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Chih-Wei Chang, Shih-Huan Lin, Yoshiyuki lizuka and Wann-Nian Tzeng (2004) Relationship between
Sr:Ca ratios in otoliths of grey mullet Mugil cephalus and ambient salinity: validation, mechanisms, and applica-
tions. Zoological Studies 43(1): 74-85. To understand the salinity effect on otolith Sr:Ca ratios, Sr and Ca con-
tents of otoliths of juvenile grey mullet Mugil cephalus reared for 30 d in 8 salinities (0%0-35%o0) were exam-
ined. New increments deposited during the rearing period were discriminated by immersing the acclimated
mullet in a tetracycline bath (600 pg/ml) for 24 h to create a fluorescent marker in the otoliths. Ca and Sr con-
tents in the rearing water, fish body, and muscle tissues were measured with an atomic absorption spectropho-
tometer, and those in the otoliths were measured with an electron probe microanalyzer. Both Ca and Sr con-
tents in the rearing water linearly increased with salinities of from 0% to 35%o. The increase in Sr:Ca ratios
was non-linear; they increased approximately 2-fold from (7.91 £ 0.41) x 10-3 in 0%, freshwater to (15.07 +
0.63) x 103 in 5%, seawater and remained constant at (13.95 + 0.79) x 103 in salinities of from 5% to 35%o.
On the other hand, Ca contents in the new otolith increments deposited in the 30-d rearing period did not
change with salinities of 09%0-35%o0, averaging 38.56% + 0.43%. Sr contents and Sr:Ca ratios in the otoliths
increased approximately 2-fold from 0.12% * 0.01% (Sr) and (3.16 + 0.36) x 103 (Sr:Ca) in 0% freshwater to
0.24% + 0.03% (Sr) and (6.35 + 0.70) x 103 (Sr:Ca) in 5%0-35%0 seawater, which was consistent with
changes in Sr:Ca ratios of the rearing water. In addition, Sr:Ca ratios in the otoliths of fish reared in 5%0-35 %o
seawater were negatively correlated with the otolith growth rate. These results indicate that Sr:Ca ratios in
otoliths can be used to reconstruct an environmental history of the mullet by differentiating when the fish migrat-
ed between fresh water and seawater; however Sr:Ca ratios in the otoliths were affected by salinity and the fish

growth rate in an interactive manner. http://www.sinica.edu.tw/zool/zoolstud/43.1/74.pdf
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Otoliths are found in the membranous
labyrinth of the inner ear of teleost fish and func-
tion in hearing and balance (Lowenstein 1971).
They are composed of calcium carbonate and are
deposited rhythmically as aragonite crystals within
a protein matrix (Degens et al. 1969, Gauldie and
Nelson 1988). They have long been used to
determine fish ages (Williams and Bedford 1974,
Campana and Neilson 1985). Recently, changes
in the strontium (Sr): calcium (Ca) ratios in otoliths
have received increasing attention, because these
provide a method of reconstructing an environ-

mental history of the fish (Radtke and Shafer
1992). Sr is a calcium analogue sharing a similar
crystal ionic radius and can substitute for Ca in the
aragonite lattice of otoliths (Amiel et al. 1973).
The Sr concentration in seawater is approximately
100-fold greater than that in fresh water (Campana
1999), and a good relationship exists between
otolith Sr:Ca ratios and ambient salinities (e.g.,
Secor et al. 1995, Tzeng 1996). Thus Sr:Ca ratios
in otoliths have widely been applied for studying
habitat use and migratory behavior of fish between
fresh water and seawater (Tzeng et al. 1997
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2002a 2003, Secor and Rooker 2000, Jessop et al.
2002).

Although the Sr:Ca ratio is a powerful tool for
studying the environmental history of diadromous
fish, information of the validation of Sr:Ca ratios in
fish otoliths in relation to ambient salinities is very
limited. Two different approaches for validation
have been considered. (1) Temporal changes in
Sr:Ca ratios in the otoliths can be linked to the
entire migratory environmental history of the fish
(Secor 1992, Tzeng and Tsai 1994, Tzeng et al.
1997 2002a 2003); or simply Sr:Ca ratios in the
otolith edge can be correlated with the recent in
situ salinity history of the fish (Limburg et al. 2001,
Jessop et al. 2002). (2) Sr:Ca ratios in otoliths can
be rigidly corroborated with the salinity gradients
traversed and/or different salinity regimes by
manipulation in a laboratory-controlled experiment
(Secor et al. 1995 1998, Tzeng 1996, Chesney et
al. 1998, Kawakami et al. 1998). The advantage
of the latter approach is strengthened not only by
the direct gathering of evidence of the response of
otolith Sr:Ca ratios to manipulated salinities, but
also because it can assess potential interactive or
confounding factors on otolith Sr:Ca ratios of envi-
ronmental factors (such as temperature and water-
borne ionic composition) and physiological factors
(such as age, growth rate, sex, reproduction, hor-
mone, and diet) or a combination of the two (Kalish
1989, Radtke 1989, Sadovy and Severin 1992,
Tzeng 1994 1996, Hoff and Fuiman 1995, Limburg
1995, Mugiya and Tanaka 1995, Farrell and
Campana 1996, Gallahar and Kingsford 1996,
Elsdon and Gillanders 2002).

The grey mullet, Mugil cephalus Linnaeus,
1758, is an economically important species for
commercial fisheries and aquaculture worldwide
(Nash and Shehadeh 1980). The migration of mul-
let in waters adjacent to Taiwan follows seasonal
changes in coastal currents. Mullet of 3-4 yr of
age migrate southward with the NE monsoon dri-
ven coastal current from the coastal waters of
mainland China to the waters off southwestern
Taiwan to spawn during the winter (Tung 1981,
Chen and Su 1986, Huang and Su 1989). Their
eggs and larvae drift with the coastal current from
the spawning grounds to estuaries on the western
coast of Taiwan where they become juveniles at
the age of 1-2 mo post-hatching (Tung 1981, Lee
and Kuo 1990, Chang et al. 2000, Chang and
Tzeng 2000). Current knowledge of the migratory
history of the mullet has been interpreted from
fragmentary information based on the spatiotem-
poral distributions of migrating spawners and estua-

rine recruited juveniles. The entire lifetime migra-
tory history, especially the migration of juveniles
from the spawning grounds to estuarine arrival and
the migration of adults from the estuary to the
feeding grounds and from the feeding grounds to
the spawning grounds, is incompletely understood
(Tung 1981, Liu 1986, Chen et al. 1989). In addi-
tion, the mullet is also believed to be catadromous,
migrating from estuarine brackish water to offshore
high salinities for breeding (De Silva 1980,
Torricelli et al. 1982). However, defining the mullet
as being catadromous remains controversial,
because it is not certain that they use freshwater
habitats (Blaber 1987, McDowall 1988). Thus,
using Sr:Ca ratios to determine whether a mullet
has entered fresh water before spawning is critical
for clarifying the extent of their catadromy.

In this study, we attempted (1) to establish a
relationship between Sr:Ca ratios in otoliths and
ambient salinities, (2) to understand if Sr:Ca ratios
in otoliths of the grey mullet can be used to recon-
struct the environmental history of fish which
migrate between fresh water and seawater, and (3)
to determine if this information can be applied to
validate larval dispersal from high-salinity offshore
spawning grounds to brackish estuarine nursing
grounds.

MATERIALS AND METHODS
Experimental design

An anchored bag net was used to collect the
juvenile mullet used in this study from the
Gongshytyan (GST) Creek estuary of northwestern
Taiwan on 21 February 2002. The mean (+ SD)
total length of the juveniles was 29.1 + 2.4 (range,
21.4-36.5) mm. After acclimation, fish were reared
in 8 salinity regimes of 0%o, 5%o0, 10%0, 15%so,
20%0, 25%o0, 30%0, and 35%0 prepared with
fresh water which originated from the Feitsui
Reservoir in northern Taiwan, whereas seawater
was collected from offshore of northern Taiwan.

The mullet were acclimated in 10%o seawa-
ter, a level close to the 12.3%o measured in the
GST Creek estuary. Fish were acclimated for 1 wk
in an aerated aquarium (50 L) and fed to satiation
with tubifex worms (Limnodrilus sp.). The fish
were immersed in a tetracycline (TC) solution of
600 pg/ml for 24 h to produce a fluorescent TC
mark in the otoliths as a time marker (Chang et al.
2000). The fish were gradually transferred to the 8
different salinities by changing the salinity by 5%o
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every 30 min. Ten fish were reared in each of 8
salinities for 30 days with 2 replicates, at 19.0-24.5
(mean, 22.5 + 1.2) °C.

At the end of treatment, fish were sacrificed
and fixed in 95% alcohol. Total lengths of the fish
were measured to the nearest 0.01 mm with no
consideration of the 4% shrinkage of length due to
preservation. Sagittal otoliths were extracted for
Sr:Ca ratio measurements and growth rate estima-
tion. Otoliths were cleaned, air-dried, embedded
in epoxy resin, and polished along the sagittal
plane using a grinder-polisher with various grit
sandpapers and a 0.05-pm alumina slurry and poli-
shing cloth until the primordium was discernible.
The TC mark on the otoliths was examined using a
fluorescence microscope with a band-pass filter of
400-440 nm and a long-pass barrier filter of 470
nm. The mean growth rate (G, um/d) of the otolith
of the fish during the experimental period was cal-
culated as follows:

G=AORI/t (1)
AOR = OR, - OR, (2)

where AOR is the new increment in radius,
OR; is the radius from the primordium to the
postrostrum edge of the otolith, OR, is the radius
from primordium to the TC mark, and t is the num-
ber of days reared.

Measurements of Ca and Sr contents in rearing
water, fish tissues, and otoliths

Changes in Ca and Sr contents were mea-
sured by atomic absorption spectrophotometry
(AAS; Z-5000, Hitachi, Japan) using the air-acety-
lene flame protocol. The rearing water was filtered
with a 0.45-um syringe-filter and diluted with
deionized water before measurement. Fish tis-
sues were weighed after drying at 60°C for 48 h,
digested with high-purity nitric acid, and diluted
with deionized water. Ca and Sr contents in the
fish body with the otolith excluded and in muscle
tissues were measured alternatively from each of
the 2 replicate aquaria. Standard solutions of Ca
and Sr at 1000 ug/ml (Merck, Germany) were dilut-
ed with deionized water and/or nitric acid into con-
centrations of 0, 0.5, 1, 2, and 4 pg/ml for calibra-
tion.

Ca and Sr contents in otoliths of fish reared in
the 8 different salinity regimes were measured
using a wavelength dispersive spectrometer
equipped with an electron probe microanalyzer

(EPMA; JXA-8900R, JEOL, Japan). The EPMA
beam conditions were as follows: an accelerating
voltage of 15 keV, an accelerating current of 3 nA,
and a beam size with a rectangular area of 5x4
um. The wavelength dispersive strengths of Ca at
the Ko 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 (CaCO5; NMNH 136321) and strontianite
(SrCO5; NMNH R10065) were used as standards
for calibrating the Ca and Sr contents of the
otoliths. The quantitative data were calibrated by
the ZAF method (Z, atomic number; A, absorption;
and F, fluorescence correction).

Layers of the otolith from the primordium to
the TC mark were deposited during larval dispersal
from the offshore spawning grounds to the estuar-
ine nursing grounds and during the 1-wk acclima-
tion. New increments beyond the TC mark were
deposited during the 30-d experiment. To com-
pare Sr:Ca ratios in otoliths deposited before and
during the experimental period, 1 otolith was
selected from fish reared in each of the 8 different
salinities, and the Ca and Sr contents in those
otoliths were measured at intervals of 10 um from
the primordium to the postrostrum edge with 2 or 3
parallel lines. In addition, Sr:Ca ratios in the new
increment deposited during the experimental peri-
od for each of the surviving fish until the end of
experiment were measured to correlate with the
rearing salinities.

Data analysis

Differences in mean values among treatments
were tested by analysis of variance (ANOVA) or
nested-ANOVA and Tukey’s multiple comparison.
Differences in slope and the adjusted mean of
regression lines between treatments were tested
by analysis of covariance (ANCOVA) (Sokal and
Ronhlf 1995).

RESULTS
Somatic and otolith growth rates

Nested ANOVA indicated that the mean (z
SD) length (L), weight (W), and otolith radius (OR)
of fish at the end of the experiment (Table 1) did
not significantly differ among the 8 salinity regimes
or between the 2 replicates (all p > 0.05). Similar
results were shown for the L-W and L-OR relation-
ships, irrespective of salinity and aquaria (ANCO-
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VA, both p > 0.05), as W = 1.58 x 10-5L438 (r =
0.95, n =89, p <0.001) (Fig. 1a) and OR = 27.70L
-271.91 (r=0.91, n = 89, p < 0.001), respectively
(Fig. 1b).

A yellowish mark in the otoliths of TC-
immersed juvenile mullets was discernible with the
fluorescent microscope (Fig. 2a). The TC mark
became a deep check after etching with EDTA
(Fig. 2b, c). Approximately 30 growth increments
were found in the otoliths between the TC mark
and the otolith edge, indicating that the increments
were deposited daily (Fig. 2c). The otolith growth
rates in the experimental period varied greatly
among individuals, ranging from 0.17 to 6.67 um/d
with a mean (£ SD) of 2.67 = 1.40 um/d (Fig. 3).
Nested-ANOVA indicated that mean otolith growth
rates did not significantly differ among the 8 salini-
ty regimes and the 2 replicates (p > 0.05). In addi-
tion, otolith growth rates during the experimental
period were not affected by the initial size of the
otolith for any salinity treatment, because there
was no significant correlation between otolith
radius before treatment and otolith growth rates
during the experimental period (Fig. 4).

On the other hand, the daily incremental
widths of otoliths of juvenile mullet increased from
2-3 um in the core to approximately 10 um on the
20th day of the larval stage and reached an
asymptote when they arrived at the estuary as
juveniles (Fig. 5). This indicates that otolith growth
rates of the mullet change with developmental
stage.

Table 1. Mean (xSD) fish length, weight and
otolith radius of juvenile grey mullet after 30 days
rearing in salinities ranging from 0-35%o. Data
from two aquaria were combined at each salinity
level

Salinity No. of fish  Length Weight  Otolith radius
(%0) initial end (mm) (mg) (um)

0 20 6 345+36 83.8+ 38.1 668.3+112.0
5 20 15 322%25 61.3+219 6093727
10 20 13 314%36 61.3+31.3 601.5+94.6
15 20 17 31.3+3.1 59.8+26.6 602.4+117.8
20 20 16 31.3+27 60.7+222 596.3+78.9
25 20 13 324%17 683+19.1 629.2+59.9
30 20 31.8+21 69.0+219 617.1+£71.6
35 20 349+31 87.6+31.7 660.0+14.1

Total 160 89 32.0+x29 64.6+255 613.1+87.1

Variations in Ca and Sr contents and Sr:Ca
ratios

1. Variations in Ca and Sr contents of the rearing
water

Ca contents in the rearing water were linearly
correlated with salinity, increasing approximately
65-fold from 8.28 pg/ml in 0%, fresh water to
539.56 pug/ml in 35%o0 seawater. The relationship
between Ca contents and salinity (S) of the rearing
water was calculated as [Ca],, ., = 15.50S - 5.56 (r
=0.998, n = 24, p < 0.001) (Fig. 6a). Sr contents
were also linearly correlated with salinity with an
approximate 108-fold difference between 0%o
fresh water (0.07 ug/ml) and 35%o. seawater (7.14
ug/ml). The regression of Sr on salinity was calcu-
lated as [Sr],4er = 0.21S + 0.03 (r = 0.999, n = 24,
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Fig. 1. The relationships between fish length and weight (a)
and between fish length and final otolith radius (b) of juvenile
grey mullet reared in salinities of 0%o (<), 5%0 (1), 10%o0
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p < 0.001) (Fig. 6b). Sr:Ca ratios increased 2-fold
from (7.91 £ 0.41) x 103 in fresh water to (15.07
0.63) x 103 in a salinity of 5%o but remained con-
stant at (13.95 + 0.79) x 103 in the salinities of
5%0-35%o0 (Fig. 6¢). The relative contents of Sr
were obviously less in fresh water than in seawater
as were the Sr:Ca ratios as well.

2. Variations in Ca and Sr contents of fish body
and muscle tissues

Ca contents of neither fish body and muscle

tissue significantly differed among salinities

Fig. 2. Tetracycline (TC) mark and daily growth increments
(DGls) in a sagittal-sectioned juvenile grey mullet otolith pho-
tographed by fluorescent light (a) and reflected light micro-
scope (b, c). (c) DGIs between TC mark and otolith edge mag-
nified from (b). AR, antirostrum; R, rostrum; PR, postrostrum.
Triangle, TC mark; Scale bar = 100 um.

(ANOVA, both p > 0.05). The mean Ca content
was significantly higher in the fish body (44.56 +
5.75 pg/mg) than in muscle tissue (11.35 + 6.62
pg/mg) (p < 0.01) (Fig. 7a). This may have been
because the fish body is comprised of calcified tis-
sues such as bone and scales but muscle is not.
The Sr content of the fish body differed significant-
ly among salinities, but no pattern was found in the
relationship (p < 0.05). The Sr content of muscle
tissues fluctuated greatly among individuals and
thus did not differ significantly among salinities (p >
0.05). The mean Sr content was significantly
lower in the fish body (0.06 + 0.01 pg/mg) than in
muscle tissue (0.10 + 0.05 ug/mg) (p < 0.01) (Fig.
7b). Mean Sr:Ca ratios in both fish body and mus-
cle tissues differed significantly among salinities,
but no pattern was found in the relationship (both p
< 0.05). Mean Sr:Ca ratios were significantly
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Fig. 3. Comparison of the mean otolith growth rates of juvenile
grey mullet among 8 different salinities with 2 replicates.
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Fig. 4. The relationship between initial otolith radius and growth
rate of new increments of the otoliths of juvenile grey mullet
reared in salinities of 0%o (<), 5%o0 (), 10%0 ( £), 15%0
(0), 20%0 (4), 25%0 (M), 30%o (4 ), and 35%. (®).
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lower in the body at (1.29 = 0.09) x 103 than in
muscle tissue at (9.42 + 3.72) x 103 (p < 0.01)
(Fig. 7c).

3. Variations in Ca and Sr contents of otoliths

In total, 19 microprobe transects of Sr:Ca
ratios of the 8 otoliths which were selected from
juvenile mullet reared in the 8 different salinities
were scanned from the primordium to the
postrostrum edge, including the wild, acclimation,
and experimental periods (Fig. 8). The regression
of Sr:Ca ratios on the radius of otoliths of juvenile
mullets in the wild period was negatively significant
(r=-0.32 to -0.60, all p < 0.01). The mean (£ SD)
Sr:Ca ratios in otoliths significantly decreased from
(10.05 £ 0.71) x 103 in the core to (5.89 + 0.92) x
10-3 at the end point of the wild period before accli-
mation (p < 0.01).

The increment of otoliths deposited in the
acclimation period was approximately 7/30 of the
radius from the TC mark to the edge. Sr:Ca ratios
in otoliths deposited in the acclimation period var-
ied from (3.27 to 9.28) x 10-3 with a mean of (6.05
+ 1.35) x 10-3. Beyond the TC mark, the Sr:Ca
ratios in otoliths deposited in the experimental peri-
od differed significantly among rearing salinities.
Mean otolith Sr:Ca ratios in the new increments
deposited when the fish were reared in 10%o
salinity were similar to those acclimated in the
same salinity (Fig. 8c). However, mean (+ SD)
Sr:Ca ratios in the new increments of otoliths of
fish reared in 0%, fresh water significantly
decreased to (3.39 + 0.58) x 103 (p < 0.05) (Fig.
8a). On the other hand, otolith Sr:Ca ratios of fish
reared in salinities of 5%o0 and 15%0,-35%0 aver-
aged (5.80 = 1.23) x 103 (range, (2.64-8.82) x 103)
(Fig. 8b, d-h), which did not significantly differ from
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Fig. 5. Temporal changes in the mean daily increment widths
in the otoliths of 4 juvenile grey mullets collected in the
Gongshytyan Creek estuary. Vertical line, SD.

those of fish acclimated at 10%o, salinity (ANOVA,
p > 0.05). This may indicate that, except for fish
reared in fresh water, it is difficult to discriminate
among differences in Sr:Ca ratios in otoliths of fish
reared in salinities of from 5%o to 35%g.

To more-precisely identify the salinity effect on
otolith Sr:Ca ratios, the 864 measurements of Ca
and Sr contents in the otoliths deposited in the
experimental period for the 89 fishes that survived
were examined (Fig. 9). Ca contents in otoliths
(range, 37.46%-39.58%; mean = SD, 38.56% =
0.43%) did not significantly differ among the 8 dif-
ferent salinities for each of the 2 replicates (nest-
ed-ANOVA, p > 0.05) (Fig. 9a). However, Sr con-
tents and Sr:Ca ratios of otoliths both significantly
increased from a low level in 0%, fresh water (Sr,
0.11%-0.14%, 0.12% * 0.01%; Sr:Ca ratios, (2.68-
3.52) x 103, (3.16 £ 0.36) x 10-3) to a high level in
5%0-35%0 seawater (Sr, 0.18%-0.31%, 0.24% =
0.03%; Sr:Ca ratios, (4.72-8.02) x 103, (6.35 +
0.70) x 10-3) (both p < 0.01) (Fig. 9b, c), and the
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difference in Sr:Ca ratios was approximately 2-
fold, which was similar to that of the Sr:Ca ratios in
the rearing water (Fig. 6¢). A significant positive
correlation existed between otolith Sr:Ca ratios
and salinities (r = 0.28, p < 0.05), but the correla-
tion was not significant when the 0%, freshwater
data were excluded (r=0.10, p > 0.05).

A significant negative correlation between the
otolith growth rate and Sr:Ca ratios was found for
fish reared in 5%0-35%0 seawater, but it was not
significant for those reared in 0% fresh water.
The regression of otolith Sr:Ca ratios on growth
rate (G) for fish reared in 5%0-35%o0 seawater was
calculated as [Sr/Ca],,i, X 103=-0.23G + 6.95 (r =
-0.45, n =83, p < 0.001) (Fig. 10).

Correlations of Ca and Sr contents and Sr:Ca
ratios among the rearing water, fish tissues,
and otoliths

Correlation coefficients of Ca and Sr contents
and Sr:Ca ratios among the rearing water, fish
body, and muscle tissues, and otoliths were calcu-
lated to understand the changes in Ca and Sr con-

Body

[Ca] (ug mg™)

0.25 (b)
0.20
0.15F
01074 b ab b ab ab ab
0.05
0.00

[Sr] (ug mg™")

[Sr/Ca] (X 10-3)

1.0

0O 5 10 15 20 25 30 35

tents from ambient water through the fish body to
the otoliths (Table 2). The Ca content in otoliths
was not correlated with that in the rearing water (p
> 0.05), but was highly correlated with that of body
tissue (r = 0.50, p < 0.01). Otolith Sr content was
positively correlated with that of the rearing water
(r=0.29, p < 0.01), and the otolith Sr:Ca ratio was
correlated with those of the rearing water and body
tissue (r=0.76 and 0.44, both p < 0.01). However,
no correlations in Ca and Sr contents or the Sr:Ca
ratio were found between muscle tissue and
otoliths. This may indicate that the otolith Sr:Ca
ratio was primarily influenced by the Sr:Ca ratio of
the ambient water, and that the fish body may also
play an important role in regulating the relative Ca
and Sr contents when the ions were assimilated
from ambient water to the fish otolith.

DISCUSSION

Do Sr:Ca ratios in otoliths reflect those in the
rearing water?

Muscle

02514 a a a a a a a
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Fig. 7. Comparisons of mean Ca contents (a), Sr contents (b) and Sr:Ca ratios (c) in the body and muscle tissues of juvenile grey mul-
let of salinities from 0%, to 35%:. Similar letters indicate homogenous groups; Vertical line, SD.
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Sr:Ca ratios in fish otoliths have been found
to be positively correlated with ambient salinity in
many studies, but the results are not consistent
among species. Secor et al. (1995) established a
positive linear regression of otolith Sr:Ca ratios on
salinity for striped bass Morone saxatilis juveniles
reared in 6 experimental salinities of 0%o, 5%o,
10%o0, 15%0, 20%0, 25%0, and 30%. Tzeng
(1996) found that Sr:Ca ratios in otoliths of
Japanese eel Anguilla japonica elvers reared in
the 4 salinities of 0%o, 10%o0, 25%0, and 35%o
were divided into 2 homogeneous groups of salini-
ties of 0%o, 10%o0, and 25%o and of 25%, and
35%o0, and he also established a positive linear
regression for the otolith Sr:Ca ratio on salinity of
[Sr/Ca]yin X 10° = 0.14S + 3.797. Kawakami et
al. (1998) also found that Sr:Ca ratios in otoliths of
Japanese eel elvers significantly differed among 4
rearing salinities (0%o, 11.83%0, 22.7 %0, and
34%0), but the difference in the mean ratios was
not significant for the latter 2 salinities. Secor et al.
(1998) established a predictive linear regression
for back-calculating salinity from otolith Sr:Ca
ratios of Japanese sea bass Lateolabrax japonicus
juveniles reared in 4 salinities (0%o, 10%o0, 20%o,
and 30%o), and found that Sr:Ca ratios only signifi-
cantly differed between 0%, fresh water and 10 %o
-30%0o seawater. In this study, Sr:Ca ratios in
otoliths of grey mullet juveniles significantly
increased from 0%, fresh water to 5%, seawater,
but remained constant for salinities of 5%0-35%o.
The linear regression of otolith Sr:Ca ratios on
salinity was not significant when the 0%, fresh
water data were excluded (Fig. 9). This is very
similar to data for the Japanese sea bass.
However, the mean (+ SD) Sr:Ca ratios in otoliths
of mullet reared in 0%o fresh water were (3.16 +
0.36) x 10-3, which were lower than those of

Table 2. Correlation coefficients of the Ca and Sr
contents and Sr:Ca ratios of juvenile grey mullet
otoliths, body and muscle tissue reared at salini-
ties ranging from 0-35%.. *: p < 0.05, **: p < 0.01

Correlation coefficient

[Ca] [Sr] [Sr/Ca]
Water vs Body 0.03 0.06 0.31*
Water vs Muscle 0.23 0.29 0.01
Water vs Otolith 0.01 0.29** 0.76**
Body vs Otolith 0.50** -0.16 0.44**
Muscle vs Otolith -0.04 0.26 -0.02

Japanese eel at (4.20-5.0) x 10-3 and sea bass at
4.26 x 103; whereas Sr:Ca ratios for those reared
in 5%0-35%0 seawater were (6.35 + 0.70) x 103,
which were higher than those of Japanese sea
bass at (4.91-5.56) x 103 but similar to those of
Japanese eel at (4.99-9.27) x 10-3. These demon-
strate that the relation between otolith Sr:Ca ratios
and ambient salinity is species-specific, and that
the regression of the otolith Sr:Ca ratio on salinity
is not universal in different species.

The rearing water of different salinities in this
experiment was prepared by mixing 0%o fresh
water and natural seawater. Although the absolute
Ca and Sr contents of the rearing water were posi-
tively proportional to salinity, the Sr:Ca ratios were
distinctly divided into 2 ranks of 0%o fresh water
and 5%0-35%0 seawater. In other words, Sr:Ca
ratios were constant in the seawater irrespective of
its dilution with fresh water. This phenomenon fits
the law of relative proportions or the constancy of
the composition of seawater, i.e., regardless of the
absolute values of the major constituents, their rela-
tive abundances remain constant (Riley and
Chester 1971). The Sr:Ca ratios in fresh water at
(7.91 £ 0.41) x 103 were approximately 2-fold
lower than in seawater at (13.95 + 0.79) x 10-3
(Fig. 6¢). This difference was consistent with dif-
ferences in Sr:Ca ratios of otoliths of mullet reared
in fresh water at (3.16 + 0.36) x 103 and seawater
at (6.35 £ 0.70) x 103 (Fig. 9c). Sr:Ca ratios in
mullet otoliths corresponded to Sr:Ca ratios rather
than to the absolute Sr contents in the rearing
water. This phenomenon has also been found in
sockeye salmon Oncorhynchus nerka (Rieman et
al. 1994), tilapia Oreochromis niloticus (Farrell and
Campana 1996), and spot Leiostomus xanthurus
(Bath et al. 2000). Thus, the incorporation of Ca
and Sr into fish otoliths from the environment
reflects the proportion of elements in the water.

Regulation of otolith Sr:Ca ratios by biological
processes

The incorporation of elements into otoliths is a
complicated biogeochemical process. In addition
to environmental variables such as salinity, tem-
perature, and elemental composition, biological
processes such as developmental stage, growth
rate, and assimilation by fish may also play impor-
tant roles in regulating the deposition of Sr:Ca
ratios in otoliths of fish (Kalish 1989, Radtke and
Shafer 1992, Sadovy and Severin 1992, Farrell
and Campana 1996, Gallahar and Kingsford
1996).
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Fig. 8. Changes in the Sr:Ca ratios from the primordium to the otolith edge for juvenile grey mullet in the wild, during the acclimation
period and when reared in salinities from 0%, to 35%, during the experimental period (a-h). Triangle, the location of TC mark. Scales
beyond TC mark are magnified 2x.
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The mullet used in this study were collected
from the same estuary at the same time, were simi-
lar in total length, were reared under identical tem-
perature fluctuations, and were fed with the same
feed, but the Sr:Ca ratios in the otoliths were
inversely correlated with their growth rate (Fig. 10),
as was also found for other species (Sadovy and
Severin 1992, Secor et al. 1995). This indicates
that growth rate may play an important role in
determining the deposition of Sr:Ca ratios in fish
otoliths. Ca is not a limiting factor. It was very rich
in the rearing water; however, Sr was a trace ele-
ment in the rearing water, and its content was very
low in comparison with Ca (Fig. 6). The uptake of
Sr is relatively less than that of Ca when fish grow
faster and the requirements for both Ca and Sr for
otolith growth simultaneously increase. Perhaps
this is the reason that Sr:Ca ratios in otoliths
decrease as fish grow faster.

On the other hand, the distribution coefficients
of Sr:Ca ratios (Dg,), Dg, = [Sr/Ca] ity / [Sr/Ca]
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Fig. 9. Comparison of the mean Ca contents (a), Sr contents
(b) and Sr:Ca ratios (c) in the otoliths of juvenile grey mullet
reared in salinities from 0% to 35%o. Similar letters indicate
homogenous groups; Vertical line, SD.

in otoliths of mullet were approximately 0.40 when
fish were reared in 0%, fresh water and 0.46 in
5%0-35%0 seawater. Both of these values were
less than 1.0, indicating that Sr and Ca ions in the
water pass through 3 main interfaces (brachial
uptake and/or intestine assimilation, cellular trans-
port, and crystallization) may be selected by the
fish before they are incorporated into the otolith
(Campana 1999). The presence of these inter-
faces, which may concentrate or dilute elements,
ensures that otoliths do not necessarily directly
reflect the relative abundance of the element in the
surrounding fresh water or seawater (Elsdon and
Gillanders 2002).

Ecological implications of otolith Sr:Ca ratios

Most grey mullet are believed to migrate in
seawater but some immature mullets may stay in
fresh water until the spawning migration (McDowall
1988). Sr:Ca ratios in otoliths of mullet reared in
fresh water were significantly lower than those
reared in seawater. This provides a powerful
method for differentiating mullet resident in fresh
water and seawater. Sr:Ca ratios in otoliths com-
bined with age data (Ibafiez-Aguirre and Gallardo-
Cabello 1996, Chang et al. 2000) can be further
used to determine habitat utilization rates and
migratory behavior of the fish. In addition, if the Sr
contents and other elemental composition differ
among rivers, they may also be imprinted on the
otoliths when fish migrate to those rivers (Rieman
et al. 1994, Limburg 1995). Accordingly, based on

107 Y=0.23X+6.95
(r=0.45,n =83, p <0.001)

[Sr/Caly it (< 107%)

o
N
AN
o
[e2)

Otolith growth rate (G, um d-')

Fig. 10. The relationship between growth rate and Sr:Ca ratios
of the otoliths of juvenile grey mullet reared in salinities of 0%
(&), 5%o (O), 10%0 (£), 15%0 (), 20%0 (@), 25%0 (M),
30%0 (A) and 35%0 (@). The regression of Sr:Ca ratios on
salinity was calculated excluding 0%;.
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the relationship between water and otolith elemen-
tal composition established from different rivers
and otoliths of mullet, the potential exists to dis-
criminate unit stocks originating from different
rivers.

Sr:Ca ratios in otoliths decrease from the pri-
mordium to the otolith edge of juvenile mullet when
larvae disperse from offshore spawning grounds
and develop into juveniles in estuarine nursing
grounds (Tung 1981, Chang et al. 2000). The
decrease in Sr:Ca ratios in otoliths may be expect-
ed to reflect the salinity decrease from 34.0%-
34.8%o in the spawning grounds off southwestern
Taiwan (Su and Jane 1974) to 23.5%0 * 9.6%p in
the nursing grounds in estuaries on the western
coast of Taiwan (Tzeng et al. 2002b). However,
our experiment indicated that Sr:Ca ratios in
otoliths of mullet did not significantly differ in the
salinity range of 5%0-35%0 (Fig. 9c). Thus, the
decrease in otolith Sr:Ca ratios from the primordi-
um to the otolith edge of juvenile mullet may be
mediated by biological processes such as the
growth rate and ontogenetic changes rather than
solely by a salinity effect if larvae disperse within
the same water mass of similar Sr:Ca ratios from
offshore spawning grounds to low-salinity estua-
rine nursing grounds. Accordingly, when otolith
Sr:Ca ratios are applied to reconstruct the environ-
mental history of the fish, not only the environmen-
tal variables but also the biological processes of
the fish should be considered together.

In conclusion, Sr:Ca ratios in mullet otoliths
can be used to discriminate their migration
between fresh water and seawater, but the Sr:Ca
ratios in mullet otoliths are modified by biological
processes such as the growth rate and ontogenet-
ic changes.

Acknowledgments: This study was financially
supported by the National Science Council,
Republic of China (NSC-90-2611-M002-019 and
NSC-91-2611-M002-023). The authors are indebt-
ed to Dr. Pung-Pung Hwang and Mr. Fu-I Lu, Fish
Physiological Ecology Laboratory, Institute of
Zoology, Academia Sinica for assistance in the
AAS operation, to Messrs. Chun-Hung Chen and
Jie-Teng He for assistance with laboratory work, to
Mr. Brian M. Jessop, Department of Fisheries and
Oceans, Bedford Institute of Oceanography,
Canada, and to 2 anonymous referees for helpful
comments.

REFERENCES

Amiel AJ, GM Friedman, DS Miller. 1973. Distribution and
nature of incorporation of trace elements in modern arago-
nite corals. Sedimentology 20: 47-64.

Bath GE, SR Thorrold, CM Jones, SE Campana, JW McLaren,
JWH Lam. 2000. Strontium and barium uptake in arago-
nitic otoliths of marine fish. Geochim. Cosmochim. AC.
64: 1705-1714.

Blaber SUM. 1987. Factors affecting recruitment and survival of
mugilids in estuaries and coastal waters of southeastern
Africa. Am. Fish. Soc. Symp. 1: 507-518.

Campana SE. 1999. Chemistry and composition of fish
otoliths: pathways, mechanisms and applications. Mar.
Ecol. Prog. Ser. 188: 263-297.

Campana SE, JD Neilson. 1985. Microstructure of fish otoliths.
Can. J. Fish. Aquat. Sci. 42: 1014-1032.

Chang CW, WN Tzeng. 2000. Species composition and sea-
sonal occurrence of mullets (Pisces, Mugilidae) in the
Tanshui estuary northwest Taiwan. J. Fish. Soc. Taiwan
27: 253-262.

Chang CW, WN Tzeng, YC Lee. 2000. Recruitment and hatch-
ing dates of grey mullet (Mugil cephalus L.) juveniles in
the Tanshui estuary of northwest Taiwan. Zool. Stud. 39:
99-106.

Chen WY, WC Su. 1986. Reproductive biology of the grey mu-
llets, Mugil cephalus L. of Taiwan. In WC Su, ed. Study
on the resource of grey mullet in Taiwan, 1983-1985.
Kaohsiung: Kaohsiung Branch TFRI, pp. 73-80.

Chen WY, WC Su, KT Shao, CP Lin. 1989. Morphometric stud-
ies of the grey mullet (Mugil cephalus) from the waters
around Taiwan. J. Fish. Soc. Taiwan 16: 153-163.

Chesney EJ, BM McKee, T Blanchard, LH Chan. 1998.
Chemistry of otoliths from juvenile menhaden, Brevoortia
patronus: evaluating strontium, strontium:calcium and
strontium isotope ratios as environmental indicators.
Mar. Ecol. Prog. Ser. 171: 261-273.

De Silva SS. 1980. Biology of juvenile grey mullet: a short
review. Aquaculture 19: 21-36.

Degens ET, WG Deuser, RL Haedrich. 1969. Molecular struc-
ture and composition of fish otoliths. Mar. Biol. 2: 105-
113.

Elsdon TS, BM Gillanders. 2002. Interactive effects of temper-
ature and salinity on otolith chemistry: challenges for
determining environmental histories of fish. Can. J. Fish.
Aquat. Sci. 59: 1796-1808.

Farrell J, SE Campana. 1996. Regulation of calcium and stron-
tium deposition on the otoliths of juvenile tilapia,
Oreochromis niloticus. Comp. Biochem. Physiol. 115A:
103-109.

Gallahar NK, MJ Kingsford. 1996. Factors influencing Sr/Ca
ratios in otoliths of Girella elevata: an experimental inves-
tigation. J. Fish Biol. 48: 174-186.

Gauldie RW, DGA Nelson. 1988. Aragonite twinning and neu-
roprotein secretion are the cause of daily growth rings in
fish otolith. Comp. Biochem. Physiol. 90A: 501-509.

Hoff GR, LA Fuiman. 1995. Environmentally induced variation
in elemental composition of red drum (Sciaenops ocella-
tus) otoliths. Bull. Mar. Sci. 56: 578-591.

Huang CS, WC Su. 1989. Studies on the fluctuations of fishing
conditions for grey mullet (Mugil cephalus Linnaeus) from



Chang et al. - Relation of Otolith Sr:Ca Ratios and Salinity 85

the western coast of Taiwan. J. Fish. Soc. Taiwan 16:
47-83.

Ibafiez-Aguirre AL, M Gallardo-Cabello. 1996. Age determina-
tion of the grey mullet Mugil cephalus L. and the white
mullet Mugil curema V. (Pisces: Mugilidae) in Tamiahua
Lagoon, Veracruz. Cienc. Mar. 22: 329-345.

Jessop BM, JC Shiao, Y lizuka, WN Tzeng. 2002. Migratory
behaviour and habitat use by American eels Anguilla ros-
trata as revealed by otolith microchemistry. Mar. Ecol.
Prog. Ser. 233: 217-229.

Kalish JM. 1989. Otolith microchemistry: validation of the
effects of physiology, age and environment on otolith
composition. J. Exp. Mar. Biol. Ecol. 132: 151-178.

Kawakami Y, N Mochioka, K Morishita, T Tajima, H Nakagawa,
H Toh, A Nakazono. 1998. Factors influencing otolith
strontium/calcium ratios in Anguilla japonica elvers.
Environ. Biol. Fish 52: 299-303.

Lee CY, CL Kuo. 1990. Kinds, local names and seasonal
appearance of the fingerlings of grey mullet, Mugil
cephalus L., in coastal waters of west Taiwan. China
Fish. Mon. 448: 13-18.

Limburg KE. 1995. Otolith strontium traces environmental his-
tory of subyearling American shad Alosa sapidissima.
Mar. Ecol. Prog. Ser. 119: 25-35.

Limburg KE, P Landergren, L Westin, M Elfman, P
Kristiansson. 2001. Flexible modes of anadromy in Baltic
sea trout: making the most of marginal spawning streams.
J. Fish Biol. 59: 682-695.

Liu CH. 1986. Survey of the spawning grounds of grey mullet.
In WC Su, ed. Study on the resource of grey mullet in
Taiwan, 1983-1985. Kaohsiung: Kaohsiung Branch
TFRI, pp. 63-72.

Lowenstein O. 1971. The labyrinth. /n WS Hoar, DJ Randall,
eds. Fish physiology. Vol. 5. New York: Academic Press,
pp. 207-240.

McDowall RM. 1988. Diadromy in fishes: migrations between
freshwater and marine environments. Cambridge: Univ.
Press.

Mugiya Y, S Tanaka. 1995. Incorporation of water-borne stron-
tium into otoliths and its turnover in the goldfish Carassius
auratus: effects of strontium concentrations, temperature,
and 17p-estradiol. Fish. Sci. 61: 29-35.

Nash EC, ZH Shehadeh. 1980. Review of breeding and propa-
gation techniques for grey mullet, Mugil cephalus L.
ICLARM Stud. Rev. 3: 1-40.

Radtke RL. 1989. Strontium-calcium concentration ratios in
fish otoliths as environmental indicators. Comp.
Biochem. Physiol. 92A: 189-193.

Radtke RL, DJ Shafer. 1992. Environmental sensitivity of fish
otolith microchemistry. Aus. J. Mar. Freshw. Res. 43:
935-951.

Rieman BE, DL Myers, RL Nielsen. 1994. Use of otolith micro-
chemistry to discriminate Oncorhynchus nerka of resident
and anadromous origin. Can. J. Fish. Aquat. Sci. 51: 68-
77.

Riley JP, R Chester. 1971. Introduction to marine chemistry.
New York: Academic Press.

Sadovy Y, KP Severin. 1992. Trace elements in biogenic arago-
nite: correlation of body growth and strontium levels in the
otoliths of the white grunt, Haemulon plumieri (Pisces.
Haemulidae). Bull. Mar. Sci. 50: 237-257.

Secor DH. 1992. Application of otolith microchemistry analysis
to investigate anadromy in Chesapeake Bay striped bass
Morone saxatilis. Fish. Bull. 90: 798-806.

Secor DH, A Henderson-Arzapalo, PM Piccoli. 1995. Can
otolith microchemistry chart patterns of migration and
habitat utilization in anadromous fishes? J. Exp. Mar.
Biol. Ecol. 192: 15-33.

Secor DH, JR Rooker. 2000. Is otolith strontium a useful scalar
of life cycles in estuarine fishes? Fish. Res. 46: 359-371.

Secor DH, T Ota, M Tanaka. 1998. Use of otolith microanalysis
to determine estuarine migrations of Ariake Sea Japanese
sea bass Lateolabrax japonicus. Fish. Sci. 64: 740-743.

Sokal RR, FJ Rohlf. 1995. Biometry. New York: Freeman and
Company.

Su WC, KF Jane. 1974. Oceanographic investigation the
Taiwan Strait during the grey mullet season of 1973. Bull.
Taiwan Fish. Res. Inst. 24: 55-94.

Torricelli P, P Tongiorgi, P Almansi. 1982. Migration of grey
mullet fry into the Arno River: seasonal appearance, daily
activity and feeding rhythms. Fish. Res. 1: 219-234.

Tung IH. 1981. On the fishery biology of gray mullet, Mugil
cephalus L., in Taiwan. Rep. Inst. Fish. Biol. Ministry
Econ. Affairs Natl. Taiwan Univ. 3: 38-102.

Tzeng WN. 1994. Temperature effects on the incorporation of
strontium in otolith of Japanese eel Anguilla japonica. J.
Fish Biol. 45: 1055-1066.

Tzeng WN. 1996. Effects of salinity and ontogenetic move-
ments on strontium:calcium ratios in the otoliths of the
Japanese eel, Anguilla japonica Temminck and Schlegel.
J. Exp. Mar. Biol. Ecol. 199: 111-122.

Tzeng WN, Y lizuka, JC Shiao, Y Yamada, HP Oka. 2003.
Identification and growth rates comparison of divergent
migratory contingents of Japanese eel (Anguilla japonica).
Aquaculture 216: 77-86.

Tzeng WN, KP Severin, H Wickstrém. 1997. Use of otolith
microchemistry to investigate the environmental history of
European eel Anguilla anguilla. Mar. Ecol. Prog. Ser.
149: 73-81.

Tzeng WN, JC Shiao, Y lizuka. 2002a. Use of otolith Sr/Ca
ratios to study the riverine migratory behaviors of
Japanese eel Anguilla japonica. Mar. Ecol. Prog. Ser.
245: 213-221.

Tzeng WN, YC Tsai. 1994. Changes in otolith microchemistry
of the Japanese eel, Anguilla japonica, during its migra-
tion from the ocean to the rivers of Taiwan. J. Fish Biol.
45: 671-683.

Tzeng WN, YT Wang, CW Chang. 2002b. Spatial and temporal
variations of the estuarine larval fish community on the
west coast of Taiwan. Mar. Freshw. Res. 53: 419-430.

Williams T, BC Bedford. 1974. The use of otoliths for age
determination. /n TB Bagenal, ed. The ageing of fish.
Surrey: Unwin Brothers, pp. 114-123.



