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ABSTRACT
The aquaculture of tropical oysters is a valuable prospective seafood
industry. The extremely rapid growth rates of tropical oysters make them
attractive to aquaculture candidates. Hence, fundamental knowledge of the
biology, life cycle, reproduction and factors affecting recruitment is
essential for the successful aquaculture development of these species. This
paper attempted to provide an overview of the current knowledge of early
embryonic and larval development, and the factors affecting the sex
determination, gametogenesis, settlement, and the recruitment success of
tropical oysters, as well as the effects of climate change on the recruitment
success. Closed culture, stock restocking, stock enhancement, and sea
ranching are among the efforts that can be implemented to boost the
recruitment success of these valuable species.

INTRODUCTION

Oysters have long been recognized as species of recreational and commercial
importance (Pollack et al., 2013). They are one of the most valuable edible molluscs
belonging to the family Ostreidae, order Ostreoida, class Bivalvia, in the phylum of
Mollusca (Turgeon et al., 1988; Fakhrina et al., 2018). In tropical countries, tropical
oyster is one of the attractive species for aquaculture candidate (Chen et al., 2013;
Mazon-Suastegui et al., 2017; FAO, 2018). Its alluring feature is due to its
exceptionally rapid growth rates, in which many obtain market size (7 to 11 cm) in less
than a year (Joseph, 1998; Nowland et al., 2020).

In Malaysia, oyster is one of the favorite shellfishes that has become a constant part
of Malaysians' annual food cycle (Nor Idayu et al., 2015), with the highest production in

Indexedin (Scopus ,Ll SEVIER “IUCAT
,.f._




2 Doinsing and Ransangan, 2022

the year 2009 (2128.20 tonnes) (DOF, 2018). Ng (1979) reported that in Malaysia, there
are four genera of oysters and their respective species, namely: Crassostrea (C. belcheri
and C. iredalei) currently accepted as Magallana (M. belcheri and M. bilineata);
Saccostrea (S. echinate and Saccostrea spp); Ostrea (O. folium) currently accepted as
Dendostrea (D. folium); and Hyotissa (H. hyotis). Of all the species in Malaysia, M.
bilineata and M. belcheri have demonstrated aquaculture potential and are highly
demanded in markets compared to other local oyster species, viz. S. cucullata and D.
folium (Ng et al., 1982; Zulfigar & Tan, 2000).

The successful cultivation of oysters depends mainly on the good source of natural
spats (NAOO, 2018), hence the recruitment event by natural local spatfall. Oyster
production in Malaysia has remained stagnant since 2009 (2128.20 ton), with only a one-
year sharp rise in 2017 (1402.24 tons) (DOF, 2018). The oyster production was then
reduced to 455.22 ton in 2018 (DOF, 2018). The inadequate supply of seeds is one of the
reasons the oyster industry in Malaysia is unable to take off completely (Tan et al.,
2014). The understanding of the reproduction and overall factors affecting sex
determination, gametogenesis, settlement, and recruitment success of oysters is valuable
to improve the success rate of reproduction and the production of oysters. Hence, this
paper attempted to review the current knowledge of life cycle, reproduction and factors
influencing the recruitment success of tropical oysters.

LIFE CYCLE AND REPRODUCTION

1. Embryonic Development

Oysters can attain sexual maturity when they reach 50 to 80mm in shell size, and
internally, the gonadal tissue of sexually matured oysters exhibits creamy-white in color
(Rosell, 1990; Fakhrina et al., 2018). A germinal epithelium produces gametes within a
web of follicles enveloped by connective tissue (Bayne, 2017). The mature eggs and
sperm pass through the gonoducts to the genital canal before being discharged into the
mantle cavity (Bayne, 2017). Ostrea and Crassostrea, the two genera of oysters, exhibit
distinct spawning patterns (Naik & Gowda, 2015). In Ostrea, the discharged eggs from
the ovary are retained in the mantle cavity while the sperms are released into the water
column (Naik & Gowda, 2015). Whereas in Crassostrea, both eggs and sperms are
subjected to a sequence of rhythmic adductor muscle contractions, resulting in the
gametes being discharged into the surrounding water via the mantle's exhalant opening
(Naik & Gowda, 2015; Bayne, 2017).

The fertilization of oysters begins with the chance encounters of eggs and sperms
(Naik & Gowda, 2015). In Ostrea, the eggs are fertilized by sperms from outside the
shell, and the larval life takes place partially inside the shell before being released into the
surrounding waters, but in Crassostrea, fertilization occurs in the water column (Naik &
Gowda, 2015; Maathuis et al., 2020). The size, timing and morphology of various
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embryonic developmental stages are summarized in Table (1). Once inseminated by
sperm, the fertilized egg becomes spherical, bursting out the germinal vesicle covering
the egg yolk to form a zygote (Nor Idayu et al., 2015).

Upon successful fertilization, the first polar body developed at the beginning of 3 to
10 minutes for C. iredalei and 10 to 25 minutes for C. cucullata (Nor Idayu et al., 2015;
Syafriadiman, 2017). C. iredalei germinated the second polar body with a 1um-thick
vitelline coat in approximately 5 to 10 minutes, followed by cell divisions from 2-cell to
4-cell, 16-cell, 32-cell to 64-cell in approximately 10 to 20 minutes (Nor Idayu et al.,
2015). In contrast, cell divisions in C. cucullata occurred in 30 to 80 minutes following
fertilisation (Syafriadiman, 2017). Within 3 hours of fertilisation, most C. iredalei
embryos reached the morula stage and began to rotate before further developing to free-
swimming ciliated blastula covered with microvilli (Nor Idayu et al., 2015). In 16 to 18
hours of fertilisation, C. iredalei embryo differentiated into an active oval trochophore
measuring about 45.42 to 48.30 um (Nor Idayu et al., 2015). On the other hand, C.
cucullata embryos develop into the gastrula stage within 2 to 3 hours of fertilization,
followed by the trochophore stage with larvae size measuring about 53+4 um within 6 to
10 hours (Syafriadiman, 2017). In the trochophore stage, larvae begin to swim with the
aid of cilia crowned at the apical organ (anterior sections) and long flagellum (Fakhrina
etal., 2018).

2. Larval Development

Table (2) presents the size, timing, and morphology of various larval developmental
stages. In 24 hours, both Crasssotrea iredalei and C. cucullata larvae fully developed a
shell called prodissoconch I, which was secreted as a unit by the shell gland (Fig. 1)
(Bussarawit & Cedhagen, 2012; Syafriadiman, 2017). These veliger larvae are known
as D-shaped larvae because of the distinctive "D" shape of the shell valves (Laing &
Bopp, 2018). The outside surface of the valves was smooth, with the dorsal margin of the
hinge forming a straight line and a rounded ventral margin (Bussarawit & Cedhagen,
2012). The anterior end was slightly rounded off compared to the posterior (Bussarawit
& Cedhagen, 2012). These translucent, densely granulated larvae have a well-developed
velum covered with small cilia that serve as swimming and feeding organs (Gosling,
2015; Nor Idayu et al., 2015; Hamli et al., 2019).

The fully shelled D-larva grows fast in the subsequent stage and develops into
circular and knobby umbonate veliger, or veliconco, as its mantle secretes additional shell
material to form a second larval shell called prodissoconch Il. This process occurred
between days 5 and 13 for C. iredalei and between days 6 and 21 for C. cucullata (Fig. 1)
(Bussarawit & Cedhagen, 2012; Gosling, 2015; Nor Idayu et al., 2015; Syafriadiman,
2017). The prodissoconch Il exhibits a sharp bordered from prodissoconch | and has
concentric growth lines (Bussarawit & Cedhagen, 2012; Gosling, 2015). At this point,
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the larvae move vertically by the velum facing down and the umbo area at the top (Nor
Idayu et al., 2015).

Dorsal

Umbo

- Prodissoconch I Prodissoconch
Posterior
Straight-hinge line shoulder

(= proviculum)

Anterior
shoulder

Posterior Anterior

Length Posterior Prodissoconch I Apterior
end end
Ventral

Dissoconch

Fig. 1. The different stages of an oyster. A. Veliger larva, also known as a D-shaped larva
or a straight-hinge larva. B. Veliconcha made up of prodissoconch | and prodissoconch
Il. C. Prodissoconch (P) and dissoconch (D) in the early bottom-living stage. Adapted
and modified from Rees (1950) and Bussarawit and Cedhagen (2012).

For C. iredalei, the stage of eye larvae begins on day 12 to day 16 with the formation
of a small dark circular dot at the base of the gill rudiment (Nor Idayu et al., 2015;
Fakhrina et al., 2018). However, for C. cucullata, there was no record of the time this
stage occurred (Syafriadiman, 2017). At this point, the development of the internal
organ, the stomach, the digestive tract, and the adductor muscle is evident through the
transparent shell, and the larvae move vertically upward, beating the velum quickly and
downwards, slowing down the ciliary motion (Nor Idayu et al., 2015). Foot (pseudopod),
anterior muscle adductor, and gill rudiment are developed in the shell though not yet fully
functional (Nor Idayu et al., 2015). This stage marks the start of competent larvae ready
for settlement (Laxmilatha et al., 2011; Nor Idayu et al., 2015; Rodriguez-perez et al.,
2019).

At the pediveliger level, larvae developed the functional pseudopod and gills with
brown colouration formed along shell edges (Nor Idayu et al., 2015; Fakhrina et al.,
2018). The pediveliger larvae are capable of swimming with the velum and crawling with
foot-like appendages besides its external cilia (Nor Idayu et al., 2015; Perrino & Ruez
Jr., 2019). As the velum became smaller, the foot became more developed
(Syafriadiman, 2017). Pediveliger larvae are now transformed from free-swimming
pelagic larvae to crawling plantigrades, searching for a suitable hard substrate for
settlement (Gosling, 2003; Nor Idayu et al., 2015; Ramadhaniaty et al., 2018). The
time for the occurrence of plantigrade for C. iredalei was not recorded, whilst the time for
the occurrence of plantigrade for C. cucullata was recorded from day 24 to day 26 (Nor
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Idayu et al., 2015; Syafriadiman, 2017). The postlarval shell of the bottom-living stage
after metamorphosis is called dissoconch (Fig. 1) (Bussarawit & Cedhagen, 2012).
Dissoconch has a distinct texture with concentric growth lines and is usually sharp
bordered by the metamorphic line from prodissoconch (Fig. 2) (Bussarawit &
Cedhagen, 2012). In this stage, fasciole can be seen running from the posterior end of
prodissoconch | through prodissoconch Il in the left valve and into a small emargination
at the posterior margin of the larval shell, and a complementary sulcus also appears on
the posterior aspects of the right valve (Fig. 2) (Bussarawit & Cedhagen, 2012).

During settlement, plantigrade secreted a small drop of cement from the byssal gland
in the pseudopod on the found suitable substrate (Nor Idayu et al., 2015; Fakhrina et
al., 2018). Once settled, larvae metamorphosed into a spat on day 16 onwards and
continued until day 21 for C. iredalei and day 25 to day 30 for C. cucullata by
disintegrating pseudopod and velum (Nor Idayu et al., 2015; Syafriadiman, 2017;
Fakhrina et al., 2018). In the spat stage, labial palps appeared, and gills were fully
developed (Nor Idayu et al., 2015).

Fig. 2. Terminology used to describe oyster larvae. Adapted and modified from
Bussarawit and Cedhagen (2012).

FACTORS AFFECTING RECRUITMENT SUCCESS

1. Sex Determination

Sex ratio, gametogenesis in adults (fecundity) are essential for long term population
success (Fig. 3). Sex determination describes the development of individual sex
characteristics and is thus inextricably linked to the population’s sex ratio (Coralie et al.,
2020). Sex determination, its following sex ratios and reproductive capacity will have
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flow-on effects on larval supply and population size of oysters (Parker et al., 2018). For
example, a decrease in the number of females would indirectly reduce the supply of
offspring, which may affect recruitment into the population (Chéavez-Villalba et al.,
2011; Thomas et al., 2014; Parker et al., 2018). On the contrary, a decrease in the
number of males may limit the number of mates, and a reduction in either sex may limit
the population's genetic diversity resulting in population bottlenecks and inability to
adapt to change (Chavez-Villalba et al., 2011; Parker et al., 2018).

competition

/Padh'ﬂ.igarC:ﬁ pat \
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Water flow  substrates
salinit Predation and
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Determination
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Temperature Food salinity Photoperiod Temperature
salinity  Photoperiod Chemical pollutants

Gametogenesis

Fig. 3. Summary of the factors affecting sex determination, gametogenesis, settlement,
and recruitment of oysters (Photos adopted from Wallace et al. (2008).

In many marine organisms, sex is determined at or before conception and remains
either male or female throughout their lives (Charnov & Bull, 1977; Parker et al.,
2018). Nevertheless, in oysters, sex determination in these species is influenced by either
genetic and environmental variables or by the interaction of both (Hedrick &
Hedgecock, 2010; Santerre et al., 2013). The sex determining mechanisms are
remarkably diverse for many species of bivalves, ranging from strict dioecy or
gonochorism (individual exists as either male or female), simultaneous hermaphroditism
(individual functions male and females at the same time) or sequential hermaphroditism
(individuals exist as one sex and then switch to the other sex) (Breton et al., 2018;
Parker et al., 2018). The sexuality of oysters is typically referred to as protandric
hermaphroditism that matures in early life as males and transitions to females in later
years (Guo et al., 1998; Parker et al., 2018).

Studies have shown that sex is primarily governed by a single locus model with a
dominant male allele (M) and a protandric recessive female allele (F), which resulted in
FM oysters as permanent males that do not change sex and FF genotypes oysters as
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protandric females, that are capable of changing sex (Guo et al., 1998; Dove &
O'Connor, 2012). A combination of secondary genes and environmental factors such as
temperature, salinity, food concentration, photoperiod, as well as chemical pollutants are
believed to influence the rate of sex change of these protandric females (Saout et al.,
1999; Andrew et al., 2010; Chéavez-Villalba et al., 2011; Gonzalez-Araya et al., 2013;
Santerre et al., 2013; Gomes et al., 2014; Teaniniuraitemoana et al., 2016). Some
evidences suggest that males predominate when the environment is less favourable, and
females would be preferentially found in a rich environment (Steele & Mulcahy, 1999,
Chévez-Villalba et al., 2011).

2. Factors Influencing Gametogenesis

The reproductive cycle of bivalves is influenced by the complex interaction of
exogenous factors such as water temperature, food, photoperiod, salinity and endogenous
factors such as hormonal cycles and genotypes (Gosling, 2015; Maneiro et al., 2017).
Water temperature and food availability are the two most important factors affecting
gametogenesis (Bernard et al., 2011; Ezgeta Bali¢ et al., 2020), with water temperature
influencing gonad maturation and food boosting fertility, gamete quality and larval
survival (Utting & Millican, 1997; Li et al, 2011; Vaschenko et al., 2013;
Teaniniuraitemoana et al., 2016). There is evidence to show that gametogenesis is
positively correlated with temperature, as observed in a field experiments on Crassostrea
gasar by Gomes et al. (2014), Castilho-Westphal et al. (2015) and Legat et al. (2021),
as well as laboratory experiment by Ramos et al. (2014).

For populations with a similar temperature regime, like tropical species, the food
supply, nutrient reserves in bivalves directly support gonadal development and
reproductive cycle (Giese, 1969; Gabbott, 1975; Li et al., 2011). Bivalves are usually
classified as either conservative or opportunist, based on the relationship between nutrient
reserves and gonad development cycles (Bayne, 1976). Conservative bivalves rely on
their stored nutrient reserves, whereas opportunistic bivalves use energy from available
food for gonadal development (Asaduzzaman et al., 2020).

In contrast to the relatively stable water temperature regimes, tropical oysters are
frequently exposed to large and rapid variations in salinity throughout the monsoonal wet
season (Nowland et al., 2019). This period of extensive freshwater run-off is commonly
coupled with an increase in phytoplankton and is thought to be responsible for
reproduction in tropical oysters (Angell, 1986; Nowland et al., 2019). It has been
demonstrated by Paixao et al. (2013) that during periods of high rainfall and low salinity,
the number of mature individuals increased, while during the months of low rainfall and
high salinity, they discovered oysters in the spawning stage. Additionally, Gomes et al.
(2014) reported that Crassostrea gasar conditioned in salinity 24 developed much more
gonadal tissue than oysters conditioned in salinity 34.
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Photoperiod is another crucial factor, though to a lesser extent, that affect the
reproductive cycle of bivalves (Saout et al., 1999). Previous study showed that the
gametogenic cycle of bivalves could be influenced by coupled modifications of
temperature and photoperiod (Saout et al., 1999; Fabioux et al., 2005). There is further
evidence to support these hypotheses. Habekorn et al. (2010) reported that the increase
of temperature and daylight hours allowed oysters to develop from early gametogenesis
to a large portion of mature gonads within one month.

Evidence from other studies found that fluctuations of sex steroids such as
testosterone, estrogen and progesterone are related to sexual maturation cycles in some
bivalves' species, indicating the importance of sex steroids on reproduction (Croll &
Wang 2007; Gosling, 2015). It has been experimentally demonstrated that the injection
of the estrogenic compound in the oyster Crassostrea gigas stimulated vitellogenesis (Li
et al., 1998; Gosling, 2015). This fact is supported by the findings that exposure to an
estrogenic compound in Saccostrea glomerata can aid in the transition of protandric
males from male-intersex-female gametal state, in addition to increasing vitellogenesis
(Andrew et al., 2010).

3. Factors Affecting Settlement and Recruitment Success

The recruitment success of oysters depends on abiotic and biotic variables. The
abiotic variables include water temperature, salinity, dissolved oxygen, water flow
conditions, availability of suitable settlement substrate, and the biotic variables include
food availability, disease occurrence, predation and competition with other organisms for
space and resources (Kennedy, 1986; Camp et al., 2015; Gosling, 2015). Amid these,
water temperature and salinity signify two vital ecological variables affecting the
embryonic and larval development of the tropical oyster (Nowland et al., 2019).

Tropical oyster larvae live in relatively temperature stable habitats, in contrast to
temperate oyster species, which undergo large water temperature changes (Nowland et
al., 2019). Peck et al. (2014) demonstrated that tropical invertebrates were less resistant
to temperature increase than temperate species. When compared to temperate species,
tropical oysters may have narrower ranges of water temperature tolerance as a result
(Nowland et al., 2019). In contrast, the large and rapid salinity fluctuations during the
monsoonal wet season make the prediction of optimum salinity for many tropical oyster
species difficult (Nowland et al., 2019). Several prior studies on the independent effects
of water temperature and salinity on the larvae of tropical oyster species have been
published (Tan & Wong, 1996, Xu et al., 2011; Huo et al., 2014). However, research on
the interactive effects of water and temperature on the larvae of tropical oyster species is
limited. According to an earlier study of Coeroli et al. (1984), an optimum temperature
of 29°C and a salinity of 20-30 psu were observed for Saccostrea echinate larval growth.
Additionally, Lemos et al. (1994) recommended an optimum temperature of 30°C and a
salinity of 25-35 psu for better larval development of Crassostrea rhizophorae.
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With the intensity and frequency of hypoxic occurrences in the coastal marine
systems, it is critical to understand the role of hypoxia in structuring coastal ecosystems
(Diaz & Rosenberg, 1995; Lenihan & Peterson, 1998). For bivalves, the hypoxic
occurrences can be operationally classified as moderate hypoxia (4 mg L™> 0,>2 mg L’
1), severe hypoxia (2 mg L™> 0,>0.5 mg L™), and anoxia (<0.5 mg L) (Renaud, 1986;
Diaz & Rosenberg, 1995; Turner et al., 2005). It has been shown in Baker and Mann
(1992) that hypoxia could inhibit recruitment. Johnson et al. (2009) verified this by
demonstrating that the longer an oyster larva is exposed to moderate hypoxia, the less
likely it is to be successfully recruited to the habitat. This could be a strategy used by
oyster pediveliger larvae to reduce energy-intensive activities, decreasing oxygen use in
oxygen-limiting environments (Widdows et al., 1989; Baker & Mann, 1992).

Settlement success is dependent on larvae's ability to land, attach and metamorphose
rapidly to avoid being washed away by fluid stresses or being moved to areas where they
can be buried by sediment (Turner et al., 1994; Jonsson et al., 2004, Fuchs et al.,
2007). Abelson and Denny (1997) suggested that water flow could influence settlement
through one or more of these three ways: the flow may affect the encounter between
larvae and the substratum, or their post-encounter behaviours or both by exerting
hydrodynamic forces on settling larvae; the flow may provide a settlement cue that
triggers the active behaviour of motile larvae; the flow may mediate numerous settlement
cues, such as sediment load, attractants' concentration and light intensity. Previous
evidence showed that oysters preferred decreased wave action areas (Ortega, 1981;
Abbe, 1986) and low-flow conditions (Bushek, 1988). This theory is backed up by the
evidence in Whitman and Reidenbach (2012), who reported that larger larval
aggregations were observed near the down current sides of roughness components with
low-flow zones.

The settlement of oyster larvae is primarily determined by the availability of suitable
settlement substrates (Marshall & Dunham, 2013; Smyth et al., 2018; Preston et al.,
2020). Oyster larvae are known to exhibit active substrate selection (Turner et al., 1994,
Zimme-Faust & Tamburri, 1994). Oyster larvae select appropriate settlement locations
based on local hydrodynamics (Fredriksson et al., 2010; Koehl & Hadfield, 2020). If
their first landing site is unsuitable, they can release themselves back into the flow and
test the next substrate they encounter (Soniat et al., 2004; Fuchs et al., 2007).
Conflicting results have been reported in the literature concerning factors determining the
settlement. Smyth et al. (2018) have suggested that the availability of hard substrate
rather than its type determined the settlement, whereas others have argued instead that the
properties of the hard substrates are crucial determinants for oyster settlement (Preston et
al., 2020; Smyth et al., 2020). A report published in Powell et al. (2018) suggested that
the presence of live or box dead oysters, with articulated shells is key for recruitment in
several oyster species.
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The availability of suitable food is suggested to be important for oyster larvae growth
and settling (Devakie & Ali, 2000; Robert et al., 2017). A positive correlation between
larval development and food availability has been experimentally proven; however,
above 1500 pm® pL™, larva growth stagnates (Robert et al., 2017). Another study by
Devakie and Ali (2000) reported that larval settlement increased with increased food
density up to 100 x 10°mL™ cells, but the settlement was reduced at the higher food
density.

In addition, post-settlement mortality caused by the "enemies" can also affect
recruitment success (Baggett et al., 2014). The oyster's "enemies™ can be categorized into
four groups: the parasites, the competitors, the predators and the harmful alga bloom
(HABs) (Fujiya, 1970). The types of "enemies" that could cause harm to oysters vary
widely with culture techniques and surrounding waters (Arakawa, 1990). The most
evident harm to intensive farming methods involving submersions in the water, such as
raft hanging and long line culture, is from competitors with similar feeding habits such as
mussels (Mytilus spp. and Brachiodontes sp.), tunicates, sponges and barnacles
(Arakawa, 1990; Leblanc et al., 2003). At the same time, bottom-dwelling predators
such as oyster drills (murices, naticids) and starfish are the most visible harm to farms,
involving natural reproduction and sowing techniques or the rack hanging practices in
shallow water regions or on sea floors (Fujiya, 1970; Arakawa, 1990). Parasites such as
protozoan (Perkinsus beihaiensis) and metazoan (Polydra sp.) are commonly seen to
infest oysters cultured by both techniques (Arakawa, 1990; Suja et al., 2020). In
addition to mass mortalities, HABs are known to cause acute to chronic physiological and
pathological alterations that lead to impediments to aquaculture farms through reduction
of the bivalve fitness or following the closure of production due to long term
contamination with toxins detrimental to human health (Basti et al., 2019).

4. Effects of Climate Change on Recruitment Success

The effects of climate change on the global ocean have been reported worldwide
(Doney et al., 2012). Climate change has already begun to influence the environment.
More is on the way: temperature rises, sea level rises, ocean acidification, changes in
rainfall and hence salinity, and nutrients concentration and quality (Philippart et al.,
2011).

The effects of climate change, particularly rising water temperatures and ocean
acidity, have had and will also continue to impact oyster populations. Rising water
temperature is reported to affect marine organism's survival, growth, reproduction, health,
and phenology (Doney et al., 2012). Warming could cause changes in the primary
production, food web structure and function and, as a result, alters in life cycle processes
such as shellfish spat fall and physiological stressors that contribute to lower growth and
production (Allison et al., 2011). A study by Compton et al. (2007) found that warming
water temperatures will significantly influence the survival, distribution, and productivity
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of tropical rather than the temperate shellfish species, resulting in a future shift to culture
species in aquaculture farms.

Carbon dioxide (CO,) emissions from human activity have resulted in an
unprecedented increase in the level of atmospheric CO, (Chan et al., 2012). The ocean
absorbs one-third of this CO,, a process known as "ocean acidification" (Zeebe et al.,
2008). This excess CO,, which lowers the pH, is detrimental to oyster fertilisation and
embryonic development and results in heterogeneous-sized D-larvae with varying
degrees of impairment (Kurihara et al., 2007; Dineshram et al., 2012; Thiyagarajan &
Ko, 2012; Barros et al., 2013). The decrease in the pH of surface waters will also
concurrently lower COs* and the degree of CaCOj; saturation in the surface waters,
causing difficulties for marine calcifying organisms such as oysters in forming calcareous
(CaCO3) structures (skeletons and shells) (Chan et al., 2012). Delayed larval growth
(e.g., calcification) exposes them to predators for an extended period, making them more
vulnerable to physiological disorders such as metabolic energy deficiency, weakened
metabolism and protein synthesis (Talmage & Gobler, 2009; Thiyagarajan & Ko,
2012).

Additionally, changes in temperature, irradiance, the chemical composition of
seawater, nutrients, water stratification, grazing pressures, phytoplankton species, and
strain interactions caused by climate change are likely to alter the prevalence and toxicity
of HAB (Wells et al., 2015). The prevalence and toxicity of HAB, in turn, affect
shellfish's behaviour and physiology and its aquaculture activities (Basti et al., 2019).

EFFORTS TO ENHANCE THE RECRUITMENT SUCCESS

"Recruitment limitation™ is common among tropical marine animals (Battaglene
&Bell, 2004). Even when there are plenty of reproducing adults, the natural supply of
juveniles falls short of the habitat's carrying capacity (Battaglene & Bell, 2004). For
example, in shellfish, pelagic larvae may die in large numbers due to insufficient food or
they are washed away by currents from coral reefs, preventing successful settlement and
resulting in post-settlement predation (Battaglene & Bell, 2004).

Closed culture, stock restocking, stock enhancement and sea ranching attempt to
rectify this situation by supplying as many juveniles as the habitat can carry (Munro &
Bell, 1997; Doherty, 1999). In closed culture, broodstock progeny are grown to maturity
in a closed system before being used as broodstock for the next generations (Grant et al.,
2017). In captive propagation for conservation, it is a common practice to make every
attempt in preventing domestication so that wild individuals retain their genetic identity
(Grant et al., 2017). Individuals in commercial culture, on the other hand, are often
selectively bred for traits that increase hatchery yield (Grant et al., 2017), which often
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results in the effect of escaped cultured individuals on the wild populations (Waples et
al., 2012; Karlsson et al., 2016).

Restocking involves releasing cultured juveniles into a natural habitat to replenish
significantly the reduced spawning biomass above pre supplementation levels (Bartley &
Bell, 2008). On the other hand, stock enhancement is intended to optimise harvests by
supplementing the natural supply of juveniles to overcome recruitment limitations
(Doherty, 1999; Bell et al., 2005; Lorenzen, 2005; Munro & Bell, 2008). Sea ranching
involves releasing juveniles reared in hatcheries into open coastal environments for
subsequent harvest at the adult stage in "put, grow and take" operations with no intention
of allowing released juveniles to supplement spawning biomass, as in restocking, or to
improve year classes, as in stock enhancement (Bartley & Bell, 2008).

CONCLUSION

Recruitment of oysters with a complex life cycle, in which externally fertilised eggs
produce the pelagic larval stage that progresses to a sessile benthic life, includes larval
availability, survivorship through early life, settlement to the benthos, as well as the the
growth and survival of newly settled individuals. The successful recruitment of tropical
oysters is generally influenced by abiotic factors such as temperature, salinity and
substrate availability and biotic factors such as food availability, predation, diseases,
parasites, and competition. However, the detailed effects of these parameters on tropical
oysters’ recruitment success are still poorly understood. Further research is needed to
gain more information on how these parameters affect the reproduction of tropical
oysters. Closed culture, restocking, stock enhancement and sea ranching may be used to
improve oyster recruitment with the consideration of the high cost of implementation and
the significant ecological and genetic threats to its wild counterpart.
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Table 1. Egg Development of tropical oyster. Adapted and modified from Nor Idayu et al. (2015) and Syafriadiman (2017).

Stage C. iredalei (M. | C. cuccullata (Saccostrea | Morphology
bilineata*) (Nor | cuccullata*) (Syafriadiman,
Idayu et al., 2015). 2017).
Size | Time  after | Size (um) Time after
(um) | fertilisation fertilisation
Unfertilised | - - 45+4 -
€99
Unfertilized egg in
tear-drop shaped.
Fertilised egg | - - - - PPt
: Egg surrounded by sperm.
o [ : Burst of geminal vesicle
s after insemination.
1% pb 45-50 | 3-10m 45+4 10-25m K
2nd pb 5_10m i} N Vitelline coat SR
<y, 1%and 2" polar body
covered with vitelline
coat.
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2 to 32-cell 10-20m 1% cleavage: 465 30-50m
nd .
2 Cleavege. 4712 48-60m g d-cell 2-C9”, 4-09”, 6'Ce”
3 cleavage: 49+2 | 65-75m and 8-cell.
4" cleavage: 50+8 | 76-80m
Morula 2-3hr - - .
/. o Rotating morula
ok consisting of 16 or
i more cell with a
o mulberrv appearance.
Blastula 3-5hr - -
Gastrula 5143 2-3hr Free-swimming
ciliated blastula
Trochophore 16-18hr 53+4 6-10hr
Cilia+(®: Oval-shaped .
e trochophore with
several bands of cilia.

*Currently accepted name.
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Table 2. Larval Development of tropical oyster. Adapted and modified from Nor Idayu et al. (2015) and Syafriadiman (2017).

Stage C. iredalei (M. | C. cuccullata | Morphology
bilineata*) (Nor | (Saccostrea
Idayu et al., 2015). cuccullata*)
(Syafriadiman, 2017).

Size Time after | Size Time after
(um) fertilisation | (um) fertilisation
Veliger larvae | 63-77 D1-5 5747 D1
in D-shaped Translucent and densely
granulated D-shaped larvae
with well-developed velum.
Umbo 74-251 | D5-12 62-188 | D6-21
Vertically moved circular
and knobby umbone.
Eye-spot 144- D12-16

267 Appearance of small dark

circular dot at the base of gill
rudiment.
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Pediveliger 195- D12-16 222428 | D20-23
350
Pediveliger with gill
rudiment.
Pediveliger with foot.
Plantigrade 265+29 | D24-26
Transformation from free-
swimming pelagic larvae
to crawling benthic stage.
Spat 490> D16> 359162 | D25-30

Metamorphosed spat
functional gills (velum and
foot disintegrated).

Spat at 30 days old.

*Currently accepted name.
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