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SUMMARY

This study investigates the factors affecting larval and postlarval survival and growth of some de
capod crustaceans with special emphasis on diets. Investigations were concentrated on the influence o
live and artificial diets on larval growth, survival, development and trypsin activity of a commercialls
important marmne penaeid shrimp Penaeus indicus and a freshwater prawn Macrobrachium rosenber
gii. In addition, feeding behaviour, gastroevacuation time, trypsin activity of other decapod species wer:
also studied.

Live mixed microalgae Tetraselmis chuii and Skeletonema costatum at 60-70 cells pl”" promote
highest larval survival, fastest growth and development in P. indicus i comparison to single algal spe
cies. Rhinomonas reticulata neither alone nor in combination with other algal species was surtable a:
food for the shrimp larvae. A water salinity (S) of 25 ppt was optimal for larval and postlarval cultur
of this penaeid species. Postlarvae (PL) of P. indicus reared at lower salinities between PL7 and PL6(
(20-30 ppt) had a significantly (P<0.05) higher survival and a better growth than those at higher wate
salinities. Early PL resisted sudden salinity change of 10 ppt, but required an adaptation period fo
greater salinity changes. 10 ppt S was lethal to animals at around PL40-45.

A free-living nematode Panagrellus redivivus was found to be a suitable alternative for hive alga
and Artemia in the culture of P. indicus. The nematodes gave good survival, but lower growth than al
gae/Artemia from PZ1 to PL1. Larval growth and survival were significantly improved when the larva
were fed on either nematodes plus algal co-feeds or lipid-enriched nematodes. Pigmented- (astaxanthin
nematodes also improved survival and colour of P. indicus larvae in comparison to non-pigmented ones

Conventional live diets were also completely replaced using microencapsulated diets (MED) fo
the culture of P. indicus. Like the nematodes, MED as a sole feed resulted in lower survival, slowe
growth and development in comparison to algae/Artemia. Addition of 15 cells ul" frozen algae signifi
cantly improved growth and survival during larval development. The larvae fed MED plus algal co
feeds had significantly (P<0.05) higher trypsin activity than those fed MED as a sole feed. Similarly
provision of 15 cells ul"' algae with nematodes for only 24h or 48h resulted in significant increase it
trypsin activity and improved survival and growth to levels comparable to those obtamed from al
gac/Artemia. It appears that the presence of an algal diet is necessary to mduce larval trypsin activity u
P. indicus at early protozoeal stages, but algae do not influence trypsin at mysis stages. Results sugges
that both nematodes and formulated diets lack gut enzyme stimulants and are less digestible than al
gae/Artemia diets. When freeze-dried algal materials were incorporated mto MED, 1t was found tha
algal substances which trigger larval digestive enzymes were retained within the capsules. Whether th

will improve growth and survival of penaeid larvae remains to be examined.
In contrast to penaeid larvae, a complete replacement of live Artemia with nematodes or artificia

diets was not possible for the culture of caridean M. rosenbergii and Palaemon elegans larvae. Fo
both species, only a partial replacement was achieved from Z4/5 to metamorphosis by using formulate
diets. It was found that these larvae have very low trypsin activity levels between Z1 and Z4/5, but th
levels increase sharply afterwards, coinciding with a vast increase in the hepatopancreas. This sharj
increase in digestive enzyme activities and longer food retention time enable these larvae to survive ol

less digestible formulated diets.

A comparison of specific trypsin activity in several larval decapod crustaceans shows a patter
with high levels in herbivores, low levels in camnivores and intermediate levels in omnivores. Herbivor
penaeid larvae (P. indicus) and copepods (Temora longicornis and Centropages typicus) rely on hig
digestive enzyme activities to extract nutrients from less digestible algae, whereas camnivorous larvae
the lobsters (Homarus gammarus and Nephrops norvegicus) and candeans (M. rosenbergii and F

elegans) have limited enzymatic capacity and hence require large and easily digestible prey, but resis
long starvation periods. Omnivorous mysis penaeid larvae and Carcinus maenas have mmtermediat

levels of digestive enzymes and are able to transfer from herbivorous to omnivorous feeding. To date
only decapod larvae which show high trypsin activity can be successfully reared to metamorphosis o
formulated feeds. Inclusion of algal material, as a gut enzyme stimulant, for penaeid protozoeal stage
and pre-digested ingredients for later stages into feeds are proposed.
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GENERAL INTRODUCTION

Some parts of this section have contributed to the following publication:

Titlee. Recent advances in the development of microencapsulated diets for shrimp
larval culture

Authors: Kumlu, M., Le Vay, L. and Jones, D. A

Published: In: Kas, H. S. and Hincal, A. A. (Eds.), Minutes of the 9th Int. Symp.
On Microencapsulation. Editions de Santé, Paris. pp. 205-208. (1994).



GENERAL INTRODUCTION

While global shrimp landings from fisheries reached a plateau at approxi-
mately 1.9 million tons in 1985, farmed-shrimp production, particularly in
Asia and South America, is still growing remarkably. The overall shrimp
production increased from 0.7 million tons in 1965 to 2.5 million tons in
1990 and may exceed 3.2 million tons by year 2000 (Csawas, 1994). The
Food and Agricultural Organization of the United Nations (FAQO) reported
that the volume of worldwide farmed-shrimp reached to 884,075 tons in
1992 (cited 1n Fish Farming, 1994) making up more than 30% of the global
shrimp supply in 1992 (Csawas, 1994; Landesman, 1994). Nearly 80% of
the total crustacean aquaculture production was in the form of marine

shrimps in 1989 (New, 1991).

The practice of culturing shrimp was first developed in Japan with a native
prawn, Penaeus japonicus, and then spread to other Asian countries e.g.
Taiwan, Thailand, China, Indonesia and recently to South American coun-
tries such as Ecuador, Mexico, Colombia, etc. The eastern hemisphere pro-
duces 80 % of the farm-cultured shrimp and the western hemisphere 20 %
(Weidner and Rosenberry, 1992). Shrimp industry provides one of the ma-
jor sources of income in developing countries e.g. Ecuador, Bangladesh,
Philippines (Landesman, 1994). Major cultured shrimp species are P.
monodon (49.8 %), P. chinensis (13.8 %) and P. vannamei (15.5 %)
(Csawas, 1994). P. indicus, which is cultured in extensive shrimp farms
throughout South-East Asia, mainly in the Philippines, constitutes 5.4 % of
the total farm-raised shrimp production in 1992 (Weidner and Rosenberry,

1992). Freshwater prawn aquaculture is in the interest of Asian countries

mainly Thailand, Vietnam and Taiwan.

For many years, shrimp farms supplied their seed requirement from wild-

caught postlarvae. However, wild seed stocks are limited and cannot meet



the demand of a fast growing industry that needs a continuous supply of
postlarvae (PL) throughout the year. Hence, a vast number of hatcheries
have been established to meet the demand for seed by the shrimp industry
over the last few decades. It was estimated that there were 4,756 hatcheries
in tropical countries in 1991 to supply seed for 36,840 shrimp farms
(Weidner and Rosenberry, 1992). These hatcheries rely on wild collected
gravid females for the production of shrimp nauplii. Hatchery management
requires a proper water quality control and appropriate feeding regimes. In
large and well-equipped hatcheries, sea water used in larval culture is gen-

erally filtered and UV-treated to prevent disease breakouts.

Live feeds

Penaeid larvae hatch as a non-feeding stage called a nauplius (ranges from
5-6 stages), and pass through three protozoeal (PZ1-3) stages and three
mysis (M) stages before reaching the postlarval stage (PL). Penaeid hatch-
eries conventionally rear penaeid shrimp larvae on microalgae (diatoms,
flagellates, etc.) during zoeal, and zooplankton (Artemia, rotifers) during
later stages (Hudinaga, 1942; Aquacop, 1983; Liao et al., 1983). Produc-
tion of live diets at a commercial scale i1s complicated, expensive, and unre-
liable 1n supply and nutritional value (Sorgeloos et al., 1983, Langdon et
al., 1985; Jones et al., 1993). Although Artemia 1s the most practical ani-
mal prey, limited resources, high cost of cysts, and nutritional variability
are disadvantages of this live feed source (Sorgeloos, 1980, Watanabe et
al., 1983; Léger et al., 1985, 1986). Use of mixed algal diets for penaeid
shrimp larvae always gives superior survival, growth and development to
single algal species (Kuban et al., 1985; Amjad, 1990) due to their more
balanced nutrient content. While provision of live feeds 1s a general routine
in most shrimp hatcheries, larval production on these feeding regimes may
be inconsistent throughout the season (Cook and Murphy, 1969, Mock et
al., 1980). Table 1 summarizes the success of using live feed to rear com-

mercially important penaeid species during larval development.



Search for cheaper, nutritionally adequate and practical larval feed sources
has been directed towards other live zooplankton and artificial diets. For-
mally live zooplankton, rotifers (Brachionus plicatilis) were extensively
used to feed penaeid larvae (Liao et al., 1983; Yufera et al., 1984), but
their use has been limited in hatcheries because of difficulties in mass cul-
ture and poor nutritional quality (i.e. highly unsaturated fatty acids =
HUFA) (Watanabe et al., 1983). Attempts to replace Artemia with the roti-
fers in culture of a fresh water prawn species M. rosenbergii were unsuc-
cesstul (Lovett and Felder, 1988). Live free-living nematodes, Panagrellus
redivivus, were suggested as a potential alternative live feed source to re-
place Artemia 1n the culture of several penaeid species (Wilkenfeld et al.,
1984; Biedenbach et al., 1989). The nematodes can be cultured easily on
cheap growth media in mass quantities and their nutritional value can be

modified by loading their alimentary canal with growth factors such as

HUFA (Kahan et al., 1980; Rouse et al., 1992).
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Artificial diets

Different processing techniques have been employed to produce artificial
particles in dehydrated forms as food for aquatic animals. All these process-
iIng methods were extensively reviewed by Langdon et al. . (1985). Since
then, spray drying techniques, which involve spraying a homogenized mix-
ture of ingredients into hot air to form heat sealed and water-stable cap-
sules, have increasingly been used to produce diets for penaeid larvae.
Whichever processing method is used, the artificial diet must satisfy the
same parameters. acceptability, digestibility, stability, adequate nutritional
content, cost-etfectiveness, and storage (Jones et al., 1993). After finding
that artificial food particles are accepted by some filter feeding crustaceans
(Jones et al., 1972), several kinds of artificial diets have been manufactured
to replace the live feed, partially or totally. The most commonly used arti-
ficial diets to culture shrimp larvae are microbound (microparticulated) and
microencapsulated diets (MED). Microbound diets are inexpensive, easy to
produce and are reported to be used successfully in laboratory and hatcher-
1es (Kanazawa et al., 1982; Galgani and Aquacop, 1988; Liao et al., 1988,
Kanazawa, 1990). These diets are produced by mixing the nutritional in-
gredients thoroughly with binders (carboxymethyl cellulose, calcium algi-
nate, carrageenan, agar or gelatine). The mixture 1s then oven- or freeze-
dried, ground and finally sieved through appropriate sizes. They exhibit
poor stability in water causing not only water pollution and bacterial built-

up, but also they may become deficient due to nutrient leach loss (Amjad et

al., 1992).

The microencapsulation technique was first modified from Chang et al.,
(1966) to deliver nutrients in a protein and nylon cross-linked membrane
to prevent nutrient loss through leaching and used to identify specific nu-
tritional requirements of aquatic organisms (Jones et al., 1979a, b). Further
development of the technique resulted in the production of only cross-

linked protein walled capsules, capable to withstand drying, which have



been used extensively in the laboratory and commercial hatcheries (Jones et
al., 1987, Kurmaly et al., 1989a; Jones et al., 1993). Among a wide range
of artificial diets manufactured in an attempt to completely or partially re-
place live diets in culture of penaeid larvae MED have proved to be the
most successtul (Jones et al., 1979a; 1984; 1987; Kurmaly et al., 1988:
1989a; 1989b;, Amjad, 1990, Amjad and Jones, 1992; Jones et al.. 1993).
Although complete replacement of live diets with MED has been limited in
success, partial replacement is already routinely used in many hatcheries
(Jones et al., 1987, Fegan, 1992). These encapsulated diets promote good
survival, but slower growth rate and development in penaeid shrimp and
prawn larvae in comparison to live diets. Growth and survival equivalent to
live diet has been reported for P. monodon (Amjad et al., 1992: Ka-
marudin, 1992; Jones et al., 1993) when a small amount of live or frozen
algae (10 cells pl'') was used as a supplemental co-feed with microencapsu-
lated diets. Recently, Ottogali (1991, 1993) reports successful results in
complete replacement of algae in commercial hatcheries in culture of pe-
naeid larvae. However, penaeid larval growth and development on live
feeds are generally still superior to those solely on formulated diets

(Galgani and Aquacop, 1988; Jones et al., 1993).

Complete replacement of live diets by artificial diets to rear caridean
shrimp and homarid larvae is not currently possible. Live Arfemia was re-
placed completely in M. rosenbergii culture, but only from stage 26 to Z11
with a microencapsulated diet designed for penaeid larvae (Deru, 1990).
Despite considerable efforts to develop an adequate artificial diet as a
substitute and/or supplement (Brewster, 1987; Deru, 1990), hatchery pro-
duction of M. rosenbergii still relies heavily on live Artemia at least during
its early stages (Jones et al., 1993). The inability of the early larvae of
these species to survive on artificial diets may be due to their feeding be-

havior and low digestive enzyme activities (Jones et al., 1993). Table 2



summarizes the success in larval rearing of crustaceans on formulated diets

during larval development.

Table 2. Artificial diets used to replace live diets in culture of decapod crustacean larvae.

Species Type of diets
PENAEID
P. indicus Microbound diet

P. japonicus

P. japonicus

P. japonicus

P. japonicus

P. japonicus

P. japonicus

Microencapsulated diets

Microbound diet

Microencapsulated diets

Microbound diet

Microencapsulated diets /
alga

Microencapsulated diets

P. monodon Microencapsulated diets

P. monodon Microencapsulated diets
/algae no Artemia

P. monodon Microencapsulated diets

P. monodon Microencapsulated diets
Jalgae (10 cells pI'")

P. monodon Microencapsulated diets

P. monodon Microbound diet

P. stylirostris

P. stylirostris

Microencapsulated diets
[Artemia

Microencapsulated diets
/algae

P. vannamei Microencapsulated diets
falgae / Artemia

P. vannamei Microencapsulated diets
falgae without Arterm/a

P. vannamei Microbound diets

CARIDEAN

M. rosenbergii  Freeze dried catfish
(from Z4 stage)

M. rosenbergii  Nylon protein Microcap-

sules

Results

62 % survival to M1, growth
Inferior to algae

0% survival to postlarval stage

90 % survival to PL1, growth less
than live feeds

90% survival to PL4, growth
same as live feeds

75 % survival to PL1
795 % survival to PL1

43.8 % survival to PL1
3-29% survival to PL7
O-47 % survival to PL7

80 % to PL1 growth inferior
to live feed

74 % to PL1 growth same as
live feed

91-64% survival to PL

85 % survival to M1

Growth and survival equal to
live feeds

65% survival to PL5-7

O90% survival to PLS -7

80% survival to PLS -7

47% survival to M1

11% survival to metamorphosis

Larvae survived to 4th stage

References

Galgani and Aquacop (1988)

Jones, et al., (1979a)
Kanazawa et al., (1982)

Kanazawa (1985)

Kanazawa (1990)
Le Vay et al., (1993)

Le Vay et al., (1993)
Jones et al., (1987)
Jones et al., (1987)

Amjad et al., (1992)

Amijad et al., (1992)

Kurmaly et al., (1989a)
Galgani and Aquacop (1988)
Ottogali (1991)

Jones et al., (1987)

Jones et al., (1987)

Jones et al., (1987)

Galgani and Aquacop (1988)

Sick and Beaty (1975)

Jones et al., (1975)



Continued from Table 2

Species Type of diets Resuits References
M. rosenbergii  Microencapsulated diets 84 % survival to PL1, slower Deru (1990)
(from Z4 to PL stage) growth than Artemia
Cra:;gon nign-  Artemia - microcapsules No survival beyond Z2 stage Villamar and Brusca (1987)
cauda
LOBSTER
H. gammarus Microencapsulated and No survival beyond stage |l Kurmaly et al., (1990)
microbound diets
CRAB
Eurypanopeus  Microcapsules plus rotifers  83-93 % survival to megalopa Levine and Sulkin (1984)
depressus

Portunus tritu-  Microcapsules plus rotifers  16.1 % survival to juvenile stage Kanazawa et al., (1983)
berculatus

Larval nutritional requirements

Various dietary requirements for different penaeid species have been stud-
ted. New (1976, 1980) provides an extensive bibliography on nutritional
research for penaeids. Despite recent advances in understanding of nutri-
tion of adult and juvenile decapod crustaceans (Kanazawa, 1984, 1990;
Langdon et al., 1985; Liao and Liu, 1990; Guillaume, 1990, Chen, 1993),
only limited information on specific dietary requirements for crustacean
larvae 1s currently available (Jones et al., 1979a, b, Kurmaly et al., 1989b;
Jones et al., 1993). Absolute nutritional requirement of penaeids can only
be identified when a water stable formulated diet is accepted, ingested, di-
gested and assimilated at comparable levels to live diets (Jones et al.,
1993). Current larval artificial diets are manufactured using natural ingredi-
ents such as fish or shellfish meals, cod roe and other types and have simi-
lar nutritional value to that of live or zooplankton feeds. However, the per-
centage of the nutritional composition of microparticulated diets which

reaches the larva varies as a result of species specific acceptability and

stability of the diets.



From the nutritional value of live algae successfully used in penaeid cul-
ture, it may be concluded that penaeid larvae require a protein level of be-
tween 23-55 % of dry weight of diets (Liao and Liu, 1990, Akiyama et al.,
1992; Rodriguez et al., 1994). It is generally accepted that penaeid larvae
and postlarvae require higher dietary protein requirement than juvenile and
adults (Kanazawa, 1984; 1990, Akiyama, 1992). However, Le Vay et al,
(1993) recently demonstrated that P. japonicus larvae can be successtully
reared to metamorphosis on the alga, Chaetoceros gracilis, which contain ¢
only 7 % protein (dry weight). Jones et al., (1979b) showed the importance
of HUFA particularly 20: 5®-3 and 22: 60-3 in P. japonicus larvae using
nutritionally defined microcapsules. Lipid and carbohydrate levels used in
formulated diets are in the range found in live algae and zooplankton. Cur-
rent microencapsulated diets, which have been successfully used in penaeid
culture, contain 52 % protein, 13-14 % carbohydrate, 12 % lipid and 2 %
HUFA (Le Vay, 1994). Essential vitamins are generally included in artificial

diets at levels higher than recommended (Kanazawa, 1990).

Feeding and Digestion

Larval development is associated with drastic change in digestive morphol-
ogy and physiology particularly between zoeal (caridean, lobster and crab
larvae), mysis (penaeids) and metamorphosis. An appropriate artificial diet
for larval rearing can only be developed when the digestive morphology,
physiology and feeding behavior of an organism are fully understood. Pe-
naeild shrimp larvae obtain their food by filtering microalgae from the water
at protozoeal stages, and capturing zooplankton at mysis and postlarval
stages. Caridean larvae, however, consume zooplankton directly 24-36 h
after hatching. Cell size of microalgae used to feed early shrimp larvae are
generally between 5-20 um in diameter, whereas the size range of animal
prey ranges from 70 to 500 pum. Artemia salina nauplii are the only realistic
live prey for both penaeid and caridean larvae such as M. rosenbergii until

their early postlarval stages. Although there is much research on the nutri-
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tional requirements of adults and juveniles (Yonge, 1924: Young, 1959,
Dall, 1967, Andrews and Sick, 1972; Shewbart et al. 1973; Barker and
Gibson, 1977, Kanazawa et al., 1981; 1982: Kanazawa, 1985), little is
known about the feeding mechanism, digestion, digestive enzymes, assimi-
lation, gut structure, and nutritional requirement of the larvae of decapods.
Increasing demand for postlarvae by shrimp industry and the decreasing
availability of postlarvae from the wild has encouraged investigators to
concentrate on larval digestive physiology (Factor, 1981; Kanazawa et al..
1982; 1983; Sasaki et al., 1986, Jones et al., 1979a, b; 1984, 1989: Kur-

maly, 1989; Abubakr, 1991; Lovett and Felder, 1990a, b; Abubakr and
Jones, 1992, Le Vay et al., 1993).

Recent studies on the digestive system of penaeid and caridean shrimp lar-
vae have contributed towards the understanding of the digestive physiology
of these larvae. Mandibles of shrimp larvae are able to crush and masticate
food particles before the ingestion. During planktonic stages, decapod
crustacean larvae are chance encounter feeders and need a high density of
food particles in suspension at all times. Once contact 1s made the chemical
and mechanical cues become important, and the larvae either consume or
reject the particles (Moller et al., 1979, Kurmaly et al., 1990). Penaeid
shrimp larvae are less selective than caridean and homarid larvae, accepting

inert particles even at mysis stages unless they contain noxious and toxic

substances (Kurmaly et al., 1990).

The digestive system of penaeid shrimp larvae is very simple and lacks a
gastric mill, and filter apparatus during herbivorous stages. Existence of the
anterior midgut diverticulae (AMD) along with the small hepatopancreas
(HP) has been described by Lovett and Felder (1989; 1990c) for P. setif-
erus and by Abubakr (1991), Abubakr and Jones (1992) for P. japonicus,

P. monodon, P. kerathurus and P. vannamei. Digestion is conducted by en-

zymes, released mainly from the AMD rather than the HP during early lar-
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val development (Abubakr and Jones, 1992). At mysis stages, the teeth of
the gastric mill are fully developed and, thus, the larvae become increas-
ingly carnivorous, retaining food longer and assimilating a higher percent-
age of energy from their prey (Jones et al., 1993). Although penaeid larvae
exhibit low assimilation efficiency during herbivoral stages (Kurmaly et al.,
1989a), their survival on microalgae and artificial diets is thought to be due
to their short gastroevacuation time (GET) and a sufficient amount of di-

gestive enzymes produced by the AMD (Abubakr, 1991; Abubakr and
Jones, 1992, Jones et al., 1993).

Caridean shrimp larvae, such as Palaemon elegans and M. rosenbergii,
however, lack the AMD and hence may have limited digestive capabilities
during early stages due to an underdeveloped HP between Z1 and Z4-5
(Deru, 1990; Abubakr, 1991). A drastic increase in the HP volume ob-
served 1n P. elegans (Abubakr, 1991) and M. rosenbergii (Deru, 1990) at
Z4-5 stages and longer food retention time may increase their digestive ca-
pability. These carnivorous larvae appear to rely on prey autolysis for di-
gestion especially during their early stages (Kamarudin et al., 1994). Lob-
ster larvae (Homarus gammarus) display a high assimilation efficiency on
live diets, but cannot reach metamorphosis (Kurmaly et al., 1990) on en-

capsulated diets due to their possibly low level of digestive enzyme secre-
tion and long GET (Kurmaly et al., 1990; Abubakr, 1991, Jones et al,
1993).

Several authors suggest that exogenous enzymes from the prey may con-
tribute to digestion process of fish or crustacean larvae with poorly devel-
oped guts (Lauff and Hofer, 1984, Munilla-Moran et al., 1990; Jones et al,,
1993). Studies on digestive enzymes during larval development have con-
tributed to a better understanding of digestive capability of the organism
(Biesiot and Capuzzo, 1990; Harms et al., 1991, Kamarudin et al., 1994)

This knowledge allows the design of formulated diets according to the re-
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quirement of a particular species (Kamarudin, 1992). Although there are
numerous investigations on digestive enzymes in adult decapod crustaceans
(Gates and Travis, 1969, Van Weel, 1970, Hoyle, 1973: Gibson and
Barker, 1979; Lee et al., 1984, Maugle et al., 1982; Glass et al. 1989), lar-
val digestive enzymes have only recently been studied. Trypsin is the domi-
nant proteolytic enzyme in decapod crustaceans and may be responsible
from 40-60 % (Galgani et al., 1984; Tsai et al., 1986) of total protein di-
gestion in penaeid larvae. These larvae show a high trypsin activity during
protozoeal stages with a maximum level at M1-M2 stages, but the level
declines through metamorphosis (MacDonald et al., 1989; Kamarudin,
1992; Kumlu et al., 1992; Jones et al., 1993; Le Vay et al., 1993). Table 3

shows larval digestive enzymes of decapod crustaceans studied to date.

It 1s generally thought that herbivorous decapods have high levels of carbo-
hydrases but weak proteases whereas the reverse i1s true for carnivorous,
while omnivorous ones are intermediate. Yonge (1937) found that carnivo-
rous crustaceans have more active proteases and weak carbohydrases com-
pared to herbivores. In contrast, Sather (1969) reported that omnivorous
and herbivorous animals show higher proteolytic enzymes compared to
carnivorous ones. Degkwitz (1957 cited in Sather, 1969), however, found
no relation between digestive enzymes and feeding mode of crustaceans.
Although there are several studies available in the literature for penaeid
larvae (Galgani and Benyamin, 1985; MacDonald et al., 1989, Lovett and
Felder, 1990a, b; Kamarudin, 1992; Kumlu et al., 1992; Le Vay et al,
1993; Rodriguez et al., 1994), caridean larvae (Van Wormhoudt, 1973,
Kamarudin et al., 1994), lobster larvae (Biesiot and Capuzzo, 1990) and
crab larvae (Harms et al., 1991; Harms et al., 1994), it is not possible to
compare digestive capabilities of these species as these authors used differ-
ent culture conditions, different assay methods, and expressed the enzyme

activity in different units. In this study, International Unit (IU) 1s used to



13

express trypsin activity of larval decapods per larva or per pg dry weight
(DW).

Table 3. Larval digestive enzymes in decapod crustaceans (+ refers present, - absent).
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P. monodon + + + MacDonald et al., (1989); Kamarudin (1992); Kumiu et al.,
(1992); Fang and lee (1992)
P. japonicus Laubier-Bonichon et al., (1977); Galgani and Benyamin (1985);
Kamarudin (1992); Le Vay et al., (1993); Rodriguez et al., (1994)
P. setiferus Lovett and Felder (19903, b)
P. vannamei +Moullac et al., (1992)

M. rosenbergii
P. serratus
H. americanus

Kamarudin et al., (1994)

Van Wormhoud (1973)

Biesiot and Capuzzo (1990)

Hirche and Anger (1987); Harms et al., (1991)
Harms et al., (1994)

H. araneus
C. maenas

Aims of the present studies

e Chapter 1 investigates optimal culture conditions for P. indicus larvae
fed locally available various algal species in order to establish a control
treatment prior to further nutritional studies with artificial diets. Three al-
gal species are compared at different cell densities and combinations on
larval survival, growth and development of P. indicus. Optimal salinity
during larval culture is also established.

e Chapter 2 investigates postlarval salinity tolerance of P. indicus originat-
ing from India to determine whether this population shows different salinity
preferences to P. indicus cultured in the Red Sea (Bukhari et al., 1994).
Optimal culture salinity between (postlarvae 7) PL7 and PL60 1s estab-
lished.

e Chapter 3 investigates the use of free-living nematodes as an alternative
live feed source in the culture of two caridean species, a native prawn F.
elegans and a freshwater prawn M. rosenbergii, and a penaeid species, P.

indicus, during larval development. Complete replacement of live algae and
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Artemia in the culture of P. indicus is demonstrated from PZ1 to PL

stages.

e Chapter 4 aims to improve nutritional value of the nematode P. redivivus
In an attempt to obtain larval (P. indicus) growth and development on the
nematodes comparable to that on live algae and Artemia. The effects of
astaxanthin and lipid-enriched nematodes are investigated on larval sur-
vival, growth, development and pigmentation. The effects of different algal
co-feeds in addition to nematodes are examined on larval performance and
trypsin activity.

e Chapter 5 examines the influence of live and artificial diets (MED) on
growth, survival, development and trypsin activity of P. indicus larvae.

Total replacement of live algae/Artemia, and the effect of algae included

MED on larval trypsin activity are also investigated

o Chapter 6 investigates feeding behavior and digestive capability of two
caridean species, P. elegans and M. rosenbergii, during larval development.
The effects of live and artificial diets on growth, survival, gastroevacuation
time and trypsin activity are also examined.

e Chapter 7 compares the specific trypsin activity of several decapod
crustacean species and discusses the possibility of using specific trypsin ac-
tivity (IU pg™' larval dry weight) as a tool to describe feeding strategy of
decapod larvae. Larval trypsin activity of H. gammarus, N. norvegicus and

C. maenas are also examined.
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GENERAL MATERIALS AND METHODS

Maturation facilities

Penaeus indicus broodstock originating from India and reared in Tahiti and
France, IFREMER for several generations was kept in a black circular
plastic tank (capacity 6 m’; diameter 2.80: height 1.10 m) situated in a
tropical conditioned room. The bottom area of the tank was 6.12 m”. The
temperature of the room with insulated walls was maintained at 35 °C by
fan heaters. A controlled photoperiod (10L:14D) with artificial fluores-
cent illumination was applied and water temperature was maintained at 28
+ 0.5 °C by thermostatistically controlled heaters. The water level of the
tank was kept low (0.60 m) to observe maturation stages of females easily.
The water of the tank was recirculated through two bio-filters connected
to the tank by a pump (max. flow: 50 1 min™"). Each bio-filter consisted of
2 circular transparent plastic columns (diameter 47 c¢cm; height 2 m) filled
with plastic artificial media to act as a substrate for nitro-bacteria. The sea
water pumped on top of these bio-filters fell by gravity over these artificial
media. Air supplied by a blower diffused through a large air stone. Fresh
sea water was dripped continuously into the tank to change 1/3 of the wa-
ter of the tank daily. Every morning, wastes, moults and dirt were si-
phoned out from the bottom of the tank. The pH, nitrate, nitrite, ammonia
contents of the water were checked by using Tetra Test kits. Initially 12
males and 6 females, of which some features are summarised in Table 1,

were stocked in the tank. Following any mortality, the dead animals were

replaced.

Table 1. Mean weight (g), carapace length (mm), and total length (mm)
of Penaeus indicus broodstock.

Males Females
Mean weight (g) 10.48 = 1.15 15.15 +£ 3.01
Carapace length (mm) 3.97 £ 0.23 4.60 = 0.30

Total length (mm) 10.19 + 0.41 11.25 + 0.49



16

Treatment of the animals

Different ablation techniques, such as making an incision across the eyeball
and squeezing the contents outwards, pinching the eyestalk. cutting the
eyestalk, were tested. After a few trials, it was concluded that cutting the
eyestalk, after it had been tied with a piece of string, results in much better
success 1n lowering mortality of females. Therefore, this ablation technique
was applied commonly for P. indicus females. Males did not need any
ablation. No application of antibiotics was necessary after the ablation. The
broodstock animals were fed predominantly on fresh mussel, Mytilus edulis,
lugworm (Arenicola marina), and chopped squid in excess. Mussels were
opened, cleaned and given with their shells everyday. The remaining of the

food was siphoned out everyday or sometimes twice a day.

Description of the hatchery procedures

P. indicus temales were normally staged on a daily basis. Ovaries were
checked during late atternoon by a flash light to outline their stage of matu-
ration. Females ready to spawn was removed to a black 100-1 spawning tank
supplied with a heater and gentle aeration (28 °C and 33.5 ppt). The tank
was left undisturbed until the next morning. The female (spawned or not)

was returned to the maturation-mating tank.

Spawning Treatments

Viability of the eggs was evaluated under a light microscope and their num-
ber was estimated. After hatching, 50% of the water was renewed with fil-
tered (0.2 pm) and UV-irradiated sea water. Once the larvae developed
through the sixth nauplius (N6) stages to protozoea 1 (PZ1), a 80 um mesh
was used to lower the water of the spawning tank to 10 cm water depth
Remaining water was siphoned through 350 pm mesh to eliminate large fae-
cal matter and other wastes. The larvae were rinsed in the filtered and UV-

treated sea water and generally treated with an antibiotic (furazolidone) at

0.2 ppm before being used in feeding experiments.
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Trypsin Analysis

Whole homogenates were used in the enzyme assays; the larvae were ho-
mogenised in a glass tissue grinder with tris buffer (46 mM: pH = 8.1; 11.5
mM CaCljy), which was prepared according to the method of Rick (1974)

The homogenised samples were centrifuged for 5 min at 12000 rpm at room
temperature. Two replicates for each treatment and triplicate assays for

each sample were conducted and used for calculations. Trypsin-like enzyme

activity was assayed by using 10 mM Na-p- Toluenosulfonyl- L-Arginine
Methyl Ester (TAME) at pH 8.1, and 25 °C (Rick, 1974). Different
amounts of substrate and buffer solutions, depending on the stage of the
larvae, were equilibrated at 25 °C in 1.5 ml micro test tubes. Following the
addition of the sample, the mixture was transferred to a 1 cm path length
quartz cuvette, placed in a thermostatically controlled holder at 25 °C.
Changes in absorbance at 247 nm were measured every 6 s for 180 s by a

Hewlett Packard 8452A Diode Array spectrophotometer. Trypsin activity

in the sample was calculated as follow:

Sample vol. x Assay vol.

Total trypsn= ————  x 0Abs/ot
activity Sample vol. x € x d
in assay

c = Extinction coefficient (0.54 pmole” for TAME)
Abs = Absorbance,

t = time (min)
d = Path length (cm)

Total enzyme level is divided by the number of the larvae to give total
trypsin activity in International Unit (IU) larva’'. Specific trypsin activity
(IU pg™' dry weight) is found by dividing the enzyme level to individual lar-
val body dry weight (DW). One IU is equivalent to one pmole of substrate

hydrolysed in one minute.
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Determination of larval body dry weight
Larval samples were washed in distilled water and dried on pre-weighed
fine meshes 1n an oven at 60 °C for 24-36 h. After cooling in a desiccator

for 1-1.5 h, the samples (two replicates for each stage) were weighed on a

microbalance (CAHN-31).
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INTRODUCTION

It has been possible to close the life cycle in captivity for Penaeus indicus
with stock originating from India now bred through several generations in
partial recirculation systems in the School of Ocean Sciences, Gwynedd
Menai Bridge, UK. This disease free stock presents an ideal opportunity for
larval nutritional research and genetic studies as it is possible to produce
disease free larvae at regular intervals throughout the year. Present work
describes the optimisation of larval culture for this disease free stock using

live feeds.

Penaeid larvae are generally cultured on live unicellular algae during proto-
zoeal stages and animal prey are added along with the algal feeds during
mysis and early postlarval stages (Hudinaga, 1942; Cook and Murphy,
1969). Several species of algae such as the phytoflagellates 7Tefraselmis sp.
(Hudinaga, 1942; Samocha and Lewinsohn, 1977, Kurmaly et al., 1989a)
and Isochrysis sp. (Aquacop, 1984), diatoms Skeletonema sp. (Yufera et
al., 1984; Preston, 1985b), Thalassiosira sp. (Emmerson, 1984, Kuban et
al., 1985) and Chaetoceros sp. (Tobias-Quinitio and Villegas, 1982; Aqua-
cop, 1984; Kuban et al., 1985) have been reported to be adequate as food
for penaeid larvae. Some authors such as Griffith et al., (1973) state that
phytoflagellates sustain better larval growth and survival than the diatoms,
while others such as Tobias-Quinitio and Villegas, (1982);, Aujero et al,,
(1983) report that diatoms are better live feeds for rearing penaeid larvae.
These contradictory results were attributed to cell size and different nutri-
tional contents of microalgal species (Aujero et al., 1983). Hence, pe-
naeid larvae are generally cultured on mixed algal feeds to eliminate poor
survival and growth rates resulting from possible nutritional deficiencies in
single algal species. While some penaeid species such as P. vannamei were
grown on mixed diatom algal species of Skeletonema / Chaetoceros suc-

cessfully (Kuban et al., 1985), others such as P. monodon larvae were cul-
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tured on mixed flagellate species of Tetraselmis chuii/ Rhinomonas reticu-
lata (Kurmaly et al., 1989a). Of the live animal prey used as food during
mysis and PL stages in penaeid larviculture, freshly hatched Artemia nauplii
are the most widely used species. In some cases other live zooplankters
such as the rotifer Brachionus plicatilis (Emmerson, 1984; Yufera et al..
1984) and the nematode Panagrellus redivivus (Samocha and Lewinsohn,
1977, Wilkenfeld et al., 1984) are used as live feeds to culture penaeid lar-
vae during mysis stages. A number of investigations have concentrated on
finding the best algal food sources and the larval stage at which animal prey

should be offered to penaeid larvae (Gopalakrishnan, 1976; Kuban et al.,
1985).

Larval cultures of Penaeus indicus have received considerably less atten-
tion compared to other commercially important penaeid species. Larvae of
this species have been cultured successfully on various single algal species,
such as Thalassiosira weissflogii (Emmerson, 1980), and on mixed algal
diets, such as Chaetoceros gracilis, Platymonas sp., and Isochrysis aff.
galbana, and Artemia salina nauplii after PZ3 stage (Galgant and Aquacop,
1988). Aquacop (1983) suggests the use of mixed algae Isochrysis and
Chaetoceros in rearing P. indicus larvae. The optimal cell concentration for
growth and survival of penaeid larvae varies with larval developmental
stages and cell size of algal species used. Emmerson (1980) obtained 96 %o
survival to PL1 when he maintained algal cell density of 7. weissflogii at 7
cells pl'l between PZ1 and PZ3 stages. Aquacop (1983) recommends 100
cells pl-l of the mixed algae of Chaetoceros (20 %) and Isochrysis (80 %)
between PZ1 and PZ3 stages. Galgani and Aquacop (1988) report that algal
cell density of 30-40 cells ul'1 of C. gracilis, Platymonas sp., and Isochry-
sis aff. galbana was adequate to rear P. indicus larvae during protozoeal
stages. Emmerson and Andrews (1981) studied the effect of stocking den-
sity on the growth, survival and development of P. indicus and concluded

that levels decrease with increasing larval stocking density.
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Preliminary experiments with P. indicus larvae obtained at the School of
Ocean Sciences, Menai Bridge, UK, have shown that mixed algae (1. chuii/
R. reticulata) which has been used successfully to rear P. monodon
(Kurmaly et al., 1989a; Amjad, 1990, Kumlu et al., 1992) at cell density of
45-50 cells ul'l 1s not suitable for culturing P. indicus. Hence, in the pres-
ent work, evaluation of live diets was conducted to determine the best diet
to promote high survival and rapid growth for this larval species so that it
can be used as a control diet for further nutritional studies with this pe-
naeid. In the first experiment, Tetraselmis chuii, Rhinomonas reticulata
and Skeletonema costatum were tested singly and in combinations from 10
to 50 cells pl'l from PZ1 to PL1 stage. In the second experiment, the best
algal feeds were selected and algal cell concentration was increased from
50 to 80 cells pl'l as the first experiment showed that optimal algal cell
concentration was in the higher range. The third experiment investigated
the possibility of eliminating algae totally during the culture of muysis
stages. A fourth experiment was conducted to assess the effect of four sa-
linities (from 20 to 35 ppt) on larval survival and growth of P. indicus. In
all experiments larvae were fed on algal feeds (protozoeal stages) plus five
Artemia nauplii ml™ after stage PZ3/M1 (mysis and postlarval stages). The
fifth experiment investigated possible reasons as to why R. reficulata 1s not
a suitable live feed alone or in combination with other algae as food for P.
indicus larvae. The primary aim of this study was simply to ascertain the
best of the available algal species and cell concentrations together with op-

timum environmental conditions that promote maximum larval growth and

survival in P. indicus.

MATERIAL AND METHODS

Experiment 1

P. indicus larvae were obtained from broodstock, originating from India,

kept in the School of Ocean Sciences (see General Material and Methods).
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Gravid females were spawned in 100-] tanks in filtered (0.2 um) and U/V
irradiated sea water. Following the non-feeding nauplius stages, PZ1
(protozoea 1) larvae were stocked in filtered and U/V treated sea water at
33.5 ppt salinity in 2-litre round bottom glass flasks in a water bath at 28
°C. Live monospecific algal cultures of three species, 7" chuii (Butcher), .
costatum (Greville) and R. reticulata (Lucas), grown in a semi-continuous
culture as described by Walne (1966), were fed to P. indicus larvae singly
and 1n combinations (50 % from each algal species) at cell densities of be-

tween 10, 20, 30, 40 and 50 cells pl™" day! Algal diets used in the experi-

ment were;
(1) T. chuii,
(2) S. costatum,
(3) R. reticulata,
(4) 1. chuii/ §. costatum (1:1),
(5) T. chuii / R. reticulata (1:1),
(6) R. reticulata/S. costatum (1:1).

A portable laboratory Quantum Scalar Irradiance Meter (Model QSL-100)
was used to measure the light intensity of the culture room where all the
following experiments in this thesis were conducted. Algal cultures were
maintained in the exponential growth phase and Conway Medium was used
as a source of nutrients (Walne, 1966). Everyday algal cell densities were
estimated using a haemocytometer and a Coulter Counter (Model ZB:
Coulter Electronics) both in the algal culture medium and larval culture
flasks to maintain desired experimental algal cell densities. Tables 1 and 2
give description and nutritional contents of the algal species used in the
present experiments. Complete water changes were carried out every other
day when 10-15 larvae were measured under a binocular microscope from
tip of the rostrum to the end of the tail (total length = TL), counted using
glass pipettes and staged according to Silas et al, (1978) Five newly
hatched (at 28 °C and 34 ppt for 24 h) Artemia naupln (INVE AQUACUL-
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TURE, Belgium) ml™ were fed to the larvae along with the algal feeds from

PZ3/M1 onwards. Larval growth and survival were assessed from two rep-

licates from PZ1 to PL stages.

Table 1. Microalgal species and their nutritional contents (obtained from Kurmaly
et al., 1989a) used in the present experiments.

Species Cell size  Description  Protein  Carbohydrate  Lipid  Ash
(pm) (%) (%) (Yo) (Vo)

Tetraselmis

chuii 10-15 Flagellate 48.80 24.70 4.3 22.2

Skeletonema

costatum 8-10 Diatom 33.30 22.60 8.1 36.0

Rhinomonas

reticulata 8-10 Flagellate 52.00 33.70 4.3 4.3

Experiment 2

The first experiment showed that optimal cell density for P. indicus was
higher than the range (10-50 cells pl'l) tested. Hence, higher cell densities
of 50, 60, 70 and 80 ul'l day' of mixed algae T. chuii / S. costatum and S.
costatum singly were tested on growth and survival in this experiment. Cell
density of T. chuii was kept constant at 25 cells pl'l in the mixed diets
whilst cell density of S. costatum was changed between 25 to 55 cells pl'l.

All other experimental procedures were identical to the first experiment.

Experiment 3

The effect of algae, along with live Arfemia, on growth and survival of
mysis stages of P. indicus was investigated in this experiment. For this

purpose the PZ3/M1 larvae, previously reared on live mixed algae (25 cells
C

pl-l T. chuii and 35 cells plﬁl S. Costatum), were stocked in 2-1 experimental
round bottom glass flasks at a density of 75 larvae 1" Larvae were fed on

three feeding regimes of mixed algae, mixed algae plus five Artemia ml'l,

and five Artemia ml only from PZ3/M1 to PL stages. Algal cell density
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was increased from 60 cells pl_l (Z3/M1) to 70 (M2/M3) and finally 80 cells
pl'1 (PL1) by increasing the cell density of S. costatum to ensure that there
was sufficient amount of food in the culture medium at all time without
causing larval fouling. Complete water changes of the flasks were per-
formed everyday when staging, growth and survival measurements were
performed from two replicates for each feeding regime. Rearing water was
maintained at 25 ppt salinity (S), which was found to be optimal during lar-

val culture of P. indicus (see Experiment 4), by mixing the filtered and UV-

treated sea water with distilled water.

Experiment 4

The effect of salinity (20, 25, 30 and 35 ppt) on growth and survival of P.
indicus was investigated from PZ1 to PL stages in this experiment. Dis-
tilled water was used to reduce salinity of local sea water (filtered to 0.2
um and U/V irradiated) to test salinities of 20, 25 and 30 ppt. Aquarium
salt “Instant Ocean” (Aquarium systems) was added into the local sea wa-
ter (33.5 ppt) to obtain 35 ppt saline water. Survival and growth were as-
sessed from two replicates every other day. Larvae were stocked at a den-
sity of 100 individuals I and fed on mixed algae (25 cells ul”" of 7. chuii

and 35 cells ;.11-1 of 5. costatum) and five Artemia ml" from PZ3/M1 on-

wards.

Experiment 5

This experiment was conducted to test again the suitability of the red algae
R. reticulata as food for P. indicus larvae. Growth and survival of the lar-
vae were assessed from two replicates in 2-1 flasks on R. reticulata at 50
cells ul' and mixed algae 7. chuii /S. costatum as control at 60 cells ul™?
from PZ1 to PZ3/M1 stages. PZ1 stage larvae were also starved in two
flasks to determine how long they could survive without food. Two 2-I
flasks were also set up without larvae to determine settlement rate of the

cells of R. reticulata (50 cells ul‘l) over a 24 h period. Algal cell concen-
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tration was determined using a Coulter Counter (Model /ZB) and a haemo-
cytometer respectively. Larval rearing sea water was maintained at 28 °C
and 25 ppt by mixing filtered and UV-irradiated sea water with distilled
water. Culture water was exchanged completely every day when the larvae
were measured for total length and counted. Larvae were observed con-
tinuously to ascertain whether they were ingesting and digesting the algae

by examining the gut and faeces under a microscope at each protozoeal

stages.

Statistical analysis

In the first and second preliminary experiments, since survival and growth
data did not fit in the general linear model (GLM in Minitab), larval sur-
vival and growth by algal feeds at various algal cell concentrations (10-50
cells ul'l and 50-80 cells ul'l) were analysed by two-way analysis of vari-
ance (two-way ANOVA) together with one-way ANOVA separately for
algal species and cell concentrations at PZ3/M1 and PL1 stages. Appropri-
ate multiple pairwise comparison tests (Tukey’s for equal sample sizes and

Scheffé’s method for unequal sample sizes) were performed to determine

any significant effects (P < 0.05) of the treatments on larval growth and
survival. Before the statistical analysis, data was checked for normality and
homogeneity of variances using Bartlett’s Box test (Sokal and Rholf, 1981)
using Minitab. Linear regression lines of the data from third, fourth and
fifth experiments were compared by the method of two-way ANOVA with
days as a covariate, after linearity of the data was examined by residual
plots from regression analysis, to determine any significant effect ot treat-
ments on larval growth rates and survival rates between PZ1 and PL1
stages. Increase in total length (growth rate mm day') and decrease in
survival (slope of each treatment), which was expressed as mortality rates
(% day’'), were derived from the output of the analysis and given in each

ANOVA table. All statistical analyses were conducted using the facilities in

Minitab statis_tical software.



Table 2. Percentage fatty acid composition of microalgae used in the

present experiments to feed P. indicus larvae. (Data obtained from
Kurmaly et al., 1989a).
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Flagellates . Diatom
. T. chuii . R. reticulata i S. costatum

Saturates ' : '

12:0 - - _

14:0 4.0 4.9 19.7

15:0 - - 0.5

16:0 26.0 11.0 10.7

17:0 - - _

18:0 - - -

20:0 - - -

22:0 - - -
240 e R N e —_— e
SUM 70 o 300  d D9 309
‘Monounsaturates

16: 1 (0-10) _

16: 1 (0-9) 0.7 0.5 -

16: 1 (®-7) 0.6 1.3 32.6

16: 1 (0-5) - - -

16: 1 (0-13) t - - -

18: 1 (0-10) - - -

18: 1 (©-9) 11.5 3.9 1.7

18: 1 (»-7) 4.3 3.2 1.2

20: 1 (@-9) ... N e T R R e
sum% AT I 3555
‘Polyunsaturates | - - 5

16: 2 (o-7) - - -

16: 2 (®-6) 5 - 5 - 5 -

16: 2 (0-4) - - i

16: 3 (w-6) - - i

16: 3 (0-4) - - -

16: 3 (0-3) ] ) i

16: 4 (0-3) - - -

16: 4 (0-1) - - -

18: 2 (0-9 - il i

12: 2 E(o-ég 11.5 14.2 1.1

18: 3 (0-6) 2.6 2.7 0.2

18: 3 (-3) 23.1 16.5 0.9

18: 4 (®-3) 9.5 17.3 4.4

20: 1 (®-9) 0.7 0.4 !

20: 4 (0-6) 0.4 3.0 0.2

4 (0-3 - i

;g: 5 Em_:;; 3.4 11.6 22.9

22: 1 (o-11) - 0.2 -

22: 5 (0-3) : 0.1 ]

22: 5 (©-6) - i

22: 6 (@=3) i - 76 ................................ 2.9
“Sum % 51.2 73.6 32.6
Others 1.7 1.6 1.0
Total 100 100 100
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RESULTS

Experiment 1

(a) Larval growth and survival (PZ1-PZ3/M1)

Survival and growth of P. indicus larvae fed various algal feeds at different
cell densities (10-50 cells ul'') are given in Tables 3a and 3b. Since cell
densities of 10 and 20 cells pl"' did not support survival and growth to
PZ3/M1 stages, only the algal feeds at cell densities of between 30 and 50
cells pul™" were compared statistically by two-way ANOVA. Figures la, b
and Tables 5a and 9a show that there were significant effects of algal feeds
and cell densities (30-50 cells ul'l) on larval survival and growth at PZ3/
M1 stages (P<0.001). Highest survival (63 %) and best growth (3.72 mm

TL) were achieved with the mixed algae (7. chuii / §S. costatum, 1:1) at
P<0.05 (Table 5b and 9b). Larval growth obtained from the flagellate, 7.
chuii (2.71 mm TL), was significantly inferior to that obtained from the
diatom, S. costatum (3.26 mm TL) (Table 9b).

Multiple pairwise comparison tests (Tables 5b, ¢ and Tables 9b, c) show
that higher growth and survival were supported as algal cell concentrations
increased from 30 to 50 cells pl'l. Highest growth and survival were ob-
tained when the larvae were fed at 50 cells pl'l whereas the lowest growth
and survival were supported by 30 cells ul"'. Since there were significant
interactions between algal feeds and cell concentrations on larval growth
and survival (Tables 5a and 9a), further one-way analysis of variances were
performed to determine the effects of algal diet and cell concentrations 1n-

dependently on larval survival (Tables 6-8) and growth (Tables 10-12).

-1

10 cells pl

Regardless of the species of algae tested, 10 cells pl'l of single or even

mixed algal diet did not promote survival further than stage PZ1. In all
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cases larval mortality was total by the third day of the experiment (see Ta-
bles 3a, b).

20 cells ‘Iii

Larvae fed either T. chuii or S. costatum survived until the 4th day of the

experiment developing into PZ2 stage whereas R. reticulata fed larvae died
on day 2 without moulting into PZ2 stage. Among the mixed algal feeds
only 7. chuii / §. costatum supported larval growth (2.58 mm TL) and sur-
vival (28 %) until PZ3/M1 stage. Other mixed algal diets did not support

growth and survival further than PZ1 stage at this algal cell concentration

(Tables 3a, b).

30 cells ul

Among single algal feeds, 7. chuii and §. costatum supported larval growth
and survival until PZ3/M1, whereas R. reticulata fed larvae died on day 2.
This alga 1n combination with 7. chuii and/or §. costatum did not promote
survival and growth beyond day 2. As shown in Figures la, b significant
differences (P<0.001) were found between algal feeds at 30 cells pl'l using
one-way ANOVA on larval survival and growth at PZ3/M1 stages (Tables
6a, 10a). Multiple pairwise comparison tests (Tables 6b, 10b) show that
mixed algae (T. chuii / S. costatum) gave significantly better survival (50.5
%) and growth (3.14 mm TL) than S. costatum (14%, 2.59 mm TL) and /.
chuii singly (15%, 2.54 mm TL) at this cell density. There was no signifi-

cant difference between growth and survival of larvae fed on the single al-

gal feeds (P>0.05).

40 cells ﬁ

Among algal species, only R. reticulata did not support larval survival and
growth of P. indicus at 40 cells ul'l beyond PZ1 stage. Combination of this
alga with S. costatum (1:1) promoted 19.73% survival until day 4, but only
one larva developed into PZ3 stage at this cell density. One-way analysis of

variance shows significant differences in larval growth (P<0.001) and sur-
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vival at this cell density (P<0.05) (see Figures la, b and Tables 7a and
11a). Highest larval growth and survival at PZ3/M1 stages were attained on
the mixed algae (3.69 mm TL, 59%) whereas the lowest were obtained
from those fed on T. chuii singly (2.71 mm TL, 39%). There was no sig-
nificant difference (P>0.05) between larval survival promoted by §. costa-
tum (40 %) and T. chuii (39 %) at PZ3/M1 stages (Table 7b). However,

larval lengths were significantly (P<0.05) greater on the diatom (3.34 mm)
than the flagellate (2.71 mm TL) (Table 11b).

50 cells ul”

Highest larval survival (80 %) (see Figure 1a and Tables 8a, b) and growth
(4.08 mm TL) (Figure 1b and Tables 12a, b) were again supported by the
mixed algal feed (7. chuii / S. costatum) at this highest cell concentration
tested in the present experiment. Although larval survival was higher on S
costatum, no significant difference was found between larval survivals sup-
ported by the two single algal species (P>0.05). Total length of larvae fed
3. costatum, however, was significantly greater (3.92 mm) than those fed
T. chuii (3.59 mm). When P. indicus larvae were fed R. reticulata at a cell
density of 50 cells ul'l, 23 % of the larvae developed into PZ2/PZ3 stages,
but never reached M1 stage. This algal species in combination with 5. co-
statum supported 10.5 % survival until PZ3/M1 stages (Tables 3a, b). 1.
chuii / R. reticulata mixed algae fed larvae died on day 4 (PZ2 stage).
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Figure 1. (a) Larval survival (%) and (b) growth (mm TL) of P. indicus reared
on three algal combinations (7. chuii, S. costatum and T. chuii / S. costatum) at

five algal cell concentrations of 10, 20, 30, 40 and 50 cells ul” from PZ1 to
PZ3/M1 stages. Since 10 and 20 cells pl"' did not promote survival until PZ3/M1
stages, they are not included in the figure. Each bar represents a mean + s.d.
(n=2). Each replicate contains measurements of 10-13 larvae for growth.
Treatments marked with different superscripts are significantly different

(P<0.05).
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(b) Larval growth and survival (M1-PL1)

Regardless of the algal cell concentrations tested, R. reticulata either in
combination with other algal species (except with S costatum) or alone did
not support larval survival beyond PZ3/M1 stage (Tables 3-4). Hence, sta-
tistical analyses were only conducted on larval survival and growth ob-
tained by using the algal feeds which promoted survival until PL1 at cell
densities between 30 and 50 cells pl'l. P. indicus larvae were fed five newly
hatched Artemia ml” together with test algal feeds between M1 to PL1
stages. 1Two-way ANOVA results on larval survival (Table 13a) indicate
that there was no significant interaction between algal feeds and cell con-
centrations on larval survival from M1 to PL1. Hence, no further statistical
analysis was carried out for the effect of cell densities and/ or algal feeds
independently on larval survival at these stages. However, it was necessary
to perform one-way analysis of variances separately for algal feeds and cell
concentrations following two-way ANOVA (Table 14a) as there was sig-

nificant interaction between algal feeds and cell concentrations on larval

growth at PL1 stage (P<0.001).

Figures 2a and 2b show that highest mean larval survival (59 %) and larval
growth (5.34 mm TL) at cell densities from 30-50 cells pl'1 was promoted
by the mixed algae (7. chuii / S. costatum) plus five Artemia ml” (P<0.05)
between M1 and PL1 stage (Tables 13b and 14b). There was no signmficant
difference (P>0.05) between mean larval survival and larval growth sup-
ported by 7. chuii and S. costatum as single diets (Tables 13b, 14b). In-
crease in algal cell densities from 30 to 40 and 50 cells ul-l increased larval
survival and larval growth from 20 %, 4.81 mm TL to 37 %, 5.04 mm 1L,
and 48 %. 5.32 mm TL respectively (P<0.05) (see Tables 13¢ and 14 ¢).

-1

30 cells ul

Any significant difference in larval survival and growth on this algal cell

concentration is summarised in Figures 2a, b. Following two-way ANOVA,
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further analysis of variance (one-way ANOVA) on larval growth at 30 cells
pl'l indicates that highest larval growth at PL1 (5.05 mm TL) was sup-
ported by the mixed algae (7. chuii / S. costatum) and Artemia (Tables 15a,
b). There was no significant (P<0.05) difference between larval growth or
survival promoted by different single algal diets plus Artemia (see Figures

2a, b). As shown in Figure 2a, the highest larval survival (45 %) at PL1

Figure 2b shows that the mixed algae (7. chuii / S. costatum) gave better
larval growth (5.33 mm TL) than 7. chuii (4.82 mm TL) or S. costatum
(4.96 mm TL) alone at 40 cells pl'l at PL1 stage (Tables 16a, b). Mean
growth attained by larvae fed 7. chuii was significantly smaller (P>0.05)
than those fed §. costatum until PL1 stage. Figure 2a demonstrates that
larvae fed the mixed algae showed significantly higher survival (55 %) than
those fed either of the single algal species (see also Table 4a). There was
no significant difference between survival of the larvae fed either of the

single algal species (Figure 2a).

50 cells j£

Highest larval growth at 50 cells plﬁl (5.65 mm TL) was again attained on
the mixed algae (7. chuii / S. costatum) (see Figure 2b and Tables 17a, b).
Figure 2a shows that larvae fed the mixed algae had significantly higher
survival (77 %) than those fed S. costatum (42 %) and T. chuii (27 %)
alone. Scheffé’s multiple pairwise comparison test (Table 17b) shows that
the effect of single algal species on larval growth did not difter significantly
from each other (P>0.05). Survival of larvae fed S. costatum between M1
and PL1 along with Artemia was also not significantly higher than that of
T chuii. Table 13¢c shows that larval survival at this cell concentration was

significantly better than the larvae fed on either 30 or 40 cells pl”

(P<0.05).
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Figure 2. (a) Larval survival (%) and (b) growth (mm TL) of P. indicus reared
on three algal combinations (7. chuii, S. costatum and T. chuii / 5. costatum) at
three algal cell concentrations of 30, 40 and 50 cells ul™ plus five Artemia ml™
between M1land PL stages. Each bar represents a mean + s.d. (n=2) for at PLI
stage. Each replicate contains measurements of 10-13 larvae for growth. Treat-
ments marked with different superscripts are significantly different (P<0.05).
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a) Survival and growth (PZ1-PZ3/M1)

(***) Denotes pairs of groups significantly different (P < 0.001).
(**) Denotes pairs of groups significantly different (P < 0.01).
(*) Denotes pairs of groups significantly different (P < 0.05).
(Ns) Indicates a non-significant difference (P>0.05).

Table 5a. Two-way ANOVA on survival from PZ1 to PZ3/M1 stages by algal feeds and cell
concentrations.

Source DF SS MS F P S1gnifi-
cant

Algae 2 38.72.86 1936.43 199.18 0.000 *E

Cells 2 2708.11 1354.06 139.27 0.000 kx%

Algae*Cells 4 254.97 63.74 6.56 0.009 ¥

Error 9 87.50 9.72

Total 17 6923.44

Table 5b. Tukey’s pairwise comparison test on larval survival from PZ1 to PZ3/M1 on three
different live algal diets.

Algal feeds Code  Means  Test . diffmean  low _ci up ci Signifi-
(% cant

T. chuii Tc 2975  Tc-Sc 4833 -9.861 0.195 Ns

S. costatum  Sc 3458  Tc/Sc-Te | -33.250  -38278  -28.223 *

T. chuii/S.  Tc/Sc 6300  Tc/Se-Sc | -28417  -33.445  -23.390 *

costatum :

Table 5c. Tukey’s pairwise comparison test on larval survival from PZ1 to PZ3/M1 on three cell
concentrations (30-50 cells ul™ ).

Code  Cells Means Test i diffiean low ci up ci Signifi-
I %) cant

A 30 cells 26.50 AB i -18.000 23.028 12.973 *

B 40 cells 44.50 AC | -29.833 -34.861 24806  *

C 50 cells 56.33 BC | -11.833 116.861 6806  *

Table 6a. One-way ANOVA on larval survival (PZ1-PZ3/M1) by algal
feeds at cell concentration of 30 cells pl ™.

Source  DF SS MS F P Significant
Cells 2 1729.00 864.50  178.86 0.001 ok k
Error 3 14.50 4.83

Total 5 1743.50

U e

Bartlett’s test for homogeneity of variances
F=0312, P=0.14



Table 6b. Tukey's pairwise comparison test on larval survival (PZ1-PZ3/
M1) by algal feeds at cell concentration of 30 cells ul™

Mean Algal feeds Code : Tc Sc Tc/Sc
%
15.00 T. chuii Tc
14.00 S. costatum Sc . NS
50.50 T. chuii / Tc/Sc i * *
S. costatum 5

Table 7a. One-way ANOVA on larval survival (PZ1-PZ3/M1) by algal feeds
at cell concentration of 40 cells ul”

Source  DF SS MS F P Significant
Cells 2 508.0 254.0 18.36 0.021 ¥

Error 3 41.5 13.8

Total S 349.5

Bartlett’s test for homogeneity of variances
F=0452, P=045

Table 7b. Tukey's pairwise comparison test on larval survival (PZ1-
PZ3/M1) by algal feeds at cell concentration of 40 cells pl™.

Mean Algae Code . Tc Sc Tc/Sc

(%)

38.50 T. chuii Tc

39.50 S. costatum Sc . NS
58.50 T. chuii / Tc/Sc . *
S. costatum

Table 8a. One-way ANOVA on larval survival (PZ1-PZ3/M1) by algal feeds
at cell concentration of 50 cells pl™.

Source DF SS MS F P Significant
Cells 2 17716 8858 5746  0.004 ok
Error 3 46.2 15.4

Total S 1817.8

Bartlett’s test for homogeneity of variances
F=0.329, P=0.15

Table 8b. Tukey's pairwise comparison test on larval survival (PZ1-PZ3
/M1) by algal feeds at cell concentration of 50 cells pl™

Mean Algae Code Tc SC Tc/Sc
%% E

39.00 T. chuii Tc E

50.25 S. costatum Sc . NS

79.75 T. chuii / Tc/Sc ¥ *

S. costatum

b O

35
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Table 9a. Two-way ANOVA on growth of P. indicus larvae reared on 7. chuii (Tc) / S. costatum
(5¢), Tc and Sc singly (30, 40 and 50 cells ul™) from PZ1 to PZ3/M1 stages.

Source DF

Seq SS Adj SS Ady MS F P Signifi-
cant
Algae 2 30.9455 30.2768 15.1384 618.56 0.000 ke
Cells 2 24.7998 24.7501 12.3751 505.65 0.000 kEX
Algae*Cells 4 5.5059 5.5059 1.3765 56.24 0.000 kg
Error 170 4.1605 4.1605 0.0245
Total 178 65.4117

Table 9b. Scheff€’s pairwise comparison test on larval growth by algal species (PZ1-PZ3/M1).

Algal feeds Code  Means  Test diffmean SE low ci  up ci Signifi-
mm cant

T. chuii Tc 2.706 Tc-Sc -0.555 0.0287 -0.626 -0.484 *

S. costatum Sc 3.261 Tc-Te/Sc -1.013 0.0288 -1.084 -0.942 *

T. chuii /S. Tc/Sc 3.719 Tc/Sc-Sc -0.458 0.0284 -0.528  -0.388 ¥

costatum

Table 9¢. Schefi¢’s pairwise comparison test on larval growth (PZ1-PZ3/M1) by cell concentra-

tions (30-50 cells ul ).

Code  Cells Means Test diffmean SE low c1 up Ci Signifi-
I mm _ cant

A 30 cells 2.771 A-B -0.463 0.029 -0.534 -0.392 ¥

B 40 cells 3.234 A-C -0.909 0.029 -0.979 -0.838 *

C 50 cells 3.680 B-C -0.446 0.029 -0.517 -0.375 ¥

Table 10a. One-way ANOVA on larval growth (PZ1-PZ3/M1) by algal feeds at cell
density of 30 cells pl™.

SOURCE DF SS MS F P Signifi-
cant

Algae 2 4.0785 2.0393 156.91 0.000 *xX

Error 57 0.7408 0.0130

Total 59 4.8193

Bartlett’s test for homogeneity of variance
F= 4832, P=0.92

Table 10b. Scheffé’s pairwise comparison test on larval growth (PZ1-PZ3/M1) by
-1
algal feeds at 30 cells pl .

Mean Algal feeds Code i Tc Sc Tc/Sc
mim E

2.542 T. chuii Tc .=.

2.591 S. costatum SC NS

3.138 T. chuii / Tc/Sc * *

S. costatum



Table 11a. One-way ANOVA on larval growth (PZ1-PZ3/M1) by algal feeds at cell
concentration of 40 cells ul™

SOURCE DF SS MS F

P S1gnifi-
cant
Algae 2 9.7071 4.8536 263.15 0.000 ¥
Error 57 1.0513 0.0184
Total 59 10.7584

Bartlett’s test for homogeneity of variance
F=3532, P=0.83

Table 11b. Scheffé’s pairwise comparison test on larval growth (PZ1-PZ3/M1)
by algal feeds at cell density of 40 cells pl™.

Mean Algal feeds Code . Tc Sc Tc/Sc
mm :
2712 T. chuii Tc _
3.334 S. costatum Sc *
3.694 T. chuii / Tc/Sc i * *
S. costatum :

Table 12a. One-way ANOVA on larval growth (PZ1-PZ3/M1) by algal feeds at cell
concentration of 50 cells pl™.

SOURCE DF SS MS F P Si1gnificant
Algae 2 2.4251 1.2126 82.42 0.000 k¥
Error 57 0.8386 0.0147

Total 39 3.2638

Bartlett’s test for homogeneity of variances
F= 2499, P= 0.71

Table 12b. Scheffé’s pairwise comparison test on larval growth (PZ1-PZ3/M1) by
algal feeds at cell concentration of 50 cells ul™

Mean Algal feeds Code . Tc Sc Tc/Sc
mm :

3.591 1. chuii Tc .

3.924 S. costatum SC *

4.081 T. chuii / Te/Se i * *
S. costatum :
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b) Survival and growth (M1-PL1)
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