': fishes

Article

Revealing Population Connectivity of the Estuarine Tapertail
Anchovy Coilia nasus in the Changjiang River Estuary and Its
Adjacent Waters Using Otolith Microchemistry

Tao Jiang !, Hongbo Liu !, Yuhai Hu 2, Xiubao Chen ! and Jian Yang 1%*

check for
updates

Citation: Jiang, T.; Liu, H.; Hu, Y.;
Chen, X.; Yang, J. Revealing
Population Connectivity of the
Estuarine Tapertail Anchovy Coilia
nasus in the Changjiang River Estuary
and Its Adjacent Waters Using
Otolith Microchemistry. Fishes 2022,
7,147. https://doi.org/10.3390/
fishes7040147

Academic Editor: Josipa Ferri

Received: 5 May 2022
Accepted: 22 June 2022
Published: 23 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Laboratory of Fishery Microchemistry, Freshwater Fisheries Research Center, Chinese Academy of Fishery
Sciences, Wuxi 214081, China; jiangt@ffrc.cn (T.].); liuhb@ffrc.cn (H.L.); chenxb@ffrc.cn (X.C.)

2 Wuxi Fisheries College, Nanjing Agricultural University, Wuxi 214081, China; 2020113023@stu.njau.edu.cn
*  Correspondence: jiany@ffrc.cn; Tel./Fax: +86-510-8555-7823

Abstract: The estuarine tapertail anchovy, Coilia nasus, is a migratory fish with high economic value
in China. We collected fish from the Changjiang River (the Yangtze River) estuary, the Qiantang River
estuary, and the southern Yellow Sea, and studied their relationships using otolith elemental and
stable isotopic microchemistry signatures to assess the population connectivity of C. nasus. Results
show that, in addition to Ca, other elements were present in the otolith core. The 5180, Na/Ca, Fe/Ca,
and Cu/Ca values of the Qiantang population were significantly higher than those of the others,
whereas its §!3C and Ba/Ca values were found to be significantly lower. Otolith multi-element
composition and stable isotope ratios differed significantly between the Qiantang and Changjiang
estuary groups (p < 0.05); however, no difference was observed between the latter and the Yellow
Sea group. Cluster analysis, linear discriminant analysis, and a self-organizing map strongly suggest
possible connectivity between the fish populations of the Changjiang estuary and Yellow Sea, while
the population of the Qiantang River estuary appears to be independent. Notably, results suggest a
much closer connectivity between the fish populations of the Changjiang River and the Yellow Sea.

Keywords: Coilia nasus; otolith; river estuary; Yellow Sea; elemental signature; stable isotopic signature

1. Introduction

The connectivity between and identification of different populations of migratory
fishes have been the focus of relevant fish surveys and conservation efforts [1-4]. Migration
promotes gene exchange among different fish populations and hinders the development of
their genetic structuring [5]. In contrast, it builds a bridge for resource flow among different
populations. As a result, populations distributed differently in time and space tend to be
connected [6,7]. In fact, revealing migration characteristics at a large spatial scale is quite
difficult with regard to fishes with a complex habitat history [8,9]. Meanwhile, population
connectivity and structure are also difficult to study in this field. Even genetic approaches
may not have adequate resolutions, unless straying is negligible over evolutionary time
scales [10].

Fortunately, with the development of interdisciplinary fields, otolith, which used
to be an important material for the analysis of the age of fish, has increasingly become
an important material for studying fish migration ecology. Otoliths, including lapillus,
sagitta, and asteriscus, are types of hard tissues located in the fish inner ear, and play
an important role in the senses of balance and hearing because of their unique shapes
and microcrystalline structures [11]. Although an otolith was originally used as a tool to
estimate the age of fish [12,13], analyses of its shape and elemental/isotopic microchemistry
have recently demonstrated enormous potential for its use in studies of species, population,
or ecosystem-based management [14-19]. Meanwhile, otolith elemental/isotopic chemistry,
also termed as otolith microchemistry, is a powerful technique for revealing migration
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history, population connectivity of the research object, temporal and spatial distribution
characteristics (using elemental signatures) [20-24], dietary changes, and environmental
temperature in the species’ life-history using stable isotopic signatures [25-28], even with
limited (e.g., 2-10) numbers of otolith samples [21,23,29].

The chemical characteristics of otoliths can reflect biographical information of fish
habitats throughout their life-history because otoliths are formed before the fish hatches,
and elements deposited on them are not metabolized by the fish during their life cycle [30].
In particular, the nucleus region, defined as a small area in the central region of an otolith [31,
32], which usually represents its initial growth period (i.e., larvae and juveniles) [33,34], is
important as it corresponds to the fish’s incubation and early life-history stage; therefore,
the chemical characteristics of the otolith nucleus region can be used to determine the
characteristics of hatchery/spawning sites and population origin, which can retrospectively
determine the origin of the population [35-37]. In these studies, the elemental “fingerprint”
and stable isotope characteristics are often used to determine the physical and chemical
nature of the aqueous environment during the incubation and early life-history of research
objects for identification and connectivity studies of populations [38,39]. In addition, there
are three main channels for element deposition into the otolith: binding with protein in
the otolith, inclusion into the calcium carbonate lattice, and substitution of calcium in
calcium carbonate crystals [40—42]. The modes of deposition, as observed for the elements,
are: (a) Cu and Zn through channel 1, (b) Mg through channel 2, and (c) Sr and Ba
through channel 3, which reflect environmental concentrations [42]. The Sr/Ca and Ba/Ca
ratios were used as common elemental ratios to study the habitat history and migration
patterns of fish because of their direct relationships with the contents of the elements in
waterbodies [24,43,44].

The estuarine tapertail anchovy Coilia nasus (Temminck et Schlegel, 1846) (junior
synonym Coilia ectenes (Jordan et Seale, 1905) is a small migratory fish found in large rivers,
such as the Changjiang River (the Yangtze River), the Yellow River, and the Qiantang River,
and has a high economic value in China. However, its resources are facing a precarious
situation because of overfishing and habitat destruction. By contrast, the values of two
other ecotype populations, which are C. nasus taihuensis (with similar long supermaxilla)
and C. brachygnathus (with a shorter supermaxilla), are significantly lower, in spite of their
relatively substantial resources. As an anadromous fish, the adults migrate from the Yellow
Sea and East China Sea upstream along the Changjiang River to spawn in affiliate lakes
(e.g., the Poyang Lake), mainly from February to September every year [45]. Notably,
the migration patterns of C. nasus populations in the Qiantang River are significantly
different from those in the Changjiang River [46], indicating that they might be independent
populations. In addition, C. nasus can be found around the Zhoushan Islands, outside of
the mouth of the Qiantang River [47]. The juveniles possibly leave the Changjiang River
and move southward into the adjacent East China Sea, and northward into the adjacent
Yellow Sea [45]. However, the migration of C. nasus from the Qiantang estuary northward
to the Yellow Sea has not been reported. Therefore, we hypothesize that C. nasus in the
Qiantang estuary belong to a resource population with no connectivity to the populations
found in the Yellow Sea and the Changjiang River.

The aim of the present study was to assess the population connectivity of C. nasus in the
Changjiang River and Qiantang River estuaries and the southern Yellow Sea, using an anal-
ysis of elemental and stable isotopic microchemistry signatures of the otolith nucleus region
of C. nasus. The results of the present study could provide a technical basis for the conserva-
tion and objective evaluation of C. nasus populations in the abovementioned waterbodies.

2. Materials and Methods
2.1. Sampling Sites
The Changjiang river is the main distribution area of C. nasus, and the affiliated lakes

used to be the spawning grounds. Presently, many lakes along the Changjiang River are
blocked by water gates, and only the Dongting Lake, the Poyang Lake, and the Shiju
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Lake are believed to be still connected to the river (Figure 1). In our previous work, we
confirmed that there was connectivity among C. nasus populations in the Poyang Lake,
the Changjiang estuary, and the adjacent Yellow Sea [48]. Presently, three waterbodies,
including two estuary waters and one sea water, were selected to discover the population
connectivity and migration routes of C. nasus around the Changjiang estuary (Figure 1).
The Jiuduansha Shoal, which used to be a fishing ground of C. nasus, is the distributary
sandbar located in the southern branch of the Changjiang estuary, with an average depth of
0-6 m. The Qiantang estuary, which is adjacent to the Changjiang estuary, was also selected,
to compare the difference in populations with those in the Changjiang River. In addition to
these two estuary waters, the coastal waters of the Yellow Sea near Nantong City, which is
named the Lvsi fishing ground and is one of the popular fishing grounds in China, was
also chosen to detect the possible migration routes of C. nasus.
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Figure 1. Sampling sites for Coilia nasus. Different markers indicate sampling sites in the Nantong
coastal area of the Yellow Sea (HHCE, red square), the Changjiang estuary near the Jiuduansha Shoal
(CMCE, blue triangle), and the Jiubao bridge waters in the Qiantang estuary (JBCE, yellow circle),
from north to south.

2.2. Experimental Fish

Thirty C. nasus specimens were collected from the Qiantang estuary near the Jiubao
Bridge waters (JBCE, 120.3° E, 30.3° N) in April 2016, the Changjiang estuary near the
Jiuduansha Shoal (CMCE, 122.1° E, 31.2° N) in April 2016, and the coastal waters of the
Yellow Sea near Nantong City (HHCE, 122.2° E, 32.2° N) in May 2016 (Figure 1). Sagittal
otoliths were extracted from these specimens after measuring their total length and body
weight (Table 1). After cleaning, the otoliths were embedded in epoxy resin (Epofix; Struers,
Copenhagen, Denmark) with the proximal surface upside. The otoliths were then ground
by a grinding machine (Discoplan-TS, Struers, Copenhagen, Denmark) to expose the cores
and polished using an automated polishing machine (Roto Pol-35; Struers, Copenhagen,
Denmark) with a polishing solution (OP-S NonDry, Struers, Copenhagen, Denmark) to
remove scratches on the surface. Following this, a flat surface through the core of each
otolith was obtained. After checking the annulus and determining the age of each otolith,
the samples were cleaned in an ultrasonic bath, rinsed with Milli-Q water (Millipore,
Molsheim, France), and oven-dried at 38 °C overnight.



Fishes 2022, 7, 147

4 of 14

Table 1. Sampling details of Coilia nasus in the present study.

3 a
Sampling Site Sample Code Sampling Date Sample Size (N) Tota(ln}ne‘lr)lgth Body (;\)/elght &%ir) g;tgg:%
Coastal water in the Yellow .
Sea near Nantong City HHCE 13 April 2016 10 261 +14 49.00 £ 15.56 2 I
Changjiang River estuary . 11 (2 ind.)
“near ]iuduansha Shoal CMCE 1-5 April 2016 10 284 +10 64.61 +7.75 2 11T (8 ind.)
Qiantang River estuary near JBCE 10 May 2016 10 271 + 12 46.85 £ 7.79 2 I

Jiubao bridge waters

Note: @ Fish age was determined by the annuli in the otolith [49]. ® Gonad stages of maturation were determined
by visual examination of the gonads [50,51], i.e., stage II (developmental stage), stage III (early mature stage), etc.

2.3. Elemental Analysis

Elemental signature analysis of the otolith nucleus region, which was estimated
at 0-1 month [52], was performed at the Laboratory of Fishery Microchemistry at the
Freshwater Fisheries Research Center, Wuxi, China, using an NW213 laser ablation system
(New Wave Research, Fremont, CA, USA) coupled with an Agilent 7500ce ICPMS (Agilent
Technologies, Wilmington, DE, USA). Nineteen elements, including Li, Na, Mg, Al, K, Ca,
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Cd, and Ba, were analyzed with a laser wavelength
of 213 nm. The applied voltage, pulse rate, energy intensity, and residence time were 10 kV,
10 Hz, 11.76 ] /cm?, and 5 s, respectively. Because the nucleus region was defined as the
round area that spreads at a radius of 190-230 pum from the core [53], a smaller beam width
of 80 um, which was estimated at approximately 10 d based on our unpublished work and
previous literature [52], was selected for ablating the nucleus regions of all samples.

NIST612 and MACS-3 were used as the standards and analyzed after every 10 samples;
100-s blank data were used as the background signal to calculate the limits of detection
(LOD) before and after the analysis. All results were expressed as the molecular weight ratio
(mmol/mol) of the element to Ca. During the analysis, the relative standard deviation (RSD)
of the corresponding elemental ratio in the signal of the standard sample was calculated to
determine the signal stability (RSD% < 10).

2.4. Stable Isotope Analysis

Stable isotope analysis was also performed at the Laboratory of Fishery Microchem-
istry, Freshwater Fisheries Research Center, Wuxi, China. After elemental analysis, the
otoliths were repolished to remove the laser ablation burn scars and cleaned in an ultra-
sonic bath, rinsed with Milli-Q water (Millipore, Molsheim, France), and oven-dried at
38 °C overnight. A MicroMill (New Wave Research, Fremont, CA, USA) microsampler was
used to drill the nucleus region (see Figure 2), and powdered samples were collected. For
adequate signals, the depth was set as 300 um, while the diameter of the drilling hole was
198.1 & 2.5 pm in the central parts of the aforementioned otolith core areas [53], which were
estimated at approximately 25 d based on our unpublished data and a previous report [52].
Otolith isotope analysis was performed using a Delta V Advantage stable isotope ratio
mass spectrometer equipped with a Gas Bench II Gas generator (Thermo Fisher Scientific,
Waltham, MA, USA). The samples were placed at the bottom of glass test tubes (QSA00303,
Thermo Fisher Scientific) before analysis. The natural abundance of carbon/oxygen stable
isotope was expressed as follows:

X (%0) = [(Rotolith - Rstandard)/ Rstandard] x 1000

where X represents 513C and 880 and R represents the BC/12C or 180 /16Q ratio. The
accuracies of §13C and §'80 detection were monitored against an isotope standard (NBS 18,
International Atomic Energy Agency, Vienna, Austria) and expressed using Vienna Pee Dee
Belemnite (VPDB) as an international standard unit. The precision of the analyses based on
the measurements of this standard was within 0.03%.
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Figure 2. Otolith after drilling of the nucleus region. The red triangles show the annuli.

2.5. Statistical Analysis

The homogeneity of variance and the normality of the distribution of all data were
checked using SPSS 23.0 (IBM SPSS Statistics Inc., Chicago, IL, USA). Multiple analysis
of variance (MANOVA) and one-way analysis of variance (ANOVA) were carried out to
assess the differences among all three groups and between independent groups using
SPSS 23.0 (IBM SPSS Statistics Inc.). All elemental and stable isotopic ratios were centered
using the Z-Score and displayed using the pheatmap (v 1.0.12) package in R (Ver. 4.1.2). A
cluster analysis was also performed based on the complete linkage method, with Euclidean
distance as the distance measuring method using the same package. The ratios were further
examined using principal component analysis (PCA) and linear discriminant analysis
(LDA) in SPSS 23.0 and self-organizing map (SOM) analysis, with the help of the Toolbox2.0
toolkit in Matlab 9.0 (Mathworks, Inc., El Segundo, CA, USA), to study the relationships

between the groups. The map size was set according to 5 x (number of samples)% [54],
and then based on the minimizing quantization error (QE) and topographic error (TE) [55].
The number of groups was set mainly based on the clustering analysis. The cells were
then divided into different groups according to the similarity of the weight vectors of the
neurons by Ward'’s linkage method [56].

3. Results
3.1. Elemental Ratios in the Otolith Nucleus Regions of C. nasus

In addition to Ca, we detected Na, Mn, Fe, Ni, Cu, Sr, and Ba in the samples with
%RSD ranging from 2.05 (Sr/Ca) to 8.5 (Ni/Ca), and LODs (mmol/mol) for Na/Ca (0.031),
Mn/Ca (6.2 x 107%), Fe/Ca (0.0051), Ni/Ca (6.4 x 107°), Cu/Ca (1.1 x 107%), Sr/Ca
(6.6 x 107%), and Ba/Ca (3.2 x 107°), based on the standards (Table 2). Apart from Mn/Ca
and Sr/Ca, for which there were no significant differences among the three groups, there
was no significant difference between the specimens of HHCE and CMCE in the elemental
ratios (p > 0.05). Meanwhile, four elemental ratios determined in the present study- Na/Ca,
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Fe/Ca, Ni/Ca, and Ba/Ca- were significantly different between the specimens of CMCE
and JBCE (p < 0.05) (Table 2).

Table 2. Elemental ratios in the otolith nucleus regions of Coilia nasus.

Elemental Ratio (mmol/mol)

Item Na/Ca Mn/Ca Fe/Ca Ni/Ca Cu/Ca Sr/Ca Ba/Ca
RSD (%) 7.33 5.42 231 8.50 6.25 2.05 3.14

LOD 0.031 620 x 104 0.0051 6.40 x 1075 110 x 10~ 6.60 x 1076 3.20 x 10
HHCE 873+ 039 0.012 =+ 0.008 2 043 £0.01° 0.0077 + 0.0011 @ 0.00030 % 0.00007 @ 0.69 + 0.14° 0.013 = 0.006
CMCE 851+ 0.36° 0.011 = 0.01 2 042 £0.01° 0.0072 + 0.0007 ® 0.00035 = 0.00015 @ 0.70 £0.10° 0.017 + 0.005 ®

JBCE 9.15+ 03" 0.005 = 0.005 2 0.46 £ 0.01° 0.0082 = 0.0009 2 0.00043 = 0.00008 ® 074+ 0212 0.009 = 0.004 2

Note: Different superscript letters in each column indicate significant differences between groups
(p <0.05). C. nasus collected in the Nantong coastal region of the Yellow Sea (HHCE), C. nasus collected in
the Changjiang estuary near the Jiuduansha Shoal (CMCE), and C. nasus collected in the Jiubao Bridge waters in
the Qiantang estuary (JBCE). Data are mean =+ standard deviation.

3.2. Stable Isotopic Ratios in the Otolith Nucleus Regions of C. nasus

The 5'C and 5'80 in the otolith nucleus region of C. nasus showed no significant
differences between HHCE and CMCE (p > 0.05). The 513C of JBCE was lower than that of
the other groups, while 5'80 was higher to a very significant extent (p < 0.05) (Table 3).

Table 3. Stable isotopic ratios in the otolith nucleus regions of Coilia nasus.

Stable Isotopic Ratios (%o, VPDB)

Group 15 S50

HHCE ~10.42 + 1812 —7.72+£1.792
CMCE ~10.31 + 1492 —73240932
JBCE —13.12 £1.00" —4.08 4+ 0.72P

Note: Different superscript letters in each column indicate significant differences (p < 0.05). C. nasus collected
in the Nantong coastal region of the Yellow Sea (HHCE), C. nasus collected in the Changjiang estuary near the
Jiuduansha Shoal (CMCE), and C. nasus collected in the Jiubao Bridge waters in the Qiantang estuary (JBCE). Data
are mean =+ standard error.

3.3. Multivariate Statistics Based on Elemental and Stable Isotopic Ratios

Results of the MANOVA indicated that there was no significant difference between
the HHCE and CMCE specimens (p > 0.05). However, significant differences were observed
between JBCE and the other specimens (p < 0.05).

The 8180, Na/Ca, Fe/Ca, and Cu/Ca values of C. nasus in JBCE were found to be
higher (red boxes) than those in the other populations, while §!3C and Ba/Ca values
were found to be lower (blue box) (Figure 3). According to these elemental and stable
isotope ratios, the results of the cluster analysis showed that the C. nasus of JBCE formed a
distinct single group, while the individuals of HHCE and CMCE showed a mixed pattern.
Consistent with this result, PCA also clearly showed that the individuals of HHCE and
CMCE were mixed well, while those of JBCE were independent from the others (Figure 4).

Cross-validation through LDA showed that the discriminant accuracy of C. nasus
of HHCE and CMCE was 60%. The remaining 40% were misjudged as individuals of
each other’s groups. The discriminant accuracy for the JBCE group was 100%, which was
different from that of the other two groups (Table 4 and Figure 5).
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Figure 3. Microchemical characteristics of Coilia nasus from the Nantong coastal area of the Yellow Sea
(HHCE), the Changjiang estuary near the Jiuduansha Shoal (CMCE), and the Jiubao bridge waters in
the Qiantang estuary (JBCE), based on the Pheatmap. The different shades of blue and red reflect
different values. The (*) symbol represents a significant difference (p < 0.05, one-way ANOVA).

O HHCE

1 CMCE
AIBCE

2

PC2(18. 508%) O

Figure 4. Principal component analysis of Coilia nasus from the Nantong coastal area of the Yellow Sea
(HHCE), the Changjiang estuary near the Jiuduansha Shoal (CMCE), and the Jiubao bridge waters
in the Qiantang estuary (JBCE), based on microchemical characteristics of the otolith core. Those of
HHCE and CMCE were mixed well, while those of JBCE were independent from the others.
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Table 4. Linear discriminant analysis of Coilia nasus populations in the Yellow Sea (HHCE), the
Changjiang estuary (CMCE), and the Qiantang estuary (JBCE) based on 513C, 5180, and elemental
ratio characteristics in the otolith nucleus region.

Group Predicted Group (Original/Cross-Validated)

HHCE CMCE JBCE
HHCE 6 (6) 4 (4) 0 (0)

Count CMCE 3 (4) 7 (6) 0(0)
JBCE 0(0) 0(0) 10 (10)

HHCE 60 (60) 40 (40) 0 (0)

% CMCE 30 (40) 70 (60) 0(0)
JBCE 0(0) 0(0) 100 (100)

Note: HHCE: C. nasus collected in the Nantong coastal region of the Yellow Sea. CMCE: C. nasus collected in
the Changjiang estuary near the Jiuduansha Shoal. JBCE: C. nasus collected in the Jiubao Bridge waters in the
Qiantang estuary.

3
OHHCE
O A CMCE
2T AJBCE
O ®
~ 1 F O
o
e o A
B O A A
= A
- O i [ (M &
O A
_l - O A
O A
_2 1 1 1 1 1 1
—6 —4 -2 0 2 4 6
Function 1

Figure 5. Discriminant analysis of Coilia nasus from the Nantong coastal area of the Yellow Sea
(HHCE), the Changjiang estuary near the Jiuduansha Shoal (CMCE), and the Jiubao bridge waters
in the Qiantang estuary (JBCE), based on microchemical characteristics of the otolith core. Those of
HHCE and CMCE were mixed, while those of JBCE were independent from the others.

The SOM analysis also clearly indicated a similar relationship. Results showed that
the JBCE was clearly distinguished from the other two populations (CMCE and HHCE).
The latter two populations gathered into a large group with 25 (5 x 5) output cells, cor-
responding to 30 samples from three waterbodies, which could obtain the best network
training effect with QE and TE values of 0.345 and 0.024, respectively (Figure 6).
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CN from
Qiantang Estuary
(JBCE)

CN from
Changjiang
Estuary (CMCE) HHCE03 HHCEO7

and Yellow Sea HHCEO5 HHCE08
CMCE04 CMCEO08
(HHCE)

HHCEO04
HHCEO06

Figure 6. Self-organizing map (SOM) analysis of Coilia nasus from the Nantong coastal area of the
Yellow Sea (HHCE), the Changjiang estuary near the Jiuduansha Shoal (CMCE), and the Jiubao
bridge waters in the Qiantang estuary (JBCE). Those of HHCE and CMCE were mixed in yellow cells,
while those of JBCE were independent of the others in blue cells.

4. Discussion

The deposition mechanisms of different elements were distinct and were derived from
ambient waterbodies. Consequently, the interannual changes in otolith elements were
smaller than their spatial differences [57-59]. Therefore, in addition to Sr/Ca and Ba/Ca
ratios, the ratios of other elements to Ca in special areas of otoliths (such as core areas corre-
sponding to hatcheries) may also reflect the differences in the research objects, and these
may be used to understand population structures and connectivity characteristics [37,58].
The elemental ratios Na/Ca, Mn/Ca, Fe/Ca, Ni/Ca, Cu/Ca, Sr/Ca, and Ba/Ca were
selected according to a previous study [48], and the present results suggested that those
elemental characteristics could be used as natural tags in discriminating C. nasus of the
Changjiang Estuary and adjacent waterbodies.

The stable isotopic ratios were significantly different between the C. nasus from the
Qiantang estuary and those from the Changjiang estuary and the Yellow Sea. Notably, juve-
niles of C. nasus usually live in freshwater during their first year of growth [60]. The length
the otolith of C. nasus during its early life history in the freshwater was 980 £ 111 pum [47],
which means that the materials extracted from a hole with a diameter of 200 um (cor-
responding to an age of 25 d) in the nucleus region mainly reflect the early freshwater
life-history in their natal river. Therefore, the respective region should also be named as the
“natal region.” In addition to regional differences, the differences in 'O between otoliths
and water was negatively correlated with water temperature, and therefore it can be used
as an indicator of ambient water temperature [25,61]. The significant differences between
the populations of C. nasus in the Qiantang estuary and those in the Yellow Sea and the
Changjiang estuary may mainly reflect the differences in the average water temperatures
during the early life of C. nasus. The higher §!'80 of C. nasus in the Qiantang estuary, the
lower the temperature of this waterbody compared to that of the Changjiang River and
the Yellow Sea. This may result in earlier breeding of C. nasus in the Qiantang River. The
Qiantang River is located south of the Changjiang River. These facts are consistent with
the report that the populations of C. nasus in the northern waterbodies start migration in
May-June, while the populations in the southern region, such as the Changjiang estuary,
start in March [62]. Future studies can advantageously use our results for the determination
of exact spawning times and locations. Furthermore, future studies should consider more
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diverse environments, in order to reveal the relationship between chemical information
obtained from otoliths and environmental conditions.

Both water temperature and §'3C in ambient water can partly influence the content of
513C in the otolith [63,64]; however, the diet condition of the fish will continue to have the
most important role [65,66]. Results indicated that the populations of C. nasus in the Yellow
Sea and the Changjiang estuary were significantly greater than that in the Qiantang estuary.
Previous studies have shown that the Poyang Lake is one of the important spawning
grounds for the migratory population in the Changjiang River, while there is no large lake
to serve as a spawning ground along the Qiantang River. Therefore, the food conditions
that C. nasus experiences during its early life are expected to be different between the Yellow
Sea and Changjiang estuary, that have a higher §!3C, and the Qiantang estuary, that has a
lower §'3C.

In the present study, the gonad development of most C. nasus fish of both the Changjiang
and Qiantang populations were at gonad stage III (Table 2), indicating that both populations
were reproductive [50] and that their spawning sites were located in the corresponding rivers,
as they had already migrated into the estuary waters. As previously mentioned, the analyzed
nucleus region represented approximately 10-d and 25-d life histories in the larva stage [52].
Although there was no report on how fast the larvae can move or drift from their originating
locations (i.e., spawning site and hatchery) until now, results of both the trace elemental
and isotopic ratios reflect the conditions prevailing in their originating rivers during such a
short period, and in addition, during their first year of growth in freshwater [60]. Results
of multivariate statistics, based on the elemental and stable isotopic ratios, clearly reveal the
possibility of connectivity among the populations of the three waterbodies. Although the
sample size was relatively low in the present study, the cluster analysis, PCA, LDA, and SOM
clearly show that C. nasus in the Qiantang estuary is a population that is independent of those
in the Changjiang and the Yellow Sea, which is consistent with previous studies that have
revealed significant differences in the life history of the Qiantang population with those of
the Changjiang and the Yellow Sea [46,47,60]. Meanwhile, the population of the Yellow Sea
mixed well with that of the Changjiang, indicating the possibility of connectivity between
these two populations. In addition, the Qiantang and Changjiang Rivers are adjacent to each
other. Findings of previous [46,47] and the present study indicated that some individuals can
be “mixed” or “lost” in the two adjacent rivers during the migratory season, which strongly
suggests that the adults can recognize and return to their natal river for spawning, which
highlights a strong “natal homing” feature in the species, like in the case of salmon [67].

Results of the present study clearly indicate the connectivity between the fish pop-
ulations in the Changjiang estuary and the Yellow Sea. This is in accordance with the
results of our previous study, in which samples were gathered in 2011-2012 [48]. Therefore,
the results of both these studies suggest that some juveniles from the Changjiang River
swam northeast into the Yellow Sea after almost one year of freshwater life history [60].
By contrast, there was no connectivity between the JBCE and HHCE populations, which
were randomly sampled during the migratory season, as suggested by their different life
histories and migratory patterns [46,60]. Because of the low sample size, the ability of
the Qiantang population to move north into the Yellow Sea could not be confirmed; how-
ever, the results imply a stronger connectivity between the Yellow Sea and Changjiang
populations than with the Qiantang population.

Knowledge on the fine scale natal origin of the anadromous fish C. nasus is difficult to
obtain because of gaps in knowledge on their distribution in spawning sites and in surveys
of resources during their early growth stage. Fortunately, we discovered a spawning site in
the Poyang Lake, the largest freshwater lake in China, which is affiliated to the Changjiang
River [68]. We expect that other spawning sites are likely to exist along the river [48]. The
elemental ratios or 5!*C and 680 in the otoliths provide adequate information on the
connectivity among different populations, compared with establishing connectivity based
on the identification of original locations (i.e., spawning/hatchery site) without considering
a special population, such as fully mature adults within the spawning site [48] or weakly
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swimming larvae and juveniles within the natal waters [10]. However, the strontium
isotope ratio (87Sr/80Sr) in the otolith seems to accurately delineate the natal origin at a fine
scale, as it has a high correlation with that of ambient waters with spatial features at a fine
scale [69]. In the future, a robust framework should be built based on the strontium isotope
ratios of both the otoliths and habitat waters of C. nasus, which will play an important role
in assessing natal sources at a fine spatial scale and delineate its detailed migratory route
during different developmental stages.

In addition, the results of this study show that the C. nasus population in the Yellow
Sea enters the Qiantang estuary, and that from the Qiantang estuary it enters into the
Yellow Sea or the Changjiang River estuary. This indicates that C. nasus migration may be
very accurate, like that of salmon migration. Salmon primarily relies on smell to locate
hatching/spawning sites accurately [70]. A similar olfactory gene was also found in
C. nasus [71]. Therefore, C. nasus may also use “olfactory” memories to return to their
hatcheries for breeding. This behavior of migratory fish, in which a population can return
to respective spawning ground with a high success rate of hatching, is known as natal
homing, and it guarantees a considerable population reproduction success rate [5]. It is
likely that C. nasus displays similar behavior.

5. Conclusions

The aforementioned results of otolith microchemistry strongly suggest that there are
two natal original populations in the Qiantang and Changjiang Rivers. They also suggest
that the population in the Yellow Sea has little connectivity with that of the Qiantang
River, but that it had a supplementary relationship with that of the Changjiang River.
Nevertheless, whether the population of the Qiantang can move north into the Yellow Sea
remains to be confirmed because of the limitation of the low sample size of the present
study and the knowledge gaps on the marine life histories and fine scale natal origins of
these three populations. Consequently, future research should focus on the connectivity
of populations of C. nasus, which inhabit the South—East China Sea and the adjacent river
estuaries, based on otolith microchemistry and assessment of environmental conditions (i.e.,
water temperature, salinity, etc.), to determine the migratory dynamics of the Changjiang,
Qiantang, and other southern populations. Furthermore, the elemental characteristics of
the otolith from the core to the edge, and a robust framework based on strontium isotope
ratios of both otolith and waters, must be studied to arrive at a more accurate migration
route, in order to assess the finer-scale natal origin of C. nasus. In addition, as there is the
possibility of natal homing behavior, resource estimation and conservation work should be
carried out for different populations of C. nasus.
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