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ABSTRACT

Context. Eleutheronema tetradactylum is exploited throughout its distribution in the Indo–West
Pacific region. However, there is a lack of data on its life cycle in near-equatorial regions and the
northern hemisphere. Aim. To investigate the age, growth, sex change and reproduction of
Eleutheronema tetradactylum in southern Thailand. Methods. Analysis of length, otolith and gonad
data of 449 fish. Key results. Contrary to findings from regions at higher latitudes, otoliths did
not show seasonal increment formation. Instead, with the exception of large individuals, daily
increments were distinguishable. Within the age range of 69–341 days, growth was linear, with
results indicating a total length of 430 mm (69% of maximum length) at 1 year. The youngest
mature male was 137 days old. Moreover, the length at which half the individuals changed from
male to female was 376 mm, corresponding to 282 days. The gonadosomatic index indicated no
specific spawning season, and the hatch-date calculations indicated year-round hatching.
Conclusions. Eleutheronema tetradactylum inhabiting near-equatorial regions is characterised by
rapid population turnover compared with populations of higher latitudes. Implications. Our
findings indicated life-history variability, including seasonality loss in near-equatorial habitats, of
an important coastal fish. This information is important for species conservation.

Keywords: age, annulus formation, growth, life history, otolithmacrostructure, otolithmicrostructure,
reproduction, sex change.

Introduction

The blue threadfin (Eleutheronema tetradactylum) belongs to the family Polynemidae 
(order Perciformes) and is widely distributed in tropical and subtropical waters of the 
Indian and western Pacific Oceans (Motomura 2004). This species is fished in many 
countries because it has excellent meat quality and occurs in shallow coastal and 
brackish waters (Motomura 2004). However, previous studies on its life history, considered 
as a basis for fisheries management (e.g. age and growth), were all conducted in Australia 
(Garrett 1997; Pember et al. 2005; Ballagh et al. 2012), which lies at the southern end of the 
distribution. 

Eleutheronema tetradactylum has been confirmed to be a protandrous hermaphrodite by 
the presence of males in the smaller size groups and females only in the large size groups, 
along with observation of degenerating testicular tissue and developing ovarian tissue in 
transitional gonads (Pember et al. 2005; Shihab et al. 2017). In northern Western 
Australia, the vast majority of individuals reach maturity at the end of their first year of 
life and change sex to female by the end of their third year of life (Pember et al. 2005). 
There are fewer protandrous (male-to-female sex change) than protogynous (female-to-
male sex change) species (Kuwamura et al. 2020), and studies on their life history are 
limited. Protandrous species, having a higher proportion of females in larger individuals, 
are likely to be vulnerable to size-selective fishing such as gill-net fishing because 
harvesting of large individuals will result in the selective removal of females, thereby 
considerably reducing egg production in the population (Moore et al. 2017). Therefore, 
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the management of hermaphroditic fish species must include 
sex-change schedules, which requires information about not 
only the age and growth of individuals but also length and 
age at sex change (Provost and Jensen 2015). 

The spatial population subdivision of E. tetradactylum has 
been extensively studied in Australia (Garrett 1997; Zischke 
et al. 2009; Horne et al. 2011, 2013; Moore et al. 2011; 
Newman et al. 2011; Ballagh et al. 2012). These studies 
have demonstrated a high degree of variation in life-history 
characteristics (more than two-fold variability in both length 
at sex change and asymptotic length) among subpopulations 
(Ballagh et al. 2012). This finding implies that the results of 
previous studies conducted in Australia cannot be extrapolated 
to predict the life-history characteristics of populations in 
other regions. In particular, it is unclear whether the life-
history characteristics of this species in near-equatorial regions, 
where life-history studies on coastal fish are rarely conducted, 
are similar or different from those studied in higher-latitude 
regions. Some studies on other fish species have reported 
differences in reproductive characteristics between low- and 
high-latitude habitats (e.g. Gray et al. 2012; Wakefield et al. 
2015; Coulson and Poad 2021). Hence, there is a need to 
investigate the life history, including reproductive season, of 
E. tetradactylum beyond Australia, especially in near-equatorial 
tropical habitats. 

Eleutheronema tetradactylum is listed as Endangered under 
the International Union for Conservation of Nature (IUCN) 
Red List, with a population trend towards a rapid decrease 
in individuals (Motomura et al. 2015). In Thailand, gill-net 
fisheries have targeted this species (Kongasa and Ruangpatikorn 
2020), resulting in growing concerns about overfishing. 
Thus, there is an urgent need to study the life history of 

E. tetradactylum in this region. In this context, our study aims 
to obtain baseline information for the fisheries management 
of E. tetradactylum populations in near-equatorial environments 
by analysing age, growth, sex change and reproductive data of the 
species in Thailand. 

Materials and methods

Sample collection and measurement

In southern Thailand, fishers use gill nets with a mesh size of 
6.25–7.50 cm in coastal areas at a depth of 2.5–16.0 m to 
catch E. tetradactylum (Kongasa and Ruangpatikorn 2020). 
Between June 2015 and May 2016, we randomly collected 
~30–40 specimens of this species once a month from some 
catches of a threadfin gill-net fishery in Songkhla and Nakhon 
Si Thammarat in the Gulf of Thailand (Fig. 1). Coastal 
water temperatures at Khanom Beach (9°11 0N, 99°52 0E), 
located near the sampling area, were obtained from the 
sea-temperature database (satellite data available at http:// 
seatemperature.info/khanom-beach-water-temperature.html). 
During the sampling period (June 2015–May 2016), the 
annual average sea-surface temperature of Khanom Beach 
was 29.7°C, with a minimum monthly average of 28.5°C in  
February and a maximum monthly average of 31.4°C in May 
(Supplementary Fig. S1). In the laboratory, the total length 
(TL) of fish samples was recorded to the nearest millimetre, 
in addition to bodyweight (BW) and gonad weight (GW), 
both being recorded to the nearest gram. Individuals were 
classified as female, male, or undifferentiated on the basis 
of macroscopic examination of the gonads. Length–weight 

100°E 
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Gulf of Thailand 

Thailand 

Songkhla 

Fig. 1. Location and sampling sites of Eleutheronema tetradactylum.
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relationships were determined by fitting the allometric model 
below: 

BW = aTLb 

Parameters a and b were estimated using non-linear least-
squares (NLS) regression analysis. All model fittings were 
performed with NLS or linear least-squares regression analyses 
by using KyPlot (ver. 6.0, Kyenslab, Tokyo, Japan; Yoshioka 
2002). To compare the length–weight relationships between 
females and males, analysis of covariance (ANCOVA) was 
performed on the log-transformed datasets by using BellCurve 
(ver. 3.21, Social Survey Research Information, Tokyo, Japan) 
for MS Excel (ver. 1808, Microsoft, Redmond, WA, USA). To 
compare the length–weight relationship with results from 
previous studies based on fork length (FL) rather than TL, 
we converted FL–BW relationships to TL–BW relationships 
by using a FL–TL equation (Garrett 1997). Similarly, other 
FL values from previous studies were also converted to TL 
values to enable comparisons with our results. 

Ethical review and approval was not required for this 
animal study in accordance with institutional requirements 
of Institute of Animals for Scientific Purposes Development 
of Thailand because we bought fish samples that had been 
taken in commercial catches. 

Sex-change size and reproduction

To determine the size at sex change, a logistic function was 
fitted to the proportion of females in each 25-mm length 
class, following Ballagh et al. (2012). The logistic function 
was calculated as follows: 

� � 
1 + e−ln19ðS− S50Þ÷ðS95 − S50 Þ −1PS = 

where PS is the proportion of females in each Length class S, 
and S50 and S95 are the lengths at which 50 and 95% of the 
population are females respectively. To identify reproduc-
tive traits and obtain monthly trends, the gonadosomatic 
index (GSI) was calculated as follows: 

GSI = GW ÷ ðBW − GWÞ × 100 

In addition, for individuals collected between January and 
May 2016 (females: n = 88, males: n = 97), the gonad develop-
ment stages were determined macroscopically on the basis of 
Kesteven (1960; Supplementary Table S1). 

Otolith macrostructure

Sagittal otoliths were removed from the fish, cleaned and 
stored dry. Whole sagittal otoliths were immersed in mineral 
oil and observed under reflected light against a black 
background by using a stereoscopic microscope (SMZ1000; 
Nikon, Tokyo, Japan; magnification 8×) and photographed 

using a digital camera (DS-Fi1; Nikon) mounted on the 
microscope. To determine the relationship between fish size 
and otolith size, the otolith radius (OR) was measured from 
the core to the anterior edge of the otolith (Fig. 2), and the 
allometric model was fitted to the TL–OR data according to 
Ballagh et al. (2012). In estimating the age of E. tetradactylum, 
Pember et al. (2005) and Ballagh et al. (2012) counted the 
opaque zones observed in the posterior field of the otoliths. 
Although in the present study, otolith zonation patterns were 
not evident in the posterior field, translucent zones were 
detected in the anterior field of the otoliths (Fig. 2) and, 
hence, were considered in subsequent analyses. For 63 of 
the sampled specimens, the anterior fields of both the left 
and right otoliths were broken during storage. Thus, the 
remaining 386 specimens were used for otolith analysis. 
The number of translucent zones were counted three times 
by the same person, without prior knowledge of fish length 
or previous counts. To investigate the precision of the zone 
readings, the coefficient of variation (CV) of the three 
counts was calculated for each specimen and averaged 
across all specimens (Chang 1982). 

CV = standard deviation ÷ mean × 100 

For 210 otoliths for which the counts differed across the 
three readings, the specimen was deemed illegible and 
excluded from subsequent analyses. To determine the period-
icity of translucent-zone formation, we analysed the edge and 
marginal increment ratio (MIR). Edge analysis was based on 
the method described by Yamaguchi et al. (2004) to examine 
monthly changes in the percentage occurrence of otoliths with 
translucent margins. In addition, we used MIR analysis, 
based on the method described by Kume et al. (2010), to  
examine monthly trends in the marginal increments of otoliths. 
The MIR was calculated separately for one translucent-zone 
group and more than one translucent-zone group, as follows. 

One translucent zone group: 

MIR = ðOR − r1Þ ÷ r1 

OR 

PA 

V 

D 

Core 

Fig. 2. Right sagittal otolith of Eleutheronema tetradactylum (422-mm
total length) collected from the southern Gulf of Thailand. Arrowheads
indicate outer edge of each translucent zone. OR, otolith radius;
A, anterior; P, posterior; V, ventral; D, dorsal. Scale bar: 1 mm.
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More than one translucent zone group: 

MIR = ðOR − rnÞ ÷ ðrn − rn−1Þ 

where r1 is the radius of the first translucent zone, rn is the 
radius of the last translucent zone, and rn−1 is the radius of 
the second to the last translucent zone. The radius of each 
translucent zone was measured from the core to the outer 
edge of the translucent zone along the OR (Fig. 2). Although 
Garrett (1997) suggested that otoliths of E. tetradactylum be 
sectioned prior to reading, Pember et al. (2005) found that 
sectioning did not improve the accuracy of age estimation 
in this species. In this study, to determine whether otolith 
sectioning was useful, otoliths of 72 specimens were sectioned 
transversely following the method described by Ogino et al. 
(2020) and investigated under a stereoscopic microscope. 

Age and growth

Age estimation by using otolith seasonal increments was not 
possible (see Discussion section). So, age estimation by using 
daily increments in otoliths was conducted. Daily increment 
formation in otoliths of E. tetradactylum has been validated 
by examining otoliths removed from known-age fish, which 
were hatched and reared under natural environmental 
conditions in Taiwan (Su et al. 2019). Therefore, the micro-
increments observed in the otolith sections in the present 
study were presumed to be formed daily. For otoliths that 
had not been broken during storage, otolith weight (OW) 
was recorded to nearest 0.1 mg and then transverse sections 
were cut. The otolith sections were bonded to a microscope 
slide, ground using a grinding machine (ML-110NT; Maruto, 
Tokyo, Japan) with 5000-grit waterproof sandpaper until the 
daily increments were clearly visible, and then polished using 
a 1-μm alumina suspension. The resulting thin sections were 
investigated under an upright microscope (ECLIPSE Ci-L; 
Nikon; magnification 200×) and photographed using a 
digital camera (DS-Ri1; Nikon) mounted on the microscope. 
Using digital images, the numbers of daily increments were 
counted three times by the same person, without prior 
knowledge of fish length or previous counts. The CV values 

Results

Size composition

Of the total 449 specimens collected, 240 were female, 194 
were male and 15 were undifferentiated. The size range 
was 178–624 mm, with bodyweight ranging from 45 to 
2460 g (Fig. 3). The mode was observed at 275–300 mm in 
TL for males and 400–425 mm in TL for females. To investi-
gate the possibility of age estimation using length–frequency 
analysis, monthly size–frequency distributions were compared. 
However, no obvious monthly trend in size range or mode was 
evident (Fig. S2). 

Length–weight relationship

Our results indicated a significant sex difference in the TL–BW 
relationship (ANCOVA on log-transformed data: slopes, 
F1, 430 = 0.17, P = 0.7; intercepts, F1, 431 = 10.1, P = 0.002). 
However, because E. tetradactylum is a protandrous 
hermaphroditic, we analysed the TL–BW relationship by 
combining the data of both sexes (Fig. S3). The parameter 
estimate and standard error (s.e.) of the allometric model 
were 4.28 × 10−6 and 0.75 × 10−6 for a, and 3.12 and 0.03 
for b respectively. The value of coefficient of determination 
was 0.97. 

Sex-change size and reproduction

From our results, the estimated values of S50 and S95 were 
376 mm TL (s.e. = 2) and 482 mm TL (s.e. = 7) respectively 
(Fig. 4). The GSI values showed a large variation among 
individuals, even when collected in the same month, and 
no clear seasonal trend was evident for either sex (Fig. 5). 
Our results did not indicate a clear relationship between TL 
and GSI for either sex, although an increase in GSI values 
with TL > 250 mm for males and TL > 350 mm for females 
was observed (Fig. S4). Of the individuals investigated for 
maturity stage, the smallest mature male had a TL of 273 mm, 
and the smallest female that was spawning had a TL of 
343 mm. Regarding the monthly proportion of the developmental 

for the three counts were calculated for each specimen. 
When the CV was <5%, the mean of the three counts was 
calculated and recorded as the number of daily increments. 
When the CV was ≥5%, the specimen was excluded from 
the analyses (Campana 2001). The relationship between 
OW and age was established to allow checking the precision 
of the daily increments (Trip et al. 2014). Following Choat and 
Axe (1996), the linear and allometric models to the OW–age 
data were fitted. To analyse growth, three candidate models 
(linear, von Bertalanffy and Gompertz models) were fitted to 
the age–length data (Su et al. 2020). The best model for each 
dataset was selected using the Akaike information criterion Fig. 3. Length–frequency distribution of Eleutheronema tetradactylum
(AIC) (Akaike 1974). collected from the southern Gulf of Thailand.
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Fig. 4. Proportion of females in each 25-mm length class with fitted
logistic curve for Eleutheronema tetradactylum (n = 449) collected from
the southern Gulf of Thailand.

Fig. 5. Monthly trends of gonadosomatic index of (a) male and
(b) female Eleutheronema tetradactylum collected from the southern
Gulf of Thailand.

stages of gonads, mature males were found across all sampled 
months (January–May), with percentages ranging from 62 to 
100% (Fig. 6a). Similarly, females with F4 (spawning stage) 
and F5 (spent stage) gonads accounted for 30–60% across 
all sampled months (Fig. 6b). 

Otolith macrostructure

The relationship between TL and OR was well described by 
the allometric model (Fig. S5). The parameter estimate of 
the allometric model was 0.049 (s.e. = 0.004) for a and 
0.75 (s.e. = 0.01) for b, with a coefficient of determination 
of 0.89. The mean CV of the translucent-zone count was 
38.8%. Only 176 specimens (45.6%) exhibited a legible otolith 
zonation pattern. Several examples of otoliths are shown in 

Fig. 6. Monthly (January–May) gonadal maturity stages of (a) male and
(b) female Eleutheronema tetradactylum collected from the southernGulf
of Thailand. Numbers above columns indicate sample sizes of each
month. M1, immature; M2, mature; F1, virgin; F2, developing; F3,
gravid; F4, spawning; F5, spent.

Fig. S6 of the Supplementary material. Among the legible 
otoliths, we observed 0–3 translucent zones. The TL ranges 
of the specimens with 0, 1, 2 and 3 translucent zones were 
178–455, 209–624, 281–556 and 422–541 mm respectively 
(Fig. S7). Both edge and MIR analyses showed no 
significant seasonal trends, indicating lack of periodicity in 
translucent-zone formation (Fig. S8). Observation of otolith 
sections for 72 specimens (178–624 mm TL) showed that 
the otolith zonation pattern (seasonal increments) could not 
be clearly observed (Fig. S9). 

Age and growth

The daily increments in the sectioned otoliths (Fig. 7) were  
easier to count for smaller specimens, because daily incre-
ments near the otolith margin became more unclear as TL 
increased. It was impossible to count the daily increments 
in most specimens with a TL of ≥400 mm. Of the 55 specimens 
(178–422 mm TL), for which OW could be recorded and 
otolith daily increments were detectable, 46 (84%) had 
legible daily increments. Their estimated age range was 
69–341 days. Within this age range, the allometric model 
fitted the OW–age data better than did the linear model 
(Table 1, Fig. 8a). In addition, the age–TL data were best 
fitted by the linear model, with the other fitted models (von 
Bertalanffy and Gompertz) also becoming approximately 
linear within this age range (Table 1, Fig. 8b). On the basis 
of the linear growth model, our results indicated a TL of 
430 mm at 1 year of age, with the S50 value (376 mm TL) 
corresponding to 282 days (0.8 years). Among the males 
whose age was estimated, youngest mature individual 
(281 mm TL) was 137-day-old (0.4 year). The hatch date of 
each specimen was calculated from the estimated age and 
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Table 1. Models describing the relationship between age (days) of
Eleutheronema tetradactylum with otolith weight (OW, mg) and total 8 

n = 46 
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length (TL, mm).

Model Equation AIC Δ 

OW–age relationship

Allometric Age = 29.1 OW0.692 417 0

Linear Age = 8.67 OW + 53.9 426 9

Age–TL relationship

Linear TL = 0.826 age + 129 426 0

von Bertalanffy −0.0000162(age + 155)}TL = 51224{1 − e 428 2

Gompertz TL = 1169 exp (−2.10e−0.00207age) 428 2

Δ is the difference in Akaike information criterion (AIC) values between each
model and the best model.

collection date, with results indicating that E. tetradactylum 
hatched in all months of the sample period (Fig. 9). 

Discussion

Body size

A comparison of the length–weight relationship of 
E. tetradactylum obtained for the southern Gulf of Thailand 
with results from previous studies (Fig. S10) showed similar-
ities with fish from northern Western Australia (Pember et al. 
2005) and the eastern Gulf of Carpentaria, Australia (Garrett 
1997). However, individuals in southern Thailand may be 
heavier on the basis of length than those in northern Australia 

Fig. 9. Hatch-date distribution for Eleutheronema tetradactylum
collected from the southern Gulf of Thailand.

(Ballagh et al. 2012) and Chilika Lagoon, India (Karna et al. 
2012; Panda et al. 2016). In the present study, the highest 
TL (624 mm) was similar to that of fish in Chilika Lagoon, 
India (613 mm) (Panda et al. 2016). In contrast, results from 
three studies conducted in Australia indicated a maximum 
size range from 463 to 1049 mm (Table 2). Within this context, 
the maximum TL in the present study is relatively small. Such 
regional variation in maximum size might represent a sampling 
bias but is more likely to represent regional differences in growth, 
including longevity (Ballagh et al. 2012). As such, we suggest that 
the length–weight relationship of E. tetradactylum may vary 
depending on the environment or region. 

Reproductive seasonality

In Australia, in the southern hemisphere, three studies have 
reported that E. tetradactylum has a long spawning period 
of 5–9 months from winter to spring–autumn, specifically, 
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Table 2. Comparison of total length at 1 year of age (L1), the length or age at which 50% of individuals completed sex change (S50), and maximum
observed total length (Lmax) and age (Amax) of Eleutheronema tetradactylum, as reported in various studies.

Country Location Latitude n L1 S50 Lmax S50 Amax Study
(mm) (mm) (mm) (year) (year)

Thailand Songkhla–Nakhon Si Thammarat 8–9°N 449 430 376 624 0.8 ne Present study

Australia Qld, eastern GoC (Aurukun, Archer River) 14°S 64 295 – 707 – 5 Ballagh et al. (2012)

Australia Qld, eastern GoC (Aurukun, Love River) 14°S 82 271 248 628 1.4 4 Ballagh et al. (2012)

Australia NT, western GoC (Blue Mud Bay) 14°S 58 267 – 463 – 4 Ballagh et al. (2012)

Australia NT, western GoC (Blue Mud Bay, Walker 14°S 73 231 359 702 2.0 6 Ballagh et al. (2012)
River)

Australia NT, western GoC (Roper River) 15°S 51 259 390 623 1.5 4 Ballagh et al. (2012)

Australia Qld, eastern GoC (Mitchell River–Albert 15–18°S 664 301 – 1049 – 7 Garrett (1997)
River)

Australia Qld, eastern GoC (Burketown) 17°S 46 261 – 674 – 5 Ballagh et al. (2012)

Australia WA (Roebuck Bay–Cape Keraudren) 17–20°S 1466 243 401 793 2.0 5 Pember et al. (2005)

Australia WA, Kimberley (Roebuck Bay) 18°S 131 238 383 715 2.0 5 Ballagh et al. (2012)

Australia Qld, eastern coast (Townsville) 19°S 80 257 490 669 2.5 5 Ballagh et al. (2012)

Australia WA, Eighty Mile Beach 20°S 76 224 349 633 1.6 4 Ballagh et al. (2012)

Australia Qld, eastern coast (Capricorn) 24°S 144 209 538 933 3.4 6 Ballagh et al. (2012)

L1 was calculated by the growth function of each population. The fish-length values of Ballagh et al. (2012) and Garrett (1997) were converted from fork length to total
length, by using the formula in Garrett (1997).
n, the sample size; ne, not estimable from otoliths. Qld, Queensland; WA, Western Australia; NT, Northern Territory; GoC, Gulf of Carpentaria.

August to January in northern Western Australia (Pember 
et al. 2005), July to November in the eastern Gulf of 
Carpentaria (Garrett 1997) and August to April on the 
eastern coast of Queensland (Russell 1988). However, in 
the northern hemisphere, no reliable information exists on 
the spawning season of this species. Nesarul et al. (2014) 
estimated that the spawning season of E. tetradactylum off 
the coast of Bangladesh (22°N) is February–March and July– 
August on the basis of the GSI of 24 females. Similarly, Zamidi 
et al. (2012) estimated the spawning season of this species in 
Malaysia (2°N) to be from March to September on the basis of 
the GSI of 15 females. In Thailand (9°N), on the basis of a 
sample size of 237 females, we found that the GSI values 
showed no clear seasonal trend and large inter-individual 
variation in all the months. This suggests that the timing of 
spawning in Thailand varies among individuals, and can 
occur throughout the year. Notably, our results indicate 
that hatching occurs in all months on the basis of the 
calculations of hatching dates by using daily age estimates. 
Although the decrease in the mean GSI of females and increase 
in the proportion of post-spawning females from January to 
February (Fig. 5b, 6b) might suggest intense reproduction in 
January, more samples are needed to estimate the monthly 
intensity of reproduction, which occurs throughout the year. 
Further research on the histological analysis of gonads and 
seasonal changes in sex hormone concentrations of this species 
in near-equatorial habitats would provide detailed information 
of the reproductive cycle at the individual level, including 
information on size and age at maturity. This would improve 

our understanding of the regional differences in the reproduc-
tive cycle at the species level. 

Size at sex change

Pember et al. (2005) investigated the sizes at which sex 
change occurs for E. tetradactylum in northern Western 
Australia and found that S50 and S95 were 402 mm and 
460 mm TL respectively. In addition, Ballagh et al. (2012) 
conducted an investigation in seven regions of northern 
Australia and found that the size at which sex change occurred 
varied considerably by region; namely, S50 ranged from 208 
to 465 mm FL (total length equivalent: 254–550 mm) and 
S95 ranged from 337 to 540 mm FL (total length equivalent: 
403–636 mm). When these S50 values were plotted against 
latitude, there was a decreasing trend at lower latitudes (Fig. 10b). 
However, the S50 value (376 mm TL) in the present study fell 
within the range of previous studies, even though the study 
area was located at a lower latitude (Fig. 10b). 

According to Allsop and West (2003), who demonstrated a 
life-history invariant for sex change (i.e. that fish change sex 
at a fixed percentage of their maximum size) using datasets for 
various fish species, the value of S50 divided by maximum 
size (S50 ÷ Lmax) was 0.79, regardless of species. Although 
the study did not refer to any intraspecific variability, the 
S50 ÷ Lmax value of 0.60 calculated from the results of the 
present study indicates that E. tetradactylum in southern 
Thailand changes sex at relatively small sizes relative to 
maximum size. Moreover, calculations based on data from 

568



www.publish.csiro.au/mf Marine and Freshwater Research

Fig. 10. Latitudinal differences of (a) total length at 1 year of age (L1),
and (b) length or (c) age at which 50% of individuals had completed sex
change (S50) for Eleutheronema tetradactylum. Black circles represent the
present study, a grey square refers to Garrett (1997), grey triangles
represent Pember et al. (2005) and grey circles indicate Ballagh et al.
(2012).

previous studies on this species showed that the S50 ÷ Lmax 

value is 0.51 in northern Western Australia (Pember et al. 
2005) and ranged between 0.39 and 0.73 for seven 
populations in northern Australia (Ballagh et al. 2012). 
Despite being from different environments, the values for 
the populations of this species were consistently lower than 
0.79, contrasting with the finding of Allsop and West 
(2003). This indicates that for E. tetradactylum, the size at 
which sex change occurs is small relative to the maximum 
size. The implications of this are not yet understood. Future 
investigations may reveal the significance of sex change at 
small sizes for this species. 

Otolith macrostructure

In our study, we initially considered that the estimation of fish 
age would be possible by counting translucent zones because 
the otoliths of E. tetradactylum in southern Thailand grew as 
the body grew and formed zonation patterns with a maximum 
of three translucent zones. However, the counts of translucent 
zones were inconsistent for more than half of the individuals 
because of the difficulty in otolith interpretation related to the 
low contrast between translucent and opaque zones and large 
individual differences in zone width (Fig. S6). Moreover, no 
clear relationship was found between the number of 
translucent zones and fish TL (Fig. S7). Furthermore, the MIR 
and edge analyses did not demonstrate the periodicity of 
translucent-zone formation (Fig. S8). Additionally, no distinct 

zonation patterns were observed, even when the otoliths 
were sectioned (Fig. S9). Therefore, it was not possible to 
estimate fish age using seasonal increments in otoliths for 
E. tetradactylum from southern Thailand. This contrasts with 
results from previous studies conducted in Australia that 
successfully estimated the age of E. tetradactylum by using 
otolith seasonal increments (Garrett 1997; Pember et al. 2005; 
Zischke et al. 2009; Ballagh et al. 2012). These fish came from 
higher latitudes than those considered in present study area. 

Several studies that compared the clarity of otolith seasonal 
increments  in  the same species  among different tropical regions 
showed that seasonal increments tend to be less clear at lower 
latitudes (with smaller annual temperature changes) (Fowler and 
Doherty 1992; Caldow and Wellington 2003; Choat et al. 
2003). Considering the inherently large interspecific variation  
in the clarity of otolith seasonal increments (Fowler 1995; 
Choat et al. 2009), it is expected that fish from some regions 
cannot be aged. Although reports of successful ageing for 
tropical species using otolith seasonal increments have increased 
in recent years (Longhurst and Pauly 1987; Fowler 2009), 
few studies have explicitly described the difficulties encoun-
tered in interpreting seasonal increments in such species 
(Morales-Nin and Panfili 2005). One reason for this may be 
that if the seasonal increment of otoliths is too unclear for 
age estimation, growth analyses cannot be performed, and 
studies are unlikely to be reported. Therefore, our findings 
provide valuable information indicating that a species with 
distinguishable otolith seasonal increments in regions relatively 
far from the equator (>14°S) has indistinguishable otolith 
seasonal increments in a region near the equator (9°N; Table 2). 

Age, growth and age at sex change

Although seasonal increments could not be detected in 
otoliths of E. tetradactylum in the present study, it was 
possible to estimate age using daily increments. Similar to 
reports for other species (e.g. Oxenford et al. 1994; Stocks 
et al. 2019), there is an upper limit to the number of daily 
increments that can be counted, which in this case was 
approximately 1 year (341 days). However, it has been 
reported that OW can be used as an indirect age indicator 
because age and OW have a linear relationship throughout 
the life in many fish species (e.g. Anderson et al. 1992; 
Worthington et al. 1995; Choat and Axe 1996; Newman 
et al. 1996). By extrapolating the linear relationship between 
OW and age beyond the first year, we estimated the age of fish 
with maximum otolith weight (75 mg) to be 1.9 years, or with 
the allometric model, to be 1.6 years. This suggests that the 
lifespan of E. tetradactylum in southern Thailand may be 
shorter than those reported in any of the previously studied 
regions (lifespan, 4–7 years; Table 2). 

On the basis of the linear growth model used in this study, 
the TL at 1 year of age (L1) of  E. tetradactylum in southern 
Thailand was calculated as 430 mm. For comparison, the L1 

of Australian populations, which was calculated using the 
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growth curves reported in previous studies, ranged from 
209 to 301 mm (Table 2). This comparison indicated that 
E. tetradactylum has a faster growth rate in southern Thailand 
than in Australia (Fig. 10a). In future, smaller individuals 
should be sampled to clarify early stage growth on the basis 
of daily age estimation, and growth analysis methods such 
as mark–recapture should be used for larger fish. 

Junnan et al. (2020) reported that 7-month-old (0.6 year) 
cultured E. tetradactylum (228 specimens) reared at similar 
water temperatures (28.0–30.7°C) as in the present study 
area, had an average TL of 264 mm. Moreover, 5.7% of 
these 7-month-old individuals had already undergone sex 
changes from male to female (Junnan et al. 2020). In the 
present study, the TL at 0.6 years of age was estimated as 
302 mm, with 11.3% of fish at this length being female 
(Fig. 4, 8). Considering the variability caused by differences 
in certain factors, such food and population density, between 
aquaculture and natural environments, the estimates obtained 
in the present study are considered reasonable. From macro-
scopic examination of the gonads, we found that the smallest 
mature male had a TL of 273 mm, whereas Shihab et al. 
(2017) reported a TL of 210 mm for the smallest mature 
male from specimens collected from across India. Moreover, 
Pember et al. (2005)  reported that the length at which 50% 
of males attain maturity was 201 mm TL in northern 
Western Australia, on the basis of maturity-stage determination 
by using a combination of macroscopic and histological 
examinations of the gonads. These results suggest that the 
macroscopic criteria for gonadal stages used in the present 
study may have classified smaller mature males with small 
flaccid testis (after spawning) as immature, and the maturity 
size of males in southern Thailand may be larger than that of 
the same species in other regions. However, this is currently 
unknown, and future histological examinations of the gonads 
are required to show the maturity size of near-equatorial 
populations of E. tetradactylum. The presence of a mature 
male at 137 days (0.4 years) of age and the estimated S50 of 
0.8 years suggested that, in southern Thailand, this species 
matures as a male within ~6 months of age, and 
subsequently most individuals change sex to female within 
the first year. This means that the southern Thailand 
population matures earlier than the Australian populations, 
for which the S50 has been reported as 1.4–3.4 years of age 
(Table 2, Fig. 10c). Hence, the life cycle of E. tetradactylum 
in regions near the equator is likely to be shorter than that 
in other regions. 

Conclusion

To the best of our knowledge, this is the first study to examine 
the age and growth of E. tetradactylum in a near-equatorial 
environment at a latitude of <10°, where sea temperatures 
remain constant throughout the year. Our study has 

provided a framework for future research within this field. 
The population in southern Thailand was characterised 
by rapid growth (reaching 69% of maximum size at 1 year 
of age), early maturity and sex change (under 1 year of age), 
and continuous spawning throughout the year. In other 
words, this population has a rapid turnover (i.e. short genera-
tion time) and the life history variation of E. tetradactylum 
is wider than previously reported. Populations of species 
with a short generation time can grow or decline quickly 
in response to environmental change, and a rapid decline in 
productivity often requires similarly rapid reductions in 
fishing effort (Pinsky et al. 2011). Moreover, in the tropical 
environment, where species diversity is high and many local 
fisheries catch a variety of large and small fish simultane-
ously, it is essential to devise management measures that 
take into account both the life history of the species and 
the needs of local fisheries. 

Supplementary material

Supplementary material is available online. 
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