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Abstract

Otolith chemical signatures are sufficiently stable across time to allow for accurate stock classification. The classification of the 
southern Yellow Sea population for Larimichthys polyactis (Bleeker, 1877) and its connectivity with others from 1962 is contro-
versial. The study aimed to study the inter-annual variation in otolith strontium:calcium (Sr:Ca) ratios of L. polyactis to determine 
whether otolith natural tags are representative over long periods and can then be used for population structure classification. Spawn-
ing L. polyactis individuals were captured by stow nets in the same site of the southern Yellow Sea coastal waters during April–May 
in 2003, 2012, and 2013. EPMA (electron probe microanalysis) was used to determine the Sr:Ca ratios of a total of 25 otolith sam-
ples. Mann–Whitney U-test was used to test the differences of otolith Sr:Ca ratios from the core to edge for each otolith. One-way 
ANOVA was performed to compare the mean otolith Sr:Ca values among 2003, 2012, and 2013. Otoliths from 2003, 2012, and 2013 
showed similar patterns of Sr:Ca ratios and Sr:Ca ratios could be divided into higher and lower phases in the core and remaining 
regions, respectively. Inter-annual significant differences for each high or low Sr:Ca phase of otoliths were not observed over short- 
(between 2012 and 2013) or long-time (between 2003 and 2012, and between 2003 and 2013) scales. Univariate contrasts across the 
adjacent year and decade classes were statistically similar. The Sr:Ca ratio signatures in the otolith were relatively stable across years 
and can be used as a reliable natural tag for connectivity assessments and stock identification with little or no genetic differentiation 
among L. polyactis populations. The short- and long-term temporal stability of otolith Sr:Ca ratios also revealed, the existence of 
stable L. polyactis stocks in the southern Yellow Sea, consistent with a previous finding of capture survey.
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Introduction

Otoliths are used as natural tags in fish, because of their 
capacity to record time-resolved lifetime environmental 
histories, which provides an opportunity for geolocating 
individual fish in time and space (Campana et al. 2000; 

Gillanders 2002). Retrospective determination of the natal 
source of fish stocks depends on the premise that the oto-
lith chemical signatures are sufficiently stable across time 
to allow for accurate classification (Rooker et al. 2003; 
D’Avignon and Rose 2013). Therefore, understanding the 
temporal scale of otolith chemistry is essential to evaluate 
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the reliability of natural tags among years (Walther and 
Thorrold 2009). There has been considerable research on 
the geographical variation of natal geochemical signa-
tures, but limited studies have examined the temporal sta-
bility of otolith chemistry. Studies that examined temporal 
variation in otolith chemical composition found substan-
tial variations within (Thorrold and Shuttleworth 2000; 
Reis-Santos et al. 2012) and among years (Campana et al. 
2000; Gillanders 2002; Walther and Thorrold 2009; Pru-
ell et al. 2012), which could lead to misinterpretation of 
spatial variability in otolith signatures (Reis-Santos et al. 
2012; Avigliano et al. 2018). For instance, in Platichthys 
flesus (Linnaeus, 1758) and Dicentrarchus labrax (Lin-
naeus, 1758), collected from several estuaries along the 
Portuguese coast in two years and three seasons within 
a year, significant differences were observed in the ma-
jority of otolith elements among estuaries and sampling 
times, which were likely to be a reflection of the observed 
variability in environmental conditions, incorporating sea-
sonal variation, which resulted in an 11% increase in the 
correct classification of individual estuaries (Reis-Santos 
et al. 2012). There was some overlap in elemental fin-
gerprints among years for different estuaries for juvenile 
snapper Pagrus auratus (Forster, 1801), which was likely 
to have consequences in the assignment of adult fish to 
recruitment estuaries, especially if juvenile fish were col-
lected from different estuaries in different years and adult 
fish were not assigned to recruitment estuaries using ele-
mental fingerprints from the year class of recruits in which 
they were juveniles (Gillanders 2002). Furthermore, the 
long-term stability of otolith chemical signatures has been 
less frequently investigated (Avigliano et al. 2018), sug-
gesting that chemical signatures may serve only as short-
term natural tags (1–3 y) (Rooker et al. 2001; Walther and 
Thorrold 2009; Pruell et al. 2012).

The yellow croaker, Larimichthys polyactis (Bleeker, 
1877) (Perciformes: Sciaenidae), is an important fish spe-
cies endemic to the Northwest Pacific, inhabiting coast-
al waters across the Yellow, Bohai, and East China seas 
(Wang et al. 2013; Xiong et al. 2015), and supporting 
demersal fisheries in China, Korea, and Japan (Lim et 
al 2010; Xiong et al. 2016). Therefore, it is important to 
understand the population structure and connectivity pat-
terns between stocks to conserve and manage this species 
in danger of overexploitation. Among L. polyactis pop-
ulations in China’s coastal waters, the classification of 
the southern Yellow Sea population and its connectivity 
dynamics from 1962 is controversial (Xiong et al. 2016). 
Previous fishery ecological studies have suggested four, 
three, or two groups of L. polyactis across the China coast. 
Some researchers (Liu 1990; Jin 2005) have pointed out 
the presence of the Bohai Sea and Northern Yellow Sea 
group, the Middle Yellow Sea group, the Southern Yellow 
Sea group, and the East China Sea group across the China 
coast. Others (Zhang et al. 2007; Yan et al. 2014) believe 
that there were three groups (the Bohai Sea, the Southern 
Yellow Sea, and the Central Yellow Sea groups) along the 
coast of China. However, Xu and Chen (2010) suggest-
ed that there were two L. polyactis groups: the Northern 

Yellow Sea and Bohai Sea group and the Southern Yellow 
Sea and the East China Sea group. Therefore, the tempo-
ral variability in otolith elemental signatures is essential 
to determine whether classifications and retroactivity of 
unknown individuals can be made using baseline data of 
otolith chemical signatures of this fish species.

The otolith strontium:calcium (Sr:Ca) ratio of concen-
trations have been applied as a useful scalar to estimate 
habitat use, migration history, and distinguish population 
structures of fish (Secor and Rooker 2000; Zimmerman 
2005; Yang et al. 2011; Khumbanyiwa et al. 2018), suc-
cessfully used in marine fish, including the Sciaenidae 
species Argyrosomus japonicus (Temminck et Schlegel, 
1843) (see Ferguson et al. 2011) and Collichthys lucidus 
(Richardson, 1844) (see Liu et al. 2015). Recently, the 
habitat reconstruction and early life history of L. poly-
actis from the southern Yellow Sea was determined, 
based on the otolith microchemical analysis of the Sr:Ca 
ratio (Xiong et al. 2014, 2017). The presently reported 
study aimed to investigate otolith Sr:Ca ratio variability 
across an adjacent year class and 10-year interval class of 
L. polyactis in the southern Yellow Sea. This is a key step 
to establishing baseline characteristics of L. polyactis oto-
lith Sr:Ca tags, which can then be used for connectivity 
assessments in the southern Yellow Sea.

Materials and methods
Spawning L. polyactis individuals were captured by stow 
nets in the southern Yellow Sea coastal waters (Fig. 1), as 
described by Xiong et al. (2017). Sampling was conduct-
ed during the late spring spawning run (April–May) in 
2003, 2012, and 2013, at the same sampling site (32°05′N, 
121°50′E) to determine the otolith Sr:Ca ratio. Eight spec-
imens of L. polyactis [standard length (LS): range, 13.4–
18.3 cm; mean ± SD, 15.1 ± 1.7 cm; similarly hereafter] 
aged 1–2 years were captured in 2003, ten (10.7–15.6 cm, 
11.9 ± 1.5 cm) aged 1–2 years in 2012, and seven (12.2–
18.6 cm, 14.6 ± 2.0 cm) aged 1–2 years in 2013 (Table 1).
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Figure 1. Sampling site for the yellow croaker Larimichthys 
polyactis used in the microchemistry analyses. The sampling 
site in coastal waters of the southern Yellow Sea in 2003, 2012, 
and 2013 is indicated by a red star.
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Table 1. High and low phases of the strontium:calcium (Sr:Ca) ratio in Larimichthys polyactis otoliths. High and low phases of the 
Sr:Ca ratio in Larimichthys polyactis otoliths collected in 2003, 2012, and 2013.

Year Sample code Standard Estimated High Sr:Ca phase Low Sr:Ca phase
length [mm] age Distance from 

the core [μm]
Sr:Ca Distance from 

the core [μm]
Sr:Ca

(mean ± SD) (mean ± SD)
2003 LSPP12 134 1+ 0–240 7.57 ± 1.20 a 260–3,180 5.77 ± 0.80 b

LSPP13 136 1+ 0–140 6.97 ± 0.73 a 160–2,180 4.60 ± 0.74 b

LSPP14 148 1+ 0–140 7.16 ± 1.51 a 160–2,500 4.74 ± 0.63 b

LSPP15 141 1+ 0–180 7.10 ± 1.16 a 200–2,100 4.71 ± 0.78 b

LSPP18 162 1+ 0–40 7.68 ± 1.50 a 60–3,040 4.31 ± 0.80 b

LSPP19 161 1+ 0–200 6.85 ± 1.24 a 220–4,260 4.76 ± 0.99 b

LSPP20 183 2+ 0–160 6.90 ± 0.96 a 180–1,900 4.88 ± 0.78 b

LSPP21 141 1+ 0–300 7.64 ± 0.95 a 320–2,320 5.48 ± 0.92 b

2012 LSPP01 156 1+ 0–200 7.67 ± 1.03a 220–3,300 4.31 ± 0.88b

LSPP02 106 1+ 0–280 7.31 ± 0.59 a 300–2,480 5.18 ± 0.92 b

LSPP03 115 1+ 0–80 7.02 ± 2.36 a 100–3,280 4.69 ± 1.01 b

LSPP04 117 1+ 0–160 6.63 ± 0.58 a 180–2,760 4.60 ± 0.96 b

LSPP05 109 1+ 0–180 7.04 ± 1.09 a 200–2,940 5.33 ± 0.92 b

LSPP06 122 1+ 0–60 6.68 ± 0.26 a 80–3,140 4.82 ± 0.95 b

LSPP07 107 1+ 0–60 7.74 ± 1.46 a 80–3,440 4.73 ± 0.86 b

LSPP08 118 1+ 0–300 7.58 ± 0.88 a 320–3,420 4.36 ± 0.98b

LSPP09 123 1+ 0–240 7.14 ± 0.83 a 260–3,340 4.85 ± 1.00 b

LSPP10 112 1+ 0–380 6.40 ± 0.64 a 400–2,780 5.16 ± 1.09b

2013 LSLP02 138 1+ 0–80 7.62 ± 1.17 a 100–3,480 4.28 ± 0.81 b

LSLP04 186 2+ 0–220 7.18 ± 1.17 a 240–2,520 4.76 ± 0.81 b

LSLP05 152 1+ 0–80 7.55 ± 1.94 a 100–4,340 4.77 ± 0.90 b

LSLP07 122 1+ 0–160 6.79 ± 1.14 a 180–2,020 4.57 ± 0.85 b

LSLP08 143 1+ 0–80 7.75 ± 1.10 a 100–2,760 5.09 ± 0.92 b

LSLP09 133 1+ 0–120 7.61 ± 1.30 a 140–2,200 4.42 ± 1.02 b

LSLP10 151 1+ 0–80 7.34 ± 1.43 a 100–1,980 4.48 ± 0.86 b

The different superscript lowercase letters (a and b) indicate a significant difference at the 0.01 level for the Mann–Whitney U-test, which was used 
to compare the differences between the high and low Sr:Ca phases of each otolith sample.

Methods of preparing L. polyactis otoliths for use in 
electron probe microanalysis (EPMA) measurement have 
been described by Xiong et al. (2017). The sagittal oto-
liths were extracted, cleaned, and embedded in epoxy res-
in (Epofix; Struers, Copenhagen, Denmark), mounted on 
a glass slide, and then ground using a grinding machine 
(Discoplan-TS; Struers, Copenhagen, Denmark) equipped 
with a diamond cup-wheel. Each otolith was further pol-
ished on an automated polishing wheel (LaboPol-35; 
Struers, Copenhagen, Denmark), then cleaned in an ul-
trasonic bath, and rinsed with Milli-Q water. Finally, all 
otoliths were carbon-coated in a high vacuum evaporator 
(JEE-420, JEOL Ltd, Tokyo, Japan) for further EPMA 
measurements.

EPMA was used to study the Sr and Ca concentrations, 
based on the method described by Xiong et al. (2017) but 
with a slight modification. Each otolith sample was mea-
sured along the longest axis, from the core to the edge, 
using a wavelength dispersive X-ray electron probe mi-
cro-analyzer (JEOL JXA-8100; JEOL Ltd, Tokyo, Japan). 

Two reference materials, CaCO3 and SrTiO3, were used as 
standards. The accelerating voltage and electron beam cur-
rent was set at 15 kV and 2 × 10–8 A, respectively. The elec-
tron beam was focused on a point 5 μm in diameter with 
measurements spaced at 20 μm intervals, and the counting 
time was 15 s. The Sr X-ray intensity maps were devel-
oped from the representative L. polyactis otoliths, using 
the aforementioned electron probe micro-analyzer with the 
same methods described in our previous study (Xiong et al. 
2014; Fig. 2). The beam current was 5 × 10–7 A, counting 
time was 30 ms, and pixel size was 7 × 7 μm in diameter.

Based on our previous study in 2012, which was the 
first time L. polyactis otoliths from the southern Yellow Sea 
were analyzed (Xiong et al. 2014), we established the base-
line of otolith Sr:Ca ratio (Table 2 and Fig. 2). Otolith Sr:Ca 
ratios from the core to edge were separated into high Sr:Ca 
(i.e., (Sr:Ca) × 1000) > 7, reddish regions in X-ray intensity 
map) and low Sr:Ca (7 ≥ (Sr:Ca) × 1000 ≥ 3, greenish-yel-
lowish regions in X-ray intensity map) regions, which cor-
responded to a high salinity habitat in early developmental 

Table 2. Comparison for high and low strontium:calcium (Sr:Ca) phases in Larimichthys polyactis otoliths. One-way ANOVA 
results for high Sr:Ca and low Sr:Ca phases in Larimichthys polyactis otoliths compared in 2003, 2012, and 2013.

MS df F P Significance level
High Sr:Ca phase Inter-groups 0.167 2 1.082 0.356 NS

Within-groups 0.154 22
Low Sr:Ca phase Inter-groups 0.151 2 1.070 0.360 NS

Within-groups 0.141 22

NS: Non-significant.



Ying XIONG et al.: Temporal stability in the otolith Sr:Ca ratio of Larimichthys polyactis62

stages, and middle salinity habitat in later developmental 
stages, respectively. The X-ray intensity map corresponds 
to 16 color map patterns of Sr content from blue (lowest) 
through green and yellow to red (highest).

According to L. polyactis baseline data from 2012 
(Xiong et al. 2014), otolith Sr:Ca ratios in 2003 and 2013 
from the core to edge were separated into high and low 
regions, respectively. The Mann–Whitney U-test is a 
non-parametric statistical technique, which is used to ana-
lyze differences between the medians of two data sets. This 
study presents the Mann–Whitney U-test as a statistical 
technique to examine differences between two indepen-
dent groups on a continuous scale, namely, the differenc-
es in otolith Sr:Ca ratios between high and low phases of 
each otolith sample as described in previous studies (Yang 
et al. 2006; Liu et al. 2015; Jiang et al. 2019; Sokta et al. 
2020). The Mann–Whitney U-test was defined as follows:

where X and Y represent two samples (high and low 
phases) in this study, and m and n are their sample sizes, 
respectively.

Unlike the Mann–Whitney U-test, which compares 
median values between two groups, one-way ANOVA 
compares values among multiple sets of groups. In this 
study, one-way ANOVA was used to determine whether 
the otolith Sr:Ca values varied with time for three com-
parisons across an adjacent year (2012 vs. 2013) and 
decade (2003 vs. 2012, and 2003 vs. 2013), calculated 
from the high and low Sr:Ca phases, respectively. The 
assumption of normality and homogeneity of variance for 
each variable was examined using Kolmogorov–Smirnov 
(KS) and Levene’s tests, and the variables were log-trans-
formed if necessary. Variables that did not pass the nor-
mality and homogeneity tests were excluded from further 
analysis. Statistical analysis was performed using IBM 
SPSS (version 19.0; IBM Corp., Armonk, NY, USA).

One-way ANOVA was defined as:
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Figure 2. X-ray intensity map of strontium (Sr) content and strontium:calcium (Sr:Ca) ratios fluctuation in Larimichthys polyactis 
otolith. X-ray intensity map of the Sr content in Larimichthys polyactis otoliths collected in 2012 from the southern Yellow Sea 
(left). This pattern is representative of with overall low Sr levels (greenish and yellowish color), except for higher Sr contents in the 
core (reddish color). Mean Sr:Ca ratios fluctuated (with positive SD values) along the transect from the core (0 μm) to the edge of 
otoliths (right). The figure in 2012 has been referenced from Xiong et al. (2014). The dashed line represents the boundary between 
the high and low Sr phases; the high phases are on the left and the low phases are on the right.
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where SSB represents the sum of squares between groups, 
SSW represents the sum of squares within-group, MSB rep-
resents the mean square between groups, MSW represents 
the mean square within-group, VB represents the degrees 
of freedom between-groups (VB = 2), VW represents the 
degrees of freedom within-group (VW = 22 ), i represents 
three groups (2003, 2012, and 2013), and j represents the 
total number of samples (n = 25) minus K (3 groups), 
namely 22.

The age of each sample of the presently reported study 
was estimated with the body length-at-age growth equation

reported by Zhang et al. (2010), because the growth rings 
were indistinguishable in both scales and otoliths (Table 1).

Results
Otoliths from 2003, 2012, and 2013 showed similar pat-
terns of Sr:Ca ratios (Table 1, Fig. 2). All otolith sam-
ples had Sr-rich cores (regions < 380 μm radius from the 
core), whereas the remaining regions were characterized 
by relatively lower and more stable Sr patterns. Despite 
the individual variation, the corresponding results from 
the life history transects of the otolith Sr:Ca ratios could 
be divided into higher and lower phases in the core and 
remaining regions, respectively (Mann–Whitney U-test, 
P < 0.01) (Table 1).

The mean Sr:Ca ratios of the regions in the high Sr:Ca 
phase ranged from 6.79 to 7.68 in 2003, 2013, and 2012, 
whereas the corresponding ratios in the low Sr:Ca phase 
varied substantially in the remaining stages (Fig. 2).

Inter-annual differences in otolith chemistry were not 
observed over short- (between 2012 and 2013) or long-
time (between 2003 and 2012, and between 2003 and 2013) 
scales (Table 2). Univariate contrasts for each high or low 
Sr:Ca phase across the adjacent year and decade classes 
were statistically similar (ANOVA, P > 0.05) (Table 2).

Discussion
In the presently reported study, the L. polyactis otolith 
Sr:Ca ratios were the highest and most variable near the 
otolith core in 2003, 2012, and 2013, which was possibly 
influenced by ontogenetic physiology and ambient chem-
istry. High Sr in the adult stage is more likely to reflect 
physiological state, particularly reproduction, than to re-
flect waterborne sources (Sturrock et al. 2015). However, 

the edge of high Sr region in the otolith core of larval 
L. polyactis is corresponding to the age of around 5–7 
days and the first feeding ring is formed on the second 
day after hatching, which is demonstrated in Xiong et 
al. (2017). Moreover, for other sciaenid species C. luci-
dus, the Sr-richest regions (radius < 90 μm regions from 
the core) were attributed to the brachyhaline sea water 
brought by large flood tides (Liu et al. 2015). So the high 
Sr otolith core cannot be explained as the influence of the 
maternal yolk. Coastal areas are characterized by greater 
chemical heterogeneity owing to upwelling and fluvial 
(Sturrock et al. 2012). Furthermore, at the sampling site 
of the presently reported study, upwelling enriched trace 
elements (e.g., Sr) occurs in the coastal waters of the Lüsi 
near the Yangtze River estuary (Zhu et al. 2004; Lü et 
al. 2006). In March, the mixed water masses of the East 
China Sea and the Yellow Sea with low temperature and 
high salinity appeared in the coastal waters of the south-
ern Yellow Sea (Su et al. 1983). Therefore, high Sr:Ca 
values and fluctuations during the early development of 
L. polyactis, which more likely correlated with water-
borne sources in coastal areas of the southern Yellow 
Sea. These spawning fish were almost 1-year-old during 
this study, and fish of this age would probably have ex-
perienced drastic environmental changes in the western 
seawater of Jeju Island in which L. polyactis migrate for 
both overwintering and spawning (Xiong et al. 2016) 
because temperatures there have been observed to range 
from 26.1°C in November to 12.2°C in March (Hu 2013). 
However, such remarkable variations in water tempera-
ture did not appear to influence the otolith Sr:Ca ratios of 
L. polyactis, because the remaining development showed 
stable Sr:Ca ratios. Therefore, the otolith Sr contents or 
Sr:Ca ratios of L. polyactis in the presently reported study 
appeared to correspond to the salinity habitat. Although 
Sr uptake in otoliths of diadromous fish may be influ-
enced to some degree by temperature, growth rate, age, 
diet, and stress (Yang et al. 2011), temperature and other 
factors did not seem to be the major factors (Howland et 
al. 2001; Yang et al. 2011). Additionally, the salinity of 
the ambient water is the most consistent and prominent 
factor influencing Sr uptake and may mask the effects of 
other factors (Yang et al. 2006).

In L. polyactis later developmental stages, the otolith 
Sr:Ca ratios remained stable and showed no significant 
differences between short- and long-time, suggesting 
that this ontogenetic stage experienced a relatively uni-
form physicochemical environment, which is supported 
by the fact that Ca and Sr exhibit quasi-conservative dis-
tributions resulting in comparatively stable Sr:Ca levels 
(Brown and Severin 2009) or near-constant Sr:Ca ratios in 
marine ecosystems (Secor et al. 1995; Steele et al. 2009).

The Sr:Ca ratio was selected to infer migration through 
habitats with different salinities in otolith microchemis-
try studies. Otolith Sr:Ca from Pangasius krempfi Fang 
et Chaux, 1949 varied between 1999 and 2017, possibly 
owing to changes in water environmental conditions with 
the development of hydropower dams along the Mekong 
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River (Tran et al. 2019). Otherwise, the inter-annual vari-
ability of elemental composition (including Sr:Ca) in 
the otolith nuclei of Coilia nasus Temminck et Schlegel, 
1846 at each site was minimal, indicating that the ele-
mental signatures at a given site might be maintained at 
comparable levels over a period of 3 years, resulting in a 
characteristic marker for that stock (Dou et al. 2012). In 
the presently reported study, the L. polyactis otolith Sr:Ca 
results in adjacent year and decade intervals may be in-
dicative of consistent environmental conditions along the 
migration route across years. The tendency of temporal 
variation across years in Sr:Ca for L. polyactis was simi-
lar to that reported by Liu et al. (2015) for the Sciaenidae 
species C. lucidus from 2003 and 2010, although the prior 
study did not compare interannual variation.

Furthermore, we documented directly, for the first 
time, the uniform migratory history demonstrated by 
stable Sr:Ca over short- and long-term scales, which 
could suggest the existence of a stable L. polyactis stock 
in the southern Yellow Sea. This corroborates the find-
ings of a previous fishery investigation during 2003 and 
2013 that showed a similar migration distribution for L. 
polyactis in the southern Yellow Sea (Xiong et al. 2016). 

Up to now, genetic studies have failed to provide com-
pelling evidence for the existence of a single stock of L. 
polyactis in the southern Yellow Sea, despite the devel-
opment of numerous discriminatory tools and genetic 
markers (Li et al. 2013; Zhang et al. 2020). Compared to 
molecular approaches, the Sr:Ca ratio of otoliths, espe-
cially the inter-annual stability of the Sr:Ca ratio, might 
provide an alternative method for stock identification 
when little or no genetic differentiation exists among L. 
polyactis populations.

In conclusion, the L. polyactis otolith Sr:Ca signatures 
were found to be stable across years in the southern Yel-
low Sea, and therefore we suggest that further studies on 
L. polyactis should focus on the connectivity of spawning 
groups and overwintering groups, and their population 
structure in China seawater by analyzing the otolith mi-
crochemistry.

Acknowledgments
This study was supported by the National Natural Science 
Foundation of China (Grant No. 31802297).

References
Avigliano E, Carvalho B, Velasco G, Tripodi P, Volpedo AV (2018) In-

ter-annual variability in otolith chemistry of catfish Genidens barbus 
from South-western Atlantic estuaries. Journal of the Marine Bio-
logical Association of the United Kingdom 98(4): 855–865. https://
doi.org/10.1017/S0025315417000212

Brown RJ, Severin KP (2009) Otolith chemistry analyses indicate that 
water Sr:Ca is the primary factor influencing otolith Sr:Ca for fresh-
water and diadromous fish but not for marine fish. Canadian Journal 
of Fisheries and Aquatic Sciences 66(10): 1790–1808. https://doi.
org/10.1139/F09-112

Campana SE, Chouinard GA, Hanson JM, Frechet A, Brattey J (2000) 
Otolith elemental fingerprints as biological tracers of fish stocks. 
Fisheries Research 46(1–3): 343–357. https://doi.org/10.1016/
S0165-7836(00)00158-2

D’Avignon G, Rose GA (2013) Otolith elemental fingerprints distin-
guish Atlantic cod spawning areas in Newfoundland and Labra-
dor. Fisheries Research 147: 1–9. https://doi.org/10.1016/j.fish-
res.2013.04.006

Dou SZ, Amano Y, Yu X, Cao L, Shirai K, Otake T, Tsukamoto K 
(2012) Elemental signature in otolith nuclei for stock discrimination 
of anadromous tapertail anchovy (Coilia nasus) using laser ablation 
ICPMS. Environmental Biology of Fishes 95(4): 431–443. https://
doi.org/10.1007/s10641-012-0032-3

Ferguson GJ, Ward TM, Gillanders BM (2011) Otolith shape and el-
emental composition: Complementary tools for stock discrimina-
tion of mulloway (Argyrosomus japonicus) in southern Australia. 
Fisheries Research 110(1): 75–83. https://doi.org/10.1016/j.fish-
res.2011.03.014

Gillanders BM (2002) Temporal and spatial variability in elemental 
composition of otoliths: Implications for determining stock identity 
and connectivity of populations. Canadian Journal of Fisheries and 
Aquatic Sciences 59(4): 669–679. https://doi.org/10.1139/f02-040

Howland KL, Tonn WM, Babaluk JA, Tallman RF (2001) Identification 
of freshwater and anadromous inconnu in the Mackenzie River sys-
tem by analysis of otolith strontium. Transactions of the American 
Fisheries Society 130(5): 725–741. https://doi.org/10.1577/1548-86
59(2001)130<0725:IOFAAI>2.0.CO;2

Hu YY (2013) Seasonal and interannual variations in the water tem-
perature in the Yellow Sea and East China Sea. MSc Thesis, Ocean 
University of China. Qingdao, China.

Jiang T, Liu HB, Huang HH, Yang J (2019) Migration patterns and hab-
itat use of the tapertail anchovy Coilia mystus in the Oujiang River 
Estuary and the Zhujiang River Estuary, China. Acta Oceanologica 
Sinica 38(8): 35–40. https://doi.org/10.1007/s13131-019-1436-0

Jin XS (2005) Small yellow croaker. In: Jin XS, Zhao XY, Meng TX, 
Cui Y (Eds) Biological Resource and Habitation Environment of the 
Bohai and Yellow Sea. Science Press, Beijing, 308–321. [In Chinese]

Khumbanyiwa DD, Li MM, Jiang T, Liu HB, Yang J (2018) Unraveling 
habitat use of Coilia nasus from Qiantang River of China by otolith 
microchemistry. Regional Studies in Marine Science 18: 122–128. 
https://doi.org/10.1016/j.rsma.2018.02.001

Li Y, Han Z, Song N, Gao TX (2013) New evidence to genetic analysis 
of small yellow croaker (Larimichthys polyactis) with continuous 
distribution in China. Biochemical Systematics and Ecology 50: 
331–338. https://doi.org/10.1016/j.bse.2013.05.003

Lim HK, Le MH, An CM, Kim SY, Park MS, Chang YJ (2010) Re-
productive cycle of yellow croaker Larimichthys polyactis in south-
ern waters off Korea. Fisheries Science 76(6): 971–980. https://doi.
org/10.1007/s12562-010-0288-5

Liu XS (1990) Investigation and Division of Fisheries Resource of the 
Bohai and Yellow Sea: Small Yellow Croaker. Ocean Press, Bei-
jing,191 pp. [In Chinese]

Liu HB, Jiang T, Huang HH, Shen XQ, Zhu JB, Yang J (2015) Estua-
rine dependency in Collichthys lucidus of the Yangtze River Estuary 

https://doi.org/10.1017/S0025315417000212
https://doi.org/10.1017/S0025315417000212
https://doi.org/10.1139/F09-112
https://doi.org/10.1139/F09-112
https://doi.org/10.1016/S0165-7836(00)00158-2
https://doi.org/10.1016/S0165-7836(00)00158-2
https://doi.org/10.1016/j.fishres.2013.04.006
https://doi.org/10.1016/j.fishres.2013.04.006
https://doi.org/10.1007/s10641-012-0032-3
https://doi.org/10.1007/s10641-012-0032-3
https://doi.org/10.1016/j.fishres.2011.03.014
https://doi.org/10.1016/j.fishres.2011.03.014
https://doi.org/10.1139/f02-040
https://doi.org/10.1577/1548-8659(2001)130%3C0725:IOFAAI%3E2.0.CO;2
https://doi.org/10.1577/1548-8659(2001)130%3C0725:IOFAAI%3E2.0.CO;2
https://doi.org/10.1007/s13131-019-1436-0
https://doi.org/10.1016/j.rsma.2018.02.001
https://doi.org/10.1016/j.bse.2013.05.003
https://doi.org/10.1007/s12562-010-0288-5
https://doi.org/10.1007/s12562-010-0288-5


Acta Ichthyologica et Piscatoria 51(1), 2021, 59–65 65

as revealed by the environmental signature of otolith strontium and 
calcium. Environmental Biology of Fishes 98(1): 165–172. https://
doi.org/10.1007/s10641-014-0246-7

Lü X, Qiao F, Xia C, Zhu J, Yuan Y (2006) Upwelling off Yangtze River 
estuary in summer. Journal of Geophysical Research 11: C11S08. 
https://doi.org/10.1029/2005JC003250

Pruell RJ, Taplin BK, Karr JD (2012) Spatial and temporal trends in 
stable carbon and oxygen isotope ratios of juvenile winter flounder 
otoliths. Environmental Biology of Fishes 93(1): 61–71. https://doi.
org/10.1007/s10641-011-9890-3

Reis-Santos P, Gillanders BM, Tanner SE, Vasconcelos RP, Elsdon TS, 
Cabral HN (2012) Temporal variability in estuarine fish otolith el-
emental fingerprints: Implications for connectivity assessments. 
Estuarine, Coastal and Shelf Science 112: 216–224. https://doi.
org/10.1016/j.ecss.2012.07.027

Rooker JR, Secor DH, Zdanowicz VS, Itoh T (2001) Discrimination of 
northern bluefin tuna from nursery areas in the Pacific Ocean using 
otolith chemistry. Marine Ecology Progress Series 218: 275–282. 
https://doi.org/10.3354/meps218275

Rooker JR, Secor DH, Zdanowicz VS, De Metrio G, Relini LO (2003) 
Identification of Atlantic bluefin tuna (Thunnus thynnus) stocks from 
putative nurseries using otolith chemistry. Fisheries Oceanography 
12(2): 75–84. https://doi.org/10.1046/j.1365-2419.2003.00223.x

Secor DH, Rooker JR (2000) Is otolith strontium a useful scalar of life 
cycles in estuarine fishes? Fisheries Research 46(1–3): 359–371. 
https://doi.org/10.1016/S0165-7836(00)00159-4

Secor DH, Henderson-Arzapalo A, Piccoli PM (1995) Can otolith micro-
chemistry chart patterns of migration and habitat utilization in anad-
romous fishes? Journal of Experimental Marine Biology and Ecol-
ogy 192(1): 15–33. https://doi.org/10.1016/0022-0981(95)00054-U

Sokta L, Jiang T, Liu H, Xuan Z, Qiu C, Chen X, Yang J (2020) Loss 
of Coilia nasus habitats in Chinese freshwater lakes: An otolith 
microchemistry assessment. Heliyon 6(8): e04571. https://doi.
org/10.1016/j.heliyon.2020.e04571

Steele JH, Turekian KK, Thorpe SA (2009) Marine Chemistry & Geo-
chemistry: A Derivative of the Encyclopedia of Ocean Sciences. Ac-
ademic Press, New York.

Sturrock AM, Trueman CN, Darnaude AM, Hunter E (2012) Can oto-
lith elemental chemistry retrospectively track migrations in fully 
marine fishes? Journal of Fish Biology 81(2): 766–795. https://doi.
org/10.1111/j.1095-8649.2012.03372.x

Sturrock AM, Hunter E, Milton JA, Johnson RC, Waring CP, Trueman 
CN (2015) Quantifying physiological influences on otolith mi-
crochemistry. Methods in Ecology and Evolution 6(7): 806–816. 
https://doi.org/10.1111/2041-210X.12381

Su Y, Yu Z, Li F (1983) Application of cluster analysis method for ana-
lyzing the water-masses in the shallow water area and the analysis of 
modified water-masses in the Huanghai Sea and the East China Sea. 
Oceanologia et Limnologia Sinica 14: 1–12. [In Chinese.] https://
doi.org/10.1007/BF02849607

Thorrold SR, Shuttleworth S (2000) In situ analysis of trace elements 
and isotope ratios in fish otoliths using laser ablation sector field 
inductively coupled plasma mass spectrometry. Canadian Journal 
of Fisheries and Aquatic Sciences 57(6): 1232–1242. https://doi.
org/10.1139/f00-054

Tran NT, Labonne M, Hoang HD, Panfili J (2019) Changes in environ-
mental salinity during the life of Pangasius krempfi in the Mekong 
Delta (Vietnam) estimated from otolith Sr:Ca ratios. Marine & Fresh-
water Research 70(12): 1734–1746. https://doi.org/10.1071/MF18269

Walther BD, Thorrold SR (2009) Inter-annual variability in isotope 
and elemental ratios recorded in otoliths of an anadromous fish. 
Journal of Geochemical Exploration 102(3): 181–186. https://doi.
org/10.1016/j.gexplo.2008.10.001

Wang L, Liu S, Zhuang Z, Guo L, Meng Z, Lin H (2013) Population 
genetic studies revealed local adaptation in a high gene-flow marine 
fish, the small yellow croaker (Larimichthys polyactis). PLoS ONE 
8(12): e83493. https://doi.org/10.1371/journal.pone.0083493

Xiong Y, Liu HB, Liu PT, Tang JH, Yang J, Jiang T, Wu L, Gao YS (2014) 
Reconstructing habitat history of Larimichthys polyactis in Lusi coast-
al waters of Jiangsu Province, China, based on otolith microchemistry. 
Chinese Journal of Applied Ecology 25(3): 836–842. [In Chinese]

Xiong Y, Yang J, Zhang ZH, Liu HB, Jiang T, Chen TT (2015) Factors 
affecting morphological development of the sagittal otolith in juve-
nile and adult small yellow croaker (Larimichthys polyactis, Bleek-
er, 1877). Journal of Applied Ichthyology 31(6): 1023–1028. https://
doi.org/10.1111/jai.12914

Xiong Y, Zhong XM, Tang JH, Yang J (2016) Migration and population 
structure characteristics of the small yellow croaker Larimichthys 
polyactis in the southern Yellow Sea. Acta Oceanologica Sinica 
35(6): 34–41. https://doi.org/10.1007/s13131-016-0844-7

Xiong Y, Yang J, Jiang T, Liu HB, Zhong XM, Tang JH (2017) Early life 
history of the small yellow croaker (Larimichthys polyactis) in san-
dy ridges of the South Yellow Sea. Marine Biology Research 13(9): 
993–1002. https://doi.org/10.1080/17451000.2017.1319067

Xu ZL, Chen JJ (2010) Population division of Larimichthys polyactis in 
China Sea. Chinese Journal of Applied Ecology 21(11): 2856–2864. 
[In Chinese]

Yan LP, Liu ZL, Zhang H, Ling JZ, Yuan XW, Li SF (2014) On the 
evolution of biological characteristics and resources of small yellow 
croaker. Marine Fisheries 36: 481–488. [In Chinese.]

Yang J, Arai T, Liu H, Miyazaki N, Tsukamoto K (2006) Reconstruct-
ing habitat use of Coilia mystus and Coilia ectenes of the Yangtze 
River estuary, and of Coilia ectenes of Taihu Lake, based on otolith 
strontium and calcium. Journal of Fish Biology 69(4): 1120–1135. 
https://doi.org/10.1111/j.1095-8649.2006.01186.x

Yang J, Jiang T, Liu HB (2011) Are there habitat salinity markers of 
the Sr: Ca ratio in the otolith of wild diadromous fishes? A liter-
ature survey. Ichthyological Research 58(3): 291–294. https://doi.
org/10.1007/s10228-011-0220-8

Zhang QH, Cheng JH, Xu HX, Sheng XQ, Yu GP, Zheng YJ (2007) Sus-
tainable utilization of fishery resource in the East China Sea. Fudan 
University Press, Shanghai, 170 pp. [In Chinese.]

Zhang G, Li X, Jin X, Zhu J, Dai F (2010) Changes of biological charac-
teristics of small yellow croaker (Larimichthys polyactis) in the cen-
tral and southern Yellow Sea. Acta Ecologica Sinica 30: 6854–6861. 
[In Chinese.]

Zhang BD, Li YL, Xue DX, Liu JX (2020) Population genomic ev-
idence for high genetic connectivity among populations of small 
yellow croaker (Larimichthys polyactis) in inshore waters of Chi-
na. Fisheries Research 225: e105505. https://doi.org/10.1016/j.fish-
res.2020.105505

Zhu J, Qi D, Wu H (2004) Observation and modeling analysis of dy-
namic mechanism of the upwelling at Lüsi. Journal of East China 
Normal University (Natural Science) 2(2): 87–91. [In Chinese]

Zimmerman CE (2005) Relationship of otolith strontium-to-calcium 
ratios and salinity: Experimental validation for juvenile salmonids. 
Canadian Journal of Fisheries and Aquatic Sciences 62(1): 88–97. 
https://doi.org/10.1139/f04-182

https://doi.org/10.1007/s10641-014-0246-7
https://doi.org/10.1007/s10641-014-0246-7
https://doi.org/10.1029/2005JC003250
https://doi.org/10.1007/s10641-011-9890-3
https://doi.org/10.1007/s10641-011-9890-3
https://doi.org/10.1016/j.ecss.2012.07.027
https://doi.org/10.1016/j.ecss.2012.07.027
https://doi.org/10.3354/meps218275
https://doi.org/10.1046/j.1365-2419.2003.00223.x
https://doi.org/10.1016/S0165-7836(00)00159-4
https://doi.org/10.1016/0022-0981(95)00054-U
https://doi.org/10.1016/j.heliyon.2020.e04571
https://doi.org/10.1016/j.heliyon.2020.e04571
https://doi.org/10.1111/j.1095-8649.2012.03372.x
https://doi.org/10.1111/j.1095-8649.2012.03372.x
https://doi.org/10.1111/2041-210X.12381
https://doi.org/10.1007/BF02849607
https://doi.org/10.1007/BF02849607
https://doi.org/10.1139/f00-054
https://doi.org/10.1139/f00-054
https://doi.org/10.1071/MF18269
https://doi.org/10.1016/j.gexplo.2008.10.001
https://doi.org/10.1016/j.gexplo.2008.10.001
https://doi.org/10.1371/journal.pone.0083493
https://doi.org/10.1111/jai.12914
https://doi.org/10.1111/jai.12914
https://doi.org/10.1007/s13131-016-0844-7
https://doi.org/10.1080/17451000.2017.1319067
https://doi.org/10.1111/j.1095-8649.2006.01186.x
https://doi.org/10.1007/s10228-011-0220-8
https://doi.org/10.1007/s10228-011-0220-8
https://doi.org/10.1016/j.fishres.2020.105505
https://doi.org/10.1016/j.fishres.2020.105505
https://doi.org/10.1139/f04-182

	Temporal stability in the otolith Sr:Ca ratio of the yellow croaker, Larimichthys polyactis (Actinopterygii, Perciformes, Sciaenidae), from the southern Yellow Sea
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments
	References

