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INTRODUCTION

Otoliths are located in the membranous labyrinth of
the inner ear of teleost fishes (Lowenstein 1971). They
are composed of aragonitic calcium carbonate in an
organic matrix (Carlstrom 1963, Degens et al. 1969).
The otolith undergoes accretionary growth, and is de-
posited on a daily basis (Simkiss 1974). Since Pannella
(1971) discovered daily growth increments in otoliths,
the ageing of fishes on a daily basis has been employed
to reconstruct their early life history. A metamorphosis
check (MC) is a slow-growth zone in fish otoliths,
which is usually deposited during a life history transi-
tion of the fish. Most coral reef fishes deposit a MC at
settlement, when they undergo the transition from
pelagic larva to benthic postlarva. Therefore, the daily
growth increments associated with the MC have been
widely used to identify events in the early life history of
reef fishes (Victor 1986, Wellington & Victor 1989) and
eels (Tzeng 1990, Tzeng & Tsai 1994, Arai et al. 1997).

Recent studies have indicated that variations in the
Sr/Ca ratio in otoliths can reveal the migratory envi-
ronmental history of diadromous fishes (Radtke et al.
1988, Kalish 1990, Radtke & Kinzie 1996, Tzeng et al.
1997). The ionic radius of strontium (Sr) is similar to
that of calcium, allowing calcium in the aragonitic
otolith to be substituted by Sr (Amiel et al. 1973).
Strontium concentrations are 1 to 2 orders higher in
seawater than in freshwater (Radtke et al. 1988, Cam-
pana 1999), and the Sr/Ca ratio in otoliths are posi-
tively correlated with the salinity of the ambient water
(Gallahar & Kingsford 1996, Tzeng 1996). Thus, the
Sr/Ca ratios associated with daily growth increments
in otoliths can be used to determine when a fish
migrated from seawater to freshwater, e.g. for salmon
(Kalish 1990), striped bass (Secor 1992), American
shad (Limburg 1995) and American, European and
Japanese eels (Tzeng & Tsai 1994, Cheng & Tzeng
1996, Tzeng et al. 1997, 1999, 2000, Wang &Tzeng
1998, 2000). However, there are no studies linking the
formation of the MC to changes in the Sr/Ca ratio of
otoliths of amphidromous gobiids.
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A previous study (Shen et al. 1998) revealed the
presence of a MC in otoliths of many gobiids, e.g.
Awaous melanocephalus, Eleotris acanthopoma, Oligo-
lepis acutipennis, Redigobius bikolanus, Sicyopterus
japonicus and Stenogobius genivittatus. The number
of daily growth increments before the MC differ among
these amphidromous gobies, and increment width be-
comes wider after the MC (Shen et al. 1998). In addi-
tion, during migration from seawater to freshwater
habitats, postlarval gobies undergo abrupt morpho-
logical changes, including changes in coloration and
fin shape (Manacop 1953, Erdman 1961, 1986, Tomi-
hama 1972, Lau 1973), as well as in mouth shape, jaw
structure, and digestive system (Tomihama 1972), all of
which lead to faster growth rates. However, the timing
of the MC in relation to these morphological changes
has not been clarified.

This study attempts to link the time of MC deposition
to otolith microstructure and microchemistry (Sr/Ca),
and morphological changes in the goby Sicyopterus
japonicus during its upstream migration, and to deter-
mine the pathway and mechanism of MC deposition.

MATERIALS AND METHODS

Sicyopterus japonicus is an amphidromous goby found
in freshwater streams (Myers 1949). Adults breed in
freshwater, and after hatching their larvae are pas-
sively transported to more saline environments. Post-
larvae return to freshwater approximately 6 mo after
hatching (Shen et al. 1998). Newly recruited postlarvae
found in the estuary are transparent, with few pig-
ments on their body surface.

Gobies were collected by a stationary net from a tri-
butary of the Shuang-Chi River, Long-Long Brook, and
its adjacent estuary in northeastern Taiwan (121° 08’ E,
25° 02’ N), from November 1995 to December 1996. A
total of 22 individuals, including marine larvae, newly

recruited postlarvae, juveniles and adults, were ran-
domly selected for otolith microstructure and/or micro-
chemistry analysis (n = 19), and for external morphol-
ogy examination of head shape, mouth position, and
jaw-opening patterns (n = 3). Total length was mea-
sured to the nearest 1.0 mm. The largest pair of
otoliths, the sagitta, were removed and air-dried, and
the right otolith was embedded in petropoxy 154
(Palouse Petroproducts, USA). One otholith was
ground in the frontal plane with a 1200-grit paper and
0.05 µm alumina paste until the primordium was
exposed. The others were ground in the sagittal plane.
The age of the fish was estimated from the number of
growth increments on the otolith; these were assumed
to be deposited daily, as in other fishes (Pannella 1971). 

Microstructural and microchemical analytical meth-
ods were similar to those of Tzeng (1990) and Tzeng &
Tsai (1994). The radii of the otoliths were measured
from 4 different growth axes (anterior, dorsal, poste-
rior, and ventral). Sr/Ca ratios were measured from the
primordium to the otolith edge. The position of the MC
was determined from the pattern of growth increments
and the Sr/Ca ratio of the otoliths.

RESULTS

Otolith growth rate

An obvious check was found in the otoliths of juve-
nile Sicyopterus japonicus, but was not apparent in
marine larvae or newly recruited postlarvae in the
estuary (Fig. 1). Accordingly, this check was assumed
to be deposited when the fish metamorphosed from
the larval to juvenile stage, and is termed a metamor-
phosis check (MC). The characteristics of the check
are: (1) The radius of the check differs among different
axes; this is due to the asymmetrical growth of the
otolith. Prior to the check, the radius was greatest in
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Fig. 1. Sicyopterus japonicus.
Metamorphosis check (MC) in
the otolith of a juvenile goby.
Otoliths were photographed
under a reflected light micro-
scope. (a) Marine larva, 19 mm
TL; (b) newly recruited post-
larva in the Shuang-Chi River
estuary, 34 mm total length
(TL); (c) juvenile in freshwater
of Long-Long Brook, 54 mm
TL. MC was not found in (a)
and (b), but is visible in (c). 

Scale bar = 5 µm

(a) (b) (c)
(MC)
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the posterior axis (Fig. 2); however,
beyond the check, the radius of the
distal axis was greater than that of
the proximal axis (Fig. 2a) and the
radius of the dorsal axis was greater
than that of the other 3 axes (Fig. 2b).
(2) In the lateral plane, the radii
before the check were similar
among individuals irrespective of
total length (Fig. 3a), indicating that
the fish metamorphose at a similar
size, but beyond the check the otolith
radius increased significantly with
increasing fish size. The growth rate
of the otolith was faster for the dorsal
axis (y = 5.56x –72.80, R2 = 0.6055)
than for the other 3 axes (y = 3.28x
–56.30, R2 = 0.8214: Fig. 3b). (3) The
otolith increment widths before the
check in the posterior axis were
smaller and similar among individu-
als (mean ± SD, 2.83 ± 0.15 µm, n = 3),
but varied after the check (4.9 ±
1.4 µm, n = 3), indicating that the
growth rate of the gobies is slower
and almost homogenous in the ma-
rine larval stage and increases after
metamorphosis.

Otolith Sr/Ca ratios

The mean (±SD) Sr/Ca ratios from
the primordium to the edge of otoliths
of 2 newly recruited postlarvae with-
out a MC were 7.07 ± 1.22 × 10–3 and
7.46 ± 1.00 × 10–3, respectively. How-
ever, the Sr/Ca ratios dramatically
decreased after the MC in the otoliths
of juveniles and adults, averaging
3.10 ± 0.59 × 10–3 (n = 4). The MC
was deposited approximately 13 to 15 d (14.25 ± 0.96,
n = 4) after the peak Sr/Ca ratios in the otoliths.
Fig. 4 shows the relationship between temporal
changes in Sr/Ca ratios and the deposition of the MC
in the otolith of an adult goby. These results indicate
that Sr/Ca ratios in otoliths were higher in the marine
larvae than in the juveniles and adults from fresh-
water, and that the MC was deposited approximately
2 wk after migration of the larvae from marine to fresh-
water habitats. The deposition of the MC after the
peak Sr/Ca ratios in the otoliths may indicate that its
deposition is more closely related to the physiological
changes experienced by the fish than to the habitat
change.

Changes in mouth structure and otolith growth-
increment pattern during upstream migration

In the estuary, newly recruited postlarval gobies
were transparent, with a terminal mouth (Fig. 5a).
During growth to juveniles, the mouth position
changed from terminal to subterminal, resulting from
the change of head shape (Fig. 5b,c). Because no
MC was found in otoliths of individuals with a termi-
nal mouth, regardless of habitat (estuary or stream),
the MC was assumed to be deposited as a result
of physiological changes in association with mouth
transformation that occurred after migration into the
stream.
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Fig. 2. Sicyopterus japonicus. Structure of the sectioned otolith. (a) dorsal view;
(b) lateral view. Short vertical lines crossing Axes A, B, C, D and a, b, c, d indicate 

metamorphosis check (MC). (q) primordium
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The pattern associated with daily growth increments
also changed with the deposition of the MC. The
otolith increments merged after the MC on the poste-
rior axis (Fig. 6). This could lead to an age underesti-
mation if growth increments are counted along the
posterior axis of the otolith.

DISCUSSION AND CONCLUSIONS

The MC in the otoliths of the amphidromous goby
Sicyopterus japonicus were deposited approximately
2 wk after Sr/Ca ratios dramatically decreased. The lag
suggests that the deposition of MC was not directly

caused by habitat transition
(movement from seawater to fresh-
water), but was probably the result
of a change in functional morphol-
ogy associated with feeding
behavior:

After MC deposition, otoliths
grew faster on both the dorsal and
distal axes. During this period, a
simultaneous change in head
structure, upper jaw, and mouth
shape was observed. The depth of
the head became higher and
wider, while mouth shape changed
from terminal to subterminal. The
pattern of otolith growth incre-
ments also changed with these
changes external morphology and
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Fig. 3 Sicyopterus japonicus. Regression of otolith radius on total length. (a) Radii A–D from primordium to metamorphosis 
check (MC); (b) Radii a–d between MC and otolith edge (A–D and a–d as in Fig. 2b)

Fig. 4 Sicyopterus japonicus. Relation-
ship between the temporal changes of
Sr/Ca ratios and the occurrence of
metamorphosis check (MC) in otolith of
a 79 mm TL adult S. japonicus collected
in the freshwater region of Long-Long
Brook on November 4, 1995. (a) Otolith
section under transmitted light showing
the position of the primordium (P) and
MC; (b) otolith section with carbon
coating showing the electron beam
strike where Sr/Ca ratios were mea-
sured, and (c) profile of Sr/Ca ratios.
Arrow indicates the position of MC
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the subsequent formation of the MC. The morphologi-
cal changes in the mouth structure of Sicyopterus
japonicus were feeding adaptations enabling the shift
from a marine planktivorous larva which feeds primar-
ily on pelagic copepods, to an herbivorous postlarvae
which grazes benthic algae from the stones in freshwa-
ter streams. This shift in the feeding regime con-
tributed to increased growth of the fish, as indicated by
the wider otolith increment after deposition of the MC.

Postlarval Sicyopterus japonicus migrating from the
saline estuarine environment into a freshwater stream
have to adapt to the salinity changes by regulating
their osmotic pressure. Adaption to the new food
resources available in freshwater streams is achieved
by a transformation in mouth structure allowing graz-
ing of benthic algae. These adaptive processes involve
a high energy-demand. We presume that growth of
postlarval gobies slows down during a regulatory and
metamorphic process, and that the plasma normally
available for otolith growth decreases, or is allocated
to other processes. This is probably the reason why the
growth increments around the MC were discontinuous
and narrow.

A similar change in functional morphology during
metamorphosis was also found for the Atlantic salmon
Salmo salar, in which fin coloration and head shape
change at the smolt stage during its migration from
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Fig. 6. Sicyopterus japonicus.
Changing pattern of daily
growth increments around
metamorphosis check (MC)
of the otolith of a 74 mm TL
adult. (1)–(4) Convergent pro-
cess of growth increments. (a)
is magnification of (b). A: ante-
rior, D: dorsal, P: posterior, 

V: ventral

Fig. 5. Sicyopterus japonicus. Head structure of individuals
with different mouth shapes. (a) Terminal mouth, 34 mm total
length (TL) postlarva collected from the Shuang-Chi River
estuary; (b) intermediate phase, 33 mm TL juvenile collected
from Long-Long Brook; (c) subterminal mouth, 33 mm TL
juvenile collected from Long-Long Brook. Scale bars = 2 mm
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freshwater streams to the sea (McKeown 1984). The
feeding habits of the salmon are changed and it shifts
to a catabolic metabolism in response to changes in its
internal environment during transition from the parr to
the smolt stage (Wedemeyer et al. 1980). Salmon blood
is rich in hormones, which have an osmoregulatory
function during metamorphosis from the larval to post-
larval stages. This may be one reason why the MC of
the amphidromous goby is rich in protein. As reported
by Zhang & Runham (1992), the deposition of growth
checks suggests that large amounts of protein are laid
down during their formation, concomitant with either
reduced calcium carbonate deposition or calcium re-
sorption. When postlarvae complete metamorphosis
and begin to feed, the calcium carbonate deposition
rate of the otolith increases. In addition, the space in
the inner ear on both the dorsal and proximal axes
increases with the changes in head structure, allowing
the otoliths to grow faster. In contrast, the limited space
of the posterior axis of the otolith may cause interrup-
tions in and convergence of growth increments. These
observations indicate that MC deposition is influenced
by both osmoregulatory hormones during the upstream
migration of the gobies and by the changes in the head
and upper jaw structures connected with changes in
feeding habits. These processes appear to occur within
a period of only a few days.

In conclusion, the MC in otoliths of the goby Sicyo-
pterus japonicus are deposited at the juvenile stage,
during migration from the sea to freshwater streams.
The check reveals the time of this ontogenetic change
and of the shift in feeding habits, both of which factors
contribute greatly to a reconstruction of the gobies’
early life history through otolith microstructural and
microchemical analyses.
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