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To explore the morphological and phenotypic characteristics and differences among
different populations of Larimichthys crocea, traditional morphological measurements
were carried out on three wild populations from Zhoushan, Xiamen and Zhanjiang and
two farmed populations from Ningde and Wenzhou. Seven morphological parameters of
five L. crocea populations were compared and analyzed. The results of one-way ANOVA
showed significant differences in trunk and caudal stalk among the five populations. The
contribution rates of the first five principal components to the total difference among
different populations were 29.984%, 18.462%, 17.234%, 12.167%, and 9.904%,
respectively, and the cumulative contribution rates were 87.751%. Trunk can be used to
distinguish different geographic populations best. The cluster analysis results showed
that the distance between wild populations was the closest, while the distance between
farmed populations was far. The step discriminant method established the classification
discriminant function of 5 populations. The discriminant accuracy P1 was 78.3%-92.7%,
the discriminant accuracy P2 was 76.4%-96.5%, and the comprehensive recognition rate
was 99.3%. The discriminant accuracy of this method was high, and it could provide a
reference for the differentiation of different populations of L. crocea. This study provided
basic morphological data for identifying a large yellow croaker population, protecting
germplasm resources, and breeding improved varieties.

1. INTRODUCTION

The large yellow croaker (Larimichthys crocea) is one of the
most important economic marine fish species in China.! In
the 1960s, large yellow croakers were abundant and one of
the country’s four most important catches. The 1970s saw
a rapid decline in the huge yellow croaker fishery due to
stick-knocking fishing and extensive human exploitation.
The government started promoting the growth of a signifi-
cant yellow croaker sector in the 1980s. The distribution of
the farmed population has far outstripped that of the wild
population due to the expansion of the yellow croaker’s cul-
ture scale and the increased exchange of fry between dif-
ferent geographic areas, and releasing activities have im-
proved the yellow croaker’s resource base, but have also
caused the problems of mixed populations and low genetic
diversity.23

The population structure of the large yellow croaker has
been a hot research topic, and there is still ongoing debate
regarding its classification. Different studies using various
methods and data analysis may result in different conclu-
sions. In the past, the large yellow croaker was initially cat-
egorized into the Daiqu stock (DQ, distributed in the East
China Sea), Min-Yuedong stock (MYD, distributed in the
eastern South China Sea and Taiwan Strait), and Naozhou
stock (NZ, distributed in the west South China Sea) based
on morphological and ecological characteristics.45 How-
ever, more recent research has thrown new perspectives on
the population structure of the large yellow croaker. For in-
stance, some scholars have proposed that the large yellow
croaker’s entire South China Sea population belongs to a
single group based on morphological analysis.®

Furthermore, studies using molecular markers such as
SSR and mtDNA have not found significant genetic dif-
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ferences among different geographical populations of the
large vyellow croaker.”.8 Understanding the population
structure of the large yellow croaker is still a matter of con-
tention, primarily due to the use of different analytical ap-
proaches and the limitations of the various research meth-
ods. While some studies suggest a lack of genetic
differentiation and support the idea of a single population
in the South China Sea, others have observed certain ge-
netic variations at regional scales, supporting the existence
of geographical groups.” Environmental influences, migra-
tion patterns, and population history may contribute to
these genetic differences.10In conclusion, the classification
of the population structure of the large yellow croaker re-
mains a subject of ongoing debate, and further research is
needed to resolve this issue. Understanding the population
structure has significant implications for scientific research
and conservation efforts, guiding the conservation and sus-
tainable utilization of the large yellow croaker.

Ecological adaptations shaped by natural selection may
play an important role in generating new biodiversity, with
different habitat environments causing populations to
evolve in different patterns.!! Morphological traits are the
product of the interaction between genetic and environ-
mental factors and are essential for taxonomy.!2 Classifi-
cation of aquatic animals based on morphological features
is the most basic and primitive method, and its external
manifestations are mainly morphological proportions and
external features.!3 The multivariate analysis method has
many applications in analyzing and studying morphological
differences in fishes.!# Some researchers proposed using
discriminant analysis to examine 22 morphological char-
acteristics of adult male blue crabs from three Southeast
Asian countries and categorized them into different popu-
lations.1> Yang et al. explored whether morphological dif-
ferences between these geographic populations reached the
level of subspecies or species by examining differences in
10 external morphological traits in four Garra orientalis
(Cyprinidae) populations.16 He et al. investigated the vari-
ation in male and female morphology among wild popula-
tions by discriminant analysis.1?

In this study, the morphological differences of three wild
large yellow croaker populations and four farmed large yel-
low croaker populations in coastal China were comprehen-
sively compared through four multivariate analysis meth-
ods, including one-way analysis of variance, cluster
analysis, principal component analysis, and discriminant
analysis. The genetic diversity among different populations
of large yellow croaker in China was studied on the mor-
phological level to provide a theoretical basis and reference
for identifying geographical populations, protecting
germplasm resources, and breeding improved varieties.

2. MATERIALS AND METHODS

2.1. SAMPLE COLLECTION

300 individuals of L. crocea were collected from three wild
populations (ZJW, ZSW, and XMW) and two farmed popu-

lations (WZF and NDF). The specific sampling times, loca-
tions, and body length information are listed in Table 1.

2.2. DATA MEASUREMENT

The measurement methods of morphological data mainly
come from the literature. The shape indicators of each mor-
phological measurement include overall high (OL), body
length (BL), head length (HL), body high(BH), snout length
(SL), eye diameter (ED), caudal peduncle length (CPL), cau-
dal peduncle height (CPH), were measured by vernier
caliper, and the data accuracy was 0.1mm. Weight was mea-
sured with an electronic balance to an accuracy of 0.1g.
Seven standardized character indexes were counted, includ-
ing OL/BL, BL/BH, BL/HL, BL/CPL, HL/SL, HL/ED, CPL/CPH.
A schematic diagram of the morphological measurements
is shown in Figure 1.

2.3. STATISTICAL ANALYSIS

Microsoft Excel software was used to process the data to
eliminate the influence of fish body size on character pa-
rameters during data analysis and improve data accuracy.
The data of these seven proportional traits were imported
into SPSS 24.0 software for multivariate statistical analysis,
including one-way analysis of variance (One-way ANOVA),
principal component analysis, cluster analysis, and dis-
criminant analysis.

One-way ANOVA was performed using SPSS 24.0. Mul-
tivariate comparison was performed by the Tukey s-b(K)
method in one-way ANOVA, and a similar subset was di-
vided, 0.05 was selected as the significance level.18

In SPSS software, “analysis-dimension reduction-factor”
was used to conduct principal component analysis, and ex-
tract seven principal components and their eigenvalues, the
contribution rate of each principal component, and the cu-
mulative contribution rate according to the order of size.
Scatter plots were drawn based on the scores of the first
and second principal components to compare the variabil-
ity and similarity of the five large yellow croaker popu-
lations and to determine their morphological differentia-
tion.1?

Using the mean value of each parameter correction,
SPSS 19.0 software was used to perform cluster analysis
by using the shortest distance system clustering method
of Euclidean distance. The species clustering tree was con-
structed to compare the distance between populations.20

PL=0/M
P, =O0/N

k k
P:;Ai/;Bi

In formula: P; and P, are the discriminant accuracy rate
(%), P is the comprehensive discriminant rate (%), O is
the number of correctly discriminated large yellow croaker
(tail), M is the number of measured large yellow croaker
(tail). N is the number of large yellow croaker (tail); A; is the
number of large yellow croaker (tail) correctly judged by the
i group, B, is the number of large yellow croaker (tail) ac-
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Table 1. Information on sample collection for five populations of large yellow croaker.

Samplin Samplin Number Size (cm)
Population piing npiing of
location time samples Range Average Longitude Latitude
Zhanjiang
City, Apr. et 21°27'
ZJW Guangdong 2023 60 21.50~27.38 23.93 110°35'E N
Province
Zhoushan
City, Apr. . 29°32'
ZSW Zhejiang 2023 60 17.90~23.02 20.24 121°30'E N
Province
Xiamen City, Ma
XMW Fujian 2022 60 16.85~28.81 22.28 118°04'E 24°26'N
Province
Wenzhou
City, Jun. o 27°03'
WZF Zhejiang 2023 60 14.76~20.28 17.05 119°37'E N
Province
Ningde City, o7
NDF Fujian Jun. 60 16.44~20.65 23.26 119°03'E 26703
. 2023 N
Province
cating that the morphological differences between these
A two populations were significant.
B

lcm

Figure 1. Schematic diagram of morphology
measurement of large yellow croaker.
A: Overall high (OL); B: Body length (BL); C: Head length (HL); D: Troso length (TL); E:

Length of caudal peduncle (CPL); F: Snout length (SL); G: Eye diameter (ED); H: Body
high (BH); I: Depth of caudal high (CPH)

tually judged by the i group, and k is the number of groups
(number).

3. RESULTS

3.1. ONE-WAY ANALYSIS OF VARIANCE

Seven morphological characteristics of five large yellow
croaker populations in coastal China were analyzed by one-
way ANOVA, and the proportional traits of each population
were compared (Table 2). The results of variance analysis
showed that there were significant differences in BL/BH and
CPL/CPH ratio traits among the five populations. Among
them, the three wild populations showed significant dif-
ferences in OL/BL, BL/BH and CPL/CPH, while the two
farmed populations showed significant differences in OL/
BL, BL/BH. BL/HL, HL/SL, HL/ED and CPL/CPH, indi-

3.2. PRINCIPAL COMPONENT ANALYSIS

In SPSS, through principal component analysis of seven
proportional traits of large yellow croaker, seven principal
components were extracted, and the cumulative contribu-
tion rate was 100%. The characteristic values, contribution
rates, and cumulative contribution rates of each principal
component are listed in Table 3. After sorting by the contri-
bution rate of each principal component, the contribution
rates of the first five principal components were 29.984%,
18.462%, 17.234%, 12.167%, and 9.904%, respectively. The
contribution rates of principal components 4 and 5 were
relatively small, indicating that the two principal compo-
nents explain the morphological differences between dif-
ferent populations at low rates. The cumulative contribu-
tion rate of the first five principal components was 87.751%,
which meets the requirement that the cumulative contribu-
tion rate is greater than or equal to 85%, indicating that the
first five principal components can better explain 87.751%
of the morphological differences between different popula-
tions. The first principal component is mainly explains the
three proportional traits of OL/BL, BL/HL., CPL/CPH; The
second principal component mainly explains the two pro-
portional traits of BL/CPL, CPL/CPH; The third principal
component mainly explains the three proportional traits
of OL/BL. BL/BH. HL/SL. The first three principal compo-
nents mainly reflected the body size, tail, and head mor-
phological characteristics.

The principal component analysis diagram was drawn
with the principal components 1 and 2 of five different geo-
graphic populations of large yellow croaker (Fig.2). The re-
sults can be intuitively seen from the principal component
diagram that there are different degrees of overlap among
the five populations. The boundary between populations
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Table 2. Result of one-way analysis of variance on character parameters of five populations of large yellow

croaker.
Population
Character Parameters
XMW ZJW ZSW WZF NDF
OL/BL 1.17+0.022¢ 1.177+0.011b 1.19+0.0212 1.178+0.016P 1.155+0.0184
BL/BH 3.473+0.1414 3.705+0.177P 3.974+0.2582 3.376+0.136¢ 3.591+0.176¢
BL/HL 3.517+0.218¢ 3.502+0.124¢ 3.506+0.186¢ 3.618+0.209 3.815+0.311°
BL/CPL 2.932+0.245¢ 2.695+0.114 2.959+0.166P¢ 3.001+0.1212P 3.039+0.122
HL/SL 5.683+1.023bc 5.87+0.535P 5.37+0.485¢ 7.06+£1.2932 5.933+0.954b
HL/ED 4.631+0.353P 4.476+0.314¢ 4.398+0.306¢d 4.335+0.258d 5.11+0.4452
CPL/CPH 4.346+0.5114 4.677+0.303¢ 4.161+0.347¢ 4.864+0.348P 5.146+0.442

Notes: the data were presented by the mean #* SE, and the different letters meant significant difference (P<0.05).

Table 3. Factor loading values and the contribution rate of the principal components of five populations of large

yellow croaker.
Character Load value
PC1 PC2 PC3 PC4 PC5 PC6 PC7
OL/BL -0.400 0.212 -0.418 0.493 0.255 0.559 0.018
BL/BH -0.338 -0.074 0.526 0.590 -0.245 -0.240 0.371
BL/HL 0.497 -0.112 0.031 0.401 -0.553 0.333 -0.402
BL/CPL 0.047 -0.773 -0.256 -0.098 -0.101 0.251 0.502
HL/SL 0.369 0.159 -0.579 0.358 0.003 -0.554 0.262
HL/ED 0.373 -0.312 0.292 0.315 0.746 -0.010 -0.150
CPL/CPH 0.449 0.466 0.249 -0.107 0.043 0.386 0.598
Eigenvalues 1.449 1.137 1.098 0.923 0.833 0.679 0.630
Contribution (%) 29.984 18.462 17.235 12.167 9.904 6.581 5.668
Cumulative contribution rate (%) 29.984 48.446 65.680 77.848 87.751 94.332 100

was not obvious, indicating certain similarities and differ-
ences in the morphology of different populations. NDF and
WZF overlap partly, and there is almost no overlap with
other wild populations. Farmed populations and wild pop-
ulations can be well differentiated.

3.3. CLUSTER ANALYSIS

Cluster analysis can intuitively show the distance of mor-
phological relationship between populations. In this study,
seven proportional traits of five large yellow croaker popu-
lations were cluster analyzed, and Euclidean distances be-
tween populations were obtained (Table 4).

A tree diagram of the clustering relationship was drawn
based on Euclidean distance (Fig. 3). As can be seen from
Figure 3, the distance between ZJW and XMW is the closest,
and they are clustered into one group at first, and then clus-
tered separately with the three populations. Among which
the distance between the three wild populations is the clos-
est, while the farmed populations were further apart.

3.4. DISCRIMINANT ANALYSIS

The discriminant analysis of five large yellow croaker pop-
ulations was carried out based on seven morphological pro-

portional characters, and the step-to-step discriminant
method was adopted (Table 5 and Table 6).

The results showed that the seven proportional charac-
ters had significant significance for discriminant classifi-
cation. Therefore, all the seven proportional traits entered
the discriminant function, and the discriminant classifica-
tion function of large yellow croaker population was con-
structed. According to these functions, the original samples
are distinguished and grouped. The discriminant function
is expressed as:

Yy rw=4246.716X,+121.907X+141.621X5+396.002X 4
-7.499X5+37.786X+145.117X,-3908.421

Y7;w=4268.598X,+129.829X,+140.463X5+384.413X 4
-6.986X5+35.760X (+143.591X,-3912.708

Y7qw=4327.993X,+138.588X,+142.871X5+392.895X
-7.482X+34.805X +142.434X1-4036.913

Yyyzr=4278.361X,+119.619X,+141.393X5+415.092X
-5.242X5+34.344X +153.867X;-4032.883

Ynpp=4237.545X,+122.385X,+147.931X5+423.013X,
-7.743X5+42.790X;+157.901X,-4086.854

Where X; = OL/BL, X, = BL/BH, X5 = BL/HL, X, = BL/CPL,
X = HL/SL, X4 = HL/ED, X = CPL/CPH.

All the data collected from five large yellow croaker pop-
ulations were put into the equation to test the discrimi-
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Figure 2. The large yellow croaker populations’ first and second principal component scatter diagram.
Table 4. Euclidean distance between five populations of large yellow croaker.
Population XMW ZJW ZSW WZF NDF
XMW 0.528 0.662 1.509 1.023
ZJW 0.528 0.815 1.299 0.925
ZSW 0.662 0.815 1.93 143
WZF 1.509 1.299 1.93 1.427
NDF 1.023 0.925 143 1.427
population was as follows: XMW had 57 tails, accounting
. for 19.3% of the total; ZJW had 72 tails, accounting for
24.4% of the total; ZSW had 52 tails, accounting for 17.6%
XMW of the total; WZF had 57 tails, accounting for 19.3% of the
total; NDF had 57 tails, accounting for 19.3% of the total.
ZSW
NDF 4. DISCUSSION
WZF The partitioning of the large yellow croaker population in
" - z T " T offshore China has long been a source of debate.2! From

Figure 3. Dendrogram of cluster analysis of five
populations of large yellow croaker.

nation accuracy, and the results showed that the discrim-
ination accuracy P1 was 78.3%~92.7%, the discrimination
accuracy P2 was 76.4%~96.5%, and the comprehensive dis-
crimination rate was 99.3%. The discriminant accuracy P1
and P2 of five large yellow croaker populations are above
75%. The discrimination accuracy rate of the ZSW popula-
tion is the highest, indicating that this population has ob-
vious characteristics and is easy to discriminate. After dis-
criminant analysis, the number of tails classified into each

north to south, the traditional large yellow croaker geo-
graphic populations are the stocks from Daiqu, Min-Yue-
dong, and Naozhou.522 Later research revealed that the
large yellow croaker living in the Yellow and East China
Sea is a member of the same population.®%23 Qur findings
do not line up with the conventional division. Before they
clustered with ZSW in this study’s cluster analysis, the wild
populations XMW and ZJW were more closely connected. In
the principal component analysis diagram, the overlap be-
tween the XMW and Z]JW populations is also wider than be-
tween the ZSW populations. According to recent research
findings, Chen assessed wild large yellow croaker popu-
lations in the Zhoushan, Fuding, and Zhanjiang regions
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Table 5. Coefficients and constants of Fisher discriminant functions for five populations of large yellow croaker.

Variate Character XMW ZJW ZSW WZF NDF
Xq OL/BL 4246.716 4268.598 4327.993 4278.361 4237.545
Xy BL/BH 121.907 129.829 138.588 119.619 122.385
X3 BL/HL 141.621 140.463 142.871 141.393 147.931
X4 BL/CPL 396.002 384.413 392.895 415.092 423.013
Xg HL/SL -7.499 -6.986 -7.482 -5.242 -7.743
Xg HL/ED 37.786 35.760 34.805 34.344 42.790
X7 CPL/CPH 145.117 143.591 142.434 153.867 157.901

Constant -3908.421 -3912.708 -4036.913 -4032.883 -4086.854

Table 6. Results of discriminant analysis of five populations of large yellow croaker.

Discriminant accuracy

Population Comprehensive discriminant
MW ZIW ZSW WZF NDF P1(%) P2(%) rate (%)
XMW 47 9 0 4 0 78.3 825 99.3
ZIW 2 55 2 1 917 764
ZSW 3 7 50 0 83.3 96.2
WZF 2 51 2 92.7 89.5
NDF 3 0 1 55 91.7 96.5
Total 57 72 52 57 57
Percentage
(%) 19.3 244 17.6 19.3 19.3

using SNP markers and discovered that the South China
Sea population appeared to have more of an infiltration
into the Ming-Yuedong Stock than the Daiqu Stock. Addi-
tionally, they hypothesized that the population border had
moved northward from the Pearl River Estuary and that the
Naozhou Stock and Min-Yuedong Stock geographic popu-
lations may have undergone habitat alterations due to cli-
mate change.24

The foundation of the comparative difference analysis
method is a one-way analysis of variance, which compares
three or more categorical groups to see if there are differ-
ences between them.!4 This study showed the three wild
populations’ OL/BL, BL/BH, and CPH/CPL ratios were sig-
nificant. The traits of these populations were primarily re-
flected in their body size and caudal stalk. In contrast, the
characteristics of the farmed population were mainly re-
flected in the morphological characteristics of the head,
trunk, and caudal stalk. There were significant differences
in trunk and caudal stalk among the five populations. The
principal component analysis and one-way variance analy-
sis results are consistent, and the characteristics of the
first three principal components are mostly reflected in the
trunk and caudal stalk. Additionally, Winans et al. effec-
tively exploited the tail frame structure in various basins as
early as 1984 to distinguish between the two ages of west-
ern salmon, suggesting that the fishtail may be a rather
quick component of variation.2> Studies have also shown
that due to the limited food caught in the Marine environ-
ment, farmed large yellow croaker is better fed with soy-
bean feed provided by breeders, making the body of ma-

rine-caught large yellow croaker more slender than farmed
large yellow croaker, which also causes more phenotypic
differences.21,26

It can be seen from the principal component analysis di-
agram that there are different degrees of differences among
the populations, among which XMW and ZJW populations
have the highest degree of coincidence, that is, the highest
morphological similarity and the least difference. From the
scatter-point distribution of a single population, the span
of five populations on the horizontal axis is large, indicat-
ing that there is likely to be differentiation within the pop-
ulation. The relatively close distribution of the ZJW pop-
ulation indicates that the population form is uniform, and
the differences within the population are small. It is spec-
ulated that it is related to the geographical environment,
which makes the individuals in this region almost unaf-
fected by external populations. Cheng et al. research on
Coilia spp. found that in terms of morphology, populations
of different species that are geographically close together
are more similar than populations of the same species that
are geographically far apart.2’The XMW population is the
most dispersed, indicating that the differences within the
population are the largest and the morphological differ-
ences are uneven. The XMW population is located at the
estuary of the Jiulong River, adjacent to Zhoushan fishing
ground in the East China Sea to the north, and adjacent to
the South China Sea to the Pearl River Estuary and Dong-
nan Ao Island in Guangdong. The special geographical en-
vironment makes its morphology evolve in a special and in-
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dependent direction, and the internal differences become
greater.2829

The gradual judgment method establishes the judgment
function, the comprehensive judgment rate is 99.3%, and
the population of large yellow croakers can be distin-
guished by morphology. Among them, the Zhoushan pop-
ulation has the highest accuracy. It is speculated that the
temperature in the northernmost part is low. To cope with
this phenomenon, a large yellow croaker develops in the di-
rection of rapid growth, which significantly differs in body
shape.30:31 The accuracy of the farmed population is higher
than that of the wild population, and the impact of envi-
ronmental factors on fish growth and development must be
addressed. Morphological variation is influenced by envi-
ronment and heredity, and the living environment may ex-
ert different selection pressures on different populations.32
33 Franssen et al. The similarity of external morphological
characteristics may be due to the insufficient choice pres-
sure of the fish living environment, making the genetic im-
pact more obvious.10 In this study, the results of the four
analysis methods are the same. The distance between the
three wild populations is closer. ZJW and XMW cluster with
ZSW, NDF, and WZF, respectively. In the main component
analysis, the overlap of ZJW and XMW is also high. There
is a lower overlap between wild and farmed populations.
However, there is no obvious boundary line between the
five populations, possibly related to the lower genetic di-
versity of large yellow croakers.3435 Compared with wild
populations in the analysis of the single factor variance, the
differences between the farmed populations are more sig-
nificant, mainly reflected in the morphological characteris-
tics of the head length, long trunk, tail length, and high tail
handle. In summary, the reason may be that after gener-
ations of breeding, reproductive isolation, and differences
in living environment, the morphology of different popula-
tions has changed, which needs further molecular analysis
to prove.2836 In addition, although the long-term, large-
scale artificial release of farmed large yellow croaker en-
riched the resources of large yellow croaker, it also led to
serious gene pollution and population mixing of wild large
yellow croaker, resulting in lower genetic diversity among
populations.26:34

5. CONCLUSIONS

Morphological analysis is an intuitive and traditional
method in comparing and dividing aquatic species. Based
on the results of the above research, the four morphological
analysis methods confirmed from different angles that

there were significant differences between the five popu-
lations of large yellow croakers, and differences between
farmed and wild populations were easy to distinguish. The
discriminant function obtained in this study can be used as
a relatively quick method to identify different large yellow
croaker populations and provide convenience for identify-
ing large yellow croaker populations in farming. However, it
should be pointed out that the population of wild large yel-
low croaker collected in this study is single and cannot fully
represent a particular population, which has certain limita-
tions. Therefore, to make a more comprehensive and accu-
rate evaluation of the germplasm resources of a large yel-
low croaker, it is necessary to combine molecular biological
means.
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