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INTRODUCTION

The Biwa salmon Oncorhynchus masou subsp. is
endemic to the Lake Biwa water system, which is
the largest freshwater lake in Japan (Furukawa
1989, Kimura 1990). It is a subspecies of the O.

masou complex (Oohara & Okazaki 1996, Gwo et
al. 2008) and is mostly distributed in the north basin
of Lake Biwa, which is larger, deeper, and more
mesotrophic than the much smaller south basin.
This subspecies is an important commercial and
recreational fisheries  target. For stock conservation
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ABSTRACT: We examined the elemental and Sr isotopic composition of otoliths from Biwa salmon
Oncorhynchus masou subsp., an endemic subspecies of the O. masou complex in the Lake Biwa
(Japan) water system, to evaluate the usefulness of otolith chemistry as a natural tag for studying
homing and migration history. Fish and water samples were collected from 5 major spawning
rivers and 2 hatcheries. The elemental content relative to calcium (Na/Ca, Mg/Ca, K/Ca, Mn/Ca,
Sr/Ca, and Ba/Ca) and Sr isotopic ratio (87Sr/86Sr) of the samples were analyzed using laser abla-
tion inductively coupled plasma mass spectrometry and thermal ionization mass spectrometry,
respectively. Significant variations in otolith and water sample chemistry were detected. We also
observed significant relationships between the Sr/Ca, Ba/Ca, and 87Sr/86Sr ratios of otoliths and
those of ambient water samples from which the fish were collected. The other elemental ratios and
all elemental concentrations in the otoliths showed variations independent of water chemistry.
Jackknife cross-validation using quadratic discriminant function analysis showed that otolith ele-
mental composition could classify Biwa salmon juveniles by sampling location, with a high level of
accuracy (mean 79%). The mean accuracy increased to 89% when Sr isotopic ratios were com-
bined with elemental data. This study thus demonstrated the suitability of otolith chemistry for
determining fish distribution. Otolith chemistry successfully revealed the natal (hatching) loca-
tions of individual fish, facilitating further understanding of migration history and habitat use,
which are essential for establishing effective fishery management strategies for this Near Threat-
ened subspecies.
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and enhancement, juvenile hatchery-reared Biwa
salmon have been released into several rivers flow-
ing into Lake Biwa since 1883. However, in 2007,
the subspecies was designated ‘Near Threatened’
by the Red List of the  Ministry of the Environment,
Japan.

The lake-type anadromous Biwa salmon migrates
upstream and spawns in rivers of the Lake Biwa
water system from the middle of October to early
December (Oda et al. 2008a). Despite being a
 landlocked subspecies, these fish still show an
 anadromous-type behavior of migrating into rivers
for spawning. The eggs hatch from late December
once the cumulative water temperature reaches
407°C after fertilization (Fujioka 1990, Oda et al.
2008b). Larvae develop in the river, and almost all
juvenile Biwa salmon migrate downstream between
May and June. They typically remain in the lake for
2 to 4 yr before they mature (Kato 1978, Fujioka
1990). Like other subspecies of the Oncorhynchus
masou complex, there are alternative migratory
types of Biwa salmon, including stream residents and
early summer up stream migrants (Kuwahara &
Iguchi 1994, 2007). However, little is known about
the migration patterns of the lake form, including
whether maturing fish return to their natal stream.
This is extremely important for understanding their
life history strategy and for establishing effective
fishery management policies for this threatened
 subspecies. The life  history strategy of Biwa salmon
has become fully adapted to the peculiar environ-
mental settings of Lake Biwa and appears to be very
different from that of the other subspecies of the O.
masou complex. Therefore, a better understanding of
the migration patterns of the lake form of this sub-
species is necessary for sustainable production and
conservation.

Artificial tags and genetics have been used to
investigate the homing and migration patterns of
salmonid fish in previous studies (Hendry et al. 2004,
Horreo et al. 2012, McCraney et al. 2012). However,
artificial tagging methods are often impractical
because of the high mortality rate during early life
stages and the requirement for a large number of
individuals to be tagged to ensure the recapture of
sufficient numbers. Genetic make-up can link fish to
their origin population, but ecological differences
among fish cannot be detected within a single
genetic population.

Analysis of otolith chemical composition is often
considered to be the most informative method of
determining species migration at a fine spatial scale
(Thorrold et al. 2001, Fodrie & Herzka 2008). The

usefulness of otolith chemical composition as a geo-
graphic tag has also been demonstrated for several
fish species, such as Atlantic cod Gadus morhua
(Campana et al. 1994), striped bass Morone saxatilis
(Secor et al. 2001), American shad Alosa sapidissima,
and black bream Acanthopagrus butcheri (Elsdon et
al. 2008). Otoliths are composed of metabolically
inert calcium carbonate crystals and increase in size
because of daily deposition of elements, which
makes them reflect environmental factors such as
temperature, salinity, and elemental composition of
the ambient water (Townsend et al. 1992, Fowler et
al. 1995, Campana & Thorrold 2001, Elsdon & Gillan-
ders 2002, Bath Martin & Thorrold 2005, Yokouchi et
al. 2011). Differences in the elemental composition of
otoliths have been observed in different habitats and
areas of different rivers (Thorrold et al. 1998), estuar-
ies (Patterson et al. 2004, Yamane et al. 2010, 2012),
and oceans (Ashford et al. 2005).

In addition, previous studies have shown that com-
bined analysis of the elemental composition and iso-
topic ratios of otoliths can reveal environmental dif-
ferences with greater precision (Walther & Thorrold
2008a,b, Gibson-Reinemer et al. 2009). The Sr iso-
topic ratio (87Sr/86Sr) of fish otoliths is also known to
be a powerful marker of freshwater habitats in which
fish are distributed. The otolith 87Sr/86Sr ratio is con-
sistent with the isotopic ratio of the ambient water,
which reflects the age and mineralogy of the local
surficial geology (Kennedy et al. 1997, 2000, Ingram
& Weber 1999, Amakawa et al. 2012). Therefore, the
inherent trace element composition and isotopic ratio
of otoliths enables the classification of individual fish
according to differences in habitat use and migration
history (Bradbury et al. 2011). Nakano et al. (2008)
reported significant spatial variation in the elemental
composition and 87Sr/86Sr ratio of rivers around Lake
Biwa. Therefore, combined analysis of elemental and
isotopic signatures should provide important infor-
mation for determining the natal rivers of individual
Biwa salmon.

To evaluate the use of otolith chemistry as a natural
tag for determining the natal habitat of Biwa salmon,
we examined the elemental and Sr isotopic signa-
tures of the otoliths of juveniles collected from sev-
eral rivers and hatcheries around Lake Biwa, and
compared these data with the elemental composition
and isotopic ratios of ambient waters. We demon-
strated that analysis of otolith chemical signatures
can be used to investigate the homing and migration
history of individual Biwa salmon, a subspecies of the
Oncorhynchus masou complex endemic to Lake
Biwa.
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MATERIALS AND METHODS

Fish collection

The number of Biwa salmon that migrate upstream
to spawn in the rivers flowing into the north basin is
much greater than the number of migrants in the
rivers of the south basin (Fujioka 1990, Oda et al.
2011). The juvenile Biwa salmon used in the present
study were thus collected from 5 rivers around the
north basin where more fish of this subspecies
migrate upstream. In total, 129 wild and 52 hatchery-
reared juveniles were collected from 5 rivers and 2
hatcheries in the Lake Biwa water system, respec-
tively (Fig. 1, Table 1). Wild fish were collected using
an electric shocker (Smith-Root) from each river in
early March 2010 prior to their downstream migra-
tion to the lake. Hatchery fish were reared in under-
ground water in each hatchery for about 6 mo from
early October 2009 and were collected in late March
2010 immediately before their planned release into
the rivers. The total length (TL; Table 1) of each fish
was measured, and the fish were then frozen until
otolith chemical analysis could be performed in the
laboratory.

Water sample collection

Water samples were collected from the same loca-
tions as the juvenile Biwa salmon (Fig. 1, Table 1).
Samples were collected along the main stem of each
river; at the hatcheries, water samples were collected
from each hatchery pond. Collections were made be-

tween November 2009 and April 2010, which corre-
sponded to the period covering the spawning to juve-
nile stage of Biwa salmon. Water temperature was
measured at the time of collection. One liter of water
was collected for analysis of the elemental composition
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Fig. 1. Lake Biwa, Japan, and the sampling areas for
Biwa salmon Oncorhynchus masou subsp. (A) Location of
Lake Biwa in central Japan. (B) Study area showing the 7 

sampling locations; j: wild river, h: hatchery

Location Code TL Otolith diam. 87Sr/86Sr Element Water temperature (°C)
(mm) (µm) (n) (n) Nov 2009 Mar 2010 Apr 2010

1 Ukawa R UKW 36.7 ± 2.6 336 ± 39.6 6 – 13.2 8.2 9.0
36.0 ± 3.0 333 ± 34.3 – 20

2 Ishida R ISD 35.0 ± 2.0 350 ± 28.0 6 – 11.6 7.6 10.7
35.5 ± 2.0 353 ± 25.4 – 20

3 Chinai R CHN 36.0 ± 4.3 335 ± 36.7 5 – 12.5 8.0 10.7
35.8 ± 3.2 324 ± 27.0 – 20

4 Okawa R OKW 35.5 ± 0.5 346 ± 20.0 6 – 14.8 9.1 10.8
35.3 ± 1.3 340 ± 18.8 – 20

5 Inukami R INK 38.1 ± 5.3 361 ± 41.9 6 – 15.2 12.1 14.8
36.7 ± 3.9 349 ± 32.4 – 20

6 Takashima H TKS 52.8 ± 5.8 561 ± 61.4 6 – 13.5 14.0 –
50.5 ± 8.2 546 ± 53.7 – 20

7 Samegai H SMG 61.3 ± 4.2 572 ± 38.7 6 – 12.1 12.2 12.4
61.6 ± 5.6 574 ± 36.7 – 20

Table 1. Oncorhynchus masou subsp. Sampling location, average total length (TL), otolith diameter, and sample size (n) 
of juvenile Biwa salmon for each analysis and water temperature at each sampling site. R: river; H: hatchery
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and Sr isotopic ratio. The water was filtered through
0.45 µm membrane filters (ADVANTEC®), stored in
acid-washed polypropylene bottles, and acidified (1%)
using concentrated ultrapure HCl (Tamapure-AA-
100, Tama Chemicals). All glass filtration materials used
for sample collection were acid-washed prior to use.

Otolith multi-elemental analysis using laser
 ablation ICP-MS

Both sagittal otoliths were extracted from each
thawed fish. They were cleaned and rinsed with
Milli-Q water, air-dried, and then kept in a clean
plastic case until analysis. To determine the elemen-
tal composition, the otolith from the left side was
embedded in epoxy resin (Epofix, Struers), mounted
on a glass slide, and ground to the core using a grind-
ing machine equipped with a diamond cup wheel
(Discoplan-TS, Struers). It was then polished further
with a colloidal silica suspension on an automated
polishing wheel equipped with a semi-automatic
specimen mover (Planopol-V equipped with PdM-
Force, Struers). Finally, it was cleaned for 10 min in
an ultrasonic bath, rinsed several times in Milli-Q
water, and then air-dried.

We analyzed the elemental composition of 20 oto -
liths per sampling site (Table 1). Seven isotopes
(23Na, 25Mg, 39K, 43Ca, 55Mn, 88Sr, 138Ba) were meas-
ured in each otolith by laser ablation ICP-MS, which
coupled a 213 nm Nd-YAG laser ablation system
(New Wave Research) to ICP-MS (7500CS, Agilent).
Each otolith was ablated by continuously moving the
laser beam (diameter: 65 µm) from one edge to the
opposite edge through the core at a speed of 5 µm s−1.
The laser beam diameter was large enough to cover
the otolith core area with a diameter of about 10 µm.
This scanning area covered a substantial portion of
the juvenile otolith and represented approximately 1
to 3 mo of early life. Elemental composition was
determined according to the methods of Yamane et
al. (2010, 2012). To improve the accuracy of the
measurements, we used both helium flushing and a
stabilizer device (Tunheng & Hirata 2004). The ele-
mental data for each otolith are presented as the
average of the scanning line. The frequency of the
laser beam was 10 Hz. Background levels and stan-
dards were examined before and after each scan.
The isotope 43Ca was used as an internal standard,
and all elemental data are expressed in terms of their
molar ratio relative to calcium. To smooth the data
along the scanning lines, the elemental ratio relative
to calcium was averaged using a 5-point running

mean. The detection limits (in µmol mol−1) achieved
in this study were 101.7 for Na/Ca, 0.74 for Mg/Ca,
10.8 for K/Ca, 0.50 for Mn/Ca, 0.03 for Sr/Ca, and
0.001 for Ba/Ca. These values were calculated on the
basis of 3 standard deviations from the mean blank
count of each isotope. The content of each element
was above the limit of detection for all samples. Cali-
bration from the signal intensity to the element was
performed using 3 standard materials, including
NIST SRM 612 standard glass distributed by the
National Institute of Standards and Technology
(NIST), USA, and pressed pellets of certified refer-
ence material of powdered coral (JCp-1) and pow-
dered giant clam (JCt-1) distributed by the National
Institute of Advanced Industrial Science and Tech-
nology (AIST), Japan (Shirai et al. 2008). The stan-
dard used in each analysis was chosen according to
the elemental composition of each standard material.
Mean estimates of precision (%, relative standard
deviation) based on the JCp-1 standard were 2.86
for Na/Ca, 2.94 for Mg/Ca, 9.67 for K/Ca, 8.92 for
Mn/Ca, 2.35 for Sr/Ca, and 5.85 for Ba/Ca.

Otolith Sr isotopic analysis using TIMS

Five or 6 otoliths obtained from fish at each sam-
pling location were used for Sr isotopic analysis
(Table 1). Chemical separation and thermal-ioniza-
tion mass spectrometry (TIMS) for Sr isotopic analysis
were performed as described by Takahashi et al.
(2006, 2009). Briefly, each whole otolith was dissolved
in 7M HNO3 (Tama pure-AA-100, Tama Chemicals)
in a PTFE beaker. Sr in the dissolved sample was
then purified by ion chromatography using Sr-spec
resin (Eichrom Technologies). Sr isotopic analysis
was conducted on TIMS (TRITON TI, Thermo Finni-
gan) at the Japan Agency for Marine-Earth Science
and Technology (JAMSTEC), Japan. The 87Sr/86Sr
ratio was normalized for isotopic fractionation using
a correction to 88Sr/86Sr of 8.375209. The NIST SRM
987 standard value was 0.710253 ± 0.000011 (2σ, n =
16). The 87Sr/86Sr ratio of all data was corrected for
instrumental drift and bias using a correction to the
NIST SRM 987 standard of 0.710245 for each daily
data set.

Elemental composition of water determined by
ICP-MS

The elemental composition of water samples (23Na,
25Mg, 39K, 43Ca, 55Mn, 88Sr, 138Ba) was measured by
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solution-based ICP-MS (Table 1). These elements
were chosen on the basis of their detection limits,
which were calculated based on 3 standard devia-
tions from the mean blank (HNO3 background) count
of each isotope. The values (in mg l−1) were 57.19 for
23Na, 4.83 for 25Mg, 8.77 for 39K, 56.96 for 43Ca, 0.03
for 55Mn, 0.11 for 88Sr, and 0.04 for 138Ba. All analyti-
cal procedures were performed according to Yamane
et al. (2012). Calibration from the signal intensity to
the element was performed using 3 liquid standards,
including JSAC 0301-3 and JSAC 0302-3 distributed
by the Japan Society for Analytical Chemistry, and
ICP Multi Element Standard Solution X distributed
by Merck Chemicals. Liquid standards and instru-
ment blanks of 1% HNO3 were analyzed for every 8
samples. Beryllium, scandium, indium, and bismuth
were added to all samples and standard solutions
(to 4.5 µg l−1) as an internal standard to correct
for instrumental drift. An internal laboratory river
water standard was used to assess measurement
reproducibility. Mean estimates of reproducibility
(%,  relative standard deviation) were 3.51 for Na/Ca,
3.62 for Mg/Ca, 1.42 for K/Ca, 3.44 for Mn/Ca, 4.45
for Sr/Ca, and 3.99 for Ba/Ca.

Sr isotope analysis of water using TIMS

Prior to the analysis of the 87Sr/86Sr ratio in the sam-
ple water, 980 ml of each sample was dried out in a
Teflon bottle on a hot plate at 90°C, and the residue
was then dissolved with 0.5 ml of 7M HNO3 (Tama-
pure-AA-100, Tama Chemicals). Chemical separa-
tion and mass spectrometry for Sr were performed
using the same protocols as those for otolith samples
(Takahashi et al. 2006, 2009). During water sample
measurement, the NIST SRM 987 value was 0.710245
± 0.000014 (2σ, n = 16).

Statistical analyses

Otolith data for each elemental and isotopic ratio
were examined to determine their normality and
homogeneity of variance using either a Shapiro-Wilk
normality test (α = 0.05) or Bartlett’s test (α = 0.05). To
meet the model assumptions, the data were trans-
formed into natural log values if necessary. Normal-
ity was confirmed for all data. However, heterogene-
ity of variance remained for all otolith elemental and
isotopic ratios after transformation. We therefore
used nonparametric methods such as the Kruskal-
Wallis and Steel-Dwass tests to examine the chemi-

cal differences among the 7 sampling locations. We
also examined correlations between otolith and
water chemistry findings. Correlations were fitted to
plots of mean otolith against mean water ratios and
concentrations for all chemical compositions. Mean
values were used because individual otoliths and
water samples were not paired. To examine the abil-
ity of otolith chemistry to discriminate between habi-
tant differences, we used quadratic discriminant
function analysis (QDFA) of multi-signatures for each
sampling group, as QDFA does not assume homo-
geneity of covariance matrices. To quantitate the
number of otolith analyses, the number of Sr isotope
data points was simulated as 20 for each sampling
group with a normal distribution random number
algorithm based on the mean otolith ratios and stan-
dard errors according to Walther & Thorrold (2008b).
We tested the ability of otolith chemical composition
to discriminate habitat differences using QDFA with
jackknife cross-validation.

RESULTS

Considerable differences were observed in the ele-
mental composition of the water samples at each
sampling location (Fig. 2). Concentrations of Na, K,
and Ba were relatively high in the Inukami River
(INK), and those of Mg and Sr were high in the
Samegai Hatchery (SMG; Fig. 2). Mn concentration
was high in the Chinai River (CHN) and Okawa
River (OKW). Lower concentrations of Mg, Mn, Sr,
and Ba were observed in the Ukawa River (UKW).
INK, Takashima Hatchery (TKS), and SMG had con-
siderably low concentrations of Mn. Na and K con-
centrations were relatively low in SMG. The concen-
tration of each element relative to calcium also varied
among sampling locations (Fig. 2). All elemental
ratios were considerably low in SMG. Na/Ca and
K/Ca were high in UKW, and Sr/Ca and Ba/Ca were
high in the Ishida River (ISD). The water Sr isotope
ratio was relatively high in ISD and TKS and low in
SMG (Fig. 3).

Otolith elemental composition and 87Sr/86Sr ratios
of Biwa salmon thus varied significantly among
the sampling locations (Kruskal-Wallis test, p <  0.001;
Fig. 4). Steel-Dwass tests revealed significant differ-
ences in the Na/Ca, Mg/Ca, Sr/Ca, and Ba/Ca of
otoliths across sampling locations (p < 0.001). The
oto lith Na/Ca of UKW fish and the Mg/Ca of TKS and
SMG fish were markedly low compared to those of
fish from other sampling locations. The otolith Sr/Ca
was considerably higher in ISD and TKS fish and
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lower in INK and SMG fish. A lower otolith Ba/Ca
was also observed in TKS fish. The otolith 87Sr/86Sr
ratio was also significantly higher in ISD fish and
lower in SMG fish, which corresponds with the water
sample findings (Fig. 2).

We found significant relationships between otolith
and ambient water Sr/Ca, Ba/Ca, and 87Sr/86Sr ratios,
with strong correlations (Sr/Ca: r2 = 0.88, p < 0.05;
Ba/Ca: r2 = 0.65, p < 0.05; 87Sr/86Sr: r2 = 0.95, p < 0.05;
Fig. 5). There were no significant relationships be -
tween the remaining elemental ratios in the otoliths
and ambient water relative to calcium (Na/Ca, Mg/
Ca, K/Ca, and Mn/Ca; r2 = 0.002−0.39, p = 0.13−0.92;
Fig. 5). Likewise, no significant relationships were
found between the elemental ratios of the otoliths
and the elemental concentrations in the ambient
water (r2 = 0.01−0.21, p = 0.30−0.81).
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QDFA of the elemental data from otoliths indicated
that the classification accuracy ranged from 60 to
100% with a mean of 79% per sampling location
(Table 2). The highest and lowest classification accu-
racies were for TKS (100%) and CHN (65%). The
accuracy increased to 75−100% per sampling loca-
tion, with a mean of 89% when Sr isotopic data were
combined with elemental data (Table 2). The accu-
racy for OKW increased by 20 to 85%, and the high-
est accuracy was 100% for TKS (which corresponded
to the findings for the elemental data only) and ISD.

DISCUSSION

We evaluated the applicability of the use of a suite of
otolith elemental and isotopic compositions as a natal

tag for Biwa salmon in the Lake Biwa water system.
Significant variations in otolith elemental composition
and Sr isotopic ratios were detected among the 7 sam-
pling locations. Combined analysis of elemental com-
position and Sr isotopic ratio could successfully associ-
ate individual fish with each sampling location with a
high level of accuracy (mean 89%). High variability in
otolith chemistry based on geographical differences in
habitat location has been reported for several freshwa-
ter fish species (Gibson-Reinemer et al. 2009, Pangle et
al. 2010, Zeigler & Whitledge 2011). If otolith chemistry
can determine the natal or nursery area of an individ-
ual fish, it could also reveal the early dispersal patterns
of fish in later stages of life. Furthermore, the move-
ment of fish on a fine spatial scale may be traced when
movement among locations is common (Campana 1999,
Thorrold et al. 2001, Elsdon et al. 2008).

91

a

abc

bd

d
d

cd

d
21

20

19

18

17

16

15O
to

lit
h 

N
a/

C
a 

(m
m

ol
 m

ol
–1

)
ab

a

bc

bcbc

a

c1.4

1.2

1.0

0.8

0.6

0.4

0.2

0O
to

lit
h 

M
g/

C
a 

(m
m

ol
 m

ol
–1

)

a ab
abb

ab

b

a

3.0

2.5

2.0

1.5

1.0

0.5

0

O
to

lit
h 

K
/C

a 
(m

m
ol

 m
ol

–1
)

a a

b

bbb

b

0.05

0.04

0.03

0.02

0.01

0O
to

lit
h 

M
n/

C
a 

(m
m

ol
 m

ol
–1

)

a a
ab ab

bc

c
c

0.8

0.7

0.6

0.5

0.4

0.3

0.2O
to

lit
h 

S
r/

C
a 

(m
m

ol
 m

ol
–1

)

a

ab

bc

cdcd
cd

d0.005

0.004

0.003

0.002

0.001

0O
to

lit
h 

B
a/

C
a 

(m
m

ol
 m

ol
–1

)

a

bc
abbc

cd

de

e
0.718

0.716

0.714

0.712

0.710

0.709

0.708

O
to

lit
h 

87
S

r/
86

S
r

UKW ISD CHN OKW INK TKS SMG

UKW ISD CHN OKW INK TKS SMG

Fig. 4. Oncorhynchus masou subsp. Elemental and isotopic
ratios (mean ± SD) of the otoliths of fish collected from 7
sampling locations. Statistical differences are shown with
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Significant variations in otolith elemental and Sr
isotopic compositions were found in juvenile Biwa
salmon from different rivers and hatcheries from
the north basin of Lake Biwa. Large differences
between ISD and TKS fish were detected with very
high assignment accuracy, although these locations
are adjoining and only approximately 10 km a part
(Fig. 1). Such a marked variation in otolith chemistry
between individuals separated on a small scale has
also been reported in Chinook salmon Oncorhynchus
tshawytscha from California’s Central Valley, USA
(Barnett-Johnson & Pearson 2008), brown trout Salmo
trutta fario and rainbow trout O. mykiss in southern
Austria (Zitek et al. 2010), rainbow smelt Osmerus
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Ba/Ca, and 87Sr/86Sr ratios are statistically significant

No. Location Elemental Elemental and 
data only isotopic data

1 UKW 80 85
2 ISD 90 100
3 CHN 60 75
4 OKW 65 85
5 INK 80 85
6 TKS 100 100
7 SMG 80 95

Average 79 89

Table 2. Cross-validated classification rates (%) for quad-
ratic discriminant function analysis assigned to sampling
 locations using otolith elemental data only as well as both 

elemental and Sr isotopic data
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mordax in southeastern Newfoundland, Canada (Brad -
bury et al. 2011), and the westslope cutthroat trout O.
clarkii lewisi in Montana, USA (Muhlfeld et al. 2012).
In those studies, the discrimination ability was in -
creased by the variability in the 87Sr/86Sr ratio. In the
present study, the 65% assignment accuracy for
OKW fish rose to 85% when elemental data were
combined with 87Sr/86Sr data. Because the otolith
87Sr/86Sr ratio is determined by the ratio in the ambi-
ent water, which itself reflects geological characteris-
tics such as the age and composition of 87Rb, the
otolith ratio in the fish should vary if the geological
char acteristics of their habitat waters are different
(Ken nedy et al. 1997, 2000, Ingram & Weber 1999,
Ama kawa et al. 2012). Nakano et al. (2008) reported
that the 87Sr/86Sr ratio of water varied markedly
among rivers in Lake Biwa system. Therefore, the
variability of the otolith 87Sr/86Sr in juvenile Biwa
salmon provides a basis for the use of otoliths as
archives for determining the history of the habitat
use by indi vidual fish, including natal locations.

We found that elemental composition could also
discriminate the sampling locations for individual
fish with a high level of accuracy similar to that based
on the data combined with 87Sr/86Sr ratios. Previous
studies have shown that spatial differences in oto -
lith elemental compositions are significant in several
freshwater species (Thorrold et al. 1998, Morris et al.
2003, Brazner et al. 2004). Variations in otolith ele-
mental composition seem to be caused by physiolog-
ical factors such as growth, maturation, and feeding
(Kalish 1989, Otake et al. 1994, Chittaro et al. 2006)
as well as environmental factors such as tempera-
ture, salinity, and the chemical composition of the
ambient water (Elsdon et al. 2008). The significant
differences in otolith elemental composition of juve-
nile Biwa salmon may derive mostly from the signifi-
cant differences in water chemistry because signifi-
cant correlations in Sr/Ca and Ba/Ca were found
between the otoliths and water samples. A difference
in ambient water temperature during the period from
autumn to late spring in the freshwater regions of each
river, where juvenile Biwa salmon develop, may also
contribute to the variation in otolith chemistry. The
average water temperature from October 2009 to
May 2010 ranged from 9.1°C in ICD to 11.7°C in INK
(Lake Biwa Envi ronmental Research Institute, www.
lberi.jp/ root/ jp/ bkjhindex. htm). Presumably, these
factors interact to make otolith chemical composition
a practical natural tag for identifying habitat, in -
cluding the natal rivers of each fish. However, the
mechanism of elemental deposition in otoliths re -
mains un known. Further chemical and physiological

studies are required to advance our understanding in
this regard.

Our study findings suggest that otolith chemical
 signatures might be able to be used to trace the
migration history of Biwa salmon across their entire
life span. Previous studies have suggested that juve-
nile Biwa salmon develop in Lake Biwa until they
mature (Fujioka & Fushiki 1988). However, little is
known about the distribution patterns and move-
ments of the fish in the lake. Moreover, the rate of
homing in mature Biwa salmon is unknown. These
phenomena, both of which are important for under-
standing the life history strategy and establishing
effective policies for conservation of Biwa salmon,
could be successfully examined using the otolith
microanalysis techniques that have been developed
recently. Two approaches are possible: (1) using a
micromill to obtain small amounts of material from
otoliths to analyze their elemental and isotopic com-
position by TIMS or solution-based multi-collector
ICP-MS (MC-ICP-MS; Kennedy et al. 2002, Arslan
& Secor 2008) and (2) analyzing the elemental and
isotopic composition using laser ablation ICP-MS or
laser ablation MC-ICP-MS with a high spatial resolu-
tion ranging from 10 to several tens of micrometers
in diameter (Milton & Chenery 2003, Hamann &
Kennedy 2012, Muhlfeld et al. 2012). Using these
techniques to analyze otoliths along the growth axis
at an appropriate spatial resolution will provide in -
formation on chronological changes in otolith ele-
mental and isotopic composition with a high time
 resolution, which will enable tracking of the move-
ments of individual fish over their entire life span.
Martin et al. (2013) used a laser ablation ICP-MS
technique for otolith elemental (Sr/Ca and Ba/Ca)
and Sr isotope ratios of Atlantic salmon Salmo salar.
They found that QDFA was about 80% successful at
classifying juveniles according to their natal rivers,
which was a similar level to the present study. They
could also successfully assign adults of unknown
natal origin to their natal rivers using juvenile finger-
prints from the QDFA approach.

Our study demonstrated that otolith elemental and
Sr isotopic composition could accurately assign juve-
nile Biwa salmon to a sampling location, indicating
that otolith chemistry has great potential as a tool for
determining natal locations. Such a natal tag could
reveal the migration history and habitat use of the
species in Lake Biwa as well as provide information
on the homing of matured fish that will aid the estab-
lishment of an effective fishery management strategy
and policy for Biwa salmon, which is an important
endemic subspecies in Lake Biwa.
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