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ARTICLE INFO ABSTRACT

Keywonds:

ﬁe increasing global demand for mud crabs (genus Scylla) and threats 1o the wild populations highlight the

Aquaculture urgency of fully rearing them in captivity. Despite considerable progress in mud crab production, most crab
Larval rearing farms still rely heavily on wild-caught crabléts and juveniles while the low and inconsistent success rates of
Mid erab larviculture remain as the main bottleneck impeding the development of mud crab aquaculture. Over the yean.
::;I'[L":_";‘m'"'am numerous studies have been conducted to determine the optimum larval rearing p the
changes in digestive function and feeding behaviour, and the diets for different larval stages. These dun,
however, are dispersed and not summarised to inform culture practices. This review provides an update on the
current progresses and 1o pinpoint the gaps in knowledge regarding mud crab larval rearing. We include all four
mud crab species under the genus Scylla, i.e. Scylla serrata, Scylla olivacea, Scylla tranquebarica and Scylla
ain. Knowledge piled in this review serves as an important guideline for prospective mud crab
Iarv:culmre Future research should gear towards filling in the gaps in our knowledge to advance mud crab larval
rearing, thus fully incorporating mud crab into the aquaculture sector.
glmmducthn 1998; | anuddin et al. 2011; Alberts-Hubatsch et al 2016; Fazhan
et al 2017a).

Mud crab genus Scylla De Haan, 1833 (Bl@um: Portunidae) is an
economically important crustacean species that is widely distributed
throughout the Indo-West-Pacific region (Keenan et al. 1998). Its tax-
onomy has been controversial. Mud crabs were pr ly recognised
as a single species, i.e. Scylla serrata (Forskdl, 1775). Estanipador (1949)
was the first to report three different species (S. serrata, S. oceanica
(Herbst, 1796) and S. ranquebarica (Fabricius, 1798)) and one variation
(S. serrata var. paramamosain) based on their variation in size, colour
and shape. However, due to the unclear differentiation between species
and variation, different authors had different taxonomic classifications
of the gcnusScyﬂu (Scrcne 1952 @ nson & Camphoel
1978; Quinn & Kojis 1987} until Keenan et al. (1998) revised this genus
into fmu' dlsuncu\c species based on lhmmrpholcglcal morpho-
metric and molecular differences, namely S. serrara, S. !mnqudunca S

150
1959, Perun

olivacea (Herbst, 1796) and S. paramamosain | < 1949, The
geographical distribution of §. is the widest, mvm‘ng the tropics
and subtropical coastal area of [ndo-West-Pacific region the other

three species are more concentrated around the equator (Keenan et al
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wiy (M, Ikhwanuddin), nuhve

They inhabit intertidal mangrove forests with fluct salinity
and support the livelihood of local fishery communities (Keens al
1998; Ikhwanuddin et al. 2011; Alberts-Hubatsch et al. 2016). 1
capture production of Scylla was above 20,000 t in the last decade (FAO
2018) but the global aquaculture production of mud crabs however,
was below 15,000t since 1980 until 2003, after which it inc
exponentially to above 100,000 t with the inclusion of data from
f Ministry of Agriculture of China 2012) and has been
increasing steadily ever since (i 40 2018). ltis expected that the growth
in aquaculture sector will rise due to increasing from the global
market (Goldbure & Navior 2005). However, sustainable aquaculture
has yet to be achieved for Scylla species since crab farms still rely
heavily on wild-caught crabs for seed stock, fi ing, and soft-shelled
crab production (Lwe! 2008; Alberts-liubatsch etal, 2016,
2016, 201 P/ wn et 4l 201 7). Large scale aquaculture of mud crabs
is currently [imited due to very low success rate in the hery pro-
duction of juveniles (Quinitio & Parado-Lsiepa 2008; Holme ot al
). For the past years, attempts for mass rearing

(Fishery Bureau o

Waiho et al

2009a; Watho ¢tal. 201

sticeduen (H, Ma).
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Table 1
General developmental descriptions and the average body length (ABL) of Scylla larvae to crab instar (e 1904 Loty eCal 2006 Lupiasays et ol 2007, Vet
2009; Thirunay ukla et al 2014).

Crab stage Description

Zoea (2) 1 Sessile eyes; abdomen segment = 5; lateral spines present on abdonen segments = 2 & 3 (S. olvacea), 3-5 (5. serrata), ABL = 1.33 mm (S. serrata), 1.12-1.25 mm (5.

olivacea)

2 Stalked eyes; abdomen segment = 5. lateral spines more distinct; ABL = 1.63 mm (S. serrat), 1 47-1.65mm (5. olivacea)

3 Abdomen segment = 6 (plus tels servable pereopod buds. ABL = 2.09 mm (S. serrata), 1.90-2.17 mm (S. olivacea)

4 Elongated lateral spines; distinct pleopod buds at the ventral posterior end on segments = 2-6; ABL = 3.05 mm (S. serraia). 2.35-2.80 mm (5. dvacea)

5 Pleopod buds increase (n size, with setae and are biramous, ABL = 4.05mm (S. serrara), 3.35-3 B0 mm (S. olivacea)

M First pereapod developed into cheliped: incremse in carapace widih and size; ABL = 1.76 mm (S. serrutn)

a Crab-like appearance, carapace margin serrated; ABL = 3.06 mm (S. serratu)

Note: Z1 = zoea stage 1; 22 = zoea stage 2; Z3 = rzoea stage 3; Z4 = zoea stuge 4; Z5 = zoea stage 5; M = megalopa; Cl = crab instar.

of juvenile s?s in the hatchery had been carried out in countries such
as Vietnam (Nghia et al. 20074), Japan (11 2011), and the
Philippines (Quinitio ct al. 1999, 20
1008).

Crustacean larvae are highly vulnerable w discases during the in-
iual developmental stages and require specific biotic and abiotic con-
ditions for normal growth and development (Azra & (khwanuddin
201115). Commercial hatchery production of crustacean larvae relies on
the optimisation of three interrelated factors: rearing conditions, dis-
ease and nutrition (Sorgeloos [BER ser 195925 Nghia ot al. 20074). The
sub-optimal condition of any one of these factors significandy affects
the health and growth of larvae, and if left unattended, results in mass
mortality of larvae. Works on various aspects of mud crab larviculture
and larval rearing technology were reported throughout the years.
However, the production of mud crab larvae remained unsatisfactory
and most hatcheries encounter inconsistent survival rates of Scylla zoea
to crablet srm)rimarﬂy due to bacterial and fungal infections (1!ian &

Exusa 198U, al. 1995; Roza & Hatal 1999; Lavilla-Pitogo &

de fa Pena 2004, io & Parado-Estepa 2008; Dan & Hamasaki
2015), and molt death synd during the transition from zoea 5 (25)
to megalopa stage (\Williams et al. 1999; Hamasaki et al. 2002, Holme
et al 2007; Quimtio étal 2015; Pates gt’al 2017). Another main ob-
we in Scylla larviculture is the lack of suitable larvae diets (Ouiniio
=0-al. ' 200%; Ravion ef ali 2004; Ruscov vt al. 2004; | - etal 2006,
Bavion 2009; Holme et gl 2009b; Quinitio eral 2015). Most hatcheries
currently rely heavily on live foods (e.g. Artemia rotifers) that have
inconsistent nutritional values (lucker 1992, Quinitio et al. 1999,
2001; Quinitie & Parado:Estepa 2008; Baylon 2010) and could also
potentially introduce harmful pathogens into the culture (Itonizon-Tilia
ot al 2016). This review presents and analyses the current knowledge,
research trends and efforts of hatchery practices used in mud crab
larviculture, with a general emphasis on the larvae of all Scylla species,
if available. The advantages and differences of h aspect were dis-
cussed, and recommendations for the optimal hatchery production of
mud crab larvae were suggested. The gaps and bottlenecks that need to
be overcome in the future were also identified to drive the Scylla lar-
viculture forward.,

2. Embryonic and larval development

ten-stage embryonic development of three Scylla species, i.e. S.
serrata, S. ranquebarica and §. olivacea has been described in detail by
Ates et al (20120 In general, precleavage and cleavage occur right after
egg extrusion, and the embryo enters multicell stage within 1day. It
will then enter the intermediate multicell-gastrula stage where the
farmation of one or two yolk-free spaces occur, In the following gastrula
stage, the yolk-free space increases in size and forms a U-shaped band
(germinal disc). Appendage buds are apparent as translucent globular
structures in yolk-free space during this stage. A significant decrease in
yolk volume (15-20% reduction from 95% in intermediate multicell-
gastrula stage) and opacity is expected in the subsequent naupliar stage.

In the eye formation stage, a pair of red eyes as short thin strip can be
observed. Then, the embryo undergoes differentiation of the thorax and
abdominal regions. Heartbeat is detectable at a rate of < 200 beats per
min once it reaches stage 9. The differentiation of the telson at the
abdomen and the appearance of chromatophores on the thorax also
occur during this stage. During the final prehatch stage, the heartbeat
rate is > 200 beats per min and the overall zoeal body are more de-
fined. The ratio of embryo:yolk igom 4:1 of the total egg volume. The
colour of the egg mass changes from light yellow to dark orange, then
becomes light greyish orange and dark grey before turning to black
prior to hatching. With a mean mar? temperature of 28-29 °C, the
incubation period of S. serrata (10.3 = 0.3 days) was significantly
longer compared to that of S. tranquebarica (8.7 = 0.6days) and S.
olivi (8.6 = 0.2days) (A\tes ot al 2017), When examined in vitro,
the duration of embryonic stages of S. paramamosain increases with the
decrease in water temperature, with eggs incubated at 30 °C hatched
within 9 days whereas those incubated at 20 "C took almost a month to
hatch (/cnp 2007). Similar results were also reported when eggs of S.
serrata were maintained in vivo at a range of incubation temperature
(20 to 30°C) (lamasaks 2003). It is therefore recommended that the
incubation temperature of ovigerous females is maintained at 29-30 'C
to promote embryonic development and hasten larvae hatching.

The detailed description of larval stages has been reported for the
two Scylla species, S. serrata g 1964) and S. olivacea (Jantrarotal
¢t al. 2006). Identification of each stage was based on the dif-
ferences of their appendages, i.e. mandible, maxillule, maxilla in-
cluding a ule, antenna, maxilliped and telson g
lantraotan ¢t al 2006). In general, a mud crab larva goes ugh five
distinct stages: Zoea 1 (Z1) to Zoea 5 (Z5) (1ablc 1), each lasts ap-
proximately 3-5days, and megalopa stage which lasts for 7-10 days
prior olting to first crab stage (C1) (Ong 1964) (1able 2). Each zoca
stage can be distinguished from cach other based on the differences in
the number of setation of their maxilla (comparison of S. serrata and S.
olivacea larvae in lantaroiai ot al 2006). Body length during zoeal
stage increases by approximately 30% between cach molt (¥ ¢t al
2004). The larval stages of mud crabs are pelagic and dispersive. It was
postulated by Webley and Connolly (2007) that they start to retum to
the nearshore coastal shelf zone once they reach megalopa stage. The
pelagic megalopae then metamorphese into benthic crablets and with
the assistance of shore currents and changing tides, these crablets re-
w intertidal zones and grow into adulthood.

addition to the five zoeal stages, a sixth zoeal stage (Z6) was
observed in S. paramamosain when feeding conditions are unfavourable,

. unsuitable live food (fed solely on rotifers at later larval stages),
insufficient feeding and prolonged starvation (Zeng et al ElKM)g:;
main differences between larvae of Z5 and Z6 were the increase in
length and number of setae at all body parts (/cop ot al. 2004). A si-
milar additional zoeal was also reported in the larvae of other
brachyurans such as the red frog crab Ranina ranina (Linnaeus, 1758)
(Minagawa & Murano 1993), grapsid crab Chasmagnathus granulata
Dana, 1851 (i'cstana & Ostrensky 1995) and mud crab Rhithropanopeus

1964;
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Table 2
The duration to molting (days) of each zoea stage of Scylla.

Aqua culture 493 (2018) 37-50

Larval developmental Duration to molting

stage
5. manguebarica (Days) 5. runguebarica (Days = s.d) S alivacea (Days) S olivacea (Days) S setruto S. serrata (Days) S serram
{Days) (Days)

ﬂn 4 36 + 09 - 45 3.5 2

2w i3 3 34 £ D5 - 34 34 2

DA 3 32 + 04 = 3 34 3

A w5 3 24 05 - 3 34 3

5o M 3 70 £ 07 - +6 3-5 3

Mo Cl 6 34 + 05 - - 810 - 7

TOTAL 2 27.28 18-19 (Z1-25) 20-29 (21-25) 25.31 18-20 20

Reference Nurunavekkatisu ot al I intrarsie o 1 Wik et ab Muiohs et Feasman § t

2

Note: Z1 = zoea stage 1; Z2 = zoea stage 2; Z3 = zoea stage 3; 24 = zoea stage 4; Z5 = zoea stage 5; M = megalopa: Cl = crab instar; s.d. = standard deviation;
“" = no data
harrisii (Gould, 1841) (“icConaugha 19%2) when reared in suboptimal 3.1. Temperature and salinity

dietary conditions. It was postulated that the variability in develop-
mental pathways is a coping mechanism of the larvae by prioritising
survival over growth when faced with external stress (Pesanag &
2004). In the
nursery, the occurrence of the sixth zoeal stage strongly suggests that
the rearing conditions in the hatchery are not optimal.

Ostrensky 1995: Giménez & Anger 2003; Zeng et a

3. Collection of zoea and rearing conditions

On average, a female can spawn
about 80% of the eggs will hatch
2004). Females in captivity were found to be less fecund compared to
wild ovigerous females, with their mean zocae mate of
7767 = 4169 zoeae/g. weight and 9307 = 1200 zoeae/g. weight, re-
spectively (Maheswanida 2007). The number of offspring pro-
duced by broodstocks varied greatly even if they were reared in the
same pond (Quinitio er al 2001), indicati t possible intemal
factors such as age, genetics and health mightn important role in
the reproductive performance of females. Significant decrease in es-
sential farty acids (e.g. histidine, lysine, isoleucine, leucine and phe-
nylalanine) was reported in successively spawned Scylla larvae (second
and/or third spawning) (I</am & Yahya 2010). In addition, successive
third spawning also showed lower fertilization rates, decreased fe-
cundity, lower production of healthy phototactic larvae, and higher
proportion of aborted eggs (Islam & Yahya 2010). This highlights the
better quality of larvae hatched from first-spawned cggs, which sh
be a factor to consider when using larvae for culture. To assess tl
quality of the newly-hatched Z1, formalin stress test (3 h exposure w
40 mg/L of formalin) is recommended ((Quininio c1 all 2015). A low
mortality rate of 0%-18% indicates that the batch of larvae is healthy
and larval rearing is highly recommended. However, a mortality rate
of > 38% indicates that the larvae are of poor quality and further
rearing may be discontinued,

Newly-hatched zoeae are recommended to be transferred to suitable
clean rearing tanks immediately after hatching to reduce chances of
bacterial infection in the spawning tank (Ouiniio
200#). Owing to the phototactic nature of the newly spawned ac,
they may be collected by siphoning or direct scooping under a light
source at the water surface. The estimation of zoeae may be carried out
during this stage prior to allocating them to different rearing tanks.
Acclimatization should be carried out by placing the zoeae in a basin
and float the basins in the larval rearing tanks for approximately
20-30 min if there is a temperature difference between the spawning
tank and the larvae rearing tanks (Nghia Sh
2011). Various extemnal factors such as temperature, water
salinity, larval stocking density, the use of antibiotic or formalin, and
tank colour should be optimized to allow for maximum larval survival,

to 5 million eggs per batch and

uinftio et al. 2001; Davis et al

1l

& Parado-Estepa

2007a; clley &

@npemuxe and salinity are considered to be the important factors
in mud crab larviculture and changes in either of these factors would
influence the intemal physiological processes of larvae, ultimately af-
fecting their growth performance and survival (Hlamasalo 2000
Nurdiani & Zeng 2007; Baylon 2010; Azra & Ikhwanuddin 2016).

LOIE 19740 tested 61 combinations of salinity (0-35 ppt) and tem-
perature (5-36.5 'C) on the first zoeal stage of S. serrata (50-200 zoeae
per treatment), with an exposure time of 24 h. He found that Z1 of S.
serrata were not tolerant to low salinity levels (almost 100% mortality
when salinity of < 14 ppt at all temperatures except 10°C). Active
zoeae with survival rates of > 90% were recorded when subjected to
salinity of > 17.5ppt at 10-25 "C (except for those combinations that

fell out of the > 90% survival curve) (11l 1974). Hamasaks (2003},
however, noticed that Z1 were unable to molt to Z2 at 17 'C whereas
normal development until Z5 was found at 20-35 "C (1able 3).

Although tolerant to the fluctuations in temperature and salinity,
mud crab larvae showed better survival and faster growth at an op-
tmum range of 25-30°C and 20-35ppt (labic 3) (Jantramotal et al
2002; Hamasak: 2003; Nurdiani & Zeng 2007; Bay 2011
017). In addidon, faster development was observed at higher tem-
perature for the larvae of both §. serrata (11amasaki 2000;
svlon 2011) and 8. olivacea (Bavion 2010). A shorter de-
velopmental time is preferred as this may reduce the exposure time of
larvae to other potentially adverse factors such as predation, physical
stress, cannibalism of megalopae on zoca and food availability (Viorzan
al 200l; Bavion 2010). Delayed development was
observed at salinities beyond the optimum range (i.e. 15, 40 and 45 ppt)
and low temperatures (23°C and below) (labic 3). Davion (2011
reared S. serrata and S. olivacea larvae at different salinity and tem-
perature levels, and the larvae of these two species seem to have similar
responses. P'atado-Lstepa and Quinitio (2011) conducted a study to
compare salinity requirements of three Scylia species and found out that
survival rates of S. olivacea and S. serrata zoeace to megalopa were not
affected by salinity (8, 12, 16, 20, 24 and 32 ppt). That of 8. ranque-
barica, however, were significantly lower in higher FBlinity (24 and
32 ppt). Interestingly, all three species showed lesser growth (in terms
of body weight and internal carapace width) when reared in 32 ppt for
75 days continuously. Parado-Istepa and Quinitio (2011) also indicated
that §. serrata crab instars could tolerate a wider salinity ranges com-
pared to the other two species.

The tolerance of mud crab zoeae 1o low temperature and wider
salinity range increased with growth (iavion 2010, 2011). Approxi-
mately 95% of C1 juveniles survived at low temperature of 20 'C and
their salinity tolerance increased to 1545 ppt and 5-45 ppt at mega-
lopa stage and C1 stage, respectively (lovion 2010), The enhanced
tlerance is probably due to the intemal growth of the mud crab. The

y 2010

Nurdiani &

Zeng 2007

19495; Quiniuge ot
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Table 3
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Cumulative duration (days) and survival rate (%) of larval de velopment from hatching to first crab stage (C1) of Scylla spp. reared under different temperature and/or

salinity combinations,

Cumulative days uu'lel rate, %) w each stage

Species Temp. ('C}  Salinity (ppt) Reference
22 3 b2 = M cl
§. serram 17 34 (] (8] - {0") 0" - (0" - (0"} ﬂx\\\i‘. 2003
20 34 7.95(91.7°) 1415(91.7°) 216 (850"  2885(71.7%) 38.45 (50.0" - ()
23 34 4.45(950°) 8.45 (950"  12B5(95.0°) 18.35(93.4%) 254 (4L.7%) 4181234
26 34 3.55 (984") 6.4 (95.0") 9.45(917%)  12.85(88.4%) 17.75 (81.7°) 35.35 (40.0")
29 3 3.0(98.4% 50(%7) 7.05 (95.0")  10.05 (88.4")  13.0 (83.3) 56.2 (68.4°)
2 34 2.44950% 4.4 (97" 6.7 (85.0") 8.8 (76.7") 11.65 (61.7™) 220 (36.7%
35 34 27(96.7"  4.8(88.3") 7.35 (750 10.35(66.7°) 18.0 (1.8%) )
S serram 25 15 5.7 126 123 = -(ah x Nurdiani b Zeng 2007
25 20 46 78 123 16.8 .6 (37.3%) 319
25 25 15 79 11.5 15.6 20.7*" (49.3°") 33.0
25 30 49 78 118 15.9 206" (52.0° 36.0
25 35 5.1 85 125 16.8 214" (54.7) 35.7
28 15 13 6.7 106 14.2 23.0 (27 -
28 20 34 58 89 120 15.8° (50.7°") 230
28 25 3.2 55 8.3 11.2 15.3° (42.7°™) 217
b 30 2 5.9 89 1.7 15.5° (30.1°%%) 24.0
28 35 3.3 65 9.3 121 16.2% (28.2*™*) 253
31 15 38 6.9 9.4 - ') -
3t 20 3.3 6.3 9.3 125 16.9%4 (333%) 228
31 25 38 6.6 5.6 11.8 16.0°F (373" 232
3l 30 4.0 7.2 97 125 16.7% (28.0™%) 242
31 35 5.0 75 100 131 16.9%% (2009 262
34 15 3.0 = = - o -
34 20 3k 49 - - (0" -
M 25 28 48 78 109 13,57 (13.3%" 200
34 30 31 54 85 116 16.1% (13.7*) -
34 35 3.2 5.8 9.1 12,1 18.5° (28%) 245
§. serrata 20 0 - - - - Bayioa 20110Y
20 5 . = &
20 15 - - - - - 22(10°)
20 25 8 (70™) 15 (53™) 225 (189 32(13% 39 (26°) 55.5 (60™)
20 35 8 (73™) 145 (71%) 22 (32) 3150124 44.5 (497 625 (53°)
20 45 - = = - 215 (13°4)
26 o .
26 S - - - &
26 15 - - - - - 10 (20°)
26 25 3.5(79") 7 (94" 10 (88*") 13 (57™) 17.5 (89" 26.5 (70°)
26 35 3.5 (87 7 (96") 10 (90°*) 13 (73%) 17.5 (85} 265 (57%)
26 45 - 5.5(71%) 9.5 (87%) 14 (529 - 265 (17
12 0 - - -
32 5 - -
a2 15 - - - - - 7 (40™)
32 25 2.5 (63%) 5(92% 7.5 (B9*) 10 (82%) 13 (83%) 19.5 (83%)
32 35 25(7%) 510957 7.5(93% 10 (83%) 13 (82%) 20 (52*")
32 45 4(5Z) B (40°) 115 (77%) 14.5 (49) 17,5 (17 9(43™)
5. olvacea 20 o - - - - - - Bavton 201
0 5 & - - - - -
20 15 - - - 10.5 (539 24 (267 35 (5%
20 25 9.5(36°) 16.5 (29") 245 (35™) 33 (B0") 44 (80> 57 (58%)
20 35 9.5(35%) 16,5 (33") 245 (35™) M7 45 (68°%) 57.5 (53")
20 45 - - - - - -
20 o - - - - - -
2 5 - - - - -
26 15 5 (66"} 10 (B4 4=y 17.5
g}
26 25 3 (66™) 8 (79%) 12 (50°) 16 (91%) 21 (97*) 27 (71*")
26 35 4154") 8 (707 12146°%) 16 (71" 21 (56%) 28 (69™)
26 45 - - - - 9(59
32 0 - - " - - -
32 5 “ - . - - -
32 15 5 (27) 8 (" 12 (29) 16 (76" 19.5 (96™) 255 (71°™)
32 25 4 (697 6.5(86") 9.5 (54") 125 (92Y) 16 (99 5(93")
12 35 4 (66™) 6.5(75") 9.5 (50" 125 (80") 16 (88*) 215 (82™)
32 45 5 (26°) 7.5(39") 115 (319 15.5 22" - 26.5 47%)
8. monquebarica 20 4] - - - - - e Hirs oy 201
20 5 - - = ~
20 15 - - - - - 2
20 25 9.5 (35) 21 (10)* 325 (9) 43 (13) 11.5 (20)
ed
20 35 85155 20 (28 315 (14.7F 42 (30)* = 1.5 (13)
d

{(continued on next page)
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Table 3 (continued)
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Cumulative days mﬂ rate. “v) to each stage

Species Temp. ('C)  Salinity (ppt) Reference
z2 z3 24 F< M cl
20 45 135 (0) - - -
26 i -
26 5 - - - -
20 15 - - - 12013
d
26 25 4 (90y* a(76) 135 81 185 (71" 26 5 (48)" 37 (67"
26 35 4 91y 9(79) 135 (71" 185 (76)" 7 (r 37.5 (60)°
26 45 6 (207 1342)° 1921)° 26 (45) -
12 0 g = = d -
32 5 . ~ -
32 15 - - - - - 10 (27"
a2 25 25(93)y 6 (70 85(62)" 11.5 (87)* 17.5 (51)* 275 (78)*
32 35 25(9P 6 (BOF 8.51(84y 11.5 (91)° 17.5 (48)* 275 (677
k¥) 45 4182y 10 (50)" 145 (19 19.5 (400! o 105 (13"
S. olivacea - 12 - - - - - 98(57.1" ntraropa: e al, 2002
16 97 (952
- 20 - - - - 10.3 (95.2 "M%
= 28 - (37.6™ - (185 ") - (158 %9 (145" 236 (13.2%9) -
30 - (518 ) - (31.8 %) - (356 %) -(30.1%) 24.2(229% -
32 -(301 ) - (42™ - (110 -(9.8%) 23.8 (B3 ™) 11.3 (95.2*Y)
- 34 - (L7 ™Y (133 ™) - (9.6 ~(8.9%" 240(7.1 %) -
= 36 = = . - 135 (52.4°%
- 40 - = - - 20095

Note: Data of duration and survival rate are expressed as mean;
significant difference (P < .05) within the same experiment; “-" = no data.

ifferent superscript letters within the same row (uppercase) or column (lowercase) indicate

! The same set of larvae were monitored in the entire experiment and survival was taken at every zoeal stage up to crablet 1.

' The same set of larvae were monitored in the entire experiment but survival was taken only at crablet 1.

* From the same batch, new larvae in every stage were used where development & survival was taken up to crablet 1.

* Larvae survived for 13.5 but died without molting to next stage

thickening and mineralization of the integument as the zoea grow

(lreeman 19973) protects them from sudden temperature changes
(1 lon 2010) while the formation of functional gills when they reach
Megalopa stage (1 clder o al 1950) enables them to withstand extreme
salinities.

3.2. Stocking density

Stocking density during the fragile larval rearing stages of Scylla has
immediate influence on the survival, growth, behaviour, water quality
and food intake (Chambe!l o al 2015). Setting the stocking density too
low (10 and 25 Z1/L) or too high (above 200 Z1/L) was reported to
cause adverse effects for Scylla larvae in terms of larval survival and
metamorphaosis {(Bavion & Fuolaman 20037a). A low
stocking density might result in excess food, thus polluting the rearing
medium, promoting bacteria growth and eventually causing mortality.
On the contrary, setting the stocking density too high increases food
competition among zocae, introduces stress and impedes their overall
development (Mgl ot al 2015). In addition,
from an economic point of view, the highest stocking density achiev-
able, without compromising crab’s health and normal growth is pre-
ferred as this would maximize the usage of space during mass pro-
duction. Based on previous rescarches (1ables 4 & ), stocking density
of zoeae at 100-150 Z1/L is recommended for Scylla spp.

1999: Nelua ot al

Chambel et

AL VA

3.3 Prophylaxis

The larval stages of Scylla are highly susceptible to bacterial and
fungal infections, and protozoan ‘mfear.lon. If left untreated. often
resulted in mass mortality (A mstiong of al
Quinitio & Parado-Fstepa 2008), This is the case for most aquatic cul-
tured species as they are constantly surrounded by an environment that
gives equal opportunity for the growth of pathogens (Monarty 1995),
The higher chances of exposure via contact and while drinking or

1076; Quinitia et al. 2001;
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eating, coupled with the low im e system of newly hatched larvae
makes them highly vulnerable (Verschuere ei al. 2000). The use of
antibiotics is still prevalent in most crustacean hatcheries (e.g. mud
crabs and shrimps) due to their proven efficacy against Vibrio and other
infectious microorganisms (1)1 ples ol 2000), which improves larval
survival (Gardner & Neortham 1997; Azam & Narayan 2013). Without
prophylaxis, luminescent bacteria (Vibrio spp.) were present and de-
tectable in S. serrata larvae rearing tanks with an increasing rend from
day two onwards and subsequent onset of larval mortali as pos-
mlated to be related to the high bacterial load ((ninitio et al. 2001).
Due to the small size of the larvae, prophylaxis treatments during larval

es of Scylla are often incorporated directly into the rearing water
de Pedro et al, 2007; Pates et al. 2017). Survival rates of larvae treated
with antibiotics (o) acycline, penicillin G or polymyxin B sulphate)
were found to be significantly higher than that of controls (Table 0).
The application of antibiotics, however, should be used with caution
because bacteria becoming increasingly resistant towards the ad-
ministered antibiotics (Schmide ¢r al 2000) could adversely impact the
cultured organisms, the environment and humans (see review by
Cabello 2000). In addition, residual antibiotics in aquaculture species
due to excessive use are proven to be transmittable to consumers, thus
potentially affecting their normal microbe flora and render them sus-
ceptible to infection (Angulo o ol 2064). Although the usage of anti-
biotics (i.e. oxytetracycline and furazolidone) resulted in higher sur-
vival afgfaster growth, morphological deformities were found in both
larval (bent dorsal, rostral and furcal spines) and subsequent juvenile
stages (fused lateral spines, asymmetrical abdomen, fused frontal
spines, depressed abdomen tip and gap between sternites) (Fates o al
2i117). Similar occurrence of deformities was reported in the megalopae
of temperate crab Pseudocarcinus gigas (Lamarck, 1818) due to the
prolonged use of antibiotics (oxytetracycline of =25 ppm) since larval
stage [ (Gardne P Northim 1997).

Apart from antibiotics, other chemicals such as formalin or tri-
fluralin are also commonly used as prophylactic agents in shrimp and
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Table 4
Stocking density (21 /1) and survival rate (%) of Scylla spp. Zoea (Z) 1.
Species Stocking density (Z1 /1) Fimal survival rate (%) Reference
5. paramaniosain 50 7 1o Z5) udattil et al 200
75 39 (up to Z5)
100 63 (up to 25) Nghia et al, 20072
5 4 6upro22d)
100 5 = 4 (uprol22d)
150 5 = 1 (upto22d)
200 5+ 1 (upto22d)
S. runqucbarica 75 51.8-55 (up W 22) Mabeswaudu ef al. 2007
50.0-54.3 (up to 22)
100
5. serram 30-50 2.7 £ 0.8 (up 1o three to five-day old megalopa) it et al 2
Table 5 of the probiotic bacteria against pathogenic bacteria was evident up to
The recommended stocking density for zoea (2) 1. 25. Another commercially available probiotics (PondPlus*®, Novozy-
A A i A :
Specien Stocking density (21/L} — mes**) containing multispecies Bacillus was tried on S. paramamos
— larvae with great success (at concentrations of 0.5 and 1.0 g/50L) in
S. paramamasain 100-150 terms of higher larval surviv. ter larval growth and development,
§ paramamos ain 160 and the absence of pathogenic green Vibrio at the end of larval culture
Seylla spp. 30-200 ey B Loty et b ot y : d
. serrata 50 ! (Talib et al 2017). However, these study on pi tics were conducted
S serrom 80-100 et in small containers using an average of 12,808 (Dan & Hamasaki 2015)
and 5000 (To!iRt 2! 2017) individuals per tank and in controlled
conditions. The ficial effects of probiotics might not be as apparent
Table 6 in commercial-scale seed production as various conditions are complex

The survival percentage (%) of Scylla zoeae (Z) weated with prophylactic
chemicals.

Species Test Chemicals used Survival (%) Reference
duration
S. serraia Up wZ4 Control 5% 62 1
Control 7x22 a2
OTC (10 ppmy) 2’ x4
OTC (25 ppm) 53 = 4.1
S. paramamosam Up w 22d  Control 9 = 50"
Formalin (20ply 11 = 8.0% )
Ly
OTC (10 ppm) 21 = 5.0
S. serrata Up v Z5 Control 0 ¢k 1974
pi
(10 ppm) + US
pG.
(40 ppm) + US

Note: OTC = oxytetracycline; = polymyxin B sulphate; p.G. = penicillin
G; US = unfiltered seawater; nt superscript letters indicate significant
difference (P < .05) within the same experiment.

crab cultures ( ams ¢1 al 1997). The
latter however, banned by the European Union due to its toxicity to
aquatic organisms and bioaccumulation (European 'nion 201.2). When
tested on Scylla larvae up to 96 hin each stage (Z1 to Z5), formalin (5 or
10 ug/L) promote better larval survival and higher number of mega-
lopae compared to control (v Vedeo e al 2007). However, prolonged
use of formalin as prophylactic treatment however, have been reported
to cause deformities and significantly increased molting mortality in
other arab species (Gardner & Northam 1997). Thus, periodical ex-
posure to formalin bath (5 or 10 ug/L) is rccommcndcd if prophylaxis

1086; Gardner & Northam

treatment is needed (Kapi et al. 1991, Hamasaki & Hatai 1993).
Another promising nppruach in the prophyl in Scylla larval

rearing is the application of probiotics, These are live mic

that are advantageous to the host animal (I uller 19589 Trante & Austin
2: Kesarcodi-Watson et al. 2008; Dan & Hamasaki 2015) and added

0 inhibit the growth of pathogenic bacteria in aquaculture cnviron-
ments (Verscl » e ml ] 2015).
Hamasaki (2015 screened and isolated a strain of probiotic bacteria
that work against necrosis-causing bacteria, thus overcome larval ne-
crosis symptoms and mass mortality in S. serrata. The inhibiting effect

20000 Dan & Homasaki Dan and
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and hard to control. For example, during seed production in a large
scale, culture of larvae and live foods (e.g. rotifer, Artemia and phyto-
plankton) are done in the same rearing vessel and added subsequently
with various regiments as the larvae develop (Wing ot ol 2005; lon
2009). The live foods act as potential palhogen carriers and studies
have shown that the structural compasition of the microflora in rearing
medium is constantly changing (\ crdonck et al 1997). One possible
solution to this problem is to administer probioti oral admission,
i.e. enrichment of live food. A study on the cm cillus probiotic
(Bacillus licheniformis and B. subtilis, ratio = on the growth and
survival of Pacific white shrimp, Litopenaeus vannamei (Boone, 1931)
revealed that larvae fed with probiotic-enriched live food (Artemia
nauplii and rotfflrs) were significantly larger, heavier and had lower
montality rate (famali et al 2015). Gamido IF 1 @t al (2014) also
demonstrated that by administering probiotic directly into the rearing
water and via live feed, the larvac of marine finfish, Rachycentron ca-
nadum (Linnaeus, 1766) exhibited higher tolerance towards salinity
stress.

fiay

3.4. Tank colour

The background colour of the rearing tanks plays an important role
in maintaining the general wellbeing of larvae and facilitate predation
in vision-oriented larvae by influencing the amount and spectrum of
light that penetrates the rearing water column (Maciel & Valent 2014).
Although it might be beneficial for hatcheries to use tanks of lighter
background to contrast the dark coloured Scylla zoeae for case in larval
monitoring, b (2005 reported that S. serrata larvae
preferred rearing tanks with dark coloured background, especially
black, as evidenced by their significantly higher survival rate, shorter

lopmental duration and more synchronized moltng. In contrast,

e reared in white tanks had the lowest survival rate and longer
developmental time. Similar results wer rved in other crustacean
species, including the blue swimming , Portunus pelagicus (Lin-
naeus, 1758) (A\zra ¢t al 2012) and Amazon River prawn, Macro-
brachium amazonicum (Heller, 1862) (Macic! 2014), with a
higher survival and maximum productivity in tanks with black

ni and Zeng

& Valenn

! The mention of brands does not indicate endorsement of the products.
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background in both studies.

Although crustaceans are non-obligated visual feeders - able to feed
in total darkness based on random encounter or chemosensors
(Minagawa & Murano 1993; Gardner & M 1998), they do rely on
their visual cues when available (Cardne: uire 1995). Apart from
increasing prey visibility, light is also positively associated with can-
nibalism - minimal cannibalism was found in dark coloured tanks
(Rabbani & Zeng 2005). It is also important to note that due to the
phototactic behaviour of most larvae, including that of Scylla spp.,
larvae in white tanks tend to aggregate and remain at the tank's bottom
whereas those in black tanks were uniformly distributed throughout the
water column due to the greater light reflection in lighter-coloured
tanks at the bottom of the tank (1201
2014). The reflection and immediate light source from above might
cause disorientation and eventually negatively affect their feeding
(Fabhan & Zeap 2005). Additionally, the bottom-aggregation beha-
viour in light<coloured tanks will also increase the exposure of larvac to
potential infectious pathogens as most dead natural feed, uneaten food
and dead larvac accumulate at the bottom.

ani & Zeng 2005; Maae! & Valenu

3.5. Rearing system

Owing to its simplicity, most mud crab hatcheries reared larvae in
either clear water or microalgacenriched systems with manual water
exchange (()umnit Lstepa 2008; fley & Lovatelli 2011;
w et al. 2014). Ng ') reported that clear
recirculating systems with biofilters and a water exchange rate of 100%
tank volume per 3—4 h were more conducive for Scylla larval rearing -
higher survival rates at 15 and 18 days after hatch and lower ammonia
and nitrite levels, compared to clear water system with manual water
exchange (30-50% daily). The advantages of recirculating systems were
also reported in the larviculture other aquaculture animals
(1l lo-Pereira ot al. 2014; Holan ¢t al
Joaquim et al. 2014; r et al. 2017). Further, less labour and
seawater are needed owing to th omated and water-recycling fea-
tures of the recirculating systems. Based on the positive results obtained
by “ghia et al (2007:) using rearing systems of 30 and 100 L, large-
scale application of recirculating system in Scylla larviculture is pro-
mising. However, Mghia ot il 20070 recommended that the rearing of
carly stages (Z1 and Z2) larvae are more suitable in microalgae-en-
riched non-recirculating system. Recirculating system could be applied
at a later stage once the larvae are stronger (Z3 and above). This is to
mitigate the stress impased by the water current of the recirculating
system onto the fragile early crab larvae and also to prevent them from
getting caught on the mesh net of the recirculating system, damaging
the long spines on their carapaces.

The impontance of incorporating microalgae in the rearing system
was also highlighted in the study of Nghin ot al (20070, with larvae
reared in clear recirculating systems manifested significantly lower
survival rate compared to those reared in algae-enriched recirculating
and manual water exchange systems (Chlorella for Z1-Z3 stages, Chae-
toceros for Z4 stage onwards). The lower amount of ammonia and nitrite
in recirculating systems (both with and without microalgae) than in
manual water cxchange systems highlights the positive effect of bio-
filter in maintaining water quality. Larvac reared in clear recirculating
systems also showed significantly lower larval stage index compared to
those reared in recirculating systems with microalgae (“uhia ot al
200170, The benefits of introducing microalgae into rearing systems are
numerous. Aside from serving as food for live feed (zooplankton such as
Artemia and rotifer), microalgae are also known to aid in the stabili-
zation and quality improvement of the introduced rearing medium,
including higher dissolved oxygen and pH stabilization (Tcndencia

tal 201%5), improve gut filling at the initiation of exogenous feeding
{van der 20017), provide probiotic effects ( .n-
al 2017), regulate bacterial growth (k0 i et al
al 2016) and enhance growth (Nghia et al 20074) and

Fhirupavukkara wa et al. (200

incheton 2000; Garn 2014,

mon et
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2010; Cadiz et
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immunity of cultured organisms (Yaakob ct al 2014). Therefore, the
conventional clear-water rearing method is now being substituted by
the incorporation oaicroalgae into rearing medium, especially in the
aquaculture sector (van der Meeren et al. 2007; Neon 2011; Tendencia
et al 201%). With the aforementioned advantages of microalgae, it is
therefore recommended to incorporate them into Scylla larval rearing.

4. Nutrition
4.1. Nutritional requirement

Nutritonal requirements may be viewed as the needed nutrient for
optimal growth and/or survival, or the minimum nutrient required to
maintain an organism alive or to fulfil a physiological role (I lamre et al
2013). The nutritional requirement of larvae must be high and differ
qualitatively and quantitatively from that of juveniles and adults as
they undergo rapid growth, and dramatic morphological and physio-
logical Egcs during these early life stages (Ilinire of al 2013).
Limited research has been conducted to investigate the nutritional re-
quirements of Scylla larvae and with the availability of a previous re-
view regarding this topic by Holme ot al (20090), this section of the
current review focuses primarily on studies conducted on Scyila larvae
w facilitate easier knowledge-transfer and to bring forward the latest

dis@rics on this topic.
oteins are made up of amino acids and are an essential ingmdi
of growth for all animals (tiolme ¢t al 20095). Although research on
the protein requirements of Scylla larvae has not been conducted, stu-
dies done on juveniles were promising. Those fed with diets containing
50% lipid-free casein (Sheen & 2000), 32-40% protein
(Catacutan 2002) or 45% arude protein (Unnikrishnan & Paulra) 2010)
showed improved growth and su . The high protein requirement
reported in juveniles highlights importance of protein for the
growth and devel of Scylla species, and it may be postulated that
Scylla larvae, being camivorous and showing high protease activity
since Z1 stage (Hong et al. 1995), may have a protein requirement si-
milar or higher than in juvenile stages. Research in this area is war-
ted to determine the protein requirement and suitable protein
source of dietary protein for different stages of mud crab larvae.

Essential amino acids are an integral nflhc dietary requirement
of crustaceans (1 lolme et al. 20090). The essential amino acids and non-
essential amino acdds of day-old Scylla zoea was described by
Penatlonda (20047 by comparing with the essential amino acid profiles
of rotifers, Artemia and Acartia. Enrichment of rotifers with histidine,
Artemia with leucine and tryptophan, and Acartia with arginine, leucine
and valine are recomm| to enhance larvae production.

The importance al and non-essential fatty acids such as
highly unsaturated acids (HUFA), docosahexaenoic acid (DHA),
eicosapentaenoic acid (EPA) and arachidonic acid (ARA) in live feed are
shown to influen survival, development and metamorphosis of
mud crab larvae (Suprayudi er al. 2004a; Nghia et al 2007h). By en-
riching rotifers and Artemia with varying ratios and percentages of
DHA/EPA and | espectively, Nghia ct al (20070) found that no
HUFA content or (50%) HUFA content but low DHA/EPA ratio
(0.6) led to delayed development and failure to metamorphose. In
contrast, Scylla larvae performed best in HUFA content of 30% and
DHA/EPA ratio of 4. Dietary ARA improved only the first metamor-
phosis rate (from Z1 to Z2) but not the survival or development at zoeal
stages of Scylla (Nghia et al. 2007b).

Crustaccans need cholesterol as a precursor for various important
physiological compounds including the production of sex hormones and
molting hormones (Sheen 2000). Sterols are considered as essential
nutrients for crustaceans as they lack the ability to convert acetate to
sterol and have to secure it via dietary route (hanuzawa & leshima
71; Sheen 2000), When fed with Artemia enriched with cholesterol at
levels of 0 ul/l (free sterols = 0.61%), 5 ul/1 (free sterols = 0.67%), and
10 ul/1 (free sterols = 0.75%), S. serrata larvae showed better survival,

Wu 14999; Shees
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intermolt duration and body size at Cl stage compared to those fed with
20 ul/] (free sterols = 1.3 of cholesterol (Supravudi et &l 20024,
Thus, a minimum of 0.61% cholesterol is needed for the normal growth
and development of Scylla larvae and if Artemia is used as live feed, no
additional enrichment is necessary as the cholesterol in the Artemia

nauplii alone is already sufficient (Sup:avudi oo ol 20122). It is worthy
to note that too much dietary cholesterol during larval (=1.37%)
(Suprayudi et ab 2012a) and juvenile stages (> 1.12%) (Sheen 2000)

may exert adverse effects on mud crab growth such as low survival, low
weight gain, prolonged intermolt period and smaller carapace width.
The exact mechanism resulting in adverse effects due to high | of
dietary cholesterol, however, is still unknown but is postulated to be a
nutrient-response  characteristic which is toxicity-related (Mescer
1982).
Phosphnlipids% an important role in the structural compositi
of cell walls and are involved in the absorption of sterol by acting as
surfactants for the emulsification of ingested lipid (!cshima 1907
Holme et al 2000h). They are also the key component during molting
by transporting cholesterol tw different parts of the target tissue
(Conkii@FRal 1952). Although crustaceans are being postulated to be
able to synthesize phospholipids de novo (Sheih 1969), the synthesis
rate was slow and 'itiona! dietary phospholipid are needed for
maintaining normal growth and development, especially in the early
larval stages ( 1vshima ot ol 1950). Among the proven positive effects of
dietary phospholipids on crustacean culture include enhanced growth
survival, improved molting rates and reduced mol th syndrome
(Conklin et al. 1980; Paibulkichakul et al, 1998; Gong etal. 200 fiThe
most commonly used phospholipid in the aquaculture industry is in the
form of soybean in (Ilolme et @l 20094). S. serrata larvae ex-
hibited improved survival rate, intermolt period and larger carapace
width (measured at the first crab stage) when fed with Artemia enriched
with DHA (25 ul) and soybean lecithin (0-40 ul), and Artemia enriched
with cuttlefish phospholipids (40 ul) (Suprudi er al 20120), Higher
molting synchronicity index was also observed in treatments fed with
Artemmia enriched with DHA and soybean lecithin at 20ul and 40ul
respectively, and Artemia enriched with cuttlefish phospholipids
(Suprayudi ot ol EEH). Thus, a minimal amount of phospholipid, in
combination with essential fatty acids are required for the synchronized
growth and development of mud crab larvae. As proven by Suprayviid
't al12052h), no additional DHA is requ if cuttlefish phaspholipids
were used as they are high in saturated fatty acids and essential fatty
acids such as DHA, EPA (Reis et al. 2016),

Although carbohydrates are thought to be non-essential in the diet
of crustaceans and that aquatic species are comparably less efficient in
utilizing dietary carbohydrates (shiau & Peng 1992), However, carbo-
hydrates and lipids are still being incorporated into the feed of most
aquaculture animals including crustaceans since these are utilised first
to produce energy, then proteins (Siuck et al. 19905 Johnston 200 551
From a feed developer's perspective, carbohydrate is preferred as it is
the most economical dietary energy source (cost/keal) (Shiou & Pong
1997), Data on the suitable dietary carbohydrate levels of Scylla larvae,
however, is still unavailable and the limited studies on other crustacean
larvae (Penaeus Fabricius, 1798 and Homarus Weber, 1795) showed

e variation in their required dietary carbohydrate levels (kurmals
etal. 1989; Immanuei et al 2003; Moc gtak 2 s Pedroza-Islas gral
2004; Fiore & Tlusty 2005). It was observed S."mm juveniles
were able to digest and fully utilize (91.6-95.8%) a range of
carbohvydrates. especially from plant feedstuffs such as copra meal,
wheat flour, rice bran, com meal and soybean meal (Catacutan o al
10001) [@ligestive enzyme profiles of S serrata (Rutledpe 1999) and the
spiny er Jasus edwardsii (Hutton, 1875) (Juhnsion 2003) suggest
that carbohydrates are essential in the diet of small juveniles as in-
dicated by the higher cellulase (in S. serrata), amylase and laminarinase
(in J. edwardsii) specific activity in smaller individuals. This shows that
the requirement for dietary carbohydrate varies between development
stages and future research on the carbohydrate nutritional requirement
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of different zoea stages of Scylla larvae is needed for a better under-
standing of their nutritional needs and optimization of their diets.

4.2, Ontogeny of feeding apparatus and feeding behaviour

Although knowing the nutritional requirement of Scylla larvae
would contribute to the optimization of diet and feeding regimes, it
would be useless if the given diets were not ing by the larvae due
to physical and/or behavioural constraints. erstanding of the
feeding behaviour, food acquisition process and morphology of the
feeding apparatus of Scylla larvae are essential for the formulation of
feed that would promote ingestion, digestion, and absorption.

Feeding behaviour of Scylla Z1 suggests that telson is used to push
water, along with any prey or food particles from underneath its ab-
domen towards its mouth (Maheswanido coal 2007). Non-food parti-
cles that are stuck onto the maxillules' setae are quickly removed with
the aid of two long denticulate setae. Abdomen and telson occasionally
exert gentle pressure on maxillules and maxillae, resulting in the tem-
porary bending away (about 45 degrees) of furcal spines and setac and
assist in the passing on of food into the foregut (Maheswarudu et al,
2007). Additional flaps by the abdomen direct food towards the mouth.
It takes approximately three minutes for food particles (50-55 ym) to be
digested as indicated by the gut movement of S. serrata Z1. This feeding
behaviour of Scylla larvac is consistent irrespective of the types of diet
(Maheswarudu et al. 2007).

Generally, the feeding apparatus of brachyuran larvae involves the
mouthparts and the gastric mill. The mouthparts are further divided
into six paired appendages, in which three anterior pairs (mandibles,
maxillules and maxillae) are cephalic appendages and another three
posterior pairs (first, second and third maxillipeds) are thoracic ap-
pendages (Mg 1998 Lumasay ot al 2007). Located posteriorly at the
anterior chamber of the foregut, the gastric mill serves as a chewing and
grinding apparatus. The most notable difference in the morphology of
mouthparts as larvae develop is the presence of teeth and denticles in
the mandibles only during zoeal stages but not in megalopa. In addi-
don, the simple and continuous foregut of early zoeae (Z21-23) develop
and form two distinctive compartments when they reach 24 or Z5
stages (l.omasay of al 2007), As the width of mouth opening increases
from 61 pm in Z1 to 95 pm, 129 ym, 179 ym and 209 ym in 22, 23, 24
and Z5, respectively (Lumasag ot al 2007), appropriate screening of
suitable feed particle size could be conducted, ensuring that only food
that could be ingested by larvae are given at a specific stage.

The gut evacuation time of 8. serrata larvae at different develop-
mental stages was determined by Scrrano (20125 to understand their
feeding and digestive strategies. In general, the gut evacuation time was
shorter in early zoeal stages (approximately 80 min) than in megalopa
and first crab instar stage (120-135 min). A faster gut evacuation time
was also recorded when 23 larvae to first crab instar were fed with live
feed compared to those fed with artificial feed (borano 20125). The
slower gut evacuation time in larvae fed with artificial diet is postulated
w be a result of insufficient enzyme {endopeptidase and exopeptidase)
activities (Serrano & Traifalgar 2012) and carniv crustacean
larvae are known to be unable to regulate their own enzyme levels in
response to artificial diets (Jones et al. 1997). In addition, the change in
feeding behaviour of Scylla larvae is obvious - from feeding on sus-
pended particles in the water column during zoeal stages to looking for
food near the bottom during megalopa stage, which is closely related to
their metamorphosis from planktonic larvae to clawed megalopae with
a more benthic nature (Genodepa 2003; Halme et al. 2006).

4.3. Prey/particle size

t is important to consider the size of prey or food particles pre-
sented to any hatchery-reared organisms to maximize ingestion (1 naues
& Southgate 1999), Scylla larvae are postulated to employ rap| |
feeding method as in most caridean and homarid larvae (lones cial
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1007, Genodepa et al. 2004a). This indicates that they are able to
consume food particles with larger size ranges (Genodepa ot al. 2004a).
full digestion of feed, however, is sill related to the mandibular
¢ of larvae. For example, with the mandibular size of about 61 pm
(Lumasag ¢t al. 2007), approximately 80% of the S. serata Z1 suc-
cessfully digested veliger larvae (Pinctada fucata (Gould, 1850)) of size
50-55 um (positive digestion indicated by the passing through the gut)
whereas none could consume pelagic copepods (Pseudodiaptomus spp.
Herrick, 1884 and Labidocera spp. Lubbock, 1853) due to their large
size (500-1000 ym) (Mabeswarudu oo al 2007). There was preference
for bigger food particle size with increasing developmental stage of
Scylia larvae. Conodepa ot al (20041) demonstrated that S. serrata Z1
ingested more microbound diets of < 150 pm compared to those of
150-250 pm, whereas Z3 were able to ingest microbound diets up to
400 ym (highest ingestion in those of size 150-250 ym) although no
statistical significant difference was observed in different feed particle
sizes. The 25 showed significant preference to microbound diets with
feed particle size of 250-600um compared to those 250 pm
while megalopac significantly ingested more feed with particdle size of
400-800 um (Genodepa et al. 2004a), This increase in preferred feed
particle size is in positive correlation with the increase in width and
development of the mandibles (1umasag ot al 2007), enabling larvae to
feed on larger prey more efficiently. Thus, the suitablEFRrticle size
range for Z1, 23, Z5 and megalopac recommended are §#§ 50 pm,
150-250 pm, 250-600 pm and 400-600 pm respectively (Genodepa
et al 2004a). It is also worth mentioning that Scyila larvae were ob-
served to only partially ingest their prey or food particle (Bavlon et il
2004).

4.4, Digestive enzymes

The larvae of Scylla spp. do not possess the anterior midgut di-
verticulae unlike some crustaceans (Scrrano 2012a), Unable to rely on
the anterior midgut diverticulae to produce digestive enzymes as in
penaeid larvae and their hepatopancreas are still not fully developed
until megalopa stage (i 201 2h), Scylla larvae have to resort to
other methods such as increasing the gut passage time in order to digest
and absorb more nutrients and energy from their diet (1ones o al |
20120). A recent study by Scrrano (20173) confirmed that
amylase and leucine aminopeptidase (LAP) levels were low at mud crab
21-23 while rypsin level was mimmal at Z1-Z2 and megalopa stages. In
the treatments with live feed (rotifers and Artemia), however, con-
siderable amount of exogenous LAP (64-80%) and trypsin activities
(37-43% au 22 1) were recorded. These findings highlight the
contribution and importance of live feed as an integral source of exo-
genous enzymes for the development of mud crab larvae.
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4.5. Diets used

4.5.1. Live feed

The current larviculture of mud crab relies heavily on live feed due
to beneficial factors including the ease of mass culture, slow swimming
characteristics, free dispersal in water and availability in various sizes
(Hilt 1979; Verischele 1989),
4.5.1.1. Rodifers and Artemia. Their small size (approximately 0.5pg
and 45-200 pm) (llarney &4
etoal 20072) and slow swimming movement make the rotifers,
Brachionus plicatilis (Miiller, 1786) ideal first feed for mud crab larvae
(Bayion et al o 2009). Artermia nauplii, with their slightly
larger size (2.7 ug and 428-5 ) (Davis ¢t al. 2005a) compared to
rotifers, are commonly used in the larviculture of mud crab as well
(Bavion et al. 2004; Ruscoe et al 2004; Davis et al. 20 . Although
unsuitable as food to early zoeal stages, they are proven to ineri the
growth and survival of larvae when fed at later larval stages (113) fon
004D,

2005

1997 Davis et al a; Nghia

nfanio

0043 Bavl

et al. 2004; Ruscoc ¢t al 2
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Table 7
Common enrichment methods of rotifers and Artemia used in aquaculture.
Live feed candidate  Enrichment method Fed larvae Reference
Rotifers
Tetraselmis spp. S serrata
- Brachionus Nannochloropsis spp S serrara il 2005 h
plicatilis S. tranquebarica o proodienal
. serrata B
Dry Selen®
Colurella 1S m
adriafica 2004
Artemiu franciscana
nauplii
Super Seleo® S serrata fravis eval
EG" type Frippak ™ CD2 Ultra 5. serrata L1
AF grade larval shrimp food et e0al
2004
Artemia nauplii Oleic acid, EPA2SG, S. serrata Supr v ity et ol
DHATOG LTS

Note: The mention of brands does not indicate endorsement of the products.

Eridllncm of rotifers and Artemia are recommended and often
camried out to ensure that they provide sufficient nutritional values to
te growth and maintain the generdfficalth of the larvae (Quinito
et al. 1999 Davis et al. 200%a, 2005h), Various methods were used to
enrich either rotifers or Artemia and have been tested to be suitable for
mud crab larviculture (1a50c 7). Unenriched rotifers have minimal
nutritional value where the survival of the larvae was not significantly
be an that of starved larvae in a feeding experiment conducted on
the giant freshwater prawn, Macrobrachium rosenbergii (de Man, 1879)
(Lovett & Pelder 1988),

Based on the cumrent #8#llings, a combination of rotifers at 10-40
individuals/ml (Quinitio et al. 2001; Bavion et al. 2004; Ruscoe et al,
2004; Suprayudi et al 2004t i ) and newly-hatched Artemia
nauplii at 0.5 individuals/ml (itvwoe 2004) are to be given once a
day at Z1-Z3 and only Artemia nauplii at 1.5 individuals/ml or in-
creasing density of 0.5 to Zindividuals/ml (Suproand cr al 2002))
when mud crab larvae reach Z3 or Z4 onwards (5000 . 2002;

Davis et al 2005b; Ouimtio & Par

1; Ban

X(H)5a wdo-Estepa 2008 on

2000 e availability of rotifers during the early larval stages, espe-
cially within the first hour of hatching to Z1 significantly improved the
survival of larvae (Mann ot al. 1999). The inclusion of Artemia nauplii
during the early larval sta proven to improve metamorphosis
rate and increase larvae size ( length, carapace length and setae
bearing pleopods) (Supravudi et al. 2002; Davis et al 2005b). It is
important to note that the added Artemia nauplii d should be kept
below 5 ind/mL to reduce unnecessary competition the crab larvae
for space and dissolved oxygen, and to minimize potential water fouling
from the contributed metabolites, which in tum could cause stress and
even mortality to the crab larvae (Kavion o al 2004). Due to their
lower nutritional values, fftifers may be removed from the mud crab
larvae's diet after Z3 as no significant adverse effect onffowth and
survival was reparted (Ruscoe et al. 2004; Bavlon 2009). Baylon et al
(2004) reported that there is a reduction in rotifer intake and an in-
creasing consum ption of Artemia as the mud crab larvae grow. After 23,
the presence of rotifers no longer affects the Artemia intake. Shift of
preference frd# rotifers to Artemia as food for Z3 larvac was also re-
parted in the Chinese mitten crab Eriocheir sinensis H. Milne Edwards,
1853 (Sui et al. 2008).

4.5.1.2. Copepods. Essentially the natural diet of various marine fish
and crustacean larvae (Okazaki ct al. 2008; Takahashi & Uchiyama
2008), copepods are starting to gain attention as alternative first live
feed for the larviculture of many agquacultur@@pecies due to their
known benefits of improving the overall survival, growth and
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development of larvae (1

et-al 2013; Ka

d et al. 2006; Lin & Xu 2009; Ban

:). They are more superior in terms af
nutritional values (higher protein, essential fatty acids, phnsphnllplds
and other micronutrients e.g. taurine, astaxanthin and zinc) (Ko
et al 2015) and digestibility compared to other commonly used

lsen et al. 201

feeds such as rotifers and Artemia (1" -derson 19845 Hamre etal 201 3).
Coupled with the broad spectrum of sizes in different hfc s:agcs ie
nauplii and copepadites) (1. hi & vama 2008; Watho et al

2013), copepods are excclicnl mndldates usedaslwc fced for first
feeding of larvae.

Research on the use of copepods in crustacean larviculture, how-

mr. are limited. It is still unconfirmed if copepods form the natural
of mud crab larvae, although the camivorous nature of Scylla

larvae and the appropriate size of copepods makes them suitable pre-
dator-prey candidates. Using various combinations of rotifff# Artemia,
microencapsulated feed and frozen ¢ d, Jantrarotai et al. (2004)
found that S, olivacea larvae fed with a combination of either rotifer and
Artemia or rotifer and frozen copepod gave the highest survival rates
and fastest growth with development from Z1 to Z5 in 20.7 days and
21.7 days, respectively. Faster growth rate, greater length weight
gain, and higher astaxanthin content were observed when black tiger
shrimp, P¥fpeus monodon Fabricius, 1798 larvae were fed with three
types of copepods (Macrosetella gracilis (Dana, 1847), Pseudodiaptomus
sp. and Oithona rigida Giesbreclu. 1896) compared to feeding with Ar-
termia nauplii alone (% wmam ot al 2001). The enhanced growth
observed in Lupcpﬁkd crustacean ]nrvax was also evident in marine
fish species (1! tal. 2000; Cassiano et al. 2011;
Leu et'al. 201 2; Karisen et al 201 \'dc Melo-Cost ﬁ:hus,
future research on screening and selecting suitable copcpods
as live feed for Scylla larvae could contribute significantly towards the
feed development of mud crab larviculture.

One major hurdle of the potential usage of copepods as live feed in
mud crab larviculture, however, is the high costs involved in their mass
production and in obtaim'ng sufficient cope a particular life
stage at a specific time (Goenodepa ot al 20040; Conceicao et al. 2010;
van der Meeren et al ). Most studies had only produced copepods
at a pilot scale (San am et g s Puello-Cruz et al. 2015), It is
therefore recommended to first w.'lop a baselmc perfom\mcc curve
using selected species of copepods as live feed for mud crab larvae
(Conceigao ot al. 2010). Once the appropriate species of copepods are
identified, they may be incorporated into the daily larvae feed, or partly
together with rotifers or Artemia while their mass production protocols
are being developed (Conceicao v1al 1997),

al. 201 0; Koedijk

4.5.2. Microbound diet

A main drawback of using live feed is their nutritional inconsistency
which {flics bascd on species, strain, age and culture techniques (1 izol
Correa et al. 2006; Amarouayache et al. 2017; Broach etal. 2017). In
addjuon. live feeds are laborious and expensive to culture, and poten-
tially act vectors for the introduction of pathogenic microbes
(Genodepa etial, 20045 Tizol Correa gt all 2006; Hamre et'al. 2013).
Thus, the development of formulated feeds that are applicable in the
early larval stages could reduce the current dependency on live feed
and could lead to a more consistent hatchery production.

Microbound diets are feeds produced by binding different compo-
nents together with a binder, which are then dried, crushed and sieved
to the required particle size (110l 2009b; Hamre et al, 2013).
Compared to live feed, mjcmbourld dlcts are slomhic, more convenient
in terms of required size and avm!ablllty and lnvolve chcapcr pro-
duction costs (Southeate & Partrndge | ! H¥Gh). Using a
formulated microbound diet formula (1 abic 5), Genodepa etal. (2004h)
showed that a 1:4 ratio of microbound diet to Artemia resulted in the
highest S. serrata megalopac survival. Furthermore, molting rate at both
treatments (larvae were fed cither 100% microbound diet, or purely
Antemia) was high (90%) but those fed with microbound diet molted
earlier (Conodepa ot al 20040). This suggests that in addition to having

tolme et al
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Table 8
Microbound diet composition used S. serrata larvae and megalopae
(Genodepa et al. 20044 20040 2000, 2007; Holme et al 2006).
Ingredient Dry weight (%)
ﬁd meal 39.7
Rotifer 397
Fish oil 5.0
Corn oil 1.0
Lecithin a0
Cholesterol 1.0
Dibasic calcium phosphate (DCP) 0.6
Mineml mix 4.0
Vitamin mix 3.0
Zein (binder) 3.0
Total 100

sufficient nutrients to support the growth and development up to
megalopae, the formulated microbound diet may be nutriionally su-
perior over Artemia, especially in enhancing the molting process. Larvae
fed with Artemia showed shorter development time and higher survival
compared to those fed microbound diet (11oime ot al 2006). In
combif@lion, however, a ratio of 1:1 microbound diet:Artemia resulted
in the highest survival and development rate from Z3 to Z5 whereas
larvae fed with 100% microbound diet showed poor survival (I{oime
et al. 2006). This highlights the potential of incorporating microbound
diet into the dietary component of mud crab larviculture. Similar po-
sitive results of ing larvae with a mixed diet of zooplankton and
formulated diets have al reported in other crustacean species,
including penaeid prawn (Jones et al 1992) and lobster (Johnston et al
2008).

When tested on S. serrata larvae of each stage (fed with microbound
diet twice the equivalent dry weight of live feed), C.one
1200401 reported that microbound diet size preference of larvae in-
creases as larvae develop. Further experimentation showed that the
ration for larvae was excessive as there was no significant difference
ration was reduced by 50%. By studying the radioactive contents hourly
after S. serrata larvac was fed with '*C-labelled micrabound diet,
suggest that the formulated microbound diet
was rcadlly ingested by all larval stages, with an increase of > 90 folds
in ingestion between Z1 and megalopae. The obvious increases in in-
gestion were in Z3, Z5 and megalopa stages, indicating that the re-
placement of live feed with microbound diets at the later larval stages
was feasible (Conodepa ot ol 2006), The suitability of zein as binder
was also vahdau:d whcn Ger "1 compared with the
leaching rates of the same microbound diets with agar, alginate,
carrageenan, gelatin or zein. The lowest leaching rate in zein-bound
microbound diet is recommended as early and higher leaching rates of
microbound diets bounded with other binders decrease their nutritional
values and could adversely influences the water quality (Ceoodepa
et al. 2007),

depa et al

Genodepa et al. (20060

rodepa et al

5. Conclusions and recommendations
33
Mud crab is regarded as a promising aquaculture species with its
§¥% growth rate and high market demand (I-azhan ool 201
etal 2017). Significant progress has been made in the last decades to
provide the optimum rearing parameters, to better understand the
feeding mechanisms and nutritional requirements, and to develop sui-
able dicts for Scylla larvae. Collection of newly hatched larvae should
be done within an hour after hatching through siphoning or scooping
with the aid of light. Acclimatization is recommended if there is a water
temperature difference between the spawning tank and larval rearing
tanks. The optimum temperature and salinity range combination for
I rearing are 25-30°C and 20-35ppt respectively. An initial
ocking density of 100-150 Z1/L, use of probiotics as prophylaxis and
rearing in dark coloured tanks are proven to enhance the survival,

7a; Waiho
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growth and development of Scylla zocae. Non-recirculating system
should be used during ecarly stage (21-Z2) larvae before switching o
recirculating system with biofilters. The incorporation of microalgae
throughout larval rearing is impornant as they serve as food, stabilize
the water physical parameters (e.g. pll, dissolved oxygen), regulate
bacterial growth and improve overall water quality. The food acquisi-
tion process, the development of the larvae feeding apparatus and ex-
periments on prey/particle sizes revealed that the planktonic Scylla
larvae feed on free-floating particles in the water column, and the
preferred particle size increase with development stages, with the re-
commend able particle size range for Z1-22, 73-74, Z5 larvae and
megalopae are < 150 ym, 150-250 um, 250-600 pm and 400-600 pm
respectively. For diet, a combination of live feed and microbound diet is
recommended, with rotifers as live feed during early larval stages and
Artemnia for later stages.

Despite years of research and progress, the low larval survival rate
remains a major bottleneck for its commercializatdon. The reporting of
more detailed data on the methods and parameters used for larval
rearing as well as both negative and positive results will benefit those
engaged in rescarch and development, and hatchery operators to avoid
reinven| the wheel and repeating the same mistakes.

The ts of elevated temperature is now a great concem for both
broodstock and larvae. Attention should also be given to other equally
important parameters maost notably, photoperiod and light intensity for
both b and larvae. Published literatures on these parameters
and their effects on the reproductive performance of broodstock, and
survival and growth of larvae are scarce. Future studies on the effects of
these physical parameters, as well as their possible synergistic effects
with temperature and salinity could hasten the establishment of an
optimal mud crab larval rearing protocol.

Another essential element of mud crab larval rearing is the nutrient
requirements and feeding strategies, which still require further im-
provements. Commercially available shrimp larval diets are usually use
for the crab larval rearing in the absence of efficient crab larval diet.
Although some essential nutrients were studied and the quantitative
requirements determined, studies on other nutrients and their re-
quirements in the survival and growth of Scylla larvac are largely
lacking. Nutritional studies on how to address the issue on the Molt
Death Syndrome should be also be given focus.

Trials on the use of anﬂ:cmbml and probiotic extracts, and other
substitutes for antibiotics to prevent the occurrence of bacterial and
fungal infections in eggs and larvae in the hatchery should be given
attention.

These highlighted rescarch gaps could serve as guidelines for future
studies and spearhead the optimization of Scylla larviculture, reducing
the dependence on wild seeds and support propagation and restoration
efforts throughout most mud crab-available countries, where wild
Scylla stocks are critically depleted.
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