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Chih-Chieh Hsu, Chih-Wei Chang, Yoshiyuki lizuka, and Wann-Nian Tzeng (2009) A growth check
deposited at estuarine arrival in otoliths of juvenile flathead mullet (Mugil cephalus L.). Zoological Studies 48(3):
315-324. An accessory primordium (AP) and secondary growth zone (SGZ) with unique microstructure and
microchemistry were observed in otoliths of juvenile flathead mullet (Mugil cephalus L.) collected in estuaries.
The microstructure, microchemistry, and crystalline structure of the mullet otoliths collected from 4 estuaries
of western Taiwan from 1996 to 2004 were examined by optical and scanning electron microscopy, Raman
spectroscopy, and an electron probe microanalyzer to evaluate the age at formation of the AP and whether the
SGZ was deposited during a habitat transition from offshore to the estuary. The age was determined by the
daily growth increments in mullet otoliths. Mean ages (32.9 + 5.5 d) and lengths (28.3 + 2.8 mm) of the fish at
estuarine arrival did not significantly differ among years or estuaries (p = 0.82 and 0.31, respectively). The mean
age when APs were deposited in juvenile mullet otoliths was 27.1 £ 2.5 d, which was consistent with the age of
fish without an AP in the otolith (26.9 + 3.0 d). The consistency in ages indicated that the AP was deposited very
soon after estuarine arrival. The Raman shift and elemental composition indicated that the SGZ was a normal
aragonite crystal without polymorphic vaterite or calcite inclusions, indicating that the formation of the SGZ was
not due to a changing crystalline structure of CaCQOs. Sr/Ca concentration ratios significantly decreased from
approximately 8.0 x 107 in the primordium of the otolith to < 4 x 10 at the AP when the juvenile mullet migrated
from highly saline offshore to fresh water in the estuary, during which time fish behavior changed from pelagic to
benthic habits. This suggests that the AP can be used as a biological tracer to determine the age of the fish at
recruitment and refine the reconstruction of the early life-stage environmental history of flathead mullet.
http://zoolstud.sinica.edu.tw/Journals/48.3/315.pdf
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Otoliths (ear stones) are located in the inner
ear sac of teleost fishes and function in balance and
hearing of the fish (Lowenstein 1971). They are a
bio-mineralized aragonite crystal, mainly composed
of CaCO; with a minor organic matrix and trace
elements (Calstrom 1963, Degens et al. 1969,
Campana 1999). The daily growth increments
(DGls) in otoliths are deposited in approximately
24 h cycles which allow determination of the age
of the fish on a daily schedule (Pannella 1971).

Thirty-one trace elements were found in otoliths
(Campana 1999). Deposition of elements in
otoliths is influenced by environmental factors such
as the temperature, salinity, and water chemistry
of the habitat and by ontogenetic changes and
physiological conditions of the fish such as
metamorphosis, growth, metabolism, and feeding
habits (Mugiya et al. 1981, Gauldie and Nelson
1988, Buckel et al. 2004). Due to interactions
of environmental factors and ontogenetic shifts
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during habitat transitions, growth checks (GCs)
with different microstructures and microchemical
compositions have been found to be deposited in
otoliths of many kinds of fishes (Bailey et al. 1977,
Campana 1984, AlHossaini et al. 1989, Karakiri et
al. 1989, Gartner 1991, Linkowski 1991, Sogard
1991, Volk et al. 1995, Zhang et al. 1995, Modin et
al. 1996, Brown et al. 2001, Neuman et al. 2001,
Plaza et al. 2001, Pontual et al. 2003, Xie et al.
2005). These checks can be used as landmarks
to reconstruct the migratory environmental history
(Chen and Tzeng 1996, Wang and Tzeng 1998
2000). Thus, the elemental composition of the
increments accompanied by age determination has
been widely used to reconstruct the past migratory
environmental history of fishes (Tzeng 2003,
Morales-Nin et al. 2005).

Formation of the GC is mainly attributed to an
ontogenetic shift and/or habitat transition of a fish,
such as checks deposited in otoliths of Japanese
eel Anguilla japonica (Tzeng 1990 1996 2003,
Tzeng and Tsai 1994, Arai et al. 1997, Tzeng
et al. 2002), goby Sicyopterus japonicus (Shen
and Tzeng 2002), and Pacific tarpon Megalops
cyprinoides (Chen and Tzeng 2006) during
metamorphosis from larvae to juveniles and when
migrating from offshore to estuaries. Otoliths
may be comprised of different CaCOs crystalline
polymorphs, i.e., aragonite, vaterite, and calcite,
with different elemental compositions among
polymorphs (Brown and Severin 1999, Melancon
et al. 2005), which may also produce a GC (Tzeng
et al. 2007).

The flathead mullet (Mugil cephalus L.) is a
cosmopolitan euryhaline fish, distributed in coastal
waters, lagoons, and estuaries between 42°N and
42°S (Thomson 1964). The mullet is an important
fish for both capture fisheries and aquaculture
in Taiwan. It spawns in northeastern and
southwestern coastal waters of Taiwan in Dec. (Hsu
et al. 2007). The larvae then passively drift with
coastal currents to estuaries. During this passive
dispersal process, they metamorphose from larvae
to juveniles and actively migrate to estuarine
nursery areas (Blaber 1987, Chang et al. 2000).
During migration from offshore to estuarine nursery
areas, the juvenile experiences both ontogenetic
shifts and gradient changes in environmental
factors. These changes may produce GCs in
otoliths of juvenile mullet. In general, the GC
is characterized as a band with narrow and
discontinuous growth increments in the otolith
which is deposited during ontogenetic changes

and habitat changes such as in the Japanese eel
(Tzeng 2003) and goby (Shen and Tzeng 2002).
However, the GC in the juvenile mullet otolith was
composed of an accessory primordium (AP) and
a secondary growth zone (SGZ) following the
AP. The pattern of GCs in juvenile mullet otoliths
differed from that reported in the past. Meanwhile,
the timing and mechanism of the deposition of the
AP in the mullet otolith are also not completely
understood.

In this study, we attempted to (1) determine
the age of juvenile flathead mullet at otolith AP
deposition by counting otolith DGIs, (2) examine
the crystalline structure of the SGZ by optical and
scanning electron microscopy (SEM) and Raman
spectroscopy, (3) measure temporal changes
in the strontium (Sr) to calcium (Ca) ratio in
otoliths of the mullet to understand the chemical
compositions of the AP and SGZ using an electron
probe microanalyzer (EPMA), and (4) integrate this
information to evaluate whether deposition of the
AP and SGZ results from a habitat transition and/
or ontogenetic shift of the fish.

MATERIALS AND METHODS
Sampling design

In total, 252 juvenile mullet were collected
from the 4 estuaries of Fulong (FL), Salun (SL),
Daian (DA), and Pingtung (PT) (Fig. 1) in Jan. of
2001 by a beach seine net with a mesh size of
1 mm. The mullet from SL were collected over
10 yrs, from 1996 to 2004. Fish total lengths (TLs)
(x SD) were measured to the nearest 0.1 mm
(Table 1), and the daily ages of all individuals were
determined from otolith DGIs (Pannella 1971). The
Sr/Ca ratios of otoliths from 32 randomly selected
fish were examined by EPMA, and from 5 fish for
otolith crystalline structure analysis by Raman
spectroscopy.

Age determination

Sagittae, the largest of the 3 pairs of otoliths,
were removed, ultrasonically cleaned with distilled
water, air-dried, embedded in epoxy resin, ground,
and polished along the sagittal plane until the
primordium was exposed. Then the polished
otolith was etched with 0.05 M HCI to enhance the
DGls. The ages of the fish at capture and at AP
formation were respectively determined by DGI
counts following Chang et al. (2000). Differences
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in the mean ages of the fish at AP formation
among months, years, and sampling areas were
tested by analysis of variance (ANOVA, a = 0.05)
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Fig. 1. Sampling sites of flathead mullet in the estuaries of
Taiwan. FL, Fulong; SL, Salun; DA, Daian; PT, Pingtung. The
dotted line indicates the 200 m isobaric depth.
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and then by multiple comparisons using Scheffe’s
S method if significant differences existed. The
growth rate (GR) of the fish before GC formation
was estimated by the formula:

GR (um/d) = PC/DAY;

where PC is the radius from the primordium (P) to
the beginning of AP formation, and DAY is the age
of fish at GC deposition in the otolith.

Identification of crystalline structures of
otoliths by the Raman effect

The crystalline structure of the SGZ was
compared with other otolith regions by both
optical and SEM microscopy and microRaman
spectrometry to determine if the SGZ consisted
of aragonite and/or its polymorphs, vaterite and
calcite. The spectra of unpolarized Raman signals
under backscattering (180°) geometry were
collected after otoliths were excited by the 514.5
nm line of an argon laser with an Olympus SLM
Plan 20x microscope objective with 17 mW power
focused on the sample at room temperature. The
polymorphs were identified by the wave numbers
of the Raman shift, which were accurate to
*+ 1 cm™ as determined from plasma emission lines
(Melancon et al. 2005).

Table 1. Mean (+ SD) total length (TL) and age of juvenile mullet at estuarine arrival and
percentage of juveniles with an accessory primordium (AP) in their otoliths. Juveniles
were collected from Fulong (FL), Salun (SL), Daian (DA), and Pingtung (PT) estuaries on
the west coast of Taiwan

Sampling site Sampling date ~ Sample size TL (mm) Age (d)  Percent (%) with AP formation
FL 23 Jan. 2001 16 279+27 326+6.2 75.0
SL 5 Jan. 1996 18 23.8+238 336+54 50.0
10 Jan. 1997 21 26.5+2.3 34.7+6.2 85.7
28 Jan. 1998 18 294 +3.2 32.3+59 66.7
25 Jan. 1999 21 31.3+1.0 37.4+37 85.7
6 Jan. 2000 18 28.1+26 33.2+59 61.1
7 Feb. 2001 18 28.8+2.3 33.0+5.6 722
12 Jan. 2002 14 275+1.7 34.0+4.6 78.6
2 Jan. 2003 12 259+1.6 31.5+4.0 50.0
24 Nov. 2003 19 285+1.2 31.3+3.9 68.4
25 Dec. 2003 18 274+24 326+4.2 88.9
19 Jan. 2004 20 28.6+1.9 30.8+6.4 45.0
19 Feb. 2004 17 31.3+28 31.7+6.7 58.8
DA 23 Jan. 2001 14 272+23 324+56 714
PT 28 Jan. 2001 8 31.2+3.3 39.5+2.1 100.0
Total 252 28.3+2.38 329+55 69.8
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Analysis of Sr/Ca ratios in otoliths

After washing in 2% HNOsg, polished otoliths
were air-dried in a class 100 clean room. Otolith
Sr/Ca ratios were measured from the primordium
to the postrostrum through the AP and SGZ by
EPMA (JXA-8900R, JEOL, Japan). The EPMA
beam conditions were an accelerating voltage
of 15 keV, an accelerating current of 3 nA, and a
beam size with a rectangular area of 5 x 4 um.
The wavelength dispersive strengths of Ca at the
Ka shell and Sr at the La shell were evaluated
for 20 and 80 s at the peak positions, and 10 and
20 s at the background positions, respectively.
Calcite (CaCOs, NMNH 136321) and strontianite
(SrCOs3, NMNH R10065) were used as standards.
The quantitative data of Ca and Sr contents in
the otoliths were calibrated by the ZAF method
(Z, atomic number; A, absorption; F, fluorescence
correction) (Tzeng et al. 2002).

RESULTS
Microstructures of the AP and SGZ

The DGI in juvenile mullet otoliths is a bipartite
structure, composed of a broad, light incremental
zone and a narrow, dark discontinuous zone (Figs.
2a, b). The widths of DGIs from the primordium
to the otolith edge varied among different radii.
The SGZ was initially deposited with an AP in the
postrostrum of the otolith. Most otoliths had a
single AP and SGZ (Fig. 2c), but some had more
than 2 (Figs. 2d-g). The DGls in the SGZ seemed
to be periodically and continuously deposited
which allowed us to determine the duration of SGZ
formation. However, the SGZ and non-SGZs were
interrupted and discontinuous which led to difficulty
in determining the age of the juvenile along the

growth axis with an SGZ.

The 3 Raman shift characteristics, lattice
mode, in-plane bending, and symmetric stretching,
validated that the crystalline structure of the AP
and SGZ in the 10 sampling regions of 2 selected
juvenile mullet otoliths (Fig. 2) were all aragonite
without the other polymorphs, i.e., vaterite or
calcite (Fig. 3). The remaining 3 otoliths also had
the same results but are not shown here. The
lattice modes of the 10 regions were characterized
by peaks at 152 and 205 cm™, in-plane bending
of C-O from CO3* bonded to Ca as characterized
by peaks at 702 and 705 cm™, and a single peak
at 1084 cm' of symmetrical stretching. In other
words, the crystalline structures of CaCOs in the
AP and SGZ were aragonite and were similar to
those in other portions of the otolith.

Age and length at estuarine arrival and age at
AP formation

At estuarine arrival, approximately
45.0%-100% (mean, 69.8%) of juvenile mullet
were found to have an AP in the otolith. Neither
the mean TLs nor ages of the juveniles at
estuarine arrival significantly differed among
estuaries or among years (Table 1, all p < 0.01).
In addition, the selected juvenile mullets with and
those without an AP in the otolith significantly
differed in mean (+ SD) TL (28.8 + 2.8 vs. 27.3 £
2.6 mm) at estuarine arrival (Table 2, p < 0.01).
The age of juveniles with an AP in the otolith (35.7
+ 3.9 d) was approximately 9 d significantly older
than those without an AP (26.9 + 3.0 d) (Table 2,
p < 0.01). However, the age of juveniles at AP
formation was similar to that of juveniles without an
AP at capture in the estuary (27.1 £ 2.5 d). This
implies that juvenile mullet entering the estuary
would develop an AP and SGZ shortly thereafter.

Table 2. Comparison of the mean (x SD) age and total length (TL) of juvenile mullets at
estuarine arrival and the age at accessory primordium (AP) formation in otoliths between fish

with and without an AP

Sample size  Occurrence rate (%) Mean total length (mm)

Mean age (d) at

Estuarine arrival AP formation

With an AP 176 69.8 % 28.8+238 357+39 271+25
Without an AP 76 30.2 % 27.3+26 26.9+3.0
Comparison (p) 0.001 < 0.001 0.662

aComparison of the mean age at AP formation and estuarine arrival (without an AP) of juveniles mullet.



Hsu et al. — Growth Check in Otoliths of Mugil cephalus 319

Fig. 2. SEM microphotograph showing the primordium (P), daily growth increment (DGI) that consists of an incremental zone (dotted
circle) and discontinuous zone (solid circle), accessory primordium (AP), and secondary growth zone (SGZ). Otoliths of mullet were
collected at Salun in Nov. (d) and Dec. (a, f) 2003 (total length (TL) = 27.7 mm and age = 35 d for (a); 27.7 mm and 34 d for (d) and
29.1 mm and 37 for (f). (b, c, e, g) are magnified from (a, d, f), respectively. A, anterior; Po, posterior; V, ventral; D, dorsal. Scale bars:
a, d, f=100 um, b, c =20 um, e, g = 50 um. The locations indicated by 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 were used for Raman spectrum
analyses: 1, primordium; 2, non-SGZ area; 3, SGZ; 4, AP; 5, primordium; 6, non-SGZ area; 7-10, SGZ.
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Effect of the growth rate on the age at AP
formation

The mean (+ SD) age of fish at AP formation
was negatively correlated to the growth rate before
AP formation (Fig. 4). In other words, if a fish grew
faster, it would deposit an AP in the otolith at a
younger age. For example, the faster-growing fish
A and B deposited the AP approximately 5 d earlier
than did the more-slowly growing fish C and D (Fig.
5). The growth rate was indicated by the otolith
DGI width that was wider in fish A and B than in

Zoological Studies 48(3): 315-324 (2009)

fish C and D. Meanwhile, it also indicated that
faster-growing mullet entered the estuary earlier
than more-slowly growing fish.

Temporal changes in Sr/Ca ratios in otoliths

Temporal changes in Sr/Ca ratios from
the primordium to the edge of the otolith were
compared between juveniles with and those
without AP and SGZ inclusions (Fig. 6). The
Sr/Ca ratios in the primordium of otoliths were
approximately 8 x 107 regardless of the existence
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Fig. 3. Raman spectra of the crystalline structure of the 10 locations marked in otoliths as shown in figure 2.
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Fig. 4. Relationship between the age at accessory primordium
(AP) formation in otoliths of juvenile mullet and the growth rate
before AP formation.
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Fig. 5. Comparison of the daily growth increment widths
from the primordium to the age of accessory primordium (AP)
appearance in otoliths between faster-growing groups (A: 27.69
mm in total length, B: 26.07 mm) and more-slowly growing
groups (C: 27.99 mm, D: 28.88 mm).
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of a SGZ, then they gradually decreased (Figs.
6a, b) and dramatically decreased to a low level
of < 4 x 10 in the new AP region (Figs. 6¢, d).
Accordingly, the AP in otoliths of juveniles seemed
to be a useful marker to delineate the timing of fish
migration from more-saline offshore waters to the
lower-saline, brackish-water estuary.

DISCUSSION

Otolith elemental signature changes with fish
migration

The Sr/Ca ratios of otoliths of juvenile mullet
decreased from approximately 8 x 107 in the core
region to < 4 x 102 in the AP. A rearing experiment
indicated that the mean Sr/Ca ratio in otoliths was
approximately 3.16 + 0.36 x 10 when flathead
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Fig. 6. Temporal changes in Sr/Ca ratios in otoliths of mullet
collected at Salun in January 2003. (a) 22.3 and (b) 24.0 mm
without an accessory primordium (AP), (c) 23.8 and (d) 26.7
mm with an AP. Arrows indicate the position of AP formation.

mullet were reared in fresh water but increased to
6.35 + 0.70 x 10 in 5-35 psu seawater (Chang
et al. 2004). The drastic decrease in Sr/Ca
ratios at the AP of otoliths implied that juvenile
mullet migrated from highly saline offshore
areas to low-salinity estuaries. Recovery of the
Sr/Ca ratios after AP formation may indicate
that juveniles migrated between brackish water
and fresh water thereafter. Previous studies
indicated that otolith elemental compositions
changed with ambient water chemistry (Gillanders
and Kingsford 1996 2000, Rooker et al. 2001,
Gillanders 2002, Brazner et al. 2004, Patterson
et al. 2004). These phenomena indicated that
the elemental composition in otoliths of juvenile
mullet significantly changed when the fish migrated
from highly saline offshore areas to low-salinity
estuaries and further validated that the AP was
deposited when fish encountered fresh water.

The timing and mechanism of AP and SGZ
formation

The back-calculated mean age of flathead
mullet at AP deposition was 27.1 = 2.5 d, which
was approximately 5-6 d earlier than the age at
estuarine arrival of all mullet (32.9 + 5.5 d, Table
1). The age at AP formation seemed to be flexible,
because the age was negatively correlated
with growth before recruitment into the estuary.
This phenomenon supports the bigger-is-better
hypothesis (Miller et al. 1988). The swimming
ability of larvae is weak. If larvae drifted with the
current to an area of lower food density, they might
starve and have delayed metamorphosis and
arrival at the estuarine nursery grounds. Faster-
growing larvae can reduce the risk of exposure
to predation. Factors such as food quality and
quantity, and water temperature all have the
potential to influence the early growth rate of fish
and subsequently the variability of timing of AP
formation. Variability in the age at AP formation
might, in a future study, be linked to the effect
of biological and oceanographic interactions on
mullet recruitment so as to predict future stock
abundances.

The mechanism of the formation of AP and
SGZ in fish otoliths is not clear. The Raman shift
and elemental composition indicated that the AP
and SGZ in otoliths of juvenile flathead mullet
were normal aragonite, not vaterite or calcite,
although the AP and SGZ also appeared opaque
and their Sr/Ca ratios were low, which is one of
the characteristics used to identify vaterite in
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other fishes (Brown and Severin 1999, Tzeng et
al. 2007). Accordingly, the formation of the AP
and SGZ in fish otoliths is not due to different
crystalline structures. On the other hand, the
ontogenetic shift from larvae to juvenile might be
one of the reasons for AP formation, such as in
Platichthys stellatus and Pleuronectes platessa
(Campana 1984, AlHossaini et al. 1989, Karakiri et
al. 1989), lantern fishes (Myctophidae) (Linkowski
1991), Trachurus japonicus (Plaza et al. 2001),
and Sebastes inermis (Xie et al. 2005). However,
only 69.8% of juvenile mullet were found to have
an AP in their otoliths (Table 2). This may indicate
that the AP in otoliths of juvenile mullet was not
deposited during the ontogenetic shift from larval
to juvenile stages before the juveniles were
recruited to the estuary. Tung (1973) indicated
that an ontogenetic shift in M. cephalus occurred
from larvae to juveniles at a TL of 22-25 mm,
which was close the mean TL of juvenile mullet
with and those without AP deposition in this study
(28.8 £ 2.8 and 27.3 £ 2.6 mm, respectively).
This indicates that the ontogenetic shift may also
have the potential to influence AP formation. The
flathead mullet collected in this study were all at
the late juvenile stage. The age of juveniles at AP
formation was only 5 d before it was collected in
the estuary, which was similar to that of juveniles
without an AP in the their otoliths. The AP seemed
to have been rapidly formed after recruitment
into the estuary. Accordingly, formation of the AP
in juvenile mullet otoliths might not have mainly
resulted from the effects of an ontogenetic shift.
In addition, the optical microstructure of the SGZ
differed from those of other areas in the otolith.
The formation of an AP and SGZ might not only
have been due to the salinity gradient when the
fish migrated from highly saline offshore areas
into the low-salinity estuary, but also may have
resulted from behavioral changes from a pelagic to
a benthic environment similar to changes in otolith
microstructures resulting from a habitat shift and
change in feeding behavior in the amphidromous
goby (Shen and Tzeng 2002).

In conclusion, the accessory primordium and
secondary growth zone in the otoliths of juvenile
flathead mullet are unique structures that are
deposited during the habitat transition from highly
saline offshore waters to low-salinity estuarine
nursery grounds. The lower Sr/Ca ratios in the
accessory primordium support this hypothesis.
However, salinity changes might not be the
sole cause, and accompanying changes in fish
behavior may be more important. Identification of

the accessory primordium and secondary growth
zone provides insights into the early life history of
the flathead mullet which can help elucidate the
recruitment dynamics and habitat transition rate of
the fish in its early life stage.
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