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Abstract

The sex ratio of wild Japanese eels in the Kaoping River of southwestern Taiwan has been extremely skewed towards females in
the recent years. However, the sex ratio skewed towards males after Typhoon Mindulle, July 2, 2004 then recovered to the previous
female-dominated status in the following year. To determine why the sex ratio drastically changed, eels captured in the river were
examined by both morphologic characteristics and otolith elemental signatures by solution-based inductively coupled plasma mass
spectrometry (SB-ICPMS) and laser-ablation ICPMS (LA-ICPMS). Most of the eels collected in the river after the typhoon had a
blue-gray colored back, with morphology and sex ratio similar to that of cultured eels, which differed from wild yellow eels which
had a green colored back. The chemical signature in otoliths of eels with a blue-gray colored back was similar to that of cultured
eels, with significantly lower Sr/Ca ratios but slightly higher Mn/Ca ratios than for wild eels. This confirmed that the reversal in eel
sex ratio in the Kaoping River estuary resulted from cultured eels that had escaped from eel farms. Eel farmers estimated that about
30,000 eels escaped during the typhoon, sufficient to reverse the sex ratio of the eels in the river. Furthermore, silver eels caught in
the estuary in the winter 2004 were also mostly males. The chemical signature in otoliths of these silver eels was similar to that of
escaped cultured eels. Their morphology and mean GSIs, however, were comparable to wild silver eels. Thus, cultured eels that
have escaped from eel farms can silver normally in the wild. Consequently, cultured eels may help to balance the sex ratio of the
wild eel population and may contribute to the spawning stock of Japanese eel.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Japanese eel, Anguilla japonica Temminck and
Schlegel, is a catadromous fish (Ege, 1939). At maturity,
the eel migrates from its diverse habitats to a marine
spawning site around seamounts west of the Mariana
Islands (Tsukamoto, 1992, 2006; Tsukamoto et al., 1998).
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The eel larvae (leptocephali) are transported by the North
Equatorial Current and Kuroshio Current from the
spawning ground to the continental shelf of East Asian
countries (Tesch, 1977; Tsukamoto, 1992; Cheng and
Tzeng, 1996, 2003), thenmetamorphose into glass eels and
become elvers in estuaries. The elvers grow as yellow eels
for 4–10 yr then metamorphose into silver eels (Tzeng et
al., 2000; Han et al., 2003). After metamorphosis, silver
eels migrate back to their birthplace to spawn and die.

The eel before the elver stage is considered to be
intersexual. Sexually undifferentiated elvers can be
feminized by treatment with estrogen (Degani and
Kushnirov, 1992; Satoh et al., 1992; Chiba et al., 1993),
indicating that the sex of the eel is labile. The sexual
differentiation of the eel is thought to be phenotype-
dependent and to occur at the yellow eel stage (Colombo
and Grandi, 1996; Han and Tzeng, 2006). The habitat in
which eels grow might affect their sex differentiation.
Individual growth rate (Helfman et al., 1987; Holmgren
and Mosegaard, 1996), temperature (Holmgren, 1996),
latitude (Vladykov, 1966; Helfman et al., 1987) and river
types (Sinha and Jones, 1967; Oliveira et al., 2001) have
been proposed to be the possible extrinsic cues (for review,
please see Davey and Jellyman, 2005). However, a lot of
studies indicate that the population density play an
important role on eel sex determination, i.e., at high
population densities, males dominate and at low population
densities females dominate (Parsons et al., 1977; Degani
and Kushnirov, 1992; Roncarati et al., 1997; Krueger and
Oliveira, 1999; Oliveira et al., 2001; Tzeng et al., 2002a;
Han and Tzeng, 2006). In the wild, eel sex ratios vary
widely, ranging from almost all males to predominantly
females (Matsui, 1972; Parsons et al., 1977; Tesch, 1977;
Jessop, 1987; Tzeng et al., 1995, 2002a; Oliveira, 1997,
1999; Oliveira and McCleave, 2000; Oliveira et al., 2001;
Han et al., 2003; McCleave and Jellyman, 2004; Han and
Tzeng, 2006). The sex skewness of the eel is probably an
adaptive strategy for achievingmaximum fitness. Although
the mean age at maturation of the eel is negatively
correlated to the mean growth rate in both sexes (Svedäng
et al., 1996; Tzeng et al., 2000, 2002a), male eels might
prefer a time-minimizing growth strategy by maturing as
soon as possible while females prefer a size-maximizing
growth strategy to attain higher fecundity (Vøllestad and
Jonsson, 1986; Helfman et al., 1987; Larsson et al., 1990;
Vøllestad, 1992; Tzeng et al., 2002a; Han and Tzeng,
2006). In high-density eel habitats with limited food
resources, eels preferentially differentiate into males and
mature at a young age so that an earlier spawningmigration
reduces conspecific competition. In contrast, in low-density
eel habitats with plentiful food, eels differentiate into
females to fully utilize their habitat, and grow andmature at
a larger size so as to achieve higher fecundity and increased
reproductive success (Helfman et al., 1987; Tzeng et al.,
2000, 2002a,b; Han and Tzeng, 2006). However, the
abundance of wild Japanese, American and European eel
populations have recently declined to approximately 1–
10% of those 20 years ago (Dekker, 2003; Tatsukawa,
2003). Severely low eel abundance might result in a
widespread sex ratio bias and accelerate population
collapse. Thus, in addition to passive habitat protection
and over-fishing prevention, an active strategy like
restocking young eels should be considered.

The fish otolith is an aragonite crystal mainly
composed of calcium carbonate in an organic matrix
together with trace elements incorporated from the am-
bient water that is a natural tag useful as a tool to study the
migratory environmental history of fish (Campana, 1999;
Campana and Thorrold, 2001; Tzeng et al., 2002b; Tzeng,
2004). The elemental compositions of different water
masses in which fish live usually differ. Thus, fish
collected from different geographic areas can be distin-
guished based on the trace elements of their otoliths
(Gillanders and Kingsford, 2000; Rooker et al., 2001,
2003). Accordingly, otolith trace elements may be used to
discriminate eel groups of different life history.

In East Asia, the Japanese eel is a commercially
important cultured species. For cultivation purposes,
elvers in the estuary have been overexploited for many
years, which is one of the important reasons for the
severe decline of eel populations (Tzeng, 1984, 1985,
2004; Tzeng et al., 1995; Liao, 2001; Tatsukawa, 2003).
The population densities of eel in the rivers of Taiwan
have been low with sex ratios skewed towards females
for many years (Tzeng et al., 2002a; Han and Tzeng,
2006). Interestingly, the eel sex ratio suddenly skewed
towards males in the Kaoping River after Typhoon
Mindulle, July 2, 2004 for a half year and then recovered
to the previous female-dominant status in the following
year. The sex ratio of Japanese eels collected in the
Kaoping River from 1998 to 2005 together with their
morphological characteristics and otolith trace elements
were analysed to investigate this novel phenomenon.
Our results strongly suggest that the eel sex-ratio
reversal in the Kaoping River was due to the escape of
cultured eels. The ecological and conservation implica-
tions of these escaped cultured eels are also discussed.

2. Materials and methods

2.1. Sample collection

Wild Japanese eels were collected by eel traps in the
estuary of the Kaoping River in southwestern Taiwan



Table 1
Morphometric and physiological indices of the Japanese eel among different groups

Male Female

W1 W2 WC S1 S2 W1 W2 WC S1 S2

Sample size 137 22 467 18 60 886 74 110 51 7
TL (mm) 443.0±

29.3
484.3±
61.4

516.5±
38.2

564.8±
14.6

525.7±
35.0

485.6±
66.1

465.5±
77.6

512.3±
54.7

642.2±
10.4

580.1±
53.6

BW (g) 107.9±
22.6

171.4±
65.5

199.0±
50.8

219.5±
21.2

193.9±
49.2

163.6±
7.5

146.1±
85.4

190.2±
78.4

450.6±
26.4

328.9±
137.2

GSI 0.07±
0.02

0.10±
0.05

0.11±
0.04

0.15±
0.01

0.16±
0.04

0.27±
0.01

0.30±
0.07

0.43±
0.24

1.32±
0.07

1.32±
0.39

Mean±SD; Abbreviation: TL: total length; BW: body weight; GSI: Gonadosomatic index; W1: wild yellow eel before July 2004; W2: wild yellow
eel between July–November 2004; WC: yellow eel with blue-gray back between July–November 2004; S1: wild silver eel before 2004; S2: wild
silver eel in 2004.

1232 Y.-W. Chu et al. / Aquaculture 261 (2006) 1230–1238
(120°50′E, 22°40′N) approximately every 1–2 months
between November 1998 and December 2005. The
Japanese eel was divided into 5 groups based on capture
time, morphology, and maturation stage (Table 1). The
W1 group was wild yellow eels before July 2004, the
W2 group was wild yellow eels between July–
November 2004, the WC group was yellow eels with
a blue-gray back collected between July–November
2004, the S1 group was wild silver eels before 2004, and
the S2 group was wild silver eels in 2004. Cultured
Japanese eels, originated from glass eels caught at the
estuary of the Kaoping River, were purchased from eel
farmers near the Kaoping River in 2004. Total length
(TL,±1 mm) and body weight (BW,±0.1 g) of the eels
were measured. The gonadosomatic index (GSI) was
estimated as gonad weight/body weight×100. The sex
and developmental stage of each eel was determined by
body coloration and gonadal histology when possible
(Han et al., 2003).

2.2. Solution-based ICPMS (SB-ICPMS) analyses

The trace elemental composition of eel otoliths from
Kaoping River, which were randomly chosen in 2004
before (W1 group, N=27, 8 males and 19 females) and
after (WC group, N=20, 15 males and 5 females)
Typhoon Mindulle, and 10 pond-cultured eels (sex-
undetermined, TL: 241.6±29.3 mm; BW: 15.6±5.1 g)
were analyzed by SB-ICPMS. The otoliths were cleaned
of organic material with H2O2, ultrasonically cleaned in
double distilled water, and dried in acid-washed
microcentrifuge tubes. After weighing on a microbal-
ance (to 0.01 mg), samples were dissolved in 0.3 N
ultrapure nitric acid and the Ca concentration adjusted to
a range between 2–6 ppm. The nitric acid was also used
as a blank solution for calculating detection limits. A
laboratory standard, composed of a chemical composi-
tion of interest, was analysed during each analysis
session. Laboratory standard solutions were prepared at
Ca concentrations of 0.5, 1, 2.5, 5 and 10 ppm for
calibration. Extra runs of 2.5 ppm Ca standard solution,
used as an internal standard, were made after every 5
samples to monitor for possible instrument drifting. All
analyses were run on a Finnigan MAT ELEMENT 2
high-resolution ICPMS (Thermo Electron Corp., Bre-
men, Germany) equipped with a self-aspirating (20 μL/
min) PFA nebulizer (CETAC) and a dual-inlet quartz
spray chamber. Preliminary analyses suggested that 7
elements, including Ca, Sr, Na, Mg, Mn, Pb and Ba were
reliably detectable in otoliths and these elements were
chosen for analysis.

2.3. Laser-ablation ICPMS (LA-ICPMS) analyses

The chronological changes of 4 element/Ca ratios
(Sr/Ca, Mn/Ca, Ba/Ca and Pb/Ca) were measured from
the otolith edge to edge through the primordium by LA-
ICPMS. 8 samples were randomly chosen from W1 eels
(2 males and 8 females, TL: 444.7±96.5 mm; BW:
147.8±104.6 g), 8 samples randomly chosen from WC
eels (7 males and 1 females, TL: 512.5±36.0 mm; BW:
199.7±56.9 g), and another 8 samples randomly from
the S2 silver eels (8 males, TL: 533.9±36.0 mm; BW:
211.7±41.3 g). The otoliths were embedded in epofix
resin and cut transversely approximately 400 μm thick
by a slow speed saw (Isomet, Buehler) fitted with a
diamond-edged blade. The thin section was ground
repeatedly with grinding paper until the annuli were
clearly visible and were finally polished with a micro
cloth and 0.05 μm alumina paste. The LA-ICPMS
system consisted of a Merchantek LUV 266 Nd: YAG
UV laser microprobe (New Wave Research, Inc.)
connected to a Finnigan MAT ELEMENT 2 high-
resolution ICPMS. Otoliths were ablated inside a sealed



Fig. 1. Eel sex ratios in the Kaoping River of Taiwan from 1998 through 2005 and by month in 2004. Eels included both sex-determined yellow and
silver ones. The eels of undetermined sex were excluded from analysis. The numerals above each column indicate the sample size.
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chamber and transported to the ICPMS for analysis of
Sr, Ca, Mn, Pb and Ba. Calcium was used as an internal
standard and the concentrations of other elements were
estimated against the Ca concentration. The laser was
pulsed at 20 Hz across the transverse section of the
otolith, moving from the otolith edge to edge through
the primordium with a speed of 15 μm/s. Each data point
took about 2.46 s and represents the chemical compo-
sition over 37 μm. The first 3 data points from the
primordium represented the otolith elemental composi-
tion of the larval period before elver stage, and the
subsequent points represented that of the yellow stage.

2.4. Data analyses

Statistical differences in the sex ratios of wild eels
among different times (Fig. 1) and between eel groups of
Table 2
Comparison of the sex ratio among yellow stage Japanese eels of
different groups

Sample
size (n)

Number of eels Female
percentage
(%)

Male Female

W1 1023 137 886 86.6
W2 96 22 74 77.1
WC 577 467 110 19.1
C 34 28 6 18.0

W1: wild yellow eel before July 2004; W2: wild yellow eel between
July–November 2004; WC: yellow eel with blue-gray back between
July–November 2004; C: cultured eel in 2004.
W1/W2, WC/C and S1/S2 were examined with the Chi-
square test of homogeneity. Differences in the mean TL,
BW and GSI between different eel groups of the same
sex were examined using analysis of variance
(ANOVA). The concentration of elements measured
by SB- and LA-ICPMS were standardized as element-
to-calcium ratios. All of the ratios were log10-
transformed to meet the assumptions of normal
distribution and homogeneity of variance when
performing ANOVA followed by Tukey HSD test.
Statistical significance was accepted at α=0.05.

3. Results

3.1. Dynamics of eel sex ratio in the Kaoping River

A total number of 1092 and 1173 sex-determined
Japanese eels were analyzed before and after Typhoon
Mindulle, July 2, 2004 (Table 1, Fig. 1). The annual and
monthly proportions of female Japanese eels collected
from 1998 through June 2004 in the Kaoping River
ranged between 80% and 95%, and did not differ
significantly among this periods (χ2 =18.48, df=10,
0.025bpb0.05) (Fig. 1). However, the sex ratio suddenly
skewed to the male after TyphoonMindulle, which lasted
for about 5 months (July–November) with significant
lower proportions of female eels (between 17.1%–50.3%)
than in the previous years (χ2=668.3, df=15, pb0.005)
(Fig. 1). The proportions of female eels recovered to the
female-dominant status (84.5%) in 2005 (Fig. 1).



Table 3
Comparison of the sex ratio of silver Japanese eels for the year before
2004 and in 2004

Sample
size (n)

Number of eels Female
percentage
(%)

Male Female

S1 67 18 51 76.1
S2 67 60 7 10.4

S1: wild silver eel before 2004; S2: wild silver eel in 2004.
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Eel groups W1 and W2 were both dominated by
females and had similar sex ratios (χ2 =4.18, df=1,
0.025bpb0.05) (Table 2). The WC eel group, however,
was dominated by males, as was the cultured eels (C
group) (χ2 =0, df=1, pN0.05). On the other hand, the
sex ratios of silver eels (S1) were female-dominant and
significantly differed from the male-dominant S2 eel
group (χ2 =61.3, df=1, pb0.005) (Table 3).

3.2. Comparison of morphological index among eel
groups

The W1 and W2 yellow eels had white-gray on the
pectoral fins, green on the back and yellow-white on the
belly. The WC eels had blue-gray back and white on the
belly. The S1 and S2 silver eels had dark pigmentation
on the back and pectoral fins, and silver/bronze on the
belly and larger eyes. For males, the mean values of TL,
Fig. 2. Comparison of mean (±95% CI) otolith (a) Sr/Ca ratios, (b) Na/Ca ra
ratios among wild (W1, N=27) and cultured (WC, N=20; C, N=10) eel gr
statistically significant (pb0.05).
BW and GSI were significantly larger in S1 than in W1
or W2 (pb0.001) (Table 1). The mean TL and BW of
W1 males were comparable with W2 but significantly
lower than those of the WC males (pb0.001). The mean
TL and BW of WC males were comparable to those of
S1 or S2 males (TL: p=0.07; BW: p=0.28). The mean
GSI of WC males ranged between that for W1 and S2
males without significant differences (pN0.05). For
females, the mean TL, BW and GSI were significantly
higher for S1 females than for W1 or W2 females
(pb0.001). The WC females had significantly lower
mean TL, BW and GSI than the S2 females. (pb0.01).
Both sexes of the W2 group showed mean TL, BW and
GSI similar to the values for comparable sexes of the
W1 group (pN0.05). The mean TL, BW and GSI of S1
and S2 groups on both sexes were comparable to each
other without significant differences (pN0.05).

3.3. Comparison of elemental composition in the otolith
among eel groups using SB-ICPMS

The W1 eel group had a significantly higher Sr/Ca
ratio than the C eel group (pb0.001) (Fig. 2a). In contrast,
the Mn/Ca ratio was significantly higher in the C eel
group than in the W1 eel group (pb0.001) (Fig. 2d). In
other words, both Sr/Ca and Mn/Ca ratios could
discriminate between W1 and C eel groups. However,
no significant differences for either Sr/Ca or Mn/Ca ratios
tios, (c) Mg/Ca ratios, (d) Mn/Ca ratios, (e) Pb/Ca ratios and (f) Ba/Ca
oups. Different letters above the bars indicate that the differences are
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were observed between WC and C eel groups. The other
four elements-to-Ca ratios of Na/Ca, Mg/Ca, Pb/Ca and
Ba/Ca showed no differences among the three eel groups
(Fig. 2b,c,e,f).

3.4. Comparison of elemental composition of the otolith
among eel groups using LA-ICPMS

Temporal changes in the 4 mean element-to-Ca ratios
(Sr/Ca, Mn/Ca, Pb/Ca and Ba/Ca) scanned from otolith
edge to edge through the primordium for the W1, WC
and S2 eel groups are shown in Fig. 3. The ontogenetic
changes in otolith Sr/Ca ratios decreased from the
primordium to the elver check at a distance 60–100 μm,
which was deposited when the glass eel became elver.
Beyond the elver check, the mean Sr/Ca ratio of the W1
eel group was significantly higher than for the other two
Fig. 3. Temporal changes in 4 mean element/Ca ratios (mean±SD) scanned fr
WC (N=8) and S2 (N=8) eel groups. Each spot of the elemental compositio
otolith primordium was located at the zero point.
eel groups (pb0.05) (Table 4). No significant differ-
ences in Sr/Ca ratios occurred between the WC and S2
eel groups (pN0.05). The otolith Mn/Ca ratios in W1
group showed no ontogenetic change. The WC and S2
eel groups, however, showed higher Mn/Ca ratios near
the elver stage than those for the W1 eel group (Fig. 3b).
The mean Mn/Ca ratio beyond the larval stage of the S2
eel group was significantly higher than for the W1 eel
group (pb0.05) (Table 4). No significant difference
occurred between the mean Mn/Ca ratios for the WC
and S2 eel groups (pN0.05). Similar to the data from the
SB-ICPMS, both Sr/Ca and Mn/Ca ratios from the LA-
ICPMS could discriminate between eels from the W1
and S2 groups. Ontogenetic patterns of Pb/Ca ratios
were similar among the three eel groups (Fig. 3c)
without significant differences (pN0.05) (Table 4). The
ontogenetic changes of Ba/Ca ratios were higher in the
om the otolith edge to edge through the primordium for the W1 (N=8),
n measured by LA-ICPMS was approximately 37 μm in diameter. The



Table 4
Comparison of otolith trace elements after the larval stage among
Japanese eels of different groups using LA-ICPMS

Element/
Ca

Mean±SD⁎ Tukey HSD
test

W1 (n=8) WC (n=8) S2 (n=8)

Sr/Ca 3.45±0.51 2.56±0.12 2.55±0.51 W1NWC=S2
Mn/Ca 1.53±0.71 2.67±1.66 3.95±1.53 W1bS2
Pb/Ca 2.11±1.20 1.47±1.01 1.09±0.69 W1=WC=S2
Ba/Ca 6.77±1.72 6.93±1.75 6.88±1.40 W1=WC=S2

⁎ Sr/Ca:×103; Mn/Ca:×104; Pb/Ca:×105; Ba/Ca:× /106.
Abbreviation: W1: wild yellow eel before July 2004; WC: yellow eel with
blue-gray back between July–November 2004; S2: silver eel in 2004.
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elver stage than in the larval and yellow stages (Fig. 3d),
and there were no significant differences in the mean Ba/
Ca ratios among the three eel groups (pN0.05) (Table 4).

4. Discussion

The sex ratio of wild Japanese eels in the Kaoping
River of southwestern Taiwan was extremely skewed
towards females between 1998–2002 (Han and Tzeng,
2006). A similar result was found in 2003 and the first
half of 2004. However, the sex ratio suddenly skewed
towards males after Typhoon Mindulle (July 2, 2004)
and this condition lasted for 5 months. More than 85% of
yellow eels sampled between July and November, 2004
had a blue-gray color on the back, as did the cultured eels,
which was quite different from normal wild eels with a
green colored back. The proportion of female eels in the
WC group was similar to that for cultured eels, where
males are dominant, in contrast to the female-dominant
wild eels. The TL and BWof the WC eel group were also
slightly higher than for the wild eels (W1 and W2 eel
groups). Thus, the WC eel group probably consisted of
escaped pond-cultured eels. This conclusion was further
validated by otolith elemental composition analysis using
SB-ICPMS. The C and WC groups had a significantly
lower mean Sr/Ca ratio and a higher mean Mn/Ca ratio
than the W1 group. No significant difference was found
between the WC and C eel groups for any of the trace
elements analysed. Thus, the combined results of the
morphological, sex ratio, and otolith microchemistry data
indicated that the WC eel group originated from cultured
eels which escaped from the eel ponds into the Kaoping
River during Typhoon Mindulle.

The population size ofwild Japanese eels in the estuary
of the Kaoping River was previously estimated to be
about 5000–20,000 (Han and Tzeng, 2006). Did
sufficient numbers of cultured eels escape after the
typhoon to reverse the sex ratio of eels in the Kaoping
River estuary? A questionnaire from the owners of the eel
farms whose eels escaped during the typhoon estimated
that about 30,000 cultured eels escaped, most of which
were yellow-stage and reared for 1.5 years after the elver
stage. Based on the known eel sex ratio and numbers of
local wild and escaped eels, the proportion of females
after Typhoon Mindulle can be estimated as 27.8%–
45.4%, close to the range of female proportions observed
in the Kaoping River (17.1%–50.3%) after the typhoon.
Thus, the reversal in eel sex ratio caused by the escaped
cultured eels after typhoon is plausible.

TheWC-type eels rapidly disappeared after November
2004 and the eel sex ratio recovered to the previous
female-dominant status in the following year. During that
time, however, the S2 silver eels caught in the estuary in
the winter 2004 were mostly male, similar to the WC eel
group but different from the previous silver eel pattern.
TheWCeels had different external colors and lower mean
GSIs than S2 eels. The external morphology of S2 silver
eels was similar to that of normal S1 silver eels, both with
black back and pectoral fins, silver/bronze belly and larger
eyes. The GSIs of S1 and S2 eel groups were also
comparable to each other. The otolith elemental signature
of these S2 silver eels using LA-ICPMS, however, was
similar to that of the WC eel group without significant
differences. The mean Sr/Ca ratios curve for the S2 and
WC eel groups were consistently lower than that for the
W1 eel group beyond the elver stage, and their mean Mn/
Ca ratios curve were higher than that for the Wl eel group
during the juvenile stage. Consequently, the combined sex
ratio and otolith microchemistry data for the S2 silver eels
suggests that they likely metamorphosed from the WC
eels which escaped from the eel ponds into the Kaoping
River during Typhoon Mindulle. Thus, these escaped
cultured eels can silver normally in a natural environment.

Otolith elemental signatures determined by SB-
ICPMS and LA-ICPMS methods showed similar pat-
terns, indicating a higher Mn/Ca ratio and lower Sr/Ca
ratio in cultured eels than in wild eels. The concentrations
of minor and trace elements in the otolith may be in-
fluenced primarily by environmental conditions, al-
though physiological processes may also contribute
(Kalish, 1989, 1991). Thus, the migratory life history
of the fish is recorded in the otoliths (Campana and
Neilson, 1985; Campana, 1999). We found that Mn/Ca
and Sr/Ca ratios can discriminate between eels from
culture ponds and the wild. The constant lower Sr/Ca
ratio in the WC/S2 eels than in the W1 eels from LA-
ICPMS data may be because the water for the culture
ponds was mostly well water, which might have lower Sr
concentration compared with estuary water where theW1
eels habituated. The concentration of the Sr/Ca ratio is
greatest in seawater, middle in the estuary, and lowest in
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freshwater, which positively correlated to Sr/Ca ratios in
eel otoliths (Tzeng, 1996; Campana, 1999). The higher
otolith Mn/Ca ratios near the juvenile stage of the WC/S2
eel groups than of the W1 eels from LA-ICPMS data,
however, might be due to the use of potassium perman-
ganate (KMnO4) as the parasiticide in the cultured elvers
(personal communication).

In the wild, although the sex ratios of eels in different
habitats may vary, the final eel sex ratio may become
suitable for maximum population growth when they
migrate back to the spawning ground and form a mixed
spawning group (Han and Tzeng, 2006). However,
studies of Japanese eel resources in the Kaoping and
Tanshui River of Taiwan, which have experienced similar
fishery and habitat pressures, show a very low population
density and reduced eel habitat (Tzeng et al., 1995; Tzeng,
1997; Han and Tzeng, 2006). In Japan, the catches of both
glass eels and adult eels have also decreased (Dekker,
2003; Tatsukawa, 2003). The widespread decline of the
eel resource throughout Asia might result in a widespread
sex ratio bias toward females and catastrophic population
collapse. Thus, in addition to habitat protection and pre-
vention of over-fishing to sustain the natural eel resource,
restocking by releasing cultured eels may be feasible. We
observed that the occasional escape of cultured eels can
not only reverse the sex ratio of eels in the wild but that
when they silver they have a morphology and mean GSI
comparable to the wild silver eels. The disappearance of
escaped cultured eels in the Kaoping River estuary in the
following year suggests that, although some might be
captured, some of them might begin the spawning mi-
gration after silvering. In European eel, however, some
studies argue that the restocked eels in the Baltic Sea may
not find their way out due to lack of orientation imprinting
(Westin, 1998), or have not enough lipid content required
in swimming and reproduction to the Sargasso Sea
(Limburg et al., 2003). The problem might not be serious
for the Japanese eel in Taiwan since the glass eels caught
in the estuary are cultured in ponds nearby and the
cultured eels have more fat content than those in the wild
(Han et al., 2000). Furthermore, the spawning of escaped
cultured eels should not alter the genetic diversity of the
wild population because the cultured eels all originated
from the glass eels captured in the wild.

In conclusion, the WC eel group present after
Typhoon Mindulle was identified as cultured eels that
had escaped from eel farms and which can silver
normally in a natural environment. The usually male-
dominated cultured eels could supplement and balance
sex ratio of the wild eels, which were usually female-
dominated in low-density population, and might
contribute to the spawning stock of the Japanese eel.
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