
1
197

Reproductive Biology. Edited by Rickey D. Cothran and Martin Thiel.
© 2020 Oxford University Press. Published 2020 by Oxford University Press.

8
HERMAPHRODITISM AND GONOCHORISM

Chiara Benvenuto and Stephen C. Weeks

Abstract

This chapter compares two sexual systems:  hermaphroditism (each individual can produce 
gametes of either sex) and gonochorism (each individual produces gametes of only one of the 
two distinct sexes) in crustaceans. These two main sexual systems contain a variety of alternative 
modes of reproduction, which are of great interest from applied and theoretical perspectives. 
The chapter focuses on the description, prevalence, analysis, and interpretation of these sexual 
systems, centering on their evolutionary transitions. The ecological correlates of each reproduc-
tive system are also explored. In particular, the prevalence of “unusual” (non- gonochoristic) re-
productive strategies has been identified under low population densities and in unpredictable/ 
unstable environments, often linked to specific habitats or lifestyles (such as parasitism) and in 
colonizing species. Finally, population- level consequences of some sexual systems are consid-
ered, especially in terms of sex ratios. The chapter aims to provide a broad and extensive overview 
of the evolution, adaptation, ecological constraints, and implications of the various reproductive 
modes in this extraordinarily successful group of organisms.

INTRODUCTION

Historical Overview of the Study of Crustacean Reproduction

Crustaceans are a very large and extraordinarily diverse group of mainly aquatic organisms, which 
play important roles in many ecosystems and are economically important. Thus, it is not surprising 
that numerous studies focus on their reproductive biology. However, these reviews mainly target 
specific groups such as decapods (Sagi et al. 1997, Chiba 2007, Mente 2008, Asakura 2009), caridean 
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shrimp (Correa and Thiel 2003) and crayfish (Yazicioglu et al. 2016), or are more general reviews 
of mating strategies and behaviors (Subramoniam 2013, Dennenmoser and Thiel 2015), hormonal 
regulations (Ventura et  al. 2011a), sex determination (Rigaud et  al. 1997)  and/ or sexual systems 
(Bauer and Martin 1991, Subramoniam 2016), focusing more on proximate mechanisms than ulti-
mate causes. Comprehensive reviews of crustacean reproduction, especially from an evolutionary 
perspective, are largely missing from the literature.

This gap in our knowledge is even more obvious when we consider the paucity of modern 
reviews of the evolution of hermaphroditism in the Crustacea (Charniaux- Cotton 1975, Juchault 
1999), with the exception of a few taxa (e.g., branchiopods: Weeks et al. 2014, barnacles: Yamaguchi 
et al. 2012, Yusa et al. 2012, 2013) or specific systems (e.g., androdioecy: Weeks et al. 2006a, Weeks 
2012). This is not unique to the Crustacea: the evolution of hermaphroditism has not been widely 
discussed in animals more generally (but see Ghiselin 1969, Jarne and Charlesworth 1993, Jarne 
1995, Jarne and Auld 2006, Eppley and Jesson 2008, Schärer and Janicke 2009, Vega- Frutis et  al. 
2014, Meconcelli et  al. 2015), even though more than 65,000 animal species are hermaphroditic 
( Jarne and Auld 2006).

Here, we review reproductive systems in crustaceans (see also Chapter 6 in this volume), with 
an emphasis on the various forms of hermaphroditism, including sequential and simultaneous her-
maphroditism (male and female reproductive organs are present and function sequentially or at 
the same time), mixed sexual systems (such as androdioecy), and plastic strategies (population 
geographic variation in sexual systems in the same species; presence of non- sex- changing individ-
uals in sequentially hermaphroditic populations, etc.). In particular, we list the known species that 
exhibit these hermaphroditic forms and consider the evolution of the numerous reproductive sys-
tems in crustaceans, documenting their taxonomic ranges and discussing their likely evolutionary 
transitions. We conclude by briefly discussing the environmental correlates of the various repro-
ductive forms found among crustaceans.

OVERVIEW OF REPRODUCTION IN THE CRUSTACEA

Types of Reproductive Systems in the Crustacea

Few animal groups have as many reproductive systems as crustaceans (see Table 8.1 for 
definitions): asexual (parthenogenetic) lineages are common in freshwater ostracods (Butlin et al. 
1998, SchÖn et al. 2000), in the brine shrimp Artemia (A in Fig. 8.1; Asem et al. 2016), in some ter-
restrial isopods (Bell 1982, no males have been found in Armadillidium virgo [Caruso and Bouchon 
2011, D in Fig. 8.1]), and have been described in crayfish (Scholtz et al. 2003); cyclic parthenogen-
esis is often found in cladocerans (Hebert 1987, Decaestecker et  al. 2009); separate sexes (func-
tional males and functional females) are present in gonochoristic (dioecious) species as well as in 
sequential hermaphrodites (sex changers), where the same individual acts as one sex and succes-
sively as the alternate sex at different times of its life cycle; combined sexes (hermaphroditism) are 
found in systems where all individuals mature both male and female gonads at the same time (syn-
chronous or simultaneous hermaphroditism), or in mixed sexual systems, where only some indi-
viduals are hermaphrodites but others are pure males (androdioecy; see Table 8.2). Coexistence 
of hermaphrodites and males can also occur following the development of female tissue in males 
(protandric simultaneous hermaphroditism), a mixed sexual system mainly found in the Infraorder 
Caridea (Bauer and Holt 1998, Bauer 2000). This amazing variety of modes of reproduction can 
thus be seen as a continuum (Ah- King and Nylin 2010, Kelly and Sanford 2010, Yusa et al. 2013).
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Sex- determining mechanisms also vary greatly in crustaceans (see Chapter 14 in this volume). 
Some isopod and amphipod females can produce offspring of exclusively one sex, a process known 
as monogeny (Bulnheim 1978, Juchault and Legrand 1986). Additionally, crustaceans can use both 
internal and external fertilization. When internal fertilization occurs, females can often be fertilized 
only during a brief period after molting, before their exoskeleton hardens again (Hartnoll 1969, 
Raviv et al. 2008). In this situation, males guard females until they are receptive (mate guarding; 
Jormalainen 1998). In some species, characterized by a terminal molt (after which the individual no 
longer grows), females can be fertilized even with a hard exoskeleton (Raviv et al. 2008). Given this 
variety and complexity of reproductive modes and systems, crustaceans are great model organisms 
to test theoretical predictions and perform applied studies on the ecology, reproductive behavior, 
sexual selection, and evolution of social and sexual systems of animals (Duffy and Thiel 2007, 
Dennenmoser and Thiel 2015, Chak et al. 2015).

Table 8.1. Definition of Sexual Systems Based on the Presence of Sexual Types

Sexual System Population Composed of
Androdioecy Males + hermaphrodites*
Gynodioecy Females + hermaphrodites*
Gonochorism (Dioecy) Males + females
Asexual (Parthenogenetic) Females only
Cyclic Parthenogenesis Asexual females most of the year followed by a single 

bout of sexual (male + female) reproduction at the 
end of the growing season

Simultaneous hermaphroditism Hermaphrodites*
Sequential hermaphroditism
 i. Protandry Male- first sex changers. Individuals reproduce as males 

initially and then switch to females, the second sex, 
also called secondary females in digynic populations 
(populations with two types of females) where some 
individuals are born directly as females (primary 
females). In some cases, some males might not 
change to females (and remain males through all 
their lives)

 ii. Protogyny Female- first sex changers. Individuals reproduce 
as females initially and then switch to males, the 
second sex, also called secondary males in diandric 
populations (populations with two types of males) 
where some individuals are born directly as males 
(primary males). In some cases, some females might 
not change to males (and remain females through all 
their lives)

Protandric simultaneous 
hermaphrodites

Males → Simultaneous hermaphrodites

* Simultaneous production of both male and female gametes
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Below, we describe the diversity of hermaphroditic reproductive systems in crustaceans. The 
vast bulk of crustaceans are gonochoristic (dioecious), and we do not specifically delineate those 
species in this chapter. We also refer readers to Chapter 9 of this volume for a complete discussion 
of asexual re production. Here instead, we first describe the various reproductive systems, and then 
present a brief discussion of their evolutionary transitions.

Sexual Reproduction

Gonochorism
Gonochorism or dieocy (separate sexes) is the most common sexual system in crustaceans 
( Juchault 1999, Correa and Thiel 2003, Subramoniam 2013). When genetically determined, separate 
sexes are fixed throughout the life cycle of individuals. Sexual development is regulated in malacos-
tracan crustaceans by a hormone produced by the androgenic gland: the default sex is female (Ford 
2008), and primary and secondary male characters are induced by the insulin- like androgenic gland 
hormone (Sagi et al. 1997, Chang and Sagi 2008, Ventura et al. 2011a, 2011b). In the presence of the 
hormone, testicular differentiation is initiated and the animal matures as a male; in its absence (i.e., 
in females), ovaries develop instead (Chang and Sagi 2008).

In many crustacean groups, sexual dimorphism allows the easy recognition of males from 
females, each sex characterized by a sex- specific phenotype. Males are usually larger than females 
and have larger chelipeds, or other weapons, in species where male- male competition is the rule, 
either in the form of direct aggressive interactions, mate guarding or territorial/ burrow defense 
(see Chapter 10 in this volume). Larger females than males are found in penaeoidean shrimp, in 
many caridean shimp (Bauer et al. 2014), and in other groups where high abundances allow for 
frequent contact between the sexes. In instances when one sex grows faster than the other, there 
has been interest in creating single- sex populations for aquaculture purposes (Ventura and Sagi 
2012, see the successful manipulations of the giant freshwater prawn Macrobrachium rosenbergii; 
Ventura et al. 2012). Extreme sexual dimorphism is found in some dioecious barnacles (in par-
ticular in the order Pedunculata), where males are much smaller than females. Darwin (1851) 
called them “dwarf ” males: they are attached directly to the “fertilization site” (on a female) and 
do not require the long (“groping”) penises that their hermaphroditic counterparts require for 
successful fertilization; multiple dwarf males can be attached to the same female (Yusa et al. 2012, 
Lin et al. 2015).

Even though there are two sexes, more than one male morphotype can be present, as found, for 
example, in the marine isopod Paracerceis sculpta where α- , β-  and γ- males coexist in populations 
(Shuster and Wade 1991), the rock shrimp Rhynchocinetes typus where “typus,” “intermedius,” and 
“robustus” males are found (Correa et al. 2000), and M. rosenbergii where small, medium orange- 
clawed and large blue- clawed males (Ventura et  al. 2011b) use different strategies to mate with 
females. When different male morphotypes are present, one type often phenotypically resembles 
a female (β- males, typus, and small, respectively, from the preceding examples), to allow them to 
enter unnoticed in the harem of the dominant males.

When secondary sexual characters are not evident, the localization of gonopores (or their 
absence in parthenogenetic crayfish; Vogt et al. 2004) can be used to differentiate males from 
females (and hermaphrodites, when both set of sexual gonopores are present), as well as 
the presence of an appendix masculina in males of many decapods, which regresses during 
sex change in protandrous species (Carpenter 1978, Bauer 1986a, Schatte and Saborowski 
2006, Zupo et  al. 2008). In some species (such as the brown shrimp Crangon crangon; G in  
Fig. 8.1) evidence of sex change can be inferred by comparing consecutive molts (Schatte and 
Saborowski 2006).
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Sequential Hermaphroditism
There are several forms of sequential hermaphroditism, which is defined as changing from one sex 
into another during some portion of the life cycle. Starting life as male and then changing to female 
is termed protandry, whereas starting life as female and changing to male is termed protogyny (Table 
8.1; Warner 1975, Policansky 1982, Munday et al. 2006). It is hypothesized that sequential hermaph-
roditism is a response to size- specific difference in maximized fitness of each sex (size advantage 
model; Ghiselin 1969). In scenarios where the fitness of small males is not too different from the 
fitness of large males but small females are less fecund than large females, a male- first strategy (prot-
andry) can allow successful production of sperm early in life with a later switch to females when the 
individuals are larger and can better afford higher egg production.

Protandry is very common among malacostracans (Table 8.3), especially in decapods, 
amphipods, and isopods. Outside these taxa, it has been described only in two parasitic species of 
barnacles: Waginella (formerly Synagoga) sandersi and Gorgonolaureus muzikae (Brook et al. 1994, 
Policansky 1982). Among decapods, the majority of described occurrences of protandrous sex 
change is found in the family Pandalidae (31 species; the genus Pandalus seems to be completely 
protandrous; Chiba 2007, H in Fig. 8.1), but also in the families Atyidae (six species), Crangonoidea 

(A)

(B)

(C)

(E)

(F)

(G)

(H) (I)
(J)

(D)

Fig. 8.1.
Selected examples of non- gonochoristic species, to show the variety of reproductive modes in crustaceans. 
(A)  The anostracan Artemia parthenogenetica, characterized by mixed sexual and asexual (parthenoge-
netic) populations. (B)  The notostracan Triops cancriformis exemplifies “geographical hermaphroditism,” 
where populations can be gonochoristic, androdioecious, and hermaphroditic. (C)  The free- living isopod 
Cyathura carinata, one of the few examples of protogynous (female- first sex changer) crustaceans. (D) The 
parthenogenetic cave- dwelling isopod Armadillidium virgo. (E) The protandric simultaneous hermaphrodite 
Exhippolysmata oplophoroides. (F) The protandrous (male- first sex changer) Emerita analoga. (G) The faculta-
tive protandrous Crangon crangon. (H) The protandrous Pandalus danae. (I) The simultaneous hermaphrodite 
Allaxius cf picteti, belonging to the family Axiidea, the only known example of simultaneously hermaphroditic 
decapods. ( J) The simultaneous hermaphrodite Amphibalanus improvisus. See color version of this figure in the 
centerfold. Photos: (A and B) Jean- François Cart; (C) Hans Hillewaert; (D) Domenico Caruso; (E) J. Antonio 
Baeza; (F and I) Arthur Anker; (G) Asma Althomali; (H) Ann Dornfeld; ( J) Ian Frank Smith.
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(five species), Campylonotidae (four species), Alpheidae, Hippidae (see Emerita analoga, F in  
Fig. 8.1), Hippolytidae and Merguiidae (two species each) with individual occurrences in four more 
families (Table 8.3). In some cases (e.g., C. crangon; G in Fig. 8.1), protandry is facultative (Schatte 
and Saborowski 2006). Among amphipods, seven protandrous species have been recorded in the 
family Lysianassidae and one species, Stegocephalus inflatus, among stegocephalids ( Johnson et al. 
2001). Among parasitic isopods, 17 protandrous species have been described in the Cymothoidae 
(this family, comprising 386 species, is possibly all completely protandric; Brusca 1981) and two 
in the Bopyridae. Their parasitic lifestyle makes it particularly difficult to study their reproductive 
cycle (Smit et al. 2014). Among the ectoparasitic cymothoids, different sites are parasitized in fish 
hosts: gill chambers, buccal cavity and body surface (Fig. 8.2). While parasitic isopods are mainly 
protandrous, both protandry and protogyny are found among free- living aquatic isopods. Among 
terrestrial isopods (superfamily Oniscoidea), one species is recorded as protandrous and one as 
protandric simultaneous hermaphroditic ( Johnson et al. 2001).

In systems where males compete for females, large males have higher reproductive success, and 
small individuals maximize their fitness as females (protogyny). Interestingly, protogyny is very 
common in fish but not in crustaceans: out of the 114 known sequentially hermaphroditic crusta-
cean species, 93 are protandrous and only 21 are protogynous (Table 8.3). Protogynous species are 
distributed among free- living (non- parasitic) isopod species (Tsai et al. 1999), with four species in 
the family Anthuridae (C in Fig. 8.1) and four in the family Sphaeromatidae. Among the Tanaidacea 
there are seven protogynous species in the family Leptochelidae, two in the family Nototanaidae, and 
one each in the families Paratanaidae, Kalliapseudidae, Tanaididae, and Apseudidae (e.g., Highsmith 
1983, Brook et  al. 1994). Protogyny is probably more common among the Tanaidacea than what 
is reported here (Dojiri and Sieg 1997, Larsen 2001). Protogynic tanaids often have  polymorphic 
males: males that used to be females (“secondary males”; Table 8.2) are  morphologically different 
from males developed directly from juveniles (“primary males”). Also, “tertiary males” (who devel-
oped from females who had two broods, and not just one) are different from the other males (Larsen 

(A) (B) (C)

(D) (E)

Fig. 8.2.
Ectoparasitic isopods in the family Cymothoidae (obligate parasites of fishes). (A) The gill chamber parasite 
Anphira branchialis on Metynnis lipincottianus. (B) Ceratothoa italica in the mouth of Lithognathus mormyrus 
and (C)  escaping after realizing its host is dead. (D)  Braga patagonica in the gills of Pygocentrus naterreri. 
(E) Anilocra physodes on L. mormyrus.  See color version of this figure in the centerfold. Photos: (A and D) 
Charles Baillie; (B) Maria Sala- Bozano; (C and E) Stefano Mariani.
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2001). Not all females change into males: this strategy seems to respond to a skewed sex ratio, due to 
higher mortality and a lack of feeding in males (Larsen 2001). In the tanaid Leptochelia africana, once 
females molt into their male phase, they lose their functional mouth parts, do not feed anymore, 
and invest only in reproduction (Larsen and Froufe 2013). In Leptochelia dubia males not only do 
not feed, but also are aggressive and fight for females (Highsmith 1983). Often protogyny is socially 
mediated (the dominant male prevents the other females from changing sex), which has been con-
firmed in tanaids (Highsmith 1983) and some isopods, even though this does not seem to be the case 
in Gnorimosphaeroma oregonensis (Brook et al. 1994).

A high level of plasticity is present in both protandric and protogynic sexual systems:  not 
all individuals in all populations are sex changers. Some individuals can be born directly as the 
second sex (“primary males” in diandric protogynous species and “primary females” in digynic 
protandrous species; Tables 8.1 and 8.2) and thus do not change sex. Moreover, some species 
are facultatively sequentially hermaphroditic; i.e., not all individuals born as the first sex will 
change into the second sex, as is also seen in the tanaids, mentioned earlier, where the pro-
togynous strategy depends on the population sex ratio (Larsen 2001). Both protandrous and 
protogynous hermaphrodites can be considered functionally dioecious, given that populations 
comprise males and females at any given time (Weeks 2012). However, the ability of individuals 
to be either sex at different times of their lives clearly differentiates these systems from strict 
dioecy. Interestingly, while protogyny is the most common system among fish, the majority of 
sex- changing crustaceans are protandric, as noted earlier. This difference is possibly related to 
the differing mating strategies employed by fish and crustaceans: while many fish have haremic 
systems, where protogyny is advantageous (a female can greatly increase her fitness becoming 
the large dominant male; e.g., Munday et al. 2006), harems are not common in crustaceans. In 
haremic crustacean species, like P. sculpta mentioned previously, alternative mating strategies are 
employed by males (Shuster and Wade 1991, Johnson et al 2001). Instead, in crustacean groups 
where protogyny is the norm, a change from female to male seems to be favored because of low 
abundance of males (see earlier discussion of tanaids), or large males might be favored during 
mate guarding, as hypothesized by Brook et al. (1994) in the isopod G. oregonensis. Bi- directional 
sex change (the ability of an individual to change sex multiple times, in either direction) is not 
confirmed in crustaceans, but is postulated in alpheid shrimps, Arete kominatoensis and A. dorsalis 
(Nakashima 1987, Gherardi and Calloni 1993, Chiba 2007).

An unusual form of sequential hermaphroditism is termed “protandric simultaneous her-
maphroditism” (Bauer 2000, 2006, Bauer and Newman 2004, Baeza et al. 2007). In this system, 
individuals develop first as males and then change into simultaneous hermaphrodites (Bauer 
2000, Baeza 2009). This reproductive mode is typical of Lysmatidae (31 out of the 40 known spe-
cies; Table 8.3; Lin and Zhang 2001, Bauer and Newman 2004, Bauer 2006, Baeza et al. 2007, E in 
Fig. 8.1) and possibly is found in Barbouriidae (four species) and Parastacidae (four species) and, 
unique among isopods, is reported in Rhyscotus ortonedae (formerly Oniscoidea). This sequential 
sexual change is also a response to differing reproductive values at different sizes: smaller males 
actually accrue more mates than larger males (Baeza 2007). When the shrimp attain a certain size, 
they then develop a female gonad but retain male functionality (Bauer 2000). Hermaphrodites 
do expend more effort in female gamete production, but still perform limited outcrossing as 
males (Baeza 2007). These shrimp have evolved from protandric sequential hermaphrodites 
(Baeza 2009, Baeza et al. 2009), so the retention of male function is a derived character in these 
species.

Interestingly, protandric simultaneous hermaphroditism is similar to androdioecy, in that 
at any one time the populations are mixtures of males and hermaphrodites. However, unlike 
other androdioecious crustaceans, wherein males are genetically distinct from hermaphrodites 
(Weeks et al. 2006a, Weeks 2012), in protandric simultaneous hermaphrodites, each individual 
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will be both male and simultaneous hermaphrodite, depending on its age and size (Bauer 
2000). In this way, the two reproductive modes are developmentally and ecologically different 
(Weeks 2012).

Simultaneous or Synchronous Hermaphroditism
Pure simultaneous hermaphroditism (all mature individuals in a population able to produce male 
and female gametes at the same time) is considered to be rare in crustaceans (Michiels 1998), as it is 
almost completely absent in the Malacostraca, where it is present in just two families: Apseudidae 
in the Tanaidacea ( Johnson et  al. 2001, Kakui and Hiruta 2013, Table 8.3) and putatively in the 
Axiidae ( Johnson et al. 2001, Chiba 2007, Poore and Collins 2009, Komai et al. 2010, I in Fig. 8.1) 
within the Decapoda (see later discussion). In other non- malacostracan orders, populations com-
prising entirely hermaphrodites have been reported in the Cephalocarida (Addis et  al. 2012), in 
the cave- dwelling Remipedia (Neiber et al. 2011, Kubrakiewicz et al. 2012), in some spinicaudatan 
branchiopods (Scanabissi and Mondini 2002, Weeks et  al. 2005, Weeks et  al. 2014, Brantner 

Table 8.2 Definition of Sexual Types 
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et  al. 2013a), in notostracans (Macdonald et  al. 2011, Mathers et  al. 2013), and in the Cirripedia 
(Thoracica; Charnov 1987, Kelly and Sanford 2010, Yusa et al. 2012, J in Fig. 8.1). However, simul-
taneous hermaphrodites do often co- occur with males in androdioecious (in Branchiopoda and 
Cirripedia, see later discussion) and in protandric simultaneous hermaphroditic systems (e.g., 
caridean shrimp).

Simultaneous hermaphroditism has apparently evolved four separate times in the Spinicaudata 
(Weeks et al. 2014) and five times in the Notostraca (Mathers et al. 2013). In some branchiopods, 
gonochoristic, androdioecious, and hermaphroditic populations occur in the same species (“geo-
graphical hermaphroditism,” as in the case of the tadpole shrimp Triops cancriformis; Zierold et al. 
2007; B in Fig. 8.1).

In the Cephalocarida self- fertilization is probable:  the male and female functional gonads 
are separated, but the gonoducts join together and open in a single pair of hermaphroditic geni-
tal pores (Addis et al. 2012); the immotile, aflagellate sperm is also a sign of very low mating 
competition (Morrow 2004), which could be found in selfing hermaphrodites. Among the 
previously mentioned groups, aflagellate sperm is found in Branchiopoda and Cephalocarida, 
but not in Remipedia and Cirripedia (Morrow 2004), and internal fertilization or pseudo- 
copulation (sperm is released in the mantle cavity of the other hermaphrodite; Barazandeh 
et al. 2013) or fertilization in a brood pouch/ chamber (Weeks et al. 2002) is probable or con-
firmed in all of them (Morrow 2004). Hermaphroditic barnacles, on the other hand, seem to 
perform cross- fertilization among sessile mates, using groping penises, given their sessile con-
dition (Charnov 1987). Only a few species are considered capable of self- fertilization, at least 
facultatively (Furman and Yule 1990), but for many of them this ability is not fully confirmed 
(Wrange et al. 2016). The assumption was partially due to the fact that isolated barnacles could 
produce fertilized eggs, but a recent paper has reported spermcast mating (the possibility for 
barnacles to capture sperm from the water; Barazandeh et al. 2013), and thus this assumption 
may not be valid.

Among Malacostraca, simultaneous hermaphroditism has been recorded only in two tanaid 
species: Apseudes spectabilis (Kakui and Hiruta 2013) and A. sculptus (former A. hermaphroditicus; 
Johnson et al. 2001). The first described instance of self- fertilization in malacostracans is for Apseudes 
sp. (Kakui and Hiruta 2013). The infraorder Axiidea is suggested to be hermaphroditic (see family 
Axiidae, formerly Calocarididae, in Table 8.3; I in Fig. 8.1), due to the presence of both gonopores 
in each individual ( Johnson et al. 2001, Chiba 2007, Poore and Collins 2009, Komai et al. 2010), 
even though the internal reproductive system (i.e., the presence of an ovotestis; Davison 2006) has 
not been described. In other families, individual “intersexes” have been described (Dworschak 
2002), but there are just a few specimens and the functionality of both gonopores has not been 
investigated.

Simultaneous hermaphroditism maximizes the number of females in a population and the 
chances of finding a mate under low densities (Clark 1978). These two benefits do not apply com-
pletely, though, if the eggs can be fertilized only after molting (Raviv et al. 2008). In this case, during 
the reproductive season simultaneous hermaphroditic individuals can act as females only for a lim-
ited period after their molt, while they can act as males most of the time (Baeza 2007). This would 
reduce the possibility of reciprocity of gamete transfer. Self- fertilizing hermaphrodites do not have 
this problem, but inbreeding depression instead may limit the fitness benefits of using this repro-
ductive strategy (Weeks et al. 2006a). Molting as a physiological constraint to receptivity might 
explain why pure simultaneous hermaphroditism is so rare among crustaceans, and possibly in-
stead promoted the evolution of protandric simultaneous hermaphroditism and androdioecy in 
this taxon.
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Androdioecy
Branchiopod Crustaceans
Androdioecy has been described from two orders of branchiopod crustaceans (Table 8.3), which oc-
cupy ephemeral, aquatic habitats that experience a broad range of abiotic environmental conditions 
and population densities (Hamer and Martens 1998, Weeks et  al. 2006b, Benvenuto et  al. 2009, 
Calabrese et al. 2016). The ephemeral nature of populations combined with low population densi-
ties has been argued as the reason that androdioecy evolves from dioecy in animals (Pannell 2002), 
and it likely explains why androdioecy is so widespread in these two orders (Weeks 2012). The best 
studied of these branchiopods are spinicaudatan clam shrimp in the genus Eulimnadia (see later dis-
cussion) that have hermaphrodites and males (Fig. 8.3); the hermaphrodites can either self- fertilize 
or can mate with males, but they cannot outcross with other hermaphrodites. Eulimnadia is the 
most speciose androdioecious lineage of any known plant or animal, having upwards of 53 species 
(Reed et al. 2015). Although some Eulimnadia appear to be all- hermaphroditic (Weeks et al. 2005), 
androdioecy is thought to be the ancestral breeding system in this genus (Weeks et al. 2006c, Weeks 
et al. 2009b). Thus, these crustaceans are both the most speciose and the longest- lived (minimally 
25 million years) clade of androdioecious animals (Weeks et al. 2006c, Weeks 2012).

Androdioecy has also been described in the notostracan tadpole shrimp:  in four species of 
Triops, namely T. newberryi (Sassaman 1989), T. cancriformis (Zierold et al. 2007), T. longicaudatus 
(Sassaman et al. 1997), and T. australiensis sp. B (Mathers et al. 2013 supplementary material), and 
in two species of Lepidurus (L. arcticus and L. apus; Mathers et al. 2013 supplementary material). 
However, the details of the reproductive system and its ecological significance in these species have 
not been thoroughly investigated.

Androdioecious branchiopods produce a small amount of sperm in an otherwise female gonad 
(Zucker et al. 1997, Scanabissi and Mondini 2002, Weeks et al. 2005) and in most other respects re-
semble the females of closely related gonochoristic species (Weeks et al. 2008). Several clam shrimp 
species have been studied histologically (Zucker et al. 1997, Scanabissi and Mondini 2002, Weeks 
et al. 2005, Weeks et al. 2006d, Weeks et al. 2009a, Weeks et al. 2014, Brantner et al. 2013a, 2013b), 
and in the four separate derivations of hermaphroditism from dioecy, all clam shrimp were found 
to produce a small amount of sperm in different locations throughout the ovotestes (Weeks et al. 
2014). In the Notostraca, fewer histological studies of hermaphrodites have been undertaken, but 
in the one species examined, ovotestes produce small amounts of sperm intermingled with egg 
production (Longhurst 1955). In all other respects, the hermaphrodites of both orders are indis-
tinguishable from females (Sassaman 1995), which is consistent among animals that have derived 
hermaphroditism from dioecy (Weeks 2012).

Cirriped Crustraceans
Androdioecy has been established in 35 barnacle species, across nine families (Table 8.3). The males 
of the androdioecious barnacles (termed “complemental” males by Darwin, 1851, Table 8.2) settle 
on or in depressions in the shell plates of the hermaphrodites, or in some cases even crawl inside the 
mantle (Foster 1983). The mode of sex determination in these species is uncertain. Two hypotheses 
have been proposed: (1) all larvae are potentially hermaphroditic, but those that settle in niches on 
large hermaphrodites do not grow to a size where female tissues may develop (i.e., the substratum 
determines sex expression); or (2)  the sexes are actually genetically fixed and will develop into 
each sexual type regardless of environmental conditions. Each of these ideas may be valid in dif-
ferent species, given that complemental males have arisen separately in at least seven instances in 
the Cirripedia (Foster 1983, Yusa et al. 2012).

Crisp (1983) and Charnov (1987) hypothesized that cirripedes stemmed from a hermaphroditic 
ancestor. However, this assessment was based purely on a historical perspective without a phyloge-
netic analysis, which has been later conducted by Høeg (1995), tracing mating system transitions on 
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the resulting tree. The analysis revealed that the two outgroup lineages were dioecious. Additionally, 
within the Cirripedia, the Acrothoracica and the Rhizocephala exhibit dioecy. The Thoracica is the 
most derived lineage and exhibits the first transition to hermaphroditism (Høeg 1995). The fami-
lies within the Thoracica exhibit dioecy, hermaphroditism, and androdioecy, but the evolution of 
these sexual systems remains unclear. The Iblidae is the most basal family, diverging at the node 
where hermaphroditism is thought to have evolved. From this, it may be argued that complemental 
males in this family could have evolved from a dioecious ancestor. In the remaining families, it is 
more parsimonious that the complemental males evolved secondarily from hermaphrodites (Høeg 
1995). Yusa et al. (2012) argue that androdioecy evolves from hermaphroditism and then dioecy is 
derived from androdioecy. To address the evolution of mating systems adequately in this group, a 
more robust phylogeny is required.

The barnacles described as androdioecious occur in various regions of the world, exhibit 
a variety of life histories, and are phylogenetically diverse (Yusa et  al. 2012). Darwin (1851) first 
noted this mating system in Scalpellum vulgare and Ibla quadrivalvis. In the genus Scalpellum, two 
more species are known to have complemental males:  S.  scalpellum and S.  peronii. Additionally, 
in the Scalpellidae, five species in the genus Scillaelepas are androdioecious (one now recorded 
as Aurivillialepas; Table 8.3). Within the genus Ibla, there is some confusion as to the number of 
androdioecious species (Table 8.3). Some of this confusion may stem from authors often using the 
terms “hermaphrodite” and “female” interchangeably, as well as “dwarf males” and “complemental 
males.” Within the order Sessilia, the families Balanidae and the Pachylasmatidae each contain 
four species with complemental males (Table 8.3). Two species of Chelonibia are androdioecious, 
C. patula and C. testudinaria, and both are commensal barnacles (Crisp 1983). Koleolepas avis and 
K.  tinkeri (junior synonym of K.  willeyi) are the only two species in the family Koleolepadidae 
that have been described as androdioecious (Hosie 2014). Other less- studied androdioecious 
barnacles include two species of Bathylasma (B.  alearum and B.  corolliforme) and two species of 
Paralepas (P.  xenophorae and P.  klepalae). Additionally, androdioecy has been described in four 
species of Calantica, two species of Smilium and Octolasmis, and one species each of Heteralepas, 
Arcoscalpellum, Euscalpellum, Megalasma, and Tetrapachylasma (Table 8.3).

EVOLUTION OF CRUSTACEAN REPRODUCTIVE SYSTEMS

Ancestral Crustacean Reproduction

There is growing consensus on the phylogenetic relationships among crustacean lineages ( Jenner 
2010; see Chapters  4 and 5 in Volume 8), but the reproductive mode of the first crustacean lin-
eage (sometimes termed the “urcrustacean”; Hessler and Newman 1975)  is unclear. Cisne (1982, 
p. 67) suggested that the first crustacean was free- living, marine, benthic and “probably” dioecious. 
However, others (Hessler and Newman 1975, Juchault 1999)  suggested that the hermaphroditic 
Cephalocarida are representative of the ancestral crustacean. In this group, according to Cisne 
(1982, p. 69), hermaphroditism is likely derived as “an accommodation for reproduction at the low 
population densities at which cephalocarids seem to occur.” This again suggests a dioecious an-
cestry in Crustacea. Phylogenies based on morphological characters often place the Remipedia (es-
pecially the Nectiopoda) as the basal lineage (Wills 1997). Nectiopodans are hermaphroditic (Ito 
and Schram 1988). Molecular phylogenetic analyses have suggested that ostracods may be basal 
for crustaceans (Spears and Abele 1997, von Reumont et al. 2012). Ostracods are primarily dioe-
cious, except for the derived cases of parthenogenesis (Cohen and Morin 1990). Thus, further re-
search needs to be done to determine whether the ancestral crustacean reproduced via dioecy or 
hermaphroditism.
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Although we do not know the reproductive mode of the “urcrustacean,” we do know that  
evolutionary transitions between various reproductive modes have occurred repeatedly within the 
Crustacea (e.g., Høeg 1995, Perez- Losada et al. 2012, Yusa et al. 2012, Mathers et al., 2013, Weeks et al. 
2014). Below, we will discuss these transitions.

Reproductive Transitions

Transitions from Dioecy to Hermaphroditism

The evolution of hermaphroditism from separate sexes has not been widely debated, but it has been 
commonly assumed that an “intermediate” of androdioecy or gynodioecy (Table 8.1) may facilitate 
such a transition. Gynodioecy appears to be exceptionally rare in animals (Weeks 2012), but Pannell 
(1997, 2002) suggested that androdioecy might be a transitional strategy when evolving hermaph-
roditism from dioecy in a structured metapopulation in which “reproductive assurance” (i.e., the 
ability to self- fertilize when mates are rare) is strongly advantageous (e.g., in early colonizing spe-
cies) but in which outcrossing is still advantageous when population size allows locating a suitable 
mate. Weeks and colleagues (Weeks et al. 2006a, Weeks et al. 2009b, Weeks 2012) proposed the 
“constraint” hypothesis for why androdioecy should be commonly derived from dioecy:  if her-
maphroditism is selectively favored in a previously dioecious species (e.g., for reproductive as-
surance), the constraint hypothesis suggests that the most likely hermaphrodite to evolve from a 
dioecious progenitor would be a female- biased hermaphrodite that allocates limited resources to 
sperm production but lacks the ability to mate with other hermaphrodites because of a lack of male 
secondary sexual characters (e.g., copulatory or mating structures; C in Fig. 8.3). Consequently, 

(A)

(B)

(C)

Fig. 8.3.
Hermaphrodite (left) and male (right) clam shrimp, Eulimnadia texana. In addition to the basic differences be-
tween male and female gametes, clam shrimp also have several secondary sexual differences. Clam shrimp females 
and hermaphrodites require extensions of the phyllopods (A)  and a modified carapace to produce a brood 
chamber (B) to brood their eggs. Additionally, they need to dig holes in the sediment to bury their eggs. Males 
require specific mating behaviors (i.e., faster swimming) as well as clasping appendages (C) to pair for outcrossing. 
In clam shrimp, hermaphrodites have only the male characteristic of sperm production and none of the other sec-
ondary male characters, and thus cannot outcross with other hermaphrodites.  See color version of this figure in 
the centerfold. Photos courtesy of Jean- François Cart.
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these female- biased hermaphrodites can only self- fertilize. This hypothesis assumes that in dioe-
cious species with many sex- specific traits, an evolutionary transition to effective expression of both 
sexes would be highly improbable (Weeks 2012), requiring the simultaneous acquisition of both 
primary (e.g., gamete production) and secondary sexual characters (Fig. 8.3). Therefore in sexually 
dimorphic, dioecious ancestors, androdioecy is more likely to evolve than gynodioecy because the 
number of evolutionary changes needed to produce a functional hermaphrodite from a male would 
be much higher.

Weeks (2012) tested these ideas and found that in 40 crustacean species, androdioecy had evolved 
from a dioecious ancestor in four genera: Eulimnadia, Ibla, Lysmata, and Triops (Fig. 8.4). Two of 
these are branchiopod crustaceans (Eulimnadia and Triops), one is a barnacle (Ibla), and one is a 
decapod (Lysmata). The latter two groups deserve special comment. As noted earlier, barnacles have 
complemental males that in some species are environmentally induced, becoming males when set-
tling on larger hermaphrodites, but in other cases are genetically determined. The decapod Lysmata 
is a “simultaneous protandric hermaphrodite,” which means that the various Lysmata species are 
mixes of younger males that eventually develop into simultaneous hermaphrodites (Baeza 2007, 
2009, Baeza et al. 2009). In both cases, the populations are mixes of males and hermaphrodites and 
thus could be considered androdioecious (Weeks 2012). As predicted earlier, there are no examples 
of crustaceans that have evolved gynodioecy from dioecy (Fig. 8.4).

Arcoscalpellum
Balanus

Bathylasma
Calantica
Chelonibia
Heteralepas
Koleolepas

Megalasma
Octolasmis
Paralepas
Scalpellum
Scillaelepas

Smilium

Eulimnadia
Ibla

Lysmata
Triops

Androdioecy
66 spp.

Hermaphroditism

Gynodioecy
0 spp.

4 genera13 genera

Dioecy

Fig. 8.4.
Evolutionary transitions in reproductive systems from dioecy to hermaphroditism (or vice versa) through 
androdioecy (males and hermaphrodites) and gynodioecy (females and hermaphrodites). The thickness of 
the arrows represents the known occurrence of genera (listed in the figure). Dotted arrows represent a lack of 
known occurrences. The number of species for each intermediate reproductive type are noted below each type, 
and the identification of the various genera are shown above the respective arrows.
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A good example of the constraint hypothesis (Weeks 2012)  can be found in branchiopod 
crustaceans, especially the well- studied clam shrimp (Weeks et al. 2009b). Males produce amoe-
boid sperm that fertilize the females’ eggs externally in a “brood chamber” (B in Fig. 8.3) on the 
dorsal surface of the female (Weeks et al. 2004). A hermaphrodite developed from a female would 
only need to produce sperm within the tubular gonad typifying clam shrimp (Scanabissi and 
Mondini 2000) to be capable of self- fertilization in the absence of males. On the other hand, a her-
maphroditic clam shrimp developed from a male would need to gain the ability to produce yolk, 
shell the eggs, develop a brood chamber, gain the ability to store eggs in the brood chamber (i.e., 
by attaching them to extensions of the phyllopod appendages; A in Fig. 8.3), and develop the dig-
ging behavior needed to bury the eggs in the pond bottom (Zucker et al. 2002). Unless all of these 
phenotypes are controlled by the same regulatory pathway, it is highly unlikely that all of these evo-
lutionary changes could occur simultaneously within an otherwise male genetic background. Thus 
one should expect the simplest pathway to produce a hermaphrodite would be the evolution of 
hermaphrodites from a female progenitor, which is what is observed in these clam shrimp (Zucker 
et al. 1997, Weeks et al. 2005, Weeks et al. 2006a, Weeks et al. 2009b). These patterns are mirrored in 
the branchiopod Triops as well (Zierold et al. 2007, Mathers et al. 2013).

Indeed, in all the androdioecious crustacean species derived from dioecious ancestors in 
which relative allocation patterns between male and female gametes have been reported, the 
hermaphrodites closely resemble females, with only minor amounts of reproductive effort devoted 
to sperm production (Weeks et al. 2006a, Chasnov 2010). As noted earlier, androdioecious bran-
chiopod hermaphrodites resemble the females of closely related dioecious species (Weeks et  al. 
2008), and decapod shrimp in the genus Lysmata (Bauer 2006) also show female- biased allocation. 
As suggested earlier, these overall patterns can be explained by assuming a constraint on the devel-
opment of a hermaphrodite that can competently perform as a male while simultaneously being 
competent as a female when there are numerous traits required to be competent in both male and 
female roles (Weeks 2012).

Transitions from Hermaphroditism to Dioecy

If the ancestral crustacean was hermaphroditic, then dioecy is a derived condition in all gonochoristic 
species. Juchault (1999) has an intriguing hypothesis for how such a transition occurred, suggesting 
that a cytoplasmic parasite (e.g., Wolbachia) infected hermaphrodites and inhibited male expression 
to increase the parasite’s inheritance. This would create all- female invaders to otherwise hermaphro-
ditic species. If this parasitic infection spread through the population, it would select for increased 
allocation to male function in the non- infected hermaphrodites. Over time, as the parasite spread, 
uninfected hermaphrodites would be selected to eventually lose female function to become strictly 
male. This would complete the transition from ancestral hermaphroditism to dioecy ( Juchault 1999). 
We are unaware of any evidence that this has happened in any crustacean, but it is an intriguing idea.

More definitive results have been developed in the botanical literature where transitions from 
hermaphroditism to dioecy have been considered in detail. Such transitions have occurred dozens 
of times in flowering plants (Bawa 1980, Ashman 2002, Barrett 2010). Theoretical work suggests 
that dioecy does not evolve directly from hermaphroditism, but rather that either gynodioecy 
or androdioecy acts as an intermediate stage in the transition (Charlesworth and Charlesworth 
1978). It is predicted that the intermediate breeding system of gynodioecy will be more common 
than androdioecy in plants (Lloyd 1975, Charlesworth and Charlesworth 1978), which is indeed 
observed (Pannell 2002).

In crustaceans, we find no transitions from hermaphroditism to gynodioecy and 13 generic 
transitions from hermaphroditism to androdioecy (33 total species; Fig. 8.4). Interestingly, each 
one of these transitions is a barnacle species evolving dwarf (or complemental) males from 
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hermaphroditic progenitors (Weeks 2012). In these androdioecious species, males are specifically 
serving a different purpose than the hermaphrodites, being a ready source of sperm to nearby, larger 
hermaphrodites (Yusa et al. 2012). Some have argued that these smaller males are following the 
same sequential reproductive maturity as the Lysmata noted earlier (i.e., maturing as males when 
small and then growing to simultaneous hermaphrodites; Callan 1941, Crisp 1983). If so, then 
this switch may indicate that barnacles are more fit as males when they are small because sperm 
are cheaper to produce than eggs, but then do better by switching to hermaphrodites when they 
are larger and can afford the higher cost of producing eggs, as argued by Charnov (1982). Others 
argue that the smaller males are a distinct morph to the larger hermaphrodites (Gomez 1975). In 
either case, the expression of the sexes is based on the different roles of hermaphrodites and males 
that correspond to different body sizes and population densities (Ghiselin 1969, Charnov 1982, 
Blanckenhorn 2000).

It appears that the evolution of dioecy from hermaphroditism in crustaceans is quite different 
from that proposed for flowering plants. The transition from hermaphroditism to dioecy in flow-
ering plants has been discussed in terms of avoidance of inbreeding (Lloyd 1975, Charlesworth 
and Charlesworth 1978)  and is much more likely via the gynodioecious intermediate stage 
(Charlesworth 2006). However in crustaceans, the only known transitions from hermaphro-
ditism are to androdioecy and not gynodioecy (Fig. 8.4), and these transitions are almost certainly 
not to avoid inbreeding depression, since barnacles are not inbreeding (Weeks 2012, Yusa et al. 
2012). The groping penises of hermaphroditic barnacles are not likely to allow self- fertilization, as 
noted earlier. Instead, it appears that differential selective pressures on differently sized individ-
uals drive sexual expression (i.e., differential sex allocation strategies with size; see Ghiselin 1969, 
Charnov 1982).

ECOLOGICAL CORRELATES OF REPRODUCTIVE SYSTEMS

Crustaceans have successfully colonized a wide variety of environments, including the most  extreme, 
such as deserts, hydrothermal vents, and Antarctic lakes (Benvenuto et al. 2015), where population 
densities can be very low. Their success is due to their extraordinary adaptability,  reflected by the 
tremendous diversity in morphology, physiology, ecology, behavior, and  reproductive strategies 
that they display.

We have identified from the literature 334 species belonging to 67 families in 13 orders of five 
classes of crustaceans (Table 8.4), which are not gonochoristic (also, the list is not comprehen-
sive for parthenogenetic species). Two classes, the Remipedia and Cephalocarida, seem to be com-
pletely characterized by simultaneous hermaphroditism (but data are scarce). These two classes 
have been commonly considered basal in the phylogenetic tree of crustaceans, although recent ana-
lyses group them together with Hexapoda as Allotriocarida (von Reumont et al. 2012; see Chapter 5 
in Volume 8). They inhabit anchialine cave systems and marine benthic substrata, respectively, and 
their population densities are very low (Neiber et al. 2011). Thus, being able to simultaneously act as 
both sexes increases the chances to find a mating partner in these groups.

Another challenging habitat, where densities can fluctuate broadly, are ephemeral freshwater 
pools. In these environments, some spinicaudatan branchiopods are simultaneous hermaphrodites 
(six species), although the majority of non- gonochoristic species (which are also present) are 
androdioecious (15 species). Among the notostracan branchiopods, one species (T. cancriformis) 
presents androdioecious, hermaphroditic, and dioecious populations. In ephemeral environments, 
the ability to self- fertilize (in absence of males; see discussion of androdioecious populations) 
allows these species to colonize new pools with only a single individual (the self- fertile E. texana 
can produce offspring of different sexes: males and hermaphrodites; Weeks et al. 2006a).
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Table 8.4. Number of Non- Gonochoristic Species, by Order and Family, with Description 
of Reproductive Mode

Order Family Total Number 
of Genera 
and Species

A SH PA PG PSH P M

Notostraca Triopsidae 2, 15 6
Spinicaudata Limnadiidae 5, ~61 15 6
Brachypoda Hutchinsoniellidae 5, 13 2
Ibliformes Iblidae 2, 6 2
Laurida Synagogidae 8, 27 2
Lepadiformes Heteralepadidae 3, 39 3 4
Lepadiformes Koleolepadidae 1, 1 2
Lepadiformes Lepadidae 3, 12 8
Lepadiformes Oxynaspididae 1, 20 1
Lepadiformes Poecilasmatidae 8, 40 5
Scalpelliformes Calanticidae 10, 44 4
Scalpelliformes Eolepadidae 4, 7 5
Scalpelliformes Lithotryidae 1, 3 1
Scalpelliformes Pollicipedidae 2, 7 3
Scalpelliformes Scalpellidae 28, 268 12 2
Sessilia Archaeobalanidae 12, 121 1
Sessilia Balanidae 16, 94 4 3
Sessilia Bathylasmatidae 4, 20 2
Sessilia Catophragmidae 2, 2 1
Sessilia Chelonibiidae 1, 6 2
Sessilia Pachylasmatidae 7, 26 4
Amphipoda Caprellidae 88, 401 1
Amphipoda Corophiidae 25, 149 1
Amphipoda Crangonyctidae 9, 225 3
Amphipoda Lysianassidae 78, 491 7
Amphipoda Stegocephalidae 25, 108 1
Decapoda Alpheidae 47, 659 2
Decapoda Atyidae 42, 468 6
Decapoda Axiidae 

(Calocarididae)
44, 112 33

Decapoda Barbouriidae 3, 8 4
Decapoda Cambaridae 12, 428 1 1
Decapoda Campylonotidae 1, 5 4
Decapoda Crangonoidea 5
Decapoda Hippidae 3, 27 2
Decapoda Hippolytidae 37, 336 2
Decapoda Lysmatidae 31
Decapoda Merguiidae 1, 2 2
Decapoda Pandalidae 23, 188 31
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Order Family Total Number 
of Genera 
and Species

A SH PA PG PSH P M

Decapoda Parastacidae 15, 165 4
Decapoda Penaeidae 32, 222 1
Decapoda Processidae 4, 68 1
Decapoda Rhynchocinetidae 2, 25 1
Decapoda Solenoceridae 9, 83 1
Decapoda Thoridae 2
Isopoda Anthuridae 25, 291 4
Isopoda Armadillidiidae 15, 315 1
Isopoda Bopyridae 158, 614 2
Isopoda Cryptoniscidae 8, 24 1
Isopoda Cymothoidae 43, 386 18
Isopoda Hemioniscidae 3, 10 1
Isopoda Philosciidae 114, 569 1
Isopoda Platyarthridae 9, 122 1
Isopoda Rhyscotidae 1, 23 1 1
Isopoda Sphaeromatidae 96, 706 4
Isopoda Trachelipodidae 21, 245 2
Isopoda Trichoniscidae 89, 519 1
Tanaidacea Apseudidae 22, 167 2 1
Tanaidacea Kalliapseudidae 11, 41 1
Tanaidacea Leptochelidae 11, 61 7
Tanaidacea Nototanaidae 6, 10 2
Tanaidacea Paratanaidae 7, 34 1
Tanaidacea Tanaididae 1
Podocopida Cyprididae 2 1
Podocopida Darwinulidae 6 1
Podocopida Limnocytheridae 1
Nectiopoda Godzilliidae 3, 4 3
Nectiopoda Pleomothridae 2
Nectiopoda Speleonectidae 4, 16 17

56 99 93 21 40 20 4

A: Androdioecious; SH: Simultaneous hermaphrodite; PA: Protandry; PG: Protogyny; PSH: Protandric simultaneous 
hermaphrodite; P: Parthenogenetic; M: mixed. Total number of genera and species per family retrieved from Zhang (2011).  
Taxa in bold are possibly completely characterized by the same sexual system. For the order Anostraca, family Artemiidae please 
refer to Chapter 9, this volume.
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A combination of simultaneous hermaphroditism and androdioecy is also found in the Cirripedia 
(34 hermaphroditic species belonging to 11 families; 37 androdioecious species belonging to nine 
families). Indeed, barnacles show a great variety of sexual systems, which might have evolved in 
response to their sessile lifestyle, densities (mating group sizes), and spatial limitations (Yusa et al. 
2013, Sawada et al. 2015). Morphological constraints (small internal mantle cavity space to brood 
eggs) and energy allocation have also been considered to be linked to the evolution of a hermaph-
roditic lifestyle in this group (Hoch and Levinton 2012), favoring an almost completely female indi-
vidual that can produce small amounts of sperm (with the male function that can be adjusted based 
on crowding and sperm competition).

Locating mates is also problematic in deep- sea habitats. Here, hermaphroditism is commonly 
reported for fishes (Warner 1984) and analogously we have found information for 33 simultaneous 
hermaphroditic species of deep- water axiid burrowing shrimps (class Decapoda; Table 8.4; I in Fig. 
8.1). These species, and only two species in the family Apseudidae (class Tanaidacea, otherwise 
characterized by protogynous sequential hermaphroditism), are the only ones expressing simulta-
neous hermaphroditism, among the Malacostraca.

Simultaneous hermaphroditism increases the chances of successful fertilization, enhancing 
encounter rates with potential mates (any individual of the same species can be a potential mate, 
while gonochoristic species need to find a mate of the opposite sex). An even more extreme mech-
anism for reproductive assurance is self- fertilization, which can be advantageous when the density 
of conspecifics is extremely low and in early colonizing species (Baker 1955). This advantage might 
exceed the cost of inbreeding depression. Self- fertilization has been described in branchiopods 
and in one malacostracan species (Apseudes sp.; Kakui and Hiruta 2013); it is not excluded in the 
Cephalocarida (Addis et  al. 2012), and might occur in some barnacles (still debated; Kelly and 
Sanford 2010, Barazandeh et al. 2013, Wrange et al. 2016).

If simultaneous hermaphroditism augments fertilization success, sequential hermaphroditism 
(sex change) increases individual lifetime reproductive success (Warner 1975), as is the case in 
decapods (Charnov 1979, Charnov and Anderson 1989). Sequential hermaphroditism is often found 
among obligate parasites (Ghiselin 1969). The isopods belonging to the family Cymothoidae (obli-
gate parasites of fishes; Fig. 8.2), Bopyridae, and Cryptoniscoidea (obligate parasites of crustaceans; 
Dreyer and Wägele 2001) are protandric sequential hermaphrodites. In the genus Cymothoa (which 
parasitizes the buccal cavity of fishes; B, C in Fig. 8.2), the first free- swimming male manca (post- 
larval juvenile) reaching a host will attach to the tongue of the fish, becoming a female, while the 
subsequent ones will remain males (Cook and Munguia 2013, Pawluk et  al. 2015). Parasites face 
challenges similar to colonizing species and sessile organisms living at low densities; thus, sequen-
tial hermaphroditism will ensure the presence of the two sexes in the same host, as well as increasing 
individual lifetime reproductive success (larger females are highly fecund; Tsai et al. 1999). Among 
barnacles, in the infraorder Ascothoracida (parasites of coelenterates and echinoderms), two spe-
cies, W. sandersi and G. muzikae, are protandrous (Policansky 1982, Brook et al. 1994), while the 
Rhizocephala (parasites of decapods) are dioecious (Høeg et  al. 2016). Overall, protandry is fa-
vored to increase offspring production when there is little male competition and thus the second 
sex (female) is older, larger, and more fecund than the first sex, as well as being favored in parasitic 
species.

When male competition is high, larger males are more successful than smaller ones (but see 
Blanckenhorn 2000 for exceptions), thus individuals reproduce initially as females and then switch 
to males. As mentioned earlier, protogynous sex change is commonly found in haremic fish (e.g., 
Munday et al. 2006), where it is often socially regulated (a condition- dependent strategy: females 
will not change to males in the presence of other males). Protogynous sex change does not appear 
to be socially regulated in the intertidal isopod Gnorimosphaeroma oregonensis (Brook et al. 1994), 
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but in this case, females can produce only one brood and males mate- guard females, so it is ad-
vantageous to produce a single clutch as a female and then keep reproducing as a male (with the 
additional advantage of larger size, to compete with other males). Socially mediated sex change also 
occurs in some parasitic protandric isopods (where females might release a pheromone to prevent 
other males from changing into female; Ravichandran et al. 2009) and in some protandric simulta-
neous crustaceans (Baeza and Bauer 2004).

Protandric simultaneous hermaphroditism (40 species described in 4 families) is less 
common than protandrous hermaphroditism (93 species belonging to 21 families), which may 
seem  counterintuitive, given the possible advantage of maintaining male abilities (as a non- 
selfing  hermaphrodite) when switching to the female phase. Initially, this unusual mating system 
was linked to a symbiotic lifestyle (expressed by socially monogamous species specialized as fish 
cleaners; Bauer 2000) characterized by limited mobility (for site fidelity to the cleaning station) 
and low population densities. In this condition, protandrous simultaneous hermaphroditism 
would have initially evolved and then been maintained in species occurring in denser aggregations 
( historical contingency hypothesis; Bauer 2000). However, recent phylogenetic analyses (Baeza 
2013) do not support this hypothesis, leaving some questions about the evolution of this “puzzling” 
sexual system (Bauer 2000).

In general, most of the “unusual” reproductive strategies in crustaceans seem indeed beneficial 
when encounter rates with conspecifics are low and/ or environments are unpredictable/ unstable, 
which is commonly found in “colonizing,” parasitic, and symbiotic species (Baeza and Thiel 2007). 
The flexibility of crustacean reproductive systems allows them to be a very successful group in these 
challenging circumstances.

Population Consequences of Reproductive Systems

The type of reproductive mode influences sex ratios, mating success, and colonization events 
and thus has important ecological consequences at the population level. Sequentially her-
maphroditic species experience skewed sex- ratios toward the first sex (male in protandry and 
female in protogyny), but sex ratios are even more variable due to the possibility that some 
individuals develop directly as the second sex (primary females in protandrous species and 
primary males in protogynous species; Table 8.2; Allsop and West 2004, Chiba 2007). Many 
species of the genus Pandalus are dyginic (with primary and secondary females), as is Processa 
edulis. More complex is the situation of Thor manningi, where not all males change sex; so sec-
ondary females coexist with sex- changing males, but also with primary females (shrimp born 
directly as the second sex) and males that will never change sex (Bauer 1986b). Primary and 
secondary males are also found in the protogynous tanaid Leptochelia africana (Larsen and 
Froufe 2013), the two alpheid species Athanas indicus and A. kominatoensis, and in the pandalid 
Pandalus hipsinotus (Correa and Thiel 2003). In all these cases, the reproductive value of an 
individual and its mating success depend on its sexual type and the frequency of other sexual 
types in the population.

Apart from primary and secondary males and different male morphotypes, “miniature males” 
are also present:  complemental males in some androdieocius species and dwarf males in dioe-
cious ones (Table 8.2), including barnacles (as mentioned earlier), epicaridean parasitic isopods, 
in the superfamilies Bopyroidea and Cryptoniscoidea (Dreyer and Wägele 2001, Asakura 2009), 
copepods (Vogt 2016), and anomurans (genus Emerita, where neotenous males maintain physical 
contact with females in turbulent surf waters; Asakura 2009). These tiny males, attached to females, 
can have a similar role as hermaphrodites, and they can be seen as an adaptation to low densities in 
challenging environments and during parasitism (Ghiselin 1969).
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FUTURE DIRECTIONS AND CONCLUSIONS

Future Directions

The diversity of crustacean reproductive types offers excellent opportunities for carcinologists to 
explore the evolution and ecology of various sexual systems. A most productive start to these fu-
ture studies would be to map reproductive modes onto a robust phylogeny of Crustacea to infer 
ancestral reproduction in these interesting animals. From such a mapping, we could determine 
which sexual systems evolved from which progenitors, and how frequently transitions occurred 
between various reproductive modes. Such a mapping could also reveal which systems are unlikely 
to lead to future changes (i.e., “evolutionary dead ends”). Adding comparisons to habitat types 
could also inform larger questions of reproductive evolution and evolutionary transitions between 
reproductive types.

Herein, we have concentrated primarily on various forms of hermaphroditic and mixed sexual 
systems (Table 8.4). Specific questions for these systems include the following: Are androdioecious 
species “transitional” stages between hermaphroditism and dioecy, or are they stable endpoints? 
More detailed phylogenetic analyses of androdioecy in the Notostraca that better resolve reproduc-
tive transitions as well as likely lineage ages for androdioecious taxa would be particularly revealing 
(Mathers et  al. 2013). If androdioecy is determined to be long- lived in both the Notostraca and 
Spinicaudata, what ecological conditions select for androdioecy in these crustaceans? Correlations 
of reproductive system with habitat or other life- history traits in Eulimnadia, Triops, and Lepidurus 
could shed light on the conditions that select for androdioecy in these freshwater crustaceans.

A correlate of the preceding is whether there are any gynodioecious crustaceans, and if not, 
why not? Although gynodioecy is exceptionally rare in animals, it is likely that this mating system is 
simply under- reported (Weeks 2012). Hermaphroditic crustaceans are excellent systems to explore 
further for cases of gynodioecy, especially among the reproductively labile barnacles. In particular, 
self- compatible hermaphroditic barnacle lineages that experience inbreeding depression would be the 
most likely to evolve gynodioecy (Charlesworth and Charlesworth 1978), so that would be a fruitful 
area to explore.

Simultaneous and protogynous hermaphroditism are rare in crustaceans. Empirical tests, phy-
logenetic analyses, and theoretical models should be employed to gain a better understanding of 
the hypothesized physiological (e.g., molt) constraints for the former and possibly low presence of 
haremic species in the latter. More research is needed in this field. Protandric simultaneous hermaph-
roditism appears to be limited to the family Lysmatidae and a minority of other crustacean species 
(Table 8.4). 

We have listed 334 non- gonochoristic species, strictly limiting our list only to species where 
actual data are known about life- history traits and reproductive strategies. Some taxa seem to be 
completely characterized by the same sexual system, but we have preferred to be overly cautious 
in our analysis. Indeed, the paucity of detailed data on the mating and sexual system of many 
groups is a limiting factor to gather a better overview and a more detailed resolution on evolu-
tionary processes. More studies should confirm what mating and sexual systems are found in crus-
tacean groups to develop a more complete picture of the evolutionary transitions between dioecy, 
simultaneous hermaphroditism, and sequential (protandric and protogynous) hermaphroditism 
in crustaceans. Focused attention on reproductively labile taxa (e.g., the Branchiopoda, Ostracoda, 
and the barnacles) would allow a more complete picture of reproductively diverse crustaceans. The 
Isopoda are another large and heterogeneous group that should be explored (phylogenetically and 
ecologically), as they show a breadth of ecological niches (marine, freshwater, and terrestrial) and 
life- history strategies (free- living, commensal, and parasitic), as well as reproductive modes (Table 
8.4), providing interesting comparative possibilities. Pairing such a broad phylogenetic comparison 
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among taxa with their corresponding ecological correlates would provide invaluable insights into 
the likely environmental pressures that selected for reproductive switches.

Finally, what are the applied implications of mating systems for conservation and management 
of commercially important stocks or endangered species?

Conclusions

Clearly, crustaceans exhibit a broad range of reproductive types (Tables 8.3 and 8.4), which reflects 
both the wide array of habitats in which they are found and their various ecological roles. The ma-
jority of crustaceans are gonochoric (dioecious), but as we have outlined in this chapter, there are 
numerous variations from the “standard” male + female reproductive mode. We have concentrated 
on delineating the variety of hermaphroditic reproductive modes, leaving the delineation of asexual 
reproduction to another chapter in this volume (see Chapter 9 in this volume). We have noted a 
lack of gynodioecy in Crustacea, which is mirrored throughout the Animalia (Weeks 2012). We 
have also noted the likely evolutionary transitions between these various reproductive systems 
and remarked on the known ecological correlates of many of these systems. Overall, comparative 
studies of crustacean reproductive modes in an ecological and evolutionary context are only in their 
infancy, with investigations of individual taxa (e.g., branchiopods, Lysmata decapods, barnacles) 
allowing glimpses into larger scale evolutionary patterns. However, much more research needs to 
be done to allow us to fit together the interesting information from these various taxa into a larger- 
scale view of crustacean reproductive evolution and what drives such evolution.

There are plenty of unanswered questions in reproductive evolution. Crustaceans are wonderful 
systems in which to delve into these questions.

ACKNOWLEDGMENTS

We would like to thank Jean- François Cart, Hans Hillewaert, Domenico Caruso, Antonio Baeza, 
Arthur Anker, Asma Althomali, Ann Dornfeld, Ian Frank Smith, Charles Baillie, Maria Sala- 
Bozano, and Stefano Mariani for allowing us to use their beautiful photographs. Charles Baillie 
also provided us with information and interesting discussion on parasitic isopods. This chapter was 
improved by insightful comments by Martin Thiel and Rickey Cothran. Thanks are due also to Tim 
Kiessling and Miles Abadilla for their great editorial work.

REFERENCES

Abe, M., and H. Fukuhara. 1996. Protogynous hermaphroditism in the brackish and freshwater isopod, 
Gnorimosphaeroma naktongense (Crustacea: Isopoda, Sphaeromatidae). Zoological Science 13:325– 329.

Addis, A., F. Fabiano, V. Delogu, and M. Carcupino. 2012. Reproductive system morphology of Lightiella 
magdalenina (Crustacea, Cephalocarida): functional and adaptive implications. Invertebrate 
Reproduction and Development 57:142– 155.

Adema, J. P. H. M., and P. H. M. Huwae. 1982. New and supplementary records of marine isopoda for the 
Netherlands and the southern North Sea since 1956, with a note on Peltogaster paguri (Crustacea, 
Cirripedia). Zoologische Bijdragen 28:33– 57.

Adlard, R. D., and R. J. G. Lester. 1995. The life- cycle and biology of Anilocra pomacentri (Isopoda, 
Cymothoidae), an ectoparasitic isopod of the coral- reef fish, Chromis nitida (Perciformes, 
Pomacentridae). Australian Journal of Zoology 43:271– 281.

Ah- King, M., and S. Nylin. 2010. Sex in an evolutionary perspective: just another reaction norm. Evolutionary 
Biology 37:234– 246.

--- Not for reuse or distribution ---



1

232 Reproductive Biology

232

Allsop, D. J., and S. A. West. 2004. Sex- ratio evolution in sex changing animals. Evolution 58:1019– 1027.
Aneesh, P.T., K. Sudha, A. K. Helna, G. Anilkumar, and J.P. Trilles 2015. Cymothoa frontalis, a cymothoid 

isopod parasitizing the belonid fish, Strongylura strongylura from the Malabar coast (Kerala, 
India): redescription, prevalence and life cycle. Zoological Studies 54:42.

Anker, A., J. A. Baeza, and S. De Grave. 2009. A new species of Lysmata (Crustacea, Decapoda, Hippolytidae) 
from the Pacific coast of Panama, with observations of its reproductive biology. Zoological Studies 
48:682– 692.

Arnott, S. A. 2001. Infection of intertidal barnacles by the parasitic isopod Hemioniscus balani in north- east 
England. Journal of the Marine Biological Association of the UK 81:171– 172.

Asakura, A. 2009. The evolution of mating systems in decapod crustaceans. Crustacean Issues 18:121– 182.
Asem, A., A. Eimanifar, and S. C. Sun. 2016. Genetic variation and evolutionary origins of parthenogenetic 

Artemia (Crustacea: Anostraca) with different ploidies. Zoologica Scripta 45:421– 436.
Ashman, T. L. 2002. The role of herbivores in the evolution of separate sexes from hermaphroditism. Ecology 

83:1175– 1184.
Baeza, J., and C. Piantoni. 2010. Sexual system, sex ratio, and group living in the shrimp Thor amboinensis 

(De Man): relevance to resource- monopolization and sex- allocation theories. The Biological Bulletin 
219:151– 165.

Baeza, J., R. Ritson- Williams, and M. Fuentes. 2013. Sexual and mating system in a caridean shrimp symbiotic 
with the winged pearl oyster in the Coral Triangle. Journal of Zoology 289:172– 181.

Baeza, J. A. 2007. Sex allocation in a simultaneously hermaphroditic marine shrimp. Evolution 61:2360– 2373.
Baeza, J. A. 2008. Protandric simultaneous hermaphroditism in the shrimps Lysmata bahia and Lysmata 

intermedia. Invertebrate Biology 127:181– 188.
Baeza, J. A. 2009. Protandric simultaneous hermaphroditism is a conserved trait in Lysmata 

(Caridea: Lysmatidae): implications for the evolution of hermaphroditism in the genus. Smithsonian 
Contributions to the Marine Sciences 38:95– 110.

Baeza, J. A. 2013. Molecular phylogeny of broken- back shrimps (genus Lysmata and allies): a test of the 
“Tomlinson- Ghiselin” hypothesis explaining the evolution of hermaphroditism. Molecular Phylogenetics 
and Evolution 69:46– 62.

Baeza, J. A., and R. T. Bauer. 2004. Experimental test of socially mediated sex change in a protandric 
simultaneous hermaphrodite, the marine shrimp Lysmata wurdemanni (Caridea: Hippolytidae). 
Behavioral Ecology and Sociobiology 55:544– 550.

Baeza, J. A., J. M. Reitz, and R. Collin. 2007. Protandric simultaneous hermaphroditism and sex ratio in 
Lysmata nayaritensis Wicksten, 2000 (Decapoda: Caridea). Journal of Natural History 41:2843– 2850.

Baeza, J. A., C. D. Schubart, P. Zillner, S. Fuentes, and R. T. Bauer. 2009. Molecular phylogeny of shrimps 
from the genus Lysmata (Caridea: Hippolytidae): the evolutionary origins of protandric simultaneous 
hermaphroditism and social monogamy. Biological Journal of the Linnean Society 96:415– 424.

Baeza, J. A., and M. Thiel. 2007. The mating system of symbiotic crustaceans: a conceptual model based on 
optimality and ecological constraints. Pages 250– 267 in J. E. Duffy and M. Thiel, editors. Evolutionary 
Ecology of Social and Sexual Systems: Crustaceans as Model Organisms. Oxford University Press, 
New York.

Bakenhaster, M. D., R. S. McBride, and W. W. Price. 2006. Life history of Glossobius hemiramphi 
(Isopoda: Cymothoidae): development, reproduction, and symbiosis with its host Hemiramphus 
brasiliensis (Pisces: Hemiramphidae). Journal of Crustacean Biology 26:283– 294.

Baker, H. G. 1955. Self- compatibility and establishment after “long- distance” dispersal. Evolution 9:347– 349.
Barazandeh, M., C. S. Davis, C. J. Neufeld, D. W. Coltman, and A. R. Palmer. 2013. Something Darwin didn’t 

know about barnacles: spermcast mating in a common stalked species. Proceedings of the Royal Society of 
London B: Biological Sciences 280:20122919.

Barnes, N. B., and A. M. Wenner. 1968. Seasonal variation in the sand crab Emerita analoga (Decapoda, 
Hippidae) in the Santa Barbara area of California. Limnology and Oceanography 13:465– 475.

Barrett, S. C. H. 2010. Understanding plant reproductive diversity. Philosophical Transactions of the Royal 
Society B- Biological Sciences 365:99– 109.

Bauer, R. T. 1986a. Phylogenetic trends in sperm transfer and storage complexity in decapod crustaceans. 
Journal of Crustacean Biology 6:313– 325.

--- Not for reuse or distribution ---



1

 Hermaphroditism and Gonochorism 233

Bauer, R. T. 1986b. Sex change and life history pattern in the shrimp Thor manningi (Decapoda: Caridea): a 
novel case of partial protandric hermaphroditism. The Biological Bulletin 170:11– 31.

Bauer, R. T. 2000. Simultaneous hermaphroditism in caridean shrimps: a unique and puzzling sexual system 
in the Decapoda. Journal of Crustacean Biology 20:116– 128.

Bauer, R. T. 2006. Same sexual system but variable sociobiology: evolution of protandric simultaneous 
hermaphroditism in Lysmata shrimps. Integrative and Comparative Biology 46:430– 438.

Bauer, R. T., and G. J. Holt. 1998. Simultaneous hermaphroditism in the marine shrimp Lysmata wurdemanni 
(Caridea: Hippolytidae): an undescribed sexual system in the decapod Crustacea. Marine Biology 
132:223– 235.

Bauer, R. T., and J. W. Martin. 1991. Crustacean Sexual Biology. Columbia University Press, New York.
Bauer, R. T., and W. A. Newman. 2004. Protandric simultaneous hermaphroditism in the marine shrimp 

Lysmata californica (Caridea: Hippolytidae). Journal of Crustacean Biology 24:131– 139.
Bauer, R. T., and M. Thiel. 2011. First description of a pure- search mating system and protandry in the shrimp 

Rhynchocinetes uritai (Decapoda: Caridea). Journal of Crustacean Biology 31:286– 295.
Bauer, R. T., J. Okuno, and M. Thiel. 2014. Inferences on mating and sexual systems of two Pacific 

Cinetorhynchus shrimps (Decapoda, Rhynchocinetidae) based on sexual dimorphism in body size and 
cheliped weaponry. ZooKeys 457:187– 209.

Bawa, K. S. 1980. Evolution of dioecy in flowering plants. Annual Review of Ecology and Systematics 11:15– 39.
Bell, G. 1982. The Masterpiece of Nature: The Evolution and Genetics of Sexuality. University of California Press, 

Berkeley.
Bello, G., A. Vaglio, and G. Piscitelli. 1997. The reproductive cycle of Mothocya epimerica 

(Isopoda: Cymothoidae) a parasite of the sand smelt, Atherina boyeri (Osteichthyes: Atherinidae), in 
the Lesina Lagoon, Italy. Journal of Natural History 31:1055– 1066.

Benvenuto, C., B. Knott, and S. C. Weeks. 2009. Mate- guarding behavior in clam shrimp: a field approach. 
Behavioral Ecology 20:1125– 1132.

Benvenuto, C., B. Knott, and S. C. Weeks. 2015. Crustaceans of extreme environments. Pages 379– 417 in 
M. Thiel and L. Watling, editors. The Natural History of the Crustacea, Volume 2: Lifestyles and Feeding 
Biology. Oxford University Press, New York.

Bird, G. J. 2015. Tanaidacea (Crustacea: Peracarida) of the Kermadec Biodiscovery Expedition 2011, with a 
new sub- family of Paratanaidae: Metatanainae. Bulletin of the Auckland Museum 20:369– 404.

Blanckenhorn, W. U. 2000. The evolution of body size: what keeps organisms small? Quarterly Review of 
Biology 75:385– 407.

Bracken- Grissom, H., and J. Wolfe. In press. The pancrustacean conundrum: a conflicted phylogeny with 
emphasis on Crustacea. In M. Thiel and L. Watling, editors. The Natural History of the Crustacea, Volume 
8: Evolution and Biogeography. Oxford University Press, New York.

Brantner, J. S., D. W. Ott, R. J. Duff, J. I. Orridge, J. R. Waldman, and S. C. Weeks. 2013a. Evidence of selfing 
hermaphroditism in the clam shrimp Cyzicus gynecia (Branchiopoda: Spinicaudata). Journal of 
Crustacean Biology 33:184– 190.

Brantner, J. S., D. W. Ott, R. J. Duff, L. O. Sanoamuang, G. P. Simhachalam, K. K. S. Babu, and 
S. C. Weeks. 2013b. Androdioecy and hermaphroditism in five species of clam shrimps 
(Crustacea: Branchiopoda: Spinicaudata) from India and Thailand. Invertebrate Biology 132:27– 37.

Brook, H. J., T. A. Rawlings, and R. W. Davies. 1994. Protogynous sex change in the intertidal isopod 
Gnorimosphaeroma oregonense (Crustacea: Isopoda). The Biological Bulletin 187:99– 111.

Brusca, R. 1978. Studies on the Cymothoid fish symbionts of the eastern Pacific (Isopoda, Cymothoidae). 
I: Biology of Nerocila californica. Crustaceana 34:141– 154.

Brusca, R. C. 1981. A monograph on the Isopoda Cymothoidae (Crustacea) of the eastern Pacific. Zoological 
Journal of the Linnean Society 73:117– 199.

Bulnheim, H. 1978. Interaction between genetic, external and parasitic factors in sex determination of the 
crustacean amphipod Gammarus duebeni. Helgoländer wiss. Meeresunters 31:1– 33.

Butler, T. H. 1964. Growth, reproduction, and distribution of pandalid shrimps in British Columbia. Journal of 
the Fisheries Research Board of Canada 21:1403– 1452.

Butlin, R., I. SchÖn, and K. Martens. 1998. Asexual reproduction in nonmarine ostracods. Heredity 
81:473– 480.

--- Not for reuse or distribution ---



1

234 Reproductive Biology

234

Calabrese, A., C. McCullough, B. Knott, and S. C. Weeks. 2016. Environmental characteristics 
of ephemeral rock pools explain local abundances of the clam shrimp, Paralimnadia badia 
(Branchiopoda: Spinicaudata: Limnadiidae). Journal of the Royal Society of Western Australia 99:9– 15.

Callan, H. G. 1941. Determination of sex in Scalpellum. Nature 148:258.
Carpenter, A. 1978. Protandry in the freshwater shrimp, Paratya curvirostris (Heller, 

1862) (Decapoda: Atyidae), with a review of the phenomenon and its significance in the Decapoda. 
Journal of the Royal Society of New Zealand 8:343– 358.

Carpenter, A. 1983. Population biology of the freshwater shrimp Paratya curvirostris (Heller, 
1862) (Decapoda: Atyidae). New Zealand Journal of Marine and Freshwater Research 17:147– 158.

Caruso, D., and D. Bouchon. 2011. Armadillidium virgo n. sp. from caves in southeastern Sicily: Is it a 
parthenogenetic species? (Crustacea, Isopoda, Oniscidea). Italian Journal of Zoology 78:96– 100.

Chak, S. T., D. R. Rubenstein, and J. E. Duffy. 2015. Social control of reproduction and breeding 
monopolization in the eusocial snapping shrimp Synalpheus elizabethae. Pages 57– 84 in L. Aquiloni and 
E. Tricarico, editors. Social Recognition in Invertebrates. Springer International, Cham.

Chang, E. S., and A. Sagi. 2008. Male reproductive hormones. Pages 299– 318 in E. Mente, editor. Reproductive 
Biology of Crustaceans. Science Publishers, Enfield, NH.

Charlesworth, D. 2006. Evolution of plant breeding systems. Current Biology 16:R726– R735.
Charlesworth, D., and B. Charlesworth. 1978. A model for the evolution of dioecy and gynodioecy. American 

Naturalist 112:975– 997.
Charniaux- Cotton, H. 1975. Hermaphroditism and gynandromorphism in malacostracan Crustacea. Pages 

91– 105 in R. Reinboth, editor. Intersexuality in the Animal Kingdom. Springer, Berlin.
Charnov, E. L. 1979. Natural selection and sex change in pandalid shrimp: test of a life- history theory. The 

American Naturalist 113:715– 734.
Charnov, E. L. 1982. The Theory of Sex Allocation. Princeton University Press, Princeton, NJ.
Charnov, E. L. 1987. Sexuality and hermaphroditism in barnacles: a natural selection approach. Crustacean 

Issues 5:89– 103.
Charnov, E. L., and P. J. Anderson. 1989. Sex change and population fluctuations in pandalid shrimp. The 

American Naturalist 134:824– 827.
Chasnov, J. R. 2010. The evolution from females to hermaphrodites results in a sexual conflict over mating in 

androdioecious nematode worms and clam shrimp. Journal of Evolutionary Biology 23:539– 556.
Chiba, S. 2007. A review of ecological and evolutionary studies on hermaphroditic decapod crustaceans. 

Plankton and Benthos Research 2:107– 119.
Chiba, S., S. Goshima, and T. Mizushima. 2000. Factors affecting the occurrence of early maturing males in 

the protandrous pandalid shrimp Pandalus latirostris. Marine Ecology Progress Series 203:215– 224.
Cisne, J. L. 1982. Origin of the Crustacea. Pages 65– 92 in L. G. Abele, editor. The Biology of Crustacea, Volume 

1: Systematics, the Fossil Record, and Biogeography. Academic Press, New York.
Clark, W. 1978. Hermaphroditism as a reproductive strategy for metazoans; some correlated benefits. New 

Zealand Journal of Zoology 5:769– 780.
Cohen, A. C., and J. G. Morin. 1990. Patterns of reproduction in ostracodes: a review. Journal of Crustacean 

Biology 10:184– 211.
Cook, C., and P. Munguia. 2013. Sensory cues associated with host detection in a marine parasitic isopod. 

Marine Biology 160:867– 875.
Cook, C., and P. Munguia. 2015. Sex change and morphological transitions in a marine ectoparasite. Marine 

Ecology 36:337– 346.
Correa, C., and M. Thiel. 2003. Mating systems in caridean shrimp (Decapoda: Caridea) and their 

evolutionary consequences for sexual dimorphism and reproductive biology. Revista Chilena de Historia 
Natural 76:187– 203.

Correa, C., J. A. Baeza, E. Dupré, I. A. Hinojosa, and M. Thiel. 2000. Mating behavior and fertilization success 
of three ontogenetic stages of male rock shrimp Rhynchocinetes typus (Decapoda: Caridea). Journal of 
Crustacean Biology 20:628– 640.

Crisp, D. J. 1983. Chelonobia patula (Ranzani), a pointer to the evolution of the complemental male. Marine 
Biology Letters 4:281– 294.

--- Not for reuse or distribution ---



1

 Hermaphroditism and Gonochorism 235

Darwin, C. R. 1851. A Monograph on the Sub- class Cirripedia, with Figures of All Species. The Lepadidae; or 
Pedunculated Cirripedes. The Ray Society, London.

Davison, A. 2006. The ovotestis: an underdeveloped organ of evolution. Bioessays 28:642– 650.
Dayton, P. K., W. A. Newman, and J. Oliver. 1982. The vertical zonation of the deep- sea Antarctic acorn 

barnacle, Bathylasma corolliforme (Hoek): experimental trans-  plants from the shelf into shallow- water. 
Journal of Biogeography 9:95– 109.

Decaestecker, E., L. De Meester, and J. Mergeay. 2009. Cyclical Parthenogenesis in Daphnia: Sexual Versus 
Asexual Reproduction. Springer, Dordrecht.

Dennenmoser, S., and M. Thiel. 2015. Cryptic female choice in crustaceans. Pages 203– 237 in A. V. Peretti and 
A. Aisenberg, editors. Cryptic Female Choice in Arthropods. Springer, New York.

Dionisio, M., A. Rodrigues, and A. Costa. 2007. Reproductive biology of Megabalanus azoricus (Pilsbry), the 
Azorean barnacle. Invertebrate Reproduction and Development 50:155– 162.

Dojiri, M., and J. Sieg. 1997. The Tanaidacea. Pages 181– 268 in J. A. Blake and P. H. Scott, editors. Taxonomic 
Atlas of the Benthic Fauna of the Santa Maria Basin and the Western Santa Barbara Channel, Volume 
11: The Crustacea, Part 2: The Isopoda, Cumacea and Tanaidacea. Santa Barbara Museum of Natural 
History, Santa Barbara, CA.

Dreyer, H., and J. W. Wägele. 2001. Parasites of crustaceans (Isopoda: Bopyridae) evolved from fish 
parasites: molecular and morphological evidence. Zoology 103:157– 178.

Duffy, J. E., and M. Thiel. 2007. Evolutionary Ecology of Social and Sexual Systems: Crustaceans as Model 
Organisms. Oxford University Press, New York.

Dworschak, P. 2002. A new species of ghost shrimp from the Gulf of Aqaba, Red Sea 
(Crustacea: Decapoda: Callianassidae). Annalen des Naturhistorischen Museums in Wien. Serie B für 
Botanik und Zoologie 104B:415– 428.

Dworschak, P. C., D. L. Felder, and C. C. Tudge. 2012. Infraorders Axiidea de Saint Laurent, 1979 and 
Gebiidea de Saint Laurent, 1979 (formerly known collectively as Thalassinidea). Pages 109– 219 in F. R. 
Schram and J. C. von Vaupel Klein, editors. Treatise on Zoology- Anatomy, Taxonomy, Biology, Volume 
9: The Crustacea, Part B. Brill, Leiden.

Eppley, S. M., and L. K. Jesson. 2008. Moving to mate: the evolution of separate and combined sexes in 
multicellular organisms. Journal of Evolutionary Biology 21:727– 736.

Ewers- Saucedo, C., N. B. Hope, and J. P. Wares. 2016. The unexpected mating system of the androdioecious 
barnacle Chelonibia testudinaria (Linnaeus, 1758). Molecular Ecology 25:2081– 2092.

Fiedler, G. C. 1998. Functional, simultaneous hermaphroditism in female- phase Lysmata amboinensis 
(Decapoda: Caridea: Hippolytidae). Pacific Science 52:161– 169.

Fiedler, G. C., A. L. Rhyne, R. Segawa, T. Aotsuka, and N. V. Schizas. 2010. The evolution of 
euhermaphroditism in caridean shrimps: a molecular perspective of sexual systems and systematics. 
BMC Evolutionary Biology 10:297.

Ford, A. T. 2008. Can you feminise a crustacean? Aquatic Toxicology 88:316– 321.
Foster, B. A. 1978. The marine fauna of New Zealand: barnacles (Cirripedia: Thoracica). New Zealand 

Oceanographic Institute Memoir 69:1– 160.
Foster, B. A. 1983. Complemental males in the barnacle Bathylasma alearum (Cirripedia: Pachylasmidae). 

Pages 133– 139 in J. K. Lowry, editor. Papers from the Conference on the Biology and Evolution of Crustacea. 
Australian Museum Memoir Volume 18. The Australian Museum, Sydney.

Foster, B. A., 1988. Tetrapachylasma new- genus for a shallow water pachylasmatid barnacle from the Cook 
Islands southern Pacific ocean Cirripedia: Balanomorpha. Crustaceana 55:225– 233.

Furman, E. R., and A. B. Yule. 1990. Self- fertilisation in Balanus improvisus Darwin. Journal of Experimental 
Marine Biology and Ecology 144:235– 239.

Gherardi, F., and C. Calloni. 1993. Protandrous hermaphroditism in the tropical shrimp Athanas indicus 
(Decapoda: Caridea), a symbiont of sea urchins. Journal of Crustacean Biology 13:675– 689.

Ghiselin, M. T. 1969. The evolution of hermaphroditism among animals. Quarterly Review of Biology 
44:189– 208.

Gomez, E. D. 1975. Sex determination in Balanus (Conopea) galeatus (L.) (Cirripedia Thoracica). Crustaceana 
28:105– 107.

--- Not for reuse or distribution ---



1

236 Reproductive Biology

236

Hamer, M. L., and K. Martens. 1998. The large Branchiopoda (Crustacea) from temporary habitats of the 
Drakensberg region, South Africa. Hydrobiologia 384:151– 165.

Hartnoll, R. 1969. Mating in the Brachyura. Crustaceana 16:161– 181.
Hebert, P. D. 1987. Genotypic characteristics of cyclic parthenogens and their obligately asexual derivatives. 

Experientia. Supplementum 55:175– 195.
Hessler, R. R., and W. A. Newman. 1975. A trilobitomorph origin for the Crustacea. Fossils and Strata 

4:437– 459.
Hiebert, T. C. 2015. Gnorimosphaeroma insulare. Pages 532–537 In T. C. Hiebert, B. A. Butler, and A. L. Shanks, 

editors. Oregon Estuarine Invertebrates: Rudys’ Illustrated Guide to Common Species, 3rd ed. University of 
Oregon Libraries and Oregon Institute of Marine Biology, Charleston.

Highsmith, R. C. 1983. Sex reversal and fighting behavior: coevolved phenomena in a tanaid crustacean. 
Ecology 64:719– 726.

Hoch, J. M., and J. S. Levinton. 2012. Experimental tests of sex allocation theory with two species of 
simultaneously hermaphroditic acorn barnacles. Evolution 66:1332– 1343.

Høeg, J. T. 1995. Sex and the single cirripede: a phylogenetic perspective. Pages 195– 207 in F. R. Schram and 
J. T. Høeg, editors. New Frontiers in Barnacle Evolution. Crustacean Issues 10. A. A. Balkema, Rotterdam.

Høeg, J. T., Y. Yusa, and N. Dreyer. 2016. Sex determination in the androdioecious barnacle Scalpellum 
scalpellum (Crustacea: Cirripedia). Biological Journal of the Linnean Society 118:359– 368.

Hosie, A. M. 2014. Review of the stalked barnacle genus Koleolepas (Cirripedia: Thoracica: Koleolepadidae), 
with new records from Australian waters. Records of the Western Australian Museum 29:1– 9.

Ito, T., and F. R. Schram. 1988. Gonopores and the reproductive system of Nectiopodan Remipedia. Journal of 
Crustacean Biology 8:250– 253.

Jarne, P. 1995. Mating system, bottlenecks and genetic- polymorphism in hermaphroditic animals. Genetical 
Research 65:193– 207.

Jarne, P., and J. R. Auld. 2006. Animals mix it up too: the distribution of self- fertilization among 
hermaphroditic animals. Evolution 60:1816– 1824.

Jarne, P., and D. Charlesworth. 1993. The evolution of the selfing rate in functionally hermaphrodite plants and 
animals. Annual Review of Ecology and Systematics 24:441– 466.

Jenner, R. A. 2010. Higher- level crustacean phylogeny: consensus and conflicting hypotheses. Arthropod 
Structure and Development 39:143– 153.

Johnson, W. S., M. Stevens, and L. Watling. 2001. Reproduction and development of marine peracaridans. 
Advances in Marine Biology 39:105– 260.

Jones, D. S., and N. S. Lander. 1995. A revision of the scalpellomorph subfamily Calanticinae sensu Zevina 
(1978). Pages 15– 36 in F. R. Schram and J. T. Høeg, editors. New Frontiers in Barnacle Evolution. 
Crustacean Issues 10. A. A. Balkema, Rotterdam.

Jormalainen, V. 1998. Precopulatory mate guarding in crustaceans: male competitive strategy and intersexual 
conflict. Quarterly Review of Biology 73:275– 304.

Juchault, P. 1999. Hermaphroditism and gonochorism: a new hypothesis on the evolution of sexuality in 
Crustacea. Comptes Rendus de l’Académie des Sciences- Series III: Sciences de la Vie 322:423– 427.

Juchault, P., and J. Legrand. 1986. Thermosensibilité de l’expression ou de la transmission d’un facteur 
féminisant responsable de certaines formes de monogénie chez le Crustacé Oniscoide Armadillidium 
vulgare Latreille. Génétique, Sélection, Évolution 18:393– 404.

Kakui, K., and C. Hiruta. 2013. Selfing in a malacostracan crustacean: why a tanaidacean but not decapods. 
Naturwissenschaften 100:891– 894.

Kelly, M. W., and E. Sanford. 2010. The evolution of mating systems in barnacles. Journal of Experimental 
Marine Biology and Ecology 392:37– 45.

Kensley, B. 2003. Axioid shrimps from Guam (Crustacea, Decapoda, Thalassinidea). Micronesica 35:359– 384.
Kolbasov, G. A., and G. B. Zevina. 1999. A new species of Paralepas (Cirripedia, Heteralepadidae) symbiotic 

with Xenophora (Mollusca, Gastropoda); with the first comple-  mental male known for the family. 
Bulletin of Marine Science 64:391– 398.

Komai, T. 2011. Deep- sea shrimps and lobsters (Crustacea: Decapoda: Dendrobranchiata and Pleocyemata) 
from the Sagami Sea and Izu Islands, central Japan. Memoirs of the National Museum of Nature and 
Science 47:279– 337.

--- Not for reuse or distribution ---



1

 Hermaphroditism and Gonochorism 237

Komai, T., F. J. Lin, and T. Y. Chan. 2010. Five new species of Axiidae (Crustacea: Decapoda: Axiidea) from 
deep- water off Taiwan, with description of a new genus. Zootaxa 2352:1– 28.

Kubrakiewicz, J., M. K. Jaglarz, T. M. Iliffe, S. M. Bilinski, and S. Koenemann. 2012. Ovary structure and 
early oogenesis in the remipede, Godzilliognomus frondosus (Crustacea, Remipedia): phylogenetic 
implications. Zoology 115:261– 269.

Larsen, K. 2001. Morphological and molecular investigation of polymorphism and cryptic species in tanaid 
crustaceans: implications for tanaid systematics and biodiversity estimates. Zoological Journal of the 
Linnean Society 131:353– 379.

Larsen, K., and E. Froufe. 2013. A new polymorphic species of Leptochelia (Crustacea: Tanaidacea) from 
Guinea Bissau, West Africa, with comments on genetic variation within Leptochelia. African Invertebrates 
54:105– 125.

Lim, J. H. C., B. H. R. Othman, and I. Takeuchi. 2015. Description of Orthoprotella bicornis, new species, 
and Paraprotella teluksuang, new species (Crustacea: Amphipoda) from Johor, Malaysia with special 
reference to unusual sexual bias towards females in Paraprotella. Raffles Bulletin of Zoology 63:33– 48.

Lin, H. C., J. T. Høeg, Y. Yusa, and B. K. Chan. 2015. The origins and evolution of dwarf males and habitat use 
in thoracican barnacles. Molecular Phylogenetics and Evolution 91:1– 11.

Lin, J., and D. Zhang. 2001. Reproduction in a simultaneous hermaphroditic shrimp, Lysmata 
wurdemanni: any two will do? Marine Biology 139:919– 922.

Lloyd, D. G. 1975. The maintenance of gynodioecy and androdioecy in angiosperms. Genetica 45:325– 339.
Longhurst, A. L. 1955. The reproduction and cytology of the Notostraca (Crustacea, Phyllopoda). Proceedings 

of the Zoological Society of London 125:671– 680.
Lowry, J. K., and H. E. Stoddart. 1983. The shallow- water gammaridean Amphipoda of the subantarctic islands 

of New Zealand and Australia: Lysianassoidea. Journal of the Royal Society of New Zealand 13:279– 394.
Lowry, J. K., and H. E. Stoddart. 1986. Protandrous hermaphrodites among the Lysianassoid Amphipoda. 

Journal of Crustacean Biology 6:742– 748.
Lowry, J. K., and H. E. Stoddart. 2012. Australian and South African conicostomatine amphipods 

(Amphipoda: Lysianassoidea: Lysianassidae: Conicostomatinae subfam. nov.). Zootaxa 3248:43– 65.
MacDonald, K. S., R. Sallenave, and D. E. Cowley. 2011. Morphologic and genetic variation in Triops 

(Branchiopoda: Notostraca) from ephemeral waters of the northern Chihuahuan desert of North 
America. Journal of Crustacean Biology 31:468– 484.

Marinovic, B. B. 1987. The reproductive biology of the protogynous hermaphrodite Nototanais dimorphus 
(Beddard), an Antarctic tanaid. Master’s thesis, University of California, Santa Cruz.

Mathers, T. C., R. L. Hammond, R. A. Jenner, T. Zierold, B. Haenfling, and A. Gomez. 2013. High lability 
of sexual system over 250 million years of evolution in morphologically conservative tadpole shrimps. 
BMC Evolutionary Biology 13:30.

McLaughlin, P. A., and D. P. Henry. 1972. Comparative morphology of complemental males in 4 species of 
Balanus (Cirripedia: Thoracica). Crustaceana 22:13– 30.

Meconcelli S., M. C. Lorenzi, and G. Sella. 2015. Labile sex expression and the evolution of dioecy in 
Ophryotrocha polychaete worms. Evolutionary Biology 42:42– 53.

Mente, E. 2008. Reproductive Biology of Crustaceans: Case Studies of Decapod Crustaceans. Science Publishers, 
Enfield, NH.

Michiels, N. K. 1998. Mating conflicts and sperm competition in simultaneous hermaphrodites. Pages 219– 254 
in T. R. Birkhead and A. P. Møller, editors. Sperm Competition and Sexual Selection. Academic Press, San 
Diego, CA.

Mladineo, N. 2003. Life cycle of Ceratothoa oestroides, a cymothoid isopod parasite from sea bass Dicentrarchus 
labrax and sea bream Sparus aurata. Diseases of Aquatic Organisms 57:97– 101

Morrow, E. H. 2004. How the sperm lost its tail: the evolution of aflagellate sperm. Biological Reviews 
79:795– 814.

Munday, P. L., P. M. Buston, and R. R. Warner. 2006. Diversity and flexibility of sex- change strategies in 
animals. Trends in Ecology and Evolution 21:89– 95.

Muñoz, J., A. Gómez, A. J. Green, J. Figuerola, F. Amat, and C. Rico. 2010. Evolutionary origin 
and phylogeography of the diploid obligate parthenogen Artemia parthenogenetica 
(Branchiopoda: Anostraca). PLoS ONE 5:e11932.

--- Not for reuse or distribution ---



1

238 Reproductive Biology

238

Murray, K. B., A. M. Demko, B. K. Ward, C. A. Delillo, K. Balazadeh, B. D. Bourque, and A. L. Rhyne. 
2012. The absence of male features and functionality in the monotypic shrimp genus Lysmatella, a 
simultaneous hermaphrodite. Integrative and Comparative Biology 52:e300.

Nakashima, Y. 1987. Reproductive strategies in a partially protandrous shrimp, Athanas kominatoensis 
(Decapoda: Alpheidae): sex change as the best of a bad situation for subordinates. Journal of Ethology 
5:145– 159.

Neiber, M. T., T. R. Hartke, T. Stemme, A. Bergmann, J. Rust, T. M. Iliffe, and S. Koenemann. 2011. Global 
biodiversity and phylogenetic evaluation of Remipedia (Crustacea). PLoS ONE 6:e19627.

Newman, W. A. 1980. A review of extant Scillaelepas (Cirripedia, Scalpellidae) including recognition of new 
species from the North Atlantic, West Indies and New Zealand. Tethys 9:379– 398.

Ngoc- Ho, N. 2011. The genus Calastacus Faxon, 1893 in France with a new species from off Brittany (Crustacea, 
Decapoda, Axiidae). Zoosystema 33:515– 521.

Onaga, H., G. C. Fiedler, and J. A. Baeza. 2012. Protandric simultaneous hermaphroditism in Parhippolyte 
misticia (Clark, 1989) (Caridea: Hippolytidae): implications for the evolution of mixed sexual systems 
in shrimp. Journal of Crustacean Biology 32:383– 394.

Osawa, Y., M. N. Aoki, M. Thiel, and R. T. Bauer. 2015. Analysis of life- history traits in a sex- changing marine 
shrimp (Decapoda: Caridea: Rhynchocinetidae). The Biological Bulletin 228:125– 136.

Pannell, J. R. 1997. The maintenance of gynodioecy and androdioecy in a metapopulation. Evolution 51:10– 20.
Pannell, J. R. 2002. The evolution and maintenance of androdioecy. Annual Review of Ecology and Systematics 

33:397– 425.
Pawluk, R. J., M. Ciampoli, and S. Mariani. 2015. Host size constrains growth patterns in both female and male 

Ceratothoa italica, a mouth- dwelling isopod. Marine and Freshwater Research 66:381– 384.
Pennafirme, S., and A. Soares- Gomes. 2009. Population biology and reproduction of Kalliapseudes schubartii 

Mañé- Garzón, 1949 (Peracarida, Tanaidacea) in a Tropical Coastal Lagoon, Itaipu, Southeastern Brazil. 
Crustaceana 82:1509– 1526.

Perez- Losada, M., J. T. Høeg, and K. A. Crandall. 2012. Deep Phylogeny and Character Evolution in 
Thecostraca (Crustacea: Maxillopoda). Integrative and Comparative Biology 52:430– 442.

Policansky, D. 1982. Sex change in plants and animals. Annual Review of Ecology and Systematics 13:471– 495.
Poore, G. C. 2008. Thalassinidean shrimps (Crustacea: Decapoda) from north- western Australia, including 

five new species. Records of the Western Australian Museum, Supplement 73:161– 179.
Poore, G. C., and D. Collins. 2009. Australian Axiidae (Crustacea: Decapoda: Axiidea). Memoirs of Museum 

Victoria 66:221– 287.
Raimondi, P. T., and J. E. Martin. 1991. Evidence that mating group size affects allocation of reproductive 

resources in a simultaneous hermaphrodite. American Naturalist 138:1207– 1218.
Ravichandran, S., G. Rameshkumar, and K. Kumaravel. 2009. Variation in the morphological features of 

isopod fish parasites. World Journal of Fish and Marine Sciences 1:137– 140.
Raviv, S., S. Parnes, and A. Sagi. 2008. Coordination of reproduction and molt in decapods. Pages 365– 390 

in E. Mente, editor. Reproductive Biology of Crustaceans: Case Studies of Decapod Crustaceans. Science 
Publishere, Enfield, NH.

Reed, S. K., R. J. Duff, and S. C. Weeks. 2015. A systematic study of the genus Eulimnadia. Journal of Crustacean 
Biology 35:379– 391.

Rigaud, T., P. Juchault, and J. P. Mocquard. 1997. The evolution of sex determination in isopod crustaceans. 
Bioessays 19:409– 416.

Rogers, D. C., S. C. Weeks, and W. R. Hoeh. 2010. A new species of Eulimnadia (Crustacea; Branchiopoda; 
Diplostraca; Spinicaudata) from North America. Zootaxa 2413:61– 68.

Sagi, A., E. Snir, and I. Khalaila. 1997. Sexual differentiation in decapod crustaceans: role of the androgenic 
gland. Invertebrate Reproduction and Development 31:55– 61.

Sassaman, C. 1988. Clutch sex- ratio polymorphism in the clam shrimp Eulimnadia antlei. American Zoologist 
28:A135.

Sassaman, C. 1989. Sex- ratio and sex determination in western populations of Triops (Notostraca). American 
Zoologist 29:A66.

Sassaman, C. 1991. Sex- ratio variation in female- biased populations of Notostracans. Hydrobiologia 
212:169– 179.

--- Not for reuse or distribution ---



1

 Hermaphroditism and Gonochorism 239

Sassaman, C. 1995. Sex determination and evolution of unisexuality in the Conchostraca. Hydrobiologia 
298:45– 65.

Sassaman, C., M. A. Simovich, and M. Fugate. 1997. Reproductive isolation and genetic differentiation in 
North American species of Triops (Crustacea: Branchiopoda: Notostraca). Hydrobiologia 359:125– 147.

Sassaman, C., and S. C. Weeks. 1993. The genetic mechanism of sex de-  termination in the conchostracan 
shrimp Eulimnadia texana. American Naturalist 141:314– 328.

Sawada, K., R. Yoshida, K. Yasuda, S. Yamaguchi, and Y. Yusa. 2015. Dwarf males in the epizoic barnacle 
Octolasmis unguisiformis and their implications for sexual system evolution. Invertebrate Biology 
134:162– 167.

Scanabissi, F. and C. Mondini. 2000. Origin and formation of eggshell in Limnadia lenticularis (Linnaeus, 
1761), Crustacea, Branchiopoda, Conchostraca. Invertebrate Reproduction and Development 37:1– 9.

Scanabissi, F., and C. Mondini. 2002. A survey of the reproductive biology in Italian branchiopods. Part 
A: The female gonad of Limnadia lenticularis (Linnaeus, 1761) (Spinicautdata) and Lepidurus apus 
lubbocki (Brauer, 1873) (Notostraca). Hydrobiologia 486:263– 272.

Schärer, L., and T. Janicke. 2009. Sex allocation and sexual conflict in simultaneously hermaphroditic animals. 
Biology Letters 5:705– 708.

Schatte, J., and R. Saborowski. 2006. Change of external sexual characteristics during consecutive moults in 
Crangon crangon L. Helgoland Marine Research 60:70– 73.

Schmit, O., S. N. Bode, A. Camacho, D. J. Horne, D. K. Lamatsch, K. Martens, M. J. Martins, T. Namiotko, 
G. Rossetti, J. Rueda- Sevilla, I. Schön, J. Vandekerkhove, and F. Mesquita- Joanes. 2013a. Linking present 
environment and the segregation of reproductive modes (geographical parthenogenesis) in Eucypris 
virens (Crustacea: Ostracoda). Journal of Biogeography 40:2396– 2408.

Schmit, O., S. Adolfsson, J. Vandekerkhove, J. Rueda, S. Bode, G. Rossetti, Y. Michalakis, J. Jokela, K. Martens, 
and F. Mesquita- Joanes. 2013b. The distribution of sexual reproduction of the geographic parthenogen 
Eucypris virens (Crustacea: Ostracoda) matches environmental gradients in a temporary lake. Canadian 
Journal of Zoology 91:660– 671.

Scholtz, G., A. Braband, L. Tolley, A. Reimann, B. Mittmann, C. Lukhaup, F. Steuerwald, and G. Vogt. 2003. 
Ecology: parthenogenesis in an outsider crayfish. Nature 421:806– 806.

Schön, I., A. Gandolfi, E. Di Masso, V. Rossi, H. I. Griffiths, K. Martens, and R. G. Butlin. 2000. Persistence of 
asexuality through mixed reproduction in Eucypris virens (Crustacea, Ostracoda). Heredity 84:161– 169.

Schön, I., K. Martens, K. Van Doninck, and R. K. Butlin. 2003. Evolution in the slow lane: molecular rates 
of evolution in sexual and asexual ostracods (Crustacea: Ostracoda). Biological Journal of the Linnean 
Society 79:93– 100.

Shuster, S. M., and M. J. Wade. 1991. Equal mating success among male reproductive strategies in a marine 
isopod. Nature 350:608– 610.

Sieg, J., and R. W. Heard. 1985. Tanaidacea (Crustacea: Peracardia) of the Gulf of Mexico. IV: On Nototanoides 
trifurcatus Gen. Nov., Sp. Nov., with a key to the genera of the Nototanaidae. Gulf and Caribbean 
Research 8:51– 62.

Smit, N. J., N. L. Bruce, and K. A. Hadfield. 2014. Global diversity of fish parasitic isopod crustaceans of the 
family Cymothoidae. International Journal for Parasitology: Parasites and Wildlife 3:188– 197.

Spears, T., and L. G. Abele. 1997. Crustacean phylogeny inferred from 18S rDNA. Pages 170– 187 in R. A. 
Fortey and R. H. Thomas, editors. Arthropod Relationships. Chapman and Hall, London.

Subramoniam, T. 2013. Origin and occurrence of sexual and mating systems in Crustacea: a progression 
towards communal living and eusociality. Journal of Biosciences 38:951– 969.

Subramoniam, T. 2016. Sexual Biology and Reproduction in Crustaceans. Elsevier, London.
Taylor, S., and J. Holsinger. 2011. A new species of the subterranean amphipod crustacean genus Stygobromus 

(Crangonyctidae) from a cave in Nevada, USA. Subterranean Biology 8:39– 47.
Tsai, M. L., J. J. Li, and C. F. Dai. 1999. Why selection favors protandrous sex change for the parasitic isopod, 

Ichthyoxenus fushanensis (Isopoda: Cymothoidae). Evolutionary Ecology 13:327– 338.
Van der Kooi, C. J., and T. Schwander. 2014. On the fate of sexual traits under asexuality. Biological Reviews 

89:805– 819.
Vega- Frutis, R., R. Macias- Ordonez, R. Guevara, and L. Fromhage. 2014. Sex change in plants and animals: a 

unified perspective. Journal of Evolutionary Biology 27:667– 675.

--- Not for reuse or distribution ---



1

240 Reproductive Biology

240

Ventura, T., O. Rosen, and A. Sagi. 2011a. From the discovery of the crustacean androgenic gland to the 
insulin- like hormone in six decades. General and Comparative Endocrinology 173:381– 388.

Ventura, T., R. Manor, E. D. Aflalo, S. Weil, I. Khalaila, O. Rosen, and A. Sagi. 2011b. Expression of an 
androgenic gland- specific insulin- like peptide during the course of prawn sexual and morphotypic 
differentiation. ISRN Endocrinology 476283:1– 11.

Ventura, T., R. Manor, E. D. Aflalo, S. Weil, O. Rosen, and A. Sagi. 2012. Timing sexual differentiation: full 
functional sex reversal achieved through silencing of a single insulin- like gene in the prawn, 
Macrobrachium rosenbergii. Biology of Reproduction 86:1– 6.

Ventura, T., and A. Sagi. 2012. The insulin- like androgenic gland hormone in crustaceans: from a single 
gene silencing to a wide array of sexual manipulation- based biotechnologies. Biotechnology Advances 
30:1543– 1550.

Vogt, G. 2016. Structural specialities, curiosities and record- breaking features of crustacean reproduction. 
Journal of Morphology 277:1399– 1422.

Vogt, G., L. Tolley, and G. Scholtz. 2004. Life stages and reproductive components of the Marmorkrebs 
(marbled crayfish), the first parthenogenetic decapod crustacean. Journal of Morphology 261:286– 311.

von Reumont, B. M., R. A. Jenner, M. A. Wills, E. Dell’Ampio, G. Pass, I. Ebersberger, B. Meyer, 
S. Koenemann, T. M. Iliffe, A. Stamatakis, O. Niehuis, K. Meusemann, and B. Misof. 2012. 
Pancrustacean phylogeny in the light of new phylogenomic data: support for Remipedia as the possible 
sister group of Hexapoda. Molecular Biology and Evolution 29:1031– 1045.

von Reumont, B. M., and G. D. Edgecombe. 2020. Crustaceans and insect evolution. In G. Poore and M. Thiel, 
editors. The Natural History of the Crustacea, Volume 8: Evolution and Biogeography. Oxford University 
Press, New York.

Warner, R .R. 1975. The adaptive significance of sequential hermaphroditism in animals. American Naturalist 
109:61– 82.

Warner, R. R. 1984. Mating behavior and hermaphroditism in coral reef fishes. American Scientist 72:128– 136.
Weeks, S. C. 2012. The role of androdioecy and gynodioecy in mediating evolutionary transitions between 

dioecy and hermaphroditism in the Animalia. Evolution 66:3670– 3686.
Weeks, S. C., J. S. Brantner, T. I. Astrop, D. W. Ott and N. Rabet. 2014. The evolution of hermaphroditism 

from dioecy in crustaceans: selfing hermaphroditism described in a fourth spinicaudatan genus. 
Evolutionary Biology 41:251– 261.

Weeks, S. C., V. Marcus, R. L. Salisbury and D. W. Ott. 2002. Cyst development in the conchostracan shrimp, 
Eulimnadia texana (Crustacea: Spinicaudata). Hydrobiologia 486:289– 294.

Weeks, S. C., C. L. Marquette, and E. Latsch. 2004. Barriers to outcrossing success in the primarily self 
fertilizing clam shrimp, Eulimnadia texana (Crustacea, Branchiopoda). Invertebrate Biology 123:146– 155.

Weeks, S. C., R. T. Posgai, M. Cesari, and F. Scanabissi. 2005. Androdioecy inferred in the clam shrimp 
Eulimnadia agassizii (Spinicaudata: Limnadiidae). Journal of Crustacean Biology 25:323– 328.

Weeks, S. C., C. Benvenuto, and S. K. Reed. 2006a. When males and hermaphrodites coexist: a review of 
androdioecy in animals. Integrative and Comparative Biology 46:449– 464.

Weeks, S. C., M. Zofkova, and B. Knott. 2006b. Limnadiid clam shrimp biogeography in Australia 
(Crustacea: Branchiopoda: Spinicaudata). Journal of the Royal Society of Western Australia 89:155– 161.

Weeks, S. C., T. F. Sanderson, S. K. Reed, M. Zofkova, B. Knott, U. Balaraman, G. Pereira, D. M. Senyo, and 
W. R. Hoeh. 2006c. Ancient androdioecy in the freshwater crustacean Eulimnadia. Proceedings of the 
Royal Society B: Biological Sciences 273:725– 734.

Weeks, S. C., S. K. Reed, M. Cesari, and F. Scanabissi. 2006d. Production of intersexes and the evolution 
of androdioecy in the clam shrimp Eulimnadia texana (Crustacea, Branchiopoda, Spinicaudata). 
Invertebrate Reproduction and Development 49:113– 119.

Weeks, S. C., T. F. Sanderson, M. Zofkova, and B. Knott. 2008. Breeding systems in the clam shrimp family 
Limnadiidae (Branchiopoda, Spinicaudata). Invertebrate Biology 127:336– 349.

Weeks, S. C., S. K. Reed, D. W. Ott, and F. Scanabissi. 2009a. Inbreeding effects on sperm production in clam 
shrimp (Eulimnadia texana). Evolutionary Ecology Research 11:125– 134.

Weeks, S. C., E. G. Chapman, D. C. Rogers, D. M. Senyo, and W. R. Hoeh. 2009b. Evolutionary 
transitions among dioecy, androdioecy and hermaphroditism in limnadiid clam shrimp 
(Branchiopoda: Spinicaudata). Journal of Evolutionary Biology 22:1781– 1799.

--- Not for reuse or distribution ---



1

 Hermaphroditism and Gonochorism 241

Williams, J. D., and C. B. Boyko. 2012. The global diversity of parasitic isopods associated with crustacean 
hosts (Isopoda: Bopyroidea and Cryptoniscoidea). PLoS ONE 7:e35350.

Wills, M. A. 1997. A phylogeny of recent and fossil crustacea derived from morphological characters. Pages 
189– 209 in R. A. Fortey and R. H. Thomas, editors. Arthropod Relationships. Chapman and Hall, 
London.

Wrange, A. L., G. Charrier, A. Thonig, M. A. Rosenblad, A. Blomberg, J. N. Havenhand, P. R. Jonsson, and 
C. André. 2016. The story of a hitchhiker: population genetic patterns in the invasive barnacle Balanus 
(Amphibalanus) improvisus Darwin 1854. PLoS ONE 11:e0147082.

Yamaguchi, S., E. L. Charnov, K. Sawada, and Y. Yusa. 2012. Sexual systems and life history of barnacles: a 
theoretical perspective. Integrative and Comparative Biology 52:356– 365.

Yazicioglu, B., J. Reynolds, and P. Kozák. 2016. Different aspects of reproduction strategies in crayfish: a 
review. Knowledge and Management of Aquatic Ecosystems 417:33– 33.

Young, P. S. 2003. Redescription of the calanticids (Cirripedia, Scalpellomorpha) described by Wilhelm 
Weltner. Mitteilungen aus dem Zoologischen Museum Berlin, Zoologische Reihe 79:191– 201.

Yusa, Y., M. Takemura, K. Sawada, and S. Yamaguchi. 2013. Diverse, continuous, and plastic sexual systems in 
barnacles. Integrative and Comparative Biology 53:701– 712.

Yusa, Y., S. Yamato, and M. Marumura. 2001. Ecology of a parasitic barnacle, Koleolepas avis. Relationship 
to the hosts, distribution, left– right asymmetry and reproduction. Journal of the Marine Biological 
Association of the UK 81:781– 788.

Yusa, Y., M. Yoshikawa, J. Kitaura, M. Kawane, Y. Ozaki, S. Yamato, and J. T. Høeg. 2012. Adaptive evolution 
of sexual systems in pedunculate barnacles. Proceedings of the Royal Society B: Biological Sciences 
279:959– 966.

Zhang, Z.-Q. 2011. Animal biodiversity: an outline of higher- level classification and survey of taxonomic 
richness. Zootaxa 3148:1– 237.

Zierold, T., B. Hanfling, and A. Gomez. 2007. Recent evolution of alternative reproductive modes in the 
‘living fossil’ Triops cancriformis. BMC Evolutionary Biology 7:161.

Zucker, N., G. A. Aguilar, S. C. Weeks, and L. G. McCandless. 2002. Impact of males on variation in the 
reproductive cycle in an androdioecious desert shrimp. Invertebrate Biology 121:66– 72.

Zucker, N., M. Cunningham, and H. P. Adams. 1997. Anatomical evidence for androdioecy in the clam shrimp 
Eulimnadia texana. Hydrobiologia 359:171– 175.

Zupo, V., P. Messina, A. Carcaterra, E. D. Aflalo, and A. Sagi. 2008. Experimental evidence of a sex reversal 
process in the shrimp Hippolyte inermis. Invertebrate Reproduction and Development 52:93– 100.

--- Not for reuse or distribution ---



6

(A
)

(B
)

(F
)

(I
)

(J
)

(E
)

(H
)

(C
)

(D
)

(G
)

Fi
g.
 8
.1.

Se
le

ct
ed

 e
xa

m
pl

es
 o

f n
on

- g
on

oc
ho

ris
tic

 sp
ec

ie
s, 

to
 sh

ow
 th

e 
va

rie
ty

 o
f r

ep
ro

du
ct

iv
e 

m
od

es
 in

 c
ru

st
ac

ea
ns

. (
A)

 Th
e 

an
os

tra
ca

n 
Ar

te
m

ia
 p

ar
th

en
og

en
et

ica
, c

ha
ra

ct
er

iz
ed

 
by

 m
ix

ed
 se

xu
al

 a
nd

 a
se

xu
al

 (
pa

rt
he

no
ge

ne
tic

) 
po

pu
la

tio
ns

. (
B)

 Th
e 

no
to

st
ra

ca
n 

Tr
io

ps
 ca

nc
rif

or
m

is 
ex

em
pl

ifi
es

 “g
eo

gr
ap

hi
ca

l h
er

m
ap

hr
od

iti
sm

,” 
w

he
re

 p
op

ul
at

io
ns

 c
an

 
be

 g
on

oc
ho

ris
tic

, a
nd

ro
di

oe
ci

ou
s, 

an
d 

he
rm

ap
hr

od
iti

c. 
(C

) 
Th

e 
fre

e-
 liv

in
g 

iso
po

d 
Cy

at
hu

ra
 ca

rin
at

a,
 o

ne
 o

f t
he

 fe
w

 e
xa

m
pl

es
 o

f p
ro

to
gy

no
us

 (f
em

al
e-

 fir
st

 se
x 

ch
an

ge
r)

 
cr

us
ta

ce
an

s. 
(D

) 
Th

e 
pa

rt
he

no
ge

ne
tic

 c
av

e-
 dw

el
lin

g 
iso

po
d 

Ar
m

ad
ill

id
iu

m
 v

irg
o.

 (E
) 

Th
e 

pr
ot

an
dr

ic
 si

m
ul

ta
ne

ou
s h

er
m

ap
hr

od
ite

 E
xh

ip
po

lys
m

at
a 

op
lo

ph
or

oi
de

s. 
(F

) 
Th

e 
pr

ot
an

dr
ou

s (
m

al
e-

 fir
st

 se
x 

ch
an

ge
r)

 E
m

er
ita

 a
na

lo
ga

. (
G

) 
Th

e 
fa

cu
lta

tiv
e 

pr
ot

an
dr

ou
s C

ra
ng

on
 cr

an
go

n.
 (H

) 
Th

e 
pr

ot
an

dr
ou

s P
an

da
lu

s d
an

ae
. (

I)
 Th

e 
sim

ul
ta

ne
ou

s h
er

-
m

ap
hr

od
ite

 A
lla

xi
us

 cf
 p

ict
et

i, 
be

lo
ng

in
g 

to
 th

e 
fa

m
ily

 A
xi

id
ea

, t
he

 o
nl

y 
kn

ow
n 

ex
am

pl
e 

of
 h

er
m

ap
hr

od
iti

c d
ec

ap
od

s. 
(J

) Th
e 

sim
ul

ta
ne

ou
s h

er
m

ap
hr

od
ite

 A
m

ph
ib

al
an

us
 

im
pr

ov
isu

s.
Ph

ot
os

: (
A 

an
d 

B)
 Je

an
- F

ra
nç

oi
s 

C
ar

t; 
(C

) 
H

an
s 

H
ill

ew
ae

rt
; (

D
) 

D
om

en
ic

o 
C

ar
us

o;
 (

E)
 J.

 A
nt

on
io

 B
ae

za
; (

F 
an

d 
I)

 A
rt

hu
r A

nk
er

; (
G

) 
A

sm
a 

A
lth

om
al

i; 
(H

) 
A

nn
 

D
or

nf
el

d;
 (

J)
 Ia

n 
Fr

an
k 

Sm
ith

.
  



(A
)

(D
)

(E
)

(B
)

(C
)

Fi
g.
 8
.2
.

Ec
to

pa
ra

sit
ic

 is
op

od
s i

n 
th

e 
fa

m
ily

 C
ym

ot
ho

id
ae

 (o
bl

ig
at

e 
pa

ra
sit

es
 o

f fi
sh

es
). 

(A
) 

Th
e 

gi
ll 

ch
am

be
r p

ar
as

ite
 A

np
hi

ra
 b

ra
nc

hi
al

is 
on

 M
et

yn
ni

s l
ip

in
co

tti
an

us
. (

B)
 C

er
at

ot
ho

a 
ita

lic
a 

in
 

th
e m

ou
th

 o
f L

ith
og

na
th

us
 m

or
m

yr
us

 an
d 

(C
) e

sc
ap

in
g 

aft
er

 re
al

iz
in

g 
its

 h
os

t i
s d

ea
d.

 (D
) B

ra
ga

 p
at

ag
on

ica
 in

 th
e g

ill
s o

f P
yg

oc
en

tr
us

 n
at

er
re

ri.
 (E

) A
ni

lo
cr

a 
ph

ys
od

es
 o

n 
L.

 m
or

m
yr

us
. 

Ph
ot

os
: (

A 
an

d 
D

) C
ha

rle
s B

ai
lli

e;
 (B

) M
ar

ia
 S

al
a-

 Bo
za

no
; (

C
 an

d 
E)

 S
te

fa
no

 M
ar

ia
ni

.
  



8

(A
)

(C
)

(B
)

Fi
g.
 8
.3.

H
er

m
ap

hr
od

ite
 (l

eft
) a

nd
 m

al
e (

rig
ht

) c
la

m
 sh

rim
p,

 E
ul

im
na

di
a t

ex
an

a.
 In

 ad
di

tio
n 

to
 th

e b
as

ic
 d

iff
er

en
ce

s b
et

w
ee

n 
m

al
e a

nd
 fe

m
al

e g
am

et
es

, c
la

m
 sh

rim
p 

al
so

 h
av

e s
ev

er
al

 se
co

nd
ar

y s
ex

ua
l 

di
ffe

re
nc

es
. C

la
m

 sh
rim

p 
fe

m
al

es
 an

d 
he

rm
ap

hr
od

ite
s r

eq
ui

re
 ex

te
ns

io
ns

 o
f t

he
 p

hy
llo

po
ds

 (A
) a

nd
 a 

m
od

ifi
ed

 ca
ra

pa
ce

 to
 p

ro
du

ce
 a 

br
oo

d 
ch

am
be

r (
B)

 to
 b

ro
od

 th
ei

r e
gg

s. 
Ad

di
tio

na
lly

, 
th

ey
 n

ee
d 

to
 d

ig
 h

ol
es

 in
 th

e s
ed

im
en

t t
o 

bu
ry

 th
ei

r e
gg

s. 
M

al
es

 re
qu

ire
 sp

ec
ifi

c m
at

in
g 

be
ha

vi
or

s (
i.e

., f
as

te
r s

w
im

m
in

g)
 as

 w
el

l a
s c

la
sp

in
g 

ap
pe

nd
ag

es
 (C

) t
o 

pa
ir 

fo
r o

ut
cr

os
sin

g.
 In

 cl
am

 
sh

rim
p,

 h
er

m
ap

hr
od

ite
s h

av
e o

nl
y 

th
e m

al
e c

ha
ra

ct
er

ist
ic

 o
f s

pe
rm

 p
ro

du
ct

io
n 

an
d 

no
ne

 o
f t

he
 o

th
er

 se
co

nd
ar

y 
m

al
e c

ha
ra

ct
er

s, 
an

d 
th

us
 ca

nn
ot

 o
ut

cr
os

s w
ith

 o
th

er
 h

er
m

ap
hr

od
ite

s. 
Ph

ot
os

 co
ur

te
sy

 o
f J

ea
n-

 Fr
an

ço
is 

C
ar

t.
  


	Part.8.Ch.8_Reproductive Biology, Volume 6_9780190688554
	Part3.Ch8.Vol 6 Insert_9780190688554



