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Abstract

This study used histological techniques to investigate sexual patterns in the freckled hawkfish Paracirrhites forsteri, which has
a mating system intermediate between harem and male-territory-visiting polygamy. Males on reefs in the area of Kuchierabu-
jima Island tended to be larger than females, and one hermaphrodite with ovarian cavities was observed at a size intermediate
between most males and females. These findings indicate a protogynous sexual pattern in the studied population. However,
some males were smaller than females, with the smallest individual collected being a male. Furthermore, most individuals
with a body size smaller than that typical of females exhibited bisexual gonads. These new findings suggest that prematu-
rational sex change occurs in this species, whereby some males derive directly through sexual differentiation as juveniles.
Our study represents the first report suggesting diandry in the Cirrhitidae.
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Introduction

Sequential hermaphroditism (sex change) is a life history
strategy and is currently recognized in more than 400 teleost
species (Kuwamura et al. 2020, 2023). Sequential hermaph-
roditism includes three types of sexual patterns: protogyny
(female-to-male sex change), protandry (male-to-female sex
change), and bidirectional sex change. The adaptive signifi-
cance of these sex-change patterns in teleosts is explained
by the size-advantage model (Ghiselin 1969; Warner 1975,
1988). For instance, the model predicts that protogyny will
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evolve in a polygynous mating system where male repro-
ductive success exponentially increases with body size,
while that of females increases linearly. Typical examples
of polygynous mating systems include harem polygyny and
male-territory-visiting (MTV) polygamy. Harem polygyny is
characterized by the cohabitation of multiple females within
the territory of a single male and the stable monopoliza-
tion of mating opportunities with the females by the male
(Thresher 1984; Kuwamura 1996, 1997). MTV polygamy
differs from harem polygyny in that the females are usually
located outside the male mating territories and choose their
mating partners (Kuwamura 1996, 1997). In fact, protogyny
has been widely observed in fish with either harem polygyny
or MTV polygamy (Warner 1984; Nakazono and Kuwamura
1987; Kuwamura et al. 2020, 2023).

Protogyny has two types, monandry and diandry, evi-
denced by the number of pathways of male development
(Reinboth 1970; Munday et al. 2006; Sakai 2023). In monan-
dry, all males derive from functional females through sex
change (i.e., secondary males). Diandric species have two
male developmental pathways: some males derive through
sexual differentiation directly as juveniles (i.e., primary
males), while others derive as secondary males. In general,
monandry tends to occur in harem polygyny, wherein small
males have limited mating opportunities; in contrast, diandry
tends to occur in MTV polygamy, wherein small males often
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have mating opportunities through alternative mating tactics
such as sneaking and group spawning (Sakai 2023).

The family Cirrhitidae comprises 33 species in 12 gen-
era, with most species distributed on rocky and coral reefs
in tropical to subtropical waters of the Indo-West Pacific
(Nelson et al. 2016). At least six species within this family
(Amblycirrhitus pinos, Cirrhitichthys aprinus, Cirrhitichthys
aureus, Cirrhitichthys falco, Cirrhitichthys oxycephalus, and
Neocirrhites armatus) are confirmed to exhibit protogyny
(Kuwamura et al. 2020, 2023). Moreover, at least four spe-
cies (C. aprinus, C. falco, C. oxycephalus, and N. armatus)
have been suggested to be monandric based on gonadal his-
tological evaluations or field observations (Kobayashi and
Suzuki 1992; Sadovy and Donaldson 1995; Kadota et al.
2011; Sakai 2023). In addition, two species (C. aureus and
C. falco) have been found to exhibit the ability to change
back to female (i.e., reversed sex change) (Kobayashi and
Suzuki 1992; Kadota et al. 2012; Kadota 2023). Whereas
harem polygyny has been determined in mating systems of
four monandric protogynous hawkfishes (Donaldson 1987,
1990; Kadota et al. 2011), diandry has not yet been reported
in any cirrhitid hawkfishes (Sakai 2023).

A unique mating system was recently reported in the
freckled hawkfish Paracirrhites forsteri (Kadota and Sakai
2016). In this mating system, large males stably monopo-
lize their mating opportunities with multiple females, which
resembles harem polygyny; however, the majority of females
leave the male’s territory outside the spawning period, which
resembles MTV polygamy. Furthermore, small males with a
body size similar to that of females coexist with large males
and have mating opportunities with smaller females within
the territory of the large male. This mating system differs
from that of other hawkfishes by suggesting a possibility of
diandry. To date, a histological study of gonads in P. forst-
eri examined only two individuals (Sadovy and Donaldson
1995); therefore, little is known about the sexual patterns
in this species through histology. To elucidate the sexual
patterns of P. forsteri, we collected specimens from reefs
at Kuchierabu-jima Island and neighboring islands for a
detailed histological examination of the gonads.

Materials and methods

Fifty-five specimens of Paracirrhites forsteri were collected
from reefs at Kuchierabu-jima Island (30°28' N, 130°10’
E) and neighboring islands, namely Kuchinoshima Island
(29°59' N, 129°54' E), Nakanoshima Island (29°50" N,
129°51" E), Taira-jima Island (29°68' N, 129°53" E), and
Kodakara-jima Island (29°22' N, 129°32" E), in southern
Japan, from May to October in 2002 to 2007. Many tropi-
cal or subtropical fish species, including P. forsteri, are dis-
tributed on these islands (Sakai et al. 2009; Kadota et al.
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2024). The spawning season of P. forsteri at Kuchierabu-
jima Island is known to occur between early May and late
October (Kadota et al. 2010). Small fish of <100 mm total
length (TL) were captured using hand and screen nets and a
diluted solution of quinaldine (1%). Larger individuals with
higher swimming ability were captured using a spear. Each
living specimen was euthanized in ice water immediately
after collection.

All specimens were transported to the laboratory and
fixed in 10% formalin. After fixation, the TL of each fish
was measured with calipers to the nearest 0.1 mm. Later,
the body weight and gonad weight of each specimen were
measured to the nearest 0.01 g. The gonadosomatic index
(GSI) was calculated as [gonad weight (GW)/body weight
(BW) x 100 (%)]. If the gonads were too light to be weighed,
they were recorded as 0.001 g for calculation of the GSI. The
gonad samples were then dehydrated, embedded in paraf-
fin, transversely sectioned at a thickness of 4-6 pm, and
stained with hematoxylin and eosin. All histological slides
were observed under an optical microscope. Individuals with
occasional oocytes in primary growth stage in testis were
defined as male in this study, because these oocytes are con-
sidered to be remnants of the prior ovarian or juvenile phase
(Sadovy and Shapiro 1987). Hermaphrodites were defined
as the other individuals with bisexual gonads. For observa-
tions of hermaphroditic gonads and the male gonads with
a few oocytes, the oocyte area was measured using Image
J software, and the proportions of the area occupied in the
gonads were calculated and compared. A single histological
section or a part of the gonad was used for this calculation.
Statistical analysis was conducted using R version 4.3.0 (R
Core Team 2019).

Results

Body size composition. Of the 55 specimens examined his-
tologically, 26 were males, 22 were females, and seven were
hermaphrodites (Fig. 1). The body size of males (median
179.3 mm TL, range 51.4-199.8, n = 26) was significantly
larger than that of females (median 137.3 mm TL, range
92.2-159.8 mm, n = 22; Mann—Whitney U-test, P < 0.001).
However, four males (51.4, 96.4, 113.5, and 134.0 mm TL)
were smaller than the median size of females (137.3 mm
TL), and the smallest male (51.4 mm TL) was smaller than
the smallest female (92.2 mm TL).

Gonads of females and males. The gonads of 21 females
were filled with previtellogenic and vitellogenic oocytes.
One relatively small-sized female (106.0 mm TL) contained
only previtellogenic oocytes within the ovarian structure,
indicating an immature reproductive status.

Of the 26 males, the gonads of 19 (73%), including
the smallest male, comprised only spermatogenic tissue
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Fig. 1 Size frequency distribution of the Paracirrhites forsteri speci-
mens for which sex was determined histologically

(Fig. 2a, b), while seven males (27%) had a few previtel-
logenic oocytes within the spermatogenic tissue (Fig. 2c).
Ovarian cavities, remnants of ovarian structure, were
observed in a male of the latter type (Fig. 2d). There was

no significant difference in TL between the former type of
males (median 179.6 mm TL, range 51.4-199.8, n = 19)
and the latter type of males (median 164.5 mm TL, range
113.5-196.5, n = 7; Mann—Whitney U-test, P > 0.05). The
GSI of the former type of males (median 0.098%, range
0.007-0.882, n = 19) also did not differ significantly from
that of the latter type (median 0.125%, range 0.002-0.161,
n = 7; Mann—Whitney U-test, P > 0.05).
Hermaphroditic gonads. Among the seven hermaph-
rodites, five individuals (median 86.9 mm TL, range
77.5-93.2) had some previtellogenic oocytes in their sper-
matogenic tissues (Fig. 3a, b). These gonads were struc-
turally similar to those of males containing a few previtel-
logenic oocytes. However, previtellogenic oocytes were
relatively abundant in the hermaphroditic gonads, whereas
spermatogenic tissues were relatively underdeveloped.
Consequently, the percentage of oocytes in gonads was
significantly higher in hermaphrodites (median 3.568%,
range 2.121-10.650, n = 5) than in males (median 0.317%,
range 0.024-0.666, n = 7; Mann—Whitney U-test, P <
0.01). Among those five hermaphrodites, three individuals

Fig.2 Gonad structure in Paracirrhites forsteri males: a testis of a
large male (179.0 mm TL); b testis of the smallest male (51.4 mm
TL); c testis with previtellogenic oocytes (at 172.8 mm TL); and d

testis with previtellogenic oocytes and ovarian cavities (at 146.0 mm
TL). op oocytes in perinucleolus stage, oc ovarian cavity. Bar 100 pm
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Fig.3 Structure of bisexual gonads of Paracirrhites forsteri her-
maphrodites at different sizes: a, b 79.0 mm TL specimen; ¢, d 104.0
mm TL specimen; and e, f 146.0 mm TL specimen. O ovary, T testis,

(77.5-86.9 mm TL) were smaller than the smallest female
(92.2 mm TL).

Another hermaphroditic individual (104.0 mm TL;
Fig. 3c, d) had a gonad with two separate regions, each
occupied by previtellogenic oocytes and spermatogenic
tissue. The other hermaphroditic individual (146.0 mm
TL) possessed a different type of intermediate gonad that
contained both previtellogenic oocytes and spermatogenic
tissue in the ovarian structure (Fig. 3e, f). Ovarian cavities

@ Springer

op oocytes in perinucleolus stage, oc ovarian cavity, sc cysts includ-
ing spermatogenic cell. Bar 100 pm

were also observed in this largest hermaphrodite. The her-
maphroditic individual surpassed the median size of the
females and was in a size class intermediate between the
males and females.

The GSI values of the hermaphrodites (median 0.094%,
range 0.007-0.148, n = 7) were much lower than the GSI
values of females (median 4.371%, range 0.526-7.568, n
=21; Mann—Whitney U-test, P < 0.001), although the GSI
of the hermaphrodites did not differ significantly from
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that of males (median 0.099%, range 0.002-0.882, n =26;
Mann—Whitney U-test, P > 0.05).

Discussion

Protogyny within the family Cirrhitidae has been reported in
the genera Amblycirrhitus, Cirrhitichthys, and Neocirrhites
(Sadovy and Donaldson 1995; Kuwamura et al. 2020, 2023).
We found that most males of Paracirrhites forsteri main-
tained a larger body size than females, and one hermaphro-
dite individual with bisexual gonads occurred in a size class
intermediate between the males and females. Additionally,
one male exhibited ovarian cavities and a few previtellogenic
oocytes within its testis structure. These findings suggest
that the sexual pattern of P. forsteri in the studied population
is consistent with protogyny based on the criteria for func-
tional hermaphroditism (Sadovy and Shapiro 1987).
However, we also found evidence suggesting diandric
protogynous hermaphroditism in P. forsteri. Males occurred
in a range of sizes, and, notably, the smallest male was
smaller than the smallest female. The gonads of the small-
est male were composed of spermatogenic tissue only, indi-
cating that some males may directly derive through sexual
differentiation as juveniles (i.e., primary males). Addition-
ally, some hermaphrodites were smaller than the smallest
mature female. This finding indicates that juveniles can flex-
ibly determine their sex (i.e., prematurational sex change).
However, it may not be necessary to distinguish between
males in terms of direct maturation to primary males or
by prematurational sex change (Munday et al. 2006; Sakai
2023). In some diandric fishes, juveniles are reported to
determine their sex in response to social conditions (Liu
and Sadovy 2004; Munday et al. 2006). Thus, it is suggested
that the coexistence of the two types of males be considered
as diandry, regardless of the process by which they are born
(Sakai 2023). Further research is needed to determine under
what social conditions juveniles become males or females.
Diandry has been reported in at least five teleost families,
including Labridae and Scaridae (Sakai 2023). Our study is
the first to suggest that diandry also occurs in the Cirrhitidae.
In general, small-sized primary males have mating oppor-
tunities through alternative mating tactics, such as sneak-
ing and group spawning (Nakazono and Kuwamura 1987;
Warner 2001; Sakai 2023). As these mating tactics result in
sperm competition, the GSI of a primary male is reported
to be considerably high (Petersen and Warner 1998; Warner
2001). For example, the GSI of males reaches 3% on aver-
age in the bluehead wrasse Thalassoma bifasciatum (Warner
2001). In contrast, males of P. forsteri spawn in pairs regard-
less of their body size (Kadota and Sakai 2016). In addition,
the GSI values of the P. forsteri were low (maximum 0.88%),
irrespective of the males’ gonadal structure (i.e., with or

without a few previtellogenic oocytes), although the pres-
ence of testicular oocytes is the weakest of all the criteria
for protogyny (Sadovy and Shapiro 1987). This exception
may be a feature of P. forsteri that distinguishes it from other
diandric species.

What is the major male developmental pathway in the
studied population of P. forsteri? Relatively few males
were confirmed among the medium-sized individuals in
our sample. This suggests that males largely derive from
females through sex change; however, this observation could
be attributed to collection bias. Large territorial males and
females are known to appear on coral heads for courtship
and spawning from late afternoon (Kadota and Sakai 2016).
In contrast, males with a body size similar to that of females
often hide among the corals when large territorial males are
present. Thus, this behavioral difference may have contrib-
uted to female-biased sampling of medium-sized individuals
in our study. Therefore, we posit that males are potentially
more abundant as medium-sized individuals than indicated
in the present study. Further research is needed to reveal the
frequency of sex-change occurrences in P. forsteri.

In general, sexual patterns in fish are influenced by the
mating system (Warner 1984; Nakazono and Kuwamura
1987; Kuwamura et al. 2020, 2023). Diandry is often
observed in MTV polygamy, whereas monandry is fre-
quently observed in harem polygyny (Sakai 2023). The mat-
ing system of P. forsteri is not typical of MTV polygamy in
that small males can still have mating opportunities with
females within the territories of large males (Kadota and
Sakai 2016). Conversely, the mating system of monandric
hawkfishes is typical harem polygyny (Donaldson 1990;
Kadota et al. 2011, 2012). These studies highlight that the
mating system in the Cirrhitidae can also influence the
sexual patterns, as in other families such as Labridae. For
instance, the mating system of P. forsteri has been classi-
fied as harem polygyny at low latitude study sites, such as
Guam (Donaldson 1990), and monandry can also occur in
P. forsteri in such populations.
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