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ABSTRACT

Research was conducted to determine the influence of light spectra,
intensity, and photoperiod on the final weight, survival, and rate of
metamorphosis of larval Penaeus vannamei and P. monodon. Light spectra
included red, blue, green, and white. Light intensities were 0.6, 3.4, and 6.8
uE/m?/sec. Photoperiods used were 24L:0D, 12:12, and 0:24.

No significant influence was found on final postlarval weight, survival, or
rate of metamorphosis in any of the light spectra treatments. There were no
significant differences noted between P. vannamei and P. monodon. The
postlarval dry weight was significantly lower in the intermediate 12:12
photoperiod as compared to the other two.

Postlarvae aged 1, 5, 10, and 20 days old were challenged at salinities of
0, 5, 10, 15, 20, and the ambient salinity of 30 ppt, and at temperatures of 24, 28,

and 32°C. There was increasing tolerance to salinity challenges with increasing

age. P. vannamei postlarvae had well deveioped acclimation capabilities at P10,
while in P. monodon, this was delayed until P20. There were significant
differences between the two species. There was a significant reduction in
survival at extreme salinity challenges in both species when coupled with thermal

stress at 32°C

There was no increase in tolerance to salinity challenge either due to
previous acclimation to reduced salinity of 20 ppt, or based on prior acclimation

at 24°C.
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CHAPTER 1
GENERAL INTRODUCTION AND OVERVIEW OF

PENAEID SHRIMP CULTURE

INTRODUCTION

In the past decade, production of farm raised penaeid shrimp has
increased from two, to 25 of every 100 shrimp consumed in the world. This trend
is likely to continue as over harvesting further depletes fishery stocks, and
increasing urbanization reduces the environmental quality of near shore juvenile
habitats. Much of the success of commercial shrimp farming to date can be
attributed to early research on shrimp reproduction, nutrition, pathology and
behavior, coupled with the hard work and entrepreneurial spirit of shrimp farmers.
Accumulation and integration of information from researchers and producers
allows for a continued increase in our knowledge of penaeid species; specifically
as it relates to their culture potential. As production intensity increases,
continued research to befter understand environmental and nutritional
requirements, and manage disease conditions will be necessary for continued
success.

Shrimp culture involves three major phases: broodstock maturation,
larvicuiture and grow-out. In the first phase, gravid shrimp are reared or captured
from the wild and induced to spawn in captivity. The second phase begins when

nauplii hatching from fertilized eggs are collected, placed in larval rearing tanks



and raised through their larval stages until they metamorphose to postlarvae. In
the third phase, animals are stocked in nursery or grow out facilities and raised
to a marketable size.

While considerable information is available on many aspects of shrimp
culture, there remain significant areas where our knowledge is incomplete or
entirely lacking. Two such areas are the influence of light on growth and survival
of shrimp larvae and the acclimation abilities of postlarval shrimp. The following
summarizes published information on the three major phases involved in shrimp
culture, and then provides a framework in which to discuss the influence of light
in penaeid larviculture and the effect of age on the acclimation capabilities of two

different penaeid species.

HISTORICAL DEVELOPMENT

Early work with penaeid shrimp culture was undertaken in 1935 by
Motosaku Hudinaga and co-workers who successfully spawned the Kuruma
prawn, Penaeus japonicus and reared larvae from captive spawns to postlarvae.
This comprehensive work investigated the nutritional requirements of penaeid
larvae as well as the influence of temperature and salinity on larval development
(Hudinaga 1942). This work was disrupted during World War Il and in its
aftermath.

In the late 1960’s, considerable interest in penaeid culture developed, and

laboratories worldwide initiated research into this potential. Foremost among



these institutions were the Tungkang Marine laboratory in Taiwan, the University
of Miami in Florida, and the U. S. Bureau of Commercial Fisheries (now National
Marine Fisheries Service) in Galveston, Texas. Research at the Tungkang Marine
Laboratory concentrated on the tiger prawn, Penaeus monodon. While inthe U.
S., the University of Miami and the Fisheries Bureau worked with the Gulf of
Mexico species Penaeus aztecus, P. dourarum and P. setiferus, knowri
respectively as the brown, pink and white shrimp. Research at U. S. institutions
also included the blue shrimp, P. stylirostris, endemic to Pacific coastal areas of
South and Central America. The major research components were shrimp

broodstock maturation, larviculture and grow-out.

MATURATION

A significant amount of information has accumulated on the requirements
for successful maturation in a number of éommercially important penaeid
species. These include Penaeus monodon (Primavera 1978, Primavera 1979,
Primavera et al. 1979a, Primavera et al. 1979b, Aquacop 1979, Emmerson 1383,
Liao and Chen 1983, Hillier 1984, Primavera 1985); Penaeus vannamei and P.
stylirostris (Brown et al. 1980, Chamberlain and Lawrence 1981a, Chamberlain
and Lawrence 1981b, Brown et al. 1984, Wyban and Sweeney 1991); Penaeus
chinensis and P. penicillatus (Dong 1990, Hu 1990); Penaeus setiferus (King
1948, Middleditch et al. 1979, Lawrence et al. 1979, Brown et al. 1979, Lawrence

et al. 1980, Middleditch et al. 1980z, Middleditch et al. 1980b, Chamberlain and



Gervais 1984, Wurts and Stickney 1984), Penaeus duorarum (Caillouet 1972,
Brown and Patlan 1974); Penaeus japonicus (Yano 1984); Penaeus semisulcatus
(Browdy and Samocha 1985); Penaeus indicus (Makinouchi and
Honculada-Primavera 1987); Penaeus merguiensis (Nurdjana and Yang 1976);
Penaeus kerathurus (Rodriguez 1981); and Penaeus schmitti (Bueno 1990). A
summary of general practices involved in penaeid maturation and spawning
foilows. For a more comprehensive review see Bray and Lawrence (1992).

In commercial aquaculture penaeid broodstock acquired from ponds or
the wild are transferred to maturation tanks with clean seawater maintained at 28°

to 30°C. Maturation tanks are usually black, and are kept in subdued lighting to

closely approximate the natural environment in which these animals mature. The
area around these tanks is kept quiet and isolated from sources of vibration.
Maturing animals are typically fed a combination of fresh, fresh frozen and
prepared pellets. Some common feed components are bloodworms, squid,
mussels, clams, and fish.

As females mature, their ovaries become visible through the carapace and
the degree of development is quantified by ovary size and color. Undeveloped
ovaries, referred to as stage 1, continue to develop through stages 2 and 3 until
they are fully mature at stage 4, when they are clearly visible through the
carapace. These stages are similar for all commercially cultured species
although immature and mature ovaries may differ in color between species.
Mated females with mature, stage four ovaries are carefully netted at night

between the hours of six and ten PM, and placed in 200 to 500 liter spawning
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tanks with light aeration and clean water of the same temperature as the
maturation tank. The females spawn at night and are removed from the tanks
the following -morning. The eggs hatch into free swimming nauplii ten to twelve
hours after spawning. Within 20 to 30 minutes of hatching, these nauplii are able
to respond to light, gathering around a light source but avoiding direct sunlight.
Depending on the species, the larvae pass through five or six naupliar stages.
These photopositive nauplii in the spawning tanks are attracted to a small
pinpoint light source and siphoned or netted from the tank. The nauplii are then

counted and placed into larval rearing tanks.

LARVICULTURE

Early research on penaeid larviculture found good larval survival at salinity
ranges between 26 to 35 ppt, with an optimum at 28 to 32 ppt (Hudinaga 1942,
Cook and Murphy 1969, Thorhaug et al. 1972, Gopalakrishnan 1976, Reyes
1985). Additional resear.ch has identified the optimum temperature range as

between 25 and 30°C (Gopalakrishnan 1976, Colt and Huguenin 1992). Other

workers have examined the effect of different stocking densities, and current
practice is to stock 50 to 200 naupliifliter (Emmerson and Andrews 1981).
Detailed protocols for hatchery operations are available from a number of sources
and follow the same general procedures (Wilkenfeld et al. 1984, Reyes 1985,
Chin and Chen 1987, Wyban and Sweeney 1991, Smith et al. 1992, Forbes

1992).



A number of researchers have investigated the nutritional requirements in
many penaeid species and generally identified diatoms and Artemia nauplii as a
basic diet for larval reariny (Hudinaga and Kittaka 1966, Jones et al. 19793,
Jones et al. 1979b, Emmerson 1980, Djunaidah and Saleh 1981, Kuban et al.
1983, Liao et al. 1983, Wilkenfeld et al. 1984, Yufera et al. 1984, Kuban et al.
1985, Catacutan 1985, Fuze et al. 1985, Kanazawa et al. 1985, Tacon 1986,
Teshima et al. 1986). These diets have proven successful and current research
in larval nutrition is focused on microencapsulation and enrichment of prey
organisms (Walford and Lam 1987, Leger and Sorgeloos 1992).

General practices for larval rearing are similar, and begin when newly
harvested nauplii are stocked in tanks and subsequently raised through the
naupliar, protozoeal and mysis stages to postlarvae. Nauplii do not have a fully
developed digestive tract and do not feed until they moit into the first of three
protozoeal stages. During the protozoeal stages larval shrimp begin filter feeding
on many species of phytoplankton. Chaetoceros gracilis is a widely used
species, and provides high levels of eicosapentaeonoic acid, one of the w3-highly
unsaturated fatty acids that have been shown to enhance growth and survival in
a number of crustacean larvae (Leger et al. 1987, Sorgeloos 1988). Depending
on the algal species, algae is fed at a density of 50,000 to 150,000 celis/ml. In
the late protozoeal or early mysis stages, Artemia nauplii are commonly fed,
either alone, or in combination with rotifers, microencapsulated diets or some

other inert feed. Feeding levels for Arternia range from 1-8 nauplii/ml of culture



volume. This feeding regime continues through metamorphosis to postlarvae.
Water quality is usually maintained by regular water exchanges and levels of
Artemia and phytoplankton are replenished following these exchanges. As early
postlarvae, animals are harvested from the larval rearing tanks and transferred

to nursery or grow-out facilities.

NURSERY AND GROWOUT

Techniques for nursery and growout vary greatly in response to production
system, local conditions and resources (Asean 1978, Boyd 1979, Apud 1985,
Shigueno 1985, Villalon 1991, Sturmer et al. 1992). Basic nursery and growout
strategies range from extensive production with low stocking densities, no
supplemental feeding or aeration, and a low level of management, to intensive
systems with a corresponding increase in stocking density, and requirements for
high feeding rates, aeration and increased management.

General production figures for an extensive pond system are from 300 to
500 kg/ha/year, and compare with 100,000 kg/ha/year in the most intensive
experimental raceway systems. Most commercial operations fall in between
these two categories and a typical semi-intensive farm has production on the

order of 4,000 to 6,000 kg/ha/year.



ENVIRONMENTAL VARIABLES

As our knowledge of shrimp culture increases it is evident that there are
variables that influence survival, and that some of these act directly on the
animals, while others effect their environment. These include light, salinity,
temperature, predation, dissolved oxygen and food availability. As a larval
rearing cycle progresses, interractions between these variables become
increasingly complex and they influence shrimp growth and survival.

An example of such an interraction would be a nutritional deficiency which
affects larval development, and manifests itself through reduced hardiness and
mortality at later stages (Tackaert et al. 1989). Another example would be
decomposing feeds which loose nutritive vaiue and can deteriorate water quality,
thereby compromising larval nutrition and survival. Extreme temperatures might
stress shrimp, thereby increasing disease susceptibility, and possibly reducing
the generation time of potentially pathogenic obportunistic bacteria.

Optimal larval culture practices should be designed to avoid these
situations and provide the best water quality and nutrition available. In order to
accomplish this, it is important to understand the different variables involved and
how they influence one another.

One component of the larval culture system that has received little
attention is light, and many different light regimes are utilized in penaeid
larviculture. Taiwanese culturists raise penaeid larvae in complete darkness, or

keep the larvae in dark conditions during the protozoea stages, and afterwards



gradually uncover rearing tanks until they are exposed to ambient light as
postlarvae (Tseng 1987, Liao 1992). No difference in production was reported
between the two methods. Reports from Indonesia indicate poor survival in
hatcheries when corrugated fiberglass panels are used as roofing over larval
rearing tanks (Edwin Sudjarwo, personal communication). The Galveston
larviculture method uses a 24 hour photoperiod with 160 watts of fluorescent
light, although this is for convenience of technicians rather than any perceived
benefit to the larvae or phytoplankton (Smith et al. 1992). The Oceanic Institute
hatchery in Hawaii has 500 watt halogen lights which provide light as well as heat
(Wyban and Sweeney 1991). One large commercial hatchery in Hawaii utilized
mercury vapor lights based on proprietary tests that indicated increased algal
production and improved animal health (Jim Ure, personal communication 1991).
In an effort to better understand these culture practices, and identify a
beneficial lighting regime, this research was undertaken to determine the effect
of light on penaeid larviculture. The research describes the influence of light on
different penaeid larval stages, including the effect of different light spectra,
intensities, and photoperiods, on postlarval weight, metamorphosis and survival
of penaeid larvae throughout their larval cycle. Results of this research will add
to existing information on environmental parameters for larval production, and
determine lighting conditions that promote good larval growth and survival.
The successful culmination of penaeid larviculture provides healthy

postlarvae ready for stocking in a pond or intensive nursery system. This



transition from the controlled environment of a larviculture tank to that of a pond
requires postlarval acclimatization to a number of variables. Two of the most
important variables are temperature and salinity, which can have a dramatic
influence on growth and survival of penaeid postlarvae. There is a wide range
of tolerance to these variables in many species of wild caught postlarvae (Zein-
Eldin 1963, Zein-Eldin and Aldrich 1965, Zein-Eldin and Griffith 1966, Wiesepape
et al. 1972, Dall 1981, Cawthorne et al. 1983). Most of these studies were
conducted using species of interest to commercial fisheries, as opposed to
aquaculture.

There is little published information on the acclimation abilities of hatchery
reared postlarvae, although they must acclimatize to a wide ‘range of
temperatures and salinities that occur in growout ponds. It is important to
identify age-specific postiarval tolerances to temperature and salinity challenges.
This information can be used as a general indicator of postlarval hardiness, and
to identify the age at which tolerance to stress is maximized. These data could
also be used to develop stress tests for postlarvae as a means of assessing their
health and condition.

The second portion of this dissertation deals with the abilities of penaeid
postiarvae to acclimate to changes in salinity and temperature such as might be
encountered on pond stocking. This chapter includes postlarval acclimation to
temperature and salinity, and the influence of age, and species on acclimation

capabilities in these animals. This information will provide a better understanding
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of postlarval tolerance to environmental variables commonly encountered on
stocking, and identify the optimum age at which to stock these postlarvae to

enhance survival,
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CHAPTER 2
THE INFLUENCE OF LIGHT ON COMPONENTS OF

PENAEID LARVAL PRODUCTION

INTRODUCTION

As the primary source of all energy input to the environment, light has a
major influence on all species and ecosystems. Light can directly influence
parameters such as temperature, predation, and foraging, and indirectly impact
others such as availability of food resources or the level of dissolved oxygen in
water. Light exerts a major influence on ecosystems by regulating
photosynthesis, and ultimately the amount of energy available at higher trophic
levels for survival, growth and reproduction. Light may have significant effects
on penaeid larval survival, rate of metamorphosis, and postlarval weight, by
influencing larval nutrition, water quality, and behavior. This research was
undertaken to better understand the effects of light on survival, postlarval weight,
and metamorphosis of penaeid larvae, and how lighting regimes might be used

to increase productivity in larval rearing systems.

NUTRITION
Phytoplankton is the primary source of nutrition for penaeid protozoea, and
an important component in the diet of mysis and postlarval stages. Important

components of this phytoplankton diet are vitamins, pigments, carbohydrates,
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proteins, and the w3-highly unsaturated fatty acids (HUFA's), which are required
in the diets of many marine crustaceans and fish (Sorgeloos et al. 1987). These
fatty acids are important for membrane formation and osmoregulation, critical
requirements of rapidly growing penaeid larvae and postlarvae.

A number of environmental factors can influence the growth and nutritional
composition of phytoplankton. These include temperature (Seto et al. 1984,
Chang et al. 1986, James et al. 1989); aeration (Katabami et al. 1986); nutrients
(Guillard and Ryther 1962, Enright et al. 1986), and salinity (Chang et al. 1986).
A primary requirement of phytoplankton is light, and characteristics of light
including spectral composition, intensity, and photoperiod influence the growth
and nutritional value of phytoplankton. (Wallen and Geen 1971, Mann and
Meyers 1968, Bennett and Bogorad 1973, Carron 1988).

In the phytoplarikton, Prorocentrum mariae-lebouriae, cells responded to
changes in spectral composition by increasing c'oncentrations of pigments whose
light absorbing capabilities correspond to the available spectra (Faust et al.
1982). Chlorophyll, protein, DNA, and RNA were found to decrease in two
marine phytoplankton as light spectra went from blue to green, while cells
cultured in white light were found to have intermediate levels (Wallen and Geen
1971).

Spectral composition, light intensity and photoperiod have also been
shown to influence primary production in two species of planktonic blue-green

algae (Nicklish and Kohl 1989). Spectral composition and intensity significantly
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influence the growth and glycerol content of the euryhaline alga Dunaliella
tertiolecta. Blue light was found to significantly decrease the glycerol content at
high (150 uE/fm?/sec) and low (33 uE/m?sec) light intensities, but significantly
increased growth rate at the lower intensity (Jones and Galloway 1979). Walsh
and Legendre (1983) found i'ncreased carbon assimilation in algae grown in red
light as compared to white light. Daily carbon assimilation increased by a factor
of 1.5 in two marine diatoms, Skeletonema costaium and Phaeodactylum
tricornutum, when grown in a cycling light:dark regime of 2:2 compared to 12:12
(Caron et al. 1988).

In the corals Pocillopora damicornis and Montipora verrucosa, blue light
and white light promoted skeletal growth related to the symbiotic algae in the
coral tissue, above that observed in green or red light. The spectral growth
response of symbiotic algae (zooxanthellae) from these species in vitro was
correlated with that of the host coral. Increased chlorophyll a levels observed in
the coral resulted from increased algal cell density in M. verrucosa, while
increased pigment in P. damicornis resulted from higher pigment concentrations
in algal cells (Kinzie et al. 1984).

Light related variables, including spectra, intensity, and photoperiod
influenced the growth and composition of a number of marine phytoplankton.
These changes increased the growth of organisms that directly consumed these
algae, or derive symbiotic nutrition from them, as in the coral-zooxanthellae

association (Kinzie et al. 1984, Aujero et al. 1985, Enright et al. 1986). Optimum
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lighting regimes in penaeid larviculture could improve larval growth and survival
by increasing both the quantity and quality of food available to developing larvae.

Light may also effect larval growth and survival by influencing prey
distribution or predation efficiency. Artemia, which are strongly photopositive,
constitute a primary food source for mysis and postlarval penaeids. A light
regime that facilitated the location and capture of these prey could enhance larval
survival. In Macrobrachium rosenbergii larval culture, reduced light levels and the
utilization of dark culture tanks dramatically increased larval survival (George
Monaco, personal communication 1982). This increase was thought to have
occurred by enhancing prey visibility, and thereby increasing feeding efficiency.
An optimal light regime for penaeid larviculture could have similar benefits,
especially for mysis and postlarval stages when larvae actively prey on other

zooplankton.

WATER QUALITY

Water quality, in terms of ammonia, feces, dissolved organics, bacteria ans
protozoans, is an important component of penaeid larval rearing systems and is
typically maintained by exchanging 20 to 80% of the water in a larval rearing tank
on a daily basis. Poor water quality fosters the growth of potentially pathogenic
bacteria, fungi and protozoans, which can significantly impact larval growth and
survival. These potential pathogens utilize. a pool of organic detritus and

dissolved nutrients in the larval rearing tanks which also serves as the nutrient
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source for phytoplankton. The appropriate lighting regime could benefit penaeid
larviculture by increasing the nutritional content of the phytoplankton, and by
promoting phytoplankton growth, which would utilize resources in the larval
rearing tank that might otherwise be available to potential pathogens. This is
supported by the work of Ullrich (1979) who found that uptake of nitrate by the
green alga Chlorella fusca was significantly influenced by light intensity and
wavelength.

Ammonia is the primary end product of protein catabolism in shrimp and
accounts for 40% to 90% of nitrogenous waste excretion( Campbell 1973, Parry
1960). This ammonia exists in equilibrium in water as ionized (NH,*) and
unicnized (NH,) forms. The unionized form is highly toxic to larval crustaceans
and is favored in conditions of high temperature and pH such as are found in
penaeid larval rearing tanks. Chen et al. (1986a) reported that ammonia can
reach 0.8 mg/l during larval culture, even with frequent water replacement. The
estimated safe level for larval shrimp is reported to be 0.13 mg/l (Chin and Chen
1987). An optimal light regime for larval culture, could influence the physiology
of phytoplankton and result in increased uptake of ammonia. This would improve
water quality, reduce ammonia available to potential pathogens, and increase the.

algal food available to growing larval shrimp.
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BEHAVIOR

Research on many aquatic larval organisms has demonstrated a variety
of responses to light, ranging from simple phototaxis to complex behavior
patterns. In many species, light spectra, intensity, and photoperiod influence
growth, survival and rate of metamorphosis, while in others, these variables have
little or no influence. Examples from the literature that illustrate a variety of
crustacean responses to light spectra, photoperiod, and intensity are summarized

in Table 2.1, and discussed in more detail in the following pages.

LIGHT SPECTRAL COMPQOSITION

Light spectral composition and polarization has been shown to influence
behaviors that are related to the location and acquisition of food in larval
crustaceans. The color dances of Daphnia magna, also reported in a number of
other freshwater Cladocera and marine zooplankters, serve to position and
maintain animals in areas of high food availability (Baylor and Smith 1957). In
these color dances, locomotion in blue light (<5,000 angstroms) involves
large horizontal vectors at three to five times the average velocity in red light.

Under red light (=6,000 angstroms) the animals appear calm, dancing upright

in the water and maintaining position. The blue dance serves to move animals
into new areas, while the red dance maintains position in areas of high food
density.

Other studies document spectral influences on the behaviour of various

crustaceans. Working with the larvae of the red king crab, Shirley and Shirley
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(1988) observed positive phototaxis in larvae exposed to white, red, green, and
blue light at intensities greater than 10'°q/cm?/sec. Negative phototaxis was
observed at lower intensities and the spectral response was intensity dependent.
In their natural habitat, these larvae are exposed primarily to light in the blue
green range, and it is hypothesized that the spectral sensitivity may have
importance for juvenile crabs that spend their first three years in shallow tide
pools where they would be exposed to a full spectrum natural light. Forward and
Cronin (1979) investigated spectral response in four intertidal crustacean larvae,
and found little difference between larvae and adults. Spectral sensitivity was
well adapted to the predominant wavelengths in the adult environment.

In the opossum shrimp, Mysis relicta, and the mysid shrimp Neomysis
americana, animals exhibited increased response to wavelengths in the blue
region of 515mu (Beeton 1959, Herman 1962). In a contrasting stud; by Hess,
(1910), the marine mysid Mesopodopsis slabbe;i, concentrated in areas with light
in the yellow green range of the spectrum around 546mu to 559mu. Herman
hypothesized that this difference may be influenced by the energy content of the
spectra, which were not measured in Hess' study.

Crustaceans are able to detect and respond to spectral differences in light
and in many cases these responses are related to position and food acquisition.
The identification of optimum light conditions for penaeid larval culture may
enhance their feeding efficiency and modify behaviour to promote increased

growth and survival.
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Table 2.1. Influence of light spectra, photoperiod and intensity on the

T o R R R

growth and behavioral responses of selected crustaceans

SPECIES

PHOTORESPONSE

Color Dances - Under blue light animals
appear agitated with a large horizontal vector

AUTHOR

to locomotion. Calm response to red light, Baylor and
Daphnia magna animals upright in water with a small Smith 1957
adult horizontal vector to their locomotion. Hunger
or presence of food override light and induce
blue and red dancing respectively, regardless
of wavelength.
freshwater adult
Cladocerans,
Ceriodaphnia, Moina,
Bosmina, Color Dances also reported from these
Eubranchipus; species. Baylor and
marine zooplankter Smith 1957
adults, two pontellid
and a harpactacoid
copepod. Squilla
larvae.
Penaeus japonicus Photoperiod of 19L:5D proveokes excited Abrill and
juvenile behavior, 17:7 and 14:10 normal behavior, Ceccaldi
17:7 highest survival. 1981
Pandalus borealis Growth and metamorphosis similarin 12:12 Wienberg
larvae and 0:24, survival less in dark group but 1982
difference not significant.
Buckman
Carcinides Maenas Intermolt not efiected by photoperiod. and
juvenile Adelung
1964
Callinectes sapidus Larvae maintained in darkness did not survive | Sandoz
larvae as well or malt into second zoea stage and Rogers
compered to animals in ambient light. 1944
Photoperiod had no influence on growth, Costlow
Sesarma reticulatum survivai, number of larval stages, or rate of and
larvae metamorphosis. Bookhout
1962
Cambaroides Photoperiod had no effect on growth and Kurata
japonicus, larvae molt increment. 1962
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Table 2.1. Influence of light spectra, photoperiod and intensity on the
growth and behavioral responses of selected crustaceans
| ]

Porcellio scabar Photoperiod had no effect on growth and Kurata
juvenile - molt increment. 1962
Hemigrapsis Short winter photoperiod of 8L:16D increases | Dehnel
oregonensis, H. nudus | oxygen consumption over the reverse. 1960
aduits
Larvae raised in almost complete darkness
Homarus americanus had greater growth,survival, and rate of Templeman
larvae metamorphosis than others in ambient 1936
photoperiod.
Nakamura
Penaeus japonicus Natural feeding rhythm altered with reversed and
postlarvae, juveniles photoperiods. Echavarria
1989
Gecarcinus lateralis Darkness promoted ecdysis, light inhibited Bliss and
adults same, Boyer 1963
Panuliris longipes Continuous dark reduced growth, no Chittlebor-
juvenile photoperiod effect on survival. ough-1975
Mesopodopsis slabberi | Spectral sensitivity, positive phototaxis Hess 1910
adults enhanced in yellow green light.
Mysis relicta Spectral sensitivity in blue range at 515mu. Beeton
adults 1959
Penaeus duorarum Significantly more photopositive Y-maze Myrberg
adults responses to higher intensity and longer 1966
wavelength spectra.
Phototaxis directly related to intensity, positive
Paralithoides at >1 X 10" g/cm/sec, negative at low Shirley and
camtschatica, larvae intensity 1 X 10" g/cm/sec. Response Shirley
threshold greater for positive phototaxis in red | 1988
and green light response.
Spectral sensitivity, positive phototaxis
Neomysis americana enhanced in blue-green light, spectral Herman
adults influence maintained with higher intensity light | 1962
of other spectra. Positive phototaxis reversed
after 12 hours total darkness.
Rithropanopeus harrisii | Shadow response, a siow sinking of larvae to | Forward
larvae rapid reduction of light intensity. 1986
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Table 2.1. Influence of light spectra, photoperiod and intensity on the

| o e S R |

growth and behavioral responses of selected crustaceans

Caliinectes sapidus Weak negative phototaxis at high intensities in | Forward
Neopanope sayi a natural light field. Positive phototaxis in a 1989
Panopeus herbstii narrow light beam.
larvae
Pandalus borealis Positive phototaxis, sinks with sudden Weinberg
larvae increase/decrease in light intensity. 1982
Uca pugilator,
Uca pugnax, Forward
Sesarma cinereum, No phototactic response to natural light field. 1989
Panopeus obesus
larvae
Rithropanopeus harrisii | Negative phototaxis in larvae. Forward
larvae 1985
Sesarma reticulatum Forward
Pilumis sayi Positive phototaxis in a natural light field. 1989
larvae
Rhithropanopeus Cronin and
harrisii, larvae Starvation increased positive phototaxis. Forward
1980
Euphausia pacifica Small and
adults Light has negligible effect on respiration. Hebard
1967
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LIGHT INTENSITY

Light intensity can also influence animal behaviour and physiology. Al-
Ablani and Farmer (1983) found that survival of juvenile Penaeus semisulcatus in
an ambient photoperiod experiment, with unshaded controls and five treatments
involving increased shading, was optimum at intermediate shade levels and
declined in both the unshaded control and the heavily shaded treatments.

In the larval crab Rithropanopeus harrisii, Forward et al. (1984) found that
increasing light intensity altered larval behavior and a negative geotaxis was
altered to a passive sinking response. In the shrimp Penaeus japonicus, juveniles
exhibited more normal behavior and increased survival when cultured at 180 L
or 360 L than at lower intensities (Abrill and Ceccaldi 1981). As mentioned
previously, reduced light intensity and dark culture tanks were found to enhance
survival in Macrobrachium rosenbergii larval culture.

It would be helpful to understand the effect of different light intesisities on
the growth and survival of penaeid larvae to develop an optimum lighting regime
for larviculture operations. Light intensity could influence larval survival and

growth, through modifications in behavicr, feeding efficiency and food quality.

PHOTOPERIOD
Changes in photoperiod can result in variable growth and survival in
crustaceans. Templeman (1936) reported larger moit increments, shortened

intermolt period and increased survival in Homarus americanus larvae maintained
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in the dark compared to animals in ambient photoperiod. |n Panuliris longipes,
continuous darkness significantly decreased growth rate, but otherwise
photoperiod had no effect on growth and survival (Chittleborough 1975). In
contrast, continuous darkness increased growth in the freshwater prawn,
Macrobrachium rosenbergii (Withyachumnarnkul et al. 1990).  Different
photoperiods had no effect on intermolt period in Carcinus maenas (Buckman
and Adelung 1964) or Sesarma reticulata larvae (Costlow and Bookhout 1962).
There was no difference in growth or survival of larvae of the deep sea shrimp,
Pandalus borealis, when they were raised in a 12 hour photoperiod as opposed
to complete darkness (Weinberg 1982). Kurata (1962) found that total darkness
shortens intermolt in Porcellio scaber and Cambroides japonicus. Similar results
were obtained for Gecarcinus lateralis (Bliss and Boyer 1964). In contrast, total
darkness lengthened the intermolt duration in Orconectes virilis (Stephens 1955).
Different photoperiods also altered the natural- feeding rhythms in the shrimp
Penaeus japonicus (Nakamura and Echavarria 1989), while in the white shrimp,
Penaeus setiferus, there seemed to be no strong influence of light on feeding rate
in the wild as measured by gut fullness (McTigue and Feller 1983). Many of
these studies do not mention the age or reproductive state of the animals
involved, and it is likely that responses will vary with these, as well as with the
nutritional condition of the animal. It is also apparent that the molt stage of
animals can strongly influence behavior, and an animals physical ability to

respond to light stimuli.
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Photoperiods may effect the growth and survival of penaeid larvae as
occurs in many other crustaceans. Information on these effects will aid in
identifying optimal photoperiod regimes to improve growth, survival and rate of
metamorphosis in penaeid larvicuiture.

It is evident that light spectra, intensity, and photoperiod can have
significant effects on crustacean larval survival, metamorphosis and behavior. To
determine what effects these variables might have on penaeid shrimp larvae, a
number of experiments were designed to test the following null hypotheses.

1. Different light spectra, intensity, and photoperiods will not influence
the survival, rate of metamorphosis, or postlarval weight of penaeid
shrimp.

2. There will be no difference in survival, rate of metamorphosis, or
postlarval weight between Penaeus vannamei and P. monodon
cultured in different light spectra, intensity and photoperiod.

3. Light spectra will not influence the behavior or phototaxis of
penaeid larvae.

Data from these experiments will provide information that can be used to identify

a light regime for optimum production of penaeid postlarvae.
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MATERIALS AND METHODS

Shrimp nauplii of Penaeus monodon and P. vannamei were obtained from
the maturation and hatchery facilities at the University of Hawaii Institute of Marine
Biology in Kaneohe, Oahu; the commercial hatchery of Amorient Aquafarms,
located in Kahuku, Oahu; and from the Oceanic Institute hatchery at Makapuu
Point, Oahu. Trials were conducted from January through August, 1988. No
attempt was made to track offspring from individual males and females, and
nauplii from different females were often mixed and raised together through the

larval cycle.

LIGHT SPECTRA AND INTENSITY

Experiments were conducted in 1 liter plastic Imhoff cones aerated from
the bottom via a 1 ml glass pipette weighted with a 1/4 inch stainless steel nut
attached above the water.line (Fig. 2.1) (Wilkenfeld et al. 1983). Each experiment
consisted of four treatments of five replicate cones each. Imhoff cones were
suspended in a covered water bath maintained at 28C = 0.5. Animals
were stocked at the protozoea-2 (Z2) stage, because mortality prior to this stage
may be related to spawn quality or handling stress. A sample of ten animals was
examined microscopically to assess relative health prior to commencing trials.
Animals were examined for full digestive systems, well formed setae, and a lack

of fouling bacteria or protozoans. Stocking density was 50/liter, and salinity for
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Figure 2.1. Experimental one liter imhoff cone with air line and one m! aeration
pipette used in larval culture trials.
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the trials was maintained at 30 ppt. Throughout the experiment animals were fed
the diatom Chaetoceros gracilis, and algal cell density was adjusted to 100,000
cells/ml oncedaily. At the protozoea-2 substage, Artemia nauplii were fed as a
supplement at 2.5 nauplii/ml once daily. At the mysis-1 substage, Artemia
feeding was increased to 5 nauplii/ml once a day until the end of the experiment.
Water used in the experiments was drawn from Kaneohe Bay and filtered through
0.5 micron cartridge filters. Salinity was adjusted to 30 ppt using unchlorinated
tap water. Water was exchanged 100% daily throughout the cycle and new imhoff
cones were used to avoid buildup of any fouling organic film.

Water exchanges required an eight centimeter diameter petri dish and a
sieve screen fabricated from a 2.5 cm length of 5 cm diameter PVC pipe, with a
355 micron screen glued to one end (Figure 2.2). The imhoff cone was emptied
through the screen sieve which was placed inside the petri dish at a slight angle
from the bottom. This allowed water to fiow through the screen and overflow the
dish into a bucket below, keeping the animals immersed in water within the
screen, while preventing them from being forcefully pressed against the screen.
The final contents of the petri dish and screen were then poured into a new
partially filled imhoff cone and the remaining water was used to rinse the screen
while filling the cone to the one liter mark.

Experiments were continued untili visual observation indicated
approximately 90% of the animals in any one replicate had metamorphosed to

postiarvae. At this time the entire experiment was terminated and all animals
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were counted, staged and prepared for weighing. This preparation involved
rinsing the animals in fresh water, and placing them in groups of ten animals on

a glass slide. These animals were then oven dried for 24 hours at 60°C. The dried

animals were weighed to the nearest microgram in lots of ten, with individual
weights expressed as the mean of each lot.

The same system was used in trials to determine the influence of light
spectral quality on the growth of the diatom, Chaetoceros gracilis, in the absence
of larvae or Artemnia. All phytoplankton used in these experiments were cultured
in outdoor raceways using 0.2 micron filtered seawater, enriched with Guillard F/2
nutrient media (Guillard and Ryther 1962). The initial cell density was adjusted
to 100,000 cells/mi, and recorded again after 24 hours in the culture system.
Algal cell densities were determined based on five replicate counts using a
hemacytometer.

Light to each treatment was provided by two 40 watt standard cool white
fluorescent tubes or two 300 watt quartz halogen lamps. A small fan was used
with the halogen lights to prevent increased water temperature. Each enclosed
water bath was fitted with a cover, which housed plexiglass filters in the white,
blue, green, or red range. Transmission characteristics of each filter are given
in Figure 2.3. Filters were adjusted to the same photosynthetic photon flux
density (PPFD) (Shibles, 1976) by spraying a thin coating of flat black spray paint
on the filters (Kinzie et al., 1984). Light intensity was measured with a Li-Cor Inc.

Model LI-185 quantimeter with a submersible sensor placed one centimeter
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below the water surface in the experimental cones. The cover which housed the
filters was skirted with opaque black plastic sheeting to prevent any extraneous
light from entering. Experimental light intensities were 0.6, 3.4, and 6.8
microeinsteins/m?/sec. These intensities are within the range available using

conventional lighting without heating the water beyond acceptable limits.

PHOTOPERIOD

The effect of photoperiod on larval survival and rate of metamorphosis, and
final postlarval weight was examined using the same imhoff cone setup with white
fluorescent light at an intensity of 3.4 microeinsteins/m?/sec. In these trials no
spectral filters were used and photoperiods consisted of 24L:0D, 12L:12D and
OL:24D. All other variables were maintained as in the spectra and intensity trials.

Experiments to determine the influence of photoperiod on the growth of
Chaetoceros gracilis were conducted in the same experimental system. The
procedures were similar to those used to determine algal growth in the light

spectra and intensity trials.

Figure 2.2. Seive screen used in conjunction with a petri dish to retain larvae
during water exchanges.

29



100 1
/"\\ ______

% Transmission

7 ——-— Green

80 - --== Red ,I
vereenen Blue ]
B !
. ,,
60 - R \ ,"
J IV

40 - .] \ :"

) ooy

[ \.\ j i/

- 7

7 ; ] f
- :-' ] 3 / 1"- .
0 A S S N, e
1 1 T 1 3 1 1 ) 1 1
300 400 5600 600 700 800

Wavelength (nm)

Figure 2.3. Transmission spectra for the colored filters used in this study. The
green, red, and blue filters are Rohm and Haas No. 2092, 2129, and 2424

respectively. (From Kinzie et al. 1984)
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DATA ANALYSIS

In all treatments, data were collected on growth, survival, rate of
metamorphosis to postlarvae, and metamorphic index for animals in each of the
replicate treatments. These data were statistically analyzed using the SASS
ANOVA procedure to detect significant differences at the 0.05 level. This analysis
was selected to allow for statistical comparison of multiple means and variances.
Final individual weights were based on mean values for animals weighed in lots
of ten. Percent survival was expressed as the number surviving, divided by the
50 animals originally stocked and multiplied by 100. The percent rate of
metamorphosis was expressed as a the number of animals that had
metamorphosed to postlarvae, divided by the total number of animals surviving,
and multiplied by 100.

A metamorphic index was calculated from the following equation: (121 +
272 +3Z3 + 4M1 + 5M2 + 6M3 + 7PL)/N = metamorphic index, where 21, Z2,
Z3, M1, M2, M3 and PL represent the number of larvae at protozoea stages 1,2
and 3; mysis 1,2, and 3; and postlarvae, respectively. The numerals preceding
each stage are the number of post-naupliar molts to that stage. This index allows
a relative comparison of metamorphic rates of animals within each experimental
replicate, as opposed to the percent metamorphosis to postlarvae, which
provides no information on larval stage of other animals in the treatment. If all
animals in a treatment had metamorphosed to postlarvae, this index would have

the maximum value of seven.
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LARVAL BEHAVIOR

Shrimp larvae were observed for any altered behavioral response indicative
of color dances. Phototactic responses were determined for each larval stage
from protozoea-3 to mysis-3, in the same light spectra used in the larval culture
trials. Clear plastic containers measuring 11 X 2.5 X 14 cm were filled with 250

mis of seawater at 28°C and 30 ppt and placed in the experimental light. Shrimp

larvae of the appropriate stage were then introduced using a wide bore pipette
to the center of the container, and their progression monitored over the next
minute with the location recorded every 10 seconds. Individual shrimp were
used for each trial with five replicates per treatment.  The container was
delineated into four equal horizontal bands, numbered one through four from the
surface to the bottom (Fig. 2.4). Larval positions were recorded at 10 second
intervals and final positions in each sector were quantified. An index was
developed to gauge the relative phototactic response of larvae in each trial. This
index was calculated by assigning numbers one through four, to each sector of
the experimental container from top to bottom, and multiplying the sector number
by the number of final larval position observations in that sector. The index was
calculated as the sum of these products. The most photopositive response
would result from recording final position of larval shrimp in each of the five trials
in sector one. The index would then be photoresponse index = (sector #)(#final
observations in that sector) = (1)(5) = 5. A contrary response would be

indicated if final larval positions in all five replicates were in sector 4. In this case,
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the photoresponse index = (4)(5) = 20. This index provides a measure to gauge
the relative photoresponse of each larval stage. A Chi-square test for goodness

of fit was used to compare the mean response index for each larval stage.
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Figure 2.4 Experimental units used in larval behavior trials evaluating
responses to light of different spectra.
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RESULTS

ALGAL GROWTH

Data on growth of Chaetoceros gracilis cultured under different spectra,
intensities, photoperiods, and using fluorescent and quartz halogen light sources,
illustrate significant effects on growth rate for all parameters except photoperiod.
The most dramatic differences were obtained using a combination of quartz
halogen light sources with a red filter, which resuited in algal cell densities almost

twice that of any other treatment.

LIGHT SPECTRA

Red light produced a significant increase in algal growth rate as seen in
Table 2.2, which represents algal cell densities grown in different spectra
combining different light sources and intensities. A closer look at these data
comparing individual algal growth rates as a function of spectra, source and
intensity, reveals the optimum growth conditions result from the halogen light
source, with the red filter as seen in Table 2.3. The algal cell increases in this
treatment at the high and low intensities were approximately double that of any
other treatment. There is no significant difference in algal growth as a function
of light intensity in this treatment combination at intensities of 3.4 or 8.8
microeinsteins/m?/sec.

Light source had a significant effect on algal reproduction rates (Table 2.3,
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2.4). Algal growth rates in white fluorescent light at 3.4 microeinsteins/m?/sec
were slightly higher than in white halogen light at the same intensity, although the
difference is not significant. In all other spectra the algal production rates were
higher in the halogen light, with a significant increase in the red halogen

combination.

LIGHT INTENSITY

There were significant differences in the percent increase of algal cells in
fluorescent light between intensities of 0.6 or 3.4 microeinsteins/m®/sec in the
green light. Chaetoceros cells increased significantly to 194.1% at the lower
intensity of 0.6 microeinsteins/m?/sec, compared to 103% at the higher intensity
of 3.4 microeinsteins/m?/sec. There were no other significant differences in algal
production between the two intensities using fluorescent light and red, blue, or
white spectra. There were no significant differences in algal production
correlated with light intensity in any spectra using halogen light at 3.4 and 6.8
microeinsteins/m?/sec. Data on cell counts under different light sources and

intensities can be seen in Table 2.3.

PHOTOPERIOD
No significant difference in algal growth resulted from different
photoperiods (Table 2.5). Initial algal density of 100,000 cells/ml, increased in the

constant dark trial to 182,000 cells/ml, and to 204,250 cells/mi in the constant
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light treatment. The intermediate 12L:12D treatment increased to 205,500
cells/ml.
TABLE 2.2. Comparison of Chaetoceros gracilis cell count increase

following 24 hours of culture under different light spectra. Values are
means from trials using different light sources and intensities.

COLOR MEAN CELL COUNT N
(CELLS/ML, = SD)

blue 139,815 = 17.4 A* 20
green 155,580 = 33.5 A 20
red 274,245 = 118.0 B 20
white 162,389 + 11.9 A 20

a. Values with the same letter are not significantly different at the .05 level.
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TABLE 2.3. Per cent increase in Chaetoceros gracilis cultures reared 24 hours in
constant fluorescent or halogen light of different spectra and intensity.

SOURCE INTENSITY COLOR N % INCREASE
uE/m?/sec (x SD)
fluorescent 0.6 blue 5 147.8 + 20.1 B*
fluorescent 0.6 green 5 194.1 = 225 B
fluorescent 0.6 red 5 1489 = 118 B
fluorescent 0.6 white 5 153.8 = 23.2 B
fluorescent 3.4 blue 5 124.8 = 28.4 B,C
fluorescent 3.4 green 5 103.0 + 286 C
fluorescent 3.4 red 5 164.0 = 16.0 B
fluorescent 3.4 white 5 182.8 =+ 15.3 B
halogen 3.4 blue 5 1645 = 72 B
halogen 3.4 green 5 153.5 = 20.5 B
halogen 3.4 red 5 383.2 = 479 A
halogen 3.4 white 5 156.56 = 23.5 B
halogen 6.8 blue 5 122.0 + 27.7 B,C
halogen 6.8 green 5 171.6 = 60.8 B
halogen 6.8 red 5 400.8 = 56.7 A
halogen 6.8 white 5 157.5 = 13.1 B

a. values with the same letter are not significantly different at the .05 level.
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TABLE 2.4. Comparison of Chaetoceros gracilis cell count increase following 24

hours of cuiture under fluorescent and halogen light of different intensities using
mean increase for all colors.

SOURCE  INTENSITY MEAN CELL COUNT N
(CELLS/ML, = SD)

fluorescent 34 143,687 + 31.6 A® 20
halogen 3.4 214,194 £ 97.7 B 20
fluorescent 0.6 161,156 + 19.2 A 20
halogen 6.8 212,992 + 1100 B 20

a. Values with the same letter are not significantly different at the .05 level.
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TABLE 2.5. Chaetoceros gracilis cell density when cultured under different
photoperiods for 24 hours using flourescent light at 3.4 microeinsteins/m?/sec.
Initial cell density equal to 100,000 cells/mi.

PHOTOPERIOD N # CELLS / ML % INCREASE
+ 8D

constant light 4 204,250 * 36,800 A® 104
24:0

constant dark 5 182,000 + 33,369 A 82
0:24

light:dark 5 205,500 + 33,369 A 105
12:12

a. values are not significantly different at the .05 level.
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SHRIMP LARVAL SURVIVAL

LIGHT SPECTRA AND INTENSITY

Survival values from stocking at the protozoea-2 substage to termination
of the light experiments were similar in all experimental treatments of light source,
spectra and intensity. While survivals were higher in P. vannamei, there were no
significant differences between Penaeus vannamei and P. monodon raised
through their larval cycle in fluorescent light passed through white, red, blue and
green filters at an intensity of 3.4 microeinsteins/m?/sec. As seen in Tables 2.6
and 2.7, survival in the two species ranged from 66 to 84.8%. There were no
significant differences between species or within species grown under different
color regimes.

In light experiments, Penaeus vannamei larval survival ranged from 72.4 to
88.4%, with no significant differences noted between treatments involving different
light spectra, source or intensity. While shrimp grown in halogen and fluorescent
lights at an intensity of 3.4 microeinsteins/m?®/sec had generally higher survival
than those grown at a higher intensity of 6.8 microeinsteins/m?/sec, none of the
differences were significant. Survival values for Penaeus vannamei in the trials

ranged from 72.4% 10 88.4%.

PHOTOPERIOD

Photoperiods of 0L:24D, 12L:12D, and 24L..0D had no significant influence
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on survival of P. vannamei larvae grown under white fluorescent light at 3.4
microeinsteins/m?/sec. While there is no significant difference, data from Table
2.8 indicate that the highest survival of 76% was observed in the constant light
trial, followed by 62.8% survival in the constant dark treatment and 58.8% survival

during the 12L.:12D treatment.
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TABLE 2.6. Mean survival of Penaeus vannamei larvae raised under
different light intensities, spectra and sources with a 24:0 photoperiod.

SOURCE INTENSITY COLOR MEAN SURVIVAL N

(UEm?3/sec.) (= SD)
fluorescent 3.4 red 884 + 59 A® 5
fluorescent 3.4 blue 772 = 140 A 5
fluorescent 3.4 green 844 6.7 A 5
fluorescent 3.4 white 824 = 46 A 5
halogen 3.4 red 81.6 + 9.8 A 5
halogen 3.4 blue 824 + 86 A 5
halogen 3.4 green 848 + 153 A 5
halogen 3.4 white 81.2 + 115 A 5
halogen 6.8 red 732 £ 27 A 5
halogen 6.8 blue 756 99 A 5
halogen 6.8 green 724 £ 6.8 A 5
halogen 6.8 white 812 70 A 5

a. Values followed by the same letter are not significantly different.




TABLE 2.7. Mean survival of Penaeus monodon larvae raised under
different spectra of fluorescent light at 3.4 uE/m?*/sec.

COLOR N MEAN SURVIVAL
(= SD)

red 5 76.4 = 149 A®

blue 5 66.0 + 7.6 A

green 5 748 = 106 A

white 5 79.6 = 38 A

a. Values followed by the same letter are not significantly different.




TABLE 2.8. Survival of Penaeus vannamei larvae raised under
fluorescent light at 3.4 uE/m?/sec at different photoperiods.

PHOTOPERIOD N MEAN SURVIVAL
(= SD)

constant light 5 76.0 + 83 A®

24.0

constant dark 5 62.8 + 186 A

0:24

light:dark 5 588 + 72 A

12:12

a. Values with the same letter are not significantly different.
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SHRIMP LARVAL METAMORPHOSIS

The light conditions tested in these trials did not influence the duration of
the larval cycle in Penaeus monodon or Penaeus vannamei. There were no
significant differences in the percent metamorphosis to postlarvae or

metamorphic index in any of the light treatments tested.

LIGHT SPECTRA AND INTENSITY

The four color spectra investigated had no significant effect on either the
percentage of larvae metamorphosing to postlarvae or the metamorphic index.
There were no significant differences between P. vannamei and P. monodon in
these variables when examined for the four spectra using fluorescent light at 3.4
microeinsteins/m?/sec. Metamorphic index values ranged from 6.6 to 6.7 for P.
monodon, and 6.8 to 6.9 for P. vannamei (Tables 2.9, 2.10). Values for percent
metamorphosis to postlarvae for P. vannamei were not significantly different from
that of P. monodon in flucsrescent light at 3.4 microeinsteins/m®/sec. The values
for P. vannamei, (Table 2.11), range from 85.2% to 93%, while those for P.
monodon are lower, ranging from 63.9% to 79.4% (Table 2.12).

Data on metamorphic index, and percent metamorphosis to postlarvae of
P. vannamei for all of the light sources, intensities and spectra are presented in
Tables 2.10 and 2.11. No significant differences were observed in this species
for any of the experimental combinations. Values of percent metamorphosis were

from 52.7% to 93% and the metamorphic index ranged from 6.3 to 7.0.
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Trials conducted to determine the influence of light intensity on percent
metamorphosis to postlarvae and metamorphic index for P. vannamei also
illustrated no significant effects on these parameters using halogen light between
intensites of 3.4 and 6.8 microeinsteins/m?/sec. Values for percent
metamorphosis to postlarvae were 73.9 at the high intensity, and 81.5 at the
lower level, while the metamorphic index was 6.6 and 6.7 respectively (Tables

2.13, 2.14).

PHOTOPERIOD

The rates of metamorphosis of larval P. vannamei to postlarvae were not
significantly influenced by different photoperiods of 0L:24D, 12L:12D, and 24L:0D,
as seen in table 2.15. For the three photoperiods of 0L:24D, 12L:12D, and
24L.:0D, the per cent metamorphosis to postlarvae was 99%, 92.5% and 96.5%
respectively. The metamorphic index of 7.0 for the constant light treatment
indicates that all larvae had metamorphosed to postlarvae. The metamorphic

indices were 6.9 for the other two photoperiods (Table 2.16).

47



TABLE 2.9. Mean metamorphic index of Penaeus monodon larvae raised
under different colors of fluorescent light at 3.4 uE/m?/sec.

COLOR N METAMORPHIC INDEX*
(+ SD)

red 5 6.7 + 0.1 A°

blue 5 66 + 0.4 A

green 5 6.7 + 0.09 A

white 5 6.7 + 0.07 A

a. Metamorphic index = [1{(Z1) + 2(Z2) +3(Z3) + 4(M1) + 5(M2) + 6(M3) + 7(PL-1)]/total # surviving larvae.

b. Values followed by the same letter are not significantly different.
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TABLE 2.10. Metamorphic index of Penaeus vannamei postlarvae raised as
larvae under different light intensities, spectra and sources.

SOURCE N INTENSITY COLOR  METAMORPHIC INDEX
(UEm?/sec.) (+ SD)
halogen 5 3.4 red 6.9 + 0.08 A*
halogen 5 3.4 blue 6.7 + 013 A
halogen 5 3.4 green 6.6 + 0.37 A
halogen 5 3.4 white 6.7 + 0.19 A
fluorescent 5 34 red 6.9 + 0.06 A
fluorescent 5 3.4 blue 6.8 + 0.156 A
fluorescent 5 3.4 green 69 + 0.11 A
fluorescent 5 3.4 white 6.8 + 0.05 A
halogen 5 6.8 red 7.0 £+ 0.04 A
halogen 5 6.8 blue 6.3 + 0.67 A
halogen 5 6.8 green 6.5 + 0.66 A
halogen 5 6.8 white 6.8 + 025 A

a. Values followed by the same letter are not significantly different.
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TABLE 2.11. Percent metamorphosis to postlarvae of Penaeus vannamei larvae

raised under different light sources, intensities and spectra.

SOURCE N INTENSITY COLOR % POSTLARVAE
(UEm?/sec.) (+ SD)

halogen 5 3.4 red 90.7 + 6.4 A*
halogen 5 3.4 blue 73.1 + 124 A
halogen 5 3.4 green 58.0 + 330 A
halogen 5 3.4 white 73.8 + 165 A
fluorescent 5 3.4 red 93.0 + 45A
fluorescent 5 3.4 blue 86.6 + 9.0A
fluorescent 5 3.4 green 909 + 67A
fluorescent 5 3.4 white 85.2 + 56 A
halogen 5 6.8 red 96.2 + 42 A
halogen 5 6.8 blue 52.7 + 450 A
halogen 5 6.8 green 67.7 + 389 A
halogen 5 6.8 white 79.0 + 243 A

a. Valuas followed by the same letter are not significantly differant.
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TABLE 2.12. Mean percent metamorphosis to postlarvae of Penaeus
monodon postlarvae raised under different colors of fluorescent

light at 3.4 uE/m?%/sec.

COLOR N PERCENT METAMORPHOSIS
TO POSTLARVAE
+ SD
red 5 72.7 + 7.3 A°
blue 5 63.9 + 370 A
green 5 78.8 + 6.6 A
white 5 794 + 3.1 A

a. Values followed by the same letter are not significantly different.
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TABLE 2.13. Mean percent metamorphosis to postlarvae of Penaeus
vannamei larvae raised under different light sources and
spectra at two different intensities.

INTENSITY N PERCENT METAMORPHOSIS
(UE/m?/sec) TO POSTLARVAE
(= SD)
3.4 40 815 + 172 A*
6.8 20 739 + 329 A

a. values with the same letter are not significantly different
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TABLE 2.14. Mean metamorphic index of Penaeus vannamei larvae
raised under different light sources and spectra at two
different intensities.

INTENSITY N MEAN METAMORPHIC
(UE/m?/sec.) INDEX
(x SD)
3.4 40 6.7 = 0.2 A*
6.8 20 6.6 + 05 A

a. values with the same letter are not significantly different
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TABLE 2.15. Mean percent metamorphosis to postlarvae of Penaeus
vannamei larvae raised under fluorescent light at 3.4 uE/m?/sec
at different photoperiods.

PHOTOPERIOD N PERCENT METAMORPHOSIS
TO POSTLARVAE
(= SD)
constant light 5 99.0 = 1.3 A*
24L..0D
constant dark 5 96.5 =+ 3.6 A
OoL:24D -
light:dark 5 925 + 11.6 A
12L:12D

a. values with the same letter are not significantly difierent
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TABLE 2.16. Mean metamorphic index of Penaeus vannamei larvae
raised under fluorescent light at 3.4 uE/m?/sec at different photoperiods.

PHOTOPERIOD N  METAMORPHIC INDEX®
(=SD)
constant light 5 7.0 £ 0.02 A°
24.0
constant dark 5 6.9 = 0.06 A
0:24
light:dark 5 69 = 014 A
12:12

a. Index = (121 + 222 + 323 + 4M1 + 5M2 + 6M3 + 7PL-1)/(Z1 +22 +Z3 + M1 + M2 + M3 + PL-1)
b. values are not significantly different
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POSTLARVAL DRY WEIGHTS

LIGHT SPECTRA AND INTENSITY

In the P. vannamei weight data presented in table 2.17, there are a
number of significant differences between animals cultured in fluorescent and
halogen light. Postlarvae cultured in fluorescent light were generally larger than
groups cultured in halogen light. Larvae cultured in the red, green, and white
fluorescent light at 3.4 microeinsteins/m?/sec, were significantly heavier than
those cultured in green halogen light at 3.4 and 6.8 microeinsteins/m?/sec, and
those grown in blue and white halogen light at the higher intensity.

Data on dry weights of P. vannamei and P. monodon cultured under
different spectra with fluorescent light at 3.4 microeinsteins/m?/sec are found in
Tables 2.17 and 2.18. There were no significant differences in dry weight between
these two species as a result of culture under different light spectra at this

intensity.

PHOTOPERIOD

Photoperiod had a significant effect on mean dry weight of P. vannamei
when using a fluorescent light source at an intensity of 3.4 microeinsteins/m?/sec.
The mean dry weights ranged from 104.3 to 130.4 ug/postlarvae as seen in table
2.19. The lowest weights were found in the 12L:12D treatment which were

significantly less than the weights in the other two photoperiods.
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TABLE 2.17. Mean dry weight of postlarval Penaeus vannamei reared
as larvae under different light sources, intensities and spectra.

(Trial dates and larval origin - halogen 3.4, 2/10/88, Oceanic
Institute; fluorescent 3.4, 4/24/88,0ceanic Institute; halogen

6.8, 6/25/88, Amorient.

SOURCE INTENSITY COLOR N MEAN DRY WEIGHT

(UEm?/sec) (ug,+ SD)*
fluorescent 3.4 red 5 1624 = 114 B
fluorescent 3.4 blue 5 1459 = 104 AB
fluorescent 3.4 green 5 161.7 = 7.8 B
fluorescent 3.4 white 5 169.7 = 5.6 B
halogen 3.4 red 5 1456 =+ 134 AB
halogen 3.4 blue 5 139.6 81 AB
halogen 3.4 green 5 1364 = 7.1 A
halogen 3.4 white 5 147.0 + 88 AB
halogen 6.8 red 5 1436 =35 AB
halogen 6.8 blue 5 1294 £ 36 A
halogen 6.8 green 5 1274 = 50 A
halogen 6.8 white 5 126.2 + 95 A

a. Values followed by the same letter are not significantly different.
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TABLE 2.18. Mean dry weight of Penaeus monodon larvae raised
under different colors of fluorescent light at 3.4 uE/m?/sec.

COLOR N MEAN DRY WEIGHT
(ug/larvae, + SD)

red 5 142.8 + 6.6 A®
blue 5 138.0 + 180 A
green 5 1422 + 7.2 A
white 5 150.8 + 3.8 A

a. Values followed by the same letter are not significantly different.
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TABLE 2.19. Mean dry weight of Penaeus vannamei larvae raised
under fluorescent light at 3.4 uE/m?/sec at different photoperiods.

PHOTOPERIOD N MEAN DRY WEIGHT
(ug/iarvae + SD)

constant light 5 1304 + 7.7 A®
24L:0D

constant dark 5 1245 + 100 A B
0L:24D

light:dark 5 1043 + 160 B
12L:12D

a. values with the same letter are not significantly different
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PHOTOTAXIS

Two trials were conducted with each stage of Penaeus monodon larvae to
evaluate the phototactic response of different larval stages to light sources of
different spectra. These trials are summarized in Table 2.20, which presents an
index quantifying the relative strength of the response. This index was calculated
by assigning numbers one through four, to each sector of the experimental
containers from top to bottom, muitiplying the sector number by the number of
larval observations in that sector, and then calculating the sum of the five
observations for each trial. Therefore an index value of 5, indicates that all five
larvae in the trial occupied sector 1, closest to the light and near the surface,
showing the strongest photopositive response, while a value of 20, indicates that
all five larvae occupied sector 4, farthest from the light source and closest to the
bottom, thereby exhibiting the strongest photonegative response.

In the protozoea stage 3 animals, (Z3) there were no significant mean
photopositive responses to white, blue, red or green light. In trial 1, under blue
light, ali the larvae were in the upper sector closest to the light, although this
trend is almost reversed in trial 2 where four out of five larvae were in the bottom
sector with the fifth larvae intermediate in the water column. A Chi-square
analysis reveals that no responses were significantly different from expected. The
photoresponse mean of all spectra for the Z3 stages was significantly different
from the M2 and M3 stages.

In the mysis 1 stage, (M-1) there were photopositive responses to the
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white light, with five larvae in trial one and four larvae in trial two occupying the
upper section of the water column. In blue light, however, the majority of the
larvae were in the bottom half of the water column. In red and green light, the
larvae were variably distributed in the two trials.

The Mysis 2 iarvae (M-2) were predominately located in the lower
water column in all four light conditions. Observations were similar for the mysis-
3 (M3) animals. A similar situation was observed for the Mysis 3 (M-3) animals.

The only photoresponse that differed significantly at the 0.05 level from
that expected using a chi-square analysis was observed in the white light
treatment during the M-1 stage. There were significant differences based on the
mean photoresponse across light spectra between larval stages. The Z3 mean
of 10.75 is significantly less than for M2 (17.34) or the M3 (18.25). The M1 mean

response of 11.5 is also significantly less than that of the M3 stage (Table 2.20).
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TABLE: 2.20. Phototactic response index for Penaeus
monodon larvae exposed to different light spectra. (see text

for details)
COLOR | STAGE | TRIAL | TRIAL | MEAN || LARVAL
1 2 STAGE
MEAN

WHITE Z3 8 9 8.5
BLUE Z3 18 11.5 10.8° A
RED Z3 11 10 10.5

GREEN Z3 9 16 12.5

WHITE M1 5 6 5.5

BLUE M1 16 15 15.5 115 AB
RED M1 17 11.5

GREEN M1 18 13.5

WHITE M2 17 17 17.0

BLUE M2 20 10 15.0 17.4 B,C
RED M2 20 20 20.0

GREEN M2 19 16 17.5

WHITE M3 13 19 16.0

BLUE M3 20 20 20.0 18.95 C
RED M3 17 18 18.5

GREEN M3 17 20 18.5

a. Values toilowed by
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DISCUSSION

LIGHT SPECTRA AND INTENSITY
INTRODUCTION

In order to survive, shrimp larvae must have adequate nutrition, avoid
predation, and through dispersal and migration, travel to estuarine nursery
habitats from oceanic spawning grounds. A number of crustacean larvae use
light spectra and intensity to locate food, avoid predation, and regulate vertical
migrations that are used for predator avoidance, and to aid in dispersal and
migration (Baylor and Smith 1957, Munro and Jones 1968, Rothlisberg 1982,
Forward 1986). In crustacean larvae, spectral sensitivity is adapted to the adult
environment, which is related to light transmission and spectra in their natural
habitat (Goldsmith 1972, Forward 1976, Forward and Cronin 1979, Shirley and
Shirley 1988). The evolution of sensitivity to changes in light spectra and
intensity in animals indicates that this capability is important for growth and

survival, and ultimately contributes to overall fitness.

LARVAL SURVIVAL AND METAMORPHOSIS

Light spectra and intensity could effect survival in wild penaeid larvae by
influencing larval nutrition, predation, dispersal and migration. In hatchery
situations, fewer variables exist through which light might exert an influence on

penaeid larvae. Some of these variables are algal abundance and nutritional
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value, feeding efficiency, and water quality. These will be discussed as they
relate to penaeid survival in light of data presented in previous sections.

Different light spectra are known to influence phytoplankton physiology
and the nutritional value of algae for a number of larval marine organisms (Faust
et al. 1982, Kinzie et al. 1984). This influence on physiology is evident in the
increased and variable reproductive rate observed in Chaetoceros gracilis as a
result of spectral changes in culture conditions. In every spectrum, the
phytoplankton density increased dramatically, with the greatest increase found
in the combination of halogen light with a red filter.

There were no indications that any of these increases in cell density
influenced larval survival or rate of metamorphosis. In research evaluating the
influence of diet on larval Penaeus monodon, Aujero et al. (1982) found that
increasing levels of Chaetoceros calcitrans, from 30,000 cells/ml, to 50,000
cells/ml increased survival, but that between_S0,000 and 85,000 cells/ml no
differences were noted. As algal cell counts in these experiments were always
above 100,000 cells/ml, it is likely that the levels used in these experiments
provided sufficient nutrition that no benefits were observed from the additional
phytoplankton available. This is often not the case in commercial production
hatcheries where phytoplankton production can be inconsistent, and supply
inadequate to maintain desired densities (James A. Brock, personal

communication 1988). In these situations, the increased algal production



resulting from a red halogen lighting regime could increase larval growth and
survival through improved nutrition.

While there are a number of studies on the influence of different light
spectra on larval behavior relating to phototaxis and vertical migration, very little
information is available that addresses the influence of spectra on larval
metamorphosis and survival. Shirley and Shirley (1988) reported on spectral
sensitivity to red, green, and blue fight, in red king crab larvae. They postulated
that this sensitivity may be related to the juvenile environment in shallow tide
pools when animals are exposed to full spectrum light. Baylor and Smith (1957)
reported on the spectrally induced color dances of Daphnia magna, and a variety
of other cladocerans and marine zooplankters. These dances are specific
swimming patterns in which swimming behavior in blue light has a large
horizontal vector which leads animals to food, while the red light dance maintains
animals in areas of high algal density. These spectrally induced behaviors may

lead to increased survival through acquisition of food and conservation of energy.

POSTLARVAL WEIGHT

Light spectra did not excercise a significant influence on postlarval dry
weight among groups of penaeid larvae raised under red, blue, green and white
spectra. Different spectra would have been expected to influence postlarval
weight if there were some positive or negative influence on metabolism, nutrition

or environmental quality. The lack of any significant effects indicates that
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conditions promoting good growth and survival were maintained in the culture
system in each of the experimental light spectra.

There is very little information available on the influence of light spectra on
growth and survival of larval crustaceans. Small and Hebard (1968) found that
light had little effect on the respiration rate of the vertically migrating zooplankton
Euphausia pacifica, similar results have been obtained by other researchers
working with migrating marine zooplankton (Bishop 1968, Teal 1971). Many
researchers have documented spectral sensitivity in a variety of crustaceans
without investigating relationships to growth and survival (Beeton 1959, Herman
1962, Forward and Costlow 1974, Shirley and Shirley 1988). Most studies have
investigated the response of vertically migrating crustaceans to light spectra and
intensity. In these cases, any influence of light spectra on larval survival would
act indirectly, by positioning animals in areas of high food abundance, or
reducing exposure to predators. In experiments conducted during this work with
penaeid larvae, there wa§ always an adequate and uniform distribution of foed,
along with a absence of natural predators.

While there were no significant differences in weight gain as a result of
light spectra, there were some general trends and red light consistently produced
growth at the upper end of the range observed. There are a number of factors
that may be responsible for this observed effect. These include nutritional value

of the algal food and differences in water quality.

66



Light has been shown to effect the nutritional composition of a number of
marine phytoplankton. Walsh and Legendre (1983) noted significantly higher
carbon assimilation in natural phytoplankton in red light, over that observed for
white green or blue light. While the dry weights of postlarvae did not differ
significantly between red, green, and white light, weights in the red treatments
were considerably higher. Light spectra has also been shown to effect the
nutrient composition of a number of other marine phytoplankton (Wallen and
Geen 1971, Jones and Galloway 1979, Faust et al. 1982, Kinzie et al. 1984).

Although not significant, some of the growth differences observed between
trials may have resulted from differences in quality of the phytoplankton used as
feed throughout the experiments. All phytoplankion used in these trials were
cultured in the same system and nutrient regime, and were examined
microscopically for contaminants prior to use. Nonetheless, there may have been
differences in nutritional composition based on subtle changes in culture
parameters. Nutritional changes have been shown to occur in phytoplankton as
a result of changes in temperature (Seto et al. 1984, Su et al. 1988, James et al.
1989); salinity (Seto et al. 1984, Chang et al. 1986); and light intensity (Jones and
Galloway 1979, Chang et al. 1986). As the Chaetoceros gracilis used in these
trials were grown in outdoor raceways, there were fluctuations in these

parameters corresponding to ambient conditions.
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WATER QUALITY

The increased phytoplankton evident in the treatment with halogen
light and the red filter would be expected to have a positive influence on water
quality for larval penaeids. This would result from increased uptake of ammonia
and other nutrients, along with the release of oxygen. In commercial systems
where water quality can at times be marginal, this could result in increased
growth and survival (Colt and Armstrong 1979). While the increased uptake of
ammonia would be a beneficial result of increased phytoplankton density, high
densities of phytoplankton could also increase the pH which might shift the
equilibrium between ionized and unionized ammonia in favor of the more toxic
unionized form. It is important to monitor the pH and ensure that this does not
occeur.

Increases in algal density were observed in all light combinations in these
experimental trials. However, it should be noted that the imhoff cones are less
than 40 cm deep and the majority of the water volume is at the surface. In
commercial production tanks, this is not the case, and of the light regimes tested,
only the red halogen combination is able to maintain log phase growth in algal
populations in commercial size tanks.

Another benefit of increased algal production in commercial postlarval
production would be a reduction in bacterial and protozoan contaminants as a
result of increased competition for nutrients. In this series of experiments, with

new larval rearing cones and a 100% water exchange daily, larval problems with
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filamentous bacteria or protozoans such as Zoothamnium or Epistylis were not
observed. In commercial larval rearing tanks water exchange rates are less, and
bacterial and protozoan populations often become established in the water and
along the rearing tank surfaces. These microorganisms can easily proliferate in
larval rearing tanks where they can colonize the larval cuticle and gills, interfering
with molting and oxygen transfer. This can result in serious mortalities and a
reduction in larval growth in commercial settings. The increased phytoplankton
resulting from the red halogen treatment would reduce available nutrients for
these microorganisms and could inhibit their proliferation. Personal experience
with 2,500 liter larval rearing tanks, and reports from other commercial operations
support this, reporting fewer cases of filamentous bacterial fouling in tanks using

halogen lights (Jim Swingle, Jim Ure, personal communications 1988, 1992).

LIGHT INTENSITY

No significant differences were observed in algal production as a result of
different light intensities between 0. 6 and 6. 8 uE/m?*sec. There were also no
intensity related differences in penaeid larval growth, survival, or rate of
metamorphosis. The light intensities used are considerably below ambient
sunlight, and there is not a large difference between the two. There are reports
from industry sources in developing countries attesting to comparable larval
rearing success in outdoor tanks in full sunlight, and those that are covered

throughout the larval cycle (Wang 1991, Chao 1992 personal communications).

69



It appears that light intensity does not exert an effect on larval growth and
survival either at the intensities investigated here or in ambient sunlight as
reported in the literature (Liao 1992). What is important is to provide larval
penaeids with good water quality and a nutritious diet so that they grow rapidly.

Increased levels of phytoplankton accomplish both of these objectives.

PHOTOPERIOD

Photoperiods tested did not significantly influence algal production,
although increased production was noted as the length of the photoperiod
increased. Katabami et al. (1986) also noted no significant difference in
phytoplankton abundance when photoperiod was reduced from 14 to 9 hours.
Photoperiod influences phytoplankton as a function of the amount and quality of
light, and also through the frequency of changes between light and dark. Laws
et al. (1983) reported a doubling of algal production as a result of airfoils placed
in a raceway which created vortices that moved algal cells in and out of high
irradiance levels at the surface. They attributed this increase to a flashing light
effect that optimized the photosynthetic efficiency of the algae.

It is likely that the continued reproduction of Chaetoceros gracilis in the
dark photoperiod trial resulted from the use of energy stored as oil within the cell.
Diatoms do not store energy as carbohydrate but as oil, an adaptation that aids

in maintaining bouyancy (Dawson 1966). The oil reserves in a healthy cell in log
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phase growth would be sufficient to maintain the cell for up to one week in the
absence of light (Celia Smith, personal communication 1993).

Different photoperiods had no effect on larval survival or rate of
metamorphosis in any of the experimental trials. This result agrees with reports
from commercial hatcheries indicating no production differences between culture
operations conducted under light, dark, or ambient photoperiod conditions (Liao
1992; Wang, personal communication 1991).

There was a significant decrease in dry weight in the P. vannamei trial at
the intermediate 12 hour photoperiod. Dry weight has been shown to be the
most sensitive indicator in evaluating the differences between a number of larval
diets when no differences were observed in survival or rate of metamorphosis
(Wilkenfeld et al. 1984, Beidenbach et al. 1989). Light spectra, intensity, and
photoperiod are known to influence the chemical composition of phytoplankton
(Nichols 1965, Faust et al. 1982). The 12 hour photoperiod may have reduced
the nutritional value of available phytoplankton and contributed to this reduction
in growth. Vander Driessche and Bonotto (1972) found that the first response of
algal cultures exposed to continuous light is to increase carbohydrate
concentration. In the diatom Cyclotella cryptica, excess carbohydrate is
converted to protein during the dark cycle as compared to cultures grown in
continuous light (Werner 1966). If similar responses occur in Chaetoceros, one
might expect the intermediate photoperiod treatment to provide a better diet, and

hence an increase in postlarval weight. The opposite was observed, and more
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detailed investigation on the nutritional content and fatty acid profiles of
Chaetoceros grown under these conditions would provide more information to
interpret this data.

It is unlikely that the observed difference in dry weight in the 12:12
photoperiod resulted from genetic differences as these larvae all originated from
the same group. While this group may have represented more than one family,
they were mixed prior to stocking in experimental treatments. |t is also unlikely
that differences in initial algal quality contributed to observed differences as the
same source was used in all treatments.

A variety of responses to photoperiods are evident in different crustaceans.
Photoperiod had no effect on growth, survival and metamorphosis in Pandalus
borealis larvae, or in larvae of the crab, Sesarma reticulatum (Weinberg 1982,
Costlow and Bookhout 1962). No photoperiod effect on growth or moilt
increment was observed in Cambaroides japonicus larvae, or Porcellio scabar
adults (Kurata 1962). In Callinectes sapidus and Panuliris longipes, continuous
darkness reduced growth and survival, (Sandoz and Rogers 1944, Chittleborough
1975) while the opposite was the case in Gecarcinus lateralis and Homarus
americanus larvae (Bliss and Boyer 1963, Templeman 1936). ltis likely that the
variety of responses observed in these studies is the result of more than one
variable, and that other factors influencing an animals response include molt

stage, age, reproductive condition, diet and light intensity.
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SPECTRAL INFLUENCES ON LARVAL BEHAVIOR

There were no observable changes in swimming behavior in larval
Penaeus monodon exposed to different light spectra. Protozoeal shrimp
continued actively swimming with their first and second antennae, aided by the
well developed first and second maxillipeds. There were no observed color
dances at this stage. No significant phototactic response was evident at this
stage in the different spectra tested, although the mean response of Z3 animals
were significantly more photopositive than means of the later mysis M2 and M3
stages (Table 2.20). This is in agreement with reports on larval distribution in
coastal waters indicating shallower distribution of protozoeal as compared to
mysis stages (Munro et al. 1968).

In the mysis-1 stage, swimming appeared normal in all light spectra with
the animals using their three pair of maxillipeds and pereiopods for locomotion.
No color dances were observed. Mysis-1 stage animals were significantly
photopositive in the white light and it may be a response to a light spectra not
transmitted in the experimental filters, or one that is transmitted at too low an
intensity. In the red and green ftrials results were variable. The mean
photoresponse was significantly more positive in the M1 than at the M3 stage. As
mysis larvae, shrimp position themselves in the water column in a head down
position and capture prey from above. It may be that some of the variable
phototactic responses are in fact related to the nutritional state of the animal.

Mysis stage shrimp that are in poor health or in a premolt condition will maintain
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position near the bottom of a container. Further research using starved and
satiated animals would provide additional information to evaluaie this point.
Mysis stage two and three swim normally in the different light spectra and exhibit
a general photonegative response in all spectra examined. This behavior is
similar to that reported in other penaeids where a general decrease in phototaxis
occurs as larvae progressively molt to postlarvae (Treece and Yates 1988).

No behaviors resembling color dances were observed in any of the larval
stages examined. Color dances have been observed primarily in adult filter
feeding zooplankters, and it is likely that the larval cycle of penaeid shrimp is too
short for complex behaviors such as this to have evolved. There are also a
number of different patterns of locomotion and feeding behaviors associated with
the six different feeding stages in penaeid larvae. Penaeid larvae inhabit an
environment that is fairly homogeneous, with wind and current driven water
circulation playing a major role in dispersal and migration. In this environment,
the effectiveness of color. dances in locating and remaining in an area of high

food abundance would be reduced.
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CONCLUSION

The growth and survival of healthy penaeid postlarvae has greatly
improved as a result of research identifying optimal culture parameters for a
variety of species. This information is well documented and includes salinity,
temperature, stocking density, water quality parameters and nutrition. Larval
culture practices have developed to the point where it is necessary to evaluate
culture techniques as they influence the entire larval production ecosystem, as
opposed to targeting only the influence of specific variables on the larvae
themselves.

Light spectra and intensities used in these experiments were found to have
no significant effect on postlarval weight, survival, or metamorphosis of shrimp
larvae when they are grown in controlled experimental conditions. These
conditions are not representative of commercial culture systems throughout the
world, and it is not valid to assume that these light variables would not effect
commercial production. Data generated as a result of this research has
demonstrated a significant increase in the production of Chaetoceros gracilis
under halogen light with red filters. Experience in commercial settings indicates
that this light regime has also improved larval quality and consistency of
production (Jim Swingle, personal communication 1989).

There are multiple benefits of this increased production of phytoplankton

in commercial larval rearing systems. First, the increased phytoplankton
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availability greatly reduces the area required for algae culture, and the labor to
deliver this algae to larval rearing tanks. This can have a substantial impact in a
commercial hatchery where it is not uncommon for algal culture to require 20
percent of the total tank volume. In addition, this phytoplankton which is in a
healthy growth phase provides a good source of nutrition for larvae of all stages.
There is also increased competition in the larval rearing system for nutrients that
are available to support phytoplankton, protozoans, and bacteria. By stimulating
the phytoplankton growth, relatively fewer nutrients are available for other
potentially pathogenic microorganisms.

The benefits of having a dynamic and rapidly reproducing phytoplankton
base to the food chain in the larval rearing system include, increased larval
nutrition via phytoplankton, and enrichment of Artemia that consume it, increased
levels of dissolved oxygen through photosynthesis, reduced nutrients available
for potentially pathogenic bacteria, and reduced production costs to provide algal
feed to larval rearing tanks. Larval culture practices will improve from the

incorporation of modified light regimes to take advantage of these benefits.
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CHAPTER 3
ACCLIMATION OF PENAEID POSTLARVAE TO

SALINITY AND TEMPERATURE CHANGES

INTRODUCTION

Acclimation is a complex process involving an array of behavioral and
physiological responses to changing environmental parameters. These reversible
changes allow organisms to adjust to fluctuating environmentai conditions such
as temperature and salinity. In their natural habitat and under culture conditions,
penaeid shrimp experience a very stable environment during their larval and early
postlarval periods. This ceases to be the case when shrimp migrate to inshore
estuarine nursery areas or are stocked into growout ponds as is the case with
cultured shrimp. In this new environment, postlarvae must acclimatize to different
and changing environmental conditions.

Acclimation involves compensatory changes in an organism in response
to a deviation in environmental factors, and is usually used in reference to an
experimentally maintained change in the laboratory. The process of acclimation
can be gradual, or occur over a short time, influenced in part by the rate at which
the environment changes. In nature, the response of an organism to naturally
fluctuating environmental variables is referred to as acclimatory, and this process
is referred to as acclimitization. There are a number of ways to measure

acclimation to salinity and these include behavioral observations, hemolymph
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concentration, or survival when the change occurs rapidly enough, or is of
sufficient magnitude to cause mortality. Acclimation to temperature is usually
measured by internal temperature, behavior, and at extreme temperatures or
rates of change, by survival.

The two primary environmental variables to which postlarvae must
acclimate on pond stocking are temperature and salinity. Temperature
undergoes predictable diel and seasonal cycles, while salinity exhibits tidal and
seasonal cycles, but can also change rapidly with heavy rainfall. Penaeid
postlarvae must acclimate to these and other parameters that are potentially
stressful, and the cumulative stress may be great enough to compromise survival.
Kurata (1981) reports serious initial mortality of Penaeus japonicus postlarvae
when transferred to water in which no single environmental parameter was
beyond tolerance limits. Studies with the brown shrimp, Penaeus aztecus have
shown that the tolerance to salinity stress is reduced when coupled with thermal
stress (Venkataramiah et al. 1974). Other studies with larvae of the estuarine
crab Sesarma cinereum have identified interractions between salinity and
temperature and report optimum ranges supporting good growth and
metamorphosis (Costlow et al. 1960).

Success in acclimatizing to salinity and temperature variations
encountered when postlarval penaeids are stocked into ponds will influence their
subsequent growth and survival. In aquaculture, survival and growth are the most

important parameters that influence the economic viability of commercial shrimp
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operations. Understanding postlarval acclimation and environmental tolerance
will help to identify the optimum time and conditions for pond stocking.

In commercial shrimp culture, Penaeus vannamei are commonly stocked
in ponds eight to ten days after metamorphosis to postlarvae, while Penaeus
monodon are held in nursery tanks and stocked around day 20. Optimum
culture salinity for growth and survival of P. vannamei ranges from 15 to 35 ppt,
although they are able to survive from freshwater to 50 ppt (Hirono and Leslie
1992). Optimal growth in P. monodon is from 10 to 25 ppt, while they are
sometimes cultured from 1 to 57 ppt (Liao 1992).

Commercially, acclimatization practices vary with the age of the animals
and the magnitude of the salinity change. Healthy postlarvae should be given
30 minutes per ppt change for acclimation to salinity changes down to 15 ppt.
From 15 ppt down to 5 ppt the animals should be given one hour of acclimation
time for every ppt change in salinity. Below 5 ppt it is advisable to allow 2 hours
for every one ppt change in salinity (Maugle 1987; Hirono and Leslie 1992).
Animals that are younger than the optimum competent age, or are not in a
healthy condition should be allowed twice the acclimation time. Postlarvae
should always be observed during this acclimation period for signs of stress that
would indicate that the acclimation rate should be even more gradual. This
acclimation period is a small investment in time to ensure that stocked postlarvae
will not have to adjust to preventable stresses. This wiil increase the health and

vigor of newly stocked animals, and ultimately result in increased survival.
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This study was undertaken to better understand the biclogy underlying the
age at which commercial stocking occurs, and identify the age at which
postlarval tolerance to salinity and temperature challenges is maximized. |t
includes penaeid survival in acclimation challenges, how this is influenced by
changes in salinity and temperature, and finally, how the ability to acclimate

varies between the two species and develops over time.

TEMPERATURE
The optimum temperature range for culture of P. monodon is from 21°C

to 32°C, with a tolerance range from 12°C to 36°C (Liao 1992). Culture

temperatures for P. vannamei range from 24°C to 32°C with a tolerance range

from 13°C to 36°C (Hirono and Leslie 1992).

While it is true that postlarvae can tolerate a wide range of temperatures,
the acclimation temperature, salinity, the rate of change, and other variables all
influence temperature tolerance (Zein-Eldin and Aldrich 1965; Hughes 1969;
Pantastico and Oliveros 1980). Weisepape et al. (1972) report lethal maximum
temperatures for Penaeus aztecus postlarvae in the range of 36 to 40°C, with an
increase in the upper lethal limit based on prior acclimation in warmer water.

Temperature extremes may also compromise survival by reducing an
animals activity level and increasing risks of predation. Serious predation on
Penaeus japonicus postlarvae by the gastropod Niotha livescens is reported at
temperatures exceeding 35° C. This occurs as shrimp activity is reduced, while

feeding behavior in the gastropod remains normal (Kurata 1981).
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The survival of postlarvae stocked in shrimp ponds depends on a number
of related variables including temperature, salinity, nutrition, and predation. The
response of postlarvae to temperature challenges, and how this interracts with
salinity will establish survival tolerances for these species. This information will

be used to identify the optimum age for stocking to maximize postlarval survival.

SALINITY
Early research on salinity tolerance of postlarval Penaeus aztecus found
that salinity itself had little effect on growth or survival in a range from 2 to 40 ppt,

but that survival and growth were reduced at temperatures below 15°C

(Zein-Eldin 1963; Zein-Eldin and Aldrich 1965). In contrast, both survival and
growth decreased significantly in Penaeus semisulcatus juveniles when reared for
six weeks at 9 ppt as compared to 27 ppt at comparable temperatures (Harpaz
and Karplus 1991). While postiarval penaeid shrimp are euryhaline, little is
known about their ability to survive acclimation to multiple parameters and how
these abilities develop over time.

The ability of penaeid postiarvae to survive direct transfer over a wide
range of salinities has been demonstrated by many researchers (Venkataramiah
1974; Pantastico 1979; Mair 1980; Pantastico and Oliveros 1980). Zein-Eldin and
Aldrich (1965) demonstrated in such transfers that 28 day survival on exposure

to salinity extremes was only slightly less than that for 24 hours.
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Conflicting reports are found in the literature regarding the ability of
postlarval Penaeus monodon to survive in fresh water. Pantastico (1979) and
Pantastico and Oliveros (1980) report good growth and survival of postlarvae
acclimated to fresh water and held in submerged cages and floating hapa nets
in natural bodies of water. In contrast, Cawthorne et al. (1983) found that
exposure of postlarval P. monodon to freshwater resulted in 100% mortality
within four hours. Other researchers reported 96% survival in P. monodon
juveniles acclimated from brackish tc fresh water, when the salinity was reduced
10%/day for the first two days, 5%/day for the next two days, and finally at
1%/day until fresh (Reddi et al. 1981). Cawthorne et al. (1983) reported poor
growth at salinities of 2, 5 and 10 ppt, relative to that obtained in seawater, while
Pantastico (1979) reports good growth and survival of postlarval P. monodon
held in fresh water. These conflicting results may result from a difference in the
rate of salinity change, molt stage, nutritional baickground, population variability,
or more saline water associated with the substrate in the case where submerged
cages are used. There may also have been differences in the ionic composition
of the seawater as artificial sea water was used by Cawthorne.

Clearly, differences exist between species, and contradictions in
experimental data may have multiple causes. The importance of an adequate
diet prior to experimental trials should be emphasized, as dietary deficiencies
during the larval cycle can compromise postlarval tolerance to salinity changes

many weeks later (Tackaert 1989).
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OSMOTIC AND IONIC REGULATION

Penaeid shrimp are regulators with respect to salinity (Castille and Lawrence
1981a; Parado-Estepa et al. 1987). Isosmotic and isoionic values of hemolymph
vary between penaeid species, and within species there is additional age
dependent variability (Castille and Lawrence 1981a; Dall 1981; Charmantier et al.
1988). In P. setiferus and P. stylirostris, the general isosmotic range for
postlarvae and juveniles is from 20 to 25 ppt, while in adults this is slightly
elevated to between 23 and 30 ppt (Castille and Lawrence 1881a). Lower values
were found in P. indicus, which were isosmotic at 14 ppt as juveniles, and at 17
ppt as adults (Diwan and Laxminarayana 1989).

Considerable research has been conducted on the osmotic and ionic
regulation in penaeid shrimp, and hemolymph concentrations are reported for a
number of species (Bursey and Lane 1971; Mair 1980; Dall 1981; Castille and
Lawrence 1981a; Castille and Lawrence 1981b; Cawthorne et al. 1983; Ferraris
et al. 1986; Parado-Estepa et al. 1987; Ferraris et al. 1987; Charmantier et al.
1988). These studies report a general range of isosmotic values from 660 to 780
mOsm/kg and document variability based on species, molt stage and age.
Experiments with P. monodon using mean values from animals at 8, 20, 32, and
44 ppt salinity, found that animals molting and in early post-molt (<0. 5 days)
have elevated isosmotic points (940 + 30 mOsm/kg) when corpared to intermolt
animals (663+ 8 mOsm/kg) (Ferraris et al. 1987). This increased osmolality may

result from an inability to maintain osmotic balance given the highly permeable



nature of the integument, and the absorption of minerals from the cuticle prior to
and during molt. Therefore, the stage of the molt cycle will influence an
individuals ability to survive salinity challenges.

Age is a factor which significantly influences the acclimation capabilities
of postlarval penaeids. Juvenile P. setiferus and P. stylirostris have been shown
to tolerate reduced salinities better than aduilts (Castille and Lawrence 1981). The
ontogeny of osmoregulatory capabilities was investigated in larval and postiarval
Penaeus japonicus in a study by Charmantier et al. (1988). They discovered a
decreasing osmoregulatory capability from nauplii through metamorphosis to
postlarvae. Osmoregulatory ability then increases rapidly to the sixth postlarval
stage (denoted by the authors as PL-6 or P12, ie. stage six, 12 days
post-metamorphosis) and continues to increase at a slower rate up to PL-10 or
P20.

If salinity tolerance is a general indicator of hardiness in postlarvae, this
Charmantier’s results may partially explain the preference for, and higher survival
generally obtained by stocking the closely related species Penaeus monodon at
P18 to P20 when they are about i2mm in length. Penaeus vannamei are a
smaller species and are commonly stocked at P7 to P10, when measuring 7 to
9 mm.

Penaeid postlarvae are effective osmoregulators utilizing their antennal
gland, gills, integument, and digestive tract to maintain osmotic and ionic balance

(Kamemoto, 1976). As animals grow and develop these organ systems, it seems



likely that their ability to acclimate and survive salinity challenges will change over
time. This study will focus on the effect of age and temperature on acclimation
capabilities of hatchery reared postlarvae, and compare these capabilities

between Penaeus vannamei and P. monodon.

The following nuli hypotheses will be tested through this research.

1. There will be no difference in survival of penaeid postlarvae
between P1 and P20 when acclimating to abrupt salinity and
temperature challenges.

2. There will be no difference between Penaeus vannamei and
Penaeus monodon postlarvae when acclimating to salinity and
temperature challenges.

3. There will be no difference in survival when exposed to abrupt

salinity and temperature challenges between penaeid postlarvae
based on prior acclimation to 20 and 30 ppt.

The results of this research will be used to identify at what age between
P1 and P20 these postlarvae are most competent to survive extreme salinity

challenges.
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MATERIALS AND METHODS

ACCLIMATION TRIALS

Shrimp nauplii from hatcheries at Amorient Aquafarms, the Hawaii Institute
of Marine Biology, and the Oceanic Institute were raised through their larval cycle
at the Hawaii Institute of Marine Biology and utilized as postlarvae in salinity and
temperature challenges. Postlarval shrimp that had been reared at 28°C and 30
ppt salinity were exposed to salinites of 0, 5, 10, 15, 20, and 30 ppt

Experiments were conducted at temperatures of 24, 28 and 32° centigrade. Each

experiment involved 18 treatment combinations with five replicates for a total of
90 experimental containers. All experiments were conducted in one liter tri-pour
polyethylene beakers aerated via a 1 ml pipette and placed in an aerated water
bath heated with submersible heaters. Seawater was filtered to five microns,
adjusted to proper salinities using unchlorinated tap water, and subsequently
added to experimental containers. Salinity was measured using an AO
temperature compensated refractometer. Feed was initially added to individual
containers to maintain a level of the diatom Chaetoceros gracilis at 100,000
cells/ml and a level of decapsulated Artemia cysts at 5/mi. All Artemia cysts were
first hydrated for approximately one hour in fresh water, decapsulated in a 1:1
solution of chlorine bleach (5.25% sodium hypochlorite) and fresh water, and
completely rinsed in seawater prior to use.

Postlarvae for experiments were removed from production tanks and a

sample of animais were screened for health prior to counting. This screening
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verified that postlarvae had full, normal guts, welil formed appendages and setae,
and were free of bacterial or protozoan fouling. Postlarvae to be counted for
experiments were then placed in troughs made of four inch PVC pipe about 40
cm long which had been cut in half longitudinally and capped at the end. These
postlarvae were counted, and then removed individually using a manual pipette
pump to draw the animals into the bore of the pipette while keeping them
immersed in water. This allowed for the removal and accurate counting of these
animals with a minimum of handling stress. The counted animals were placed
in 200 m! polystyrene tri-pour beakers which were then floated in the one liter
experimental beakers for ten to twenty minutes to allow for temperature
equilibration. Twenty animals per liter were stocked in each beaker and survival
was determined approximately 24 hours later. Animals were judged to be alive
if they would respond to tactile stimulation of the tail region.

To determine the effect of prior acclimétion at 20 ppt, a group of P1
animals were acclimated from 30 ppt to 20 ppt over a two day period. These
animals were then held at 20 ppt for three days prior to being exposed to salinity

challenges.

STATISTICAL ANALYSIS
Data were evaluated to determine the effects of age or species on the
ability of shrimp postlarvae to acclimate to different combinations of temperature

and salinity. Data were analyzed using the general linear models procedure.
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This analysis was conducted on the entire data set, and subsets to identify
significant differences at the 0.05 level. This analysis was conducted with the
SASS statistical package using PROC GLM. Individual means were compared

using the Scheffé method of multiple comparisons.
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RESULTS
Postlarval survival in salinity and temperature challenges was influenced
by penaeid species and age. There were highly significant differences in survival
observed between Penaeus vannamei and Penaeus monodon, and between ages
in both species. Postlarvae were able to survive a wide range of salinity and
temperature challenges, although no postlarvae at any age tested were able to

survive direct transfer to freshwater.

SALINITY

There was a direct correlation between the ability to survive salinity
challenges and postlarval age. The percent survival of postlarvae exposed to
salinity challenges increased from P1 to P20 in both species and survival was
consistently higher in P. vannamei. Mean survival in salinity challenges over the
range from 5 ppt to the control at 30 ppt for P. vannamei increased from 72.6%
at P1 to 94.4% at P20, thle in P. monodon survival increased from 42.6% to
89.2% at the same ages (Table 3.1).

This increase in salinity tolerance with age is illustrated in Table 3.2 by
data on age and species specific survival when challenged with an abrupt 25 ppt
salinity change from 30 to 5 ppt. Survival in Penaeus vannamei of 12%, 41%, and
77%, represent significant increases for stages P1, P5, and P10 respectively.

Survival in P20 animals increases further to 91%, although this is not significantly
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TABLE 3.1. Mean percent survival of Penaeus vannamei and Penaeus monodon
from P1 to P20 representing the overall mean of separate challenges to salinities
of 5, 10, 15, 20, and 30 ppt at 28°C, from ambient conditions of 28°C and 30 ppt.

P. VANNAME! P. MONODON
AGE N % SURVIVAL % SURVIVAL
(= SD) (= SD)
P1 5 72.6 = 31.4 42.6 * 40.8
P5 5 75.6 = 21.3 53.2 =+ 158.2
P10 5 93.4 = 8.2 64.6 = 35.9
P20 5 94.4 = 2.1 89.2 = 5.2
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TABLE 3.2. Percent survival of Penaeus vannamei and Penaeus monodon from
P1 to P20 when directly exposed to salinity of 5 ppt at 28°C from ambient
conditions of 28° C and 30 ppt.

P. VANNAMEI P. MONODON

AGE N % SURVIVAL % SURVIVAL
(= SD) (= SD)
P1 5 12.0 + 10.4 W° 0.0 W
P5 5 410 =89 P 0.0 W
P10 5 770 £ 9.7 B 0.0 W

P20 5 91.0 = 7.4 B 79.0 =+ 89 B

a. Values with the same letter are not significantly different at the 0.05 level.
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different from that of P10. In P. monodon, only the oldest P20 animals were able
to survive this 25 ppt challenge.

At all ages tested, P. vannamei survival in this 25 ppt challenge was higher
than that of P. monodon, and these differences are signicant at PS5 and P10. P.
vannamei postlarvae, P5 and P10 had respective survivals of 41% and 77%, while
P. monodon postlarvae sustained complete mortality at these stages. There is
no significant difference in survival in this 25 ppt challenge between P. monodon
and P. vannamei at P1 or P20, although survival of P. vannamei is higher in both
cases at 12% and 91%, compared to 0% and 79% for P. monodon at the
respective ages.

Penaeus vannamei and P. monodon are both very tolerant to salinity
changes and can survive abrupt changes up to 10 ppt at all ages from P1 to P20
without significant mortality (Table 3.3). When the magnitude of the change is
=15 ppt, younger Penaeus monodon show a siéniﬁcant reduction in survival. As
the magnitude of the salinity change further increases, there is significant
mortality in older postlarvae. Only P20 P. monodon can withstand a salinity
change of 25 ppt without significant mortality. A similar trend is seen in P.
vannamei, although the onset of significant moitality at P1 occurs at a salinity

change =20 ppt, and animals as young as P10 can tolerate a 25 ppt change

without significant mortality (Table 3.3).
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TABLE 3.3. Greatest salinity challenge at 28°C survived by Penaeus vannamei
and Penaeus monodon from P1 to P20 without incurring significant mortality.

AGE P. VANNAMEI P. MONODON
(ppt) (ppt)

P1 20 10

P5 20 15

P10 25 15

P20 25 25

Data in Table 3.4 illustrate the maximum salinity change postlarvae can
withstand while sustaining less than 15% mortality. in P. vannamei at P1 and P5
survival remains above 85% when transferred from 30 ppt to 15 ppt, a 15 ppt
change. At ten days of age, salinity tolerance has increased and postlarval P.
vannamei have greater than 85% survival when transferred from 30 ppt to 5 ppt.
No further increase in salinity tolerance of P20 postlarvae is observed. In P.
monodon, survival in P1 drops below 85% if the salinity reduction exceeds 10 ppt
in magnitude. In P5 and P10, survival greater than 85% is observed in transfers
from 30 ppt to 15 ppt, a change of 15 ppt. At P20, survival remains above 85%
in a 25 ppt salinity change, when transferred from 30 ppt down to 5 ppt (Table

3.4).
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TABLE 3.4. Maximum salinity reduction tolerated on abrupt exposure from
ambient conditions of 30 ppt and sustaining less than 15% mortality.

PENAEUS VANNAMEI! PENAEUS MONODON
P1-----15 ppt P1-----10 ppt
P5-----15 ppt P5-----15 ppt
P10----25 ppt P10----15 ppt
P20----25 ppt P20----20 ppt

ACCLIMATION SALINITY

Prior acclimation over two days to a reduced salinity of 20 ppt,
followed by three days at this reduced salinity did not significantly influence
survival of PS5 Penaeus vannamei in salinity challenges. While survival became
variable as the magnitude of the salinity change increased, there was no trend
towards increasing survival at lower salinity trials in the group of postlarvae
acclimated to 20 ppt, when compared to controls at 30 ppt (Table 3.5)

The information in the preceding Tables was compiled from Tables
A.1 through A.9 in the Appendix, containing information on survival of postlarvae
in each experimental trial. These include data on survival of 1, 5, 10, and 20 day
old postlarvae in each each experimental temperature and salinity challenge.
Data for P. monodon are found in Tables A.1 through A.4, while survival of P.

vannamei in each experimental treatment is shown in Tables A.5 through A.8.
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TABLE 3.5. Comparative percent survival between 20, PL-5 Penaeus vannamei

postlarvae, raised at 28° C and 30 ppt, and another group acclimated to 20 ppt
when exposed to salinity challenges.

SALINITY N SURVIVAL SURVIVAL AT
ppt 30 ppt acclimation 20 ppt acclimation
(= SD) (= SD)
0 5 0.0 E* 00 E
5 5 450=x71CD 24.0 = 89 D,E
10 5 68.0 = 9.1 B,C 80.0 + 7.1 AB
15 5 850 = 11.7 AB 96.0 + 42 A
20 5 92.0 + 45 A 92.0 £+ 84 A
30 5 99.0 + 22 A 940 £ 82A

a. Values followed by the same letter are not significantly different at the 0.05 level.
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POSTLARVAL QUALITY CONSIDERATIONS

The importance of screening for animal health, and how this can influence
postlarval survival in salinity challenges is illustrated by the data in Table 3.6.
These data compare a group of animals severely fouled with filamentous bacteria
as P10, with a clean population at the same age. Survival was significantly
reduced compared to the healthy postlarvae, at any salinity challenge greater

than 10 ppt.

TEMPERATURE

In Penaeus vannamei, there were no significant changes in postlarval
survival to salinity challenges as a result of experimental temperatures in
postlarvae P10 and oider. At PL-5, when the magnitude of the salinity change
reached 20 ppt, there was a significant decrease in survival of animals at the

experimental temperature of 32°C, as compared with those at 24°C, or the control
at 28°C. These survival values were 68, 61, and 25%, at temperatures of 24, 28,
and 32°C respectively. A similar trend was observed in P1 postlarvae, although

the temperature dependent change in survival occurred when the challenge
salinity was 5 ppt, a magnitude of 25 ppt (Table 3.7). There were significant
interractions between salinity and temperature influencing survival in these trials.

In temperature trials involving Penaeus monodon, there were significant
differences in survival as a result of temperature trials at all ages from P1 to P20

(Table 3.8). At P20, there was a significant reduction in survival at 32°C from that

of the control at 28°C, while survival of postlarvae at 24°C was intermediate
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TABLE 3.6. Relative survival of healthy Penaeus monodon, PL-10, compared to
a population with visible filamentous bacterial fouling(Leucothrix sp.).

SALINITY N SURVIVAL AT SURVIVAL AT SURVIVAL AT
ppt 24° C 28° C 32°C
(= SD) (= SD) (= SD)
5
clean 5 1.0 £ 22 0.0 0.0
bacteria 5 0.0 0.0 0.0
10
clean 5 51.0 £ 82 25.0 = 13.7 31.0 + 124
bacteria 5 0.0 0.0 0.0
15
clean 5 80.0 + 94 85.0 + 12.7 850 =70
bacteria 5 34.0 + 134 38.0 + 125 34.0 + 96
20
clean 5 98.0 + 4.4 94.0 = 8.2 940 £ 4.2
bacteria 5 95.0 = 6.1 81.0 + 4.1 60 x 20.9
30
clean 5 920 £ 5.7 93.0 + 5.7 94.0 =+ 65
bacteria 5 99.0 + 23 96.0 = 4.2 99.0 + 2.2
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between the two. These significant differences did not occur until the magnitude
of the salinity challenge was 25 ppt, going from 30 ppt to 5 ppt. A similar trend
was observed at the same salinity challenge for P10, P. monodon, where survival

was 31, 51, and 25%, at temperatures of 24, 28, and 32°C respectively. While the

trend was similar, survival of P. monodon, P10, was significantly less than that of
P. vannamei at P10. In P. monodon there was also a significant increase in
survival going from P10 to P20, while there was no significant difference between
these stages in Penaeus vannamei. In P. monodon at P5, there was a significant

reduction in survival at 32°C, as compared to that at 24°C, or the control at 28°C.

This was observed when the magnitude of the salinity challenge reached 20 ppt

in a transfer from 30 ppt to 10 ppt. A similar decrease in survival in the 32°C trial

was observed for P1 P. monodon at a salinity challenge of 25 ppt.
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TABLE 3.7. Trials demonstrating salinity challenge at which temperature
significantly influenced survival of Penaeus vannamei postlarvae transferred from

ambient conditions of 30 ppt and 28°C. The magnitude of the salinity challenge
is the difference between the ambient salinity of 30 ppt and the transfer salinity

listed in the Table.

AGE SALINITY % SURVIVAL % SURVIVAL % SURVIVAL
(Ppt) @ 24°C @ 28°C @ 32°C
P1 5 36 A® 12 AB 9B
AGE SALINITY % SURVIVAL % SURVIVAL % SURVIVAL
(Ppt) @ 24°C @ 28°C @ 32°C
P5 10 68 A 61 A 25 B
AGE SALINITY % SURVIVAL % SURVIVAL % SURVIVAL
(ppt) @ 24°C @ 28°C @ 32°C
P10° 5 - 77 A 77 A 74 A
AGE SALINITY % SURVIVAL % SURVIVAL % SURVIVAL
(ppt) @ 24°C @ 28°C @ 32°C
P20° 5 69 A 91 A 70 A

a. Values with the same letter in a row are not significantly different at the 0.05 level.
b. No significant differences observed at this stage.
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TABLE 3.8. Trials demonstrating salinity challenge at which temperature
significantly influenced survival of Penaeus monodon postlarvae transferred

from ambient conditions of 30 ppt and 28°C. The magnitude of the salinity
challenge is the difference between the ambient salinity of 30 ppt and the

transfer salinity listed in the Table.

AGE SALINITY % SURVIVAL % SURVIVAL % SURVIVAL
(ppt) @ 24°C @ 28°C @ 32°C
P1 15 47 B® 32 B,C 17 C
AGE SALINITY % SURVIVAL % SURVIVAL % SURVIVAL
(ppt) @ 24°C @ 28°C @ 32°C
P5 15 86 A 87 A 51 B
AGE SALINITY % SURVIVAL % SURVIVAL % SURVIVAL
(Ppt) @ 24°C @ 28°C @ 32°C
P10 10 31 AB 51 A 25 B
AGE SALINITY % SURVIVAL % SURVIVAL % SURVIVAL
(ppt) @ 24°C @ 28°C @ 32°C
P20° 5 52 B 79 B 61 B

a. Values with the same letter in a row are not significantly different at the 0.05 level.
b. No significant differences observed at this stage.

100



DISCUSSION

Increasing mortality in penaeid postlarvae as the salinity challenge
increased greater than 10 ppt was expected based on experience with
acclimation responses. Other researchers and commercial farmers have
obtained similar results from a variety of penaeid species (Zein-Eldin 1963; Dall
1981; Cawthorne 1983; Briggs 1992).

There were no significant differences noted in postlarval survival to salinity
challenges as a result of acclimation at 20 ppt over three days. This is in
contrast to reports for other penaeid species in which acclimation to lower
salinities increased tolerance to both salinity and temperature fluctuations (Zein-
Eldin 1963; Zein-Eldin and Aldrich 1965; Cawthorne et al. 1983). In these
studies, however, the acclimation salinities were lower, and changes in survival
as a result of acclimation salinity were observed when animals were acclimated
to salinities of less than 15 ppt. The prior acclimation salinity in these trials of 20
ppt may not have been low enough to influence the ability to survive acclimation
challenges.

There was a significant difference between P. vannamei and P. monodon
in their ability to survive salinity and temperature challenges. This difference was
dramatically demonstrated through three 25 ppt challenges reported in Table 3.2,
in which survival of P. monodon was zero, while that of P.vannamei was 12, 41,

and 77%, at ages P1, P5, and P10 respectively. Different salinity tolerances were
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noted between other species, and in the same species between different
researchers. Castille and Lawrence (1981) observed different salinity tolerance
between P. setiferus and P. stylirostris, Harpaz and Karplus (1991) noted
differential growth and survival in P. semisulcatus as a result of salinity changes,
while no difference was observed in P. aztecus over a similar salinity range (Zein-
Eldin and Aldrich 1965). Conflicting results for survival of P. monodon in salinity
acclimation studies have been reported by Cawthorne et al. (1983) and
Pantastico and Oliveros (1980). This most likely results from different ages, molt
stage, diets, or differences in level of control over laboratory versus field trials.

While there is considerable overlap in the juvenile and adult habitat
between Penaeus vannamei and P. monodon, there is also differentiation as to
salinity preference, substrate types, offshore distribution, and spawning seasons.
The ability of P. vannamei to withstand extreme salinity and temperature
challenges is likely the result of being a mc;re near shore species than P.
monodon. The preference of P. vannamei for a more muddy, estuarine substrate
over a sandy substrate also indicates they may have evolved in an environment
more prone to fluctuating temperature and salinity (Dall 1981).

Postlarval age had a dramatic affect on the ability of postlarvae to survive
salinity challenges. The age at which increased salinity tolerance is observed
closely corresponds to commercially accepted ages for stocking postlarvae into
ponds. Commercial shrimp farmers of Penaeus vannamei typically stock shrimp

when they are P7 to P10, and this is the earliest age at which they develop the
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ability to tolerate dramatic fluctuations in salinity and temperature without
significant mortality. A similar situation exists for Penaeus monodon, which are
commercially stocked in nurseries when they reach P18 to 20, and are 12mm in
length. Penaeus monodon, did not exhibit a high survival in salinity and
temperature challenges until they had reached this age and size. Studies on the
ontogeny of osmoregulatory capabilities in P. japonicus by Charmantier et al.
(1988) also demonstrate that osmoregulatory ability in this species increases
dramatically to P12, and then continues to improve at a slower rate to P20.
Temperature challenges did not exhibit a significant influence on survival
of penaeid postlarvae until the salinity challenge was nearing the maximum
tolerated by each species. This is most probably the result of the cumulative
nature of stressors, as noted by Kurata (1981) when P. japonicus postlarvae
sustained considerable mortality, although no single environmental was beyond
tolerance limits. Differential survival in both P. monodon and P. vannamei
occurred as a result of different temperature chalienges, in conjunction with
salinity challenges close to, or at the maximum tolerance for a particular age. In
these cases, survival was always significantly reduced in the warmer temperature.
This probably results because the high experimental temperature of 32°C is

closer to the thermal maximum of 36 to 38°C, than the cooler experimental
temperature of 24°C is to the thermal minimum of 12 to 13°C (Hirono and Leslie

1992 Liao 1992). This trend was observed in both species, although higher
mortality occurred in older P. monodon, reflecting the increased tolerance of P.
vannamei to salinity challenges at P10 and P20.
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Penaeid postlarvae can readily acclimate to rapidly changing salinities and
this ability increases from metamorphosis to postlarvae, up until P20. While they
can readily survive substantial salinity challenges, the cumulative effect of salinity
stress, coupled with temperature and other environmental stressors can
compromise survival. For this reason, one should attempt to avoid excessive

salinity or thermal stress when stocking penaeid postlarvae into nurseries or

ponds.
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CONCLUSION
Penaeus vannamei and P. monodon postlarvae readily survive a wide
range of salinity challenges with no significant mortality. This ability develops
during the early postlarval stages and the rate of development varies between

species, and increases with age. Temperature changes of 4°C coupled with

salinity challenges influence survival oniy at extreme salinity challenges. This
information corroborates current industry practices relating to preferred stocking
size for different species, and information on the ontogeny of osmoregulatory
capabilities in Penaeus japonicus. (Charmantier et al. 1988).

This work was not intended as support for stocking procedures that
involve exposing postlarvae to abrupt changes in temperature and salinity. Its
purpose was rather to identify that age in each species when it appeared that the
ability to survive abrupt challenges had reached its maximum. This age would
then be the age at which stocking should take place, and the animals would have
the highest likelihood of surviving the cumulative stress associated with
acclimatizing to a new environment.

The ages at which postlarvae are competent for stocking have been
identified as P10 for Penaeus vannamei, and P20 for Penaeus monodon. At this
age, the ability of these animals to withstand abrupt salinity challenges is at or

near maximum.
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CHAPTER 4
SUMMARY AND CONCLUSIONS

The culture of penaeid shrimp has increased dramatically over the past
decade, and is the most rapidly increasing source of seafood in the world today.
This expansion is likely to continue, as human populations increase and fishery
resources remain stable or decline. The success and long term viability of
shrimp culture will require additional research to effectively manage intensive
culture systems, while maintaining healthy animals and surrounding ecosystems.

Research in penaeid maturation provided the foundation for development
of shrimp aquaculture, and larviculture techniques developed rapidly to support
the burgeoning shrimp culture industry. Shrimp broodstock maturation and
larviculture will continue to play an important role as more restrictions are placed
on the harvest of wild postlarvae and broodstock, and the level of production
increases.

Early research that laid the foundation for modern larviculture focussed on
optimum temperatures, salinities and diets. Recognizing the importance of light
in aquatic systems, the work described here was designed to investigate the
influence of light spectra, intensity, and photoperiod on a number of variables
involved in penaeid larviculture.

This research demonstrated that there were no significant effects on survival,
rate of metamorphosis, or final postlarval weight resulting from the use of white,

red, blue or green light spectra during the larval cycle. There were no significant
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effects on survival, rate of metamorphosis, or postlarval weight as a result of
different light intensities of 0.3, 3.4, or 6.8 UE/m?/sec.

No significant influence was observed in survival or rate of metamorphosis
resulting from different photoperiods of 0:24, 12:12, and 24:0. There were
significant differences in postlarval dry weight between photoperiods of constant
light and the 12:12 cycle. These differences may be the result of variations in the
nutritional quality of the phytoplankton. Additional research to measure the
nutritional value of Chaetoceros gracilis cultured in these conditions would
provide more information to interpret these data.

As the research demonstrated, the most dramatic effect of light spectra
observed was on the phytoplankton in the tank rather than the larvae themselves.
The red filter with a halogen light source resulted in double the algal production
as compared with the other light spectra. This is an important development as
it has the potential to indirectly effect the Iarva;e in numerous ways. Light can
influence water temperature, and the growth and nutritional value of
phytoplankton. This in turn, can effect water quality through removal of ammonia
and other nutrients, and mitigate disease through competition with potential
pathogens for resources.

There were no significant differences observed in survival, rate of
metamorphosis, or postlarval weight between Penaeus vannamei or P. monodon,
as a result of different light spectra, intensity or photoperiod treatments through

their larval cycle.
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Color dances such as those observed in Daphnia by Baylor and Smith
(1957) were not observed in Penaeus monodon larvae. These behaviors were
observed most often by these researchers in adult crustaceans, although they do
report some observations in larvae. The phototaxis of P. monodon was positive
during the Z3 stage and became negative as the animals entered the M2 and M3
stages.

Information on the influence of light on larval production and behavior
developed as a result of this research should help to manage aquaculture
systems more efficiently and contribute to increased production in the future.
The use of red halogen lights will provide the spectral quality to support
exponential growth of Chaetoceros gracilis. This has the potential to benefit the
larvae by providing a nutritious food source, removing ammonia that is toxic or
might be used as a nutrient source for potential pathogens, and adding oxygen
to the larval rearing tank through photosynthesis. Treating the larval rearing
system as an integrated production unit, and looking at components that have
multiple effects increases our understanding of the system as a whole.

The second portion of this research identified the age at which postlarval
Penaeus vannamei and Penaeus monodon are most competent to withstand the
rigors of acclimatization to conditions in growout ponds. This is important to
ensure the highest probability that postlarvae will survive, and exhibit good

growth in the pond environment. Data collected supported commercial stocking
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procedures, and published information on the ontogeny of osmoregulatory
capability in Penaeus japonicus.

In Penaeus vannamei, this research demonstrated that the acclimation
ability and survival in salinity challenges increased significantly to P10, and did
not develop further by the time the animals were P20. In P. monodon, maximum
acclimation ability and tolerance to salinity challenges was not achieved until P20.
At this age the postlarvae are the most competent to withstand the rigors of
stocking and commercial growout. Implementing gradual acclimation techniques
as is customary in the industry, in postlarvae at these ages, should maximize
survival when stocked in commercial growout ponds.

This research demonstrated that there were significant differences in
survival in salinity and temperature challenges between P. vannamei and P.
monodon. Penaeus vannamei is able to tolerate larger abrupt salinity challenges
at a younger age than P. monodon.

The information on maximum salinity tolerance of these species at different
ages can be used to develop stress tests to provide a measure to gauge the
health and vigor of a group of postlarvae prior to pond stocking. Stress tests of
this nature have been reported in the literature and are currently in use at a
number of commercial hatcheries in Ecuador. While these tests do provide a
gauge of postlarval hardiness, additional research is needed to track these
animals in commercial growout ponds to determine if increased survival in stress

tests translates to increased survival and production in growout ponds.
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That shrimp farming has been so successful is a testament to the foundation
provided by different research disciplines which made possible the controlled
reproduction, larval rearing and commercial growout of numerous species. This
research continues today, and as in many animal husbandry operations, the need
for information evolves along with the development of the industry. As shrimp
farming continues to increase in area and intensity, research will focus on
disease prevention and treatment, and to addressing environmental concerns
with discharge and habitat loss so that aquaculture can be a sustainable source

of seafood for coming generations.
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APPENDIX

POSTLARVAL SALINITY AND TEMPERATURE SURVIVAL DATA

TABLE A.1. Percent survival of 20, PL-1 Penaeus monodon postlarvae raised at
28°C and 30 ppt and exposed to experimental salinities at 24, 28 and 32°C.

SALINITY N SURVIVAL AT SURVIVAL AT SURVIVAL AT
ppt 24°C 28°C 32°C
(+ SD) (+ SD) (+ SD)
0 5 0.0 D 0.0D 0.0D
5 5 0.0D 0.0D 0.0D
10 5 00D 0.0D 0.0D

15 5 47.0 £ 12.08B 320 +189BC 170+x148CD
20 5 92.0 £ 9.7 A 87.0 x 83 A 77.0 * 168 A

30 5 93.0 + 84 A 940 + 41 A 96.0 = 55A

a. Values followed by the same letter are not significantly different.
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TABLE A.2. Percent survival of 20 PL-5 Penaeus monodon postlarvae raised at
28°C and 30 ppt and directly transferred to experimental salinities at 24, 28 and

32°C.

SALINITY N SURVIVAL AT SURVIVAL AT SURVIVAL AT

ppt 24°C 28°C 32°C
(= SD) (= SD) (+ SD)

0 5 0.0 D 00D 00D
5 5 0.0 D 00D 00D
10 5 7.0 £ 44D 3.0+ 4.4 D 1.0+22D
15 5 86.0 = 6.5 A 870 +75A  51.0 + 143 B
20 5 93.0 + 2.7 A 91.0 + 65 A 90.0 = 8.7 A
30 5 780 = 7.6 A 850 = 6.1 A 94.0 + 2.2 A

a. Values followed by the same letter are not significantly differant.




TABLE A.3. Percent survival of 20 PL-10 Penaeus monodon postlarvae raised at

28°C and 30 ppt and directly transferred to experimental salinities at 24, 28 and
32°C.

SALINITY N  SURVIVAL AT SURVIVAL AT SURVIVAL AT
ppt 24°C 28°C 32°C
(= SD) (= SD) (= SD)
0 5 0.0 D° 0.0 D 0.0 D
5 5 0.0 D 0.0 D 0.0D

10 5 31.0x1248B,C 51.0 + 828 25.0 =137 C

15 5 80.0 + 9.3 A 85.0 = 12.7 A 85.0 70 A
20 5 98.0 £+ 45A 940 £ 82 A 940 x 42 A
30 5 92.0 + 57 A 93.0 x 25 A 99.0 £ 22 A

a. Values followed by the same letter are not significantly different.
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TABLE A.4. Percent survival of 20, PL-20 Penaeus monodon postlarvae raised at
28°C and 30 ppt and transferred directly to experimental salinities at 24, 28 and

32°C.

SALINITY N SURVIVAL AT SURVIVAL AT SURVIVAL AT

ppt 24°C 28°C 32°C
(= SD) (+ SD) (= SD)

0 5 0.0 C* 0.0C 00C
5 5 520+ 13.8B 79.0 = 89 AB 61.0 = 15.0 B
10 5 860=+152A 90.0 = 7.9 A 79.0 = 10.8 AB
15 5 960 *42A 93.0 = 57 A 100.0 = 9.6 A
20 5 950=%35A 92.0 + 5.7 A 91.0 = 9.6 A
30 5 940=42A 92.0 = 45 A 92.0 = 7.6 A

a. Values followed by the same letter are not significantly different.
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TABLE A.5. Percent survival of 20 PL-1 Penaeus vannamei postlarvae raised at
28°C and 30 ppt and directly transferred to experimental salinities at 24, 28 and

32°C.

SALINITY N SURVIVAL AT SURVIVAL AT SURVIVAL AT
ppt 24° C 28° C 32° C
(= SD) (x SD) (= SD)
0 5 0.0 E* 0.0E 00E
5 5 360=+198C,D 120 % 104 D,E 9.0+ 151 E
10 5 580 x6.7B,C 720 %= 104 AB 52.0+ 152 B,C
15 5 89.0 x 42 A 94.0 £ 42A 892.0 =+ 57 A
20 5 950+ 71A 90.0 + 6.1 A 920 =76 A
30 5 95.0 + 87A 85.0 + 50A 93.0  45A

a. Values followed by the same letter are not significantly different.
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TABLE A.6. Mean percent survival of 20 PL-5 Penaeus vannamei postlarvae,
raised at 28° C and 30 ppt, and directly transferred to experimental salinities at
24, 28 and 32° C.

SALINITY N SURVIVAL AT SURVIVAL AT SURVIVAL AT
ppt 24° C 28° C 32° C
(+ SD) (= SD) (= SD)
0 5 0.0 G* 0.0G 00G
5 5 45.0 = 7.1 D,F 41.0 =+ 89 DE 8076 FG
10 5 68.0 +9.1BC 61.0%163CD 25.0 = 15.0 E,F
15 5 80=x117ABC 860 +74AB 90.0 + 6.1 AB
20 5 920 =+ 45AB 850 = 35A 100.0 = 0.0 A
30 5 98.0 x 22 A 95.0 £ 6.1 A 940 65 A

a. Values followed by the same letter are not significantly different.
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TABLE A.7. Percent survival of 20, PL-10 Penaeus vannamei postlarvae raised
at 28° C and 30 ppt and transferred directly to experimental salinities at 24, 28

and 32° C.
SALINITY N SURVIVAL AT SURVIVAL AT SURVIVAL AT
ppt 24° C 28° C 32° C
(= SD) (= SD) (= SD)
0 5 0.0B" 0.0B 0.0B
5 5 770 = 115 A 77.0 £ 9.7 A 740 = 124 A
10 5 91.0x74A 98.0 = 45A 900 £ 61 A
15 5 97.0 x 27 A 980 £ 27 A 920 £ 57A
20 5 97.0 £ 45 A 98.0 =27 A 93.0 = 45 A
30 5 97.0 27 A 96.0 = 42 A 940 + 42 A

a. Values followed by the same letter are not significantly different.
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TABLE A.8. Mean percent survival of 20, PL-20 Penaeus vannamei postlarvae,
raised at 28° C and 30 ppt, and transferred directly to experimental salinities at
24, 28 and 32°C.

SALINITY N SURVIVALAT  SURVIVAL AT SURVIVAL AT
ppt 24° C 28° C 32° C
(= SD) (= SD) (= SD)
0 5 ooD° 00D 00D
5 5 69.0 +96 C 910+ 74 ABC 70.0 + 10.0B,C
10 5 950 + 100 AB 94.0 = 6.5 AB, 840 +74AB
15 5 940 + 102 AB 970+ 76 A 870 + 175 AB
20 5 99.0 + 10.2 A 940 + 42 AB 970 £ 91 A
30 5 970 45 A 96.0 £+ 55 A 950 £ 6.1 AB

a. Values followed by the same letter are not significantly different at the 0.05 level.
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TABLE A.9. Mean percent survival of 20 PL-5 Penaeus vannamei postlarvae,
raised at 28° C and 30 ppt, and acclimated 24 hours at 24°C prior to direct
transfer to experimental salinities at 24, 28 and 32° C.

SALINITY N SURVIVAL AT SURVIVAL AT SURVIVAL AT
ppt 24° C 28° C 32° C
(x SD) (= SD) (+ SD)
0 5 oocCt 00C 00C
5 5 0.0C 00C 00C
10 5 80x81C 70+83C 130+ 76C
15 5 920 £ 867 A 61.0 x 134 B 65.0 + 146 B
20 5 93.0 x 67A 89.0 = 82 A 910 x65A
30 5 940 x42A 96.0 = 42 A 950+ 50A

a. Values followed by the same letter are not significantly different.

119



LITERATURE CITED

Aujero, E. J., O. Millamena, E. T. Tech, and S. G. Javellana. 1985. Nutritional
value of five marine phytoplankton species isolated from Philippine waters as
food for the larvae of Penaeus monodon In: Proc. First Intl. Conf. Cult.
Penaeid Shrimp. pp.324-332 (Ed. by Y. Taki, J. Primavera and J. Llobrera).
lloilo,Philippines: Aquaculture Dept. Southeast Asian Fisheries Development
Center.

Abrill, M. O., and H. J. Ceccaldi. 1981. Contribution a I'etude du comportement
de Penaeus japonicus (Crustace Decapode) en elevage vis-a-vis de la lumiere
et du sediment. Tethys 10:149-156.

Al-Ablani, S. A., and A. S. D. Farmer. 1986. The effect of levels of illuminance on
the survival and growth of the shrimp Penaeus semisulcatus. Kuwait Bull. Mar.
Sci. 1986:165-172.

Al-Ablani, S. A., and A. S. D. Farmer. 1983. The effect of levels of illuminance on
the survival and growth of the shrimp Penaeus semisulcatus. In Proc. 1st Int.
Conf. Warm Water Aqua. Crust. pp. 501-508 (Ed. by G. L. Rogers, R. Day,
and A. Lim). San Luis Obispo, California: California Polytechnic State
University.

ASEAN, 1978. Manual on Pond Culture of Penaeid Shrimp, Manila, Philippines:
ASEAN National Coordinating Agency of the Philippines.

Apud, F. D. 1985. Extensive and semi-intensive culture of prawn and shrimp in
the Philippines. In; Proc. First Intl. Conf. Cult. Penaeid Shrimp. pp.105-114
(Ed. by Y. Taki, J. Primavera and J. Llobrera). lloilo,Philippines: Aquaculture
Dept. Southeast Asian Fisheries Development Center.

Aquacop. 1979. Penaeid reared broodstock: closing the cycle of Penaeus
monodon, P. stylirostris and P. vannamei. Proc. World Mariculture Soc.
10:445-452,

Barnes H., and R. L. Stone. 1974. The effect of food, temperature and light period
(daylength) on moilting frequence in Balanus balanoides L. J. Exp. Mar. Biol.
Ecol. 15:275-284.

Baylor, E. R. and F. E. Smith. 1953. The orientation of cladocera to polarized
light. The American Naturalist LXXXVI1:97-101.

Baylor, E. R. and F. E. Smith. 1957. Diurnal migration of plankton crustaceans.
Rec. Adv. Invert. Physio. pp. 21-35. Corvallis, Oregon: Univ. of Oregon Pub.

Beeton, A. M. 1959. Photoreception in the Opossum Shrimp Mysis Relicta Loven.
The Biological Bulletin 116:205-216.

Bennet, A., and J. Bogorad. 1973. Complimentary chromatic adaptation in a
filamentous blue-green alga. J. Cell Biol. 58:415-435.

Biedenbach, J. M., L. L. Smith, T. K. Thomsen, and A. L. Lawrence. 1989. Use
of the nematode Panagrellus redivivus as an Artemia replacement in a larval
penaeid diet. J. World Aqua. Soc. 20:61-71.

120



Bishop, J. W. 1968. Respiratory rates of migrating zooplankton in natural habitat.
Limnol. Oceanogr. 13:58-62.

Bliss, D.E. and J. R. Boyer. 1964. Environmental regulation of growth in the
decapod crustacean Gecarcinus lateralis. Gen. Comp. Endocrinology 4:15-41.

Boyd, C. E. 1979. Water Quality in Warmwater Fishponds. Auburn University
Agricultural Experiment Station Publication. Auburn Alabama: Auburn
University Press.

Bray, W. A. and A. L. Lawrence. 1992. Reproduction of Penaeus species in
captivity. In Marine Shrimp Culture: Principles and Practices. pp. 93-170 (Ed.
by A. W. Fast and L. J. Lester). Amsterdam, Netherlands: Elsevier Sci. Pub.

Briggs, M. R. P. 1992. A stress test for determining vigor of post-larval Penaeus
monodon Fabricius. Aquacult. Fish. Mgmt, 23:633-637.

Browdy, C.L. T.M Samocha. 1985. The Effect of Eyestalk Ablation on Spawning,
Molting, and Mating of Penaeus Semisulcatus de Haan. Aquaculture 49:19-29.

Brown, A. Jr. J. McVey. B.S. Middleditch, and A.L. Lawrence. 1979. Maturation
of White Shrimp (Penaeus setiferus) in Captivity. Proc. World Maricul. Soc.
10:435-444.

rown, A. Jr., J.P. McVey, B.M. Scott, T.D. Williams, B.S. Middleditch, and A.L.
Lawrence. 1980. The Maturation and Spawning of Penaeus Stylirostris under
controlled laboratory conditions. Proc. World Maricul. Soc. 11:488-499.

Brown, A. Jr. and D. Patlan. 1974. Cclor changes in the ovary of Penaeid shrimp
as a determinant of their maturity. Marine Fisheries Review 36:23-26.

Brown, A. Jr., D. Tave, T.D. Williams, and M.J. Duronslet. 1984, Production of
second generation Penaeid shrimp, Penaeus stylirostris, from Mexico.
Aquaculture 41:81-84.

Buckman, D. and D. Adelung. 1964. Der einfluss der umweltfaktoren auf das
wachstum und den hautungsrhythmus der strandkrabbe Carcinides maenas.
Helgol. Wiss. Meeresunters 10:91-103.

Bueno, S. L. 1990. maturation and spawning of the white shrimp Penaeus
schmitti Burkenroad, 1936 under large scale rearing conditions. J. World
Aquaculture Society 21:170-179.

Caillouet, C. W. Jr. 1972. Ovarian maturation induced by eyestalk ablation in Pink
Shrimp, Penaeus duorarum Burkenroad. Proc. World Mariculture Soc.
3:205-225.

Campbell, J. W. 1973. Nitrogen Excretion. Pages 279-316. In Comparative Animal
Physiology. (Ed. by C. L. Prosser) 966 pp. Philadelphia, PA: W.B. Saunders
Co.

Caron, L., A. Mortain-Bertrand, and H. Jupin. 1988. Effect of photoperiod on
photosynthetic characteristics of two marine diatoms. J. Exp. Mar. Biol. Ecol.
123:211-226.

Castille, F. L. Jr., and A. L. Lawrence. 1981. A comparison of the capabilities of
juvenile and adult Penaeus setiferus and Penaeus stylirostris to regulate the
osmotic, sodium, and chloride concentrations in the hemolymph. Comp.
Biochem.Physiol. 68A:677-680.

121



Catacutan, M. 1985. Small scale prawn hatchery operations and management,
formulated feeds for prawn larvae. SEAFDEC Training and Extension Manual.
Manila: SEAFDEC.

Cawthorne, D.F., T. Beard, J. Davenport, and J.F. Wickins. 1983. Responses of
juvenile Penaeus monodon Fabricius to natural and artificial sea waters of low
salinity. Aquaculture 32:165-174.

Chamberlain, G. W., and A. L. Lawrence. 1981a. Maturation, reproduction, and
growth of Penaeus vannamei and P. stylirostris fed natural diets. J. World
Maricul. Soc. 12:209-224.

Chamberlain, G. W. and A.L. Lawrence. 1981b. Effect of light intensity and male
and female eyestalk ablation on reproduction of Penaeus stylirostris and P.
vannamei. J. World Maricul. Soc. 12:357-372.

Chamberlain, G.W., and N.F. Gervais. 1984. Comparison of unilateral eyestalk
ablation with environmental control for ovarian maturation. J.World Maricul.
Soc. 15:29-30.

Chang, F. H., R. G. Wear, and J. Reynolds. 1986. Effects of salinity, temperature
and light intensity on the growth rates of two halophylic phytoflagellates in
mixed culture. New Zealand J. of Mar. and Freshwater Res. 20:467-478.

Charmantier, G. 1987. L'osmoregulation chez crevettes Penaeidae. (Crustacea,
Decapoda). Oceanis 13:179-196.

Charmantier, G., M. Charmantier-Daures, N. Bouaricha, P Thuet, D.E. Aiken and
J.P. Trilles. 1988. Ontogeny of osmoregulation and salinity tolerance in two
decapod crustaceans: Homarus americanus and Penaeus japonicus. Biol.
Bull. 175:102-110.

Chen, I. M., and L. S. Fang. 1986. Metabolic and osmotic responses of
Metapenaeus ensis De Haan subjected to.sudden salinity change. In: The
First Asian Fisheries Forum. pp. 629-632 (Ed. by J.L. MclLean, L.B. Dizon and
L.V. Hosillos). Manila: Asian Fisheries Society.

Chen, J. C., T. S. Chin, and C. K. Lee. 1986. Effects of ammonia and nitrite on
larval development of the shrimp Penaeus monodon. In: The First Asian
Fisheries Forum. pp. 657-662 (Ed. by J.L. MclLean, L.B. Dizon and L.V.
Hosillos). Manila: Asian Fisheries Society.

Chin, T. S. and J. C. Chen. 1987. Acute toxicity of ammonia to larvae of the Tiger
Prawn, Penaeus monodon. Aquaculture 66:247-253.

Chittleborough, R.G. 1975. Environmental factors effecting growth and survival
of juvenile western rock lobsters Panulirus longipes Milne-Edwards. Aust. J.
Mar. Freshwater Res. 26:177-196.

Colt, J., and D. Armstrong. 1979. Nitrogen toxicity to fish, crustaceans and
molluscs. 30 Pages. Presented at the Bio-Engineering Symposium, Fish
Culture Section, AFS. Traverse City: Michigan.

Colt, J., and J. Huguenin. 1992. Shrimp Hatchery Design: Engineering
Considerations. In Marine Shrimp Culture: Principles and Practices. pp. 245-
286 (Ed. by A. W. Fast and L. J. Lester). Amsterdam, Netherlands: Elsevier
Sci. Pub.

122



Cook, H. L., and M. A. Murphy. 1969. The culture of larval Penaeid shrimp. Trans.
Am. Fish Soc. 98:751-754.

Costlow, J.D., and C. G. Bookhout. 1962. The larval development of Sesarma
reticulatum reared in the laboratory. Crustaceana 4.281-294.

Costlow, J. D., C. G. Bookhout, and R. Monroe. 1960. The effect of salinity and
temperature on larval development of Sesarma Cinereum (Bosc) reared in the
laboratory. Biol. Bull. 118:183-202.

Crisp, D.J. and D.A. Ritz. 1973. Responses of cirripede larvae to light:
Experiments with white light. Marine Biology 23:327-335.

Cronin, T. W., and R. B. Forward Jr. 1980. The effects of starvation on phototaxis
and swimming of larvae of the crab Rhithropanopeus harrisii. Biol. Bull.
158:283-294.

Dakin, W.J., and M. Latarche. 1913. The plankton of Lough Neagh, a study of the
seasonal changes in the plankton by quantitative methods. Proc. Royal Irish
Acad. Ser. B:20-96.

Dall, W. 1981. Osmoregulatory ability and juvenile habitat preference in some
penaeid prawns. J. Exp. Mar. Biol. Ecol. 54:55-64.

Dalla Via, D. J. 1986. Salinity responses of the juvenile penaeid shrimp (prawn)
Penaeus japonicus. Free amino acids. Aquaculture 55:307-316.

Dawson, E. Y. 1966. Marine Botany. 327 pp. New York: Holt, Rinehart and
Winston, Inc.

Dehnel, P. A. 1960. Effect of temperature and salinity on the oxygen consumption
of two intertidal crabs. Biol. Bull. 118:215-249.

Diwan, A.D., and A. Laxminarayana, 1989. Osmoregulatory ability of Penaeus
indicus H. Milne Edwards in relation to varying salinities. Proc. Indian Acad.
Sci. 98:105-111.

Djunaidah, |.S. and B. Saleh. 1981. The effect of various feeds on the survival rate
of Penaeus monodon larvae. Bull. Brackishwater Aqua. Dev. Cent. 7;: 514-519.

Dong, Z. 1990. Overwintering and sexual maturation of Penaeus penicillatus
Alcock in an outdoor earthen pond. Aquaculture 86:327-331.

Emmerson, W.D. 1980. Ingestion, growth and development of Penaeus indicus
larvae as a function of Thalassiosira weissflogii cell concentration. Marine
Biology 58:65-73.

Emmerson, W.D., 1983. Maturation and growth of ablated and unablated
Penaeus monodon Fabricius. Aquaculture 32:235-241,

Emmerson, W.D., 1985. Oxygen consumption of Palaemon pacificus (Stimpson)
(Decapoda: Palaemonidae) in relation to temperature, size and season.
Comp. Biochem. Physiol. Vol. 81A:71-78.

Emmerson, W.D., and B. Andrews. 1981. The effect of stocking density on the
growth, development and survival of Penaeus indicus (Milne Edwards) larvae.
Aquaculture 23:45-47.

Ennis, G.P. 1975. Behavioral responses to changes in hydrostatic pressure and
light during larval development of the lobster Homarus americanus. J. Fish.
Res. Board Can. 32:271-281.

123



Enright, C. T., G. F. Newkirk, J. S. Craigie, and J. D. Castell. 1986. Growth of
Juvenile Ostrea edulis L. fed Chaetoceros gracilis Schuett of varied chemical
composition. J. Exp. Mar. Biol. Ecol. 96:15-26.

Faust, M. A., J. C. Sager, and B. W. Meeson. 1982. Response of Prorocentrum
mariae-lebouriae (Dinophyceae) to light of different spectral qualities and
irradiances: growth and pigmentation. J. Phycology 18:349-356.

Ferraris, R.P., F.D. Parado Estepa, E.G. de Jesus, and J.M. Ladja. 1987. Osmotic
and chloride regulation in the hemolymph of the tiger prawn Penaeus
monodon during molting in various salinities. Marine Biology 95:377-385.

Ferraris, BR.P., F.D. Parado-Estepa, J.M. Ladja, and E.G. De Jesus. 1986. Effect
of salinity on the osmotic, chioride, total protein and calcium concentrations
in the hemolymph of the prawn Penaeus monodon Fabricius. Comp. Biochem.
Physiol. 83A:701-708.

Forbes, A. 1992. Small-Scale Asian Hatcheries. In Marine Shrimp Culture:
Principles and Practices. pp. 217-224 (Ed. by A. W. Fast and L. J. Lester).
Amsterdam, Netherlands: Elsevier Sci. Pub.

Forward, R. B. Jr., and J. D. Costlow. 1974. The ontogeny of phototaxix by larvae
of the crab Rhithropanopeus harrisii. Mar. Biol. 26:27.

Forward R. B. Jr., and T. W. Cronin. 1979. Spectral sensitivity of larvae from
intertidal crustaceans. J. Comp. Physio. 133:311-315.

Forward, R. B. Jr,, and T. W. Cronin. 1980. Tidal rhythms of activity and
phototaxis of an estuarine crab larva. Biol. Bull. 158:295-303.

Forward, R. B. Jr., T. W. Cronin, and D. E. Stearns. 1984 Control of diel vertical
migration: photoresponses of a larval crustacean. Limnol. Oceanogr. 29:146-
154,

Forward, R. B. Jr. 1986. A reconsideration of the shadow response of a larval
crustacean. Mar. Behav. Physiol. Vol. 12:99-113.

Forward, R. B. Jr. 1986. Light and diurnal vertical migrations. Photobehavior and
and photophysiology of plankton. In Photochemical and photobiological
reviews. Vol. 1. pp. 157-209. (Ed. by Smith, K. C.) New York: Plenum.

Forward, R. B. Jr. 1985. Behavioral responses of larvae of the crab
Rithropanopeus harrisii (Brachyura: Xanthidae) during diel migration. Marine
Biol. 90:9-18.

Forward R. B. Jr., and C. U. Buswell. 1989. A comparative study of behavioral
responses of larval decapod cruataceans to light and pressure. Marine Behav.
Physiol. 16:43-56.

Fuze, D. M., J. S. Wilkenfeld, and A. L. Lawrence. 1985. Studies on the use of
boiled chicken egg yolk as a feed for rearing penaeid shrimp larvae. The
Texas Journal of Science, Vol. XXXVI:371-382.

Gaudy, R., and L. Sloane. 1981. Effect of salinity on oxygen consumption in
postlarvae of the penaeid shrimps Penaeus monodon and P. stylirostris
without and with acclimation. Marine Biology 65:297-301.

124



Goldsmith, T. H. 1972. The natural history of invertebrate visual pigments. In
Handbook of sensory physiology. Vol. 7. pp. 685-791. (Ed. by Darnali, H. J.
A.)). New York: Springer.

Gomez, R. D., J. M. Rodriguez, and J. Morales. 1991. Stress Tests: A practical
tool to control postlarval shrimp quality. In Larvi '91 - Fish and Crustacean
Larviculture Symposium. pp.358-360 (Ed. by P. Lavens, P. Sorgeloos, E.
Jaspers, and F. Ollevier) Special Publication No. 15, Ghent, Belgium:
European Aquaculture Society

Gopalakrishnan, K. 1976. Larval rearing of Red Shrimp, Penaeus marginatus
(Crustacea). Aquaculture 9:145-154.

Grover, P. B., and R. J. Miller. 1984. Effects of crepuscular photoenvironment on
light induced behavior of Daphnia. Physiol. Behav. 33:729-.732

Guillard, R. R. L., and R. H. Ryther. 1962. Studies on marine planktonic diatoms.
I. Cyclotella nana Hustedt and Denutola confervacea Cleve gran. Can. J.
Microbiol. 8:229-239.

Harpaz, S. and |. Karplus. 1991. The effect of salinity on growth and survival of
juvenile Penaeus semisulcatus reared in the laboratory. Israeli J. of
Aquaculture Bamidgeh 43:156-163.

Herman, S. S. 1862. Spectral sensitivity and phototaxis in the Opossum Shrimp
Neomysis Americana Smith. The Biological Bulletin 123:562-570.

Hess, C. 1910. Neue untersuchungen uber den lichtsinn bei wirbellosen tieren.
Pflueger’s Arch. 136:282-367.

Hillier, A. G. 1984. Artificial conditions influencing the maturation and spawning
of sub-adult Penaeus monodon fabricius. Aquaculture 36:179-184.

Hirono, Y., and M. Leslie. 1992. In Marine Shrimp Culture: Principles and
Practices. pp. 783-815 (Ed. by A. W. Fast and L. J. Lester). Amsterdam,
Netherlands: Elsevier Sci. Pub.

Hu, Q. 1990. On the culture of Penaeus penicillatus and P. chinensis in Southern
China. In The Culture of Cold Tolerant Shrimp. Proc. Asian-U.S. Workshop on
Shrimp Cuilt. (Ed. by K. L. Main and W. Fulks), pp. 77-91. Honolulu: Oceanic
Institute.

Hudinaga, M. 1942. Reproduction, development and rearing of Penaeus
japonicus (Bate). Japanese Journal of Zoology, Vol. X:305-393.

Hudinaga, M., and J. Kittaka. 1966. Studies on food and growth of larval stage
of a prawn, Penaeus japonicus, with reference to the application to practical
mass culture. Japanese Plankton Res. Liason Ass. inf. Bull. 13:83-94.

Hughes, D.A. 1969. Responses to salinity change as a tidal transport mechanism
of Pink Shrimp, Penaeus duorarum. Biol. Bull. 36:43-53.

James, C. M,, S. Al-Hinty, and A. E. Salman. 1989. growth and w3 fatty acid and
amino acid composition of microcalgae under different temperature regimes.
Aquaculture 77:337-351.

Jones, A. C., D. E. Dimitriou, J. Ewald, and J. H. Tweedy. 1970. distribution of
Early developmental stages of Pink Shrimp, Penaeus duorarum, in Florida
waters. Bull. Mar. Sci. 20:634-661.

125



Jones, D.A.,, A. Kanazawa and K. Ono. 1979a. Studies on the nutritional
requirements of the larval stages of Penaeus japonicus using
microencapsulated diets. Marine Biology 54:261-267.

Jones, D.A., A. Kanazawa, and S. A. Rahman. 1978b. Studies on the presentation
of artificial diets for rearing the larvae of Penaeus japonicus (Bate).
Aquaculture, 17:33-43.

Jones, T. W, and R. A. Galloway. 1079. Effect of light quality and intensity on
glycerol content in Dunaliella Tertiolecta (Chlorophyceae) and the relationship
to cell growth/osmoregulation. J. Phycol. 15:101-106.

Kanazawa, A., S. |. Teshima, and Mineshi Sakamoto. 1985. Effects of lipids, fatty
acids and phospholipids on growth and survival of Prawn (Penaeus japonicus)
larvae. Aquaculture 50:39-49.

Katabami, Y., S. Yamasaki, and H. Hirata. 1986. Effect of aeration time on the
growth of Marine Chlorella sp. Mini rev. Data File Fish. Res. 4:143-150.

Keiser, R.K. Jr, and D. V. Aldrich. 1976. Salinity preference of postlarval Brown
and White Shrimp (Penaeus aztecus and P. Setiferus) in gradient tanks.
TAMU-SG-75-208 special publication.

King, J. E. 1948. A study of the reproductive organs of the common marine
shrimp, Penaeus setiferus (Linnaeus). Biol. Bull. Wood’s Hole 94(3):244-262.

Kinzie, R. A., P.L. Jokiel, and R. York. 1984. Effects of light of altered spectral
composition on coral zooxanthellae associations and on zooxenthellae in
vitro. Marine Biology 78:239-248,

Knowlton, R. E. 1974. Larval developmental processes and controlling factors in
decapod Crustacea, with emphasis on Caridea. Thalassia Jugosl. 10:139-158.

Kuban, F. D., A. L. Lawrence, and J. S. Wilkenfeld, 1985. Survival, metamorphosis
and growth of larvae from four penaeid species fed six food combinations.
Aquaculture 47:151-162.

Kuban, F. D., J. S. Wilkenfeld, and A. L. Lawrence. 1983. Survival and growth of
Penaeus setiferus (L.) and Penaeus aztecus (lves) larvae fed Artemia
beginning at the Protozoea-two substage versus the Mysis-one substage. J.
World Maricul. Soc. 14:38-48.

Kurata, H. 1962. Studies on the age and growth of Crustacea. Bull. Hokaido Reg.
Fish. Res. lab 24:1-115.

Lang, W. H., R.B. Forward Jr., and D.C. Miller. 1979. Behavioral responses of
Balanus improvisus nauplii to light intensity and spectrum. Biol. Bull.
157.166-181.

Lannan, James E. 1986. Principles and Practices of Pond Aquaculture. (Ed. J. E.
Lannan, R. O. Smitherman, and G. Tchobanoglous). Corvallis, Oregon:Oregon
State University Press.

Lawrence, A.L., D. Ward, S. Missler, A. Brown, J. NMicVey, and S. Middlediich.
1979. Organ indices and biochemical Levels of ova from Penaeid shrimp
maintained in captivity versus those captured in the wild. Proc. World Maricul.
Soc. 10:453-463.

126



Lawrence, A.L., Y. Akamine, B.S. Middleditch, G. Chamberlain, and D. Hutchins.
1980. Maturation and reproduction of Penaeus setiferus in captivity. Proc.
World Maricul. Soc. 11:481-487.

Laws, E. A, K. L. Terry, J. Wickman, and M. S. Chalup. 1983. The flashing light
effect on algal production in an outdoor flume. Biotechnol. Bioeng. 25:2319.

Lee, W. Y., M. Omori, and R.W. Peck. 1992 Growth, reproduction and feeding
behavior of the planktonic shrimp, Lucifer faxoni Borradaile, off the Texas
coast. J. Plankton Res. 14:61-70.

Leger, P., and P. Sorgeloos. 1984. International study on Artemia. XXIX.
Nutritional evaluation of Artemia nauplii from different geographical origin for
the marine crustacean Mysidopsis bahia. Vol. 15:307-309.

Leger, P., E. Naessens-Foucquaert, and P. Sorgeloos. 1987. International study
on Artemia. XXXV. Techniques to manipulate the fatty acid profile in Artemia
nauplii, and the effect on its nutritional effectiveness for the marine crustacean
Mysidopsis bahia (M). In. Artemia Research and its Applications. Vol. 3.
Ecology, Culturing, Use in Aquaculture. pp. 411-424. (Ed. by P. Sorgeloos,
D.A. Bengston, W. Decleir, and E. Jaspers). Wetteren, Belgium: Universa
Press

Leger, P., and P. Sorgeloos. 1992. Optimized Feeding Regimes in Shrimp
Hatcheries. In Marine Shrimp Culture: Principles and Practices. pp. 225-245
(Ed. by A. W. Fast and L. J. Lester). Amsterdam, Netherlands: Elsevier Sci.
Pub.

Lei, C. H., L. Y. Hsieh, and C. K. Chen. 1989. Effects of salinity on the oxygen
consumption and ammonia-n excretion of young juveniles of the grass
shrimp, Penaeus monodon (fabricius). Bull. Inst. Zool. Academia Sinica Vol.
28:245-2586. .

Lester, L. J. 1988. Differences in larval growth among families of Penaeus
stylirostris and P. vannamei Boone. Aquaculture and Fisheries Mgmt. 19:243-
251.

Liao, I. C. 1992. Penaeid larviculture: Taiwanese method. In Marine Shrimp
Culture: Principles and Practices. pp. 193-216 (Ed. by A. W. Fast and L. J.
Lester). Amsterdam, Netherlands: Elsevier Sci. Pub.

Liao, I. C., H. M. Sy, and J.H. Lin. 1983. Larval foods for penaeid prawns. in CRC
Handbook of Mariculture, Vol. 1, Crustacean Aguaculture. pp. 43-69 (Ed. by
J.P. McVey). Boca Raton, Florida: CRC Press inc.

Liao, I. C. and Y. P. Chen 1983. Maturation and spawning of Penaeid prawns in
Tungkang Marine Laboratory, Taiwan. In CRC Handbook of Mariculture, Vol.
1, Crustacean Aguaculture. pp.155-160 (Ed. by J.P. McVey). Boca Raton,
Florida: CRC Press Inc.

Makinouchi, S., and J. H. Primavera. 1987. Maturation and spawning of Penaeus
indicus using different ablation methods. Aquaculture 62:73-81.

Mann, J. E., and J. Myers. 1968. On pigments, growth and photosynthesis of
Phaeodactylum tricornutum. J. Phycol. 4:349-355.

127



Marsden, J.R. 1984. Swimming in response to light by iarvae of the tropical
serpulid Spirobranchus giganteus. Marine Biology 83:13-16.

Marshall, S. M., A. G. Nicholls, and A. P. Orr. 1935. On the biology of Calanus
finmarchicus. V1. Oxygen consumption in relation to environmental conditions.
J. Mar. Biol. Assoc. U.K. 20:1-28.

Mathews, T. R., W. W. Schroeder, and D. E. Stearns. 1991. Endogenous rhythm,
light and salinity effects on postlarval Brown shrimp Penaeus aztecus Ives
recruitment to estuaries. J. Exp. Mar. Biol. Ecol. 154:177-190.

Maugle, P. D. 1987. Post larvae shrimp mortality reduction study. 31 pp.
Consultants report. Box 446, Saunderstown, R.I.

McTigue and Feller. 1989. The influence of light and tidal phase on feeding in
Penaeus setiferus. Mar. Ecol. Prog. Ser. 52:227-233.

McVey, J. P. and J. M. Fox, 1983. Hatchery techniques for Penaeid shrimp
utilized by Texas A&M-NMFS Galveston laboratory program. In CRC
Handbook of Mariculture, Vol. 1, Crustacean Aquaculture. (Ed. by James P.
McVey), pp. 129-153. Boca Raton, Florida: CRC Press Inc.

Middleditch, B. S., S. R. Missler, D. G. Ward, J. P. McVey, A. Brown, and A. L.
Lawrence. 1979. Maturation of Penaeid shrimp: dietary fatty acids. Proc. World
Maricul. Soc. 10:472-476.

Middleditch, B. S., S. R. Missler, H. B. Hines, J. P. McVey, A. Brown, D. G. Ward,
and A. L. Lawrence. 1980a. Metabolic profiles of Penaeid shrimp, dietary lipids
and ovarian maturation. J. Chromotography 195:359-368.

Middleditch, B. S., S. R. Missler, H. B. Hines, E. S. Chang, J. P. McVey, A. Brown,
and A. L. Lawrence. 1980b. Maturation of Penaeid shrimp: lipids in the marine
food web. Proc. World Maricul. Soc. 11:463-470.

Mock, C. R., C. T. Fontaine, and D. B. Revera, 1980. Improvements in rearing
larval Penaeid shrimp by the Galveston Laboratory Method. In The Brine
Shrimp Artemia, Vol. 3, Ecology, Culturing, Use in Aguaculture. 556 pp. (Ed.
by G. Persoone, P. Sorgeloos, O. Roels, and E. Ja.). Wetteren, Belgium:
Universa Press.

Mock, C. R., D. B. Revera, and C.T. Fontaine. 1980. The larval culture of Penaeus
stylirostris using modifications of the Galveston Laboratory Technique. Proc.
World Maricul. Soc. 11:102-117.

Moles, A., and J. J. Pella. 1984. Effects of parasitism and temperature on salinity
tolerance of the kelp shrimp Eualus suckleyi. Trans. Am. Fish. Soc. Vol. 113
:354-359.

Munro, J. L., A. C. Jones, and D. Dimitriou. 1968. Abundance and distribution of
the larvae of the pink shrimp (Penaeus duorarum) on the Tortugas shelf of
Florida, August 1962-October 1964. Fishery Bull. 67:165-181.

Myrberg, A. A. 1966. Photo-orientation in the Pink Shrimp, (Penaeus duorarum).
Final Report NSF. 15 pages. Miami, Florida: Univ. of Miami, Inst. Mar. Sci.
Nichols, B. W. 1965. Light induced changes in the lipids of Chlorella vulgaris.

Biochim. Biophys. Acta. 106:274-279

128



Nakamura, K., and |. Echavarria. 1989. Artificial controls of feeding rhythm of the
prawn Penaeus japonicus. Nippon Suisan Gakkaishi/Bull. Jap. Soc. Sci. Fish.
55:1325-1329.

Nichols, B. W. 1965. Light induced changes in the lipids of Chlorella vulgaris.
Biochim. Biophys. Acta. 106:274-279.

Nurdjana, M. L., and W, T. Yang. 1976. Induced gonad maturation, spawning,
and postlarval production of Penaeus merguiensis de Man. Bull. Shrimp Cult.
Res. Cent. Jepara, Indonesia 11:177-186.

Nurdjana, M. L., B. Martosudarmo, and Anindiastuti. 1984. Nursery management
of prawns. Southeast Asian Fisheries Development Center (SEAFDEC). 21pp.
Bangkok, Thailand: SEAFDEC.

Parado-Estepa, F. D., R. P Ferraris, J. M. Ladja, and E. G. De Jesus. 1987.
Responses of imtermolt Penaeus indicus to large fluctuations in environmental
salinity. Aquaculture 64:175-184.

Parry, G. 1960. Excretion. In The Physiology of Crustacea, Vol. 1. (Ed. by T. H.
Waterman) Pages 341-366.

Platon, R. R. 1978. Design, operation and economics of a small scale hatchery
for the larval rearing of Sugpo, Penaeus monodon (Fabricius). SEAFDEC
Aquaculture Extension Manual # 1 27pp., Tigbauan, lloilo,
Philippines:SEAFDEC.

Pradeille-Roquette, M., 1976. Influence le differents facteurs sur la criossance
somatique de Pachygrapsus marmoratus (Fabricius) Crustace Decapode. Cah.
Biol. Mar. 17.77-91.

Primavera, J. H., C. Lim, and E. Borlongan. 1979a. Effect of different feeding
regimes on reproduction and survival of ablated Penaeus monodon Fabricius.
SEAFDEC Quarterly Res. Rep. 3:12-14.

Primavera, J.H., T. Young, and C. de los Reyes. 1979b. Survival, maturation,
fecundity and hatching rates of unablated and ablated Penaeus indicus H.M.
Edwards from brackish water ponds. SEAFDEC Quarterly Research Report,
3: 14-17.

Primavera, J. 1985. A review of maturation and reproduction in closed thelycum
Penaeids. Proc. First Intl. Conf. Cult. Penaeid Shrimp. pp.47-64 (Ed. by Y.
Taki, J. Primavera and J. Llobrera). lloilo,Philippines: Aquaculture Dept.
Southeast Asian Fisheries Development Center.

Primavera, J. H. 1978. Induced maturation and spawning in five month-old
Penaeus monodon Fabricius by eyestalk ablation. Aquaculture 13:355-359.

Primavera, J. H. 1979. Notes on the courtship and mating behavior in Penaeus
monodon Fabricius (Decapoda, Natantia) Crustaceana, 37:287-292.

Tobias-Quinitio, E., and C. Villegas. 1982. Growth, survival and macronutrient
composition of Penaeus monodon Fabricius iarvae fed with Chaetoceros
calcitrans and Tetraselmis chuii. Aquaculture 29:253-260.

Reddi, D. V., G. Gopalakrishna, B. N. Tiwari and P. R. Reddi. 1981. Acclimitization
of juveniles of marine prawn Penaeus monodon to fresh water. J. Indian Fish.
Assoc. 10/11:21-23.

129



Reyes, E. P. 1985, Effect of temperature and salinity on the hatching of eggs and
larval development of Sugpo, Penaeus monodon. In Proc. First Intl. Conf. Cuilt.
Penaeid Shrimp. (Ed. by Y. Taki, J. Primavera and J. Llobrera).
lloilo,Philippines: Aquaculture Dept. Southeast Asian Fisheries Development
Center.

Rothlisberg, P. 1982. Vertical migration and its effect on dispersal of penaeid
shrimp larvae in the Guif of Carpentaria, Australia. Fishery Bull. 80(3):541-554.

Salser, B. R., and C. R. Mock. 1974. Equipment used for the culture of larval
Penaeid shrimp at the National Marine Fisheries Service Galveston Laboratory.
Proc. 5th Congress Nacional de Ocean., Guayamas, Sonora, Mexico.

Seto, A, H. L. Wang, and C. W. Hesseltine. 1984. Culture conditions effect
eicosapentanoic acid content of Chlorella minutissima. JAOCS 61(5):892-894.

Shibles, R. 1976. Committee Report: Terminology pertaining to photosynthesis.
Crop Sci. 16:437-439.

Shigueno, K. 1985. Intensive culture and feed development in Penaeus japonicus.
In Proc. First Intl. Conf. Cult. Penaeid Shrimp. (Ed. by Y. Taki, J. Primavera
and J. Llobrera). lioilo,Philippines: Aquaculture Dept. Southeast Asian
Fisheries Development Center.

Shirley, S. M., and T. C. Shirley. 1988. Behavior of the Red King Crab larvae:
phototaxis, geotaxis and rheotaxis. Mar. Behav. Physiol. 13:369-388.

Small, L. F.,, and J. F. Hebard. 1967. Respiration of a vertically migrating
crustacean Euphausia pacifica Hansen. Limnol. Oceanogr. 12:272-280.

Smith, L., T. M. Samocha, J. M. Biedenbach, and A. L. Lawrence. 1992. Use of
One Liter Imhoff Cones in Larval Production. In Marine Shrimp Culture:
Principles and Practices. pp. 287-300 (Ed. by A. W. Fast and L. J. Lester).
Amsterdam, Netherlands: Elsevier Sci. Pub.

Sorgeloos, P., 1988. feeding HUFA enriched Artemia to Penaeus monodon.
Artemia Newslatter 8:30-31.

Sorgeloos, P., P. Leger, and P. Lavens. 1987. Increased yields of marine shrimp

" and shrimp production through application in innovative techniques with
Artemia. Cahiers Ethologie Appliquee 7:43-50.

Spaargaren, D. H., and P. A. Haefner Jr. 1987. The effect of environmental
conditions on blood and tissue glucose levels in the brown shrimp, Crangon
crangon (L). Comp. Biochem. Physiol. 87A:1045-1050.

Stephens, G. C. 1955. Induction of molting in the crayfish, Cambarus, by
maodification of daily photoperiod. Biol. Bull. Woods Hole 108:235-241.

Sturmer, L. N,, T. M. Samocha, and A. L. Lawrence. 1992. Intensification of
penaeid nursery systems. In Marine Shrimp Culture: Principles and Practices.
pp. 321-344 (Ed. by A. W. Fast and L. J. Lester). Amsterdam, Netherlands:
Elsevier Sci. Pub.

Su, H., C. Lei, and |. Liao. 1988. The effect of environmental factors on the fatty
acid composition of Skeletonema costatum, Chaetoceros gracilis and
tetraselmis chuii. J. Fish. Soc. Taiwan 15:21-24.

130



Tackaert, W, P. Abelin, P. Dhert, and P. Sorgeloos. 1989. Stress resistance in
postlarval penaeid shrimp under different feeding procedures. In Book of
Abstracts WAS-meeting Los Angeles, USA, Feb., 1989.

Tacon, A. G. J. 1986. Larval shrimp feeding, crustacean tissue suspension: a
practical alternative for shrimp culture. United Nations Development Program,
FAQO, Rome ltaly.

Templeman, W. 1936. The influence of temperature, salinity, light and food
conditions on the survival and growth of the larvae of the |obster (Homarus
americanus). J. Biol. Res. Bd. Can. 2:485-497.

Teshima, S. ., A. Kanazawa, and M. Yamashita. 1986. Dietary value of several
protiens and supplemental amino acids for larvae of the prawn Penaeus
japonicus. Aquaculture 51:225-235.

Thorhaug, A., T. Devany, B. Murphy. 1972. Refining shrimp culture methods: The
effect of temperature on early stages of the commercial pink shrimp. Contrib.
# 1335. Key Biscayne, Florida: Rosenstiel School of Marine and Atmospheric
Science.

Toro, J. E. 1989. The growth rate of microalgae used in shellfish hatcheries
cultured under two light regimes. Aquaculture and Fish. Mgmt. 20:249-254.

Tseng, W. Y. 1987. Shrimp Mariculture, A Practical Manual. Kaohsiung, ROC:
Chien Cheng Publisher.

Ullrich, W. R. 1979. Nitrate uptake by green algae and its regulation by external
factors. Ber. Dtsh. Bot. Ges. 92:273-284

Vander Driessche,T. and S. Bonotto. 1972. In vivo activity of chloroplasts of
Acetabularia in continuous light and in light-dark cycles. Archives of Biol.
83:89-104.

Venkataramiah, A., G. J. Lakshmi, and G. Gunter. 1974. Studies on the effects of
salinity and temperature on the commercial shrimp, Penaeus aztecus lves,
with special regards to survival limits, growth, oxygen consumption and ionic
regulation. Contract report H-74-2. Ocean Springs, MS: Gulf Coast Res. Lab.

Vernberg, F. J. 1983 Respiratory adaptations. in The Biology of Crustacea
Volume 8. Environmental Adaptations. (Ed. by D. E. Bliss, F. J. Vernberg, and
W. B. Vernberg)

Villalon, J. 1991. Practical Manual for Semi-intensive Commercial Production of
Marine Shrimp. 104 pps. Publication no. TAMU-SG-91-501. Galveston, Texas:
Texas Sea Grant.

Villaluz, D. K., A. Villaluz, B. Ladrera, M. Sheik, and A. Gonzaga. 1972.
Reproduction, larval development and cultivation of Sugpo (Penaeus
monodon Fabricius). Philippine J. Science 98:205-236.

Wachter, B. D., and J. V. D. Abbeele. 1991. The influence of acclimation to
salinity and oxygen on the respiration of the brine shrimp, Artemia fransiscana.
Comp. Biochem. Physiol. 98A:293-298.

Walford, J., and T. J. Lam. 1987. Effect of feeding with microcapsules on the
content of essential fatty acids in live foods for the larvae of marine fishes.
Aquaculture 61:219-229.

131



Wallen, D. G., and G. H. Geen. 1971. Light quality and concentration of proteins,
RNA, DNA and photosynthetic pigments in two species of marine plankton
algae. Mar. Biol. 10:44-51.

Walsh, P., and L. Legendre. 1983. Photosynthesis of natural phytoplankton under
high frequency light fluctuations simulating those induced by sea surface
waves. Limnol. Oceanogr. 28:688-697.

Weisepape, L. M., and D. V. Aldrich. 1970. Effects of temperature and salinity on
thermal death in postlarval brown shrimp, Penaeus aztecus. Sea Grant
Publication No. TAMU-SG-71-201.

Weisepape, L. M., D. V. Aldrich, and K. Strawn. 1972. Effects of temperature and
salinity on thermal death in postlarval Brown Shrimp, Penaeus aztecus.
Physiological Zoology 45:22-33.

Werner, D. 1966. Die Kieseisaure im stoffwechsel von Cyclotella cryptica
Reimann, Lewin and Guillard. Archive fur Mikrobiologie 55:278-308.

Wienberg, R. 1982. Studies on the influence of temperature, salinity, light, and
feeding rate on [aboratory reared larvae of deep sea shrimp, Pandalus
borealis Kroyer 1838. Meeresforschung Rep. Mar. Res. 29(3):136-153.

Wilkenfeld, J. S., A. L. Lawrence, and F. D. Kuban. 1983. Rearing penaeid shrimp
larvae in a small scale system for experimental purposes. Proc. 1st Intl. Bienn.
Conf. Warm Water Aquacul. Crust. pp. 72-81. (Ed. by G. Rogers, R. Day, and
A. Lim) Hawaii: Brigham Young University.

Wilkenfeld, J. S., A. L. Lawrence, and Frank D. Kuban. 1984. Survival,
metamorphosis, and growth of penaeid larvae reared on a variety of algal and
animal foods. J. World Maricul. Soc. 15:31-49.

Withyachumnarnkul B., B. Poolsanguan, and W. Poolsanguan. 1990. Continuous
darkness stimulates body growth of the juvenile giant freshwater prawn,
Macrobrachium rosenbergii De man. Chronobiol. Int. 7:93-97

Wurts, W. A., and R. R. Stickney. 1984. An hypothesis on the light requirements
for spawning penaeid shrimp, with emphasis on Penaeus Setiferus.
Aquaculture, 41:93-98,

Wyban, J. A, and J. N. Sweeney. 1991 Intensive Shrimp Production Technology.
pp. 13-37. Makapuu, Hawaii: The Oceanic Institute.

Yano, i. 1984. Induction of rapid spawning in Kuruma Prawn, Penaeus japonicus,
through unilateral eyestalk enucleation. Aquaculture 40:265-268.

Yufera, M., A. Rodriguez, and L. M. Lubian. 1984. Zooplankton ingestion and
feeding behavior of Penaeus kerathurus larvae reared in the laboratory.
Aquaculture 42:217-224.

Zein-Eldin, Z. P. 1963. Effect of salinity on growth of postlarval penaeid shrimp.
Biol. Bull. 125:188-196.

Zein-Eidin, Z. P. and D. V. Aldrich. 1965. Growth and survival of postiarval
Penaeus aztecus under controlled conditions of temperature and salinity. The
Biological Bull. 129:199-216.

Zein-Eldin, Z. P., and G. W. Giriffith. 1966. The effect of temperature upon the
growth of laboratory-held postlarval Penaeus aztecus. Biol. Bull 131:186-196.

132



