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ABSTRACT

The muricid Hexaplex (Trunculariopsis) trunculus lacks external sexual dimorphism and is highly affected
by imposex, which further complicates its sexual identification. In this context, the aim of this study was
to develop sexual indices based on the dimensions of male and imposex-affected female penis, which
could constitute a useful, simple and nonsacrificial tool for sexing live specimens of 7. trunculus. The
adoption of sexual indices consisting of penis dimensions of both sexes relative to individual size revealed
a high accuracy in the sexual identification of sacrificed specimens (>95% correct sexing). Addition-
ally, multivariate discriminant analysis allowed correct sexing of 98.8% of the original 1053 sacrificed
individuals, with accurate sexual identification being higher for males (99.5%) than for imposex-
affected females (97.7% ). An anaesthetization experiment was performed to investigate the effects pro-
duced by the anaesthetic (MgCly) on penis measurements, to test this nonsacrificial approach and to
validate the previously developed sexual indices. The anaesthetic provoked an expected enlargement
in penis dimensions but, despite this side effect, the sexual indices developed for sacrificed specimens
were still highly successful in sexing anaesthetized 7. trunculus (generally more than 95% correct
sexual identification). The practical application and some limitations of developing and employing
this kind of index for the sexual identification of 7. trunculus and other imposex-affected gastropod

species are discussed.

INTRODUCTION

Sexual dimorphism is common in many animals, but occurs only
sporadically in the phylum Mollusca. Nevertheless, subtle differ-
ences in shell morphology between sexes occur in some proso-
branch gastropods. Sexual dimorphism has been recorded
in some species of freshwater (e.g. Kantor & Sysoev, 1991;
Brande et al., 1996; Estebenet, 1998; Kurata & Kikuchi, 2000)
and marine gastropods (e.g. Bernard, 1968; Ten Hallers-
Tjabbes, 1979; Castagna & Kraeuter, 1994; Kenchington &
Glass, 1998). However, since most gastropod species do not
show external sexual dimorphism, sexing generally requires
the exposal of the soft body and the examination of sexual
organs and/or gonads, which is frequently impossible without
sacrificing the specimens (through shell breakage and con-
sequent death).

Furthermore, several prosobranch gastropod species are
affected by the phenomenon known as imposex (Smith, 1971)
or pseudohermaphroditism (Jenner, 1979), which is the develop-
ment and superimposition of male sexual characters (penis and
vas deferens) onto females. This abnormality is induced by tribu-
tyltin (TBT) and its derivative compounds, widely applied as
biocides in antifouling paints of boats and ships’ hulls (Terlizzi
et al., 2001). Imposex has become a widespread phenomenon
that affects both coastal and offshore gastropod species (Ellis &
Pattisina, 1990), involving at least 63 genera and 118 species
(Fioroni, Oehlmann & Stroben, 1991). In these imposex-
affected species, sexual identification becomes even more compli-
cated, because specimens cannot be sexed simply by the presence
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or absence of penis, instead requiring a further exhaustive
inspection of other sexual organs.

Some literature exists on several aspects of the biology and
ecology of Hexaplex (Trunculariopsis) trunculus (Linnaeus, 1758),
but to our knowledge, no external signs of sexual dimorphism
have yet been reported. Several studies have been conducted
on the imposex levels of 7. trunculus, mostly in the Mediterranean
and Adriatic, namely in Spain (EI Hamdani, Ferrer & Garcia
Carrascosa, 1998), France (Martoja & Bouquegneau, 1988),
Italy (Terlizzi et al., 1997; Terlizzi, Geraci & Minganti, 1998;
Terlizzi, Geraci & Gibbs, 1999; Terlizzi, 2000; Chiavarini
et al., 2003; Pellizzato et al., 2004; Terlizzi et al., 2004; Garaventa
etal.,2006), Croatia (Garaventa et al., 2006), Malta (Axiak et al.,
1995, 2000, 2003) and Israel (Rilov et al., 2000). In Portuguese
waters, the only works reporting the imposex levels in 7. trunculus
were carried out in the Ria Formosa lagoon (southern coast of
Portugal) by Gibbs, Bebianno & Coelho (1997), Langston
et al. (1997) and Coelho, Bebianno & Gibbs (1998) (although
all with very few specimens), and more recently by Vasconcelos,
Gaspar & Castro (2006).

This species is the target of a locally important artisanal
fishery in the Ria Formosa lagoon (Algarve coast, southern
Portugal), where it is being subjected to an integrated and multi-
disciplinary study on its biology, ecology and fishery. Since
T. trunculus lacks external sexual dimorphism (sexes cannot be
distinguished by shell characters), its sexual identification
requires breaking the shell and sacrificing the organism.
Additionally, because this species is highly affected by
imposex, sexing is even further complicated and requires specific
knowledge of the reproductive organs.

In some circumstances, it may be advantageous to sex speci-
mens without extracting them {rom their shells (Gibbs, 1999),
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namely for diverse biological, ecological and behavioural studies
that require live specimens and the respective sexual identifi-
cation. However, in several gastropod species, live sexing is
only possible through anaesthetization. This technique of
sexual identification by opening of the pallial cavity and exam-
ination of the penis development under narcosis has already
been applied to other muricid species, such as Nucella lapillus
(Gibbs, 2005).

In this context, the aim of the present study was to develop
indices for the sexual identification of live 7. trunculus, using
data on specimen size and penis dimensions of sacrificed males
and imposex-affected females. For this purpose, an anaesthetiza-
tion experiment (narcosis with magnesium chloride) was per-
formed to investigate the effects produced by the anaesthetic
on penis measurements. Subsequently, data from these anaesthe-
tized specimens were applied on the sexual indices previously
developed with sacrificed specimens, in order to validate the
indices and to confirm whether they could constitute a useful,
simple and nonsacrificial tool for sexing live and anaesthetized
T. trunculus.

MATERIAL AND METHODS

For this study, approximately 100 specimens of 7. trunculus
(Fig. 1A) from commercial samples caught near the Culatra
Island (Ria Formosa lagoon, southern Portugal) were examined
monthly between March 2003 and February 2004. In the
laboratory, individuals were measured (shell length, SL)
with a digital calliper (to 0.01 mm) and weighed (total
weight, TW) on a top-loading digital balance (precision of
0.01 g).

Subsequently, routine sexual identification was made in sacri-
ficed de-shelled specimens. The shells were broken in a bench
vice to allow the removal of the soft parts (Fig. 1B). The
mantle cavity was exposed and individuals were sexed: males
by the presence of penis and lack of capsule gland, females by

the presence of vagina and capsule gland. Finally, the curved
penes of both males and imposex-affected females (Fig. 1C)
were flattened and measured to the nearest 0.01 mm (penis
total length of proximal and distal portions, PTL; penis partial
length of proximal portion, PPL; penis maximum width of prox-
imal portion, PMW) (Fig. 1D) under a stereo microscope with a
calibrated eyepiece or with the digital calliper, depending on the
penis size.

Penis dimensions (PTL, PPL. and PMW) and relative pro-
portions (PPL/PTL and PMW/PTL) were compared between
sexes using a f-test (Hy: = s Hyo v # pp and Hy:
PyM = prs Ha: pa # pr), with statistical significance considered
at P <0.05. The morphometric relationships between penis
dimensions (PTL, PPL and PMW) and the relationships
between individual size (SL) and penis dimensions (PTL, PPL
and PMW) for both sexes were obtained by linear regression
analysis (least squares method), by adjustment of a linear func-
tion (Y=a+bX) to raw data. The degree of association
between variables was assessed by the correlation coefficient
(r) and the slopes of linear regressions for males and imposex-
affected females were compared using a t-test (Hy: By = Br;
Hy: Bam # Br) (Zar, 1996), with statistical significance at
P <0.05.

Allometric relationships between penis dimensions (PTL,
PPL and PMW) and between individual size (SL) and respect-
ive penis dimensions (PTL, PPL and PMW) were also estimated
for both sexes. The allometry coefficient is expressed by the expo-
nent b of the relationship ('= aX”), which can also be expressed
in its linear logarithmic form (In? = Ina+ 4 InX). In relation-
ships between linear variables, the relationship reflects an iso-
metric growth when 4 =1 (i.e. growth rates of both variables
are identical during ontogeny). A t-test (Ho: b=1; Hy: b # 1)
(Sokal & Rohlf, 1987) was applied to confirm if the slopes of allo-
metric relationships were included in the isometric range (b = 1)
or allometric ranges (negative allometry: b <1 or positive
allometry: 6> 1), with statistical significance considered at
P < 0.05.

1mm

Figure 1. Illustration of the sequential procedures for the measurements of male and imposex-affected female penis of Hexaplex (Trunculariopsis)
trunculus. A. Live specimen (ventral view). B. Soft parts of the organism after shell breakage. C. Location of the curved penis on the foot, adjacent
to the ocular tentacles (eyestalks). D. Schematic representation of the flattened penis measurements. Abbreviations: PTL, penis total length (proximal
and distal portions); PPL, penis partial length (proximal portion); PMW, penis maximum width (proximal portion).
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Sexual indices consisting of the percentage of penis dimensions
relatively to individual size (PTL/SL, PPL/SL and PMW /SL)
of males and imposex-affected females were employed to stan-
dardize data and eventually facilitate the sexual identification.
A Kruskal-Wallis H-test for multiple independent samples
(Hy: month; = month,; /4: month, # month,) (Zar, 1996)
was used to detect differences in these sexual indices during the
one-year study period. Monthly variations in these sexual
indices between consecutive months were assessed with the
Mann—Whitney U-test for two independent samples (H:
month, = month,;; 4 month, # month, ) (Zar, 1996). In
both statistical tests, significance was considered at P < 0.05.

Multivariate discriminant analysis was performed using the
individual size (SL) and the respective penis dimensions (PTL,
PPL and PMW) of both males and imposex-affected females.
Discriminant functions were calculated and the percentages of
cases that were correctly sexed by the linear function were estab-
lished. Multivariate discriminant analysis was carried out using
the data analysis software system Statistica® version 6.0 (Stat-
Soft, Inc.).

For the nonsacrificial approach, an anaesthetization exper-
iment was performed to investigate the effects produced by the
narcotic on penis measurements and to test the validity of apply-
ing data from anaesthetized specimens in the sexual indices pre-
viously developed with data from sacrificed specimens. Firstly,
100 7. trunculus specimens were marked with Dymo® tape
tags, fixed with cyanoacrylate glue and covered with epoxy
glue (for marking details see Vasconcelos, Gaspar, Pereira &
Castro, in press). The anaesthetization was performed following
the protocol developed by Gibbs (1999) and successfully applied
in Nucella lapillus by Gibbs (2005). Specimens were immersed for
2 h in a solution of magnesium chloride (75 g of MgCly,.6H5O
per litre of distilled water) and monitored for full relaxation.
Those individuals that did not attain a completely relaxed
state after this period were monitored at regular intervals of
15 min until full relaxation was achieved, sufficient to permit
casing from the shell, examination of the anterior part of the
pallial cavity and measurement of penis dimensions. Finally,
and within 2448 h after having recovered from the anaestheti-
zation, these same specimens were sacrificed (de-shelled in a
bench vice), their sex identified and penes measured.

A Z-test (Zar, 1996) was applied to compare average penis
dimensions obtained from these anaesthetized and later sacri-
ficed specimens of both sexes. Furthermore, a paired-sample
l-test (Zar, 1996) was applied to individually identify the signifi-
cant differences between penis measurements obtained from
these narcotized and sacrificed specimens. Alternatively, the
Wilcoxon-signed rank test was employed, whenever the norma-
lity test failed (Zar, 1996). The paired-sample ‘-test examines the
changes that occur before and after a single experimental inter-
vention on the same individuals, to determine whether the treat-
ment produced a significant effect. Examining the changes,

rather than the values observed before and after the treatment,
removes the differences due to individual responses and produces
a more sensitive and powerful test. In all these statistical ana-
lyses, significance was considered at P < 0.05.

RESULTS

A total of 1183 T. trunculus specimens were subjected to imposex
analysis (40.17-82.84 mm SL and 5.28-48.84g TW), 621
males and 562 females (93.24% of which were affected by
imposex) (Table 1). The dimensions of 7. trunculus male and
imposex-affected female penes are presented in Table 1. On
average, male penis dimensions were significantly greater than
those of female imposex-affected penes (t-test; P < 0.05). In
general, the male penis mean total length (PTL =11.82 £
1.68 mm), mean partial length (PPL =8.41 + 1.25 mm) and
mean maximum width (PMW = 3.39 + 0.59 mm), were more
than two times larger than the same measurements of female
imposex-affected penes (PTL =5.18 + 2.04 mm; PPL = 3.53 +
1.58 mm; PMW =156 + 0.59mm) (Table 1), which
frequently appeared only as a small protuberance (vestigial or
incipient penes).

The relative proportions and morphometric relationships
established between penis measurements are illustrated in
Figure 2. Despite the marked differences in penis dimensions,
the relative proportions (ratios: PPL/PTL and PMW/PTL)
were similar between sexes (Iig. 2A), revealing that male and
female imposex-affected penes are morphologically alike and
roughly comparable. Nevertheless, statistically significant differ-
ences between sexes (f-test; P < 0.05) were detected in these rela-
tive proportions, with a higher ratio PPL/PTL in males and a
higher ratio PMW/PTL in females, indicating that on average
the proximal portion is slightly longer in the male penis and
wider in the female imposex-affected penis. Moreover, the rela-
tive proportions of female imposex-affected penes were more
variable than the relative proportions of male penes (Fig. 2A).

The morphometric relationships established between penis
measurements (PTL, PPL and PMW) (Fig. 2B) highlighted
the similarity in relative proportions and morphology of the
penes of males and imposex-affected females. In fact, these mor-
phometric relationships further confirmed that despite obvious
differences in penis dimensions, there was an almost continuous
morphometric relationship between male and female imposex-
affected penes measurements. The morphological similarity
between male and female imposex-affected penes was reinforced
by the fact that only the slopes of the relationships PTL vs PPL
were significantly distinct between sexes (¢-test; £ << 0.05), the
slopes of the relationships PTL os PMW being statistically
similar between male and female penes (t-test; P < 0.05).

The morphometric relationships established between SL and
penis dimensions (PTL, PPL and PMW) of males and
imposex-affected females are shown in Figure 3. In all these

Table 1. Specimen’s size and penis dimensions of males and imposex-affected females of Hexaplex ( Trunculariopsis) trunculus.

Specimens size

Penis dimensions

Shell length (mm) Total weight (g)

Total length (mm) Partial length (mm) Maximum width (mm)

Males n 621 621
mean + SD 55.64 + 5.50 16.86 + 5.69
(min—max) (40.17-82.84) (5.28-48.84)
Females n 562 562
mean + SD 57.84 + 6.30 18.11 + 6.91
(min—max) (42.11-79.84) (5.44-43.04)

611 621 621
11.82 + 1.68 8.41 +1.25 3.39 + 0.59
(6.48-17.10) (3.89-12.35) (1.67-5.18)
442 465 466

5.18 + 2.04 3.53 + 1.58 1.56 + 0.59
(1.45-12.72) (0.81-9.45) (0.47-3.53)

Abbreviations: n, number; SD, standard deviation; min, minimum value; max, maximum value.
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Figure 2. A. Relative proportions of penis measurements in Hexaplex
( Trunculariopsis) trunculus males and imposex-affected females. B. Mor-
phometric relationships established between penis measurements of
males and imposex-affected females. Abbreviations: PTL, penis total
length (proximal and distal portions); PPL, penis partial length (proxi-
mal portion); PMW, penis maximum width (proximal portion).

relationships, both the correlation coeflicients (r) and the slopes
(b) of linear regressions were higher in males than in females
(t-test; P < 0.05) (Fig. 3). Despite the existence of some overlap
between the distributions of male and female imposex-affected
penis dimensions (mainly due to a greater variability in female
penis dimensions), this indicated that male penis size is more
size-dependent (relatively to shell length) than female penis size.

The parameters of the allometric relationships established
between penis dimensions (PTL, PPL and PMW) and between
individual size (SL) and respective penis dimensions (PTL,
PPL and PMW) of males and imposex-affected females are com-
piled in Table 2. All allometric relationships involving male penis
dimensions (both between penis dimensions: PTL »s PPL and
PTL vs PMW, and between shell size and penis dimensions: SL
vs PTL, SL vs PPL and SL vs PMW) were statistically significant
(P<0.05) and showed high correlation coefficients. For
imposex-affected females, the allometric relationships between
penis dimensions (PTL, PPL and PMW) were also statistically
significant (P < 0.05) and showed high correlation coefficients
as well but, among the allometric relationships between shell
size and penis dimensions, only the relationship between shell
length and penis total length (SL vs PTL) was statistically signifi-
cant (P < 0.05), although with a very low correlation coefficient.
In the allometric relationships between penis dimensions (PTL,
PPL and PMW), the type of growth was opposite between
sexes, with a negative allometry (males) and a positive allometry
(females) in the relationship PTL »s PPL, and with an isometric
growth (males) and a negative allometry (females) in the
relationship PTL vs PMW. The type of growth was also distinct
in the allometric relationships between individual size (SL) and
penis dimensions (PTL, PPL and PMW), being a negative
allometry for SL vs PTL (both sexes), isometric for SL »s PPL
(males) and a positive allometry for SL »s PMW (males).
Overall, only males showed isometric relationships, both
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among penis dimensions (PTL »s PMW) and between shell
length and penis measurements (SL vs PPL) (Table 2).

The use of sexual indices (PTL/SL, PPL/SL and PMW /SL)
for the sexual identification of males and imposex-affected
females is illustrated in Figure 4. These sexual indices reduced
the overlap between males and females. Furthermore,
the definition of percentage limits for the separation of
sexes (PTL/SL < 15% = females and PTL/SL > 15% =
males; PPL/SL < 10% = females and PPL/SL > 10% = males;
PMW/SL < 5% = females and PMW/SL > 5% = males)
allowed for the classification of gender on the basis of penis
measurements. The ratio PTL/SL correctly identified the sex of
97.2% of the specimens, PPL/SL properly sexed 96.0% and
PMW/SL correctly classified 95.7%. Correct classifications
using PTL/SL and PPL/SL were higher for males (PTL/SL:
99.5% males and 94.1% females; PPL/SL: 99.8% males and
91.0% females), but were lower when applying PMW/SL
(92.9% males and 99.4% females) (Fig. 4).

The monthly variation of these sexual indices (PTL/SL,
PPL/SL and PMW/SL) during the one-year study period is
illustrated in Figure 5. All sexual indices showed some oscil-
lations all year-round (Kruskal-Wallis H-test, P <<0.05),
which were comparable between indices (PTL/SL, PPL/SL
and PMW/SL) and with a similar trend between males and
imposex-affected females. The Mann—Whitney U-test detected
statistically significant differences (P < 0.05) between several
consecutive monthly samples of both sexes, mostly between
April and October (Fig. 5).

Multivariate discriminant analysis using both the individual
size (SL) and the respective penis dimensions (PTL, PPL and
PMW) confirmed the distinction of the two sexes based on
penis morphometrics. The linear equation that best discrimi-
nates between males and females was the following:

D = —0.385PTL — 0.305 PPL. — 0.421 PMW + 0.072 SL
+ 2.493 [canonical R = 0.924,
Fa10e8) = 1525.6 (P < 0.05)]

In this function, negative discriminant scores indicated males
and positive discriminant scores designated females. Means of
canonical variables were —2.05 for males and 2.83 for females
(Fig. 6A). The distinctness between sexes was further reinforced
in the plot of the individual scores based on standardized cano-
nical coefficients for the first two variates (1st and 2nd canonical
variables) (Fig. 6B). Applying this canonical discriminant func-
tion, 98.8% of the original 1053 individuals (611 males 4- 442
females) were assigned to the correct gender. Correct sexual
identification was higher for males (608 specimens = 99.5%)
than for females (432 specimens = 97.7%).

The anaesthetization of 7. trunculus with magnesium chloride
was highly effective, since under full relaxation all specimens
were sufficiently eased from their shells to allow the examination
of the anterior part of the pallial cavity and measurement of the
penis. Nevertheless, specimens took an average of 3:04 + 0:58 h
to become fully relaxed and the period required for the anaes-
thetic to produce full relaxation increased with specimen size
(linear regression analysis, SL »s time: r = 0.445; P <0.05).
On the other hand, 7. trunculus proved highly tolerant of the
anaesthetization, since all specimens recovered completely
from the treatment after being held overnight in laboratory
aquaria with aerated seawater.

Anaesthetization invariably produced an enlargement of
average penis dimensions compared with the same
penis measurements obtained from subsequently sacrificed
specimens (PTL=1.49 + 1.19 mm; PPL=0.98 + 1.23 mm;
PMW =0.20 £ 0.27 mm). Furthermore, the longer the penis
measurement, the higher the augmentation effect produced by
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Figure 3. Morphometric relationships established between shell length and penis measurements of males and imposex-affected females of Hexaplex
( Trunculariopsis) trunculus. A. Relationship shell length vs penis total length. B. Relationship shell length vs penis partial length. C. Relationship
shell length vs penis maximum width. Abbreviations: SL, shell length; PTL, penis total length (proximal and distal portions); PPL, penis partial
length (proximal portion); PMW, penis maximum width (proximal portion). Box-whisker graph: middle point = mean; box = #+standard deviation;

whisker = minimum and maximum values.

the anaesthetic (PTL =18.55 + 14.60%; PPL=12.89 +
15.68%; PMW =10.01 + 12.50%). These differences in
average penis dimensions were not statistically significant
before and after the narcosis treatment (<-test; P < 0.05), but
individually the anaesthetization produced a significant increase
in all these penis measurements (paired-sample f-test: 2 << 0.05
or Wilcoxon-signed rank test: £ < 0.05). The effect produced
by the narcotization treatment in the average penis dimensions
of males and imposex-affected females of 7. trunculus is illustrated
in Figure 7. On average, the anaesthetization only caused a
significant increase in the male’s penis total length (PTL) and
partial length (PPL) (Z-test; P < 0.05), but individually the
narcotization provoked a significant augmentation in all penis
measurements (PTL, PPL and PMW) of both sexes (paired-
sample t-test: P < 0.05).

In order to test this nonsacrificial approach and to validate
the sexual indices, data on specimen size (SL) and penis
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dimensions of these 100 anaesthetized and subsequently sacri-
ficed specimens were applied to the sexual indices previously
established from 1053 sacrificed 7. trunculus. For this purpose,
both raw data (anaesthetized and sacrificed: PTL, PPL and
PMW) and data transformed by a conversion factor designed
to attenuate the effects of the anaesthetization treatment, corre-
sponding to the average penis enlargement provoked by the nar-
cotic (anaesthetized: PTL, 18.55%; PPL, 12.89%; and PMW,
10.01%), were employed. The correct sexual identifications of
both anaesthetized and sacrificed 7. trunculus obtained through
the application of these sexual indices are given in Table 3.

All sexual indices revealed a high accuracy in sexing
T. trunculus (usually more than 95% correct identifications),
independently of being applied to sacrificed or anaesthetized
specimens (raw data or data transformed by the conversion
factor). The indices PTL/SL and PPL/SL showed more appro-
priate for correctly sexing males (almost always 100% correct
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Table 2. Estimated parameters of the allometric relationships established between penis dimensions (PTL, PPL and PMW) and shell length (SL) of
males and imposex-affected females of Hexaplex ( Trunculariopsis) trunculus.

P. VASCONCELOS ET AL.

Morphometric variables Sex n Parameters of the allometric relationships Growth type

Independent (X) Dependent (Y) a’ b + SE (95% ClI of b) r P-value

PTL PPL Males 612 0.840 0.932 + 0.019 (0.894-0.970) 0.891 0.000 — Allometry
Females 439 0.628 1.052 + 0.012 (1.029-1.075) 0.974 0.000 + Allometry

PTL PMW Males 612 0.333 0.938 + 0.033 (0.873—-1.003) 0.753 0.000 Isometric
Females 440 0.413 0.816 + 0.019 (0.778-0.854) 0.896 0.000 — Allometry

SL PTL Males 611 0.326 0.892 + 0.048 (0.798-0.986) 0.602 0.000 — Allometry
Females 442 0.953 0.398 + 0.199 (0.006—-0.789) 0.095 0.046 —Allometry

SL PPL Males 621 0.150 0.999 + 0.048 (0.905—-1.094) 0.640 0.000 Isometric
Females 465 0.814 0.335 4+ 0.215 (—0.087-0.757) 0.072 0.119 (ns)

SL PMW Males 621 0.012 1.393 + 0.049 (1.297-1.489) 0.753 0.000 + Allometry
Females 466 0.347 0.352 + 0.180 (—0.002-0.707) 0.090 0.051 (ns)

Abbreviations: n, number; &’ anti-logarithm of the linear regression intercept a (a’= €™ @); b, linear regression slope; SE, standard error; Cl, confidence interval;
r, correlation coefficient; P-value, statistical significance; PTL, penis total length; SL, shell length; PPL, penis partial length; PMW, penis maximum width; ns, not significant.
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Figure 5. Monthly variation of the sexual indices during the one-year
study period. A. Sexual index PTL/SL. B. Sexual index PPL/SL. C.
Sexual index PMW/SL. Abbreviations: SL, shell length; PTL, penis
total length (proximal and distal portions); PPL, penis partial length
(proximal portion); PMW, penis maximum width (proximal portion).
* = statistically significant differences between consecutive monthly
samples (Mann—Whitney U-test, P < 0.05).

classifications), while PMW/SL was more suitable for accu-
rately sexing females (invariably 100% correct classifications).
By integrating data both from specimen size (SL) and respective
penis dimensions, the discriminant function (D) also revealed a
very high precision in gender identification (generally above
95% correct classifications), which was higher for imposex-
affected females than for males (Table 3).

DISCUSSION

Despite being an organ resulting from an abnormal develop-
ment, the penes of imposex-affected females of 7. trunculus were
visually very similar to male penes, with the exception of their
coloration (identical pigmentation to the foot), which generally
was slightly darker in males than in females. The morphological
similarity between these organs was further reinforced by the
comparison of their relative proportions (ratios: PPL/PTL and
PMW/PTL) and by the morphometric relationships established
between penis measurements (PTL, PPL and PMW). This
similar morphology of male and imposex-affected female penes
was already evidenced both externally and internally
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Figure 6. A. Frequency of male and female Hexaplex ( Trunculariopsis)
trunculus relatively to the discriminant scores calculated from the linear
equation obtained by multivariate discriminant analysis. B. Plot of the
individual scores for male and female Hexaplex ( Trunculariopsis) trunculus
in the first two canonical variables resulting from multivariate discrimi-
nant analysis.

(histologically) (Martoja & Bouquegneau, 1988; Axiak et al.,
2003). Altogether, these similar characteristics between male
and imposex-affected female penes make the sexual identifi-
cation based solely on relative penis proportions and mor-
phology not feasible.

The imposex-affected females’ average penis size obviously
varies according to the degree of imposex in the population,
but ultimately can reach (or even exceed) the average size
of the male penis. However, at the imposex incidence
(I =93.24%) and degree (Population RPLI =36.13, Inci-
dence RPLI = 43.82, Population RPSI =4.71 and Incidence
RPSI =8.42) detected in this population from the Ria
Formosa lagoon (Vasconcelos, Gaspar & Castro, 2006), male
penis average dimensions (PTL, PPL and PMW) were invari-
ably more than two times greater than the same measurements
in imposex-affected females.

Moreover, and because TBT apparently does not affect the
male penis size in this gastropod species (Axiak et al., 19953),
the morphometric relationships established between SL and
penis dimensions clearly demonstrated that male penis dimen-
sions were more size-dependent (relatively to SL), whereas
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Figure 7. Effect produced by the anaesthetization in the average penis
dimensions (PTL, PPL and PMW) of males and imposex-affected
females of Hexaplex ( Trunculariopsis) trunculus. Abbreviations: PTL,
penis total length (proximal and distal portions); PPL, penis partial
length (proximal portion); PMW, penis maximum width (proximal
portion). * = statistically significant differences between average dimen-
sions ({-test, P < 0.05).

female penis is an organ resulting from an abnormal develop-
ment (imposex phenomenon), whose dimensions only depend
on the duration of the exposure and intensity of contamination
by TBT. Additionally, the allometric relationships estimated
between SL and penis dimensions further confirmed this
phenomenon. Statistically significant relationships revealed
that male penis dimensions were intrinsically related to their
body growth while, on the contrary, nonsignificant relationships
(or with a low correlation coefficient) indicated that imposex-
affected female penis dimensions were not directly connected
to age, instead depending on the deleterious effects of TBT
pollution.

In the case of the male penis, the SL vs PPL isometric relation-
ship confirmed the assumption that both variables (SL and penis
partial length) developed at the same rate. The other allometric
relationships revealed that male penis total length grows rela-
tively slower than shell length, possibly due to the decrease or
damage of the penis extremity (distal portion) (negative allo-
metric relationship SL s PTL), a phenomenon that is
accompanied by the progressive thickening of the penis during
growth (positive allometric relationship SL »s PMW). For the
allometric relationships established between penis dimensions,
the different types of growth detected in the relationships PTL

vs PPL between males and females also revealed the different fea-
tures and characteristics of this organ between sexes. For the
male penis, the negative allometry indicates that during penis
development and growth, an extension of the penis distal
portion (sharp tip) occurs, probably to facilitate copulation.
On the contrary, for the female penis, the positive allometry
reveals that during development and growth of this anomalous
organ, the proximal portion of the penis increases at a greater
rate than the distal portion (and consequently than the penis
total length).

Despite some overlap, the morphometric relationships estab-
lished between individual size (SL) and penis dimensions
(PTL, PPL and PMW) created some expectation that the use
of these measurements could be valuable for distinguishing
gender of males and imposex-affected females of 7. trunculus.
Subsequently, the adoption of sexual indices consisting of the
percentage of penis dimensions relative to individual size
(PTL/SL, PPL/SL and PMW/SL), and the simple definition
of percentage limits for the separation between males and
females, revealed a high accuracy of the sexual classification
based on penis measurements. These sexual ratios allowed
for the correct identification of gender of the vast majority of
specimens (PTL/SL =97.2%, PPL/SL = 96.0% and PMW/
SL =95.7%), correct sexual recognition generally being
higher for males than for females.

These sexual indices (PTL/SL, PPL/SL and PMW/SL)
showed slight oscillations during the one-year study period,
with some significant variations between several consecutive
monthly samples of both sexes, mostly between April and
October. These oscillations were analogous between sexual
indices and with a similar trend between males and imposex-
affected females all year-round, thus they could not be attributed
to the reproductive cycle of this species or to variation in male
penis size at sexual maturity. Furthermore, imposex apparently
does not show any seasonal variation during the reproductive
cycle of T. trunculus (Martoja & Bouquegneau, 1988). This rela-
tive proportionality between penis dimensions of both sexes irre-
spective of sampling season allowed for the use of these sexual
indices in this species all year-round.

Multivariate discriminant analysis using both the individual
size (SL) and the respective penis dimensions further confirmed
the clear distinction between sexes based on penis morpho-
metrics. Applying the canonical function (linear equation) best
discriminating between males and females, allowed for the
correct classification of gender for 98.8% of the specimens,
which was slightly higher for males (99.5%) than for females
(97.7%). Nevertheless, in this context it should be emphasized
that using the same individuals for function estimation and
testing could have generated excessively optimistic estimates of
the success of sexual classification.

Measurement of the penis is inevitably difficult to standardize
and consequently is not a highly precise procedure, mainly
because this organ is muscular and subject to contraction with

Table 3. Correct sexual identifications of males and imposex-affected females obtained through the application of sexual indices to 100 specimens of
Hexaplex ( Trunculariopsis) trunculus that were anaesthetized and subsequently sacrificed.

Sexual indices Sacrificed Anaesthetized (raw data) Anaesthetized (conversion factor)

Males Females Total Males Females Total Males Females Total
PTL/SL (%) 54 (100.0) 45 (97.8) 99 (99.0) 54 (100.0) 41 (89.1) 95 (95.0) 53 (98.1) 44 (95.7) 97 (97.0)
PPL/SL (%) 54 (100.0) 44 (95.7) 98 (98.0) 54 (100.0) 40 (87.0) 94 (94.0) 54 (100.0) 44 (95.7) 98 (98.0)
PMW/SL (%) 42 (77.8) 46 (100.0) 88 (88.0) 47 (87.0) 46 (100.0) 93 (93.0) 45 (83.3) 46 (100.0) 91 (91.0)
Discriminant (D) 51 (94.4) 45 (97.8) 96 (96.0) 52 (96.3) 45 (97.8) 97 (97.0) 52 (96.3) 46 (100.0) 98 (98.0)

Abbreviations: PTL, penis total length; PPL, penis partial length; PMW, penis maximum width; SL, shell length.
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tactile stimulation (Gibbs, 1999). Furthermore, the anaestheti-
zation causes penial muscle tissue to relax and therefore
induces an increase in penis measurements. The experimental
anaesthetization of 7. trunculus was very successful and this
species proved highly tolerant to the narcosis treatment but, as
expected, the anaesthetic (MgCly) provoked an enlargement
in penis dimensions. In the present case, the longer the penis
measurement the higher the augmentation effect produced by
the anaesthetic (PTL > PPL > PMW). Nevertheless, despite
this side effect from the narcotic, the sexual indices previously
developed for sacrificed specimens (PTL/SL, PPL/SL, PMW/
SL and discriminant function, D) were still highly successful
in sexing anaesthetized 7. frunculus specimens (generally more
than 95% correct), using both raw data and transformed data
(conversion factor).

Taking into account that 7. frunculus lacks external sexual
dimorphism and that gender identification normally requires
breaking the shell and sacrificing the organism, the data gath-
ered in this study are valuable for sexing live specimens of
known degree of imposex. This procedure was easily performed
by anaesthetizing the individuals with MgCly, gently exposing
and measuring penis dimensions, and finally applying sexual
indices. This kind of information is a useful nonsacrificial tool
for the sexual identification of live specimens, with application
in biological, ecological and behavioural studies.

It is worth emphasising that these sexual indices can be suc-
cessfully applied to all 7. trunculus populations with a degree of
imposex equal to or less than the one in this study, and that at
progressively lower degrees of imposex, sexual discrimination
will be higher. Furthermore, with TBT levels dropping and con-
sequent less severe imposex, it is expected that the sexual recog-
nition of 7. trunculus will progressively present less complexity in
the near future. Nevertheless, it may take longer than initially
supposed since, despite the recent global TB'T restrictions, it is
possible that this environmental problem could even increase
over the next few years before finally attenuating or disappear-
ing (Champ, 2000). Therefore, TBT contamination in the Ria
Formosa lagoon is also unlikely to change for a considerable
period of time (Coclho, Bebianno & Langston, 2002) and
apparently has not decreased recently (Vasconcelos, Gaspar &
Castro, 2006).

Similar sexual indices can be developed for other gastropod
species without external sexual dimorphism and affected by
imposex, only requiring baseline data on the imposex
degrees of their populations. However, it should be empha-
sized that similar sexual indices should be cautiously applied
to gastropod species whose male penis dimensions present sig-
nificant seasonal fluctuations related to sexual maturity,
reproductive cycle and/or breeding season, a phenomenon
that has been detected in some muricid species, namely
Bolinus brandaris (Ramoén & Amor, 2001, 2002), Nucella lapillus
and Ocenebra erinaceus (Stroben et al., 1996), as well as in non-
Muricidae species, such as [Ilyanassa obsoleta (Bryan et al.,
1989), Nassarius reticulatus, Nassarius incrassatus and Trivia
arctica (Stroben et al., 1996). Nevertheless, in practice, this sea-
sonal enlargement of the male penis size is only a minor
source of error, because many populations breed throughout
the year (Gibbs, 1999).
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