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Abstract

The content and distribution of n-alkane (C8–C35) and isoprenoid (pristane and phytane) hydrocarbons were investigated in two

species of bivalve mollusk, mussel (Mytilus galloprovincialis) and cockle (Cerastoderma edule), collected at different points of the Galicia

littoral zone during the period from December 2002 to February 2003 (after the Prestige oil spill). Samples were analyzed by high-

resolution gas chromatography equipped with a flame ionization detector.

The highest levels were found in mussels and cockles coming from two estuarine bays, Rı́as de Arousa and Vigo. Hydrocarbons with

carbon chain length 430 were detected and determined in all samples. The abundance of these hydrocarbons in biota could be

interpreted with regard to the feeding and living habits.

Chemometric techniques have been employed to analyze data and determine the potential source of hydrocarbon contamination.

Differences between mussels and cockles were observed in relation to aliphatic content. According to the data analysis, the main source

of hydrocarbon contamination of investigated samples seems to be more related to the intense traffic of vessels in these estuarine bays

than to the Prestige oil spill.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Galicia in northwest Spain is an important shellfish-
producing region; it has a particular geography with a
succession of estuarine bay systems called Rı́as which give
adequate oceanographic conditions for aquaculture (Her-
mida-Ameijeiras et al., 1995; Porte et al., 2001). In the past
few decades, the high industrialization and the increase of
shipping traffic in Galicia have led to special attention
being given to the monitoring programs of petroleum
hydrocarbons in the marine environment. Several acciden-
tal oil spills have happened in recent years and due to the
geographical situation of Galicia they have affected and
damaged the littoral regions.

On November 13, 2002, the tanker Prestige was split into
two parts, releasing more than 80% of the 77,000 tons of
crude oil that it carried. The oil spill affected extensive
e front matter r 2005 Elsevier Inc. All rights reserved.
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areas of the northwestern and northern coasts of Spain,
Portugal, and France. The Galicia region was intensely
affected; although a great quantity of fuel oil did not enter
the Rı́as, most of the National Park of Atlantic Islands
sited in the mouth of the Rı́as de Arousa, Pontevedra, and
Vigo was strongly damaged. Fig. 1 shows the image of
Prestige spill within a few days of the disaster.
In addition to oil hydrocarbons and their derivatives, the

hydrocarbons synthesized by organisms occur normally in
the environment. Aliphatic compounds are the predomi-
nant group; they occur in several species of marine and
terrestrial plants and animals (biogenic hydrocarbons)
(Youngblood and Blumer, 1973; Peña-Méndez et al.,
2001).
Bivalve mollusks are considered the best bioindicators

and sentinels of micropollutants in monitoring aquatic
systems. These organisms are capable of concentrating
certain contaminants to much higher levels than those
found in seawater (Martin and Richardson, 1991; Chase
et al., 2001), integrating and providing information on
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Fig. 1. Map with sampling stations. M, raft mussel stations; C, edible cockle stations. Image of Prestige spill from November 17, 2002.
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spatial and temporal contamination trends and improving
sensibility of analytical techniques used.

Identification systems of oil contamination (oil finger-
printing) are based on the analysis of chemical indicators;
they exhibit characteristic profiles that reflect the source of
contamination (biogenic, pirogenic, and/or petrogenic) and
the weathering stage of the pollutant (Bray and Evans,
1961). The main chemical markers used are total petroleum
hydrocarbons, n-alkane hydrocarbons (C12–C35), unre-
solved complex mixture, isoprenoid hydrocarbons, and
polycyclic aromatic hydrocarbons (PAHs). The determina-
tion of these indicators is carried out using chromato-
graphic techniques, gas chromatography–flame ionization
detection and gas chromatography–mass spectrometry for
aliphatic and aromatic fractions; the latter can also be
analyzed by high-performance liquid chromatography with
a programmable fluorescence detection (Mangas et al.,
1998; Readman et al., 2002; Amodio-Cocchieri and Cirillo,
2003).
Application of bivariate and multivariate statistical

techniques is recommended for analyzing and interpreting
multidimensional analytical data. Chemometric classifica-
tion techniques such as principal component analysis
(PCA) and cluster analysis (CA) allow comparison of
levels of pollutants coming from different zones and
different periods and identification of the effects of possible
sources of contamination (Sparks et al., 1999; De
Bartolomeo et al., 2004).
There is little information on baseline micropollutant

levels in biota from Galician estuarine bays (Rı́as).
Few regional studies on aliphatic hydrocarbon
distribution in the Galicia littoral zone have been reported
(Hermida-Ameijeiras et al., 1994a, b; Alvarez-Piñeiro
et al., 1996).
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The study of hydrocarbons after oil spills in these
estuarine systems is very important because such spills can
cause environmental and economic impacts on the Galician
shellfish farming industry. This paper documents the
content and distribution of n-alkanes (C8–C35) and
isoprenoids (pristane and phytane) in two species of
mollusk (mussel and cockle) collected at different points
of the Galicia littoral zone during the period from
December 2002 to February 2003 (soon after the Prestige
oil spill). Statistical methods (bivariate and multivariate)
have been employed to analyze the results.

2. Material and methods

2.1. Sampling

Raft-cultured mussels, M (Mytilus galloprovincialis), from several

polygons in the Rı́as de Ares-Betanzos, Corme, Muros-Noia, Arousa,

Pontevedra, and Vigo and edible cockles, C (Cerastoderma edule), from

several points in the Rı́as de Ribadeo, Barqueiro, Ortigueira, Ferrol, Ares-

Betanzos, A Coruña, Corme Camariñas, Muros, Arousa, Pontevedra, and

Vigo were collected in the period from December 2002 to February 2003

(see stations in Fig. 1). Some samples were collected in duplicate (see

Tables 1 and 2).

Raft-cultured mussels from two polygons in the Rı́as de Pontevedra

and Vigo collected in 2001 were considered reference samples.

2.2. Reagent and apparatus

n-Hexane and acetone for organic trace analysis were purchased from

Merck (Darmstadt, Germany). Basic and neutral aluminum oxide, silica

gel, and anhydrous sodium sulfate were also supplied by Merck. Mixtures

of aliphatic hydrocarbon standards (C8–C39), pristine, and phytane were

obtained from Accustandard, Inc. (New Haven, CT, USA). n-Squalene

was purchased from Larodan Fine Chemicals (Sweden).

Working solutions were made by dilution of the mixtures of aliphatic

hydrocarbon standards. For quantitative gas chromatographic determina-

tions, calibration was performed at four concentration levels for each

individual standard spanning the range of 50–5000mgL�1 and using n-

squalene as internal standard.

The concentrated extracts were analyzed by high-resolution gas

chromatography using a Perkin–Elmer Autosystem Gas Chromatograph

equipped with a flame ionization detector (FID). A PE-5 (Perkin–Elmer,

USA) 5% diphenyldimethyl siloxane capillary column (50m� 0.20mm

i.d. � 0.33mm phase thickness) was used. The chromatographic conditions

were as follows: the column temperature program was 50 1C (1min) to

290 1C (20min) at 5 1C/min, the injector temperature (splitless mode,

1.8min) was 250 1C, the FID temperature was 325 1C, and the carrier gas

was hydrogen purchased from Air Liquide (Spain).

Data numerical analysis was performed by means of the Minitab 14

statistical package. To obtain more information about the relationships

among the variables and to enable an independent interpretation of trends

of the aliphatic hydrocarbons, the multivariate analysis techniques, PCA

and CA were applied.

2.3. Sample preparation

Thirty individuals of each sample were employed for analysis. Mollusk

flesh was frozen (�30 1C), freeze-dried, and Soxhlet extracted (5 g of

sample; 150mL of hexane–acetone, 1–1; 16 h). Interfering substances were

removed from the extract by column chromatography over basic alumina

(6% deactivated); target compounds were eluted with n-hexane. Aliphatic

fraction was separated by column chromatography on neutral alumina

(2% deactivated)–silica (5% deactivated) and eluted with n-hexane.
Sample extract was concentrated under vacuum evaporation to near

dryness and then redissolved in 0.5mL of n-hexane. n-Squalene was added

as an internal standard prior to analysis by gas chromatography.

2.4. Quality assurance

Calibration curves have been performed at four concentration levels

using adequate diluted standards. Each concentration level has been

injected in duplicate and peak heights have been fitted by linear regression.

The coefficient of correlation was 0.99 for all the target compounds.

The QA/QC procedures included analysis of duplicates, laboratory

blanks, and fortified samples.

Study of method accuracy was performed on fortified samples; the

aliphatic hydrocarbons content was 333 ng g�1 for all compounds. The

mean recoveries of target compounds were 74–106%.

Experiments of method reproducibility were performed in six replicate

samples providing a mean relative standard deviation of 10% for studied

compounds.

3. Results and discussion

3.1. Descriptive analysis

The concentrations of different kinds of aliphatic
hydrocarbons, n-alkanes, and isoprenoids, (on a wet weight
basis) in mussel (M) and cockle (C) samples coming from
several sites in Galicia coast are summarized in Tables 1
and 2. Some ratios were determined to assess possible
sources of aliphatic hydrocarbons, C17/pristane, pristane/
phytane, and

P
Codd/

P
Ceven n-alkane concentrations

(carbon preference index; CPI) (Bray and Evans, 1961).
n-Alkanes: Total concentration of n-alkanes (C8–C35) in

mussel samples ranged from 89.46 to 5098.01 ng g�1 and in
cockle samples from 317.49 to 17,579.37 ng g�1. Such levels
are of the same order as those found in mussel samples
collected in 2001 (3220.83–6888.52 ng g�1, background
levels). For this zone of the Atlantic Ocean there are few
references to the levels of n-alkanes in bivalve mollusks but
existing data reveal that they are similar to those found in
this work (Hermida-Ameijeiras et al., 1994a, b). These
observations seem to indicate that hydrocarbon concentra-
tion of investigated samples could be due to different
sources common in this geographical area but distinct from
the Prestige oil spill.
The Prestige product is a residue of petroleum distilla-

tion whose chemical composition is characterized by
the presence of high-molecular-weight hydrocarbons (hea-
vy fuel oil). Prestige fuel oil samples collected within a
few weeks of the oil spill did not present significant
changes of saturated and aromatic hydrocarbon profiles,
indicating a low and slow evaporation or degradation
of product. Laboratory proofs indicated that the degrada-
tion proportion was only 12% (Informe 01: CSIC, 2002).
The contribution of n-alkanes of lower carbon atoms
number (o25) to total hydrocarbon concentration
in studied samples was high (50–90%). If investigated
samples were contaminated with Prestige fuel oil they
would have to present a larger proportion of heavy
compounds.
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Table 1

Aliphatic hydrocarbon levels (ng g�1) on a wet weight basis in mussel samples from several points of Galicia littoral

Code Zone Pristane Phytane C17/Prist Prist/phyt CPI
P

Ceven

P
Codd

Rı́a de Ares-Betanzos

M1 Sada A (Dec. 02) 17.51 12.83 6.27 1.36 1.22 423.41 565.09

M2 Sada A (Jan. 03) 23.77 11.02 0.61 2.16 0.68 1107.25 724.24

Rı́a de Corme

M3 Corme B4 14.97 22.11 6.78 0.68 1.21 403.80 488.88

M4 Corme B9 16.42 25.49 2.23 0.64 1.37 297.14 335.64

Rı́a de Muros-Noia

M5 Muros B 33.36 17.22 1.82 1.94 2.17 278.19 624.35

M6 Muros A 31.06 54.53 0.38 0.57 2.99 187.66 232.70

M7 Noia A (Dec. 02) 19.59 15.97 1.36 1.23 1.15 1052.52 688.55

M8 Noia A (Jan. 03) 23.68 27.84 1.54 0.85 2.00 258.01 359.91

Rı́a de Arousa

M9 Ribeira B (Dec. 02) 26.06 25.30 3.21 1.03 0.58 1131.43 630.26

M10 Ribeira B (Jan. 03) 37.98 26.16 1.00 1.45 1.78 374.24 545.74

M11 Ribeira C 103.87 55.79 0.30 1.86 2.61 546.67 1052.77

M12 Cambados C 211.18 14.47 1.12 14.59 1.99 433.57 1043.06

M13 Cambados A2 13.7 19.00 1.71 0.72 1.98 328.83 648.81

M14 Cambados A1 33.59 22.73 4.33 1.48 2.00 301.18 713.94

M15 Puebla A 46.79 82.90 0.61 0.56 1.40 403.98 575.51

M16 Puebla H 52.81 53.38 2.09 0.99 1.85 571.96 1055.84

M17 Puebla C 32.65 51.02 6.64 0.64 1.44 1714.79 2149.59

M18 Puebla D 66.14 43.23 0.61 1.53 2.43 297.86 339.41

M19 Grove C 19.66 20.65 1.22 0.95 1.22 992.35 764.53

M20 Vilagarcı́a B 20.62 23.23 2.03 0.89 2.77 1254.41 1574.49

M21 Vilagarcı́a A 47.49 24.55 2.90 1.93 1.63 1638.33 2041.59

Rı́a de Pontevedra

M22 Portonovo A 65.43 101.44 0.36 0.65 2.43 280.03 483.98

M23 Portonovo C 34.06 36.35 1.01 0.94 2.01 230.74 375.77

M24 Bueu A1 34.57 35.19 1.02 0.98 1.98 227.29 334.68

M25 Bueu A2 491.89 676.00 0.16 0.73 2.24 478.50 701.06

M26 Cangas B (Dec. 02) 18.40 8.38 1.17 2.20 1.95 208.59 516.51

M27 Cangas B (Jan. 03) 46.30 18.01 0.68 2.57 1.32 729.07 865.06

M28 Cangas A 62.57 78.40 0.50 0.80 2.48 1259.65 448.05

Rı́a de Vigo

M29 Cangas C 227.69 206.81 0.40 1.10 1.65 1215.78 1314.82

M30 Cangas D 42.22 55.60 1.05 0.76 2.09 1619.97 1313.22

M31 Cangas F 107.08 113.79 4.65 0.94 2.33 2196.33 2901.68

M32 Cangas E 58.67 78.44 0.58 0.75 2.37 1301.57 1176.07

M33 Cangas G (Dec. 02) 1.69 5.07 5.29 0.33 1.65 179.37 209.20

M34 Cangas G (Jan. 03) 43.59 27.41 0.59 1.59 1.93 1409.38 1198.64

M35 Redondela E (Jan. 03) 70.62 91.62 0.38 0.77 2.43 1190.33 1124.55

M36 Redondela E (Feb. 03) 74.27 58.45 0.51 1.27 2.23 378.54 349.81

M37 Redondela A 25.72 25.54 1.29 0.94 1.62 780.18 294.89

M38 Redondela B 6.20 6.74 0.93 0.92 0.07 66.57 22.89

M39 Vigo A 79.79 125.39 0.27 0.64 2.66 1160.50 884.91

M40 Baiona A 66.35 241.37 8.75 0.27 2.76 1050.14 1936.04

M41 Baiona 1 5.82 6.22 1.29 1.01 2.21 302.46 433.26

CPI, carbon preference index;
P

Codd/
P

Ceven, n-alkane concentrations;
P

Ceven, C8–C34;
P

Codd, C9–C35.
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The results show widespread hydrocarbon contamina-
tion in biota coming from the Galicia coast. The highest
levels of alkanes were detected in the mussels coming from
Rı́as de Arousa and Vigo, stations M17 (3864.38 ng g�1),
M21 (3679.92 ng/g), and M31 (5098.01 ng g�1), and in the
cockles collected in Rı́a de Arousa, stations C18
(3962.64 ng g�1) and C19 (17,579.37 ng g�1). High levels
of alkanes in comparison with the rest of studied samples
were found in a great number of points sampled in both
Rı́as (stations M20, M29, M30, M32, M34, M35, M39,
M40, C16, and C27).
In this work, hydrocarbons with carbon chain length

430 were detected and determined in all samples of mussel
and cockle. The presence of these hydrocarbons in biota
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Table 2

Aliphatic hydrocarbon levels (ng g�1) on a wet weight basis in cockle samples from several points of Galicia littoral

Code Zone Pristane Phytane C17/prist Prist/phyt CPI
P

Ceven

P
Codd

Rı́a de Ribadeo

C1 Ribadeo 21.65 29.01 1.90 0.75 3.23 1254.79 594.38

Rı́a de Barqueiro

C2 Vicedo 422.03 240.98 3.24 2.36 3.57 240.98 422.03

C3 Barqueiro 243.16 267.45 2.33 0.97 1.52 267.45 243.16

Rı́a de Ortigueira

C4 Ortigueira 6.01 4.67 8.32 1.29 2.26 184.65 267.27

C5 Espasante 126.81 117.14 0.64 1.08 1.81 936.02 946.26

Rı́a de Ferrol

C6 Barallobre 427.27 215.96 1.39 0.75 3.34 215.96 427.27

Rı́a de Ares-Betanzos

C7 Miño 6.49 5.67 3.12 1.14 1.56 356.23 371.78

Rı́a de A Coruña

C8 Pasaxe 12.29 18.80 1.79 0.65 2.26 146.56 216.26

Rı́a de Corme

C9 Anllóns 7.44 9.46 2.23 0.79 1.45 1262.85 400.3

Rı́a de Camariñas

C10 Camariñas 8.73 9.26 2.32 0.94 1.91 293.01 314.59

Rı́a de Muros

C11 Praia Virxe 4.87 5.30 3.20 0.92 1.26 760.65 596.59

C12 Abelleira 5.58 3.87 2.46 1.44 1.26 1028.21 795.49

C13 Lira 24.76 28.08 1.23 0.88 2.21 368.93 483.41

Rı́a de Arousa

C14 L. Ulla 9.60 27.58 3.19 0.35 3.15 228.27 415.29

C15 Rianxo (Jan. 03) 24.76 28.08 2.09 0.80 3.74 211.99 353.90

C16 Rianxo (Feb. 03) 7.53 17.51 2.86 0.43 1.89 1077.09 1175.63

C17 Cabo de Cruz (Jan. 03) 5.14 6.79 5.58 0.76 2.16 189.39 256.35

C18 Cabo de Cruz (Feb. 03) 153.93 302.01 1.02 0.51 1.92 2150.96 1811.68

C19 Vilanova (Dec. 02) 50.95 77.51 2.76 0.66 1.07 9692.11 7887.26

C20 Vilanova (Feb. 03) 54.55 13.88 0.52 3.93 3.04 462.61 404.44

C21 Sarrido 16.33 22.70 2.07 0.72 2.75 348.18 501.32

C22 Cantodorxo 16.46 19.27 1.57 0.85 2.15 336.6 464.49

C23 Raposiños 174.72 142.77 0.70 1.22 2.24 142.77 174.72

C24 A Toxa 12.38 9.48 1.00 1.31 3.37 155.26 181.03

Rı́a de Pontevedra

C25 Raxó 5.28 13..00 1.42 0.41 5.61 733.16 219.59

Rı́a de Vigo

C26 Arcade 8.23 7.30 7.46 1.13 1.32 623.25 590.64

C27 Vilaboa 31.91 19.00 2.52 1.68 1.26 1250.55 1351.69

C28 Baiona 33.38 23.45 0.85 1.42 3.74 872.31 502.37

CPI, carbon preference index;
P

Codd/
P

Ceven, n-alkane concentrations;
P

Ceven, C8–C34;
P

Codd, C9–C35.
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could be interpreted with regard to the feeding and living
habits. Cockle is a benthic species that tends to live and
feed on the marine sediment where long-chain compounds
are deposited and stored (Ahmed et al., 1998).

In samples coming from some Rı́as, stations M8, M11,
M12, M20, M22, M25, M28, M32, M36, M37, M41, C1,
C2, C6, C22, C24, and C28 (see Fig. 2), the strong
predominance of odd n-alkanes between 21 and 29, mainly
C27 and C29, over total concentration indicated an
important biogenic contribution of terrestrial plant hydro-
carbons to pollution (Le Dréau et al., 1997).
In general, for mussel samples there is a homogenous
distribution between odd and even carbon number hydro-
carbons, presenting a ratio of odd/even (CPI) from 0.07 to
2.99 and suggesting an oil contribution. On the contrary, in
some cockle samples (stations C1, C2, C6, C14, C15, C20,
C24, C25, and C28) the predominance of odd n-alkanes
(CPI 43) suggests the presence of both phytoplankton
(high levels of lower odd carbon number) and terrestrial
plant (high levels of higher odd carbon number) hydro-
carbons, indicating a strong biogenic input. These results
are expected in cockle samples because organic matter
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Fig. 2. Distribution of C21–C29 hydrocarbons (y-axis) in mussel and

cockle samples (x-axis) coming from some sampling stations.
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tends to be deposited in bottom marine sediments where
benthic bivalves live and feed. The indices (odd/even)
around 4 usually indicate the presence of an important
biogenic component in hydrocarbon pollution (Laws,
1993).

In relation to temporal variations, concentration of
n-alkanes in samples coming from several polygons and
points in the studied Rı́as, Sada A (stations M1 and M2),
Noia A (stations M7 and M8), Ribeira B (stations M9 and
M10), Cangas B (stations M26 and M27), Cangas G
(stations M33 and M34), Redondela E (stations M35 and
M36), Rianxo (stations C15 and C16), Cabo de Cruz
(stations C17 and C18), and Vilanova (stations C19 and
C20), collected in duplicate and summarized in Tables 1
and 2, varied very quickly in a short period of time (1 or 2
months). This variability can be due to the high volatility,
biodegradation, and solubility of n-alkanes in marine water
and to the easy accumulation and metabolization of all
linear hydrocarbons in bivalve mollusks and other species
that lead to a rapid return to background (Hermida-
Ameijeiras et al., 1994a). Quick variations over time of
aliphatic hydrocarbon levels in turbot and Atlantic salmon
were observed after an Aegean Sea oil spill; high levels were
found within a few days of the oil spill and they had
decreased by almost half a month later (Alvarez-Piñeiro et
al., 1996). The variations marked by different decreases or
increases of hydrocarbon concentration in samples col-
lected in two different samplings, just after the Prestige oil
spill, indicate that pollution by n-alkanes in investigated
samples was mainly caused by common shipping and
industrial activities and according to results in some
situations by biogenic inputs. If the Prestige oil spill was
the main contamination source in this littoral zone then
hydrocarbons levels would remain stable over time
because, unlike other marine catastrophes, the fuel arrival
at the coast was continuous for several weeks.

Isoprenoids: Tables 1 and 2 reveal that, in the most
polluted zones in Rı́as de Arousa and Vigo (stations M17,
M31, M40, C18, and C19), samples had predominance of
phytane (phytane is rarely biogenic but is a component of
crude oil) or even similar concentrations of isoprenoids
pristane and phytane, so in these cases the ratios of
pristane/phytane were o1 or near 1 (0.27–0.94), indicating
that levels of these hydrocarbons were probably from
petrogenic sources. These isoprenoids are not found in
most biota that have not been exposed to petroleum
hydrocarbon and are often considered good petroleum
indicators (Boehm et al., 1997).
In samples coming from Rı́a de Arousa (stations M12

and C20) the pristane/phytane ratios were larger than 3,
indicating the presence of biogenic sources. The CPI values
also were high in these samples.
Biogenic sources of these compounds can also occur.

They are derived from the phytol side chain of chlorophyll
under either reducing (phytane) or oxidizing (pristane)
conditions and can originate from lipids of bacteria and
zooplankton (Le Dréau et al., 1997). The high isoprenoid
content of samples coming from Rı́as de Pontevedra,
Barqueiro, and Ferrol (stations M25, C2, and C6,
respectively) could have a biogenic origin.
Temporal variations of samples collected in duplicate,

Sada A (stations M1 and M2), Noia A (stations M7 and
M8), Ribeira B (stations M9 and M10), Cangas B (stations
M26 and M27), Cangas G (stations M33 and M34),
Redondela E (stations M35 and M36), Rianxo (stations
C15 and C16), Cabo de Cruz (stations C17 and C18), and
Vilanova (stations C19 and C20), reveal that for mussels
coming from the southern Rı́as, Arousa, Pontevedra, and
Vigo (stations M9–M10, M26–M27, M33–M34, and
M35–M36), there was an increase of pristane/phytane
and for those coming from the northern Rı́as, Ares-
Betanzos and Muros-Noia (stations M1–M2 and M7–M8),
there was a decrease. If there was a clear Prestige influence
then these trends would be similar in all estuarine bays and
ratios (pristane/phytane) would tend to rise because the
Prestige fuel had already arrived at the coast. In relation to
cockles, trends were different even in the same Rı́a; the
ratios decreased for samples sited in Rı́a de Arousa coming
from stations C15–C16 and C17–C18 and increased for
samples from stations C19–C20.

C17/pristane ratio: In samples coming from some
investigated Rı́as, stations M1, M3, M14, M17, M31,
M33, M40, C4, C17, and C26, C17 dominated pristine; this
indicates that biogenic contributions are derived mainly
from phytoplankton because this hydrocarbon is predomi-
nant in lipid distribution of algae (Gelpi et al., 1970;
Ahmed et al., 1998).
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Fig. 3. (a) Loading plot considering whole data set in PCA. (b) Loading

plot considering the main biogenic and petrogenic indicators for mussel

samples in PCA. (c) Loading plot considering the main biogenic and

petrogenic indicators for cockle samples in PCA.
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Samples of cockle presented the highest values of C17/
pristane ratio; this can be due to a lifestyle (benthic
mollusk) that does not favor the biodegradation processes
of C17 but facilitates its production by algae decomposi-
tion.

On the contrary, for some samples of raft mussel coming
from Rı́as de Arousa, Pontevedra, and Vigo (stations M11,
M22, M25, M29, M35, and M39), the southern Rı́as in
Galicia with the highest temperatures, the ratios of C17 to
pristane were very low which reveals the influences of
weathering, evaporation, and biodegradation processes on
linear alkanes compared to branched alkanes (Wang et al.,
1999).

3.2. Statistical analysis

Differences between species: If the whole data set in
Tables 1 and 2 are subjected to PCA (retaining the first
three factors, 70% of initial variance was explained), the
loading plot in Fig. 3a shows interesting associations
between variables with similar numbers of carbon atoms
and similar chemical natures. The existing mixture between
odd and even n-alkanes reveals the presence of pollution
parameters of very heterogenous nature.

If the main biogenic (C13, C15, C17, and C19 hydro-
carbons) and petrogenic (C14, C16, C18, and C20 hydro-
carbons) indicators are used as variables in PCA for mussel
and cockle samples separately, the loading plot (Fig. 3b)
suggests that, for mussel samples, C13, C15, C17, C19, andP

Codd form a group which loads on the negative part of
the first two components, PC1 and PC2; another group
consists of C14, C16, C18, C20, and

P
Ceven and loads on the

positive part of PC1. For cockle samples, the loading plot
(Fig. 3c) shows a mixture of biogenic and petrogenic
sources (

P
Codd and

P
Ceven hydrocarbons, respectively).

PCA exhibits differences in the trends of bioaccumula-
tion and in the levels of targeted hydrocarbons. The cause
can be due to several factors: feeding and living habits,
previously mentioned, and variations in lipid content,
littoral zones, and positions in relation to pollution
sources.

These different procedures of bioaccumulation and
metabolization of hydrocarbons in mussel and cockle
samples could be easily observed if ANOVA significant
species-term variables are considered (hydrocarbons of C12

P ¼ 0:02, of C15 P ¼ 0:028, of C16 P ¼ 0:05, and of
pristane P ¼ 0:039) in CA. The dendrogram in Fig. 4
(Euclidean distance; complete linkage) shows the existence
of several samples grouping below 90% in similarity
values. Most of these clusters are formed by mussel
samples. Cockle and mussel samples are grouped under
different subclusters except for mussels coming from M6
which have high similarity with the cockles presenting low
values of C12, C15, C16, and pristane concentrations. These
compounds are very soluble and volatile and are dissolved
and evaporated before their arrival at bottom sediments
where cockles live.
Spatial and temporal trends: The effects of the differences
between some sampling zones and different sampling years
are well shown by the PCA results. If ANOVA significant
zone-term variables are considered for mussel samples
(hydrocarbons of C10 P ¼ 0:045, of C12 P ¼ 0:043, of C14

P ¼ 0:017, of C31 P ¼ 0:019, and of C33 P ¼ 0:033), Fig. 5
shows that the mussel samples coming from Rı́a de Vigo
and some from Rı́a de Arousa with negative scores along
PC1 are well separated from the others because the high
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Fig. 4. Dendrogram in CA of studied samples (mussels and cockles)

considering ANOVA significant species-term variables.

Fig. 5. Distribution of mussel samples in the plane of the first and second

components considering the ANOVA significant zone-term variables. 1.

R. Arousa; 2. R. Vigo; 3. R. Pontevedra; 4. R. Muros; 5. R. Ares-

Betanzos; 6. R. Corme.

Table 3

Loading of the ANOVA significant zone-term variables for mussel

samples in the first three components of the first PCA

Variable PC1 PC2 PC3

C14 �0.557 0.064 0.389

C31 �0.191 �0.682 �0.633

C12 �0.576 0.092 0.073

C10 �0.564 �0.005 0.173

C33 0.062 �0.723 0.642
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C10, C12, and C14 hydrocarbon loads (characteristic of
petrogenic contamination) are strongly related to the
negative part of PC1 (see Table 3). A total of one-third
of the significant principal components accounting for
94.8% of the total variance of the system was extracted
from the data set. In addition to pollutants entering mainly
via the littoral zone (industrial and domestic effluents),
materials associated with maritime transports and loading
and dumping operations also contribute to hydrocarbon
contamination of Rı́as de Vigo and Arousa (Memorias
Anuales, 2002–2003).
The rest of the samples have similar contamination

levels; they are not well separated, are less polluted, and are
closely related to the positive part of PC1. Some of them
(those associated with the negative part of PC2) possess a
great amount of C31 and C33 (terrestrial plants source) and
others (those related to the positive part of PC2) have very
low levels of C12, C14, and C10 hydrocarbons (petrogenic
indicators of pollution). These samples came from all the
studied Rı́as.
These statistically significant petrogenic indicators (C10,

C12, and C14 hydrocarbons) provide chemical fingerprint-
ing in oil spill investigations with complementary informa-
tion but they do not allow one to distinguish between light
and heavy fuel oils such as the Prestige product. Their
behavior in the marine environment depends on several
factors because they are liable to suffer weathering
processes such as evaporation, dissolution, microbial
degradation, and photooxidation (Wang et al., 1999)
before they are available to marine organisms. The other
petrogenic indicators (more characteristic of heavy petro-
leum products with chains of high molecular weight, with
up 34 carbons) showed no statistical significance in the
study of spatial trends.
When cockle samples were considered in the multivariate

study, PCA was not able to determine differences between
more or less polluted Rı́as.
In relation to temporal trends, only mussel samples have

been studied because they have been collected in different
years (2001, 2002, and 2003). If ANOVA significant year-
term variables (see Table 4) C17/pristane with P ¼ 0:00 and
pristane/phytane with P ¼ 0:037 (indicators of degradation
and weathering procedures),

P
Ceven hydrocarbons with

P ¼ 0:00, and hydrocarbons of C13 with P ¼ 0:00, of C14

with P ¼ 0:00, of C16 with P ¼ 0:00, of C17 with P ¼ 0:00,
of C18 with P ¼ 0:00, of C20 with P ¼ 0:00, and of C22 with
P ¼ 0:00 (the main petrogenic contamination indicators)
are subjected to PCA, separation between years appears.
The first and second components together explained 76.3%
and 94.2% of the variance, respectively. Fig. 6 shows the
distribution of samples on the scores plot of PC2 versus
PC1. The samples are clustered into three different groups
which correspond to the different sampling years: cluster 1
(from 2001), cluster 2 (from 2002), and cluster 3 (from
2003). Cluster 1 is characterized by high negative values of
PC1 (composed of samples with high levels of C14, C16,
C17, C18, C20, and

P
Ceven hydrocarbons). One half of

cluster 2 is characterized by positive values of PC1 and
PC2, and the other half is characterized by positive values
only of PC2 (samples with high levels of C13 and C15

biogenic hydrocarbons). Cluster 3 is characterized essen-
tially by positive and negative values of PC1 and PC2,
respectively (the least polluted samples in relation to
targeted hydrocarbons). In temporal trends, the typical
petroleum indicators had no statistical significance.
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Table 4

Summaries of F ratios and sum of squares from analysis of variance (one-

way) on differences in aliphatic hydrocarbon levels in mussels collected in

different years

ANOVA

Sum of squares F P

Pristane 2270 0.17 0.846

Phytane 7289 0.31 0.735

C17/pristane 101.64 15.50 0**

Pristane/phytane 12.25 1.39 0.037P
Ceven 21,524,101 25.17 0**

P
Codd 2,166,534 3.12 0.055

C8 385,844 1.68 0.199

C9 159,204 0.93 0.404

C10 73 0.33 0.72

C13 20,306 24.71 0**

C14 870,382 55.26 0**

C15 404,666 8.8 0.06

C16 3,902,867 61.37 0**

C17 505,853 20.54 0**

C18 1,423,082 50.60 0**

C19 759 0.54 0.589

C20 167,629 26.34 0**

C21 298 0.35 0.707

C22 30,959 15.06 0**

C25 6871 1.65 0.205

C26 2896 0.43 0.655

C27 3067 0.53 0.592

C29 13,600 1.77 0.183

C30 12,714 0.82 0.446

C31 23,604 2.36 0.108

C34 5399 1.29 0.287

C35 2532 0.68 0.512

**Correlation is significant at the 0.01 level (two-tailed).

Fig. 6. Distribution of mussel samples in the plane of the first and second

components considering the ANOVA significant year-term variables.
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No exact conclusions can be derived from the study of
temporal trends; it would be more exhaustive if a greater
number of samples collected in 2001 were analyzed.
4. Conclusion

Content of total aliphatic hydrocarbons in biota from
Galicia were mostly within normal levels for zones
considered to be mildly polluted such as the coast of
Canary Island (n.d.—743,514 ng/g), Gulf of Naples
(600–48,200 ng/g), Laguna de Pom (12,640 ng/g), Uruguay,
Oman and so on (Peña-Méndez et al., 2001; Amodio-
Cocchieri and Cirillo, 2003; Alvarez-Legorreta et al., 1994;
Muniz et al., 2004; Ahmed et al., 1998). The highest levels
corresponded to Rı́as de Arousa and Vigo. Both Rı́as
support an intense traffic of vessels and important urban
and industrial activities. According to the data analysis, the
main sources of hydrocarbon contamination of the
investigated samples seems to be more related to intense
traffic of vessels, loading and dumping operations, and
industrial and domestic effluents than to the Prestige oil
spill because levels found in 2001 (before the Prestige oil
spill) are similar and even are higher for some hydro-
carbons than those found in 2002 and 2003 (after the
Prestige oil spill). The investigated petrogenic indicators
with statistical significance in this work, C10–C22, are
characteristic of all types of hydrocarbon pollution.
It is important to consider that the Prestige fuel

contained a high proportion of the total aromatic fraction,
50% (Informe 01: CSIC, 2002). The saturated compounds
(aliphatic compounds) were present in only 25%, so,
although the previous investigations usually assessed
aliphatic hydrocarbons, the study of polycyclic aromatic
hydrocarbons (PAHs) would be more appropriate to reveal
other environmental and economical repercussions of the
Prestige oil spill. In further research, such PAHs profiles
will be published.
In relation to the characteristic hydrocarbons (C14-C19),

the cockle samples’ hydrocarbon contents came from
biogenic and petrogenic sources. In the case of mussels,
some samples sited in Rı́as with a greater activity had
significant hydrocarbon content from petrogenic sources
and others samples presented strong biogenic contribu-
tions, surely related to resuspension of bottom sediments.
The abundance of hydrocarbons with carbon chain

length 430 in studied samples could be interpreted with
regard to the feeding and living habits. There are
statistically significant differences between species probably
due to different bioaccumulation and metabolization
mechanisms.
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