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Abstract—Heavy rain can decrease 
salinity and increase turbidity of the 
water in coastal areas, negatively affect-
ing the development of organisms, par-
ticularly during their early life stages. 
In this study, the effects of salinity and 
turbidity on embryos of the bamboo sole 
(Heteromycteris japonicus) were evalu-
ated to improve understanding of its tol-
erance to global climate change. Three 
experiments were carried out over a 7-d 
period. In the first experiment, embryos 
of bamboo sole were exposed for 3 h to 1 
of 6 salinity levels (14–34). Low salinity 
levels (14 and 18) resulted in signifi-
cantly shorter total lengths of newly 
hatched larvae in comparison with 
larval sizes in treatments with higher 
salinities, but no significant differences 
were observed in hatching rate and lar-
val survival rate among treatments. In 
the second experiment, embryos were 
exposed to turbidities of 0, 100, 300, 
500, and 700 nephelometric turbidity 
units for 3  h. Turbidity significantly 
decreased hatching rate, survival rate, 
and total length and increased onset 
hatching time and percentage of abnor-
mality. In the third experiment, embryos 
were exposed to different combinations 
of salinity and turbidity. The interaction 
effect of salinity and turbidity on total 
length of newly hatched larvae was sig-
nificant. These findings indicate that 
embryo development of bamboo sole 
was more affected by changes in turbid-
ity than by changes in salinity.
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Flatfish species are found globally in 
marine habitats and are important 
food fish to humans (Gibson et  al., 
2015). However, the global catch of 
flatfish in fisheries has decreased grad-
ually since the 1970s, from about 3 mil-
lion metric tons (t) to below 2 million t 
in the 2000s, and is predicted to decline 
by 20% by the year 2100 (Cheung and 
Oyinlola, 2018).

Although overfishing has resulted 
in decreases in flatfish populations, 
there is another related reason for these 
reductions: climate change (Cheung 
and Oyinlola, 2018). In fact, in many 
studies, fluctuations in fish populations 
have been found to be closely associated 
with climate change (Lehodey et  al., 
2006; Brander, 2010; Holsman et  al., 
2012; Barange et  al., 2014). Baudron 
et al. (2014) also reported that negative 
changes in environmental conditions 
of habitats due to climate change can 
directly affect fish population dynam-
ics through physiological effects.

One of the effects of climate change 
in coastal areas is the increased inten-
sity and frequency of heavy rainfall, 
and those changes in rainfall reduce 

salinity and increase turbidity as a 
result of runoff from the land and riv-
ers (Thrush et  al., 2004; Poloczanska 
et  al., 2009). According to Allen and 
Pechenik (2010), salinity in the upper 
water column may fluctuate from 30 to 
15 in short periods during heavy rain-
fall events, leading to pelagic fish eggs 
likely being exposed to low salinity 
during development. In a recent study, 
Fukuda et al. (2021) found that, after 
heavy rains, the salinity level was less 
than 28 in Hakata Bay, which is located 
in the city of Fukuoka on the northern 
end of Kyushu in Japan. In the natural 
environment, turbidity is usually less 
than 50 nephelometric turbidity units 
(NTU) (Boyd, 2015); however, heavy 
rainfall events cause high runoff to 
flow more directly into coastal areas, 
resulting in turbidity values that can 
be greater than 50 NTU. During heavy 
rains, the turbidity of outflow can 
exceed 130 NTU (Zhou et  al., 2015) 
and even reach levels as high as 467 
NTU (Zheng et al., 2016), but it rarely 
exceeds 1000 NTU (Boyd, 2015).

Seawater salinity and turbidity are 
2 important ecological variables that 
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have individual or interactive effects on development, 
growth, and survival of fish at any life history stage (Bœuf 
and Payan, 2001; Hasenbein et  al., 2013; Phan et  al., 
2019). In particular, drastic changes in coastal salinity 
and turbidity, such as those due to extreme weather 
events, can profoundly affect egg fertilization and incu-
bation, yolk sac absorption, early embryogenesis, and lar-
val survival (Berlinsky et al., 2004; Bilotta and Brazier, 
2008). For example, the short-term effect of low salinity 
(<3) was to lower embryonic survival and egg hatching in 
a study of Pacific herring (Clupea pallasii) (Mikhailenko, 
2000). Gray et  al. (2012) found that short-term experi-
mental elevation of turbidity had a significant effect on 
the hatching success rate of embryos of the spotted gar 
(Lepisosteus oculatus), a species that was then consid-
ered threatened and is now considered endangered in 
Canada (COSEWIC, 2015). Phan et  al. (2019) reported 
that increased larval abnormality was recorded in bas-
tard halibut (Paralichthys olivaceus) when embryos were 
exposed to high turbidity (>100 NTU) or low salinity 
(<30). Although prior to the study we describe herein the 
short-term effects of salinity and turbidity on the embry-
onic stage of bamboo sole were unknown, these findings 
indicate how the bamboo sole (Heteromycteris japonicus) 
might respond to climate change.

The bamboo sole is a small soleid flatfish distributed 
along southern Japan, in the Yellow Sea, and in the East 
China Sea (Nakabo, 2002). It is a common species found 
on sandy seabeds in the Seto Inland Sea of Japan (Yama-
moto and Katayama, 2013). Although the bamboo sole is 
a noncommercial species, it plays an important ecolog-
ical role in coastal areas. As reported by Jawad (2021), 
the early life stages of many noncommercial species are 
essential components of the diets of important commer-
cial species. The spawning season for bamboo sole is 
from May through June, and their pelagic eggs are often 
caught in estuaries or bays (Yamamoto and Katayama, 
2013), where salinity and turbidity fluctuate because 
of heavy rainfall events. Therefore, the objective of this 
study was to evaluate the effects of salinity and turbidity 
changes on various characteristics of the early stage of 
bamboo sole. Specifically, we examined the hatching time 
and hatching rate of embryos, the percentage of abnor-
mality, size, and yolk sac volume of newly hatched larvae, 
and the survival rate of larvae.

Materials and methods

Collection and preparation of fertilized eggs

Embryos of bamboo sole were obtained in July 2019 from 
the National Research Institute of Aquaculture, which 
is part of the Fisheries Research Agency of Japan and 
located in the Mie Prefecture. The fertilized eggs were 
collected and transferred to the Shallow Sea Aquaculture 
laboratory, Mie University, in oxygen-filled plastic bags. 
Then, eggs were placed in a 5-L glass tank at a salinity of 
34 and a temperature of 23°C, with gentle aeration. Only 

viable (buoyant) embryos were used for our experiments. 
The fertilization rate of eggs was 80.2%, and the mean 
diameter of eggs was 1.02  mm (standard error of the 
mean [SE] 0.04). For experiments, we created seawater 
at different levels of salinity by diluting artificial seawa-
ter powder (LIVESea Salt1, Delphis Co. Ltd., Itami City, 
Japan) with distilled water and checking the salinity with 
a handheld refractometer (Master-S/Mill Alpha, Atago 
Co. Ltd, Tokyo, Japan). To achieve the desired turbidity, 
kaolin clay (with the chemical composition Al2Si2O5(OH)4 
and a particle diameter of approximately 0.4 µm) was 
dissolved in water with a salinity of 34. Turbidity was 
measured by using a HACH DR/850 portable colorimeter 
(Hach Co., Loveland, CO).

Experimental design

The experimental conditions were set up to mimic, for a 
short period, the stressful conditions that organisms typ-
ically are exposed to in bays, estuaries, and coastal areas 
during heavy rains, and then conditions were returned to 
normal (Phan et al., 2020). Salinity and turbidity are the 
2 major variables for water quality in coastal areas of the 
ocean during and shortly after heavy rainfall events (Phan 
et al., 2020). In this study, 3 experiments were conducted 
to examine the following: 1) effect of low salinity levels (6 
treatments with salinities of 34 [control], 30, 26, 22, 18, 
and 14) on embryos of bamboo sole, 2) effect of high tur-
bidity levels (5 treatments with turbidities of 0 [control], 
100, 300, 500, and 700 NTU) on embryos of bamboo sole, 
and 3) combined effect of salinity and turbidity (8 treat-
ments with combinations of salinities of 14 and 18 and 
turbidities of 100, 300, 500, and 700 NTU) on embryos of 
bamboo sole.

All experiments were conducted in 6-well plastic micro-
plates, so that each treatment had 6 replicates. When 
embryos developed to the gastrula stage, 13 normal 
embryos were removed from the 5-L tank and randomly 
allocated into each of the 6 wells of a plastic microplate, 
with each well containing 5 mL of artificial seawater (with 
a salinity of 34). The embryos were exposed to single and 
combined salinity and turbidity levels for 3 h. Then embryos 
were transferred to 100-mL glass beakers with seawater 
at a temperature within 1°C of the target temperature of 
23°C, a salinity of 34, and a turbidity of 0 NTU under a 
natural photoperiod (embryos were exposed to 12 h of day-
light per day) in an electric incubator. Embryos remained 
in the beakers in the incubator until the end of the exper-
iment. Gradual changes in salinity or in combined condi-
tions of salinity and turbidity were achieved by using an 
automatic pipette and a water exchange rate of 1 mL until 
the desired environmental condition was reached. During 
the incubation period, 50% of the seawater in all treat-
ments was exchanged daily, and dead embryos and larvae 
were removed by using a wide-mouthed pipette. Embryos 
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were determined to be dead if morphology had collapsed 
(embryos appeared white or opaque) or the heartbeat had 
stopped. Seawater in the beakers had dissolved oxygen of 
5.2–5.7 mg/L and pH of 8.0–8.5. Larvae at 3 d post-hatch 
were fed with live rotifers, specifically with Brachionus 
plicatilis (4 rotifers/mL). All experiments were carried out 
for a period of 7 d.

Measurements and calculations

Onset hatching time, hatching rate, percentage of abnor-
mality, survival rate, total length, and yolk sac volume of 
embryos and larvae were recorded. Onset hatching time 
was determined as the total number of hours from fertil-
ization to the time of hatch. Hatching rate was calculated 
on the basis of the number of hatching embryos compared 
to the number of stocked fertilized eggs. The larval survival 
rate was determined as the total number of live larvae at 
5 d post-hatch. The percentage of abnormality at 24 h post-
hatch was calculated by using the numbers of normal and 
abnormal larvae. Individuals were considered abnormal if 
the notochord was bent or the tail tip was deformed. Only 
a few abnormal larvae appeared across all treatments in 
the first experiment; however, all abnormal larvae died by 
24 post-hatch. Therefore, the percentage of abnormality 
was not recorded. Shortly after hatching, 18 larvae from 
each treatment were randomly collected and preserved in 
4% formalin solution, and total length and yolk sac volume 
of newly hatched larvae were measured under an inverted 
microscope (CKX53, Olympus Corp., Tokyo, Japan) with 
an ocular micrometer that had a precision of 10 µm. Yolk 
sac volume (in cubic millimeters) of newly hatched larvae 
was calculated by using this formula:

=
π

×
6

,2Yolk sac volume LH

where L = the length of the yolk sac (in millimeters); and
H = the height of the yolk sac (in millimeters).

Statistical analysis

The software SPSS Statistics (vers. 22.0, IBM, Armonk, 
NY) was used for statistical analyses. All data are 
expressed as means with their SEs. Results were analyzed 
by using 1-way (first and second experiments) and 2-way 
(third experiment) analysis of variance (ANOVA). Before 
analysis, percentages in data were arcsine transformed. 
Significant treatment effects were detected by using the 
Tukey’s honestly significant difference test, a post hoc 
multiple-range test. The significance level was 0.05.

Results

Effect of low salinity levels on embryos

In the first experiment, 468 embryos of bamboo sole were 
exposed to a control level of salinity or to 1 of 5 different 
salinities (78 individuals for each of 6 treatments). Embryos 
had great tolerance to a gradual decrease in salinity. In fact, 
salinity had no effect on onset hatching time (range: 39.3–
39.7 h) (1-way ANOVA: F[5, 30]=46.39, P>0.05) or on hatch-
ing rate (range: 91.0–97.4%) (1-way ANOVA: F[5, 30]=0.649, 
P>0.05). Larval total length was positively related to salin-
ity, ranging from 1.69 mm at a salinity of 34 to 1.61 mm at 
a salinity of 14. The total lengths of newly hatched larvae 
in the treatments with salinities of 14 and 18 were signifi-
cantly smaller than those of larvae in the control treatment 
with a salinity of 34, but no significant differences in the 
total lengths of larvae were recorded between the treat-
ments with salinities of 14 and 18 or among treatments 
with salinities of 22, 26, 30, and 34. Yolk sac volume ranged 
from 0.100 to 0.110 mm3 across all treatments, but no sig-
nificant differences were observed among treatments.

On day 5 after hatching, there were no significant dif-
ferences in survival rates among all salinity treatments 
(F[5, 30]=1.626, P>0.05) (Table 1).

Table 1

Mean measurements of characteristics of the early stage development of bamboo sole (Hetero-
mycteris japonicus) in laboratory experiments conducted at Mie University in Japan in July 
2019 to examine the effect of salinity on development. Embryos were exposed to 1 of 6 levels 
of salinity for 3  h. After treatment, embryos were transferred to a controlled environment 
and monitored for 7 d. The survival rate of larvae was measured 5 d post-hatch. The different 
letters after values indicate that the means are significantly different (P<0.05) among treat-
ments. Standard errors of the means are provided in parentheses.

Salinity 
treatment

Onset hatching 
time (h)

Hatching 
rate (%)

Survival 
rate (%)

Total length 
(mm)

Yolk sac 
volume (mm3)

34 (control) 39.3 (0.09)a 97.4 (1.6)a 80.0 (2.6)a 1.69 (0.01)a 0.110 (0.004)a

30 39.3 (0.07)a 93.6 (3.1)a 78.3 (4.0)a 1.68 (0.01)a 0.100 (0.003)a

26 39.5 (0.08)a 92.3 (4.0)a 75.0 (2.2)a 1.67 (0.01)a 0.101 (0.004)a

22 39.5 (0.10)a 93.6 (2.4)a 71.7 (3.1)a 1.67 (0.01)a 0.103 (0.004)a

18 39.7 (0.18)a 91.0 (2.4)a 73.3 (3.3)a 1.62 (0.01)b 0.105 (0.004)a

14 39.5 (0.11)a 91.0 (3.7)a 70.0 (2.6)a 1.61 (0.01)b 0.103 (0.003)a
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Effect of high turbidity levels on embryos

In the second experiment, 390 embryos of bamboo sole 
were exposed to a control level of turbidity or to 1 of 4 dif-
ferent turbidities (78 individuals for each of 5 treatments). 
Turbidity had a significantly positive effect on the onset 
hatching time of bamboo sole eggs (range: 39.3–41.8  h)  
(1-way ANOVA: F[4, 25]=84.932, P<0.05) (Table  2). The 
times to onset hatching in turbidities of 300 and 500 NTU 
were significantly longer than the time in the control treat-
ment with a turbidity of 0 NTU and in the treatment with a 
turbidity of 100 NTU and were significantly shorter than the 
time in the treatment with a turbidity of 700 NTU (P<0.05). 
Hatching rate was also affected by turbidity (range: 85.9–
96.2%) (1-way ANOVA: F[4, 25]=4.667, P<0.05). The lowest 
hatching rate was observed in the treatment with the tur-
bidity of 700 NTU and was significantly lower than the rate 
recorded in the control treatment and the treatment with a 
turbidity of 100 NTU. However, no significant differences in 
hatching rate were found among treatments with the con-
trol, 100-, 300-, and 500-NTU turbidities. As for abnormality 
rates, the results of statistical analysis indicate that there 
were significant differences between the control treatment 
and the other treatments (with turbidities of 100, 300, 500, 
and 700 NTU), but there were no significant differences 
among those other treatments.

The total length of newly hatched larvae significantly 
decreased with increasing turbidity levels. The size of 
larvae in the treatment with a turbidity of 700 NTU was 
significantly lower than the size of larvae in the other treat-
ments. No significant differences were recorded among 
the treatments with turbidities of 100, 300, and 500 NTU 
(P>0.05). Yolk sac volume in the treatment with 700-NTU 
turbidity was significantly smaller than that in the control 
treatment (P>0.05), but significant effects were not found 
among the control treatment and the treatments with tur-
bidities of 100, 300, 500 NTU. At the end of the experiment, 
the survival rate of larvae in the treatment with a turbidity 

of 700 NTU was significantly different from the rate in 
the control treatment, but no significant differences were 
found in the larval survival rate between the treatments 
with turbidities of 500 and 700 NTU or among the control 
treatment and the treatments with turbidities of 100, 300, 
and 500 NTU.

Combined effect of salinity and turbidity on embryos

In the third experiment, 624 embryos of bamboo sole 
were exposed to 1 of 2 levels of salinity and to 1 of 4 lev-
els of turbidity (78 individuals for each of 8 treatments). 
Although both salinity and turbidity affect the hatching 
of embryos of bamboo sole, turbidity had a greater effect 
on embryo development and larval survival rate than 
salinity (Tables  3 and 4). The results of 2-way ANOVA 
analysis indicate that turbidity had an effect on onset 
hatching time (F[3, 40]=20.933, P<0.05) but that the 
effects of salinity (F[3, 40]=1.458, P>0.05) and of inter-
actions of salinity and turbidity (F[3, 40]=0.972, P>0.05) 
were not statistically significant. The same pattern was 
observed for hatching rates, percentages of abnormality, 
and survival rates. Neither salinity nor the interaction 
between salinity and turbidity affected hatching rate 
(2-way ANOVA: F[3, 40]=0.047, P>0.05), percentage of 
abnormality (2-way ANOVA: F[3, 40]=0.218, P>0.05), 
or survival rate (2-way ANOVA: F[3, 40]=0.278, P>0.05) 
of bamboo sole eggs and larvae. However, turbidity 
had a significant effect on each of these characteristics 
(Table  4). A similar pattern was observed for yolk sac 
volume of newly hatched larvae. Turbidity alone affected 
volume (F[3, 136]=2.768, P>0.05), but there were no sig-
nificant differences in volume among treatments with 
different salinities (F[3, 136]=0.062, P>0.05) or among 
treatments with interactions of different levels of turbid-
ity and salinity (F[3, 136]=0.049, P>0.05). Total length 
of newly hatched larvae in all treatments ranged from 
1.53 to 1.65 mm. The results of 2-way ANOVA indicate 

Table 2

Mean measurements of characteristics of the early stage development of bamboo sole (Heteromycteris japon-
icus) in laboratory experiments conducted at Mie University in Japan in July 2019 to examine the effect 
of turbidity on development. Embryos were exposed to 1 of 5 levels of turbidity for 3 h. After treatment, 
embryos were transferred to a controlled environment and monitored for 7 d. The survival rate of larvae was 
measured 5 d post-hatch. The different letters after values indicate that the means are significantly different 
(P<0.05) among treatments. Standard errors of the means are provided in parentheses. NTU=nephelometric 
turbidity units.

Turbidity 
treatment 

(NTU)

Onset 
hatching 
time (h)

Hatching 
rate (%)

Percentage of 
abnormality 

(%)
Survival 
rate (%)

Total 
length 
(mm)

Yolk sac 
volume  
(mm3)

0 (control) 39.3 (0.10)a 96.2 (1.7)a 2.6 (1.6)a 81.7 (1.7)a 1.69 (0.01)a 0.110 (0.004)a

100 39.6 (0.06)a 94.9 (1.6)a 18.8 (3.2)b 75.0 (2.2)ab 1.64 (0.01)b 0.094 (0.004)ab

300 40.9 (0.07)b 91.0 (2.4)ab 19.9 (2.0)b 70.0 (3.7)ab 1.63 (0.01)bc 0.090 (0.006)ab

500 40.8 (0.16)b 88.5 (1.7)ab 24.6 (2.5)b 65.0 (3.4)bc 1.60 (0.01)bc 0.090 (0.006)ab

700 41.8 (0.12)c 85.9 (2.4)b 27.0 (3.3)b 56.7 (4.2)c 1.59 (0.01)c 0.089 (0.004)b
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significant effects of both salinity (F[3, 136]=18.653, 
P<0.05) and turbidity (F[3, 136]=3.441, P<0.05) on total 
length, with a significant interaction between these vari-
ables (F[3, 136]=3.156, P<0.05).

Discussion

Shallow coastal areas are some of the most vulnerable sys-
tems that will be affected by climate change (Phillippart 
et al., 2003). Findings from numerous studies indicate that 
fish in their early life stages were more susceptible than 
adults to fluctuations in environmental conditions and 
that they may be particularly sensitive to climate change 
(Pankhurst and Munday, 2011; Sugisaki and Murakami, 
2018). However, the tolerance levels of marine fish in 
early developmental stages to changes in environmen-
tal conditions can vary among fish species (Wang et al., 
2002; Shi et al., 2009). Torres et al. (2021) reported that 
organisms exposed to short-term fluctuations in environ-
mental conditions may experience irreversible damage to 
body structures and eventually suffer mortality at higher 
rates if the range of variation is wider than the range of 
tolerance. In our study, simulating the sudden, short-term 
changes in salinity that occur after a rainstorm, we found 
that exposure to low salinity did not affect onset hatching 
time and hatching rate of eggs and did not affect survival 
rate of larvae after hatching. These findings are similar to 
those of our previous study, in which embryos of Japanese 
seabream (Pagrus major) were subjected to stress from 
low salinity (Phan et al., 2020).

Salinity tolerance of fish embryos has been reported to 
have improved with advancing development; for example, 
cleaving embryos were more sensitive to salinity change 
than blastulae, and blastulae were more sensitive to 
change in salinity than gastrulae (Farhana et al., 2019). 
Ord (2019) reported that embryos in the late developmental 

stages have more advanced osmoregulatory capacities. In 
the natural environment, coastal fish species are consid-
ered to be euryhaline. Therefore, their embryos can tol-
erate a wide range of salinities, as has been found for the 
European seabass (Dicentrarchus labrax) (Conides and 
Glamuzina, 2001), black sea bass (Centropristis striata) 
(Berlinsky et al., 2004), bastard halibut (Phan et al., 2019; 
Manuel et al., 2021), and Japanese seabream (Phan et al., 
2020).

In our laboratory experiments with bamboo sole, short-
term exposure to stress from turbidity significantly pro-
longed onset hatching time and decreased hatching rate 
of embryos and decreased survival rate of larvae after 
hatching. In nature, increased turbidity tends to coincide 
with decreases in dissolved oxygen, which could lead to 
lack of oxygen during development in individuals of many 
fish species (Mueller et  al., 2017). In addition, turbidity 
impedes oxygen supply and the normal growth activity of 
embryos as kaolin clay coats egg membranes (Phan et al., 
2020). Del Rio et al. (2019) revealed that oxygen signifi-
cantly influenced the hatching process in fish embryos, in 
which low levels of oxygen led to delays in embryonic devel-
opment and in the time of hatching as well as to a decrease 
in hatching success rate. Results of our study indicate that 
the percentage of larval bamboo sole that had abnormal-
ities was higher when embryos were exposed to turbidity 
levels of 100–700 NTU than when embryos were exposed 
to no turbidity. The morphological abnormalities most 
commonly found in our study were notochord bending and 
tail-tip deformity. An increase in the proportion of larvae 
that were abnormal because of exposure to high turbid-
ity has also been reported for other fish species, including 
the Pacific herring (Griffin et al., 2009), bastard halibut 
(Phan et al., 2019), climbing perch (Anabas testudineus) 
(Nurulnadia et al., 2020), and Japanese seabream (Phan 
et al., 2020). According to Cahu et al. (2003), such abnor-
malities are often associated with growth depression and 

Table 3

Mean measurements of characteristics of the early stage development of bamboo sole (Heteromycteris japonicus) 
in laboratory experiments conducted at Mie University in Japan in July 2019 to examine the combined effect of 
salinity and turbidity on development. Embryos were exposed for 3 h to 1 of 8 treatments that combined 2 levels 
of salinity and 4 levels of turbidity. After treatment, larvae were transferred to a controlled environment and 
monitored for 7 d. The survival rate of larvae was measured 5 d post-hatch. Standard errors of the means are 
provided in parentheses. NTU=nephelometric turbidity units.

Salinity
Turbidity 

(NTU)

Onset 
hatching 
time (h)

Hatching 
rate (%)

Percentage of 
abnormality 

(%)
Survival 
rate (%)

Total 
length 
(mm)

Yolk sac 
volume 
(mm3)

18 100 40.6 (0.06) 91.0 (5.0) 15.4 (2.8) 70.0 (7.7) 1.63 (0.01) 0.098 (0.004)
300 41.2 (0.12) 82.1 (2.6) 20.5 (3.2) 58.3 (6.0) 1.64 (0.01) 0.095 (0.005)
500 41.4 (0.07) 80.8 (4.3) 25.6 (3.2) 55.0 (4.3) 1.65 (0.01) 0.089 (0.005)
700 41.4 (0.15) 79.5 (4.3) 26.9 (4.8) 53.3 (4.9) 1.62 (0.02) 0.089 (0.005)

14 100 40.9 (0.12) 91.0 (3.1) 19.2 (3.3) 71.2 (3.1) 1.62 (0.02) 0.099 (0.003)
300 41.3 (0.08) 83.3 (3.7) 26.9 (3.3) 53.3 (6.7) 1.61 (0.02) 0.093 (0.004)
500 41.4 (0.07) 82.1 (4.7) 26.9 (4.3) 46.7 (6.7) 1.54 (0.02) 0.089 (0.003)
700 41.4 (0.05) 78.2 (3.7) 28.2 (4.3) 48.3 (4.0) 1.53 (0.02) 0.087 (0.004)
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high mortality rates of late larvae and early juveniles due 
to impairments in prey capture and swimming behaviors.

Yolk sac volume plays an important role during the 
endogenous feeding period that serves as the major source 
of energy for larvae, providing protein, free amino acids, 
lipids, and carbohydrates for maintenance, differentiation, 
growth, and other activities (Subhan et  al., 2020). The 
results of our study indicate a significant downward trend 

in yok sac volume of newly hatched larvae as turbidity 
increased, but no significant differences in volume were 
observed among salinity treatments or among treatments 
with different interactions between salinity and turbidity. 
Increased turbidity during the early developmental stages 
of embryos could decrease yolk sac volume, resulting 
in starvation of larvae before the mouth is fully formed 
for feeding and a high risk of mortality. Kamler (2008) 

Table 4

Results from the 2-way analysis of variance in measurements of early 
stage development of bamboo sole (Heteromycteris japonicus) from lab-
oratory experiments conducted at Mie University in Japan in July 2019 
to examine the individual and combined effects of salinity (S) and tur-
bidity (T) on development. Embryos were exposed to treatments with 
different levels of salinity and turbidity for 3 h and then monitored for 
7 d. An asterisk (*) indicates that the means are significantly different 
(P<0.05) among treatments for that factor (or source of variability).

Variability source df
Mean 

squares F P

Onset hatching time
S 1 0.083 1.458 0.234
T 3 1.197 20.933 0.000*
S × T 3 0.056 0.972 0.416
Error 40 0.057
Total 48
Corrected total 47

Hatching rate
S 1 1.233 0.013 0.910
T 3 333.251 3.475 0.025*
S × T 3 4.520 0.047 0.986
Error 40 95.907
Total 48
Corrected total 47

Percentage of abnormality
S 1 123.274 1.488 0.230
T 3 249.836 3.016 0.041*
S × T 3 18.080 0.218 0.883
Error 40 82.840
Total 48
Corrected total 47

Total length
S 1 0.082 18.653 0.000*
T 3 0.015 3.441 0.019*
S × T 3 0.014 3.156 0.027*
Error 136 0.004
Total 144

Yolk sac volume
S 1 2.025 × 10−5 0.062 0.803
T 3 0.001 2.768 0.044*
S × T 3 1.582 × 10−5 0.049 0.986
Error 136
Total 144

Survival rate
S 1 208.333 1.096 0.301
T 3 1075.000 5.658 0.003*
S × T 3 52.778 0.278 0.841
Error 40 190.000
Total 48
Corrected total 47
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suggested that endogenous factors like yolk sac volume 
are one of the major causes of early mortality in fish. In 
addition, Subhan et al. (2020) reported that yolk sac vol-
ume is a main factor in determining the quality of larvae 
in the postlarval stage that is critical to adaptation in the 
natural environment.

Total length of newly hatched larvae is the only char-
acteristic for which individual and combined effects of 
salinity and turbidity were found. Although stored energy 
is usually used for growth and organ maturation in nor-
mal conditions, under stressful conditions, such energy 
is reallocated to cope with stress instead of being used 
for development (Pérez-Robles et al., 2016). In our study, 
total length of newly hatched larvae decreased when 
embryos were exposed to combinations of low salinity and 
high turbidity, indicating that embryos in non-optimal 
salinities may be unable to maintain their osmoregula-
tory capacity because of decreasing availability of meta-
bolic energy, thereby decreasing growth in development. 
Fish larvae with small sizes (<2.57 mm total length) at 
hatching have a lower chance of survival than larger 
larvae because they have fewer energy reserves, less 
feeding ability, and a slower, weaker response to preda-
tors (Garrido et al., 2015). Furthermore, larvae that are 
smaller than other larvae at hatching cannot grow and 
survive because of a lower metabolic rate and higher cost 
of development.

Conclusions

Results from analysis of all characteristics of embryos 
and larvae measured in this study indicate that, although 
embryos of bamboo sole are quite tolerant and are able 
to withstand conditions of low salinity, they are sensitive 
to stress from high turbidity. As the frequency of heavy 
rainfall events continues to increase, reductions in the 
hatching rate of embryos and the size and survival rate of 
larvae of bamboo sole could lead to detrimental effects at 
the population level.

Resumen

Las lluvias intensas pueden disminuir la salinidad y 
aumentar la turbidez del agua en las zonas costeras, lo 
que afecta negativamente al desarrollo de los organis-
mos, especialmente durante sus primeras etapas de vida. 
En este estudio, se evaluaron los efectos de la salinidad y 
la turbidez en los embriones del lenguado bambú (Hetero-
mycteris japonicus) para comprender mejor su tolerancia 
al cambio climático global. Se realizaron tres experimen-
tos durante un periodo de 7 d. En el primer experimento, 
los embriones de lenguado bambú se expusieron durante 
3 h a 1 de los 6 niveles de salinidad (14–34). Las longi-
tudes totales de las larvas recién eclosionadas a niveles 
de salinidad bajos (14 y 18) fueron más pequeñas respecto 
al tamaño de las larvas en los tratamientos con may-
ores salinidades, aunque no se observaron diferencias 

significativas en las tasas de eclosión y de supervivencia 
de las larvas entre los tratamientos. En el segundo exper-
imento, los embriones se expusieron a turbideces de 0, 
100, 300, 500 y 700 unidades nefelométricas de turbidez 
durante 3  h. La turbidez disminuyó significativamente 
la tasa de eclosión, la tasa de supervivencia y la longi-
tud total, y aumentó el tiempo de eclosión y el porcentaje 
de anormalidad. En el tercer experimento, los embriones 
se expusieron a diferentes combinaciones de salinidad 
y turbidez. El efecto de interacción de la salinidad y 
la turbidez sobre la longitud total de las larvas recién 
eclosionadas fue significativo. Estos resultados indican 
que el desarrollo embrionario del lenguado bambú se vio 
más afectado por los cambios de turbidez que por los de 
salinidad.
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