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Synopsis

New aspects of sex change in reef fishes are reviewed with special emphasis on recent studies in Japan. For
protogyny, studies on both monandric and diandric species have been conducted, but the distinction of pri-
mary males from prematurational secondary males seems 10 need further examination. For protandry, de-
tailed field studics on anemonefishes have revealed alternative life-history styles associated with movements
between hosts before or after maturation. The most interesting new aspect has been the discovery of 2-way sex
change within a species. Conditions [or evolution of 2-way sex change are examined in relation to the size-
advantage model and social control mechanisms. A fish may change sex when it bccomes dominant in a
mating group, but a dominant fish may also change sex in the reverse direction when its social status changes to
subordinate through inter-group movement. Two-way sex change has hitherto been reported only from hasi-
cally protogynous fishes (e.g., Gobiidae, Pomacanthidae, Cirrhitidae, Epinephelinac). Possibilities of the re-
verse sex change in the protandrous anemonefishes are discussed with data from some unpublished studies.

Introduction

Sex change from female to male or vice versa is well
known among lelcost fishes. The evolution of sex
change, as a life-history style alternative to gono-
chorism, has been explained by the size-advantage
model (Gishelin 1969, Warner 1975,1988a, Charnov
1982). Tf the product of the probability of survival to
a particular age and expected fecundity at that age
increases with age or size faster for onc sex than the
other, then an individual that changes sex will have
a higher lifetime reproductive success than one that
docs not. This modcl predicts that the direction of
sex change, protogyny or protandry, will be deter-
mined by the mating system of each species, as has
been confirmed in many reef fishes (Warner 1984,
1988b).

Sex change has also been one of the main inter-

ests of Japanese ichthyologists. Theoretical and em-
pirical studics on sex change among [ishes were re-
viewed by Nakazono & Kuwamura (1987). The
book was one of the products ol the rescarch pro-
ject ‘Optimal strategy and social structure of ver-
tebrates’ (1983-1986, supported by the Japan Minis-
try of Education, Science and Culture), which was
headed by Hiroya Kawanabe. An English transla-
tion of the book was prepared by K. Asoh, T, Yoshi-
kawa and 1. Shapiro, but unfortunately it has not
yet been published.

The purpose of this essay isto review recent stud-
ies on sex change of fishes conducted in Japan and
to evaluate new aspects in this field. First, we give a
brief summary of each chapter of the above-men-
tioncd book (Nakazono & Kuwammura up. cit.).
Then we review the recent studies in Japan, focus-
ing on ¢cological and evolutionary aspects of sex
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change. The most interesting new aspect in this field
seems to be the finding of scx change in either direc-
tion within a species, which has been confirmed in
several specigs of fishes by Japanese researchers
(c.g., Kuwamura et al. 1994), Therefore, we put spe-
cial emphasis on this aspect and discuss requisites
and possibilities of the reverse-dircctional sex
change among other hermaphroditic fishes includ-
ing prolandrous ancmoncfishcs.

Recent studies on sex change of fishes in Japan
Unitil 1987

First, we briefly introducc cach chapter of Nakazo-
no & Kuwamura (1987). Chapter 1 ‘Hermaphrod-
itism and the cvolutionary aspects of its occurrenc-
esinfishes' (by Y. Yogo) is a phylogenetic review of
hermaphroditic fishes with lists of spocies. Ry that
time, functional hermaphroditism had been report-
ed from at least 350 species of 34 families in eight
orders of teleost [ishes. Chapter 2 ‘Histology and
physiology of sex change in fishes™ (by M. Nakam-
ura) reviews histological and hormonal changes in
sex-changing fishes, e.g., a protogynous wrassc Tha-
lassoma duperrey. Chapter 3 ‘Theories for sex
change’ (by Y. Yanagisawa) reviews the evolution-
ary models of Ghisclin (1969), Warner (1975), Char-
nov (1982}, etc.

Chapter 4 *Social control of sex change in harems
of Labroides dimidiatus’ (by T. Kuwamura) revicws
the well-known examplc of the protogynous clean-
er wrasse, mainly referring to Robertson (1974) and
Kuwamura (1984). Chapter 5 “Social organization
and protogynous hermaphroditism in marine an-
pelfishes (Pomacanthidae)’ (by J.T. Moyer) is a re-
view with special emphasis on the occurrence of
carly sex change (Mover & Zaiser 1984, also see
Moyer 1990). Chapter 6 “Group stiucture and
mechanism of sex change in Anthias squamipinnis’
{by Y. Yogo) reviews its mating system (Yogo 19853)
and the sex-ratio threshold model {e.g.. Shapiro &
Lubbock 1980). Chapter 7 ‘Diandry in Japanese la-
brid fishes and alternative strategies of primary
males’ (by A. Nakazono) compares three Japanese
wrasses (Nakazono 1979) and the bluehcad wrasse

Thalassoma bifasciatum (e.g., Warner & Hoffman
1980).

Chapter 8 ‘Sexual patterns in damselfishes (Po-
macentridae) with special reference to protandry in
anemonefishes’ (by H. Ochi) compares social sys-
tems of protogynous Dascyllus (e.g., Coates 1082)
and protandrous Amphiprion (e.g., Fricke & Fricke
1977, also sce Ochi1989a, b). Chapter 9 ‘Partial pro-
tandry in the alpheid shrimp Athanas korrinatoen-
sis: a case of sex change in Crustacea’ (by Y. Na-
kashima; also see Nakashima 1987} was included,
though it is not a fish, because examples of protan-
drous fishes whose social systems were well known
were very limited. Thus, the book is composed of
these nine chapters with morc than 400 references
cited.

Since 1987

Since Nakazono & Kuwamura (1987), the study of
sex change has been attracting many Japanese ich-
thyologists. Hermaphroditism in fishes was re-
viewed by Nakazono (1991} in various aspects, and
by Suzuki (1989) from the viewpoint of comparative
gonad histology. Physiological aspects of sex
changc, such as on function of sex hormones, have
also been studied {e.g., Nakamura ¢t al. 1994). For
theoretical aspects Iwasa (1991) developed a modcl
of sex-change evolution by dynamic programming,
and proposed that the evolutionary stable sexual
style may include an extended nonreproductive pe-
riod thatintervenes between male and female phas-
es, if costs of reproduction are concerned. This may
correspond to carly sex change. Iwasa (op. cit.) also
showed that the difference between sexes cither in
mortality (mortality advantage)} or in growth rate
{growth-rate advantage) favors the evolution of sex
change even if the size advantage (size-fecundity
advantage) is the same between Lhe sexes. For ec-
ological and histological aspects of hermaphroditic
fishes living in Japanese waters, more than 30 pa-
pers have been published since 1987, summarized as
follows.

Protogynous fishes
Among protogynous fishes, labrids have been most



intensively studied. Three sexual pathways in indi-
vidual life histories are known (Figure 1). Males de-
rived without sex change are called primary males
and thosc through sex change secondary males; spe-
cies containing both primary and sccondary males
are called diandric and those containing only sec-
ondary males monandric (e.g., Warner & Robert-
son 1978). Dichromatism (i.e. two color phases) re-
lated to body size is olten referred to asinitial phase
(IP) and tcrminal phase (TP).

Jack Moyer, who conducted much of the pioneer
work on reproductive behavior of hermaphroditic
fishes in Japan, reported spawning behavior and
mgting systems of nine protogynous labrids from
Miyake-jima Island, Tzu Islands (Moyer 1991). Fu-
kui et al. (1991) studied a temperatle wrasse Hali-
choeres poecilopterus In Scto Inland Sea, western
Japan. The population showed higher density, high-
er percentage of primary malcs (about 40% in both
TP and TP fish) and smaller size at sex change (or
change from IP to TP) than the conspecitic popula-
tion of northern Kyushu studied by Nakazono
(1979). Fukui et al. (1991) observed only group
spawning by a female and I[P and TP males, suggest-
ing that TP males could not monopolize females in
such a high-density population. They also suggested
that the fishing pressure on large individuals may
have reduced the size at sex change to a smaller size
in fishes in their study arca.

Halichoeres poecilopterus was also studied by
Kobayashi & Suzuki (1994) in Suruga Bay, Central
Japan. The percentage of primary males and the
size al sex change were similar to those in the Seto
Inland Sea, Immature IP fish had either ovaries, in-
tersexual gonads with many oocytes and seminal lo-
bules, or primary testes with markedly developed
seminal lobules and a few generating oocytes. This
suggests that primary testes may have also experi-
enced ovarian features in their early stages, al-
though primary males have been distinguished
from ‘prematurational secondary males’ whose go-
nads arc derived from immaturc ovaries through
prematurational sex change (Robertson & Warner
1978). Further examination scems to be needed for
the distincrion of primary males and premalura-
tional secondary males to confirm whether they dif-
fer genetically or represent a conditional styic,
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Figure 1. Possible sexual pathways ol individual lifc histories
within a species ol each category. Arrows indicate sexual matu-
ration (thin linc) or functional sex change (thick line).

A congener H. marginatus was studied at Kuchi-
erabu-jima Tsland, south of Kyushu, by Shibuno ct
al. (1993a). This species is also diandric, but primary
males made up only 5% of the population. TP males
establish territories in the late afternoon, to which
females migrate tospawn either by pair-mating with
the TP males (sometimes accompanied by sneaking
or streaking IP/TP males) or hy group mating with
[P and TP males. The spawning sites that a female
had used were subsequently used for its mating af-
ter it had changed sex (Shibunoe et al. 1993b). We (K.
Karino, T. Kuwamura, Y. Nakashima, and A, Ne-
ma) have also been studying sex change and sexual
selection of another diandric labrid . melanurus at
Sesoko Island, Okinawa (unpublished).

In Cirrhilabrus temmincki from Suruga Bay, no
primary (and IP) males were found, all TP [ish be-
ing secondary males {Kobayashi & Suzuki 1990).
The same was found in Choerodon schoenleinii
from Okinawa Island (Ebisawa ct al. 1995). Its con-
gener C. azurio in northern Kyushu was also sug-
gested to be monandric (Nakazono & Kusen 1991),
as was a temperate parrotfish Calotomus japonicus
from Makurazaki, southern Kyushu (Kusen & Na-
kazono 1991). In the latter two species, however, the
number of specimens uscd for the gonad examin-
ation was so small (15-17) that it scems difficult to
consider them monamdric, because the proportion
of primary males may sometimes be very small
(< 5%; e.g., Shibuno et al. 1993a).
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Prematurational sex change may occur even in
monandric species (Robertson & Warner 1978, Ku-
wamura 1981, Tanaka el al. 1990). Alternative mat-
ing and life-history style of thc monandric wrasse
Labroides dimidiaius have been studied in Uwa
Sea, western Shikoku, by Y. Sakai (1993, p. 77, in
24ih International Ethological Conference Ab-
stracts), who has also studied conditions [or early
sex change in the angelfish Centropyge ferrugatus at
Sesoko Island, Okinawa {Sakai 1992, 1995).

Studies have also been done for protogynous
fishcs of other Tamilics besides Labridae. The sand-
diver Trichonotus filamentosus in Hakata Bay,
northern Kyushu, was found to be protogynous
with all males having secondary testes (Kusen et al.
1991). This is the first evidence of protogyny from
the family Trichonotidae.

The sandperch Parapercis snyderi (Paraperci-
dae) has been intensively studied in recent years. In
Suruga Bay it is monandric and, different from the
labrid sccondary males, the ovarian cavity clearly
remains only in the early stage and later disappcars
in the secondary testis (Kobayashi et al. 1993a). The
secondary males maintained territories including a
harem of 3-10 [emales, and not only pair-spawning
but also streaking by other males were obscrved.
When females were kept together in a tank, not
only the largest fish changed sex to male but also the
remaining came to have intersexual gonads. How-
ever, when females were kept singly no gonadal
change occurred (Kobayashi ct al. 1993D). Maling
system and sex change of £, snvderi have been stud-
ied alsoin other localitics: Uwa Sca, western Shiko-
kKu [N. Omisht & Y. Yanagisawa 1992, p. 47 m Ad-
vance Abstracts for 25th Annual Mecting of the
[chthyological Society of Japan (in Japanese; here-
after abbreviated to AMIJ); N. Onishi 1995, p. 53 in
28th AMUJ], and two localities in Kagoshima,
southern Kyushu (M. Kobavakawa, K. Baba and A.
Shinomiya 1992, p. 23 in 25th AMII; K. Baba, M.
Kobayakawa and A. Shinomiya 1995, p. 52 in 28th
AMILII. Among these localities, differences have
been found in longevity and size at sex change.

Protandrous fishes
Detailed studies on protandry are still limited to
those on the anemonefishes. Females are larper

than males in monogamous pairs, and it was be-
lieved that a male would always change sex after
death of his mate (e.g., Fricke & Fricke 1977). How-
ever, alternative life-history styles have been re-
vealed by intensive field work both in temperate
waters (Uwa Sea, western Shikoku) and on the sub-
tropical coral recfs of southern Japan (Sesoko ls-
land, Okinawa).

In Amphiprion clarkii living in the temperate wa-
ler where hosl sea anemones oceur in high density,
Ochi (1989a) fonund that after mate loss, males often
moved between hosts to acquire new mates, usually
without sex change. He suggested that sex change is
a style rather like the BBS (best of a bad situation)
in this habitat, because it may take a longer time to
changc scx than Lo acquire a new helerosexual mate
by movement. This was confirmed by the cxperi-
mental removal ol females [rom breeding pairs
{Hattori & Yanagisawa 1991a).

In this high host-density habitat (Uwa Sea),
breeding pairs establish almost contiguous territo-
rics, and nonbrceders shelter in relatively small
hosts in the fringes of the pairs’ territories. The non-
breeders may maturce into cither sex according to
their social status, or body size relative to their new
mates (Ochi 1989b, Hattori & Yanagisawa 1991b).
The cxamination of gonad histology in relation to
body-color change revealed three sexual pathways
in life histories of the anemonefish: (1) from imma-
ture male to functional male, (2) and then to fune-
tional female by sex cliznge, ot (3) o innnatwe
male to immature female and then to functional fe-
male (prematurational sex change or femininity dif-
terentiation in nonbreeder state; Hattorl & Yanagi-
sawa 1991b; sec Figurc 1).

Even in coral reefs where the host sea anemones
occur in much lower densitics (Scsoko Island), A.
clarkii, especially nonbreeders, often move be-
tween hosts to acquire new mates and breeding,
sites, and the samc three life-history pathways were
detected (Hattori 1994), Hattori & Yamamura
{19935) devetoped an ESS maodel for the co-exist-
ence of immature males and females under fre-
quency-dependent selection, suggesting that the al-
ternative lifc-history pathways in /. clarkii have
evolved as stylc of breeding site acquisition.

Amphiprion frenatus living in the same coral



reefs with lower host-densities somelimces moves
between hosts (Hattori 1991, Hivosc 1995). By con-
trast, A. perideraion, a smaller species inhabiting
the same host spccics as A. clarkii, seldom moves
{Hattor1 1993, Hirose 1995). Since dominant fe-
males strongly suppress growth of their mates in A.
frenatus, the size difference between the sexes in
pairs of A, frenaius is much larger than in A. elarkii,
although lemales sizes are similar between the two
species (Hattori 1991, 1994). Ttis suggested that the
difference in mobility among the three specics of
ancmonefishes may affect the patterns of mate ac-
quisition and the size composition of brecding
groups {Hirose 1995).

These studies on monogamous anemonelishes
indicate that if movement between hosts is strictly
limited, protandrous life-history may be optimal as
predicted by the size-advantage model, but the abil-
ity of movement may determine the frequencics of
scx change and other life-history styles. In addition,
social systems and gonad histology of A. ocellaris,
which is helieved to he most strictly host-attached,
have been studicd at Iriomote Island, Okinawa (Y.
Inagaki 1992, p. 3 in 25th AMIJ; A, Yamashita, K.
Koikc and A. Hattori 1993, p. 35 in 26th AMI)).

Two-way sex change

The occurrence of reverse-directional sex change
was [irst, but only briefly, reported from a protogy-
nous grouper FEpinephelus akaara. Males larger
than 30 cm TL were observed to change sex in cap-
tivity (Tanaka et al. 1990). After about 30 males
were kept together in a tank for nine months, a few
of them, larger than the average size, were found 1o
have mature oocytes in their gonads (K. Nogami &
H. Tanaka personal communication).

Similarly, although protogyny is common in po-
lygynous angelfishes (Pomacanthidae; Moyer
1990), the reverse sex change was suggested in
Apolemichthys trimacularus. When two functional
males were kept in an aquarium, the smaller came
o have an intermediate gonad at the end of the ex-
periment (Hioki & Suzuki 1995). Later, spawning
after male-to-female sex change was observed in 2-
male experiments ot Centropyge flavissimus, (.
fisheri, and C. acanthops (Hioki & Suzuki 1996).

In the hawkfish Cirrhitichthys aureus (Cirrhiti-
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dae), spawning was observed after female-lo-male
sex change in a 2-female experiment, and also after
male-to-female sex change in a 2-male experiment
in a tank (Kobayashi & Suzuki 1992). Specimens
collected from Suruga Bay had either immature
ovarics, secondary testes, or in most cases ambisex-
ual gonads. The smaller ambisexual fish showed ac-
tive angenctic processes in the major ovarian zones,
while the larger ambisexual ones had slender an-
drogenic gonads with active spermatogenesis in
various testicular zones. Similar ambisexual gonads
were also found in other hawkfishes, Cyprinocir-
rhites polyactis from Suruga Bay and Cirrhitichthys
aprinus, C. jalco and Cirrhitopus hubbardi {rom
Hachijo-jima Island, Izu Islands. Kobayashi & Su-
zuki (1992) regarded these bisexual gonadal aspects
48 an intermediate between sequential {protogyn-
ous) and simultaneous hermaphroditism. However,
simultaneously functional hermaphrodites have
not been reported from the hawkfishes, and it is un-
certain whether the gonad structure represents an
evolutionarily intermediate interval. The ambisex-
ual gonads may be maintained because of the ad-
vantage in changing sex in either direction.
Two-way sex change has been also confirmed by
aquarium experiments in a small goby Trimmua oki-
nawae, whose males have ovarian tissue within a
functional testis (Sunvbe & Nakazono 1993). In Ka-
goshima, southern Kyushu, its mating system was
resource defense polygyny, with paternal egg care.
The largest female of a social unit changed sex fol-
lowing the removal of the dominant male, indicat-
ing soctally controlled protogyuny (Sunobe & Naka-
zono 1990). In aquarium experiments, however,
when males were kept together, the smaller
changed back to female and spawned within 4-12
days (Sunobe & Nakazono 1993). Also, in a congen-
er T. grammistes, the larger changed sex in a 2-fe-
male experiment and the smaller in a 2-male experi-
ment (Y, Shiobara, G. Nishi, N. Okutomi, M. Taka-
hashi and H. Takcoka 1992, p. 24 in 25th AMIT).
Evidence for 2-way sex change in natural popula-
tions was obtained for the first time in the coral go-
by Paragobiodon echinocephalus at Sesoko Island,
Okinawa {Kuwamura &t al. 1994). In this monoga-
mous fish inhabiting Stylophora corals, sex change
occurs according to the relative size of new part-
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ners; usually the farger becomes male and the small-
¢r female. This was confirmed by monitoring
marked individuals in the [ield (Kuwamura et al.
1994), and by a mate removal experiment in the
field as well as an aquarium experiment with 2 con-
sexuals (Nakashima et al, 1995), Both sexes of go-
bies showed equal ability to change sex both waysin
the experiments (within 3—4 weeks at the shortest).
In the natural population, however, maturation as
female and subsequent female-to-male sex change
occurred much more frequently than the other way.
In any event, the sexual life-history pathways of the
gobics were more flexible than protandrous or pro-
togynous species (Figure 1).

Two-way sex change has been confirmed also in
other monogamous gobies (Gobiodon micropus,
G. vculolineaius, G. quinguestrigaiuy and G. rivula-
tus rivulatus), inhabiting Acropora corals, by the
field and aquarium experiments at Sesoko Island
(Nakashima et al. 1996).

Thus during the last few years, sex change in
either direction, or in the reverse direction to the
former sex, has been revealed by Japanesc re-
searchers among several groups of reef fishes. How-
ever, in most cases at present it has been confirmed
only in captive conditions.

Social control of 2-way sex change

Sacial control of sex change is well known among
reef fishes. The dominant fish becomes male in po-
lygynous mating groups, while the dominant be-
comes female in monogamous anemonefishes (Ro-
bertson 1972, Fricke & Fricke 1977, Warner 1984,
Nakazono & Kuwamura 1987, Ross 1990). The size-
advantage model predicts that the dominant should
do so to increase its fitness. [t is also evident that the
2-way sex changc is socially controlled at least in the
gobies Trimma, Paragobiodon, and Gobiodon (Su-
nobe & Nakazono 1993, Kuwamura ct al. 1994, Na-
kashima cf al. 1995, 199). In these species, the dom-
mant fish becomes male, although the evolutionary
factors differ between Trimmea and the others.
Trimina has polygynouns mating systems, and 30
the dominant fish takes advantages of becoming
male as in many other protogynous fishes. By con-

trast, mating occurs monogamously in Paragobio-
don and Gobiodon, so the dominant should be a fe-
male, if the size-fecundity advantage cxists asin the
anemonefishes, However, no size-fecundity advan-
tage was detected in Paragobiodon (Kuwamura ct
al. 1993,1994). Breeding pairs are formed by a male
and a femalc of similar size, and reproductive suc-
cess is positively correlated with body size of the
male and female almost equally. In other words, fe-
males’ fecundity and males’ ability of egg care may
change with body size in similar fashion. Tn such
size-assortative mating, which was also the case in
Gobiodon (Nakashima et al. 1996), gonochorism
should be tavored if other factors than the size -fe-
cundity advantage are not acting (Warner 1984).
The major factor was, however, the growth-rate ad-
vanlage in Paragobiodon and at least two species of
Gobiodon (Kuwamura et al. 1994, Nakashima et al.
1996). That is, because females grow faster than
their mates after new pair formation until the start
of breeding, and because the smaller sex limits the
pair’s reproductive success, the smaller individual
should become femalc. Thus, the larger, dominant
fish in new pairs should be male in these monoga-
mous gobies.

If the dominant fish becomes a male, protogyny
will be favored, as obscrved in the natural popula-
tion of Trimma (Sunobe & Nakazono 1990) and Pa-
ragobiodon (Kuwamura et al. 1994), This is because
when small, a fish may usually reproduce as fcmale
with a larger mate, and when it becomes lage and
dominant, it had better change sex to malc to mate
with smaller fish. Sex change in the reverse direc-
tion, 1.¢., male to temale, will occur only when the
social status of the dominant fish (male) changes by
inter-group movement of itself or its new mate (Fig-
ure 2). This was confirmed by field observations
and experiments in Paragobiodon (Kuwamura et al.
1994, Nakashima et al. 1995) and Gobicdon (Na-
kashima et al. 1996). Inter-coral movement often
occurred to acquire new mates in these gobies, and
unmated fish preferred pairing with nearby consex-
uals over searching for heterosexuals from farther
distances.

Changce of social status of the dominant fish has
not been observed in the field in Trimma. Sunobe &
Nakazono (1993) suggested that if the largest fe-



male, whose size was sometimes similar to the dom-
inant male, grows faster than the male, change of
their status within a social group would occur. In Fa-
ragobiodon, however, even if social status changed
within a pair due to the faster growth in females,
simultaneous scx change in both matcs was never
observed, probably because the cost of sex change
may exceed the growth-rate advantage (Kuwamura
et al. 1994),

It is noteworthy here that the subordinate [lish
changcs scx in the ‘returning’ scx change: in 2 male
pairs the smaller changes scx in the gobies (Figure
2). The dominant fish will increase its reproductive
success by forcing the subordinate to change sex.
This is quite different from the suppression theory
ol social control (i.e., the dominant fish changes sex
and socially suppresscs sex change of the subordi-
nate) in the former one-way sex change theory (e.g.,
Ross 1990). Sex change of subordinate males as
BBS was reported in a shrimp Anthanas komina-
toensis, in which sccondary sex change {female-to-
male) when becoming dominant was also suggested
but not confirmed (Nakashima 1987). In case of the
polygynous Triruma, the subordinate male may
change sex as BBS when it has lost mates or has
been taken over by the larger male; the same may
occur in the angelfishes. By contrast, in the monog-
amous Paragobiodon and Gobivdon, the subuordi-
nate male would increase its reproductive success
by pairing with a larger male and changing sex to
grow faster as a female.

The case of the hawklish Cirrhitichthys aureus
appears to be contradictory. The larger fish
(90.0 mm vs. 74.5 mm SL) became male in a 2-fe-
male experiment, while the larger (93.6 mm vs.
£9.2 mm) became female in a 2-male experiment
(Kobayashi & Suzuki 1992). However, it seems to
be the rule that the larger becomes male, because
the larger ambisexual specimens had male-biased
functions (Kobayashi & Suzuki 1992) and also be-
causc males were larger in monogamous pairsin the
ficld (Yugu 1987). Further ficld observations are
needed to confirm whether this species is strictly
monogamous or polygynous with facultative mo-
nogamy. It is also unknown at present why the rela-
tively large males of the protogynous grouper Fpi-
nephelus akaara developed oocyles in multi-male
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experiments (Tanaka et al. 1990, K. Nogami & H.
Tanaka personal communication), It would be the
smaller subordinate males that should change sex, if
there is a social control of {unctional sex.

In addition to the fishes of the Japancse waters,
another two gobies, Lythrypnus dalli and L. zebra,
inhabiting the rocky shore of southern California
and Mexico, have been reported to exhibit 2-way
scx change in laboratory experiments (St. Mary
1993, 1994, 1996), These gobics have only vitcllo-
genic epps, only tailed sperm, or both active ga-
metes of various proportions in the gonad. The be-
havioral (functional) sex can be altered within a few
weeks by rcallocation of the gonad. Although St.
Mary called these species as simultancous herma-
phrodites based on gonadal sex (also see Fishelson
1989), it sounds confusing to call such sex-changing
(i.e., sequential) hermaphrodites as ‘simultancous’
cven if they often have bisexual gonads. The gonad
structure of Lythrypnus, separated into ovarian and
testicular parts, is similar to Trimma, but different
from Paragobiodon and Gobiodon (Fishelson 1989,
Colc 1990, §t. Mary 1993, Sonobe & Nakazono
1993). As in Iriruna, the mating systems of Lyth
rypnus are polygynous with paternal egg care (St.
Mary 1994, 1996). Egg-guarding males tend to be
larger than females, but with a large overlap within
a slock. When consexuals were kept together,
larger fish tended to become males, although no
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such tendency was found in [emalc-group experi-
ment of L. zebra (St. Mary 1994, 1996), Because
they occur in high densities, social units ot Lythryp-
nus may not be so fixed as they are in Trimma. Fur-
ther investigations are needed in the field to know
whethcr, or how, social conditions such as change of
social status inducc scx change in individuals of
Lythryprus.

Nakashima ¢t al. (1995) suggested that change of
social status by inter-group movement may also oc-
cur, even if only infrequently, in other hermaphro-
ditic fishes living in social groups, and therefore scx
change in the reverse direction, or 2-way sex
change, will be dotected in many of them. In the
case of the protogynous sandperch Parapercis sny-
deri, however, no sex change was observed within
37 days when five males were kept in an aguarium
(Kobayashi et al. 1993b). The authors suggested
that the gonad structure might constrain the reverse
sex change; in the secondary testis the ovarian cav-
ity gradually degenerates and disappcars in the
sandperch. However, it is also likely that the condi-
tions in the aquarium werc not suitable for inducing
sex change. Four of five males died after 33-37 days,
although no aggressive interactions were ohscrved,
and all ish were reduced in size (Kobayashi et al.
1993b}).

Reverse sex change hus been reported only from
basically protogynous fishes (e.g., Gobiidac, Poma-
canthidae, Cirrhitidae, Epinephelinae). Ts this sim-
ply because protogynous species are predominant
over protandrous ones among reef [lishes (Yogo
1987), or do protandrous species never exhibit the
reverse sex change due to some unknown con-
straints? In the anemonetish Amphiprion bicinctus,
Fricke & Fricke (1977) reported that forcible pair-
ing of functional females resulted in death or severe
injury to the subdominants and that the reversal of
sex change from female to male could not be in-
duced.

During our preliminary experiments on A. elarkii
at Sesoko lsland (Kuwamura, Nakashima & Karino
unpublished), the smaller of two females kept in a
tank changed the shape of its urogenital papilla into
onc that was intennediate between the sexes within
six months. In the field experiment during morc
than 18 months, however, two unmated females in

15 m distance never moved to form a 2-female pair;
they accepted juveniles but never resumed breed-
mg.

In the female-dominance system of the monoga-
mous ancmonefishes, the reproductive success of a
pair depends on the female body size, which affects
fecundity, but not on male size {¢.g., Fricke & Fricke
1977. Warner 1984). This is because males of the
anemonefishes can take care of a clutch deposited
by much larger mates, which is different from Para-
gohiodon males. Therefore, if a female anemone
fish could acquire a new mate larger than herself,
sex change to male would be more advantagcous
than remaining a female (Figure 2). [or the larger
female, however, the size of her mate would not af-
fect her own reproductive success.

In such situations as the ancmoncfish, a female
should accept the smaller female and force it to
change sex, but only when the duration needed for
the sex change is cxpected to be shorter than that
for maturation of recruited juveniles or their immi-
aration. Although it mav take a few years for juve-
niles to mature, late juveniles can be expected toim-
migrate and mature within a few months in A. clar-
kit al Sesoko Etand (Hattori 1094, Hirnse 1963) Tf
sex change from female to male takes more than a
few months (cf., about two months in male-to-fe-
male change; Hattori 1994), the larger female
should wait for immigration of late juveniles. It
scems that the two unmated lemales of A. clarkii in
our field experiment adopted this style, but unfortu-
nately noimmigration of late juveniles occurred for
more than a year. Further experiments are needed
to study the possibility of reverse sex change in the
ancmonclishes, although it is suggested that mobil-
ity of adults and late juveniles may affect its evolu-
tion,

Closing comments

Recent studies on sex change among fishes have re-
vealed various lile-history pathways in hermaphro-
ditic species (Figure 1), The discovery of 2-way sex
change suggests that the difference beiween pro-
tandrous and protogynous species may be much
smaller than has been believed from histological



studies. If there is any social condition that favors
cvolution of sex change in one direction, the reverse
sex change will also be likely to evolve, so far as the
social status of the dominant fish can change (Fig-
ure 2). This can be explained by the sizc-advantage
model (sensu Warner 1988a, Kuwamura et al. 1994,
Nakashima et al. 1995} incorporated with the social-
control system. Further studies should focus on
finding evolutionary constraints preventing herm-
aphroditic species from conducting the reverse sex
change. The gonad structure, however, should not
be regarded as a constraint, but should be treated as
an expression of reproductive styles,
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