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Abstract Japanese eels spawn mainly during June–

August. The larvae (leptocephali) then drift for 3–5 months

before metamorphosing into glass eels. The recruitment

season generally starts in southern East Asia in November

and in northern areas in April the following year, a lag of

*5 months. However, analysis of otolith daily growth

rings revealed only a 1–2-month difference in the mean

leptocephalus stage between southern and northern East

Asian samples. Experiments and field observation indicate

that glass eels may starve, lose body weight, and remain in

early pigmentation stage for a few months in cold waters.

The time lag in recruitment can be accounted for by a

longer leptocephalus stage combined with a low tempera-

ture-driven delay to upstream migration in winter. The

leptocephalus duration and oceanic currents determine the

dispersal locations up to the glass eel phase, while tem-

peratures determine the timing of upstream migration time

at each location.

Introduction

The Japanese eel (Anguilla japonica Temminck and

Schlegel, 1846) is a temperate catadromous fish with a

complex lifecycle and wide distribution (Tsukamoto 1992,

2006; Tesch 2003). Previous studies using microsatellite

DNA loci indicated no significant genetic differences,

either spatially or temporally, among populations of Japa-

nese eels in East Asia (Chang et al. 2007; Han et al. 2008,

2010a). Differences in habitat utilization or larval duration

were not found to contribute to population structuring (Han

et al. 2010b, c). These results strongly suggest the existence

of a single panmictic population of Japanese eels.

The spawning area for Japanese eels lies to the west of

Mariana Island, where silver eels congregate to spawn

between June and August (Tsukamoto et al. 1989, 1992;

Ishikawa et al. 2001; Tsukamoto 1992, 2006, 2009;

Zenimoto et al. 2009). After the fertilized eggs hatch, the

larvae (leptocephali) drift from the spawning site, first in

the North Equatorial Current (NEC) and then via the

Kuroshio and its branch waters for several months to reach

the coastal waters of East Asia. They then metamorphose

into glass eels and enter the river/estuarine growth habitats

mainly in Taiwan, China, Korea, and Japan (Cheng and

Tzeng 1996; Tesch 2003).

We conducted interviews with glass eel fishermen and

traders to gain a greater understanding of recruitment

dynamics. We discerned that glass eel recruitment to

estuaries occurs in the following order in East Asia. First,

few Japanese glass eels are found around the northeastern

coast of Luzon Island but abundant glass eels occur in

Taiwan in late October, with the main fishing season

being between November and February (Fig. 1). After

2–4 weeks, recruitment occurs in the Fujian Province of

China and the Pacific coast of southern Japan, where the

main fishing season is between December and February. In

the Zhejiang and Guangdong Provinces of China, Jeju

Island, and Pacific coast of central Japan, the main fishing

seasons occur between January and March. Later, from

February to April, the recruitments concentrate in the

southern Jiangsu Province of China (around Changjiang

River estuary), the southern coast of Korea, and east coast
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of Japan. In the northern Jiangsu Province of China and the

west coast of Korea, the main fishing seasons are between

March and May. The final recruitments occur at the

northwestern coast of Korea and Yalu River between April

and June. The start of the recruitment season therefore

differs by up to 5 months between southern and northern

East Asia.

Despite this difference, back-calculated otolith incre-

ments of leptocephalus samples near the spawning area

indicated that eels spawn within a period between June and

August (Tsukamoto et al. 1989, 1992; Ishikawa et al. 2001;

Tsukamoto 2009; Zenimoto et al. 2009), suggesting that

the glass eels recruited during the main catch seasons in

each location of East Asia would have hatched during this

period. We reviewed studies of otolith daily growth rings

of glass eels obtained from East Asian areas: these show

that the time difference in the leptocephalus duration

between Taiwan and Korea is around 1 month (105.3 ±

13.5 d for eels collected in Taiwan, vs 130.6 ± 3.3 d for

eels collected in Korea: Table 1), much less than the dif-

ference in the start date of the recruitment seasons. Since

the mean duration of metamorphosis from leptocephalus to

glass eel is around 20–40 days, irrespective of the location

(Table 1), the recruitment delay between Taiwan and

Korea samples must therefore stem from variations in the

duration of the postleptocephalus stage (i.e., glass eel

stage). It has been found that the glass eel feeding, swim-

ming, pigmentation, and otolith growth would be hampered

under low temperature (Dou et al. 2003; Fukuda et al.

2009). It has also been found that the pigmentation of

European glass eel (Anguilla anguilla) slows down in high

salinity water (Briand et al. 2005). Our study aimed to test

the effects of temperature and salinity on growth and pig-

mentation of Japanese glass eels and to clarify the mis-

matches in the mean age and recruitment time lag between

glass eels recruited from southern and northern East Asian

regions.

Materials and methods

Otolith sampling

Japanese glass eels were collected by fishermen from the

Tanshui River estuary of Taiwan in February 2008

(Table 1). Sagittal otoliths (n = 45) were analyzed for

daily growth increments by scanning electron microscopy

(SEM) according to the previously described method

(Tzeng 1990). SEM photographs were taken at Tech-

Comm, College of Life Science, National Taiwan Uni-

versity (Fig. 2). Faint images were excluded from the

analysis. Supposed daily increments in the otoliths were

counted from the first ring outside the core to the end of

the metamorphosis zone. The image of otolith increments

on the glass eel zone was obscure and thus was not

counted.

Fig. 1 Map showing the

distribution of the Japanese

glass eel (bold lines) and the

NEC, Kuroshio, and its branch

waters around the East Asian

coasts. The number shows the

sampling location of the glass

eels in previous and present

studies (listed in Table 1). The

main recruitment months of the

glass eel in each location in East

Asia are indicated in the boxes.

TW Taiwan
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Table 1 Meta-analysis of the otolith daily growth rings of Japanese glass eels

Country Site Collection

month

number

LZ M GZ Age Estimated

birth month

Reference

East Asia 11–4 106 (59–170) 21 27 154 (98–227) 5–12 Peak:

late Aug.

Shinoda and

Tsukamoto (2009)

Eastern North

Pacific region of

Taiwan

11 100–160 20–40 175 4–6 Arai et al. (1997)

Korea

1 Jeju 1–3 128.2 45 12.7 185.7 7–9 Moon (2002)

2 Nakdong 2–4 129.7 45 16.3 191.3 8–10 Moon (2002)

3 Kuem River 2–4 129 44.7 15 188.7 8–10 Moon (2002)

Japan

4 Sendai 12–3 160.6 7–10 Tabeta et al. (1987)

3–4 220.3 8–9 Tsukamoto (1990)

5 Chiba 12–4 220 5–9 Tsukamoto (1990)

1 137 177 7 Tzeng (2003)

6 Shizuoka 12–3 208 6–8 Tsukamoto (1990)

7 Wakayama 1–3 216.7 6–8 Tsukamoto (1990)

8 Okayama 3 222 7–8 Tsukamoto (1990)

9 Kochi 1–2 210.6 6–7 Tsukamoto (1990)

10 Ohita 2–3 220.6 7–8 Tsukamoto (1990)

11 Fukuoka 1–6 134.1 14.7 20.9 170 7–12 Kawakami et al.

(1999)

2–4 222 7–8 Tsukamoto (1990)

12 Kagoshima 12–3 217.7 5–8 Tsukamoto (1990)

13 Tanegashima Island 12 125 21 7 153 7 Kawakami et al.

(1999)

China

14 Yalu River 4–6 145.3 11–12 Li et al. (1992)

4 155.2 11–12 Li (1998)

5 145.2 11–12 Xie et al. (1997)

5 135.5 173.3 11 Tzeng (2003)

15 Jiaozhou Bay 5 147 11–1 Li (1998)

16 Changjiang River 3–4 154.3 10–11 Xie et al. (1997)

2–4 141.2 10–12 Li (1998)

17 Qiantang River 2 137.9 171.5 8 Tzeng (2003)

2–3 155.5 9–10 Xie et al. (1997)

18 Wenchou 1–3 138.2 9–11 Li (1998)

19 Mingjiang 3 128.4 157.9 9 Tzeng (2003)

3 154.8 9–10 Xie et al. (1997)

20 Yunxiao 2–3 143 8–11 Li (1998)

21 Hanjiang 2 160.2 8–10 Xie et al. (1997)

22 Changjiang 1–3 150.2 8–10 Li (1998)

23 Wanquan River 12 158.2 6–7 Xie et al. (1997)

Taiwan

24 Fulong 11 130.8 7 Tabeta et al. (1987)

11–2 122 6–10 Tzeng (1990)

12 125.9 152.6 7 Tzeng (2003)

1 80–90 122.1 8–9 Umezawa and

Tsukamoto (1990)
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Fig. 2 Map showing the 4 main zones of the glass eel otolith

(up-right), and a representative scanning electron micrograph illus-

trating daily growth increments of the sagittal otolith of a glass eel

collected in the Tanshui River estuary in February 2008. C core zone,

LZ leptocephalus zone, M metamorphosis zone, GZ glass eel zone

Table 1 continued

Country Site Collection

month

number

LZ M GZ Age Estimated

birth month

Reference

25 Tanshui 1 100 170.6 6–9 Tzeng and Tsai

(1992)

2 118 22.1 This study

3 80–90 119.6 10–11 Umezawa and

Tsukamoto (1990)

26 Suao 12 100 164.3 6–7 Tzeng and Tsai

(1992)

27 Lishui 1 100 160.6 7–9 Tzeng and Tsai

(1992)

28 Tungkang 12 117.7 151.9 7 Tzeng (2003)

1 100 166.7 7–9 Tzeng and Tsai

(1992)

2 158.6 8–10 Xie et al. (1997)

3 121.4 159.3 10 Tzeng (2003)

The locations of the indicated numbers for each country are shown in Fig. 1

LZ leptocephalus zone, M metamorphosis zone, GZ glass eel zone
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Meta-analysis of glass eel otolith studies

The ages (in days) of Japanese glass eels were derived on

the basis of the presumed otolith daily increments (Tsu-

kamoto 1989; Table 1). In some studies (Shinoda and

Tsukamoto 2009; Tzeng 1990, 2003; Tzeng and Tsai 1992),

2 or 5 days were added to the number of otolith increments

for the adjustment of the yolk-sac stage (Lecomte-Finiger

1992) in the core zone. These added days were deducted for

consistency.

Temperature and salinity experiments

For temperature and salinity tests, glass eels collected using

a boat net from the coastal waters (21�C, 34.5 psu) of Ilan,

in northeastern Taiwan in December 2009, were transferred

to a box with natural seawater and immediately brought to

the laboratory of the Institute of Fisheries Science, Taipei,

Taiwan. Twenty individuals were initially subsampled, and

their total length (to the nearest 0.1 mm), body weight (to

the nearest 0.001 g), and pigmentation stage were recorded.

To identify the effect of salinity on the stage of pigmenta-

tion, individuals (n = 80) were divided and kept in the dark

in 4 different salinity tanks (0, 17, 26, and 35 psu, 20 for

each) at 18�C without feeding and salinity acclimation. The

aforementioned parameters were recorded again after

1 month. To identify the effect of temperature on pigmen-

tation stage, individuals (n = 90) were divided and kept in

the dark in 4 different temperature tanks (4�C, 10�C, 15�C,

and 20�C) containing seawater (35 psu) without feeding.

The 4�C tank contained 30 individuals and the other 3 tanks

contained 20 individuals each. Time-series sampling was

conducted during the 3-month experiment period to identify

changes in pigmentation status and somatic growth at dif-

ferent temperature conditions. Ten individuals were ran-

domly sampled from each tank at 30 days. After 2 months,

the remaining individuals in the 10�C, 15�C, and 20�C tanks

were sampled, whereas only 9 individuals from the 4�C tank

were randomly sampled. The remaining 10 individuals in

the 4�C tank were kept for 1 month longer before mea-

surement. The same temperature and salinity experiments

were repeated for glass eels collected in the same location in

January 2010. Pigmentation stage (Stages VA, VB, VIA1,

VIA2, VIA3, VIA4, and VIB) was determined according to

European eel criteria (Tesch 2003).

Data analysis

Data of total length and body weight were checked by

Kolmogorov–Smirnov tests and were fitted the normal

distribution. Differences in the total length and body

weight between the experimental groups were tested using

analysis of variance (ANOVA) followed by Tukey’s

Honestly Significant Differences (HSD) multiple-compar-

ison test. SPSS (ver. 12, IBM, NY USA) software was used

for the statistical analysis. The differences were considered

significant when P \ 0.05.

Currents and temperature patterns of East Asian

coastal waters

The East Asian continental shelf has relatively shallow seas

and is strongly affected by monsoons and Kuroshio invasion

in the winter (Chen 2009). The surface currents in the East

Asian continental shelf during winter (November to March)

have been modified based on Chen’s findings (2009). The

graphs of monthly mean sea surface temperature (SST) of

the East Asian coastal waters with a spatial resolution of

1.1 km were provided by the Remote Sensing Laboratory,

National Taiwan Ocean University (http://140.121.161.

31/RSL/index.e.html). The data were received from the

advanced very high resolution radiometer (AVHRR) sensors

on the TIROS-N series satellite of the National Oceanic and

Atmospheric Administration (NOAA).

Results

Leptocephalus duration

The SEM images of the polished otoliths showed 4 main

zones (McCleave 2008): core zone, leptocephalus zone,

metamorphosis zone, and glass eel zone (Fig. 2). The

metamorphosis zone, in which the increments become

diffuse and the strontium:calcium ratio decreases sharply

(Arai et al. 1997; Wang and Tzeng 1998), separates the

leptocephalus zone and the glass eel zone (Fig. 2). The

glass eel zone, which starts at a check and ends at the edge

of the otolith, corresponds to the glass eel stage after

metamorphosis (Fig. 2). In our study, the mean durations

of the leptocephalus and metamorphosis stages were

118.0 ± 13.6 and 22.1 ± 2.3 days, respectively. In other

studies, the mean duration of the leptocephalus stage varied

between regions. In Taiwan, the leptocephalus stage lasted

between 80 and 120 days, and between 120 and 140 days

in the case of samples from Japan, Korea, and China

(Table 1). The duration of metamorphosis of the glass eel

was approximately 20–40 days irrespective of location

(Table 1). The mean duration of the glass eel stage varied

widely from 7 days (Kawakami et al. 1999) to [40 days

(Cheng and Tzeng 1996; Table 1).

Hatching date

The data of 14 studies were analyzed to assess spawning

seasons according to location. The back-calculated
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numbers of otolith increments of glass eels collected from

November to June of the following year revealed that eel

spawning time extended from April through January of the

following year (Table 1). However, the estimated dates of

the spawning season based on field sampling of lepto-

cephali are from June to August. The spawning dates that

were estimated from glass eel samples collected in Taiwan

and the Pacific coasts of Japan lie mainly between May and

September and are in good agreement with the estimates

from field leptocephali samples (Table 1). Glass eel sam-

ples from northern China and later recruits, however,

showed obvious inconsistencies in estimated spawning

time (Table 1).

Temperature and salinity tests of glass eel

In the salinity experiments, there were no significant dif-

ferences in the mean total length or body weight among the

different salinity groups compared with the values in the

initial group (P [ 0.05 for all; Table 2). Only 1 individual

died during the experimental period in the 0 psu group.

The pigmentation stages progressed from stage V in the

initial group to stage VI in each group after 1 month of

rearing at 18�C. More than 70% of the glass eels were at

stages VIA2 and VIA3 (the pigmentation occurring caudally

and dorsally) in each group (Table 2). In the temperature

experiments, no significant differences in mean total length

or body weight were noted between the different temper-

ature groups and the initial group after 1 month of test

(P [ 0.05 for all; Table 3). After 2 months, the mean total

lengths in the 20�C and 15�C tanks and the mean body

weight in the 20�C tank were significantly lower than the

corresponding value in the initial group (Table 3). After

3 months, the mean body weight in the 4�C group was

significantly lower than that in the case of the initial group

(Table 3). In the 4�C group, the early pigmentation stage

(VA and VB) was noted at 1 and 2 months of rearing, and

60% of the individuals were still at the early VA and VB

stages even after 3 months (Table 3). Higher temperature

and longer rearing times resulted in a higher percentage of

individuals with advanced pigmentation stage (Table 3).

Glass eels in the 4�C tank always stayed at the bottom with

little activity. The higher the water temperature, the more

active the eels were.

Table 2 Effect of salinity on the pigmentation stage of glass eels

Duration Salinity (psu) n TL (mm) mean ± SD BW (g) mean ± SD Pigmentation stage (% individuals)

VA VB VIA1 VIA2 VIA3 VIA4

Initial 20 56.4 ± 2.3 0.15 ± 0.02 95 5

1 month 35 20 56.2 ± 1.9 0.15 ± 0.02 5 50 20 25

26 20 55.9 ± 2.1 0.15 ± 0.02 15 25 45 15

17 20 56.6 ± 1.4 0.14 ± 0.01 5 55 30 10

0 19 57.6 ± 1.6 0.15 ± 0.01 10.5 31.6 57.9

Samples (n = 80) were divided and kept in 4 different salinity tanks without feeding at 18�C in the dark for 1 month. Similar results were

obtained in repeated experiments in Jan. 2010

Table 3 Effect of temperature on the pigmentation stage of glass eels

Duration Temp. (�C) n TL (mm) mean ± SD BW (g) mean ± SD Pigmentation stage (%)

VA VB VIA1 VIA2 VIA3 VIA4

Initial 20 55.3 ± 1.9 0.14 ± 0.02 90 10

1 month 20 10 54.6 ± 2.2 0.13 ± 0.02 20 60 20

15 10 55.5 ± 2.8 0.13 ± 0.02 100

10 10 55.6 ± 1.7 0.13 ± 0.01 40 60

4 10 53.1 ± 1.7 0.12 ± 0.02 100

2 months 20 10 53.5 ± 1.9* 0.10 ± 0.02* 11.1 11.1 77.8

15 8 53.4 ± 2.0* 0.12 ± 0.02 20 50 30

10 10 53.7 ± 2.0 0.13 ± 0.01 50 37.5 12.5

4 9 54.2 ± 1.6 0.13 ± 0.02 56 44

3 months 4 10 54.1 ± 1.1 0.11 ± 0.01* 20 40 20 20

Samples (n = 90) were divided and kept in 4 different temperature tanks at 35 psu in the dark without feeding for 1–3 months. Similar results

were obtained in repeated experiments in Jan. 2010

*Significance at P \ 0.05
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Surface currents and temperature in East Asia coastal

waters in winter

Kuroshio originates in the westward-flowing NEC, turns

northward east of the Philippines, and flows past Taiwan

into the East China Sea. When Kuroshio impinges on the

East Asian continental shelf, portions of Kuroshio branch

out onto the coastal waters (Fig. 1). The mean SST images

of the East Asian coastal waters in November 2008, Jan-

uary 2009, March 2009, and May 2009 are shown in Fig. 3.

In the winter, the warm waters of Kuroshio and the cold

coastal waters form the visible thermal fronts (Chen 2009).

In November, the cold coastal waters invade southwardly,

cooling the waters of Fujian coast and western Taiwan

(Fig. 3a). In January, the mean air temperature is the lowest

in East Asia (Japan Meteorological Agency). The SST

ranges are as follows: at all coastal waters of Korea and

northern coast of the Jiangsu Province of China, 0–5�C; at

the southern coast of the Zhejiang Province of China and in

the Japan Sea coast, 10–15�C; and at the Pacific Ocean

coast of Japan, 10–20�C (Fig. 3b). In March, the north-

eastern monsoon winds start to withdraw and the mean

SST around the Changjiang River estuary and south coast

of Korea increases to [8�C (Fig. 3c). In May, the

mean SST in all coastal waters of East Asia is [8�C

(Fig. 3d).

Fig. 3 Map showing the monthly mean sea surface temperature images of the East Asian coastal waters. The images were obtained using the

NOAA AVHRR sensor data in November 2008 (a), January 2009 (b), March 2009 (c), and May 2009 (d)
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Discussion

Japanese eels spawn in restricted areas (12–17�N and

141–143�E) during a specific time span (from June through

August) (Ishikawa et al. 2001; Tsukamoto 1992, 2009). For

3 months, the larvae are passively transported via the NEC

to east Philippines (Zenimoto et al. 2009), and they later

enter Kuroshio and its branch waters toward their habitats.

In this study, we find that (1) the start of the recruitment

season for glass eels differs by up to 5 months between

southern and northern East Asia; (2) analysis of otolith

daily growth rings revealed a 1–2-month difference in the

mean leptocephalus stage between southern and northern

East Asian samples; (3) the glass eels could remain in the

early pigmentation stage, while losing some body weight,

under low seawater temperatures; and (4) during winter,

the mean SST in the northern coastal waters/estuaries of

China and Korea is usually\5�C. We hypothesize that the

recruitment time lag of the glass eel to northern East Asia

could be due to a longer leptocephalus stage (1–2 months)

combined with the low water temperature-driven delay

(1–3 months) to upstream migration.

Factors affecting recruitment of glass eels

Metamorphosis from a leptocephalus into a glass eel in

seawater is associated with a transition from ‘‘pelagic’’ to

‘‘benthic’’ behavior (Jegstrup and Rosenkilde 2003; Tesch

2003). Once metamorphosed, they lose their willow leaf

body shape that is suitable for long-distance drifting on

oceanic currents. Glass eels show benthic sheltering

behavior during the day. They colonize the coastal and

estuarine waters by active swimming and by tidal stream

transport at night (McCleave and Wippelhauser 1987;

Tesch 2003). In this study, temperature, not salinity, had a

strong effect on glass eel pigmentation. In the winter, the

mean SST in the coastal waters of Korea and northern

China is usually \5�C, a temperature that would inhibit

glass eel feeding, swimming, and pigmentation. Tempera-

ture-dependent pigmentation development is found not

only in Japanese eels (Dou et al. 2003; Fukuda et al. 2009)

but also in European eels (Bertin 1956; Boëtius and

Boëtius 1989; Briand et al. 2005). In March, the mean SST

around the Changjiang River estuary and the south coasts

of Korea usually rises above 8–10�C, a temperature at

which glass eels become active and start their upstream

migration (Zhang et al. 1981; this study). In May, the mean

SST in the coasts of the northern Jiangsu Province to the

Yalu River estuary and that of the west coast of Korea is

[8–10�C, which is in complete agreement with the real

recruitment seasons of Japanese glass eels in these loca-

tions. Thus, the considerable time lag (3–5 months) in the

main recruitment season between Taiwan and northern

China/Korea suggests that once metamorphosed, the glass

eels may stay offshore and remain in their early pigmen-

tation stage for a few months before starting the upstream

migration. The low temperature-driven pigmentation

retardation also explains that glass eels caught earlier

during the main recruitment season show early pigmenta-

tion stages of VA and VB, irrespective of their location in

East Asia (Han et al. 2010a).

In the field samples, the mean numbers of glass eel per

kilogram was around 5,000–5,500 in Taiwan and Japan,

around 6,500 individuals/kg in Zhejiang, Shanghai and the

southern coast of Korea, and around 7,000 individuals/kg

in the northern areas of the Jiangsu Province. There were

approximately 7,500–8,500 individuals/kg in the Yalu

River estuary (Chen et al., personal communication). The

later the recruitment occurs, the smaller the mean indi-

vidual size. In the present study, after 3 months of exper-

iment without feeding, the mean body weight in the 4�C

group was significantly lower than that in the initial group.

This supports the hypothesis that the wild glass eels in cold

waters may stay offshore and lose body weight due to

starvation for a few months. Upstream migration occurs

only when the water temperature rises above 8–10�C. In

European eels, the recruitment time is earlier in France/

Spain than in North Europe (Tesch 2003). The recruitment

dynamics of European glass eels may be similar to those of

Japanese glass eels.

Duration and timing of larval events

The back-calculated timing of spawning (as calculated

from otolith increment studies) does not agree, in all cases,

with field observations of the spawning period (Table 1).

This apparent mismatch in the spawning times estimated

from glass eel otoliths and from leptocephalus sampling

has also been reported for the American eel (A. rostrata)

and European eel (A. anguilla; McCleave 2008). This has

two explanations: either eels spawn outside of the periods

indicated by field studies or the age of the glass eels in

some otolith increment studies has been underestimated.

The spawning dates estimated from otolith analyses of

glass eels in Taiwan and the Pacific Ocean coast of Japan

occur between May and September and are in good agree-

ment with the observed spawning dates. Since the lepto-

cephali that metamorphose near the coastal waters of Taiwan

and the Pacific Ocean site of Japan in winter could quickly

approach estuaries due to the suitable upstream migration

temperature, it is likely that the estimation of glass eel age at

these locations is quite accurate. However, the later

recruitments of glass eels from northern China and Korea,

with a longer glass eel stage, may be associated with sig-

nificantly underestimated postleptocephalus duration, which

give rise to marked delay in the estimated spawning time.

2356 Mar Biol (2011) 158:2349–2358
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According to our meta-analysis, the mean leptocephalus

duration of the glass eels from Taiwan was in the range of

80–120 days, whereas that of those from China, Japan, and

Korea was approximately 120–140 days, i.e., a difference

of 30–60 days. This may account for the mean time lag

noted during the transport of leptocephali from Taiwan to

Japan via Kuroshio (Cheng and Tzeng 1996) and to Korea

and China, possibly by the branched currents of the

Kuroshio. However, since the mean time lag in the main

recruitment seasons of the glass eel between Taiwan and

northern China/Korea is 3–5 months, the difference in the

glass eel age between Taiwan and northern China/Korea

must therefore stem from variations of up to 3 months in

the duration of the glass eel stage before recruitment.

Despite this, the reported variations in the glass eel stages

range only between 7 and 40 days, considerably less than

the expected difference. One factor to take into account is

that otolith growth in the glass eel stage has been reported

to be affected by temperature. In fact, it ceases at \10�C

under experimental conditions (Umezawa and Tsukamoto

1991; Fukuda et al. 2009). Furthermore, starvation of the

glass eel (Fukuda et al. 2009) and possible reabsorption of

marginal otoliths (Cieri and McCleave 2000) may also lead

to underestimates of the duration of the glass eel stage.

Furthermore, the daily increments at glass eel zone of the

otolith are often obscure. We argue therefore that the dis-

crepancies in the estimated date of the spawning period are

probably due to underestimation of the otolith increments

in the glass eel zone brought about by inconsistencies in

otolith growth rate and structure.

Japanese eel stocks are declining markedly, and the annual

glass eel catch has varied considerably over the past few

decades (Dekker 2004; Han et al. 2009). Therefore, under-

standing the dispersal dynamics of the Japanese glass eel is

important from the fisheries management perspective. Since

the leptocephali are passively transported by oceanic currents,

and glass eel recruitment in Taiwan begins one to several

months earlier than in other areas, the dynamics of glass eel

recruitment in Taiwan may serve as a useful indicator of the

subsequent glass eel recruitment in other locations.
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