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INTRODUCTION

The freshwater eels of the genus Anguilla, being
catadromous, migrate between freshwater growth
habitats and offshore spawning areas. Among their
various life-history events, metamorphosis from lepto-
cephalus to glass eel is one of the most interesting phe-
nomena. The timing of metamorphosis and the dura-
tion of the leptocephalus stage seem to constitute an

important biological key for determining the geo-
graphical distribution of eels (Tsukamoto & Umezawa
1994). Long-term larval migration in the sea might
have been involved in the world-wide distribution of
the genus and consequent speciation of Anguilla spe-
cies (Tsukamoto 1994, Tsukamoto & Aoyama 1998).
Fifteen species of Anguilla have been reported world-
wide, 10 being known from tropical regions (Ege
1939). Of the latter, 7 species/subspecies occur in the
western Pacific around Indonesia: A. celebesensis, A.
interioris, A. nebulosa nebulosa, A. marmorata, A. bor-
neensis, A. bicolor bicolor and A. bicolor pacifica (Ege
1939, Castle & Williamson 1974, Arai et al. 1999a). Re-
cent mitochondrial DNA analysis has revealed that A.
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ABSTRACT: Otolith microstructure and microchemistry of the tropical eels Anguilla celebesensis
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at metamorphosis and recruitment, respectively, were 84 to 95 d and 104 to 118 d in A. celebesensis,
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fica. No significant differences were found in mean ages among months within any one species,
whereas significant differences were found among species. Hatching was estimated to occur
throughout almost the entire year in A. celebesensis and A. marmorata compared with intermittently
over about 6 mo in A. bicolor pacifica. Based on year-round recruitment of A. bicolor pacifica at the
mouth of the Poigar River in an earlier study and age at recruitment being constant throughout the
year, the spawning season of this species may also occur throughout the year. In all species exam-
ined, positive linear relationships were found between age at metamorphosis and age at recruitment,
suggesting that early metamorphosing larvae were recruited to freshwater habitats at an early age.
Year-round recruitment of tropical glass eels to the river mouth would necessarily follow year-round
spawning and stable recruitment age. Such a recruitment mechanism differs from that of temperate
eels, the latter having a limited spawning season followed by a limited period of recruitment.
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borneensis from Borneo Island is closest to the ances-
tral form among the 15 presently known species (Ao-
yama 1998). Furthermore, the tropical species seem to
be more closely related to the ancestral form than their
temperate counterparts. Aoyama suggested that fresh-
water eels originated in the present-day Indonesian
region during the Cretaceous. Thus, studying larval
migration and metamorphosis in tropical eels may pro-
vide some clues to understanding the nature of primi-
tive forms of catadromous migration in freshwater eels
and how the large-scale migration of temperate spe-
cies became established.

Examination of otolith microstructure and micro-
chemistry has revealed considerable information on
the early life history of temperate Anguilla species
including A. japonica, A. anguilla, A. rostrata, A. aus-
tralis and A. dieffenbachi, there being many reports on
the age and growth of their leptocephali (Castonguay
1987, Tabeta et al. 1987, Tsukamoto 1990, Tsukamoto
& Umezawa 1990, Tzeng 1990, Umezawa & Tsuka-
moto 1990, Lecomte-Finiger 1992, Tzeng & Tsai 1992,
Cheng & Tzeng 1996, Wang & Tzeng 1998, Arai et al.
1999d, 2000b, Wang & Tzeng 2000, Marui et al. 2001).
We have determined that a marked increase in otolith
increment width coincident with a drop in Sr:Ca ratios
indicates the onset of metamorphosis, the latter appar-
ently being completed before the maximum peak of
otolith increment width (Otake et al. 1994, Arai et al.
1997). However, such information has been obtained
mainly from temperate species, little being known
about the early life history of tropical species, includ-
ing aspects such as spawning area and season, larval
growth and metamorphosis, migration and even re-
cruitment of glass eels to estuarine habitats. One of the
reasons for such oversights has its basis in the difficulty
of identifying sympatric species with overlapping mor-
phological characters (Tabeta et al. 1976a). For this

reason, even species composition is poorly known in
some tropical areas.

In the present study, we examined otolith micro-
structure and microchemistry of the tropical species
Anguilla celebesensis Kaup, A. marmorata Quoy &
Gaimard and A. bicolor pacifica Schmidt, collected at
the mouth of the Poigar River, north Sulawesi Island,
throughout 1997, and determined the timing and dura-
tion of metamorphosis, inshore migration period, age
at recruitment and hatching date. The results provided
a basis for discussion on the larval migration mecha-
nisms in these species. We also used data from this and
previous studies on anguillid early life history in an
attempt to understand the oceanic migration, evolution
and distribution of Anguilla species.

MATERIALS AND METHODS

Fish. Anguilla celebesensis, A. marmorata and A.
bicolor pacifica glass eels were collected at night
(20:00 to 04:00 h) with triangular scoop nets (mouth
0.3 m2, mesh 1 mm) at the mouth of the Poigar River,
north Sulawesi Island, Indonesia (Fig. 1), at the new
moon of each month of 1997. The glass eels sampled
were preserved in 99% ethanol immediately after col-
lection until species identification using mitochondrial
DNA (mtDNA) genotypes (Arai et al. 1999a). Total
length (TL) and predorsal, ano-dorsal and preanal
lengths of the specimens were measured to the nearest
0.1 mm, and the pigmentation stage was determined
after Bertin (1956).

In months where only a few specimens were col-
lected (February, March, September and December),
all were examined (2 to 10 specimens), whereas in
each of the other months (January, April to August,
October and November), 30 specimens were randomly

selected. Otolith analyses were per-
formed on a total of 272 glass eels (189
specimens of Anguilla celebesensis,
68 specimens of A. marmorata and 15
specimens of A. bicolor pacifica: see
Table 1).

Otolith preparation. Sagittal otoliths
were extracted from each fish, embed-
ded in epoxy resin (Struers, Epofix)
and mounted on glass slides. After
the radius was measured, otoliths were
ground to expose the core using a
grinding machine equipped with a dia-
mond cup-wheel (Struers, Discoplan-
TS), and further polished with 6 and
1 µm diamond paste on an automated
polishing wheel (Struers, Planopol-V).
They were then cleaned in an ultrasonic

254

Fig. 1. Map showing mouth of the Poigar River and study area from which glass 
eels Anguilla spp. were collected
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bath and rinsed with deionized water for the following
microchemical and microstructual examinations.

Otolith X-ray microprobe analysis. For electron
microprobe analyses, 112 otoliths (10 specimens each
month, except only 2 in September) were carbon-
coated by high-vacuum evaporator. Sr and Ca concen-
trations were measured along the longest axis of the
otolith using a wavelength dispersive X-ray electron
microprobe (JEOL JXA-733). Calcite (CaCO3) and
strontianite (SrCO3) were used as standards. Acceler-
ating voltage and beam current were 15 kV and 7 nA,
respectively. The electron beam was focused on a
point about 1 µm in diameter, with measurements
taken at 1 µm intervals. Each datum point represents
the average of 3 measurements of 4.0 s each. Micro-
probe measurement points were taken along a burn
transect from the otolith core to the outer margin. The
average of successive data of Sr and Ca concentrations
were pooled for every 10 successive growth incre-
ments and used for the life-history transect analysis.

Otolith increment analysis. Following the electron
microprobe analysis, the otoliths were repolished (to
remove the coating), etched with 0.05 M HCl, and vac-
uum-coated with Pt-Pd in an ion-sputterer for scanning
electron microscope (SEM, Hitachi S-4500) observa-
tions. Otoliths of a further 160 specimens were also
ground, the resulting surfaces being etched and coated
by the same procedure as for the SEM observations.
SEM photographs taken at various magnifications
(150×, 180×, 1000×, 1500×) were used to count the
number of growth increments and measuring their
width. The average of every 10 successive rings
between the hatch check and the edge were used to
analyze otolith growth. According to the findings of
Tsukamoto (1989), Umezawa et al. (1989), Umezawa
& Tsukamoto (1991), Martin (1995) and Arai et al.
(2000a), the growth rings in Anguilla japonica, A. ros-
trata and A. celebesensis are formed daily; therefore
the equivalent rings in A. marmorata and A. bicolor
pacifica were also considered to be formed daily.

Early life history analysis. Based on previous data
for otolith increment width and Sr:Ca ratios in Anguilla
japonica (Otake et al. 1994, Arai et al. 1997), A. rostrata
(Wang & Tzeng 1998, Arai et al. 2000b), A. australis
(Arai et al. 1999d), A. bicolor pacifica (Arai et al. 1999c),
A. celebesensis, A. marmorata and A. bicolor bicolor
(Arai et al. 1999d), A. anguilla (Arai et al. 2000b) and
A. dieffenbachi (Marui et al. 2001), age at Point M
(Fig. 2) (i.e. the point at which a marked increase in
otolith increment width coincides with a drop in Sr:Ca
ratios) was regarded as the onset of metamorphosis in
each species examined herein. Duration of the meta-
morphosis stage was regarded as the period between
the onset of a marked increase in otolith increment
width and the time at which maximum width was

recorded. The increments outside the maximum re-
corded otolith increment width were interpreted as
representing the inshore migration period. The num-
ber of increments between the hatch check and otolith
edge (Fig. 3) was regarded as the age at recruitment.

Statistical analyses. Differences among data were
tested by an analysis of variance (ANOVA) and sub-
sequently by Scheffé’s multiple range test for the com-
bination of 2 data sets. Significance of the correla-
tion coefficient and regression slope were tested by
Fisher’s Z-transformation (Sokal & Rohlf 1969).

RESULTS

Size and stage at recruitment

Anguilla celebesensis was the dominant anguillid
species in the sampling area, constituting 69.5% of the
total glass eel catch in 1997. It was also seen through-
out most of the year. A. marmorata (25%) was also
seen throughout the year, whereas A. bicolor pacifica
(5.5%) occurred only in January, March, April, Octo-
ber and December (Table 1).

The total lengths (mean ± SD) of the glass eels of
Anguilla celebesensis, A. marmorata and A. bicolor
pacifica collected throughout 1997 were 44.7 ± 2.5 mm
(January) to 52.6 ± 1.8 mm (June), 47.9 ± 2.5 mm (Feb-
ruary) to 52.3 ± 1.0 mm (June) and 48.6 mm (April) to
51.5 mm (November), respectively (Table 1).

Pigmentation in all the glass eels was poorly devel-
oped, being limited to the caudal or skull, caudal and
rostral regions of the body; the samples were thus clas-
sified as being at the glass eel stage (VA or VB). The
level of pigmentation suggested that the specimens
had only recently arrived at the river mouth.
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Fig. 2. Anguilla spp. Conceptual model showing changes in
otolith incremental widths and Sr:Ca ratios during the early 

life history. M: timing of metamorphosis
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Otolith microstructure

The otolith core was a deep hole in the center of the
etched otolith surface, a hatch check being visible as a
deep circular groove surrounding the hole (Fig. 3). Dis-
tinct concentric growth increments were observed in
all otoliths examined. These concentric rings were sim-
ilar in configuration to those previously reported in
Anguilla japonica (Tabeta et al. 1987, Tsukamoto 1990,
Tzeng 1990, Umezawa & Tsukamoto 1990, Tzeng &
Tsai 1992), A. anguilla (Lecomte-Finiger 1992, Arai et
al. 2000b), A. rostrata (Wang & Tzeng 1998, Arai et al.
2000b), A. australis (Arai et al. 1999d), A. bicolor paci-
fica (Arai et al. 1999c), A. celebesensis, A. marmorata
and A. bicolor bicolor (Arai et al. 1999b) and A. dief-
fenbachi (Marui et al. 2001). Although a metamor-
phosis check (Fig. 3) was observed consistent with
the onset of metamorphosis in A. anguilla (Lecomte-
Finiger 1992) and A. japonica (Cheng & Tzeng 1996),
this check was apparent in only 43 of the 272 speci-
mens examined (16%).

Otolith growth pattern

Patterns of change in otolith increment widths from the
core to the edge relative to the life-history transects of
each species are shown in Fig. 4. The common pattern
observed in all specimens examined comprised 4 stages
with drastic changes occurring in the last two, similar to
the patterns previously reported for Anguilla japonica
(Otake et al. 1994, Cheng & Tzeng 1996, Arai et al. 1997),
A. rostrata (Wang & Tzeng 1998, Arai et al. 2000b), A.
australis (Arai et al. 1999d), A. bicolor pacifica (Arai et al.
1999c), A. celebesensis, A. marmorata and A. bicolor bi-
color (Arai et al. 1999b), A. anguilla (Arai et al. 2000a)
and A. dieffenbachi (Marui et al. 2001). Otolith incre-
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Sampling date Total no. A. celebesensis A. marmorata A. bicolor pacifica
examined n TL (mm) n TL (mm) n TL (mm)

10 Jan 30 15 44.7 ± 2.5 11 48.0 ± 1.8 4 48.7 ± 1.1
9 Feb 10 5 45.6 ± 0.7 5 47.9 ± 2.5 ns
10 Mar 10 ns 7 48.4 ± 1.3 3 49.0 ± 1.1
9 Apr 30 24 45.9 ± 1.6 4 48.8 ± 3.0 2 48.6
8 May 30 29 48.1 ± 1.9 1 50 ns
7 Jun 30 26 52.6 ± 1.8 4 52.3 ± 1.0 ns
7 Jul 30 4 47.8 ± 3.1 26 51.3 ± 1.4 ns
5 Aug 30 29 49.3 ± 1.5 1 52.3 ns
3 Sep 2 ns 2 50.5 ns
31 Oct 30 23 47.9 ± 1.6 3 52.2 ± 3.1 4 49.3 ± 2.4
29 Nov 30 27 46.3 ± 1.5 3 51.4 ± 0.8 51.5
30 Dec 10 7 45.6 ± 1.7 1 51.9 2 48.7 ± 1.1

Table 1. Anguilla spp. Tropical glass eels collected at mouth of the Poigar River in 1997, with number (n) and total lengths (TL in 
mm, mean ± SD) of specimens examined in the study. ns: no sample

Fig. 3. Anguilla celebesensis. SEM photograph showing
otolith growth increments of a glass eel (TL = 49.1 mm) col-
lected at the mouth of Poigar River on 7 June 1997. Arrow
indicates check at the onset of rapid increase in increment 
width, H: hatch check, E: otolith edge (Scale bar = 10 µm)
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ment widths increased between the hatch check and
Age 20 to 40 d in each species (first stage), thereafter be-
coming constant or gradually decreasing (average
widths 0.41 to 0.47 µm) (second stage). Beyond Age 88 ±
9.8 d (mean ± SD) in Anguilla celebesensis, 128 ± 15.2 d
in A. marmorata and 141 ± 20.9 d in A. bicolor pacifica,
increment widths increased sharply to a maximum (av-
erage 2.81 to 3.02 µm) (third stage), followed by a rapid
drop (fourth stage).

Otolith Sr:Ca ratios

Otolith Sr:Ca ratios changed dramatically along the
life-history transect in all species (Fig. 4), a common
pattern of microchemical changes being observed in
all the glass eels examined. Sr:Ca ratios, averaging 8.3
to 9.6 × 10–3 at the core, dropped slightly over what
approximated the first stage of otolith growth, sub-
sequently increased to a maximum level (average 15.7
to 17.2 × 10–3) in the second stage, and markedly de-
creased thereafter toward the edge. The last stage of

changing Sr:Ca ratios coincided with the onset of the
third stage of otolith growth. The minimum average
Sr:Ca values (6.3 to 7.2 × 10–3) were recorded in the
outermost region of the otolith in each species.

Age at and duration of metamorphosis

The mean ages at metamorphosis of Anguilla celebe-
sensis, A. marmorata and A. bicolor pacifica in each
month ranged from 84 (October) to 95 d (February), 114
(June) to 158 d (August) and 129 (January) to 171 d (De-
cember), respectively (Fig. 5). No significant difference
occurred among months in any one species (ANOVA, 
p > 0.1), although significant differences occurred in
all combinations among species (ANOVA, p < 0.001 to
0.0001). Ages at metamorphosis of A. celebesensis, A.
marmorata and A. bicolor pacifica were (mean ± SD)
88 ± 9.8, 128 ± 15.2 and 141 ± 20.9 d, respectively.
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Fig. 4. Anguilla spp. Profiles of otolith increment widths from
the core to the edge (s) and otolith Sr:Ca concentration ratios
measured with a wavelength dispersive electron microprobe
from the core to the edge (n). Each data point represents
averaged data for 10 d; numbers on upper right: age (d). 
Specimens were collected at the mouth of the Poigar River in 

1997

Fig. 5. Anguilla celebesensis, A. marmorata and A. bicolor
pacifica. Seasonal variations in age at metamorphosis of glass 

eels caught at the mouth of the Poigar River in 1997
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The mean durations of the metamorphosing stage of
Anguilla celebesensis, A. marmorata and A. bicolor paci-
fica in each month ranged from 15 (January, April) to
18 d (February, July), 15 (September) to 27 d (December)
and 14 (October) to 25 d (April), respectively (Fig. 6). No
significant difference occurred among months in any
one species (ANOVA, p > 0.1). Although a significant
difference was found between A. celebesensis and A.
marmorata (ANOVA, p < 0.0001), no others were appar-
ent for other combinations (ANOVA, p > 0.1). The dura-
tion of the metamorphosis stages of A. celebesensis,
A. marmorata and A. bicolor pacifica were (mean ± SD)
16 ± 3.5, 19 ± 4.2  and 18 ± 5.8 d, respectively.

Age at recruitment

The mean ages at recruitment of Anguilla celebe-
sensis, A. marmorata and A. bicolor pacifica in each

month ranged from 104 (October) to 118 d (February),
144 (November) to 182 d (August) and 158 (January) to
201 d (December), respectively (Fig. 7). No significant
difference occurred among months in any one species
(ANOVA, p > 0.1). However significant differences
occurred in all combinations among species (ANOVA,
p < 0.0001). The ages at recruitment of A. celebesensis,
A. marmorata and A. bicolor pacifica were (mean ± SD)
109 ± 10.9, 155 ± 14.8 and 173 ± 20.9 d, respectively.

Close linear relationships were apparent between
age at metamorphosis and age at recruitment in all
species (Fisher’s Z-transformation, p < 0.0001) (Fig. 8),
being similar to those observed in temperate eels
Anguilla japonica (Tsukamoto & Umezawa 1994), A.
australis (Arai et al. 1999d), A. anguilla and A. rostrata
(Arai et al. 2000b) and A. dieffenbachi (Marui et al.
2001).
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Fig. 7. Anguilla celebesensis, A. marmorata and A. bicolor
pacifica. Seasonal variations in age at recruitment of glass 

eels caught at the mouth of the Poigar River in 1997

Fig. 6. Anguilla celebesensis, A. marmorata and A. bicolor
pacifica. Seasonal variations in duration of metamorphosis of 
glass eels caught at the mouth of the Poigar River in 1997
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Inshore migration period

The mean inshore migration periods after metamor-
phosis of Anguilla celebesensis, A. marmorata and A.
bicolor pacifica in each month ranged from 4 (October)
to 7 d (December), 4 (November) to 12 d (February)
and 9 (December) to 22 d (October), respectively
(Fig. 9). No significant difference occurred among
months in any one species (ANOVA, p > 0.1), whereas
significant differences occurred in all combinations
among species (ANOVA, p < 0.005 to 0.0001). The
inshore migration periods of A. celebesensis, A. mar-
morata and A. bicolor pacifica were (mean ± SD) 5 ±
3.2, 9 ± 4.3 and 14 ± 6.6 d, respectively, the differences
suggesting that the metamorphosis area differed
among species.

Hatch date

The estimated hatching dates, back-calculated from
sampling date and ages, were distributed throughout
the year (from July 1996 to June 1997) for Anguilla
marmorata (Fig. 10) and similarly for A. celebesensis
(from September 1996 to August 1997), except for May
and November. However, no hatching dates were
found in October 1996 or from December 1996 to
March 1997 for A. bicolor pacifica.

DISCUSSION

Metamorphosis

Age at metamorphosis and duration of the metamor-
phosis stage of the tropical eels Anguilla celebesensis,
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Fig. 9. Anguilla celebesensis, A. marmorata and A. bicolor
pacifica. Seasonal variations in inshore migration period of
glass eels caught at the mouth of the Poigar River in 1997

Fig. 8. Anguilla celebesensis, A. marmorata and A. bicolor
pacifica. Relationship between age at metamorphosis and age
at recruitment in glass eels caught at the mouth of the Poigar 

River in 1997
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A. marmorata and A. bicolor pacifica, were constant
throughout the year regardless of differing recruitment
seasons between the species. A. celebesensis, A. mar-
morata and A. bicolor pacifica leptocephali required
about 3 to 5 mo to metamorphose after hatching. In tem-
perate eels (for example, A. japonica) it has been re-
vealed that earlier-hatching individuals are recruited to
estuarine habitats relatively earlier in the recruitment
season (Tsukamoto 1990, Tsukamoto & Umezawa 1994).
In A. japonica, recruitment occurs over a limited period
(winter and spring) (Matsui 1972), with its spawning
period also being limited (from April to November)
(Tsukamoto 1990). Individuals with earlier hatching
dates and faster growth rates begin metamorphosis
earlier, the age at metamorphosis therefore possibly
changing as a result of differences in time of spawning.
In comparison, tropical eels, in which spawning persists
throughout the year, have a constant age at recruitment
throughout the year and most probably have constant
larval growth rates throughout the year.

Ages at metamorphosis (duration of leptocephalus
stage) of Anguilla celebesensis, A. marmorata and A.
bicolor pacifica were 1 to 5 mo less than those of tem-
perate eels, A. anguilla (7 mo) (Lecomte-Finiger 1992,
Arai et al. 2000b), A. rostrata (6 to 7 mo) (Wang & Tzeng
1998, Arai et al. 2000b), A. australis (6 mo) (Arai et al.
1999d) and A. dieffenbachi (8 mo) (Marui et al. 2001),
except for A. japonica (5 mo) (Cheng & Tzeng 1996,
Arai et al. 1997) (Fig. 11). The relationship between the
timing of metamorphosis and age at recruitment clearly
showed that glass eels metamorphosing earlier tended
to migrate to a coastal region at a younger age, indicat-
ing that early metamorphosing larvae are recruited rel-
atively sooner (Fig. 8). Tsukamoto & Umezawa (1994),
Arai et al. (1999d, 2000b) and Marui et al. (2001) found
the same phenomenon in the temperate eels A. japon-
ica , A. australis, A. anguilla and A. rostrata and A. dief-
fenbachi, respectively. These considerations suggest
that timing of metamorphosis is a key factor in larval
migration of anguillid eels.

The leptocephali of tropical and temperate eels
probably experience different environmental tempera-
tures during their migration from spawning areas to
estuarine habitats. This would likely lead to differ-
ences in the timing of the onset and duration of meta-
morphosis. Typical vertical temperatures in open-
ocean waters at the surface and 200 m, where Anguilla
leptocephali have been collected (Castonguay &
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Fig. 11. Anguilla spp. Age at metamorphosis and recruitment
of temperate and tropical species, determined by the present
study and previous SEM studies, including temperate eels A.
japonica (Tabeta et al. 1987, Tzeng 1990, Cheng & Tzeng
1996, Arai et al. 1997), A. anguilla (Lecomte-Finiger 1992,
Arai et al. 2000b), A. rostrata (Wang & Tzeng 1998, Arai
2000b), A. australis (Arai et al. 1999d) and A. dieffenbachi
(Marui et al. 2000), and tropical eels A. bicolor pacifica (Arai
et al. 1999c) and A. celebesensis, A. marmorata and A. bicolor 

bicolor (Arai et al. 1999b)

Fig. 10. Anguilla celebesensis, A. marmorata and A. bicolor
pacifica. Hatching date determined from otoliths of 272 glass
eels caught at the mouth of the Poigar River in January to 

December 1997
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McCleave 1987, Otake et al. 1998), are 20 to 25°C in
tropical areas and 10 to 20°C in temperate areas (Apel
1987, Pickard & Emery 1990), the spawning areas of
both tropical and temperate eels being in tropical
areas (Schmidt 1922, 1925, Tsukamoto 1992). The for-
mer experience high tropical temperature environ-
ments during migration, whereas the latter experience
drastic changes in temperature environments during
migration. Lower temperature environments may lead
to slower growth in the latter eels, resulting in delayed
metamorphosis. Subsequently, such species may be
transported for greater distances in temperate areas.

Recruitment

Ages at recruitment of Anguilla celebesensis, A.
marmorata and A. bicolor pacifica were constant
throughout the year in each species, possibly a result
of their constant age at the onset of metamorphosis
throughout the year. The differences in age at recruit-
ment among the species (4 mo in A. celebesensis, 5 mo
in A. marmorata and 6 mo in A. bicolor pacifica) may
be due to the differences in age at the beginning of
metamorphosis of each species. Furthermore, ages at
recruitment of these tropical eels were 1 to 6 mo
less than those of temperate eels: A. anguilla = 8 mo
(Lecomte-Finiger 1992, Arai et al. 2000b), A. rostrata =
7 to 8 mo (Wang & Tzeng 1998, Arai et al. 2000b), A.
australis = 7 mo (Arai et al. 1999d), and A. dieffenbachi
= 10 mo (Marui et al. 2001), except for A. japonica
(6 mo: Cheng & Tzeng 1996, Arai et al. 1997) (Fig. 11).
This may be because the age at metamorphosis in the
former species is 1 to 5 mo less than in A. japonica.

Anguilla marmorata from the mouth of Cagayan
River, Philippines, metamorphosed at 120 d and was
recruited at 154 d (Arai et al. 1999b), suggesting that
early life-history parameters such as age at both meta-
morphosis and recruitment were almost the same in A.
marmorata at the Poigar and Cagayan Rivers, despite
their different geographical distribution and probable
ocean migration routes (Fig. 12). A molecular study
on the population structure of A. marmorata clearly
demonstrated that A. marmorata was divided into 6
geographical populations, with specimens from the
Cagayan and Poigar Rivers belonging to the North
Pacific population (Ishikawa 1998), which is believed
to spawn in an area around 15° N, 143° E (Fig. 12) (Arai
2000). This area is southeast of the spawning area of A.
japonica (in the North Equatorial Current west of the
Mariana Islands) (Tsukamoto 1992). On the basis of the
current systems and geographical distribution of adult
eels, A. marmorata leptocephali may drift via the North
Equatorial and Kuroshio Currents, thereafter migrat-
ing to coastal areas of the Philippines, Taiwan, China

and Japan, as does A. japonica. Simultaneously, A.
marmorata leptocephali may drift with the Mindanao
Current via the North Equatorial Current, thereafter
reaching north Sulawesi Island (Fig. 12). A. celebesen-
sis from the Cagayan River, which metamorphoses at
124 d and is recruited at 157 d (Arai et al. 1999b), has
early life-history parameters 40 to 50 d longer than
those of A. celebesensis collected in the Poigar River,
but does not differ significantly from the correspond-
ing parameters in A. marmorata collected in the
Cagayan River (Arai et al. 1999b). This suggests that
the Cagayan River A. celebesensis may have been
transported from the vicinity of the spawning area of
A. marmorata (North Pacific population). The fact that
A. celebesensis in the Poigar River has shorter early
life-history parameters (88 d in age at metamorphosis,
109 d in age at recruitment) than those of any other
eels studied suggests that the distance between its
spawning area and the Poigar River may be much
shorter than that from the A. marmorata spawning
area. Because there are no oceanic current systems
directly associated with the coastal areas between the
Poigar and Cagayan River mouths (Fig. 12), there may
exist at least 2 reproductively isolated populations of
A. celebesensis in the Pacific region. Nevertheless, a
migration mechanism for eel larvae cannot be inter-
preted simply as transportation by a steady current
system. In order to discriminate between populations
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Fig. 12. Map showing prevailing oceanic surface currents,
spawning area of Anguilla japonica (J; Tsukamoto 1992) and
estimated spawning area of A. marmorata (M; Arai 2000) in
the western Pacific Ocean and vicinity of the study area
(Pickard & Emery 1990, United States Government 1991, 

Godfrey et al. 1993, Gordon & Fine 1996)
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of A. celebesensis, a molecular analysis of the species
should be undertaken.

Hatching

The spawning seasons of Anguilla celebesensis and
A. marmorata extended throughout the year. Although
that of A. bicolor pacifica was estimated to be about
6 mo based on occurrence in the monthly samples dur-
ing this study, glass eels of this species have been
found throughout the year at the mouth of the Poigar
River (Arai 2000), with early life-history parameters
such as duration of the leptocephalus stage and age at
recruitment being constant throughout the year.
Accordingly, the spawning season of A. bicolor paci-
fica may occur throughout the year. In temperate spe-
cies, spawning occurs over a limited period, i.e. Febru-
ary to April in A. rostrata (McCleave et al. 1987),
March to June in A. anguilla (McCleave & Kleckner
1987), April to November in A. japonica (Tsukamoto
1990), August to December in A. dieffenbachi (Jelly-
man 1987) and September to February in A. australis
(Jellyman 1987). The difference in spawning season
duration and timing between tropical and temperate
species could be due to differences in the seaward
migration seasons of maturing adult eels. Temperate
species are known to start spawning migrations within
a limited period: August to November in A. rostrata
(Hain 1975), August to December in A. anguilla (Har-
aldstad et al. 1985), August to December in A. japonica
(Matsui 1952), April to May in A. dieffenbachi (Jelly-
man 1987) and February to April in A. australis (Jelly-
man 1987). In tropical species which spawn year-
round, spawning migration may occur throughout the
year, although nothing is known yet of seaward migra-
tion seasons on tropical maturing adult eels. Year-
round spawning of tropical species and constant larval
growth throughout the year may extend the period of
recruitment to estuarine habitats to year-round in
these species, as found in previous studies (Tabeta et
al. 1976b, Arai et al. 1999a, Arai 2000).

Oceanic migration

Anguilla celebesensis, A. marmorata and A. bicolor
pacifica leptocephali required about 4 to 6 mo to
migrate from their spawning areas to estuarine habi-
tats; A. bicolor bicolor requires a similar period (Arai et
al. 1999b). In temperate eels, the duration of oceanic
migration seems to be related to the distance and com-
plexity of the current systems between the spawning
areas and the eel’s freshwater destinations. According
to Jespersen (1942), the spawning areas of A. bicolor

bicolor and A. celebesensis off Java and the North
Sulawesi Islands, respectively, are possibly situated off
the south-western coast of Sumatra for the former and
the Celebes Sea for the latter species, both of these
areas being close to their distribution areas (Figs. 1 &
12). Therefore, the rather long migration periods of
these species relative to the short distances between
their growth habitat and spawning area may be due to
the complexity of local current systems around Suma-
tra, Java, and the North Sulawesi Islands. The pres-
ence of leptocephali of various sizes and stages,
including preleptocephalus to metamorphosing stages,
in waters off Sumatra (Jespersen 1942) support this
supposition. This situation is quite different from that
of temperate eels, suggesting that the migration mech-
anisms of tropical eel larvae are not as simple as those
of temperate eels.

The spawning areas of the genus Anguilla are all
located in tropical regions (Schmidt 1922, 1925,
Tsukamoto 1992), indicating that freshwater eels may
have originated in the tropics (Tsukamoto 1994,
Tsukamoto & Aoyama 1998). The leptocephalus stage
is of long duration (3 to 8 mo) (Fig. 11), and appears to
be highly adapted to a marine planktonic life. As the
result of their slow growth and passive transport by
oceanic currents and wind, it is likely that global dis-
persal of freshwater eels might have originated from
the Indonesian region. Accidental drift of larvae in
global circum-equatorial currents and variations in
early development may have resulted in variations in
the larval stage, that is, expansion of their growth habi-
tat. For temperate eels, retention of their spawning
areas in the tropics would necessitate migrations of
thousands of kilometers.

In conclusion, ancestral eels most probably under-
went diadromous migration from local short-distance
movements in complex currents in tropical coastal
waters to the long-distant migrations characteristic of
present-day temperate eels, which has been well-
established as occurring in subtropical gyres in both
hemispheres.
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