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Abstract In order to understand the migratory history
and habitat use of the tropical anguillid eels Anguilla
celebesensis, A. marmorata, and A. bicolor bicolor, the
otolith strontium (Sr) and calcium (Ca) concentrations
were examined for eels collected in Indonesian waters.
In A. bicolor bicolor collected in a lagoon, the change in
Sr:Ca ratios outside the high Sr:Ca core generally indi-
cated two patterns of habitat residence: (1) constant liv-
ing in either brackish or sea waters with no freshwater
life (25%) and (2) habitat shifts from fresh water to
brackish or sea waters (75%). No A. bicolor bicolor had
a general life history as a freshwater resident. A. cele-
besensis and A. marmorata from the uppermost fresh-
water lake showed freshwater life history patterns. The
wide range of otolith Sr:Ca ratios in A. bicolor bicolor
indicated that the habitat use of this tropical eel was
facultative among fresh, brackish, and marine waters
during the growth phase after recruitment to coastal
areas similar to that for temperate eels. Thus, the migra-
tion of anguillid eels into fresh water is clearly not an
obligatory.
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Introduction

The eels of the genus Anguilla, being catadromous, migrate
between freshwater growth habitats and offshore spawning
areas. Fifteen species of Anguilla have been reported
worldwide, ten of which occur in tropical regions (Ege
1939). Of the latter, seven species/subspecies occur in the
western Pacific around Indonesia, i.e. A. celebesensis,
A. interioris, A. nebulosa nebulosa, A. marmorata, A. borne-
ensis, A. bicolor bicolor, and A. bicolor pacifica (Ege 1939;
Castle and Williamson 1974; Arai et al. 1999). Mitochon-
drial DNA analysis has revealed that A. borneensis from
Borneo Island was closest to the ancestral form among the
15 presently known species (Aoyama et al. 2001). Further-
more, the tropical species seem to be more closely related
to the ancestral form than their temperate counterparts.
Aoyama et al. (2001) suggested that freshwater eels origi-
nated in the present-day Indonesian region during the Cre-
taceous. Thus, studying the life history and migration of
tropical eels may provide some clues to understanding the
nature of primitive forms of catadromous migration in
anguillid eels and how the migration of the genus became
established. The results may also contribute to understand-
ing the evolutionary pathway of migration in the genus as
well as other diadromous fish species that migrate between
freshwater and seawater habitats.

Examinations of otolith microchemistry have revealed
considerable information on the life history of temperate
Anguilla species including A. japonica, A. anguilla,
A. rostrata, A. australis, and A. dieffenbachii (Tzeng et al.
2000; Tsukamoto and Arai 2001; Arai et al. 2004, 2006;
Shiao et al. 2003; Kotake et al. 2003, 2005; Daverat et al.
2006; Chino and Arai 2009). Those studies have revealed
that some yellow and silver stage-eels of temperate anguil-
lid eels never migrate into fresh water but spend their entire
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life in the ocean. Further, the use of otolith Sr:Ca ratios to
trace the migratory history of eels also revealed otolith sig-
natures that were intermediate to those of temperate eels
that were marine residents and those that were freshwater
residents appeared to reflect estuarine residence or showed
clear evidence of switching between different salinity envi-
ronments. It thus appears that a proportion of eels move fre-
quently between different environments during their growth
phase. Therefore, 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 fresh-
water environments, and these species may be facultatively
catadromous (Tsukamoto and Arai 2001). However, such
information has been obtained mainly from temperate spe-
cies, and little is known about the life history and environ-
mental habitat use of tropical species.

It is not clear why during the growth phase some eels
migrate to fresh water and others do not. The occurrence of
fish migration is generally explained by a difference in food
abundance between marine and freshwater habitats, and
Gross (1987) proposed that diadromy occurs when the gain
in fitness from using a second habitat minus the migration
costs of moving between habitats exceeds the fitness from
staying in only one habitat. Juvenile anadromous salmon
utilize freshwater habitats at high latitudes with low pro-
ductivity, and they migrate to higher productivity habitats
in the ocean for growth before returning to fresh water for
breeding. In contrast, catadromous freshwater eels that
recruit at low latitudes might migrate upstream into fresh-
water habitats of higher productivity for growth before
returning to the ocean for breeding. Thus, to understand
comprehensive migration strategy in the anguillid eels, the
details of migration of tropical eels must be revealed.

This study examines the otolith microchemistry of the
tropical species Anguilla celebesensis, A. marmorata, and
A. bicolor bicolor collected in Indonesian waters. Habitat
preference and movements between habitats were examined
and compared with previous studies on eel migration by
tropical and temperate eels in an attempt to understand the
occurrence and evolution of migration of Anguilla species.

Materials and methods
Fish

A total of 59 specimens of three tropical eel species,
Anguilla celebesensis, A. marmorata, and A. bicolor
bicolor, were collected in Indonesian waters. A total of 42
Anguilla bicolor bicolor were collected in Segara Anakan,
central Java Island, Indonesia in December 2007 (around
7°35'-7°48 S, 108°46-109°03'E) (Fig. 1). The eels were
collected by angling and bamboo traps at night. The Segara
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Anakan consists of a lagoon isolated from the Indian Ocean
by Nusakambangan Island (Fig. 1) and comprises a man-
grove forest area, a settlement area, and rice field areas.
This lagoon is the only major estuarine-mangrove area in
the central part of Java. Two seasons affect the area, the
rainy or wet season, from November to April, and the dry
season, from July to September. This equatorial climate has
a high average monthly temperature between 28.0°C (dry
season) and 31.3°C (wet season) (White et al. 1989). The
water temperature fluctuates throughout the year between
27.5°C (dry season) and 35.0°C (wet season). The average
monthly rainfall ranges from 100 to 180 mm during the dry
season, and from 180 to 400 mm during the wet season
(White et al. 1989). Therefore, salinity fluctuates highly
between these seasons ranging from 8 to 28 ppt in the dry
season, and from 1 to 20 ppt in the wet season (White et al.
1989).

A total of 15 Anguilla celebesensis and 2 A. marmorata
were collected by bamboo trap in Lake Poso, central
Sulawesi Island, Indonesia (around 1°03'-1°58 S, 119°57—-
120°22'E) (Fig. 1). This lake is the third biggest freshwater
lake in Indonesia and is approximately 30-km long and 16-
km wide. The water is approximately 360-m deep in the
south and 500-m in the north. The lake is connected to the
sea by a single river, the Poso River, which drains the water
from an elevation of 512 m past a waterfall and down to the
sea along a 40-km stretch. The water temperature in the
lake ranges from 27 to 31°C (Haffiner et al. 2001), and its
salinity is O ppt.

Otolith preparation and microchemical analysis

After the measurement of the morphological characteristics
in each specimen, sagittal otoliths were extracted from each
fish, embedded in epoxy resin (Struers, Epofix), and
mounted on glass slides. The otoliths were then ground and
polished, as described by Arai et al. (2004, 2006). They
were then cleaned in an ultrasonic bath and rinsed with
deionized water prior to being examined. For electron
microprobe analyses, all otoliths were Pt—Pd coated by a
high vacuum evaporator. All otoliths were used for “life-
history transect” analysis of Sr and Ca concentrations using
a JEOL JXA-8900R Electron Probe Microanalyzer as
described by Arai etal. (2004, 2006). “X-ray intensity
maps” of both elements were also made following Arai
etal. (2004, 2006). Otoliths of five of the specimens of
Anguilla bicolor bicolor used for the life-history transects
were also used in the X-ray intensity map analyses. We cal-
culated the average Sr:Ca ratios for the values outside the
elver mark and according to the criteria of Tsukamoto and
Arai (2001). We categorized the specimens into “marine
resident” (Sr:Ca > 6.0 x 107%) and “estuarine resident”
(2.5 x 1073 < Sr:Ca< 6.0 x 107%).
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Fig.1 Map showing the loca-
tions of Segara Anakan, central
Java and Lake Poso, central
Sulawesi Island, Indonesia. The
approximate locations where
eels were collected in Segara
Anakan are shown with small
stars

7°35'

7°40"

7°45'

Indian Ocean

T
108°50

Age estimation and data analyses

Following the microchemistry analyses, the otoliths were
repolished to remove the coating. Otoliths were then etched
with 1% HCI for 60 s, stained with 1 % toluidine blue, and
aged by counting the number of blue-stained transparent
zones, as reported in Arai et al. (2004). The ages given in
this study are up to the last annuli and do not include any
additional daily age of less than 1.

Results
Biological characteristics

The total length (TL) of Anguilla bicolor bicolor collected
from Segara Anakan ranged from 485 to 746 mm, with a
mean + SD of 564.6 + 64.3 mm (n=42) (Table 1). The
wet body weight (BW) ranged from 161.0 to 962.6 g, with
a mean £+ SD of 310.6 £ 177.8 g (n=42). The TL of
A. celebesensis collected from Lake Poso ranged from 601
to 1,039 mm, with a mean & SD of 771.7 & 99.46 mm, and
BW ranged from 500 to 2,550 g, with a mean & SD of
970.6 £500.76 g (n=15), respectively. The TLs of
A. marmorata collected from the lake were 832 mm and
925 mm, and BWs were 2,050 and 2,360 g (n = 2).

T
108°55

T
109°00'

The annuli in the otoliths of A. bicolor bicolor ranged
from 8 to 18 years, with a mean + SD of 12.9 £ 3.23 year
(n=16). Annuli in the otoliths of A. celebesensis ranged
from 12 to 23 years, with a mean £ SD of 16.8 & 3.31 year
(n=10). The annuli of A. marmorata were 11 and 12 year
(n=2). The criteria used to interpret the otolith annuli in
temperate eels were adopted for use in the present study.
However, the determination of annuli in tropical eels is
very difficult due to the existence of some false annuli. In
this study, we counted annuli just for easily countable
specimens.

Otolith strontium distribution

Two-dimensional images of the Sr concentration in otoliths
showed remarkable variation among the specimens exam-
ined (Fig. 2) in Anguilla bicolor bicolor. However, the cen-
ters of the otoliths of all specimens had a high-Sr area (a red
oval spot about 120-220 um from the otolith center) that
was surrounded by an elver mark that could be observed
with a light microscope.

Anguilla bicolor bicolor collected in Segara Anakan
showed two apparent patterns from outside the high-Sr area
in the otolith center region to the edge. One of the patterns
showed a uniformly yellowish-green color throughout the
otolith, suggesting a medium Sr concentration (Fig. 2a).
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Table 1 Specimens of tropical eels Anguilla bicolor bicolor, A. celebesensis, and A. marmorata in Indonesian waters used in the present study

Sampling Species Sample Total length (mm)

Body weight (g)

Age (year) Migration pattern

location size estimated from
Mean £ SD Range Mean £ SD Range Mean = SD  Range .jith
microchemistry
Segara A. bicolor bicolor 42 564.6 £ 64.33 485-746  310.6 £ 177.75 161.0-962.6 12.9 £3.23 8-18 Estuarine/marine
Anakan (n=16) resident
Lake Poso A. celebesensis 15 7717 £99.46 601-1,039 970.6 &+ 500.76 500-2,550  16.75 +£3.31 12-23 Freshwater
(n=10) resident
Lake Poso A. marmorata 2 - 832,925 - 2,050, 2,360 —(n=2) 11, 12 Freshwater
resident
a -
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Fig. 2 Two-dimensional images made using X-ray electron micro-
probe analysis of the Sr concentrations in the otoliths of Anguilla 5 4
bicolor bicolor collected in Segara Anakan, central Java, Indonesia.
a Consistent yellowish-green color between the otolith core and the 0 / ; i ]
edge suggesting medium Sr concentration; b two contrasts involving a 0 1000 2000

bluish color (low Sr concentration) surrounding a yellowish color
(medium Sr concentration); ¢ several contrasts involving bluish (low
Sr concentration) and yellowish (medium Sr concentration) colors

The other pattern showed two contrasts involving a bluish
color (low Sr concentration) surrounding a yellowish-green
color (medium Sr concentration) (Fig.2b). Further, the
latter pattern showed another narrow bluish phase in the
yellowish area (Fig. 2c¢).

Life-history transects
The Sr:Ca ratios in the transects along the radius of each
otolith showed a common feature in all specimens around

the center of the otolith (Fig. 3) of a peak of high values of
Sr:Ca ratios (12.7 x 1073-16.4 x 10~%) from the otolith
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Distance from the core (um)

Fig. 3 Plots of the otolith Sr:Ca ratios along transect lines from the
core to the edge of the otolith of representative cases from all speci-
mens (59 specimens) collected from Segara Anakan and Lake Poso in
Indonesia. a The constant habitat residence type lived in estuarine/
marine water (A. bicolor bicolor); b the switch type shifted residence
from fresh water to marine water (A. bicolor bicolor); and ¢ a typical
catadromous life history pattern (A. celebesensis, A. marmorata)

core out to approximately 160 pum, which corresponded to
the high Sr core visible in the two-dimensional images in
Fig. 2.

Outside of the high Sr:Ca core, there was great variation
in the change of the Sr:Ca ratios in the otoliths of eels from
different habitats. The migratory patterns that revealed the
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life history of A. bicolor bicolor in the Segara Anakan were
generally classified into two types (Fig. 3a, b). The first
pattern can be labeled the constant type, with constant
Sr:Ca ratios (range: 5.39-7.40 x 1073 mean + SD
6.27 x 1073 +£0.74 x 107> Fig. 3a) along the life-history
transect, which suggests that these specimens (n = 5) lived
in the same environment throughout their lives. The second
pattern can be labeled the switch type with Sr:Ca ratios
shifting from low phase (range: 0.77-2.34 x 107%;
mean & SD  1.61 x 1073 £ 0.46 x 107 to high phase
(range: 6.01-7.62 x 1073, mean+£SD 653 x 1073 +
0.50 x 1073) between 390 and 890 um (mean & SD
708 £ 153.31 um) from the otolith core (Fig. 3b), which
suggests that these specimens (n = 15) shifted their resi-
dence environment. Further, two specimens of this switch
type showed multiple shifts, with several low and high
Sr:Ca ratio phases along the life-history transect, which
suggests that these specimens moved to different environ-
ments several times in their lives. There were significant
differences between the low and high Sr:Ca ratio phases
(Mann—Whitney U-test P <0.0001) for all switch-type
specimens. A. celebesensis and A. marmorata specimens
collected from Lake Poso showed uniformly low Sr:Ca
ratios along the life-history transect (Fig. 3c). This suggests
that they spent their entire lives in a freshwater environ-
ment. We excluded the Sr:Ca ratio results in A. marmorata

from further discussion due to the limited sample size
(n=2).

Anguilla bicolor bicolor had a wide range of otolith
Sr:Ca ratios, which ranged from 0.33 x 107 to
12.00 x 10~ (Fig. 4). The wide range of otolith Sr:Ca
ratios indicated that the habitat use of A. bicolor bicolor
was variable after their recruitment to the coastal waters as
glass eels. However, all specimens from Lake Poso showed
less variability with low Sr:Ca values ranging from
0.59 x 107 to 2.26 x 107 with a mean=SD of
1.06 x 1073+ 0.52 x 1073 (Fig. 4). Most of these values
were <2.5 x 1073, and thus the Sr:Ca values were a useful
indicator of the partitioning of freshwater residence in the
present study (Fig. 4).

Discussion

The most significant finding of this study was that both
X-ray map and line history transect analyses showed that
the otolith Sr contents and Sr:Ca ratios were remarkably
variable among tropical eel Anguilla bicolor bicolor speci-
mens collected in Segara Anakan, Indonesia. Recently, the
migratory histories of temperate anguillid eels have been
studied using the same microchemical techniques on their
otoliths. The Sr:Ca ratio in the otoliths of those fishes

Fig. 4 Frequency distribution 1200~ 154
of all Sr:Ca ratios (left) in all fish Segara Anakan Segara Anakan
and mean Sr:Ca ratios (right) in Total Mean
each fish outside the elver mark 124
(160 pm in radius) s
9 4
6
400
2
W o 34
£ E
2 3
% 0 E 0 4
_
2 1200 NRLE
Q
Total 2 12 Mean
800
9
6
400
3
0 — 0 T
] 2 4 6 8 10 12 0 2 4 6 8 10 12
Sr: Ca x 1000
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differed according to the time they spent in fresh water,
brackish water, and sea water (Tzeng et al. 2000; Tsukam-
oto and Arai 2001; Arai et al. 2004, 2006; Kotake et al.
2003, 2005; Chino and Arai 2009). Studies of the incorpo-
ration of strontium into otoliths have found that the Sr:Ca
values in otoliths strongly correlated with the salinity of the
ambient water (Tzeng 1996). Thus, the Sr:Ca ratios of oto-
liths could help in determining whether or not individual
eels actually enter fresh water at the elver stage and remain
in freshwater, brackish water, or seawater environments
until the silver eel stage, or whether they move among
different habitats with differing salinity regimes. These find-
ings support the observations of previous studies that the
influence of salinity on the Sr content or Sr:Ca ratios in the
otoliths of anguillid eels can be used to evaluate habitat
residence. In A. bicolor bicolor, the change in Sr:Ca ratios
outside the high Sr:Ca core was generally divided into two
patterns: (1) the constant type (25% of the eels examined)
(Fig. 3a) and (2) the switch type (75%) (Figs. 3b, 5). To
determine the Sr:Ca value that corresponds to freshwater
residence, we used the mean Sr:Ca values of the eels
A. celebesensis collected in the freshwater Lake Poso.
All A. celebesensis eels showed constantly low Sr:Ca
values(<2.5 x 10_3), which could thus be a useful indicator
of freshwater residence (Fig. 4). Based on the criteria, it
was observed that constant-type A. bicolor bicolor resided
in two different constant environments throughout their
lives. The first pattern was marine residence throughout
their lives, and the second was estuarine residence. Further,
the switch-type eels were confirmed to shift habitats from

freshwater areas to seawater areas (Figs. 2b, 3b). Also, two
of 15 fishes of the switch type showed multiple movements
between freshwater and seawater environments (Fig. 2c).
The occurrence of a fully marine resident life history for
some and largely marine resident history for most
A. bicolor bicolor is the first finding in the tropical eels.
These findings strongly suggested that the tropical eel
A. bicolor bicolor also has a flexible migration strategy
with a high degree of behavioral plasticity and an ability to
utilize the full range of salinity. Such diverse behavior is
similar to that of temperate eels, A. japonica (Tsukamoto and
Arai 2001; Kotake et al. 2003, 2005; Chino and Arai 2009),
A. anguilla (Tzeng et al. 2000; Arai et al. 2006), A. rostrata
(Daverat etal. 2006), A. australis, and A. dieffenbachii
(Arai et al. 2004), which migrate flexibly among freshwa-
ter, brackish water, and seawater environments.

In this study, the migratory patterns of A. bicolor bicolor
were mainly of the switch type involving moving from
freshwater to seawater environments (75%) (Fig. 5). The
other eels resided consistently in either seawater or brack-
ish water. No A. bicolor bicolor showed constant freshwa-
ter residence in Segara Anakan, Indonesia (Fig. 5). Unlike
this study, some A. bicolor bicolor in the Philippines
showed freshwater residence (37%), while most showed
estuarine residence (63%) (Briones et al. 2007) (Fig. 5).

Fish migration is generally explained by a difference in
food abundance between marine and freshwater habitats
(Gross 1987). Based on this theory, catadromous freshwa-
ter eels that recruit at low latitudes might migrate upstream
into freshwater habitats with higher productivity for growth

Fig. 5 Habitat residence com-
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before returning to the ocean for breeding. However, some
A. bicolor bicolor spent their entire lives in seawater and
brackish water environments, with no occurrence of general
freshwater residence in the tropical equatorial region of the
present study. Therefore, the hypothesis may not apply that
a latitudinal gradient in freshwater residency of anguillid
eels occurs, with a higher frequency of freshwater resi-
dency at lower latitudes where the productivity is higher in
freshwater than in the ocean.

Freshwater eels of the genus Anguilla are considered to
have originated from a marine ancestor (Tesch 1977). All
anguilliform fishes except Anguilla are marine species, and
the marine breeding habits of Anguilla are probably a con-
served trait. This suggests the hypothesis that some tropical
and temperate species of catadromous eels have never lost
the ability to reside in marine habitats during the juvenile
growth phase.
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