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Synopsis Molluscs show a wide diversity of sexual systems and strategies. There are both gastropod and bivalve families

that are each primarily dioecious, simultaneous hermaphrodites, or sequential hermaphrodites, and other families in

which almost every sexual strategy occurs. The multiple evolutionary transitions of sexual systems within molluscs would

allow comparative analyses of the associated ecological factors, but data on all but a few groups are too sparse to draw

many solid conclusions. The phylogenetic distribution of sexual systems in the Mollusca shows that gastropods and

bivalves demonstrate different patterns, possibly associated with the presence/absence of copulation. The distribution of

change of sex suggests that, in gastropods, sequential hermaphrodites do not evolve from simultaneous hermaphrodites,

and that sex reversal (flip-flopping) occurs in free-spawners but not in copulators. Three well-studied protandrous

gastropod groups (calyptraeids, coralliophilids, and patellogastropods) show similar responses to environmental condi-

tions and associations with conspecifics. They all have the following attributes: (1) they are sedentary, (2) they live in

groups, patches, or aggregates, and (3) size at sex change varies among sites and among aggregates. In addition the

available experimental evidence suggests that (4) the presence of females or large individuals represses growth and sex

change of males, and (5) behavior seems to mediate the repressive influence of large females. Available data from other

species tend to support these patterns. Finally, the repression of growth of males by females in protandry likely facilitates

the evolution of dwarf males.

‘‘The molluscs are a large and diverse group

including more known sex-changers than any

other except perhaps the fishes. In this group espe-

cially the terminology is confusing, as are some of

the life cycles.’’

David Policansky (1982)

Introduction

Sex and sex allocation in animals are often divided

into two general categories. Species are either dioe-

cious, made up of individuals of separate sexes

(males and females), or hermaphrodites in which

each individual acts both as male and female some-

time during its lifespan. Hermaphrodites are often

further categorized as simultaneous hermaphrodites

in which animals function both as males and females

at the same time, or as sequential hermaphrodites, in

which animals change from one sex to the other.

Finally hermaphroditic animals can produce both

male and female gametes from a single gonad or

like some lepetelloidean gastropods they can posses

a separate testis and ovary, each with their own ducts

(Ponder and Lindberg 1997). By categorizing sexual

systems in this way we emphasize that sequential and

simultaneous hermaphroditism are more similar and

more closely related to each other than they are to

dioecy. Of course, after closer investigation, nothing

in biology is easily and neatly categorized, and the

same is true of sex allocation. Almost every possible

combination of strategies occurs among marine

invertebrates, and molluscs are no exception (Coe

1943, 1944). Molluscan sexual systems include
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dioecy, protandrous sex change (male first), simulta-

neous hermaphroditism, sex reversal (flip-flopping),

and species that are comprised of a mix of individ-

uals displaying more than one of these strategies

(Coe 1943, 1944; Ghiselin 1969; Policansky 1982;

Wright 1988; Heller 1993).

The rampant diversity of molluscan sexual systems

can be understood in several different ways. The

phylogenic distribution of sexual systems suggests

that they are subject to different phylogenetic, con-

structional, or adaptive constrains in particular

clades. This results in some clades that show no var-

iation and others that encompass wide diversity.

Such patterns are well known from other metazoan

phyla (e.g., barnacles: Yusa et al. 2013, this issue;

fishes: Erisman et al. 2013, this issue). The phyloge-

netic distribution of sexual systems in molluscs

can be used to gain insight into the ecological and

morphological factors that constrain or promote the

diversity of sexual systems.

Optimality theory has also been used to predict

the conditions under which different sexual systems

will be favored and to explain the relative effort ex-

pended on male and female functions (Charnov

1982). This approach focuses on the roles of pheno-

typic plasticity and intraspecific variation in male

and female functions in hermaphrodites. By predict-

ing the optimal timing of sex change in sequential

hermaphrodites, and the timing and relative alloca-

tion to each sex in simultaneous hermaphrodites,

this approach emphasizes the continuity between

simultaneous and sequential hermaphroditism

(Leonard 2013, this issue).

Here I aim to show how both approaches can lead

to insights or suggest fruitful areas for future study

of molluscan sexual systems. I briefly outline the

phylogenetic distribution of sexual systems in the

Mollusca in general, followed by some ideas gener-

ated by these patterns. I describe three well-studied

protandrous gastropod groups and summarize what

we know about the role of phenotypic plasticity.

Finally, I discuss how the mechanisms and plasticity

in regularly protandrous gastropods could be taken

to an extreme to produce dwarf males both in gas-

tropods and in bivalves.

Phylogenetic patterns

Is dioecy ancestral in the Mollusca?

It seems likely that dioecy is the ancestral condition

in the Mollusca (Fig. 1). Dioecy is the most common

sexual system among extant species and occurs

in seven of the eight extant classes. Solenogastres

appear to be exclusively simultaneous

hermaphrodites, but this strategy is unknown in

the Caudofoveata and scaphopods, both of which

are dioecious (Lamprell and Scheltema 2001).

Monoplacophorans, which are generally dioecious,

are known to include at least one simultaneous her-

maphrodite, Micropilina arntzi (Haszprunar and

Schaefer 1996). Chitons are also most commonly di-

oecious, but simultaneous hermaphroditism occurs

in two small species of brooding Lepidochitona

(Eernisse 1988). Sequential hermaphroditism has

yet to be documented in chitons. Among the diverse

and well-studied molluscs, both simultaneous and

sequential hermaphroditism are common and well-

documented both in gastropods and bivalves (Coe

1943, 1944; Ghiselin 1969; Policansky 1982; Wright

1988; Heller 1993) and generally occur in derived

clades of each group. The basal clade of bivalves,

the protobranchs, are dioecious supporting the idea

that dioecy is ancestral in bivalves. In gastropods,

the most basal extant clade, the patellogastropods,

have species with all three sexual systems (Coe

1944). The other basal groups, Cocculiniformia and

Vetigastropoda, show variation in aspects of sexual

morphology that seem to be conserved in most other

clades: some clades in the Cocculiniformia are simul-

taneous hermaphrodites with two separate gonads

(one male and one female) (Ponder and Lindberg

1997), but some show protandrous simultaneous

hermaphroditism (PSH) in which the testis develops

before the ovary (Huys et al. 2002), and copulatory

structures and internal or semi-internal fertilization

have evolved independently at least six times in the

Vetigastropda (Kano 2008). Cephalopods, in contrast

to gastropods and bivalves, are exclusively dioecious

Gastropods

Bivalves

Scaphopods

Cephalopods *

Monoplacophora #

Solenogastres

Caudofoveata

Polyplacophora $

Dioecious      

Dioecious, Simultaneous, and Sequen�al

Simultaneous

Fig. 1 The distribution of sexual systems in the Mollusca.

Phylogeny from Kocot et al. (2011) and Smith et al. (2011). *One

known case of sequential. #One known case of simultaneous.
$One genus with some simultaneous hermaphrodites. Data from

Eernisse (1988); Lamprell and Scheltema (2001); Haszprunar and

Schaefer (1996).
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with the possible exception of a single squid species,

Ancistrocheirus lesueurii, for which there is evidence

of protandry (Hoving et al. 2006).

It should be noted that the clades that lack docu-

mented diversity in sexual systems are also those that

lack feeding larvae. With the exception of cephalo-

pods these are basal clades with low extant diversity

and little information available on their sexual sys-

tems and reproduction. Strathmann (1978) suggested

that the absence of feeding larval stages in these and

some other invertebrate clades could be explained by

the progressive loss of adaptive types over evolution-

ary time. A similar scenario could explain the

observed distribution of sexual systems, although

the selective factors that would result in repeated

losses and failures to regain hermaphroditism are

difficult to imagine.

The manner in which sexual systems are docu-

mented may result in the apparent dominance of

dioecy. Since the scaphopods, Caudofoveata and

Solenogastres are under-studied and seldom reared

in the laboratory, the apparent absence of diversity

in sexual systems may simply be due to a lack of

information about all but a handful of species.

There is also a bias in the detection of different

kinds of hermaphroditism; anatomical examination

of only a single individual is usually sufficient to

detect simultaneous hermaphroditism. Sequential

hermaphroditism is more difficult to detect.

Differences in the sizes of males and females some-

times in combination with biased sex ratios are cited

as indications of sex change and have been used to

successfully infer sex change by the earliest workers

on invertebrate sex change (e.g., Bacci 1947; Orton

1920). Such distributions do not rule out sexual di-

morphisms or selective mortality. In addition, pro-

tandrous species that have been examined in detail

often show considerable overlap in size between

males and females, often with clear biases only in

the smallest and largest size categories (e.g., Collin

2006). Therefore, large sample sizes are required to

detect sex change in this way. In many taxa ‘‘rare’’

cases of individuals with both male and female gam-

etes in the gonad have been explained as occasional

abnormal sexual development (e.g., Coe 1943). In

some species these cases may account for a signifi-

cant percentage of the population and should be

examined in more detail as potential indicators of

sex change or the presence of an alternate sexual

strategy. Overall, these biases in detection suggest

that the distribution of simultaneous hermaphrodit-

ism is well documented, but that many cases of se-

quential hermaphroditism may have gone undetected

(Policansky 1982).

Phylogenetic distribution of sexual systems

The distribution of sexual systems among gastropods

and bivalves suggests both evolutionary flexibility and

evolutionarily conservatism, but the patterns shown

in each group are quite different. In bivalves the

vast majority of species are thought to be dioecious

(Coe 1943), although the difficulty of sexing live

individuals and following them through time may un-

derestimate the number of sex changers (as described

above). In contrast to gastropods, sex change in

bivalves often occurs in the same clades as simulta-

neous hermaphroditism and there are few families

made up entirely of sex changers. Although sex

change is most commonly protandrous a number of

species can change from one sex to the other and back

again (sex reversal). The clades of bivalves that are not

strictly dioecious tend to show significant variation in

sexual systems among species (e.g., oysters, scallops,

galeommatoideans) as well as pronounced phenotypic

plasticity in response to environmental conditions.

For example galeommatoidean bivalves include pro-

tandrous hermaphroditic and sequential hermaphro-

ditic species, as well as species with parasitic dwarf

males (Jespersen and Lützen 2006; Fox et al. 2007;

Goto et al. 2007; Goto et al. 2011). Likewise, popula-

tions of oysters like Ostrea nomades are often made up

of individuals that are pure males, pure females, and

simultaneous hermaphrodites at any one time

(Siddiqui and Ahmed 2002) but may have the poten-

tial to change sex between seasons. These systems,

similar to some of the sexual systems found in

plants, appear to evolve along a continuum of relative

allocation to male and female function (Fig. 2).

Hermaphroditic bivalves can be fully simulta-

neously hermaphroditic but more generally show

some kind of sex change or gradation between the

sexes (Coe 1943). Histological examination of the

gonads show that numerous species have a tendency

toward protandry whereby animals develop function-

ing male gonads before female function is achieved.

This protandrous simultaneous hermaphroditism

(PSH) is often, confusingly, referred to as protandry

in the literature on bivalves and pulmonates. If male

function is subsequently lost, it is usually after a sig-

nificant period when the animal functions as both

sexes, either simultaneously or during the course of

the same reproductive season. In other cases the

gonad reverts to undifferentiated cells during the

non-reproductive period and sex is re-determined

during the next breeding season. In general, the bi-

valve gonad is primarily ambisexual, with gametes of

the different sexes maturing in response to various

cues (Coe 1943). Unfortunately, the cues and details

Sex allocation in molluscs 725
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that control switching have not been investigated

experimentally and merely are inferred from popula-

tion samples. Recent advances in following the sex

of individuals (Bauer 1987; Lee et al. 2012), as well

as the application of genetic approaches (Guo et al.

1998; Yusa 2007), hold promise for increased under-

standing of sex expression in bivalves.

Gastropods are probably ancestrally dioecious, but

hermaphroditism is equally common, among extant

taxa. The distribution of sexual systems is clearly

phylogenetically conserved at the familial and

super-familial levels. One of the two major crown-

group gastropod clades, the heterobranchs, are

almost entirely simultaneous hermaphrodites and

possess both male and female copulatory structures

during most of their lives (for more nuances see

Heller 1993). Like most hermaphroditic bivalves,

many species develop male function earlier than

they do female function, and sexual function can

change during each reproductive season (Heller

1993). Detailed behavioral studies of pulmonates

and nudibranchs have shown that the sex role an

individual plays during copulation can also change.

Although heterobranchs are morphologically simul-

taneous hermaphrodites in that they usually possess

the reproductive structures of both sexes, allocation

of energy to each sex, as well as behavioral decisions

about which sexual role to play, can vary in response

to a number of environmental conditions (e.g.,

Leonard 1991, 2010).

The other major gastropod crown clade, caenogas-

tropods, are primarily dioecious. Several caeno-

gastropod families have evolved protandry

independently and simultaneous hermaphroditism

is rare. Unlike bivalves in which non-dioecious fam-

ilies are sexually flexible, these gastropod families are

often exclusively protandrous. These include the

well-studied calyptraeids, as well as the poorly under-

stood hipponicids, epitonids, vermetids, and

eulimids. As far as we know, in the well-studied spe-

cies, sex change is always protandrous, does not in-

volve an intermediate hermaphroditic stage, and

occurs only once. There is some circumstantial evi-

dence that sex reversal (flip-flopping) occurs in the

vermetid Serpulorbis arenarius (Calvo and Templado

2005). There is also an interesting case of recent

innovation in an otherwise conservative group. All

littorinids were thought to be dioecious until close

examination of Mainwaringia rhizophila showed this

species to be protandrous (Reid 1986). As littorinids

Fig. 2 A schematic showing the hypothesized easiest series of transitions between simultaneous and sequential hermaphrodites. The

horizontal position of the colored lines indicates the point in life when each sex is expressed. Red lines indicate female function and

blue lines indicate male function.
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are some of the most intensively studied gastropods

it seems unlikely that this conclusion, that protandry

in M. rhizophila is a recent evolutionary innovation,

will change with additional sampling.

The most basal clade of gastropods, the ‘‘true’’

limpets or patellogastropods, show a pattern different

from that of other gastropods; protandrous sex

change has evolved from dioecy in several apparently

independent lineages (D. R. Lindberg, personal com-

munication; Branch 1974; Nakano and Ozawa 2004,

2007). Unlike protandry in hermaphroditic caenogas-

tropods in which gonads with simultaneous oogene-

sis and spermatogenesis are seldom if ever observed,

mixed gonads have been reported in several patello-

gastropods (e.g., Orton 1928; Branch 1974; Creese

et al. 1990; Cunha et al. 2007). This suggests greater

evolutionary flexibility in the design of patellogastro-

pod gonads and sexual systems compared with cae-

nogastropods or heterobranchs.

Few generalizations can be made about the eco-

logical factors that favor sex change in gastropods

and bivalves. However, protandry does occur in par-

ticularly sedentary gastropods; hipponicids are phys-

ically permanently attached to the substrate;

eulimids, coralliophilids, and epitomids are closely

associated with host animals. PSH sex change

occurs in the most sedentary or cemented bivalves

(oysters, rock scallops, giant clams) (Lauren 1982;

Dolgov 1992) as well as those that are closely asso-

ciated with hosts (e.g., Tsubaki and Kato 2012).

These commensal and parasitic molluscs are often

very small, so sex change is also associated with

small size in these taxa. As all species in some fam-

ilies change sex, an association with size, indepen-

dent of phylogeny, cannot be demonstrated

in those groups. In clades that are sexually variable,

for example in the patellogastropods, it is the larger

species that change sex. Particularly large bivalves

like Tridacna and geoducks also exhibit PSH

(Dolgov 1992; Gribben and Creese 2003). This sug-

gests that factors that select for large body size may

also select, directly or indirectly, for protandry.

Two interesting patterns that have not received

much previous attention are evident from the phy-

logenetic distribution of sex change in molluscs.

First, in gastropods sequential hermaphrodites do

not evolve from simultaneous hermaphrodites. It

seems intuitively likely that continued selection for

early male function and later female function in si-

multaneous hermaphrodites would lead to PSH and

eventually select for animals that are first male and

then female, with or without a minimal intervening

hermaphroditic stage (Fig. 2). This scenario predicts

that discrete protandry should occur on the twigs of

clades that are primarily made up of simultaneous

hermaphrodites. It is possible that such species exist

in the heterobranchs or that protandry is behavioral

rather than morphological in this clade, but there

is no evidence that such a pattern is common.

The predicted pattern is also clearly not supported

by the caenogastropods or patellogastropods.

Patellogastropods have evolved protandry at least

five times (D. R. Lindberg, personal communication;

Branch 1974; Nakano and Ozawa 2004, 2007) from

dioecy. The evolutionary history of protandry in cae-

nogastropods is not clear due to the unresolved re-

lationships at the base of the group and our poor

knowledge of the distribution of protandry in some

of the groups. In fact, the dense distribution of pro-

tandry in basal caenogastropods does not exclude the

possibility that this is the ancestral state of caenogas-

tropods. This hypothesis cannot be ruled out without

formal phylogenetic analyses.

The second noteworthy pattern is that sex reversal

(flip-flopping) occurs in free-spawners but not in

copulators. In none of the protandrous caenogastro-

pods is there good experimental evidence for sex

reversal after the initial sex change. The only study

to suggest such an event was of the vermetid

Serpulorbis arenarius in which an individual brooding

egg capsules was found to have a testis (Calvo and

Templado 2005). Vermetids live cemented to the

substrate and do not copulate, instead sperm is

passed via spermatophores that are caught by the

filter-feeding females. The other gastropod taxon in

which morphological sex reversal occurs are the

patellogastropds. There are several lines of evidence

for this. In Patella vulgata among others, there are

often low numbers of males in the largest size class

(e.g., Orton et al. 1956; Le Quesne and Hawkins

2006). In fact at three intensively surveyed sites in

the Orkney Islands, the largest animals were males,

even though there was a female-biased sex ratio in

the large animals (Baxter 1983). This pattern has

been considered to reflect the presence of ‘‘true’’

males that never change sex (e.g., Orton 1928).

However, this pattern could also be interpreted as

the result of a low frequency of sex reversals from

female back to male. Histological studies provide

data consistent with sex reversal for Patella kermade-

censis in which several large females had small pock-

ets of sperm in their gonads (Creese et al. 1990).

Finally, in Patella ferrugianea and P. vulgata tracking

individual limpets showed reversal from female

to male in a small number of individuals (Le

Quesne and Hawkins 2006; Guallart et al. 2013).

Patellogastropods are free-spawners and therefore

offer good support to the observation that sex
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reversal, which is common in free-spawning bivalves,

is associated with free spawning or the lack of acces-

sory, copulatory structures. Janthinids lack copula-

tory structures and have been suggested to have a

single sex change (Graham 1954) or to make multi-

ple switches (Laursen 1953). Epitonids are also re-

ported as protandrous and lack copulatory structures

(Collin 2000), so discovery of sex reversal in this

group would further support this pattern.

Social and environmental control of sex
change—three case studies of
gastropods

Many organisms alter their sex allocation in response

to intraspecific associations and interactions. This is

particularly true in animals that change sex; fishes

and molluscs both have been shown to respond to

interactions with conspecifics (Charnov 1982;

Munday et al. 2006). Socially-mediated sex change

has been inferred from size distributions and sex dis-

tributions for most protandrous gastropods and bi-

valves. Differences among populations in the size at

which sex change, coincident with differences in

maximum body size, are usually considered to be

an indicator of socially-mediated sex change. These

patterns are sometimes combined with anatomical

data that suggest indeterminate, transitional, or si-

multaneous hermaphroditic stages in what appears

to be an otherwise dioecious species. In rare species

that live in isolated groups or patches a non-random

distribution of sexes may also suggest socially-medi-

ated protandry, in which the first animal in the patch

becomes a female and subsequent recruits are in-

duced to develop as males (e.g., some barnacles;

Yusa et al. 2013, this issue). Unfortunately, few ex-

periments have been conducted with molluscs to un-

equivocally document sex change, to test the social

and environmental factors that influence sex change,

or to identify the mechanism by which these cues are

transmitted. Below I review the recent experimental

data on three well-studied cases of sex change in

gastropods and show that, although these groups

have evolved sex change independently, they have

some characteristics in common. They all have the

following attributes: (1) they are sedentary, (2) they

live in groups, patches, or aggregates, and (3) size at

sex change varies among sites and among aggregates.

In addition, the available experimental evidence sug-

gests that (4) the presence of females or large indi-

viduals represses growth and sex change of males,

and (5) behavior seems to mediate the repressive

influence of large females.

Case 1: Slipper limpets (Calyptraeidae)

Calyptraeids (Crepidula: slipper snails; Crucibulum:

cup-and-saucer snails; and Calyptraea: hat snails) are

sedentary protandrous filter feeders. All species in the

family are thought to change sex, and sex change was

first documented in Crepidula a hundred years ago

(Orton 1909). As is expected for protandry, females

are larger than males, but in natural populations

there is usually a large range of overlap in size between

the sexes (Collin 1995, 2006; Hoagland 1978; Hoch and

Cahill 2012). Although sex ratio is predicted to be

biased towards the first sex in sex changers (Charnov

1982), this is not always the case in calyptraeids in

which sex ratios can range from as few as 10% to as

many as 90% males (Collin 2006). The sex ratio and

size distribution of males and females can vary season-

ally, among sites, or among years (Hendler and Franz

1971; Hoagland 1978; Collin 2006; Richard et al. 2006;

Hoch and Cahill 2012).

As sedentary animals that copulate, it is thought

that most calyptraeids mate with close neighbors.

Genetic paternity studies in Crepidula fornicata and

Crepidula coquimbensis show that this is largely true

(Dupont et al. 2006; Proestou et al. 2008; Brante

et al. 2011). Many of the species live in small

groups or aggregates, either because they specialize

in patchy habitats like the inside of shells inhabited

by hermit crabs, or because their limitation to soft

substrates result in animals stacking on top of each

other. It seems likely that interactions with other

animals in the patch would influence reproductive

success and therefore the best time to change sex.

This is supported by the observations that in any

group the largest is almost always female and the

smaller animals almost always male (Collin 2006;

Hoch and Cahill 2012).

Experimental manipulations of the social environ-

ment for several species of Crepidula show that growth

and sex change in small males are repressed by the

presence of a larger male or a female (Warner et al.

1996; Collin et al. 2005). Preliminary data suggest that

this effect is mediated by physical contact and that

contact with conspecific mucus and waterborne cues

do not produce the same effect (Carrillo and Collin, in

preparation). Data on individual growth trajectories of

Crepidula cf. marginalis (Fig. 3A) raised alone show

that growth rate increases at the time of sex change

(Fig. 4) and also that individuals differ considerably

in their propensity to grow and change sex when

raised under standardized conditions (Fig. 4). These

animals were collected from the field as juveniles

or as very small males and it is possible that these

differences are the result of their early life experience,
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but it could also reflect genetic variation (as suggested

by Coe 1944).

Few studies have examined the effects of physical

conditions on sex change in calyptraeids, indepen-

dent of conspecific interactions. Extremely low con-

centrations of food result in the regression of any

sexual characteristics and in low rates of growth in

Crepidula cf. marginalis (Mérot and Collin 2012a).

When food was increased to high levels, growth re-

covered rapidly but male function was not regained

and the animals remain sexless until they reached the

size at which the female system generally develops

(Mérot and Collin 2012a). Medium food rations

have a less severe effect but also result in a longer

transitional period that is initiated earlier and

completed later than in well-fed animals (Mérot

and Collin 2012b). Similar results were reported for

several North American species (Coe 1953). Taken

together, these results suggest that the period of sex

change involves less energy than does maintaining

active reproduction. Desiccation stress has little

Fig. 3 Some of the taxa referred to in this paper. (A) Crepidula cf. marginalis (above) and Crepidula lessoni (below) live under rocks in

the intertidal; (B) Coralliophilia abbreviata from Bocas del Toro, Panama (photograph courtesy of Julia Schmidt-Petersen); (C)

Chlamydoconcha orcutti from California (arrow indicates the internal male) (photograph courtesy of Greg Rouse); (D) Parvioris sp., a

eulimid surrounded by egg capsules, attached to a starfish host (photograph courtesy of Arthur Anker); and (E) Divariscintila sp., a

galeommatid with attached dwarf male (arrow) (photograph courtesy of Arthur Anker).

Fig. 4 The growth trajectories of several Crepidula cf. marginalis.

Data represent a subset of typical growth trajectories from ani-

mals in the 2� food treatment in Mérot and Collin (2012b). The

open circles represent the last date the animal was recorded as

male and the dark circle indicates the first time it was reported

as female. All animals were raised under the same, standardized

conditions.
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effect on sex change in C. cf. marginalis (Mérot and

Collin 2012a), but substrate limitation in species

living in soft-bottomed habitats may limit growth

and induce sex change at smaller sizes (Collin 1995).

Case 2: Coral lovers (Coralliophilids)

Coralliophilids are specialized neogastropod preda-

tors on corals and other anthozoans. These snails

copulate and brood their egg capsules in the

mantle cavity. The most well-studied species live in

small groups on host corals, and many species are

sedentary or appear to move very little (Richter and

Luque 2004). Recent histological analysis and exper-

imental data show that several species previously

thought to be dioecious are actually protandrous

(Chen et al. 1998; Richter and Luque 2004) and

that oocytes and spermatocytes were never observed

developing simultaneously (Richter and Lunque

2004). The presence of a residual penis in females

had been interpreted as imposex in these species,

and more detailed study of additional species is nec-

essary to clarify the prevalence of protandry in the

group (Richter and Luque 2004).

The sex ratios of protandrous coralliophilids in the

field are not always significantly different from 1:1, and

males and females can occur over 40–80% of the size

range (Soong and Chen 1991; Richter and Luque

2004). Even when the size range of males and females

appear similar, the sex ratio of the size classes differ

and a statistical difference in the size distribution of

the two sexes can be detected (Richter and Luque

2004). These distributions show that size at sex

change varies within a population, and examination

of opercula striae shows that the age at which sex

change occurs also varies (Chen and Soong 2002).

Field observations indicate that sex change is

influenced by association with conspecifics, and

experimental data support these conclusions. Like

calyptraeids, these snails occur in aggregations of

varying sizes. In Coralliophila meyendorffii the size

of the female in an aggregate is correlated with the

size of the aggregation (Richter and Luque 2004). In

the Indo-Pacific Coralliophila violacea a correlation

between size of the smallest female and size of largest

male in an aggregation indicates that the size at sex

change is specific to each group of snails (Soong and

Chen 1991). In the immobile coralliophilid Qoyula

monodonta the probability that an individual is

female increases with size regardless of social envi-

ronment, while small animals are generally male if

they are found in association with a female but are

not sexually developed at the same size when they

are found alone (Soong and Chen 2003). In an

aquarium experiment with artificial groups of

C. meyendorffii sex change happens earlier in popu-

lations without females compared with those with

females (Richter and Luque 2004). A field experi-

ment using mark and recapture of C. violacea

showed that none of the males paired with a

female changed sex over the five months of the

study, while almost half of the solitary males changed

(Chen et al. 1998). These studies are all consistent

with the idea that females repress sex change in smal-

ler males. Finally, another mark and recapture exper-

iment showed that the growth rates of C. violacea are

higher for animals that changed sex than for those

that did not (Chen and Soong 2002), similar to the

pattern for calyptraeids.

The only environmental factor that has been ex-

amined with respect to sex change is the host coral

on which these snails are found. The quality of the

host on which these snails occur affects their growth

rates, maximum size, and size at sex change (Chen

et al. 2004). Coralliophilia violacea from the Indo-

Pacific and Coralliophilia abbreviata (Fig. 3B) from

the Caribbean can both occur on branching and

massive corals. In C. violacea the animals grow and

survive better on massive hosts and therefore change

sex at a larger size than on branching hosts (Chen

et al. 2004). Size at sex change increases with patch

size on massive hosts, where females were signifi-

cantly larger than males. On branching hosts, aggre-

gations are smaller, male and female sizes are almost

the same, and growth rates do not differ from those

on massive hosts. Coralliophilia abbreviata shows the

opposite pattern, with the snails growing larger, con-

suming more, and changing sex at a larger size on

the branching host. Like C. violacea, those on mas-

sive corals often occur in larger groups (Johnston

and Miller 2007). The influence of the host’s nutri-

tional quality and the limitation of size of substrate

in the branching corals could be fruitful areas of

investigation.

Case 3: True limpets (Patellogastropoda)

Protandrous sex change has evolved in several line-

ages of patellogastropods. Sex change is often

inferred from size distributions of the two sexes

(e.g., Scutellastra flexuosa; Lindberg 2007) and from

the presence of indeterminate gonads or presence

both of testes and ovaries in medium-sized individ-

uals (e.g. Patella vulgata Bacci 1947; Helcion pectun-

culus: Gray 1997; Patella kermadecensis: Creese et al.

1990). Longitudinal studies of living animals have

confirmed sex change in Lottia gigantea (Wright

and Lindberg 1982), Patella vulgata (Le Quesne

and Hawkins 2006), and Patella ferruginea

(Espinosa et al. 2009). Since patellogastropods lack
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copulatory structures, direct demonstration of sex

change involves taking biopsies of the gonad of

living animals, as it does in bivalves.

As is the case with calyptraeids and coralliophilids,

the sex ratio and size at sex change vary naturally

among sites (e.g., Branch and Odendaal 2003) and

across seasons (McCarthy et al. 2008). In the South

African limpet Cymbula oculus, larger limpets and a

higher proportion of females occur at sites sheltered

from waves compared with sites exposed to waves

(Branch and Odendaal 2003). In many patellogastro-

pods the large individuals are harvested by humans

for food. This selective removal of large, presumably

female, animals has been shown to affect the size at

sex change. In the Mediterranean Patella ferruginea,

size at sex change is larger at sites with higher den-

sities of large animals (Rivera-Ingraham et al. 2011).

Likewise, the Californian limpet, Lottia gigantea, is

larger, shows later sex change, and has higher

growth rates at sites that are protected from harvest-

ing and have more large animals than do those with

no protection (Fenberg and Roy 2012). Cymbula

oculus are also larger and there are more females in

areas protected from harvesting (Branch and

Odendaal 2003).

Experimental manipulations show an effect of

density on sex change, with low densities, good

body condition, and few aggressive interactions re-

sulting in earlier sex change. Protandrous limpets are

generally large, territorial, show fidelity to the home

site, and often are aggressive to conspecifics (Branch

1974; Lindberg 2007). Therefore, both aggressive in-

teractions as well as the size and quality of the ter-

ritory can affect body condition and probably sex

ratio (Wright 1989). In Patella depressa experimen-

tally increased density increases competition for

food, decreases growth rate, and increases the

number of males and non-reproductive individuals

(Boaventura et al. 2003). Sex change has not been

documented in P. depressa, but populations near the

center of the range in Portugal show a size–sex dis-

tribution consistent with protandry (S. J. Hawkins

and C. D. Borges, personal communication).

Unfortunately, the design of this experiment in in-

traspecific competition could not be used to demon-

strate whether sex change occurred (Boaventura et al.

2003), but protandry could explain the observed

changes in sex ratio. Field manipulations of density

show that L. gigantea have an increased probability

of changing sex at lower densities, and that sex

change occurs at smaller size at low densities

(Wright 1989). The results from P. depressa support

the suggestion that availability of food could mediate

this effect (Wright 1989). There is also some

evidence that aggressive interactions, which occur

more frequently at high densities, may inhibit sex

change (Wright 1989).

It is unfortunate that so few experimental data are

available on the effects of conspecific interactions on

sex change in patellogastropods. Of the three systems

reviewed here, they are the most behaviorally com-

plex and constitute the group in which multiple par-

allel origins of protandry is most likely. Hopefully

genomic and transcriptomic resources generated by

the limpet genome project (Simakov et al. 2013) can

be used to develop new, non-invasive methods for

determining sex of individual limpets.

Are dwarf males a natural extension of protandry?

Dwarf males have been reported in several families

both of gastropods and bivalves. These cases involve

some of the most fascinating and poorly studied

taxa. The term dwarf male has been used to refer

to small males that are closely associated with fe-

males but do not differ much from normal free-

living males, to highly modified parasites living on,

or in, conspecific females. For example, in the

Argentine oyster Ostrea puelchana, young individuals

on hard substrates are usually male, but very small

males with a different shell morphology are also

found attached in a stereotypic position on the

shells of females (Pascual et al. 1989). Experimental

mortality of the host female releases the small males,

which then grow quickly, attain a morphology sim-

ilar to the free-living animals, and change to females.

At the other end of the spectrum is the bivalve

Chlamydoconcha orcutti (Fig. 3C) in which a mor-

phologically simplified male lives in a cavity between

the internalized shell and the reflected mantle of the

larger animal. In this species the few large host

individuals that have been dissected appear to be

hermaphroditic with traces both of male and

female gametogenesis in the gonad (Morton 1981).

Dwarf males have also been reported in the ship-

worms Zachsia zenkewitschi, Xylophaga supplicata

and Xyloredo sp. (respectively, Yakovlev and

Malakhov 1985; Haga and Kase 2013; Ockelmann

and Dinesen 2011). In Xylophaga supplicata a deep-

sea bivalve that lives associated with sunken wood

often has tiny conspecifics attached to the shell

near the hinge. These small animals, hardly larger

than a larva, occur in several species and have been

interpreted as evidence of external parental care of

juveniles (reviewed by Haga and Kase 2013). Recent

morphological examination has shown that these

tiny animals are mature males and the larger host

animals are protandrous, maturing as males at a sig-

nificantly larger size than the attached dwarfs and
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then apparently subsequently developing ovarian

tissue. Of the six animals examined, the largest

three included two females and one hermaphrodite

(Haga and Kase 2013). Dwarf males have also been

reported for the galeommatids Montacuta and

Ephippodonta (Morton 1976), and Peregrinamor

ohshimai (Lützen et al. 2001) among others

(Fig. 3E). Species with dwarf males all occur in bi-

valve families in which protandry is common.

Similar bizarre lifestyles involving dwarf males

occur in some gastropods but do not seem to be

as common or widely distributed as in bivalves.

Eulimids (Fig. 3D) show a range from Thyca species

in which small males live near females (Elder 1979),

to Stilifer in which small males and females both

make galls in their host (Warén 1980), and to

Asterophila japonica in which males and females

both are shell-less endoparasties of starfish and the

male is not much more than a sack of tissue 10% the

body size of the female (Sasaki et al. 2007). There is

some sparse evidence that the janthinid Recluzia cf.

jehennei may also have dwarf or complemental males

(Churchill et al. 2011).

The diversity of species with diminutive or dwarf

males presents a fantastic opportunity for compari-

son with dwarf males in barnacles (Yusa et al. 2013,

this issue). It has been inferred that the presence of

the female represses development of the males.

Could this be the typical repression of males evi-

dent in protandrous species taken to an extreme?

Manipulative experiments are necessary to answer

the fundamental questions: Do these dwarf males

have the potential to grow and become large free-

living hermaphrodites or females? If larvae settle

alone do they bypass the male phase?

Conclusions

Sex allocation and sexual systems have been studied in

more detail in molluscs than in most other groups of

marine invertebrates. Despite this effort, the available

information for any one group is patchy and rife

with terminological inconsistencies. Reviews often

run afoul of this (this article is probably no exception)

and tentative conclusions of primary studies often are

over-generalized to unstudied taxa or misinterpreted

due to terminological inconsistencies. In-depth

reviews of the primary literature inventorying what

we really know about each clade of gastropods and

bivalves will be vital for further progress in under-

standing macroevolutionary patterns and phylogenetic

constraint in molluscan sexual systems. Targeting of

species with unusual sexual systems for inclusion

in phylogenetic analyses would be useful.

Detailed information and experimental data on

molluscan sexual systems appears to be available

for only a handful of well-studied families. For

many families the sexual system has been inferred

solely from anatomical data and the dynamics of

sex allocation have yet to be investigated. Strategic

choice of focal species to fill gaps in our knowledge

or to target species in groups with known diversity

could make significant contributions to our under-

standing, as would work on the genetic basis of sex

determination, which is virtually unstudied in mol-

luscs (but see Guo et al. 1998; Yusa 2007; Powell et

al. 2010). In summary, the diversity of molluscan

sexual systems offers a feast for researchers who

wish to explore invertebrates’ life histories. It is

likely that a vast diversity of sexual systems, mating

systems, and reproductive strategies still await dis-

covery, and many aspects of the ‘‘well-known’’ sys-

tems still await investigation.
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juveniles in the rare neustonic gastropod Recluzia cf. jehen-

nei (Janthinidae). J Mollus Stud 77:441–4.

Coe WR. 1943. Sexual differentiation in mollusks. I.

Pelecypods. Q Rev Biol 18:154–64.

Coe WR. 1944. Sexual differentiation in mollusks. II.

Gastropods, amphineurans, scaphopods, and cephalopods.

Q Rev Biol 19:85–97.

Coe WR. 1953. Influences of association, isolation, and

nutrition on the sexuality of snails of the genus

Crepidula. J Exp Zool 122:5–19.

Collin R. 1995. Sex, size, and position: a test of models pre-

dicting the size at sex change in the protandrous gastropod

Crepidula fornicata. Am Nat 146:815–31.

Collin R. 2000. Development and anatomy of Nitidiscala

tincta (Carpenter 1865) (Gastropoda: Epitoniidae). Veliger

43:302–12.

Collin R. 2006. Sex ratio, life history invariants, and patterns

of sex change in a family of protandrous gastropods.

Evolution 60:735–45.

Collin R, McLellan M, Gruber K, Bailey-Jourdain C. 2005.

Effects of conspecific associations on size at sex change in

three species of calyptraeid gastropods. Mar Ecol Prog Ser

293:89–97.

Creese RG, Schiel DR, Kingsford MJ. 1990. Sex change in a

giant endemic limpet, Patella kermadecensis, from the

Kermadec Islands. J Exp Mar Biol Ecol 144:101–12.

Cunha L, Gustavo MM, Amaral A, Rodrigues A. 2007. A case

of simultaneous hermaphroditism in the Azorean endemic

limpet Patella candei gomesii (Mollusca: Patellogastropoda),

a gonochoristic species. Invertebr Reprod Dev 50:203–5.

Dolgov LV. 1992. Sexual structure of a Tridacna squamosa

population: relative advantages of sequential and simulta-

neous hermaphroditism. J Mollus Stud 58:21–7.

Dupont L, Richard J, Paulet YM, Thouzeau G, Viard F. 2006.

Gregariousness and protandry promote reproductive

insurance in the invasive gastropod Crepidula fornicata: ev-

idence from assignment of larval paternity. Mol Ecol

15:3009–21.

Eernisse DJ. 1988. Reproductive patterns in six species of

Lepidochitona (Mollusca: Polyplacophora) from the Pacific

Coast of North America. Biol Bull 174:287–302.

Elder HY. 1979. Studies on the host parasite relationship

between the parasitic prosobranch Thyca crystallina and

the asteroid starfish Linckia laevigata. J Zool 187:369–91.

Erisman B, Petersen CW, Hastings PA, Warner RR. 2013.

Phylogenetic perspectives on the evolution of functional

hermaphroditism in teleost fishes. Integr Comp Biol

53:736–54.

Espinosa F, Rivera-Ingraham G, Garcı́a-Gómez JC. 2009.
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