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Abstract

Japanese Spanish mackerel, Scomberomorus niphonius, is a commercially important, highly migratory species
that is widely distributed throughout the northwestern Pacific region. However, its life history and migratory
patterns are only partially understood. This study used otolith chemistry to investigate the migratory pattern of S.
niphonius in the southern Yellow Sea, an important fishing ground. Transverse sections of otoliths from 15 age-1
spawning or spent individuals, comprising up to one complete migration cycle, were analyzed from the core to
the margin by using laser ablation inductively coupled plasma mass spectrometry. The ratios of the element to Ca
were integrated with microstructural analysis to produce age-related elemental profiles. Combining multi-
elemental analysis of otolith composition with multivariate analytical models, we quantified structural changes in
otolith chemistry profiles. Results revealed there were diverse changing patterns of otolith chemistry profiles for
detected elements and the elements of Na, Mg, Sr and Ba were important for the chronological signal. Five
clusters were identified through chronological clustering, representing the five life stages from the early stage to
the spawning stage. Variation of Ba:Ca ratio was most informative, showing a step-decreasing pattern in the first
four stages and a rebound in the spawning stage. These results support the hypothesized migratory pattern of S.
niphonius: hatching and spending their early life in the coastal sandy ridges system of the southern Yellow Sea,
migrating northeastward and offshore for feeding during juvenile stage, aggregating in early October and
migrating outward to the Jeju Island for wintering, and returning to the coastal waters for spawning. This study
demonstrated the value of life-history related otolith chemistry profiles combined with multivariate analytical
models was a means to verify the migration patterns of S. niphonius at regional scales with potential application in
fisheries assessment and management.
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1 Introduction

To investigate fish migration, one significant phenotypic ap-
proach developed over the past 20 years is the analysis of otolith
chemistry (Campana, 1999; Elsdon and Gillanders, 2004; Elsdon
et al., 2008; Sturrock et al., 2012) and it is an efficient and useful
tool for tracking the migration paths. This approach is based on
the reconstruction of environmental histories as recorded in the
layering of the otolith (Sturrock et al., 2012; Walther and
Limburg, 2012). Otolith chemistry works particularly well for
these fishes associated with habitats of different water chemistries

such as estuaries and rivers (Elsdon et al., 2008; Elsdon and Gil-
landers, 2003; Yang et al., 2006). To provide temporal records of
movement between riverine, estuarine, and open sea environ-
ments, studies of diadramous fish mainly rely on the widely ac-
ceptable link between otolith Sr:Ca and ambient salinity (Elsdon
et al., 2008; Elsdon and Gillanders, 2003; Yang et al., 2006).
However, a meta-analysis on Sr:Ca assimilation into otoliths re-
vealed that Sr:Ca incorporation in marine species is more likely
to be physiological in nature (Brown and Severin, 2009). There-
fore, for marine species, it is not enough to reconstruct the life-
history migration merely based on the mono-elemental ap-
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proach (Sr:Ca). The modern use of laser ablation and micro-
probe analysis allows for multi-elemental analysis of otoliths and
provides elemental compositions that are likely to be peculiar
fingerprints for the water masses inhabited by fish (Chittaro et al.,
2006). In addition to Sr, some other elements can also supply
complementary information and can even be used as indicators
for migration (Gemperline et al., 2002; Gillanders and Kingsford,
2003; Hicks et al., 2010; Jiang et al., 2016). As a result, multi-ele-
mental approaches may be useful for understanding S. niphoni-
us migration

Conventional studies of otolith chemistry are qualitative, con-
sisting of visual interpretation of elemental transects through an
otolith section, which could be subjective (Hedger et al., 2008;
Walther and Limburg, 2012). Quantitative approaches to invest-
igating fish movement patterns with otolith chemistry are desir-
able. However, only few are available. Fablet et al. (2007) recon-
structed individual life histories from otolith chemical measures
based on a signal-processing issue embedded in a Bayesian
framework. Hedger et al. (2008) employed three zoning al-
gorithms separately to quantitatively classify Sr:Ca otolith se-
quences into fish environmental histories. Thibault et al. (2010)
employed a quantitative approach based on nonparametric
smoothing (generalized additive models using penalised regres-
sion splines) to describe the otolith elemental transects. More re-
cently, Vignon (2015) proposed a recursive partitioning method
based on multivariate regression trees (MRT) to realize chronolo-
gical clustering on the multi-elemental compositional otolith
transect. Compared with the former three approaches, Vignon’s
method is easily interpretable and directly applicable to the de-
tection of hidden discontinuities in any multivariate time series
(Vignon, 2015). Other advantages are that there is no require-
ment for distributional assumptions and data transformations on
the predictor and response variables (De’ath, 2002) and it is fully
unsupervised thus avoiding any priori judgement on the expec-
ted patterns. In addition, it provides a powerful exploratory tool
for assessing the relative importance of cross-correlated vari-
ables in structuring the environmental histories. This can help
identify less useful elements in the multi-proxy context.

Japanese Spanish mackerel Scomberomorus niphonius, an
epipelagic predator within the family Scombridae, is highly mi-
gratory and widely distributed in the temperate waters of the
northwestern North Pacific Ocean (Qiu and Ye, 1996; Horikawa
et al., 2001; Shoji and Tanaka, 2005). Scomberomorus niphonius is
also a commercially important species in the adjacent sea areas
of China, particularly in the southern Yellow Sea which is an im-
portant fishing ground. Scomberomorus niphonius is a repeat
spawner whose pelagic eggs hatch in 54 h. Their larvae are pisci-
vorous at first feeding and can swim freely to prey upon small
fishes 5-6 d after hatching (Horikawa et al., 2001; Shoji and Tana-
ka, 2005). Rapid growth at a mean growth rate of 1.03 mm/d re-
duces the duration of larval stage to about 15 d (Horikawa et al.,
2001; Shoji and Tanaka, 2005). Schooling behavior of mackerel
juveniles is initiated from day 17 and completed by day 19, dur-
ing which they start aggregation by forming parallel orientation
indicating inception of migration behavior (Masuda et al., 2003).
High feeding intensity of the young enables S. niphonius to
achieve fast growth during the growing season of juveniles. Indi-
viduals of S. niphonius at smaller sizes consume small fishes such
as anchovy (Engraulis japonicus), sand lance (Ammodytes per-
sonatus) and crustaceans but increasingly shifted to larger prey
items such as chub mackerel (Scomber japonicus) and saury
(Cololabis saira) as they grew larger (Huh et al., 2006).

Preliminary studies related to the migration of S. niphonius
were carried out decades ago partially based on indirect infer-

ences from fishing vessels data (Wei, 1980; Liu and Yang, 1982).
These studies stated that S. niphonius undertook long-distance
seasonal migrations. The species has been observed to move in-
to shallow waters during warmer seasons to breed and spawn,
then move back to deeper waters in the cooler seasons. Mature
adults of this species in the southern Yellow Sea come from the
overwintering grounds in the deep waters of the southeastern
Yellow Sea and northeastern East China Sea. Scomberomorus. ni-
phonius was reported to start its wintering migration in the late
autumn and successively move to its wintering ground, for over-
wintering in January and February (Yuan et al., 2009; Kim et al.,
2016). Every year after overwintering in February, S. niphonius
would leave their wintering ground to start their spawning migra-
tion (Yuan et al., 2009). However, relevant studies have observed
a regime shift in fish community (Tian et al., 2006) and a structur-
al change in the S. niphonius population (Zhang et al., 2016; Shui
et al,, 2009). Additionally, after the late 1990s, the distribution,
migration and fishing grounds of S. niphonius presented north-
ward extension (Fujiwara et al., 2013). Given these phenomena,
whether the previous migratory pattern is still convincing need to
be verified. Furthermore, more comprehensive interpretation
and reinforced evidence of the migratory pattern of S. niphonius
based on the novel methods are also imperative.

In this study, we focused on the migratory pattern of S. ni-
phonius from a regional stock, using samples collected from the
southern Yellow Sea. Since S. niphonius is a fully marine species,
we not only focus on Sr but using multi-elemental analysis of oto-
liths and combined with multivariate analytical models to identi-
fy important elements associated with apparent shifts in the data.
It is difficult to establish link between environmental parameters
(salinity, temperature, water chemistry) and each single element,
as the mechanisms of elemental incorporation at the growing
surface of the otolith are not fully understood (Elsdon et al.,
2008). Nevertheless, such elemental shifts must either be directly
related to regional differences in ambient water concentrations,
water temperature and salinity or indirectly to the influence of
these abiotic factors on the physiology of S. niphonius. Based on
the understanding of S. niphonius life history and the oceano-
graphic conditions in this area, those shifts which imply the
quantitatively captured multivariate nature of structural changes
in our data were associated to the important events such as meta-
morphosis and reproduction happened in the life history of fish.
This process helps us to identify important elements associated
with apparent shifts in the data and nominate the possible ex-
planatory factors, enabling us to achieve biological interpreta-
tion of chemical signals and understand the migration pattern of
S. niphonius in the southern Yellow Sea.

2 Materials and methods

2.1 Sample collection

Scomberomorus niphonius were randomly sampled from
catches by commercial gill net vessels (mesh size 90-110 mm)
operating in May 2016 in the Liisi fishing ground of the southern
Yellow Sea (Fig. 1). All sampled specimens were refrigerated im-
mediately and transported to the laboratory. Fork length and
body weight were measured to the nearest 1 mm and 1 g, respect-
ively. Sex and maturity were determined through visual gonad
examination for each sample (Inoue et al., 2007). Sagittal otoliths
were extracted through the gill, cleaned in ultrapure water and
then dried in the air prior to store in plastic tubes. Age was de-
termined by counting the number of annuli in the otolith (Inoue
etal., 2007). A total of 15 age-1 individuals in spawning or spent
condition (Table 1) were selected for elemental analysis.
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Scomberomorus niphonius reaches sexual maturity at one year
old (Qiu and Ye, 1996) and the life history of these adults covered
one complete migration cycle.

2.2 Otolith preparation

One whole sagitta was selected at random from each fish. It
was embedded separately in epoxy resin (Epofix, Struers, Den-
mark), sectioned to approximately 400 um in thickness in the
transverse section-plane to encompass the core. The sections
were ground with 500#, 1 200# grit paper and polished using an
aluminium micropolisher (0.3 pm) with an automated polishing
wheel (Roto Pol-35, Struers, Denmark) to expose the core. There-
after, all samples were sonicated in an ultrasonic bath for 5 min
and rinsed with Milli-Q water (Millipore, France). After decon-
tamination, all samples were oven-dried at 38°C overnight for
chemical analysis.

2.3 Elemental analysis

Laser ablation inductively coupled plasma mass spectro-
metry (LA-ICP-MS, Laser: New Wave UP213, ICP-MS: Agilent
7500ce) was used to obtain time-related element, Ca, profiles.
The elemental analysis was conducted in the Key Laboratory of
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Ecological Environment and Resources of Inland Fisheries,
Freshwater Fisheries Research Center, Chinese Academy of Fish-
ery Sciences. The laser was programmed at a wave length of 213 nm,
high voltage of 10 kV, pulse rate of 10 Hz, energy density of
9.29 J/cm? and a dwell time of 5 s. Ablation spots of 40 um dia-
meter were located at 80 pm intervals (from center to center)
along the longest transect from the otolith core to the dorsal-
distal edge. This axis was chosen for two reasons: (1) it was one of
the clearest for differentiating the opaque zones for ontogenetic
otolith elemental signature; (2) being a short axis, it minimized
the deviation of the distance from the core to the edge for
samples with roughly similar life span such that the number of
detected spots narrowly ranged from 17 to 21. Sample gases were
extracted from the chamber through a smoothing manifold facil-
itated by a helium and argon stream. Two standard samples
NIST612 and MACS-3 (National Institute of Standards and Tech-
nology, USA; United States Geological Survey, USA) were ana-
lyzed at the beginning and end of the sampling sessions with 5
samples. Analysis involved a 100 s background count at the be-
ginning and at the end to determine the actual limits of detection
(LODs); relative standard deviations (RSD) on the basis of replic-
ated measurements of the standard samples were calculated to
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Fig. 1. Sampling locations (slashed area) of S. niphonius in the southern Yellow Sea.
Table 1. Background information of S. niphonius individuals for otolith chemistry analysis
Sample code Sampling date (year/month/day)  Forklength/mm Body mass/g Age/a Male (M)/female (F)
LSSNO1 2016/5/8 466 883 1 F
LSSN02 2016/5/8 458 758 1 M
LSSNO03 2016/5/8 462 869 1 F
LSSN04 2016/5/8 554 1411 1 M
LSSNO05 2016/5/14 440 663 1 F
LSSN06 2016/5/14 446 652 1 M
LSSNO7 2016/5/14 406 533 1 M
LSSN08 2016/5/14 432 747 1 M
LSSN09 2016/5/14 464 807 1 F
LSSN10 2016/5/14 465 794 1 M
LSSN11 2016/5/14 430 621 1 M
LSSN12 2016/5/14 520 1041 1 F
LSSN13 2016/5/14 509 1030 1 M
LSSN14 2016/5/14 510 1131 1 F
LSSN15 2016/5/14 525 1149 1 F
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reflect the level of precision achieved for each element. All results
were expressed as concentration ratios of elements to calcium
(Amano et al., 2013). Of all the measures, LODs for Li (0.503 pmol/mol),
Na (3.25 pmol/mol), Mg (0.552 pmol/mol), Fe (167 pmol/mol),
Co (0.102 pmol/mol), Sr (0 pmol/mol) and Ba (0.018 5 pmol/mol)
were all well below the detected radio in otoliths. The analytical
accuracy of the standard across all samples was high for all ele-
ments with RSD ranging from 2.87% to 5.55% (Li: 4.73%, Na:
2.87%, Mg: 5.55%, Fe: 3.58%, Co: 5.09%, Sr: 4.36%, Ba: 5.53%).

2.4 Microstructural analysis to relate elemental profile to fish age

Digital photographs were taken for these otolith sections after
LA-ICP-MS analysis (Fig. 2) and the distance of each laser abla-
tion spot relative to the otolith core was expressed as distance
from their center to the first spot center (0 um). The otolith of S.
niphonius begins to form in the postembryonic period. Marginal
increment analysis performed by Liu and Yang (1982) and Inoue
et al. (2007) on different stocks both determined that opaque
zones were formed over a period of three months after spawning.
Sagittal otolith increments of S. niphonius are deposited daily in
the larval and early juvenile periods (Shoji et al., 1999). The mi-
crostructure analysis performed on otolith sections clarified that
the core region was formed in the first 9-10 d with a width about
40 pm. The opaque zones surrounding the core were formed im-
mediately in the following 15-20 d and the microincrements get
broader to about 10 pm in average. The translucent zones with
radial striae after it were formed in the subsequent remaining
period. In the spawning season the mircoincrements grew pro-
gressively closer to each other and often became faint. Given the
different growing speed in different periods of the otolith, to al-
low for more straightforward comprehension of life history tran-
sect data with a life span covering roughly one year’s time, we re-
lated the elemental profile to the fish life history following three
steps: (1) the first spot in the core region was determined as rep-
resenting the first 10 d of fish life history; (2) the following three
spots in the first opaque zone were allocated evenly with a time
interval of 15 d; (3) the remaining spots in the translucent or the
marginal opaque zones were equally designated to each repres-
ent a period of 20 d. An otolith growth model would have
provided a direct method for spacing spots to get a time-resolved
elemental profile. However, in the absence of such a model for S.
niphonius, this procedure was judged as providing the most real-
istic representation of different stages in fish life history corres-
ponding to each analytical measurement.

2.5 Data analysis

Since each spot corresponds to a time period of S. niphonius
growth, the elemental values of spots were grouped to obtain the
chronological data series within an individual. All detected ele-
ments can be used as inputs to a traditional tree-based approach
to detect chronological groups in multivariate data. However, on
no occasion were all elements of a data series useful; even worse,
some elements may complicate or cover up the signal in the data,

distal surface

thereby precluding clear portioning. Therefore, it is of top prior-
ity to disentangle the relative importance of different elements in
structuring the data in order to discard the most unstructured
elements (Vignon, 2015).

Three most well-known and well-performing techniques are
available to estimate the relative importance, including boosting,
bagging (bootstrap aggregating) and random forest (Mercier et
al., 2011). Here we have chosen to use random forest, an en-
semble machine learning algorithm, which determines the con-
tribution of each variable by measuring the number of times a
variable is selected for splitting, weighted by the squared im-
provement to the model as a result of each split, and averaged
over all trees (De’ath, 2002). For our study, we used a tree num-
ber of 1 000 and a bagging fraction of 0.7. The relative import-
ance (or contribution) of each variable is scaled so that the sum
adds to 100, with a higher number indicating stronger influence
on the chronological clustering. The threshold of the important
variable was set as being greater than 10% of the relative import-
ance. To investigate the inter-individual variation in element im-
portance, a principal coordinates analysis (PCoA, also known as
metric multidimensional scaling) was used in two dimensions
(Gower, 1966). A Euclidean distance measure for each pair of
matrices was used as input for metric multidimensional scaling.
The resulting principal coordinates are axes that account for the
maximum amount of the information contained in the corres-
ponding distance matrix. Such an ordination allows one to visu-
alize the relationship among matrices. If two matrices are close in
the PCO (principal coordinates) plane, they are correlated and
have similar relative importance of elements.

A multivariate regression tree (MRT) model is developed for
the multivariate chronological clustering based on the elements
selected as being important. MRT (De’ath, 2002) constructs a
hierarchical tree by recursive binary (dichotomies) partitioning
(nodes) into two mutually exclusive groups (‘the leaves of MRT’),
each of which is as homogeneous as possible and the final tree
size was determined with cross-validation error (Breiman et al.,
1984). Recently, Borcard et al. (2011) suggested that MRT could
easily be applied to multivariate chronological clustering, using a
vector describing the sequence as the only explanatory variable.
The final MRT model was based on the scaled elemental ratios
since we were interested in relative variations in different ele-
ments, not in their absolute value. If data are not scaled, it is
likely that the discontinuities obtained from the regression tree
correlate with changes in the variable that has the largest variation
in magnitude, irrespective of other variables (Vignon, 2015).

All statistical analyses were carried out in R (R Development
Core Team, 2013; version 3.3.3). Models were fitted using the new
functions from the R package Tampo that depends on packages
Mvpart and Randomforest. Additional information can be ob-
tained at http://www6.bordeaux-aquitaine.inra.fr/st_pee/UMR-
Ecobiop/Outils/TAMPO/TAMPO. An up-to-date version of the R
package Tampo and its future development are hosted on Git-
Hub (http://github.com/mvignon).
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Fig. 2. Image of a transverse section of an S. niphonius otolith showing the laser ablation spots.
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3 Results

3.1 Life-history related otolith chemistry profiles

Otoliths from 15 age-1 spawned S. niphonius captured in the
southern Yellow Sea were successfully analyzed, and 288 detec-
ted spots were obtained with a maximum of 21 in one otolith.
Elemental ratios (Li:Ca, Na:Ca, Mg:Ca, Fe:Ca, Co:Ca, Sr:Ca and
Ba:Ca) in mackerel otoliths are shown in Table 2. The composi-
tion of these elements showed that Na was the highest, Fe the
second and Li, Co and Ba the lowest.

Diverse patterns of life-history related otolith chemistry pro-
files were present for these 7 elements (Fig. 3). The mean estim-
ates of Li:Ca ranged from 2.22 pmol/mol to 4.11 pmol/mol (Fig. 3a).
A slightly decreasing pattern after 300 d was observed in the Li:Ca
profile. Mean estimates of Na:Ca ranged from 8 222.66 pmol/mol to
10 960.06 pmol/mol (Fig. 3b). The Na:Ca ratio declined rapidly
after Day 200. Mg:Ca and Ba:Ca showed very similar patterns
with a predominantly declining trend and an increase in the final
days (Figs 3c, g) with mean levels ranging from 99.27 pmol/mol
to 355.32 umol/mol and from 2.19 pmol/mol to 5.83 pmol/mol,
respectively. Small ranges and variations were found both in the
Fe:Ca (7 398.61-8 011.37 pmol/mol) and Co:Ca (5.24-6.16 pmol/mol)
profiles (Figs 3d, e). The mean estimates of Sr:Ca ranged from
1 986.96 pmol/mol to 2 761.83 pmol/mol (Fig. 3f). The Sr:Ca pro-
file remained stable for the first 240 d but fluctuated more
drastically afterwards.

3.2 Relative importance of the elements in the chronological signal

The multi-elemental analysis based on random forest results
from 15 individual fish reveals sharp contrasts among the ele-
ments regarding their influence in the signal (Fig. 4). Among all
elements used in the analyses, only 4 were important (Fig. 4),
which were then used to analyze migration patterns. The chem-
ical profiles from the otoliths of all fishes are predominantly
structured by variations in Mg and Ba. In addition, Sr and Na also
appear to be important but at a significantly lesser extent. In con-
trast, Li, Fe and Co are not important (all having a mean relative
influence less than 10%, Fig. 4), providing more noise than signal
with respect to environmental histories, and are therefore of little
interest.

PCoA reveals that inter-individual variation in element im-
portance mainly relies on Mg (first component accounting for
57% of total variability, Fig. 5). The PCoA results also indicate that
Ba, having a similar pattern to that of Mg, also structures the sig-
nal and is likely to be an important element for analysis of the mi-
gration pattern. Sr and Na, as the third and fourth most import-
ant elements of the structure signals, highlighted the potential
complementarity between elemental signals. In addition, results
for most individuals converged on the central zone of the PCO
plane, suggesting that they had similar patterns of relative im-
portance for all elements.

3.3 Multivariate chronological clustering

The final MRT model was based on the scaled Na:Ca, Mg:Ca,
Sr:Ca and Ba:Ca ratios (Fig. 6). On the condition of optimal cross-
validation error, four splits were detected at the distance of
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800 um, 1 200 um, 240 pm and 1 040 pm sequentially which di-
vided the time series data into five clusters. The model explains
53% of the total variance.

A summary of the number of detected spots, represented age
period and elemental radio for each cluster is provided in Table 3.
Cluster 1 was distinguished as the beginning period with four
data spots included and characterized with high levels of Na:Ca,
Mg:Ca, Sr:Ca and Ba:Ca. Cluster 2 represented a long age period
after that with seven data spots included. During this time period,
Mg:Ca, Sr:Ca and Ba:Ca were all decreasing to a lower level when
compared to Cluster 1. The following days were represented by
Cluster 3 with three data spots included, which was character-
ized by even lower levels of Mg:Ca and Ba:Ca and by the lowest
level of Sr:Ca. A short time period with two data spots was repres-
ented by Cluster 4, with the discriminatory feature that levels of
Na:Ca, Mg:Ca and Ba:Ca were all at the lowest levels. Cluster 5
represented the final days including five data spots and was char-
acterized by the highest Sr:Ca level. In general, the variations of
Na:Ca and Sr:Ca levels among the five clusters were both limited.
Na:Ca levels were lower in Clusters 4 and 5, and Cluster 5 had the
highest Sr:Ca level. Mg:Ca and Ba:Ca levels both showed steep
decreasing pattern from Cluster 1 to Cluster 4 but increased in
Cluster 5.

4 Discussion

Effective management of S. niphonius in the adjacent sea
areas of China requires knowledge of population structure, con-
nectivity, migration patterns of spawning aggregations, and dis-
tribution in a changing climate. However, the partial understand-
ing of the life history pattern and the complex population struc-
ture of S. niphonius in the adjacent sea areas of China has hampered
effective management (Zhang et al., 2016; Shui et al., 2009). This
study evaluated the use of otolith chemistry signatures com-
bined with multivariate analytical models as a means to recon-
struct the migration patterns of S. niphonius in the southern Yel-
low Sea. Our results revealed diverse changing patterns of life-
history related otolith chemistry profiles in detected elements
and found that Na, Mg, Sr and Ba were important and most in-
formative to the structure of the chronological signal. An MRT
model based on important elements resulted in five clusters
through the chronological clustering. On the theoretical basis
that otolith signatures vary according to the physicochemical
properties of the ambient environment (Campana, 1999; Elsdon
etal., 2008), the given set of elemental radio of these clusters re-
flected five specific habitats in which S. niphonius operated dur-
ing their migration cycle. Thus, by understanding and integrat-
ing the life history, historical migratory pattern, and further spa-
tio-temporal resolution of the piecewise signal, our study has
verificated the migratory pattern of S. niphonius and raised a hy-
pothesized migratory pattern of the S. niphonius in the southern
Yellow Sea.

4.1 Temporal resolving of otolith chemistry signal
Provided with the understanding of the life history of S. ni-
phonius, the time periods represented by our clusters could be

Table 2. The summary of elements ratios (pmol/mol) in the otolith for all S. niphonius samples

Li:Ca Na:Ca Mg:Ca Fe:Ca Co:Ca Sr:Ca Ba:Ca
Mean value 3.61 9 819.62 186.33 7 765.30 5.74 2190.31 3.78
SD value 1.49 1438.52 122.54 964.49 0.99 439.57 2.46
Min value 1.28 6212.26 54.93 5400.82 3.83 1320.94 1.00
Max value 11.14 14 419.08 958.22 12 163.79 11.05 4.480.77 16.82
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errors.

defined as different life stages in the ontogeny. The time period of
Cluster 1 corresponded to the early life history from embryonic
development, hatching, to the larval and juvenile stages. Hence,
we defined Cluster 1 as the early stage with mackerel inhabiting
in its zone of natal origin. The time period of Cluster 2 was
roughly from summer to autumn, corresponding to a growing
season. Scomberomorus niphonius is expected to be highly mi-
gratory as it forages and Cluster 2 can be defined as the feeding
(migration) stage. The wintering migration started in the late au-
tumn and overwintering stage was in January and Febuary. This
corresponded to the time periods represented by Cluster 3 and
Cluster 4, from October to late January; these two clusters repres-

ented the wintering migration and overwintering stages, respect-
ively. Over 90% of S. niphonius matured at Age 1 and age-1 indi-
viduals constituted a large portion of annual landings (Qiu and
Ye, 1996), likely induced by intensive fishing over an extended
period. The time period of Cluster 5 correlated with this spawn-
ing stage at which young S. niphonius migrated to their spawning
ground, became sexually mature, and ultimately completed the
migration cycle of their life history by laying eggs. This temporal
interpretation was based on our relating of elemental profiles to
fish life history; however, the present result may suffer from the
methodological problems that may be attributed to the equally-
spaced designation of detected spots in the translucent and the
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Fig. 4. Mean relative importance+SD of 7 elements in structur-
ing the multivariate signal using the random forest model. The
relative importance of each variable is scaled so that the sum
adds to 100. A threshold of 10% (vertical dotted line) was used to
identify elements of importance.

marginal opaque zones. Since otolith growth rate decreases ex-
ponentially with time (Liu and Yang, 1982), this method may
have caused the time period of each cluster to be slightly in ad-
vance of the time period it truly represented.

Chronological clusters were temporally resolved as five life
stages: the early stage, the feeding stage, the wintering migration
stage, the overwintering stage and the spawning stage. The split
between the wintering migration and overwintering stages
seemed to be attributed to the sharply decreasing trend of Na:Ca
(Fig. 7). Na is a physiologically important element (Kalish, 1991;
Thresher et al., 1994) and fluctuates not with the environment
but with the osmoregulatory control (Campana, 1999). Given that
the high-low step change in Na:Ca profile merely reflected the
peculiar intrinsic process when S. niphonius left their feeding
ground for the wintering ground. The Na:Ca profile provided no
information on the ambient environment. Sr:Ca levels peaked in
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the spawning stage and the different changing pattern after 240 d
provided the basis for the split between the overwintering and
the spawning stages (Fig. 7). Sr concentrations were often as-
sumed to be positively correlated with the salinity in the ambient
environment (Campana, 1999; Gillanders, 2005; Walther and
Limburg, 2012), with the exception of some marine systems
(Walther and Limburg, 2012). The narrow salinity gradients ex-
perienced by S. niphonius as a fully marine fish could explain the
limited variations of Sr:Ca. However, physiological processes,
particularly reproduction, may be outweighed in explaining the
high Sr:Ca levels in the spawning stage, as documented in plaice
(Pleuronrctes platessa) (Sturrock et al., 2015). Additional re-
search is required to conclusively define whether Sr:Ca can be
used as an indicator for the development of gonad in the marine
environment. The step-changing pattern of Mg:Ca contributed
significantly to all the four splits (Fig. 7). It is considerably more
difficult to separate the effect of temperature and growth rate on
the incorporation of Mg, as growth is generally strongly influ-
enced by temperature (Kalish, 1991; Bath et al., 2000). We hypo-
thesized that Mg:Ca in the otolith of S. niphonius is regulated
simultaneously by growth rate and temperature, as Grammer et
al. (2017) documented. From the early stage to the overwintering
stage, the decline of Mg:Ca was probably driven by the decreas-
ing growth rate, less so by the changes in water temperature as
water temperature was not simply rising or dropping from spring
to winter. However, Mg:Ca in the spawning stage was more likely
to be elevated by the generally rising water temperature after
winter when growth took a back seat. This piecewise synchrony
of Mg, growth rate and water temperature suggested that the ele-
ment incorporation could be dominated by different factors in
different life stages.

Since physiology and environment both play a role in ele-
mental incorporation into otoliths, chemical heterogeneity that
we detected among individuals was not only a result of environ-
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partition, the threshold value is indicated (D indicating the dis-
tance to the nucleus). b. Life-history related original data (scaled)
fitted with the corresponding MRT. The splits are numbered ac-
cording to a.

mental effect but also attributed to the different physiological
conditions of different samples, such as metabolic rate, growth
rate, age and fish diet (Izzo et al., 2018). Thus, elemental data
used to reconstruct migration pattern can be misinterpreted if
physiology-induced changes in element concentrations are un-
accounted for (Thresher, 1999; Elsdon et al., 2008; Sturrock et al.,
2012). The synchrony among individuals may also reflect the ag-
gregating movement of S. niphonius for wintering after the feed-
ing stage during which the young tend to be dispersed in the ex-
tensive feeding ground to prey on small fish. The environmental
homogeneity caused by the putative movement was more con-
vincing in the Ba:Ca since Ba:Ca tend to be correlated with envir-
onment rather than physiological parameters (Sturrock et al.,
2012, 2015).

Previous studies of otolith chemistry in reconstructing the mi-
gratory history and stock discrimination have used several kinds
of elements (e.g. Li, Na, Mg, Zn, Sr, Ba, Mn, Pb, Fe, Cu, S) (Ed-
monds et al., 1991; Secor et al., 1995a, b; Campana, 1999; Cam-
pana and Thorrold, 2001; Thresher, 1999; Elsdon et al., 2008). In
this study, we retained seven valid elements (without Ca) after
LA-ICP-MS analysis that had quite different ranges and patterns
of their life-history related otolith chemistry profiles. The concen-
trations of measured elements in our study were consistent with
the observed mean concentration values in marine species
(Campana, 1999) and they are showing variable changing patterns.

Table 3. The summary of distance, detected spots and elemental radio for each cluster

. ¢ Na:Ca/pmol-mol!  Mg:Ca/pmol'mol-!  Sr:Ca/pmol-mol-!  Ba:Ca/pmol-mol-!
Clusternumber  Distance/pm  Number of spots Mean SD Mean SD Mean SD Mean SD
1 D=<240 4 10 028.53 378.52 301.80 38.20 230739 7451 5.32 0.40
2 240<D <800 7 10 569.11 316.23 190.92 29.27 2088.47 55.44 4.26 0.59
3 800<D<1 040 3 9945.78  364.13 144.04 14.51 2044.25 51.54 2.74 0.05
4 1 040<D=<1 200 2 8 495.82 84.31 104.65 7.61 2104.42  75.02 2.25 0.08
5 D>1 200 5 8619.01 413.08 132.28 45.60 2455.92 279.23 291 0.52
120° 122° 124° 126° 128°E 2017). It was the poor ability of structuring chronological signal
32; ~ .»f‘x,_\ - ¥ *"%J’_"'Laij{ that caused us to exclude them in this study. PCoA analysis
| = e b . .. .
~ S - g showed that most individuals in our study were correlated and
sl i had simil frelative for all el hich
N southern Yellow Sea "{% ad similar pattern of relative importance for all elements, whic
36° 4 JJE—LJ highlighted the chemical homogeneity among individuals and
/ overwintering f the feasibility of successful assignment of S. niphonius in differ-

o ground %ﬁ‘ 4
spdwmng“\ \ K 2

34° and Fr— wmtenng migration

early stages \ f miciimin gl P
S S X ! —— —
habitat\ L e | A

Je -

32°

Fig. 7. A conceptual diagram showing the hypothesized life-his-
tory migration of the S. niphonius in the southern Yellow Sea.

We built our MRT model using the putative important ele-
ments of Na, Mg, Sr and Ba. However, this does not preclude the
potential usage of other elements. For example, Li:Ca in the oto-
lith was most strongly correlated (positive) with chlorophyll a
levels in the environment and could be a potential indicator of
productivity within the marine environment (Grammer et al.,

ent spawning aggregations using fingerprint data sets.

4.2 Spatial resolving of otolith chemistry signal

Na:Ca, Mg:Ca and Sr:Ca in our study were to some extent in-
fluenced by the physiology of S. niphonius. Nevertheless, Ba, as a
typically hard acid element, exists mainly as a free ion in water
and 98% of Ba in otolith of marine fish originated from water
sources (Walther and Thorrold, 2006). Thus, Ba:Ca was primarily
affected by environment parameters and the positive correla-
tions with Ba concentrations in the ambient water have been well
documented (Grammer et al., 2017; Sturrock et al., 2012). The
peaked Ba:Ca in the early stage implied that the habitat during
this period was characterized by high Ba concentration.

Variation in ambient water chemistry is likely to be system
dependent, relating to tides, water movements, hydrogeology,
precipitation, and upwelling (Elsdon et al., 2008). In the south-
ern Yellow Sea, the shallow coastal regions located off the east-
ern coast of China between the Changjiang River Delta to the
south and the abandoned Huanghe River Delta to the north is
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composed of approximately 70 unique sandy ridges and associ-
ated tidal channels, at a mean water depth of approximately 30 m
below mean sea level (Uehara and Saito, 2003; Yin et al., 2008).
Obvious upwelling is observed in the coastal waters of Liisi in the
north and west sides of the submarine valley off the Changjiang
River Estuary (Zhu et al., 2004; Lii et al., 2006). As the waters tend
to be Ba enriched due to dissolution of barite in deep ocean wa-
ter and sediments in strong upwelling areas (Lea and Boyle,
1991), the ambient Ba levels in the coastal sandy ridges seem to
be higher than the other coastal waters or the offshore waters.
There are some other complementary evidences for the higher
ambient Ba in coastal sandy ridges. Typically, Ba:Ca ratios in
nearshore marine carbonates display a negative correlation with
salinity and can act as a proxy for coastal freshwater runoff (Chan
et al., 2011). Every year from May to September, when the
Changjiang Diluted Water runs out from the estuary, its main
body extends northeastward and brings Ba-enriched freshwater
inflows (Wei et al., 2011).

Additionally, the water mass transported by the Subei coastal
current, the coastal current originated from the north Haizhou
Bay to influence the sandy ridges, are of low salinity and carrying
amount of resuspended sediments (including Ba) from the an-
cient Huanghe River Estuary underwater delta (Wei et al., 2011).
Consequently, the coastal sandy ridges are probably the first hab-
itat that impresses high otolith Ba:Ca signal in the core. Ba:Ca
showed a step-declining pattern from the early stage to the over-
wintering stage which contributed significantly to the initial three
splits (Fig. 7). It could be inferred that the following habitats were
characterized by gradually decreasing Ba concentration. Since
the ambient Ba concentrations in the coastal water was higher
than the open sea and the Changjiang Diluted Water continued
influencing the southwest area of the southern Yellow Sea in
summer, the shifts of the habitat indicated that a large number of
juvenile S. niphonius made a northeastward migration in the
feeding stage, from the coastal sandy ridges to the offshore mix-
ing area (the second habitat) with a water depth from 40 m to 60 m
below mean sea level. Previous studies suggested that S. niphoni-
us spawned in the southern Yellow Sea came from the wintering
ground of the western and southwestern waters of the Jeju Island
(32°00'-33°40'N, 124°40'-127°15'E), which was influenced by the
high salinity west branch of the Tsushima Warm Current (Yuan
et al., 2009). This was supported by the low otolith Ba:Ca in the
overwintering stage in our study and suggested the eastward and
outward wintering migration (the third habitat) of the young of
the year to reach the wintering ground (the fourth habitat). Based
on the resolving of these four life stages, it is quite clear that the
recovery of the Ba:Ca in the spawning stage could be an indicat-
or of the S. niphonius backtracking to the coastal waters of the
Liisi fishing ground (the fifth habitat), the sample site in this
study.

4.3 Reconstructing the migratory pattern of S. niphonius in the

southern Yellow Sea

After spatio-temporal resolving of otolith chemistry signal,
verification of the migratory pattern of S. niphonius in the south-
ern Yellow Sea showed no significant changes and difference
from the putative migratory pattern based on conventional tag-
recapture studies in 1964 (Zhang et al., 2013). The hypothesized
migratory pattern of the S. niphonius in the southern Yellow Sea
is showed in Fig. 7. Scomberomorus niphonius hatch and spend
their early life in the coastal sandy ridges system of the southern
Yellow Sea; their juveniles migrate northeastward around early

June and disperse in the offshore mixing area for feeding. After
fattening and conserving enough energy, the young begin ag-
gregating in early October and migrate outward to reach the Jeju
Island for wintering. The migration cycle is completed by return-
ing to the coastal waters again for spawning.

Despite some limitations such as limited sample size and
lacking water chemistry information, our results prove the feasib-
ility of using otolith chemistry signatures combined with mul-
tivariate analytical models to identify important elements associ-
ated with apparent shifts in the data and to verify the migration
pattern of S. niphonius. Through this process we can reconstruct
the possible migratory pattern of S. niphonius more precisely and
authoritatively, which could be a reinforced evidence for the in-
adequacy of simply using fisheries catch data for inferring migra-
tion. Good understanding of the life-history migration of S. ni-
phonius does not only help to localize the fish assemblages
on which fisheries rely, but also elucidates the connectivity
between larval/juvenile sources and adult population, and this
would be especially informative to management of this commer-
cially important species. Based on the first step beginning with
the southern Yellow Sea, future steps should include taking into
consideration of other spawning aggregations along the China
coastal waters and samples from former and later years to com-
prehensively investigate the migration pattern of this highly mi-
gratory species.

In spite of climate change and over-exploitation in the adja-
cent sea areas of China (Cheung et al., 2013; Liang and Pauly,
2017; Ma et al., 2019; Pang et al., 2018), S. niphonius supported a
high yield over the past decades. The interdisciplinary ap-
proaches bring us brand new perspective to understand the life
history of large-scale migratory species and the influence on re-
gional population dynamics and stock structure. Making good
use of the interdisciplinary approaches may help us to explain
this phenomenon and establish effective and responsible man-
agement strategies. Besides, they can also be applying to other
species to realize sustainable exploitation.
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