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Abstract

We investigated the mating system of three sex changing gobiid fishes: Priolepis akihitoi, Trimma emeryi, and Trimma
hayashii by underwater observation or specimen collection. P. akihitoi were found in pairs or were solitary. As the pair bond
persisted for at least two months, and pair individuals seemed to mate with each other repeatedly, a monogamous mating sys-
tem was suggested in P. akihitoi. In contrast, the harem-like group (living in a group composed of one largest male and some
smaller females and/or immature individuals) of 7. hayashii and T. emeryi suggested that these species have harem polygyny.
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Introduction

Sex change, also called sequential hermaphroditism, has
been well documented in various lineages of teleost fishes
(Sadovy de Mitcheson and Liu 2008; Avise and Mank 2009).
Recently, functional sex change (e.g., protogyny, protandry,
bidirectional sex change) has been confirmed in at least 27
families, and the ability to sex change has been only pre-
dicted in at least 22 families (Sadovy de Mitcheson and
Liu 2008; Shitamitsu and Sunobe 2017). The size-advan-
tage model (SA model) proposed by Ghiselin (1969) and
Warner (1975; 1984) predicts that the mating system act
as a selective pressure on the evolution of sex change: the
protogynous sex change would evolve in polygynous spe-
cies because large males obtain greater benefit than small
males through male-male competition for mating oppor-
tunities or mate choice by females, whereas the evolution
of protandry is favored when males reproduce successfully
regardless of their body size. A lot of empirical studies have
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supported this prediction (e.g., Kuwamura and Nakashima
1998; Munday et al. 2006; Erisman et al. 2013). Therefore,
the clarification of the mating system in sex-changing fish
must provide important cues for us to understand the evolu-
tion of sex change. The establishment of the mating system
is generally influenced by environmental conditions and/or
ecological constraints, such as the spatial dispersion pat-
tern of resources and the temporal availability of receptive
mates (Emlen and Oring 1977; Shuster and Wade 2003).
Thus, the phylogenetic relationship is not always a principal
factor that influences the establishment of a mating system.
Indeed, many fish lineages contain species that show various
patterns of the mating system. (e.g., McCafferty et al. 2002;
Erisman et al. 2009; Erisman et al. 2013).

The genera Priolepis and Trimma, closely related to each
other phylogenetically (Thacker and Roje 2011; Agorreta
et al. 2013; Sunobe et al. 2017), are colorful tiny gobiid
fishes mainly distributed on Indo-Pacific coral reefs, and
currently contain 37 (e.g., Allen et al. 2018) and 105 (e.g.,
Winterbottom et al. 2019) validly described species, respec-
tively. Several studies have investigated the sexuality of nine
Priolepis (Cole 1990; Sunobe and Nakazono 1999; Cole
2010; Manabe et al. 2013) and 32 Trimma species (Cole
1990; Sunobe and Nakazono 1993; Shiobara 2000; Manabe
et al. 2008; Sakurai et al. 2009; Cole 2010; Sunobe et al.
2017). Most of them have been suggested or confirmed
to have the ability to change sex bidirectionally; however,
some Trimma species have been reported to be gonochoristic
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(Fukuda et al. 2017a; Sunobe et al. 2017). Recently, vari-
ous patterns of the mating systems have been found in this
lineage, such as monogamy (Sunobe and Nakazono 1999;
Fukuda et al. 2017a), harem polygyny (Sunobe and Naka-
zono 1990; Fukuda et al. 2017b) and polygynous mating
within the multi-male group (Tomatsu et al. 2018). Because
of this diversification in sexuality and mating systems,
this lineage is expected to serve as a valuable model for
understanding the relationship between the evolution of sex
change and mating system (Sunobe et al. 2017). However,
there is less information on the mating systems of Priolepis
and Trimma species compared with that of sexuality. There-
fore, it is difficult to conduct a comparative phylogenetic
study focusing on the evolution of sex change in this lineage.
This is because sexuality has been investigated in 41 species
(Cole 1990, 2010; Sunobe et al. 2017), but thus far the mat-
ing system of only seven species has been studied (Sunobe
and Nakazono 1990, 1999; Manabe et al. 2013; Fukuda et al.
2017a, b; Tomatsu et al. 2018).

In this study, we investigated the mating system of three
hermaphroditic species: Priolepis akihitoi, Trimma emeryi,
and Trimma hayashii. Bidirectional sex change in P. aki-
hitoi has been confirmed by rearing experiments (Manabe
et al. 2013). Also, histological studies suggest that 7. emeryi
and T. hayashii are bidirectional sex changers (Sunobe et al.
2017). By contrast, little is known about their mating system.
Manabe et al. (2013) inferred that the mating system of P.
akihitoi is monogamy. However, this inference is based on
little evidence given that only one pair was found among
eight individuals that were captured. Thus, we conducted
observations of reproductive behavior in P. akihitoi under
natural conditions to confirm their mating system. Mean-
while, the mating systems of 7. emeryi and T. hayashii have
never been studied. Therefore, we inferred their mating sys-
tems based upon their group structures.

Materials and methods

Field observations of Priolepis akihitoi. We conducted
underwater observations using SCUBA at Ito Beach, Tatey-
ama, Japan from June to August 2015. The study area was
a rocky reef approximately 35 m in length (Fig. 1) that was
situated approximately 400 m off the shore at depths of
18-24 m. The water temperature ranged from 14.0 to 25.5 °C
during the study period. At the beginning of the observa-
tion period, we collected 5 individuals on 15 June 2015,
and also collected additional 5 individuals on 27 June 2015
occurring in seven rocky caves or crevices in the study area
using a hand net (Fig. 1). All individuals were transported
to the laboratory, anesthetized with quinaldine, measured
for total length (TL) to the nearest 0.5 mm, and sexed by
examination of the shape of the urogenital papilla that were

Fig.1 Study area and collection sites. Circles indicate the collection
sites. Dotted area indicates the sandy bottom

either long and tapered posteriorly in the male, or bulbous
with several processes at the papillae opening in the female
(Sunobe and Nakazono 1999; Manabe et al. 2013). An indi-
vidual with urogenital papilla not matching either shape was
regarded as being immature. We identified all individuals
using subcutaneous injection of a visible implant Elastomer
Tag (Northwest Marine Technology Inc., Shaw Island, WA,
USA), and released them at collection sites on the next day.
Then, we observed each site twice a day between 0900 and
1200 hours. We observed individuals collected on 15 and
27 June 2015 for 23 days out of 46 days and 16 days out of
34 days study period, respectively.

Specimen collection of Trimma emeryi and Trimma
hayashii. To estimate the mating system, we collected T.
emeryi and T. hayashii using SCUBA and hand nets off-
shore of Atetsu, Amami Island, Japan, at depths of 6-12 m
on 30 July 2014 and 24 April 2015. Previous studies show
that Trimma species usually live in a social group in natu-
ral habitats, and the group members reproduce within their
group; the social group is also the mating group (Sunobe and
Nakazono 1990; Fukuda et al. 2017b). Therefore, if multiple
individuals were collected from the same cave or crevice, we
considered them as a group and analyzed each group struc-
ture separately. After collection, all individuals were eutha-
nized in iced seawater, frozen in seawater at approximately

@ Springer



554

K. Fukuda, T. Sunobe

— 18 °C, and transported to the laboratory for use in future
molecular experiments. In the laboratory. Specimens were
defrosted and measured for TL to the nearest 0.5 mm, then
sexed using the above methods.

Statistical analyses. Values are presented as
means + standard error. All statistical analyses were con-
ducted on R version 3.5.0. For all tests, the significance level
used was a=0.05. We assessed the normality of datasets
based on the Shapiro—Wilk test before each statistical test.
We also assessed the homogeneity between two and three
statistically compared datasets using the F test and Levene’s
test, respectively. The sexual size (TL) dimorphism in P.
akihitoi and T. emeryi was examined using Welch’s two-
sample ¢ test, followed by the calculation of the effect size
index, Cohen’s d (Cohen 1988). An immature P. akihitoi
individual was not included in the analysis (see results). The
difference in TL between paired and solitary individuals in
P. akihitoi was examined with the Wilcoxon Rank Sum test,
followed by the calculation of the effect size index r (Cohen
1988) because homoscedasticity was assumed but normality
was not expected. A one-way ANOVA followed by the post
hoc Tukey—Kramer test was used to compare the TL among
males, females, and immature individuals of 7. hayashii.
We reported the effect size index 5* (Cohen 1988) for the
one-way ANOVA and Cohen’s d for the Tukey—Kramer test.

Results

Mating system of Priolepis akihitoi. We collected 10
individuals (42.3 +4.0 mm TL, n=10) from seven sites
(Table 1). There was not any significant difference in TL
between males and females (r=0.43, P=0.68, d=0.29,
n=9). Three pairs and four solitary individuals were found
(Table 1; Fig. 2). There was not any significant difference
in TL between paired individuals (45.7+5.0 mm TL, n=6)
and mature solitary individuals (41.7+6.9 mm TL, n=3)
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Fig.2 Size distribution of male, female and immature individuals
of Priolepis akihitoi (n=10) in each collection site. Black triangles
male, white circles female, gray squares immature individuals

(W=13.5, P=0.29, r=0.34, n=9). All reproductive pairs
consisted of similar size individuals, and males were always
larger than females within each pair (Fig. 2). Individuals of
each pair were observed close to one another on all obser-
vation days. Interactive behavior, such as aggression and
courtship, was not observed. Although spawning was not
observed, we found egg masses on sites 1 (n=3), 4 (n=2)
and 5 (n=2). Eggs were laid on the surface of the bottom,
roof, or wall of caves or crevices, and were cared for by
the males. Because we did not observe other conspecifics at
these sites, we assumed that the eggs found were spawned
by the pairs we observed in each. All pairs and two solitary

Table 1 Collected individuals

. ; o Sex Collection site Collection date Distribution TL (mm) P
of Priolepis akihitoi
Individual Mean+SE
Male Site 1 15 June 2015 Pair 62.0 459+5.4 0.68
Male Site 2 27 June 2015 Solitary 35.5 (n=5)
Male Site 3 27 June 2015 Solitary 55.5
Male Site 4 27 June 2015 Pair 40.5
Male Site 5 15 June 2015 Pair 36.0
Female Site 1 15 June 2015 Pair 60.5 424+6.2
Female Site 4 27 June 2015 Pair 39.5 (n=4)
Female Site 5 15 June 2015 Pair 35.5
Female Site 6 15 June 2015 Solitary 34.0
Immature Site 7 27 June 2015 Solitary 23.5 - -

P shows a p value calculated from ¢ test
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individuals in site 2 and 3 were present throughout the study
period. The other two solitary individuals in site 6 and 7 had
disappeared on 28 and 5 July, respectively.

Group structure of Trimma emeryi and Trimma
hayashii. We collected nine T. emeryi individuals
(21.5+0.4 mm TL, n=9) from three groups (Table 2). Each
group consisted of three individuals (one largest male and
two smaller females) (Fig. 3a). There was significant differ-
ence in TL between males and females (r=2.71, P=0.035,
d=1.65,n=9).

Twenty-nine T. hayashii individuals (20.9 + 1.0 mm TL,
n=29) were collected from eight groups (Table 2). Those
groups contained one male (n=38), 0-3 females (1.8 +0.4
individuals, n=_8) and 0-3 immature individuals (0.9 +0.4
individuals, n=_8) (Fig. 3b). The largest individual in the
group was always male. There were significant differences
in TL between males, females and immature individuals
(one-way ANOVA, F (, 5 =212.5, P<0.001, n*=0.94;
Tukey-Kramer test, male vs female: P=0.02, d=1.34,
n=22; male vs immature individual: P <0.001, d=8.36,
n=15; female vs immature individual: P <0.001, d=9.42,
n=21).

Discussion

The mating system of three species of Priolepis has been
suggested to be or confirmed as being monogamous (Sunobe
and Nakazono 1999; Manabe et al. 2013). However, field
observation has been conducted in only one species, Pri-
olepis cincta (Sunobe and Nakazono 1999). The present
study suggests that the mating system of Priolepis akihitoi
is monogamy according to the definition proposed by Bar-
low (1988), in that the male and female confine most of
their spawning to the same partner, or they remain partners
after fertilization until the young no longer requires care.
Whiteman and C6té (2004) divided the evolutionary factors
leading to monogamy in marine fishes into six hypotheses:
biparental care, resource limitation, low mate availability,
increased reproductive efficiency, territorial defense, and a
net benefit of single mate sequestration. The monogamous
mating system of P. akihitoi probably results from the low
mate availability based on their low population density and
low mobility. The present study showed that only 10 indi-
viduals were found within the study area (approximately
27.4 mx 17.0 m; the lower part of Fig. 1). This population
density seems to be relatively low, because we previously
found at least 67 individuals of Trimma grammistes, a phy-
logenetically related species to Priolepis, within the same
study area (Fukuda et al. 2017b). Low population density
should increase costs when searching for additional mates
(Whiteman and Co6té 2004). Furthermore, small fishes are
generally exposed to greater predation risk (Munday and

Table2 Collected individuals of Trimma emeryi and Trimma
hayashii

Species Sex Group TL (mm)
Individual Mean + SE
T. emeryi Male 1 22 22.7+0.4
Male 2 22.5 (n=3)
Male 3 23.5
Female 1 21.5 20.9+0.5
Female 1 20.5 (n=6)
Female 2 21
Female 2 21
Female 3 22.5
Female 3 19
T. hayashii Male 1 26.5 249+0.6
Male 2 27 (n=8)
Male 3 22
Male 4 24.5
Male 5 25
Male 6 23.5
Male 7 24.5
Male 8 26.5
Female 1 25 23.1+£0.3
Female 1 24 (n=14)
Female 1 23
Female 2 24.5
Female 2 23.5
Female 4 23
Female 4 22.5
Female 5 21
Female 6 23
Female 6 22.5
Female 6 22
Female 7 24
Female 7 22
Female 8 24
Immature 3 13 11.8+0.5
Immature 4 11 (n=17)
Immature 5 12
Immature 6 14
Immature 6 10.5
Immature 6 10
Immature 7 12

Jones 1998; Goatley and Bellwood 2016), and the same
should apply to P. akihitoi owing to their small body size.
Searching for the additional mates would have an enormous
cost because potential mortality may be increased in this
situation. These costs favor monogamy in P. akihitoi.
Functional bidirectional sex change has been confirmed in
P. akihitoi (Manabe et al. 2013). The coral-dwelling monog-
amous gobies Paragobiodon echinocephalus (Nakashima
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Fig.3 Size distribution of male, female and immature individuals of Trimma emeryi (n=9) (a) and Trimma hayashii (n=29) (b) in each group.
Black triangles male, white circles female, gray squares immature individuals

et al. 1995) and Gobiodon histrio (Munday et al. 1998)
also change sex bidirectionally, and reproductive ecology is
similar to that of P. akihitoi. Both species spawn in crevices,
have paternal care, and males are larger than their female
partners even though the differences in body sizes between
them are small. Kuwamura et al. (1994), Nakashima et al.
(1995), and Munday (2002) explain the adaptive significance
of the bidirectional sex change in these species based on the
two hypotheses discussed below. Our results and the dem-
onstration of Manabe et al. (2013) indicate that there is a
possibility that these hypotheses also explain the evolution
of hermaphroditism in P. akihitoi. The first hypothesis is
a risk-of-movement model (Nakashima et al. 1995; Mun-
day et al. 1998; Munday 2002). Bidirectional sex change is
favored in P. echinocephalus and G. histrio because indi-
viduals can avoid predation risk by mating with the closest
occurring individual regardless of their sex when the indi-
viduals have lost or lack a partner (Nakashima et al. 1995;
Munday et al. 1998; Munday 2002). Because P. akihitoi are
also small fish and live secluded in rocky caves and crevices,
they should be exposed to similar costs when searching for
mates. Thus, bidirectional sex change may decrease preda-
tion risk and maximize the lifetime reproductive success of
P. akihitoi individuals. The second hypothesis is a growth-
rate advantage model (Iwasa 1991). In P. echinocephalus,
individuals maximize their lifetime reproductive success
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by reproducing as a female first, because the female grows
faster than the male (Kuwamura et al. 1994; Nakashima et al.
1995). Although it is unclear whether the growth rate is dif-
ferent between sexes or not, the fact that females are always
smaller than male partners, even if the size difference is rela-
tively small, suggests that the smaller individual in a newly
formed pair remains as or changes to female. This has been
demonstrated in aquaria (Manabe et al. 2013). Therefore, as
with P. echinocephalus, there is a possibility that P. akihitoi
conforms to the growth-rate advantage model.

The mating systems of four Trimma species had been
investigated in the field (Sunobe and Nakazono 1990;
Fukuda et al. 2017b) and captivity (Fukuda et al. 2017a;
Tomatsu et al. 2018), and three types of mating systems have
been reported: monogamy, harem polygyny, and polygynous
mating within a multi-male group. Our results showed that
the group structure and size distribution of Trimma emeryi
and Trimma hayashii is typically seen in harem polygynous
species, such as Trimma okinawae (Sunobe and Nakazono
1990) and T. grammistes (Fukuda et al. 2017b). There-
fore, it is strongly inferred that the mating systems of T.
emeryi and T. hayashii are harem polygyny. In the genus
Trimma, the mating system diversification has been found
within closely related species (Sunobe et al. 2017). Emlen
and Oring (1977) predicted that the temporal and spatial
clumping distribution of fertilizable females increases the
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probability of polygyny. According to this prediction, the
pattern of distribution of group structure for almost all
Trimma species studied suggests a high potential for polyg-
yny because they live in groups (clumping distribution) and
have a female-biased sex ratio (Sunobe and Nakazono 1990;
Sakurai et al. 2009; Fukuda et al. 2017a, b; Tomatsu et al.
2018). Indeed, the polygynous mating system dominates in
this lineage (Sunobe et al. 2017). However, Trimma marinae
establishes a monogamous mating system by female—female
competition for males even though they live in groups and
the female-biased sex ratio is the same as in polygynous spe-
cies (Fukuda et al. 2017a). Therefore, the diversification of
the mating system in this lineage should result from not only
the diversification of the environmental conditions, but also
the differentiation of social behavior in each species. In other
species, some social factors have a significant influence on
the establishment of the mating system (e.g., Whiteman and
Coté 2004). Future large-scale data collection on the mat-
ing system, habitat condition, and proximate mechanisms
underlying social behavior will make this lineage an excel-
lent model for clarifying how environmental and proximate
factors are related to the diversification of mating systems.

Sunobe et al. (2017) suggested that T. emeryi and T.
hayashii are bidirectional sex changers based upon their
intersexual gonadal structure that consists of both ovarian
and testicular tissues simultaneously. The adaptive signifi-
cance of bidirectional sex change in harem polygynous spe-
cies has been explained based on the size-advantage (SA)
model (Nakashima et al. 1995; Munday et al. 2010). When a
male of harem polygynous and protogynous species migrates
to another harem with a larger male or a male migrates to
another harem with a smaller male, the reproductive suc-
cess of the smaller males should become lower than that
of females of the same size. In these situations, the smaller
males change their sex to female (reverse sex change) and
reproduce as a female to avoid the loss of reproductive
opportunities and cost of inter-harem movement (Munday
et al. 2010). Reverse sex change in the above situation has
been observed in two Trimma species, T. okinawae (Manabe
et al. 2007) and T. grammistes (Fukuda et al. 2017b). Both
species show similar group structure to that of 7. emeryi
and T. hayashii under the natural conditions. Therefore, it
is presumed that the pattern of sex change and its adaptive
significance in 7. emeryi and T. hayashii are the same as that
of common harem polygynous species, such as 7. okinawae
and T. grammistes.

In some fish lineages, the evolution of hermaphroditism
and gonochorism is related to the diversification of mat-
ing systems as expected by the SA model (e.g., Erisman
et al. 2009; Kazancioglu and Alonzo 2010). Is there the
same relationship between the mating system and sexual-
ity in Priolepis and Trimma lineage? The SA model suc-
cessfully explains the adaptive significance of sex change

in the polygynous Trimma species, as seen in T. okinawae
(Sunobe and Nakazono 1993; Manabe et al. 2007), T. gram-
mistes (Fukuda et al. 2017b), and Trimma caudomaculatum
(Tomatsu et al. 2018). Also, it is suggested that the same
is true in some hermaphroditic Trimma species that are
expected to have a polygynous mating system, such as 7.
emeryi and T. hayashii (Sunobe et al. 2017). However, T.
marinae does not have the ability to change sex even though
their monogamous mating system with size-unrelated pair-
ing should favor the evolution of protandrous sex change
(Fukuda et al. 2017a). This suggests that the evolution of
gonochorism results from selective pressures other than their
mating system. In P. akihitoi, some features of its life history
and pattern of distribution may be responsible for (rather
than its mating system) the evolution of sex change in this
species. Therefore, the mating system does not necessarily
explain the diversification of sexuality in this lineage. Char-
nov (1982, 1986) has pointed out that sex change should not
always be favored even if the reproductive ecology of a spe-
cies fits the SA model. For example, a sexual difference in
mortality and growth rate would contribute to the evolution
of sex change (Iwasa 1991). Future research on not only the
mating system, but also the entire life history of species is
needed to clarify the evolutionary background of hermaph-
roditism and gonochorism in this lineage.
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