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Abstract

In November 2002, the sinking of the Prestige cargo ship produced an oil spill of 60,000 tons that affected many areas along the Gali-
cian coast (in the northwest of Spain). In a number of rocky shore sites, most organisms (particularly marine mollusks) were nearly
extinct at a local scale. We tested whether the local bottleneck/extinction that occurred in affected localities caused any detectable reduc-
tion of the genetic diversity in the marine snail Littorina saxatilis, an ovoviviparous rocky shore model species characterized by a low
dispersal ability, high population density, and wide distribution range. We compared the level of genetic variation and population dif-
ferentiation between affected (polluted) and control sites located in seven geographical areas (three sites per area, one impacted and two
controls, and two replicates per site) one and a half years after the spill. The analysis included molecular marker variation (microsatellite
and AFLP loci) and quantitative trait genetic variation for shell variables in embryos extracted from pregnant females. Our results indi-
cate that the affected populations did not show a significant overall reduction in genetic diversity when compared to the controls, sug-
gesting that the species is highly resistant to losing genetic variability as a consequence of a local short-term pollution process in spite of
its low dispersal ability and direct development. However, some genetic effects were detected in the polluted populations, particularly for

quantitative shell traits and AFLPs, consistent with local adaptations resulting from the fuel contamination.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the most extreme habitat degradation processes
occurs when accidental or deliberate contaminants are
spilled into the marine ecosystems, causing a number of
biological and ecological consequences (Suchanek, 1993).
For example, as a result of the Exxon Valdez oil spill, sev-
eral alterations were found in different species of fishes and
mollusks (Hose et al., 1996; Fukuyama et al., 2000; Carls
et al., 2004). After a long enough period of time, the
affected populations may recover the census numbers and
coverage that existed prior to the pollution event. How-
ever, even apparently fully recovered populations could
be evolutionarily affected if they suffered a genetic diversity
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loss that could partially affect their long-term capability of
adaptation. This possible genetic diversity loss through
population bottlenecks is expected to be more intense in
species with low dispersal rates, as these are expected to
have a more reduced capacity for recolonization.

The tanker Prestige sank at 120 miles from the Galician
coasts (in northwestern Spain) in November 2002. In this
ecological disaster, around 60,000 tons of heavy fuel oil
were spilled, affecting a great extension of the rocky shores
and marine bottoms (Albaigés et al., 2006). A thick deposit
of heavy fuel arrived at the coast, asphyxiating many
organisms, such as snails, limpets and other mollusks,
which are among the species most sensitive to physical hab-
itat destruction (Moore et al., 1995). The large devastation
produced by the contamination and the subsequent clean-
ing activities (sometimes even more damaging than the
contamination per se; Moore et al., 1995) led to the appar-
ent complete elimination of some populations, especially



on the intertidal rocks. After the impact, many sites pre-
sented a deteriorated aspect, characterized by the absence
of the species typically contributing to the stratification at
the intertidal vertical shore gradient.

In a period of one or two years a recolonization of the
most affected areas took place, but the question remains as
to whether the affected populations were able to recover
the levels of genetic variability present in unaffected areas.
The starting hypothesis is that species with a low dispersal
capability and direct life cycle could suffer from drastic
reductions of their genetic variability as a result of eventual
population bottlenecks, either from the survival of a low
number of individuals or, if completely extinct, from the
recolonization by a few individuals from other popula-
tions. A model species that fulfills these requirements and
has an extensive distribution on the affected areas is Litto-
rina saxatilis. This dioecious gastropod has low dispersal
ability (rates of dispersal have been estimated to be of
the order of 1-2m per month; Erlandsson and Roldn-
Alvarez, 1998), internal fertilization and direct, non-pela-
gic, development.

The genetic impact of contaminants on aquatic organ-
isms are usually assessed by neutral molecular genetic var-
iation (see review by Belfiore and Anderson, 2001). This
variation is the simplest way to infer overall levels of
genetic diversity, but may overlook the impact of contam-
inants on relevant characteristics such as morphological or
life-history traits. In fact, theoretical analyses indicate that
quantitative genetic variation can detect human impact on
diversity that are not detected using molecular markers
(Carvajal-Rodriguez et al., 2005a). Although this type of
variation is difficult to assess in wild populations, L. saxa-
tilis presents the advantage that females carry a brood
pouch with shelled embryos. Thus, estimates of quantita-
tive genetic variation, at least for morphological traits,
can be obtained assuming that the embryos from a female
constitute a full sib family (Newkirk and Doyle, 1975;
Carballo et al., 2001; Conde-Padin et al., 2007).

The objective of the present work was to determine
whether the contamination due to the Prestige oil spill pro-
duced any effect on the level of genetic variability of appar-
ently recovered natural populations of L. saxatilis living on
the Galician coast one and a half years after the spill. With
this purpose, we assessed the levels of genetic variation and
differentiation of these populations using both molecular
(microsatellites and Amplified Fragment Length Polymor-
phism (AFLP)) and morphological (shell size and shell
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populations were apparently depleted in these areas after
the cleaning process. The control sites, however, were sam-
pled in proximal areas close to the affected sites (1.4 km on
average) that were not directly affected by the oil spill
(based on information from local and regional authorities
as well as by the absence of rests of fuel), and showed usual
population densities and algae coverage. Samples were
mostly gathered in June-July 2004 (one and a half years
after the oil spill, equivalent to around three generations
of L. saxatilis) from seven areas of the western coast of
Galicia (Fig. 1). Three sites were sampled in each area,
separated from one another by a few kilometers (range
0.5-2 km, average 1.2 km). One site was polluted, and the
other two non-polluted and used as controls.

Two hundred individuals from two replicates (10-20 m
away) per site (three sites per area, and seven areas) were
sampled and transferred to the laboratory and frozen at
—80 °C. For the morphological analysis of adults, twenty
individuals per replicate (840 individuals in total) were ran-
domly chosen. These individuals were also used for the
molecular analyses described below. For the genetic com-
ponent analysis, all embryos with a shell height larger than
0.5 mm (developed embryos) were extracted from each of
20 randomly chosen females per replicate and laid in a
numbered grill. Four embryos were then chosen at random
for analysis (3360 embryos in total).

2.2. Molecular variability

Genomic DNA was purified from head to foot tissue of
each individual using a modified version of the procedure
described by Winnepenninckx et al. (1993).

We assessed variation at three polymorphic microsatel-
lite loci (Lsax6CAA, Lx-12 and Lx-18) isolated from the
L. saxatilis genome (Sokolov et al., 2002). PCR (Polymer-
ase Chain Reaction) primers and amplification conditions
of these three loci were as described previously (Sokolov
et al., 2002), except that annealing temperatures of 61 °C
were used for Lsax6CAA and of 60 °C for Lx-12 and Lx-
18. The reverse primer was labeled with one of the fluores-
cent phosphoramidite dyes: 6-FAM (Lsax6CAA), HEX
(Lx-12) or NED (Lx-18). The PCR products were sepa-
rated on an ABI PRISM 310 DNA automatic sequencer.
Data for fluorescent loci were scored using GENOTYPER
software version 2.1 (Applied Biosystems). Basic statistics
were calculated using GENETIX 4.0.3 (Belkhir, 2004)
and FSTAT 2.9.3.2 (Goudet, 1995). Two diversity mea-
sures were computed: the number of alleles per locus (7,)
and the expected heterozygosity (H.). In addition, two

Table 1
Primer combinations used in the amplification of the AFLP fragments

genetic diversity measures aimed at detecting possible pop-
ulation bottlenecks in polluted versus control populations
were also calculated: the heterozygosity excess (H,) (Luik-
art and Cornuet, 1998), and the M coefficient (Garza and
Williamson, 2001). More negative values for H or closer
to zero values for the M coefficient are expected to appear
on populations affected by bottlenecks. Finally, fixation
index (Fst, Wright, 1951) values were estimated for all
pairwise comparisons among sites.

AFLP analysis was performed using a modified version
of the procedure described by Vos et al. (1995). Briefly, the
genomic DNA was double digested with Eco RI and Mse |
restriction enzymes. The DNA fragments were ligated with
Eco RI and Mse 1 adaptors and pre-amplified with primers
carrying one selective nucleotide (5'-GACTGCGTACCA-
ATTC + A-3’ for Eco RI adapter, and 5'-GATGAGT-
CCTGAGTAA + C-3’ for Mse 1 adapter). The resulting
product was diluted 1:20 and used for the second amplifica-
tion using Eco RI and Mse I primers (both carrying three
selective nucleotides at the 3’ end). Amplification was con-
ducted using three fluorescent-labeled primer pairs (Table
1). The final products were separated on an ABI PRISM
310 DNA automatic sequencer. Fragments in a range of
75 to 500 bp were scored using GeneScan. The software
AFLPapp (Benham, 1997) and AFLPsurv 1.0 (Vekemans,
2002) were used to estimate the number of polymorphic
loci (PL), the expected heterozygosity (H.), and the fixation
index (Fgt) for all pairwise comparisons among sites.

2.3. Morphological analysis

Morphological variation of adults and embryos was
studied using the Geometric Morphometric methodology
(Adams et al., 2004; Zelditch et al., 2004). This technique
allows us to study the changes in size and shape from the
displacement in the plane or in the space of a set of mor-
phometric points or landmarks, to be combined with statis-
tical multivariate procedures. The images of the 840 adult
individuals and 3360 embryos from the 42 samples were
captured using a Leica MZ12 stereoscopic microscope,
with the specimens always placed in the same position
(Fig. 2). The images were digitized using a Leica digital
ICA video camera and QWin Lite v. 2.2 software. Twelve
representative landmarks of the shell (eleven in embryos)
were used in this study (Fig. 2; see also Carvajal-Rodriguez
et al., 2005b), and obtained from the digitized shell image
from Image Tool 3.0 (available at http://ddsdx.uthsc-
sa.edu/dig/itdesc.html).

Eco RI primer (5'-3")

Mse 1 primer (5'-3")

FAM-GAC TGC GTA CCA ATT C+ ACT
HEX-GAC TGC GTA CCA ATT C + AAG
NED-GAC TGC GTA CCA ATT C+ AGC

GAT GAG TCC TGA GTA A+ CAA
GAT GAG TCC TGA GTA A + CAA
GAT GAG TCC TGA GTA A+ CAA
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Fig. 2. Shell picture of an adult (left) and embryo (right) and corresponding landmarks (coordinates) used in the geometric morphometric analysis.

The estimate of shell size was the centroid size (CS),
which is the square root of the sum of squared distances
of a set of landmarks from their centroid, this being the
center of gravity of a configuration of points (Bookstein,
1991). The shape (geometric information that remains after
eliminating the effects of translation, rotation and scale)
can be decomposed into uniform and non-uniform compo-
nents (Bookstein, 1991; Zelditch et al., 2004). The uniform
component describes the global variation of the shell
(affecting all landmarks simultaneously, for example elon-
gation/compression deformations) and, in turn, is decom-
posed into two components (Ul and U2), that represent
changes in the vertical and the horizontal axis. However,
only results averaged for both components (hereafter U)
are presented for simplicity. The non-uniform components
describe local shape deformations of a reference configura-
tion at different spatial scales (representing local changes in
the landmarks). Non-uniform shape measurements were
computed by Relative Warp Analysis (Bookstein, 1991;
Rohlf, 1993; Zelditch et al., 2004). Two main relative warps
(accounting for 54% of the non-uniform variation) were
used but, again, results were averaged for these two local
components for simplicity (hereafter L).

2.4. Estimation of genetic components from embryos

Estimates of genetic variation were obtained for shell
size (CS) and for each of the geometric morphometrics
shell size components (U and L) in each of the 42 samples.
Assuming that the chosen embryos of each female are full
sibs (see Conde-Padin et al., 2007), twice the variance
among families (V} gam), Obtained from an analysis of var-
iance, provides an estimate of the additive genetic variance
(Va) with possible bias due to dominance and environmen-
tal factors common to the members of the families
(Falconer and Mackay, 1996). Note that, in the context of
the present study, this possible bias is irrelevant, provided

it is of similar magnitude in polluted and control popula-
tions. The heritability, or ratio between V4 and the pheno-
typic variance, Vp, was estimated as W= 2V fam! (Vo fam +
Vi.fam), Where Vy fam is the component of within-family
variance. The inter-population genetic differentiation, anal-
ogous to Fgr for molecular markers, was estimated as
QST = Vb,pop/( Vb, pop + 2Vw,pop)9 where Vb,pop and Vw,pop
are the estimates of between-population and within-popu-
lation genetic components of variance, respectively, the lat-
ter being equal to 2V, pm. All the quantitative genetic
estimates were obtained using the program MODICOS
(Carvajal-Rodriguez and Rodriguez, 2005).

2.5. Data analysis

The possible impact of fuel contamination on the
within-population genetic variation of L. saxatilis popula-
tions was analysed by an asymmetric ANOVA (Under-
wood, 1991; Glasby, 1997). As stated above, this
approach is the most powerful to analyze post-impact data.
The analysis involves three stages: a hypothetical symmet-
ric ANOVA, an analytic phase with three further ANO-
VAS, and a final asymmetric ANOVA (see Glasby, 1997,
for details). Here, only the results of the third stage will
be shown.

In order to study whether fuel contamination affected
the level of genetic differentiation between-populations,
we carried out two analyses. In the first one, genetic differ-
entiation (Fgt or Qgt) was estimated between the two con-
trol sites of each area and between one of the controls
(chosen at random) and the polluted site. Because the com-
pared estimates were not independent (the same control
site was included in both estimates), a paired r-test was
used for testing significance (Sokal and Rohlf, 1996). The
objective was to test whether the polluted site had increased
the genetic differentiation between sites within each area. In
the second analysis, genetic differentiation estimates (Fgt



and Qgr) were obtained for all pairs of sites. A non-para-
metric test (modified from the Tsutakawa and Hewett,
1977, test for comparing groups across regression lines),
was used for assessing the overall impact of fuel on Qgr rel-
ative to Fsr. Each value of (Qgt, Fst) was plotted on a
graph distinguishing pairs between control sites (C-C)
and between control and polluted sites (C-P) (pairs involv-
ing two polluted sites were excluded for clarity, as they did
not affect the trends or the significance of the tests). The
neutral additive expectation (Qst = Fst) was represented
as a line, so that pair values above (below) this line imply
that Qst is larger (smaller) than Fgst, which is generally
interpreted as a consequence of divergent (convergent)
selection affecting the quantitative trait (see review by Toro
and Caballero, 2005). If the fuel pollution did not affect dif-
ferentially the magnitudes of Qgr and Fgr, points (C-C)
and (C-P) should be equally likely above and below the
line, and this was tested by a chi-square test. Statistical
analyses were done with the SPSS/PC v. 14.0.

3. Results
3.1. Genetic and phenotypic population diversity

The averages of the different genetic diversity estimators
for microsatellites and AFLPs for polluted and control
populations are shown in Table 2. The Fig index was signif-
icantly different from zero for microsatellites (mean
Fis = 0.214) and, thus, AFLPs were analysed either assum-
ing this value or Fig=0 (Hardy—Weinberg equilibrium).
However, both analyses gave similar results and only the
latter are shown. Although there was a slight tendency
for polluted sites to show smaller levels of variability (n,,
H. and PL) than control sites, the average estimates of
diversity were very close to each other for both types of
populations. Values of H, and M were, on average, lower
for polluted than for control sites, but the differences were
small and non-significant.

Table 2
Averaged values for different estimators of genetic variation from
microsatellite loci and AFLPs in polluted and control sites of L. saxatilis

Polluted

Control

Microsatellites
n

Mean values for morphological variables (Table 3), gave
a similar overall picture. There was a tendency for the esti-
mates of additive genetic variances and heritabilities to be
somewhat smaller for polluted than for control sites, par-
ticularly for the uniform component of shell shape varia-
tion (U), but the differences were generally small.

All the above comparisons between averages of statis-
tics, however, do not disentangle site and area effects, inter-
actions with the main treatment or within-site variation.
Thus, a formal analysis of the effect of pollution was car-
ried out with the asymmetric ANOVA (Table 4). With
respect to molecular marker variation, there were signifi-
cant differences between areas for most diversity estimators
(n,, PL, and H, for micros but not for AFLPs), in accor-
dance with the relatively large geographic separation
between some of the areas studied (see Fig. 1), but no sig-
nificant effects were detected for the bottleneck estimators
(Hx and M). The most relevant result is that the factor
Treatment (polluted vs. control) was not significant for
any of the molecular diversity estimates, suggesting that
the polluted populations did not suffer from a reduction
in genetic variation relative to the control sites. The only
significant effect was the interaction term (A x T) for the
number of polymorphic loci (PL) in AFLPs. An inspection
of the average values of PL and H, for AFLPs in each area
(Fig. 3) reveals that polluted and control sites differed in
molecular diversity, but the sign of the difference varied
from one area to another. Thus, in some areas (e.g. Muxia
or Mougas) the control sites showed larger genetic diversity
than the polluted sites, but in others (e.g. Ons) the observa-
tion was the opposite.

The analysis carried out on the phenotypic measures in
adults only detected significant effects between control sites
within areas (Table 4), suggesting that the most important
pattern of adult shell variation is between locations sepa-
rated by a few hundred meters.

Finally, the results of the asymmetric ANOVA on the
genetic estimates of variation for morphological traits is
shown in the last part of Table 4. Apart from the variation
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Table 4
F values and their significances for the asymmetrical analyses of variance for the different variables studied
Source of variation df Microsatellites AFLP
a H, H, M PL H,

Molecular markers
Area (A) 6 12.20* 4.10° 3.81 0.82 5.68% 1.75
Treatment (7= P vs. C) 1 0.13 0.21 2.03 1.00 0.02 0.00
AxT 6 1.78 1.13 0.25 0.46 2.83% 1.75
Control sites (within A) 7 0.86 2.12 0.81 1.21 0.90 3.00%
Residual 21

df CS U L
Shell variables in adults
Area (A) 6 2.11 1.11 3.56
Treatment (7= P vs. C) 1 3.37 1.80 1.28
AXT 6 1.93 0.58 1.82
Control sites (within A) 7 21.13°¢ 16.07¢ 11.22¢
Residual 765

df Vaccs) Va) Vaw) hics) hiy) hiy)
Genetic variables from shells variables in embryos
Area (A) 6 - 2.44 1.61 1.67 5.29% 1.86
Treatment (T'= P vs. C) 1 0.01 1.99¢ 0.14 0.38 0.64¢ 0.00
AxT 6 - 3.244 1.70 1.55 3.324 2.28
Control sites (within A) 7 0.00 0.38 0.72 0.77 0.52 0.51
Residual 21

n,: numbers of alleles. H.: observed heterozygosity. Hy: excess of heterozygosis. M: Garza and Williamson (2001) M coefficient. PL: number of
polymorphic loci. CS: centroid size; U: mean uniform component. L: mean local non-uniform component. V,: additive genetic variance. 4% heritability.

a p<0.01.
b p<0.05.
¢ P <0.001.
d p<o.l.

between areas for the heritability of the uniform compo-
nent of shell shape variation (U), no other factors were sig-
nificant. However, the factor comparing polluted and
control populations and the A4 x T interaction were mar-
ginally significant again for the U component. The mean
values of heritability and additive variance for this compo-
nent in polluted and control sites for each area are shown
in Fig. 4. In all areas, except in Mougds, genetic variation
was lower in polluted than in control sites. As expected, if
Mougas was excluded from the analysis, the factor Treat-
ment became highly significant.

3.2. Between-population genetic differentiation

The possible impact of pollution on genetic differentia-
tion was analysed comparing the levels of Fsr and QOgr
between the control sites and between control and polluted
sites. In a first analysis, the mean differentiation between
the two control sites of each area was compared with that
between one control (randomly chosen) and the polluted
site (seven independent replicates). Similar results were
obtained irrespective of the control used in this latter esti-
mate (not shown). Mean values of genetic differentiation
are shown in Table 5 for the two molecular markers
(Fst) and the main shell traits (Qst). There were significant
differences between treatments exclusively for shell shape
components (U and L), the genetic differentiation between

polluted and control sites being larger than that between
two controls. Interestingly, the strongest effect was
detected, again, for the uniform component of shell varia-
tion (U), a result consistent with the previous ones for
within-population variability. It should be noted, in addi-
tion, that the average distance between the two control sites
of each area was typically larger (about 60%) than that
between the polluted site and any of the controls, because
in all cases (except Laxe) the polluted site was situated geo-
graphically within the two control sites. Thus, a larger dif-
ferentiation because of isolation by distance would operate
in the opposite way to that observed.

In a second analysis, estimates of Fsr vs. Ost between
all pairs of sites from all areas were compared, involving
two controls (C-C) or one control and one polluted site
(C-P). A representation of the pairs (Fst, Qst) IS given
in Fig. 5, where white and black circles refer to pairs C—
C and C-P, respectively, and the plotted line represents
the neutral additive expectation (Fst = Qst) for reference.
Values above this line imply that Qgr is larger than Fgr,
which is generally interpreted as a consequence of diver-
gent selection affecting the quantitative trait. Thus, the null
hypothesis is that both comparisons (C-C vs. C-P) should
show the same proportion of points above and below the
line. A test for this hypothesis is shown in Table 6. Yet
again a significant trend was only found for the uniform
component of shell shape variation, indicating that C-C
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Fig. 3. Graphic comparison between polluted (P, black bars) and control (C, open bars) sites in each area studied for the variables number of polymorphic
loci (PL) and expected heterozygosis (H.) of AFLPs (Hardy—Weinberg equilibrium is assumed).

pairs tend to be below the neutral expectation whereas C—P
pairs tend to be above it. The interpretation is that the
inclusion of the polluted site produces an increase in quan-
titative genetic differentiation for the mean U shell variable
with respect to the molecular marker differentiation.

4. Discussion

About 20,000 tons of heavy fuel washed up on some
parts of the Galician coast in November 2002, and up to

40,000 tons arrived later. The characteristics of this catas-
trophe, with many localities heavily and locally affected
but relatively dispersed along the Galician shores (Albaigés
et al., 2006), provides a good opportunity to check the
genetic impact caused by fuel pollution on natural popula-
tions of common and low dispersal species. L. saxatilis was
chosen as a model organism in this study because it lives on
the upper part of the shore (the habitat more affected by
the spill), it shows one of the lowest dispersal abilities
among grazer mollusks, and it has a high density and
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Fig. 4. Graphic comparison between polluted (P, black bars) and control (C, open bars) sites for the average heritability (%) and additive genetic variance
(V) of the uniform shell shape component of variation, obtained with the morphological analysis of embryos.

widespread distribution on Galician shores, facilitating the
experimental design. In spite of the low dispersal ability of
the species and its direct development, we did not find clear
evidence that the populations affected by the fuel displayed
a significant overall reduction in genetic variability after
local extinction and recolonization (Tables 2-4), suggesting
that the polluted sites either suffered a very light bottleneck
or had fully recovered from a strong one. Some minor

genetic effects were detected in the polluted populations
(discussed below), but they do not support any overall
decrease of genetic variability. A similar result has been
found in the common guillemot sea bird after the Erica
oil spill (Riffaut et al., 2005), and in recolonized popula-
tions of Nucella lapillus that had been extinct because of
the presence of the TBT pollutant in English coasts. Recol-
onized populations showed levels of genetic variation for
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Table 5

Mean Fst and QOst values between sites belonging to the same area:
between the two controls (C—C) and between one control and the polluted
population (C-P)

c-C C-P t
FsT(microsatellite) 0.097 4 0.006 0.099 £ 0.009 0.20
FsrarLp) 0.048 £ 0.002 0.045 4+ 0.002 0.99
Ost(cs) 0.123 +0.014 0.111 +0.018 0.51
Ost(u) 0.058 4= 0.007 0.143 +£0.017 5.39°
Ost(L) 0.164 +0.014 0.220 £ 0.027 2.09*

A paired t-test is presented to verify whether the two comparisons (with
seven replicates) differ significantly in mean value for different traits. A
significant case supports that polluted populations are being genetically
differentiated for the trait studied.
Definitions of variables as in Table 4.

4 P<0.05.

> P<0.001.

microsatellites and quantitative traits similar to popula-
tions apparently unaffected by TBT (Colson and Hughes,
2004; Colson et al., 2006).

In the present study, it seems evident that, even if some
genetic variability reduction could be originally caused by
the pollution event, a fast and nearly complete recovery
of the population density avoided its formal detection just
around three generations later. Several factors could be
contributing to the lack of a genetic impact of fuel pollu-
tion. Firstly, the severity of a bottleneck depends on the
reduction in population size and its duration. Thus, the
effect of a drastic reduction in population size on the levels
of genetic variation may be very small if the duration of the
bottleneck is very short. For example, a reduction in heter-
ozygosity of about 1%, as observed for the microsatellite
loci (Table 2), would occur if the effective population size
is 120 individuals for a period of three generations. Sec-
ondly, most populations affected by the oil spill were appar-
ently extinct, at least with respect to the adult population,
but the possibility of juveniles hidden in crevices or behind
rocks cannot be discarded, as this is natural behavior for
snails (Faller-Fritsch and Emson, 1985). Finally, migration
from unaffected close localities or unaffected rocks from the
polluted area could have contributed to the recolonization.
In fact, after events of local fuel pollution, an increase in
the abundance of some seaweeds and microalgae has been
observed, which may favor the recolonization by grazers
from other localities (Suchanek, 1993).

The absence of a clear variability reduction does not
necessarily mean that fuel pollution did not affect the
exposed populations genetically. In fact, even if hundreds
of snails had survived it is probable that survival would
not have been random, with some particular characteristics
(genotypes) being beneficial in the new habitat conditions
produced by the arrival of the fuel. After an ecosystem is
crashed by pollution and subsequent cleaning, an ecologi-
cal transition occurs on the rocky shores (Moore et al.,
1995). First, some seaweed and microalgae can resist and
survive, becoming extremely abundant in a new habitat
without grazers. Later on, most grazers arrive and become

easily stable in the new habitat due to low competition and
predation. Finally, the typical species distribution, includ-
ing predators, is recovered. Thus, it is possible to speculate
that when a grazer organism, such as L. saxatilis, recolon-
izes an affected site some new characteristics may be bene-
ficial, for example particular shell shapes caused by a faster
growth.

The complex pattern observed for AFLP variation in
the comparison between polluted and control populations
(Fig. 3) is difficult to explain, as the polluted sites presented
more variation than the control ones in some areas. How-
ever, this may be hypothesized to be the result of unknown
selection processes occurring on different parts of the gen-
ome. The AFLP technique provides a fast and efficient
overall picture of the genome variability (in this case, about
800 genes randomly chosen along the genome). It has been
already shown that the overall level of heterozygosity could
be selected under particular conditions (Belfiore and
Anderson, 2001) and, in fact, increases in heterozygosity
have been observed under stressful conditions (Moraga
et al., 2002). In addition, the fact that levels of AFLP var-
iation (which could incorporate both neutral and selective
variation) were affected in polluted populations but that
no such effects were detected for microsatellites (generally
assumed to be strictly neutral), argues in favor of a selective
hypothesis, even if the detailed mechanisms are unknown.

We found other results which further support that nat-
ural selection may have played a role in the polluted pop-
ulations. First, an overall reduction in genetic variability
for the uniform shell shape component of variation was
detected in polluted populations (Fig. 4; except for the
Mougas area). If a bottleneck effect were the cause of such
a reduction, this would affect all molecular and quantita-
tive traits, and this did not happen. However, a reduction
in variation for a particular trait can be easily explained
if it is assumed to be the subject of strong selection, as this
is well-known to deplete genetic variation (Falconer and
Mackay, 1996). An attempt was made to find out the differ-
ence in shell shape between snails from polluted and con-
trol sites. Shells from polluted sites were, both for adults
and embryos, slightly more spired than those from controls
(not shown). It can be hypothesized that spired shells could
be negatively selected in control sites (Johannesson and
Johannesson, 1996), strongly affected by crab predation,
whereas this would not occur in polluted sites where crabs
would be expected to be initially absent.

The analysis of population differentiation (Qst) also
supports the hypothesis that natural selection could have
driven changes in the uniform shell component of varia-
tion, producing a genetic differentiation between polluted
and control populations (Table 5 and Fig. 5). An alterna-
tive explanation in relation to this pattern would be that
QOst estimates are inflated by environmental differences
between polluted and control sites. For example, high
spired shells have been occasionally considered as a side
effect of low growth rates in littorinids (Reid, 1996). An
environmental explanation such as this could help explain
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Fig. 5. Relation between Fgt values from microsatellites and AFLPs and Qst values obtained from morphological variables (centroid size CS, uniform
component U, and local non-uniform component L), between pairs of sites. The black circles represent population differentiation values between one
polluted and one control site (C-P), whereas white circles represent population differentiation values between control sites (C—C). The line represents the

neutral additive prediction (Qst = Fsr)-

the differences in shell morphology in adults. However, it
should be noted that the increases in differentiation with
polluted populations were also observed in embryos that
had not yet been released to the external medium and,
therefore, would less likely be affected by external environ-
mental conditions (see Conde-Padin et al., 2007). In addi-
tion, a possible bias in Qgr cannot explain the genetic
variability reduction observed in shell shape or the complex
trends on AFLP variation discussed above. Thus, a plausi-
ble interpretation is that polluted populations were more

severely affected by natural selection, producing genetic
changes in mean shell shape, and AFLP and shape
variation.

The fact that a species with a low dispersal capability
and direct development, such as L. saxatilis, did not suffer
any overall decrease in the levels of genetic variability due
to fuel pollution suggests that the conclusions of this work
could be extended to other species with larger dispersal
abilities and wide distribution. This would be the case of
those with plancktonic larvae, such as mussels or barna-
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Table 6
Tsutakawa and Hewett (1977) test for comparing trends in Fst and Qst

Position Cc-C C-P Chi-square

QST(CS)*FST (Micros) + 44 55 1.31
- 47 42

Ost (U)-Fst(Micros) + 26 60 21.65%
- 65 36

QST (L)flt FST (Micros) + 63 66 0.08
- 28 32

Ost (CS)—Fst (AFLPs) + 54 66 1.30
- 37 32

Ost (U)-Fst (AFLPs) + 41 77 22.59%
- 50 21

Ost (L)-Fst (AFLPs) + 70 81 0.96
- 21 17

Definitions of variables as in Table 4.

The values are the number of paired (Fst, Qst) estimates above (+) or
below (—) the line representing the neutral prediction (Fst= Qsr) in
Fig. 6. C-C values refer to differentiation between two control sites from
all areas, whereas C-P refer to differentiation between control and pol-
luted sites from all areas. Chi-square values for one degree of freedom
were used to test different proportions of points above and below the
neutral expectation.

4 P <0.001.

cles, for which recolonization events would be expected to
be faster. It appears thus reasonable to argue that any non-
continuous perturbation, such as the case of the Prestige
accident, will rarely produce a drastic reduction in genetic
variability in species with high population densities and a
wide range distribution. Organisms with low density popu-
lations or narrow geographical distributions, however,
could be more heavily affected by pollution events. For
example, the populations of Myosotella myosotis, a species
which lives in exposed shores and is rather scarce, were
drastically affected by the Prestige fuel spill. Most popula-
tions of this species have disappeared since the catastrophe
(see Rolan and Guerra, 2006).
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