (Bates et al.
1997), higher levels do occur in the latter substrates, making high
blank values less of a problem there. Freely dissolved concentra-
tions of

P
21 PAHs (i.e., without naphthalene) obtained from pas-

sive samplers ranged from 55.1 ± 7.6 to 61.5 ± 4.2 ng L�1 (p > 0.05,



Fig. 4. Temporal trends of PAH concentrations relative to POC content (ng g�1 POC) in sediments from sites A (a) and B (b), and in bulk P. oceanica tissue from sites A (c) and B
(d).

Fig. 5. Spatial trends in PAH concentrations (ng L�1) in seawater in 2011.
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Fig. 7). The highest levels were observed at station C near Alexand-
roupolis Port for both passive sampling and direct surface water
analysis (note that seawater was not filtered before analysis). PAHs
are hydrophobic and bind readily to suspended material, with the
highest suspended matter POC concentrations (up to 10.3 lmol l�1;
see Supplementary Material 10) observed at site C. The POC concen-
trations of suspended matter at site C approached the values for the
Evros River, which is a major supplier of particulate material to the
Alexandroupolis Gulf (e.g., Pehlivanoglou 1989; Kanellopoulos
et al., 2007). In addition, at site C, the sediment granulometry is rel-
atively fine (Pehlivanoglou, 1989; Karditsa and Poulos, 2007) and
thus more easily prone to resuspension, thereby offering further
substrates for PAH accumulation. Because the

P
21 PAHs were

measured in unfiltered surface water, any compounds associated
with suspended particulate matter would have contributed to the
total analysis, which may explain why PAH concentrations from
bottom-tethered passive samplers were generally lower than those
measured directly in surface waters. In addition, surface waters
may have acquired higher concentrations from hydrocarbon pollu-
tion resulting from recent boat traffic. Because the passive samplers
were deployed 10 m below the surface, they may not have detected
recent surface water pollution. In contrast, P. oceanica and passive
samplers at sites A and B are expected to be similarly exposed to
pollutants because they are both in contact with bottom waters
and also because the water column there is generally well mixed
because of high turbulence (Xeidakis et al., 2007; Athanasoulis
and Skarsoulis, 1992; Karditsa and Poulos, 2007).

Inspecting the results of individual PAHs the high-molecular-
weight (HMW) PAHs using two-way multivariate analysis of vari-
ance, reflected the spatial differences better in passive samplers



Fig. 6. Total concentration of 22 PAHs (ng g�1 dw) in P. oceanica leaves, roots, sheaths, and rhizomes (a); temporal evolution of 22 PAHs in P. oceanica leaves (b).

Fig. 7. Average concentrations (ng L�1) of 22 dissolved PAHs measured using
bottom-tethered in-situ passive samplers and measured directly in surface
seawater.
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than in sediments, P. oceanica tissues, and seawater. Specifically,
in-situ exposure to seawater via passive samplers indicated that
concentrations of the following HMW PAHs differed significantly
between sites: benz[a]anthracene (p = 0.025), benzo[b]fluoranth-
ene (p = 0.017), benzo[k]fluoranthene (p < 0.001), perylene
(p < 0.001), dibenz[a,h]anthracene (p = 0.049), and benzo[ghi]pery-
lene (p < 0.001). For benzo[b]fluoranthene, benzo[k]fluoranthene,
and perylene, this spatial variability was confirmed from the
in vitro experiments with exposure of the passive samplers to
freely dissolved concentrations of PAHs in sediment–seawater sus-
pensions (p = 0.005, p = 0.040, and p < 0.001, respectively). Because
HMW PAHs are less volatile and less water soluble than low-
molecular-weight compounds, they may have a high affinity for
exposed surface structures such as the silicone rubber sheets of
the passive samplers, thus yielding a better indication of the con-
centrations of freely dissolved HMW PAHs in ambient water.

In contrast, few HMW PAHs in sediments, P. oceanica plants,
and seawater showed significant differences between sites. Only
benzo[b]fluoranthene (p = 0.039) and perylene (p < 0.001) were
present at higher levels in sediments from pristine areas (A and
B) than in sediments from polluted areas (C and D) (Supplementary
Material 12). Similarly, the benzo[b]fluoranthene and benzo[k]flu-
oranthene content in P. oceanica tissues at site B was higher than
that at site A (p < 0.001 and p = 0.06, respectively). The fluoranth-
ene and benz[a]anthracene concentrations in seawater were signif-
icantly different among the four sites (p = 0.011 and p = 0.035,
respectively).

This study examined the potential use of P. oceanica as a bioin-
dicator for spatiotemporal monitoring of PAH pollutants in the
Mediterranean Sea. PAH concentrations in bulk P. oceanica tissues
and sediments showed a similar temporal trend. The leaves of P.
oceanica had the highest PAH concentrations (when compared to
the sheaths, roots and rhizomes) likely reflecting the fact that
PAH contaminants are adsorbed directly from the ambient water,
rather than from the sediment pore water. We thus conclude that
PAH levels in seagrass leaves best represent the pollution status of
seawater.

The different passive sampling approaches (in situ vs. in vitro
sampling) revealed spatial differences in the absorption of HMW
PAHs when compared to sediments, P. oceanica, and seawater sam-
ples. Although passive sampling cannot replace direct analysis of
PAHs in seagrasses, this approach provides a useful tool for inves-
tigating sources of PAHs in P. oceanica meadows by enabling the
assessment of the freely dissolved pollutants to which these plants
are exposed.
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