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INTRODUCTION

In November 2002, the tanker ‘Prestige’ sunk in front
of the Galician coast (northwestern Iberian Peninsula).
As a result, >60 000 t of heavy fuel oil leaked into the
sea, affecting >1000 km of coastline along the Bay of
Biscay. The Galician coast was very severely impacted,
but other coastal areas of special ecological relevance,
such as the Biosphere’s Reserve of Urdaibai, were also
affected to different degrees. After such an enormous
environmental disaster, it was necessary to evaluate
the effects of the spill on the wildlife and natural
resources. Therefore, in the spring of 2003, a monitor-
ing programme was started along the Galician and Bay

of Biscay coasts based on the use of biomarkers in
intertidal mussels.

Historically, marine and coastal pollution assessment
has been performed based solely on the measurements
of contaminants in water, sediment and biota. How-
ever, more recently, the need to assess the biological
effects of pollutants in the framework of monitoring
programmes has been highlighted (Cajaraville et al.
2000). The maritime area impacted by the ‘Prestige’ oil
spill is under the influence of the OSPAR Convention,
whose ‘Joint Assessment and Monitoring Programme
(JAMP)’ utilises biomarkers for monitoring biological
effects (Stagg 1998).

Biomarkers are measurements of body fluids, cells,
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In order to assess the effects of the oil spill on coastal ecosystems, mussels Mytilus galloprovincialis
were sampled (April, July and September 2003) in 17 locations along the Galician and Bay of Biscay
coasts. In this study, 3 biomarkers were assessed: lysosomal responses as changes in the lysosomal
structure and in the lysosomal membrane stability, accumulation of intracellular neutral lipids and
peroxisome proliferation as induction of acyl-CoA oxidase (AOX) activity. Mussel flesh condition
index and gonad developmental stages were assessed as supporting parameters. Lysosomal mem-
brane stability was reduced in mussels from all locations, indicating disturbed health, especially in
mussels from all Galician locations. Similarly, lysosomal enlargement was observed in most locations,
as shown by relatively low values of the surface-to-volume ratio, although the volume density of lyso-
somes was low due to decreased lysosomal numbers. Overall, intracellular accumulation of neutral
lipids was conspicuous in digestive tubules of mussels collected in July and was increased further in
September. AOX induction was detectable in mussels sampled in April, except for those collected in
Galicia. In July mussels from the most impacted stations in Galicia, Caldebarcos and Camelle, showed
the highest AOX values. In conclusion, the biomarkers employed detected exposure to toxic chemi-
cals and a disturbed status of health in mussels from the northern Iberian Peninsula after the ‘Pres-
tige’ oil spill and will allow assessment of the long-term effects of the spill on the coastal ecosystems.
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or tissues at cellular, biochemical and molecular levels
that indicate the presence of pollutants (exposure bio-
markers) or the magnitude of the organism’s response
(effect biomarkers) (McCarthy & Shugart 1990). These
measurements are considered as ‘early warning sig-
nals’, since changes at low levels of biological organi-
sation (e.g. molecule, cell, or tissue) can anticipate
changes at higher levels (e.g. population, community,
or ecosystem). The use of individual biomarkers pro-
vides partial information about the presence of
different types of pollutants and their biological conse-
quences; thus, the utilisation of a battery of measure-
ments, including both exposure and effect biomarkers,
in selected sentinel species has been strongly recom-
mended to be included in routine monitoring pro-
grammes (Cajaraville et al. 2000).

The biomarker approach using mussels or fish as
sentinel organisms has been previously employed to
assess organism exposure to and biological effects of
accidental oil spills. The geographically nearest exam-
ple on the Galician coast was after the ‘Aegean Sea’ oil
spill, which occurred in La Coruña Harbour in Decem-
ber 1992 (Solé et al. 1996, Porte et al. 2000). In the
aforementioned studies, biotransformation enzymes,
oxidative stress markers and DNA-adducts in mussels
were tested as possible biomarkers of impact by
organic pollution. Results indicated increases in diges-
tive gland levels of total cytochrome P-450, CYP1A-
like protein and lipid peroxidation in parallel with
increased levels of whole-body polycyclic aromatic
hydrocarbons (PAHs) in mussels sampled closer to the
spill (Solé et al. 1996, Porte et al. 2000).

Similar studies were performed after the ‘Sea Em-
press’ oil spill (1996) in SW Wales, UK, using ethoxyre-
sorufin O-deethylase (EROD) activity in fish (Kirby et
al. 1999), CYP1A-immunopositive protein levels, micro-
somal benzo(a)pyrene hydroxylase activity (Peters et al.
1999), as well as lysosomal stability of blood cells (Fern-
ley et al. 2000) in mussels and DNA-adduct levels in
mussels and fish (Lyons et al. 1997, Harvey et al. 1999)
as biomarkers. In these studies biomarker responses
were able to discriminate between areas directly pol-
luted by the spill and reference locations.

By far the most studied oil spill is that resulting
from the ‘Exxon Valdez’ wreck, which occurred in the
northern Prince William Sound, Alaska, USA, in March
1989. Biomarkers were able to detect exposure of fish
to hydrocarbons even 10 yr after the spill when the
proper sentinel species were chosen, as demonstrated
by Jewett et al. (2002) in masked greenling Hexagram-
mos octogrammus and crescent gunnel Pholis laeta
sampled from sites originally oiled. These organisms
showed elevated levels of CYP1A in the liver vascular
endothelium, liver EROD activity and biliary fluores-
cent aromatic compounds in comparison to fish from

unoiled sites. Apart from fish, other marine species,
such as sea otters Enhydra lutris, harlequin ducks His-
trionicus histrionicus, Barrow’s goldeneyes Bucephala
islandica and pigeon guillemots Cepphus columba
sampled in oiled sites had elevated levels of hepatic
EROD activity and, thus, cytochrome P4501A, as well
as other blood parameters, such as aspartate amino-
transferase and lactate dehydrogenase, in comparison
with animals from unoiled areas (Trust et al. 2000,
Bodkin et al. 2002, Esler et al. 2002, Golet et al. 2002).
Furthermore, these studies have shown a linkage
between biomarker responses and long-term effects
in populations (Peterson et al. 2003).

In the first spring period after the ‘Prestige’ oil spill, a
monitoring programme was started along the affected
northern Iberian coast, and, during 2003, 3 samplings
were carried out (April, July and September) in order
to cover the different stages of the reproductive cycle
of mussels. The results obtained in this first year are
described here. The objective of the study was to
evaluate the biological effects of the ‘Prestige’ oil spill
using a battery of exposure and effect biomarkers in
mussels, Mytilus galloprovincialis, collected in 17 loca-
tions from the south of the Galician coast to the east of
the northern Iberian Peninsula coast. Special care was
taken to sample the Galician locations that were most
impacted initially, and those Basque locations where
we had previous baseline biomarker data. Lysosomal
responses were used as effect biomarkers, and intra-
cellular accumulation of neutral lipids and peroxisome
proliferation were selected as exposure biomarkers. In
addition, flesh condition index (Lobel & Wright 1982)
and gonad developmental stages (Seed 1969) were
assessed as supporting parameters.

Lysosomal responses are used worldwide as bio-
markers in mussels and fish (Marigómez et al. 2004),
since they are sensitive to a wide range of types of
environmental stress, including pollution (Au 2004).
The lysosomal membrane stability test is recom-
mended by the OSPAR Convention to monitor the bio-
logical effects of contaminants (Stagg 1998), and is
usually performed according to a standardised proto-
col (UNEP/RAMOGE 1999). Simple evaluation of the
lysosomal dimensions also gives a good indication of
the general stress condition (Cajaraville et al. 2000). In
the present work, lysosomal responses were measured
as changes in lysosomal membrane stability and in
lysosomal structure.

Neutral lipid accumulation in mussel digestive cells
was used as an indication of exposure to organic
xenobiotics. According to laboratory experiments,
this parameter behaves as an all-or-nothing response
(Marigómez & Baybay-Villacorta 2003). Although some
studies have succeeded in using cytochrome P450-
related biomarkers in mussels, these are not as power-
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ful as in fish, and their utilisation in biomonitoring pro-
grammes has been recommended only for fish liver.
Thus, peroxisome proliferation, assessed as the induc-
tion of the activity of the β-oxidation enzyme acyl-CoA
oxidase (AOX), was measured in the present study as
an alternative biomarker of PAH exposure in mussels
(Cajaraville et al. 2000, 2003).

MATERIALS AND METHODS

Sampling. Mussels were collected in the intertidal
zone during the lowest tides of April, July and Sep-
tember of 2003 in 17 locations along the northern coast
of the Iberian Peninsula (Fig. 1). Six locations were
selected in Galicia, and 11 in the Bay of Biscay (1 in
Asturias, 4 in Cantabria and 6 in the Basque Country).
The oil spill first reached and affected the coast of
Galicia (Caldebarcos and Camelle were among the
most affected locations), but in the following months
the whole northern coast of the Iberian Peninsula was
affected to different degrees. In each location, 60 adult
mussels of sizes ranging from 2.8 to 6.3 cm shell length
were collected and pre-processed immediately after
sampling. Thirty mussels were opened by sectioning
the adductor muscle, fixed in 4% formaldehyde con-
taining 0.1 M phosphate buffer and maintained in the
fixative until required for analysis in the laboratory.
The digestive glands of 20 mussels were dissected out
and immediately frozen in liquid nitrogen for biochem-
ical analyses. The digestive glands of the remaining
10 mussels were dissected out and divided into 2

parts for histochemical analyses. Five middle pieces of
digestive glands obtained from 5 different mussels
were placed on plastic chucks aligned in a straight
row. The chucks were put into cryovials and directly
frozen in liquid nitrogen. The other 5 middle pieces
were processed identically and stored as replicates.
Frozen samples were transported to the laboratory in
liquid nitrogen or in dry ice in the case of samples
obtained in Galicia in order to keep them below –80°C,
and then they were stored at –80°C until required for
analysis.

For several parameters the data corresponding to the
sampling carried out in April are missing due to the
accidental loss of the frozen samples. All parameters
assessed under the light microscope were measured
on slides with blind-coded labels in order to avoid
subjectivity of the operator.

Reagents. Unless specified otherwise, all chemicals
were reagent grade and purchased from Sigma.

Flesh condition index. Once in the laboratory, the
shell and fixed flesh weights for 30 mussels from each
location were measured after draining on a paper
towel. Then, the flesh condition index (FCI, Lobel &
Wright 1982) was calculated as the fixed flesh weight
(in mg) to shell weight (in g). Usually, the mussel flesh
dry weight is employed to calculate this parameter.
However, due to the large number of samples collected
for this study and the need to pre-process in the field,
the fixed flesh weight has been used. In order to
validate the usefulness of this measurement, in an
additional group of mussels the wet flesh weight was
obtained prior to fixation. Results indicate that there is
a significant linear regression between the fixed flesh
weight and the wet flesh weight (R2 = 0.9781, n = 20,
p < 0.05).

Gonad development. A piece of the mantle tissue of
each of 10 mussels per sampling site was dehydrated
in alcohol and embedded in paraffin. Histological
sections (7 µm) were cut with a Leitz 1512 micro-
tome (Ernst Leitz Wetzlar) and stained with haema-
toxylin-eosin. Gonad developmental stages (1: resting
gonad; 2: early gametogenesis; 3: advanced gametoge-
nesis; 4: mature gonad; 5: spawning gonad; and 6:
post-spawning gonad) were assigned after histological
examination of 1 section per individual according to
Seed (1969) and Cajaraville et al. (1992a).

Lysosomal membrane stability test. The lysosomal
membrane stability test was performed according to a
standardised protocol (UNEP/RAMOGE 1999). Serial
tissue sections (10 µm thick) were cut in a Leica CM
3000 cryostat (Leica Instruments) at a cabinet temper-
ature of –24°C and at a sample temperature between
–14 and –16°C, and stored at –40°C until required for
staining. Prior to staining, slides were air-dried at 4°C
for 20 min and then 10 min at room temperature.
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Fig. 1. Map of the coast of the northern Iberian Peninsula,
showing locations where the mussels Mytilus galloprovin-
cialis were collected. Station numbers are as follows: 1: Oia; 2:
Aguiño; 3: Caldebarcos; 4: Camelle; 5: Segaño; 6: Estaca de
Bares; 7: Llanes; 8: San Vicente; 9: Suances; 10: Pedreña; 11:
Laredo; 12: Muskiz; 13: Arrigunaga; 14: Gorliz; 15: Mundaka;
16: Orio; 17: Hondarribia. Latitude and longitude marks are
shown. Site where the ‘Prestige’ tanker sunk is marked by an
X. The oil spill first reached and affected the coast of Galicia
(Stns 1 to 6; Caldebarcos and Camelle were among the most
affected locations), but in the following months the whole
northern coast of the Iberian Peninsula was affected to 

different degrees
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Cryostat sections were introduced into 0.1 M sodium
citrate buffer (pH 4.5) containing 2.5% NaCl in inter-
vals of 0, 3, 5, 10, 15, 20, 30 and 40 min in a shaking
water bath at 37°C to destabilise the lysosomal
membrane. Afterwards, sections were incubated for
20 min, also in a shaking water bath at 37°C in 0.1 M
citrate buffer (pH 4.5) containing 2.5% NaCl, 0.04%
naphthol AS-BI N-acetyl-β-D-glucosaminide dissolved
in 2-methoxiethanol (Merck Bioscience) and 7% of
POLIPEP as a section stabiliser. After incubation, sec-
tions were rinsed in a saline solution (3% NaCl) at
37°C for 2 min in a shaking water bath. Then, sections
were introduced into 0.1 M phosphate buffer (pH 7.4)
containing 0.1% of diazonium dye Fast Violet B salt, at
room temperature for 10 min. Subsequently, slides
were rinsed in running tap water for 5 min, fixed for
10 min in 10% formaldehyde containing 2% calcium
acetate at 4°C and rinsed in distilled water. Finally,
slides were mounted in Kaiser’s glycerol gelatin
(Merck Bioscience) and sealed with nail varnish.

The determination of lysosomal membrane stability
was based on the time of acid labilisation required to
produce maximum staining. Two maximum staining
peaks were observed in some cases, but only the first
maximum staining peak was considered. The labilisa-
tion period was assessed under a Leitz Laborlux S
(Wetzlar) light microscope using an objective lens of
40 × magnification. Four measurements were made in
each section. Then, a mean value was derived for each
section, corresponding to an individual digestive gland.

Lysosomal structural changes. In order to quantify
changes in lysosomal structure, cryostat sections (8 µm
thick) from the digestive glands of 5 mussels were
stained for the histochemical demonstration of β-glu-
curonidase activity according to Cajaraville et al.
(1991). Sections were air-dried at 4°C for 15 min and
then 10 min at room temperature. These sections were
incubated in freshly prepared incubation medium con-
sisting of 0.1 M acetate buffer (pH 4.5) containing
2.5% NaCl, 0.028% naphthol AS-BI-β-glucuronide
dissolved in 50 mM sodium bicarbonate and 15%
polyvinyl alcohol for 20 min at 37°C in a shaking water
bath. After incubation, slides were rinsed in a 2.5%
NaCl solution for 2 min at 37°C in a shaking water bath
and then transferred to a post-coupling medium con-
taining 0.1 M phosphate buffer (pH 7.4) with 2.5%
NaCl and 0.1% Fast Garnet GBC for 10 min in dark-
ness and at room temperature. Afterwards, sections
were fixed for 10 min at 4°C in Baker’s formol calcium
containing 2.5% NaCl and rinsed briefly in distilled
water. Finally, sections were counterstained with 0.1%
Fast Green FCF for 2 min at room temperature, rinsed
several times in distilled water, mounted in Kaiser’s
glycerol gelatin (Merck Bioscience) and sealed with
nail varnish.

The structure of lysosomes was determined by
image analysis (Cajaraville et al. 1991). Slides were
viewed using an objective lens of 100 × magnification
in a Leitz Laborlux S light microscope. Five measure-
ments were made in each section in order to calculate
the following stereological parameters: lysosomal vol-
ume density (VvL = VL�VC), lysosomal surface density
(SvL = SL�VC), lysosomal surface to volume ratio (S�VL =
SL�VL) and lysosomal numerical density (NvL = NL�VC),
where V is volume, S is surface, N is number, L is
lysosomes and C is digestive cell cytoplasm (Lowe et
al. 1981).

Intracellular accumulation of neutral lipids. In order
to quantify the intracellular accumulation of neutral
lipids, cryostat sections (8 µm thick) from the digestive
glands of 5 mussels were stained using the method of
Lillie & Ashburn’s Oil Red O (ORO) (Culling 1974).
Sections were fixed for 15 min at 4°C in Baker’s formol
calcium containing 2.5% NaCl. Then, sections were
dried at room temperature for 10 min, washed in iso-
propanol (60%) and rinsed for 20 min in the ORO
staining solution at room temperature. This solution
was freshly made by dissolving 0.5% ORO in iso-
propilic alcohol and afterwards diluting it 3:2 in dis-
tilled water. Stained sections were differentiated in
60% isopropanol, washed in water and counterstained
with 1% Fast Green FCF for 20 min at room tempera-
ture. Finally, stained sections were mounted in Kaiser’s
glycerol gelatin (Merck Bioscience) and sealed with
nail varnish.

Intracellular accumulation of neutral lipids was mea-
sured by image analysis in the digestive tubules of
mussel digestive gland, excluding other structures
such as stomach and ducts. Slides were viewed using
an objective lens of 40 × magnification in the Leitz
Laborlux S light microscope, and 5 measurements
were made in each section in order to calculate the
volume density of intracellular neutral lipids (VvNL =
VNL�VC), where NL are neutral lipids and other
symbols as above.

Peroxisomal AOX activity. AOX activity was de-
termined spectrophotometrically at a wavelength of
502 nm, according to the method of Small et al. (1985),
in 5 pools of 2 digestive glands per experimental
group. Each pool was homogenised in 4 ml g–1 tissue of
TVBE buffer (1 mM sodium bicarbonate, 1 mM EDTA,
0.1% ethanol and 0.01% Triton X-100), pH 7.6, using a
glass-Teflon homogeniser held in an ice bath. After
centrifugation at 500 × g for 15 min at 4°C, super-
natants were diluted 1:10 in TVBE buffer and assayed
for AOX activity. The assay is based on the H2O2-
dependent oxidation of dichlorofluorescein diacetate
(Molecular Probes) catalysed by an exogenous peroxi-
dase using 30 µM palmitoyl-CoA as substrate. Total
protein concentration was measured using the DC pro-
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tein assay (BioRad) based on the method of Lowry et al.
(1951), with γ-globulin as the standard. AOX activity
is given as milliunits mg–1 of AOX protein (equivalent
to nmol H2O2 min–1 mg–1 protein).

Statistical analyses. The statistical analyses were
made using SPSS Ver. 11.5 (SPSS). The variability of
the factors sampling season and sampling location, as
well as their interaction, was studied by 2-way vari-
ance analyses (ANOVA) for each parameter, except for
the labilisation period of the lysosomal membrane for
which Friedman’s test was applied (Sokal & Rohlf
1995), since it is a non-parametric variable. The sea-
sonal and geographical variability within each sam-
pling location or season, respectively, was assessed by
means of 1-way ANOVA. Differences between means
were studied a posteriori by Duncan’s test, except for
the labilisation period of the lysosomal membrane in
which the Mann-Whitney U-test was applied. Groups
of locations whose mean values for a parameter do not
differ significantly according to the Duncan or U-test
are marked by a black circle in each row of the tables
accompanying the graphs (see Figs. 3 to 7). The num-
ber of rows in the tables corresponds to the number of
subgroups (that is, groups of locations with no statisti-
cally significant differences among them). In all cases,
a 95% significance level was established. Lysosomal
volume and numerical density and peroxisomal AOX
activity were logarithmically transformed before
statistical analyses.

RESULTS

Results obtained from the mussels Mytilus gallo-
provincialis sampled in 17 locations along the coast of
the northern Iberian Peninsula in April, July and Sep-
tember 2003 are given in Figs. 2 to 7 and in Table 1.
With the aim of analysing the effects of time and geo-
graphical location, 2-way ANOVAs were performed
for parametric parameters (Table 2) and Friedman’s
test for non-parametric parameters (Table 3). The
results indicated that the factors studied, including
their interactions, had significant effects (at least p <
0.05) on the selected parameters.

FCI and gonad development

The mean and standard deviation values obtained
for the FCI are shown in Table 1. Mussels from differ-
ent locations did not show a common pattern of tempo-
ral variation. Except for 4 locations (Camelle, Suances,
Laredo and Orio), higher values were found in July or
September than in April. In April and July samplings,
maximum and minimum values were recorded for
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Table 1. Mytilus galloprovincialis. Flesh condition index in
mussels sampled along the coast of the northern Iberian
Peninsula in 2003. Data are mg fixed flesh wet weight g–1

shell weight (mean ± SD)

Location Apr Jul Sep

Oia 457 ± 89 525 ± 79 523 ± 73
Aguiño 546 ± 78 585 ± 77 585 ± 94
Caldebarcos 622 ± 96 678 ± 158 582 ± 80
Camelle 634 ± 87 529 ± 74 547 ± 69
Segaño 518 ± 82 580 ± 110 598 ± 95
Estaca de Bares 622 ± 92 541 ± 65 656 ± 101
Llanes 507 ± 76 561 ± 80 485 ± 77
San Vicente 624 ± 107 641 ± 105 732 ± 130
Suances 625 ± 109 513 ± 68 430 ± 64
Pedreña 684 ± 122 722 ± 135 642 ± 172
Laredo 599 ± 101 553 ± 129 447 ± 93
Muskiz 432 ± 69 467 ± 84 425 ± 74
Arrigunaga 398 ± 83 538 ± 61 658 ± 91
Gorliz 353 ± 66 433 ± 116 442 ± 64
Mundaka 593 ± 171 599 ± 95 470 ± 67
Orio 601 ± 118 509 ± 108 556 ± 75
Hondarribia 732 ± 121 772 ± 140 704 ± 153

Table 2. Mytilus galloprovincialis. Summary of the 2-way
ANOVAs performed to analyse the effects of the sampling
period, sampling location and the interaction between these
2 factors on the studied parameters in mussels sampled
along the coast of the northern Iberian Peninsula in 2003.
FCI: flesh condition index; VvL: lysosomal volume density;
SvL: lysosomal surface density; S/VL: lysosomal surface to vol-
ume ratio; NvL: lysosomal numerical density; VvNL: volume
density of intracellular neutral lipids; AOX: acyl-CoA oxi-
dase activity; df: degrees of freedom; F: Fisher’s F-ratio; 

p: probability of F

Parameter Factor df F p

FCI Season 2 3.195 <0.041
Location 16 60.023 <0.001
Season × Location 32 11.385 <0.001

logVvL Season 1 49.667 <0.001
Location 16 8.473 <0.001
Season × Location 16 3.291 <0.001

SvL Season 1 36.486 <0.001
Location 16 4.445 <0.001
Season × Location 16 3.062 <0.001

S/VL Season 1 37.314 <0.001
Location 16 11.368 <0.001
Season × Location 16 5.948 <0.001

logNvL Season 1 11.841 <0.001
Location 16 2.715 <0.001
Season × Location 16 5.49 <0.001

VvNL Season 1 4.797 <0.030
Location 16 9.446 <0.001
Season × Location 16 5.067 <0.001

logAOX Season 2 179.9760 <0.001
Location 16 13.061 <0.001
Season × Location 28 14.885 <0.001
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animals sampled in Hondarribia and
Gorliz, respectively. In September, the
lowest FCI was found in mussels from
Suances and the highest value was
obtained for mussels collected in San
Vicente, mussels from Hondarribia
showing again high values. In general,
low values were recorded in Oia, Llanes,
Muskiz and Gorliz in the 3 sampling
periods.

Both male and female individuals
were found at all sampling stations,
except in Oia in September, where all
individuals were male. Overall, devel-
opment stage was not dissimilar be-
tween both sexes. In April, the mature
gonad stage was predominant. Some
mussels from Oia, Estaca de Bares and
San Vicente were in advanced gameto-
genesis, while most individuals from
Aguiño and Caldebarcos were already
spawning (Fig. 2). In July, mussels from
all locations were in a more advanced
developmental stage than those in April,
except for mussels from Llanes, which
remained in the same stage. In most
locations, some mussels were in the
post-spawning stage, and in Camelle
and Suances the beginning of a second
gametogenesis cycle could be observed
(Fig. 2). In September, the gonads of
most mussels were in the post-spawning
stage and mussels from most locations
had started the second reproductive
cycle (Fig. 2).

Lysosomal membrane stability

Mussels collected for this study pre-
sented, in general, low labilisation
period (LP) values (mean values always

<20 min), indicative of reduced lysosomal membrane
stability (Fig. 3).

In July, the lowest LP values were recorded in the
Galician sampling locations, with LP values <10 min.
According to the U-test, no statistically significant
differences were detected among mussels from
Galicia. In the Bay of Biscay, LP values were not as
low. Exceptionally, in Laredo and Muskiz samples,
LP values were similar to those found in Galician
mussels. LP values recorded in mussels from Orio
were higher (>20 min) than those from the rest of
the stations.
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Table 3. Mytilus galloprovincialis. Summary of Friedman’s
test performed to analyse the effects of the sampling period,
sampling location and the interaction between these 2 factors
on the labilisation period (LP) of the lysosomal membrane in
mussels sampled along the coast of the northern Iberian
Peninsula in 2003. df: degrees of freedom; χ2: chi square; 

p: probability of χ2

Parameter Factor df χ2 p

LP Season 1 166.024 <0.001
Location 1 1.710 <0.191
Season × Location 2 202.987 <0.001

Fig. 2. Mytilus galloprovincialis. Percentage of gonad development stages in
mussels sampled along the coast of the northern Iberian Peninsula in 2003
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In September, the lowest LP values
were also recorded at the Galician
sampling locations (LP < 10 min), with
the exception of Estaca de Bares (LP >
15 min; Fig. 3). In the Bay of Biscay,
LP values were, in general, similar to
those recorded in July, although aug-
mented LP was recorded in mussels from
Hondarribia, Pedreña and Laredo and
reduced LP was found in Llanes and
Arrigunaga.

Lysosomal structural changes

Only the results obtained for VvL

and S�VL are presented, since the sur-
face density and the numerical density
showed the same trends as VvL. In gen-
eral terms, VvL and S�VL values were low
(Figs. 4 & 5), which indicates that lyso-
somes in digestive cells were few but
large.

In mussels collected in July, low VvL

values were recorded. The highest
values of VvL were observed in Oia,
Estaca de Bares, Laredo and Hondarribia
(Fig. 4). Mussels from the other sampling
locations presented low VvL values,
especially those from Camelle, Llanes
and Mundaka and those from Orio, the
lysosomes of which were too small to be
measured by image analysis (Fig. 4).
The highest S�VL values were recorded
in Llanes, whereas the lowest ones were
observed in Laredo and Hondarribia
(Fig. 5).

In September, a general increase was
observed in VvL compared to mussels
sampled in July. The differences be-
tween sampling locations were less marked in Septem-
ber than in July, although some locations such as
Llanes, Suances, Muskiz and Orio presented lower VvL

values than those found in the remainder of sampling
locations (Fig. 4). Differences in S�VL values between
sampling locations were also less marked in Septem-
ber than in July (Fig. 5). Minimum S�VL values were
again detected in Hondarribia.

Intracellular accumulation of neutral lipids

As a general rule, the staining pattern was hetero-
geneous both between individuals and between
groups. Overall, intracellular accumulation of neutral

lipids, measured as neutral lipid volume density
(VvNL), was conspicuous in the digestive tubules of
mussels collected in July and was further increased in
September (Fig. 6).

In July, the highest VvNL values were recorded
in Segaño, Laredo and Hondarribia. Moderate VvNL

values were found in Oia, Aguiño, Caldebarcos and
Arrigunaga, and very low VvNL values were recorded
at the remainder of sampling stations (Fig. 6).

In September, the highest VvNL values were
recorded in Aguiño, San Vicente, Laredo, Arrigunaga,
Gorliz and Hondarribia. Moderate VvNL values were
found in Oia, Camelle, Pedreña and Mundaka, and
very low VvNL values were recorded at the remainder
of sampling stations (Fig. 6).
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Fig. 3. Mytilus galloprovincialis. Lysosomal membrane labilisation period (LP)
in digestive glands of mussels sampled along the coast of the northern Iberian
Peninsula in (a) July and (b) September 2003. Error bars represent standard
deviations. Letters over bars (indicate month): statistically significant differ-
ences (p < 0.05) between sampling seasons for each location according to
the U-test. Grid above each panel compares locations: black circles in same
row indicate locations that are not significantly different (p > 0.05) for each 

sampling season according to the U-test
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Peroxisome proliferation

The highest values of AOX activity were detected in
mussels sampled in April, except at the Galician loca-
tions (Fig. 7). In April, individuals from the 3 Galician
locations measured showed very similar values among
themselves. Regarding the rest of the locations, the
highest value was detected in mussels from Orio and
the lowest values in Llanes and Muskiz.

In July, in general, AOX activity decreased (Fig. 7).
However, the highest values were then recorded in
Galicia, especially in the most impacted locations of
Caldebarcos and Camelle. With respect to the other
locations, the lowest value of AOX activity was de-
tected in Hondarribia, with similar low values at
Suances and Laredo.

In September, AOX activity decreased at all the
Galician locations, except in Estaca de Bares, but it
remained high in Camelle. At other locations, such as
San Vicente, Arrigunaga and Hondarribia, AOX activ-
ities were significantly lower than in July. Mussels
from Hondarribia had the lowest values of AOX activ-
ity, as in July (Fig. 7). In general, differences between
sampling locations were more marked in April than in
July or September.

DISCUSSION

In the first spring period after the ‘Prestige’ oil spill a
monitoring programme was started along the coast of
the northern Iberian Peninsula in order to assess the bi-
ological effects of the pollution resulting from the acci-
dent. A battery of exposure and effect biomarkers was
applied to mussels collected in 17 locations from the
Galician coast to the Basque coast in April, July and
September 2003. The biomarkers selected were lysoso-
mal responses, intracellular accumulation of neutral
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Fig. 4. Mytilus galloprovincialis. Lysosomal volume density
(VvL) in the digestive glands of mussels sampled along the
coast of the northern Iberian Peninsula in (a) July and (b) Sep-
tember 2003. Error bars representing standard deviations are
asymmetric due to the logarithmic transformation of data pre-
vious to statistical analysis. *: Lysosomes in mussels sampled
in Orio in July were too small to be measured by image analy-
sis. Letters over bars (indicate months): statistically significant
differences (p < 0.05) between sampling seasons for each lo-
cation according to 1-way ANOVA. Grid above each panel
compares locations: black circles in same row indicate loca-
tions that are not statistically different (p < 0.05) for each sam-
pling season according to Duncan’s test after 1-way ANOVA

Fig. 5. Mytilus galloprovincialis. Lysosomal surface to volume ratio
(S�VL) in the digestive glands of mussels sampled along the coast of
the northern Iberian Peninsula in (a) July and (b) September 2003.
Error bars represent standard deviations. *: Lysosomes in mussels
sampled in Orio in July were too small to be measured by image
analysis. Letters over bars indicate months. Symbols and statistical 

significance as in Fig. 4
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lipids and peroxisome proliferation. FCI and gonad de-
velopment stages were recorded as supporting para-
meters.

Except for 4 locations (Camelle, Suances, Laredo
and Orio), higher values of FCI were found in July or
September than in April. Accordingly, Soto et al.
(1995) found a reduced FCI in mussels from the Abra
estuary (Bay of Biscay) in early May. The body weight
of mussels changes seasonally according to the rela-
tive rate of somatic or gonadal growth occurring
during different periods of the life cycle (Hawkins &
Bayne 1985). Pre-spawning body weight increases,
leading to highest peak values in summer and body
weight decreases through winter (Talbot 1985). In
general, in the 3 sampling periods, high FCI values
were recorded in Hondarribia and low values in Oia,
Llanes, Muskiz and Gorliz. Nevertheless, FCI values
were within the normal range of variation (Soto et al.
1995), and this parameter did not appear to be sig-
nificantly affected as a result of the ‘Prestige’ oil spill
during the sampling period.

According to gonad development studies, mussels
from different geographical locations showed only

minor differences in gonad development. In April, the
mature gonad stage was predominant at all locations,
with only a few exceptions (Oia, Aguiño, Caldebarcos,
Estaca de Bares and San Vicente). As expected, in July,
mussels from all locations, except Llanes, were at a
more advanced gonad stage than in April. Indeed,
mussels from Camelle and Suances had begun the
second gametogenesis cycle. Finally, in September,
the gonads of most mussels were at a post-spawning
stage and mussels from most locations were starting
the second reproductive cycle. Exposure to the water-
accommodated fractions of crude and lubricant oils is
known to produce alterations in the timing of the
reproductive cycle in mussels (Cajaraville et al. 1992a).
Because of the lack of previous data for mussels from
the studied locations, further studies are needed to
determine if the slight differences found among sta-
tions are due to the oil spill or to natural variability
related to differences in temperature or other physico-
chemical variables.

Lysosomal alterations in molluscan digestive cells
have been used as general biomarkers of pollution
in laboratory and field studies (Moore 1988, Regoli
1992, Cajaraville et al. 1995, Marigómez et al. 1996,
Marigómez & Baybay-Villacorta 2003). In the present
study, reduced membrane stability indicated disturbed
health in mussels from all stations, but more marked in
mussels from all Galician stations. Similarly, although
the VvL of lysosomes was low due to the reduction
in lysosome numbers, lysosomal enlargement was ob-
served at most stations, as shown by the low S�VL val-
ues recorded (Marigómez et al. 1996, 2005, Marigómez
& Baybay-Villacorta 2003).

In field studies, lysosomal membrane stability has
been shown to be a sensitive biomarker of general
stress (Moore 1988, Regoli 1992). Generally, LP values
>20 to 25 min indicate a healthy condition, whereas LP
values <10 min reflect a severe stress situation (Via-
rengo et al. 2000). In the present study, LP values were
low to extremely low all along the coast in both July
and September. Previous field studies in the relatively
clean locality of Plentzia (Bay of Biscay) revealed
that LP values in August were >20 min (Izagirre &
Marigómez 2003), which in the present study was only
observed in mussels collected from Orio in July. The
lowest LP values were found in Galicia, which can be
attributed to a stress situation or disturbed health, as
previously described in mussels inhabiting heavily
contaminated sites (Moore et al. 1987, Domouhtsidou
& Dimitriadis 2001, Marigómez et al. 2005). Particu-
larly, petroleum hydrocarbons are known to affect the
membrane stability of digestive gland lysosomes, and
breaks in the lysosomal membrane have been related
to the concentration of hydrocarbons in the digestive
gland (Moore 1976, Moore et al. 1987).
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Fig. 6. Mytilus galloprovincialis. Volume density of intracellu-
lar neutral lipids (VvNL) in the digestive glands of mussels
sampled along the coast of the northern Iberian Peninsula
in (a) July and (b) September 2003. Error bars represent
standard deviations. Letters over bars indicate months. 

Symbols and statistical significance as in Fig. 4
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Organic pollutants can also produce alterations in
the structure of digestive cell lysosomes in mussels
(Moore et al. 1978, Cajaraville et al. 1995). Generally, it
is accepted that hydrocarbons destabilise the lysoso-
mal membrane to finally provoke structural changes
such as lysosomal enlargement. Lysosomal enlarge-
ment in the digestive gland cells of mussels has been
reported after experimental exposure to pollutants

(Cajaraville et al. 1995) and in field studies (Mari-
gómez et al. 1996), although organic chemical pollu-
tants might alternatively cause a reduction in lysoso-
mal size and numbers (Marigómez et al. 1996, Mari-
gómez & Baybay-Villacorta 2003). In the present study,
lysosomal enlargement occurred together with a
severe reduction in lysosome numbers, as evidenced
by reduced VvL, S�VL and NvL for both the Galician
coast and the Bay of Biscay. For example, S�VL values
in Gorliz were <3.5 µm2 µm–3 in July and <3 µm2 µm–3

in September 2003, whereas values around 4 µm2 µm–3

in August and >5 µm2 µm–3 in March were recorded in
a previous study at the same locality throughout 2001
(Izagirre & Marigómez 2003). These observed alter-
ations could be considered the consequence of either
an effective detoxification mechanism (Cajaraville et
al. 1995, Marigómez et al. 1996) or an advanced stage
of pathological degeneration. This question can only
be elucidated after more data series are collected for
more extended periods during the next years and by
assessing responses at more complex levels of biologi-
cal organisation—an aspect which is currently under
investigation (i.e. tissue level biomarkers; Cajaraville
et al. 1992b).

Exposure to petroleum hydrocarbons provokes intra-
cellular accumulation of neutral lipids in mussel diges-
tive cells, which is evidenced by an increase in ORO
staining (Moore 1988, Lowe & Clarke 1989, Regoli
1992, Marigómez & Baybay-Villacorta 2003). However,
the variability in VvNL was high, with heterogeneous
ORO staining between individuals and between groups.
This high variability could be related to the fact that
neutral lipid accumulation has been reported to be-
have as an all-or-nothing response (Marigómez &
Baybay-Villacorta 2003). In addition, as shown in pre-
vious studies in Plentzia (Bay of Biscay), VvNL values
recorded in mussel digestive glands change seasonally
according to the reproductive cycle, with almost incon-
spicuous levels between February and July and maxi-
mum peak values in September (Cancio et al. 1999).
In the present study, several locations presented con-
spicuous ORO staining in July, with moderate-to-high
levels at Galician locations and in Laredo, Arrigunaga
and Hondarribia. Moreover, higher VvNL values were
recorded in September than in July. The present
results might indicate exposure to organic pollutants,
but further studies are required before feasible con-
clusions can be drawn.

Peroxisomes are single, membrane-bound organelles
occurring in most eukaryotic cells. In sensitive organ-
isms they are able to proliferate under exposure to
a series of compounds, including PAHs, known as per-
oxisome proliferators (for a recent review see Cajara-
ville et al. 2003). Peroxisome proliferation is indicated
by an increase in the peroxisomal volume density and
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Fig. 7. Mytilus galloprovincialis. Acyl-CoA oxidase activity
(AOX) in the digestive glands of mussels sampled along the
coast of the northern Iberian Peninsula in (a) April, (b) July
and (c) September 2003. Error bars representing standard de-
viations are asymmetric due to the logarithmic transformation
of the data previous to statistical analysis. Letters over bars in-
dicate months. For (a) April, data from Oia, Caldebarcos,
Segaño and Muskiz are missing due to accidental loss of 

samples. Symbols and statistical significance as in Fig. 4
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the induction of some peroxisomal enzyme activities,
such as AOX, although these 2 processes are not
always parallel. In this survey, peroxisome prolifera-
tion was assessed in terms of induction of AOX activity.

Peroxisome proliferation has been proven to occur in
mussels experimentally exposed to the water-accom-
modated fraction of crude and lubricant oils, as well as
to model PAHs—benzo[a]pyrene—and other organic
compounds such as polychlorinated biphenyls (PCBs)
and phthalate-derived plasticisers (Cajaraville et al.
1997, Krishnakumar et al. 1997, Cancio et al. 1998).
Field studies have also demonstrated the occurrence of
this phenomenon in wild populations inhabiting conta-
minated areas (Porte et al. 2001, Cajaraville et al.
2003). As for the intracellular accumulation of neutral
lipids, long-term studies along an annual cycle in the
Abra and Plentzia estuaries (Bay of Biscay) have
shown that peroxisomal parameters in mussels change
seasonally with maximum values of both peroxisomal
volume density and AOX activity in spring (Cancio et
al. 1999, Orbea et al. 1999), which has to be taken into
account when interpreting monitoring data.

In this work, the highest values of AOX activity were
detected in mussels sampled in April, as expected,
except at the Galician locations, which presented
statistically lower values than mussels from the other
locations. This lack of seasonal response in Galician
mussels has previously been observed in mussels
inhabiting areas chronically polluted by PAHs, such as
Galea in the Abra estuary (Orbea et al. 1999). Thus,
this lack of induction or inhibition of AOX activity in
April in mussels from Galicia could be due to the pres-
ence of toxic compounds in concentrations that exert
an acute toxic effect.

In the following samplings, AOX activity decreased
gradually; the activities recorded in most of the Gali-
cian locations were comparable to those measured at
the other sampling locations. However, in July, maxi-
mum values of AOX activity were obtained in mussels
from Caldebarcos and Camelle, which were the most
affected locations, situated just in front of where the
tanker sunk. In September, AOX activity remained
high in Camelle, indicating signs of peroxisome prolif-
eration, probably due to the presence of organic
pollutants in the environment.

Comparing the values obtained in Arrigunaga, Gor-
liz and Mundaka in 2003 with previous data covering
the same seasons in 1996 and 2001 at the nearby
sampling locations of Arriluze, Plentzia and Txat-
xarramendi, respectively (Cancio et al. 1999, A. Orbea
et al. unpubl. results), AOX activity was very similar
in April, probably indicating the maximum values of
AOX activity reachable in mussels from these areas,
but mussels displayed much higher AOX activity in
July and September after the ‘Prestige’ oil spill.

In conclusion, the data obtained in this study are
difficult to interpret due to the extension of the oil
spill over time (at least 6 mo) and the area affected
(>1000 km of coastline), as well as the absence of a
valid control location along the coast of the northern
Iberian Peninsula after the ‘Prestige’ oil spill. Further-
more, apart from some specific Basque localities, no
previous data are available on biomarker responses in
this area for comparative purposes. This makes it dif-
ficult to interpret the results obtained and highlights
the need to establish a regular biomonitoring network
along the Iberian coast, which should encompass
assessment of the biological effects of pollution based
on the use of biomarkers in conjunction with chemical
analyses of contaminants (Cajaraville et al. 2000). In
spite of these difficulties, some relevant conclusions
can be drawn through comparison of the data obtained
at the different sites and samplings. First, as shown by
the ANOVAs, the effect of sampling location was sig-
nificantly stronger than the effect of the sampling
period on the studied biomarkers. Second, the em-
ployed biomarkers detected exposure to toxic chemi-
cals and disturbed health in molluscs from the north-
western Iberian Peninsula coast after the ‘Prestige’ oil
spill, especially in Galicia, as indicated by the reduced
labilisation period of the lysosomal membrane and the
loss of the ability to respond to seasonal variations in
AOX activity. Most interestingly, the results obtained
during the first year after the oil spill will provide the
basis to assess the long-term effects of the spill on
coastal ecosystems. In the framework of a multi-
disciplinary research project, the monitoring strategy
applied in the present work will be continued for
at least a 3 yr period (2004 to 2006), with the aim of
establishing the long-term effects of the spill (see
www.ehu.es/ImpactoBiologicoPrestige). In addition to
the set of exposure and effect biomarkers applied in
the present work, biomarkers for genotoxicity and
reproduction effects will be included in future bio-
monitoring studies, since petroleum hydrocarbons are
known genotoxic compounds (Venier et al. 2003) and
recent data also indicate that PAHs exert endocrine
disruption (Navas & Segner 2000).
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