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An analytical technique for measurement of strontium (Sr) and calcium (Ca) concentrations in otolith was
developed using an electron probe micro-analyzer (EPMA). Precisions of measurement for Sr and Ca were
examined with various electron beam conditions, which were a combination of different beam currents, beam
diameter, X-ray counting time, and diffracting crystals on carbonate standards and eel otolith. The precision
decreased when beam power densities exceeded 1 pW/um? and/or beam diameter was less than 2 um,
resulting from beam damage of carbonates. The optimum analytical conditions for measuring the Sr/Ca ratios
in the otoliths are suggested to be with a beam current at 3 nA, a 5 x 4 pm” beam, counting times of Sr and
Ca for 80 sec and 20 sec at the peak, and of Sr and Ca for 20 sec and 10 sec at back-ground intensities at
an acceleration voltage of 15 kV with strontianite and aragonite standards, respectively. In these conditions,
it is possible to obtain precise measurements of Sr/Ca ratios at 10 um intervals along a transect from the
primordium (core) to the edge of individual otolith with an error less than 0.05 wt% in Sr, as these have been
found to discriminate between brackish- and fresh-waters. We have studied more than 1,000 temperate eels
from different water bodies where the East Asia (Japanese eels Anguilla japonica), the Northeast Ameria
(American eels Anguilla rostrata), and the Northwest Europe (European Eel Anguilla anguilla). Patterns of
otolith Sr/Ca ratios from core to edge indicated similar but multiple life histories, at least four to six type of
migration behaviors. Additionally, the Sr/Ca patterns of otoliths clearly illustrate eels’ life between naturally-
recruited and artificially-restocked. Since Anguillid eels are the endangered species, the revealed habitat

information from otolith microchemistry are variable and useful for conservation and cultivate studies.

Introduction

Otolith (ear-stone) of fish is an organ in the inner
ear, which is composed of 3 types of otolith; sagitta, as-
teriscus, and lapillus, and functions for body balance and
hearing. The otolith consists of approximately 95-6 wt%
of calcium carbonate (CaCOs;), 3-4 wt% of organic mat-
ters, and less than 1 wt% of trace elements. The metaboli-
cally inert nature of the otolith assures that all mineral-
ogical deposition remains unchanged throughout the life
history of the fish [1]. Sagittal otolith is biomineralized
aragonite which is deposited daily on a proteinaceous
matrix [2, 3]. Aragonite has relatively higher substitution
rate of the alkali earth elements, particularly Strontium
(Sr), into the Ca site than the polymorphism calcite. In
the seawater, Sr concentrations are approximately 100
fold higher than in freshwater environments. It is thought
to be, therefore, that Sr can substitute for Ca in the pro-
cess of otolith deposition during the seawater and brack-
ish water residence [4]. Accordingly, temporal changes of
the elements in sagittal otoliths can reflect the environ-
ment that a fish experienced. Ratios of Sr/Ca in otoliths
were positively correlated to those in the ambient water
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[5]- Consequently, Sr/Ca ratios are extensively used to
study the movement of diadromous fishes [e.g., 6-14]

Electron probe micro-analyzers (EPMA) equipped
with wavelength dispersive X-ray spectrometers (WDS)
have been widely used to determine chemical composi-
tions of rock-forming minerals. The EPMA can analyze
the calcium carbonate otolith at a limited area under
observation of scanning electron micrograph. This is an
advantage to target of analyses points on the otolith.
It is well known, however, that carbonates are sus-
ceptible to damage from the electron beam. To avoid
beam damage problem, consideration of electron beam
setting and exposure time are essential in the develop-
ment of high-precision analyses of otolith microchemis-
try [15-17].

The Sr/Ca ratios in otolith have been widely used
for study of migratory history of fish since the late 1980s.
Electron beam conditions and exposure times used for the
quantitative analysis of Sr in otolith have greatly varied
among laboratories. Gunn et al. [15] and Toole & Nielsen
[17] indicated that the quantitative analysis of Sr in otoliths
should be concern because of its low concentration. These
researchers attempted to establish a criterion to analyze
the Sr in otoliths by balancing the beam condition, in terms
of beam power density (BPD)*, and beam exposure time
to increase precision of the analyses of Ca and Sr. Gunn et



al. [15] indicated that high BPD and long beam exposure
time might cause pitting and induce a chemical change on
the otolith. And then the BPD less than 3 yW/um®’, which
is maintained beam current at 25 nano ampere (nA) and
beam diameter at 20 um with an acceleration voltage of
15 kilo volt (kV), was recommended. The relative error of
Sr contents in otoliths can be decreased by increasing the
beam exposure time and lowering BPD. On the other hand,
Toole & Nielsen [17] concluded that to increase analyti-
cal precision without losing accuracy, the BPD should be
adjusted to approximately 15 pW/um?’, i.e., maintaining
beam current at 25 nA and beam diameter at 5 pm with an
acceleration voltage of 15 kV. They also suggested that the
behaviors of Sr and Ca are similar during beam damage, re-
gardless of Ca concentration. However, this is not the case
in the analysis of, at least, eel otoliths under their recom-
mended conditions. By increasing beam exposure time, the
intensity of Ca will increase and carbon (C) intensity will
decrease (see below for further details). This may be due
to a loss of material from the beam strike. Beam damage
effects on the otolith surface and on target elements of the
carbonates should be considered; otherwise it is difficult to
evaluate small variations of Sr concentration (<1 wt%) in
otoliths. In this paper, the author repots an examination of
optimum technique of otolith study by EPMA and results
of application studies of migratory history of eels.

Experimental procedure:

(1) Equipment

Elemental concentrations were quantified using an
electron probe micro-analyzer (JEOL, JXA-8900R) at
the Institute of Earth Sciences, Academia Sinica, Taipei,
Taiwan. It is equipped with 4-channel WDS and pro-
grammed both qualitative (X-ray peak search, intensity
counting and mapping) and quantitative (concentration)
analyses. The quantitative data were corrected as oxides
with standard calibration by the Phi-rho-z (PR-ZAF)

* Beam Power Density (WW/um”)=[E,xI]/A, where E, is
the acceleration voltage, / is the beam current and A is
the area of electron beam on the surface of specimen.

method, which is a matrix correction with factors of
atomic number (Z), absorption (A) and fluorescence (F)
and depth distribution function (px), which represents
the X-ray intensity per unit mass depth (pz) [18, 19].

(2) X-ray Diffracting crystals

For Ca Ko measurement, the X-ray diffracting crys-
tal Pentaerythritol (PETJ) was used. Two kind of diffract-
ing crystals, PETH and Thallium Acid Phthalate (TAP)
were used for measurement of Sr La. The diffracting crys-
tals Lead Stearate (STE) was used for the measurement
of C K. Each crystal is separately equipped in 3-differ-
ent WDS channel of EPMA.

(3) Accelerating voltage

Acceleration voltage of 10-25 kV is generally used
for rock-forming minerals. X-ray intensity from sample
increases with accelerating voltage of the electron beam.
However, the electron beam at higher voltage reaches
deeper part of sample specimen and leads to decom-
position of the specimen [20], and subsequently, X-ray
intensity may alter during the analysis. Thus higher volt-
age (>20 kV) is typically applied to materials, which are
damage-resistant to the electron beam, such as metal
and metallic alloy. Lower voltage (<10 kV), on the other
hand, is advantageous for light elements, though it is dif-
ficult to measure the X-ray intensity of the L-lines for
such elements as Sr [19]. Therefore, the accelerating volt-
age was selected to be 15 kV, which is similar to some
previous studies of otolith.

(4) Beam current

The beam current was tested from 1 to 20 nA. Mini-
mum beam current was selected at 1 nA because a beam
current lower than 1 nA was unable to detect the peak
intensity of Sr in the otolith. Stabilities of the beam cur-
rent were less than 0.25 % for 24 hr in all conditions.

(5) Otoliths and standard materials
Sagittal otolith of eel was extracted and mounted in
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epoxy resin (EpoFix resin, Struers Co. Ltd) and then was
ground and polished by aluminum compounds on polish-
ing papers until the primordium was exposed. The otolith
specimen was cleaned with distilled water in an ultra-
sonic bath and air dried before the carbon coating.

Chemical-known carbonates are selected for stan-
dard calibrations because of similar matrix compound to
the otolith [21]. Calcite (CaCO; in the Trigonal system;
NMNH 136321 [22]), a synthetic aragonite (CaCO;, which
is a polymorph of calcite, in the Orthorhombic system)
and strontianite ([Sr,ysCa,(s]CO; in Orthorhombic system
[aragonite-structure]: NMNH R10065 [23]) were used as
standards. The standards were mounted in epoxy resin and
polished, then carbon-coated with the same thickness (ap-
prox. 25 nm [nano meter]) as the otolith specimens.

Establishment of Optimum beam
condition

(1) Surface beam damage on otolith

Figure 1 shows damage spots on a polished otolith
surface by various electron beams, BPD ranges from
0.1 to 376.8 uW/um’. The BPD is a combination of the
beam current at 1-20 nA and a beam diameter of 1 (fo-
cused beam), 5 and 10 um, and 5 x 4 uym” rectangle scan-
ning beam, at the acceleration voltage of 15 kV for 100
seconds beam exposure. Surface observation under the
secondary electron micrograph shows that higher BPD
made stronger damage than lower BPD beam spot.

Relations between the X-ray intensities and beam ex-
posure time were determined for Ca Ka, C Ke and Sr Lo

of an otolith at the BPD ranging from 0.2 to 7.5 pW/um’,
which are combinations of beam current between 3 nA
and 10 nA, and beam size of 10 um, 5 um, 5 x 4 um” (x20,000
in magnification) and 3 x 2 um’ (x30,000). The Ca, Sr and
C intensities were counted for 5 sec x 50 cycles at the
same spot after setting each peak position. Total beam
exposure time is 250 sec at each analysis spot on the oto-
lith surface.

The intensities of Ca, C and Sr were greater at higher
than lower beam currents (Fig. 2a, b and c). At higher beam
current, the intensities of Ca increased and C decreased
with increasing exposure time, and the extent of alteration
depended strongly upon the BPD. At a lower beam cur-
rent, such as 3 nA and lower BPD (20k: 5 x 4 um’ rectangle
beam), Ca intensities did not change throughout the analy-
sis for 250 sec (Fig. 2a-1 and 2a-2), whereas the intensities
of C were severely altered under the higher BPD beam
compared with that of a larger beam size regardless of beam
current (Fig. 2b). Changes in Sr intensities were smaller
than those of other two elements regardless of the BPD and
the exposure time (Fig. 2¢). This indicates that the chemical
composition of the otolith was changed by the beam strike
with the electron current >10 nA or BPD >3.8 yW/um’,
which is a beam of 5 nA and 5 ym in diameter. The otolith
surface, as indicated by secondary electron images (Fig. 1),
was also altered in the BPD is greater than 2 pW/um’,
while pitting was reduced or not clearly observed at BPD
<1 uW/um’. These indicate that chemical alteration oc-
curred due to the material loss associated with pitted spots
on the surface of otolith during beam exposure. Accordingly,
the otolith surface was undoubtedly damaged by high BPD
and high beam current. The extent of damage depends upon
the magnitude of BPD and beam exposure time.
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Fig.1 Examination of beam damage on the polished surface of o o (o) o ®
otolith. (Top) A secondary electron micrograph after the 18.8 56.5 94.2 188 377
100 seconds beam exposure with various BPD. Growth
increments of otolith are also observed. (Bottom) Legend © O]
shows positions of beam spots and their beam conditions. 0.8 23 38 75 151
Beam spots at the BPD > 2 uW/um” produced bright pits, >
which indicate compositional difference compared with 2 6 9 ?9 8
surroundings. Severe pitting spots show higher Ca intensity, 2 - > =2
which may be formed by carbon evaporation of calcium
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(2) Selection of the diffracting crystal for tar-
get elements

Selection of the X-ray diffraction crystal is based
on the highest intensities of the target elements. Both
lower and upper sides of background counting positions
for each target X-ray line were selected with care
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to interference peaks using the qualitative line scan
analysis. As shown in Figure 3, the net intensity of X-ray
is calculated with the X-ray baseline intensity. Thus, the
height of baseline must be the same between standard
materials and otolith. The line scan analysis has been
carried out for Ca peak and baseline positions on both
Ca and Sr standards, and an otolith.

Counting of Ca Ka was made by PETIJ crystal
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Fig.2 Transition of X-ray intensities on otolith. Intensities of (a) Ca Ka, (b) C Ka, and (c) Sr L« being a function of beam exposure
time (sec) at different beam conditions on a Japanese eel otolith. Upper and bottom show alterations of counts and rates of in-

tensities, respectively.

Fig.3 Measurement of the net peak intensity of target element. [,
and [, are background X-ray intensity (cps) at the positions
of upper- and lower side, respectively, and Dy, and D, are
upper- and lower side distance (in millimeters) of background
counting position from the peak position as function of
L-values, respectively.

The L-value indicates the distance from the X-ray source (probe
spot) to the analyzing crystal. It represents the wavelength
detecting position of WDS and is given by the following
equation:

L (mm) = [2R/2d] n\

where 2R is diameter of Rowland circle (mm), 2d is spacing of
diffracting crystals (A: angstroms), n is order of reflection, and \
is wavelength (A).
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(Table 1). As shown in Figure 4, the Ca Ko position is
isolated with other peaks and there are low-enough
baseline both low- and upper-side.

Counting of Sr La was made by TAP crystal, because
intensity of Sr on the TAP is 4-7 times stronger than the
intensity on another possible diffracting crystal, such as
PET or PETH, at the same beam condition (Fig. 5 and
Fig. 6). However, the line scan analysis shows that, Sr Lo

and Ca Ka peaks were observed as interference peaks
of the lower side of Sr La baseline (Fig. 5). In particular
case of the Sr standard strontinite, the lower side of
baseline was affected by Sr La peak and their baseline
height is 4-5 times higher than both of the Ca-standard
aragonite and an otoith baseline (Fig 5-d, e, f). And the
position of lower baseline is the same to the lowest limit
of TAP, therefore, the TAP is not appropriate to measure

Table 1 An optimum setting of WDS-EPMA to measure Sr/Ca ratios of the otolith.

Machine:

JEOL EPMA JXA-8900R at the Institute of Earth Sciences, Academia Sinica, Taipei

Beam conditions
Acceleration Voltage: 15kV

Primary beam current: 3nA

Beam size: 5 x4 pmz rectangular scanning beam (x20,000 in magnification)

Correction method: Oxide PRZ (Phi-Rho-ZAF)

Analytical condition

WDS channel 1 3 4
element Carbon Strontium Calcium
Standard material Aragonite Strontianite Aragonite
(formula) CaCO, (Srg5Cay5)CO5 CaCO;,
WDS setting
Diffracting crystal STE PETH PET
X-ray Counting position CKa SrL CaKa
Peak position, mm ca.124.4 ca.220.1 ca.107.5
Background (+), mm 10.5 14.5 5.0
Background (-), mm 8.0 20.0 5.0
X-ray Counting time (total) 50 120 40
Peak, sec 30 80 20
Background (+), sec 10 20 10
Background (-), sec 10 20 10

Fig.4 Scanning of Calcium X-ray intensity on the carbon-
ate standards (strontianite and aragonite) and an
otolith, with diffracting crystals PET. The vertical
and horizontal axes are X-ray intensity in count per
second (cps) and which is shown as the L-value in
mm, respectively. Any interference peak was absence
around Ca K« peak on the PET crystal. Measure-
ment positions of each baseline, lower- and upper-
side were selected on no interferences positions.
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Sr. Although the PET is obtained lower intensity of Sr, (see Table 1).
there is no base line problem and is enough space to
avoid interference peaks, such as Sr Lo and Ca Ko (Fig.
6). The C Ka line was interfered by the carbon-coating
itself and was shown broad peak, though the intensities
of C Ka line were strong enough to examine (Fig. 7). To

(3) Effect of exposure time with Ca, Sr, and
C intensity at different beam current
and beam size

determine the above 3-elements, it is selected that double Relations between the X-ray intensities and beam
PET are measurements for Ca and Sr, the STE is for C exposure time were determined for Ca Ka, C Ko and
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observed as interference peaks of Sr La (target peak), respectively. And baseline heights are considerably different
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Sr La of the standards, calcite (Fig. 8), aragonite (Fig. 9)
and strontianite (Fig. 10) at the BPD ranging from 0.2 to
7.5 uW/um’, as well as on the otolith experiment (Fig. 2).
The Ca, Sr and C intensities were counted for 5 sec x 25
cycles at the same spot after setting each peak position.
Total beam exposure time is 250 sec at each analysis spot.

The intensities of Ca, C and Sr were greater at
higher than lower beam currents (Fig. 8,9, 10). At higher
beam current on calcite and aragonite, the intensities of
Ca increased and C decreased with increasing exposure
time, and the extent of alteration depended strongly
upon the BPD. At the lowest BPD (0.2: 3 nA — 5 x 4 um’
rectangle beam), Ca intensities on calcite are slightly
increasing with the time (Fig. 8a-1 and 8a-2), though Ca
on aragonite did not change throughout the analysis

for 250 sec (Fig. 9a-1 and 9a-2). This behavior is also
observed in case of otolith time study (Fig. 2). On the
other hand, the intensities of C were severely altered
under the higher BPD beam compared with that of a
larger beam size regardless of beam current (Fig. 8b and
9b). Changes of Sr intensities were smaller than those
of other two elements regardless of the BPD and the
exposure time (Fig. 10).

These observations indicate that the surface
condition of specimen has been modified by the electron
beam bombardments, and the extent of alteration
depended upon the BPD, primarily beam diameter as
well as beam exposure time determined the extent of the
alteration. It is not only happened an organic carbonate
otolith but also occurred on the inorganic carbonates,
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Fig.8 Intensities of (a) Ca Ka, and (b) C K& being a function of beam exposure time (sec) at different beam conditions on cal-
cite standard. Upper and bottom show alterations of counts and rates of intensities, respectively.
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calcite and aragonite. The changes in intensities of Ca
and C with exposure time may be due to changes of the
original surface by beam damage within a few minutes of
exposure.

During beam exposure for analysis, the entire en-
ergy of the incident electron beam is dissipated in the
form of heat at the point of impact [19]. The degree
of heating is depending upon the BPD and the type
of specimen. Casting [24] estimated that the rise in
temperature (AT, °C) resulting from an electron beam
diameter d (um) and thermal conductivity & (W/cm) of
target is given by

where E, is the incident energy of the electron beam
(kV), and I is beam current (uA).

Plotts [20] determined that the temperature rise
in lower k minerals, such as calcite (k = 0.05 [25]), and it
could be large cause of decomposition and/or structural
alteration (CaCO; -> CaO + CO,). Although there is no
report about the thermal conductivity k of aragonite,
it is expected that the aragonite-carbonate is also
decomposed during the beam heating from the results
from Figure 9. The decrease of C intensities might be
related with evaporation effect of the CO, from the beam
spot, and as a result increasing of Ca intensities occurred
during beam exposure. It is suggested that the effect of

AT = 4-8( E,I ) beam damage should indicate wrongly estimation of
kd chemical composition. Thus, the temperature rise on the
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Fig.9 Intensities of (a) Ca Ka, and (b) C Ka being a function of beam exposure time (sec) at different beam conditions on
aragonite standard. Upper and bottom show alterations of counts and rates of intensities, respectively.
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surface of otolith should be considered. This indicates
that beam damage caused by a high BPD may have
led to inaccurate quantifications of otolith chemical
composition.

This phenomenon was also suggested by Gunn
et al. [15]. And they recommended 1.2 yW/um® in the
BPD, which was conducted by 15 kV, 25 nA and 20 pm
of acceleration voltage, beam current and diameter,
respectively. However, the width of increments, growth
rings, of otolith is smaller than a few pum, so that the
size of electron beam should be required to reduce
as smaller as possible to obtain the special resolution.
In some of previous studies, a small beam diameter

(smaller than 1 pm) and an extremely high BPD (greater
than 100 uW/um’) was used to measure Sr/Ca ratios
in otoliths. As mentioned previously, a small beam
diameter and high BPD may lead to severe otolith
surface damage and the alteration of otolioth chemical
composition. Subsequently, this could lead low precision
and inaccurate quantification of otolith Sr/Ca ratios
estimations. Accordingly, a small beam diameter and a
high BPD should not be used for measurement of Sr/Ca
ratios in otoliths.

To avoid decomposing the sample, various
preventive measurements can be applied. The beam
current can be reduced or, alternatively, the beam may
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be defocused to allow energy dissipation to spread over
a larger area. As suggested by the alteration of Carbon
under a focused beam, the use of a focused beam less
than 1 or 2 ym should be avoided. This does, however,
sacrifice spatial resolution. Again that wider electron
beam is, on the other hand, inappropriate for analysis
of the fine growth increments in otoliths. Consequently,
it must be accepted that beam exposure time should be
shortened and that beam current and diameter should
be as low as possible. Because of these considerations, it
is suggested that beam conditions are optimal when the
BPD is less than 0.5 yW/um® and beam diameter >2 um.
Note that the lower probe current (less than 1 nA at 15 kV)

15 o

RSD (%)

Counting time (sec)

Fig. 11 Accuracy of X-ray counting at different counting
time (sec) for Sr La peak (solid circles), lower
side background (open circles), and upper side
background (open triangles) on strontianite.

barite (2.54 + 0.14)

(n=10)

SrO measurement results, wt%
(after PRZ correction)
Ln

apatite (0.47 + 0.06)
calcite (0.02 £ 0.03)
L L 1

0.0 1.0 2.0 3.0
SrO recommended value, wt%

Fig. 12 Correlation between the measurement results and
the recommended values of SrO (wt%) of the
chemical-known standard materials at the optimum
beam condition. Symbol and the recommended
value; open circle: calcite (0.02 wt%); solid square:
apatite (0.46 wt%); triangle: barite (2.537 wt%).
Measurements have been carried out for 10 times
on each material and shown mean value and 1o
error in wt%, respectively.

is not acceptable for the analysis of otolith because of
low Sr Lo intensity. From the experiment of the effects
of BPD on the X-ray intensities of Ca, C and Sr, four
beam conditions were found to have a BPD less than
1 or 0.5 uW/um’, which appears to minimize damage and
therefore are acceptable for the analysis of otolith Sr/Ca
ratios. According to the changing of X-ray intensities on
both standard and otolith, the optimal beam conditions
for the analysis of Sr/Ca ratio in the otoliths is suggested
to be 3nA and 5 X 4 um’ beam (BPD = 0.2 yW/um®).

(4) Variability of intensity in relation to expo-
sure time

To confirm the precision of background counting
in the function of counting time, the smallest detectable
peak was defined. Additionally, to achieve an appropriate
counting time for Sr in the quantitative otolith analysis,
precision of peak analysis was examined using the
standards at conditions of the lowest BPD (0.2 pW/
um* 3 nA and 5 x 4 rectangle beam) on the Sr-standard
strontianite. The beam exposure time on each counting
was set from 10 to 240 sec. The X-ray intensity was
measured from 10 different points.

The relative standard deviation (RSD) of X-ray
intensities of Sr in relation to beam exposure time is
shown in Figure 11. The RSD of both lower- and upper-
side backgrounds decreased gradually from 5 % to
less than 2 % with an increase in the exposure time. The
RSD of the Sr peak decreased gradually from 7 % to 3 %
with increasing exposure time up to 80 sec. However, at
an exposure time longer than 180 or 240 sec, the RSD
of baselines slightly increased, indicating that the X-ray
intensities are altered if exposure times exceed 180 or
240 sec even at lower BPD. Whereas the precision of
Ca analysis were <0.5 % RSD, regardless of the beam
conditions, at an exposure time between 20 and 40 sec.
Because Ca can be measured simultaneously with Sr by
multiple WDS channels, total analysis time including peak
and background counting should be considered only for
Sr analysis. Therefore, it is desirable that the total analysis
time was restricted less than 180 sec for each spot, and
peak-counting time should be between 80 and 120 sec, and
as result the each background-counting time should be
between 20 and 30 sec.

(5) Precision of Sr measurement in otolith

The sagittal otolith generally contain less than 1 wt%
of Sr. However, it must be used higher Sr content standard
(strontianite: Sr = 59.4 wt%) because it is unable to find
a low-concentration and homogeneous material of the
carbonate matrix. To confirm the precision of Sr analysis,
Sr contents were measured with the beam current of 3
nA and 5 x 4 um’ beam, and the peak and bases counting
times were 80 sec and 20 sec, respectively (so called an
optimum beam condition), using chemical-known materials,
calcite, apatite and barite. The results and analytical
reproducibility (1o,,,,) of SrO are shown in Figure 12.
The measured and recommended SrO (wt%) was highly
linearly correlated (r = 0.991).

The Sr contents in the otolith and their measure-
ment precision were quantified using the optimum beam
condition. St contents were measured from 5-points at
4-different increments of the otolith under the electron
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image. The relation between the net peak intensity of Sr,
and Sr analysis result, which after corrected by the PRZ,
are shown in Figs. 13 and 14, and Table 2. The standard
deviation (SD) of Sr in otoliths in CPS (count per second)
were obtained to be 0.29 cps at the highest net intensity of
3.8 cps (RSD = 7.6%; no.4 in Table 2), and 0.22 cps at the
lowest net intensity of 0.9 cps (RSD = 24.4%; no.1). These
error ranges were computed for the precision of Sr contents
in otolith; Sr = 0.14 £ 0.03 wt% (no.1), 0.33 = 0.04 wt%
(no.2), 0.46 + 0.05 wt% (no.3) and 0.61 + 0.05 wt% (no.4).
Assuming that Ca contents in otoliths were 39.0 wt%, St/
Ca ratios in eel otoliths were estimated to be 3.59 + 0.77 x
10”7 (no.1),8.46 + 1.03 x 10° (n0.2),11.79 + 1.28 x 10° (no.3),
and 15.64 + 1.28 x 107 (no.4), respectively. If it is assuming
maximum error of Ca (RSD < 1.0%), the ranges of error in
Sr/Ca ratios are smaller than these estimation.

Study of migratory behavior and hab-
itat of three major temperate species
of eels by otolith microchemistry

Most of fishes migrate with various spatiotemporal
orders. Classification of fish migration is divided into
two types. Diadromous fishes migrate between fresh-
and sea- or brackish-water, whereas non-diadromous
fishes migrate within freshwater (e.g., carp) or seawater
environment (e.g., tuna). Diadromous fishes are, further,
divided into 3-types; anadromous, catadromous and
amphidroumous. Anadromous fishes are spawning in the
freshwater river and grown in seawater (e.g. salmon).
Catadromous fishes are spawning in seawater and grown
in freshwater (e.g., eel), and amphidroumous fishes
migrate between sea- and fresh-water bodies frequently
(e.g., sweetfish “ayu” and smelt “shi-sya-mo”).

Catadromous eels are widely distributed in the world.
In particular, three major temperate species, Japanese
eels Anguilla japonica in the East Asia, American eels
Anguilla rostrata in the Northeast America, and Euro-
pean Eel Anguilla anguilla in the West to Northwest Eu-
rope and North Africa are valuable for economy, aqua-
culture and fishery (Fig. 15). Habitat of Japanese eel is
in the NW Pacific Ocean, and is found in brackish water
lakes and estuaries and freshwater rivers from southern
Taiwan to Japan in Northeastern Asia. Their leaf-like lar-
vae, leptocephali, drift with the North Equatorial Current
and Kuroshio from their oceanic spawning grounds, near
the Mariana Islands, to the continental shelf of northeast-
ern Asian countries [13, 26, 27]. In the Atlantic, on the
other hand, American and European eels spawn in the
Sargasso Sea and migrate along the Gulf Stream for the
East Coast of North America and the West to Northwest
Europe and North Africa. They then metamorphose into
transparent glass eels in coastal waters and become pig-
mented elvers in the estuary. After upstream migration,
the elvers become yellow eels and live around estuary
and in freshwater rivers for approximately 5 to 20 years [8,
12,28], and then, once they have reached sexual maturity,
migrate downstream to the open ocean to spawn.

Otolith microchemistry is a good tool to indicate
migration pattern from individual fish. Patterns of otolith
Sr/Ca ratios from core to edge illustrate eel’s movement.
Since the last decade, more than 1000 otoliths have been
studied from the difference water bodies (Fig. 15). In this
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section, results of application studies on three major tem-
perate species of eels are presented.

(1) Analytical procedure

Sagittae, the biggest of the 3 pairs of otoliths,
were removed from the inner ear for examination of
microchemistry. The procedure of otolith preparation
for the analysis of Sr and Ca is similar to Tzeng et al.

5.0 g
n
B 40
z'; L
2 30 1
Q
k= .
8 20t
3 2
= R’ =0.9995
2 1.0 A

0.0 t t t i

0.0 0.2 0.4 0.6 0.8
Sr, wt% (after PRZ correction)

Fig. 13 Correlation of Sr L« intensities (CPS: counts per
second) and Sr concentrations (wt% after PRZ
correction) on otolith samples.
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Fig. 14 Estimated RSD (Relative Standard Deviation)
of Sr measurements, which obtained by the
optimum beam condition.

Table 2 Sr measurement accuracy of otolith.

Sr,wt% measured CPS S.D.(CPS) S.D.(%) Srerrorin wt%

1 014 0.90 0.22 24.6 +0.03
2 033 2.10 0.26 12.5 +0.04
3 046 2.90 0.28 9.8 +0.05
4 0.61 3.80 0.29 7.6 +0.05

CPS: count per second, S.D.: standard deviation (1c).



[13]. The sagittal otolith was cleaned with distilled water,
air dried, embedded in epoxy resin, ground and then
polished along the sagittal plane with alumina compound
until the primordium (core) was exposed. All specimens
were cleaned with distilled water again in an ultra-sonic
bath and air dried before the carbon coating. coating.
Concentrations of both Sr and Ca in otoliths were
measured using the optimum beam conditions (Table 1)
along a sagittal section from the primordium (core) to

the otolith edge at an interval of 10 um (Fig. 16). After
the EPMA study, growth increments of most of otolith
were counted for age determination.

(2) Migration patterns of Japanese eels in
Taiwan

To understand the environmental history of the
Japanese eel after migration from off shore spawning
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Fig. 15 Main study fields showing the geographical range of each species [35]: American eel Anguilla rostrata, (1) New Bruns-
wick, Quebec, and Nova Scotia, Canada [13, 30, 36-41]; European eel A. anguilla (2) Baltic Sea region, Sweden, Lithu-
ania and Latvia [32, 33, 42-44]; Japanese eel A. japonica, (3) Taiwan; and (4) Japan [14, 28, 29]. Solid lines and open
circles represent expected paths of upstream migration (with the Gulf Stream in the Atlantic and the Kuroshio Cur-
rent in the Pacific), and spawning sites (Sargasso Sea in the Atlantic and Mariana Sea in the Pacific), respectively.
Fig. 16  (a) Optical micrograph of a polished otolith. (b) Secondary

electron micrograph of polished surface of otolith after the
transect analyses with 10 pm intervals. Analytical tracks are
observed as thin-white lines on the surface. Obtained results

from Line -1 and -2 are shown in Fig. 17-c (sample D-39).
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grounds to estuaries, the temporal change of Sr/Ca ratios
in otoliths of eels collected several estuary areas in
southwestern Taiwan were examined. A total of over 200
otoliths were measured and the results have been reported
[14, 28, 29]. Among them, four typical migratory patterns
were described (Fig. 17). Selected four otoliths of Japanese
eels from Taiwan were examined with two lines to confirm
reproducibility of analysis as well. The ratios on lines #1 and
#2 of the same otolith were identical at the same distance
from the core, indicating that the analytical precision
was acceptable to discussion. During the leptocephalus
marine stage of early life, Sr/Ca ratios were similar among
individuals and increased from 6-10 x 10 (Sr contents:
approx. 0.2-0.4 wt%) in the core to approximately 16-18 x
107 (Sr: approx. 0.6-0.8 wt%), an initial peak at a distance
60-100 pm from the core. Subsequently, decreases once to
approximately 7 x 107 (Sr: <0.3 wt%) were detected in all of
the otoliths (Fig. 17). This indicates that the environmental
history of the leptocephalus stage was similar among
individuals. However, beyond the leptocephalus stage the
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Sr/Ca ratios dropped to below 1 x 107 (Sr: <0.05 wt%)
in first half of otoliths T-54, T-21 and D-39 (Figs. 17a, 17b
and 17¢), whereas the ratios in otolith T-27 dropped to an
intermediate level of 3.5 x 10° (Sr: 0.14-0.16 wt%: Fig. 17d).
These measurements were detected at a distance of 180-210
pm from the core. Following the initial drop, Sr/Ca ratios in
the otolith of T-54 remained at less than 4 x 107 (Sr: <0.15
wt%) until the otolith edge. The otoliths of T-21 and D-39
showed a different pattern where ratios increased from a
lower level of 4 x 10° and reached a secondary peak of 8-12
x 107 (Sr: approx. 0.3-0.5 wt%). Ratios at the second peak
were lower than that of the initial peak in the core area,
and continued to gradually decrease. The Sr/Ca ratios in the
otolith of T-27, on the other hand, did not decrease as low as
others, and the ratios remained at a relatively higher level of
6-10 x 10 (Sr:0.3-0.4 wt%).

These observations indicate that the Sr/Ca patterns
beyond the initial peak can be roughly divided into 4 types
(Fig. 18); namely, Type A: the Sr/Ca ratios decreased to a
lower level (< 4 x 10°) and remained at that level there-
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Fig. 17 Sr/Ca ratios determined on 2 parallel transect lines from the primordium to the edge in otolith. The vertical and horizontal
axes are Sr/Ca ratio (x10~) and distance from the primordium. Interval of analysis spot is 10 pm. [14, 28, 29].

Fig. 18 Schematic diagram of migration patterns of Japanese
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eels in Taiwan as indicated by the time series change
of Sr/Ca ratios in otoliths. Transition of freshwater and
brackish water residence is suggested be approximate-
ly 4 x 10 in Sr/Ca ratio.
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after; Type B: the ratios decreased in a manner similar to
those of Type A, but increased to the secondary peak of
approximately 6-10 x 107; Type C: the ratios decreased and
increased in a manner similar to those of Type B, and de-
creased to the lower ratio again; Type D: the ratios did not
decrease to a level as low as others type, and remained be-
tween 1 and 6 x 10°. According to the Sr/Ca patterns and
their captured records of eels, each pattern indicates differ-
ent migration histories as follows; Type A: a freshwater res-
idence; Type B: An amphdroumous behavior as residence
in freshwater, and shifted brackish water residence; Type
C: An amphdroumous behavior as residence in freshwater,
and shifted brackish water residence, then freshwater resi-
dence again; TypeD: a brackish water residence.

(3) Migration patterns of American eels in
Northeast Canada

The Sr/Ca ratio transects along the otolith radius,

Fig. 19 Representative migratory patterns of
American eels Anguilla rostrata from St
Jean River watershed in Quebec (Canada).
The Sr/Ca ratio transects along the otolith
radius, from core to edge, illustrating
6 migratory patterns: (a) Type-FR:
freshwater residence [sample # IT-206],
(b) Type-BR: brackish water residence
[# IT-061], (c) Type-Agg: amphidroumous
[brackish-freshwater: # IT-285], (d) Type-
Apg: amphidroumous [freshwater-brackish:
# IT-014], (e) Type-Apgr: amphidroumous
[freshwater-brackish-freshwater: # IT-
211], (f) Type-Ayxp: amphidroumous [non
distinctive pattern: IT-116]. The Sr/Ca ratio
patterns were interpreted point-by-point
from the elver check to the otolith edge
with 2-point smoothed averages, according
to a threshold of 3 to 4 x 107 between fresh
and brackish water bodies, shown as thin
straight line. Small solid circles represent
annuli. The first peak of Sr/Ca ratio before
100 pm corresponds to metamorphosis
from leptocephalus to glass eel of Japanese
eels (see Figs. 17 and 18). Amphidromous
migratory patterns are predominantly
observed (42%) during yellows eels stage
among the studied 162 eels, followed by
brackish (38%) and freshwater (20%)
residence behavior [30].

-

Sr/Ca ratios (x107)

from core to edge, illustrating 6 life-history patterns
determined by otolith Sr/Ca ratio analyses on 162
American Eels Anguilla rostrata captured the St. Jean
River watershed (lat. 48°N) in Quebec (Canada). Among
the 162 eels sampled, we predominantly observed an
amphidromous migratory pattern (42%) during the
yellow-stage growth phase, followed by brackish (38%)
and freshwater (20%) residence behavior. Six type are
described as follows: Type-FR (Fig. 19-a): Residence in
freshwater. Entrance in freshwater between Year 1 (elver
mark) and Year 2. Type- BR (Fig. 19-b): Residence in
brackish habitat (for eel [b] otolith was not clear enough
to allow a correct age determination). Amphidromous
behaviors are divided into 3 groups, namely, Type-
Agr (Fig. 19-c): Residence in brackish environment
for more than 2 yr, then movement into freshwater.
Type-Arg (Fig. 19-d): Residence in freshwater then
movement to brackish habitat. Type-Agp (Fig. 19-¢):
Freshwater residence, movement to brackish estuary
then movement to freshwater. And Type-Ayp (Fig. 19-f):
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Frequent movements between habitats, with no defined.
A threshold between fresh and brackish water masses is
of 3-4 x 107. The Sr/Ca ratio peak observed before 100
um corresponds to metamorphosis from leptocephalus
to glass eel [30]. Sr distribution mapping for the six
typical otoliths are shown in Figure 20. The core areas are
surrounded by highest Sr content (red in color). Scale in
each map: 200 pm.

(4) Different Sr/Ca patterns of European eels
in the Baltic Sea area

Intensive stocking programs have been undertaken

Freshwater (FW) residence

Fig.20  Sr distribution of sagittal otoliths.
St La mapping were performed
with TAP diffracting crystal at the
condition of 15 kV and 80 nA for
the acceleration voltage and beam
current, respectively, with 1 pm de-
focused beam. X-ray intensities
were counted for 0.040 sec at the in-
terval of 1 um. (a) Type-FR (IT-206:
Fig. 19-a), (b) BR (IT-061: Fig. 19-
b), (c) Type- Agr (IT-285: Fig. 19-c),
(d) Type-Agg (IT-014: Fig. 19-d), (e)
Type-Aggp (IT-211: Fig. 19-¢) and (f)
Type-Ayp (IT-116: Fig. 19-f). Scale
bar is 200um. Warm color (red) and
cold color (blue) are indicate higher
and lower concentration of Sr, re-
spectively.
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Brackish residence

in the Baltic Sea region over the past 50 years. The most
intense stocking programs have been implemented
in the Baltic Sea drainage using eels originating from
Western Europe. The first eel stockings in Lithuania
occurred between 1928 and 1939 when 3.2 million elvers
were released into inland freshwater lakes of the Vilnius
region (approx. 300 km from the Baltic coast). Since
the mid 1960s, Lithuanian lakes have been stocked
with approx. 50 million elvers or young yellow eels at
an average stocking rate of 1.1 million eels yearly [31].
Studies on stocking effectiveness as well as studies on
natural recruitment, however, have not been carried
out and the post-stocking movements of stocked eels

Amphidromous:
brackish to freshwater

Amphidromous: FW-BW




remain largely unknown because of the dissolution of
the Soviet Union.

From a series of otolith study of European Eel
Anguilla anguilla from Lithuanian water body, the Sr/
Ca ratio transects along the otolith radius, from core
to edge, illustrating 2 significant life-history patterns,
multiple migration patterns were observed as well as
Japanese and American eels though [32]. As shown
in Figure 21-a, a solid line represents the mean = SD
(standard deviation) otolith Sr/Ca ratio profile of 20
eels that showed a gradual decline pattern, indicating
the movement from the full strength of salinity in
the North Sea into brackish water of the Baltic Sea
(Phase I: mean Sr/Ca ratio 5.51 + 1.57 x107) and
ultimately arrived at the coastal waters of Lithuania
(Phase II: mean Sr/Ca ratio 3.64 + 1.10 x 107). And
transition of freshwater and sea/brackish water
residence is indicated as 2 to 3 x 107 in Sr/Ca ratio.
An example which has been studied by Sr/Ca pattern
and Sr mapping is shown in Figure 22. It is supposed
one of typical pattern of the Baltic Sea migration. In
Figure 21-b, on the other hand, the mean patterns
indicate consistently low otolith Sr/Ca ratios (0.72
+ 0.76 x 107) after the glass eel stage from 16 ecels
which were collected from freshwater lagoon and
lake, the Curonian Lagoon (n=6) and Lake Baluo3ai
(n=10). Since their patterns lack the Baltic Sea
migration, it is concluded that these patterns are
typical from restocked eels. The Sr/Ca patterns
indicate the transition from sea/brackish water to
freshwater, freshwater residences [32, 33, 43].

Conclusive remarks

Many interpretations of geographical and population
genetic studies of fish suffer from uncertainty arising from
artificial stocking or due to lack of information about
the migrating behavior of species of interest. Successful

Fig.21 Comparison of mean value of Sr/Ca ratios of oto-
lith of (a) naturally-recruited and (b) restocked
eels from Lithuania water bodies [32]. The transi-
tion of freshwater and sea and brackish residence
(1) is indicated. (a) The mean + S.D. (standard
deviation: 1o otolith Sr/Ca ratio profile of 20 Eu-
ropean eels that showed a gradual decline pattern,
indicating the movement from the full strength
of salinity in the North Sea into brackish water of
the Baltic Sea (phase I: numbers of probe spots =
1240) and ultimately arrived at the coastal waters
of Lithuania (phase II: n = 1119). (b) Transects of
mean + S.D. otolith St/Ca ratios from 16 freshwa-
ter-resident eels, illustrating consistent low values
after the glass eel stage.

Sr/Ca ratios (x1073)

fish stock management, as well as conservation program
are not effective without a complete understanding of
the population genetic structure, stock boundaries and
spatial and temporal migratory patterns. In recent years,
advances in analytical techniques have led to the use of
otolith microchemistry as an aid to stock discrimination
in fishes. A contribution of EPMA technique based on
geo- and mineral chemistry is remarkable. EPMA study
of Sr/Ca ratios of otolith can interpret their migration
and habit and are now one of most important data.

Genetic markers are widely used as implements for
acknowledging potential stock differences. The recent
developments of such investigation methods as the assay
of microsatellites have provided us with the opportu-
nity to evaluate relationships between populations and
subpopulations. By combining two modern techniques;
otolith microchemistry and microsatellite DNA analysis,
we intend to demonstrate the effectiveness of such an
approach to the diadromous fish stocks management [34].
The techniques will present an innovative approach to
address the management-related problems and conserva-
tion of endangered species.
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Fig. 22 Otolith Sr/Ca ratio from core to edge illustrates
eel movement into fresh water after a period
of seawater and brackish-water residence. (a)
An optical micrograph of otolith of European
Eel Anguilla anguilla (Lithuanian eel sampling
code LT-1, age 1lyears old), collected from
the Curonian Lagoon in Lithuania (Lat. 56°
N). Dots and numbers represent annual
increments and estimated ages, respectively.
A track of EPMA quantitative transecting
analysis from the primordium (core) to edge
is shown as a yellow arrow. (b) Sr distribution
mapping displays higher Sr content (green
in color) from age 1 to 5 years and high Sr
rings at annuli 6-10 between age 6 and 11
years (light blue in color) which is assumed
as winter marks. The Primordium (core) area
is surrounded by highest Sr content (orange
in color) and a yellow arrow shows direction
of quantitative transecting analysis (c) An
example of the Baltic migration pattern Sr/
Ca ratios transect along the otolith radius,
from core to edge with 10um interval. A
freshwater entry (a red circle) is observed
the age between 5 and 6 years old. Seasonal
migration between high salinity (a yellows
circle) and low salinity or fresh waters is also
observed after the freshwater entry. #1-10: the
annuli corresponding to peaks in the otolith
Sr/Ca ratios; EC: elver check (a blue circle).
The transition of freshwater and sea/brackish
residence ([ is indicated [32].
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