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Abstract
The embryonic developmental response of two abalone species (disk abalone Haliotis discus discus, giant abalone Haliotis 
gigantea) to a drop in salinity with different exposure times was investigated to gain a better understanding of the reasons for 
the decrease in natural stock populations. Two experimental designs—first, combinations of two salinities (34 and 17 psu) 
and four exposure times (0, 1, 2 and 4 h), and second, combinations of three salinities (34, 24 and 14 psu) and four exposure 
times (0, 1, 3 and 6 h)—were tested on disk and giant abalone eggs to determine the effects on hatching onset time, hatching 
success, percentage of abnormality and survival rate. Hatching onset time increased significantly for both species as salinity 
dropped and exposure time increased. Both species followed a decreasing trend in terms of hatching success as exposure 
time increased at low salinity levels. As for abnormality, both species showed a significant negative effect of low salinity 
and long exposure times. Giant abalone showed better adaptability to long exposure time at low salinity levels, and hence a 
higher survival rate, than disk abalone.
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Introduction

Torrential rainfall is one of the main external factors affect-
ing coastal marine species during spawning seasons. Heavy 
rain over a certain period may influence embryonic develop-
ment of coastal marine organisms. The earliest life stages are 
the most sensitive in the life cycle of a bivalve, and as the 
larva develops into a benthic juvenile, its tolerance towards 
various environmental conditions increases (Bayne et al. 
1976). This is true not only for bivalves, but for any species 
in their early stages, when they need the proper care and 
environmental conditions in which to develop. In a review 
article by Przeslawski (2004), it was noted that very few 
studies have considered more than one environmental factor 
at a time, thus leaving a fundamental gap in our understand-
ing of how independent environmental factors influence 
embryonic development in gastropod egg masses.

Disk abalone H. discus discus (kuro awabi), giant aba-
lone H. gigantea (megai awabi) and Japanese abalone H. 
discus hannai (ezo awabi) are the three most commonly con-
sumed abalones in Japan. There has been a dramatic decline 
in abalone fishing all over the world. Globally, legal land-
ings from abalone fisheries dropped from 20,000 mt in the 
1970s to 6500 mt in 2015 (Cook 2016). In Japan, Oba (2000) 
reported that nationwide catches of abalone plunged from 
6466 tons in 1970 to roughly 2000 tons three decades later. 
Abalone wild stock populations in Japan have been declining 
over recent decades, and there are many theories as to why 
this is happening. Overharvesting is commonly cited as the 
major reason for the wild stock population decline. To help 
tackle this problem, the Japanese government introduced a 
marine stock enhancement program in 1963 (Masuda and 
Tsukamoto 1998; Kitada 1999; Kitada and Kishino 2006), 
and abalone was one of the first targets to help restore the 
wild stock population (Inoue 1976). Although the Japanese 
large-scale stock enhancement program was expected to 
sustain the fishery production of abalone, it was reported 
that stocking cultured juveniles did not contribute to the 
enhancement of wild abalone stocks (Seki and Sano 1998; 
Seki and Taniguchi 2000). Scientists have thus hypothesized 
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that there may be other factors that play a larger role in the 
reduced abalone wild stocks, such as temperature, salinity, 
turbidity or pH.

In addition, the main spawning season for H. discus han-
nai in Japan is from August to October, and for H. discus 
discus and H. gigantea, spawning generally extends from 
October to January, when seawater temperatures increase 
or decrease to 20 °C (Sasaki 2005). Among these three spe-
cies, several studies on H. discus hannai have been carried 
out, whereas H. discus discus and H. gigantea are poorly 
studied. Previous field surveys of H. discus hannai reported 
that 0-year-old juveniles disappeared when seawater tem-
peratures from February to March decreased to less than 
5–8 °C in coastal waters of Iwate Prefecture (Saido 2002; 
Musashi 2006). Since H. discus discus and H. gigantea are 
found in the southern parts of Honshu, and H. discus hannai 
is distributed along the Pacific coast in northern Honshu, 
studies on H. discus discus and H. gigantea are needed to 
properly understand them. Because H. discus discus and H. 
gigantea do not spawn during the rainy seasons in Japan, 
recent unpredictable weather patterns caused by climate 
change have made investigations difficult, as these months 
can experience heavy rainfall as a result of delayed typhoons 
at the end of October to the middle of November (Japan 
Meteorological Agency 2018), which could be a reason for 
the high mortality rates, hence the purpose of the current 
study.

A few studies have reported on salinity tolerance in 
marine invertebrate species including Palaemon affinis 
(Kirkpatrick and Jones 1985), kuruma prawn Marsupe-
naeus japonicus (Charmantier-Daures et al. 1988), blue 
crab Callinectes similis (Guerin and Stickle 1997), green 
scallop Chlamys opercularis (Paul 1980), bay scallop 
Pecten maximus (Strand et al. 1993), mussel Mytilopsis 
leucophaeata (Verween et al. 2007), pearl oyster Pinctada 
imbricata (O’Connor and Lawler 2004) and Akoya pearl 
oyster Pinctada fucata (Arisman et al. 2018). Only three 
studies on salinity tolerance have been carried out in abalone 
species. The first, by Singhagraiwan et al. (1992) on don-
key’s ear abalone Haliotis asinina, reported that H. asinina 
juveniles could tolerate salinity levels as low as 20.5 psu 
without acclimation and as low as 12.5 psu with acclimation 
(gradual decrease of 2.5 psu per day). Chen and Chen (2000) 
and Cheng et al. (2004) then studied salinity tolerance and 
immune response, respectively, in Haliotis diversicolor 
supertexta. Chen and Chen (2000) suggested that H. diver-
sicolor supertexta juveniles maintained at 25 psu at 20 °C 
were able to survive salinity levels in the range of 17–37 psu, 
and those maintained in 35 psu at 20 °C survived salinities in 
the range of 20–45 psu, when exposed to gradually increas-
ing and decreasing salinity. However, less is known of the 
effect of salinity drop and exposure time on the early-stage 
development of abalones.

Therefore, the objective of this study is to determine the 
combined effects of salinity change and exposure time on 
disk abalone and giant abalone eggs with regard to hatching 
onset time, hatching success rate, percentage of abnormality 
and survival rate.

Materials and methods

Egg collection and preparation

During the spawning season in November 2018, both disk 
and giant abalone eggs were obtained from the Mie Prefec-
tural Sea Farming Center in Hamajima, Shima City, Mie 
Prefecture, Japan. Eggs were collected and transferred to 
Mie University in Styrofoam boxes with an ambient salin-
ity of 34 psu. About 3 h after artificial insemination, eggs 
were provided for the following two experiments. Seawater 
at different salinities was prepared in the laboratory by dilut-
ing commercial sea-salt powder (LIVESea Salt, Delphis Co. 
Ltd., Japan) with distilled water, and then sterilized using an 
autoclave at 110 °C for 20 min.

Experiment 1

For each species, 12 replicates per treatment were prepared, 
and each replicate was stocked with 36 eggs that were trans-
ferred into six-well plastic microplates and incubated at a 
temperature of 20 ± 1 °C under white-light conditions and 
a 12:12 h light/dark cycle. The experiment was carried out 
over a period of 5 days. The effects of salinity change and 
exposure time on both species were tested by reducing the 
salinity from ambient (34 psu; control) to 17 psu at four dif-
ferent exposure times of 0 (control), 1, 2 and 4 h. Eggs were 
carefully counted and transferred to each well containing 
5 ml of sterilized seawater. A gradual change and recovery 
of salinity of the solution was achieved using an automatic 
pipette at a rate of 1 ml each time until the desired salin-
ity was achieved. It has been argued that results obtained 
from experimental methods with rapid salinity changes are 
not representative of the changes that occur in the natural 
environment, as they provide little opportunity for animals 
to acclimate (Davenport et al. 1975); hence  this experi-
ment focused on a gradual decrease and recovery of salinity. 
Salinity levels in the control group were kept constant at 
34 psu, as they followed identical water exchange procedures 
using the same 34 psu medium. Hatching onset  times were 
recorded at the time of hatching for each of the treatments. 
Hatching was determined when free-swimming viable lar-
vae were visible in the plastic microplate wells. Hatching 
success rate and abnormality rate were recorded 24 h after 
hatching, and the survival rate was observed and recorded 
under a dissecting microscope (SZ61, Olympus, Japan) at 
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day 5 post-hatch. Abnormal individuals were determined 
using a stereoscope (CKX53, Olympus, Co. Ltd, Japan), 
based on the external malformations that appeared mainly 
around the edge of larval shells in experimental groups with 
salinity change.

Experiment 2

Experiment 2 was conducted with six replicates per treat-
ment, and each replicate was stocked with 90 eggs in six-
well microplates under the same temperature and light con-
ditions as in experiment 1. The experiment was carried out 
over a period of 5 days. The effects of salinity change and 
exposure time on both species were tested by reducing the 
salinity from 34, 24 and 14 psu with exposure times of 0, 
1, 3 and 6 h. Egg transfer and gradual change and recovery 
of salinity were performed as described in experiment 1. 
Hatching onset time was recorded at the time of hatching for 
each of the treatments. Hatching success rate and abnormal-
ity rate were recorded 24 h after hatching, and the survival 
rate was recorded at day 5 post-hatch using the same criteria 
as in experiment 1.

Statistical analysis

Statistical analysis (SPSS version 16, SPSS Inc., Chicago, 
IL, USA) of data was carried out and results presented as 
mean ± standard error (SE). Data were subjected to one-way 
analysis of variance (ANOVA) and Tukey’s honestly sig-
nificant difference (HSD) post hoc multiple range test to 
estimate the differences between treatments. An independ-
ent-samples t test was used to determine any differences 
between species within treatments. In experiment 2, two-
way ANOVA was performed to determine whether salinity 
or exposure time, or a combination of both, had any effects 
on either species. The level of significant difference was set 
at p < 0.05.

Results

Hatching onset time

In experiment 1, there were significant differences in hatch-
ing onset time among treatments in both species (Table 1a). 
The control group and disk abalone group with 1 h treatment  
demonstrated a significantly longer time to onset of hatching 
than that of giant abalone.

For experiment 2, the treatments were more precisely 
conducted in terms of salinity drop and exposure time in 
order to determine whether salinity drop or exposure time 
made any difference in hatching onset time. As salinity 
dropped and exposure time increased, the time to onset 

of hatching also increased significantly within treatments 
(Table 1b). Significant differences in hatching onset time 
between the two species were observed with the control, 
24 psu 1 h, 14 psu 1 h, and 24 psu 3 h treatments. With treat-
ment of 14 psu 6 h, both species demonstrated a low hatch-
ing rate, so no data were recorded for hatching onset time.

Hatching success rate

With regard to hatching success in experiment 1, both spe-
cies followed a decreasing trend as exposure time increased 
(Fig. 1a). Among treatments, the giant abalone control group 
demonstrated significantly higher hatching success than 
those treated for 2 and 4 h, whereas for disk abalone, the 
hatching success rates for the control 0, 1 and 2 h treatments 
were significantly different from the rate with 4 h treatment. 
With the 4 h treatment, giant abalone demonstrated a signifi-
cantly higher hatching success rate than disk abalone, 56% 
and 24%, respectively (p < 0.05).

In experiment 2, the hatching success rate within the 
same exposure time with different salinities, e.g., 24 psu 
1 h and 14 psu 1 h treatments, showed a decreasing trend 
which was almost significant in all groups (Fig. 2a). There 
were no significant differences between abalone species 
in hatching success rates among all treatments except the 
14 psu 1 h treatment. In the 14 psu 6 h treatment, the hatch-
ing success rate was considered to be low, as no disk abalone 
eggs hatched and only 3% of giant abalone eggs hatched. 

Table 1   Time required for onset of hatching in disk abalone Haliotis 
discus discus and giant abalone H. gigantea eggs in experiment 1 and 
experiment 2

*Significant difference in time to onset of hatching between species 
with the same treatment (independent-samples t test, p < 0.05). Time 
required for hatching onset is expressed as mean ± standard error
a–e Significant difference between treatments in the same species (one-
way ANOVA and Tukey’s HSD post hoc multiple range test, p < 0.05)

Treatments Time required for onset of hatching (h)

H. discus discus H. gigantea

Experiment 1
 Control 15.57 ± 0.39a,* 14.47 ± 0.12a

 1 h 16.75 ± 0.30a,* 18.07 ± 0.40b

 2 h 19.50 ± 0.84b 20.04 ± 0.56c

 4 h 25.35 ± 0.80c 23.79 ± 0.46d

Experiment 2
 Control 13.90 ± 0.09a,* 14.40 ± 0.06a

 24 psu, 1 h 13.98 ± 0.59a,* 16.25 ± 0.19b

 14 psu, 1 h 17.30 ± 0.59b,* 19.04 ± 0.04c

 24 psu, 3 h 17.79 ± 0.57b,* 16.71 ± 0.20b

 14 psu, 3 h 22.80 ± 1.11c 23.40 ± 0.40d

 24 psu, 6 h 20.76 ± 0.42c 20.46 ± 0.02e

 14 psu, 6 h No data No data
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Two-way ANOVA indicated that salinity and exposure time 
had a significant interaction effect on the hatching success 
rate of disk abalone [F (2, 35) = 21.74, p < 0.05] and giant 
abalone [F (2, 35) = 26.90, p < 0.05].

Abnormality

With regard to percentage of abnormality in experiment 1, 
both species showed an increasing trend as exposure time 
increased at 17 psu salinity (Fig. 1b). The percentage of 
abnormality in experiment 2 was at its highest for most of 

the treatments (Fig. 2b). There were significant differences 
between the control group, 24 psu 1 h treatments and most of 
the other treatments. According to Table 2, the results show 
that both salinity and exposure time had interaction effects 
on the percentage of abnormality of disk abalone [F (2, 
35) = 60.78, p < 0.05] and giant abalone [F (2, 35) = 12.64, 
p < 0.05].

Survival rate

The survival rates in experiment 1 decreased for both spe-
cies as exposure time increased. The survival rates of disk 
abalone were significantly lower than those of giant abalone 
for all treatments except at 2 h exposure (Fig. 1c). Further-
more, disk abalone recorded a 100% mortality at 4 h expo-
sure time.

The percentage of survival in experiment 2 decreased as 
salinity levels were reduced and exposure time increased 
(Fig. 2c). Disk abalone recorded 100% mortality at 14 psu 
3 h and 14 psu 6 h treatments. Results of two-way ANOVA 
in Table 2 indicate that exposure time did not have a sig-
nificant effect on the survival rate of disk abalone [F (2, 
35) = 3.11, p > 0.05], but salinity did have a significant 
effect on the survival rate [F (2, 35) = 5.05, p < 0.05]. No 
significant interaction effect was  found between salinity and 
exposure time on the survival rate for disk abalone [F (2, 
35) = 0.50, p > 005], but a significant interaction effect on 
survival was observed in giant abalone [F (2, 35) = 4.80, 
p < 0.05]. Thus, according to the results, in terms of survival, 
giant abalone proved to have significantly greater resistance 
to stressful salinity conditions than disk abalone.

Discussion

In marine coastal waters characterized by unstable hydrolog-
ical regimes, invertebrate embryos and larvae are strongly 
affected by salinity decreases during summer (Kashenko 
2000). This factor is crucial in the survival and develop-
ment of the larvae of stenohaline species, including abalone. 
Results from this study help explain how rainfall (amount 
and period of downfall) during the spawning season can 
affect the early-life-stage development of disk and giant 
abalone embryos. In the current study, satisfactory develop-
ment of disk abalone and giant abalone embryos and larvae 
occurred in conditions very close to those in which spawn-
ing is conducted (temperature of 20 ± 1 °C and salinity of 
34 psu).

In this experiment, temperature was kept constant 
at 20 ± 1 °C to determine whether a drop in salinity at 
different exposure times had an effect on hatching. The 
results in experiment 1 shown in Table 1a indicate that the 
increase in exposure times (1, 2 and 4 h) at a low salinity 
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Fig. 1   Hatching success rate 24 h post-hatch (a), percentage of abnor-
mality 24  h post-hatch (b) and survival rate 5  days post-hatch (c) 
of disk abalone H. discus discus and giant abalone H. gigantea at a 
salinity level of 17  psu in experiment 1. Different letters indicate a 
significant difference between treatments, and asterisks (*) denote a 
significant difference between species in the same treatment (p < 0.05)
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level of 17 psu had a significant effect on the hatching 
onset time of both abalone species. With experiment 2 
(Table 1b) being more detailed, it also confirmed that a 
drop in salinity from 34 to 24 psu and then to 14 psu, along 
with an increase in exposure time, significantly prolonged 
the  time to onset of hatching and embryo development in 
both abalone species. O’Connor and Lawler (2004) noted 
that temperature and salinity affected the speed and suc-
cess of early development of marine coastal species and 
reported that Pinctada imbricata embryos showed lit-
tle tolerance to reduced salinity (< 29 psu) and did not 

develop at temperatures (~14 °C) experienced in Port 
Stephens, Australia. Similar findings by Madrones-Ladja 
(2002) revealed that windowpane oyster Placuna pla-
centa embryos did not develop beyond the gastrula stage 
at 16 psu, and no development was observed at salinity 
lower than 16 psu. While it appears that salinity does play 
a vital role in the early-stage development of abalone spe-
cies, it must be noted that a few studies have reported that 
as embryos develop, they seem to become more tolerant to 
a wider range of salinities (Struhsaker and Costlow 1969; 
Pechenik 1983; Richmond and Woodin 1996).

Fig. 2   Hatching success rate 
24 h post-hatch (a), percentage 
of abnormality 24 h post-hatch 
(b) and survival rate 5 days 
post-hatch (c) of disk abalone 
H. discus discus and giant aba-
lone H. gigantea in experiment 
2. Different letters indicate a 
significant difference between 
treatments, and asterisks (*) 
denote a significant difference 
between species in the same 
treatment (p < 0.05)
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In experiment 1 (Fig. 1a), the hatching success rate gradu-
ally decreased as salinity and exposure time increased, but in 
experiment 2 (Fig. 2a), it is notable that a salinity of 14 psu 
with 3 h and 6 h exposure had a significantly  greater effect 
on the hatching success rate of both species relative to the 
other treatments, suggesting that exposure time had a greater 
influence than salinity; however, as mentioned in the results 
section, two-way ANOVA indicated that salinity and expo-
sure time had a significant interaction effect on the hatching 
success rate of disk abalone. Similar results were reported by 
O’Connor and Lawler (2004), who found that reductions in 
salinity caused an incremental reduction in the rate of both 
embryo development and embryo yield.

In a recent study by Legat et al. (2017) on the effects of 
salinity on fertilization and larviculture in the mangrove oys-
ter Crassostrea gasar, the results showed that the amount of 
abnormal larvae was significantly higher in salinity of 14 psu 
than 21, 28 and 35 psu. Because both experiments showed 
an increasing trend in percentage of abnormality as salinity 
dropped and exposure time increased, it could be noted that 
both salinity and exposure time have an effect on the normal 
development of abalone larvae.

Finally, at day 5 after hatching, the survival of giant 
abalone indicated better adaptability to low-salinity condi-
tions and longer exposure time compared with disk abalone 

(Fig. 1c). In particular, disk abalone treatment at 4 h exhib-
ited 100% mortality. Chen and Chen (2000) found that the 
survival of abalone H. diversicolor supertexta was highly 
dependent on salinity. Madrones-Ladja (2002) reported 
that extended exposure to low salinity resulted in slow lar-
val growth in P. placenta, extending the time required for 
development to settlement size and reducing survival. Legat 
et al. (2017) showed that mangrove oyster larvae cultivated 
in salinity between 28 and 35 psu were able to reach the 
pediveliger phase and begin the settlement process, whereas 
in this study, it was observed that both abalones cultured in 
salinity of 14 and 24 psu and extended exposure times were  
unable to form D-shaped veliger shells. Legat et al. (2017) 
further noted that this salinity restriction in the pediveliger 
phase could be related to larval energy requirements in exe-
cuting morphological and anatomical changes for settlement, 
a stage when the species presents higher energy demand and 
requires optimal conditions for development.

In conclusion, hatching onset time increased significantly 
for both species as salinity decreased and exposure time 
increased. Both abalone species demonstrated a decreasing 
trend in terms of hatching success rate as exposure time 
increased at low salinity levels. With regard to abnormality, 
both abalones were greatly affected by the drop in salinity 
and increased exposure time. Both species were influenced 

Table 2   Summary of two-way 
ANOVA of the effect of salinity 
drop (S) and exposure time (E) 
on the hatching success rate, 
percentage of abnormality and 
survival rate of disk abalone 
Haliotis discus discus and 
giant abalone H. gigantea in 
experiment 2

df degrees of freedom, F F-ratio, p value probability of significance
*Significant difference among treatments (p < 0.05)

Source H. discus discus H. gigantea

df F p value df F p value

Hatching success rate
 S 1 370.575 0.000* 1 153.275 0.000*
 E 2 29.721 0.000* 2 26.069 0.000*
 S × E 2 21.743 0.000* 2 26.896 0.000*
 Error 35 35
 Total 42 42
 Corrected total 41 41

Percentage of abnormality
 S 1 16.172 0.000* 1 0.023 0.881
 E 2 19.034 0.000* 2 4.473 0.019*
 S × E 2 60.782 0.000* 2 12.635 0.000*
 Error 35 35
 Total 42 42
 Corrected total 41 41

Survival rate
 S 1 5.048 0.031* 1 11.055 0.002*
 E 2 3.112 0.057 2 6.353 0.004*
 S × E 2 0.497 0.613 2 4.796 0.014*
 Error 35 35
 Total 42 42
 Corrected total 41 41
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by stressful low-salinity conditions, but giant abalone 
showed greater adaptability to long exposure time, and 
hence a higher survival rate, than disk abalone.
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