High mobility of the protandrous anemonefish Amphiprion
frenatus: nonrandom pair formation in limited shelter space
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Abstract Protandry in anemonefishes has been attributed to random pair formation, which results
from their limited mobility after random recruitment to isolated host anemones. The recruitment and
movement of the anemonefish Amphiprion frenatus were investigated in relation to its group structure
and the spatial distribution of its host anemone on a coral reef, where it inhabits isolated single hosts
and interhost movement is rare. A juvenile tended to be recruited to a host from which a former
resident(s) had disappeared, indicating that larval recruitment is not random. After mass bleaching of
corals during which many hosts died, a quarter of adults moved between hosts on average 42m in 3
weeks, indicating that their mobility is potentially high. The few migrations under normal conditions
were probably due to the low benefit of movements. Even after the movements, a female was much
larger than her mate in a host, and a large female tended to pair with a large male. Although body size
of females was positively correlated with their host size, that of males was not. It is suggested that the
size of a single host does not allow the coexistence of two or more large fish, and the size composition
of each pair is affected by the host size. Protandry in the monogamous fish may be attributed to the
nonrandom pair formation in the limited space of a host.
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equential hermaphroditism (sex change) is widely

known in teleost fishes (e.g., Charnov, 1982; Warner,
1984). If the expected reproductive success (the number of
viable offspring produced) differs between the sexes with
body size, an individual that can change sex at the proper
size will have more offspring than one that remains exclu-
sively male or female (Ghiselin, 1969; Warner, 1975, 1988a,b;
Charnov, 1982). This size-advantage model predicts that the
direction of sex change in a species depends on its mating
system. Sex change from female to male (protogyny) has
been found in species with polygynous mating systems, in
which larger males can monopolize mating opportunities
and the expected reproductive success of males will increase
rapidly with increasing body size much more than that of
females (Charnov, 1982; Warner, 1984, 1988a,b; Kuwamura
and Nakashima, 1998). Another type of sex change, from
male to female (protandry), is expected to be found in spe-
cies with mating systems in which the expected reproductive
success of females increases with increasing body size,
whereas that of males is less sensitive to their body size
(Ghiselin, 1969; Warner, 1975, 1988a,b; Charnov, 1982). For
example, in mating systems where random mating occurs,
the expected reproductive success of males would be less
sensitive to their body size than that of females, partly be-
cause large males cannot monopolize mating opportunities
(Warner, 1984). However, little information is available
on the mating systems of protandrous fishes except
anemonefishes (genus Amphiprion) (Charnov, 1982;

Warner, 1988a,b; Shapiro, 1992; but see Shinomiya et al.,
2003).

Anemonefishes are known for socially controlled pro-
tandry with a monogamous mating system and symbiotic
association with sea anemones (Fricke and Fricke, 1977;
Moyer and Nakazono, 1978; Ross, 1978a,b; Fricke, 1979).
They inhabit a single host anemone or colonial hosts, which
are essential resources for their shelter and spawning sites
(Allen, 1972). In a place where individuals inhabit an iso-
lated single host, they usually form an isolated social group
that consists of a breeding pair and a varying number of
nonbreeders (Allen, 1972; Fautin and Allen, 1992; Hattori,
2000, 2002; Buston, 2003a,b). When a female disappears
from a pair, protandrous sex change allows an easy pair
formation and the sex change guarantees female to the
largest member, which provides both members of the pair
with higher fecundity (Fricke and Fricke, 1977; Warner,
1984, 1988a,b). The pair formation has often been regarded
as a random event, because larval recruitment to an isolate
single host is considered to be random and interhost move-
ment after recruitment is highly limited (Fricke and Fricke,
1977, Kuwamura, 1988; Kuwamura and Nakashima, 1998).
Accordingly, protandry in anemonefishes has often been
attributed to the resultant random pair formation (Fricke
and Fricke, 1977; Moyer and Nakazono, 1978; Warner, 1984,
1988a,b; Kuwamura, 1988; Kuwamura and Nakashima,
1998). However, the exact process of pair formation as well
as juvenile recruitment process has not been studied in
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anemonefishes inhabiting isolated single hosts. If the mobil-
ity of such anemonefishes is higher than it was believed so
far, their pair formation might not be random.

In several species of anemonefishes that inhabit colonial
hosts or high-density hosts, the process of pair formation has
been well studied (Ross, 1978a,b; Fricke, 1979; Moyer, 1980;
Ochi, 1989a,b; Hattori and Yanagisawa, 1991a,b; Hattori,
1994; Hirose 1995; Hattori and Yamamura, 1995). For in-
stance, Amphiprion clarkii in habitats of high host density
often moves between hosts, and the adult pair is formed
size-assortatively (Moyer, 1980; Ochi, 1989a,b; Hattori and
Yanagisawa, 1991a,b). Hattori and Yamamura (1995) sug-
gested that protandry in the mobile anemonefish is main-
tained as an adaptive strategy for acquisition of breeding
post. Thus, protandry in anemonefishes that frequently
move between hosts may be common.

Amphiprion frenatus is a common anemonefish on coral
reefs, Okinawa Islands, Japan (Allen, 1972; Moyer and
Nakazono, 1978). At Sesoko Island in the Okinawa Islands,
the host anemones are sparsely distributed, and A. frenatus
inhabits isolated single hosts (Hattori, 1991; Hirose, 1995).
Hattori (1991) observed that only 1 of 103 marked individu-
als moved between hosts during a 5-month study period.
After mate loss caused by a removal experiment (Hattori,
1991) or typhoon events (Hirose, 1995), however, several
adults moved to pair with new mates, indicating that the
anemonefish can move between isolated single hosts under
some conditions. In August 1998, mass bleaching of corals
occurred in many coral reefs throughout the world (Glynn
et al., 2001). One year later, many adults of A. frenatus
moved between hosts at Sesoko Island in response to disap-
pearance and weakening of the hosts. I observed interhost
movements of marked individuals and analyzed the process
of pair formation. I also reanalyzed the data on the juvenile
recruitment pattern and group composition of A. frenatus
before the occurrence of coral bleaching (Hattori, 1991).
The aim of the present study is to reexamine the pattern of
pair formation including juvenile recruitment in the seden-
tary and protandrous anemonefish.

Materials and Methods

The field study was conducted in 1988, 1999, and 2000 on a
fringing reef in front of Sesoko Station, Tropical Biosphere
Research Center, University of the Ryukyus at Sesoko Is-
land (26°37'48" N; 127°52'2" E), Okinawa, Japan, where
Hirose (1985) studied the distribution and abundance of
host sea anemones in 1981-1983. Amphiprion frenatus in-
habited the host anemone, Entacmaea quadricolor. Al-
though E. quadricolor often forms large colonies in coral
lagoons (Allen, 1972; Moyer and Nakazono, 1978; Dunn,
1981), it never forms a colony in the coral reef of Sesoko
Island (Moyer and Nakazono, 1978; Hirose, 1985; Hattori,
1991).

Field observations were carried out for 5 months from
June to November 1988 (see Hattori, 1991), for 3 weeks
from June to July 1999, and for 2 weeks from June to July
2000. A map of the study area (87m X 373m) was made
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with the aid of enlarged aerial photographs and underwater
observations. Locations of hosts were plotted on the map,
and the long and short axial lengths of each host were
measured twice in August 1988, July 1999, and July 2000. The
area covered by the tentacles of each host was regarded as
an oval and was estimated as (long axial length) X (short
axial length) X m/4 (see Hirose, 1985; Hattori, 1991, 1995).
The larger of the two calculates was used as an index of a
host size. Three hosts that were closely distributed near each
other with about 0.5-m distance were regarded as one host,
where A. frenatus moved freely among them (Hattori, 1991).
Because the anemones rarely changed their location in this
study area (Hirose, 1985, Hattori, 1991), hosts were indi-
vidually recognized by their locations on the map. Their
ages in 1999 and 2000 and the number of recruits in 1988
were estimated comparing with the spatial distribution of E.
quadricolor shown in Hirose (1985: fig. 2).

All individuals of A. frenatus were captured with hand
nets, and their standard lengths (SL) were measured under-
water in the beginning of each study period. Individuals in a
group were called alpha-, beta-, and gamma-individuals,
according to the body size rank order. All individuals larger
than 20mm SL in 1988 and those larger than 25mm SL in
1999 and 2000 were marked by injecting acrylic paint under
the skin. At the end of each study period, the number of
anemonefish on each host was counted. Individuals less
than 25mm SL were regarded as recruits, because all re-
cruits (not migrants) after the removal of one or two adults
from a group had been less than 25mm SL (Hattori, 1991).
During each study period, I checked disappearance and
migration of the marked fish every 4 days in 1988 and every
day in both 1999 and 2000. When I found a swimming fish
between hosts, I chased it, keeping some distance (>2m)
away until it settled on a host, and recorded the swim-
ming route and the number of agonistic interactions with
other individuals. The agonistic interactions include rush,
dorsal-leaning, ventral-leaning, and appeasement behavior
such as head-standing, head-shaking, and substrate-biting
(Yanagisawa and Ochi, 1986). The sizes of encountered indi-
viduals were estimated by underwater observation.

Results

Spatial distribution and size of hosts in 1988, 1999, and
2000. In 1988, 36 hosts with a total of 100 residents of
Amphiprion frenatus (36 alpha, 36 beta, and 23 gamma indi-
viduals, and 5 other small fish) were sparsely distributed
(Fig. 1). Comparing to Hirose (1985), at least 10 hosts
were recruited and 10 hosts disappeared between 1983 and
1988. In 1999, after the bleaching event, at least 10 hosts
had disappeared and 2 hosts were recruited: there were
28 hosts with 59 fish (28 alpha-, 23 beta-, and 8 gamma-
individuals). Consequently, the nearest distance between
host neighbors significantly increased after the bleaching
event (1988: median = 7m, range = 3-35m, n = 36; 1999:
median = 16m, range = 3-35m, n = 28; Mann—-Whitney U
test, z = 2.86, P = 0.004). In 2000, only 12 hosts with 15 fish
(11 alpha- and 4 beta-individuals) were found: 5 hosts were
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Table 1. Body size (mm standard length, SL) of alpha- and beta-individuals in 1988, 1999, and 2000

Size order 1988 19992 2000
n  Median Range z P n  Median Range z P n  Median Range U P
Alpha 36 97 47-112 28 93 20-113 11 48 20-112
Beta 36 55 20-77 23 58 20-76 4 33 20-49
Mann—Whitney U test 6.6 <0.000001 5.4 <0.000001 12 >0.05
2Coral bleaching occurred in 1998
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Fig. 1. Distribution of host anemone (Entacmaea quadricolor) of 12 c
Amphiprion frenatus in 1988 a, 1999 b, and 2000 ¢ at Sesoko Island, £ 10
Okinawa, where coral bleaching occurred in 1998. Square areas, study 3
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estimated to be 12-17 years old and 6 were more than
17 years old. Host size in 1999 was significantly smaller
than that in 1988 (Fig. 2; 1988: median = 577 cm?
range = 30-1442cm?, n =36; 1999: median = 308cm?,
range = 13-180cm?, n = 28; Mann—Whitney U test, z = 3.4,
P = 0.0005). There was no significant difference in host
size between 1999 and 2000 (2000: median = 194cm?
range = 27-824cm?, n =12; Mann-Whitney U test,
z=0.17, P > 0.05).

Anemonefish group composition and recruitment to host
in 1988, 1999, and 2000. Alpha-individuals were much
larger than beta-individuals in 1988 and 1999 but not in 2000
(Table 1). Their body sizes in a pair were positively and
significantly correlated in 1988 and 1999 (Fig. 3). The sum of
body sizes of pair members in a host was positively and
significantly correlated with their host sizes in all study
years (Fig. 4). The sum of body sizes of all group members
in a host was also significantly correlated with their host
sizes in all study years (Spearman’s correlation analysis:

Size class (cm?)

Fig. 2. Size-frequency distribution of host anemone (Entacmaea
quadricolor) for Amphiprion frenatus in 1988 a, 1999 b, and 2000 ¢

1988: r, = 0.71, n = 36, P = 0.00002; 1999: r = 0.66, n = 28,
P =0.0005; 2000: r, = 0.65, n =11, P = 0.029). Although
the body sizes of alpha-individuals were significantly corre-
lated with their host sizes in all study years (1988: r, = 0.71,
n =36, P=0.00002; 1999: r = 0.67, n =28, P = 0.0004;
2000:7,=0.75,n =11,P = 0.017), those of beta-individuals
were not significantly correlated with their host sizes in 1999
and in 2000 (1988: r =0.65, n =36, P = 0.0001; 1999:
r,=0.28,n=22,P>0.05,2000: r, = 0.75,n = 4, P > 0.05).

In 1988, 25 juveniles of A. frenatus were newly found
on 36 hosts (per host, median = 1, range = 0-2). The
number of recruits in a host was not correlated with the host
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Fig. 3. Relationship between body size of alpha-individual and beta-
individual in a group in 1988 a, 1999 b, and 2000 ¢. a, alpha; f, beta

size (r,=0.16, n =36, P>005) but was negatively
correlated with the number of residents in the host
(r,= —0.13,n = 36, P = 0.02). The recruit number in a host
was more significantly correlated with the number of group
members that had disappeared from the host in the 5-month
study period (r,=0.66, n =36, P =0.001). In 1999, 13
recruits were found on 28 hosts (per host, median = 0,
range = 0-1), and the recruit number in a host was also
negatively correlated with the number of residents in the
host (r, = —0.51, n = 28, P = 0.024). In 2000, however, the
recruit number in a host was not correlated with that of
residents in the host (r, = —0.206, n = 12, P > 0.05): only 5
recruits were found on 12 hosts (per host, median = 0,
range = 0-1,n = 12).

Anemonefish movement between hosts in 1988, 1999, and
2000. In 1988, only one alpha-individual (61mm SL)
moved between the nearest hosts (6m apart) during 5
months (Hattori, 1991). In 1999, in contrast, 13 individuals
moved 42m on average during 3 weeks (median = 12m,
range = 3-195m, n = 13); their movements were not lim-
ited to the nearest hosts (Fig. 1). In 2000, 1 alpha-individual
(105mm SL) moved between hosts with a distance of
239m. In 1999, of the 13 migrants, 9 (69.2%) were alpha-
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Fig. 4. Relationship between the sum of body sizes of alpha- and beta-
individuals in a host and the host size in 1988 a, 1999 b, and 2000 ¢

individuals and 4 were beta-individuals; they were
significantly ~ larger than nonmigrants (migrants,
median = 87mm  SL, range = 33-107mm, n = 13;
nonmigrants, median = 57mm SL, range = 20-113mm,

n = 49; Mann-Whitney U test, z = 2.6, P = 0.008), and all
migrants but 1 beta-individual (33 mm SL) were larger than
the median of body size of beta-individuals (see Table 1).
Excluding 1 case in which an alpha-migrant was replaced by
a larger alpha-migrant, 8 alpha-migrants had smaller hosts
before movements than nonmigrant alpha-individuals
(hosts of migrants before movements: median = 259 cm?,
range = 82-566cm?, n=28; hosts of nonmigrants:
median = 408cm?, range = 154-1080cm?, n = 13, Mann-
Whitney U test, U = 22.5, P < 0.05). There was no size dif-
ference between hosts used by alpha-migrants before
(median = 286cm?, range = 82-501cm? n =9) and after
(median = 330cm?, range = 92-829, n =9) movements
(Wilcoxon signed-ranks test, z = 0.29, P > 0.05). There was
also no size difference in mates of alpha-migrants before
(median = 20mm SL, range = 20-65mm, n = 9) and after
(median = 499mm SL, range = 20-65mm, n = 9) move-
ments (Wilcoxon signed-rank test, z = 1.3, P > 0.05). All
four movements by beta-individuals occurred after the emi-
gration of alpha-individuals.

In 1999, movements of three fish (70-90mm SL) were
directly observed. They were swimming at usual speed (Fig.
1). One of them moved a long distance (>150m) in an hour,
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Table 2. Number of aggressive behaviors of three migrants that were directly observed in 1999

Size of migrant Observation time

Number of encountered individuals

Number of aggressive interactions

(min)
Alpha (large)

with encountered individual

Beta (small)

Alpha (large) Beta (small)

Large 15 2
Large 60 8
Large 60 5

2 10 0
9 23 0
5 22 0

Size of fish is classified into large (=70 mm SL) and small

visiting several hosts along the reef edges. They aggressively
interacted with alpha-residents but never with beta-
residents (Table 2).

Discussion

After the bleaching event, many anemones and most corals
disappeared in the study site, and consequently potential
refuges for Amphiprion frenatus decreased. Despite fewer
refuges and lower host density, the anemonefish moved fre-
quently between hosts, where their movements were not
limited to neighbor hosts. Three migrants swam between
isolated hosts, and one of them did so along the reef edges
visiting several hosts. These results indicate that A. frenatus
has enough motility to migrate between hosts.

Several authors suggest that a larger species of anem-
onefishes has higher mobility than smaller ones, and A.
frenatus is one of the largest species (Allen, 1972; Fautin and
Allen, 1992; Hirose, 1995). In this study, large individuals of
A. frenatus tended to move between hosts. After mate loss
by a female removal experiment (Hattori, 1991) or by ty-
phoon attacks (Hirose, 1995), only large fish moved. In an-
other large species of anemonefishes (A. clarkii), in contrast,
small individuals move between hosts in spite of their puta-
tive lower mobility (Hattori, 1994, 1995, 2002). They often
move to small hosts, because their growth and maturation
are suppressed by cohabiting adults, which usually inhabit
large hosts. In A. frenatus, adults also controlled the growth
and maturation of subordinates (Hattori, 1991), but there
were few newly settled small hosts to which the subordi-
nates could escape. It is likely that the population dynamics
of host anemones affect the interhost movement pattern of
a large anemonefish. In the present study site, 23 hosts of A.
clarkii were recruited in a year, and 2 of 71 hosts (2.8%)
were more than 17 years old (Hattori, 2002). In contrast, no
hosts of A. frenatus were recruited in a year (Hattori, 1991)
and 6 of 26 hosts (23% ) were more than 17 years old in 2000.
Few migrants of A. frenatus before the occurrence of the
coral bleaching may be related to few recruitments and high
longevity of its hosts. Host size of A. frenatus in 1999-2000
was much smaller than that in 1988, and almost all alpha-
migrants inhabited smaller hosts before movements than
nonmigrant alpha-fish. The emigration of alpha-individuals
after the bleaching event was probably due to the weaken-
ing or deterioration of the host.

In this study site, body sizes of males and females in pairs
of A. frenatus were positively correlated before the bleach-
ing event (Hattori, 1991; Hirose, 1995). Hirose (1995)
implied that adults often move to replace or take over a
member of a pair, and consequently they pair size-
assortatively. In fact, however, A. frenatus rarely moved be-
tween hosts before the bleaching event, and replacement or
taking over a member of a pair was rare (Hattori, 1991).
Because a female A. frenatus strongly suppresses the growth
of her mate, the male’s body size cannot catch up the
female’s body size. This growth suppression is attributed to
a long-term pair bonding (Hattori, 1991), and consequently
body sizes of males and females were highly correlated.

Even after the movement of A. frenatus in 1999, alpha-
individuals were much larger than beta-individuals, and
their body sizes in pairs were positively correlated. Buston
(2003b) suggests that in anemonefishes the growth modifi-
cation of subordinates in a group is their strategy to coexist
with the dominant fish. It is likely that the presence of two
large fish with similar body sizes in an isolated single host
exposes the smaller one to danger because of the limited
host space. Actually, forcible pairing of females with similar
body sizes always results in death or severe injury of
the smaller one (Fricke and Fricke, 1977, Kuwamura and
Nakashima, 1998). In this study site, large migrants of
A. frenatus aggressively interacted with only large residents.
After the movements, the sum of body sizes of pair
members was still significantly correlated with their host
size. Although the body sizes of alpha-individuals were
correlated with their host size, those of beta-individuals
were not correlated. These results suggest that the size of a
host cannot allow the coexistence of two or more large
fish, and the size composition of each pair is affected by the
host size.

In anemonefishes, regardless of group size, the two largest
individuals can reproduce and control the maturation and
growth of subordinates: after the disappearance of a repro-
ductive fish, a largest subordinate becomes a new adult
(Allen, 1972; Fricke and Fricke, 1977; Moyer and Nakazono,
1978; Ross, 1978b; Fricke, 1979). If a juvenile is recruited to
so small a host that harbors only one fish, it will have to wait
for a long time to reproduce because a full-grown host is
necessary for reproduction (Allen, 1972). If the juvenile is
recruited to a full-grown host that harbors three or more
fish, it will also have to wait for a long time to be an adult
because its growth and maturation are suppressed by adults.
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Accordingly, juvenile recruitment tactics may not be simply
dependent on the host size. In fact, there was no significant
relationship between recruit number and host size in A.
frenatus. However, the recruit number was negatively cor-
related with the group size and positively correlated with
the number of residents that had disappeared recently.
Anemonefish settlers cannot discriminate between hosts
with and without conspecific inhabitants (Elliott et al., 1995;
Elliott and Mariscal, 2001), and randomly settled juveniles
might have been chased out by the residents from a
host that has no sufficient shelter space. It is suggested that
randomly settled juveniles of Amphiprion percula are
chased out by the residents from a host without sufficient
space (Buston, 2003a). In the small damselfishes (genus
Dascyllus) that inhabit branching corals and sea anemones,
newly settled juveniles are chased out by the residents
when their host has no sufficient shelter space (Schmitt
and Holbrook, 1999), and the small juveniles tend to live in
risky areas in a branching coral as a result of intraspecific
competition for shelter space (Holbrook and Schmitt,
2002). Juvenile settlement in A. frenatus might be random
but their recruitment was not random: it could be affected
by the number and body size of residents and host size itself
because of the competition for limited shelter space.

According to the size-advantage model (Ghiselin, 1969;
Warner, 1975, 1988a,b; Charnov, 1982), protandry is ex-
pected to be found in species with mating systems in which
the expected reproductive success via female function will
increase more with body size than that via male function. In
a social system where limited shelter space determines the
total biomass of all group members, the expected reproduc-
tive success via male function will not increase with the
increasing body size because the growth of a male retards
the growth of females and the reproductive success of a
male depends on the sum of the body size of females in the
group. In A. frenatus, a host harbored a large fish and two
small subordinates but never allowed the coexistence of two
or more large fish. If A. frenatus were polygynous, the ex-
pected reproductive success of males could not increase
with their body size. Its protandry may be attributed to a
social system in which limited shelter space determines the
total biomass of all group members. Further field study is
needed to know whether the volume of a shelter space (host
anemone) determines the total biomass of group members,
and theoretical study is also necessary to clarify the rela-
tionship between the expected reproductive success of
males in an imaginary polygynous mating system and their
body sizes in various host sizes.
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