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Abstract Fertilised eggs of the devil stringer (Inimicus japonicus) were incubated at diﬀerent salinity levels
(21, 25, 29, 33, and 37), and then the hatching performances, morphological parameters, and biochemical
composition (protein, lipid and carbohydrate) of the larvae were assayed to determine the inﬂuence of salinity
on the early development of I. japonicus. The tested salinity levels did not aﬀect the times of hatching or mouth
opening for yolk-sac larvae. However, the salinity signiﬁcantly inﬂuenced the hatching and survival rates of
open-mouthed larvae, as well as the morphology of yolk-sac larvae. The data indicated that 30.5 to 37.3 and
24.4 to 29.8 were suitable salinity ranges for the survival of embryos and larvae of I. japonicus, respectively.
Larvae incubated at a salinity level of 29 had the greatest full lengths, and decreasing yolk volume was
positively correlated with the environmental salinity. With increasing salinity, the individual dry weights of
newly hatched larvae or open-mouthed larvae decreased signiﬁcantly. Newly hatched larvae incubated at a
salinity level of 29 had the greatest metabolic substrate contents and gross energy levels, while the openmouthed larvae’s greatest values occurred at a salinity level of 25. Larvae incubated in the salinity range of 33
to 37 had the lowest nutritional reserves and energy values. Thus, the I. japonicus yolk-sac larvae acclimated
more readily to the lower salinity level than the embryos, and higher salinity levels negatively inﬂuenced
larval growth and development. In conclusion, the environmental salinity level should be maintained at 29–33
during embryogenesis and at 25–29 during early larval development for this species. Our results can be used
to provide optimum aquaculture conditions for the early larval development of I. japonicus.
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1 INTRODUCTION
Salinity is a dominant factor that aﬀects the
distribution of species in the marine environment
because it is closely related to the osmoregulation,
energy budget, feeding, growth, and development of
ﬁsh (Morgan, 1998; Bœuf and Payan, 2001; Kamler,
2002; Yuan and Cui, 2004). Salinity, especially in
coastal areas, often drastically changes as a result of
extreme weather events (e.g., deluges and typhoons),
which profoundly aﬀect marine broodstock
reproduction, embryo incubation and larval growth, as
well as aquaculture yields (Berlinsky et al., 2004).
Numerous studies have focused on the eﬀects of
salinity on the early development of marine ﬁsh and

have demonstrated that the tolerance levels to salinity
variations during the early developmental stages of
marine ﬁsh are species-speciﬁc (Wang et al., 2002; Shi
et al., 2004, 2009). In addition, the tolerance to salinity
within the same species is stage-dependent (FashinaBombata and Busari, 2003). Wang (2002) reported
that the optimal hatching and lowest malformation
rates of Pagrosomus major’s fertilised eggs occur at a
salinity range of 32 to 33, whereas the survival rate of
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larvae was greater at a lower salinity range (17 to 22).
The adaptation of ﬁsh to salinity stress is achieved
through osmoregulation; however, no deﬁnite theory
has been established that clariﬁes the physiological
and hormonal regulatory mechanisms that exist in
various ﬁsh species (Bœuf and Payan, 2001).
Osmoregulation in the early life stages of ﬁsh may not
be the same as in adult ﬁsh, and it may even be deﬁcient
in juveniles (Varsamos et al., 2005; Yang and Chen,
2006; Bodinier et al., 2010). Thus, a suitable
environmental salinity level is essential to the early
development and growth of ﬁsh larvae.
Previous studies on optimising the incubation
conditions for marine embryos and yolk-sac larvae
focused on limited aspects of their hatching
performances or changes in their physiological
metabolisms. Few attempts have been made to
identify the various substrates that are oxidised during
development. The yolk pellets in marine ﬁsh eggs
mainly consist of proteins, free amino acids, lipids
and carbohydrates (Vetter et al., 1983; Rønnestad and
Fyhn, 1993; Wiegand, 1996). The utilisation of yolk
substances at the embryonic and early yolk-sac larval
stages in oviparous animals, including ﬁsh, is vital for
their normal development (Ohkubo et al., 2008). The
utilisation of yolk reserves is determined by the
metabolic rate of ﬁsh larvae, which is aﬀected by
intrinsic factors, such as egg size and genes, and
external factors, such as dissolved oxygen, pH,
salinity, and temperature (Kamler, 2002). Additionally,
the nutritional compositions of juvenile ﬁsh are
signiﬁcantly aﬀected by environmental factors (Zeng
et al., 2014). However, the eﬀects of these factors on
the nutritional substrate dynamics and energy budgets
of marine ﬁsh during ontogenesis have rarely been
summarised.
Inimicus japonicus (devil stinger) is an economically
important marine ﬁsh in southern China that has
promising breeding potential. Huang et al. (2013)
proposed a pattern of catabolic substrate oxidation,
which occurs during development, that may be typical
for marine pelagic ﬁsh eggs that do not contain oil
globules. Temperature has signiﬁcant eﬀects on the
early development and endogenous biochemical
dynamics of I. japonicus (Wen et al., 2013), and it is
susceptible to temperature during ontogenesis,
responding to higher environmental temperatures with
shorter developmental durations and increased rates of
energy consumption. Lin (2008) reported that 27 to 31
and 23 to 27 were the ideal salinity ranges for the
embryogenesis and larval development of I. japonicus,
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respectively, based on survival. Further studies are
needed to illustrate the consumption of endogenous
reserves at diﬀerent salinity levels. Thus, the current
study presents an integrated investigation of the
biological, morphological, and biochemical data
derived from a single batch of developing embryos
and yolk-sac larvae of I. japonicus that was incubated
at diﬀerent salinity levels. This study helps to better
understand the utilisation sequence of endogenous
nutrients and to determine more reliable salinity ranges
for this species.

2 MATERIAS AND METHOD
2.1 Experimental animals
The eggs and larvae of I. japonicus used for the
experiments were obtained from broodstocks, which
were captured from the Xiamen Sea zone, China,
after spawning was induced by hormones, as described
by Wen et al. (2013).
2.2 Experimental design and apparatus
Experimental salinity levels of 21, 25, 29, 33, and
37 were selected for the incubation of I. japonicus
eggs and larvae. Hyperosmotic seawater (salinity
levels of 33 and 37) was prepared by adding the
appropriate amount of sea salt to the ﬁltered local
natural seawater (salinity levels of 29). Hypoosmotic
seawater (salinity levels of 21 and 25) was prepared
by adding aerated fresh water to the ﬁltered local
natural seawater. A salinometer (Atago, Japan) was
used to determine the salinity level of each treatment.
Six replicated cylindrical tanks, each with a volume
of 10 L, were used for each treatment and were placed
in a 105-L concrete tank ﬁlled with seawater at
21±0.5°C, as measured by digital thermostats
(±0.2°C). Then, fertilised eggs were assigned to each
10-L incubation tank at an approximate density of
200–250 eggs/L. Continuous light at an intensity of
500–1 200 lx was applied above all of the tanks (Liu
and Quan, 2005; Lin, 2008). The ammonia and
dissolved oxygen concentrations in each incubation
tank were maintained below 0.1 mg/L and above
5.0 mg/L, respectively, and the pH was maintained
between 8.2 and 8.5 through daily water exchanges
(80%–100%) and continuous aeration. The experiment
lasted from fertilisation to the moment when
approximately 80%–90% of the larvae opened their
mouths with movable jaws. In addition, 1-L beakers
containing 1 L of sea water and 100 eggs were set, in
triplicate, in a 105-L concrete tank without aeration
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for the developmental performance assays (hatching
rate and hatching time) at a corresponding salinity.
Additionally, 1-L beakers containing 1 L of sea water
and 100 yolk-sac larvae, in triplicate, under the same
conditions were used to assay larval survival at
corresponding salinity levels. The experiment lasted
from fertilisation to the moment when 80%–90% of
the larvae opened their mouths with movable jaws.
2.3 Morphological measurements
From the onset of hatching, 20 larvae from each
replicate were sampled every 12 h to measure the full
lengths and the yolk volumes according to the
methods of Cetta and Capuzzo (1982) and Wen et al.
(2013).
2.4 Biochemical analyses
2.4.1 Sample collecting and pre-processing
The fertilised eggs were sampled prior to the start
of the experiment. Subsequently, newly hatched
larvae and open-mouthed larvae were sampled. At
each sampling time, a sample of approximately 5 g
and a subsample of 100 individuals were collected
from each replicate. We rinsed the collected samples
and subsamples with distilled water and then dried
them at -46°C using a freeze-dry system (Labconco,
USA). The samples were ground into powder, and dry
weights of the subsamples were measured using a
high-precision balance (Sartorius, Germany; weights
recorded to the nearest 0.01 mg) to determine single
egg or larva weight in a speciﬁc treatment.
2.4.2 Biochemical
determinations

composition

and

energy

The samples were homogenised in pre-cooled
distilled water at 4°C to quantify the protein content.
The fertilised eggs and newly hatched larvae were
homogenised with a dilution ratio of 1/80 (w/v), and
the open-mouthed larvae were homogenised with a
dilution ratio of 1/160 (w/v). The homogenates were
centrifuged at 4 000 r/min for 15 min at 4°C. The
supernatants were then used to determine the protein
concentrations using the Coomassie Brilliant Blue
colorimetric method (Bradford, 1976). Bovine serum
albumin was used as the standard.
To determine the carbohydrate content, the protein
was precipitated with trichloroacetic acid (15% and
5%) and pelleted by centrifugation at 4 000 r/min for
15 min at 4°C. The supernatant was hydrolysed with
hydrochloric acid (6 mol/L) at 96°C in a water bath.
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Then, the solution was neutralised with sodium hydrate
(6 mol/L), and the volume was adjusted to 10 mL with
distilled water. The carbohydrate concentration was
then quantiﬁed in the supernatant using a colorimetric
method with a phenol-sulphuric acid reagent (Dubois
et al., 1956). In this method, glucose was used as a
standard, and its standard curve was applied to evaluate
the carbohydrate concentration of each sample.
Lipids were extracted using chloroform:methanol
(2:1, v/v) containing 0.01% butylated hydroxytoluene
as the antioxidant (Folch et al., 1957), and the
extracted lipids were vacuum-dried to a constant
weight to determine the total lipid content.
All of the biochemical determinations were
performed in triplicate for each replication, and the
results were converted to μg per individual (μg/ind.)
using the dry weight of a single egg or larva in a
speciﬁc treatment. The theoretical gross energy value
was calculated from the biochemical composition
using conversion factors of 5.65, 9.45, and 4.20 kcal/g
dry weight for proteins, lipids, and carbohydrates,
respectively (Henken et al., 1986). The gross energy
value is presented as 10-3 calories per individual
(cal/ind.).
2.5 Statistical analysis
The results are displayed as the means±standard
deviations. Normality and homoscedasticity were
checked, and the signiﬁcance of the data was tested
by an one-way analysis of variance followed by
Duncan’s new multiple range test, using SPSS 11.0
(SPSS Inc., USA). We chose P=0.05 as the signiﬁcance
level. A polynomial regression was applied to the
hatching rate (%) and survival rate of open-mouthed
larvae (%) to calculate the optimum salinity levels for
embryo and yolk-sac larval incubations (Shi et al.,
2008). Based on the optimum hatching and survival
rates, ranges of ±10% were determined as having
suitable salinity levels for the incubation of embryos
and yolk-sac larvae, respectively (Yan et al., 2011).

3 RESULT
3.1 Impact of salinity on the survival and growth
of embryos and yolk-sac larvae
The fertilised eggs of I. japonicus hatched in a
salinity range of 21–37. The hatching time was 40 h
after fertilisation. The salinity level had a signiﬁcant
inﬂuence on the hatching rate of this species (Fig.1).
The hatching rate signiﬁcantly increased as the
salinity rose from 21 to 29 (P<0.05), but no signiﬁcant
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Table 1 Full lengths of developing yolk-sac larvae of I. japonicus incubated at diﬀerent salinity levels (mm)
Larval stages (HPH, hours post-hatching)

Salinity

0 HPH

12 HPH

24 HPH

36 HPH

48 HPH

60 HPH

21

2.87±0.07b

3.44±0.08a

3.60±0.22

3.93±0.06bc

4.13±0.13a

4.18±0.11b

25

2.94±0.09ab

3.39±0.11a

3.64±0.13

3.99±0.10ab

4.14±0.12a

4.20±0.14ab

29

2.97±0.08

a

3.46±0.16

3.67±0.17

4.02±0.12

a

4.17±0.06

4.34±0.17a

33

2.86±0.09b

3.18±0.10b

3.53±0.18

3.95±0.07abc

3.99±0.05b

4.12±0.14ab

37

2.78±0.10c

3.18±0.06b

3.52±0.14

3.90±0.09c

3.90±0.13b

4.04±0.09c

a

a

Data in the table are displayed as the means±SD, and data in the same column that are marked with diﬀerent lowercase letters are signiﬁcantly diﬀerent
(P<0.05).

Table 2 Yolk-sac volumes of developing yolk-sac larvae of I. japonicus incubated at diﬀerent salinity levels (mm3)
Larval stages (HPH, hours post-hatching)

Salinity

0 HPH

12 HPH

24 HPH

36 HPH

a

48 HPH

60 HPH

21

1.30±0.18

0.62±0.17

0.48±0.04

0.33±0.08

0.18±0.05

0.05±0.00a

25

1.24±0.19a

0.62±0.10a

0.47±0.11

0.30±0.05a

0.17±0.05a

0.05±0.02a

29

1.20±0.22a

0.55±0.12ab

0.43±0.09

0.25±0.04b

0.14±0.05ab

0.03±0.01b

33

0.74±0.27

ab

0.54±0.09

0.41±0.09

0.24±0.06

ab

0.14±0.05

0.02±0.01b

37

0.67±0.20b

0.47±0.13b

0.40±0.09

0.24±0.04b

0.12±0.02b

0.02±0.01b

a

b

a

b

a

Survival rate of mouth-open larvae (%)
Hatching rate (%)
A

Hatching rate (%)

100

B

A
a

A
a

a

80

100
80

C

60

b

40

60
40

20

20

c

0
17

21

25

29
Salinity

33

37

0
41

Survival rate of mouth-open larvae (%)

Data in the table are displayed as the means±SD, and data in the same column that are marked with diﬀerent lowercase letters are signiﬁcantly diﬀerent
(P<0.05).

Fig.1 Hatching and survival rates (%) of open-mouthed I.
japonicus larvae incubated at diﬀerent salinity levels
Error bars represent the standard deviations (SD) of the means,
and diﬀerent uppercase and lowercase letters indicate signiﬁcant
diﬀerences (P<0.05) in the survival and hatching rates, respectively,
of open-mouthed larvae.

diﬀerences were observed between the salinity of 29-,
33-, and 37-treatments (>0.05). Within the salinity
range of 21–37, the regression equation for the
hatching rate (%) based on salinity was as follows:
y=-0.4866x2+33.015x−468.22 and R2=0.989 [Fig.1
(hollow diamond)]. The optimum salinity for
embryonic incubation was 33.9, with a hatching rate
of 91.8%. A suitable salinity range was between 30.5
and 37.3 (applying ±10%).
The yolk-sac larvae opened their mouths at 60 h
after hatching, and this time was not aﬀected by

diﬀerent salinity levels. The survival rate of openmouthed larvae (%) increased as the salinity rose from
21 to 29 and decreased when the salinity surpassed 29
(Fig.1). The highest survival rate was 94.0% at salinity
of 29, and no signiﬁcant diﬀerences were observed
among salinity levels of 25, 29, and 33 (P>0.05). The
lowest survival rate was 58.0% at a salinity of 37
(P<0.05). Within the experimental range, the
regression equation for the survival of open-mouthed
larvae (%) based on salinity was as follows: y=-0.3735x2+
20.255x−177.2 and R2=0.916 6 [Fig.1 (solid square)].
The optimum salinity for yolk-sac larvae incubation
was 27.1, with a survival rate of 97.4%. A suitable
salinity range was 24.4–29.8.
Signiﬁcant diﬀerences were observed in the full
lengths of yolk-sac larvae when incubated at diﬀerent
salinity levels (Table 1). The full lengths of newly
hatched larvae (0 hours post-hatching) and openmouthed larvae (60 hours post-hatching) increased
as the salinity rose from 21 to 29 and then signiﬁcantly
decreased as the salinity continued to rise from 29 to
37 (P<0.05). Yolk-sac larvae that developed in an
environment with a salinity level of 37 were always
the shortest when compared with the lengths of
larvae from the other treatments at the same
developmental stage. The yolk-sac consumption of
larvae was also signiﬁcantly aﬀected by salinity
(Table 2). Unlike what was observed for the full
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Table 3 Dry weights of I. japonicus fertilised eggs and larvae (μg/ind.)
Salinity

21

25

Fertilised egg

207.3±1.0

207.3±1.0

207.3±1.0

207.3±1.0

207.3±1.0A

Newly hatched larva

171.8±5.1B/a

165.8±2.3B/ab

160.9±0.2B/b

105.7±0.9B/c

97.4±1.0B/d

Mouth-opened larva

133.3±1.2C/a

124.4±1.8C/b

71.1±0.1C/c

65.9±2.4C/d

59.0±1.9C/e

A

29
A

33
A

37
A

Protein (µg/ind.)

Data in the table are displayed as the means±SD. Data in the same column that are marked with diﬀerent uppercase letters are signiﬁcantly diﬀerent at
diﬀerent developmental stages (P<0.05), and data in the same row that are marked with diﬀerent lowercase letters are signiﬁcantly diﬀerent at diﬀerent
salinity levels (P<0.05).

30
25
20
15
10
5
0

S=21
a

S=25

Carbohydrate (µg/ind.)

b

B/cB/d

B/e

C/a
C/c C/c

Newly hatching larva Open mouth larva
B/b

A/a

B/c

A/a A/a

A/d
A/e

C C C C C

B/bB/c
A/d

1
0.5
0
Fertilized egg

Lipid (µg/ind.)

3.2 Impact of salinity on biochemical and energetic
dynamics

S=37
A /a
A/ b

C/bC/ab

2
1.5

S=33

B B A A A

Fertilized egg
2.5

S=29

30
25
20
15
10
5
0

Newly hatched larva Open mouth larva

c
A/b
A B B A A
B/c

Fertilized egg

A/a
B/c B/c

B/a
C/b

C/b C/b C/b

Newly hatched larva Open mouth larva

Fig.2 Nutrient contents (μg/ind.) of developing I. japonicus
fertilised eggs and larvae incubated at diﬀerent
salinities
a. protein; b. carbohydrate; c. lipid contents. Note: Error bars
represent the standard deviations of the means, and error bars
with diﬀerent letters are signiﬁcantly diﬀerent (P<0.05). Data at
the same salinity level that are marked with diﬀerent uppercase
letters are signiﬁcantly diﬀerent at diﬀerent developmental stages
(P<0.05), and data at the same developmental stage that are marked
with diﬀerent lowercase letters are signiﬁcantly diﬀerent at diﬀerent
salinity levels (P<0.05).

lengths of larvae, the yolk-sac volumes of newly
hatched larvae had a decreased with increasing
salinity. Incubation at the salinity range of 21–29 did
not signiﬁcantly change the yolk volume of newly
hatched larvae (P>0.05). However, when the salinity
level was greater than 29, the yolk volume of newly
hatched larvae signiﬁcantly decreased (P<0.05). In
open-mouthed larvae, a negative correlation was
observed between the yolk-sac volume and the
environment’s salinity level.

Table 3 shows that the dry weights of individual I.
japonicus sharply decreased with development and
that the dry weights of newly hatched larvae or openmouthed larvae decreased signiﬁcantly as the salinity
increased.
The individual fertilised eggs contained ~17.8 μg
of protein (Fig.2a). The total protein content in newly
hatched larvae sharply decreased throughout
embryogenesis under all of the treatment conditions
(P<0.05). The larvae that were incubated at a salinity
level of 29 had the signiﬁcantly greatest protein
content (~8.7 μg/ind.) at hatching, and the larvae that
were incubated at the salinity levels of 33 and 37
contained signiﬁcantly lower protein contents (5.2–
5.5 μg/ind.) than those from the other two treatment
conditions (7.4–8.0 μg/ind.). Protein was accumulated
in larvae under all of the treatment conditions during
the yolk-sac larval stage. The protein content of the
open-mouthed larvae increased as the environment’s
salinity level rose from 21 to 25 and then signiﬁcantly
decreased when the salinity level surpassed 25
(P<0.05).
The individual fertilised eggs contained ~1.2 μg of
carbohydrates (Fig.2b). Under the experimental
salinity levels, the carbohydrate contents (1.2–
2.4 μg/ind.) in the newly hatched larvae and openmouthed larvae were higher than in the fertilised eggs.
Salinity had a signiﬁcant eﬀect on the use of
carbohydrates in I. japonicus. In newly hatched larvae,
the carbohydrate contents increased when the salinity
level rose from 21 to 29 and then signiﬁcantly
decreased under salinity conditions of 33 and 37
(P<0.05). During the yolk-sac larval stage,
carbohydrate utilisation was positively correlated with
the salinity level. No diﬀerences were observed in the
carbohydrate contents of larvae incubated at the
salinity levels of 21 and 25 (~2.2 μg/ind.) (P>0.05),
while the larval carbohydrate contents were depleted
at a salinity level of 29 (~1.4 μg/ind.) (P<0.05).
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The individual fertilised eggs contained ~19.1 μg
of lipids (Fig.2c). After embryogenesis, only larvae
incubated at the salinity levels of 25 and 29 had
greater lipid contents (22.1–25.3 μg/ind.) than that of
fertilised eggs. Newly hatched larvae incubated at a
salinity level of 29 had the greatest lipid contents
(~25.3 μg/ind.). No signiﬁcant diﬀerences were
observed in the lipid contents of newly hatched larvae
incubated at the salinity levels of 21, 33, and 37
(14.2–15.6 μg/ind.) (P>0.05). The data also indicated
that the lipid contents in open-mouthed larvae
incubated at the salinity levels of 21, 29, 33, and 37
were not signiﬁcantly diﬀerent (9.8–11.1 μg/ind.).
These values were signiﬁcantly lower than the value
seen at a salinity level of 25 (~18.7 μg/ind.) (P<0.05).
The theoretical energy value of an individual was
calculated as the energy from protein, carbohydrates
and lipids (Fig.3). As the salinity level increased, the
gross energy value of the newly hatched larvae and
open-mouthed larvae showed an obvious tendency to
increase under low salinity conditions and then
decrease under higher salinity conditions. The greatest
energy values in the newly hatched larvae and openmouthed larvae occurred when the larvae were
incubated at salinity levels of 29 (~298.2×10-3 cal/ind.)
and 25 (~336.9×10-3 cal/ind.), respectively. These
values were both greater than the values observed in
fertilised eggs. I. japonicus that were incubated at a
salinity level of 37 suﬀered the greatest energy cost
(~115.2×10-3 cal/ind.) during embryogenesis, but no
signiﬁcant diﬀerences were found in the consumption
of gross energy when they were incubated at salinity
levels of 21, 33, and 37 (P>0.05). At the larval stage,
the energy depletion sharply increased when the water
salinity level surpassed 25 (P<0.05).

4 DISCUSSION
For the large-scale seed production of a ﬁsh species
in a hatchery system or in the wild, it is imperative to
know the eﬀects of environmental parameters on
larval rearing. Salinity is an important factor that
aﬀects the survival, metabolism and distribution of
ﬁsh during their development.
4.1 Growth and survival
The inﬂuence of salinity on the growth and survival
of a variety of marine ﬁsh species has been extensively
researched and reviewed (Hart and Purser, 1995;
Conides and Glamuzina, 2001; Kamler, 2002;
Labonne et al., 2009). Although the retardation of

Theoretical gross energy
value (10-3 cal/ind.)
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S=21
400
350
300
250
200
150
100
50
0
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S=25

A B A A A

S=29
B/b
C/c

Fertilized egg

S=33

S=37
A/a

A/a
B/b
B/c B/c

B/c B/d
B/d

Newly hatched larva Open mouth larva

Fig.3 Theoretical gross energy values (10-3 cal/ind.) of
the developing I. japonicus eggs and larvae when
incubated at diﬀerent salinity levels
Error bars represent the standard deviations of the means, and error
bars with diﬀerent letters are signiﬁcantly diﬀerent (P<0.05). Data
at the same salinity level that are marked with diﬀerent uppercase
letters are signiﬁcantly diﬀerent at diﬀerent developmental stages
(P<0.05), and data in the same developmental stage that are marked
with diﬀerent lowercase letters are signiﬁcantly diﬀerent at diﬀerent
salinity levels (P<0.05).

hatching at low and high salinity levels has been
reported (Holliday and Blaxter, 1960; Yang and Chen,
2006; Xu et al., 2009), no eﬀect of salinity on the
ontogenetic rate was reported in the majority of these
studies (Bœuf and Payan, 2001; Kamler, 2002). This
is in accordance with the observations in this study.
The salinity levels that supported hatching (21–37)
did not alter the hatching time of I. japonicus embryos.
Shi et al. (2008) revealed that low salinity levels
negatively aﬀect the buoyancy of marine eggs and the
hatching rate. In addition, our observations and those
from other studies (Sha et al., 1981; Huang et al.,
2013; Wen et al., 2013) demonstrated that I. japonicus
belongs to the group of ﬁsh whose buoyant eggs
contain no oil globules. As a result, the fertilised eggs
of this species did not spontaneously become buoyant
at the relatively low salinity level (21) in the present
study. The greatest hatching rate of ~88.3% was
observed in fertilised eggs incubated at a salinity level
of 37. This was, however, not signiﬁcantly greater
than the ~85.0% and ~87.3% hatching rates under the
29- and 33- salinity conditions, respectively. Using
the regression equation for hatching rate based on
salinity [Fig.1 (hollow diamond)], we concluded that
30.5–37.3 was a suitable salinity range for the
embryogenesis of I. japonicus. The salinity range is
relatively narrow when compared with those of other
marine ﬁsh, including Clupea harengus L. (1.6–60;
Holliday and Blaxter, 1960), C. harengus pallasi
(4.5–42; Alderdice and Hourston, 1985) and
Oplegnathus fasciatus (21–42; Cai et al., 2010). This
narrow range may be related to the characteristic
absence of oil globules in this species, which results
in a poor osmoregulation capability (Sucré et al.,
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2013). Lin (2008) investigated the salinity tolerance
of I. japonicus using a salinity range of 15–39 and
found that 27–31 was ideal for the incubation of
I. japonicus eggs. This range is lower than the range
deﬁned in the present study. Evidence indicates that
the parent ﬁsh can maintain the osmotic balance of
the eggs before spawning through blood circulation
(Alderdice et al., 1979; Davenport et al., 1981;
Kjörsvik et al., 1984). Thus, the salinity level that the
embryos can tolerate is related to the salinity level
present during the rearing of the broodstocks (Hart
and Purser, 1995). Holliday (1969) also observed that
before spawning, the gametes of teleosts are either
isosmotic with, or hypoosmotic to, the body ﬂuid of
the parent ﬁsh. We considered the diﬀerences between
our results and those of Lin (2008) to be related to the
salinity under which the broodstocks were reared.
The salinity tolerance of a speciﬁc ﬁsh decreases
during development, from embryo to yolk-sac larva
(Wang, 2002; Shi et al., 2004). The salinity tolerance
of I. japonicus also appears to be dependent on the
developmental stage. The eggs and larvae of a speciﬁc
species have diﬀerent isosmotic points because of
their diﬀerent body compositions. It is the plasma
osmolality that determines the osmotic relationships
among osmoregulators, and diﬀerences in salinity
tolerance among the developmental stages are related
to the changes in osmotic concentrations (Wang et al.,
2012b). Based on the regression equation for the
survival rate of open-mouthed larvae based on
salinity, we determined that a salinity range from 24.4
to 29.8 was suitable for the larviculturing of this ﬁsh.
Lin (2008), however, reported a slightly lower salinity
range of 23–27 for this same species. This may result
from the diﬀerent incubation temperatures used in
Lin’s experiment, 21–23°C, and that of the present
study, 21°C. The combined eﬀects of salinity and
temperature on the performance of embryonic and
larval development have been demonstrated in other
ﬁsh, such as Sparus sarba (Mihelakakis and Kitajima,
1994) and Rhombosolea tapirina (Hart and Purser,
1995), and the larval tolerance to a higher salinity
may be restricted under warmer temperatures
(Kamler, 2002; Overton et al., 2008). However,
further studies are needed to clarify the combined
eﬀects of salinity and temperature on development
and the exact eﬀect of temperature on salinity
tolerance in the embryos and larvae of I. japonicus.
Decreasing survival rates in an increasingly saline
environment, as shown for I. japonicus eggs and
yolk-sac larvae, is a characteristic of marine pelagic
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ﬁsh (Wang et al., 2002; Shi et al., 2004, 2008; Fielder
et al., 2005; Okamoto et al., 2009; Bodinier et al.,
2010), and it this may be caused by the increasing
maintenance requirements for osmoregulation at
higher salinity levels. A relatively low salinity level is
an approximation of the osmotic concentration in
marine ﬁsh bodies (Ostrowski et al., 2011), and ﬁsh
regulate their plasma ions to produce an internal
osmotic balance in their body ﬂuids that allows for a
greater survival rate (Brett, 1979). Under intolerably
high or low salinity levels, larval physiological
functions, such as those of gills, are signiﬁcantly
aﬀected (Fielder et al., 2007; Zhuang et al., 2012) and
the malformation rate is increased (Okamoto et al.,
2009; Cai et al., 2010).
Additionally, salinity inﬂuences egg size and larval
growth performance. Shi et al. (2008) recorded a
signiﬁcant variation in the egg size of Pampus
punctatissimus after putting the eggs into water
having diﬀerent salinity levels for 30 min. The
P. punctatissimus egg size signiﬁcantly decreased as
the salinity level increased. The larval growth rate is
aﬀected by salinity in many marine ﬁsh, including
C. harengus (Holliday and Blaxter, 1960), P. major
(Wang, 2002), Perca fluviatilis L. (Overton et al.,
2008) and O. fasciatus (Shi et al., 2009). The present
study did not measure egg size at each salinity level,
but the morphology of the yolk-sac larvae support the
previously reported observations that the full lengths
and yolk volumes are signiﬁcantly decreased under
high salinity treatments. The reduction in full lengths
and the depletion of yolk volume recorded at salinity
levels greater than the body ﬂuid’s osmo-concentration
are ascribed to dehydration, as indicated by the eggs
and yolk volumes observed in the hatched fry of the
mentioned species. Bœuf and Payan (2001)
hypothesised that larvae need to consume more
energy to maintain their osmotic balance under hyperor hypo-osmotic conditions, thus reducing the energy
used for growth. However, the energy cost of
osmoregulation is lower in an isosmotic medium,
where the gradient between body ﬂuid and water is
minimal, and this saved energy is substantial enough
to facilitate better growth. To summarise, to optimise
hatching and larval growth, the environmental salinity
for I. japonicus embryos should be between 29 and
33, and the incubation salinity for yolk-sac larvae
should be adjusted to a lower level of 25–29.
4.2 Biochemical and energetic dynamics
Yolk reserves exclusively provide ﬁsh with
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nutritional and energetic substrates during
embryogenesis and later stages. It appears that the
timing and sequence of nutrient use during the early
development of ﬁsh is species speciﬁc. For marine
ﬁsh that do not contain oil globules, such as Gadus
morhua (Finn et al., 1995a) and Hippoglossus
hippoglossus (Finn et al., 1995b), the eggs support
70% of their energy dissipation by catabolising yolk
protein and amino acids, while lipids are consumed to
a lesser extent and can even be synthesised (Rønnestad
et al., 1992). In the present study, protein was largely
consumed during the embryogenesis of I. japonicus
under all treatment conditions, and the lipids were
relatively conserved. Rønnestad et al. (1992)
demonstrated that carbohydrates are not primary
catabolic substrates in marine eggs and larvae,
although they may provide energy from the onset of
embryogenesis until the gastrula stage. In I. japonicus,
the carbohydrates appeared to be synthesised during
the embryonic period rather than the fertilisation
stage, which may be related to their use during and
after embryogenesis. Ohkubo et al. (2008) observed
in developing Anguilla japonica that body protein
was greatly consumed during the intensive growth
stages of the larvae. The open-mouthed larvae of
I. japonicus also had increased protein contents under
all of the treatment conditions. These protein content
levels were equal to, or even higher than, the level
observed in the fertilised egg. In contrast, the total
lipid content sharply decreased throughout the yolksac larval stages. Thus, protein was the primary
catabolic substrate for the embryogenesis of
I. japonicus, and, thereafter, in the larval stages, lipids
composed more of the energy resources.
The utilisation of nutritional substrates in
developing ﬁsh is not only related to the ontogenetic
stages, it is also aﬀected by environmental factors.
Changes in the nutrient composition of ﬁsh bodies
have become an important area of interest in the ﬁeld
of marine ecosystem dynamics in recent years (Wang
et al., 2012a). The consumption of the yolk in
nutritional stages by marine organisms is closely
related to salinity, which plays roles in the biochemical
and physiological composition of organisms mainly
by changing their energy budget for regulating the
osmotic balance (Bœuf and Payan, 2001). Most
information regarding the osmoregulatory physiology
of teleost ﬁsh is based on juvenile ﬁsh (Laiz-Carrión
et al., 2005; Saoud et al., 2007; Hu et al., 2008; Xu et
al., 2008; You et al., 2009; Liu et al., 2010; Tian et al.,
2010; Yu et al., 2011a, b). Previous studies reported
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that diﬀerent ﬁsh species have their own isosmotic
points, thereby preserving various capabilities for
regulating the ion concentration within their
environment. In general, ﬁsh appear to consume more
energy for metabolism when the environmental
salinity level is much higher or lower than their
isotonic point (Morgan, 1998; Bœuf and Payan,
2001). As mentioned previously, the adaptation of
larvae to salinity aﬀects the variation in the
morphometric features, such as full lengths and yolk
volumes.
Correspondingly,
the
biochemical
composition of ﬁsh also reﬂects the salinity level’s
eﬀect on the use of nutritional substances. A study on
Odontobutis potamophila illustrated that increases in
salinity induce a more rapid decline in the dry weights
of juvenile ﬁsh, as well as greater decreases in protein
and lipid contents (Hu et al., 2008). In the present
work, the dry weights and protein contents of the
newly hatched larvae of I. japonicus were at their
lowest values at salinity levels of 33 and 37,
respectively. The hydrolysis of protein to free amino
acid may be accelerated to meet the greater energy
requirement in the hypertonic environment (Wang et
al., 2012b). In addition, I. japonicus embryos that
were incubated at lower (21) or higher (33 and 37)
salinity levels had lower lipid and carbohydrate
contents than when they were incubated at moderate
salinity levels (25 and 29) (Fig.2). The open-mouthed
larvae incubated at a salinity level of 25 maintained
the signiﬁcantly greatest nutrient content compared
with larvae incubated at the other salinity levels.
Additionally, the larvae that were incubated at 21 had
greater protein and carbohydrate contents than the
larvae incubated at a salinity levels between 29 and
37. Thus, the larvae consumed less yolk reserves
under lower salinity conditions, which further explains
the observed greater growth rate (Section 3.1).
The gross energy content in ﬁsh is also closely
related to environment. You et al. (2009) reported
that salinity changes the allocation of growth energy
and metabolic energy in Platichthys stellatus, and
Jobling (1988) divided the standard metabolism of
ﬁsh into two separated parts, one that provides the
energy for tissue generation and growth, and another
part that maintains homeostasis in the internal
environment. The optimal salinity level for rearing a
species is that at which the ﬁsh can obtain the most
eﬀective energy allocation model (Wang et al.,
2012a). If the conditions are far from the optimum
for growth, ﬁsh appear to consume more energy to
obtain a balance, and the extent of the energy
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consumption is related to the deviation from the
optimum. Morgan (1998) studied the eﬀects lowsalinity stress on juvenile Coryphaena hippurus and
reported a reduction in oxygen uptake and gill Na+K+-ATPase activity at low salinity levels. In the same
study, the transfer of Oreochromis mossambicus
from fresh water to sea water increased the levels of
plasma growth hormone, gill Na+-K+-ATPase activity
and oxygen uptake (Morgan, 1998). Additionally,
gill Na+, K+-ATPase activity, plasma chloride and
15‰ osmolality show decreasing trends that
correspond to greater growth and food conversion
eﬃciency levels in turbot under high salinity
levels (Imsland et al., 2001). Shifting the salinity
from 10 to 15 and from 20 to 25 increased the oxygen
uptake in juvenile Siganus canaliculatus (Zhang et
al., 2009). Numerous studies have demonstrated that
salinity stress signiﬁcantly increases the metabolic
levels and energy consumption levels in both freshwater and marine ﬁsh. Most studies concerning the
energy budget and its relationship to growth under
diﬀerent environmental conditions are based on
juvenile ﬁsh because it is hard to evaluate the energy
budget during the larval stage owing to methodologyrelated diﬃculties and unclear mechanisms. Protein,
lipids and carbohydrates are the substrates for
biological energy (Henken et al., 1986). Using a
calculation of total theoretical energy value that was
based on these main nutritional substrates, we
compared the eﬀects of salinity on the energy content
in developing I. japonicus. This provides basic
information for studying the energy budget of this
species. In the present study, the total energy content
in newly hatched larvae and open-mouthed larvae
declined signiﬁcantly when the environmental
salinity level surpassed 29 (Fig.3). Thus, the larvae
of I. japonicus were more stressed under high salinity
conditions. There is a mixed feeding period during
the transition from endogenous nutrition to exogenous
feeding, which occurs shortly after the ﬁrst feeding
(Kamler, 2002). The excessive consumption of
endogenous energy negatively aﬀects post-larval
growth and survival. Thus, considering the salinity
tolerance of larvae from a total energy content
perspective is of vital importance. Further studies
should focus on the physiological and biochemical
statuses of ﬁsh to clarify the quantitative relationships
among the components of the energy budget in
response to ecological factors. The present study
provides useful information for optimising
larviculture incubation conditions.
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5 CONCLUSION
For I. japonicus culturing, a salinity range of 29–
37 is suitable for embryonic incubation, but the
optimal range is 29–33 when metabolic substrate
eﬃciency levels are taken into consideration. Salinity
levels greater than 29 appear unsuitable for yolk-sac
larvae because of the increased mortality rate and
energy cost. It is critical to incubate the yolk-sac
larvae of I. japonicus at a salinity range of 25–29 to
ensure a successful larviculture.
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