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Polycyclic aromatic hydrocarbon (PAH) accumulation in different common sole (Solea solea) 

tissues from the North Adriatic Sea peculiar impacted areas.  

 

 

1 Introduction 

Aquatic ecosystems like coastal marine areas act as a sink for many harmful substances, including 

persistent organic pollutants (POPs) such as polycyclic aromatic hydrocarbons (PAHs) (Webster et 

al., 2011; Van Ael et al., 2012; Marini  and  Frapiccini, 2014). PAHs are among the most 

widespread organic contaminants and constitute a class of widely studied pollutants; in particular, 

16 of them have been classified as priority pollutants by the European Union and the US 

Environmental Protection Agency (US EPA) due to their carcinogenic and mutagenic effects (Vives 

et al., 2004; Pandey et al., 2011; Xia et al., 2012). PAHs derive mainly from anthropogenic 

activities, including the combustion of organic matter, oil, wood, fossil fuels, and the release of 

hydrocarbons by crude oil (Neff et al., 2005; Stogiannidis  and  Laane, 2015; Barhoumi et al., 

2016). Natural inputs into the environment are ascribable to volcanism, forest fires and petroleum 

seeps, but represent a small contribution to the overall PAH concentration in the environment 

(Baumard et al., 1999; Lima et al., 2003; Zhang et al., 2015). Due to their lipophilicity, low 

solubility in water and high persistence, PAHs naturally tend to be adsorbed in suspended matter, 

and then result in relatively rapid deposition in marine sediments (Cheung et al., 2007; Koelmans et 

al., 2010; Cui et al., 2016). Their hydrophobicity, namely octanol-water partition coefficient (Kow), 

is the dominant physical parameter for the fate of PAHs, as it determines their capacity for transport 

and distribution between different environmental compartments as well as their uptake and 

accumulation by living organisms (Chu & Chan, 2000; Frapiccini  and  Marini, 2015; Hussein et 

al., 2016). PAH bioaccumulation is also influenced by other physicochemical characteristics, such 

as number of rings, type and origin, environmental conditions (e.g. sampling area, PAH emission 

sources nearby), and the characteristics of the species itself (e.g. trophic position, body size, lipid 

content, tissue) (Varanasi et al., 1985; Dominguez et al., 2011; Van Ael et al., 2012; Bodin et al., 

2014). Accordingly, they can accumulate in the fatty tissues of organisms, biomagnify, and be 

transferred through the food chain, thus also affecting consumer health (Perugini et al., 2007; 

Bandowe et al., 2014; Zhonghua et al., 2014). The evaluation of PAH levels in environmental 

matrices and the edible part of aquatic organisms is therefore an important issue (Bodiguel et al., 

2009; Zhao et al., 2014). However, PAH bioaccumulation is a complex phenomenon governed by 

many factors including their uptake and elimination. Therefore, further studies are necessary to 

characterize the factors affecting PAH bioavailability to marine organisms and their distribution in 
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fish tissues (Soclo et al., 2000; Bodin et al., 2014; Moraleda-Cibrián et al., 2015; Sun et al., 2016). 

The present study of PAH levels and distribution in fish tissue aims to investigate the main factors 

affecting PAH bioaccumulation. Although several investigations have examined the impact of 

PAHs on marine organisms of the Adriatic and Mediterranean basins (Amodio Cocchieri et al., 

1990; Corsi et al., 2002; Perugini et al., 2007; Galgani et al., 2010; Trisciani et al., 2011; Storelli et 

al., 2013; Cocci et al., 2018; Ferrante et al., 2018), comparisons between various fish tissues and 

environmental samples are limited. Moreover, the interest in these pollutants and their possible 

transfer to food of marine origin has increased after the Marine Strategy Framework Directive 

(MSFD), the first EU legislative instrument (EC, 2008) regulating the protection of marine 

biodiversity to achieve Good Environmental Status (GES). 

The aims of this study were to analyze and evaluate the residue levels and distribution of PAH 

priority pollutants (16 ΣPAHs) in the tissues (gills, liver and muscle) of common sole (Solea solea, 

Linnaeus, 1758) individuals collected from three areas of the northern Adriatic Sea and to examine 

the main factors involved in PAH bioaccumulation, namely the lipid content of tissue, the biometric 

characteristics of fish, environmental features, and the physicochemical properties of PAHs 

(number of ring and Kow), to establish which factors exert a major influence on PAH 

bioaccumulation in fish tissue, especially S. solea. 

 

 

2 Material and methods 

2.1 Study area 

The northern Adriatic Sea is a shallow basin (less than 100 m deep) located in the northern part of 

the Mediterranean Sea. It is characterized by strong inputs from Italian rivers that flow through 

highly industrialized, densely populated, and intensively farmed areas (Sagratini et al., 2008). The 

River Po is the largest river, characterized by a mean annual discharge rate of 1500-1700 m
3
/s, 

accounting for about a third of the total riverine freshwater input to the Adriatic Sea (Campanelli et 

al. 2004, Marini et al. 2008; Campanelli et al., 2011). The three areas selected for this investigation 

were two well-known and complex transitional environments, the Po Valley, a very important 

agricultural region and the industrial heart of northern Italy (Castellarin et al., 2011), and the 

Venetian Lagoon, which is characterized by complex interactions between natural factors and 

human activities (Secco et al., 2003); the third area was a slightly less contaminated area 40 km off 

Chiogga (Fig. 1).  

Common sole (S. solea) is one of the most commercially important species in Adriatic fisheries, 

with high ecological and economic value and high relevance for human consumption (Scarcella et 
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al., 2014; Pellini et al., 2018). Since it feeds on the bottom and lives in close association with 

sediment, it is a widely accepted sentinel of chemical contamination in seawater and biomarker 

studies in relation to PAH exposure (Claireaux and Davoodi, 2002; Sagratini et al., 2008; Wessel et 

al., 2010; Bodin et al., 2014; Gonçalves et al., 2014; Sun et al., 2016). These considerations, and the 

fact that the northern and central Adriatic Sea are important spawning and aggregation areas for 

common sole (Scarcella et al. 2014), led this species and area to be chosen for the study. 

 

2.2 Field sampling 

Sampling activities were carried out in November and December 2014 in the framework of the 

"rapido" Trawl SoleMon Survey (Grati et al., 2013). Individuals of S. solea (n= 48) were caught 

with modified rapido trawls in 8 zones, and surface sediments were collected at the same sites using 

a box corer (Table a). All soles in the catches were measured (total length, mm) and weighed (wet 

weight, g) and examined for sex. Samples of muscle, liver and gill tissue were dissected out using 

acid-cleaned scalpels and scissors in the on board laboratory. Tissue samples were stored at -18 °C 

for PAH determinations. 

 

2.3 Chemicals 

A standard PAH solution with dichloromethane:methanol (1:1 v/v) containing the 16 priority 

pollutants (EPA 610 PAHMIX, Supelco, Bellafonte, PA, USA) was used for preparing PAH 

standard multipoint calibration. The chemicals used were dichloromethane, acetonitrile for HPLC 

gradient grade, acetone and petroleum ether (all purchased from VWR International, Fontenay-

sous-Bois, France). 18.2 MΩ water was prepared by a Milli-Q system (Millipore, Billerica, MA, 

USA). Sediment samples certified IAEA code 408 and IAEA code 383, and material certified for 

fish IAEA code 106 were obtained from the International Atomic Energy Agency (Vienna, 

Austria). Quick easy cheap effective rugged and safe (Quechers) (ECMSSC-MP) extraction kits 

containing 4 g MgSO4 and 1 g NaCl and a centrifuge tube ECMPSC1815CT containing 0.9 g 

MgSO4, 0.3 g PSA, and 0.15 g endcapped C18 were purchased from CPS Analytical (Milano, 

Italy). 

 

2.4 Sample extraction 

The Quechers method was applied and developed for the extraction and purification steps of PAHs 

from fish tissue, in agreement with various works (Ramalhosa et al., 2009; Sapozhnikova et al., 

2013; Pfannkoch et al., 2015; Morrison et al., 2016). It is a simple and fast method that requires the 

use of a small volume of organic solvent and fewer steps than traditional extraction methodologies 
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(Albinet, 2013; Sapozhnikova et al., 2013). It is therefore a valid alternative to other methods, 

because it employs a multiresidue sample preparation procedure adapted for extraction and clean-up 

(Morrison et al., 2016). Based on this procedure, 5 g of homogenized fish tissue was placed into a 

screw-capped tube with 10 mL acetonitrile and shaken in a vortex for 1 minute. Then, MgSO4 and 

NaCl in a ratio 4:1 (g/g) were added to the extract and the tube was shaken again in a vortex for 3 

min. The tube was immediately centrifuged at 3400 RPM for 3 minutes at 4°C. Subsequently, 3 mL 

of the supernatant was recovered for clean-up and transferred to another screw-capped tube 

containing 0.9 g MgSO4, 0.3 g PSA (primary and secondary amines), and 0.15 g of C18 phase. The 

tube was shaken in a vortex for 1 minute and centrifuged at 4°C at 3400 RPM. The upper phase was 

collected in a round bottom flask and left under a laminar flow until complete evaporation: the dry 

residue was recovered with acetonitrile (0.4 mL), placed in a vial, and stored at -18°C until HPLC-

FLD analysis.  

PAH extraction from marine sediments was carried out according to a previous work by our group 

(Marini  and  Frapiccini, 2013), with some modifications and improvements. In brief, PAH 

extraction from 10.0 g sediment samples was obtained by three 20 min cycles in an ultrasonic bath 

using methanol:dichlorometano (1:1 v/v) as the solvent to achieve liquid-liquid separation. The 

PAH enriched solvent was removed initially by rotary evaporation (T = 30±2°C) and later by gentle 

nitrogen flow (Frapiccini et al., 2016). The final volume of the analytical samples was adjusted to 

0.4 mL with acetonitrile and stored at -18°C until HPLC-FLD analysis. 

To determine the water percentage in tissue, they were lyophilized by a freeze-drying process that 

enables complete loss of water at low temperature (-20 °C) and pressure. Tissues were accurately 

weighed and freeze-dried (Edwards EF4 modulyo, Crawley, Sussex, England) until constant weight 

(±0.2mg). 

 

2.5 Chemical analysis 

PAH identification and quantification in fish tissue and surface sediments samples were performed 

by the same methods using an HPLC system (Ultimate 3000, Thermo Scientific, Waltham, MA, 

USA) equipped with a fluorescence (RF-2000) detector (Thermo Scientific). A Hypersil Green 

PAH (μm2.1 x 150 mm, 1.8 μm, 120 Å) column in a reversed-phase liquid chromatography with a 

water:acetonitrile (v/v) gradient elution was used. The mobile phase consisted of an initial 

composition of 60% acetonitrile (held for 6 min) that, after 15 min, reached 90% (held for 10 min) 

and then returned to initial conditions. The duration of the analysis was 31 min with the equilibrium 

time condition of 9 min. The flow rate was 0.3 mL min
-1

 at 40 °C. The wet weight (w.w.) of fish 

tissues and sediment was corrected to d.w. after determination of percent humidity in the samples. 
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2.6 Lipid analysis 

The lipid content of muscle, liver and gills was estimated in a group of sole (n = 6 per tissue) by 

microwave-assisted extraction MARS 5 (CEM Corporation, Matthews, NC, USA) using 15 mL of a 

2:1 petroleum ether/acetone (v/v) solvent mixture and 0.5 g of Na2SO2 (Truzzi et al., 2017; 2018). 

The amount of extracted fat was determined by the gravimetric method. The laboratory analytical 

balance was a Model AT261 apparatus from Mettler Toledo (Greifensee, Switzerland), which has a 

readability of 0.01mg and repeatability as SD of 0.015 mg. Its accuracy was tested using two 

certified reference ‘‘weights’’ (OIML class E1) of 100 and 10 mg (both with a tolerance as 2SD of 

_0.0020 mg). 

 

2.7 Quality control 

For the quality control, the procedural blanks were analyzed and the external standard multipoint 

calibration technique (from 0.05-1.00 to 1.00-20.00 µg/mL) was used to determine the linear 

response interval of the detector; the average of the correlation coefficients was 0.997 for all 

analytes. PAHs were identified by comparison of their retention time with those of the authentic 

standards. The detection limit (LOD) and the quantification limit (LOQ) was calculated for each 

PAH using the following equations, according to ICH Q2B (ICH, 2005):  

LOD = 3.3 Sa/b   and   LOQ = 10 Sa/b 

where Sa is the standard deviation of the intercept of the regression line and b is the slope of the 

calibration curve (Truzzi et al., 2014). The LODs and LOQs ranged from 0.02 (BkF and BaP) to 

1.20 (Nap) ng mL
-1

 and from 0.05 (BkF) to 4.00 (Nap) ng mL
-1

, respectively. 

The whole analytical procedure was validated by analyzing the reference materials (IAEA code 

106) and the recovery fell with the confidence interval of 95%. In addition, recovery rates were 

obtained for each congener PAH from fortified fish tissue samples (n = 5); these samples were 

extracted and analyzed by the procedure described above. The range of percentage of recoveries in 

fortified fish tissue was 50-100%, 53-98%, and 48-96% for muscle, liver and gills, respectively. 

For sediment samples, the reference materials used were IAEA code 408 and IAEA code 383 and 

the recovery percentage ranged from 53 to 88%and from 61 to 82%, respectively, for IAEA -383 

and IAEA -408. 

2.8 Data and statistical analysis 

Statistical analysis of method performance data, particularly the evaluation of the linearity range 

and LOD and LOQ quantification, was performed using Statgraphics Plus software, version 5.1 

(Statgraphics, 2000). A p value lower than 0.05 was considered to indicate significance. PAHs were 
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grouped in three different categories according to Mashroofeh et al. (2015): low molecular weight 

PAHs (LMW-PAHs) including 2-3 ring PAHs (naphthalene, (Nap), acenaphthene (Ace), Fluorene 

(Fl), phenanthrene (Phe), Anthracene (Ant); moderate molecular weight PAHs (MMW-PAHs) 

including 4 ring PAHs (fluoranthene (Flu), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene 

(Chr),); and high molecular weight PAHs (HMW-PAHs) including 5-6 ring PAHs 

(benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), 

dibenzo(a,h)antracene(DahA), indeno[1,2,3,-cd]perylene + benzo[ghi]perylene (InP+BghiP). 

 

 

3 Results and discussions 

 

3.1 Fish data 

The basic data obtained from the sole individuals caught in three areas of the northern Adriatic Sea 

are presented in Table b. The morphometric data exhibited no significant differences in the two 

environmental transition areas, whereas the individuals from the third site, off Chioggia, were 

significantly heavier and longer (r = 0.93, p< 0.05). These data agree with the spatial distribution of 

sole reported by Grati et al. (2013) in the Adriatic Sea, who found that S. solea juveniles are mostly 

concentrated in the north-western Adriatic Sea along the Italian coast down to 30 m depth and 

around the mouth of River Po, whereas the main aggregation grounds of adults are in the central 

Adriatic, from the inshore waters in the north to the deeper waters (70 m maximum) in the south. 

No adults were recorded around the Po estuary in the present study. As expected, length and weight 

always positively correlated in all areas (r > 0.88, p < 0.05). 

 

3.2 PAHs in fish tissues  

The content in individual and total PAHs was measured in muscle, liver and gill tissue of 48 

common sole individuals caught in the Venetian Lagoon, the Po Delta, and off Chioggia (Table c). 

Of the Σ16PAHs, acenaphthylene could not be analyzed with FLD due to lack of fluorescence, 

whereas, acenaphthene, fluorene, and anthracene were not available. Dibenzo(a,h)anthracene, 

benzo(g,h,i)perylene, and indeno(1,2,3-cd)pyrene were below the LOQ (0.03-0.05ng mL
-1

). 

The average total PAH concentration was 6.7 ng g
-1

 d.w. (range: 1.3-16.3 ng g
-1 

d.w.), 13.1 ng g
-1  

d.w. (range: 2.1-31.8 ng g
-1 

d.w.), and 32.0 ng g
-1

 d.w. (range: 2.0-112.6 ng g
-1

d.w.), in muscle, liver 

and gill tissue, respectively. The highest and lowest concentration in muscle were found in sole 

caught respectively in the Po Delta (8.06 ± 3.2 ng g
-1 

d.w.) and off Chioggia (4.5 ± 2.9 ng g
-1 

d.w.). 

The highest and lowest concentrations in liver were measured respectively in the Venetian Lagoon 
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(16.06 ± 4.6ng g
-1

 d.w.) and off Chioggia (9.5 ± 6.4ng g
-1 

d.w.). The highest and lowest 

concentrations in gill tissue were recorded respectively in the Venetian Lagoon (39.5 ± 17.7ng g
-1 

d.w.) and off Chioggia (19.1 ± 11.1 ng g
-1

d.w.). As regards the maximum admissible BaP levels in 

fish muscle (2 ng g
-1

 w.w; EC Regulation No. 835/2011 and Regulation No. 1327/2014), BaP was 

detected in 4% of samples at an average concentration that was below the limit (from < LOQ to 

0.05 ng g
-1 

d.w.). 

Although several studies have investigated fish and seafood pollution, they have tended to focus on 

edible tissues and the risk for human health, whereas limited data are available on contaminant 

bioaccumulation and on the comparison of their content in fish tissue and local sediments (Sagratini 

et al., 2008; Sun et al., 2016; Moraleda-Cibriàn et al., 2015). A comparison of the PAH tissue 

concentrations found in the present study and those reported in previous investigations in the 

Mediterranean Sea was performed, taking into account that data comparability could be hampered 

by methodological differences, the compounds studied, and concentration reporting (Vives et al., 

2004). Overall, our PAH levels were comparable to those found in S. solea muscle tissue from the 

north-western Adriatic (Trisciani et al., 2011; 3.5-3.9 ng g
-1

d.w.). Similar data have also been 

reported by Perugini et al. (2007) for other marine organisms (red mullet, 16.52 ng g
-1

 w.w.) from 

the Adriatic Sea, and by Ferrante et al. (2018) for common sole from the Gulf of Catania 

(Mediterranean Sea;20-38 ng g
-1

 w.w.). Slightly higher PAH concentrations (from 125.4 to 231.5 

ng g
-1

 w.w.) were found by Storelli et al. (2013) for brown ray caught in the Adriatic Sea.  

PAH composition patterns according to their molecular weight (LMW-, MMW-, and HMW-PAHs) 

showed a very similar distribution of PAH groups in fish tissue, in agreement with Xu et al. (2011) 

and with other studies of the accumulation of other organic contaminants (PCB) in several fish 

tissues (Bodiguel et al., 2009; Monosson et al., 2003). The present data demonstrated a preferential 

accumulation of MMW-PAHs, accounting for about 80% of total PAHs. PY was the dominant 

MMW-PAH congener, with 72.1%, 64.7%, and 68.6% of total PAHs for muscle, liver and gills, 

respectively. Previous studies of marine organisms from the Adriatic Sea have found the same 

predominance of 3 or 4 ring PAHs, with a dominance of PHE and PY congeners (Perugini et al., 

2007; Storelli et al., 2013; Capolupo et al., 2017). However, the three groups of PAHs in terms of 

frequency of detection in all fish tissues sampled were LMW (100%), MMW (52%), and HMW 

(9%). Considering that PAH solubility decreases in inverse proportion to molecular weight (Porte 

and Albaigés, 1993), LMW-PAHs, due to their low Log Kow (< 5), higher bioavailability, and lower 

depuration rate, tend to have a higher uptake compared with HMW-PAHs (Sun et al., 2016; Leόn et 

al., 2014). In addition, LMW-PAHs (e.g. Naphthalene) are not metabolized in the liver of some 

species of fish as efficiently as HMW-PAHs (Varanasi  and  Gmur, 1981; Broman et al., 1990; 
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Meador and Stein, 1995; Mashroofeh et al., 2015; Morelada-Cibrián et al., 2015). For this reason, 

the presence of LMW-PAHs has been widely documented in various studies of polluted fish where 

NA and PHE were the dominant PAH congeners, followed by MMW-PAHs, where Flu and PY 

were predominant, while HMW-PAHs were usually very low or undetectable (Mashroofeh et al., 

2015; Morelada-Cibrián et al., 2015; Ke et al., 2017).  

Molecular indices based on the ratio of selected PAHs have been widely used to differentiate PAHs 

from pyrogenic and petrogenic origins, to gain insight into PAH sources in fish samples (Soclo et 

al., 2000; Yunker et al., 2002; Zhao et al., 2014). Although in the present study the LMW/HMW 

ratio (where MMW-PAHs were included in HMW-PAHs) in S. solea liver, gill, and muscle was 

less than 1 (range, 0.12-0.21), which shows that the source of PAHs was pyrolytic, the 

Flu/(Flu+Pyr) (< 0.4) and Flu/Pyr (< 1) ratio suggested a petrogenic origin of PAHs. In addition, the 

ratios of combPAHs/∑PAHs, namely the sum of combustion-originated PAHs (Flt, Pyr, BaA, Chr, 

BbF, BkF, BaP, InP and BgP) to total PAHs, were less than 1 (range, 0.88-0.97), confirming a 

prevalence of petrogenic PAHs in fish tissue from all sampling areas. The ratio used to discriminate 

the origin of PAHs was similar in all three study areas. This finding was in line with other studies, 

where the main sources of PAHs found in marine organisms were petrogenic (Bandowe et al., 2014; 

Mashroofeh et al., 2015; Signa et al., 2015;). 

 

3.3 PAHs in surface sediments 

Marine surface sediments were investigated because they may constitute a major sink for many 

POPs introduced into the aquatic environment (Guerra, 2012; Solé et al., 2013; Marini  and  

Frapiccini, 2014; Baumard et al., 2015) as well as a key matrix in the contamination of fish living in 

contact with sediment (Cheung et al., 2007; Solé et al., 2013). The sediment concentrations of 

individual and total PAHs were also measured, to understand how the sampling areas affected their 

bioaccumulation in fish tissues (Table d). All compounds were detectable in sediment samples 

except for acenaphthylene, acenaphthene, fluorene and anthracene, which were not available. PAH 

concentrations were highest in the Venetian Lagoon and the Po Delta, where mean total PAH 

concentrations were 979.8±2.2 and 625.1±62.3 ng g
-1 

d.w., respectively, whereas off Chioggia they 

were 58.5±2 ng g
-1 

d.w. The Venetian Lagoon is a highly urbanized and industrialized 

environmental transition area, where the anthropogenic sources (e.g. urban activities, boat traffic, 

agriculture, and tourism) can induce PAH accumulation. Similar PAH concentrations have been 

measured close to the Venetian Lagoon by Frignani et al.(2003), Acquavita et al. (2014), Parolini et 

al. (2010), and Secco et al. (2005), who reported concentrations ranging respectively from 71 to 

730, from 66 to 734, from 15 to 389, and from 20 to 502 ng g
-1 

d.w. High PAH concentrations have 
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also been described in the Po Delta sediments, maybe due to large amounts of PAH-containing 

suspended particles brought to this area by the River Po and its effluents (Webster et al., 2011; Sun 

et al., 2016). The PAH levels measured in our study were comparable to those found by Notar et al. 

(2001; 30-600 ng g
-1

d.w.) and Magi et al. (2002; 313-455 ng g
-1

d.w.). The lowest concentrations 

were found off Chioggia (57.0 ng g
-1

, site 56), possibly due to the distance of the sampling sites 

from the Italian coast (40 km) and, therefore, from the main PAH inputs from the coast. In this area, 

Magi et al. (2002) have found values similar to ours (24-183 ng g
-1

d.w.). 

Analysis of PAH sediment concentrations based on molecular weight showed that they were 

dominated by 4 ring PAHs (MMW-PAHs), which accounted for 72.5%, 47.7%, and 64.7% in the 

Venetian Lagoon, off Chioggia and the Po Delta, respectively. Similar data have been described in 

this region (Notar et al., 2001; Alebic-Juretic, 2011; Acquavita et al., 2014). Fluoranthene was the 

dominant congener in sediments from the Venetian Lagoon and the Po Delta, accounting for 38.6% 

and 37.5% of total PAHs, respectively. Naphthalene was the first-ranking congener (43.1%) off 

Chioggia. Therefore, the contribution of LMW-PAHs off Chioggia (46.9% of total PAHs) was 

higher than the one recorded in the two transition areas (19.4% in the Venetian Lagoon and 26.1% 

in the Po Delta). As regards the combustion-related PAHs (Pyr, BaA, Chr, BbF, BkF, BaP, InP, and 

BgP), they accounted for 80.6%, 53.1%, and 73.9% of total PAHs in the Venetian Lagoon, off 

Chioggia, and in the Po Delta, respectively. The molecular indices of PAHs proposed by various 

authors (Baumard et al., 1998; Soclo et al., 2000; Yunker et al., 2002; Bajet, 2008) were used in this 

study to assess the PAH sources and to discriminate their pyrogenic or petrogenic origin. This is 

important, because source and physicochemical properties largely determine the transport, 

bioavailability and biodegradation rates of these hydrocarbons in the marine environment (Gogou et 

al., 2000). Usually, petroleum contains higher phenanthrene quantities (Magi et al., 2002), whereas 

high levels of LMW- or HMW-PAHs are characteristic of hydrocarbon mixtures formed during 

combustion of fossil fuels (Gogou et al., 2000; Barhoumi et al., 2016). 

Although high LMW-PAHs values were measured off Chioggia, all study areas showed a primarily 

pyrolytic origin of PAHs, since LMW/HMW was < 1, Flu/(Flu+Pyr) was > 0.4 and Flu/Pyr was > 

1, confirming the results of previous studies carried out in the same areas by Acquavita et al. (2014) 

and Magi et al. (2002). 

 

3.4 Influence on PAH bioaccumulation by determining factors 

 

3.4.1 Lipid content 
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Total lipid content was determined in muscle, liver and gills of some S. solea individuals (n = 6 per 

tissue). The lipid percentage range was 1.9-2.1, 14.6-15.8, and 8.7-10.6 in muscle, liver and gill, 

respectively. The lowest values were found in muscle, followed by gill and liver, similar to Xu et al. 

(2011). Other studies have recorded analogous results in muscle, liver and gills of common sole 

from the Adriatic Sea and the Mediterranean Sea (Sagrantini et al., 2008; Ameur et al., 2013). 

Lipids are the main energy sources; for this reason the liver, which shows the highest lipid content, 

can be considered as an energy storage organ (Bodiguel et al., 2009). The influence of lipids on 

PAH concentration was examined by comparing the total lipid content (Log(lipid)%) and total PAH 

concentrations (Log(PAHs)ng g
-1

) found in tissue from soles caught in the three study areas. Since 

PAHs are lipophilic, they preferentially accumulate in tissues with higher lipid content, such as liver 

(Zhao et al., 2014). Therefore, a positive relationship between lipid content and total PAH levels 

was found in the three tissues for all study areas, although the degree of significance was not very 

strong (r = 0.34-0.66, p > 0.05). Indeed, PAHs have been reported to have a greater ability to 

bioaccumulate in liver compared with muscle tissue, whose influence on lipid content is lower 

(Sagratini et al., 2008; Mashroofeh et al., 2015). However, a considerable PAH bioaccumulation 

was found in gill tissue, although it was lower than in liver. This indicates that lipid content might 

not be the only determinant of PAH bioaccumulation in gill tissue (Sagratini et al., 2008). Although 

lipids have often been correlated with concentrations of lipophilic contaminants such as PAHs (Xu 

et al., 2011; Mashroofeh et al., 2015), various studies have found no relationship between lipid 

content and POPs (Miranda et al., 2008; Leόn et al., 2014; Zhao et al., 2014a; Zhao et al., 2014b; 

Sun et al., 2016). 

 

3.4.2 Kow 

To explore the mechanism of PAH bioaccumulation in fish tissue, a correlation between the log-

transformed concentration of individual PAHs and the respective log Kow values was performed for 

each type of tissue. A negative relationship was found between Log Kow and log PAH residual in 

the different tissues of S. solea. PAH concentrations in fish gills correlated significantly with their 

Kow values (r = 0.69-0.98, p < 0.05) in the common sole individuals collected from the Venetian 

Lagoon, the Po Delta and off Chioggia. Although the same trend was seen in muscle and liver, it 

was not significant (r = 0.49-0.64 for muscle and r = 0.43-0.65 for liver, p > 0.05). This finding 

suggests that a quota of PAHs accumulating in fish gill depends on PAH physicochemical features, 

such as equilibrium partition. Moreover, direct exchange with the water and sediment through the 

gills act as a major bioaccumulation mechanism in common sole (Bandowe et al.,2014; Mashroofeh 

et al., 2015). In addition, the lack of significance of the correlation in muscle and liver could 
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indicate that in these tissues PAHs have undergone a degree of enzymatic transformation due to 

depuration. In fact, the liver is the main detoxifying tissue and contains relatively high levels of 

detoxifying enzymes (Leόn et al., 2013; Nagaraju et al., 2014; Sun et al., 2016). 

 

3.4.3 Body size  

As mentioned above, the S. solea individuals collected off Chioggia were longer and heavier than 

those caught in the other two sampling areas. As expected, length and weight always correlated 

positively and significantly in all areas (r = 0.93, p < 0.05). A moderately strong, negative 

correlation between body size and PAH concentrations was seen in liver (the correlation coefficient 

ranged from -0.60 to -0.72) and gill (range, from -0.54 to -0.80) in the individuals collected from 

the Po Delta and off Chioggia (p < 0.05). As regards muscle, there was a relatively weak 

relationship between body size and PAH concentrations, whereas there was a negative but not 

significant relationship between body size and PAH concentrations in the three tissue types from 

sole caught in the Venetian Lagoon. PAH tissue concentrations decreased with the increase in body 

size, in line with the data reported by Leόn et al. (2014) on red mullet from the Mediterranean coast 

of Spain and with Pellini et al. (2018), who highlighted that the abundance of microplastic particles, 

which may adsorb persistent hydrophobic compounds such as PAHs, decreased with increasing sole 

body size in the Adriatic Sea. In fact, a reduced induction of xenobiotic biotransformation processes 

with age has been documented in fish (Whyte et al., 2000; Coulillard et al., 2004), as has a 

relatively low resistance of PAHs to biotransformation and a high depuration rates by adult 

organisms (Bodiguel et al., 2009). 

 

3.4.4 Relationship between PAH concentrations in tissue and sediment samples 

The tissue bioaccumulation of total PAHs in each area (all tissue types) and their mean 

concentration in each of the three tissue types at each site were measured to seek a relationship 

between tissue and sediment concentrations. 

There were some statistically significant differences. Statistical analysis of total PAH 

concentrations in muscle, liver and gills from the same site (3 tissues, one site) showed that 

differences between muscle and liver concentration were not significant (p > 0.05), whereas both 

values were significantly different from those found in gills (p < 0.05). Notably, in the specimens 

caught in the Venetian Lagoon the three tissues showed significant differences from one another (p 

< 0.05). Box and whisker plots demonstrated a different PAH bioaccumulation in the three tissues 

and a significantly different PAH bioaccumulation in gills compared to liver and muscle (Fig. 2). 

These findings indicate a significantly higher PAH accumulation in gills, followed by liver and 



12 
 

muscle. This trend is consistent with earlier reports of bioaccumulation of other organic compounds 

in marine organisms (Vives et al., 2004; Liang et al., 2007; Yang et al., 2007; Miranda et al., 2008). 

In particular, the relatively lower PAH concentrations found in muscle at all sites demonstrate that 

muscle is not a target organ for PAH accumulation due to its lower lipid content and low PAH 

transfer (Zhao et al., 2014). A greater PAH bioaccumulation has been reported in more lipophilic 

matrices, such as liver, even though in this organ PAH compounds undergo efficient metabolization 

and metabolite formation (Miranda et al., 2008; Ballesteros et al. 2011; Lazartigues et al. 2013,). 

Therefore, the matrix with higher PAH bioaccumulation and bioconcentration was gill tissue, 

confirming earlier reports that the gills are the primary tissue for pollutant accumulation through 

gill-water and sediment transfer. Furthermore, gill tissue is more closely associated with particulate 

matter, and consequently reflects the concentration of contaminants in sediment and water (Yang et 

al., 2007; Bandowe et al., 2014; Zhao et al., 2014). 

With regard to the mean PAH concentration measured in each tissue type at each site (one tissue, 3 

sites), the box and whisker plots highlighted a statistically significant difference between the 

Venetian Lagoon and the site off Chioggia for liver and gills (p < 0.05), whereas analysis of the 

data from muscle showed statistically significant differences between the Po Delta and the site off 

Chioggia (p < 0.05). Notably, the PAH values found in all three tissue types from the latter site 

were the lowest. This finding can be explained by the movements and feeding habits of common 

sole, since the site off Chioggia was populated mainly by adult soles, which have different feeding 

strategies and behaviors compared to young individuals. However, the main reason is that it is the 

least contaminated of the three sites in terms of PAH sediment concentrations due to its distance 

from the more impacted coast. This finding suggests that the factors determining PAH accumulation 

are closely related to the PAH concentrations in the sediment where the fish were collected and to 

the local pollution load, as also suggested by several authors (Vives et al., 2004; Leόn et al., 2014).  

 

 

Conclusion 

A greater knowledge of PAH content, spatial distribution patterns, and bioaccumulation in marine 

ecosystems is important to establish their fate and impact on edible marine organisms and human 

health. In this study, PAH accumulation was evaluated simultaneously in common sole from the 

northern Adriatic Sea and in the sediment where they lived. S. solea was selected to investigate the 

factors that are involved in PAH bioaccumulation because it is a demersal fish that lives in close 

contact with sediment, which is considered as a final sink for pollutants. Total PAHs were highest 

in gill tissue, followed by liver and muscle. PAH bioaccumulation in gills was significantly 
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dependent on the characteristics of the contaminant, in particular Kow. The weak correlations 

between PAHs and the lipid content of tissues and PAH concentrations in relation to body size 

could mean that none of these factors was significantly related to PAH bioaccumulation in tissues. 

The impact of PAHs was higher on biota and sediment from the coastal areas (the Venetian Lagoon 

and the Po Delta), which are characterized by dense human settlements and activities as well as by 

direct and indirect discharges. This could explain the bioaccumulation of these compounds in fish in 

relation to the levels of PAHs found in the surrounding sediments.  
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Figure Captions 

Figure 1. Map of the study area (northern Adriatic Sea) with the location of S.solea and marine sediment sampling 

sites. 

 
Figigure 2. Box and whisker plots of the total PAH concentrations (ng g

-1
 d.w.) in tissue from fish caught in the Po 

Delta, off Chioggia and in the Venetian Lagoon. 

 

 



Table a. Geographical coordinates of fish and sediment collection sites and number of individuals 

caught there. 

Sites Latitude Longitude n S. solea 

Po Valley1 44°48,813N  12°27,985E 5 

Po Valley2 44°48,714N  12°30,955E 7 

Po Valley3 44°53,432N  12°36,644E 5 

Po Valley4 44°43,497N  12°44,377E 5 

offshore Chioggia1 45°14,773N  12°51,274E 6 

offshore Chioggia2 45°20,180N  12°52,448E 5 

Venetian Lagoon3 45°25,547N  12°20,613E 7 

Venetian Lagoon4 45°21,687N  12°22,225E 8 

Table 1



Table b. Average (±SD) of standard length (Ls, mm) and total wet weight (t.w.w., g), and number 

of S. solea individuals and sediment samples analyzed in three areas of the northern Adriatic Sea. 

area Ls, mm tww, g n S. solea n sediment 

Po Valley 239.7 (26.2) 126.9 (38.7) 22 4 

off Chioggia 276.8 (24.8) 207.0 (72.0) 11 2 

Venetian Lagoon 244.5 (26.9) 118.3 (39.2) 15 2 

 

 

Table 2



Table c: Concentration of individual and total PAHs (ng g
-1

d.w.) in S. solea tissue from three areas 

of the northern Adriatic Sea: the Po Delta, the Venetian Lagoon, and off Chioggia. 

 

area Site tissue Nap Phe Flu Pyr BaA Chr BbF BkF BaP DahA 
InP+ 

BghiP 
Σ 

PAHs 

P
o

 V
al

le
y
 

1P 

liver 
0.91 

(1.91) 

1.00 

(0.70) 

1.10 

(0.81) 

6.95 

(4.22) 

0.76 

(0.27) 
< loq < loq < loq < loq < loq < loq 10.42 

(2.55) 

gills 
1.80 

(3.73) 

1.93 

(1.94) 

1.90 

(3.26) 

12.04 
(12.7

0) 

< loq < loq < loq < loq < loq < loq < loq 
17.67 
(19.5

4) 

muscl

e 

0.64 

(1.34) 

0.71 

(0.25) 

0.66 

(0.50) 

3.37 

(1.78) 

1.36 

(1.78) 
< loq < loq < loq < loq < loq < loq 6.19 

(2.55) 

2P 

liver 
1.53 

(0.97) 

1.32 

(0.81) 

2.16 

(1.34) 

10.66 

(6.21) 

0.26 

(0.20) 

0.09 

(0.25) 

0.23 

(0.64) 

0.10 

(0.10) 
0.05 < loq < loq 16.21 

(9.31) 

gills 
3.72 

(2.82) 

3.63 

(2.97) 

4.74 

(5.70) 

30.33 

(21.7

0) 

0.57 

(0.29) 
0.09 0.38 0.07 0.06 < loq < loq 

43.17 

(32.7

0) 

muscl

e 

0.62 

(0.20) 

0.71 

(0.30) 

0.99 

(0.50) 

4.77 

(1.70) 

0.11 

(0.02) 

0.10 

(0.07) 

0.19 

(0.15) 

0.10 

(0.04) 
< loq < loq < loq 7.57 

(2.50) 

3P 

liver 
1.03 

(0.36) 

1.05 

(0.28) 

2.09 

(1.05) 

7.71 

(2.62) 
0.07 0.02 0.04 

0.05 

(0.03) 
< loq < loq < loq 12.02 

(4.10) 

gills 
2.19 

(0.37) 

3.69 

(3.17) 

6.72 

(6.00) 

22.62 

(8.79) 

0.66 

(0.52) 
0.05 0.14 

0.12 

(0.08) 
< loq < loq < loq 

35.79 

(17.4
0) 

muscl

e 

0.71 

(0.36) 

0.78 

(0.28) 

0.98 

(1.05) 

4.61 

(2.62) 
0.09 0.04 0.09 

0.04 

(0.03) 
< loq < loq < loq 7.30 

(4.10) 

4P 

liver 
0.60 

(0.67) 
0.92 

(0.67) 
0.91 

(0.71) 
8.29 

(1.02) 
< loq < loq < loq < loq < loq < loq < loq 10.72 

(7.28) 

gills 
2.41 

(1.50) 

2.58 

(1.08) 

2.85 

(1.39) 

22.36 

(8.56) 
0.70 < loq 0.05 < loq < loq < loq < loq 

30.39 

(11.1
0) 

muscl

e 

1.02 

(0.66) 

0.91 

(0.38) 

0.94 

(0.31) 

8.34 

(3.04) 
0.16 < loq < loq < loq < loq < loq < loq 11.24 

(3.89) 

o
ff

 C
h

io
g

g
ia

 

1C 

liver 
0.63 

(0.77) 
0.73 

(0.44) 
1.24 

(0.82) 
6.16 

(3.41) 
< loq < loq < loq < loq < loq < loq < loq 8.75 

(4.98) 

gills 
1.89 

(2.19) 
1.59 

(1.14) 
2.66 

(1.63) 
12.52 
(8.83) 

0.03 < loq < loq < loq < loq < loq < loq 
18.67 

(13.2

9) 

muscl

e 

0.45 

(0.40) 

0.43 

(0.21) 

0.39 

(0.43) 

2.91 

(1.83) 
< loq < loq < loq < loq < loq < loq < loq 4.19 

(2.83) 

2C 

liver 
0.35 

(0.29) 

0.54 

(0.23) 

5.50 

(7.26) 

4.10 

(1.67) 
< loq < loq 0.02 < loq < loq < loq < loq 10.51 

(8.25) 

gills 
1.33 

(0.21) 
1.47 

(0.55) 

4.71 

(10.2

5) 

11.9 

(14.2

6) 

< loq < loq 0.15 < loq < loq < loq < loq 
19.57 

(10.0

4) 

muscl

e 

0.47 

(0.38) 

0.36 

(0.17) 

0.37 

(0.43) 

3.75 

(2.26) 
< loq < loq < loq < loq < loq < loq < loq 4.95 

(3.19) 

V
en

et
ia

n
 L

ag
o

o
n
 1V 

liver 
1.37 

(0.41) 

1.09(

0.41) 

1.74 

(1.32) 

9.57 

(4.38) 
0.41 0.06 0.11 0.03 < loq < loq < loq 14.05 

(6.60) 

gills 
2.65 

(1.38) 
2.45 

(1.38) 
5.68 

(3.46) 

22.15 

(10.2

2) 

0.39 
(0.25) 

0.08 < loq 0.04 < loq < loq < loq 
33.18 

(16.1

4) 

muscl
e 

0.53 
(0.11) 

0.46 
(0.11) 

0.47 
(0.24) 

3.70 
(1.76) 

< loq < loq < loq < loq < loq < loq < loq 5.16 
(2.38) 

2V 

liver 
0.78 

(0.27) 

1.42 

(0.27) 

1.69 

(0.66) 

13.02 

(2.31) 
0.13 < loq < loq < loq < loq < loq < loq 16.92 

(2.36) 

gills 
2.36 

(0.78) 

3.20 

(0.78) 

4.20 

(2.85) 

34.56 
(13.7

0) 

< loq < loq < loq < loq < loq < loq < loq 
44.32 
(18.2

7) 

muscl
e 

0.30 
(0.13) 

0.60 
(0.15) 

0.57 
(0.38) 

5.39 
(1.80) 

0.04 < loq < loq 0.02 
(0.03) 

< loq < loq < loq 6.89 
(1.98) 

Table 3



Table d. Mean concentration (± SD) of individual and total PAHs at the three sampling sites in 

northern Adriatic Sea: the Po Delta, the Venetian Lagoon, and off Chioggia. 

Area Nap Phe Flu Pyr BaA Chr BbF BkF BaP DahA 
InP+ 

BghiP 
Σ PAHs 

             

Po Delta 
146.47 

(10.77) 

16.79 

(2.52) 

234.49 

(39.25) 

126.14 

(11.17) 

16.40 

(0.60) 

23.84 

(0.68) 

20.25 

(5.52) 

8.66 

(1.83) 

10.63 

(0.32) 

0.19 

(0.05) 

21.23 

(4.93) 

625.08 

(62.34) 

             
Off 

Chioggia 

25.25 

(1.69) 

2.20 

(0.33) 

15.79 

(0.30) 

9.51 

(0.03) 

0.85 

(0.20) 

1.74 

(0.41) 

1.00 

(0.01) 

0.68 

(0.05) 
n.d. n.d. 

1.50 

(0.04) 

58.51 

(2.20) 

             

Venetian 

Lagoon 

171.43 

(10.70) 

18.65 

(0.01) 

378.10 

(7.78) 

275.86 

(17.35) 

23.88 

(0.33) 

31.76 

(0.32) 

22.38 

(0.37) 

10.18 

(0.05) 

17.91 

(0.03) 

0.55 

(0.37) 

28.07 

(3.37) 

978.79 

(2.19) 

 

Table 4
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