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Abstract
Otolith morphology is widely used for ﬁsh stock identiﬁcation. The sulcus, a structure on the
medial side of the otolith, is an important feature in morphological analysis. This study was conducted to
evaluate the feasibility of using sulcus morphology for stock identiﬁcation and to compare its performance
with commonly used otolith morphology analysis. Otoliths were collected and analyzed from three
geographical groups (the Huanghe (Yellow) River estuary, HHE; the Jiaozhou Bay, JZB; and the Changjiang
(Yangtze) River estuary, CJE) of yellow drum Nibea albiflora. The results show that the analysis of sulcus
morphology based on shape indices (SIs), elliptic Fourier coeﬃcients (EFc), and a combination of the two
parameters identiﬁed stocks at overall classiﬁcation rates of 51.0%, 72.5%, and 73.2%, respectively. These
classiﬁcation rates are similar to those obtained using otolith morphology analysis (57.0%, 73.8%, and
76.5% by SIs, EFc, and their combination, respectively). The ﬁndings suggest that sulcus morphology is
comparable to the commonly used otolith morphology for identifying stocks of sciaenids, such as the yellow
drum. For both otolith and sulcus morphology, EFc could identify the stocks more eﬃciently than SIs, while
the combination of SIs and EFc was even better.
Keyword: otolith; sulcus; shape indices; elliptic Fourier analysis; stock discrimination; Nibea albiflora

1 INTRODUCTION
An understanding of stock structure is fundamental
to ﬁsheries management. A stock is an arbitrary group
of ﬁsh that is suﬃciently large to be essentially selfreproducing, with members showing similar life
history characteristics (Hilborn and Walters, 1992).
Various techniques have been applied to identify
stocks, including mark-recapture techniques and the
analysis of catch data, ﬁsh morphology, life history
characteristics,
otolith
microchemistry
and
morphology, and genetics (Begg and Waldman,
1999). Otoliths are acellular concretions of inorganic
salts (mainly calcium carbonate) over a protein matrix
in the inner ears. They are metabolically inert and
grow throughout the lifetime of the ﬁsh (Campana
and Neilson, 1985). Otolith morphology analysis is a
relatively inexpensive and time-eﬃcient method that

is frequently used for stock identiﬁcation at wide
range of scales (Castonguay et al., 1991; Campana
and Casselman, 1993; Begg and Waldman, 1999;
Tracey et al., 2006; Stransky et al., 2008; Avigliano et
al., 2014; Zhang et al., 2016).
Morphometry (e.g., area, perimeter, length, width,
and their derivative indices) and shape analysis (e.g.,
Fourier transform, wavelet transform, landmark, and
curvature scale space representation) are two
important aspects of otolith morphology analysis
(Bolles and Begg, 2000; Monteiro et al., 2005; ParisiBaradad et al., 2005; Avigliano et al., 2015; Zhang et
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al., 2017). The former can provide otolith growth
information and identify biologically meaningful
diﬀerences among groups, whereas the latter can
provide a large amount of otolith shape information.
The combination of these two methods can describe
otolith morphology more accurately and often
achieves better results in stock discrimination than
either method individually (Petursdottir et al., 2006;
Tracey et al., 2006; Agüera and Brophy, 2011;
Ferguson et al., 2011). To date, otolith shape analysis
has commonly been based on the outline of the whole
otolith.
The sulcus, which is a longitudinal depression on
the medial side of the otolith, is commonly divided
into two sections: the ostium and the cauda (Tuset et
al., 2008). The relative sulcus and otolith sizes are
eco-morphological adaptations that often contribute
to the sound sensitivity of the auditory system
(Gauldie, 1988; Torres et al., 2000a). Several studies
have attempted to combine sulcus morphometrics
with otolith morphometrics to discriminate among
stocks (Torres et al., 2000b; Avigliano et al., 2014,
2015; de Carvalho et al., 2015). However, sulcus
morphology has not previously been used alone for
stock discrimination. The sagittae of sound-sensitive
ﬁsh, such as sciaenids, are often characterized by
clear and regular sulcus structures, which makes
sciaenids ideal target ﬁshes for evaluating the
feasibility and eﬃciency of sulcus morphology
analysis in stock discrimination. Sulcus morphology
analysis can provide extra information about the
speciﬁc structure of otolith, which is complementary
to the overall otolith morphology analysis for stock
discrimination.
The yellow drum, Nibea albiflora, is an important
demersal sciaenid that is widely distributed in Chinese
coastal waters from the Bohai Sea southwards to the
East China Sea. It generally spawns from early April
to late May in Chinese coastal waters and forages
nearby and then migrates and lives in deeper waters in
the winter (Chen, 1991). Due to overﬁshing and
habitat loss caused by land reclamation and water
pollution in the past decades, the biological traits and
ecological features of the yellow drum have been
remarkably aﬀected (Xu et al., 2012). Accordingly,
the ﬁshery resources of yellow drum have been
continuously declining in these regions. For example,
during the past decade, the annual catch of this ﬁsh
decreased gradually from approximately 94 000 t in
2009 to 74 000 t in 2015 (Fisheries and Fisheries
Administration of the Ministry of Agriculture, 2016).
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Table 1 Basic sampling information
Sampling site

CJE

No. of sample
Fish length (mm)

JZB

HHE

55

34

60

Range

160–198

156–195

160–197

Mean±SD

174.8±10.4

175.6±12.8

171.9±8.9

Therefore, government and ﬁshery organizations
must implement eﬀective management to sustainably
develop and maintain the yellow drum ﬁshery in
China.
To date, population structure on the yellow drum in
Chinese waters, which is essential for ﬁshery
management, has not been well documented. It was
suggested that there might be two major populations
along the Chinese coast: a Bohai Sea-Yellow Sea
population and an East China Sea population, and
there might be subpopulations within the major
populations along the Chinese coast (Han et al., 2008;
Xu et al., 2012). In this study, three geographical
groups of the yellow drum were discriminated using
analyses of both otolith and sulcus morphology. In the
analyses, stock discrimination was conducted using
shape indices (SIs), the elliptic Fourier coeﬃcients
(EFc), and a combination of the two parameters. The
main objective was to determine whether sulcus
morphology can be a useful tool for stock
discrimination and whether it can perform as
eﬃciently as the commonly used otolith morphology.
In addition, this study aimed to provide insight into
the stock structure of the yellow drum and inform
eﬀorts to implement eﬀective stock-based ﬁshery
management in Chinese coastal waters.

2 MATERIAL AND METHOD
2.1 Sample collection and study area
Fish samples were collected via bottom trawling
during a ﬁshery survey of the Chinese coast. The
sampling sites included the Huanghe (Yellow) River
estuary (HHE) of the Bohai Sea, the Jiaozhou Bay
(JZB) of the Yellow Sea, and the Changjiang (Yangtze)
River estuary (CJE) of the East China Sea, all of
which are yellow drum spawning areas (Fig.1). In
total, 149 specimens from the three sampling sites
were used in this study (Table 1).
The Changjiang River and the Huanghe River are
the two longest rivers in China, discharging into the
East China Sea and the Bohai Sea, respectively. The
extensive inﬂux of sand and mud from the rivers into
the CJE and HHE contribute to the unique hydrology
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Fig.1 Yellow drum sampling sites
HHE: Huanghe River estuary; JZB: Jiaozhou Bay; CJE: Changjiang River
estuary.

(e.g., chemical environment, temperature, salinity,
and sediment) and biotic environments of these two
estuarine areas (Chen, 2006). The JZB is a semiclosed bay characterized by relatively low exchange
of sea water with the Yellow Sea. The aquatic
environment of this bay has been markedly aﬀected
by human activities (e.g., large-scale reclamation,
aquaculture, and industrial sewage discharge) during
the past decades (Sun and Sun, 2011). Diﬀerences in
latitude and water temperature likely contribute to
the distinct niches of the three sampling sites.
Therefore, yellow drum may experience diﬀerent
environmental conditions in these regions, which
might lead to diﬀerences in life history traits, stock
features or otolith morphology among the
geographical groups.
2.2 Sample preparation and data acquisition
Immediately after capture, the ﬁsh were labeled
and frozen for subsequent biological analysis,
including otolith removal. In the laboratory, basic
biology was determined and recorded. Sagittal
otoliths were removed from each ﬁsh, cleaned of
adhering tissue in distilled water, and stored dry in
sealed glass vials until morphology analysis. Prior to
imaging to collect the morphological measurements,
the otoliths were rinsed in an ultrasonic cleaner, dried

in an oven at 35°C, and then weighed to the nearest
0.01 mg.
Imaging was performed by positioning the medial
side (the side with the sulcus) of each otolith facing
up under a binocular microscope (Nikon SMZ1000,
Tokyo, Japan) connected to a digital video camera
(Fig.2). ACT-2 software was used to capture the
otolith images. All the images were captured at the
same magniﬁcation (10 times). Next, the sulcus
images were captured at 10 times magniﬁcation but at
a diﬀerent focal distance from that of the otolith
images. Lighting conditions were adjusted to capture
the clearest image of each sulcus. Because the contrast
between the sulcus outline and the other regions of
the otolith was not as distinct as that between the
otolith outline and the black background, the sulcus
was identiﬁed with the aid of Photoshop CS 5.0
(Adobe Systems Inc.). After the sulcus outline was
identiﬁed, the sulcus region was painted white, and
the other regions were painted black. To validate the
determination of the sulcus outline with Photoshop
CS 5.0, ten specimens were randomly selected to
deﬁne the sulcus outline, which was repeated six
times per specimen. Morphometrics (length, width,
area, and perimeter) of these repetitions was
performed, and the coeﬃcients of variation (CV)
were calculated according to the following formula:
CV=(SD/Mean)×100%, where SD is the standard
deviation. The CVs were small, ranging from 0.085%
to 0.662%, demonstrating that the outline could be
robustly deﬁned.
The images were imported into R (R Core Team;
www.r-project.org) and evaluated using the shapeR
package (Libungan and Pálsson, 2015) to generate
four morphometrics (length, width, area, and
perimeter) and the EFc of both the otoliths and the
sulci. The length and width are the Feret diameters
along the major and minor axes, respectively (Fig.2).
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Then, SIs (formfactor, roundness, rectangularity, and
ellipticity) were derived from the morphometrics
(Tuset et al., 2003). The four SIs were calculated
according to the following formulas:
formfactor=(4πA)/P2,
roundness=4A/(πL2),
rectangularity=A/(LW),
ellipticity=(L–W)/(L+W),
where A, P, L, and W are area, perimeter, length, and
width, respectively.
Elliptic Fourier analysis was employed to analyze
shape outlines because this type of analysis can be
applied to complex curves (such as those exhibited by
the otoliths and sulci of the yellow drum). Each
elliptic Fourier harmonic has four EFc, and the EFc
were automatically normalized based on the ﬁrst three
coeﬃcients of harmonic 1 such that the EFc were
invariant with respect to the rotation, dilation, and
translation of the outline (Kuhl and Giardina, 1982).
To determine the appropriate number of harmonics to
adopt in the subsequent analyses, the Fourier power
of each harmonic was calculated according to the
following formula (Crampton, 1995):
An2  Bn2  Cn2  Dn2
,
2
where An–Dn are four coeﬃcients of the nth harmonic.
The Fourier harmonics were truncated at the value of
n when the cumulative power exceeded 99.9% of the
total power. In this study, ten and nine harmonics
were adopted in the subsequent analyses of the otolith
and sulcus outlines, respectively.
Power 

2.3 Data analysis
The otolith and sulcus morphology data were
subjected to the same analytical procedures.
First, the Kruskal-Wallis test was adopted to
examine the size distribution of ﬁsh from each
sampling site and between sexes. The Kruskal-Wallis
test is a nonparametric test to examine whether the
distributions of groups diﬀer from each other. It is
applicable when statistical assumptions (such as
normality and homogeneity of variance) are violated.
In the present study, the normality and homogeneity
of length distributions among diﬀerent sampling sites
are violated. Therefore, the Kruskal-Wallis test was
used instead of the analysis of variance. No signiﬁcant
diﬀerence was found among the sampling sites or
between sexes.
Second, the eﬀects of sex (male-female) or otolith
position (left-right) on the parameters (SIs and EFc)
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of the otoliths and sulci were tested using analysis of
covariance (ANCOVA) because sex or position might
aﬀect otolith and sulcus morphology, potentially
confounding the discriminatory results for the stocks.
Sex or position was the main factor, and ﬁsh length
was a covariate. Before performing the ANCOVA, the
Kolmogorov-Smirnov test and Levene’s test were
performed to examine normality and homogeneity of
variance of the parameters (SIs and EFc), respectively.
Parametric ANCOVA is robust to violation of either
normality or homogeneity unless both assumptions
are violated (Olejnik and Algina, 1984). All parameters
met the normality assumption, and several parameters
violated the homogeneity assumption. Therefore, all
parameters were kept. These two tests (KolmogorovSmirnov and Levene’s tests) were also performed
before conducting ANCOVA in subsequent analyses.
Third, since the morphological variables must be
invariant of ﬁsh size to be informative in discriminating
among stocks, the eﬀects of ﬁsh length on the
parameters (SIs and EFc) were tested via ANCOVA.
Sampling site was the factor, and ﬁsh length was the
covariate. If a signiﬁcant interaction was found, the
corresponding coeﬃcient was excluded from further
statistical analyses because it could not be accurately
adjusted (Begg and Brown, 2000). In this study, only
EFc4b of otolith was excluded from subsequent
statistical analysis because of the interaction of the
factor and covariate observed for this parameter.
Among the parameters selected for statistical analysis,
those that were signiﬁcantly inﬂuenced by ﬁsh length
(roundness, four EFc of the sulcus and eight EFc of
the otolith) were adjusted according to the allometric
growth model (Lleonart et al., 2000):
(1)
Y=aXb,
Yi*  Yi (

X0 b
) ,
Xi

(2)

where Eq.1 shows the regression between two
variables. In Eq.2, Yi* is the adjusted parameter, Yi is
the observed parameter (i.e., pre-adjustment), X0 is a
selected standard ﬁsh length (i.e., the mean ﬁsh length
of the samples, 173.8 mm in this study), Xi is the ﬁsh
length of a speciﬁc specimen, and b is the regression
coeﬃcient between the log-transformed parameter
and ﬁsh length. The regression slope, b, is a common
within-group slope.
Fourth, since signiﬁcant collinearity existed among
the parameters (SIs and EFc), a principal component
analysis (PCA) based on a variance-covariance matrix
was performed to generate a new series of orthogonal
variables, principal component scores (PCs), for
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Table 2 Otolith and sulcus morphometrics (mean±SD) of
yellow drum from three sampling sites
Structure

Otolith

Parameter

CJE

JZB

HHE

Length (mm)

8.84±0.36

9.04±0.34

8.61±0.35

Width (mm)

5.47±0.27

5.59±0.28

5.49±0.23

Perimeter (mm) 28.31±1.65

29.61±2.11

27.89±1.70

Table 3 Classiﬁcation success rates for the yellow drum
groups based on diﬀerent morphology parameters
of the otolith and sulcus*
Structure Parameter Group
CJE
SIs

9.1 (5)

16.4 (9)

35.23±2.64

8.30±0.37

7.80±0.38

CJE

Width (mm)

4.57±0.27

4.58±0.32

4.36±0.24

20.27±1.92

JZB

23.5 (8) 61.8 (21) 14.7 (5)
15.0 (9)

5.0 (3)

80.0 (48)

78.2 (43)

7.3 (4)

14.6 (8)

29.10±1.58

27.13±1.38

HHE

21.05±2.22

17.92±1.86

CJE
SIs+EFc

subsequent canonical discriminant analysis (CDA) to
discriminate among stocks (Næs and Mevik, 2001;
Zhang and Dong, 2004; Agüera and Brophy, 2011).
As a small number of PCs could explain most of the
variance of the parameters, fewer variables would
need to be adopted in the subsequent analyses. Scree
plots were used to determine the number of adopted
PCs.
Finally, the CDA was performed to test the accuracy
of stock discrimination using the selected PCs. The
CDA of each structure (otolith or sulcus) was
performed three times, using SIs, EFc or a combination
of the two parameters. The stepwise analysis was
used in each CDA, and the classiﬁcation success rates
were generated based on leave-one-out crossvalidation. Since the sample size diﬀered among
groups, the prior probabilities were computed from
group sizes. For each CDA, the homogeneity of the
within-group covariance matrices was tested to
determine the adoption of a linear (homogenous
matrices; using pooled matrix) or quadric
(heterogeneous matrices; using within-group
matrices) model (Tuset et al., 2003).
Data processing and analysis were performed in
SPSS 20.0 (IBM Corp, Armonk, NY) and SAS 9.4
(SAS Institute, Cary, NC). Diﬀerences were
considered signiﬁcant at P<0.05.

3 RESULT
The otolith and sulcus morphometrics of yellow
drum from the three sampling sites are listed in Table
2. Sex or position did not signiﬁcantly aﬀect either the
SIs or EFc of the otolith or sulcus (ANCOVA, P>0.05
in all cases). Therefore, a total of 149 left otoliths
from both sexes (68 males and 81 females) were used
in the subsequent statistical analyses.

SIs

Sulcus

EFc

SIs+EFc

29.1 (16)

74.6 (41)

38.00±3.13

Area (mm )

9.1 (5)

66.7 (40)

8.16±0.34

2

61.8 (34)

8.3 (5)

36.94±3.03

Perimeter (mm) 28.58±1.47

HHE

29.4 (10) 32.4 (11) 38.2 (13)

Area (mm )

EFc

JZB

25.0 (15)

Length (mm)

Otolith

Classiﬁcation success rate (%)
CJE

JZB
HHE

2

Sulcus

Sampling site
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JZB

17.6 (6) 73.5 (25)

HHE

15.0 (9)

CJE

54.6 (30) 12.7 (7) 32.7 (18)

JZB

58.8 (20) 11.8 (4) 29.4 (10)

HHE

26.7 (16)

3.3 (2)

70.0 (42)

CJE

69.1 (38)

5.4 (3)

25.4 (14)

JZB

14.7 (5) 76.5 (26)

HHE

21.7 (13)

CJE

65.4 (36) 10.9 (6) 23.6 (13)

JZB

11.8 (4) 82.4 (28)

HHE

20.0 (12)

8.3 (5)

5.0 (3)

5.0 (3)

8.8 (3)

Overall

57.0

73.8

76.5

76.7 (46)

8.8 (3)

51.0

72.5

73.3 (44)

5.9 (2)

73.2

75.0 (45)

* The numbers in the parentheses are the numbers of samples.

The variance explained by each PC and the
contribution of each parameter to the PC are
summarized in Appendix Tables A1 and A2. The prior
probabilities of the CJE, JZB, and HHE groups were
36.9%, 22.8% and 40.3%, respectively. According to
the test of the homogeneity of the within-group
covariance matrices, a quadric model was adopted
only for the CDA using otolith EFc, whereas linear
models were applied for the other CDAs. The
correlation coeﬃcients between the discriminant
functions and the adopted PCs in all CDAs are listed
in Appendix Table A3. The CDA results for stock
discrimination among the yellow drum groups using
diﬀerent parameters of otolith and sulcus morphology
are summarized in Table 3 and shown in Fig.3.
3.1 Stock discrimination by otolith morphology
When using SIs alone, three PCs were generated
via PCA, all of which were adopted in the CDA. The
ﬁrst canonical discriminant function (F1) explained
76.4% of the variance (eigenvalue, E=0.348) and
could basically discriminate between the CJE and
HHE groups. The F1 was closely correlated with PC3
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Fig.3 Scatter plots of the two discriminant functions for the yellow drum groups using diﬀerent morphology parameters of
the otolith and sulcus
a. otolith SIs; b. sulcus SIs; c. otolith EFc; d. sulcus EFc; e. otolith SIs and EFc; f. sulcus SIs and EFc.
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(correlation coeﬃcient, R=0.850) and PC2 (R=0.512).
The second canonical discriminant function (F2)
explained 23.6% of the variance (E=0.108). The F2
was closely correlated with PC2 (R=-0.676) and PC1
(R=0.669). However, both functions failed to
discriminate the JZB group. The CDA produced an
overall classiﬁcation success rate of 57.0%, with the
highest rate being obtained for the HHE group
(66.7%), followed by the CJE (61.8%) and JZB
(32.4%) groups. Over half of the JZB individuals
(67.6%) were incorrectly assigned to the HHE and
CJE groups. Most of the misclassiﬁed CJE and HHE
individuals were assigned to each other.
When using EFc alone, nine PCs were generated
via PCA, of which seven were adopted in the CDA.
The F1 (E=0.781) was closely correlated with PC1
(R=0.652) and explained 74.8% of the variance,
discriminating the HHE group from the other two
groups well. The F2 (E=0.263) was closely correlated
with PC2 (R=-0.643) and PC9 (R=0.541) and
explained 25.2% of the variance, discriminating
between the CJE and JZB groups well. The CDA
produced an overall classiﬁcation success rate of
73.8%, with the highest rate being obtained for the
HHE group (80.0%), followed by the CJE (74.6%)
and JZB (61.8%) groups. Most of the misclassiﬁed
CJE and HHE individuals were assigned to each
other.
When combining SIs and EFc, twelve PCs were
generated via PCA, of which ten were adopted in the
CDA. The F1 (E=1.014) was closely correlated with
PC2 (R=0.736) and explained 63.9% of the variance,
discriminating the HHE group from the other two
groups well. The F2 (E=0.574) was closely correlated
with PC3 (R=0.503) and PC11 (R=0.474) and
explained 36.1% of the variance, discriminating
between the CJE and JZB groups well. The CDA
produced an overall classiﬁcation success rate of
76.5%, with the highest rate being obtained for the
CJE group (78.2%), followed by the HHE (76.7%)
and JZB (73.5%) groups. Most of the misclassiﬁed
CJE and HHE individuals were assigned to each
other.
3.2 Stock discrimination by sulcus morphology
When using SIs alone, three PCs were generated
via PCA, of which two were adopted in CDA. The F1
(E=0.254) was closely correlated with PC1 (R=0.864)
and explained 94.1% of the variance, discriminating
the HHE group from the other two groups well. The
F2 (E=0.016) explained only 5.9% of the variance
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and was closely correlated with PC2 (R=0.864).
However, both functions failed to discriminate
between the CJE and JZB groups. The CDA produced
an overall classiﬁcation success rate of 51.0%, with
the highest rate being obtained for the HHE group
(70.0%), followed by the CJE (64.6%) and JZB
(11.8%) groups. Almost all of the JZB individuals
(88.2%) were incorrectly assigned to the HHE and
CJE groups. Most of the misclassiﬁed CJE and HHE
individuals were assigned to each other.
When using EFc alone, eight PCs were generated
via PCA, of which seven were adopted in the CDA.
The F1 (E=0.766) was closely correlated with PC4
(R=-0.687) and explained 67.1% of the variance,
discriminating the JZB group from the other two
groups well. The F2 (E=0.375) was closely correlated
with PC1 (R=0.561) and PC2 (R=0.544) and explained
32.9% of the variance, discriminating between the
CJE and HHE groups well. The CDA produced an
overall classiﬁcation success rate of 72.5%, with the
highest rate being obtained for the JZB group (76.5%),
followed by the HHE (73.3%) and CJE (69.1%)
groups. Most of the misclassiﬁed CJE and HHE
individuals were assigned to each other.
When combining SIs and EFc, ten PCs were
generated via PCA, of which nine were adopted in the
CDA. The F1 (E=0.808) was closely correlated with
PC3 (R=-0.671) and explained 66.4% of the variance,
discriminating the JZB group from the other two
groups well. The F2 (E=0.408) was closely correlated
with PC2 (R=-0.589) and PC1 (R=0.526) and
explained 33.6% of the variance, discriminating
between the CJE and JZB groups well. The CDA
produced an overall classiﬁcation rate of 73.2%, with
the highest rate being obtained for the JZB group
(82.4%), followed by the HHE (75.0%) and CJE
(65.4%) groups. Most of the misclassiﬁed CJE and
HHE individuals were assigned to each other.

4 DISCUSSION
In contrast to the otolith morphology, which is
widely used for stock discrimination (Castonguay et
al., 1991; Campana and Casselman, 1993; Stransky et
al., 2008; Libungan and Pálsson, 2015; Zhang et al.,
2016), sulcus morphology has not previously been
used alone for stock discrimination. Two recent
studies combined otolith and sulcus morphometrics to
discriminate among stocks of the silverside
Odontesthes bonariensis and the croaker Plagioscion
ternetzi and obtained modest classiﬁcation rates (less
than 70%; Avigliano et al., 2014, 2015). Additionally,
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Montanini et al. (2015) discriminated between red
gurnard Aspitrigla cuculus and grey gurnard Eutrigla
gurnardus by comparing the crystal structures of their
sulci at diﬀerent life stages. However, the feasibility
and eﬃciency of sulcus morphology in stock
discrimination has not been well evaluated. In the
present study, analysis of both sulcus morphology and
routine otolith morphology was conducted on three
yellow drum groups to compare the performance of
the two methods.
The present study revealed that, in morphological
analyses of both the otolith and sulcus, the use of EFc
either alone or in combination with morphometrics
was more eﬀective than the use of morphometrics
alone in discriminating the three yellow drum groups.
Similar results in otolith morphology analyses have
been obtained in other species, such as Atlantic cod
Gadus morhua (Petursdottir et al., 2006), striped
trumpeter Latris lineata (Tracey et al., 2006), Atlantic
saury Scomberesox saurus (Agüera and Brophy,
2011), and mulloway Argyrosomus japonicus
(Ferguson et al., 2011). The morphometrics generally
provided information on otolith growth and speciﬁed
some biologically meaningful diﬀerences among the
groups. However, the lack of suﬃcient morphological
variables might have reduced the eﬃciency of
morphometric and contributed to its relatively low
overall classiﬁcation success in stock discrimination.
In contrast, EFc allowed the ﬁner deﬁnition of the
otolith outline and provided a large amount of
information on otolith shape. Generally, lowerranking EFc describe general otolith shape, whereas
higher-ranking EFc describe detailed characteristics
(Kuhl and Giardina, 1982). Given that elliptic Fourier
coeﬃcients are suﬃcient, the otolith outline can be
reconstructed and depicted in detail, which could
improve the eﬃciency of stock discrimination.
Similar to otolith morphology, the analysis of
sulcus morphology resulted in relatively high overall
classiﬁcation rates (particularly when using EFc or
the combination of EFc and SIs) in the present study.
These ﬁndings suggest that sulcus morphology can be
used to discriminate among stocks of the yellow drum
at levels comparable to those obtained using otolith
morphology, although slightly lower overall
classiﬁcation rates were obtained with the former
than with the latter. When depicting the sulcus outline
during data acquisition, the contrast between the
sulcus and the otolith was typically not as distinct as
the contrast between the otolith outline and the
background. Such lack of imaging contrast could
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cause the loss of some ﬁne sulcus morphological
information, which could aﬀect the discriminatory
eﬃciency. Therefore, practical methods should be
developed in future studies to address this problem to
improve the eﬃciency of sulcus morphology for stock
discrimination.
To date, there have been few studies assessing the
stock structure of yellow drum along the Chinese
coast. It is generally assumed that two major
populations potentially exist: a Bohai Sea-Yellow Sea
population (northern population), from which the
HHE and JZB samples of the present study were
collected, and an East China Sea population (southern
population), from which the CJE sample was
collected. A recent genetic study detected small but
signiﬁcant genetic diﬀerentiation between the two
populations (Han et al., 2008); the authors concluded
that gene ﬂow between the two populations might
primarily occur during the long planktonic larval
stage, which is promoted by the coastal currents of the
Yellow Sea and the East China Sea. This ﬂow might
reduce the genetic diﬀerences between the two
populations. However, genetic exchange during the
adult stage was limited due to geographical
segregation, which might have resulted in
subpopulations within the two populations.
In the present study, both otolith morphology and
sulcus morphology were useful for discriminating
among the three yellow drum groups, implying that
the three geographical groups are characterized by
their own unique otolith and sulcus morphologies.
Otolith morphology is mainly inﬂuenced by genetic
and environmental factors (Cardinale et al., 2004;
Vignon and Morat, 2010). In addition to the genetic
diﬀerentiation of yellow drum along the Chinese
coast as above mentioned, the environmental
diﬀerences can also strongly inﬂuence otolith
morphology. Water temperature, salinity, and biomass
of benthos (the principal food for yellow drum) are
diﬀerent in three sampling sites (Chen, 2006; Li et al.,
2010; Sun and Sun, 2011), which could aﬀect the
formation and growth of otoliths and thus lead to
distinct otolith morphology of each group. The otolith
morphology of the CJE group of the southern
population could distinguish from the northern
population, and the otolith morphologies of the HHE
and JZB groups within the northern population could
also distinguish between each other. These results are
generally in agreement with the genetic conclusion
that there were Bohai Sea-Yellow Sea population
(northern population) and East China Sea population
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(southern population) (Han et al., 2008). These
ﬁndings also support the view that there might exist
subpopulations or geographically segregated stocks
within the yellow drum populations (e.g., HHE stock
and JZB stock within the northern population).
Therefore, these stocks can be considered as diﬀerent
units for ﬁshery management. However, further
related studies covering all spawning areas of yellow
drum are needed to achieve a comprehensive
understanding of the stock structure along Chinese
coast.

5 CONCLUSION
Sulcus morphology alone is potentially useful for
identifying diﬀerent stocks of sciaenids, such as the
yellow drum along the Chinese coast. In this study,
sulcus morphology was used to classify geographic
groups and yielded a success rate comparable to that
obtained using the commonly used otolith morphology.
When using either sulcus morphology or otolith
morphology, EFc more eﬃciently discriminated
among the stocks than SIs, and the combination of SIs
and EFc improved the discriminatory eﬃciency over
that obtained using either method alone. Since no
studies have attempted to discriminate among stocks
using sulcus morphology alone, additional studies
will be necessary in the future to achieve a critical
evaluation of the performance and eﬃciency of sulcus
morphology analysis in stock discrimination.
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