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Abstract
Identiﬁcation of squids in the family Loliginidae is a time-consuming exercise because of
the highly overlapping distributions of species and their overall similarity (ﬁn shape and size, sucker ring
dentition, and color). Identifying squid based on statolith morphology is considered more accurate than
identifying species based on beaks or gladius morphology. We report and compare the statolith shape of ﬁve
commercially Loliginidae squid (Uroteuthis (Photololigo) duvaucelii, U. edulis, U. chinensis, Loliolus beka,
L. japonica) to determine how well these structures discriminate species. Based on statolith morphology,
variation in the lateral and dorsal domes enables an 84.8% success rate at classifying species. Environmental
factors correlate with statolith shape, and for vertically migrating squid, statolith relative size decreases
with increased depth of habitation. Statolith morphology can be used to eﬀectively and accurately identify
species of Loliginidae squid occurring in Chinese waters, and may prove valuable for identifying and
managing squid resources.
Keyword: statolith shape analysis; Loliginidae squid; ﬁshery management; Chinese waters

1 INTRODUCTION
Species identiﬁcation is a prerequisite for analyzing
ﬁshery resources; the process aims to identify
individuals which are completely or partially discrete
from congeners in space or time (Cadrin et al., 2014);
it can eﬀectively control overﬁshing and improve
sustainable ﬁsheries development—both of which are
important for scientiﬁc assessment and management
of ﬁshery resources (Crandall et al., 2000; Cadrin and
Silva, 2005). Species identiﬁcation is also important
to understand biological relationships and plays an
important role in the protection of biodiversity and
maintenance of global ecosystem stability. Species
identiﬁcation methods mainly include morphological
and molecular markers (Ren et al., 2015). Cephalopods
are characterized by rapid growth, short lifespans,
high turnover rates, and strong phenotypic plasticity
(Anderson and Rodhouse, 2001; Pecl et al., 2004;
Pecl and Jackson, 2008); they are recognized as major

components of many marine ecosystems (de la
Chesnais et al., 2019). Cephalopod identiﬁcation
traditionally relies on examination of soft and hard
tissues (such as ﬁn shape and size, sucker ring
dentition, tentacle and club morphology, and statolith
morphology) (Dong, 1993). However, some
morphological characters commonly used in
identiﬁcation are lost or damaged during ﬁshing, and
are aﬀected by specimen freshness and life history
characteristics, thereby complicating species
identiﬁcation (Chapela et al., 2003; Goud and De
Heij, 2012). Cephalopod hard tissues (such as
statoliths, gladius, and beaks) are more suitable and
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Table 1 Sampling information of the ﬁve commercial Loliginidae squid species
Species

Sample size

DML range (mm)

Weight range (g)

L. beka

544

32–87

2.4–40.8

L. japonica

106

41–74

2.7–15.1

U. chinensis

270

57–242

6.3–170.1

U. duvaucelii

238

42–170

4.0–93.3

U. edulis

160

46–168

7.2–124.2

Sample method

Sample location

Sample time

Bottom trawl/
squid jig

Dalian; Yantai; Shidao; Qingdao;
Lianyungang; Ningbo; Ningde;
Xiamen; Haikou; Beihai; Sanya

April–August,
2019

Bottom trawl

Beibu Gulf

June, 2019

DML: dorsal mantle length.

eﬀective for species identiﬁcation than soft tissues
(such as ﬁns and tentacles) due to their relative
stability (Borges, 1995; Hu et al., 2017). Characters
that enable accurate identiﬁcation are of value for
managing cephalopod populations.
China’s coastal seas and ecosystems are
overexploited, and its waters are warming rapidly
(Belkin, 2009). Local catches of coastal cephalopods,
especially squid, have increased since the 1990s
(Pang et al., 2018). Squids of the family Loliginidae
are the main commercial targets of cephalopod
ﬁsheries (Díaz-Santana-Iturrios et al., 2019); they are
typically caught by bottom trawl, squid jig, trap net,
or purse seine net (Jereb and Roper, 2010; Arkhipkin
et al., 2015). The population dynamics of these
species and their dominance vary (Pang et al., 2018).
Accurate species identiﬁcation will contribute to
improved understanding of the population dynamics
of species, and facilitate sustainable development and
ﬁshery management.
Loliginid squid identiﬁcation is traditionally based
on the characteristics of horny rings encircling arm
suckers (Dong, 1988). However, these rings are easily
lost, and other traditional discriminating features
(such as shape and size of ﬁns, mantle, color, etc.)
often overlap among species, making identiﬁcation
diﬃcult and time-consuming (Jereb and Roper, 2006).
The potential of hard tissues, particularly the beaks
(Yang et al., 2012; Jin et al., 2017, 2018) and statoliths
(Lombarte et al., 2006) to assist in identiﬁcation has
been examined. Because the taxonomy and
distribution of main loliginid taxa in China’s seas are
not well known, a survey of loliginid statoliths would
determine if these structures are of systematic value.
Statoliths, paired calcareous structures composed
of aragonite and calcite, are located in the cartilaginous
cranium of cephalopods (Arkhipkin, 2005). Their
morphology is of taxonomic value, and they have
been used to identify squid more accurately than the
gladius and beaks (Clarke, 1978). The shape of the
statolith is also physiologically informative, which
makes it possible to reconstruct aspects of a squid’s

behavior and movement (Arkhipkin, 2005). Their
shape is also phylogenetically informative and is
thought to be related to adaptive capacity in connection
with mechanoreception (Lombarte et al., 2006).
Advanced image processing techniques (Fourier
analysis, wavelet transformation, and curvature scalespace analysis) enable quantitative comparison of
shape contours (Lombarte et al., 1997; Parisi-Baradad
et al., 2010; Reig-Bolaño et al., 2010). Fourier
analysis is suitable for capturing information on
statolith shape to compare between individuals (Smith
et al., 2002; Green et al., 2015; Zhao et al., 2017).
Analysis of statolith shape could is of great
signiﬁcance for cephalopods study and provide an
alternative character for large-scale rapid
identiﬁcation, which will be routine work in studies
of cephalopod biology.
Eight loliginid species occur in China’s coastal
waters, of which ﬁve (Uroteuthis (Photololigo)
duvaucelii, U. edulis, U. chinensis, Loliolus beka, and
L. japonica) with tropical and temperate distributions
are commercially exploited (Chen et al., 2013). The
high overlap in habitat distribution and morphological
characteristics similarity of these species complicates
their identiﬁcation (Sin et al., 2009; Jin et al., 2017),
which in turn hampers resource management and
development. In this study, the ﬁve commercial
Loliginidae squid species were identiﬁed using
statolith shape analysis, the aim was to provide an
eﬀective identiﬁcation method for Loliginidae squid
species by comprehensive statolith comparison of
these ﬁve species from the Chinese waters, covering
their distribution range. In addition, the possible
inﬂuence of genetic and environmental variables on
statilith morphology was appraised preliminarily.

2 MATERIAL AND METHOD
2.1 Sample collection
Squids collected from April to August 2019 oﬀ the
coast of China (Fig.1; Table 1) were randomly selected
from the survey samples or local commercial landings,
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Fig.1 Sampling station of Loliginidae squid species in
Chinese waters
This map shows the approximate area where the ﬁve commercial
Loliginidae species were collected. Map review No. GS(2019)1683.

caught by bottom trawl, light luring or squid jig
vessel. All of the samples were stored ice-frozen and
transported to the laboratory for biological
experiments. Species identiﬁcation was based on
anatomical characters, such as sucker ring dentition,
following Dong (1988) and Okutani (2015). Dorsal
mantle length (DML, mm) and weight (0.1 g) were
measured for each individual, and the developmental
stage of the gonad was visually appraised. Statoliths
were extracted, cleaned with ultrasonic cleaner, and
preserved in 75% ethanol.
2.2 Statolith imaging and shape analysis
To exclude allometric eﬀects, only maturing
individuals (gonad stages Ⅲ and Ⅳ) were selected
for statolith shape analysis. DML range was also
restricted to an appropriate range for each species, to
minimize statolith variability caused by size eﬀects.
Because the shape and position of statoliths in
loliginids does not diﬀer signiﬁcantly between males
and females, and morphological parameters of left
and right statoliths are very similar in microstructural
appearance, one statolith from each pair was randomly
chosen for photography and image analysis (Natsukari
et al., 1988; Moustahﬁd, 2002). Intact statoliths were
placed with their posterior side facing up and their
rostrum oriented horizontally (Fig.2). A stereo
microscope ﬁtted with a video camera (Nikon
SMZ18) took statolith images under reﬂected light on

a black background.
Images were analyzed using an R package “shapeR”
designed speciﬁcally for otolith/statolith shape
analysis (Libungan and Pálsson, 2015). The package
“shapeR” has built-in functions enabling users to
extract statolith outlines from images, visualize and
generate shape data, and transform outlines into
independent Normalized Elliptic Fourier or Discrete
Wavelet coeﬃcients. In this study, 45 Normalized
Elliptic Fourier coeﬃcients were generated for shape
analysis. Statolith length, width, and area were also
measured by “shapeR,” and then Sw/Sl (statolith width/
length) and standard statolith area (Ssa=1 000×(statolith
area/DML2)) were calculated.
2.3 Statistical analysis
A one-way ANOVA detected diﬀerences among
species in Sw/Sl and Ssa; signiﬁcant results were
subjected to a Tukey’s Honest Signiﬁcant Diﬀerence
(HSD) test. Random forest (RF) was used to classify
species because it: 1) outperforms other classiﬁers; 2)
does not require any distributional assumption and is
independent of predictor variables; and 3) does not
overﬁt (Pérez-del-Olmo et al., 2010; Zhang et al.,
2016). The RF algorithm selects bootstrap samples
from the data, each of which contain 63% of original
observations, to generate a classiﬁcation (Strobl et al.,
2009). The remainder are referred to as OOB (out-ofbag) observations; these represent an independent
bootstrap data sample to ﬁt each tree and unselected
data set in the bootstrap sample as a test set for
providing a cross-validation estimate of generalization
errors to determine their unbiased classiﬁcation rate
(Breiman, 2001). RF also provides a global measure
of the contribution of each variable by calculating the
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Table 2 Number of statoliths for the analyzed ﬁve Loliginidae species and Tukey test comparisons
Species

DML range (mm)

Weight range (g)

Number

Habitat

Sw/Sl

L. beka

35–76

3.2–19.7

165

Inshore, <40 m

L. japonica

44–74

2.8–15.1

68

U. chinensis

63–242

15.7–159.0

U. duvaucelii

60–129

U. edulis

46–168

Ssa
c

0.623±0.040

0.152±0.033b

Inshore, <40 m

bc

0.641±0.041

0.187±0.040a

99

Oﬀshore, 15–170 m

0.691±0.037a

0.060±0.039e

11.2–60.2

63

Inshore, <40 m

0.632±0.039b

0.073±0.023d

7.3–124.2

73

Oﬀshore, 30–170 m

0.694±0.035

0.103±0.039c

a

Values in rows with diﬀerent superscript letters diﬀer signiﬁcantly (P<0.01). DML: dorsal mantle length.
Ssa
FD2a
FD2d
FD2c
FD3a
FD6d
FD4a
FD4c
FD10a
FD2b
FD4b
FD10d
FD9d
FD1d
FD8a
FD7c
FD8b
Sw.Sl
FD6b
FD6c
FD5d
FD7b
FD6a
FD7d
FD5b
FD9a
FD11b
FD5a
FD12a
FD8d

Ssa
FD2a
FD3a
FD2d
FD2c
FD6d
FD4c
FD4a
FD10a
FD2b
FD9d
FD4b
FD10d
FD1d
FD8a
Sw.Sl
FD7c
FD8b
FD5d
FD9a
FD6c
FD5b
FD6a
FD7b
FD6b
FD7d
FD12a
FD11b
FD5c
FD8c

a

20

30
40
50
Mean decrease accuracy

60

b

0

10

20
30
Mean decrease Gini index

40

Fig.3 The mean decrease in Gini index of the ﬁrst 30 variables contributing to the optimal classiﬁcation
a and b represent the mean decrease order of accuracy and Gini index of the ﬁrst 30 variables, both of which indicate that Ssa has the highest classiﬁcation
power in the model, respectively.

decrease in a Gini index (GI), which ranges from 0
(all variables contribute equally to the RF classiﬁer)
to 100 (a single variable contributes 100% to the RF
classiﬁer). Two thousand trees were built to ensure
that each individual was predicted several times. The
mean decrease in GI was calculated to measure the
contribution of these variables to the optimal classiﬁer.
A visual shape similarity among species was plotted
by graphical analysis of models using multidimensional scaling (MDS). The RF package R.5.03
was used for model development.

3 RESULT
The Sw/Sl ratio varied signiﬁcantly across species
(Table 2), with the highest values observed for
U. edulis and U. chinensis, and the lowest for L. beka.
Ssa also diﬀered signiﬁcantly among species (Table 2),
being highest in L. japonica, and lowest in U. chinensis

and U. duvaucelii. An intermediate value was
observed in U. edulis.
The RF model constructed by Sw/Sl, Ssa, and Fourier
coeﬃcients correctly classiﬁed 84.8% of individuals
(Table 3) to species, with Ssa most accurately
classifying species (Fig.3). The highest classiﬁcation
success was recorded for L. beka, and the lowest for
U. chinensis and L. japonica. The MDS plot depicts
relationships between taxa, with three apparent
‘branches’ (Fig.4). Of the ﬁve species, L. beka and
L. japonica each represent a single branch, and the
three Uroteuthis species a third; U. duvaucelii was the
most variable of the three Uroteuthis species.
Reconstructed average outlines reveal shape
diﬀerences among these ﬁve species (Fig.5), for
which the main diﬀerences occur in the lateral and
dorsal dome areas: U. chinensis and U. edulis have a
raised lateral dome, L. beka and L. japonica have a
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Table 3 Out-of-Bag (OOB) estimation matrix of the random forest among the ﬁve Loliginidae species
Species

L. beka

L. japonica

U. chinensis

U. duvaucelii

U. edulis

Classiﬁcation success rate (%)

L. beka

160

5

0

0

0

97.0

L. japonica

17

51

0

0

0

75.0

U. chinensis

0

0

75

2

22

75.8

U. duvaucelii

2

1

5

55

0

87.3

U. edulis

0

1

16

0

56

76.7

L. beka
L. japonica
U. chinensis
U. duvaucelii
U. edulis
0.4

Dim 2

0.2

0.0

-0.2
-0.2

0.0

0.2
Dim 1

0.4

0.6

Fig.4 MDS plot of statolith morphology for the ﬁve Loliginidae species
This ﬁgure provides an intuitive demonstration, both L. beka and L. japonica are clearly separated from three Uroteuthis species, of which U. duvaucelii was
most variable.

pointed dorsal dome, and an intermediate morphotype
occurs in U. duvaucelii.

4 DISCUSSION
Statolith morphology is regarded as more reliable
for recent and fossil species identiﬁcation than the
beaks or gladius (Clarke, 1978). By introducing shape
variables (Sw/Sl and Ssa) and applying a more eﬃcient
classiﬁcation method (random forest), we achieve a
higher classiﬁcation success rate than Jin et al. (2017)
and higher classiﬁcation rate for L. beka and
U. duvaucelii. This suggests that statoliths have
considerable value for species and population
identiﬁcation. Many reasons aﬀect classiﬁcation

success rate, such as sample size, measurement errors,
and data processing methods. Because of diﬀerences
in studied species, sea areas, and measurement
methods, comparing results between studies is
diﬃcult. More basic statolith data should be
accumulated, statolith measurements and descriptions
should be standardized, and new technologies (and
software) capable of analyzing statolith shape should
be exploited to better understand the merits of statolith
morphology for species identiﬁcation. Statolith shape
diﬀers within a species and can be used for stock
identiﬁcation (Fang et al., 2014; Green et al., 2015).
Because our samples were collected throughout the
distribution of these species in coastal China, our data
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This ﬁgure compares the statolith outlines of the ﬁve Loliginidae
species, revealing main diﬀerence in lateral and dorsal dome areas.

also include population-level variation. Loliginid
squid can be rapidly and reliably identiﬁed using
statolith shape, and this technique can be used for
more eﬀective ﬁshery management.
The shape of statoliths, like those of ﬁsh otoliths, is
related to phylogeny (Clarke, 1978; Dommergues et
al., 2000); these structures may be adapted for
mechanoreception purposes (Arkhipkin and Bizikov,
2000; Arkhipkin, 2003). Statoliths of near-bottom
species are larger than those of pelagic species of the
same body size (Arkhipkin and Bizikov, 2000;
Arkhipkin, 2003)—a trend reported also for ﬁshes
(Lombarte and Cruz, 2007). For vertically migrating
squid, relative statolith size decreases with increased
habitat depth, consistent with the expectation that
inactive species need larger statoliths than active
species to detect movement accelerations (Hanlon
and Messenger, 1996). The two deeper-dwelling
U. chinensis and U. edulis migrate further through the
water column than the three other taxa. Of the three
inshore species, U. duvaucelii lives in warmer waters
and has a smaller Ssa than L. beka and L. japonica,
while L. japonica, a cold water species, has the
highest Ssa. Further study on relationships between
statolith size and mantle length is needed to understand
species ecology, considering the extensive distribution
of cephalopod species globally.
Discrimination of these ﬁve Loliginidae species
reveals a likely genetic basis to statolith shape, as the
taxa clustered into two groups, namely the genera
Uroteuthis and Loliolus, consistent with phylogenetic
relationships revealed by COI gene sequences (Ho,
2005; Du, 2016). Genetic studies also clearly
demonstrate U. chinensis and U. edulis are diﬀerent
species (Sin et al., 2009). Of the three Uroteuthis taxa,
U. duvauceliis diﬀers more from the other two
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Uroteuthis species than they diﬀer from each other,
which is also consistent with phylogenetic
relationships where U. duvaucelii diverges from a
clade comprising Loliolus and other Uroteuthis
species (Jiang et al., 2018).
Statolith shape in ﬁve Loliginidae species
demonstrated consistent determinants compared with
ﬁsh otoliths, namely environment induces an overall
change in shape, and genetically induced changes
locally (Vignon and Morat, 2010). The good
performance of shape variables (Sw/Sl and Ssa)
associated with ecological characteristics suggests
these variables would be valuable for species and
population identiﬁcation. Because of the rapid
response of cephalopods to changing environmental
conditions, studies on the relationship between
statolith shape and species life histories would
improve understanding of population structure,
especially for species with wide distributions or
multiple ecotypes.

5 CONCLUSION
Five commercially Loliginidae squid species
(Uroteuthis (Photololigo) duvaucelii, U. edulis,
U. chinensis, Loliolus beka, and L. japonica)
inhabiting the coastal waters of Chinese waters can be
diﬀerentiated by comprehensively comparing their
statoliths using a statolith shape analysis. A higher
classiﬁcation success rate of 84.8% was obtained.
Statolith relative size decreases with increased habitat
depth for vertically migrating squids, and environment
induces an overall change in shape and genetically
induced changes locally. We report statolith shape to
be of value in species identiﬁcation when assessing
impact of single species management systems or
development of multi-species ﬁsheries. Identiﬁcation
of squids by statolith shape analysis is also fast and
accurate, and may assist with future development and
management of Loliginidae squid ﬁsheries in Chinese
waters.
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