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Abstract: The first attempt to outline the whole aspects of early life history and migration
mechanisms of the eel Anguilla japonica was made by synthesizing the recent information
on the otolith microstructure of 1045 fish and the offshore collection data of 110 leptocephali
and 9 glass eels. Waters east of Philippine, 10°-20°N, 140°-150°E, were one of the most
possible spawning areas of A. japonica. Age determinations of leptocephali and glass eels
showed that A. japomica spawned in April-November with a peak in August. Larvae grew
linearly at 0.56mm/d until 45mm in TL and 74d in mean age. Analysis of otolith
increment width showed that metamorphosis occurred at 85 d and 61.3mm corresponding
to a zone of wider increments (2-4 #m) in the sagitta. Metamorphosis lasted for 12 days
with body shrinkage at — 0.22mm/d. A negative linear relationship between age at
metamorphosis and otolith growth rate suggested that leptocephali with a larger growth
rate began to metamorphose at a younger age. Leptocephali were slowly transported
northwestward in complicated eddies from spawning area to the origin of the Kuroshio
Current for 2-3 months. Larvae werc entrained by the strong Kuroshio Current and
transported northward for 2-27 days to exit from it after completion of metamorphosis. Fish
metamorphosing at a younger age were transported a shorter distance and exit from it at
lower latitude. More glass eels recruited at a full and new moon than at other lunar
phases. Age at metamorphosis was positively correlated with age at recruitment. Age at
recruitment to the estuary or the time required for oceanic migration was 4-7 months and
gradually increased with the sampling date or the recruitment timing, whereas body size
of the glass ecl was roughly constant, about 55-60mm TL. Birth date and recruitment
timing positively correlated. Thus, the earlier-born fish or fish with the larger growth
rate metamorphosed and recruited earlier at lower latitude, at a younger age and with
more advanced pigmentation, but with a constant body size.

1. Introduction its spawning ground offshore to coastal
Migration study is one of prerequisites to waters by synthesizing the recent information

determine the recruitment mechanism of a based mainly on the otolith microstructure

fish. In spite of its commercial importance and the offshore collection data of larvae.

in Eastern Asia, the recruitment mechanism

of a catadromous cel, Anguilla japonica Tem- 2. Materials and Methods

minck et Schlegel, is poorly known, since For 9 years from 1982 to 1990, a total of

knowledge of the early life history and larval 1012 glass eels™* and elvers*™* were collected

migration of this species is still lacking, ¢.g.its at 13 stations in Taiwan, Korea and Japan

spawning place and season, larval growth (Tsukamoro, 1990; Umezawa, 1991). Thirty

and metamorphosis, larval transportation three leptocephali*** obtained in eastern

and inshore migration. waters off the Philippines and Taiwan in
The objective of this study is to outline 1986 and 1990 were also analyzed (KAJHARA,

the whole aspects of early life history and - —

. i kkk K 7 . 3
migration mechanisms of A. japonica from Leptocephah‘_ls means “larva bef?ré and‘ durl?g
o . metamorphosis, while “glass eel” is a juvenile

* Received November 30, 1990 after metamorphosis without pigmentation
** Ocean Research Institute, University of Tokyo, except the spots at skull, rostral and caudal

Minamidai, Nakano, Tokyo, 164 Japan regions (stage IV—V after Bertmv, 1956). “Elv-
+ Present address: Ministry of Foreign Affairs, Japan, er’ has more developed pigmentation (stage

Kasumigascki, Chiyoda, Tokyo, 100 Japan VI).
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Fig. 1. A: Anguilla japonica leptocephalus of 41.0 mm in TL (Specimen
No. 10) collected at 18°59.1°N, 129°13.5'E, 23 September 1986.
B: Sagitta of A. japonica leptocephalus of 45.9 mm in TL, 78 d
old (Specimen No. 17). C: Central region of sagitta of A. japonica
leptocephalus. Otolith daily increments are shown around the core
of 5-10 #m diameter (dark region in the center).

1988; Ozawa et al., 1991, TsukaMoTO et
al., 1992).

Sagittal otoliths were extracted and mounted
distal side up on a glass microscope slide
with a drop of epoxy resin. They were
ground with emery paper #1200-#12000 to
just before the sagittal plane with the otolith
core, and etched in 1 % HCI solution for
1-3s. A bipartite structure of a narrow opaque
band (discontinuous zone) and adjacent
wider translucent band (incremental zone) was
regarded as one otolith increment or ring
(Fig. 1). Increments were traced at X 900-1500
under a light microscope with a camera
lucida (Tsukamoro, 1989). Fish were aged
by counting daily increments outside the
hatch ring of 8.3 pm diameter (UMmezawa ef
al., 1989). The birth date of each specimen
was backcalculated from the estimated age
and the date of sampling. Changes in increment
width from the otolith core to the edge

were also examined based on the increment
trace of some 300 glass eels and elvers and
of 33 leptocephali by measuring the radius
of each increment along the ‘longest radius’
of an otolith (Umezawa, 1991, see Fig. 1).

3. Results and Discussion
Breeding place

Spawning areas of the Atlantic eel were
outlined in the early part of this century by
Scumit (1922, 1925), whereas that of the
Japanese eel in the Pacific Ocean has not
yvet been determined. Relatively little is
known of A. japonica leptocephali compared
to Atlantic eels; i. ¢. the number of A. japonica
leptocephali collected is only 110 individuals
(Matsur ef al., 1968; Tarera and Takai, 1975a,
b; Tanaka, 1975; Takar and TaBeTa, 1976;
TaBera and KonisHI, 1986; KajHara, 1988;
Ozawa et al.,1989; Ozawaef al., 1991; TSuKa-
MOTO et al., 1992) and its smallest recorded
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Fig. 2. Larval migration and recruitment of A. japonica to coastal waters. Squares

indicate offshore collections of glass eels (solid square, SHomma, 1966;
square with vertical bar. SHojma, 1967; solid half upside, Tsukanara, 1971
cited in TaBeTa, 1981; open square, TaBera and Takal, 1973; solid half
rightside, Snuomma, 1990). Crosses are metamorphosing larvae (Tasera and
Taxkal, 1975a; Tanaka, 1975 cited in Tapera and Taxal, 1975b). Other
symbols indicate leptocephali (solid triangle, Matsur ef al ., 1968; open
circle, Tanaka, 1975; semi solid circle, Takal and TaBeta, 1976; open
triangle, TaBera and Kownishi, 1986; double circle, KanHara, 1988; inverted
triangle, Ozawa et al., 1989; inverted solid triangle, Ozawa ef al., 1991;
solid circle, Tsukamoro et al., 1991). Numerals indicate TL, Asterisks
show the sampling locations of glass eels recruited to the coastal waters.

size at capture was 19.5 mm TL (Ozawa et ca. 30-50mm with an age of 67-78 days

al., 1991), while more than twenty
thousand Atlantic eels have been obtained
(BéeTIUs and HARDING, 1985; KLECKNER and
McCLEAVE, 1985) and its minimum size was as
small as 3.9 mm TL, corresponding to 4 days
after hatching (WIPPELHAUSER ef al., 1985).
Developing leptocephali of A. japonica of
about 50-60mm in TL were collected in
eastern waters of Taiwan, 20°14'—23°40'N,
125°01°'-130°00" E in November-December
(Tanaka, 1975; Fig. 2). In the more
southern waters, east of Luzon, 15°56 —22°
02’ N, 122°25"-129°37"E, smaller larvae of

after hatching were collected in September (Ka-
JIHARA, 1988; Tsukamoto et al., 1989). Based
on these results and the water flow in this
area, the breeding of A. japonica was
predicted to occur in June or July farther
east than has been surveyed to date (KamHa-
RA, 1988; Tsukamoro et al., 1989). In
fact, smaller larvae of ca. 20-30mm were
collected in a more eastern area, 15°46"-16°22'
N, 132°59'-138°43'E in June-July (Ozawa et
al., 1989). More recently, 21 small
leptocephali of ca. 20mm were obtained in
only one haul at 16°17'N, 139°12'E (Ozawa
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Fig. 3 Birth dates of the glass eels and elvers
collected at the estuaries of the Japanese coast
(TsukamoTo, 1990). Heavily shaded area shows
the birth date distribution of leptocephali
collected in the Western North Pacific (Tsuka-
Moto et al., 1989).

et al., 1991: Fig. 2). A wider area, especially
to the east (10°-20°N, 140°~150°E) should be
investigated in May-July to determine the
spawning area of A.japonica.

Spawning season

The age of the glass eel upon arrival at
the Japanese coast was roughly constant,
218+29d (mean+SD) for 149 individuals
(TsukamoTo, 1990). Glass eels arrived at
Taiwan at an age of 100-140 d (40 fish; Ume-
zAWA and TsukamoTo, 1990) and 95-175
d (61 fish; Tzenc, 1990). The birth date
estimated for each individual ranged from
April to November and the mean was 22
July (Fig. 3; Tsukamorto, 1990). Later ex-
amination of 1012 glass eels including samples
from Taiwan, Japan and Korea showed that
the age at recruitment (age upon arrival at
the coast) was 117+12.7 d (about 4 months)
and the birth date ranged from June to
November with the peak in August (UMmEza-
wa, 1991). Although the estimated ages at

recruitment were different among investigators,
the peak of the hatch date (August) coincided
with one another (Fig. 3). Age determination
of A. japonica leptocephali collected in the
Western North Pacific in September 1986
showed that their birth dates ranged from
28 June to 18 July 1986 with a peak in mid
July (Tsukamoro et al., 1989). The estimated
birth date was consistent with that of the
glass eel (Fig. 3). The birth date can be
regarded about the same as the spawning
time since the duration of the egg stage of
this species was less than 2 days (Yamamoro
et al., 1974; Saro, 1979). Therefore, it can
be summarized from these results that A. ja
ponica spawns in summer and the offspring
takes ca. 4-7 months to migrate from the
spawning area to the estuaries of East Asia.
This is in striking contrast to the common
belief Anguilla japonica spawns in winter and
that the larvae take 1 year to recruit to the
Japanese coast (Matsu, 1952; Tasera, 1981).
The long estimated duration of the spawning
season (e.g. April-November; 7 months in
TsukamoTto, 1990) should not be caused by
the counting error in age determination
since the latter did not exceed 10 % (about
20 days at most for glass eel). Multiple
subpopulations of adult eel might prolong
the duration of estimated spawning season.
The reported peak spawning of Atlantic
eels was February and April for A. rostrata
and A. anguilla, respectively (HARDEN JONES,
1968; Bogtus and Harpng, 1985; WIPPELHAU-
SER ef al, 1985), which is earlier than that
of A. japonica estimated here. Assuming
that otolith increments were formed daily, the
birth dates of the leptocephali collected in
the southwestern Sargasso Sea in August
1984 were estimated to be May-June 1984 for
both A. rostrata (mean TL, 34mm) and
A. anguilla (32mm) larvae (Castoncuay, 1987) .
A. rostrata (mean TL, 36.8mm) and A. ang
uilla (53.6mm) collected in the Atlantic
Ocean and the Mediterranean Sea in December
1989 and January 1990 hatched in September
~October 1989 (Tsukamoro ef al., 1991). Further
age determinations, coupled with experimental
validation of the frequency of otolith increment
formation, will be needed to explain this
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disparity.

Silver eels of both A. japonica and A. anguilla
begin their downstream migration in autumn.
Based on their estimated spawning dates, the
migration of silver eels from freshwater to
the breeding place takes ca. 10 months for
A. japonica, whereas A. anguilla requires
only ca. 6 months to the Sargasso Sea, if it
is assumed that the peak spawning is in
April.

Growth

Age and body length of artificially hatched
preleptocephali (2-6mm. 0-6d) and field
collected developing leptocephali (ca. 20-50
mm, 25-78d) were linearly related, suggesting
that early growth of eel larvae was linear
with a growth rate of 0.56mm/d (Fig. 4, Tsu-
KAMOTO et al., 1989; UMezawa and TSUKAMOTO,
1992a). After metamorphosis, the body lengths
of glass eels and elvers became relatively
constant, ca. 60mm (Umezawa and TSUKAMO-
TO, 1992a). When examined in detail how-
ever, glass eels shrank 0.22mm/d (UMEzawa
and TsukaMmoTo, 1992b; see below) and
body lengths of elvers increased 0.09mm/d
till ca.150 d (Umezawa and Tsukamoto, 1992a) .

y=0.56x+3.31

r=0.991 (p<0.01)
n=111
20
0 1
0 50 100 150
Age (day)

Fig. 4 Early growth of A. japonica. Asterisks
indicate leptocephali collected offshore, and
circles, glass eels and elvers at recruitment.
Squares are preleptocephali artificially hatched.
Solid line was fitted to data of preleptocephali
and leptocephali. Dashed lines were drawn by
hand between leptocephalus and glass eel
stages.

The growth rate of glass eels recruited to
Taiwan was estimated with otolith increments
as being 0.35-0.60mm/d (Tzeng, 1990), a
value which would have included the shrinkage
period during metamorphosis.

The growth rate of Atlantic eel leptocephali
(both of A. rostrata and A. anguilla) was
estimated via otolith microstructure as being
0.38mm/d (Castoncuay, 1987), a value
which is smaller than that of A. japonica.
However, a more recent otolith examination
showed that growth rates of A. rostrata (0.46
mm/d) and A. anguilla (0.62mm/d) were
similar to that of A. japonica (TsukamoTo et
al., 1991a). BOEeTius and Harping (1985)
concluded that there was no differential
growth rate in O-group leptocephali of A. ro
strata and A. anguilla. However, estimates
of growth rates based on regressions of TL'
on date of capture are indirect and have
tendency to underestimate (Casroncuay, 1987).
In fact, the larval growth of the Atlantic
eels previously reported (0.17-0.24mm /d;
BoeTius and HarpiNg, 1985; KLECKNER and
McCLEAVE, 1985; WIPPELHAUSER ef al, 1985) was
mauch lower than that estimated from otolith
examination (0.38-0.62mm/d: CASTONGUAY,
1987; TsukaMoTo et al., 1989; Tsukamoro et
at.,1991; Umezawa and TsukamoTto, 1992a;).
Future research should include intensive age
determination of a wide range of lengths of
specimens collected from various area in the
north Atlantic and the Mediterranean Sea at
different times of the year.

Metamorphosis

The change in otolith increment width
from the center to the edge showed a similar
pattern in both A. japonica glass eels and
elvers examined (TaBeTa et al., 1987; Uwme-
zAwWA and TsukamoTo, 1992b): the width
was roughly constant, ca. 1pgm, from 0 d
until 74 d increasing rapidly to a peak of
ca. 4pm at 85 d, and then decreasing to be
constant again from 97 d until the otolith
edge (Fig. 5). Every glass eel and elver
examined, even the youngest glass eel (95d,
58.8 mm), had such a “Wide Increment
Zone (WIZ)”, whereas there was no such
WIZ in every leptocephalus at developing
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stage. This suggests that the WIZ is formed
during metamorphosis from the leptocephalus
to the glass eel (Fig. 5). The largest lepto-
cephalus examined (58.2mm, 84d) had several
wide increments at the peripheral part of
the otolith, suggesting that this specimen
was just starting to form a part of the WIZ. In
Fig. 4, this fish had a positive residual on
the growth regression line for leptocephali,
which suggests that leptocephali might grow
rapidly at the end of the developing stage
until the beginning of metamorphosis, although
this assumption was based on only 1 speci-
men. Otolith radius (Y: pgm) and total length
(X:mm) were linearly related in the leptocephali
(Y=1.89X—1.60, r=0.988, N=110; UmezAWA
and TsukamoTo, 1992a). Glass eels and elvers
also presented a linear relationship but with
a different regression coefficient (Y=2.89X
+7.99, r=0.875, n=1349; Umezawa and TsuU-
KAMOTO, 1992a). These considerations. lead
to the conclusion that leptocephali begin to
metamorphose at the mid point of WIZ of
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the largest increment width, at a mean age
of 85d, and that body size shrinks afterwards
(Fig. 5). Assuming that the latter half of
the WIZ represents metamorphosis, it lasts
for 12 d. Duration of metamorphosis estimated
in the study does not differ from that of
beach conger Conger japonicus, 11-14d (OcHIAl
et al., 1978). The total length of glass eel
(Y:mm) and the days (X) after the mid
point of WIZ or the beginning of metamorphosis
showed a negative linear relationship (Y =
—0.22X+61.3, r=0.519, n=40; UMEzZAWA
and Tsukamoro, 1992b). The equation suggests
that the size of the leptocephalus at the
maximum developing stage would be 61.3mm
in TL and the eel shrank at 0.22mm/d in
length after the beginning of metamorphosis
until the elver stage (Fig. 5). This estimation
is consistent with the collection data: the
largest size of leptocephalus ever collected
was 59.2mm in TL (Tasera and KonrsH, 1986) ,
the 4 metamorphosing larvae ranged from
52.0 to 60.2mm, 9 glass eels collected at

leptocephalus metamorpﬁosis glass eel |elver
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Fig. 5 Correspondence between early growth pattern of A. japonica and
change in otolith increment width against age, or increment number
from the inside to the edge. A zone of wide increments (WIZ) occurred
between 74 and 97 d in a series of otolith increment width from the
core to the edge. Metamorphosis started at 85 d or the mid point of
WIZ showing the largest value of increment width.
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open sea, 53.0-61.2mm (SHomMma, 1966, 1967;
TsuxkaHara, 1971; TaBera and Takai, 1973;
TaBETA, 1981; SHonmma, 1991), and 260 glass
eels obtained at surf zone of Kanagawa, Japan,
52.1-62.4mm (Umezawa, 1990). There was
a negative linear relationship between age at
metamorphosis (the mid point of the WIZ) and
otolith growth rate (UMEzAwA and TSUKAMOTO,
1992b). This shows that leptocephali with a
larger growth rate begin to metamorphose
at a younger age, since otolith growth is
positively related to body growth (see above).
The leptocephalus phase of A. rostrata is
believed to last for 10-12 months (ScumipT,
1922), or 8-12 months (KLeckNER and McCrL-
EAVE, 1985). A. anguilla is supposed to meta-
morphose into the glass eel stage 2.5-3
years after hatching (Scammrt, 1922, 1925), 34
vears (UTtrecHT and HorrLesoom, 1985), or
12-15 months (Boetius and HarbmNng, 1985).
LEw (1974) suggested that A. rostrata spent
2 years in the sea, and A. anguilla, 3 years. A
metamorphosing leptocephalus of A. anguilla
(63.0mm TL) collected in the Mediterranean
Sea in January 1990 had only 102 increments
(presumed daily) in the otolith (TsukamoTo
et al., 1991), suggesting a much shorter
duration (3-4 months) of leptocephalus stage
than has been previously reported (Tsukamo-
To et al, 1991). The duration of the lepto-
cephalus phase and the time required for
oceanic migration vary greatly among A. ja-
pomica and both Atlantic species. Such disparity
could well be the subject of future research.

Oceanic migration

The process and mechanism of oceanic
migration by eels is poorly known (Ozawa
et al., However, it can be assumed at
least from the present collection data on
A. japomica leptocephali that spawning may
occur in the waters east of the Philippines (see
above, Fig. 2). Accordingly, oceanic migration
of the eel from the spawning area to an
estuary can be roughly divided into three
periods: (1) long drift from the spawning
area to the origin of the Kuroshio current,
(2) rapid northward transport in the Kuro-
shio, and (3) inshore migration toward the
estuary after the exit from the Kuroshio.

Long Drift: Ocean circulation is complex in
waters east of Taiwan and the Phillipines,
lat. 15°-25°N and long. 125°-135°E (NITANI,
1972; HasuNuma and YosHIDA, 1978), where
the eel spends its leptocephalus stage. Based
on the dynamic topography of the sea surface
relative to the 1000 db surface (Hasunuma
and Yosama, 1978), small leptocephali (20-30mm
TL) were caught in the southern slope of
the north equatorial ridge of the geopotential
anomaly, or near the northern boundary of
the North Equatorial Current (see Fig. 2). Old
leptocephali just before metamorphosis (e. g.
77-87d, 50-60mm) and metamorphosing
larvae were recorded just east of the origin
of the Kuroshio (Fig. 2). The eel larvae
might be slowly transported northwestward
in complicated eddies from the spawning
area to the origin of the Kuroshio (Ozawa
et al., 1992). Duration of the drift in this
area is supposed to be 2-3 months before
metamorphosis (UMEzawA and TSUKAMOTO,
1992b). If it is assumed that the spawning
area is located 10°-20°N, 140°-150°E, larvae
would drift through 2000-3000 km in distance
at ca. 40 km/d.

Kuroshio Transport: All of the leptocephali
which have been collected were found east
of the Kuroshio, whereas glass eels collected
offshore were recorded west of the Kuroshio
(Fig. 2; SHomma, 1966 1967; TSUKAHARA,
1971; TaBeTA and TaAxAl, 1973; SHoIMA,
1990). Although no eel larvae have ever
been collected in the Kuroshio, it is probable
that larvae which arrived at waters just
southeast of Taiwan, the beginning of the
Kuroshio (Nirani, 1972), would be entrained
by the strong Kuroshio and transported
northward. Timing and developmental stage
at the time of entrainment to the current
would vary in each individual because the
transport in eddies during long drift would
be entirely passive and indefinite. However, the
exit from the Kuroshio may occur at the
same stage in all individuals, . e. during
or just after metamorphosis. Buoyancy would
be lost during metamorphosis because of
decreases in the area of the body surface
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and water content (CaALLAMAND, 1943) and
increases in specific gravity (SinHA and Jones,
1975; HickmaN, 1981). Conger japonicus began
active swimming when metamorphosis started
(OcHiar et al, 1978). The records of offshore
catches of glass eels and metamorphosing
leptocephali (Fig. 2) suggest that the eel, in
general, begins metamorphosis in or just
east of the Kuroshio, and completes it in the
current (UMEzawA and TsukamoTo, 1992b) or
in the marginal waters of the continental
shelf (TaBera and Takai, 1973).

Kuroshio Transport Distance, the distance
an eel might be transported by the Kuroshio
from its origin (Okm) to a point of exit, varies
from 250 km to 3000 km for fish recruited to
Taiwan and Miyagi in Japan (the northern-
most sampling station in Fig. 2), respective-
ly. Since the velocity of the Kuroshio is
ca. 2-3kt (Nirani, 1972), the duration of
Kuroshio transport is estimated to be 2-27
days. The Kuroshio Transport Distance and
age at metamorphosis of fish collected at
each coastal station showed a positive linear
relationship except for samples from Korea
and Miyvagi whose stations do not face the
Kuroshio directly. This suggests that fish
metamorphosing earlier would be transported
a shorter distance and exit from the current
at a lower latitude.

Inshore Migration: How the eel migrates inshore
after exit from the Kuroshio is unclear. Since
a total of 9 glass eels has ever been collected
offshore (Fig. 2), there is insufficient infor-
mation to explain the process of inshore
migration of a billion glass eels recruiting to
coastal waters of East Asia. Although glass
eels collected offshore were recorded at
comparatively shallow depths near the surface
(SHojmMa, 1990), there remains the possibility
that settlement to the bottom occurred after
metamorphosis, followed by movement inshore
along the sea bed. However, the glass eel
at recruitment had no characteristic micro-
structure in the otoligh, e¢. g. check, correspon-
ding to the settlement to the sea bed accom-
panied by a drastic decrease in environmental
temperature of about 20TC.

Otolith examination suggests that mean

duration between metamorphosis and recruitment
to a coast is 20-32 days (UMEzawa and TSUka-
MOTO, 1992b). Assuming that the cruising
speed of glass eels (60mm TL) is 120mm/s (2
TL/s), and that active swimming occurs
only 16 h at night since the eel is nocturnal
(Umezawa, 1991), it was calculated that a
glass eel might migrate 138-221 km distance
by itself after exit from the Kuroshio following
metamorphosis. This estimation might explain
a distance of 56-206 km from the Kuroshio
flow axis to each sampling station along the
coast. However, the situation may not be
so simple because the eel would not swim
directly to a coast, and countercurrents of
the Kuroshio and complicated coastal currents
might affect the inshore migration.

The utilization of tidal current in the
entry to estuaries was reported in A. rostrata
(McCLEaVE and KLECKNER, 1982; McCcLEAVE
and WIPPELHAUSER, 1987) and A. anguilla
(CrEUTZBERG, 1958). Similarly, the recruitment
of A. japonica to the estuary might be controlled
by a tidal rhythm. Birth dates of the glass
eels on arrival to the coast increased in
stepwise following the sampling date, and
the duration of each step was about 14 d
which coincided with the half of lunar phase
(UmMEezAWA, 1991). Age at recruitment and
tidal range were negatively correlated. Fur-
thermore, CPUE and tidal range showed a
positive linear relationship. These results
suggested that the glass eels recruited to
the coast at the full or new moon, and
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Fig. 6 Relationship between sampling date and

birth date of glass eels collected on the Japanese
coast.
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stayed there until the next spring tide (Ume-
zawa, 1991).

Migration mechanism

Clear correspondence was observed between
birth date and the time of arrival at the
coast (Fig. 6; TsukamoTo, 1990; UMEZAWA,
1991). A similar relationship was confirmed
in fish recruited to Taiwan (Tzens, 1990). The
age at metamorphosis was positively correlated
with the age at recruitment to the coastal
waters of Taiwan and Japan (Fig. 7; UwmEza-
wa and TsukaMoTo, 1992b). The age of
glass eels or the time required for oceanic
migration increased gradually with the date
of recruitment (TsukamoTo, 1990) . However,
the body size at recruitment was roughly
constant, about 55-60 mm TL (Tzeng, 1990;
UmMmEzawa, 1991). The growth rate of glass
eels recruited to Taiwan was inversely correlated
with age at recruitment, suggesting that
fast-growing larvae took a shorter time for
oceanic migration than slow-growing larvae
(TzenG, 1990). Pigmentation developed at a
lower latitude (Tsukamoro, 1990). Thus, the
migration mechanism of the eel A. japonica
can be summarized as follows: The earlier-
born fish or fish with a faster growth rate
metamorphose and recruit earlier, at a younger
age to the lower latitude with the more
advanced pigmentation, but with a constant
body size (Fig. 8; Tsukamoro, 1990; UME-
zawa, 1991).

y=0.63x+16.13

100 =0.793 (p<0.
ey P

80

Age of glass eel at recruitment (day)

Fig. 7. Relationship between the age at metamor-
phosis (the mid point of WIZ) estimated by
otolith microstructure and the age at recruitment
in the glass eels collected in the coastal waters
of Taiwan and Japan.
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Metamorphosis

Recruitment

Body length

Open Sea

early late

Spawning Season Time (Age)

Fig. 8. Migration mechanism of Anguilla japonica, with
special reference to the correspondence among
birth date, growth rate and timing of recruitment.
Solid lines with arrows each represent a diagr
ammatic growth curve of an individual for

each timing of birth.
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