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Labile maturation and sex determination should be advantageous where the probability of finding a mating

partner is unpredictable. Here we tested the hypothesis that the presence of a potential mating partner indu-

ces maturation and sex determination in a coral-dwelling fish, Gobiodon erythrospilus. In natural populations

at Lizard Island (Great Barrier Reef), single individuals were less likely to be mature than paired individuals

and they matured at a larger size, indicating plasticity in the timing of maturation. By manipulating group

structure we demonstrated that both the timing of maturation and the sex of maturing individuals are

socially controlled. Single juveniles did not mature, but maturation was rapidly induced by the presence of

an adult partner. In addition, sex determination was found to be labile, with juveniles maturing into the

opposite sex of the partner encountered. To our knowledge, this is the first experimental demonstration of

social induction of maturation in conjunction with labile sex determination at maturation in vertebrates.

This flexibility enables individuals to maximize their reproductive success in an environment where the

timing of mate acquisition and the sex of their future partner are unpredictable.
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1. INTRODUCTION
In most vertebrates, sex is genetically determined and

maturation occurs according to a relatively fixed schedule.

In many fishes, however, patterns of sexual development

are highly flexible and can be influenced by local environ-

mental conditions (Francis 1992; Devlin & Nagahama

2002). Flexible sexual development is particularly com-

mon in coral reef fishes, and many evolutionary ecologists

have focused on this group to examine the adaptive signifi-

cance of this plasticity (Warner 1975; St Mary 1997). Sex

change (sequential hermaphroditism) is the most prevalent

form of flexible sexual development in coral reef fishes and

is usually mediated by local social conditions (Robertson

1972; Warner et al. 1975; Fricke & Fricke 1977; Ross

1990). Local social conditions have also been shown to

influence the timing of maturation in some reef fishes

(Fricke & Fricke 1977; Jones & McCormick 2002) and

have been implicated in sex determination of others (Ochi

1989a; Hattori & Yanagisawa 1991; Kuwamura et al.

1994). However, few investigators have considered whe-

ther maturation and sex determination can be intimately

linked. Decisions about when to mature, which sex to be

and when to change sex may be influenced by the same

local environmental conditions, and should not be con-

sidered in isolation.

The timing of maturation in species with flexible life his-

tories can potentially be influenced by social interactions

that may either suppress (delay) or induce (advance) repro-

ductive development (Hofmann et al. 1999). Suppression

of maturation is well known in fishes, particularly where

juveniles cohabit with adults in discrete social groups

(Fricke & Fricke 1977; Jones 1987). In these circumstances,
behavioural dominance by larger adult fishes can regulate

the reproductive development of subordinate juveniles

(Fricke & Fricke 1977; Sohn 1977; Borowsky 1978; Jones &

Thompson 1980). Much less is known about the social con-

ditions that may induce maturation. In many philopatric

mammals, juveniles that leave their parents can accelerate

maturation upon receiving stimulatory primers produced

by an adult of the opposite sex (Bronson 1989). Whether

suchmechanisms occur in fish has not been determined.

The sex of an individual at maturation can be either

genetically or environmentally controlled. Charnov & Bull

(1977) predicted that sex should be environmentally

determined when offspring enter an unpredictable, patchy

environment where different sexes are favoured on differ-

ent patches. Environmental sex determination (ESD)

could occur early in juvenile ontogeny, or later when juve-

niles approach reproductive maturity and can more reliably

assess the conditions likely to be experienced as an adult.

Environmental conditions (pH, temperature, social con-

ditions) have been shown to influence the juvenile sex of

some freshwater fishes (Heiligenberg 1965; Rubin 1985;

Francis & Barlow 1993; Devlin & Nagahama 2002) and

temperature has been shown to determine sex in a small

number of temperate marine fishes (Conover & Kynard

1981; Devlin & Nagahama 2002; Godwin et al. 2003).

However, in general, ESD at or before maturation has not

been well described in marine fishes. If sex determination is

flexible and the adult environment unpredictable, indivi-

duals should delay choosing which sex to be until they are

about tomature ( Jones 1980).

The aim of this study was to test the hypothesis that the

presence of a suitable sexual partner induces maturation

and controls sex determination in the obligate coral-

dwelling goby, Gobiodon erythrospilus. Coral colonies

inhabited by G. erythrospilus form discrete patches of
#2004The Royal Society
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habitat that provide the gobies with shelter and sites for

reproduction. The social structure of G. erythrospilus con-

sists primarily of breeding pairs occupying large corals and

single juveniles inhabiting smaller corals (Munday et al.

1998). Coral colonies are a limited resource (Munday et al.

2001) and only corals above a certain size can support a

breeding pair (Hobbs & Munday 2004). Adults are

capable of changing sex in either direction (bi-directional

sex change) enabling any adult to form a breeding pair with

any other individual (Munday et al. 1998). This flexibility

is believed to be advantageous because of the low density of

available mates and the risk of predation associated with

searching for a breeding partner (Munday 2002).

For a juvenile to reproduce it must first find a single

partner occupying a coral colony large enough to support

a breeding pair. However, there are few opportunities

for this, as most coral colonies large enough to support

a breeding pair are already occupied by an adult pair

(Munday et al. 1998; Hobbs & Munday 2004). Conse-

quently, the timing of pair formation and the sex of the

future partner are likely to be unpredictable. If so, it would

be advantageous for a juvenile to remain immature until

another single individual is located in a suitably sized coral

and then mature into the sex opposite to that of the

prospective partner.

To determine if G. erythrospilus exhibits plasticity in

timing of maturation, and whether this timing is influenced

by social conditions, we used a combination of field

observations and manipulative experiments. If juvenile

G. erythrospilus can delay maturity until a partner is

encountered we predicted that single fish would mature at

larger sizes than paired fish. To investigate this, we first

examined the reproductive state of single and paired fish

from a range of sizes in the natural population. We then

used a manipulative field experiment to test for induction

of maturation in the presence of a prospective adult part-

ner. We predicted that single juveniles would remain

immature, but that juveniles placed with a single adult

would mature. Finally, we tested for flexibility in sex deter-

mination at maturation. If the sex at maturation was

determined by social conditions, we predicted that a juven-

ile placed with an adult male would mature as a female,

whereas a juvenile placed with an adult female would

mature as a male.
2. MATERIAL ANDMETHODS
To determine if the social environment influences the timing of

maturation in G. erythrospilus, we examined size and maturity in

54 single and 96 paired G. erythrospilus from a natural population.

Single and paired fish were collected randomly from colonies of

Acropora nasuta on six reefs within the lagoon of Lizard Island

(Great Barrier Reef: 14�400 S, 145�280 E). Fish were anaes-

thetized using clove oil (Munday & Wilson 1997), removed from

their coral colony and measured (total length (TL) to the nearest

0.1mm), and fixed in 4% formaldehyde, 5% acetic acid, 1.3%

calcium chloride (FAACC) in preparation for histological analysis

of the gonads. The maturity status of all fish was determined on

the basis of the most advanced stage of germ cell development in

the gonad. Females with gonads containing vitellogenic oocytes

were classified as mature and males with gonads containing sper-

matozoa were considered mature (West 1990; Cole & Hoese

2001). Immature fish lacked these advanced stages of germ cell
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development. The proportions of mature and immature fish in

each size class were compared among single and paired fish to

determine if there was plasticity in the timing of maturation.

To test whether the presence of a potential mating partner indu-

ces maturation and determines the sex adopted, we conducted a

manipulative field experiment. Juveniles were placed on coral col-

onies, either by themselves or paired with an adult female or an

adult male. If maturation is induced by the presence of an adult,

we expected that single juveniles would remain immature,

whereas those in the presence of an adult would mature. In

addition, if the sexual identity of the potential mating partner

determines the sex adopted by the maturing individual, we pre-

dicted that a juvenile would mature into a male in the presence of

an adult female and a female in the presence of an adult male.

To establish the experiment, fish were collected randomly from

reefs around Lizard Island, anaesthetized, tagged with visible

implant fluorescent elastomer (VIFE tags: Northwest Technolo-

gies) and sex and maturity determined by the shape of the genital

papillae (Munday et al. 1998; Munday 2002). The genital papilla

of juveniles is distinctively small, translucent and undeveloped,

whereas the papilla of adult females is typically short and square,

with fimbriate edges, and the papilla of adult males is larger, elon-

gated and conical in shape. Histological examination of the

gonads from 30 juveniles, 30 adult females and 30 adult males

confirmed that the genital papillae could be used to accurately

identify sex andmaturity ofG. erythrospilus.

Juvenile G. erythrospilus were placed on isolated coral colonies

alone (n ¼ 43), with an adult female (n ¼ 28), or with an adult

male (n ¼ 24). G. erythrospilus are known to mature between 25

and 35mm TL (Munday et al. 1998) and fish in this size range,

exhibiting an immature-shaped genital papilla, were used because

they were likely to be physiologically capable of maturing. Adults

were between 35 and 45mm TL with distinct male- or female-

shaped genital papillae. Juveniles placed singly or with an adult

did not differ in size (t=1.29, d.f. 17, p ¼ 0:214), thereby

eliminating the possibility that juvenile size, rather than its social

conditions, determined patterns of maturity. Gobies were trans-

planted to suitably sized coral colonies that had been cleared of

other resident gobies and invertebrates. Single juveniles, and juve-

niles partnered with adults, were placed on similar sized corals

(range: 14.6–19.5 cm mean diameter) to ensure that coral size did

not influence maturation (t=0.70, d.f. 11, p=0.49).

All fish remaining in the corals were re-collected after 6 weeks,

killed with clove oil anaesthetic, and fixed in FAACC. The gonads

of all fish were removed, embedded in paraffin wax and serially

sectioned at 5 lm, stained with Mayer’s alum haemotoxin and

Young’s eosin–erythrosin and inspected under a light microscope.

Maturity and sex were assigned on the basis of the most advanced

gamete stage present. A v2-test of independence was used to com-

pare the number of juveniles that matured versus the number that

remained immature in single fish and those paired with an adult.

Only those juveniles that remained in the original experimental

social conditions (i.e. remained single or remained with the tagged

adult) were included in the statistical analysis.
3. RESULTS
The reproductive status of G. erythrospilus collected from

natural populations indicated considerable plasticity in the

size at maturity. The smallest mature individual was

25.2mm TL, and the largest immature individual was

44mm TL. Therefore, maturation occurred over a 19mm

size range (38% of the total body size range).
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Paired fish were more likely to be mature and they

matured at a smaller size than solitary individuals (figure 1).

The vast majority (91%, n¼96) of paired fish were mature,

whereas only 52% (n¼ 54) of single fish were mature

(v2¼31.25, d.f. 1, p < 0:001). Most of the paired

individuals in the smaller size classes were mature, while

most singles in the same size classes were immature (figure

1). The proportion of single fish that were mature increased

with body size (figure 1). The social history of these fish

before collection was not known; therefore, some of the

mature individuals in the single population may have

recently separated from a partner, whereas some immature

paired fish may have only recently encountered a partner.

Approximately 80% of immature singles were females, with

the remainder having bisexual gonads. There were only

eight immature individuals in pairs and all of these were

female.

Experimental manipulation confirmed that maturation is

induced when a juvenile comes in contact with a single

adult. All nine juveniles that stayed single were still imma-

ture at the end of the experiment (figure 2 and figure 3a,b).

Eight of these were immature females and one was an

immature bisexual at the end of the experiment. By con-

trast, 21 out of 22 juveniles placed with an adult had

matured by the end of the experiment (v2¼ 22.44, d.f. 1,

p<0.001; figure 2). Growth of single juveniles (mean

increase in TL over 42 days: 5.3mm^2.4 s.d.) was slightly

greater than for juveniles placed in pairs (mean increase in

TL over 42 days: 4.6mm^ 2.0 s.d.), but this trend was not

statistically significant (ANOVA: F¼0.8, d.f. 29, p¼ 0.4).

There was clear ESD at maturation, with juveniles

maturing into the sex opposite to that of the adult partner.

In 12 cases a juvenile remained paired with an adult male
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and in 11 of these cases the juvenile matured into an adult

female (figure 3c and figure 4a). In the one other case the

juvenile remained an immature female. In 10 cases a juven-

ile remained paired with an adult female and in six of these

cases the juvenile developed into an adult male (figure 3d

and figure 4b). In the other four cases the adult female

changed sex to an adult male and the juvenile matured into

an adult female. Therefore, in all but one instance, the

juveniles matured into the sex opposite to that of the adult.
4. DISCUSSION
JuvenileG. erythrospilus exhibited a high level of plasticity in

the timing of maturation and patterns of sex determination

in response to social conditions. Experimental manipula-

tions demonstrated that contact with a potential mating

partner determines both the timing of maturation and the

sex of a maturing individual. Social suppression of matu-

ration is well known in coral reef fish, but this is the first

experimental demonstration that social stimulation can

also induce maturation in reef fishes.

The contrast between previous reports of suppression of

maturation in reef fishes and induction of maturation in

G. erythrospilus may be related to differences in the social

conditions of juveniles. In site-attached species where juve-

niles occur in the same social groups as adults, the timing of

maturation is often socially determined and dependent on

an individual’s size relative to others in the social group

(Fricke & Fricke 1977; Fricke 1979; Kuwamura et al.

1994; Buston 2003). In these species, juvenile maturation

is usually suppressed by the aggressive behaviour of larger

adults in the social group. For example, in anemonefishes

maturity occurs only when an individual becomes the lar-

gest or second largest in a social group, either through the

disappearance of a larger individual or through migration

into another social group (Fricke 1979; Ochi 1989a,b). In

contrast, juveniles of G. erythrospilus rarely occur in the

same social groups as adults. Juveniles occur singly in small

coral colonies and in order to reproduce they must move to

find a breeding partner. Induction of maturation would be

advantageous under these conditions because it would

facilitate continued somatic growth while the juvenile was

still single, thus providing benefits to future reproductive

success through the size–fecundity relationship. We detec-

ted a slightly faster growth rate in single juveniles compared
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with juveniles placed in pairs, which would support this

hypothesis, but the trend was not statistically significant,

probably because the experiment was not conducted over a

time period long enough to achieve a significant difference

in body size. Investing energy into growth while single

would be particularly advantageous in pair-forming gobies,

because reproductive success of a breeding pair depends on

the body size of both partners (Kuwamura et al. 1993).

Further work is required to establish whether induction of

maturation is characteristic of social organizations in which

juveniles inhabit different habitats from adults.

Environmental sex determination is predicted when off-

spring are dispersed into unpredictable patchy environ-

ments and different patches confer advantages on different

sexes (Charnov & Bull 1977). Multiple pathways of juven-

ile sexual development have been described in many reef

fishes (Robertson & Warner 1978; Jones 1980; Cole &

Robertson 1988; Ochi 1989a,b; Hattori 1991; Sadovy &

Colin 1995); however, the mechanisms responsible for

these multiple pathways have rarely been elucidated. This

study demonstrated that the immediate social environment

is responsible for determining the sex of maturing
Proc. R. Soc. Lond.B (2004)
individuals. Juveniles matured into the sex opposite to that

of the partnering adult, even when the adult had changed

sex. Similar mechanisms are likely to operate in other spe-

cies of reef fishes, particularly highly site-attached

species, such as anemonefishes (Ochi 1989a,b; Hattori

& Yanagisawa 1991), other coral-dwelling gobies

(Kuwamura et al. 1994; Nakashima et al. 1995) and

possibly some damselfishes (Cole 2002).

Labile sex determination at maturation would be advan-

tageous for G. erythrospilus because breeding opportunities

are limited and unpredictable. These limitations result

from the high saturation of suitable host corals (Munday

2002) and the unpredictable nature of adult mortality. Just

as bi-directional sex change in adultG. erythrospilus enables

mature individuals to mate with any other individual

encountered (Munday et al. 1998), flexibility in sex deter-

mination enables a juvenile to form a breeding pair with

any partner encountered. In addition, flexibility in sex

determination enables maturation to be induced by the

presence of an adult of either sex, unlike other vertebrates

where induction of maturation occurs only in the presence

of an adult of the opposite sex (Bronson 1989).
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Figure 3. Longitudinal sections of gonads from: (a) a typical juvenile before experimental manipulation (immature female);
(b) a juvenile that had remained single for 42 days (immature female); (c) a juvenile paired with an adult male for 42 days (juvenile
became amature female); (d) a juvenile paired with an adult female for 42 days (juvenile became amature male).
Op¼previtellogenic oocytes, Ov¼ vitellogenic oocyte, S¼ spermatocytes, Sz¼ spermatozoa, AGS¼ accessory gonad structure.
Scale bar, 0.1mm.



11

1

6

4

J

J

SC

(a)

(b)

J

Figure 4. Sexual development of juveniles when placed with:
(a) an adult male; (b) an adult female. Numerals and arrow
thickness indicate the number of juveniles that progressed
along a particular pathway of sexual development. The sexual
status of juveniles is represented by the uppermost symbol
within each circle. J, juvenile; SC, adult sex change from
female to male.
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This study demonstrated that maturation and sex deter-

mination are extremely flexible inG. erythrospilus. Plasticity

in the timing of maturation allows single juveniles to

remain immature and this may result in an increased allo-

cation of energy into growth until a partner is obtained.

The presence of an adult induces maturation, and labile sex

determination enables a juvenile to form a breeding pair

with any adult encountered. Flexibility in juvenile sexual

development appears to be advantageous because it pro-

vides a means of rapidly responding to breeding opportu-

nities when they arise. We predict that flexibility in the

sexual development of juveniles in response to variable

social conditions is widespread in reef fish and it requires

further investigation.
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