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Abstract Pollution is one of the main concerns in marine

ecosystems nowadays. Environmental anthropogenic-

mediated toxicants may affect genetic diversity both at the

individual and ecosystem levels and may also alter the

genetic structure of populations. This study examined

the temporal pattern of genetic diversity among populations

of the benthic bivalve Ensis siliqua in two locations of

Galicia, following the Prestige oil spillage. On November

13, 2002 the oil tanker Prestige sank at 240 km from

Galician coast and 63,000 tonnes of heavy fuel were

released to the marine environment. E. siliqua samples were

sampled between 2001 and 2006. Genetic variation was

assessed by means of Random Amplification of Polymor-

phic DNA (RAPD). A significant decrease in genetic

diversity was observed for the 2006 samples. Nei’s genetic

distance, fixation index (PhiPT), and PCA values also

supported differences in the 2006 samples. We hypothesize

that the temporal genetic variation observed in E. siliqua

populations is due to a strong effect of genetic drift caused

by a reduction in population size and that the indirect effects

of the Prestige spill possibly caused this reduction.

Keywords Bivalve � RAPD � Ecotoxicology �
Temporal genetic variation � Prestige � PAH

Introduction

Environmental toxicants, mainly those produced by

anthropogenic activities, may induce genetic alterations in

aquatic ecosystems. Pollution is known to affect the genetic

structure of natural populations (Belfiore and Anderson

2001; Matson et al. 2006), either through a direct muta-

genic effect of the toxicant or via contaminant-mediated

mortality and/or alteration in physiologic or reproductive

parameters (e.g., Bickham et al. 2000; Theodorakis et al.

2001; de Wolf et al. 2004a). This is particularly true for

species with short generation times and/or with a sessile

period of their life including fish, amphibians and many

invertebrates (Matson et al. 2006; Chung et al. 2010).

Environmental contaminants can lead to a reduction in

genetic diversity resulting from strong selection for

chemical tolerance, from an increased mortality, from

founder effects resulting from re-establishment of extinct

populations or as a result of a reduction in the number of

breeding adults (Nadig et al. 1998; Matson et al. 2006).

To assess the impact of pollution in marine communi-

ties, indicators such as diversity index or population den-

sities are often used (see Johnston and Roberts 2009).

Nevertheless, these indicators tend to recover their initial

values shortly after removal of pollution and do not reflect

the possible alteration of population gene composition,

making the evaluation of pollution effects difficult (Bick-

ham et al. 2000). On the other hand, population genetic

analyses offer powerful and alternative tools to evaluate

pollutant-mediated effects, since these analyses examine

the current genetic population diversity and may detect

alterations in genetic diversity in exposed populations

(Theodorakis et al. 2001; De Wolf et al. 2004a). None-

theless, the possibility to foresee future directions of pop-

ulations from genetic analyses must be viewed with caution
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particularly when genetic drift is a major determinant (De

Wolf et al. 2004a). In this sense, the study of temporal

genetic variation of population structure is essential to fully

understand factors (including anthropogenic stressors) that

affect genetic variability and demographic processes within

species (Avise 2000; Palumbi 2004; Calderón et al. 2009).

Catastrophic events such as tanker wrecks release large

amounts of pollutants into the marine environment. On

November 13, 2002 the oil tanker Prestige sank at 240 km

off the Galician coast (NW Spain) and spilled about

63,000 tonnes of heavy fuel oil (Figueras et al. 2005).

Several thousands of kilometres of the Spanish Atlantic

littoral were affected. The Galician region was the most

disturbed, with most of it coast (approximately 70%

according to the International Oil Pollution Compensation

Funds) being affected by the oil spill. Nevertheless, the

degree and intensity of the pollution showed important

differences among areas of Galicia due to local hydroge-

ographic features and the characteristics of the fuel (low

solubility, high viscosity, and slow degradation).

Marine organisms, especially those with low mobility or

sessile phases might have suffered more acutely the toxic

effects of the oil spill. This might be the case of the razor

clam Ensis siliqua, a bivalve with a great economic value

that appears along the Northwest Spain where it often

forms extensive dense beds (Darriba et al. 2005). This

species is most abundant at water depths of 3 and 7 m,

although there are registers of specimens found at 10 m

(Monteiro and Gaspar 1993) or even 50 m depth (von

Cosel 1990). Ensis siliqua is a dioecious (gonochoric or

unisexual) species with a reproductive cycle that consists

of a long sexual rest period in summer and autumn, a

gametogenesis period in November and December, and

with an only spawning period occurring in April–May

(Darriba et al. 2005). First maturation in E. siliqua is dif-

ferent depending on latitude and climate situation, with

Southern Portuguese specimens maturing in its first year

(Gaspar and Monteiro 1998) meanwhile maturity is

reached at 3 years of age in North Wales and Northern

Ireland populations (Fahy and Gaffney 2001). Regarding

the age structure of razor clam beds, it is usual that

unexploited ones consist of older animals (up to 25 years

old) whereas exploited ones are a mixture of small

(younger) and large (older) animals. Densities of E. siliqua

individuals on beds are usually high, with some studies

reporting up to 200 specimens/m2 (Fahy and Gaffney

2001). Razor clams are highly active and mobile; they

burrow very fast and can use foot for propulsion, being thus

able to select more favourable substratum and growing

conditions. The planktonic phase of E. siliqua larvae is

mobile, and shows ability to migrate in the water column,

and with a residence time in water column of about

14–15 days (Da Costa et al. 2010). Thus, it is assumed

that E. siliqua larvae have a potential for long-distance

dispersal.

RAPD analysis is one of the molecular techniques used

in assaying population genetic studies that has recently

been used successfully to carry out ecotoxicological studies

(Theodorakis et al. 2001; Theodorakis and Bickham 2004,

Liu et al. 2007; Körpe and Aras 2011). The advantages of

RAPD technique include (a) the analysis of a large number

of segments among the genome, (b) the applicability to

unstudied species, and (c) the easy performance. Further-

more, it has been conveniently applied to study the genetic

structure of several Atlantic populations of E. siliqua

(Fernández-Tajes et al. 2007; Arias et al. 2010).

The aim of this study was therefore to assess the tem-

poral stability of the level of genetic diversity and popu-

lation differentiation among samples of the economically

important razor clam E. siliqua from two locations of the

Galician coast affected by the Prestige oil spill. Samples

were taken before and after the Prestige incident and were

evaluated employing RAPD markers.

Materials and methods

Sample collection and DNA extraction

Specimens of E. siliqua were obtained by diving from two

locations in the Galicia coast, Fisterra (Fis) and Barra de

Cangas (Bar) (Fig. 1), on four dates 2001 (FisPr, BarPr),

2004 (Fis04, Bar04), 2005 (Fis05, Bar05), and 2006 (Fis06,

Bar06). Immediately after collection, the razor clams were

transported alive to the laboratory, dissected and preserved

in 95% ethanol. DNA was isolated according to the pro-

tocol described by Fernández-Tajes et al. (2007).

Barra de
Cangas

Fisterra

N

1000 km

100 km

Fig. 1 Map showing the approximate location of the two Galician

localities (Northwest of Spain) of Ensis siliqua examined in this work
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RAPD amplification

The amplification and visualization of 61 RAPD loci

obtained with five primers was performed using the

methodology described by Fernández-Tajes et al. (2007):

PCR reaction mixture was carried out in 25 ll of reaction

volume containing 25 ng genomic DNA, 1.25 U Taq DNA

polymerase, 0.2 mM dNTPs, 0.2 lM each tested primer

and 1.75 mM MgCl2.). The PCR reaction was carried out

in a MJC-Thermocycler (BioRad) with the following pro-

gram: an initial denaturation cycle of 3 min at 94�C, fol-

lowed by ten low astringency cycles at 94�C for 45 s, 40�C

for 1 min, and 72�C for 75 s, then, 30 high astringency

cycles at 94�C for 45 s, 50�C for 1 min, and 72�C for

1 min. A final extension was carried out at 72�C for 5 min.

To ensure reproducibility, RAPD patterns were tested for

the effect of Mg2?, DNA, dNTP and Taq DNA polymerase

concentrations, which can affect the size and the number of

amplified products.

RAPD band selection and scoring

Primer and band selection were performed in Pre-Prestige

samples. The selection approaches of the bands-pattern

were: the amplification quality, the non-coincidence with

the negative control (reaction mixture without DNA) and

the reproducibility. The RAPD markers were coded in

function of the primer name and the size of each band.

Only those bands with a frequency inferior to the following

relationship. P = 1 - (3/N), P being the observed fre-

quency and N the number of individuals per population,

were selected for analyses (Lynch and Milligan 1994).

All the amplifications were made at least twice to check

for reproducibility in the selected bands. During all the

study, all reactions were carried out in the same thermo-

cycler (MJC-Thermocycler, BioRad). A positive control

(two DNA samples chosen from preliminary primer

selection and successfully amplified in previous studies

(Fernández-Tajes et al. 2007; Arias et al. 2010) and two

negative controls (no DNA template) were incorporated in

all reactions. Additionally, two samples corresponding to

different sample years from current amplification batch

were also incorporated in every amplification sets in order

to test consistence of the RAPD amplification process.

Problematic bands with no reproducibility across different

runs for the same sample were eliminated from further

analysis. The same person scored all the RAPD patterns. In

order to minimize problematic and spurious bands, all the

primers were tested by PCR in isolated mitochondrial DNA

with nuclear DNA as positive control. In any case no

amplification product was obtained. PCR products were

resolved using agarose gel (1.5%) electrophoresis in 19

TAE. Two lines of 100 bp molecular ladder (Roche) were

used to estimate molecular weight and to allow for frag-

ment comparison. Gels were stained by immersion in

0.5 lg/ml ethidium bromide for 30 min, visualized on a

transilluminator and the image recorded with a UVP

(Ultra-Violet Products, Gel Documentation System Im-

ageStore 5000, v7.12) video camera. DNA concentration

and molecular weights of the RAPD fragments were esti-

mated using the program Gelworks (Gelwld 2.51) and

checked by the same genotype reader. For each sample, the

number of bands greater than 100 bp but less than 2,000 bp

produced for each sample for each primer was then scored

as presence (1) or absence (0) using the molecular ladder as

a reference.

Data analysis

The percentage of polymorphic bands (PPB), effective

number of alleles (ne), Nei’s (1987) expected heterozy-

gosity (h) and Shannon’s Information Index (I) were

obtained with the GENALEX software (Peakall and

Smouse 2006) for RAPD data. In order to test if differences

in sample size could be responsible for differences in the

level of genetic diversity, data was bootstrapped. Ten

thousand replicates, with a size equal to the minimum

number of individuals analyzed (i.e., 23), were obtained,

and the average expected heterozygosity and a 95% con-

fidence interval were computed. The expected heterozy-

gosity was compared among samples with a Friedman test

in R (R Development Core Team 2009), with individuals as

groups and markers as blocks. A post hoc analysis on the

Friedman test was carried out as described in Bortz et al.

(2000).

Nei’s (1987) genetic distance, PhiPT (an analogue of the

fixation index Fst) and a principal coordinate analysis

(PCA) based on a matrix of Euclidean distances (calculated

from RAPD marker bands) were computed with GENAL-

EX. PCA is a multivariate analysis used for exploring

similarities or dissimilarities in data. The multivariate

dataset is presented in a reduced number of dimensions

(usually 2 or 3) with each consecutive and uncorrelated

axis representing a lower proportion of the original infor-

mation. A discriminant analysis using the jackknife pro-

cedure was performed also in R (R Development Core

Team 2009) on the resultant factors of RAPD data, to

assess the reliability with which individuals could be

ascribed to their respective localities.

The significant differences in marker frequencies among

samplings were determined by means of the Markov chain

Monte Carlo version of the Fisher’s exact test (R 9 C test)

(Raymond and Rousset 1995; Sokal and Rohlf 1995)

implemented in the Tools for Population Genetics Analysis

ver. 1.3 software (Miller 1997). Randomization settings

included 1,000 dememorization steps, 10 batches, and
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2,000 permutations per batch. A global test over loci was

calculated using the Fisher’s combined probability test

(Sokal and Rohlf 1995).

The phenotypic data of each individual was coded

according to the dominant marker model implemented in

STRUCTURE 2.3 (Pritchard et al. 2000). This program

employs a model-based clustering method to infer popu-

lation structure and it is useful to determine if the set of

pre-defined samples are congruent with genetic informa-

tion. In order to estimate the number of populations the

distribution of the estimated likelihood of K was examined

and the DK summary statistic of Evanno et al. (2005) was

computed. The program was run for under for K values

between 1 and 8 under the admixture and non admixture

models, considering correlated and independent allele fre-

quencies and employing or avoiding sampling locations as

prior information to assist the clustering. For each K value,

10 runs with a 2 9 104 burning followed by a 2 9 104

steps (different runs lengths ranging 104–106 were tested).

Results

The 263 sword razor shells scored for 61 RAPD loci

obtained with five primers showed a unique phenotype.

The proportion of polymorphic loci was very similar for all

samples, ranging from 95.08 to 100%. The effective

number of alleles per locus, the Nei’s gene diversity and

the Shannon Index (Table 1) were 1.449–1.656, 0.260–

0.374 and 0.429–0.551, respectively, with the samples of

2006 presenting the lower values.

The mean expected heterozygosity values obtained after

bootstrapping were remarkably similar to those obtained

with the original data (the maximum discrepancy between

values was 0.018), suggesting that differences in sample

sizes could not explain differences between samples

(Fig. 2). Additionally, the confidence intervals suggested a

clear drop in the expected heterozygosity between Pre-

Prestige and 2006 samples. Nevertheless, this change

happened differently in Barra and Fisterra. Barra displayed

a more stepped change, first between Pre-Prestige and

2004–2005 samples and then between 2004–2005 and 2006

samples. In Fisterra, however, the fall in the expected

heterozygosity was mainly due to an abrupt drop in 2006

samples.

Nei’s genetic distance and PhiPT values ranged from

0.046 to 0.244 and from 0.039 to 0.306, respectively

(Table 2). Comparisons including either Barra or Fisterra

2006 samples showed in all cases higher values of Nei’s

genetic distance and PhiPT (0.189–0.244 and 0.220–0.306,

respectively) than comparisons not including one of these

samples (0.046–0.176 and 0.039–0.201, respectively).

The Friedman test detected significant differences in the

expected heterozygosity among samples (Friedman chi-

squared = 26.809, df = 7, p value \ 0.001). The post hoc

analysis showed four significant comparisons. Of these,

two included the pre-Prestige sample of Barra (Barra-

pre-Prestige vs. Barra-2006, p value = 0.0038 and Barra-

pre-Prestige vs. Fisterra-2006, p value = 0.0086) and the

other two ones, the Fisterra-2004 sample (Fisterra-2004 vs.

Fisterra-2006. p value = 0.00249, and Fisterra-2004 vs.

Barra-2006, p value = 0.0495).

On the 1,708 pairwise exact tests for population differ-

entiation, 218 were significant after sequential Bonferroni

correction (Table 3). Comparisons among samples of the

same year showed a low-moderate number of significant

tests (0–5) and also did those between (2–8) and within

(Barra: 7–8, Fisterra: 0–3) sampling sites not including the

year 2006 sample. In contrast, comparisons including

samples from 2006 showed a considerable higher number

of (9–18) significant tests.

Genetic similarities among the 263 E. siliqua individu-

als for RAPD data were also examined by principal

Table 1 Genetic variation statistics of the samples of Ensis siliqua
examined with 61 RAPD loci

Locality N PPB (%) ne h I

FisPr 32 98.36 1.656 0.361 0.551

Fis04 27 98.36 1.594 0.351 0.511

Fis05 39 98.36 1.544 0.346 0.492

Fis06 31 95.08 1.449 0.260 0.429

BarPr 39 100 1.647 0.374 0.550

Bar04 23 96.72 1.587 0.315 0.520

Bar05 37 98.36 1.589 0.316 0.518

Bar06 35 98.36 1.482 0.274 0.450

Locality abbreviations according to text

For each sample the sample size (N), percentage of polymorphic

bands (PPB) effective number of alleles (ne), expected heterozygosity

(h) and Shannon index (I) are indicated

FisPr Fis04 Fis05 Fis06 BarPr Bar04 Bar05 Bar06

0.
20

0.
25

0.
30

0.
35

0.
40

Fig. 2 Average expected heterozygosity and 95% confidence interval

for bootstraped data. Locality abbreviations according to text
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coordinate analysis (PCA). The first three coordinates

explained 66.43% of the total variation and the plot of the

first two factors supported the previous results, revealing

two groupings, one composed by the samples from the year

2006 and another containing the remaining samples

(Fig. 3). A discriminant analysis with the two eigenvectors

of the PCA indicated that 50.57 and 98.86% of individuals

could be assigned to their original sampling and the two

groups described, respectively.

Results found for RAPDs using STRUCTURE under

different models were congruent and confirmed the clear

genetic differentiation observed in the previous analysis. A

high value was observed at K = 2 for Evanno et al.’s

(2005) DK, the other values being close to zero (data not

shown). Although the likelihood continued to increase after

K = 2, this value seemed to capture the major structure of

the data and runs with higher K produced less consistent

results.

Discussion

In this work, 61 RAPD loci were employed to analyse the

temporal genetic variation and population differentiation of

two E. siliqua locations. Samples were taken before and

after the Prestige oil spill, a spillage that extensively

affected the Galician coasts.

The pre-Prestige samples showed similar levels of

genetic diversity, measured as PPB, ne, h and I. These

levels were similar to those reported in previous studies for

these and other localities of E. siliqua (Fernández-Tajes

et al. 2007; Arias et al. 2010) but higher to those obtained

in other marine species with similar high larval dispersal

potential and sedentary or low mobility adults (e.g., peri-

winkle Littorina striata, De Wolf et al. 1998; mussel

Mytilus galloprovincialis and acorn barnacle Balanus

Table 2 Pairwise Nei’s genetic distance (below the diagonal) and PhiPT values (above the diagonal) between eight samplings of Ensis siliqua
obtained with 61 RAPD loci

FisPr Fis04 Fis05 Fis06 BarPr Bar04 Bar05 Bar06

FisPr – 0.098 0.077 0.262 0.063 0.201 0.184 0.244

Fis04 0.096 – 0.039 0.265 0.074 0.157 0.093 0.220

Fis05 0.072 0.046 – 0.282 0.065 0.169 0.100 0.238

Fis06 0.216 0.221 0.235 – 0.279 0.277 0.306 0.076

BarPr 0.064 0.076 0.062 0.244 – 0.162 0.133 0.237

Bar04 0.176 0.135 0.138 0.200 0.139 – 0.197 0.253

Bar05 0.151 0.077 0.077 0.233 0.107 0.145 – 0.255

Bar06 0.213 0.189 0.200 0.050 0.209 0.194 0.194 –

Locality abbreviations according to text

Table 3 Significant pairwise

exact tests for population

differentiation based on allelic

frequencies after sequential

Bonferroni correction

Locality abbreviations

according to text

FisPr Fis04 Fis05 Fis06 BarPr Bar04 Bar05 Bar06

FisPr

Fis04 1

Fis05 3 0

Fis06 12 10 12

BarPr 0 2 3 12

Bar04 8 3 7 9 7

Bar05 8 2 5 16 8 7

Bar06 16 9 12 1 17 10 18

-0.6 -0.4 -0.2 0.0 0.2 0.4

-0
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Samples:

BarPr

Bar04

Bar05

Bar06

FisPr

Fis04

Fis05

Fis06

Fig. 3 Principal coordinate analysis of eight Ensis siliqua localities

based on 61 random amplified polymorphic DNA loci. Locality

abbreviations according to text
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glandula, Li Ma et al. 2000; Pacific oyster Crassostrea

gigas, Aranishi and Okimoto 2004; pullet carpet shell

Venerupis senegalensis, Joaquim et al. 2010). In the post-

Prestige samples of 2004 and 2005, genetic diversity

showed similar, although slightly lower, values. On the

contrary, a significant reduction in genetic diversity was

detected in 2006 when compared with pre-Prestige sam-

ples. Additionally, the absence of significant differences in

the genetic diversity between samples of the same year and

the low levels of genetic differentiation observed for these

comparisons (in opposition to those including 2,006 sam-

ples) suggests that there is no apparent restriction to gene

flow exists between these localities, as has been described

in some of the aforementioned studies (Fernández-Tajes

et al. 2007; Arias et al. 2010) and in other species (e.g.,

Mytilus galloprovincialis, Diz and Presa 2009). The

reduction in genetic diversity observed in 2006 samplings

could be due to different factors such as mutation, selec-

tion, migration and genetic drift (or combination of these).

Previous studies in E. siliqua indicate that most locali-

ties around the Iberian Peninsula seem to form a single

panmictic population, that is, there is a high immigration

rate among them (Fernández-Tajes et al. 2007; Arias et al.

2010). This fact, coupled with the high population sizes

expected for organisms such as bivalves, should tend to

keep the allelic frequencies of population similar. Never-

theless, if populations were to suffer a reduction in size

(natural or human-mediated) they would be more sensitive

to the effects of genetic drift (see below) and this could

lead to changes in the allelic frequencies and random dif-

ferences among populations.

Genetic drift, understood as changes in the population

due to random sampling, is the most plausible explanation

for the results observed in this work. Prestige oil com-

pounds are considered as possible carcinogens. Moreover,

six of the HAP in Prestige oil and are part of the 16 PAH

designated by the United States Environmental Agency as

primary contaminants. Therefore, these pollutants might

have had lethal effects in E. siliqua individuals, reducing

the population size and increasing the effects of genetic

drift, which are higher in small populations. Nevertheless,

this contrasts with the lack of reports of massive mortalities

since an increase in razor clam mortality would have been

associated with higher presence of shells in beaches (Fahy

et al. 2002) and this has not been documented after oil

spillage Alternatively, sub-lethal effects, physiological or

ecological, caused by Prestige oil are thought to have

occurred in marine organisms exposed to those pollutants

or it could also be the case that certain phases of the life

cycle (e.g., larvae) might be especially sensitive to pollu-

tion. Alterations in physiological processes can result in a

fitness decrease (Nony and Schnellmann 2001) and effects

of the toxicants on ecological resources such as food

accessibility, presence of predators, etc., would indirectly

affect survival and/or reproduction of animals in contami-

nated areas as well (De Wolf et al. 2004b). Sublethal levels

of pollutants may thus be associated with the loss of

genetic diversity within a population exposed to pollution

even though the population as a whole, at least over the

short term, is able to survive (Street et al. 1998; Li Ma et al.

2000). In this sense, both the physiologic and the ecolog-

ical effects may have contributed to a low reproductive

success in those individuals affected by the exposure to

Prestige oil. Indeed, gametogenesis in E. siliqua specimens

starts during November–December and during this period

an increase in energy and food supply is needed for gonad

development (Darriba et al. 2005). Sub-lethal effects

caused by PAH could have implied a deficiency in gonad

development and thus a reduced reproductive success in

the individuals affected by the Prestige oil spillage. Sub-

lethal effects of exposure to the Prestige fuel (growth

reduction and lipid composition) were also reported by

Peteiro et al. (2006, 2007) in mussels sampled in 2003.

Other sub-lethal effects have also been observed in mussels

directly exposed to the Prestige oil, such as DNA damage

(Laffon et al. 2006), lysosomal disturbances and alterations

of the digestive gland (Marigómez et al. 2006), diminished

survival rate in air and changes in lipid and fatty acid

composition (Labarta et al. 2005). Therefore, we could

expect a bottleneck, with a smaller number of individuals

contributing to the next generation or a reduced number of

larvae surviving. This is similar to what happens under the

‘‘sweepstakes hypothesis’’ proposed by Hedgecock (1994),

under which a small portion of the existing adults would

contribute to the next generation, resulting in temporal

genetic variation as a function of a stronger genetic drift

due to small Ne. A bottleneck is expected to affect most

loci, reducing their heterozygosity and polymorphism

levels (e.g., Belfiore and Anderson 2001; Theodorakis et al.

2001; De Wolf et al. 2004b) and would cause a loss of the

‘‘present bands’’ in samplings affected by the contamina-

tion. The reduction in the expected heterozygosity

observed in this work and the levels of genetic differenti-

ation between Pre-Prestige and 2006 samples are congruent

with the existence of such a bottleneck.

Heterozygosity values reflect the relationship between

the genetic and physiological factors. It is an important

criterion for animal fitness since the presence of hetero-

zygous alleles coding for proteins theoretically increase

adaptability (Gaffney 1990; Abele et al. 2009). A high

degree of heterozygosity at the protein level has also been

related to a greater metabolic efficiency, which would

allow for higher investments in energy, growth, and

reproduction (Koehn and Shumway 1982). Although,

there is no correlation between heterozygosity and repro-

duction and growth in bivalve mobile species, such as

230 J. Fernández-Tajes et al.
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razor clams (Beaumont et al. 1985; Bricelj and Krause

1992), a relationship between multi-locus heterozygosity

and a higher scope for activity (i.e., swimming and escape

responses) has been documented (Alfonsi et al. 1995;

Brokordt et al. 2009) Therefore, the decrease in hetero-

zygosity levels observed in E. siliqua would imply a

severe loss of alleles and would compromise adaptability

of this marine species. Nevertheless, we have to bear in

mind that heterozygosity values obtained through domi-

nant markers must be taken in account cautiously because

assumptions made with this kind of markers may not be

totally realistic since most of the markers analysed, the-

oretically, should be neutral.

Now, the question is how to explain why the temporal

genetic variation was only observed in 2006 samples.

Although the establishment of razor clams cohorts is very

difficults because it is not possible to determine accurately

the age of sampled individuals, we have made an approx-

imation. Studies carried out by Gaspar et al. (1994) and by

Da Costa et al. (unpublished data) reported that sizes

around 12 cm correspond to 3-year E. siliqua adults. In this

work, the size of all specimens was around 12–14 cm;

therefore, individuals from 2006 would belong to the off-

spring spawned after Prestige oil spillage whereas those

from 2004 and 2005 would correspond to offspring

spawned before the disaster. Thus, the temporal genetic

variation described in the current study might indeed be the

consequence of a bottleneck provoked by the Prestige oil

spillage.

There are some studies on the literature about the effect

of Prestige spillage on the genetic population structure of

marine invertebrates. Piñeira et al. (2008) studied the

genetic impact of the Prestige oil in wild populations of the

marine snail Littorina saxatilis one and a half years after

the spill. They did not observe a reduction in genetic

diversity in exposed populations, concluding that the

population either suffered a light bottleneck or had fully

recovered from a strong one due to re-colonization pro-

cesses. Varela et al. (2009) assessed the temporal genetic

variation in a natural bed of the razor clam Ensis arcuatus

affected by the Prestige oil-spillage. A slight temporal

variation was observed in 2003 and 2004 samplings. A

high variance in genetic success and/or the movement of

adults or larvae from different source populations were the

hypothesis proposed by the authors to explain this varia-

tion. These results contrast with the high genetic temporal

variation observed in this work. Some reasons can be given

to explain this observation: (1) the sampling period ana-

lysed after Prestige oil spill, which was wider in this work,

and (2) the biological characteristics of each species (e.g.,

dispersal ability, distribution, resistance to pollutants or

habitat), which surely have a great influence in how

organisms resist pollution events.

The results obtained in this study showed the existence

of temporal genetic variation in populations of E. siliqua

several years after the Prestige oil spillage. This drop in

genetic variability has probably been caused by a strong

genetic drift due to a reduction in population size. Never-

theless, and although our work suggests a direct link with

the Prestige oil spillage, the natural-mediated variation

cannot be excluded as a possible explanation to the

observed genetic variation in 2006 samples. A much longer

temporal sequence or much broader spatial sampling,

including uncontaminated areas and locations with other-

wise similar ecological features would offer an additional

support to our investigation. Notably, this study reinforces

the importance of long time monitoring of contamination

events since their effects might not be evident in the

directly affected cohorts. This fact is particularly important

in long-lived species or species with a long-life larval

stage, where the effects of pollutants can appear several

years after the disaster had happened. Furthermore, it is

necessary to obtain an adequate knowledge of the life

history of the species analysed, given that physiological

and reproductive traits such as investment in offspring

influence how compounds can interact at individual and

population level. Finally, our study highlights the sugges-

tion from Ross et al. (2002) that assessment of the genetic

diversity of populations could be a valuable addition, as

ecological indicator, to more traditional tools for deter-

mining the effects of environmental pollution on aquatic

ecosystems.
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