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Abstract
Correlation, multiple regression, and path analyses were used to investigate the relationships
between body weight and three other morphological traits in juvenile Japanese sea cucumbers Apostichopus
japonicus. We measured live body weight (BW), body length (BL), numbers of papillae (NP), and
numbers of tube feet (NF) at 60, 80, 100, and 130 days post-hatching (dph). We calculated path correlation
coeﬃcients, correlation indices (R2), and coeﬃcients of determination with BW as the dependent variable
and the other morphological traits as independent variables. The coeﬃcient of variation for BW was high
across all age groups, and all measured morphological traits were signiﬁcantly correlated (P<0.01). BL
had the greatest direct eﬀect on BW across all age groups (60 dph, 0.526; 80 dph, 0.404; 100 dph, 0.620;
and 130 dph, 0.681), while NF had the greatest indirect eﬀect on BW across all age groups (60 dph, 0.528;
80 dph, 0.452; 100 dph, 0.666; and 130 dph, 0.603). Regression analyses between morphological traits
and BW indicated that R2 was greater than 0.85 only in the 100-dph specimens. The indirect eﬀects of
the other measured morphological traits on BW were age-dependent. The optimal regression equations,
as determined with stepwise regression, were, for 60-dph specimens: BW60=10(-3.04+0.092BL+0.014NP+0.014NF)
(R2=0.632); for 80-dph specimens: BW80=10(-3.035+0.056BL+0.017NP+0.02NF) (R2=0.686); for 100-dph specimens:
BW100=10(-3.742+0.069BL+0.633lg(NP)+0.464lg(NF)) (R2=0.893); and for 130-dph specimens: BW130=10(-2.472+0.065BL+0.012NP)
(R2=0.774). Our work clariﬁed the correlation between various morphological traits and body weight of
a commercially-important sea cucumber species (A. japonicus). Our predictive models for body weight
might be useful for the aquaculture and selective breeding of A. japonicus. These models might also provide
theoretical support for the indirect selection of traits that are diﬃcult to select directly.
Keyword: Apostichopus japonicus; juvenile; body weight; morphological traits; correlation analysis;
regression analysis

1 INTRODUCTION
The commercially important Japanese sea
cucumber, Apostichopus japonicus (Echinodermata:
Holothuroidea: Aspidochirota: Stichopodidae), is
endemic to the coasts of Russia, China, Japan, and
South Korea (Chang et al., 2009). Due to the growing
belief that sea cucumbers have nutritional and
medicinal value (Chen et al., 2011), consumer demand
for A. japonicus has increased dramatically in recent
years; in China, for example, the annual aquaculture
yield of A. japonicus increased from 170 kilotons in
2012 (Ministry of Agriculture of the People’s Republic
of China, 2013), to 193 kilotons in 2013 (Ministry of

Agriculture of the People’s Republic of China, 2014),
to 200 kilotons in 2014 (Ministry of Agriculture of the
People’s Republic of China, 2015). As the scale of
A. japonicus aquaculture has increased, breeding
diﬃculties, including a degeneration of commercially
important traits, an increase in individual
heterogeneity, and a decrease in disease resistance,
have become more prominent (Chang et al., 2006; Liu

* Supported by the Chinese Outstanding Talents in Agricultural Scientiﬁc
Research (to CHANG Yaqing)
** Corresponding author: yqkeylab@hotmail.com
ZHAN Yaoyao and ZHANG Weijie contributed equally to this work.

760

J. OCEANOL. LIMNOL., 37(2), 2019

et al., 2010; Wang et al., 2015; Zhang et al., 2015;
Shao et al., 2016). To combat these problems, several
studies have focused on optimizing breeding programs
and monitoring aquacultural practices (Jiang et al.,
2009; Zhu et al., 2013; Hu et al., 2017; Liu et al.,
2017).
A combination of correlation and regression
analyses is considered an eﬀective way to assess
relationships among morphological traits, and to
determine the contribution of various morphological
traits to a given trait of interest, especially those that
are economically important (Bahmani et al., 2012).
Several previous studies have employed this combined
method of statistical analysis to design and optimize
selective breeding strategies to enhance production in
aquatic organisms. For example, in the Chinese sea
bass Lateolabrax maculates, body weight was most
directly correlated with body width (Wang et al.,
2016). In transgenic carp, body length and body
height were the main predictors of body weight, while
in non-transgenic carp, body weight was primarily
predicted by body depth and tail length (Liu et al.,
2011). In the manila clam Ruditapes philippinarum,
shell height was correlated with both live body weight
and edible tissue weight in 1-year old clams; in 2- to
3-year old clams, shell width was correlated with live
body weight and shell length was correlated with
edible tissue weight (Huo et al., 2010). In the marine
gastropod Glossaulax reiniana, operculum height
was correlated with body weight and soft-tissue
weight (Zhao et al., 2014). In the bivalve Dosinia
japonica, body mass was correlated with shell size
(Zhang et al., 2013).
In A. japonicus, it has been shown that key growth
traits (including body weight) are inﬂuenced by
genetic factors, such as the paternal and maternal
eﬀects, and their interactive heritability (Zhang et al.,
2015). However, the relationships among the
morphological traits of A. japonicus at diﬀerent
developmental stages are unclear, as are the impacts
of morphological variation on economically important
traits (i.e. body weight) at diﬀerent developmental
phases.
We therefore aim (1) to explore the relationships
among key morphological traits of A. japonicus in
early growth stages; (2) to identify morphological
traits that might eﬀectively be used as selection
indicators in A. japonicus breeding programs; and (3)
to determine the morphological variable most reliably
correlated with body weight in the early development
of A. japonicus. To do this, we analyzed the
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correlations among four morphological traits, and
performed a multiple regression analysis.

2 MATERIAL AND METHOD
2.1 Experimental animals and maintenance
A broodstock of A. japonicus was obtained from a
cultured population in Zhuanghe, Dalian, China
(122.97°E, 39.7°N) in April 2016. The broodstock
was transported to the Key Laboratory of Mariculture
& Stock Enhancement in the Ministry of Agriculture
and Rural Aﬀairs of the North China Sea at Dalian
Ocean University, Dalian, China. All specimens were
kept in 1 000-L recirculating seawater tanks (15
specimens per tank) at room temperature (15–16°C),
with a ﬂow rate of 4 500 L/h. All tanks were
illuminated by less than 500 lx incandescent light,
with a 10 h–12 h light: 12 h–14 h dark photoperiod.
Specimens were fed 3%–5% of their total body weight
with a nutrient mix (40% w/w dry sea mud, 30% w/w
Sargassum thunbergii powder, and 30% w/w artiﬁcial
sea cucumber feed (25% w/w Ulva lactuca powder,
10% w/w Laminaria japonica powder, 20% w/w
oyster shell powder, 10% w/w anchovy ﬁshmeal,
10% w/w corn gluten meal, and 25% w/w yeast
powder; Shangdong Anyuan Aquatic Product Co.
Ltd., China)), 1–2 times a day.
2.2 Spawning and fertilization
We placed 50 healthy A. japonicus specimens
(average mass ~300 g), all with well-developed
gonads, in a 100-L plastic bucket (50.5 cm diameter×
50.0 cm deep) ﬁlled with fresh ﬁltered seawater
(FSW; ﬁltered at 28 μm) at 20°C. We then induced
spawning in these specimens, following the methods
of Song et al. (2009) and Chang et al. (2004). Brieﬂy,
all sea cucumbers were removed from the bucket,
dried outdoors in the shade for 30 min (temperature
20°C; humidity approximately 50%–60%), and
replaced in the recirculating tanks for 10–20 min. The
water temperature in the tanks was then increased
approximately 3°C.
Gametes from 5 males and 5 females were collected
to ensure that gametes from multiple parents were
mixed. Prior to mixing, we checked the quality of the
gametes microscopically: eggs were checked for
shape and appearance, and sperm were checked for
motility.
Gametes were mixed in a 100-L FSW-ﬁlled tank at
20°C, with a ratio of ﬁve sperm to each visible ovum
(Chang et al., 2004). FSW in the tank was stirred by
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hand for 1–2 min once per h for 12 h until the fertilized
ova hatched into larvae. After 12 h, we gently removed
the hatched larvae and transferred them to 100 L
FSW-ﬁlled tanks at 20°C.

Table 1 Multiple collinearity analysis of various phenotypic
traits of Apostichopus japonicus at 60, 80, 100, and
130 days post-hatching (dph)
dph

2.3 Egg hatching and larval rearing
We used the methods of Chang et al. (2004) to
hatch the fertilized eggs and rear the larvae. The initial
larval density was 0.5–1 larvae/mL. The FSW in the
larval tank was maintained at 20.0±4°C (mean±SD;
n=30), with a salinity of 30.5±0.5 (n=30), a pH of
8.0±0 (n=30), and a dissolved oxygen concentration
of 7.1±1.2 mg/L (n=30). The larval tank was
illuminated by less than 500 lx in candescent light,
with a 10 h–12 h light: 12 h–14 h dark photoperiod.
Hatched larvae were fed (0.7–1.0)×104 cells/mL
Chaetoceros muelleri three times a day, and FSW was
completely replaced twice a day. Once larvae
metamorphosed into juveniles, sea cumbers were fed
3%–5% of the total body weight of the above nutrient
mix, 1–2 times a day. FSW was completely replaced
once a day, and the plastic plates used as substratum
were completely replaced once a month.
2.4 Trait measurements
We randomly selected 120 A. japonicus specimens
for trait measurement at 60, 80, and 100 days posthatching (dph); 122 specimens were randomly
selected at 130 dph. Each specimen was placed in a
separate, sterile Petri dish. We used vernier calipers
(accuracy: 0.01 mm) to measure body length (BL) of
each specimen following the methods of Wei et al.
(2007). In brief, each specimen was starved for 24 h,
and then soaked in 0.5 mol/L MgSO4 at room
temperature for about 1.5 h until the specimen
straightened naturally. Body length of the straightened
specimens was measured. After measurement,
specimens were allowed to recover in normal seawater
for 5 to 8 h. We counted papillae (NP) and tube feet
(NF) under a 5 magniﬁer. Finally, to measure live
body weight (BW), specimens were dried on paper
towels and weighed with an electronic balance
(accuracy: 0.000 1 g). To avoid user bias, the same
researcher measured all specimens.
2.5 Data analysis
We used Excel 2008 (Microsoft, USA) to calculate
the mean, the standard deviation (SD), and the
coeﬃcient of variation (CV) of each measured trait
across all specimens within each age group. Before
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60

80

100

130

Independent variable

Tolerance

VIF

BL

0.443

2.255

NP

0.287

3.487

NF

0.220

4.550

BL

0.561

1.782

NP

0.409

2.447

NF

0.391

2.555

BL

0.312

3.202

NP

0.309

3.235

NF

0.341

2.929

BL

0.410

2.438

NP

0.299

3.340

NF

0.397

2.519

VIF: variance inﬂation factor; BL: body length; NP: number of papillae;
NF: number of tube feet.

pathway and regression analyses, we used the
Kolmogorov-Smirnov (K-S) test to test whether our
data were normally distributed. The K-S test indicated
that BW was non-normally distributed across all age
groups, as were NF at 80 dph, NF at 100 dph, and NP
at 100 dph. We therefore converted BW, NF, and NP
values to base-10 logarithms (lg). After lg conversion,
all traits, with the exception of NF at 80 dph, were
normally distributed.
We next used correlation analysis to determine the
correlations between BW and the other morphological
traits. As there was no collinearity among the
morphological traits we measured (Table 1), we used
a multiple regression analysis to determine the path
(standardized regression) coeﬃcients between the
measured morphological traits and BW. We then used
stepwise multiple regression to identify the regression
equations that best predicted BW, with BW as the
dependent variable and each measured morphological
trait as an independent variable. By gradually
removing non-signiﬁcant morphological variables,
we generated multiple regression equations for BW.
We calculated the single-trait determination
coeﬃcients in SPSS for Windows v16 (SPSS Inc.,
USA) with the following equation:
dj=Pj2,
where Pj is the direct path coeﬃcient of a single trait.
We calculated the co-determination coeﬃcient of
both i and j on body weight in SPSS for Windows v16
(SPSS Inc., USA) with the following equation:
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Table 2 Descriptive statistics and normality of various morphological traits of juvenile Apostichopus japonicus at 60, 80, 100,
and 130 days post-hatching (dph)
dph

60

80

100

130

Parameter

BL

NP

NF

BW

Lg (BW)

lg (NP)

lg (NF)

n

120

120

120

120

120

NC

NC

Mean

6.144 mm

10.6

12.4

0.009 g

-2.156

NC

NC

SD

1.869 mm

3.8

4.2

0.007 g

0.328

NC

NC

CV (%)

30.420

35.426

34.397

77.778

NC

NC

NC

K-S test Z

0.867

0.889

1.108

1.529

1.111

NC

NC

P

0.439

0.408

0.172

0.019

0.169

NC

NC

n

120

120

120

120

120

NC

NC

Mean

7.351 mm

11.0

13.8

0.008 g

-2.159

NC

NC

SD

1.672 mm

3.1

3.7

0.004 g

0.233

NC

NC

CV (%)

22.745

27.726

26.808

50.000

NC

NC

NC

K-S test Z

0.705

1.267

1.621

1.448

0.907

NC

NC

P

0.704

0.081

0.010

0.030

0.383

NC

NC

n

120

120

120

120

120

120

120

Mean

10.025 mm

16.1

17.7

0.026 g

-1.728

1.186

1.236

SD

3.071 mm

5.3

4.3

0.022 g

0.342

0.134

0.102

CV (%)

30.633

33.155

24.464

84.615

NC

NC

NC

K-S test Z

1.228

1.493

1.469

1.958

0.718

1.085

1.328

P

0.098

0.023

0.027

0.001

0.682

0.190

0.059

n

122

122

122

122

122

NC

NC

Mean

12.300 mm

21.5

20.4

0.048 g

-1.408

NC

NC

SD

3.137 mm

5.6

4.5

0.032 g

0.295

NC

NC

CV (%)

25.504

25.948

22.332

66.667

NC

NC

NC

K-S test Z

0.734

0.857

1.284

1.430

0.560

NC

NC

P

0.654

0.455

0.074

0.034

0.913

NC

NC

BW: body weight; BL: body length; NP: number of papillae; NF: number of tube feet; n: sample size; SD: standard deviation; CV: coeﬃcient of variation;
K-S test: Kolmogorov-Smirnov test; NC: not calculated.

dij=2rijPiPj,
where rij is the correlation coeﬃcient between i and j,
Pi is the corresponding direct path coeﬃcient of i, and
Pj is the corresponding direct path coeﬃcient of j. We
considered P<0.01 statistically signiﬁcant.

3 RESULT
3.1 Variations in morphological traits
The mean and SD of each measured trait increased
with specimen age (Table 2). The CVs of BW were
moderate to high across all four age groups (CV for
all age groups ≥50%; Table 2). In addition, the CV for
BW was greater than the CVs of all other
morphological traits in each age group; NP had the
next highest CV across all age groups. In the 60- and
80-dph groups, CV was lowest for BL, while in the

100- and 130-dph groups, CV was lowest for NF. For
NP and NF, the 60-dph group had the highest CV,
while for BL and BW, the 100-dph group had the
highest CV.
3.2 Correlations between morphological traits
The correlations between all pairs of phenotypic
traits that we measured were signiﬁcant (P<0.01;
Table 3). NP and NF were highly correlated in
A. japonicus specimens of all ages (60 dph, R=0.844;
80 dph, R=0.749; 100 dph, R=0.769; 130 dph,
R=0.767; Table 3); NF and BL were moderately well
correlated across all age groups, while BL was most
highly correlated with BW in specimens at 100 dph
(R=0.923) and 130 dph (R=0.867; Table 3). The
correlation between NP and NF did not vary
substantially among the diﬀerent age groups (Table 3).
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Table 3 Correlations between various morphological traits
of juvenile Apostichopus japonicus at 60, 80, 100,
and 130 days post-hatching (dph)
dph

60

Trait

BL

NP

NF

BW

BL

1

0.648*

0.745*

0.763*

1

0.844*

0.652*

1

0.706*

NP
NF

80

1

0.652

0.161

0.491

0.341

0.706

0.178

0.528

0.392

0.737*

BL

0.737

0.404

0.333

0.715*

NP

0.715

0.263

0.452

0.246

0.727*

NF

0.727

0.275

0.452

0.255

1

BL

0.923

0.620

0.303

0.767*

0.923*

100 NP

0.846

0.248

0.598

0.491

0.769*

0.846*

NF

0.805

0.139

0.666

0.476

1

0.805*

BL

0.867

0.681

0.186

130 NP

0.756

0.199

0.557

0.517

NF

0.655

0.052

0.603

0.449

1
0.758*

0.660*

0.867*

1

0.767*

0.756*

1

0.655*
1

BW: body weight; BL: body length; NP: number of papillae; NF: number
of tube feet. * indicates that the correlation coeﬃcient is signiﬁcantly
diﬀerent from zero (P<0.01).

Table 4 Path coeﬃcients and correlation indices for the
eﬀect of various morphological traits on body
weight in juvenile Apostichopus japonicus at 60, 80,
100, and 130 days post-hatching (dph)
Path coeﬃcients and correlation indies
PBL

PNP

PNF

R2

Adjusted R2

BW

0.526

0.161

0.178

0.632

0.622

80

BW

0.404

0.263

0.275

0.686

0.678

100

BW

0.620

0.248

0.139

0.893

0.890

130

BW

0.681

0.199

0.052

0.774

0.770

BW: body weight; BL: body length; NP: number of papillae; NF: number
of tube feet.

3.3 Relationships between morphological traits
and BW
BL had the greatest eﬀect on BW across all age
groups of A. japonicus (Table 4). In the 60- and 80dph groups, NF had a stronger inﬂuence than NP; in
the 100- and 130-dhp groups, the reverse was true
(Table 4). The correlation between the measured
morphological traits and BW was high across all age
groups (R2>0.6 for all age groups; Table 4).
The correlation between morphological traits and
BW (rij) was separated into the direct eﬀects of a

NF

0.104

0.133
0.150

0.136
0.173
0.206
0.197
0.196

1

BW

60

80

NP

0.16

0.792*

NF

Trait

0.237

1

NP

dph

0.526

NP

BW

130

0.763

BL

0.749*

NF

1

∑

1

NP

BL

60

Direct
eﬀect (Pi)

NF

BW

100

BL

Indirect eﬀect (rijPj)

Correlation
coeﬃcient (rij)

0.630*

NP

1

dph Trait

0.608*

NF

BL

Table 5 Eﬀects of various morphological traits on body
weight of Apostichopus japonicus at 60, 80, 100,
and 130 days post-hatching (dph)

1

BW
BL

763

0.107
0.107

0.191
0.152

0.034
0.04

0.154

BL: body length; NP: number of papillae; NF: number of tube feet.

single trait (Pi) and the indirect eﬀects of other traits
(rijPj) (Table 5). The direct eﬀect of BL was highly
correlated with BW across all age groups, but the
indirect eﬀects of the measured morphological traits
varied (Table 5). rijPj was greatest between BL and
NF in specimens 60 dph (0.392) and 80 dph (0.255);
rijPj was greatest between BL and NP in specimens
100 dph (0.491) and 130 dph (0.517).
BL had the highest coeﬃcient of determination
across all age groups with respect to BW (R2>0.16;
Table 6). In 60- and 80-dph specimens, the coeﬃcient
of determination with respect to BW was higher for
NF than NP; in 100- and 130-dph specimens, the
reverse was true (Table 6). Our stepwise regression
analysis recovered the following equations describing
BW at 60, 80, 100, and 130 dph:
BW60=10(-3.04+0.092BL+0.014NP+0.014NF); R2=0.632,
BW80=10(-3.035+0.056BL+0.017NP+0.02NF); R2=0.686,
BW100=10(-3.742+0.069BL+0.633×lg(NP)+0.464×lg(NF)); R2=0.893,
BW130=10(-2.472+0.065BL+0.012NP); R2=0.774.

4 DISCUSSION
Herein, we present a novel analysis of the
relationship between BW and other morphological
traits in juvenile specimens of A. japonicus. Across
the four juvenile age groups we measured (60, 80,
100, and 130 dph), the CV of BW was high (greater
than 50%), indicating that BW might be useful for
selection. The CVs for the three additional
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Table 6 Coeﬃcients of determination of various
morphometric traits on body weight in
Apostichopus japonicus at 60, 80, 100, and 130 days
post-hatching (dph)
dph

Trait

BL

NP

BL

0.277

0.110*

0.140*

60

NP

0.026

0.048*

NF
BL
80

0.032
0.163

NP

0.129*

0.140*

0.069

0.108*

NF
BL
100

0.076
0.384

NP

0.244*

0.132*

0.062

0.053*

NF
BL
130

NP
NF

NF

0.019
0.464

0.205*

0.047*

0.040

0.016*
0.003

BL: body length; NP: number of papillae; NF: number of tube feet;
*indicates the co-determinant coeﬃcient of BL plus NP (or BL plus NF or
NP plus NF) on body weight.

morphological traits we measured varied with juvenile
age. That is, the CVs for NP and NF were highest in
the 60-dph specimens, but the CV for BL was highest
at 60 dph and 100 dph (Table 2). The CV for NF
decreased steadily with increasing age, while the CVs
for NP and BL ﬂuctuated (Table 2). However, as the
CVs for all measured traits remained high across all
age groups, our results suggested that BL, NP, and NF
were also potential target traits for the artiﬁcial
selection of juvenile A. japonicus. In general, high
correlations between morphological traits tend to be
observed in marine invertebrates with relatively ﬁxed
body shapes, such as bivalves (Liu et al., 2002),
crustaceans (Liu et al., 2004), and sea urchins (Zhang
et al., 2010). However, a relatively low correlation
between morphological measurements and BW was
found in Octopus variabilis, a soft-bodied invertebrate
(Song et al., 2012). This discrepancy between softand hard-bodied invertebrates might be because
correlation analyses depend heavily on the accuracy
of morphological trait measurements, and it is diﬃcult
to measure soft and easily deformed organisms, such
as cephalopods and holothurians, exactly. Surprisingly,
in contrast to the results reported for O. variabilis, we
found high correlations among most of the
morphological traits that we measured (Table 3). This
suggests that our measurements of juvenile
A. japonicus specimens were more accurate than
those of adult O. variabilis specimens, probably
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because the elasticity and ﬂexibility of adult
O. variabilis is greater than that of juvenile
A. japonicus. In addition, these high phenotypic
correlations suggested that growth in the juvenile
A. japonicus might follow certain predictable patterns,
allowing for the development of eﬃcient selective
breeding programs.The high correlation between NP
and NF that we observed (R=0.749–0.844; Table 3)
was consistent with the external morphological
characters of A. japonicus, because the pentamerous
symmetry of A. japonicus is always recognized by the
presence of ﬁve meridional ambulacra bearing podia
(Purcell et al., 2012). In addition, although both tube
feet and papillae are of ectodermic origin, tube feet
are locomotory podia found on the ventral surface of
A. japonicus, while papillae are papillate podia on the
dorsal surface (Purcell et al., 2012). NP and NF were
also well correlated with BL, probably because
papillae and tube feet are evenly distributed along the
entire length of A. japonicus, and thus their numbers
must increase with body length.
Path analysis has been widely used in the
development of breeding programs to identify the
direct eﬀects of one trait on another (Yücel et al.,
2004; Zhang et al., 2011). When we compared single
direct eﬀects with multiple indirect eﬀects on BW, we
found that the direct eﬀect of BL was greater than the
combined indirect eﬀects of NP and NF (Table 5).
Indeed, the diﬀerences between the direct eﬀects of
BL and the indirect eﬀects of NP or NF on BW were
much greater than the diﬀerences among the
corresponding correlation coeﬃcients (Table 5). This
might be because the correlation of NP and NF with
BW also included the indirect eﬀects of BL on BW.
The coeﬃcient of determination of BL on BW was
greater than the coeﬃcient of determination of NP on
BW or of NF on BW across all age groups, despite
ﬂuctuations in coeﬃcient values depending on age
group (Table 6). Indeed, in the 130-dph specimens, the
eﬀect of BL on BW was 12 times that of NP, and 155
times that of NF (Table 6). It may be that variations in
individual body shape caused the substantial
diﬀerences that we found in the eﬀects of BL, NP, and
NF on BW. Such heterogeneous development is
common in sea cucumber cultivation (Liu et al., 2015).
The greater inﬂuence of NP and NF on BW in 80dph specimens, as compared to older specimens
(Table 6), might be because the papillae and the tube
feet grow rapidly at younger developmental stages
(Chang et al., 2004), and these traits might thus have
had more inﬂuence on BW at younger ages. After
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100 dph, the reduction in the inﬂuence of NP and NF
(Table 6) might be because other morphological
developments, such as the thickening of the body
wall, the enlargement of the body cavity, and the
increase in coelomic ﬂuid, might be having more
eﬀect on BW than NP or NF.
NF had a greater inﬂuence on BW than NP at
younger juvenile ages, while NP had a greater
inﬂuence on BW at older juvenile ages (Tables 5 and
6). This result might be due to a weight diﬀerence
between papillae and tube feet: it is possible that, in
older juveniles, papillae weigh more than tube feet.
This supposition is consistent with the external
morphology of adult A. japonicus: in adults, papillae
are larger than tube feet (Purcell et al., 2012).
It is generally believed that independent variables
are signiﬁcant only if the correlation index of the path
analysis is high (R2≥0.85; Zhao et al., 2016). By this
metric, the only signiﬁcant variable with respect to
BW in juvenile A. japonicus is BL at 100 dph (Table
4), indicating that BL at 100 dph may be a useful trait
for selection. For 60-, 80-, and 130-dph A. japonicus
specimens, although BL was relatively well correlated
with BW, correlation indices were only moderate
(R2<0.78), indicating that other factors besides BL
might be associated with BW at those ages.
In the aquaculture of A. japonicus, juvenile weight
measurements are often inconvenient or inaccurate
(Liu et al., 2015). The optimal regression equations
reported herein provide a new way to estimate the
body weight of A. japonicus juveniles at diﬀerent
ages using more easily and accurately measured
morphological traits.

5 CONCLUSION
We investigated the relationships between body
weight and various morphological traits of juvenile
Japanese sea cucumbers (A. japonicus), using
correlation, multiple regression, and path analyses.
The four morphological traits we measured (BW, BL,
NP, and NF) were highly correlated. In 100-dph A.
japonicus, BL had a signiﬁcant direct eﬀect on BW
(R2>0.89), indicating that, in specimens of this age,
BL may be a useful trait for selection. In juvenile A.
japonicus specimens at 60, 80, and 130 dph, other
morphological traits besides BL might be associated
with BW. The optimal regression equations that we
constructed for juvenile A. japonicus specimens at 60,
80, 100, and 130 dph provide a framework for the
successful aquaculture and selective breeding of
A. japonicus.
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