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Abstract 
 

The role of gender and sexual differences in the growth histories of 
Japanese eel Anguilla japonica were linked with respect to the sex ratio 
and growth rate of wild eels collected from Taiwanese rivers. The sex 
ratio of wild eels was compared with that of eels semi-intensively 
cultured in a pond and intensively cultured in an aquarium. The sex ratio 
of wild eels from a low-density river habitat was dominated by females 
(86.4% of sex-determined eels), slightly dominated by males (57.1%) in 
a cultured pond, and dominated by males (90.0%) in an aquarium. This 
evidence supported the hypothesis that the sex of eels is determined by 
population density. The parameters of the von Bertalanffy growth 
equation demonstrated that males grew faster to reach a smaller 
asymptotic length than did females. We propose that the variation in eel 
sex ratio interacts with sex-linked differences in growth strategy to play 
an important role in density-dependent population regulation. 
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The Japanese eel, Anguilla japonica Temminck and Schlegel, is a catadromous 
fish (Ege, 1939). The population is panmictic (Sang et al., 1994), spawning west 
of the Mariana Islands (Tsukamoto, 1992) and growing in brackish estuaries and 
freshwater rivers and lakes in Taiwan, China, Korea and Japan in northeastern 
Asia (Tesch, 1977). The eel enters coastal estuaries and freshwaters as a sexually 
undifferentiated elver, which feeds and grows as a yellow eel for 5-8 years until 
metamorphosing from yellow to silver eel (Tzeng et al., 2000a). After maturation, 
eels migrate back to their birthplace to spawn and die (Tesch, 1977). Japanese, 
European (A. anguilla) and American (A. rostrata) eels have been reported to 
have ZW sex chromosomes (Passakas and Klekowski, 1972; Park and Grimm, 
1981). However, further karyotype studies failed to identify heteromorphic sex 
chromosomes (Sola et al., 1980; Wiberg, 1983). Sexual differentiation of the eel 
occurs during the yellow phase. Ovaries are found in European eels of 22-30 cm 
in length, possibly derived from undifferentiated gonads or from the Syrski organ, 
a gonad containing both early testes and oogonia, and spermatogonium B-type 
testes are observed in eels longer than 30 cm (Colombo and Grandi, 1996). Elvers 
of undifferentiated sex could be feminized by treatment with estrodiol-17β 
(Degani and Kushnirov, 1992; Chiba et al., 1993), indicating that the sex of the eel 
is labile. A long period of undifferentiated status and influenceable sex indicates 
that the sex determination mechanisms of the eel are complicated and unique. 
 
In a natural environment, eels show a variable sex ratio, ranging from almost all 
males to predominantly female (Matsui, 1972; Parsons et al., 1977; Tesch, 1977; 
Jessop, 1987; Tzeng et al., 1995; Oliveira, 1997; 1999; Oliveira et al., 2001). 
Parsons et al. (1977) demonstrated that the proportion of migrating male silver 
eels markedly increased at higher elver restocking densities in a lough with low 
eel density. Oliveira et al. (2001) found that the percentage of lake area in a river 
significantly affected the sex ratio of the eel, i.e., eels migrating from lacustrine 
habitats of the river were mostly females, but eels migrating from fluvial habitats 
were mostly males. Whether the sex determination and differentiation of eels is 
dependent upon genotype or phenotype (environmental) is controversial. Two 
main hypotheses have been proposed to explain the sexual variability throughout 
the eel’s distribution. First, if eel sex determination is genotype-dependent, then 
the unequal distributions of the sexes in the rivers might be the result of different 
habitat choice, with females preferring to migrate upstream and males preferring 
to stay in estuaries (Bertin, 1956; Tesch, 1977), or perhaps females prefer a habitat 
suitable for faster growth while males prefer a slow-growth habitat (Helfman et 
al., 1987). Second, if eel sex determination is phenotype-dependent, then the 
habitat in which they grow will affect their sex. Most studies favor the 
environmental sex-determination hypothesis, i.e., at high population densities, 

 26



males dominate the sex ratio and at low population densities females dominate 
(Colombo et al., 1984; Krueger and Oliveira, 1999). In addition, male eels have 
been hypothesized to maximize evolutionary fitness by time-minimizing in the 
growth-phase, yellow eel stage, whereas females use a size-maximizing strategy 
that spends more time to gain a larger size to increase fecundity (Helfman et al., 
1987). A sex ratio that varies with population density is consistent with different 
growth rates for each sex. 
 
The relationship between the variability in eel sex ratio and their growth strategy 
was evaluated by comparing the sex ratios at different population densities of wild 
and captive eels and by comparing the growth rates of each sex in relation to sex 
ratio. 
 
Materials and Methods 
 
Wild Japanese eels were collected by eel trap in the down stream of the Kaoping 
River of southwest Taiwan (120�50’ E and 22�40’ N) between November 1998 
and November 2001. Cultured eels were obtained from a semi-intensively 
cultured pond in the Lukang area of central Taiwan (n= 49), and from an indoor 
aquarium at the Taiwan Fisheries Research Institute (TFRI) (n=40, 600 days old). 
Total length (±1 mm) and weight (±0.1g) of the eels were measured. The density 
of wild eels in the river (d) was estimated by the formula: 

d = N/A 
A = π�(S/2)2                      (1) 

where N is the number of the eels caught by an eel trap and A is the area of the 
fishing zone. S is the distance between two eel traps, approximately 10 m, while 
the density of captive eels was the number of reared eels divided by the bottom 
area of the pond and aquarium.  
 
The sex of each eel was determined by gonad histology. The eel gonads were 
fixed in Bouin’s solution, dehydrated in an ethanol series and embedded in 
paraffin, sectioned at 5 µm and stained with haematoxylin and eosin. The 
developmental stages of ovaries and testes were classified according to the 
methods of Yamamoto et al. (1974) and Miura et al. (1991), respectively. The sex 
ratios of the eels in relation to length, month and environmental history pattern 
were tested with Chi-square analysis of Contingency Tables (Mason et al., 1994). 
The sex ratios of wild eels from the Kaoping River, Taiwan and reared eels from 
Lukang and TFRI were compared with those of previous studies of wild eels from 
the Tanshui River north Taiwan and reared eels from Japan. (Tzeng et al., 1995; 
Satoh and Nimura, 1991; 1992). 
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The largest pair of otoliths (sagitta) of the eel was extracted, dried at 60° C for 10 
min and embedded in a silicon rubber mould with petropoxy 154 (Palouse Petro 
Products, U.S.A.). Each otolith was ground and polished from the proximal side 
with sandpaper until the primordium was revealed and coated with carbon. 
Strontium (Sr) and calcium (Ca) concentrations in otolith were measured with a 
wavelength-dispersive X-ray spectrometer (Shimadzu-ARL-EMX-SM7). The 
measurement procedures for Sr and Ca were similar to those of previous studies 
(Tzeng et al., 1997; 2002). The Sr/Ca ratios in otolith were used to reconstruct the 
previous migratory and environmental history of each sex so as to evaluate 
whether the sex ratio of the eel changed with habitat.  
 
After microchemistry analysis, the otolith was etched with EDTA to reveal the 
annulus for age determination (Tzeng et al., 1994; 2002b). The radii from the 
primordium to the glass eel mark (ro), annuli (rn) and the otolith edge (R) were 
measured to estimate the total lengths at the glass eel stage (lo) and at the annulus 
formation period (ln) by the Dahl-Lea formula (Francis, 1990): 

ln = rn L R-1                         (2) 
where, L is the total length of the silver eel at capture. The mean ln was used to 
estimate the growth parameters (K, growth coefficient; L∞, asymptotic length) of 
the von Bertalanffy growth equation by Ford-Walford plot (Ricker, 1958). The 
growth parameters K and L∞ for males and females were compared for eels 
collected from the Kaoping River and for those from previous studies of the Pearl 
River of South China and Japan (Tzeng et al., 2000a, 2002). 
 
The wild eels were divided by skin coloration pattern into yellow and silver stages: 
1) yellow stage: the eel was white/gray on the pectoral fins, green/gray on the 
back and yellow/white on the belly; 2) silver stage: the eel was countershaded, 
with dark pigmentation on the back and pectoral fins, and silver/bronze on the 
belly. Then the mean absolute growth rate (G) of the silver eels was calculated 
according to the formula: 

                   G = (L - lo) t -1                        (3) 
where lo is the total length at the glass eel stage as estimated from ro and t is the 
age of silver eels estimated from counts of the otolith annuli. The effect of growth 
rate on the age and size of the eel at metamorphosis from the yellow to the 
migratory silver eel stage was examined by calculating the regressions of age and 
length on growth rate for each sex of the silver eels collected from the Kaoping 
River of Taiwan and from China and Japan (Tzeng et al., 2000a; 2002). The 
significant differences in mean length and age of the silver eels between the sexes 
were examined using one-way analysis of variance (ANOVA) and Tukey’s 
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pairwise comparison of means or Kruskal-Wallis ANOVA on ranks with Dunn’s 
pairwise comparison of mean ranks if the data were not normally distributed with 
equal variance (Mason et al., 1994). 
 
Results 
 
1. Comparison of the sex ratio of wild and cultured eels  
 
The sex of most Japanese eels longer than 250 mm was readily determined. The 
density of eels in the sampling area of the Kaoping River was approximately 
0.02±0.01 eels/m2. Females comprised 87.1% of the eels for which sex was 
determined.  The sex ratio did not change with growth or season because the sex 
ratio was not significantly related to eel total length (Wild: χ2=3.469, p=0.483, Fig. 
1; Captivity: χ2=0.484, p=0.785, Fig. 2) or to seasonal occurrence (χ2=7.782, 
p=0.051, Fig. 3). The sample size of the sex ratio for the environmental history 
comparison was too small to calculate the χ2 but the proportion of females was 
larger than for males in all the cases (Fig. 4). Thus, females, irrespective of eel 
developmental stage seasonal occurrence or habitat choice, dominated the sex 
ratios of wild eels from the Kaoping River. Thus, females, irrespective of eel 
developmental stage, seasonal occurrence or habitat choice, dominated the sex 
ratios of wild eels from the Kaoping River. 
 
In contrast, the sex ratio of eels reared at a density of approximately 20.0 eels/m2 
in a semi-intensively cultured pond in the Lukang area was slightly dominated by 
males (more than 50% the sex-determined eels) (Fig2, Table1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The sex ratio in relation to total length of  
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Japanese eels in the Kaoping River. 
 
 
 

 30

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The sex ratio in relation to total length of  
Japanese eels in a semi-intensively cultured  
pond in Lukang. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. The sex ratio, by month, of Japanese eels in  
the Kaoping River. 

 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. The sex ratio of Japanese eels with different 
environmental histories in the Kaoping River.  
SS: seawater, BFS: between fresh water and 
seawater, FF: freshwater. 

Table 1. Sex ratios of Anguilla japonica in the wild and in captivity. 

  Stocking density Sex ratio (%) 
Habitat n (No. m-2) Male Female 
Wild (TanShui River) 97 0.12±0.01 7.22 92.78 
Wild (KaoPing River) 346 0.02±0.01 13.6 86.4 
Cultured pond (Lukang) 49 20.0 57.1 42.9 
Aquarium (Japan) 84 34.4 89.3 10.7 
Aquarium (TFRI) 40 50.0 90.0 10.0 
 
The sex ratio of eels reared at a density of 50.0 eels/m2 in an intensive aquarium at 
the TFRI was almost all males (90%) (Table 1), while females were dominant in 
the low-density Tanshui River of north Taiwan (Table 1, Tzeng et al., 1995), and 
males were dominant in a high-density aquarium in Japan (Table 1, Satoh and 
Nimura, 1991; 1992). 
 
The proportion of females was negatively correlated with the stocking density of 
both wild and captive eels (R2=0.99, Fig. 5). Thus, the sex ratios of Japanese eels 
were predominately female at low densities and predominately male at high 
densities. 
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Figure 5. The relationship between proportions of females 
and eel density. 
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Table 2. Significant test of the difference in mean length and age of wild silver Japanese eels from Taiwan, 
China and Japan. C.V. (%) is the coefficient of variation. 

Length (mm)  Age (yr) 
Location         Sex n mean±SD range C.V. mean±SD range C.V.

Taiwan       Male (M) 26 53.82±8.01 42.1-67.5 14.88 5.35±1.67 3�9 31.27 

 Female (F) 14 63.30±4.91 47.1-70.4 7.76  7.00±1.30 5�9 18.58 

 Difference 
between sexes 
(Probability) 

 

  

      

  

     

  

F>M (P<0.001) F>M (P=0.003) 

China Male (M) 32 48.34±4.37 42.0-59.0 9.04 6.38±1.62 4�10 25.39 

 Female (F) 30 61.73±3.98 50.5-70.5 6.45  8.30±1.62 5�10 19.52 

 Difference 
between sexes 
(Probability) 

 

F>M (P<0.001) F>M (P<0.001) 

Japan Male (M) 40 52.54±7.17 43.0-72.2 13.65 6.10±1.52 3�10 24.85 

 Female (F) 39 74.51±8.37 62.0-96.0 11.24  7.67±2.32 3�15 30.27 

 Difference 
between sexes 
(Probability) 

F>M (P<0.001) F>M (P<0.001) 
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2. Difference in growth strategies between sexes 
 
The mean lengths of silver eels were significantly smaller for males than females 
from the Kaoping River of Taiwan and from China and Japan (P<0.001) (Table 2). 
This is probably because males have a higher von Bertalanffy growth coefficient 
(K) than do females. Thus, male eels grow faster to reach an asymptotic length (L∞) 
that is smaller than for female eels because the relationship between K and L∞ was 
inversely related between the sexes (Table 3). 
 
Table 3. Parameters of the von-Bertalanffy growth equation for Japanese eel 
Anguilla japonica from Taiwan, China, and Japan. 
 
Location  Sex  n K L∞ t0 

Taiwan Male  26 0.28 59.43 -0.08 
 Female  14 0.17 79.79 -0.22 
       
China  Male  31 0.24 53.74 -0.22 
 Female  29 0.15 76.02 -0.43 
       
Japan Male  40 0.28 56.43 -0.26 
 Female  39 0.23 80.02 -0.28 
 
The regressions of length on growth rate were not significant for eels of either sex 
from Japan, Taiwan and China except the male of Japan (Fig 6). In contrast, the 
ages of both sexes were all significantly negatively correlated with their mean 
growth rates, irrespective of location (Fig.7). This indicated that the total lengths 
of silver eels did not change with growth rate, but the ages of silver eels changed 
with growth rate for both sexes. The coefficient of variation of the age of silver 
eels (18.58-31.27%) was approximately three-fold greater than that for the length 
of the eel (6.45-14.88%) (Table2). In other words, the length of the eel at 
metamorphosis from the yellow to silver eel stage was constant irrespective of the 
great variability in growth rates. However, the age at metamorphosis varied 
greatly with growth rate, with faster growing eels metamorphosing earlier than 
slower growing eels. The age of silver eels at metamorphosis from the yellow 
stage was more susceptible to influence by growth rate than was length. 
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Figure 6. The total length relative to growth rate, by sex, 
of silver-phase Japanese eels from Japan (a),  
Taiwan (b) and China (c). 
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Figure 7. The age relative to growth rate, by sex, of  
silver-phase Japanese eels from Japan (a),  
Taiwan (b) and China (c). 

Discussion 
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The sex ratio of Japanese eels at high stocking densities was dominated by males, 
as was also found for American and European eels (Parsons et al., 1977; Jessop, 
1987; Beullens et al., 1997; Roncarati et al., 1997; Oliveira, 1997, 1999; Oliveira 
et al., 2001). If the sex determination of the eel is genotypically determined, then 
unequal sex distributions for eels in a river should result from different habitat 
preferences by each sex. Both sexes may have different hydrotaxis and migratory 
behavior with females prefering lacustrine habitats while males prefer fluvial 
habitats (Bertin, 1956; Todd, 1980; Haraldstad et al., 1985; Helfman et al., 1987; 
Krueger and Oliveira, 1999). However, we found that wild eels in the Kaoping 
River were mostly female, irrespective of their environmental history (Fig. 4). 
This indicated that there was no difference in marine or freshwater habitat 
preference between sexes. Furthermore, captivity limits eel migration and thus 
differences between the sexes in behaviour should not influence the sex ratio. 
Thus, the hypothesis that habitat choice was the proximate cause of the varied sex 
distributions in rivers may not be true.  
 
Most studies agreed that population density is probably the principal factor 
determining the sex of the eel, with habitats having high densities of eels 
dominated by males and low density habitats dominated by females (Tesch, 1977; 
Krueger and Oliveira, 1999; Oliveira et al., 2001). Elver restocking experiments 
further support this conclusion (e.g. Parsons et al., 1997; Roncarati et al., 1997). 
Degani and Kushnirov (1992) demonstrated that European eels maintained at 
higher densities produced more males than those maintained at lower densities. 
Our data indicated that females predominated in the low density habitats in the 
rivers of Taiwan and males predominated in a crowded aquarium (Figs. 1-4, Table 
1). Thus, eel sex determination may be due primarily to environmental factors, 
particularly density. Alternatively, the sex of elvers in high-density captivity 
could be feminized by the treatment of estradiol-17β (Degani and Kushnirov, 
1992; Satoh et al., 1992; Chiba et al., 1993). We do not know if pollutants in the 
Kaoping River and estuary contained environmental hormone analogues capable 
of influencing the gender of eels. 
 
In Taiwan, Japanese eel elvers in the estuary were overexploited for aquaculture 
(Tzeng, 1984; 1997). Consequently, the eel population density in the river was 
very low (Table 1). Thus, the high proportion of female eels in the rivers of 
Taiwan may support the density-dependent environmental sex determination 
hypothesis (Colombo et al., 1984; Krueger and Oliveira, 1999). How the signal of 
population density switches on the process of sex differentiation in the eel is 
unknown. However, it is clear that the variation in sex ratio, with high-density 
stocks dominated by males and low-density stocks dominated by females, is 
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advantageous for eel population growth.  
 
Males at the metamorphosis from the yellow to the migratory silver eel stage are 
smaller and younger than females, i.e., the male eels exhibit a time-minimizing 
growth strategy by maturing as soon as possible, while females postpone 
maturation with a size-maximizing growth strategy to attain higher fecundity 
(Helfman et al., 1987; Vøllestad and Johnson, 1986; Larsson et al., 1990; 
Vøllestad, 1992). Thus, density-dependent sex determination is a very important 
mechanism for eel population regulation. In high-density habitats, food resources 
are limited and the earlier differentiation of males may promote an earlier 
spawning migration. This could reduce intraspecific competition and population 
mortality. In contrast, in low-density stocks, food resources are relatively plentiful 
and eels differentiating into females would have enough time to fully utilize the 
resources and grow larger to achieve higher fecundity and increased reproductive 
success. This could help in eel population recovery.  
 
In conclusion, eel population density is probably a trigger for sex differentiation 
and the variation in sex ratio in conjunction with different growth strategies for 
each sex serves to maximize the evolutionary fitness of the eel. However, the 
mechanism of how population density generates the signal to begin sexual 
differentiation of the eel requires further study. 
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