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Abstract

The capacity of organisms to change their sex has evolved independently in

several plant and animal lineages. Sex change has been widely studied, but

research approaches have differed for plants and animals, and conclusions

have often been taxon-specific. Although sex allocation theory provides a

unifying framework for the study of sex change, this unity has not always

been appreciated, especially in the botanical literature. Here, we review sex

change with regard to its representation in relation to taxonomy and other

sexual systems, with regard to its suggested adaptive benefits, and to the

role of taxon-specific body architecture, such as modularity and gonadal

structure. We highlight differences and similarities between plants and

animals and suggest promising lines of future research.

Introduction

Research on reproductive systems is among the most

dynamic fields in ecology and evolutionary biology,

and our understanding of the diversity of sexual strate-

gies has increased dramatically in recent years (e.g.

Barrett, 2002, 2010; Eppley & Jesson, 2008; Leonard,

2013). Some animals (among invertebrates and fishes)

and plants can change their sexual functional expres-

sion (sex change, Policansky, 1982), a strategy that is

widely distributed geographically and taxonomically,

but is limited to a small proportion of species. In most

species, sex change occurs only once in an individual’s

lifetime, either from female to male (protogyny) or

male to female (protandry), although a minority of spe-

cies has the capacity for repetitive sex change (i.e. the

same individual changes from male to female and vice

versa, Munday et al., 2006, 2010).

Sex allocation theory (Charnov, 1982) provides a

framework for understanding within- and between-

species patterns of sex expression in terms of trade-offs

between growth, survival and reproduction (Obeso,

2002; Harshman & Zera, 2007; Sch€arer, 2009). As the

most extreme form of plastic sex allocation, sex change

may be expected to reflect strong selection pressures,

providing an ideal opportunity for empirical tests of sex

allocation theory in both plants and animals.

Here, we review sex change with regard to its repre-

sentation in relation to taxonomy, with regard to its

suggested adaptive benefits, and with regard to taxon-

specific body architecture, such as modularity and

gonadal structure. By jointly considering differences

and similarities between plants and animals, as well as

between botanical and zoological research approaches,

we also outline promising lines of future research.

What is sex change?

Following Policansky (1982), in this study by ‘sex

change’, we mean functional sex change, that is, cases

where an individual reproduces only as one sex during

one breeding season or episode, and as the other sex

during another (thus excluding cases of sequential mat-

uration of male and female products within the same

breeding period, for example plants with dichogamous

flowers – see Table 1). This concurs with the definition

of sequential hermaphroditism as used in the zoological

literature (Ross, 1990) and less commonly also in the

botanical literature (e.g. Freeman et al., 1980). Repro-

duction by means of sperm or pollen is defined as male

reproduction, whereas reproduction by means of eggs

or ovules is defined as female reproduction.
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Distinguishing between functional and nonfunctional

criteria is important because reproductive output (func-

tion) is what ultimately counts when assessing the

adaptive significance of sex change in a context of sex

allocation theory (Munday et al., 2006; Sadovy de

Mitcheson & Liu, 2008). Whereas earlier review papers

focusing mostly or exclusively on animals have shared

this emphasis on function (Policansky, 1982; Munday

et al., 2006), available botanical reviews summarize a

literature that is almost entirely focussed on morpho-

logical criteria (Freeman et al., 1980; Korpelainen,

1998). Importantly, functional and morphological crite-

ria are not interchangeable in the study of sex change.

For example, many fish species contain individuals that

function regularly and consistently only as one sex (i.e.

they reproduce only by one type of gamete), yet whose

gonads contain varying quantities of cells that gener-

ally typify the opposite sex (Sadovy & Shapiro, 1987).

Gobies of the genus Lythrypnus appear to be functional

sex changers, yet morphologically they resemble simul-

taneous hermaphrodites (St. Mary, 1996). Conversely,

fishes whose gonads regularly differentiate first into

(immature) ‘ovaries’ before becoming functional ova-

ries or testes (Kobayashi et al., 2013) could easily be

misclassified as sex changers from a purely anatomical

perspective. Similar difficulties exist in plants. In crypti-

cally dioecious plants, flower structures that have lost

their original function can obscure a plant’s true sexual

status (Mayer & Charlesworth, 1991; Humeau et al.,

1999; Rowland et al., 2002). For example, in Actinidia

Table 1 Summary of sexual systems in plants and animals where both female and male functions are present in same individual.

(a) Female and male functions in the same flower or gonad, and (b) female and male functions in different flower or gonad.

Plants Animals

(a) Same flower or gonad

Simultaneous Hermaphrodite flower (a flower with both functional stamens and

pistils). In some flowers, there is herkogamy (sexual organs spatially

separated in a flower). For example, Bidens pilosa (Asteraceae),

Cereus hexagonus (Cactaceae), Chamaecrista flexuosa

(Caesalpiniaceae), Ipomea multiflora (Convolvulaceae), Passiflora

serrulata (Pasifloraceae) (Ram�ırez, 2005).

Simultaneous hermaphrodites function as both male and

female at the same time. For example, Kryptolebias

marmoratus (Aplocheilidae, Mackiewicz et al., 2006),

Paratrichodorus allius, P. tansaniensis-like, P. nanus

(Trichodoridae, Sturhan, 1989).

Not simultaneous Hermaphrodite flower with dichogamy (sexual organs temporally

separated in a flower). This includes protandrous (pollen is shed

before stigmas are receptive) and protogynous (stigmas are

receptive before pollen is shed) cases, for example Bromelia

chrysantha (Bromeliaceae), Bulbostylis conifera (Cyperaceae),

Aristida pittieri (Poaceae), Cestrum alternifolium (Solanaceae),

Cissus alata (Vitaceae) (Ram�ırez, 2005).

Sequential hermaphrodites (syngonic), where individuals

first function as one sex and continue to use the same

gonads after sex change. Usually described as either

protandrous (male to female) or protogynous (female to

male). For example, Semicossyphus pulcher (Labridae,

Cowen, 1990), Patella vulgata (Patellidae, Le Quesne &

Hawkins, 2006), Lythrypnus dalli (Gobiidae,

Lorenzi et al., 2006)*

(b) Different flower or gonad

Simultaneous Monoecy, plants with female and male flowers on the same plant.

For example, Momordica charantia (Cucurbitaceae), Hyparrhenia

rufa (Poaceae), (Ram�ırez, 2005). Also occurs as an intermediate

stage during sex change, for example Gurania and Psiguria

(Condon & Gilbert, 1988).

Simultaneous hermaphrodite (digonic), where individuals

use separate male and female gonads at the same time.

For example, barnacles (Anderson, 1994) and flatworms

(Sch€arer et al., 2005).

Gynomonoecy, plants with hermaphrodite and female flowers on

the same plant. For example, Spinacia oleracea (Chenopodiaceae,

Hata et al., 2006), Silene noctiflora (Caryophyllaceae, Davis &

Delph, 2005), Verbesina caracasana (Asteraceae, Ram�ırez, 2005).

?

Andromonoecy, plants with hermaphrodite and male flowers on the

same plant. For example, Spondias mombin (Anacardiaceae),

Vernonia brasiliana (Asteraceae), Bauhinia ungulata

(Caesalpiniaceae), (Ram�ırez, 2005).

?

Trimonoecy, plants with female, male and hermaphrodite flowers on

the same plant (synonymous polygamomonoecy). For example,

Atriplex halimus (Chenopodiaceae, Talamali et al., 2001), Mimosa

camporum (Mimosaceae, Ram�ırez, 2005).

?

Not simultaneous Sequential hermaphrodites. For example, Carica papaya (Caricaceae,

Lange, 1961), Antennaria dioica (Asteraceae, Varga &

Kyt€oviita, 2011)*

Sequential hermaphrodites (digonic) with separate male

and female gonads. For example, Acropora cervicornis

(Acroporidae, Vargas-�Angel et al., 2006), Pheretima

communissima (Megascolecidae), Opisthorchis sinensis

(Opisthorchiidae), (Ruppert & Barnes, 1994)*

The * indicates cases where sex change occurs; the ? represents cases for which no examples are known.
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polygama (Actinidiaceae), morphologically hermaphro-

ditic (but functionally female) flowers display anthers

from which pollinators gather sterile pollen. On the

other hand, although a narrow focus on morphology

may hinder the detection of functional sex change, we

are not aware of any plant examples where morpho-

logically documented changes in sexual expression

have subsequently turned out to be nonfunctional.

Who changes sex?

Sex change has been reported for the animal phyla

Cnidaria, Porifera, Annelida, Entoprocta, Gnathosto-

mulida, Mollusca, Platyhelminthes, Arthropoda, Echi-

nodermata and Chordata (only in teleost fishes)

(Policansky, 1982; Allsop & West, 2004; Davison, 2006)

and for all major taxonomic divisions of land plants,

including seed plants (angiosperms and gymnosperms)

and seedless plants (pteridophytes, bryophytes) (Free-

man et al., 1980; Korpelainen, 1998).

The vast majority of animals are gonochorists (i.e.

dioecious), with male and female gametes produced by

different individuals consistently throughout their

reproductive lives. About 5–6% of animal species are

hermaphrodites, with male and female gametes being

produced by the same individuals (Jarne & Auld, 2006;

Table 1). This low percentage, however, increases to

about 30% when excluding the insects, which are

never hermaphrodites (Jarne & Auld, 2006; Sch€arer,
2009). There are two main classes of hermaphroditic

animals: (1) simultaneous hermaphrodites that function

as both male and female at the same time, so that all

individuals are each other’s potential mates (in some

cases including the possibility of self-fertilization) and

(2) sequential hermaphrodites or sex changers, typically

described as either protandrous (male sex changes to

female) or protogynous (female sex changes to male)

and unable to self-fertilize (Davison, 2006). In sequen-

tially hermaphroditic animals, male and female gametes

can be produced from a single gonad called ovotestis

(syngonic hermaphrodites) or from separate testis and

ovary, each with their own ducts (digonic hermaphro-

dites, Davison, 2006). For an overview of spatiotempo-

ral configurations of sex functions within an organism,

see Table 1.

In the botanical literature, the term hermaphrodite is

often used more narrowly, to refer only to plants with

hermaphrodite flowers that contain both functional pis-

til (female) and stamens (male). So according to this

narrow usage, a plant that produces both seeds and pol-

len but in different flowers is not a hermaphrodite. The

fundamental life cycle of all land plants includes alter-

nating generations of haploid gametophytes and diploid

spermatophytes, which play different roles in sex

change in different taxa: in seed plants, sex changes

occur at the level of the (free-living) sporophyte, whose

sex is defined in terms of the gametes produced by its

dependent gametophytes. About 90% of angiosperms

and few gymnosperms (order Gnetales) have hermaph-

roditic flowers or cones (these latter are also called

bisexual cones or hermaphroditic strobili; Specht &

Bartlett, 2009). The remaining percentage have sexual

functions spatially separated (unisexual organs) in the

same individual (monoecy) or in different individuals

(dioecy), or exhibit intermediate conditions, that is,

combinations of female, male and hermaphrodite flow-

ers at the plant (Table 1) or population level (Barrett,

2002; Jesson & Garnock-Jones, 2012). Although plants

with hermaphrodite flowers may vary the relative

emphasis on pollen and ovules (Korpelainen, 1998), we

could find no clear case of complete sex change in any

such plant. Although species are sometimes loosely

referred to as dioecious as long as their individuals nor-

mally display one sex at a time (e.g. Korpelainen,

1998), strictly speaking, the definition of dioecy

requires that individuals are consistent in their sexual

expression, thus excluding the possibility of sex change.

In seedless plants, sex change is limited to homospo-

rous species (i.e. species that produce one type of spores,

as opposed to heterosporous), where it occurs at the

level of the (free-living) gametophyte; the corresponding

sporophytes are genderless (Jesson & Garnock-Jones,

2012). Among homosporous species, 40–80% have

unisexual gametophytes (Jesson & Garnock-Jones,

2012), whereas sex change implies that gametophytes

are cosexual (the botanical term corresponding to the

zoological meaning of hermaphroditic).

Sex change can be bidirectional (i.e. both males and

females change sex in the same population) and repeti-

tive (i.e. the same individual changes sex more than

once) in both animals (Munday et al., 2006, 2010) and

plants (Zimmerman, 1991; Yamashita & Abe, 2002;

Varga & Kyt€oviita, 2011; Takagi & Togashi, 2012;

Flores-Renter�ıa et al., 2013).

Why change sex?

An optimal sex change strategy should schedule the

transition between sex functions so as to maximize

expected lifetime reproductive success, that is, combin-

ing male and female fitness. To meet this criterion, sex

change needs to coincide with changes in one or more

internal or external factors that differentially affect a

focal individual’s expected reproductive success either

as a male or as a female. Several hypotheses have been

proposed in this context.

Size-advantage model

The size-advantage model (recently reviewed in Kazan-

cio�glu & Alonzo, 2010a) predicts selection for sex change

when reproductive success increases with size (or age)

more rapidly for one sex than the other, so that one

sex function is optimal above some critical size (or age)
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and vice versa (Fig. 1, Ghiselin, 1969; Warner, 1975;

Charnov & Bull, 1989). If male fitness increases with size

(age) at a higher rate than female fitness, sex change will

be protogynous; the reverse holds for protandrous sex

change (Allsop, 2003). The size-advantage model repre-

sents the most influential hypothesis about the evolu-

tion of sex change in animals, where it has received

broad support. For example, a recent comparative study

on labrid fishes (Labridae) confirmed a strong evolution-

ary correlation between sex change and the strength of

male size advantage (Kazancio�glu & Alonzo, 2010b).

Because size-based benefits for male animals are

often mediated by sexual selection, the occurrence and

direction of sex change are predicted to correlate with

the mating system. If males can monopolize matings

with multiple females, this may create a strong advan-

tage of large male size, favouring protogyny. In con-

trast, large males may benefit less from their size in a

context of monogamy or strong sperm competition,

making protogyny less likely (Molloy et al., 2007). Con-

sistent with this idea, a comparative study on fishes

(groupers, Epinephelidae) found that loss of sex change

was associated with a change from paired to group

spawning behaviour, and sperm competition intensity

was significantly higher in gonochoric than in protogy-

nous species (Erisman et al., 2009). Predictions of the

size-advantage model have also received support in

molluscs (see Collin, 2013 and references there),

shrimps (Charnov & Sk�ulad�ottir, 2000) and corals (Loya

& Sakai, 2008).

The size-advantage model is also applicable to plants,

where it may explain why small individuals (not neces-

sarily young) of some species of Araceae (Kinoshita,

1986; Vitt et al., 2003), Cucurbitaceae (Gurania and

Psiguria, Condon & Gilbert, 1988) and Euphorbiaceae

(Bischofia javanica, Yamashita & Abe, 2002) are func-

tional males, and later, after reaching a critical mass,

reproduce as females. Explicit tests of the size-advan-

tage model in plants are rare (but see DeSoto et al.,

2008), and relevant comparative studies are lacking.

An argument analogous to the size-advantage model

may apply in the context of physical injuries which,

like small size, may limit the amount of resources an

organism can devote to reproduction. This may explain

findings that physical trauma can induce maleness in

corals (Loya & Sakai, 2008), polychaetes (Hartmann,

1956; cited in Charnov, 1982) and many plants (e.g.

removal of storage tissue, flowers or leaf area; Heslop-

Harrison, 1957; Freeman et al., 1980; Korpelainen,

1998).

Patchy environment model

Developed primarily as a model of environmental sex

determination in plants, this hypothesis predicts that

sex expression should depend on local conditions in

spatially heterogeneous environments (Freeman et al.,

1980). By extension, it also predicts that changes in

local conditions should induce sex change, as found

in many plants in response to factors such as light,

nutrition, temperature, drought and pH (Korpelainen,

1998). For example, in the orchid Catasetum viri-

diflavum (Orchidaceae), plants in open areas develop

female flowers, whereas plants in shady areas develop

male flowers; a pattern that has been replicated

experimentally by shading developing inflorescences

of well-illuminated plants (Zimmerman, 1991). Similar

trends were found in five species of Equisetum (Equi-

setaceae, Duckett & Duckett, 1980; Guillon & Fievet,

2003). Abiotic conditions may also induce sex change

indirectly by affecting growth, in combination with

mechanisms described by the size-advantage model.

For example, in the homosporous fern Woodwardia

radicans (Blechnaceae), gametophytes under low den-

sity and high nutrient supply became large females,

whereas under opposite conditions, they became small

males or hermaphrodites (DeSoto et al., 2008). Spa-

tially variable biotic interactions can affect sex change

in an analogous manner. For example, male plants of

the herb Silene dioica (Caryophyllaceae) morphologi-

cally changed sex in response to fungal infection of

their anthers, thus avoiding parasitism (Audran &

Batcho, 1981).

There is a general trend for stressful conditions to

induce maleness in plants (and corals; Loya & Sakai,

2008), which has been interpreted as an adaptive strat-

egy that avoids the high costs of female reproduction

under such conditions (Freeman et al., 1980; Korpelai-

nen, 1998). Female reproduction is considered more

costly than male reproduction because it requires

investment far beyond the production of flowers (Lloyd

& Webb, 1977; Obeso, 1997; Delph, 1999; Nicotra,

1999). However, strictly speaking, this argument does

not explain why stressed females, rather than changing

sex, do not simply lower their cost of reproduction by

producing fewer flowers and fruit. The answer to

this question may lie in sex-specific differences in

the relationship between reproductive investment and

reproductive success.

Fe
rti

lit
y

Body size or age

(a) (b)

Fig. 1 Classic scenarios of the size-advantage hypothesis. In each

panel, solid lines represent males, and dashed lines represent

females. Under an ESS perspective, the size that corresponds to

the intersection point of male and female lines denotes the

optimal size of sex change. (a) protogynous sex change,

(b) protandrous sex change.
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Although not considered in the original formulation

of the patchy environment model, local demographic

variation may favour sex change in a way similar to

other local conditions. In particular, local shortage of a

particular sex may favour increased expression of that

sex in both plants and animals. There are many exam-

ples of fishes changing sex in response to local demo-

graphic conditions, often mediated by dominance

interactions and matching the predictions of the size-

advantage model (Munday et al., 2006). Plants are also

capable to do this to some extent: in the monoecious

herb Begonia gracilis (Begoniaceae), shortage of pollen

on the stigmas resulted in male-biased flowers, whereas

rich pollen loads produced female-biased flowers (L�opez
& Dom�ınguez, 2003). Thus, plants may be able to assess

their neighbourhood in terms of pollen flow and

respond with partial sex change when mates or pollen

vectors are scarce (Hesse & Pannell, 2011). Male plants

may also benefit from assessing their neighbourhood

and then avoid strong pollen competition by shifting

allocation towards the female function. However, this

would be impossible without having at least some

female structures for pollen flow assessment in the first

place. This may explain the production of a few female

or hermaphrodite flowers on predominantly male

plants (fruiting males) in some species (Aguirre et al.,

2007; Ehlers & Bataillon, 2007). Outcrossing pollination

of such flowers may indicate pollen availability and

may induce a shift in sex allocation towards the female

function, up to a complete sex change if the pollen load

is high.

Risk of movement hypothesis

This hypothesis suggests that sex change may reduce

the risk of predation during mate search by enabling an

individual to mate with any other unmated individual

regardless of their sex when they meet (Nakashima

et al., 1995; Munday et al., 1998; Bauer, 2001). Similar

to the low-density model of simultaneous hermaphro-

ditism (Ghiselin, 1969), this hypothesis predicts sex

change at low population densities. Under this hypoth-

esis, sex expression is considered as a coordination

problem that can be solved most efficiently when sex

change is bidirectional and repetitive. This is consistent

with the occurrence of repetitive sex change in obli-

gately coral-dwelling fishes that experience limited dis-

persal opportunities (Munday et al., 1998; Munday,

2002). Although the risk of movement hypothesis does

not directly apply to sessile organisms, it has an inter-

esting link with the kind of selection that sessile organ-

isms experience under the patchy environment model.

Like an intrinsic lack of mobility, a high risk of move-

ment limits an organism’s ability to seek conditions that

match its sexual expression, thus selecting for the

ability to adjust to local conditions as described by the

patchy environment model.

Growth rate hypothesis

This hypothesis is similar to the previous one but goes

one step further by suggesting that even in encounters

between both sexes, bidirectional sex change can

improve reproductive performance at the level of the

pair (Kuwamura et al., 1993; Nakashima et al., 1995).

In coral-dwelling gobies, both sexes benefit from large

body size, but females grow faster than males. Hence, it

has been suggested that a new pair can reach its full

reproductive potential more quickly if the smaller indi-

vidual adopts the female role. Munday (2002) tested

this hypothesis in Gobiodon histrio (Gobiidae). He found

that in female–female pairs, the largest member became

male, whereas in male–male pairs, the smallest member

became female. But in contrast to the hypothesis, sex

change was not observed in any heterosexual pairs,

regardless of size. This suggests that sex change has

costs, for instance, in terms of lost mating opportunities

during the transition and/or in terms of energy

expended in reorganizing gonadal tissue. The poly-

chaete Ophryotrocha puerilis (Dorvilleidae) exhibits even

greater flexibility in this respect: in laboratory experi-

ments in this species, the currently larger individual in

a pair adopts the female role until outgrown by the fas-

ter-growing male, leading to repeated episodes of sex

change by both pair members (Berglund, 1986).

Ontogeny and sex change

Sex change can be an optional or obligatory ontoge-

netic step, involving more or less pronounced morpho-

logical changes. The cost of the transition in terms of

time and energy expended in reorganizing tissue

reflects taxon-specific morphological and developmental

characteristics, such as the degree of sexual dimor-

phism, or permanence of sexual structures. Many

sex-changing animals have a relatively simple nonspe-

cialized gonad (the ovotestis) that produces both kinds

of gametes (Davison, 2006). For example, in the

ovotestis of fishes, sex change is usually accompanied

by degeneration of the germinal tissue of one sex and

development of the germinal tissue on the other

(Devlin & Nagahama, 2002; Kobayashi et al., 2013). How-

ever, the morphological change need not be complete:

the initial sex often shows signs of undeveloped tissue

of the second sex, and protogynous sex change often

leaves remnants of an ovarian lumen in the resulting

testis (Sadovy & Shapiro, 1987). In some fishes, individuals

permanently maintain both ovarian and testicular

tissues (with or without distinct separation between

them), even though only one sex function is active at

any point in time. This gonadal structure facilitates

repetitive sex change (Munday et al., 2010; Kobayashi

et al., 2013).

In plants, the transient nature of sexual organs may

greatly enhance ontogenetic flexibility: here, sex change
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occurs simply by growing new flowers (angiosperms),

cones (gymnosperms) or gametangia (e.g. bryophytes,

homosporous ferns) in response to environmental cues,

with no need for modification of existing sexual organs.

Similarly, in some seasonally reproducing molluscs, the

gonad degenerates during the nonreproductive period,

and sex is redetermined during the next breeding sea-

son (Davison, 2006; Collin, 2013).

Our definition of sex change encompasses organisms

that simultaneously perform both sex functions during

transitional stages while changing from one sex to the

other. This is far more common in plants than in ani-

mals (with exception of sessile, modular animals), per-

haps because the physiological specialization required

for maximizing efficiency of a given sexual function

may be easier to attain in the relatively independently

functioning modules (branches, inflorescences) of the

plant body plan (Richards, 1997; Begon et al., 2006).

The relative autonomy of these modules also pro-

motes diversity in ontogenetic trajectories. Whereas sex

change in animals tends to be a fairly canalized transi-

tion between distinct states, sex change in plants more

often occurs as just one of many possible trajectories

within a continuous range of sex allocation patterns.

For example, all homosporous ferns have the capacity

for simultaneous hermaphroditism, and their respon-

siveness to environmental conditions sometimes leads

to complete sex change (DeSoto et al., 2008; Jesson &

Garnock-Jones, 2012). Similarly, in wild populations of

the angiosperm Acer rufinerve (Aceraceae), Ushimaru &

Matsui (2001) distinguished complete sex change from

‘partial sex change’, when a unisexual tree became

monoecious. They suggested that the branches act as

autonomous modules that adjust their sexual expres-

sion to microenvironmental factors.

For some plant species, there is evidence that

sex expression is controlled by sex chromosomes

(Ainsworth, 2000; Charlesworth, 2002; Tanurdzic &

Banks, 2004), but this does not imply that these species

cannot change sex. For instance, sexual expression in

Carica papaya (Caricaceae) seems to be genetically deter-

mined by a pair of homomorphic sex chromosomes (Yu

et al., 2007), yet some cultivars change from male to

female in response to mechanical damage (Iorns, 1908)

or environmental factors such as increased temperature

(Lange, 1961). In general, the interaction between

genetic and environmental factors in sex determination

(including sex change) is a little explored area that

deserves more attention in both plants and animals

(e.g. Tanurdzic & Banks, 2004; Leonard, 2013).

Future directions

The study of sex change is still heavily biased towards

animals, as originally stated by Policansky (1982): a

search in the ISI Web of Science from 1980 up to date

using ‘sex change’ and ‘animals’ as keywords yields

about three times more hits than the combination of

‘sex change’ and ‘plants’; a discrepancy that increases

further when the additional keyword ‘evolution’ is

used. This pattern is consistent with our impression

that studying sex change from an evolutionary per-

spective has much largely unused potential especially

in plants. Perhaps the most notable gap in the litera-

ture is that for plants, unlike for animals, there exist

no phylogenetically controlled comparative studies of

sex change. The available lists of plant species with

morphologically documented sex change provided by

Freeman et al. (1980) and Korpelainen (1998) could

provide a starting point for this task. Within animals,

relevant comparative studies exist for fishes (Allsop &

West, 2004; Molloy et al., 2007; Erisman et al., 2009;

Kazancio�glu & Alonzo, 2010b) and gastropods (Collin,

2006), but not yet for some other potentially suitable

taxa such as Cnidaria, Porifera, Annelida, bivalves and

crustaceans. In many cases, the necessary species-level

data are too sparse, and sexual systems have been

inferred solely from anatomical data without studying

the dynamics of sex allocation (e.g. Collin, 2013). Even

within teleost fishes, there are still some little studied

groups that deserve further attention in this context

(Erisman et al., 2013).

Apart from extending analyses to other taxonomic

groups, future comparative studies may also include

new types of information. With the rapid advancement

of genetic markers and molecular tools such as next-

generation sequencing, it may become possible to

obtain comparative data sets that include data on the

molecular mechanisms mediating sex change in differ-

ent species, allowing for reconstructions of evolutionary

history at the phenotypic and functional molecular

level.

Another gap in our knowledge is that the male and

female gain functions (fitness gain as a function of size,

or reproductive investment) have rarely been estimated

directly in either plants or animals, although the shape

of these functions is critical for the optimal timing of

sex change (Kazancio�glu & Alonzo, 2010a). In this con-

text, the problem that (owing to sex change) certain

size classes of a given sex may not currently exist in a

population may be overcome by experimentally manip-

ulating proximate mechanisms that control the timing

of sex change (Warner, 1988), or using genetic varieties

that do not change sex. Suitable male and female

mutants have been found for the otherwise cosexual

homosporous fern Ceratopteris richardii (Pteridaceae,

Jesson & Garnock-Jones, 2012). Pure males and

females have also been created by artificial selection, in

the polychaete O. puerilis (Bacci & Bortesi, 1961).

Although it appears likely that sex change is an adap-

tive strategy in most species where it regularly occurs,

there is still surprisingly little conclusive evidence for

this in plants. To test whether environmentally induced

sex change in plants is adaptive, it would be valuable
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to measure reproductive success, while manipulating

environment and sex expression independently in an

experimentally controlled manner. To solve the techni-

cal difficulty of independently manipulating these fac-

tors, one could use genetic varieties as described above,

or else resort to using pairs of ecologically similar spe-

cies with and without the capacity for sex change.

Here, the prediction would be that the conditions trig-

gering a change from sex A to sex B in the sex-chang-

ing variety should be associated with low fitness of sex

A and higher fitness of sex B in the variety with fixed

sexual expression. Such experimental work could be

complemented by measurements of reproductive suc-

cess based on identification of genetic offspring in natu-

ral populations, an approach that has only recently

been introduced to the study of plants (Sz€ov�enyi et al.,
2009; Ricca et al., 2011).

Animals and plants live in complex environments in

which they interact with many organisms both antago-

nistically and mutualistically, and this is an underex-

plored factor of sex change especially in animals (e.g.

Sch€arer & Vizoso, 2003). In plants, it has been sug-

gested that antagonistic and mutualistic interactions

play an important role in the evolution and mainte-

nance of unisexuality (Vega-Frutis et al., 2013), but sex

change has received little attention in this context (Au-

dran & Batcho, 1981). Another aspect to consider is

that global environmental change will have manifold

effects on the reproductive biology in animal and plant

populations. Habitat fragmentation and the spread of

invasive species will also impact on breeding systems,

with consequences for their demography, evolution

and persistence, and this is an aspect unexplored in the

context of sex change that deserves attention and offers

many opportunities.
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