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Abstract – Sicydiinae species have an amphidromous life cycle during which they undergo a pelagic larval phase
allowing them to disperse through the ocean and to recruit in distant island rivers. Hypotheses for the differences
observed in dispersal abilities between species include the variation in pelagic larval duration (PLD). However, the
implication of the PLD as a proxy for explaining the dispersal ability of a species is not clear in the Sicydiinae
subfamily. In this study, otolith microstructure of three Sicydiinae species was analysed. One of these species,
Sicyopus zosterophorum, has a widespread distribution in the West Pacific area, whereas the other two species,
Smilosicyopus chloe and Akihito vanuatu, are endemic to New Caledonia and to Vanuatu, respectively. Deposition
of the daily growth increments on the otoliths of S. zosterophorum was validated using an alizarin complexone time
marking technique. We estimated the PLD for the three species by counting the number of growth increments from
the core to the metamorphosis check mark, and it was shorter than the one of previous studies on Sicydiinae
species. The PLD of the widespread species, S. zosterophorum (54.6 ± 5.6 days), was similar to those of the
endemic species, S. chloe (53.6 ± 5.7 days) and A. vanuatu (55.4 ± 7.5 days). Here, we show that in contrast to
the most diverse Sicydiinae genus, Sicyopterus, the PLD could not explain endemism, and we must take into
account other elements to explain the differences observed in the distribution range.
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Introduction

Insular river systems in the tropical and subtropical
Indo-Pacific area are mainly colonised by freshwater
gobioids. Species from the Sicydiinae subfamily have
an amphidromous life cycle, which allows them to
disperse through the ocean and to recruit in distant
island rivers. This cycle is adapted to the conditions
in these distinctive habitats, which are young oligo-
trophic rivers subject to extreme climatic and hydro-
logical seasonal variation (Keith 2003; McDowall
2007). The adults grow, feed and reproduce in fresh-
water habitats. Hatched larvae drift downstream
towards the sea (Luton et al. 2005; Maeda & Tachi-
hara 2010) where they spend a variable amount of

time, ranging from 2 to 6 months (Yamasaki et al.
2007; Iida et al. 2008; Lord et al. 2010). At the end
of the pelagic larval phase, the postlarvae recruit to
rivers and they undergo a metamorphosis (Keith
et al. 2008; Valade et al. 2009; Taillebois et al.
2011) while migrating upstream to settle in the upper
reaches.
At certain times of the year, the biomass of gobioid

larvae recruiting is so great that they become a major
source of food for local human populations in the
Indo-Pacific area (e.g., Reunion Island, Vanuatu and
French Polynesia) (Bell 1999; Valade et al. 2009;
Lord et al. 2010). The adult phase, the larval down-
stream migration and the recruiting phase are only
starting to be understood in detail (Keith et al. 2006;
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Yamasaki & Tachihara 2006; Valade et al. 2009;
Lord et al. 2010; Yamasaki et al. 2011). However,
the processes undergone during the pelagic larval
phase remain poorly known (Radtke & Kinzie 1996;
Shen et al. 1998; Radtke et al. 2001) although their
understanding would help elucidate how these spe-
cies disperse and are distributed. Additionally, under-
standing these processes is a necessity to implement
conservation measures to protect Sicydiinae as they
contribute most to the diversity of fish communities
in the tropical Indo-Pacific insular river systems and
have the highest level of endemism (Lord & Keith
2008; Keith & Lord 2011a).
The Sicydiinae subfamily comprises nine genera

and nearly 110 species (Keith & Lord 2011b; Keith
et al. 2011a). No two genera are similarly distributed,
with each having a unique distribution of their own
(Keith et al. 2011a), for example Akihito is only dis-
tributed in the South Pacific Ocean (Keith et al.
2007; Watson et al. 2007), whereas Sicyopus is
widely distributed from Madagascar in the West
Indian Ocean to Fiji in the South Pacific Ocean
(Watson 1999; Keith et al. 2011b). In the present
study, pelagic larval duration (PLD) was investigated
for one widespread and two rare endemic species
belonging to different genera of the Sicydiinae sub-
family: Sicyopus zosterophorum (Bleeker, 1856) is
widely distributed from southern Japan to Micronesia
and from Indonesia to Fiji (Watson 1999); Smilosicy-
opus chloe (Watson et al. 2001) is endemic to New
Caledonia and Vanuatu; and Akihito vanuatu Watson,
Keith & Marquet 2007 is endemic to Vanuatu
(Fig. 1a). All of them inhabit swift, clear, high-gradi-
ent streams. The two endemic species are sympatric
with the widespread S. zosterophorum.
Otoliths are well-known paired calcified structures

in the fish’s inner ear. They are metabolically inert,
grow continuously on a daily basis throughout
the individual’s life cycle (Campana 1999; Lecomte-
Finiger 1999) and do not undergo any mineral
resorption (Mugiya & Uchimura 1989). They have
therefore long been used for age estimation in many
fish species (Victor 1986; Wellington & Victor 1989;
Victor & Wellington 2000; Kuroki et al. 2007),
including Sicydiinae (Radtke et al. 1988, 2001; Shen
& Tzeng 2002, 2008; Yamasaki et al. 2007; Lord
et al. 2010). The Sicydiinae metamorphosis is mate-
rialised on the otolith by a metamorphosis check
mark, reflecting a decrease in the rate of calcareous
growth, formed as the postlarvae recruit to the rivers
and start to settle the upper reaches (Shen & Tzeng
2002; Keith et al. 2008). The increment count
from the core to the metamorphosis check mark is
therefore an estimation of the PLD.
The purpose of this study is to validate the formation

of daily increments on otoliths of S. zosterophorum

and to estimate the PLD of S. zosterophorum,
S. chloe and A. vanuatu in order to better understand
the differences between endemic and widespread
species. The PLD was compared between the three
species to test the hypothesis that endemic species
has shorter PLD than widely distributed species.

Material and methods

Studied areas and sample collection for ageing

Specimens used in the present study were collected
in Vanuatu, New Caledonia, Indonesia and Japan. In
Vanuatu, samples of S. zosterophorum and S. chloe
were caught on Santo and Gaua (July 2005), Ambae,
Pentecost, and Malekula Islands (January–February
2010). The endemic species of Vanuatu, A. vanuatu,
was collected on Ambae and Pentecost Islands
(January–February 2010) (Fig. 1e). In New Caledo-
nia, samples of S. zosterophorum and S. chloe were
caught in the north-eastern side of Grande Terre
(January and October 2010) (Fig. 1d). The wide-
spread species S. zosterophorum was also collected
in rivers on Okinawa and Iriomote Islands (December
2010–April 2011) (Fig. 1b) in the Ryukyu Archi-
pelago, Japan, and in Papua Province (Indonesia)
(October 2010) (Fig. 1c).
A total of 59 A. vanuatu (adults, 22.3–39.9 mm in

standard length – SL), 62 S. zosterophorum (adults
and juveniles, 20.4–45.0 mm SL) and 47 S. chloe
(adults, 21.2–40.4 mm SL) were caught for the age
estimation (Table 1). Specimens were sampled by
electro-fishing (Portable Dekka 3000 electric device;
Dekka Ltd, Leutkirch, Germany), using a large hand
net, or only with the use of hand nets while snorkel-
ling. Fish were put to sleep and killed using an over-
dose of 10% clove essential oil and were then kept in
95% ethyl alcohol.

Validation of daily increments

To validate the daily deposition of the growth incre-
ments in the otolith of S. zosterophorum, we used an
alizarin complexone (ALC) time marking technique.
Six juveniles were collected from a stream on the
northern part of Okinawa Island on 27 and 28
November 2010. These juveniles were brought alive
to the laboratory where they were transferred in the
evening of the 28th November to a 3-l freshwater
tank containing a 50 mg·l�1 solution of ALC and
were held there for 24 h. All six juveniles were then
kept in two 4-l freshwater tanks (each tank containing
three juveniles) for 12 days before a second treatment
with the 50 mg·l�1 ALC solution for 24 h. After an
additional 8-day rearing in freshwater tanks, all fish
were put to sleep and killed using an overdose of
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Fig. 1. The distribution range of (a) Sicyopus zosterophorum (solid line), Smilosicyopus chloe (broken line) and Akihito vanuatu (dotted
line) and various sampling sites (b–e) (dotted line) on the Ryukyu Archipelago, Papua, New Caledonia, and Vanuatu, respectively.
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10% clove essential oil and were then kept in 99%
ethyl alcohol. Fish were then dissected under a binoc-
ular magnifier (40 X; Olympus VMZ, Germany).
The otoliths were placed in distilled water to clean
them, and we eliminated remaining tissues from the
macula and the vestibule using fine tweezers (Secor
et al. 1992). Standard lengths of the six juveniles
were 18.6–21.0 mm at the end of the experiment.
During the treatment, fish were fed on Artemia salina
nauplii and small pieces of dried krill every day, and
the water temperature was 22.5–23.0 °C.
The otoliths were embedded in epoxy resin (Epofix;

Struers, Champigny-sur-Marne, France) and ground
along a transverse section to expose the edge using
sandpaper (400–2000 grains per inch). Otoliths were
polished with abrasive powder (grain diameter, 0.5–
3.0 lm). The polished otolith sections were observed
under an optical microscope (AXIO Imager Z1; Zeiss,
Germany) and photographed using a digital camera
(AxioCam HRC; Zeiss) under a UV and a normal
light sources (10009 magnification with immersion
oil). The two alizarin-stained bands were located
under a UV light source, and then, numbers of opaque
increments between those two bands were counted in
the photographs taken under a normal light source.

Ageing

Left sagittal otoliths were extracted as in previous
section. The otoliths extracted from adults and juve-
niles were embedded in epoxy resin (Araldite 2020;
Escil, Chassieu, France). They were then ground in
transverse section down to the core of the otolith
using first a 1200-grain carbide silicon abrasive disc
and then a finer 2400-grain disc (Escil, Chassieu,
France). The embedded otoliths were polished
with alumina paste of decreasing grain diameter
(3–0.1 lm) on a felt-polishing disc. Grinding and

polishing were performed on an automatic grinder
(TegraPol 35; Struers, Champigny-sur-Marne,
France). All observations were made under an Olym-
pus BX51 light microscope equipped with an Olym-
pus DP20 digital camera (2009 magnification). Each
otolith was photographed (Fig. 2). The first increment
after the core is assumed to occur at hatching (Lec-
omte-Finiger 1999). The number of increments on
each otolith was independently counted by two read-
ers, from the core to the metamorphosis check.

Statistical analysis

The data were statistically processed using
XLSTAT2011 software (version 2011.4.02, Addin-
soft). First, the normality of the data was systemati-
cally verified using Shapiro–Wilk normality test,
allowing us to choose between parametric and non-
parametric tests. The consistency of the results
between the two readers was tested using Wilcoxon’s
paired test. The difference in the PLD between sam-
pling localities of S. zosterophorum was tested by a
one-way analysis of variance (ANOVA). The variability
of the PLD between sampling localities of S. chloe

Table 1. Sampling localities and numbers of Sicyopus zosterophorum, Smilosicyopus chloe and Akihito vanuatu specimens.

Vanuatu Santo Island Malekula Island Pentecost Island Ambae Island Gaua Island Total
Date Jul. 2005 Nov. 2008/Feb. 2010 Jan. 2010 Nov. 2007/Jan. 2010 Jul. 2005
S. zosterophorum n = 0 n = 16 n = 0 n = 0 n = 0 n = 16
S. chloe n = 4 n = 9 n = 0 n = 0 n = 5 n = 18
A. vanuatu n = 0 n = 0 n = 28 n = 31 n = 0 n = 59

New Caledonia Po Vila Kokengone Newe Dena Wewec Wan Pwé On Total
Date Jan. 2010 Jan. 2010/Oct. 2010 Jan. 2010 Oct. 2010 Jan. 2010
S. zosterophorum n = 11 n = 0 n = 9 n = 4 n = 0 n = 24
S. chloe n = 2 n = 17 n = 6 n = 3 n = 1 n = 29

Papua Bichain Creek Akuyama Total
Date Oct. 2010 Oct. 2010
S. zosterophorum n = 4 n = 4 n = 8

Japan Okinawa Island Iriomote Island Total
Date Mar.-Apr. 2010 Jul. 2007
S. zosterophorum n = 12 n = 2 n = 14

C

CM

100 μm

Fig. 2. Transversal section of sagittal otolith of a Sicyopus
zosterophorum adult. (C, core; CM, metamorphosis check mark).
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was tested with a Mann–Whitney U-test. A Kruskal–
Wallis test was conducted to analyse the differences
between species.

Results

Validation of daily increments

All of the six S. zosterophorum juveniles were suc-
cessfully marked with ALC solution (Fig. 3). The
number of increments between the two alizarin-
stained bands was 11 for five juveniles and 12 for
one juvenile. Here, we validated daily increments
deposited in S. zosterophorum otoliths, and we
assumed that this was the case for the other studied
species, S. chloe and A. vanuatu.

Ageing

For all otoliths, the daily increments were counted
from the core to the metamorphosis check mark by
two different readers. There was no significant differ-
ence between the two readers (Wilcoxon’s test,
P = 0.058). Consequently, we used the results of the
first reader. Results are summarised in Table 2.

The age at recruitment (mean ± SD) for S. zostero-
phorum is 54.6 ± 5.6 days, for S. chloe 53.6 ±
5.7 days and for A. vanuatu 55.4 ± 7.5 days. There
was no significant difference in the age at recruitment
between the species (Kruskal–Wallis test,
P = 0.154). Within S. zosterophorum, there was no
significant difference in PLDs between the different
sampling localities (ANOVA, P = 0.269), as for
S. chloe (Mann–Whitney U-test, P = 0.478).

Discussion

There were 11 daily growth otolith increments
between the two alizarin-stained bands in five of the
six S. zosterophorum individuals examined although
we expected to find 12 as there was 12 days between
the two ALC treatments. The fact that some individu-
als are missing increments has been reported in other
studies on Sicydiinae species using the ALC time
marking technique (Yamasaki et al. 2007; Iida et al.
2010). In our study, it is considered that there is no
otolith increment on the first day after the ALC treat-
ment for five individuals because of physiological
stress during the experiment as explained by Iida
et al. (2010) on Sicyopterus japonicus.
No significant differences were found between

PLDs for the three studied species (54.6 ± 5.6 days
for S. zosterophorum, 53.6 ± 5.7 days for S. chloe,
55.4 ± 7.5 days for A. vanuatu) despite the fact that
S. zosterophorum is a widespread species unlike the
other two. The two endemic species S. chloe and
A. vanuatu have a shorter PLD than some previously
studied endemic Sicydiinae such as Sicyopterus aien-
sis (mean ± SD – 79.2 ± 4.6 days) endemic to Vanu-
atu and Sicyopterus sarasini (76.5 ± 3.9 days)
endemic to New Caledonia (Lord et al. 2010), Cotyl-
opus acutipinnis (99.5 ± 18.5 days) endemic to the
Mascarene Islands (Hénaff 2008) or Lentipes concol-
or (86.2 ± 8.5 days) endemic to Hawaii (Radtke
et al. 2001). The widespread species S. zosteropho-
rum has a shorter PLD than the Indo-Pacific wide-
spread species Stiphodon percnopterygionus
(99 ± 16 days) from the Ryukyu Archipelago (Japan)
to Micronesia (Yamasaki et al. 2007), Sicyopterus
lagocephalus and the endemic species cited above.
Lord et al. (2010) showed that S. lagocephalus had a
longer PLD (131 ± 3.4 days) than the endemic cong-
eners S. aiensis and S. sarasini cited above. They
suggested in this case a positive relationship between
dispersal abilities, geographical distribution and the
PLD, that is, a species with a long PLD would dis-
perse further than a species with a shorter PLD. The
diadromous species Kuhlia rupestris (Percoidei),
which is widely distributed in the Indo-Pacific area,
has a longer PLD (40.6 ± 6.9 days) than K. sauvagii
(32.3 ± 3.4 days), endemic to the Indian Ocean

(a)

(b)

Fig. 3. Sagittal otolith of a Sicyopus zosterophorum juvenile
(19.1 mm in standard length) immersed in alizarin complexone
solution twice with a twelve-day interval. Photographs (a) and (b)
were taken on same position of the otolith under a UV and a nor-
mal light sources, respectively. Triangle A, first alizarin-stained
band; triangle B, second alizarin-stained band; triangle C, edge of
the otolith; white dots, increments between two alizarin-stained
bands; scale bars, 5 lm.
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(Feutry et al. 2012). The authors concluded that the
PLD is probably one factor controlling the extent of
distribution range in Kuhlia. However, for Sicyopte-
rus japonicus, endemic to the Taiwan–Japan region,
Shen & Tzeng (2008) showed that the PLD of this
species in Taiwan was 163 ± 12.79, and Iida et al.
(2008) showed that the age at recruitment in Wakay-
ama, Japan, was 208 ± 22 days; both results are sim-
ilar to S. lagocephalus PLD, and despite its
endemicity, S. japonicus has a long PLD. But
S. japonicus is the only temperate Sicydiinae species,
and its long PLD may be linked to the timing of
reproduction and recruitment during specific seasons,
which are well marked in the temperate zone unlike
in the tropical zone (Iida et al. 2008). Finally, Wel-
lington & Victor (1989) and Victor & Wellington
(2000) compared the PLD of endemic (28–68 days)
and widespread (18–74 days) marine congeners of
wrasses and damselfish in the eastern Pacific Ocean,
and they concluded that there was no correlation
between the PLD and the geographical distribution of
these species.
The discrepancy of these results suggests that ele-

ments other than the PLD should be considered to
explain the differences in the geographical distribu-
tion of the studied species. The interaction of biologi-
cal processes such as reproduction, larval
development, larval behaviour and survival, and
physical processes such as climate and ocean currents
(direction and strength), could affect dispersal,
recruitment and distribution of Sicydiinae species
(McDowall 2010). Each species might also exhibit
different habitat preferences. Parameters such as the
nature of the substrate could regulate the survival of
juveniles and adults. For example, S. sarasini exclu-
sively colonises rivers that run on an ultramafic sub-
strate (nickel rich substrate) in New Caledonia (Lord
et al. 2010). The substrate in streams could also regu-
late recruitment, because the microchemistry of the
rivers is suggested to act as a specific signal for post-
larval recruitment into the estuary (Lord et al. 2010).
Even though the PLD of S. zosterophorum,

S. chloe and A. vanuatu was shorter in comparison
with the other Sicydiinae species studied so far, the
PLD of all Sicydiinae species is much longer than
those found in the typical coastal marine gobies (ca.

30–45 days: Brothers et al. 1983; Beldade et al.
2007; Maeda et al. 2008a). Some amphidromous
gobioids, such as Eleotris and Awaous, also have a
longer PLD (Radtke et al. 1988; Maeda et al. 2007).
This may reflect sparseness of the habitat of those
amphidromous gobioids (insular freshwater streams)
compared with coastal fish, as colonisation to the
sparsely distributed habitats might require greater dis-
persal ability with longer PLD (Maeda et al. 2007,
2008b, 2011). The metamorphosis of Sicydiinae post-
larvae is a physiological phenomenon involved with
the recruitment (Taillebois et al. 2011), which impli-
cates a relatively high plasticity in the recruitment
timing. The potential of longer PLD enables a delay
in metamorphosis to find suitable habitat (Victor
1986; Keith et al. 2008). However, the lack of varia-
tion of PLD observed between and within (SD
between 5.6 and 7.5) the three Sicydiinae species in
the present study suggests that these three species
cannot delay the metamorphosis as much as Sicyopte-
rus species for example. Although some Sicydiinae
species have generally been considered to have a cer-
tain plasticity in timing of the recruitment (Keith
et al. 2008), the results of the present study suggest
that this concept should be reconsidered for some
species.
The current study has improved our knowledge

with regard to the PLD of endemic and more widely
distributed Sicydiinae species. PLD is not the only
factor determining species’ distribution and most
likely interacts with other variables such as larval
behaviour, environment, distribution of the pelagic
larvae, currents, substrate preferences of adults and
juveniles, etc. These variables and factors should be
further studied to understand Sicydiinae dispersal.
These new insights into PLD and recruitment plastic-
ity will help implement conservation measures for
these species and their habitat.
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