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Abstract
This study aimed to examine the effect of different water temperatures and light intensities on swim bladder inflation (SBI) 
and growth of red sea bream Pagrus major larvae to improve rearing techniques for this species. Two sets of experiments 
were conducted: different rearing temperatures were used in experiment 1 (19, 21, 23, and 25 °C), and different light inten-
sities in experiment 2 (250, 1000, 4000, and 16,000 lx). Water temperature did not affect SBI frequency, but SBI initiation 
was accelerated at higher temperature, i.e., it was initiated on 3 days post-hatching (dph) at 25 °C and on 6 dph at 19 °C, 
suggesting that the promotion period for SBI, which needs a surface skimmer to be  run, also accelerated with increasing 
temperature in red sea bream larviculture. A higher temperature also significantly promoted larval growth, although the 
notochord of larvae at SBI initiation was shorter at higher temperatures. Light intensity had no effect on either the initia-
tion or the frequency of SBI. However, light intensity of 250 lx significantly reduced early larval growth compared to light 
intensities higher than 1000 lx. These results indicate that light at an intensity greater than 1000 lx at the water surface is 
suitable for the early larviculture of red sea bream.

Keywords Rearing technique · Notochord · Larviculture · Surface skimmer

Introduction

Red sea bream (RSB) Pagrus major is one of the oldest 
cultured fish species in the western Japanese coastal areas. 
Rearing techniques for this species have been developed in 
the past five decades (Murata 2000). A form of vertebral 
deformation, lordosis, a serious problem in seedling produc-
tion of RSB, is caused by failure of swim bladder inflation 
(SBI) during early larval stage development (Kitajima et al. 
1981). SBI failure results in not only vertebral deforma-
tion but also poor growth and low survival in aquacultured 
fish species belonging to the Scombridae, Serranidae, and 
Carangidae (Hirata et al. 2009; Imai et al. 2011; Kurata et al. 
2014; Honryo et al. 2016), hence, many studies have been 
conducted to elucidate the mechanism of SBI and find effec-
tive physical conditions that will promote SBI (Battaglene 
and Talbot 1990; Partridge et al. 2011; Wooley et al. 2014). 
These fish species, including RSB, are physoclists with tem-
porary physostomous larvae. Their larvae must gulp air at 
the water surface for SBI during a finite window within the 
temporary physostomous larval period (Kitajima et al. 1981; 
Friedmann and Shutty 1999; Kurata et al. 2012). However, 

Aquaculture

 * Tomoki Honryo 
 t.honryo@kindaisuiken.jp

 Michio Kurata 
 michiokurata55@gmail.com

 Dario Sandval 
 abissal.one@gmail.com

 Saki Yamao 
 sk_yamao@yahoo.co.jp

 Amado Cano 
 acanodgv@yahoo.com.ar

 Yoshifumi Sawada 
 yoshifumisawada@gmail.com

1 Oshima Station, Aquaculture Research Institute of Kindai 
University, Wakayama 649-3633, Japan

2 Aquatic Resources Authority of Panama, 
Panama City 0819-05850, Republic of Panama

3 Department of Fisheries, Faculty of Agriculture, Kindai 
University, Nara 631-8505, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s12562-018-1194-5&domain=pdf


554 Fisheries Science (2018) 84:553–562

1 3

this gulping of air is inhibited by the presence of films such 
as an oil film on the rearing water surface. Removal of the 
surface film using a device such as a surface skimmer dur-
ing the finite window is essential to promote SBI (Kurata 
et al. 2012).

Physical conditions, especially rearing water tempera-
ture and photo environment, are considered the main fac-
tors affecting larval growth, development, and SBI (Komaki 
1996; Trotter et al. 2003a, b; Iwasaki et al. 2011). In RSB, 
SBI is initiated 4–10  days post-hatch (dph) and ends 
10–12 dph; however, considerable deviations have been 
observed in larval body size and time of SBI initiation dur-
ing the early stages of development (Kitajima et al. 1981; 
Yamashita 1982; Iseda 1982; Foscarini 1988; Kitajima 
et al. 1993). Successful development and normal hatching 
of RSB eggs were observed at rearing water temperatures 
between 14.0 and 25.6 °C (Mihelakakis and Yoshimatsu 
1998), whereas information regarding the optimal rearing 
environmental conditions for SBI was not reported in these 
studies. Additionally, the initiation of SBI as well as the 
window can be affected by the temperature of the rearing 
water (Bailey and Doroshov 1995). Despite the development 
of rearing techniques in larviculture of RSB, the effect of 
water temperature and light intensity on SBI initiation has 
not yet been investigated. Since the 1980s, rearing tech-
niques and production efficiency in RSB larviculture have 
largely been advanced by applying the findings of previous 
studies and improving the control systems for rearing tem-
perature in hatcheries. Despite this, the recent year-round 
market demand for RSB fingerlings has resulted in an 
extended fingerling production season and therefore rearing 
under suboptimal water temperature conditions. Likewise, 
the rearing light intensity used in hatcheries varies due to 
insufficient information about suitable light intensities for 
larviculture. Hence, this study aimed to examine the effects 
of rearing temperature and light intensity with particular 
emphasis on SBI initiation and growth of RSB larvae and 
to contribute new information that will help to advance lar-
viculture techniques.

Materials and methods

Experimental design

Experiment 1 was conducted to examine the effect of differ-
ent rearing water temperatures on SBI and growth of larval 
RSB, using four different rearing water temperatures, 19, 21, 
23, and 25 °C, with three replicate tanks per treatment, from 
3 to 7 dph under constant light intensity of 4000 lx; these 
trials were repeated twice (trial 1 and trial 2). Experiment 2 
was conducted to examine the effect of different rearing light 
intensities on SBI and growth of larval RSB using different 

light intensity, 250, 1000, 4000, and 16,000 lx, with two 
replicate tanks (three replicates for the 4000-lx treatment) 
per treatment, from 3 to 7 dph at 21 °C. Both experiments 
were conducted under a 12-h light and 12-h dark cycle. Lar-
val SBI frequency, initiation of the SBI, and growth perfor-
mances were examined in the two experiments.

Eggs and larval rearing

Two cohorts of fertilized eggs spontaneously spawned by 
cultured RSB broodstock were used for trial 1 and trial 2 in 
experiment 1 and for the single trial in experiment 2. They 
were stocked in 1000-l fiberglass reinforced plastic tanks 
(135-cm internal diameter; MF-1100S; Tanaka Sanjiro, 
Fukuoka, Japan) at a density of 6000 eggs per tank and the 
same spawning temperature (19 °C). The mean diameter 
of the eggs was 0.88 ± 0.02 mm (trial 1 in experiment 1, 
n = 20) and 0.90 ± 0.03 mm (trial 2 in experiment 1 and 
experiment 2, n = 20). The hatching rate of the two cohorts 
was 99.0 and 97.3%. Except for the treatment at 19 °C in 
experiment 1, the rearing water temperature was increased 
at a rate of 1–3 °C day−1 from 1 to 2 dph. First feeding was 
conducted at 2 dph with S-type rotifers Brachionus plicatilis 
species complex enriched by a commercial product (Marine 
Glos EX; Marinetech, Aichi, Japan) and synthesized tau-
rine (Chori, Tokyo). The rotifer density in rearing water was 
maintained at 10–15 rotifers ml−1 throughout the experi-
mental period. An appropriate amount (30–80 ml tank−1) of 
SV12 (Chlorella Industry, Tokyo) was added to the rearing 
water for greening. Penetration of natural light into experi-
mental facilities was blocked by 100% shading with curtains, 
and light intensity at the center of the water surface was 
adjusted according to the experimental designs using 40-W 
fluorescent bulbs (FLR40S DM; Toshiba Lighting & Tech-
nology, Kanagawa, Japan) hung above the tanks. A surface 
skimmer (Kurata et al. 2012) installed on the wall nearby 
the rearing tank was employed to remove the surface film 
to promote SBI during the photophase (12 h) starting from 
3 dph to the end of the experiment. Aeration was provided 
using an air diffuser (100 mm long, 23-mm diameter) settled 
in the center at the bottom of the rearing tank. The air flow 
rate was maintained at 500 ml min−1 from the time of egg 
stocking until 2 dph, and decreased to 150 ml min−1 from 
3 dph to the end of the experiment; the flow was controlled 
using a flow meter (KOFLOC, Kyoto, Japan). The rearing 
water was exchanged with bio-filtered and ultraviolet-treated 
sea water at the rate of 100%  day−1 from 2 dph to the end of 
the experiment using a flow-through system. Rearing water 
temperature (degrees Celsius), pH, salinity (grams per liter), 
and dissolved oxygen level (mg l−1) were monitored twice 
a day during the experimental period; they were similar 
among the treatments and between the trials (Table 1).
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Measurements and observations

To determine the SBI frequency and the initiation period of 
SBI, more than 20 larvae were sampled from each tank every 
3–4 h from 3 to 7 dph. The sampled larvae were immediately 
anesthetized by ice-cold sea water and the number of larvae 
with and without gas-inflated swim bladder was determined 
under a microscope (Olympus SZX-12; Olympus, Tokyo). 
When the proportion of larvae with an inflated swim blad-
der in each tank first exceeded 75% during the experiment 
period, this was considered the time of SBI initiation in 
order to compare the larval notochord length (NL; millim-
eters) among the treatments. The NL was inferred by using 
image analysis software (cellSens; Olympus) from a photo-
graph taken by a camera (DP-73; Olympus) attached to the 
microscope. To evaluate growth performances of the larvae, 
the NL was also measured at the end of the experiment on 
larvae sacrificed at 0900 hours in trial 1 (experiment 1) and 
at 0800 hours in trial 2 (experiment 1) and experiment 2.

Dry body weight (DBW) was measured only in trial 1 
of experiment 1 by Ultra Microbalances (XP2U; Mettler 
Toledo, Tokyo) to determine growth indices with the method 
described in Margulies et al. (2007). Ten larvae were col-
lected from each tank (n = 30 per treatment) on 0 dph (ini-
tial weight) and at 2100 hours on 7 dph (final weight) and 
their weight measured; the latter were collected 3 h after 
the photophase. Specific growth rate (SGR; %  day−1) was 
determined from the DBW using the following formula: 
SGR = 100 × (ln Wf − ln Wi)/time (days), where Wi = initial 

mean DBW (micrograms), Wf = individual final DBW 
(micrograms), time = 8 days.

The percentage survival was not evaluated in this study 
because more than 10% of the fish stocked in experimental 
tanks were used as samples in later analyses and therefore 
would have affected significantly the survival evaluation. 
However, high mortality or significant differences in fish 
survival among the tanks were not observed.

Statistical analysis

The values of NL, DBW, and SGR were expressed as the 
mean ± SD. Significant differences among the treatments 
were tested by one-way ANOVA followed by Tukey’s hon-
est significant difference (HSD) multiple comparison test 
in experiment 1 and Dunnett’s T3 test in experiment 2. The 
larval body size after SBI initiation was compared among 
the treatments by ANOVA followed by HSD multiple com-
parison tests. All the statistical analyses were carried out 
in SPSS 16.0j (IBM, Tokyo) at the significance level of 
P < 0.05.

Results

Experiment 1: effect of water temperature

The mean frequencies of larvae with inflated swim bladder 
in trial 1 and trial 2 are shown in Figs. 1 and 2, respectively. 
In trial 1 at 25 °C, the first larvae with inflated swim bladders 
were detected 3 dph at 0900 hours, and the SBI frequency 
gradually increased, reaching 32.4% within a day. However, 
it was not until 2100 hours on 4 dph that the time of SBI 
initiation and the larval NL were used to compare the treat-
ments. Similarly, in trial 2 at 25 °C, a larva with an inflated 
swim bladder was first observed on 3 dph at 0400 hours, 
with the mean frequency reaching 86.3% at 2000 hours on 
4 dph. In treatments at 23 °C of both trial 1 and trial 2, 
the first larvae with inflated swim bladders were detected 
3 dph at 1200 hours and the mean SBI frequency exceeded 
75% on 4 dph, which coincided with the results obtained in 
treatments at 25 °C. In contrast, lower temperature delayed 
the SBI at 19 and 21 °C, the first larvae with inflated swim 
bladders were detected 5 and 4 dph and the mean frequency 
of SBI exceeded 75% on 6 and 5 dph, respectively, in both 
trials. At the end of the experiment, the proportions of SBI 
were similar among the treatments and reached nearly 100% 
(Table 2).  

The first fish with inflated swim bladders were mainly 
detected during the photophase and/or prior to the onset of 
the scotophase. Additionally, the mean SBI frequency dras-
tically increased during the photophase and this trend was 
commonly observed at different water temperatures.

Table 1  Rearing conditions of experiment 1 and experiment 2

All values are expressed as mean ± SD

Treatment Water 
temperature 
(°C)

pH Salinity (g l−1) Dissolved 
oxygen 
(mg l−1)

Experiment l
 Trial 1
  19 °C 19.1 ± 0.1 8.24 ± 0.04 33.1 ± 0.1 7.96 ± 0.47
  21 °C 21.0 ± 0.1 8.26 ± 0.04 33.2 ± 0.1 7.77 ± 0.29
  23 °C 23.0 ± 0.1 8.24 ± 0.03 33.3 ± 0.2 8.30 ± 0.59
  25 °C 24.9 ± 0.1 8.23 ± 0.04 33.1 ± 0.4 7.80 ± 0.7

 Trial 2
  19 °C 19.0 ± 0.1 8.32 ± 0.03 33.0 ± 0.1 8.22 ± 0.42
  21 °C 21.0 ± 0.1 8.30 ± 0.03 33.1 ± 0.05 7.65 ± 0.31
  23 °C 23.0 ± 0.1 8.29 ± 0.04 33.1 ± 0.1 7.48 ± 0.38
  25 °C 25.0 ± 0.1 8.29 ± 0.08 33.0 ± 0.2 7.30 ± 0.29

Experiment 2
 250 lx 21.0 ± 0.1 8.29 ± 0.04 33.0 ± 0.2 7.45 ± 0.28
 1000 lx 21.0 ± 0.1 8.30 ± 0.03 33.0 ± 0.05 7.66 ± 0.36
 4000 lx 21.0 ± 0.1 8.30 ± 0.03 33.0 ± 0.05 7.65 ± 0.31
 16,000 lx 21.0 ± 0.1 8.30 ± 0.03 33.0 ± 0.1 7.46 ± 0.34
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The growth performance of the RSB larvae reared 
under different water temperatures is shown in Table 2. 
The results of trial 1 and trial 2 indicate that larval growth 
(NL) was stimulated by higher temperature. Significant 
differences were detected among the treatments, although 
similar growth was observed between treatments at 21 and 
25 °C in trial 1 and between treatments at 23 and 25 °C 
in trial 2 (P < 0.05; ANOVA followed by HSD; n = 45). In 
contrast to the NL, DBW and SGR were clearly increased 
by higher temperature, especially the larval DBW in the 
treatment at 25 °C, which was approximately threefold 
higher than that of the larvae in the treatment at 19 °C 
(P < 0.05; ANOVA followed by HSD; n = 30).

Experiment 2: effect of light intensity

The effects of different light intensities on the frequency of 
SBI in RSB larvae are shown in Fig. 3. The results of the 
rearing experiments show that in treatments with 250, 1000, 
4000, and 16,000 lx, the SBI frequency increased, exceed-
ing 75% at 2000 hours on 5 dph. At the end of the experi-
ment (7 dph, 2000 hours), the proportion of SBI under each 
treatment was as follows: 100.0 ± 0% (250 lx), 100.0 ± 0% 
(1000 lx), 100.0 ± 0% (4000 lx), and 98.5 ± 2.1% (16,000 lx). 
Similar to the results obtained in experiment 1, the majority 
of larvae with an inflated swim bladder were found and their 
number increased drastically within the photophase.

Fig. 1  Frequency of swim 
bladder inflation (SBI) in red 
sea bream Pagrus major larvae 
reared under different water 
temperatures (filled circle 
19 °C, open circle 21 °C, filled 
square 23 °C, open square 
25 °C) in trial 1. Values indicate 
means from triplicate tank 
treatments (n = 3); error bars 
are not shown to simplify the 
figure. Gray areas represent the 
scotophase. Asterisks indicate 
the time that a larva with an 
inflated swim bladder was first 
observed, and black arrows 
indicate the time when mean 
SBI frequency exceeded 75%. 
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Fig. 2  Frequency of SBI in red sea bream P. major larvae reared 
under different water temperatures (filled circle 19  °C, open circle 
21 °C, filled square 23 °C, open square 25 °C) in trial 2. Values indi-
cate means from triplicate tank treatments (n = 3); error bars are not 

shown to simplify the figure. Gray areas represent the scotophase. 
Asterisks indicate the time that a larva with an inflated swim bladder 
was first observed, and black arrows indicate the time of mean SBI 
frequency exceeded 75%

Table 2  SBI frequency and 
growth performance of red 
sea bream P. major larvae 
reared under different water 
temperatures

All values are means ± SDs. Values in a row with different letters indicate significant differences (P < 0.05)
*Specific growth rate (SGR) = 100 × (ln Wf − ln Wi)/time (days), where Wi and Wf denotes the mean initial 
[0 days post-hatch (dph)] and individual final (7 dph) dry body weight (μg), time = 8

Tempera-
ture (°C)

Notochord length 
(mm)

SBI frequency (%) Dry body weight (μg) SGR (%  day−1)*

Trial 1 Trial 2 Trial  Trial 2

19 3.7 ± 0.2a 3.7 ± 0.3a 90.1 ± 17.1 91.7 ± 7.2 39.5 ± 6.6a 17.3 ± 2.1a

21 4.0 ± 0.2b 3.9 ± 0.3b 95.8 ± 4.4 98.0 ± 1.8 58.9 ± 16.2b 22.1 ± 3.5b

23 4.0 ± 0.4b 4.3 ± 0.4c 97.0 ± 5.2 100.0 ± 0.0 87.4 ± 23.5c 26.9 ± 3.8c

25 4.1 ± 0.5b 4.4 ± 0.4c 98.5 ± 2.6 93.0 ± 2.9 108.5 ± 31.4d 29.6 ± 3.8d
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The larval NL in the 250-lx treatment was significantly 
smaller than that in other treatments at 7 dph (Fig. 4); there 
was no significant difference between the other treatments 
(P < 0.05, ANOVA followed by Dunnett’s T3, n = 20).

SBI initiation

Table 3 shows the body size (NL) of larval RSB when the 
proportion of larvae with an inflated swim bladder in each 
tank exceeded 75% under different water temperatures 
(experiment 1) and light intensities (experiment 2). The 
body size of RSB larvae tended to decrease with increas-
ing temperature (P < 0.05; ANOVA followed by HSD test; 
n = 36). Unlike the body size of larvae in experiment 1, the 

body size was statistically similar among the treatments in 
experiment 2.

Discussion

Effect of water temperature

SBI frequency

In the present study, we confirmed that the SBI frequency 
was similar for different cohorts of eggs even when the rear-
ing water temperature was altered (Table 2). Thus, this study 
indicates that the SBI frequency in RSB is not affected by 
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Fig. 3  Frequency of SBI of red sea bream P. major larvae reared 
under different light intensities (filled square 250  lx, open square 
1000 lx, filled circle 4000 lx, open circle 16,000 lx). Values indicate 
means from duplicate tank treatments (except for the 4000-lx treat-

ment in which n = 3); error bars are not shown to simplify the figure. 
Gray areas represent the scotophase. Asterisks indicate the time that 
a larva with an inflated swim bladder was first observed, and black 
arrows indicate the time mean SBI frequency exceeded 75%
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the rearing water temperature. Similarly, Hirata et al. (2009) 
reported that rearing water temperature of 22–28 °C does not 
affect the SBI frequency in larval greater amberjack Seriola 
dumerili. However, Trotter et al. (2003a) reported an opti-
mal but narrow temperature range (16–17 °C) for successful 
SBI in striped trumpeter Latris lineata larvae. The different 
effects of rearing water temperature on SBI between these 
species are possibly explained by adaptation to different 
inhabited temperature ranges. For example, striped trum-
peter inhabits cool and rocky bottoms (Furlani and Ruwald 
1999), whereas both greater amberjack and RSB inhabit a 
wide range of temperate areas, with RSB being a particu-
larly suitable cultured marine species in a wide water tem-
perature range (Murata 2000; Foscarini 1988; Miyashita and 
Kumai 2000). Moreover, the temperature range of 19–25 °C 
examined in the present study is within the thermal limit 
of successful development of RSB eggs (Mihelakakis and 
Yoshimatsu 1998). Therefore, an adaptation to inhabit a 
wide temperature range may explain why the SBI frequency 
in RSB was not affected by the rearing water temperature.

We found that SBI frequency fluctuated between day 
and night regardless of different rearing water temperatures 
(Figs. 1, 2). Similarly, due to the complete deflation of the 
swim bladder during the photophase, the nominal SBI fre-
quency may become lower than that during the scotophase 

in Sillago ciliata (Battaglene et al. 1994). Night-inflation of 
the swim bladder that gives buoyancy to larvae was consid-
ered to help to conserve energy during the scotophase and 
be related to vertical migration for survival (Kitajima et al. 
1993; Battaglene et al. 1994). Contrary to a night-inflated 
swim bladder, the reason why swim bladders deflate during 
the day has not been examined in detail. We hypothesized 
that RSB larvae might require the capacity for their inter-
nal organs to expand in order for them to feed during the 
photophase following the period when the swim bladder is 
deflated. In the case of RSB, diel changes of swim bladder 
volume have been reported in a previous study (Kitajima 
et al. 1993); however, complete deflation of the swim blad-
der has not been reported yet. Accordingly, fluctuations in 
the frequency of SBI remain to be investigated.

Timing of SBI initiation

In this study, we found that a higher water temperature accel-
erated the timing of SBI initiation (Figs. 1, 2). These results 
indicate that the timing of SBI initiation in RSB larvae is 
also temperature dependent, as in other marine teleosts 
(Iwasaki et al. 2011; Bailey and Doroshov 1995; Gibson 
and Johnston 1995). In previous studies, SBI initiation in 
RSB larvae was observed on 4–8 dph (Kitajima et al. 1993) 
and on 9 dph (Yamashita 1982). These previous studies may 
have been conducted under lower and/or uncontrolled rear-
ing water temperature which may explain why the results are 
partly different from ours. Physostomous RSB need to gulp 
air at the water surface during the temporary physoclistous 
period in the early stage of their development; however, dur-
ing this brief period, the gulping of air may be inhibited by 
surface film formation (Kitajima et al. 1981). SBI failure has 
a serious negative impact on hatchery production (Kitajima 
et al. 1994), thus, it is essential to maintain a clear water sur-
face during this period by surface film removal to effectively 
induce SBI. Kitajima et al. (1981) have reported that the 
window for SBI starts at 4 dph and ends at 10–12 dph (total 
length < 4.72 mm). However, the temperature-dependent 
timing of SBI initiation elucidated herein implies that the 
window for SBI is also temperature dependent in RSB. The 
timing of this window is important to effectively promote 
SBI and to plan when the surface skimmer should be used 
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Fig. 4  Larval body size (notochord length; mm) of red sea bream P. 
major reared under different light intensities and fed a rotifer diet for 
5 days. Values indicate means ± SDs from duplicate tank treatments 
(except for the 4000-lx treatment). Different letters represent signifi-
cant differences among the treatment (P < 0.05, ANOVA followed by 
Dunnet’s T3 test, n = 20)

Table 3  Body size (notochord length) of red sea bream P. major at the time of swim bladder inflation initiation

All values are expressed as mean ± SD. Values in a row with different letters represent significant differences among treatments

Temperature (°C) Light intensity (lx)

19 21 23 25 250 1000 4000 16,000

Trial 1 3.48 ± 0.21b 3.38 ± 0.18b 3.37 ± 0.14b 3.22 ± 0.22a

3.42 ± 0.23 3.45 ± 0.18 3.46 ± 0.11 3.45 ± 0.14
Trial 2 3.48 ± 0.19c 3.44 ± 0.13c 3.28 ± 0.14b 3.11 ± 0.13a
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in a hatchery, although the relation between the window and 
rearing temperature has not yet been investigated in any fish 
species. Further study is required to investigate the effect of 
rearing water temperature on this window to promote SBI 
effectively under various rearing temperatures in RSB and 
other aquaculture fish species.

The period during which larvae gulp air leading to SBI 
is species specific and related to the photoperiod (Hirata 
et al. 2009; Battaglene and Talbot 1990; Trotter et al. 2003b; 
Kurata et al. 2015). In the present study, the surface skimmer 
was employed only during the photophase; nevertheless, the 
SBI frequency in RSB larvae reached almost 100%. Addi-
tionally, the first larvae with an inflated swim bladder were 
mainly detected during the photophase and/or just prior to 
the onset of scotophase. Concurrently with this, SBI fre-
quency increased within a 12-h period, suggesting that RSB 
larvae gulp air for SBI during the photophase.

Larval growth and development

This study showed that body size (NL) of the RSB larvae 
at the time of SBI initiation was significantly smaller at a 
higher water temperature (Table 3). According to the clas-
sification of morphological development stages by Moteki 
et al. (2001), the larval developmental stage at SBI initiation 
that occurred in this study corresponded to the period of 
organogenesis and transition from mixed feeding to exog-
enous feeding, and was completed by the time of intensified 
feeding. It is known that increasing rearing water tempera-
ture accelerates larval development, but decreases larval 
body size during metamorphosis in some marine teleosts 
including RSB (Komaki 1996; Trotter et al. 2003a; Seikai 
et al. 1986). Therefore, it is thought that accelerated SBI at 
higher water temperatures with decreased larval body size 
were also caused by accelerated developmental stages of the 
larvae in RSB.

In the present study, we clearly showed that higher water 
temperature significantly promoted larval DBWs and SGRs; 
the effect of water temperature (18, 21, and 24 °C) on lar-
val length and development of RSB were also reported in a 
preliminary study (Komaki 1996). However, Komaki (1996) 
did not statistically evaluate differences among treatments 
during the larval stage. In the present study, significant dif-
ferences in larval DBWs and SGRs were detected among 
the treatments, although larval NL was statistically similar 
among the treatments at 21–25 °C in trial 1 and between 
treatments at 23–25  °C in trial  2 (Table  2). Thus, our 
results contribute to our knowledge on the effects of rearing 
water temperature on RSB growth and indicate that DBW 
is highly influenced by rearing water temperature. A high 
growth rate of marine fish larvae is triggered by increased 
food consumption (Houde 1989). In addition, Takii et al. 
(1992) reported that somatic growth of RSB larvae (total 

length < 7.5 mm) is supported by hyperplasia. These results 
support our conclusion that larval weight is more malleable 
than larval length, and the combination of larval length and 
weight bring insights into growth evaluation.

Effect of light intensity

SBI frequency

In this study, light intensity between 250 and 16,000 lx had 
no effect on either SBI frequency or SBI initiation in RSB 
larvae. Lower light intensity had a more significant posi-
tive effect on SBI in striped trumpeter and Australian bass 
Macquaria novemaculeata larvae due to a negative pho-
totactic response exhibited by the larvae (Battaglene and 
Talbot 1990; Trotter et al. 2003b). In contrast, higher light 
intensity did not affect SBI in positively phototactic larvae 
such as striped bass Morone saxatilis and red porgy Pagrus 
pagrus (Martin-Robichaud and Peterson 1998; Suzer and 
Kamaci 2005). RSB in their early life stage are natant and 
neustonic, and wild RSB larvae migrate inshore (Murata 
2000; Tanaka et al. 1983). In addition, the results of experi-
ment 1 suggested that RSB larvae need to gulp air during 
the photophase. Considering these characters of RSB, we 
conclude that light intensity between 250 and 16,000 lx had 
no effects on SBI.

Growth

In experiment 2, growth of the larvae reared under 250 lx 
was significantly reduced compared to that in treatments 
with light intensities of 1000, 4000, and 16,000 lx (Fig. 4). 
Similarly, reduced growth under lower light intensity was 
reported in Pagrus pagrus, another species from the same 
genus as RSB (Suzer and Kamaci 2005). Light intensity is 
considered to affect growth because of its effect on food 
visibility (Strand et al. 2007; Jirsa et al. 2009). Yano and 
Ogawa (1982) suggested that the preferable photo environ-
ment for RSB was greater than 1100 lx, which is possibly 
related to larval viability. In addition, larval RSB smaller 
than 10.6 mm exhibit lower visual acuity (Kawamura et al. 
1984), which may result in poorer growth under 250-lx light 
conditions during 3–7 dph. Therefore, it is considered that 
light at an intensity greater than 1000 lx improved food vis-
ibility for RSB larvae, resulting in increased food intake and 
growth.
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