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Introduction

 Haliotis diversicolor is a relatively small abalone 
species (about 10 cm in the maximum shell length) that 
inhabits shallow subtidal areas in subtropical and temper-
ate zones of the western North Pacific; southern Japan, 
southern Korea, Taiwan, and southern China6.  In these 
countries, this species is an important fishery resource 
and a major target of aquaculture.  In Japanese coastal 
waters, the reseeding of hatchery-reared H. diversicolor 
juveniles into wild populations has also been conducted 
for a long time, but the total catch of the species has been 
rapidly declining since the late 1980s.  In general, the pri-
mary reason for the decrease in catch of abalone species 

in Japan has been considered to be poor recruitments in 
their natural habitats.  This has presumably resulted 
mainly from too low densities of adult abalone for the 
successful reproduction due to longtime overfishing, and/
or low survivals in the early life stages due to inappropri-
ate environments in their nursery habitats13,14.  To restore 
abalone stocks, natural recruitments need to be enhanced 
by appropriate stock management based on the reproduc-
tive and ecological characteristics of each abalone spe-
cies, together with the reseeding of hatchery-reared juve-
niles.  However, studies on reproduction and early life 
ecology of wild abalone, which include H. diversicolor, 
had been limited.  Understanding processes of reproduc-
tion and recruitment of each abalone species and factors 
affecting those processes in the natural environment is 
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important to improve the methods of reseeding of hatch-
ery-reared abalone and to manage natural abalone stocks.  
Since 2001, therefore, we have been studying the adult 
maturation and spawning processes, larval and post-lar-
val ecology of H. diversicolor in Sagami Bay, Japan, by 
both field observations and laboratory experiments.  In 
this article, we review the previous studies on the repro-
duction and early life ecology of H. diversicolor, espe-
cially focusing on our recent studies in Sagami Bay.
 In this paper, the transition from the post-larval to 
the juvenile stage in H. diversicolor is defined as the size 
at which the first respiratory pore is sealed [~2.5 mm in 
shell length (SL)26], following the definition for H. discus 
hannai38.  Individuals smaller than 500 µm SL, within a 
week after settlement, are defined as newly settled post-
larvae, and individuals larger than 35 mm SL, which are 
expected to have a mature gonad22, are defined as adults.

Maturation process

 The maturation processes of abalone are controlled 
by the water temperature, photoperiod and food condi-
tions45.  Therefore, the timing when abalone becomes 
possible to spawn is different among years or areas.  The 
spawning season of H. diversicolor is between June and 
November at Honshu Island in Japan22,24.  The ovary of H. 
diversicolor before spawning events has two oocyte co-
horts; the primary cohort consists of well-developed oo-
cytes and the secondary cohort consists of oocytes of ear-
ly developmental stages24.  The oocyte composition of the 
ovary is similar to that in H. asinina8 and H. discus han-
nai5,44, in which the secondary cohort begins to mature 
immediately after the primary cohort is released.   The 
secondary cohort is ready to be spawned after at least 2 
weeks at about 26°C in H. asinina8, and after about 1 
month at 20°C in H. discus hannai5.  In the wild H. diver-
sicolor in Sagami Bay, a new cohort of oocytes began to 
develop shortly after the previous oocyte cohort was 
spawned, and the secondary cohort was ready to be 
spawned after approximately 1 month, indicating that H. 
diversicolor requires an interval of at least 1 month be-
tween spawning events24.

Spawning

 Abalone are dioecious broadcast spawners.  Eggs 
must encounter a high density of sperm within a short pe-
riod of time after release to be fertilized1.  Consequently, 
the synchronous spawning of neighboring males and fe-
males induced by distinctive external cues is important 
for the successful fertilization.  The limited data avail-
able for abalone provide conflicting evidence regarding 

spawning cues.  Haliotis discus hannai larvae are detect-
ed primarily after typhoons or minor storms33 while H. 
kamtschatkana and H. rubra are suggested to spawn dur-
ing calm periods2,30.  Tanaka43 concluded that sudden 
temperature changes induced the spawning of H. discus 
discus, H. madaka and H. gigantea, while the spawning 
of H. asinina appears to be triggered by the lunar cycle 
and/or tidal amplitude4.  From our results, the spawning 
of H. diversicolor in Sagami Bay is strongly associated 
with typhoon events24.  In Sagami Bay from 2001 to 2004, 
the occurrence of newly settled post-larval H. diversicol-
or was strictly limited to the periods just after typhoons 
passed (Fig. 1).  The gonad index of both males and fe-
males also decreased only after typhoon events.  The ma-
ture adult H. diversicolor experienced various changes in 
the seawater temperature, tidal height and lunar phase, 
but the evidence of spawning corresponding with those 
environmental changes was not found.  Larvae of H. dis-
cus hannai often appeared following minor storms, as 
well as typhoons33, but occurrences of newly settled H. 
diversicolor were not observed after minor storms.  Un-
like other abalone species studied to date, the spawning 
of H. diversicolor in Sagami Bay appears to be triggered 
only by typhoon-scale storms. 
 The maximum amount of gametes released from a 
population in a spawning event is determined both by the 
total number of mature adults and by the amount of eggs/
sperms released from each individual.  For H. diversicol-
or inhabiting Sagami Bay, the amount of released eggs/
sperms from adults tended to increase on the spawning 
event occurring later in the spawning season (Fig. 2).  
Consequently, the timing of typhoon passage is an im-
portant factor varying the quantities of released gametes 
(Fig. 2) and then affecting the post-settlement survival 
and growth by changing physical and biological environ-
mental conditions experienced by the abalone as dis-
cussed in detail below.

Larval settlement

 In natural habitats, abalone larvae preferentially set-
tle on crustose coralline algae (CCA), and grow on the 
CCA habitat for at least several months.  The rapid larval 
attachment and metamorphosis induced by CCA have 
been previously shown for many abalone species15,31.  The 
settlement of H. diversicolor is also induced by CCA28.  It 
is considered that specific chemical materials secreted 
from CCA may induce the settlement of abalone larvae, 
but the chemical substances have not yet been completely 
identified.  Other chemical materials such as the gamma-
aminobutyric-acid (GABA) also induce the abalone set-
tlement.  However, these materials have weaker and un-
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stable potency of inducing the abalone settlement 
compared to CCA31, and the metamorphosis of H. diversi-
color is not induced by GABA3,16.
 The abalone settlement is also affected by the spe-
cies composition and density of microalgae such as ben-
thic diatoms.  Sessile organisms and microalgae covering 
the CCA surface often prevent larval abalone from meta-
morphosing15,31.  Another possible factor inhibiting the 

abalone settlement is deposited sediments on settlement 
substrata.  In Sagami Bay, densities of the newly settled 
H. diversicolor were lower in a thickly-sedimented area 
than in a thinly-sedimented area28.  In a laboratory exper-
iment using two substances (kaolin and clamshell pow-
der) with different physical properties, the metamorpho-
sis rate of H. diversicolor decreased as the sediment 
thickness on CCA increased in both the kaolin and clam-

Fig. 1. The occurrence of newly settled post-larvae (NSP), changes in the gonad index (GI) of adult H. diversicolor and 
environmental factors in Sagami Bay from August to November 2001, August to November 2002, July to October 
2003, and June to September 2004  

 (a): The total number of NSP collected at each of two locations in Sagami Bay.  (b): The mean GI of adult abalone.  GI was 
calculated as the ratio of the diameter of the gonad (excluding the digestive organ) to the diameter of the cross section at 
1 cm from the tip of the gonad portion following the method of Ino & Harada7.  Males and females are indicated by ● and 
◇, respectively.  Error bars indicate standard deviation.  (c): The wave height grade (white box) and atmospheric pressure 
(solid line).  Wave height grades were defined as: 0, calm sea; 1, little ground swell; 2, ground swell; 3, a few white-crest-
ed waves by a south wind; and 4, many white-crested waves by a strong south wind.
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shell powder treatments (Fig. 3).  Then, larvae were 
trapped by the kaolin with a sticky property and most 
could not metamorphose successfully, but there were no 
larvae trapped by the clamshell powder28.  These results 
indicate that the settlement of larval H. diversicolor in the 
natural habitat is influenced by the quantities and physi-
cal properties (stickiness and grain size) of the sediments 
deposited on CCA surfaces.
 In the absence of the correct chemical cues, the lar-
val metamorphosis is delayed32,39.  In lecithotrophic aba-
lone larvae, prolonged larval periods deplete the nutrient 
stores found in the egg yolk, leading to the nutritional 
stress and decreased the post-larval survival and growth.  
In H. discus hannai39 and H. iris32, the delayed larval 
metamorphosis has negative effects on the post-settle-
ment survival and growth.  If the larvae of these species 
undergo metamorphosis within approximately 2 weeks of 
fertilization, however, the resulting post-larvae are able 
to survive and grow normally if provided with an appro-
priate and sufficient diet.  Similar negative effects by de-
laying metamorphosis were observed for H. diversicolor.  
However, larval H. diversicolor is more susceptible to the 
detrimental effects of delayed metamorphosis than H. 
discus hannai and H. iris29.

Post-settlement survival and growth

 Following settlement, H. diversicolor in Sagami Bay 
appears to grow on CCA surfaces at least for several 

months.  The mortality of H. diversicolor in their natural 
habitats in Sagami Bay was highest during the initial 
month following settlement, and low from 6 to 9 months 
after settlement (Fig. 4)27.
 Growth rates of post-larval H. diversicolor in Saga-
mi Bay were 35–62 µm day–1 during a month following 
settlement27.  However, the post-larval growth rates dif-
fered among the cohorts appearing in between 2001 and 
2004 in Sagami Bay.  Cohorts experiencing lower seawa-
ter temperatures (18–22°C) due to the later settlement in 
a spawning season tended to have a slower growth rate 
than those experiencing higher temperatures (23–26°C), 
suggesting the temperature-dependent growth of wild 
post-larval H. diversicolor27.
 Growth rates of post-larval H. diversicolor, which 
were reared in aquaria under ambient seawater tempera-
tures (23.5–29.0°C) and fed on benthic diatoms, were ~80 
µm day–1 during 30 days following settlement46, which is 
higher than those in the natural habitat in Sagami Bay27.  
This difference may be due to the lower food availability 

Fig. 2.  The relationship between the timing of spawning 
and the degree of decline in the gonad index (GI) 
after each spawning event of H. diversicolor in 
Sagami Bay from 2001 to 2004  

 The degree of decline in GI is shown as the differ-
ence in GI between pre-spawning and post-spawn-
ing.  ● and △ indicate males and females, respec-
tively.  Each number indicates the year of each 
spawning event.  E: early in the month, M: middle 
in the month, L: late in the month.

Fig. 3.  The mean metamorphosis rate of larval H. diversi-
color in the six treatments below  

 In all the treatments, larvae were placed in a Petri 
dish filled with the filtered seawater, with or with-
out a CCA plate.

 (1) without a CCA plate (negative control); (2) with 
a CCA plate (positive control); (3) with a CCA plate 
covered with a 20 µm thick kaolin coating (thin ka-
olin treatment); (4) with a CCA plate covered with a 
100 µm thick kaolin coating (thick kaolin treat-
ment); (5) with a CCA plate covered with a 20 µm 
layer of clamshell powder (thin clam shell powder 
treatment); and (6) with a CCA plate covered with a 
100 µm thick layer of clamshell powder (thick clam 
shell powder treatment).  Six replicates were as-
signed to each treatment.  Different letters indicate 
that significant differences were detected among 
the treatments (Steel-Dwass test, p < 0.05).  Error 
bars indicate standard deviation (N = 6).
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in the natural habitat than in the culture condition.
 Growths of the cohorts occurring in Sagami Bay in 
between 2001 and 2004 were monitored over a long peri-
od of time.  The cohorts attained 17–40 mm SL in about 1 
year after settlement.  To estimate the size and age at the 
first stage of maturation, the increase in shell length and 
gonad development of a single cohort occurring in Sep-
tember 2001 were measured during ~2 years following 
settlement.  This cohort attained 30–55 mm SL and 
showed a high gonad index at 22 months after settlement 

(Fig. 5), indicating the first stage of maturation of H. di-
versicolor is achieved at age 227.

Factors affecting post-settlement survival

 Insufficient food availability, detachment by local 
water turbulence, predation, and low seawater tempera-
tures in winter are considered as major factors reducing 
the abalone survival during the initial several months fol-
lowing settlement11.

Fig. 5. Changes in gonad index (GI) and in shell length of a single cohort occurring in September 2001  
 The GI of males and females are indicated by ○ and ◆, respectively.  Individuals of which sex could not be identified by 

their gonad color are indicated by ▲.

Fig. 4. Changes in density of a single cohort of H. diversicolor occurring in Sagami Bay in September 2001
 Error bars indicate standard deviation.
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 For H. discus hannai, three major changes in the 
feeding are identified in early life stages9,40.  The first 
change, shifting from the lecithotrophy to the particulate 
feeding, occurs just after metamorphosis.  Mucous mate-
rials, such as the diatom extracellular substances, are 
likely to be used as major nutritional sources in this ini-
tial period.  As the next change, post-larvae attained to 
600–800 µm SL become capable of digesting diatom cell 
contents and they grow more rapidly on efficiently di-
gested diatoms.  Mucous materials only are not able to 
sustain the favorable growth of this size of post-larvae.  
The final change consisted of a shift from the biofilm diet 
to the macroalgal diet.  When post-larval abalone attain 
to ~1.8 mm SL, they are able to efficiently utilize juvenile 
macroalgae41.  These transitions in the feeding habit are 
closely associated with ontogenetic changes in the diges-
tive enzyme activity36 and in the radula morphology10.  
Ontogenetic changes in the radula morphology of H. di-
versicolor are similar to those of H. discus hannai, sug-
gesting that similar feeding transitions occur in H. diver-
sicolor in early life stages23.  Feeding experiments for H. 
diversicolor using some benthic diatoms as foods showed 
that particulate foods such as diatom extracellular sub-
stances were principally utilized from post-settlement to 
800 µm SL, and diatom cell contents were required to 
produce rapid growths of larger post-larvae (> 800 µm 
SL).  Moreover, the availability of each diatom for post-
larval H. diversicolor is affected by the diatom morphol-
ogy, attachment strength, frustule strength, and post-lar-
val size25.  Thus, standing crops of the highly-available 
diatoms, which are determined by the diatom multiplica-
tion rate and/or the grazing pressure by benthic animals12, 
potentially influence the survival and growth of post-lar-
val H. diversicolor.  A laboratory experiment with post-
larval H. diversicolor showed that post-settlement starva-
tion of longer than 6 days dramatically depressed the 
subsequent survival rates29, even if the larval metamor-
phosis was successful and rapid.  Takami et al.37 showed 
that survival rates of post-larval H. discus hannai were 
decreased by the food competition with Homalopoma 
amussitatum, which was a dominant small gastropod and 
a co-habitant with post-larval abalone in CCA habitats.  
Potential competitors for post-larval H. diversicolor in 
Sagami Bay were estimated by stable isotope analyses47, 
but impacts of the food competition on the post-larval 
survival and growth has never been verified.
 The local water turbulence is also one of the impor-
tant factors affecting the survival of abalone in early life 
stages21.  In our study in Sagami Bay, mortality rates of 
post-larval H. diversicolor were higher in the area with 
greater water turbulences and more frequent overturning 
of stones under storm events than in the area with weaker 

water movements27.  While the storm event caused by a 
typhoon appears to be the necessary cue triggering the 
synchronous spawning of H. diversicolor as described 
above, the violent water turbulence and overturning of 
stones caused by storms negatively affect the survival of 
post-larval and juvenile abalone.  Consequently, succes-
sive passages of typhoons in a spawning season may re-
sult in the failure of the abalone recruitment.
 Predation is another important factor affecting the 
survival of post-larval and juvenile abalone.  Post-larval 
and juvenile abalone in the wild are potentially preyed 
upon by various carnivorous animals, such as poly-
chaetes20, fishes34,35, crabs19,35, and starfishes17.  The spe-
cies composition and density of benthic animals (anne-
lids, arthropods, cnidarians, echinoderms, and mollusks) 
were examined in habitats of H. diversicolor in Sagami 
Bay, and the trophic structure of each species or taxon 
was estimated using stable isotope analyses47.  These re-
sults suggest that Muricidae gastropod species, sea ur-
chins and polychaetes are potential predators for H. di-
versicolor.  Especially, a Muricidae gastropod, Ergalatax 
contractus is the most dominant potential predator in 
Sagami Bay.  However, there is no information about the 
impacts of the predation by those carnivores and omni-
vores on the survival of post-larval H. diversicolor.
 In H. discus hannai, the low seawater temperature in 
winter is suggested to result in the high mortality of post-
larvae and early juveniles42.  The size attained by juve-
niles by the end of autumn appears to be an important 
factor determining their overwintering survival, since 
larger juveniles of H. discus hannai are less vulnerable to 
low temperatures18,48.  Although the lowest winter water 
temperature in the areas which H. diversicolor inhabits 
(~12˚C in Sagami Bay) is apparently higher than that of 
H. discus hannai (~5˚C), low winter water temperatures 
may affect the post-larval and juvenile survival of H. di-
versicolor.  The timing of settlement and subsequent 
growth rate influenced by the water temperature and/or 
food availability are regarded as potential factors control-
ling the overwinter mortality of H. diversicolor.
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