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Abstract In order to understand the reproductive contri-
bution among migratory types in the Japanese eel, Anguilla
Jjaponica, otolith strontium (Sr) and calcium (Ca) concen-
trations by X-ray electron microprobe analysis were
examined for 37 silver eels collected in Kii Channel off
Shikoku Island during the spawning migration season. The
wide range of otolith Sr:Ca ratios indicated that the habitat
use of A. japonica was not obligatory but facultative
among fresh, brackish and marine waters during their
growth phases after recruitment to the coastal areas as glass
eels. Three migratory types, which were categorized as
river eels, estuarine eels and sea eels were found. The
estuarine eels were dominant (59%), followed by sea eels
(22%) and river eels (19%). The low proportion of river
eels from the spawning migration season suggested that the
estuarine and sea eels inhabiting the nearby coastal areas
might make a larger reproductive contribution to the next
generation in this area.

Communicated by U. Sommer.

N. Chino

Laboratory of Ecophysiology,

Graduate School of Fisheries Sciences, Kitasato University,
160-4 Sanriku, Ofunato, Iwate 022-0101, Japan

T. Arai (I)

International Coastal Research Center, Ocean Research Institute,
The University of Tokyo, 2-106-1 Akahama, Otsuchi,

Iwate 028-1102, Japan

e-mail: arait@ori.u-tokyo.ac.jp

Introduction

The Japanese eel Anguilla japonica Temminck and
Schlegel is widely distributed in East Asia, from Taiwan in
the south, through eastern China and Korea, up to the
Sanriku Coast of northern Honshu Island, Japan (Tesch
1977). A. japonica generally has been considered a catad-
romous fish species (McDowall 1988), which spawns in the
north equatorial current to the west of the Mariana Islands.
Their transparent leaf-like larvae (leptocephali) are trans-
ported from the spawning area toward the coastal waters of
east Asia by the north equatorial and Kuroshio currents,
where they metamorphose into glass eels. In general, the
glass eels migrate upstream to grow into the elver and
yellow eel stages in freshwater. At maturation, the yellow
eels metamorphose into silver eels, which migrate down-
stream to the ocean to begin their spawning migration
(Tesch 1977).

Otolith microchemistry studies have revealed that some
yellow and silver eels of temperate A. japonica never
migrate into freshwater, but spend their entire life history
in the ocean (Tsukamoto and Arai 2001). The application
of otolith Sr:Ca ratios to trace the migratory history of eels
has also revealed otolith signatures intermediate to those of
marine and freshwater residents of several anguillid species
(Tzeng et al. 2000; Tsukamoto and Arai 2001; Arai et al.
2003a, 2003b, 2004, 2006; Shiao et al. 2003; Kotake et al.
2003, 2005; Daverat et al. 2006), all of which appeared to
reflect estuarine residence or showed clear evidence of
switching between different salinity environments. It thus
appears that a proportion of eels move frequently between
different environments during their growth phase. There-
fore, because individuals of several anguillid species have
been found to remain in estuarine or marine habitats, it
appears that anguillid eels do not all enter into freshwater

@ Springer



662

Mar Biol (2009) 156:661-668

environments and that these species display more of a
facultative catadromy (Tsukamoto and Arai 2001).

Although Sr:Ca ratios have been studied in the otoliths
of yellow and silver eels of the five species of temperate
anguillid eels, there have only been several studies of this
nature on these species including A. japonica. Therefore, it
is not known if all populations display the same utilization
of both estuarine and marine environments in addition to
the typical freshwater environments in the species. Fur-
thermore, due to the difficulty of collecting silver eels in
the open ocean, there is little information available on
estimating the relative contribution of the migratory type to
reproduction. To address this question, we analyzed the
Sr:Ca ratios in the otoliths of silver eels of A. japonica that
were caught offshore on the Pacific side of Japan.

In order to examine the variation of the migratory his-
tory of the Japanese eel, we determined the Sr:Ca ratios in
the otoliths of silver eels collected during their spawning
migration season. We discuss the implications of these
findings in relation to the possible contribution of their
migratory types, i.e., sea eels, estuarine eels and river eels
to the spawning population of A. japonica.

Materials and methods
Fish

A total of 37 eels were collected in the Kii Channel off the
eastern part of Shikoku Island, central Japan (around
33°00-33°50'N, 134°80/~135°00'E; Fig. 1). The eels were
collected at night by bottom trawling between 20 Decem-
ber 2007 and 9 January 2008.

After measurement of total length (TL), the sex of each
eel was determined by visual observation of the gonads
(Matsui 1972). Body color was observed to distinguish the

Fig. 1 Sampling sites for the
Japanese eel, Anguilla japonica,
in Kii Channel off Shikoku
Island of Japan in the central
part of its distribution
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developmental stage, and each individual was classified as
a silver eel, after Matsui (1972). The gonad and body
weights were measured to determine the gonad somatic
index (GSI) of each eel. The GSI value was calculated as
follows:

GSI (%) = gonad weight (g)/body weight (g) x 100

Otolith preparation

Sagittal otoliths were extracted from all specimens, and the
otoliths were embedded in epoxy resin (Struers, Epofix).
These otoliths were then ground to expose the core along
the anterior—posterior direction in the frontal plane, using a
grinding machine equipped with a diamond cup wheel
(Struers, Discoplan-TS), and polished further with oxide
polishing suspension on an automated polishing wheel
(Struers, PdM-Force-20). Finally, they were cleaned using
distilled water and ethanol, and dried at 50°C in an oven
prior to examination. The ground surfaces of the otoliths
were examined at 200x with a light microscope, and
photographs were taken to measure the “radius” of the
elver mark (the distance from the otolith core to the elver
check).

Otolith X-ray microprobe analysis

For electron microprobe analyses, all otoliths were Pt—Pd
coated by a high vacuum evaporator. Otoliths from all
specimens were used for life-history transect analyses of Sr
and Ca concentrations, which were measured along a line
down the longest axis of each otolith from the core to the
edge using a wavelength dispersive X-ray electron micro-
probe (JEOL JXA-8900R), as described in Arai et al.
(2006). Wollastonite (CaSiO3;) and Tausonite (SrTiO3)
were used as standards. The accelerating voltage and beam
current were 15 kV and 1.2 x 107% A, respectively. The
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electron beam was focused on a point 10 um in diameter,
with measurements spaced at 10 pm intervals.

We calculated the average Sr:Ca ratios for the values
outside the elver mark. Following the criteria of Tsukamoto
and Arai (2001), these specimens were categorized into
“sea eels” (Sr:Ca> 6.0 x 10_3), “estuarine  eels”
(25 x 1073 <SriCa< 6.0 x 107 and “river eels”
(Sr:Ca < 2.5 x 107%).

Age determination

Following the electron microprobe analysis, the otoliths
were repolished to remove the coating, etched with 1%
HCI and thereafter stained with 1% toluidine blue. The age
of the specimens was determined by counting the number
of blue-stained transparent zones following the method of
Arai et al. (2003a, b). The positions of the transparent
zones were then correlated to elemental analysis points.
The relative ages at particular elemental analysis points
could then be assigned. The otolith radii for each age of the
specimens were also measured. The total lengths of each
age of the specimens were estimated from the growth rate
and age of each fish. The growth rate was calculated as
follows: growth rate = (TL — 6.0)/age, where 6.0 is the
mean length (cm) of glass eels when they are recruited to a
coastal area (Arai et al. 1997).

Statistics

Differences between data were tested using the Mann-—
Whitney U-test. Differences among data were tested using
the Kruskal-Wallis test. The significance of the correlation
coefficient and regression slope were tested by Fisher’s Z-
transformation and an analysis of covariance (ANCOVA)
(Sokal and Rohlf 1995).

Results
Biological characteristics
The eels collected in Kii Channel were predominantly

females (89%, n = 33), with only 11% (n = 4) of the total
catch of males in this area (Table 1).

The total length (TL) of the females ranged from 48.4 to
84.5 cm, with a mean + SD of 67.0 £ 7.7 cm (n = 33),
while the TL of males ranged from 44.0 to 56.4 cm, with a
mean of 49.2 £ 5.4 cm (n = 4; Fig. 2a). The body weight
(BW) of females ranged from 224 to 1080 g with a mean of
463 + 174.8 g (n = 33), and the BW of males ranged
from 127 to 249 g, with a mean of 172 £ 535 g (n =4
Fig. 2b). The body size of most females was clearly larger
in both TL and BW than that of the males, and significantly
different (Mann—Whitney U-test, P < 0.005).

The GSI of all the females (n = 33) ranged from 1.21 to
3.98 (mean: 2.57 £ 0.57). The GSI of the males (n = 4)
ranged from 0.25 to 0.60 with a mean of 0.37 £ 0.16. The
GSI was larger in females (mean: 2.57) than in males
(mean: 0.37; Mann—Whitney U-test, P < 0.005; Fig. 2c¢).

Examinations of the annuli in the otoliths of the eels
caught in Kii Channel indicated that the females reached
greater ages than the males. The ages of the females ranged
from 5 to 16 years with a mean = SD of 8 & 2.1 years,
and their growth rate (GR) ranged from 3.8 to
11.1 cm year™', with a mean of 7.7 & 1.8 cm year™'. The
ages of the males ranged from 4 to 5 years with a mean of
5 + 0.6 years, and their GR ranged from 7.6 to
12.6 cm year™', with a mean of 9.8 £ 2.4 cm year .
Females were significantly older than males (Mann—
Whitney U-test, P < 0.05), and the GR of females was
significantly higher than that of males (Mann—Whitney U-
test, P < 0.05). Close relationships were found between TL
and BW, between age and TL and between age and BW in
females (ANCOVA P < 0.0001), but not for males due to
the limited number of specimens (four specimens).

Migratory history

The Sr:Ca ratios in the transects along the radius of each
otolith showed the same common feature in all specimens,
but there were generally three different patterns outside the
otolith core. All otoliths had a common peak of high values
of Sr:Ca ratios at the center of the otolith inside the elver
mark (ca 150 pm), which roughly corresponded to the lep-
tocephalus and early glass eel stages during their oceanic life
(Arai et al. 1997). Outside of the high Sr core, there was a
great variation in the change of the Sr:Ca ratios in the otoliths
of eels from different habitats. The change in Sr:Ca values

Table 1 Biological characteristics of the silver stage of Anguilla japonica collected off Shikoku Island Japan

Fish Number Total length (cm) Body weight (g) GSI (%) Age (years) Growth rate (cm yearfl)
Mean + SD Range Mean + SD Range Mean + SD Range Mean + SD Range Mean £ SD Range
Total 37 65.1 £9.3 44.0-84.5 431 £ 189 127-1080 2.33 + 0.88 0.25-3.98 8 + 2.3 4-16 7.8 £ 1.8 3.8-12.6
Females 33 67.0 £ 7.7 48.4-84.5 463 + 175 224-1080 2.57 £ 0.57 1.21-398 8 + 2.1 5-16 7.7+ 138 3.8-11.1
Males 4 492 + 54 44.0-56.4 172 + 54 127249 0.37 £ 0.16 0.25-0.60 5 4+ 0.6 4-5 98 +£24 7.6-12.6
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Fig. 2 Total length (a), body weight (b) and gonad somatic index (c)
of eels collected off Shikoku Island. Solid and open bars indicate
male and female eels, respectively

outside the elver mark was generally divided into three types
(Fig. 3): (1) relatively high values of around 6.00-
6.88 x 1072 (mean: 6.22 + 0.30), but larger than 6 x 1073
with no movement into freshwater (Fig. 3a), (2) intermediate
values of 2.65-5.91 x 1073 (mean: 4.73 + 0.36; Fig. 3b),
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and (3) constantly low values of 1.33-1.81 x 1073 (mean:
1.61 % 0.17; Fig. 3c). Each transect had sudden spikes and/
or sharp decreases. These were probably measurement errors
caused by tiny flaws on the surface of the otolith or an
unevenness of the Pt—Pd coating that could greatly reduce
the reflection of the X-ray from the sample and would
have no biological significance in relation to migration or
habitat.

The specimens of silver eel stages of A. japonica col-
lected off Shikoku Island had a wide range of otolith Sr:Ca
ratios. The otolith Sr:Ca ratios ranged from 0.04 to
142 x 107 (Fig. 4). The wide range of otolith Sr:Ca
ratios indicated that the habitat use of A. japonica was
variable among fresh, brackish and marine waters after
recruitment to the coastal waters.

The mean Sr:Ca ratio value outside of 150 pm from the
core of all otoliths ranged from 1.33 to 6.88 x 10>, with a
peak at 5.0-6.0 x 107> (Fig. 5), and based on those mean
values each specimen was categorized as either sea, estua-
rine or river eels. Of the specimens examined, sea eels
(Sr:Ca > 6.0 x 107) comprised 22% (n = 8) of all spec-
imens, river eels (Sr:Ca < 2.5 x 107%) were 19% (n = 7)
and estuarine eels (2.5 x 1072 < Sr:Ca < 6.0 x 1072)
were the most abundant (59%, n = 22) of the three types
(Fig. 5). In females, the number of river, estuarine and sea
eels was 6, 19 and 18 specimens, respectively. Those in
males were 1, 3 and 0, respectively. Among the sea eels,
estuarine eels and river eels, there were no significant dif-
ferences in TL, BW, GSI and age at maturation in females
(Kruskal-Wallis test, P > 0.05).

Discussion

It is noteworthy that the proportion of eels with an ordinary
diadromous pattern was lowest (19%; Fig. 5), and sea eels
and estuarine eels were abundant in the study area. The
wide range of otolith Sr:Ca ratios indicated that the habitat
preference of A. japonica during their growth phases just
before spawning migration to the open ocean would be
facultative and not obligatory. These findings strongly
suggested that A. japonica has a flexible migration strategy
with a high degree of behavioral plasticity and an ability to
utilize the full range of salinity. A similar phenomenon was
indicated in the otoliths of yellow and silver eels of A.
Japonica at other localities in the Japanese coastal waters
(Tsukamoto and Arai 2001; Arai et al. 2003a, b; Kotake
et al. 2003, 2005). Otolith analyses of European, American
and Australasian yellow and silver eels have also shown
evidence of marine and estuarine residencies (Tzeng et al.
2000; Arai et al. 2004, 2006; Daverat et al. 2006).

The migratory type of female eels included a high per-
centage of sea eels (24%), while the migratory male eels
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Fig. 3 Typical changes in 15 4 )
otolith Sr:Ca ratio along line a: Sea eel
transects from the core (0 pm)
to the edge in the frontal plane
of sagittal otoliths of the
Japanese eels collected in Kii 10 +
Channel off Shikoku Island,
Japan. a Sea eel. b Estuarine
eel. ¢ River eel. The specimens
were classified based on the 5
Sr:Ca average ratio outside the
elver mark (ca 150 pm from the
core)
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were either river or estuarine eels with no occurrence of sea
eels (Fig. 5). Kotake et al. (2003) also reported that female
silver eels caught near the Amakusa Islands of western
Japan included many sea eels (44%) and that males were
mainly river eels (43%). A similar finding, a high per-
centage of sea eels (45%), while the migratory male eels
were mainly river (42%) and estuarine eels (42%), is also
reported in Mikawa Bay along the east coast of central
Japan (Kotake et al. 2005). Krueger and Oliveira (1999)

Distance from the core (um)

concluded that increases in population density, and the
resulting slower growth, favored the production of males in
A. rostrata. Wiberg (1983) concluded that warm tempera-
tures induce maleness in A. anguilla, but long-term
experiments in Sweden produced a small but significant
increase in the number of females with increasing tem-
perature (Holmgren and Mosegaard 1996). In A. japonica,
Sasai et al. (2001) reported that in the East China Sea,
females were more abundant (n = 71) than males
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Fig. 5 Frequency distribution of the mean values of Sr:Ca ratio
outside the elver mark (150 pm in radius) in each otolith of the
specimens

(n = 18). Tzeng et al. (1995) also reported that A. japonica
collected near the estuary and at down-, mid- and up-
stream sites of rivers in northern Taiwan were mainly made
up of smaller individuals whose sex was undetermined,
whereas the eels whose sex could be determined were
mainly female. They concluded that overcrowding and
poor feeding would give rise to male eels, and low popu-
lation densities with rich feeding would favor females.
Thus, the potentially food-rich and low population density
environment in the coastal waters of Shikoku Island might
favor the production of females, while river habitats with
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poor food and higher population density might favor males,
although population density could not be examined in the
present study.

The characteristics and timing of the capture of the eels
examined in this study indicated that they were caught
during their spawning migration. The GSI values of the
females at this sampling site (mean: 2.57, 1.21-3.98) were
similar or a little higher than those of female silver eels
collected during their downstream migration in freshwater
in Japan (range 1.1-2.5; Sasai et al. 2001) or close to the
coast of southern (mean: 1.98; range 1.4-2.8; Kotake et al.
2003) and eastern Japan (mean 1.76; range 0.1-3.9;
Okamura et al. 2002; mean 2.1; range 0.2-4.3; Kotake
et al. 2005). This suggests that these fish are not residents
in this fishing area, but are migrants from somewhere in the
region of the Kii Channel and were on their way to the
spawning area offshore. Because the sampling can be
assumed to be random, the low proportion of river eels in
the sample from the spawning migration season suggested
that the estuarine and sea eels inhabiting this coastal area
might make a larger reproductive contribution to the next
generation. However, for further conclusions to be made,
more specimens collected at different localities covering
the whole range of geographic distribution of the species
need to be examined.

The GSI values of the male eels examined in this study
(0.25 to 0.60) were similar to those in the studies men-
tioned above. However, due to the difficulty in collecting
migrating eels around coastal and offshore areas of Japan
and the highly skewed sex ratio of the specimens collected,
information on the maturity of male Japanese eels at the
beginning of their spawning migration is scarcer than for
females (Sasai et al. 2001; Okamura et al. 2002; Kotake
et al. 2003, 2005, 2007). All reported GSI values for males
have been under 1.0 (0.2-0.6) during the spawning
migration season (Sasai et al. 2001; Kotake et al. 2003,
2005). These results suggest that the male eels collected in
the Kii Channel were also beginning their spawning
migration.

All of the river eels as well as estuarine and sea eels
were caught during the same spawning migration season in
the present study. The GSI values of some of the female
river eels were the highest among the three migratory
patterns. These eels must have move downstream from
rivers to the channel at the onset of maturation, while
estuarine and sea eels begin their migration in estuaries and
coastal areas. It is possible that most eels begin their
spawning migration in the ocean at about the same maturity
level. Thus, this suggests that river eels may begin their
spawning migration earlier than most individuals of the
other two migratory types. Alternatively, the catches of the
matured river eels would presumably be later than those of
the other types because they inhabit freshwater areas
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further from the sampling location. The earlier start of
downstream migration in river eels is probably why some
had higher GSI values than the other types. However, the
GSI level reaches 30-60 at the final stage of maturation in
Japanese eels that are artificially matured with hormone
treatments (Satoh et al. 1992; Sato et al. 2003), so minor
differences in maturity at the beginning of the spawning
migration should not be an impediment to reproduction.

Diadromous fish migration is generally explained by a
difference in food abundance between marine and fresh-
water habitats (Gross 1987). Juvenile anadromous salmon
are born in freshwater habitats at high latitudes with low
productivity, and they migrate to higher productivity hab-
itats in the ocean for better growth before returning to their
freshwater habitats for breeding. With an opposite migra-
tory pattern to anadromous salmon, catadromous eels that
originate in low population tropical ocean spawning areas
then migrate upstream into freshwater for better growth in
higher productivity habitats. Therefore, a latitudinal cline
in the productivity of the habitats might predict that marine
resident freshwater eels would occur more frequently at
higher latitudes where the productivity of freshwater hab-
itats are lower compared to that in the ocean (Tsukamoto
and Arai 2001). The Japanese eel is a temperate species,
and in the present study the eels collected in the Kii
Channel were mostly sea and estuarine eels and not river
eels. This observation seems to support the above predic-
tion. To test this hypothesis, analyses of the otolith Sr:Ca
ratios of silver phase tropical eels during their spawning
migration in the ocean needs to be made, and their degree
of seawater residence should be compared between tropical
and temperate eels.

Both river, estuarine and sea eels began their spawning
migration toward the open ocean at about the same time.
This type of synchronization of migration and gonadal
maturation, and the apparent predominance of estuarine
and marine habitats in the central region of Japan, has
important implications for the conservation of this species.
It implies that eels from both freshwater and marine hab-
itats can mix together during the spawning migration and
potentially contribute to the next generation, and that
estuarine and marine habitats may be very important for
eels around Japan.
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