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Abstract

In order to assess the effect of enhancement release of chum salmon (Oncorhynchus keta), otolith strontium (Sr)
marking method was used to tag chum salmon released in Tangwang River in 2016. The homing chum salmon
were detected and the samples were collected in Tangwang River, Ussuri River and Suifen River in the autumn of
2018. The samples were analyzed by examining Sr and calcium (Ca) fingerprints in the otolith using electron
probe microanalysis. The results suggested that two samples collected in Tangwang River had the marking ring
near the core of otolith where the Sr concentration and Sr/Ca ratio were significantly higher than comparative
samples. Proving that the two fish belonged to the released population in Tangwang River in 2016. This article
indicated the success of the enhancement release of chum salmon from the Tangwang River for the first time and
also confirmed the validity of Sr marking in enhancement release of fishes.
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1  Introduction
Tangwang River is a cold-water river and a major down-

stream tributary of Songhua River, the largest tributary of the
Amur River in the northeast of China. It inhabits many species of
fish especially cold-water species, such as chum salmon (Onco-
rhynchus keta), Amur whitefish (Coregonus ussuriensis) and so
on. Chum salmon belong to typical anadromous fish of which life
history includes freshwater and marine life stages. Chum salmon
were born in rivers, the juvenile fish will migrage to the sea soon
after hatching and they live in the ocean until maturation and
then go upstream to the river where they were born to reproduce.
They die soon after breeding and reproduce only once in their
life. At present, the habitat distribution of chum salmon in China
has decreased significantly, and Tangwang River was once one of
the important spawning rivers. Tangwang River once had several
important spawning grounds of chum salmon before 1980s.
However, the fishery resources have undergone serious deple-
tion due to anthropogenic factors such as overfishing, habitat de-
gradation and pollution (Liu, 2011; Yang et al., 2015). Especially,
the chum salmon had not been seen for almost three decades. In
order to restore the fish resources, enhancement release of chum
salmon has been conducted since 2012. And it was found that a
small number of chum salmon migrated to Tangwang River in
autumn in recent years. In order to assess the effect of release,
strontium (Sr) marking method was used to tag chum salmon re-

leased in 2016. Sr marking method is that marked and unmarked
fish groups were distinguished based on the content of Sr in oto-
lith which was adjusted by changing the Sr concentration of hab-
itat water environment. Sr marking method is widely used in fish
enhancement release and achieved many good results (Zhang et
al., 2018; Si et al., 2019). Based on the microchemical analysis of
otolith samples of chum salmon collectd in Tangwang River by
electron probe microanalysis (EPMA). This study intended to re-
veal whether chum salmon released returned to Tangwang River
and it can supply preliminary basic work for the assessment of
enhancement release of chum salmon in Tangwang River.

2  Materials and methods
Chum salmon enhancement release in Tangwang River has

been conducted since 2012, and the released fishes were tagged
by Sr marking method in 2016. The initial concentration of Sr ion
in the incubator reached 30 mg/L by adding Sr chloride into
hatching water every 12 h for 5 d during the germination of fertil-
ized eggs so as to increase the Sr content of otoliths. The homing
chum salmon were detected in Tangwang River, Ussuri River and
Suifen River in 2018. A total of 12 specimens (ID: from C1 to C12;
fork length ranged from 449 mm to 719 mm; body weight ranged
from 1 098 g to 3 902 g) were collected by fishing, of which 4
samples (C1–C4) from Tangyuan section of Tangwang Rvier, oth-
er samples were comparative groups made up of 4 samples from  
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Fuyuan section of the Amur River (C5–C8) and 4 samples from
Dongning section of Suifen River (C9–C12) respectively (Fig. 1).
Chum salmon samples were catched by drift net with the mesh
size of 10 cm. Living samples were then sent to the enhancement
release station as parent fishes for reproduction at once, after
which the otolith samples were collected for further analysis.

The sagittal otoliths of the samples were extracted and
cleaned in distilled water, and then dried. Each otolith was em-
bedded in epoxy resin (Epofix, Struers, Ballerup, Denmark),
mounted on a glass slide, cut and ground to expose the core on
the sagittal plane using a grinding machine equipped with a dia-
mond cup wheel (Discoplan-TS, Struers, Ballerup, Denmark). In
order to obtain more exposed surfaces, the sections were further
polished with 1 μm diamond paste on an automated polishing
wheel (Planopol-35, Struers). Finally, the otoliths were sonicated
in Milli-Q water and rinsed with deionized water and dried in an
oven at room temperature. For EPMA measurements, all otoliths
were fist given a carbon coating with a high vacuum evaporator.
The Sr and Ca concentrations along a line drawn on a life-history
transect were measured along a line down the longest axis of
each otolith from the core to the edge using a wavelength dis-
persive X-ray electron microprobe (JXA-8900R, JEOL Ltd., Tokyo,
Japan). Calcite (CaCO3) and strontianite (SrCO3) were used as
standards for the calibration of the Sr and Ca concentrations. The
accelerating voltage and beam current were 15 kV and 1.2×10−8 A,
respectively. The electron beam was focused on a point 5 μm in
diameter, with measurements spaced at 10 μm intervals. X-ray

intensity maps of both elements were made of the representative
otoliths of the samples using the microprobe in accordance with
the results of life-history transects. The beam current was 0.5 μA,
counting time was 30 ms, pixel size was 7 μm×7 μm, and the elec-
tron beam was focused on a point 5 μm in diameter. The other
analytical conditions were consistent with those used for the life
history transect analyses (Arai et al., 2003b).

3  Results
The basic information of chum salmon samples can be seen

in Table 1. For the Tangwang Rvier samples, the age of C1 and C4
were 3+ years and they were born in 2015 while C2, C3 were 2+

years and were born in 2016. The age range of other samples is
1+–5+ years. Sr/Ca ratios in otolith transects were high variable
among all samples. One dramatic difference between individuals
of C2, C3 and other samples was that the maximal Sr/Ca ratio
near the otolith core of the former (21.55×1 000 and 20.87×1 000)
were dramatically higher than those of the latter (<6×1 000). Ex-
cept C2 and C3, the Sr/Ca ratio range of the samples is 1.22×
1 000–11.55×1 000 which far below the high value area of C2 and
C3. So C2 and C3 can be considered as the released population
(marked population) based on the result that high value area of
otolith stands for the marking area (Fig. 2).

X-ray intensity maps showed that the Sr varies remarkably
among all the samples, although the Ca concentration was simil-
ar. For the comparative samples, it showed that the samples have
yellowish circular region located at the core. A bluish (low Sr) an-
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Fig. 1.   Sampling stations for chum salmon in Tangwang River, Ussuri River and Suifen River.
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nular region outside of the core, outer of the bluish region sever-
al yellowish and reddish bands can be found alternately (Fig. 3,
unmarked sample). However, the reddish annular band which
can be considered as the marking ring by Sr was found near the
core in C2 and C3 (Fig. 3, marked sample). So it proved that C2
and C3 belonged to the marked released population in Tang-
wang River in 2016.

4  Discussion
The elements in otolith are continuously deposited under the

influence of the surrounding water environment, which can pre-
serve the information of the surrounding environment. There-
fore, otolith microchemistry is widely used in the study of fish life
history (Kotake et al., 2003; Yang et al., 2006; Dou et al. 2012;
Beamish et al., 2007). Otolith chemistry can also be used in fish
marking to evaluate the effect of enhancement release (Kull-
mann et al., 2018). Sr element exists widely in nature and the Sr
marking method is convenient, safe, and effective (Si et al., 2019;
Wang et al., 2015).

Chum salmon belong to typical anadromous migratory spe-
cies, and they were born and hatched in fresh water until migrat-
ing to the sea at the stage of juvenile. Because of the migratory
characters, otolith chemistry was widely used in life history study
(Arai et al., 2007; Kang et al., 2014; Christian et al., 2013). Be-
cause of the difference between the conditions of the fresh water

and salt water, the content of Sr and the ratio of Sr/Ca in otolith
showed the volatility changes. The values in seawater are gener-
ally higher than those in fresh water (Phillis et al., 2011). Accord-
ing to the previous studies, bluish area and the low Sr/Ca ratios
region are consistent with a freshwater habitat, while the yellow-
ish, reddish and high Sr/Ca ratios region to the brackish water or
seawater in the analysis of EPMA (Arai et al., 2003a, 2003b; Goto
and Arai, 2003). Sr in the core of otolith of chum salmon is mainly
affected by the yolk sac which was influenced by ambient water
during oogenesis (Kang et al., 2014). While Sr is mainly affected
by the surrounding freshwater environment from the end of yolk
sac absorption to the pre sea stage. So the concentration of Sr in
the core region of the otolith of chum salmon is higher than that
in its adjacent region. Furthermore physiological factor can also
affect the otolith chemistry (Farrell and Campana, 1996).
However, the Sr/Ca raito of chum salmon is usualilly smaller
than 15×1 000 (1.22×1 000–11.55×1 000 in this study), and in fresh
water stage (near the core of otolith) the ratio is much lower than
that in salt water (Fig. 3). So the high Sr/Ca ratio of C2 and C3
were caused by Sr marking in the eye stage of fertilized eggs. So it
can be proved that C2 and C3 are the tagged individuals released
in Tangwang River in 2016. In this study, the marking of chum
salmon otolith with the unsteady concentration of strontium ion
and initial concentration of Sr ion in incubator is 30 mg/L. The
peak value of Sr/Ca ratio is 20×1 000–22×1 000 which much lower

Table 1.   The basic information of chum salmon samples
Samples Sex Body fork length/cm Body weight/g Age Sampling river

C1 Female 65.5 2 859.5 3+ Tangwang River

C2 Female 58.8 2 385.2 2+ Tangwang River

C3 Male 48.9 1 019.7 2+ Tangwang River

C4 Female 58.2 1 807.6 3+ Tangwang River

C5 Male 55.1 1 703.7 2+ Ussuri River

C6 Female 66.2 3 013.6 4+ Ussuri River

C7 Female 69.8 3 902.5 4+ Ussuri River

C8 Male 71.9 3 012.3 5+ Ussuri River

C9 Male 46.3 1 205.9 1+ Suifen River

C10 Male 44.9 1 098.2 1+ Suifen River

C11 Male 49.2 1 322.5 2+ Suifen River

C12 Female 54.9 1 761.6 2+ Suifen River
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Fig.  2.     Fluctuation of  otoliths  Sr/Ca concentration ratios  along line transects  from the core (0  μm) to the edge in otoliths  of
Oncorhynchus keta.
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than the samples tagged by stead concentration (about 77×1 000)
(Wang et al., 2015). However, marked and unmarked groups can
also been distinguished significantly (Fig. 2).

A total of four chum salmon were collected in the Tangwang
River in 2018, of which two of them were born in 2016 and were
proved as the released individuals. The other two samples were
born in 2015 and it is not known whether they belong to released
groups because the chum salmon population released were not
marked in 2015. In any case, it has also been shown that the en-
hancement release of chum salmon in Tangwang River has
achieved substantial results, although the number of returned
populations is not very large. This confirms the river connectivity
in the lower reaches of the Tangwang River and that Tangwang
River can be used as a breeding and releasing site of chum sal-
mon to restore its historic salmon habitat and spawning grounds.
This study provides a basic data for the population restoration of
chum salmon.
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