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1Jiangsu Marine Fisheries Research Institute, Nantong, China, 2State Key Laboratory of Estuarine and
Coastal Research, East China Normal University, Shanghai, China, 3College of Marine Living Resource
Sciences and Management, Shanghai Ocean University, Shanghai, China, 4Key Laboratory of Fishery
Ecological Environment Assessment and Resource Conservation in Middle and Lower Reaches of
Yangtze River, Freshwater Fisheries Research Center, Chinese Academy of Fishery Sciences,
Wuxi, China
Otolith Sr/Ca profiles are widely used to investigate early life migration and

habitat use in both diadromous and oceanodromous fishes. This study focuses

on Larimichthys polyactis, an oceanodromous species of significant ecological

and commercial importance in East Asian waters. This study investigates the

influence of environmental factors on the otolith Sr/Ca ratios during its early life

stages (ELS). In Experiment A, we analyzed both laboratory-reared specimens—

maintained under stable temperature (19–21°C) and salinity (27–28 PSU)

conditions—and wild-captured specimens. The results revealed a consistent

decline in Sr/Ca ratios throughout the ELS in both groups, suggesting that

temperature and salinity may not be the primary drivers of otolith Sr/Ca ratios

during early development. In Experiment B, Sr/Ca ratios in the core (incubation

stage) and edge (recently spawned stage) zones of otoliths from both wild and

laboratory-reared adult fish were compared. Sr/Ca ratios were significantly

higher in the core zone than in the edge zone, indicating that maternal

influences are may not be the main cause of elevated Sr/Ca ratios in the

otolith core. Collectively, these findings suggest that otolith Sr/Ca ratios during

ELS in L. polyactis are more affected by the ontogenetic developmental stage

than by environmental factors such as temperature, salinity, or maternal effects.

This challenges previous assumptions about the dominance of environmental

factors in shaping otolith chemistry and highlights the need for more nuanced

interpretations of Sr/Ca data, especially in studies of oceanodromous fishes.

When utilizing otolith microchemistry to reconstruct life history, it is essential to

minimize physiological effects through controlled culture experiments to ensure

the accuracy and reliability of the results.
KEYWORDS

Larimichthys polyactis, otolith Sr : Ca ratios, early life stages, cultured and wild
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Introduction

The early life stages (ELS), encompassing embryonic, larval, and

juvenile phases, are pivotal periods in the life cycle of fish, marked

by notably high mortality rates (Houde, 1997). Connectivity among

these ELS acts as a vital link, bridging spatially segregated life

history stages and profoundly influencing the population structure,

dynamics, and evolution of fish species (Cowen and Sponaugle,

2009; Kool et al., 2013; Ovenden, 2013). For numerous marine

species, dispersal occurs during the ELS, which is crucial for

population connectivity and recruitment success (Ospina-Alvarez

et al., 2015; Cabral et al., 2021). For example, the Pacific salmon

undergoes a remarkable journey from freshwater spawning grounds

to the ocean, navigating through various habitats during its ELS,

which greatly influences its population dynamics and survival

(Arbeider et al., 2024). The challenges encountered during ELS,

especially among marine fish, include their limited swimming

capabilities and the complexities of their vast environment

(Cowen and Sponaugle, 2009), underscoring the significant roles

played by abiotic factors, such as temperature, currents, and

dissolved oxygen (Bailey et al., 2008; Molina-Valdivia et al.,

2021); biotic factors, including prey density, predators, and

competition (Saito et al., 2009; Fennie et al., 2020); and

anthropogenic pressures, such as fishing activity (Cartwright,

2009); all of which directly or indirectly influence migration,

growth, and recruitment patterns. Based on the critical

importance of early life history (ELH) information, especially for

migratory and overexploited fish species, there is a growing

consensus within the fisheries management community to

prioritize robust research in this area (Tulp et al., 2013; Jiang

et al., 2022). Understanding ELS not only contributes to effective

fisheries management, but also informs broader conservation efforts

and ecosystem management strategies, ensuring the sustainability

of marine ecosystems and the livelihoods of coastal communities.

There are formidable challenges associated with identifying and

delineating the ELH traits of migratory fishes, particularly for the

vast and intricate environment of the open ocean (Cowen and

Sponaugle, 2009). The microchemistry of otoliths has proven an

unrivaled tool for exploring the ELH traits of numerous fishes

(Elsdon and Gillanders, 2003; Ruttenberg et al., 2008; Starrs et al.,

2014). Two key assumptions underlie the use of otolith

microchemistry as environmental tracers and proxies to

reconstruct habitat histories. First, otolith chemistry is believed to

reflect the chemical composition of the surrounding water (Elsdon

and Gillanders, 2004; Izzo et al., 2015). Second, variations in otolith

chemistry are influenced by ambient environmental conditions,

such as salinity and temperature (Dorval et al., 2011; Morrissey

et al., 2020). Among the various elements found in otoliths,

strontium (Sr) has attracted particular attention due to its unique

properties and potential applications for studying environmental

histories offish (Macdonald and Crook, 2010). The concentration of

Sr relative to calcium (Ca) within otoliths has shown relative

stability across different aquatic habitats, with significant

variations observed among habitats (Elsdon and Gillanders, 2006;

Yang et al., 2011; Xiong et al., 2021). This stability, along with Sr’s
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passive transport across membrane barriers and its incorporation

into otolith mineral precipitation, renders it a promising candidate

for environmental tracing in fish (Campana, 1999; Hüssy et al.,

2020). Moreover, previous studies have demonstrated correlations

between water Sr/Ca ratios and salinity (Yang et al., 2011),

providing a basis for reconstructing salinity histories experienced

by fish with various migratory patterns (Santana et al., 2018).

However, it is essential to recognize that otolith microchemistry is

influenced not only by environmental factors, but also by

physiological factors and feeding habits (Sturrock et al., 2015;

Izzo et al., 2018; Tran et al., 2019; Hüssy et al., 2020). However,

the effects of these factors are often minimal, especially for

diadromous migration between freshwater and marine

environments, where the substantial differences in habitats offset

these minor influences (Hüssy et al., 2020). In contrast, for

oceanodromy exclusively within marine environments, where the

salinity of the habitats is relatively stable, the relative importance of

physiological factors increases (Sturrock et al., 2012). Relying solely

on otolith microchemistry to reconstruct fish life histories may not

be entirely reliable, particularly during periods of rapid growth and

development during the ELS of fish (Brown and Severin, 2009;

Sturrock et al., 2012).

Larimichthys polyactis, a typically oceanodromous species that

inhabits the East China, Yellow, and Bohai Seas, holds significant

ecological and commercial importance in East Asian nations (Ying

et al., 2011; Choi and Kim, 2020; Song et al., 2022a). Studies that

focused on the otolith microchemistry of L. polyactis predominantly

centered around otolith Sr/Ca analysis, constituting approximately

73% of the relevant literature (based on searches conducted on 19

March 2024 via the Web of Science and China National Knowledge

Infrastructure databases, with search criteria including (L. polyactis)

and (otolith)). However, a substantial disparity exists between the

findings of these studies (Xiong et al., 2017; Song et al., 2022b) and

field monitoring observations for the eggs and larvae of L. polyactis

(Lin et al., 2018; Xu et al., 2023) regarding ELH traits. In numerous

investigations, the otolith Sr/Ca profiles of L. polyactis exhibited two

notable characteristics: (i) markedly elevated Sr/Ca values in the

otolith core zone, and (ii) a gradual decline in otolith Sr/Ca during

ELH (Xiong et al., 2017; Song et al., 2022b; Xiong et al., 2021).

Consequently, it is hypothesized that the ELH involves migration

from offshore with high-salinity waters (salinity: 25–34 PSU) to

nearshore areas with relatively lower salinity (salinity: 5–25 PSU)

(Xiong et al., 2017). Conversely, field monitoring surveys of L.

polyactis have indicated that the eggs predominantly occur in

offshore waters exceeding 30 m in depth (salinity of 28–34 PSU),

while larvae are mainly distributed in nearshore waters (salinity of

25–32 PSU), and juveniles tend to migrate to open ocean waters

(Lin et al., 2018; Xu et al., 2023). The most significant difference

between the otolith Sr/Ca profile interpretation and the field

monitoring surveys lies in the salinity of the nursery habitats.

Otolith microchemistry suggests that L. polyactis prefers lower

salinity estuarine waters (5–25 PSU) as nursery grounds, while

field surveys indicate a scarcity of L. polyactis in these estuarine,

low-salinity areas (Xu et al., 2023). According to the field surveys, it

is theoretically anticipated that the otolith Sr/Ca during the ELH of
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L. polyactis should exhibit a trend of an initial decrease followed by

an increase in later stages.

In the present study, we aimed to explore the drivers of otolith Sr/

Ca during the ELS, focusing on L. polyactis, a species subject to

overexploitation and migratory patterns. The schematic

representation of the study’s fundamental framework is depicted in

Figure 1, which consists of four parts (Figure 1a, b). Figure 1a

illustrates the basic procedure for extracting otoliths from the brain

of L. polyactis for Sr/Ca analysis, while the subsequent figures detail

other key processes in the study. Previous investigations into the

otolith Sr/Ca of L. polyactis have revealed two common

characteristics (Figure 1b). Drawing from the correlations between

water Sr/Ca ratios and salinity, it is inferred that their ELH involves

incubation in offshore waters with high salinity (25–34 PSU),

followed by feeding and nursery phases in nearshore waters with

relatively lower salinity (5–25 PSU). However, this inference

contradicts findings from field monitoring surveys of L. polyactis

eggs and larvae (Lin et al., 2018; Xu et al., 2023). Therefore,

experiments A and B were conducted to explore the potential

factors that contributed to the observed common characteristics of

otolith Sr/Ca. Experiment A was designed to investigate whether the

Sr/Ca ratio patterns observed in wild L. polyactis could be attributed

to specific environmental factors, such as temperature and salinity.

This experiment did not aim to directly compare wild and cultured

samples but rather to use the cultured samples to validate the Sr/Ca

patterns observed in the wild. The cultured fish were reared under

stable and controlled environmental conditions (i.e., constant

temperature and salinity), where significant fluctuations in otolith

Sr/Ca ratios would not be expected. The wild samples, in contrast,

were exposed to natural environmental variations. This setup allows

us to determine whether the Sr/Ca changes observed in the wild are
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primarily driven by these environmental factors. Thus, the purpose of

Experiment A was not to compare the two groups directly but to use

the cultured group to explore the potential role of environmental

conditions in the observed Sr/Ca patterns in the wild (Figure 1b).

Experiment B focused on comparing the Sr/Ca ratios in the core and

edge regions of otoliths from adult L. polyactis (wild and cultured),

specifically targeting individuals at gonadal development stages V

(spawning period) and VI (spent period) (Lim et al., 2010). The

otolith core reflects the environmental conditions experienced during

the early life stage (i.e., hatching), whereas the edge corresponds to

conditions experienced during the adult stage (i.e., after spawning).

By comparing these two regions, we aimed to assess whether

maternal influence affected the Sr/Ca deposition in the otolith. If

the Sr/Ca ratios in the core and edge are similar, it would suggest a

maternal effect on Sr/Ca deposition. Conversely, if significant

differences exist between the two regions, it would imply that

environmental or physiological factors played a more prominent

role in shaping the otolith’s Sr/Ca profile (Hegg et al., 2018). This

comparison allows us to explore the potential influences of maternal

inheritance versus environmental conditions (Figure 1b).
2 Materials and methods

2.1 Experiment A

2.1.1 Egg incubation
Eggs were acquired through induced spawning of captive

broodstock housed at Rudong Station, Jiangsu Marine Fisheries

Research Institute, located in Nantong, China, adjacent to the Lvsi

fishing ground (Figure 2), utilizing the methodology outlined by
FIGURE 1

Fundamental framework of this study. (a): Procedural framework entailing the extraction, grinding, observation, and subsequent analysis of otolith
chemistry. (b): Two common characteristics of otolith Sr/Ca in ELS of L. polyactis (Xiong et al., 2017; Song et al., 2022b; Xiong et al., 2021). The first
characteristic, represented by a black hollow arrow, indicates a gradual decline in otolith Sr/Ca concentrations throughout ELS. The second
characteristic, depicted by a light-blue rectangle, highlights the notable elevation in Sr/Ca values at the otolith core zone. The letters E, L, M, and J
correspond to the egg, larva, metamorphosis, and juvenile stages, respectively. Experiment A devised to probe the first characteristic of otolith Sr/Ca
in L. polyactis. Experiment B tailored to scrutinize the second characteristic of otolith Sr/Ca in L. polyactis.
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Fang et al. (2023). A cohort of 30 robust and vigorous two-year-old

L. polyactis (with a sex ratio of two females to one male) received

intramuscular injections of gonadotropin-releasing hormone

analog (GnRHa). Eggs were transferred and incubated in 2,500-L

fiber-reinforced plastic tanks maintained at mean temperature,

salinity, and pH levels of 18°C, 25 PSU, and 8.0, respectively.
2.1.2 Rearing treatments
After approximately 60 hours, the eggs hatched, and the larvae

were transferred to a 750-L fiber-reinforced plastic tank, where the

water temperature was controlled between 19 °C and 21 °C, with

salinity levels of 27–28 PSU and a pH range of 8.0 to 8.3, for up to 45

days. Previous research has shown that a temperature close to 21 °C

promotes better growth and higher survival rates for L. polyactis

compared to lower (16 °C) or higher (34 °C) temperatures (Sun

et al., 2018). In this study, the salinity was maintained at 27-28 PSU

throughout the entire rearing period, from the development of

juvenile fish to adulthood, to ensure consistency with the

broodstock’s environment. In China, coastal waters typically have

lower salinity levels, ranging from 25 to 30 PSU, and over time,

farmed L. polyactis have adapted to these conditions. By keeping the

salinity stable at 27–28 PSU, we aimed to avoid stressing the larvae

due to sudden changes in salinity, providing them with an

environment similar to that of the broodstock.

Temperature control was facilitated by a digital temperature

controller (ZKH-WK90, ZHONGKEHAI, Qingdao, China). The

salinity levels were regulated by diluting filtered seawater from the

Lvsi fishing ground (32 ± 0.25 PSU) with non-chlorinated well

water from Rudong Station. Pre-mixed salinity treatments were

stored in each cold room for 24 h prior to use in tanks to eliminate

the need for acclimation during daily water exchanges. Partial water

exchanges (50%) were conducted daily, coupled with the removal of

excess food, waste, or deceased fish through siphoning. The
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temperature and salinity levels were monitored daily for

consistency using a YSI-55 probe. To maintain water quality,

ammonia levels were regularly assessed and maintained below

0.25 ppm using commercial test kits (API, Chalfont, PA, USA).

Beginning four days post-hatching (DPH), the larvae were provided

with a sequential diet consisting of rotifers, artemia nauplii, and

pellet feed. As the fry continued to develop, timely segregation was

performed to reduce fry density, thereby promoting higher

survival rates.

2.1.3 Aquaculture water collection and analysis
On the first DPH and approximately every 10 d thereafter,

duplicate water samples were collected from the aquaculture tank

using polypropylene syringes to determine the water’s elemental

concentrations. Throughout the entire experimental aquaculture

period, a total of six water samples were collected. These were

filtered through GF/F filters (0.22-mm pore size) into 100-mL flasks

and acidified with concentrated ultrapure nitric acid (HNO3) in a

1:50 ratio. These samples were then stored at 4°C until analysis.

Prior to elemental quantification by inductively coupled

plasma–mass spectrometry (ICP-MS), 3 mL of each water sample

underwent further acidification at a 1:10 ratio by adding 3 mL of

previously distilled 10% nitric acid solution. The water samples

were then analyzed for 43Ca and 88Sr using a Thermo Fisher

Scientific Model iCAP Q spectrophotometer (Bremen, Germany).

The ICP-MS measurements were calibrated using a five-point

calibration curve per element. Standard solutions were prepared

by diluting a multi-element standard (92091, Periodic table mix 1

for ICP, Sigma-Aldrich) and a standard curve was generated for

each element. For calcium (Ca), the calibration was performed

within the range of 0 to 5 mg/L with an R² value of 0.99996. This

calibration range was selected to accurately reflect the concentration

of Ca, given that it is a macro element present in higher

concentrations. For strontium (Sr), the calibration curve was

within the range of 0 to 100 μg/L, as previously detailed in the Sr

calibration curve. This range was selected to capture the trace levels

of Sr in the samples. The calibration for Sr also demonstrated high

linearity with an R² value of 0.9997. The blank controls comprised

ultrapure water acidified with HNO3 at 10%. Standards and blanks

were analyzed at the beginning and throughout each analysis

session. After each group of samples is analyzed, rinse twice with

10% HNO3 and triple rinsed with Milli-Q water. The deviation of

three parallel samples with known concentrations from the actual

concentration was less than 10%. The quantification limits for 43Ca

and 88Sr were determined to be 0.014 μg/L and 14.66 mg/
L, respectively.
2.2 Sample collection and otolith
preparation

2.2.1 Experiment A
A total of 10 cultured young L. polyactis, aged between 45 and

60 DPH, were collected, encompassing the whole ELS. The wild

young L. polyactis were captured using a custom-designed sampling
FIGURE 2

Map depicting the breeding grounds of Larimichthys polyactis and
the sampling sites for wild L. polyactis in the offshore Lvsi fishing
ground, China. The letters “LS” in the figure represent the Lvsi
fishing ground.
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net in the offshore Lvsi fishing ground (Figure 2; Table 1). The

sampling nets were constructed using a framework of stow nets

comprised of a square steel pipe (1.35 m × 1.35 m) affixed to the

mouth. Fabricated from polyethylene, these nets had a length of 6 m

and mesh size of 2 mm. Anchored by a single stake, with additional

floats affixed to enhance buoyancy, the orientation of the net mouth

was designed to dynamically adjust with the prevailing current,

optimizing the sample capture efficiency. Based on otolith

microstructure (Campana and Neilson, 1985; Li et al., 2013), 20

wild individuals with an approximate age of 60 DPH were selected

for comparative analysis with the cultured young individuals.

All collected specimens were promptly stored at –4°C until

subsequent analysis. Prior to dissection, standard length (SL, mm)

and body weight (BW, g) measurements were taken for each

specimen. Sagittal otoliths were extracted from L. polyactis, and

meticulously cleaned, desiccated, numbered, and stored in plastic

tubes. Age information was obtained by observing otolith micro-

increments (daily increments and annual increments) and by

referring to the growth equation (Kang et al., 2022). Samples

details are presented in Table 1.

Throughout their range, the ELS of L. polyactis tend to inhabit

the upper strata of the water column, a behavior attributed to their

constrained swimming abilities (Lin et al., 2018; Liu et al., 2022; Xu

et al., 2023). Their diet predominantly comprises phytoplankton

and zooplankton (including copepods, decapods, and mysids),

positioning them strategically within the upper water layers (Wei

et al., 2018; Oh et al., 2022). Thus, this study used daily surface

salinity (SSS) and sea surface temperature (SST) datasets from the

Hybrid Coordinate Ocean Model (HYCOM), to elucidate the

thermal and salinity profiles experienced by wild L. polyactis. The

HYCOM is a data-assimilative ocean model that integrates both

observational data and numerical modeling to provide accurate

estimates of oceanographic conditions, including temperature,

salinity, and currents (Cummings and Smedstad, 2013). These

datasets, featuring a spatial resolution of 1/12°, encompassed the

geographic coordinates spanning from 121°E to 123°E longitude

and 32°N to 34°N latitude, with temporal coverage spanning March

to May 2022. The spatial extent of environmental data extraction

aptly encapsulated the early activity range of the L. polyactis (Xu

et al., 2023). The daily mean SST and SST values pertinent to the

specified geographical coordinates were computed leveraging the

capabilities Google Earth Engine (GEE).
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2.2.2 Experiment B
Ten cultured adult L. polyactis (the first minimum age for sex

maturity was age 1) at gonadal development stage VI (spawned

stage) were collected, as well as ten wild adult L. polyactis at stage VI

sampled from catches by commercial vessels utilizing gill nets with a

mesh size of 50 mm. The methodologies for treating L. polyactis

samples and preparing otoliths were as described for Experiment A.

The otolith Sr/Ca analysis regions for both wild and cultured

adult L. polyactis were the core and edge zones. The otolith core

zone corresponds to stage E described below. Additionally, the

otolith edge zone corresponds to the last weeks before the fish were

captured, representing the signature of the sampling location.

2.2.3 Otolith treatment
Research on larval rearing of L. polyactis has established a

strong linear relationship between the fish’s age in days (t) and

the number of otolith increments (y), expressed as y = –0.74 + 0.99t

(n = 61, R² = 0.997, P < 0.001) (Li et al., 2013). The increments in L.

polyactis otoliths were found to form daily, with characteristic

marks indicating key stages of development such as incubation,

first feeding, and metamorphosis (Li et al., 2013; Zhan et al., 2016).

This daily growth pattern was validated through these experiments,

providing a reliable method to track early life stages. Based on the

morphological developmental characteristics and otolith

microstructure features of L. polyactis, the ELS of L. polyactis can

be subdivided into the yolk sac (E), larval (L), metamorphosis (M),

and juvenile (J) stages (Table 2; Figure 3; Li et al., 2013; Zhan et al.,

2016). (1) Stage E occurs before 4 DPH, during which the main

source of nutrition is absorption from the yolk sac (Zhan et al.,

2016). On the otolith, the prominent features are the primordium

and the first feeding check. The first feeding check occurred on the

fourth increment of a distance of 20.67 ± 2.28 mm from the central

nucleus, displaying a larger width, deeper color, and high clarity (Li

et al., 2013; Song et al., 2022b). (2) Stage L occurs between 6 and 15

DPH, during which feeding gradually shifts toward zooplanktonic

organisms, such as Mysidacea, Copepoda, and Euphausiacea (Oh

et al., 2022). (3) Stage M occurs between 16 and 25 DPH, marking

the transition from larva to juvenile. During this period, the fish’s

fin rays and skeletal structures gradually develop and mature, while

the otolith exhibits sub-daily increments (Li et al., 2013; Zhan et al.,

2016). The sub-daily increments in stage M exhibit irregularity and

incompleteness, posing challenges in counting daily increments for
TABLE 1 Detailed information of Larimichthys polyactis selected for experiments A and B.

Experiment
Sample
type

Developmental
stage

Days post-hatching
(DPH)/Age

n
Sampling

date
Standard Length (mean

± SD)

A
Wild Young 60 DPH 20 May 22 2022 31.78 ± 7.61

Cultured Young 45~60 DPH 10 May 2022 16.82 ± 9.53

B
Wild Adult 1~2 age 10 April 20 2017 137.83 ± 9.31

Cultured Adult 1~3 age 10 April 2022 168.8 ± 14.27
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investigating early life migration (Song et al., 2022b). (4) Stage J

occurs between 26 and 45 DPH, during which L. polyactis exhibit

significant changes in feeding habits, primarily consuming small

planktonic shrimp (Wei et al., 2018). The developmental stages

described correspond to the otolith regions of both wild and

cultured L. polyactis that were analyzed for Sr/Ca.
2.3 Electron probe microanalysis method

The methodology employed for the analysis of otolith Sr/Ca

ratios was electron probe microanalysis (EPMA) that followed the

protocols detailed by Jiang et al. (2017). Initially, prepared sagittal

otoliths were embedded in transparent epoxy resin (EpoFix; Struers,

Copenhagen, Denmark) and subjected to thin-sectioning along the

sagittal plane using a diamond cup wheel (Discoplan-TS; Struers,

Copenhagen, Denmark). Subsequently, these thin sections were

affixed to glass microscope slides with AB glue, followed by

meticulous sanding to expose the core encircled by distinct daily

rings on both faces, utilizing 1200–2000-grit SiC paper. Further

refinement was achieved through polishing with 0.3-mm alumina on

an automated polishing wheel (Labopol-35, struers, Copenhagen,
Frontiers in Marine Science 06
Denmark) to eliminate significant surface imperfections. Post-

polishing, the otoliths underwent sonication in an ultrasonic

cleaner for 5 min and rinsing with deionized water. Ultimately,

all samples were dried and carbon-coated using a high-vacuum

evaporator (JEE-420, JEOL Ltd., Tokyo, Japan) to facilitate

subsequent analysis.

For EPMA, otolith sections were prepared following the

methodology delineated by Jiang et al. (2017), with minor

adaptations. Specifically, the Sr and Ca within the otoliths were

quantitatively assessed along the longest linear path from the core to

the periphery (i.e., otolith radius) utilizing an electron probe

microana lyzer ( JXA-8100 ; JEOL Ltd . ) . Quant i ta t ive

determinations were conducted under the following beam

parameters: 15 kV for accelerating voltage, 20 nA for the beam

current, and a circular scanning beam with a diameter of 2 mm, with

measurements spaced at 10 mm intervals. To ensure accuracy,

commercial standards of calcite (CaCO3) and tausonite (SrTiO3)

sourced from the Institute of Mineral Resources, Chinese Academy

of Geological Sciences, Beijing, China, were employed to calibrate

the Sr and Ca concentrations within the otoliths. The precision

(error) of the Sr and Ca measurements was 0.36% for Sr and 0.22%

for Ca, with limits of detection at 472 ppm for Sr and 92 ppm for Ca.
TABLE 2 Detailed information of experiments A and B for otolith Sr/Ca analysis.

Experiment Growth stage/zone Growth code
Distance from the

core (mm)
Number of

detected points

A

Yolk sac E 0 – 20 3

Larval L 30 – 80 6

Metamorphosis M 90 – 140 6

Juvenile J 150 – 540 40

B
Core 0 – 20 3

Edge Last 40 5
As outlined in the “2.3 Electron probe microanalysis method” section, measurements were taken at 10 mm intervals, with each ‘detected point’ representing a specific location where Sr and Ca
concentrations were determined.
FIGURE 3

Sagittal otolith of wild young Larimichthys polyactis showing detecting spots for otolith Sr/Ca analysis. The yellow, red, green, and blue dots
represent the yolk sac, larva, metamorphosis, and juvenile stages, respectively. The letter “F” represents the first feeding check.
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2.4 Data analysis

In conventional otolith research, the results for Sr and Ca are

reported as ratios of Sr to Ca amplified by 1000 by a conversion

based on the molecular mass of CaO and SrO. The Sr/Ca dataset in

the ELS of L. polyactis was collected at 10 mm intervals, creating a

time-series-like structure with strong correlations between data

points. To reduce this correlation and increase data independence

in Experiment A, we averaged the Sr/Ca values for each stage (E, L,

M, and J), as well as for the core and edge zones in Experiment B.

In Experiment A, we first conducted Shapiro-Wilk normality

tests and Levene’s test for homogeneity of variance on the data. The

results confirmed that the data met the assumptions of normality

and homogeneity. Consequently, a one-way ANOVA was

performed to assess the differences in otolith Sr/Ca ratios among

the E, L, M, and J stages for both cultured and wild samples. Given

that there were only four groups, Tukey’s test was used for post-hoc

multiple comparisons to identify specific group differences.

Additionally, an independent samples t-test was used to

determine the significance of differences between wild and

cultured groups at the same developmental stages.

To better observe the Sr/Ca trends for wild and cultured

samples during the early life stages (ELS), we applied the STARS

analysis (Sequential t-test analysis of regime shifts), following the

method of Rodionov (2004); Rodionov and Overland (2005); Xiong

et al. (2017). This approach automatically detects significant

changes in the mean levels of time-series data. For our analysis,

we set the Huber weight to 1, confidence level to 0.5, and cut-off

length to 5. The STARS analysis allowed us to effectively identify Sr/

Ca trend shifts in the wild and cultured samples at different

developmental stages, helping us better understand the significant

transitions during the early life history of L. polyactis.

In Experiment B, we compared the Sr/Ca ratios between the

core and edge zones within the same samples from both wild and

cultured fish. Since this involved comparing paired data, a paired
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samples t-test was applied to determine the significance of the

differences between the two regions.

All statistical analyses were performed using Origin 2024

(Originlab, Northampton, MA, USA).
3 Results

3.1 Aquaculture water environment in
experiment A

In our aquaculture experiments, stringent control was exercised

over the salinity and temperature of the rearing water, maintaining

them within stable values of 27.44 ± 0.5 PSU and 20.17 ± 0.86°C,

respectively. Throughout the 45-d rearing period, systematic

monitoring of the water Sr/Ca ratio was conducted at 10-d

intervals. The Sr/Ca ratio in the rearing water exhibited consistent

values of 14.0, 14.8, 14.5, 14.6, and 14.4 mmol·mol−1 across

successive assessments.

Through meticulous examination of otolith microstructures, we

selectively sampled wild young L. polyactis specimens that hatched

around April 1st from the Lvsi fishing ground. April 1st marks the

designated birth date for L. polyactis, with subsequent periods

delineated as follows: stages E (April 1st to 4th), L (April 5th to

15th), M (April 16th to 25th), and J (April 26th to May 15th). The

daily average SST and SSS data spanning April 1st to May 31st, 2022,

were extracted for the nearshore waters of the Lvsi fishing ground

(Figure 4). SST exhibited a progressive rise from 11.54°C to

approximately 20°C. Notably, wild young L. polyactis experienced

average SSTs of 11.66, 13.35, 14.95, and 17.77°C during stages E, L,

M, and J, respectively. Conversely, SSS demonstrated a marginal

decline from an initial value of approximately 32 to 30, maintaining

an approximate 2 PSU differential relative to the aquaculture water.

The Lvsi Fishing Ground, located near the northern part of the

Yangtze River Estuary, is heavily influenced by the freshwater
FIGURE 4

Daily average SST and SSS of Lvsi fishing ground from April to May 2022. The letters E, L, M, and J in the figure represent the four stages of L.
polyactis early life history, separated by vertical dashed lines.
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outflow from the Yangtze River, which significantly affects both SST

and SSS in the surrounding marine environment (Bao et al., 2015;

Yu et al., 2020). The observed environmental changes, including the

8°C increase in SST and the 2 PSU decrease in SSS over the 45-day

study period, align with the region’s seasonal dynamics. The period

from April to May marks the transition from spring to early

summer in the Northern Hemisphere, during which surface

waters warm rapidly (Xu et al., 2023). Additionally, this period

coincides with the increased freshwater discharge from the Yangtze

River, diluting the seawater causing a decrease in salinity. These

factors collectively reflect the natural seasonal changes in the region,

driven by both climatic conditions and the hydrological cycle of the

Yangtze River.
3.2 Otolith Sr/Ca ratios during ELS of
young L. polyactis from experiment A

The Sr/Ca ratio trends in wild and cultured L. polyactis during their

ELS were analyzed using the STARS method. In the wild L. polyactis

group, the overall Sr/Ca ratios exhibited a gradual decline during the

ELS (Figure 5). Within each of the four developmental stages, the Sr/Ca

ratios showed distinct patterns. During stage E, the ratios remained

relatively high but began to decrease steadily by the onset of stage L. In

stages L and M, the decline became more pronounced, with noticeable

shifts in mean Sr/Ca levels. By stage J, the Sr/Ca ratios stabilized at

lower levels, indicating a gradual reduction over time as the fish
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progressed through the early life stages. For the cultured group, a

similar downward trend in Sr/Ca ratios was observed (Figure 5).

However, the decline was less steep compared to the wild samples.

In stages E and L, the ratios started higher but decreased more

gradually. The transitions between stages were smoother in the

cultured group, with fewer abrupt shifts in Sr/Ca levels compared to

the wild group. Stage J showed lower Sr/Ca ratios, but the overall

decline was less significant than in the wild samples.

The Sr/Ca ratios (mean ± SD) observed at stages E, L, M, and J

among wild and cultured L. polyactis were as follows: 8.30 ± 1.98

and 7.64 ± 1.79, 7.13 ± 1.35 and 6.16 ± 1.14, 6.72 ± 1.22 and 6.19 ±

0.96, and 5.42 ± 1.12 and 3.96 ± 1.07, respectively. Throughout the

ELS of both wild and cultured L. polyactis, a gradual decline in the

Sr/Ca ratios of their otoliths was evident (Figure 5), punctuated by

two significant decline nodes: from stages E to L and from stages M

to J (p < 0.05; Figure 6). Notably, the otolith Sr/Ca ratios at stages E,

L, M, and J of the wild samples consistently exceeded those of

cultured samples (Figure 6). Furthermore, within these stages,

stages L and J of the wild samples exhibited significantly higher

Sr/Ca values compared with cultured samples (Figure 6).
3.3 Sr/Ca ratios of core and edge zones of
L. polyactis otoliths from experiment B

The Sr/Ca ratio (mean ± SD) observed at the core and edge

zones of wild adult L. polyactis were 6.53 ± 1.12 and 4.70 ± 1.13,
FIGURE 5

Otolith Sr/Ca profiles of the wild (n = 20) and cultured (n = 10) young L. polyactis during their early life stages. The solid lines represent the overall
fluctuation of Sr/Ca ratios for wild and cultured groups, based on the Sequential t-test analysis of regime shifts (Rodionov, 2004). The letters E, L, M,
and J in the figure represent the four stages of L. polyactis early life history, separated by vertical dashed lines.
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respectively, whereas those from cultured adult L. polyactis were

7.37 ± 1.18 and 5.60 ± 0.91. Notably, the otolith Sr/Ca ratios at the

core zone for both wild and cultured samples were significantly

higher than those observed at their respective edge zones (p <

0.05; Figure 7).
4 Discussion

During the ELS, the otolith Sr/Ca ratios in both cultured and

wild L. polyactis exhibited a descending trend (Figure 5), consistent

with previous findings (Xiong et al., 2017; Song et al., 2022b).

Notably, there was no significant difference between the Sr/Ca ratios

at stages L and M (Figure 6). If not for the comparison with cultured

samples, based solely on the variations in SST and SSS of the habitat

of wild samples (Figure 4), it would be highly plausible to attribute

the pattern of otolith Sr/Ca in the wild samples to the changes in

SST. Indeed, some experimental studies have shown a negative

correlation between otolith Sr/Ca and temperature, such as for

Gadus macrocephalus (DiMaria et al., 2010) and Perca flavescens

(Collingsworth et al., 2010). Generally, in regions with cold water,

the solubility of strontium (Sr2+) and barium (Ba2+) ions tends to be

higher, leading to elevated concentrations (Corrège, 2006; Saenger

et al., 2008). Consequently, fish inhabiting such environments

incorporate more of these ions into their otoliths during

formation, resulting in higher Sr/Ca or Ba/Ca ratios (Mondal

et al., 2022). Conversely, in warmer regions, the solubilities of Sr2

+ and Ba2+ ions are lower, resulting in lower concentrations in water

(Corrège, 2006; Saenger et al., 2008). As a result, fish forming

otoliths in warmer water absorb fewer Sr2+ and Ba2+ ions, leading to

lower Sr/Ca and Ba/Ca ratios (DiMaria et al., 2010; Mondal et al.,

2022). In aquaculture environments with relatively stable water

temperatures, the otolith Sr/Ca ratios of cultured L. polyactis also
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gradually declined, suggesting that water temperature may not be

the primary factor influencing the deposition of Sr/Ca in L. polyactis

otoliths. Previous studies have conducted meta-analyses focusing

on Sr and Ba in otolith chemistry literature, that considered various

species, life histories, and environmental conditions, to explore the

relationship between ambient salinity and otolith Sr/Ca ratios

(Campana, 1999; Izzo et al., 2018). The synthesis of data from

these studies indicates a significant positive relationship between

ambient salinity and otolith Sr/Ca (Arai, 2010; Hicks et al., 2010;

Panfili et al., 2015). Moreover, extensive monitoring data revealed

that river and lake environments exhibit a wider range of Sr/Ca

levels than marine environments (Brown and Severin, 2009). The

median river (2.39) and lake (1.92) Sr/Ca levels are substantially

lower than those in the sea (8.61), with Sr/Ca levels ranging from

0.27 to 19.18 in rivers, 0.20 to 5.02 in lakes, and 8.17 to 8.87 in

marine water (Yang et al., 2011). The otolith Sr and Sr/Ca ratios are

significantly related to salinity for all species, but their predictive

resolution is only sufficient to discriminate among fresh water,

brackish water, and saltwater residency (Zimmerman, 2005). The

salinity of both wild and cultured L. polyactis’s habitat waters

remained relatively stable without significant fluctuations,

indicating salinity was unlikely to have been the primary

determinant of the observed decrease in otolith Sr/Ca ratios. The

black line in the Figure 5 represents the Sr/Ca trend in the wild L.

polyactis samples. As observed, the Sr/Ca ratios in the wild samples

exhibit more pronounced fluctuations and a steeper decline during

the ELS. After ruling out temperature and salinity as the primary

influencing factors, it is hypothesized that this trend may relate to

the physiological growth and development of the fish (Pontual et al.,

2003; Peek and Clementz, 2012). During ELS, rapid protein

synthesis is essential for growth, particularly in the formation of

skeletal structures. This increased demand for calcium in protein

synthesis may result in lower calcium availability for otolith
FIGURE 6

Boxplot illustrating the otolith Sr/Ca variation of the wild and cultured young L. polyactis. Lowercase and uppercase letters positioned above the
boxes indicate significant differences among the early life stages (E, L, M, and J) of wild and cultured L. polyactis, respectively, as determined by one-
way ANOVA (p < 0.001). Asterisks indicate significant differences between the same stages based on independent samples t-test (*** = p < 0.001).
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formation. As a consequence, the calcium content in the otolith

crystal structure decreases, potentially causing other elements

related to calcium, such as strontium (Sr), to increase in

concentration. Mohan et al. (2022) suggested that the

combination of heightened protein concentrations and lower

calcium levels could lead to elevated concentrations of other

elements, including Sr. In this scenario, Sr may replace Ca in the

otolith’s calcium carbonate matrix, contributing to the observed

higher Sr/Ca ratios in the core zone of the otolith during early life

stages (Courtemanche et al., 2006; Doubleday et al., 2014). This

substitution mechanism could explain the significant differences in

Sr/Ca ratios among ELS, particularly during the initial stages of

development, when the demand for calcium in biological processes

is higher. Considering the temperature and salinity environments of

their respective habitats, it is plausible this phenomenon related to

an additive effect of temperature, salinity, and internal physiological

factors (Mazloumi et al., 2017; Tian et al., 2021).

For the adult otolith, If the Sr/Ca ratios in the core and on the edges

differ significantly, it could indicate that environmental factors (such as

temperature and salinity) and internal physiological factors (such as

individual growth and development), rather than maternal effects, are

the dominant influences on otolith composition. Notably, the otolith

Sr/Ca ratios within the core zone, relating to the incubation period, for

both wild and cultured specimens markedly exceeded those

manifesting within their respective edge zones, relating to the

spawning period, as depicted in Figure 7. Given the myriad and

efficacious applications of otolith Sr/Ca in diadromous fishes, it is

widely acknowledged that otolith Sr/Ca exhibits a robust correlation

with ambient water salinity (Lin et al., 2007; Walsh and Gillanders,

2018; Islam et al., 2019). Consequently, previous investigations utilizing

otolith Sr/Ca consistently postulated that L. polyactis eggs are incubated
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in offshore waters with elevated ambient water salinity, thereafter

migrating to nearshore waters with lower salinity for feeding and

growth (Xiong et al., 2017; Song et al., 2022b). However, this assertion

appears to falter under scrutiny when considering the relatively stable

ambient water salinity experienced by the cultured L. polyactis, which

exhibited a similar otolith Sr/Ca trend. Other oceanodromous fish

species, such as Collichthys lucidus (Liu et al., 2015) and Miichthys

miiuy (Xiong et al., 2015a), also exhibit declining otolith Sr/Ca during

their ELH. Furthermore, Xiong et al. (2021) identified a striking

resemblance in the otolith Sr/Ca trends of L. polyactis collected a

decade apart in 2003 and 2013. Additionally, Song et al. (2022b)

compared the otolith Sr/Ca trends of L. polyactis that originated from

Lvsi fishing ground, Haizhou Bay fishing ground, and waters off the

western coast of the Korean Peninsula, uncovering notable similarities.

Consistent decreasing otolith Sr/Ca trends in L. polyactis during ELS,

irrespective of spatial or temporal variations in samples, suggests that it

is unlikely to be solely driven by external environmental factors, such as

salinity and temperature (Tomás et al., 2006; Albuquerque et al., 2012).

Therefore, the results of experiment a suggesting that temperature and

salinity may not be the primary drivers of otolith Sr/Ca ratios during

early development.

The descending Sr/Ca ratios observed during ELH likely originated

from three principal factors. First, during ELH, individuals undergo

substantial changes in their morphology, physiology, and feeding

behavior (Li et al., 2013; Xiong et al., 2015b; Zhan et al., 2016; Wei

et al., 2018). In the initial stages, individuals rely on internal yolk sacs for

nourishment (Zhan et al., 2016). As development progresses, individuals

transition to external feeding, shifting from initially consuming

phytoplankton to more complex food sources, such as small

zooplankton (Wei et al., 2018). Concurrently, there are significant

morphological changes, with the skeletal structure, fin rays, and scales

of the fish gradually developing (Li et al., 2013; Zhan et al., 2016). Yatsu

et al. (1998) reported differential impacts of Sr and Ca concentrations in

the otolith cores of Ommastrephes bartramii during embryonic stages

compared with the subsequent ontogenetic phases. In the case of L.

polyactis, the complete absorption of the yolk sac within six days post-

hatching, followed by reliance on exogenous nutrition with constrained

feeding capacities, was a likely contributor (Zhan et al., 2016). Second,

significant protein levels are likely necessary in L. polyactis during otolith

core zone calcification, as suggested by Murayama et al. (2004) and

Svedäng et al. (2020). Moreover, studies propose lower Ca

concentrations in the otolith core zone compared with the other

zones (Dove et al., 1996). The combination of heightened protein

concentrations and reduced Ca levels could lead to elevated

concentrations of other Ca-related elements (Mohan et al., 2022).

Elements such as Sr replacing Ca as the primary inclusion

mechanism in otolith calcium carbonate matrices, may contribute to

the higher Sr/Ca ratios in the core zone (Courtemanche et al., 2006;

Doubleday et al., 2014). The third factor is centered around the

appearance of L. polyactis’ first feeding ring on the fourth increment,

approximately 20.67 ± 2.28 mm away from the core zone, indicating

prior reliance on yolk sac nutrients for sustenance (Zhan et al., 2016;

Song et al., 2022b). Sagittal otoliths in teleost fish form during the

embryonic period (Marannu et al., 2017); hence, maternal contributions

to progeny otoliths are inevitable (Hegg et al., 2018; Janak et al., 2021).
FIGURE 7

Otolith Sr/Ca variation between core and edge zones of the wild
and cultured adult L. polyactis. Asterisks indicate significant
differences based on paired samples t-test (*** = p < 0.001).
frontiersin.org

https://doi.org/10.3389/fmars.2025.1513070
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Kang et al. 10.3389/fmars.2025.1513070
This is supported by evidence of maternal influences in various fishes,

such as Morone Saxatilis (Elking, 2014), Mallotus villosus (Loeppky

et al., 2018), andOncorhynchus nerka (Janak et al., 2021). It is suggested

that embryonic otolith chemistry may not reflect environmental

conditions, such as water chemistry and temperature during egg

incubation; rather, it may reflect maternally derived trace elements in

the yolk (Volk et al., 2000; Zimmerman and Reeves, 2002) or be

influenced by genetically controlled uptake dynamics (Chittaro et al.,

2006). Although the results of experiment b suggest that maternal

influences may not be the primary cause of elevated Sr/Ca ratios in the

otolith core, they remain an essential factor in studying the early life

history of fish. Collectively, otolith Sr/Ca ratios during ELS in L. polyactis

are more affected by the ontogenetic developmental stage than by

environmental factors such as temperature, salinity, or maternal effects.

Given the limitations of current experimental conditions, the

Sr/Ca ratios analysis of otoliths has been confined to their growth

stages for L. polyactis. Our research will benefit from combining

daily environmental data with daily incremental analysis, which

may lead to more accurate results. Furthermore, this underscores

the necessity for a more detailed interpretation of Sr/Ca ratios.

When investigating the life history of oceanodromous fish using Sr/

Ca ratios or other elemental analyses, controlled culture

experiments should be conducted to mitigate the influence of

physiological factors and other variables.
5 Conclusion

This study explored the dynamics of otolith Sr/Ca ratios in

Larimichthys polyactis during early life stages (ELS), examining

both wild and cultured populations. Through Experiment A, we

identified a consistent decline in Sr/Ca ratios across developmental

stages (E, L, M, and J), suggesting that factors beyond simple

environmental conditions, such as temperature and salinity,

influence otolith chemistry. Experiment B further demonstrated

significant differences in Sr/Ca ratios between the otolith core and

edge zones, indicating the potential role of early developmental

processes in shaping otolith composition. These findings challenge

the prevailing notion that Sr/Ca ratios are solely driven by external

environmental factors. Instead, our results suggest that internal

biological processes, e.g. ontogenetic changes, play a more critical

role in determining Sr/Ca deposition patterns. The similar trends

observed in both wild and cultured fish reinforce this conclusion, as

environmental stability in aquaculture did not prevent the

progressive decline in Sr/Ca ratios. While this study provides

valuable insights, it also raises new questions. Future research

should investigate the precise biological mechanisms behind these

Sr/Ca dynamics, including the potential interaction of other

environmental factors such as food availability and water

chemistry. Additionally, employing advanced statistical models

like generalized linear models (GLM) may offer further clarity on

the interplay between various influences. The study also offers

valuable insights into novel culture experiments that investigate

early life history through the analysis of chemical elements at the

edge of otoliths, utilizing continuous sampling in conjunction with
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daily increments. Overall, this study enhances our understanding of

otolith chemistry in larval fish and underscores the importance of

considering multiple factors when interpreting Sr/Ca data,

particularly in tracking early life histories.
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