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ABSTRACT 
 

Marine pollution and water quality are evaluated on direct measurements of the 

abiotic variables and also on bioaccumulation measurements of chemical contaminants in 

marine organisms. Measuring the same biomarkers in different localities simultaneously 

gives information about the pollution states and provides a better comprehension of the 

mechanistic model of action of environmental pollutants on the organisms. The use of 

biomarkers to evaluate stressful situations is widely extended in bivalves. In the current 

work, organic compound concentrations (dichlorodiphenyltrichloroethane isomers, 
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dioxins, PCBs and PAHs), antioxidant biomarkers (malondialdehyde, catalase, 

glutathione peroxidase, superoxide dismutase and glutathione reductase) and isotopic 

composition (15N and 13C) were measured in the digestive gland and gill tissues of the 

mussel Mytilus galloprovincialis in coastal waters of the Balearic Islands (Western 

Mediterranean) in order to assess pollution levels in these waters. The highest 

concentrations of PAHs corresponded to naphthalene, acenaphthylene, fluorene and 

phenanthrene, with the harbours of Santa Eulàlia and Eïvissa having the highest levels of 

PAHs. Oxidative stress and biomarkers are used as indicators of pollution exposure, 

showing that pollution can not evidence exposure effects, while the antioxidant responses 

can change with time. In the current work, the existence of pollution was indicated by the 

positive correlation between the concentrations of the lighter PCBs in the digestive gland 

of the mussels and catalase and glutathione reductase enzyme activities. Gills showed a 

correlation between the lighter PCBs and superoxide dismutase activity, indicating the 

bioaccumulation of these organic compounds. Carbon and nitrogen isotopic signatures 

showed a clear trend for differences in tissue distribution among the studied localities, 

with the digestive gland being more enriched in carbon and nitrogen than the gills. PCA 

for biomarkers also showed that tissues responded differently at sampling stations. The 

presence of pollutants could be the responsible for the changes described in the isotopic 

composition and in the antioxidant defences of the mussel M. galloprovincialis in waters 

of the Balearic Islands. The correlations between organic pollutants and the isotopic 

composition and biomarkers in M. galloprovincialis suggest that these measures could 

represent a good proxy for evaluation of contamination, additional to the chemical 

characterisation. 

 

 

Keywords: caging marine mussels; stable isotopes; biomarkers; organic pollution; PCBs; 

PAHs. 

 

 

INTRODUCTION 
 

Marine pollution evaluation is based on direct measurements of the abiotic variable and 

also on bioaccumulation measurements of chemical contaminants in marine organisms 

(Chapman, 2007; Cope et al., 1996). Measurement of bioaccumulation is a proper approach 

for water quality assessment due to the biomagnification of pollutant concentrations in 

organisms (Langston and Spence, 1995; Mertens et al., 2005). The use of bivalves, mainly 

mussels, as a sentinel organism to detect pollutant concentrations is widespread (Box et al., 

2007; De Luca-Abbott et al., 2005; Deudero et al., 2007a; Deudero et al., 2007b; Santovito et 

al., 2005) due to their capacity to accumulate organic and inorganic pollutants to a degree 

suitable for measurement (Catsiki and Florou, 2006), their low decontamination kinetics 

(Wang and Wang, 2006), easy collection (Cevik et al., 2008) and their dimensions, which 

provide the necessary tissue quantity for chemical analysis (Angelo et al., 2007). Mytilus 

galloprovincialis is an ideal sentinel organism in the Mediterranean because it is widespread 

throughout the basin (Andral et al., 2004; Kopp et al., 2005), it has a great capacity to filter 

the water column and it accumulates a wide range of pollutants in its tissues (Angelo et al., 

2007). Caged M. galloprovincialis individuals, with the same origin and age, have been used 

to assess water quality (Andral et al., 2004; Romeo et al., 2003a; Romeo et al., 2003b), 
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avoiding genetic shifts between populations, without acclimation or genetic selection 

processes, and making it possible to control the source and the age of the samples. 

Organochlorine pollutants are synthetic lipophilic chemicals that were introduced 

globally to the environment from the 1950s (Niedan et al., 2003; Voldner and Li, 1995) and 

have accumulated in organisms‘ tissues due to their extremely stability and their resistance to 

degradation (Jan et al., 1998). Little information is available concerning the contamination 

levels of trace organics such as polychlorinated biphenyls (PCBs), polycyclic aromatic 

hydrocarbons (PAHs) and pesticides in marine biota from the oligotrophic waters of the 

Western Mediterranean (Deudero et al., 2007a), although they have been extensively used for 

decades in a wide range of agricultural (DDTs, BHC) and industrial applications (PCBs) 

(Niedan et al., 2003; Tacon et al., 1995). Their production and use have been decreased 

worldwide since the 1970s, and in most cases they are now totally banned, but substantial 

amounts remain in the ecosystem and are still being recycled by organisms, particularly 

marine organisms (Shahidul Islam and Tanaka, 2004). 

Previous studies have reported the biomagnification of contaminants into food webs by 

relating the contaminant concentrations to stable nitrogen isotope values (Riget et al., 2007). 

The use of stable isotope ratios of carbon, nitrogen and sulphur has been reported for tracing 

the organic material derived from sewage, showing that this material reaches the sea floor and 

enters the benthic food web (Van Dover et al., 1992). Indeed, all parameters that affect 

metabolism may affect isotopic processes directly linked to physiological processes (Walker 

et al., 1999), as the organisms assimilate stable isotopes through their food (McCue, 2008; 

Pinnegar and Polunin, 1999). The use of stable isotopes could be an effective approach for 

studying the effects of pollutants on food web dynamics (Fisher et al., 2001b; Watanabe et 

al., 2008). Carbon isotopic signatures could be useful for evaluating the primary food sources 

(e.g. macroalgae, seagrasses and phytoplankton) in marine systems and tracing food webs 

(Fry and Sherr, 1984; Lorrain et al., 2002), whereas nitrogen isotopic signatures allow the 

trophic level in aquatic food webs to be determined (Badalamenti et al., 2008; Post, 2002; 

Vander Zanden et al., 1997).  

Classically, marine and coastal production assessment has been performed via chemical 

analyses in order to determine the contaminant levels in waters. In addition to these chemical 

analyses and to isotopic studies, the use of different biomarkers has been more recently 

introduced in order to evaluate the effects of pollutants on organisms and to monitor coastal 

pollution (Orbea et al., 2006; Solé et al., 2000). Contaminants are usually complex mixtures 

that cause effects in the organisms that are difficult to evaluate by means of chemical 

analyses. For this reason, biomarkers allow an additional measure of the effects of pollutant 

exposure in the marine environment, as they try to counteract the reactive species produced 

by the toxicity of the contaminants. Different biomarkers can be used, but it is recommended 

to use a battery of biomarkers coupled with chemical analysis to gain a better understanding 

of the physiological responses to the pollution (Box et al., 2007; Solé et al., 2000). The main 

used biomarkers are those related with oxidative stress and reactive oxygen species 

detoxification (Livingstone, 2001; Sureda et al., 2006; Tsangaris et al., 2010). Cellular 

oxidative metabolism is a continuous source of reactive oxygen species (ROS), resulting from 

univalent reduction of O2, which can damage most cellular components. Cells contain a 

complex network of antioxidant defense that scavenge or prevent the generation of ROS, and 

repair or remove the damaged molecules (Elias et al., 1999). The antioxidant system involves 
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enzymes such as catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx) 

and superoxide dismutase (SOD) that acts by detoxifying the ROS generated.  

It is well established that pollutants such as various pesticides (Sayeed et al., 2003) and 

metals (Almeida et al., 2002) increases the ROS production rate stimulating the protective 

mechanisms against ROS. 

The aims of this study were 1) to evaluate the pollution level of organic pollutants in the 

filtering bivalve Mytilus galloprovincialis around the Balearic Islands, 2) to compare levels of 

organic pollutants with those of stable isotope ratios and biomarker levels, 3) to evaluate the 

potential use of these techniques as complementary methodologies to classical chemical 

determinations and 4) to assess the effects of different pollutants on this marine mussel. 

 

 

2. MATERIAL AND METHODS 
 

2.1. Sampling Design 
 

The analysed mussels were harvested in the Sete region (South East France) under 

pristine conditions and were maintained in the Thau lagoon (France) for one week before 

transplantation. The batch was composed of caged mussels of the same genetic origin, age 

(18–24 months) and shell length (50 mm).  

During March 2005, Mytilus galloprovincialis were actively transplanted following the 

mooring methodology previously described (Andral et al., 2004). At each station, two 

mooring devices were deployed over depths ranging from 20 to 35 meters around the Balearic 

Islands.  

Each mooring device included of a rope with a sampling bag containing the M. 

galloprovincialis hanging on the rope at a constant depth of 6 metres from the sea surface. 

The use of these devices and election of sampling stations was estimated to cover the full area 

of the Balearic Island. 

The immersion period after transplantation was 3 months, allowing the adaptation of the 

mussels to the new environmental conditions (oligotrophic waters) and a response in the 

isotopic composition of their tissues (Holmer et al., 2007). 

 

 

2.2. Sampling Location 
 

Eight sampling stations were selected surrounding the Balearic Islands based on a 

gradient of anthropogenic load and degree of human impact, as described elsewhere (Box et 

al., 2007; Deudero et al., 2009).  

The protected marine area of Santa Maria Bay (Cabrera) was selected as a pristine area; 

areas subject to human impact were sites in the vicinity of the harbours of Palma de Mallorca 

(Mallorca), Eïvissa (Eïvissa) and Ciutadella (Menorca); other locations with different degrees 

of human impact were Santa Eulàlia (Eïvissa), Cala d‘Or, Alcúdia (Mallorca), and Cala 

Trebelutja (Menorca) (Figure 1). 
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Figure 1. Eight sampling locations distributed in the Balearic Sea. The mussels Mytilus 

galloprovincialis were sampled by experienced scuba diving in March 2005. 

 

2.3. Sample Collection and Processing 
 

Mussels Mytilus galloprovincialis were collected by experienced scuba divers and 

immediately brought on board. The same time period collection was established to avoid 

differences with season and/or temperature. After collection, mussels were cleaned of 

epiphytes and immediately frozen at –20 ºC until tissue extraction for chemical and isotopic 

analyses. M. galloprovincialis (n = 45; three samples for each location) were pre-processed 

according to standard procedures (Andral et al., 2004). 

Fresh and dry weight measurements of the whole organism and shell were performed for 

each mussel. Mussels were opened and flesh was scraped out of the shell with a stainless steel 

scalpel. Shells were dried at 60 ºC for 48 h before obtaining the dry weight. Flesh was 

weighed after freeze-drying. 

 

 

2.4. Chemical Contaminant Determination 
 

Mussels used for pollutant determinations were analysed for the following compounds: 

dichlorodiphenyltrichloroethane isomers (p,p‘-DDE, p,p‘-DDD, p,p‘-DDT); dioxins; ten 

individual polychlorinated biphenyl (PCBs) congeners: (IUPAC#, 28, 31, 52, 101, 105, 118, 
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138, 153, 156 and 180); and the polycyclic aromatic hydrocarbons (PAHs) naphthalene, 

acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 

benzoanthracene, chrysene, benzo fluoranthene, and benzo pyrene. 

The chemical contaminants in the soft tissues of each mussel were analysed. DDT, DDD, 

DDE and PCBs were determined as follows: 5 g of freeze-dried sample was extracted by 

Pressurised Liquid Extraction, and then cleaned with sulphuric acid. Analyses were 

performed by gas phase capillary chromatography combined with an electron-capture detector 

(Luçon and Michel, 1986). PAHs were separated and quantified by means of High 

Performance Liquid Chromatography (HPLC) using a methanol–water gradient as the mobile 

phase and a fluorescence detector with programmable wavelength (Michel, 1983). Results are 

expressed in ng or µg of contaminant per gram of dry mussel flesh.  

 

 

2.5. Stable Isotope Analyses 
 

Each mussel (n = 3 individuals per location) was dissected in order to separate the 

digestive gland and gills. All tissue samples were dried at 60 ºC for 24 hours and then were 

grounded to a fine powder using a mortar and pestle. Homogeneous dried powder (2 mg  

0.1) from each tissue was placed in cadmium tin cups and then combusted for 
15

N and 
13

C 

stable isotope composition by continuous flow isotope ratio mass spectrometry (CF-IRMS) 

using a THERMO DELTA X-PLUS mass spectrometer. Two samples of an internal reference 

material were analysed after every eighth sample in order to recalibrate the system and 

compensate for drift over time. The reference material used for carbon and nitrogen stable 

isotope analysis was Bovine Liver Standard (1577b) (U.S. Department of Commerce, 

National Institute of Standards and Technology, Gaithersburg, MD 20899), respectively. The 

analytical precision was based on the standard deviations of internal standard replicates; these 

deviations were 0.10 ‰ and 0.09 ‰ for the BLS (Bovine Liver Standard) for δ
13

C and δ
15

N. 

Stable isotope abundances were measured by comparing the ratio of the most abundant 

isotopes (
13

C:
12

C and 
15

N:
14

N) in the sample with the international isotopic standards. Carbon 

and nitrogen stable isotopic ratios are expressed in  notation as parts per thousand (‰) 

deviations from the standards according to the following equation: 

 

δX = [(R sample/R reference)-1] x 10
3
 

 

where X is 
13

C or 
15

N and R is the corresponding 
13

C/
 12

C or 
15

N/
 14

N ratio.  

 

 

2.6. Biomarker Analysis 
 

Eight mussels per station were dissected to separate the digestive gland and gills, and 

these tissues were homogenised in ten volumes of 100 mM Tris-HCl buffer pH 7.5. 

Homogenates were sonicated (2–3 s) and centrifuged at 9000 g at 4 ºC for 15 min (Manduzio 

et al., 2004). Supernatants, stored at –80ºC to avoid enzymatic degradation, were used for the 

enzymatic activities and malondialdehyde (MDA) determination, as a marker of lipid 

peroxiadtion. Catalase (CAT), glutathione peroxidase (GPx), superoxide dismutase (SOD) 
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and glutathione reductase (GR) antioxidant enzyme activities as well as MDA assay were 

determined with a Shimadzu UV-2100 spectrophotometer at 20 ºC. All performed assays 

were conducted in duplicate. Results were referred to the protein content of each sample 

(Biorad Protein Assay


) using bovine albumin as the standard. 

CAT was measured following the method of Aebi (Aebi, 1984) based on the 

decomposition of H2O2. GPx was determined using an adaptation of the method of Flohé and 

Gunzler (Flohe and Gunzler, 1984) and GR was measured following an adaptation of Golberg 

and Spooner‘s method (Goldberg and Spooner, 1984). SOD was evaluated following the 

method described by McCord and Fridovich (McCord and Fridovich, 1969). The 

xanthine/xanthine oxidase system was used to generate the superoxide anion (O2
-

), which 

produced the reduction of cytochrome C. The SOD of the sample removed the O2
-

 and 

inhibited the cytochrome C reduction. This cytochrome C was monitored at 550 nm. 

MDA, as a marker of lipid peroxidation, was analysed by a colorimetric assay kit 

(Calbiochem


, San Diego, CA, USA) following the manufacturer‘s instructions. 

 

 

2.7. Statistical Analysis 
 

Principal component analysis (PCA) was used to examine the relations among the 

organochlorines and PCB congener patterns and the isotopic content in the mussels for the 

studied locations. PCA also allowed the relationship between the contaminant patterns and 

the analysed biomarkers in the Mytilus galloprovincialis from the eight studied areas to be 

established. PCB congeners included in PCA were (IUPAC#) 28, 31, 52, 101, 105, 118, 138, 

153, 156 and 180. In these analyses, PCB congeners were normalised by log (X + 1) to 

minimise the influence of the concentration-dependent information on the principal 

components axis. 

The correlation between chemical organic concentrations, biochemical markers and 

stable isotopes in each mussel was assessed with the Pearson correlation coefficient (Rho). 

The significance of the Rho statistic was assessed with a t-test and p<0.05 was considered 

significant. PCB concentrations under the detection limit were not included in the correlation. 

Statistical computations were carried out using the statistical packages PRIMER


 6.0 (for 

the principal component analysis) and SPSS


 (v. 15.0 for Windows


) (for the Spearman 

correlations) software. Some PCBs, DDT compounds, and dioxins were not analysed for 

Spearman correlations between chemical contaminants and biochemical responses of the 

mussels, since their concentrations were mainly under the detection limit. They were not 

included in the PCA representations for the same reason. 

 

 

3. RESULTS 
 

3.1. Mussel Organic Compound Concentrations 
 

The concentrations of the PCB congeners and PAH pollutants (expressed as µg kg
-1

 of 

dry mussel flesh) in the mussel Mytilus galloprovincialis at the eight different sampling 

stations (see Figure 1) are listed in Table 1.  
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Naphthalene, acenaphtene, fluorene and phenanthrene were the PAHs with the highest 

concentration. DDT compounds and dioxins were not included as their concentrations were 

under the detection limit. 

 

 

Figure 2. Results of principal component analysis (PCA) showing mean scores of carbon and nitrogen 

(A) and the biomarkers (B) for the digestive gland and gill tissues of the mussel Mytilus 

galloprovincialis from eight different localities in the Balearic Islands. Values in brackets represent the 

percentage of variance explained by the PCA. Symbols: filled triangles symbolize digestive gland and 

open circles symbolize gills. MDA: Malondialdehyde, GPx: Glutathione peroxidase, GR: Glutathione 

reductase, CAT: Catalase, SOD: Superoxide dismutase. 

 

 



 

 

Table 1. Mean concentration (µg kg
-1

 of dry weight) of PCBs and PAHs contaminants in the mussel Mytilus galloprovincialis from 

different localities of the Balearic Islands sampled during March of 2005. <DL: under detection limit (<0.050 µg kg
-1

) 

 

PCBs CB 28 CB 31 CB 52 CB 101 CB 105 CB118 CB138 CB153 CB156 CB180   

Alcúdia <DL <DL <DL <DL <DL <DL 1.40 <DL <DL <DL   

Santa 

Maria 
<DL <DL <DL <DL <DL <DL <DL <DL <DL <DL   

Cala d'Or <DL 1,20 <DL <DL <DL <DL <DL <DL <DL <DL   

Ciutadella 1.10 <DL <DL <DL <DL <DL <DL <DL <DL <DL   

Eïvissa <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL   

Palma 

Harbour 
<DL <DL <DL <DL <DL <DL 1.70 4.00 <DL <DL   

Santa 

Eulàlia 
1.70 <DL <DL <DL <DL <DL <DL <DL <DL <DL   

Cala 

Trebelutja 
<DL 1.50 <DL <DL <DL <DL <DL <DL <DL <DL   

PAHs Naphtalene Acenaphtylene Acenaphtene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Benzoanthracene Chrysene 
Benzo 

fluoranthene 

Benzo 

pyrene 

Alcúdia 7.00 <DL <DL 5.10 2.20 <DL <DL <DL <DL <DL <DL <DL 

Santa 

Maria 
13.00 <DL 2.90 6.50 3.00 <DL <DL <DL <DL <DL <DL <DL 

Cala d'Or 8.80 <DL 1.30 6.60 3.60 <DL 1.10 1.20 <DL <DL <DL <DL 

Ciutadella 14.50 <DL 2.10 8.70 4.70 <DL 1.70 1.50 <DL <DL <DL <DL 

Eïvissa 17.00 <DL <DL 10.00 4.10 <DL 2.40 1.90 1.10 1.90 1.40 <DL 

Palma 

Harbour 
7.60 <DL 2.10 6.20 3.30 <DL 1.40 1.30 <DL <DL <DL <DL 

Santa 

Eulàlia 
4.90 <DL 1.60 10.00 6.00 <DL 6.00 4.90 2.60 7.10 2.50 1.40 

Cala 

Trebelutja 
1.70 <DL 1.20 6.40 4.10 <DL 1.80 1.60 <DL <DL <DL <DL 
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3.2. Antioxidant Biomarkers 
 

Table 2 shows biomarker activities in both studied tissues (digestive gland and gills) and 

between different locations (the ones considered as polluted areas: Palma Harbour, Eïvissa, 

Ciutadella and Alcúdia; and the ones considered as cleaned areas: Santa Maria, Cala d‘Or, 

Santa Eulàlia and Cala Trebelutja). Data represent the activity percentage considering the 

cleaned station Cabrera being the 100%. Significant differences (p<0.05) were found for 

catalase (CAT) and glutathione reductase (GR) activities between the different stations in 

both digestive gland and gills. Higher enzyme activities were determined in the locations with 

higher anthropogenic activities. Superoxide dismutase (SOD) activity was significantly higher 

in polluted stations when compared with cleaned stations, only in digestive gland. 

Glutathione peroxidase (GPx) activity showed significant higher activity only in Eïvissa 

harbour in gills tissue. Malondialdehide (MDA) concentration did not show significant 

differences between different locations (data not shown). 

 

Table 2. Antioxidant enzyme activities in digestive gland and gills of Mytilus 

galloprovincialis. Catalase (CAT), glutathione reductase (GR), Glutathione peroxidase 

(GPx) and superoxide dismutase (SOD) activities were determined in all the studied 

stations of the Balearic Islands in mussels sampled during March of 2005. Data 

represent the activity percentage considering the cleaned station Cabrera being the 

100%.One-way ANOVA was used. Different letters indicate significant differences 

between stations, p<0.05. Values represent mean±S.E.M 

 

Activities 
Digestive gland Gills 

CAT GR GPx SOD CAT GR GPx SOD 

Alcúdia 295 ± 49 240 ± 33 121 ± 14 142 ± 13 
191 ± 

18 c 

185 ± 

20 

121 ± 

8 

148 

± 7 

Santa Maria 100 ± 7 a 100 ± 4 a 100 ± 16 100 ± 7 a 
100 ± 

8 a 

100 

±8 a 

100 ± 

10 

100 

±10 

Cala d'Or 127 ± 22 a 126 ± 11 a 94 ± 11.1 98 ± 8.9 a 
106 ± 

15 a 

109 ± 

10 a 

103 ± 

15 

102 

± 14 

Ciutadella 235 ± 48 196 ± 18 135 ± 18 147 ± 15 
186 ± 

21 c 

156 ± 

16 

112 ± 

11 

146 

± 16 

Eïvissa 243 ± 42 203 ± 37 113 ± 13 163 ± 21 
203 ± 

24 c 

173 ± 

19 

154 ± 

24 a 

163 

± 20 

Palma 

Harbour 
220 ± 56  219 ± 24 109 ± 12 135 ± 13 

146 ± 

16 b,c 

181 ± 

32 

109 ± 

6 

137 

± 13 

Santa Eulàlia 109 ± 9 a 96.1 ± 4.4 a 102 ± 12 103 ± 6 a 
108 ± 

19 a 

98.8 ± 

7.8 a 

105 ± 

11 

98.3 

± 9.8 

Cala 

Trebelutja 
97.2 ± 8.4 a 102 ± 5 a 92.8 ± 10.9 99.2 ± 5.8 a 

127 ± 

17 a,b 

104 ± 

7 a 

109 ± 

10 

109 

± 9 

 

 

3.3. Isotopic Composition and Antioxidant Defence System 
 

The resulting 2-D principal component analysis (PCA) showed a different trend of 

distribution in tissue distribution among the studied localities for carbon and nitrogen isotopic 

signatures (Figure 2A) and for biomarkers (Figure 2B). Taking into account the isotopic 
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signatures (Figure 2A), the first principal component, with an eigenvalue of 1.84, explained 

92% of the variance with the first axis (PC1), whereas the second principal component (PC2) 

explained 8%, and thus PC1 and PC2 accounted for 100% of the total variance.  

The results show a different distribution between the digestive gland and gills, the former 

being more enriched in carbon and nitrogen, while the gills are distant from the eigenvalues. 

The PCA for biomarkers (Figure 2B) also showed a differential distribution in the tissues at 

the different sampling stations. The eigenvalues were larger than 3 for the first principal 

component (PC1) and higher than 0.6 for the second one (PC2), and both accounted for 

86.1% of the variance (73.7% and 12.4%, respectively). 

 

 

3.4. Isotopic Composition of the Mussels and Organic Compounds 
 

The PCA revealed the occurrence of regional differences in the relative contribution of 

the various PCB congeners to the total PCB load (Figure 3A).  

The first two principal components (PC1 and PC2) encompassed eigenvalues larger than 

1.3 and accounted for 82% of the variance (49.2%, 32.8% respectively). Cala d‘Or and Cala 

Trebelutja had the highest levels of pollution as CB31 was accumulated in these zones. 

Similarly, Ciutadella and Santa Eulàlia had the highest levels of CB28, these being two of the 

lighter PCBs. On the other hand, Palma had high levels of two heavy PCBs (CB138 and 

CB153), while Eïvissa and Santa Maria Bay showed a spatial distribution far away from 

PCBs. In terms of the organic compounds, the PCA revealed the relative contribution of the 

different organochlorines (Figure 3B). The two principal components (PC1 and PC2) had 

eigenvalues larger than 1 and accounted for 81.5% of the variance (68.6% and 12.9%, 

respectively). The present results showed that Eïvissa was the station most impacted by 

PAHs, mainly by benzopyrene, while the other localities did not show any pollution by these 

pollutants. 

 

3.4.1. Correlations with the Biomarkers 

The Pearson‘s correlation (Table 3) indicated that PCBs and PAHs were not correlated 

with MDA, a marker of lipid peroxidation, in either the digestive gland or gill tissues of the 

mussel Mytilus galloprovincialis. However, with regard to PCBs, a high correlation was 

found with the congener compounds CB31, CB138 and CB153 with significant positive 

coefficients when they were correlated with the CAT and the GR activities in both tissues. 

Significant coefficients appeared when these contaminants (CB31 and CB138) were 

correlated with SOD in gills, but not in the digestive gland. 

In terms of the organic compounds (Table 3), MDA did not show any correlation with the 

PAHs, either in the digestive gland or in gills. Similarly, GPx and SOD enzyme activities 

were not significantly correlated with the organic compounds in any tissue of the mussel, 

except for naphtalene and benzo pyrene that were correlated with gills. In contrast, several 

significant negative coefficients appeared when the PAHs were correlated with the GR 

activity, although these responses were basically presented in the digestive gland of the 

mussel. CAT activity was correlated with the naphthalene and acenaphthene compounds in 

both the digestive gland and gills of M. galloprovincialis. 
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Figure 3. Results of the principal component analysis showing mean scores of PCBs (A) and 

organochlorine compounds (B) for the mussel Mytilus galloprovincialis from the different studied 

localities. Values in brackets represent the percentage variance explained by the PCA. 

 

3.4.2. Correlations with Carbon and Nitrogen Stable Isotopes 

Significant coefficients were found when PCBs were compared to the 
13

C and 
15

N 

mussel signatures (Table 3).  

 



 

 

Table 3. Summary of Spearman rank correlation () and significant level for the different PCBs and PAHs and biochemical responses 

in both digestive gland (DG) and gills of the mussel Mytilus galloprovincialis. Differences were considered statistically significant when 

p<0.05. * indicates p<0.05, ** indicates p<0.01 and *** indicates p<0.001. n.c.= not calculated 

 

PCBs CAT GR GPx SOD MDA 13C 15N 

 DG Gills DG Gills DG Gills DG Gills DG Gills DG Gills DG Gills 

CB31 0.282* -0.359** 0.304* -0.316* -0.126 -0.166 -0.106 
-

0.396*** 

-

0.170 

-

0.171 
0.389*** 0.084 -0.189 0.060 

CB138 0.269* 0.370 0.593*** 0.441*** 0.024 0.114 0.093 0.342** 0.206 0.153 0.321** 0.308* 0.754*** 0.642*** 

CB153 0.089 0.163 0.347** 0.278* -0.023 0.002 0.016 0.183 0.111 0.146 0.203 0.229 0.682*** 0.401*** 

PAHS CAT GR GPx SOD MDA 13C 15N 

 DG Gills DG Gills DG Gills DG Gills DG Gills DG Gills DG Gills 

Naphtalene 0.271* 0.277* 0.143 0.198 0.197 0.149 0.133 0.312* 0.120 0.056 0.508*** -0.206 -0.484*** -0.576*** 

Acenaphtylene n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. 

Acenaphtene 
-

0.320** 
-0.262* -0.292* -0.211 -0.226 -0.098 -0.167 -0.132 

-

0.191 
0.095 -0.065 0.327** 0.244 0.085 

Fluorene 0.060 -0.017 -0.242 -0.087 0.142 0.010 0.042 0.021 0.040 0.032 -0.085 
-

0.512*** 
-0.494*** -0.618*** 

Phenanthrene -0.146 -0.225 
-

0.421*** 
-0.258* -0.035 -0.070 -0.065 -0.148 

-

0.051 
0.093 -0.362** -0.301* -0.297* -0.313*** 

Anthracene n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. 

Fluoranthene -0.137 -0.190 -0.311* -0.205 -0.004 -0.088 -0.069 -0.184 
-

0.045 
0.028 

-

0.401*** 

-

0.399*** 
-0.059 -0.237 

Pyrene -0.159 -0.211 -0.324** -0.221 -0.024 -0.095 -0.082 -0.203 
-

0.054 
0.041 

-

0.412*** 
-0.382** -0.051 -0.227 

Benzoanthracene -0.148 -0.181 -0.282* -0.201 0.010 -0.090 -0.079 -0.210 
-

0.066 

-

0.016 
-0.367** 

-

0.454*** 
-0.027 -0.297* 

Chrysene -0.171 -0.199 -0.295* -0.216 -0.016 -0.095 -0.093 -0.222 
-

0.077 

-

0.001 
-0.386** 

-

0.416*** 
0.007 -0.252* 

Benzo 

fluoranthene 
-0.096 -0.139 -0.249* -0.166 0.063 -0.077 -0.048 -0.180 

-

0.043 

-

0.047 
-0.320** 

-

0.527*** 
-0.101 -0.387** 

Benzo pyrene -0.232 -0.246* -0.323** -0.252* -0.088 -0.106 -0.131 -0.250* 0.105 0.042 
-

0.429*** 
-0.249* 0.106 -0.116 
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These coefficients were positively correlated when the lighter PCBs were included in the 

analysis in both tissues of the mussel. In contrast, the heavier compounds were negatively 

correlated with carbon and nitrogen in the mussel tissues. Regarding the PAHs, significant 

negative coefficients appeared with the carbon in both digestive gland and gills of the mussel 

Mytilus galloprovincialis (Table 3). However, these correlations differed between the two 

tissues for naphthalene, acenaphthene, fluorene and phenanthrene compounds. In addition, 

there were significant negative coefficients for the 
15

N (Table 3) in both tissues of the 

mussel when compared to the naphtalene, fluorene and phenanthrene compounds. In the gills, 

nitrogen was correlated with benzoanthracene, chrysene and benzo fluoranthene with 

negative coefficients. 

 

 

DISCUSSION 
 

Nowadays, the presence of pollutants in aquatic environments is an increasing problem 

and scientific approaches are being developed to control and assess levels of pollution in 

sentinel organisms (Andral et al., 2004). In fact, aquatic pollution control has been identified 

as an immediate need for sustained management and conservation of aquatic resources (Islam 

et al., 2004). The data available on organic concentrations in the waters of this area are quite 

scarce. The current work adds valuable data on the pollution concentrations in the Balearic 

Islands using caged Mytilus galloprovincialis, and these values are compared to stable isotope 

and biomarkers results as a reflection of the trophic contribution and the physiological 

responses resulting from pollution levels in order to understand the effects of pollutants on the 

organisms. 

The digestive gland and gills of the mussel Mytilus galloprovincialis were used to 

evaluate their isotopic composition and the antioxidant defence system in the presence of 

organic pollutants.  

The levels of PCB congeners from caged mussels in the Balearic coastal waters in the 

present study were lower than values previously recorded from Mallorca and Menorca 

(Deudero et al., 2007a). However, although levels of CB138 and CB153 were lower than 

previously reported values (Deudero et al., 2007a), they were still present at remarkable 

concentrations. The main sources of PCB inputs into the marine environment are related to 

atmospheric deposition, landfill leakages, incinerator emissions and harbour industries (Corsi 

et al., 2002; Green and Knutzen, 2003). Palma harbour is used for a significant amount of 

navigational and commercial activity, more than other harbours of the Balearic Islands (Triay 

Llopis, 2007). CB138 also presented high levels in Alcúdia Bay, probably due to the 

influence of residues from high agricultural activity moving through the wetlands of the 

Albufera.  

The use of DDT in the aquatic environment is still relevant, despite its ban, due to the 

massive use in the past around the world by the agricultural industry (Solé et al., 2000). 

DDTs were detected in previous studies in the Balearic Islands (Deudero et al., 2007a). In the 

present study, their level was under the detection limit at the eight studied stations, 

confirming that their use is being restricted. 

The most abundant organic pollutants found in caged Mytilus galloprovincialis were 

PAHs, especially naphthalene and fluorene, indicating that, nowadays, the bioaccumulation of 
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organic pollutants such as PAHs is important (Solé et al., 2000). Palma harbour, which had 

the most maritime traffic, was not the most PAH-polluted station; Santa Eulàlia bay and 

Eïvissa harbour were more affected by PAHs. This impact could be related to recreational 

maritime activities in these two areas, especially during the summer. 

The general trend observed at the eight studied stations was of low organic pollutant 

concentrations compared to other published data from different locations (Deudero et al., 

2007b). In the current study, differences in the presence of contaminants along the locations 

were observed. It is remarkable that the stations with the highest PCB levels were not the 

same stations with the highest PAH levels; this difference could indicate the spatial variability 

of the contaminants. 

The characteristics of organic pollutants and their persistence in the environment lead to 

their bioaccumulation in fatty tissues. In marine organisms, uptake of these compounds 

occurs directly from the sea through the food chain (Perugini et al., 2004). Frequently, more 

than one specific pollutant is present in the sea and contaminant mixtures are evaluated (Box 

et al., 2007). To obtain an integrated pollution measure, new methodologies are being 

developed such as stable isotopes (Gustafson et al., 2007) and antioxidant status 

determination (Box et al., 2007; Orbea et al., 2006; Solé et al., 2000: Sureda et al. 2006, 

2008). In the present study, isotopic composition and the antioxidant defence system were 

evaluated in the digestive gland and gills of the mussel Mytilus galloprovincialis and related 

to the organic pollutant concentrations. Due to the low organic pollutant levels found and 

differences in the pollutant concentrations among localities, it was difficult draw clear 

conclusions regarding the response of the isotopic values and antioxidant defence system to 

pollutant concentrations. However, the present work still shows important connexions 

between the isotopic signatures and pollutants in the tissues of M. galloprovincialis. 

Organisms assimilate carbon and nitrogen isotopic ratios in tissues from their food 

sources (Pinnegar and Polunin, 1999). Consequently, isotopic ratios are mostly used to study 

food webs, mainly using stable carbon and nitrogen isotopes (Fisher et al., 2001a; Lorrain et 

al., 2002; Pinnegar and Polunin, 2000). Stable isotopes can be also used to assess water 

quality (Gustafson et al., 2007), since they can indicate nutrient pollution in marine organisms 

(Costanzo et al., 2005; Fry, 2000; Jones and Jenkyns, 2001). It is important to take into 

account that parameters affected by the metabolism could affect fractionation processes in the 

different tissues of an organism. In fact, several studies have reported different fractionation 

patterns in several organisms (Pinnegar and Polunin, 2000; Gaston and Suthers, 2004; 

Sweeting et al., 2007), including the mussel Mytilus galloprovincialis, which showed 

significant differences in the isotopic composition of the digestive gland and gills (Deudero et 

al., 2008). Moreover, M. galloprovincialis has also exhibited differences related to 
13

C and 
15

N isotopic composition between sampling stations with different contamination levels 

(Rogers, 2003), although this was in relation to eutrophication pollution. The present study 

also indicates differences in the isotopic composition of the analysed tissues (digestive gland 

and gills) of M. galloprovincialis between sampling stations, due to a different organic 

pollution degree. In a recent study on macroinvertebrates, stable isotopes were used as a new 

approach to knowledge about pollutants (Watanabe et al., 2008), confirming the potential 

value of this technique for assessing water quality. In the present study, significant 

correlations were found between pollutants and stable isotopes for both 
13

C and 
15

N in the 

digestive gland and gills, particularly for PCBs and PAHs. Moreover, Santa Eulàlia station 

was spatially correlated with the high amount of carbon and nitrogen, respectively, as 
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corroborated by the higher pollutant levels at this localities. This trend is not clear for Eïvissa, 

which also presented important amounts of organics pollutants, but not presented highest 
13

C 

and 
15

N. Despite the present results seems relevant for the stable isotopes and the correlations 

obtained (indicating interference in the trophic position of the organisms), the interpretation 

of the stable isotope signatures alone should be considered with caution (Fisk et al., 2002) 

and if it is possible it should include pollutants levels. Organic carbon content has been 

identified as a more appropriate compound for modelling accumulation of PCBs in 

phytoplankton, indicating that drastic changes in species composition can occur in polluted 

areas (Skoglund and Swackhamer, 2008), which could also be the case in our study area. In 

addition, spatial variation in the isotopic signal of fish tissues between contaminated and non-

contaminated zones in the present study has previously been found (Gaston and Suthers, 

2004).  

Antioxidant enzymes and markers of lipid peroxidation have been proposed as early 

indicators of the exposure to pollutants (Box et al., 2007; Solé et al., 2000), following this 

approach, biomarkers were applied in the current work. When attention was focused on 

spatial variability, the tissue distribution of biomarker activities was different, with Eïvissa 

(CAT, GPx and SOD), Trebelutja (SOD) and Alcúdia (GR) being the stations with the 

highest levels of antioxidant enzyme activity. In fact, several studies have used different 

biomarkers and oxidative stress as indicators of pollution exposure (Orbea et al., 2006; Solé 

et al., 2000), but several factors, different from organic compounds, could lead and increase 

the antioxidant levels as our results suggest. In the present work, the digestive gland of the 

mussels Mytilus galloprovincialis was the tissue with a clear correlation nearby to the high 

levels of carbon and nitrogen signatures and the antioxidant activities. This could be related to 

the fact that the digestive gland has a fast turnover that reflects short-term assimilation 

(Raikow and Hamilton, 2001) and it is the first reaction of the organism to the pollutants, 

whereas the gills have slower turnover, thus reflecting long-term assimilation (Raikow and 

Hamilton, 2001).  

In the present work, biomarkers showed a clearer response to PCBs than to PAHs. 

Positive correlations were found for both the digestive gland and gills, between PCBs and 

antioxidant biomarkers such as CAT, GR (for CB31, CB138 and CB 153) and SOD (CB 21 

and C 131, only in gills). CAT catalyses the production of oxygen and water from H2O2 and 

high CAT activity has been demonstrated by high H2O2 production (van der Oost et al., 

2003). Moreover, CAT activity responds to organochlorinated compounds and PAHs and it 

has been proposed as a biomarker of those (Porte et al., 2002b); additionally, in the current 

study, it was a biomarker of PCBs. A similar result was found in Mytilus edulis for CAT 

activity (Krishnakumar et al., 1997), reinforcing the fact that CAT is a good indicator of the 

PCB exposure. 

GSH plays a central role in the detoxification of ROS, since it is used by GPx and GST to 

maintain cellular homeostasis. These two enzymes use GSH to detoxify ROS intermediaries 

and produce GSSG. GR is an essential enzyme that reduces GSSG into GSH and therefore 

protects cells against oxidative damage (Box et al., 2007). In the present work, GR activity 

was related to the presence of PCBs.  

SOD is considered a good short-response biomarker of pollution (Nasci et al., 2002). The 

correlation found between PCBs and SOD activity in the gills of the mussel Mytilus 

galloprovincialis in the present work indicates that SOD may be more involved in PCB 
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detoxification in this tissue (as a short-response and more exposed tissue than the digestive 

gland).  

On the other hand, an increase in PAHs was not followed by an increased antioxidant 

response, even though several authors have obtained an enhanced antioxidant response to 

PAHs (Cossu et al., 2000; Porte et al., 2002a; Richardson et al., 2008; Solé et al., 1994). Our 

results may be explained by the low PAH concentrations, several of which were under the 

detection limit, leading to low variation in their concentrations. The enhanced antioxidant 

defence activation to PCBs but not to PAHs was found, suggesting that the Mytilus 

galloprovincialis individuals were affected more by PCBs than PAHs (Lee and Anderson, 

2005).  

In summary, the presence of pollutants and the site characteristics are responsible, among 

other factors, for changes in isotopic composition and antioxidant defences in the mussel 

Mytilus galloprovincialis. However, there is a lack of toxicological data describing the real 

susceptibility of the species to the pollutants, making it difficult to draw a conclusion about 

the toxic impact of the pollutants in this organism. The current work provides additional 

information on the response to organic pollution using integrative multidisciplinary research 

to achieve a better evaluation of the toxicological effects on the mussel Mytilus 

galloprovincialis, and providing further support for the use of biomarkers to assess pollution. 

The correlations between organic pollutants and the isotopic composition and biomarkers in 

M. galloprovincialis suggest that these measures could represent a good proxy for evaluation 

of contamination, additional to the chemical characterisation. The knowledge derived from 

the study of pollution in seawater, together with traditional monitoring data, could be used in 

environmental protection and check in the future. 
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