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Abstract. Tributyltin (TBT) and other pollutants are present in Patagonia, and are associated with maritime traffic and
human activities. Cause—effect relationship between TBT and imposex development in females of marine gastropods is
well documented. We tested whether the imposex incidence associated with TBT pollution is related to detectable shell-
shape variations in the edible marine snail (Buccinanops globulosus). We compared shell shape of B. globulosus in six
contiguous sites on a gradient of imposex and maritime traffic, by using geometric morphometric analysis. Our results
indicated that the registered differences in shell shape are associated to imposex incidence in the harbour zone where
previous works have detected TBT pollution. Gastropods from areas of high maritime traffic presented a rounded shell
with a shorter spire, and a smaller relative size of the shell aperture, whereas the opposite shape (fusiform shape, elongated-
spired shell and bigger relative size of the shell aperture) occurred in gastropod shells from areas of low maritime traffic.
Shell variation registered here could be useful to detect TBT pollution in populations of B. globulosus and another
neogastropod species.
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Introduction

Many chemical compounds that are toxic for the organisms
have been banned after exploring their deleterious effects. The
relationship between malformation of the body of marine
gastropods and the presence of tributyltin (TBT) in the envi-
ronment has been widely validated (Alzieu et al. 1986; Gibbs
and Bryan 1986; Schulte-Ochlmann er al. 1998). In this
context, TBT contained in antifouling paints was banished in
France, after registering shell deformations in Crassostrea
gigas, a bivalve with high economic values (for review see
Alzieu 1986), and TBT pollution was detected as the respon-
sible for such alterations (Waldock and Thain 1983; Alzieu
et al. 1986; Scammell et al. 1991; Dyrynda 1992; Waldock
et al. 1996). It is well known that TBT produces reproductive
alterations such as imposex development in gastropods
females (Gibbs and Bryan 1987) and intersex in gastropods
and bivalves (Oehlmann et al. 1998; Chesman and Langston
2006); also other aberrations, such as chambering and a
decrease in juvenile growth in bivalves (Chagot et al. 1990;
Ruiz et al. 1994) and shell-shape variation in gastropods
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(Bigatti and Carranza 2007; Marquez et al. 2011), have been
registered.

The geometric morphometrics (GM) is defined as the fusion
of geometry and biology (Bookstein 1982), studying shape in a
two- or three-dimensional space and its co-variation with other
variables. This approach allows describing and comparing
shapes of organisms or particular structures (Rohlf and Marcus
1993) and analysing the size and shape separately (Zelditch et al.
2004). During the past two decades, the use of GM became
popular among, for example, biologists, anthropologists and
physicians. Recently, Marquez et al. (2015) reviewed the
principal use of this method in several marine gastropod species.
The principal topics of variation studies using GM were intra-
and interspecific, allometric shift, taxonomy and adaptation.
Heat, water loss, wave shock and presence of predators are the
principal factors influencing morphological changes in gastro-
pod shells (Levinton 2001). The shell-shape variation was used
as an indirect measurement of the effect of pollutants on the
organisms. As far as we know, only two studies have focussed on
shell-shape variation owing to pollution in marine gastropods.
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Fig.1. Sampling sites in Nuevo Gulf and imposex parameters in Buccinanops globulosus. Gray bars show the imposex incidence (%)

and black dots the female penis length (FPL) for each sampling site.

On one hand, Pifieira ef al. (2008) evaluated the genetic impact
ofthe Prestige oil spill on wild populations of Littorina saxatilis
by using molecular microsatellites and amplified fragment
length polymorphism loci and quantitative-trait genetic varia-
tion in embryo shells. On the other hand, Marquez et al. (2011)
assessed morphometric alterations on Odontocymbiola magel-
lanica inhabiting polluted and non-polluted environments, as an
indicator of pollution or environmental changes. The use of shell
shape to indicate pollution is important because it could allow
the use of dead specimens with hard exoesqueleton presenting
malformation owing to environmental contamination such as
shell chambering and shell-growth anomalies (Alzieu et al.
1986; Chagot et al. 1990; Alzieu 2000).

The gastropods of the genus Buccinanops (d’Orbigny, 1841)
are endemic of the south-western Atlantic Ocean. B. globulosus
is present in Nuevo Gulf, inhabiting sandy- or muddy-bottom
shallow waters usually up to 10-m depth (Pastorino 1993). The
species lives most of the time buried in the sediment (Scarabino
1977) and reproduces by intra-capsular development without a
free larval phase. Several species of the genus have been
affected by imposex phenomenon (Penchaszadeh ef al. 2001;
Bigatti et al. 2009; Averbuj and Penchaszadeh 2010). An
extensive study in Patagonia determined the imposex incidence
in all harbour areas and areas of high maritime traffic (Bigatti
et al. 2009). B. globulosus presented a high imposex incidence
in areas of high marine traffic, and has been classified as a good
indicator of the presence of TBT in the environment, with
imposex development evident even at low environmental
concentrations (Bigatti et al. 2009). This species is also an

expanding resource for artisanal fisheries in northern Patagonia,
with landings of up to 9 t year ' (Narvarte 2006; Averbuj ef al.
2014). Although morphometric differences between males and
females, and among populations of B. globulosus, have been
detected in Patagonia (Avaca et al. 2013), shell-shape alteration
as a consequence of chronic exposure to toxic compounds has
not been explored yet.

The aim of the present work was to explore, by GM methods,
whether shell-shape variation exists in B. globulosus affected by
imposex related to maritime traffic and TBT pollution.

Materials and methods

Sampling

The gastropods were collected from six sites with similar
environmental conditions and geomorphology (Rechimont
2011; Pontones 2014; Marquez et al. 2015) in Nuevo Gulf,
Patagonia (Fig. 1), within a restricted area of 20 km. The main
difference among sampled sites was the maritime traffic that
lead to different pollution of TBT and other contaminants such
as polyaromatic hydrocarbons (PAHs) and trace metals
(Gil et al. 2006; Commendatore and Esteves 2007; Massara
Paletto et al. 2008; Torres et al. 2013). These sites included two
areas of high marine traffic near Puerto Madryn city (harbour
(LPBH) and Punta Cuevas (PC) beach). In the harbour area,
~720 vessels per year are present because of commercial
and recreational activities (APPM 2013). The rest of the
sampling sites were Punta Este (PE) and Parana (PP) beaches
with medium maritime traffic, in which only sport boats are
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Fig.2. Configuration of landmarks (white dots) and semi-landmarks (grey
dots). Landmarks: 1, apex; 2, 7, penultimate anfract sutures; 3, 6, final lap
of anfract; 4, final extreme of labium; 5, end of siphonal channel; 8, 9,
tangential landmarks on lateral shell; 10, starting point of siphonal channel;
and 15, starting point of shell aperture. Semi-landmarks: 11-14 and 16-21,
on apertural and siphonal channel; 22, intercept between the line from 1 to 5
and the line from 3 to 7. Scale: 1 cm.

present, and two areas of low maritime traffic (Cerro Avanzado
(CA) and Ambrossetti (AM) beaches), where only small boats
are present occasionally because of sport activities. The gas-
tropods were collected by SCUBA diving and using bait traps
during low tides.

Morphometric data

Only adult females (23—48 mm in total length) were analysed.
The individual shell form was obtained by photographs of the
apertural shell view. Shells were fixed to a plasticine base to
prevent the pitching and rolling effect and to match the height of
the scale (Zelditch et al. 2004). Pitching refers to the rising and
falling movement in the anterior—posterior direction along the
transverse axis, and rolling refers to the rotation along the lon-
gitudinal axis (dorsal-ventral direction). It is important to check
that these effects do not occur when the picture is taken because
they cannot be mathematically standardised and they can influ-
ence the dataset. To capture shell shape, we defined a configu-
ration of 11 landmarks and 11 semi-landmarks (Fig. 2). All
specimens were digitised by one observer (PMA) using a TPS
dig2 software (Rohlf 2004a). Semi-landmarks were digitised on
outline curves of the shell, for which the exact location on the
curve cannot be identified and, hence, is statistically estimated.
We used the sliding landmark algorithm for this purpose, which
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minimises the bending energy, a measure of local shape differ-
ence, between each individual and the sample average (Gunz
et al. 2005; Gunz and Mitteroecker 2013). Effect of rotation,
translation and scale were eliminated by Procrustes analysis
(Rohlf and Slice 1990) by using TPS Relw software (Rohlf
2004b). The Procrustes coordinates of the aligned individuals
were then used as shape variables to perform the multivariate
statistical analyses by MorpholJ software (Klingenberg 2011).

Imposex

Sex in females was determined on the basis of the presence or
absence of sexual accessory glands (albumen, capsule and pedal
glands). Males lack these glands and present a conspicuous
penis. In a subsample of 160 females, we determined the
imposex incidence (percentage of females with imposex) and
the mean female penis length (FPL), which was measured with a
0.1-mm precision digital calliper.

Data analysis

Female penis length was compared between sites by Kruskal—
Wallis test with P <0.05 significance and Dunn contrasts
(Infostat statistical software, Di Rienzo et al. 2012). The cen-
troid size was used as a proxy for shell size and was calculated
for each specimen as the square root of the sum of the squared
deviations of landmarks from the centroid (Bookstein 1991;
Zelditch et al. 2004).

To evaluate the independence between the shape (Procrustes
coordinates of the aligned individuals) and size (centroid size)
variables (allometric effects), we conducted a multivariate
regression (Bookstein 1991; Klingenberg 2011).

To assess whether sites were significantly different, as well
as to visualise the distance between the average shapes of each
site, we calculated a hierarchical cluster analysis with statistical
inference and single linkage (Florek ef al. 1951) based on the
Mabhalanobis distances (Valdano and Di Rienzo 2007). Also,
to recover an axis of maximum discrimination among sites, a
canonical variate analysis (CVA) was performed. Finally, a
multivariate regression between average Procrustes coordinates
of the aligned individuals from each site (as an independent
variable) and imposex incidence (as a dependent variable) was
performed by Morphol software (Klingenberg 2011).

Results
Imposex

Females from areas of high maritime traffic (LPBH and PC)
showed the highest values of imposex incidence and FPL
(Fig. 1). Females from CA and AM showed the lowest values.
Significant differences in FPL among sites were detected
(K=117.197, P <0.0001, n = 160). A maximum value for FPL
was 6.31 mm in the LPBH site. No penis development was
observed in AM beach and only a vas deferens development in
one female was observed in CA beach, where FPL could not be
calculated.

Morphometric data

In total, 313 females of the gastropod Buccinanops globulosus
were analysed (LPBH = 50, PC = 53, PE = 59, PP = 49,
CA = 52 and AM = 50). The multivariate regression of shape
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Fig.3. Shape scores as a function of centroid size, illustrating static allometric growth in females of
Buccinanops globulosus. Shapes at the opposite extremes of the range of allometric variation are
presented by using wire-frame graphs, showing the average shell shape; the change from the grey
circles to the black dots indicates the predicted landmark shift corresponding to an increase (right)
and decrease (left) of centroid size by a scale factor of 5.
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Fig. 4. Shell-shape comparisons among sites. (a) Single-linkage cluster analysis of adult females from different sites, showing
the relationships among them. The cut-off criterion (P > 0.05) obtained with the MDGC test (Multivariate Dirienzo Guzman
Casanoves, proposed by Valdano and Di Rienzo 2007) is indicated with a vertical line. Six statistically different groups of shell
shapes were identified by this method. (») Canonical analysis of the maximum overall shell-shape variation along the first two
canonical axes. Wire-frame diagrams show shape changes from mean shape (black dot) to the positive (scale factor of 4) and
negative extremes (scale factor of —6) on the canonical variate (CV1) axis.

on size was highly statistically significant (permutation test
with 10 000 random permutations, P < (0.0001), and accounted
for 13.08% of the total amount of shape variation. The rela-
tionship between shell shape and size of adult females was
allometric. The main shell-form variation related to bigger
individuals was associated with the shape of the callus zone,
which was wider (more globose) in bigger individuals, which
also presented a shorter relative size of the shell aperture
(Fig. 3). For subsequent analyses, we used the regression

residuals as the new allometric-free shell-shape variables. The
dendrogram calculated on shape Mahalanobis distance matrix
showed that each site had a characteristic shell shape, with
significant statistical differences among the sites (cut criteria
are represented by a vertical line at P = 0.05, Fig. 4a). The
groups presenting minor distances were the AM and CA
beaches (with low maritime traffic), whereas the harbour
(LPBH) site (the site with high maritime traffic) was the most
divergent regarding the shell shape (Fig. 4a).
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Fig. 5. Scatter plot of shape (scores along the vector of regression coefficients) v. imposex incidence.

Wire-frame diagrams show the average shell shape at each site.

The 90.23% of variation in shell shape was explained in
canonical Axes 1-3. The most conspicuous trait separating
shapes along the CV1 (51% of the variance) was the globular
shape in the negative values v. fusiform shape in the positive
values (Fig. 4b). Globular individuals from the harbour have a
shorter spire and siphonal canal, and a smaller relative size of the
shell aperture. The individuals from low maritime traffic were
represented by the opposite shape change with elongated-spired
shell and a bigger relative size of the shell aperture.

A significant relationship between the average shell shape
from each site and imposex incidence was detected by multivar-
iate regression analysis (permutation test with 10 000 random
permutations, P < 0.001) and accounted for 61.45% of the total
amount of shape variation. Fig. 5 suggests that the effect of
imposex on shape is the same as that represented by CV1,
namely that individuals presenting the highest imposex inci-
dence tend to be more globose with a shorter relative size of the
shell aperture, than are individuals with a low or null imposex
incidence.

Discussion

The gastropod B. globulosus is a good model to evaluate the
effect of the environmental contamination on the shell shape,
because variations in pollution in a small area reflect different
shell shapes. In the harbour area of Nuevo Gulf (LPBH), the
presence of TBT in sediments (up to 174.81 ng Sn g~ DW) and
in the body of the gastropod O. magellanica (up to 150ng Sn g~
DW in gonads) were recently detected in the same sites as we
sampled in Nuevo Gulf, Patagonia (Bigatti et al. 2009; del Brio
2011). In addition, pollutants such as PAHs (Commendatore and
Esteves 2007; Massara Paletto ef al. 2008; Torres et al. 2013)
were measured in sediments and, recently, Primost (2014) found
heavy metals in the tissue of B. globulosus from the LPBH area.

The GM analysis showed a high association between the inci-
dence of imposex and gastropod shell shape. Heavy metals and
TBT compounds have been associated with differences in
growth rate in bivalves and limpets (Waldock and Thain 1983;
Ruiz et al. 1994; Almeida et al. 1998; Tablado and Lopez Gappa
2001; Coelho et al. 2006; Sokotowski et al. 2008; Smolarz
and Bradtke 2011), and environmental gradients represent a
source of variation that can exert its influence on shell shape
(Caravajal-Rodriguez et al. 2005; Conde-Padin et al. 2007,
Cufa et al. 2011). In the present work, we detected significant
differences in shell shape related to different imposex inci-
dences among areas separated by 20 km, so latitudinal gradients
are not influencing our results. Individuals with a higher
incidence of imposex presented rounded shells and gastropods
with a lower incidence of imposex presented elongated shells.
A similar pattern of shell-shape variation was reported by
Marquez et al. (2011) in the same zone, who detected rounded
v. elongated shells in the gastropod Odontocymbiola magel-
lanica from Nuevo Gulf depending on the imposex incidence
and TBT pollution in the tissues of individuals (del Brio
2011).

The shell-shape variation in B. globulosus was previously
studied by GM in two sites of the San Matias (SM) Gulf, and it
was compared with the same site we studied in Nuevo Gulf (PC
beach in the present work) by Avaca et al. (2013). Those authors
stated that individuals from Bahia San Antonio (in SM) and PC
present similarities in shell shape, but differ from individuals
from Playa Villarino, another site in the SM Gulf, arguing that
shell shape differences would be a product of different environ-
mental conditions (different wave exposition as a principal
cause, although not measured in that work). However, analysing
the results of Avaca et al. (2013) in the context of our paper, their
results seem to be similar to those found in our work. Both sites
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inside bays (Bahia San Antonio and PC) are affected by
organotin-pollution compounds (Bigatti et al. 2009), individuals
analysed by those authors presented rounded shells, as in the
present work, whereas in Playa Villarino (free imposex area;
Avaca et al. 2015), individuals present elongated shells. There-
fore, we consider that the patterns of shell-shape variation found
by Avaca et al. (2013) coincide with our findings, and may be
related to exposure to pollutants from maritime-traffic areas.

In agreement with Marquez et al. (2011), our results corro-
borated that this GM method could be used for monitoring
natural resources without a need to use destructive or extractive
techniques. Besides, the association between the shell shape and
imposex incidence could be applied to determine qualitative
TBT pollution. Therefore, the shell shape could be used in
environmental monitoring programs to analyse the TBT coastal
pollution through collection of shells on the intertidal.

This first descriptive cause—effect study of natural patterns of
shell-shape variation in this gastropod will provide the informa-
tion to conduct controlled laboratory experiments or animal
transplants in the field sites, directed to test the hypothesis that
TBT influences shell shape. Linking our results and those of
experimental manipulative methods would improve our knowl-
edge in this sense. Our results may be applied to evaluate the
consequences of an exposure to pollutants such as TBT on the
shell shape of many gastropods species.
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