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ABSTRACT: In order to improve understanding of the larval migration and early life history characteristics of 4 tropical eels, Anguilla marmorata, A. bicolor pacifica, A. celebesensis and A. borneensis,
the leptocephali, metamorphosing leptocephali and oceanic glass eels collected during 8 cruises in
the western Pacific and Indonesian Seas from 1991 to 2002 were analyzed. The leptocephali of
A. celebesensis and A. borneensis were collected only in close proximity to their relatively small species ranges in the Indonesian Archipelago and were found to have faster growth than the other 2
species with small-scale local migrations. The more widely distributed species A. marmorata and
A. bicolor pacifica were collected in most sampling areas. Small leptocephali of A. marmorata were
collected only to the west of the Mariana Islands, and only larger specimens, metamorphosing
leptocephali, or oceanic glass eels of both species were collected in the Indonesian Seas. These
distributions suggested that the 2 species have intermediate-scale migrations compared to other
anguillid eels. The leptocephali of all 4 species appeared to reach a fully grown size of around 50 mm,
which is considerably smaller than the maximum size of temperate anguillid leptocephali, and their
growth was predominantly faster than that of temperate species. These data and recently derived
molecular phylogenetic relationships among all anguillid species in the world suggest that the long
spawning migrations of temperate eels evolved from much shorter migrations of tropical species,
whose larval growth was faster and whose maximum larval sizes were smaller.
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After the famous discovery of the spawning areas
of the Atlantic eels Anguilla anguilla and A. rostrata
in the Sargasso Sea by the Danish oceanographer
Johannes Schmidt (Schmidt 1925), there has been
considerable interest in the long spawning migrations of
anguillid eels. Equally remarkable are their long larval
migrations of thousands of kilometers from the Sargasso
Sea to North America, Europe and North Africa (McCleave 1993). Anguillid eels are able to make such long-

distance larval migrations because of their extraordinarily long larval stage, called a ‘leptocephalus’, which is
unique to the Anguilliformes and the other orders of the
Elopomorpha (Inoue et al. 2004). These laterally compressed and transparent larvae reach larger sizes and
have longer larval durations than most other fish larvae,
and can drift long distances from their ocean spawning
areas to their freshwater growth habitats.
Another temperate anguillid, the Japanese eel
Anguilla japonica, also has a long spawning migration,
and its leptocephali drift in the North Equatorial Cur-
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rent (NEC) from west of the Mariana Islands in the
western North Pacific (WNP) to its recruitment areas
in East Asia (Tsukamoto 1992). A similar spawning
area in the South Equatorial Current (SEC) also
appears to be used by A. australis from Australia and
New Zealand (Jellyman 1987, Aoyama et al. 1999).
Therefore, most temperate anguillids appear to have
very similar large-scale migrations and spawn in areas
that enable their leptocephali to use low-latitude westward-flowing currents such as the NEC and SEC to
transport them thousands of kilometers back to their
juvenile growth habitats (Tsukamoto et al. 2002).
Recently, however, it has been shown that some
tropical anguillid eels have much shorter local migrations and spawn over the deep waters adjacent to their
freshwater growth habitats in the Indonesian Seas
(Aoyama et al. 2003). The presence of small leptocephali of Anguilla celebesensis and A. borneensis
near Sulawesi Island of central Indonesia indicated
that these tropical eels do not migrate very far to
spawn, because they have relatively small species
ranges, with A. celebesensis being found from Sulawesi Island north through the Philippines and east
to western New Guinea, and A. borneensis being
endemic to the eastern coast of Borneo (Kalimantan)
(Ege 1939). In contrast, 2 other tropical eels, A. marmorata and A. bicolor pacifica, which are also found in
the area around Sulawesi Island, have much wider
species ranges and apparently different life histories.
A. marmorata appears to have as many as 6 different
populations across its range from the Indian Ocean
through Indonesia up to southern Japan and across the
tropical western South Pacific (Ishikawa et al. 2004).
One spawning area of this species appears to be in the
NEC region of the WNP in an overlapping area with
A. japonica (Tsukamoto 1992, Aoyama et al. 1999,
Miller et al. 2002), but the spawning area of A. bicolor
pacifica is unknown.
These findings suggest that the life histories of tropical anguillid eels may be much more diversified than
those of temperate species. Two-thirds of the 18 species/subspecies of anguillid eels worldwide are tropical species (Ege 1939, Castle & Williamson 1974), so
learning about the life histories of tropical species,
which appear to be the most ancestral (Aoyama et al.
2001), is essential for understanding the evolution and
larval ecology of this remarkable group of catadromous fishes. However, until recently, almost all studies
on the early life history of anguillid eels have been on
temperate species (see Schmidt 1925, McCleave 1993,
Tsukamoto et al. 2003), and relatively little information
has been published on the larval distributions and
growth rates of tropical anguillid eels (Jespersen 1942,
Aoyama et al. 1999, Arai et al. 2001a). Some studies
have examined the growth rates of temperate species

of leptocephali based on otolith analysis (Castonguay
1987, Tsukamoto 1989, Tsukamoto et al. 1992, Arai et
al. 1997, Ishikawa et al. 2001), but the larval growth
rates of most species of tropical anguillids have never
been studied.
The Carlsberg Foundation’s Around the World Expedition studied the distribution of tropical anguillid leptocephali from 1928 to 1930 in the Indo-West Pacific
and Indian Oceans (Jespersen 1942), but the clarity of
their findings was reduced by an inability to identify
some tropical anguillid species because of a major
overlap in the critical morphological characters used
for identification. Because of this, information about
the spawning areas and larval life histories of most
tropical eels has been lacking. This problem of identifying tropical anguillid leptocephali has been overcome by the development of genetic identification
techniques (Aoyama et al. 1999), and there have been
a variety of surveys for anguillid leptocephali in the
western Pacific and Indonesian Seas in the last decade.
In the present paper we report on the larval distributions of 4 tropical anguillid eels, Anguilla marmorata,
A. bicolor pacifica, A. celebesensis and A. borneensis,
using data from 8 sampling surveys since 1991, and we
analyze the otolith microstructure of 123 tropical eel
leptocephali of these species collected primarily during
some of the more recent cruises. This analysis includes
data on A. celebesensis and A. borneensis, whose
leptocephalus otoliths have never been described. The
specific objectives of this study were to: (1) compare the
species distributions and size ranges; (2) analyze the
otolith microstructure to determine early life history
parameters such as the age, growth and hatching dates
of the leptocephali of these tropical eels; and (3) evaluate these findings in relation to information about
temperate species of anguillid leptocephali, to gain a
greater understanding of the types of larval migration
and the evolution of migration in anguillid eels.

MATERIALS AND METHODS
Collection and species identification. Leptocephali,
metamorphosing leptocephali and oceanic glass eels of
Anguilla marmorata, A. bicolor pacifica, A. celebesensis and A. borneensis were collected during 6 cruises
of the RV ‘Hakuho Maru’ of the Ocean Research
Institute, University of Tokyo, and 2 cruises of the
RV ‘Baruna Jaya VII’ of the Indonesian Institute of
Science in the Indo-Pacific region from 1991 to 2002
(Table 1, Fig. 1). We have included some distribution
and otolith microstructure data from previous reports
from 4 of these cruises (see Aoyama et al. 1999, 2003,
Arai et al. 2001a, Miller et al. 2002) and have combined
these data with more recent collection and otolith data
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Table 1. Anguilla spp. Cruises, sampling areas and dates, and the total numbers (N) and size ranges (TL: total length) of leptocephali of A. marmorata, A. bicolor pacifica, A.
celebesensis and A. borneensis examined in this study. Sampling areas were the North Equatorial Current (NEC) in the western North Pacific (WNP), the southern region
of the WNP (Southern), the western South Pacific (WSP) and Indonesia. Asterisks indicate that metamorphosing leptocephali or oceanic glass eels are included
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of additional leptocephali. All larvae were collected
with 3 m Isaacs-Kidd Midwater Trawls (IKMT), with
8.7 m2 mouth openings and either 0.5 or 1.0 mm mesh,
which were fished down to depths of 100 to 600 m.
Specimens were sorted from the plankton samples,
their total length (TL) was measured, and the meristic
characters were examined before preservation in 95%
ethanol. Some specimens of A. marmorata in the NEC
region reported by Miller et al. (2002) were only identified based on morphological characters, as were the
specimens of A. bicolor pacifica in the same region
during the 1991, 1994 and 1995 cruises. During the
1995 cruise most leptocephali were genetically identified (Aoyama et al. 1999), as were all specimens during
subsequent cruises.
Genetic identifications were made in the laboratory
by comparing their mitochondrial DNA 16S ribosome
RNA (mtDNA 16S rRNA) sequences with those of
morphologically well-identified adults. Total genomic
DNA was extracted according to a standard protocol
(Aoyama et al. 1999). A portion of the mtDNA 16S
rRNA gene (about 500 base pairs) was amplified by
polymerase chain reaction (PCR) using 2 oligonucleotide primers, L2510 and H3058. Amplification parameters were 30 cycles of denaturation at 94°C for 30 s,
annealing at 58°C for 30 s and extension at 72°C for
60 s. The PCR products were sequenced and directly
compared to the deposited data in DDBJ (DNA databank of Japan, Accession Numbers: AB021748 to
AB021764).
Otolith analysis. The sagittal otoliths, the largest of
3 pairs of otoliths in the inner ear, were extracted from
95 specimens, embedded in epoxy resin (Epofix,
Struers) and mounted on glass slides. The otoliths were
ground to near the core using a grinding machine
equipped with a diamond cup-wheel with 70 and
13 µm diamond paste (Discoplan-TS, Struers), and
further polished to expose the core on an automated
polishing wheel with 6 and 1 µm diamond paste
(Planopol-V, Struers). After cleaning the surface of
each otolith, they were etched with 0.05 M HCl and
vacuum coated with Pt-Pd in an ion-sputterer for scanning electron microscope observations (SEM, Hitachi
S-4500). The number of successive rings from the
hatch check (Arai et al. 1997) to the edge was considered to be the age of each specimen. Hatching dates
were determined by back-calculating from the date of
capture using the total number of increments in the
otoliths. The data from the otolith microstructure of the
28 specimens of Anguilla marmorata and A. bicolor
pacifica that were analyzed by Arai et al. (2001a) using
the same methods were also included in the present
comparisons of growth and hatching dates, making a
total of 123 specimens that were used in the present
analyses.
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Fig. 1. Track charts and sampling stations during the 8 cruises of the RV ‘Hakuho Maru’ (KH) and the RV ‘Baruna Jaya VII’ (BJ)
in the western Pacific and Indonesian Seas that were included in this study
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cephalus and glass eel stages of anguillids, especially
Growth analysis. Growth was analyzed in 3 differtropical eels, appears to be likely, because of the
ent ways. (1) Linear regressions of the relationship beclear and regular increment deposition from the
tween TL and age were performed on specimens up
hatch check to the edge of the otolith of glass eels
to 80 d old, to enable comparisons among 4 species in
that recruited to an estuary. In addition, a recent valithis study and to previous studies that used linear
dation study of increment periodicity demonstrated
regression with leptocephali that had not reached
the daily deposition of increments during both pretheir maximum size (Castonguay 1987, Ishikawa et al.
leptocephalus and leptocephalus stages using artifi2001, Shinoda 2004). Specimens older than 80 d were
cially reared larvae of A. japonica (Shinoda et al.
eliminated from the regressions because the growth
2004). Therefore, because the microstructure of
rates appeared to slow down in some species as leptootoliths and the pattern of change in incremental
cephali approached their maximum size after 80 d,
width were fundamentally the same between the 2
but appeared to be linear in all 4 species before
species that have undergone validation studies
80 d. The slope of the regression lines should be the
(A. marmorata and A. celebesensis) and the other 2
best estimates of the growth rate before the leptospecies that have not yet been validated (A. bicolor
cephali approach their maximum size, and anaylsis of
pacifica and A. borneensis), we assumed that the latcovariance (ANCOVA) was used to test for differter 2 species also deposited daily increments in their
ences among the slopes (growth rates) of the regresotoliths.
sion lines of the 4 species. Afterwards, Scheffe’s
multiple comparison tests were used for each pair of
data. (2) To examine the relationship between TL and
RESULTS
age of all the leptocephali that were examined,
the Gompertz growth curve was fitted to the data
Distribution of eel larvae
of each species. The equation model is: Lt = L∞ ·
exp{–exp[–K(t – t0)]}, where Lt is the TL at age t, L∞ is
We collected 219 larvae of the tropical anguillid eels
the asymptotic length, K is the growth coefficient and
Anguilla marmorata, A. bicolor pacifica, A. celebesent0 is the hypothetical age when the TL would be zero.
sis and A. borneensis, and most of these were preThese parameters were derived by non-linear least
metamorphic leptocephali (Figs. 2 & 3). A. marmorata
squares using SOLVER on MS-Excel. (3) To compare
and A. bicolor pacifica were widely collected in most
data with previous studies in which a limited size
sampling areas in the western Pacific (Fig. 2).
range of specimens was obtained (Tsukamoto et al.
1989, 1992, Arai et al. 2001a), individual growth rates of leptocephali were
calculated as: (TL – 3) age–1, because a
mean length of 3 mm at hatching was
obtained for artificially fertilized Anguilla japonica (Yamamoto & Yamauchi
1974). Differences among these growth
rates were tested by analysis of variance (ANOVA) and afterwards by
Scheffe’s multiple comparison tests for
each pair of data.
The daily depositions of otolith
increments have been validated in the
post-recruitment glass eels of temperate anguillid species (Tsukamoto 1989,
Martin 1995) and in the tropical species Anguilla marmorata (Sugeha et al.
2001a) and A. celebesensis (Arai et al.
2000). Although there has been doubt
about whether or not daily deposition
Fig. 2. Anguilla marmorata, A. bicolor pacifica. Collection of leptocephali in
of otolith increments occurs in some
relation to the major current systems in the western Pacific region. The major
phases during the late leptocephalus
current features of the region are the North Equatorial Current (NEC), North
or oceanic glass eel stage of Atlantic
Equatorial Countercurrent (NECC), Mindanao Current (MC), Mindanao Eddy
eels (Cieri & McCleave 2000), daily
(ME), Halmahera Eddy (HE) and South Equatorial Current (SEC). M: metamorphosing leptocephali; G: glass eels
increment deposition during the lepto-
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Number of larvae

Anguilla marmorata was collected in the greatest
abundance (n = 124, 9.6 to 50.7 mm), with 83 leptocephali being collected in the NEC region to the west of
Western North
the Mariana Islands at a size range of 9.6 to 56.7 mm
10°N
Pacific Ocean
Sulu
(Table 1, Fig. 4). Small recently hatched leptocephali of
Sea
A. marmorata (< 20 mm) were only collected in the eastM
ern NEC area between June and July of 4 different
years, while only larger specimens occurred around
Celebes
Sea
Sulawesi Island (28.0 to 50.7 mm). A 46.3 mm metamorBorneo
phosing leptocephalus and 47.8 and 48.6 mm oceanic
Island
glass eels of A. marmorata were also collected around
0°
Tomini
Bay
Sulawesi Island (Fig. 2). A. marmorata collected in the
Sulawesi
western South Pacific (WSP) to the east of New Guinea
Island
were of intermediate size (21.3 to 47.3 mm).
Java
Banda Sea
Anguilla bicolor pacifica also occurred widely (n =
Sea
Flores Sea
45, 24.0 to 54.1 mm), with large-sized specimens being
collected in the NEC and North Equatorial Counter
10°S
Current (NECC) regions (40.0 to 50.5 mm), mid-size
leptocephali (24.0 to 48.0 mm) to the east of New
Indian
Ocean
Guinea, and larger specimens, including metamorphosing leptocephali, being collected around Indonesia (42.6 to 49.5 mm, Figs. 2 & 4). The metamorphosing
120°E
130°E
leptocephali collected around Sulawesi Island were
Fig. 3. Anguilla celebesensis, A. borneensis. Collection loca42.6 and 46.3 mm. The 11 A. bicolor pacifica in the
tions around Sulawesi Island, Indonesia. Leptocephali are
WSP ranged in size from 29.3 to 54.1 mm.
shown by crosses for A. celebesensis and diamonds for
Anguilla celebesensis (n = 42, 12.3 to 47.8 mm) were
A. borneensis. Letter in symbol indicates a metamorphosing
collected only within the Indonesian Archipelago in
leptocephalus (M) of A. borneensis
the Celebes Sea and Tomini Bay (Fig. 3).
Small specimens of A. celebesensis were
20 (b) WNP (Central) & WSP
40 (a) WNP (NEC)
collected in the Celebes Sea (12.3 mm) and
A.
marmorata
N
=
79
Tomini Bay (13.0 mm), but 36 leptocephali
30
15 A. marmorata N = 8
A. bicolor pacifica N = 11
A. bicolor pacifica N = 23
of 2 size classes were collected in Tomini
20
10
Bay in May 2001 (Fig. 4). A similar survey
5
10
in Tomini Bay was also conducted in October 2002, but no anguillid leptocephali
0
0
were collected.
Similarly, small to fully grown lepto20 (c) Indonesia
20 (d) Indonesia
cephali of Anguilla borneensis (n = 8, 8.5 to
49.0 mm) were collected only around the
15 A. marmorata
15 A. celebesensis N = 42
N = 33(3)
Indonesian Archipelago in the Sulu Sea,
A. borneensis N = 7(1)
10 A. bicolor pacifica
10
Celebes Sea, Maluku Sea and Makassar
N = 8(2)
Strait (Figs. 3 & 4). The smallest lepto5
5
cephalus of A. borneensis (8.5 mm) was
0
0
collected in February, just after hatching in
0
10 20 30 40 50 60
0
10 20 30 40 50 60
the Celebes Sea. A metamorphosing leptoTotal length (mm)
cephalus of A. borneensis (49.1 mm) was
Fig.
4.
Anguilla
spp.
Length-frequency
distributions of the larvae of 4 tropicollected in the Sulu Sea near Borneo
cal eel species. (a–c) Sizes of pre-metamorphic leptocephali of A. marIsland.

Age and growth
The microstructure of the otoliths of all 4
species was fundamentally the same and
enabled the number of increments to be

morata (black bars) and A. bicolor pacifica (white bars), and the metamorphosing leptocephali of A. marmorata and A. bicolor pacifica (angled
pattern) and oceanic glass eels of A. marmorata (vertical pattern), with the
number of specimens of these stages in parentheses. These larvae were
collected in the North Equatorial Current region (NEC) north of 8° N, the
southern part of the western North Pacific (WNP) between 8° N and the
equator, in the western South Pacific (WSP), or in Indonesia. (d) Leptocephali of A. celebesensis (black bars) and A. borneensis (white bars), and a
metamorphosing leptocephalus of A. borneensis (angled pattern)
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Fig. 5. Anguilla spp. SEM photographs of the otoliths of leptocephali of: (a) A. marmorata (28.0 mm), (b) A. bicolor pacifica
(47.0 mm), (c) A. celebesensis (37.5 mm) and (d) A. borneensis (42.0 mm)

counted in each otolith (Fig. 5). Each etched otolith had
a core that was observed as a deep hole, and the increments could be observed clearly out to the edge of the
otolith in all species. The ages of larvae estimated
based on the number of otolith daily increments varied
greatly, because of the wide size range of larvae exam-

ined. The ages of Anguilla marmorata were 22 to 137 d
in leptocephali, 147 d in the metamorphosing leptocephalus and 159 and 160 d in oceanic glass eels
(Table 2). The ages of A. bicolor pacifica ranged from
40 to 128 d in leptocephali, and were 106 and 112 d in
metamorphosing leptocephali. The ages of A. celebe-

Table 2. Anguilla spp. Total length and age of each development stage of anguillid larvae, and the number of specimens and
range in ages used for otolith analysis
Species

Development
stage

Total no.
of specimens

Total length
(mm)

No. for otolith
analysis

Age
(d)

A. marmorata

Leptocephali
Metamorphosing leptocephali
Oceanic glass eels

121
1
2

8.0–50.7
46.3
47.8, 48.6

42
1
2

22–137
147
159, 160

A. bicolor pacifica

Leptocephali
Metamorphosing leptocephali

43
2

24.0–54.1
42.6, 46.3

29
2

40–128
106, 112

A. celebesensis

Leptocephali

42

12.3–47.8

40

17–110

A. borneensis

Leptocephali
Metamorphosing leptocephali

7
1

8.5–49.0
49.1

6
1

20–106
133
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sensis leptocephali ranged from 17 to 110 d. A.
borneensis were aged 20 to 106 d in leptocephali and
133 d in the metamorphosing leptocephalus.
The ages of leptocephali were linearly related to TL
in each species up to ages of about 80 to 100 d, when
growth rates appeared to slow down (Fig. 6). The
growth of Anguilla marmorata and A. bicolor pacifica
appeared to reach a plateau, showing their full grown
size at about 100 d, while A. celebesensis and A. borneensis reached full size at about 80 d (Fig. 6). It is significant that all 4 species showed almost the same full
grown size of around 50 mm (Fig. 6). For comparisons
of growth rates during the early growth period before
the leptocephali reached their maximum size, regressions of the TL and age up to 80 d were made. All species appeared to show approximately linear growth
during this period. These regressions for A. marmorata
(y = 0.42x + 6.26, r2 = 0.82), A. bicolor pacifica (y =
0.48x + 7.08, r2 = 0.81), A. celebesensis (y = 0.55x +
3.55, r2 = 0.96) and A. borneensis (y = 0.61x + 0.21, r2 =
0.99) indicated that the overall growth rates of these
species for the period up to 80 d old were 0.42, 0.48,
0.55 and 0.61 mm d–1, respectively. Statistical tests
showed a significant difference in the slope of regres60
50

M

M

G
G

M
M

40
30
M

Total length (mm)

20

G

M

10

M

A. marmorata
A. bicolor pacifica
A. celebesensis
A. borneensis

0
60

sion lines among species (ANCOVA, p < 0.01). The 2
species that have local spawning areas in the Indonesian Seas, A. celebesensis and A. borneensis, had
higher growth rates than the A. marmorata leptocephali, which were likely spawned in the WNP,
A. bicolor pacifica also had a higher growth rate than
A. marmorata (Scheffe’s test, p < 0.01).
The Gompertz growth curves fitted to the TL and age
data were as follows: Anguilla marmorata (Lt = 50.7 · exp
{–exp[–0.03(t – 31.43)]}, r2 = 0.90), A. bicolor pacifica (Lt =
53.8 · exp{–exp[–0.03(t – 27.6)]}, r2 = 0.85), A. celebesensis (Lt = 54.1 · exp{–exp[–0.03 (t – 29.7)]}, r2 = 0.97) and
A. borneensis (Lt = 55.7 · exp{–exp[–0.03(t – 33.1)]}, r2 =
0.98). These curves indicated that A. celebesensis and
A. borneensis showed similar growth rates that were
slightly faster than those of the other 2 species and that
A. bicolor pacifica may have had a slightly faster growth
rate than A. marmorata (Fig. 6).
The mean individual growth rate of all the leptocephali of each species ranged from 0.44 ± 0.07 mm d–1
(mean ± SD) in Anguilla marmorata to 0.47 ± 0.08 mm
d–1 in A. bicolor pacifica, 0.52 ± 0.05 mm d–1 in A.
borneensis and 0.56 ± 0.06 mm d–1 in A. celebesensis
(Fig. 7). However, because the growth of leptocephali
appeared to slow down as they reached their maximum size, a statistical comparison among species was
only done on the leptocephali that were ≤ 80 d old, to
exclude those specimens whose growth rate may have
slowed down. For these specimens, there was a significant difference in the mean individual growth rates
among species (ANOVA, p < 0.01), with there being
significant differences between A. bicolor pacifica and
A. celebesensis and between A. marmorata and A. celebesensis (Scheffe’s test, p < 0.01), but no significant
difference between A. marmorata and A. bicolor pacifica. The sample size of A. borneensis was too small to
include it in the comparisons.
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Fig. 6. Anguilla spp. Plots of the ages and total lengths of the
leptocephali of A. marmorata (triangles), A. bicolor pacifica
(circles), A. celebesensis (crosses) and A. borneensis (diamonds) with the metamorphosing leptocephali (M) and glass
eels (G) of some species indicated by letters within the symbols (top panel). Gompertz growth curves fitted to the data of
all specimens of each of the 4 species (bottom panel)

The estimated hatching dates that were back-calculated from the sampling date and age differed
throughout the year for the 4 species examined. The
hatching dates were from November to February and
from late May to early August for Anguilla marmorata,
from late December to early August for A. bicolor pacifica, in early August and from mid-January to early
May for A. celebesensis and from February to September for A. borneensis (Fig. 8). Most of A. marmorata
and A. bicolor pacifica that were collected in the NEC
region had hatching dates during the April to August
period, while those collected in the western Pacific or
Indonesian Seas were born from November to March.
Most of the A. celebesensis caught in Tomini Bay had
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20

hatching dates from January to May. However, these
results may have been derived from limited sampling
efforts in each region.
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Fig. 7. Anguilla spp. Frequency distributions of the individual
growth rates of pre-metamorphic leptocephali of: (a) A. marmorata, (b) A. bicolor pacifica, (c) A. celebesensis and (d) A. borneensis collected in the western Pacific and Indonesian Seas

The geographic distributions and size ranges of
leptocephali in the various sampling areas were different among species. Anguilla celebesensis and A.
borneensis were collected only around the Indonesian
Archipelago. Small specimens of A. celebesensis were
collected in the Celebes Sea and Tomini Bay, suggesting spawning by that species in 2 different areas. The
smallest leptocephalus of A. borneensis, just after
hatching, was collected in the Celebes Sea. A. borneensis was only collected in the Celebes, Sulu and
Maluku Seas and at the southern end of the Makassar
Strait, which is consistent with spawning close to their
freshwater growth habitats on eastern Borneo Island
(Ege 1939) and the general surface current patterns of
the region (Miyama et al. 1995). Thus, we confirmed
that both the tropical eels A. celebesensis and A. borneensis show small-scale local migrations of less than a
few hundred kilometers to spawn over deep water
relatively close to their juvenile growth habitats in
freshwater and that their leptocephali have short
migrations to return to their recruitment areas.
In contrast to these 2 species with small ranges of
distribution, Anguilla marmorata and A. bicolor pacifica were widely collected in most sampling areas in
the western Pacific (Fig. 2). Small A. marmorata leptocephali were collected only to the west of the Mariana
Islands, while only larger specimens and more developed metamorphosing leptocephali or oceanic glass
eels occurred in the more western areas, especially
around Indonesia. A. marmorata collected near the
equator east of New Guinea and in the South Pacific
were of intermediate size. A. bicolor pacifica also
occurred widely, with mid-size leptocephali collected
only to the east of New Guinea and larger specimens
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Fig. 8. Anguilla spp. Back-calculated hatching dates of 4 species of tropical eels based on the otolith microstructure of their
leptocephali collected in the western Pacific and Indonesian Seas during this study
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including metamorphosing larvae being collected
around Indonesia and west of the Mariana Islands.
The distribution of Anguilla marmorata leptocephali
collected during 5 different years in the NEC indicates
that a spawning area of this species is located to the
west of the Mariana Islands in an overlapping area with
the spawning area of the Japanese eel. Spawning in
this area by A. marmorata would result in its leptocephali being first transported westward by the NEC,
which bifurcates at about 127° E to the east of the
Philippine Islands (Toole et al. 1990), into either the
northward flow of the Kuroshio Current or the southward flow of the Mindanao Current (Lukas et al. 1991,
Fine et al. 1994). The leptocephali that enter the
Kuroshio recruit to the northern Philippines or southern
areas of East Asia, and those that enter the Mindanao
Current recruit to the southern Philippines or northern
Indonesia. A recent study of population genetics has
shown that A. marmorata has as many as 6 different
populations throughout its range in the western Pacific
and Indian Oceans (Ishikawa et al. 2004). According to
this finding, the leptocephali collected in the western
North Pacific and northern Indonesian Seas belong to
the same population (North Pacific population), which
appears to spawn in the NEC, while those collected
east of New Guinea and in the South Pacific are from
different populations (western South Pacific population
or Tahiti population, in Ishikawa et al. 2004).
We speculate that Anguilla bicolor pacifica in the
WNP region spawns in the western Pacific, somewhere
near New Guinea, and recruits mostly to Indonesia, or
they may have >1 spawning area in the WNP, but the
lack of collection of any small leptocephali of this species has so far made determination of their spawning
area difficult. However, the hypothesis that A. bicolor
pacifica spawns outside of the Indonesian Seas and
that their leptocephali are transported there by ocean
currents is supported by evidence indicating that the
ages of glass eels of both A. marmorata and A. bicolor
pacifica recruiting to Indonesia (155 ± 14.8 and 173 ±
20.9 d, respectively, Arai et al. 2001b; 170 ± 15.9 and
195 ± 25.8 d, respectively, Marui et al. 2001) are consistently older than those of A. celebesensis (109 ± 10.9 d,
Arai et al. 2001b; 116 ± 17.7 d, Marui et al. 2001). The
presence of leptocephali widely scattered in the NEC,
NECC and SEC in the western Pacific clearly suggests
that A. bicolor pacifica, like A. marmorata, may have
multiple spawning areas.

Growth and size at metamorphosis
The ages of anguillid larvae of these 4 species estimated by otolith daily increments varied greatly (17 to
160 d for specimens of 10.1 to 54.1 mm), and their daily

growth rates were somewhat different among species.
The ages of all 4 species were linearly related to TL
during the first 80 d, with Anguilla celebesensis and
A. borneensis having higher growth rates than A. marmorata and A. bicolor pacifica. The growth rates of
A. celebesensis and A. borneensis were also shown to
be faster by fitting the Gompertz growth curves with
the data of all specimens. The best growth estimates
were likely those for the leptocephali up to 80 d, before
growth rates may have slowed down. The Gompertz
growth curves and the lack of apparent increase in
TL in the older leptocephali examined in this study
suggested that the growth rates slowed down as the
leptocephali reached their maximum sizes.
Although the growth rates were different in some of
the species, the relationship between TL and age suggested that all species might reach a similar maximum
size as leptocephali. The growth of Anguilla marmorata
and A. bicolor pacifica leptocephali appeared to reach a
plateau, showing their fully grown size at about 100 d,
while A. borneensis and A. celebesensis appeared to
reach full size at about 80 d. These samples of leptocephali, metamorphosing leptocephali and glass eels
indicated that the maximum size of these 4 tropical species of leptocephali is probably around 50 mm TL. This
is similar to the maximum size of tropical leptocephali
reported from this region by Jespersen (1942).
The maximum sizes and growth rates of the leptocephali of these 4 species of tropical leptocephali are
considerably different than the estimates of these characteristics for several temperate species. The maximum sizes of the leptocephali of temperate anguillids,
such as the 2 Atlantic eel species (Jespersen 1942,
Kleckner et al. 1985) and the Japanese eel (Tsukamoto
& Umezawa 1990), appear to be about 60 to 75 mm,
which are much larger than those for the tropical species examined in this study (Table 3). Studies on the
otolith microstructure of these temperate species have
indicated that the growth rates of the leptocephali of
Atlantic eels (0.38 mm d–1, Castonguay 1987) may be
considerably smaller than those of the species examined here (Table 3). The leptocephali of the Japanese
eel also appear to grow somewhat more slowly than
most of the tropical eel leptocephali of this study, acccording to otolith microstructure studies by Ishikawa et
al. (2001) and Shinoda (2004), which found growth
rates of 0.46 and 0.43 mm d–1, respectively, based on
regression data. The growth rates of the leptocephali
of Atlantic eels have been estimated to be even slower
(0.18 to 0.24 mm d–1) using length frequency data
(Boëtius & Harding 1985, Kleckner et al. 1985), but
these studies did not examine growth rates using
otoliths. Therefore, growth rates estimated from the
slope of linear regressions calculated from the collection dates and TLs may be underestimates.
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Table 3. Anguilla spp. Approximate distances of migration from shortest to longest, and maximum sizes and growth rates of temperate and tropical species of anguillid leptocephali that have been studied. Growth rates are based on the regressions of total
length (TL) and age (GR*1) and the mean individual growth (GR*2) of leptocephali for each species
Species

Migration
distance
(km)

TL (mm)

Full grown size
Source

Temperate
A. anguilla
A. rostrata
A. japonica

5000
2500
2500

75
70
60

Jespersen (1942)
Kleckner et al. (1985)
Tsukamoto &
Umezawa (1990)

0.38
0.38
0.43

Tropical
A. marmorata
A. bicolor pacifica
A. celebesensis
A. borneensis

1000
1000
50
100

50
50
50
50

Present study
Present study
Present study
Present study

0.42
0.48
0.55
0.61

These different growth rates of anguillid leptocephali are likely influenced by various environmental factors in the different regions where these species
are found. One factor is the variation in water temperature at different latitudes and in different seasons in
the tropical and subtropical regions where anguillid
leptocephali have been collected. Anguillid leptocephali are found in the upper few hundred meters of
the ocean (Castonguay & McCleave 1987, Otake et al.
1998), and so they primarily experience surface temperatures that range from about 25 to 30°C in the
western Pacific or slightly colder temperatures in the
southern Sargasso Sea that range from about 23 to
28°C (Large & Nurser 2000). The Indonesian Seas are
located on both sides of the equator, and likely have
the least variation in surface-water temperature,
which mostly ranged from about 28°C (October) to
30°C (May) in this and a previous study (Ilahude &
Gordon 1996). The semi-enclosed Tomini Bay of
Sulawesi Island, where the majority of the Anguilla
celebesensis leptocephali were collected during this
study, had surface-water temperatures as high as
30°C. Another factor that may influence the growth of
fish is the availability of food, but the food sources
of anguillid leptocephali have been suggested to
be detrital particles in the ocean, such as discarded
larvacean houses and zooplankton fecal pellets
(Mochioka & Iwamizu 1996), or marine snow (Otake
1996), which are abundant in the pycnocline of the
surface layer of the ocean. Therefore, the availability
of food may not have a major influence on the growth
of leptocephali. In addition, species-specific genetic
traits, such as differences in the endogenous physiological properties of metabolic rate and assimilation
rate, or locomotive activities may also influence larval
growth, but there is no information available on these
factors at present.

GR*1
(mm d–1)

Growth rate
GR*2
Source
(mm d–1)

Castonguay (1987)
Castonguay (1987)
Shinoda (2004)

0.44
0.47
0.56
0.52

Present study
Present study
Present study
Present study

Seasonality of spawning of tropical eels
The back-calculated hatching dates of the leptocephali examined in this study showed that these species of tropical eels appear to spawn at a variety of
times throughout the year. Anguilla marmorata and
A. bicolor pacifica showed the widest ranges of dates,
but the hatching dates of all 4 species were spread out
over at least an 8 mo period of the year. Similarly wide
ranges of hatching dates have been obtained from
otolith analyses of glass eels of A. marmorata, A. bicolor pacifica and A. celebesensis in the region (e.g.
Arai et al. 2001b, Marui et al. 2001). Glass eels also
recruit to Sulawesi Island throughout the year (Sugeha
et al. 2001b), further supporting a prolonged spawning
period in tropical eels. The downstream migration season of tropical anguillids in their freshwater habitats is
very poorly known, but the data from these otolith
studies suggest that at least some tropical species have
seasonal spawning patterns very different from the
distinct boreal autumn downstream migration season
of temperate anguillid species in the northern hemisphere (Tesch 1977).

Evolution of eel migration
Knowledge about the worldwide distributions, types
of spawning migrations and the phylogenetic relationships of anguillid eels suggests that the long spawning
migration of temperate eels evolved from much shorter
local migrations of tropical anguillids. Of the 18 species/subspecies of anguillid eels worldwide, two-thirds
inhabit the tropics (Ege 1939, Castle & Williamson
1974), with 7 species/subspecies living in and around
Indonesia. A molecular study using mitochondrial
DNA on the phylogeny of the genus Anguilla sug-
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gested that A. borneensis, which is endemic to Borneo
Island, Indonesia, was one of the possible ancestral
anguillid species (Aoyama et al. 2001). A. celebesensis
and A. borneensis, which have small-scale migrations,
were indicated to be more ancestral than A. marmorata and A. bicolor pacifica that have mid-scale migrations. This indicates that it is likely that the large-scale
migration of temperate eels evolved from a mid-scale
migration of tropical species, which was derived from
the small-scale local migration of tropical species
somewhere near the Indonesian Archipelago.
The spawning areas of Anguilla celebesensis and
A. borneensis are relatively close to coastal waters in
areas of the Celebes Sea and Tomini Bay in the
Indonesian Archipelago that have a steep continental
slope, to depths of 2000 to 3000 m. The Indonesian
Archipelago is surrounded by deep seas such as the
Celebes and Sulu Seas, and a recent molecular phylogenetic study analyzing the full genome of mitochondrial DNA suggests that anguillid eels are closely
related to the deep-sea swallower and gulper eels of
the Saccopharyngiformes (Inoue et al. 2004). This suggests that freshwater eels originated from deep-sea
fishes in the marine environment, which is also supported by the fact that all other families of the order
Anguilliformes are marine fishes, such as the congers,
morays, snake eels and pike eels.
These ancestral anguillids probably had rapid larval
growth rates and early metamorphosis, and migrated
short distances between their tropical spawning areas
over deep waters near their juvenile habitats in freshwater. Their high growth rates may have played an
important role in reducing the chance of leptocephali
being transported far away from their freshwater habitats near the spawning area. However, variation in the
growth rates of their leptocephali may have enabled
some individuals to drift farther away and colonize
new areas. Individuals transported to more northern
regions during the leptocephalus stage must have
eventually established separate migration loops between these northern freshwater growth habitats and
their tropical spawning areas, as proposed by
Tsukamoto et al. (2002), and this eventually led to the
establishment of temperate species with long migrations and slower larval growth rates.
In the present day, there appear to be 3 types of
anguillid species, based on the distance of their
spawning and larval migrations and their larval
growth and size at metamorphosis. First, there is the
small-scale migration group that includes the tropical
species Anguilla celebesensis and A. borneensis, with
fast larval growth and small size at metamorphosis
(Table 2). Second, there are the tropical species A.
marmorata and A. bicolor pacifica, which exhibit much
larger scale migrations in the WNP and Indonesian

Seas of up to a few thousand kilometers, and, compared to the migration of A. anguilla of several thousand kilometers, have an intermediate-scale migration. Third, there is the large-scale migration group of
the temperate species in the Northern Hemisphere
and A. australis in the WSP. The growth rates of
leptocephali of the large-scale migratory species (A.
anguilla, A. rostrata, A. japonica) appear to be lower
than those of the small-scale migratory species (A.
borneensis, A. celebesensis), and mid-scale migratory
species such as A. marmorata may have intermediate
growth values (Table 3). Both the intermediate- and
large-scale migratory species have their spawning
areas in the tropical open ocean, but their growth habitats are located in tropical and temperate freshwaters,
respectively. Another difference between these 2
groups is that the maximum sizes of the leptocephali of
the large-scale migration species are larger (about
60 to 75 mm, Jespersen 1942, Kleckner et al. 1985,
Tsukamoto & Umezawa 1990) than those of the intermediate types (about 50 mm, present study).
The growth rates of leptocephali and the size at
which metamorphosis occurs are important factors
influencing the distance of migration of anguillid eels,
because they may have a major effect on recruitment
location and recruitment success. The duration of the
leptocephalus stage is much longer than that of metamorphosis, which appears to be about the same (16 to
19 d) among tropical species in the Indonesian Seas
(Arai et al. 2001b). During metamorphosis the body
surface area of leptocephali that is exposed to friction
in the water column is reduced by 29% and the body
water content also decreases from 93 to < 80% (Tsukamoto & Umezawa 1994). This suggests that it may be
more difficult for glass eels to stay in the water column
in ocean currents than for leptocephali. Therefore, the
metamorphosis from the leptocephalus to the glass eel
will likely terminate the transportation of eels by currents. Since the timing of metamorphosis may be
determined by the larval growth rate and maximum
size, these 2 biological traits may be key factors influencing the variation in migratory patterns of anguillid
eels.
The speed of the currents used by the leptocephali of
each species is also an important factor, which has
been studied by satellite-tracking Argos buoys in the
case of Anguilla japonica (Kimura et al. 1994). The
large-scale migratory species of leptocephali are transported long distances of up to thousands of kilometers
by strong western boundary currents, such as the
Kuroshio for A. japonica (Kimura et al. 1994, 1999)
and the Gulf Stream for A. anguilla and A. rostrata
(McCleave & Kleckner 1987), while the mid-scale
types may drift mostly in slower currents, such as the
North and South Equatorial Currents, their counter-
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currents, or local currents that transport larvae only
hundreds or a few thousand kilometers. These findings
suggest that each anguillid species, at various migration scales, has a species-specific geographic migratory route influenced by differences in growth rates,
maximum sizes and passive transportation speeds by
currents.
The new information on the distribution, size and
growth rates of tropical anguillid leptocephali in this
study leads us to the hypothesis that in anguillid eels
the growth rate and size at metamorphosis of leptocephali are important factors regulating their migratory range. The duration of the leptocephalus stage is
important for influencing the oceanic migration of
tropical eels from hatching to the recruitment to estuaries. The finding that 2 different migration types are
used by tropical eels in the WNP and Indonesian Seas
suggests that there may be similar variations in the
larval growth rates and migration distances of other
tropical eel species in the Indian Ocean and WSP that
may be identified through future research.
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