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Mollusc shells have been widely used for monitoring the bioavailability of contaminants in the aquatic
environment. The present work examined malformations among the shells of the limpet Siphonaria lessoni
from heavily polluted, light polluted and unpolluted sites in Argentina. Data on shell shape, thickness,
dry weight, microstructure and semi-quantitative elemental composition was evaluated as well as soft
tissue dry weight. Shells from the heavily polluted site were significantly (p <0.001) thicker than those

Keywords: from other areas. SEM (scanning electron microscopy) analysis of thickened shells revealed the presence
Limpet . N . L.

Bioindicator of globular malformations on inner shell surfaces. On heavily polluted shells, elemental composition
TBT analysis by EDS (electron dispersive spectroscopy) of such malformations indicated concentrations three
Organochlorine pesticides times higher of carbon and four times lower of calcium and oxygen than the control. Light polluted shells
SEM presented concentrations two times lower of calcium. In addition, soft tissues were lighter at the heavily
Intertidal polluted site (p <0.001). These data demonstrate the sensitivity of this abundant and widely distributed

intertidal limpet to aquatic pollutants, and support the use of this limpet as a potential biomarker.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Hard structures of marine organisms contain considerable infor-
mation about their own growth history, including the changing
conditions of mineralization and environmental stress or disease
(Okoshi and Sato-Okoshi, 1996). Mollusc shells contain not only a
record of their life history but also information of environmental
changes preserved through structural, morphological, and chemi-
cal changes within the shell.

The presence of malformations (Frazier, 1976; Phillips, 1977,
1978) as well as histopathological injuries on molluscs have
been linked with environmental chemical pollution (Gold-Bouchot
et al,, 1995; Najle et al., 2000). Moreover, other contaminants
effects, such as shell thickening of bivalves (Almeida et al., 1998a;
Waldock and Thain, 1983), differential size in limpets (Espinosa
et al, 2007), inhibition of shell growth (Cunningham, 1976)
and shell chambering (Bayen et al., 2007) in oysters are well
described.

Species with high sensitivity, low motility and wide distribution
are preferred for monitoring since they facilitate location of high
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polluted areas and comparison among wide separated places. This
is the case of siphonarids, which are distributed around the world,
and inhabit both South American coasts. De Pirro and Marshall
(2005) found that siphonarids tolerate polluted environments bet-
ter than patellogastropod limpets, and suggested them as pollutant
indicators. In fact S. lessoni is the dominant intertidal mollusc
species in two polluted areas of the South West Atlantic coast, Mar
del Plata and Quequén ports. Meanwhile in other nearby less pol-
luted intertidal zones S. lessoni cohabits with large population of
mussels.

Observations of S. lessoni anatomy, development and spatial dis-
tribution have been reported from natural areas of rocky shore in
Mar de1 Plata (38°03’S, 57°33’ W) (38”03’ S, 57”33’ W) (Olivier and
Penchaszadeh, 1968), and its growth and feeding habits were stud-
ied in populations growing on rafts within the port of Mar de1 Plata
(Bastida et al., 1971). Tablado et al. (1994) and Tablado and Lépez
Gappa (2001) reported morphometric differences observed in this
limpet from different habitats as a result of differential growth rates
in response to environmental pressures: tidal level, wave exposure,
food availability, and intraspecific competition. However, sensitiv-
ity to pollution has never been evaluated.

The aim of the present study is to determine whether pollution
affects S. lessoni shell deposition, structure and morphology to eval-
uate whether this species can be used as a bioindicator. In order to
achieve this objective S. lessoni population from three differently
polluted areas are compared.
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Fig. 1. Sampling sites. Study sites showing location where individuals of S. lessoni
were collected. Sites codes: high polluted sites MDPp (Mar del Plata port), QQp
(Quequen port) and less polluted site MDPc (Waikiki beach).

2. Materials and methods
2.1. Study sites

Siphonaria lessoni was sampled in two areas of the Mar del
Plata shore (MDPc and MDPp) and one area in Quequén port (QQp)
(Fig. 1). The three chosen areas have similar environmental and eco-
logical characteristics but different contaminant concentrations.
The first zone, MDPc (Waikiki beach 38°04'50 S, 57°30'08 W) is
located within the southern limit of Mar del Plata city. This zone
is protected by a jetty and considered to be slightly polluted (Lai-
tano, unpublished data). The second zone, MDPp, was set within
the MDP port, 5km northwards to the first zone (38°02’10 S,
57°31/28 W). It is considered to be highly polluted: 728.3 ng/g of
Tributyltin (Bigatti et al., 2009; Cledén et al., 2006), 6.78 ng/g of
PCB’s, 8.75 ng/g of hydrocarbons and 30.59 ng/g of organochlorine
pesticides (Colombo et al., 2005). The third zone QQp (38°29'23
S; 58°48'59 W) is more contaminated than MDPc, but less than
MDPp: 1.4 ng/g TBT, 5.77 ng/g of hydrocarbons, 2.51 ng/g of PCB’s
and 4.91 ng/g of organochlorine pesticides.

2.2. Morphometric

During April 2008, 30 individuals of S. lessoni were collected at
each site. Only adult specimens (>6 cm) were included in all mor-
phometric analyses. The shells were photographed from the right
side and were always positioned in the same orientation. Digital
images were taken against a white illuminated background in order
to maximize the contrast of shell outlines. All the images were bina-
rized and then processed using the SHAPE software (Iwata and Ukai,
2002).

The shape of the shell of these limpets is rather simple with
very few homologous points that can be used as landmarks; more-
over they are difficult to localize because they correspond to
landmarks type 2 (maximum of curvature along the boundary

or outline of a specimen) (Bookstein, 1991). Therefore, the shell
shape variation between S. lessoni specimens from MDPp, MDPc
and QQp was measured using outline analyses based on the Elliptic
Fourier analysis (EFA) on the outline coordinates (Rohlf and Archie,
1984).

Elliptic Fourier coefficients were mathematically normalized in
order to avoid biases in results caused by different size, location,
rotation and starting position of shells (Rohlf and Archie, 1984).
The closed curve of each shell was decomposed into a sum of
15 harmonically related ellipses. These 15 harmonics represent
99.99% of the total Fourier power spectrum (Crampton, 1995).
With the PrinComp module, we performed the principal compo-
nents analyses (PCA) on the variance-covariance matrix of the
normalized Elliptic Fourier coefficients. PCA is effective in summa-
rizing the information regarding the variation contained in these
coefficients (Rohlf and Archie, 1984), which were estimated using
PAST v.1.77 (Hammer et al., 2001). Finally, multivariate analyses of
variance (MANOVA) were performed with PAST in order to eval-
uate the importance of between-group differentiation relative to
within-group variation. A test to detect if there are any significant
morphological differences (Wilk’s Lambda test) was performed and
post hoc Hotelling pairwise comparisons (Bonferroni corrected and
uncorrected) were also performed using PAST to detect the signif-
icant differences.

2.3. Morphological variables

A pool of 100 individuals of S. lessoni was collected at each
of the three sites around a randomly determined point. Shell
length, was measured to the nearest 0.1 mm with a microme-
ter eyepiece under a binocular microscope and individual shell
thickness was measured under stereomicroscope to the nearest
0.01 mm. To determine the dry weight of shells and soft tis-
sues, limpets were frozen at —20°C for 24 h prior to dissection.
Then, they were thawed and whole tissue was removed from
shell using a scalpel. They were placed into pre-weighted alu-
minium pans, dried for 12h at 75°C, and weighed to the nearest
0.001g.

Data normality (Shapiro-Wilk test) and homogeneity of vari-
ances (Cochran’s test) were tested and when necessary transformed
(Underwood, 1997; Zar, 1999). The slopes and elevations of the
regressions of the shell thickness, dry weight of shells and soft
tissues (dependent variables) were tested with analysis of covari-
ance (ANCOVAs) to assess the pollution effects (difference between
zones) using limpet shell length as the covariate. ANCOVA can be
used to compare elevations of regression lines if their slopes are
not statistically different (Zar, 1984). When slopes were hetero-
geneous, we used Tukey multiple comparison tests (Zar, 1984)
to determine which combinations of slopes differ. In these cases,
we applied the Johnson-Neyman test (Huitema, 1980) to identify
the depth range over which elevations are not significantly differ-
ent.

2.4. Microstructure and shell elemental composition

A detailed observation of the inner surface of the shell of three
individuals of each place was done through Scanning Electron
Microscopy (SEM). Samples were metallized with Ag/Pd in a Den-
ton Vacuum Desk II metallizer. The analyses were carried out
with a Jeol JSM 6460LV microscope in the Laboratorio de Micro-
scopia Electrénica at the Universidad Nacional de Mar del Plata,
Argentina.

Simultaneously, Energy Dispersive Spectroscopy analysis
was performed with an EDAX GENESIS V5.11 connected to the
microscope to determine the elemental composition of the shells.
Elements analysed were C, O, Na, Mg, Al, Si, Cl and Ca. Energy
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Fig. 2. Shell shape. (a) Multivariate principal components analysis of the S. lessoni shell shape variation. Site codes: high polluted sites MDPp (black circles), QQp (grace
circles) and less polluted site MDPc (white circles). (b) Mean shape, +2 and —2 standard deviation (SD) along each principal component.

dispersive spectroscopy (EDS) is a method based on the quan-
tification of photons released by the sample when it is bombed
with electrons. The software transforms the peaks of photons
into counts to determine the elemental composition which is
semi-quantitative due to it is approximated from data into the
software but not from a pattern sample (for further examples see
Adams and Shorey, 1998; Chou et al., 2010; Yoon et al., 2003).

3. Results
3.1. Morphometrics

Principal components (PCA) and multivariate analyses
(MANOVA) detected significant differences between the shapes of
S. lessoni among all zones. PCA indicated that PC1 and PC2 together
explained the 87.65% of the variance (Fig. 2a). PC1 explained 68.7%
of the variance and mainly consisted of shell height change, while
PC2 (19%) corresponded to small changes in shell length (Fig. 2b).
Hotelling pairwise comparisons detected significant levels of
differentiation among places (Wilk’s lambda=0.216; F=12.19;
p<0.05). In general, pairwise comparison results indicated that
the QQp differences were several orders of magnitude higher than
MDPc and MDPp results (Table 1).

3.2. Morphological variables

Shell thickness and dry weight of shells slopes were hetero-
geneous, while soft tissue slopes were homogeneous among sites
(Table 2). Multiple comparison of shell thickness showed that the
slopes of MDPc vs MDPp do not differ. Regression line eleva-
tion of MDPp exceeds MDPc. In comparisons where slopes differ

significantly, MDPp and QQp present a larger slope than MDPc.
Johnson-Neyman tests showed that in the cases where slopes dif-
fer, the elevations were significantly different within the size range
(Fig. 3).

Multiple comparison of the dry weight of shells showed that
the slopes of two combinations did not differ: MDPc vs MDPp and
MDPp vs QQp (Table 2). The elevation of MDPc and QQp exceeded
that of MDPp. In comparisons where slopes differed significantly,
the biggest difference was that the QQp increased with size faster
than the MDPc. Johnson-Neyman test showed that in the cases
where slopes differed, the elevations were significantly different
within the size range (Fig. 4).

Soft tissue dry weight multiple comparisons showed that slopes
of all combinations did not differ (Table 2). The elevations in degree
of increase were MDPc > QQp > MDPp (Fig. 4).

MDPc vs MDPp and MDPp vs QQp did not differ (Table 2).
The elevations for MDPc and QQp exceeded that of MDPp. In
comparisons where slopes differed significantly, the biggest dif-
ference was that the QQp increased with size faster than the MDPc.
Johnson-Neyman test showed that in the cases where slopes dif-
fered, the elevations were significantly different within the size
range.

Table 1

Morphometric pairwise comparisons. p-Values of hotelling pairwise comparisons
between S. lessoni morphotypes of MDPp, MDPc and QQp. Bonferroni corrected
(above diagonal) and uncorrected (below diagonal).

MDPp MDPc QQp
MDPp 0.017 1.62E-11
MDPc 0.521 1.10E-7
QQp 4.86E-11 3.30E7
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Table 2

Morphological variables analysis. ANCOVASs for S. lessoni soft tissues dry weight and
shell thickness and dry weight against size of highly polluted zones MDPp (Mar
del Plata port), QQp (Quequen port) and less polluted zone MDPc (Waikiki beach).
The dependent variables and covariate are expressed as logarithm. Inequality signs
indicate significant differences (p<0.05) and the direction of the difference. For
comparisons where slopes differ, the Johnson-Neyman (JN) test provides the depth
range (m) over which the compared regression lines did not differ significantly in
elevation.

ANCOVA df F
Shell thickness
Slope 2 29.84™
Elevation 2 391.4™
Dry weight of shells
Slope 2 8.43°
Elevation 2 28.9™
Soft tissues
Slope 2 n.s.
Elevation 2 121.6™
Multiple comparisons Slope Elevation J-N test
Shell thickness
MDPc vs MDPp n.s. MDPc < MDPp -
MDPc vs QQp MDPc<QQp 0.89-1.59
MDPp vs QQp MDPp < QQp 1.78-2.60
Dry weight of shells
MDPc vs MDPp n.s. MDPc>MDPp -
MDPc vs QQp MDPc < QQp 1.23-1.72
MDPp vs QQp n.s. MDPp <QQp -
Soft tissues
MDPc vs MDPp n.s. MDPc > MDPp -
MDPc vs QQp n.s. MDPc>QQp -
MDPp vs QQp n.s. MDPp <QQp -
" p<0.05.
™ p<0.001.

n.s., not significant.

3.3. Microstructure and shell elemental composition

The SEM images revealed the presence of globular malfor-
mations on the inner surface of the shells from the MDPp and
QQp, but MDPc shells showed a smooth inner surface without
any evidence of alterations. These malformations were confined
to a shell zone faraway from the edge. In addition, the elemen-
tal composition of the malformations was different depending on
the sampling zone. Compared with MDPc, MDPp presented con-
centrations three times higher of carbon and four times lower
of calcium and oxygen while QQp shells presented concentra-
tions two times lower of calcium and the presence of aluminium
(Table 3).
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Fig. 3. ANCOVA analysis. (a) Plot showing linear increase in shell thickness related
to shell length at high polluted sites MDPp (black circles), QQp (grace circles) and
less polluted site MDPc (white circles). (b) Plot showing linear increase in soft tissues
dry weight related to shell length. (c) Plot showing linear increase in shell dry weight
related to shell length.

4. Discussion

The present results demonstrate that pollution produces
changes in S. lessoni soft tissue dry weight and shell thickness, dry

Fig. 4. SEM images of the inner side of the shell. (a) Shell of an individual from the less polluted site (MDPc). (b) Shell of an individual from the high polluted area (MDPp).
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Table 3

Semi-quantitative elemental composition analysis. Elemental shell composition (in
percentage) of individuals from high polluted zones MDPp (Mar del Plata port),
QQp (Quequen port) and less polluted zone MDPc (Waikiki beach). Entries in italics
indicate conspicuous alternation from MDPc reference of elemental composition.

Element Treatments

MDPc QQp MDPp

Wt% At% Wt% At% Wt% At%
C 15.8 34.29 17.41 33.34 52.86 84.81
0 26.65 43.42 32.65 46.93 6.83 822
Na 0.5 0.5 0.4 04 0.12 0.1
Mg 0 0 0.4 04 0 0
Al 0 0 2.17 1.85 0 0
Ca 26.83 18.31 19.12 10.97 7.05 3.39
Cl 0 0 0.31 0.2 0 0
Si 0 0 3.17 2.59 0.15 0.11

weight, shape, microstructure and elemental composition. Soft tis-
sues dry weight in the limpets of both ports was lower in average
in relation to individuals of less polluted site. This coincides with
the effect reported on the intertidal snail Nerita atramentosa when
exposed to oil spills (Battershill and Bergquist, 1982).

Moreover, while shells from the highly polluted areas are thicker
than those from the less polluted one, dry weight of the shells indi-
cate the opposite. Therefore hardness in polluted areas decreases.
Besides pollution, other environmental and biological factors that
affect shell thickness in molluscs are predator presence (Appleton
and Palmer, 1988; Cheung et al., 2004; Palmer, 1990; Trussell, 1996)
and coastal energy (Giraldo-L6pez and Gémez-Schouben, 1999).
Predators are present all along the study coasts; consequently they
are not likely to be a factor causing differences among areas. Coastal
energy was intended to be as similar as possible for the three
selected zones. However it is likely that port sites are more pro-
tected. Thus, if some effect is to be expected on shell thickness due
to environmental energy, the contrary should have been observed
(i.e. shells from MDPc should be thicker). In this context, if environ-
mental conditions could be controlled under laboratory conditions,
itis likely that differences in shell thickening due to pollution would
be even more conspicuous.

Shells from Quequén individuals were higher than the other
populations. Previous studies have shown that shell height can be
influenced by several environmental variables. For example it was
found that siphonsrids shells height changes at sites with lower
environmental energy (Tablado et al., 1994) as well as due to ther-
mal stress (Harley et al., 2009).

SEM images revealed the presence of globular malformations in
the microstructure of the inner surface of the shells. These mal-
formations were deposited principally in a specific zone of the
shell that coincides with the layer M-1 described by Fuchigami
and Sasaki (2005) which in patellogastropods is characterized by
a crossed lamellar structure. Such particular structure would be
more sensible to pollution than the others. However this assump-
tion cannot be confirmed since the way in which these layers are
formed and differentiated is still not described (Suzuki et al., 2010).

The elemental composition of shell malformations was different
between the ports sites as well as in comparison to the less polluted
site. These results indicate alterations on the organic matrix secre-
tion and/or on the calcium carbonate deposition (which remains to
be tested) as shell thickening is the anatomical expression of such
alterations. Similar results were reported for Crassostrea gigas by
Almeida et al. (1998b), where an altered shell amino-acid compo-
sition together with lower Ca, Na, Co and higher Cl were observed
due to lead pollution.

On the other hand, Héral et al. (1989) suggested that organotins
can affect shell deposition through the ATP synthesis inhibition
(decrease the concentration of the Ca-ATP chelate which reacts

with HCO3) and the reduction of respiration rate (decrease in CO,
necessary for the formation of CaCOs3). Furthermore, the exposure
to TBT has been related to alterations in the main shell organic
matrix amino-acids (Krampitz et al., 1983; Almeida et al., 1998a)
and to the inhibition of the amino-acid transport (Singh and Bragg,
1979).

The difference of the malformations compositions found
between the ports shells could be originated by unequal concen-
trations of some pollutant on both ports. TBT has been reported
as a mollusc shell thicker (Alzieu et al., 1986; De Fur et al., 1999;
Marquez et al., 2011; Waldock and Thain, 1983) and shell cham-
bering inductor (Chagot et al., 1990) in bivalves at levels as low as
0.05 mg/Lin seawater. In the case of the ports studied here, TBT was
followed in a series of previous reports in the area during the last
decade (Bigattietal.,2009; Cled6n et al.,2006; Goldberg et al.,2004)
revealing a gradual increase in TBT pollution at MDPp but very low
values at QQp. Organochlorine pesticides (OCP) present the same
pattern as TBT (Colombo et al., 2005). For this reason we are not
able to asseverate which of both pollutants is causing the mal-
formations. Other pollutants present on both ports are PCB’s and
hydrocarbons, but their concentrations in sediment do not differ
so much among ports (Colombo et al., 2005).It is clear that S. lessoni
is sensitive to certain pollutants. It remains to perform bioassays
to determinate the sensitivity of S. lessoni to organic pesticides and
TBT. Beyond this, the present study demonstrates that siphonariids
are useful for pollution biomonitoring.
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