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As part of the Rising Tide Conservation effort to advance marine ornamental
aquaculture, the milletseed butterfly was chosen as a candidate species for the
development of butterflyfish aquaculture methodologies. Spawning of Chaetodon
miliaris was not inhibited in broodstock tanks and resembled that of previously
documented chaetodontid species. An assessment of practical fecundity established
that a population of 3 males and 8 females produced the largest number of viable eggs
and that relationships between photoperiod and spawning frequency were present in all
three broodstock populations. Larvae hatched after approximately 28 hours, were
capable of feeding at 4 dph, and survived to 44 dph in preliminary culture trials. An
examination of the first feeding requirements of C. miliaris established that the calanoid
copepod Parvocalanus crassirostris at densities between 1-15 nauplii mL-1, algal
induced turbidity greater than ~190,000 cells mL-1, water exchange rates below 300%
day-1, and stocking densities of 15-20 larvae L-1 enhanced the proportion of larvae
feeding and larval feeding intensity, while tank size and light intensity did not influence
first feeding. Growth and survival trials indicated that a photoperiod of 18 L:6 D, an algal
cell density of 500,000-530,000 cells mL-1 and a stocking density of 15 larvae L-1, and a
15

water exchange rate of 100% day-1 and prey density of 10 nauplii mL-1 were optimal
culture conditions for C. miliaris larvae to 10 dph. Further investigation into the culture
requirements of C. miliaris will supply a crucial base for developing aquaculture
protocols for other pelagic spawning marine ornamental species.
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CHAPTER 1
INTRODUCTION
Aquaculture is the fastest growing sector of agriculture in the world. Progression
of this industry is reliant on the advancement and refinement of culture methods. In
1999, approximately 25% of total food fish was supplied by aquaculture with an
estimated value of $56.47 U.S. billion; however, by 2011 approximately 42% of total
food fish was supplied by aquaculture with an estimated value of $119 U.S. billion
(FAO, 2000; FAO, 2012). In the ornamental industry approximately 90% of freshwater
ornamentals were supplied by aquaculture in 2003 while an estimated 1-10% of marine
ornamentals were supplied by aquaculture in 2012 (Sadovy and Vincent, 2002; Wabnitz
et al., 2003; Rhyne et al., 2012). Marine ornamental aquaculture development has
lagged significantly behind that of food fish and freshwater ornamental aquaculture.
Substantial obstacles within marine ornamental aquaculture such as spawning,
nutrition, and pelagic larval stages have inhibited the advancement of the industry
(Olivotto et al., 2011).
Many challenges are encountered in marine ornamental aquaculture. Assessing
developmental parameters in a logical stepwise manner will highlight crucial
components for advancing marine ornamental aquaculture techniques.
Marine Ornamental Trade
The trade of marine ornamental species has grown rapidly in the past several
decades. There are approximately 1800 marine fish species, hundreds of species of
invertebrates, and over 150 species of stony corals that are currently being traded
throughout the world (Rhyne et al., 2012). Advances in the aquaculture industry and
growing concerns about the sustainability of harvesting these species from the wild has

17

sparked interest in developing methods for production of these species (Tlusty, 2002;
Pomeroy et al., 2006; Wittenrich, 2007; Olivotto et al., 2011).
Eight major families account for approximately 75% of all marine ornamental fish
traded with in the United States (Rhyne et al., 2012). Pomacentridae (clownfish and
damselfish), Labridae (wrasses), Pomacanthidae (angelish), Gobiidae (gobies),
Acanthuridae (surgeon fish, tangs, and unicornfishes), Apogonidae (cardinalfishes),
Microdesmidae (wormfishes), and Chaetodontidae (butterflyfish) represent the top 8
traded fish families respectively (Wabnitz et al., 2003; Rhyne et al., 2012).
Exports mainly come from the Coral Triangle in the South Pacific, which includes
the three highest export countries - the Philippines, Indonesia, and Sri Lanka. The value
of the marine ornamental trade was estimated to be between $200-330 U.S. million
wholesale per year in 2003 (Wabnitz et al., 2003). The sustainability of the marine
ornamental trade has come under question because of collection methods, regulation,
ability to incur losses in biodiversity, over harvesting, vulnerability for spread of diseases
and invasive species, and high mortality during transport (Wabnitz et al., 2003; Bell et
al., 2009; Smith et al., 2009; Rhyne et al., 2012); however increased regulation and
outreach initiatives are creating a more sustainable trade (Wood, 2001). While the
marine ornamental trade is a high value industry there is often a large disconnect
between the price point in an aquarium store and the price when collected (Wabnitz et
al., 2003).
In some areas the regulations in place create a sustainable harvest for the
marine ornamental trade, but this is not always the case. When illegal harvesting
methods are used, they can cause damage that goes beyond the extent of just
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removing fish from the ecosystem. Cyanide fishing is the most destructive method used
for the collection of fish from the wild, causing damage to the coral reef, non-target
species, and mortalities in targeted species (Barber and Pratt, 1998; Tissot and
Hallacher, 2003; Bell et al., 2009). In addition, mortalities experienced by long transport
times from the South Pacific to the U.S. and Europe creates a need to increase
collection numbers to compensate for the loss of fish during transport (Sadovy and
Vincent, 2002).
The import and export of these species can also lead to biological invasions in
non-native waters such as that of the lionfish along the southeastern seaboard of the
United States and the spread of diseases (Goodsell, 1996) such as megalocytivirus and
betanodavirus (Smith et al., 2009; Yanong, 2010; Yanong and Waltzek, 2010; BetancurR et al., 2011).
While there are still some areas of the world that harvest marine ornamental
species with unsustainable methods, many regions have imposed regulations for
sustainable harvest. Countries such as Australia and Sri Lanka regulate collection net
type and size and the use of cyanide has been outlawed in every country that exports
marine fish (Wood, 2001). The collection of marine ornamental species can have
negative impacts; however, if regulated sustainably the harvest of marine ornamentals
can be beneficial for coastal communities, since the value of corals, invertebrates, and
fish is approximately 900% higher than that of species harvested for food (Wabnitz et
al., 2003).
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Marine Ornamental Aquaculture
Ornamental aquaculture is prominent in the freshwater industry with
approximately 90% of traded fish in production. This is nearly opposite in the marine
ornamental industry (Wabnitz et al., 2003; Moorhead and Zeng, 2010). Currently, at
least one representative species has been cultured from the families Pomacentridae,
Labridae, Pomacanthidae, Gobiidae, Apogonidae, Microdesmidae, and
Chaetodontidae; however culturing of an Acanthuridae species has eluded completion
(Sweet, 2014). Only two of the eight most imported fish families (Pomacentridae and
Gobiidae) have species in commercial production and the number of species being
produced is 1-5% of the over 1800 species harvested (Moe, 2003; Chapman et al.,
1997; Sadovy and Vincent, 2002; Tissot and Hallacher, 2003; Calado, 2006). Limited
understanding of the reproductive metabolism, environmental conditions, and social
requirements of each species as well as production economics reduce the feasibility of
producing the array of species collected from the wild. While research into the
aquaculture of new marine species is being conducted at many facilities around the
world, these bottlenecks have restricted the expansion of marine ornamental
aquaculture.
Broodstock Management and Spawning
Broodstock management is the accumulation of all factors that pertain to the
production of high quality gametes (Moorhead and Zang, 2010). Understanding natural
reproductive cycles of the species in question helps define specific parameters, which
can optimize production of eggs and sperm. Differing reproductive strategies
necessitate different culture methods, presenting a major challenge to marine
ornamental aquaculture (Watson and Shireman, 1996; Ostrowski and Laidley, 2001).
20

Reproduction is marked by high energy demands for adult fish. Spawning requires
precise signals from a variety of internal and external cues. A successful spawn is
reliant upon metabolic factors such as energy status and sufficient size of brood fish,
optimal environmental conditions for reproductive success, and the appropriate social
structure (Olivotto et al., 2011). Careful selection of mature and healthy broodstock can
reduce conditioning time and influence egg production.
Reproductive Metabolics
Important biological and metabolic requirements for spawning include mature
gonads, sufficient energy for developing gametes, and proper nutrition. In food fish
species, Kamler (2005) and Vuthipahandchai and Zohar (1999) found that egg and
sperm quality was decreased in newly matured and older fish while middle-aged adults
produced eggs of higher nutritional content and greater sperm counts with higher
spermatocrit. Correspondingly, size can impact fecundity of broodstock (Trippel et al.,
1997; Reavis, 1997; Morita and Takashima, 1998; Kolm, 2002). Reavis (1997) found
that fecundity of the goby, Valencennea strigata, increased exponentially with length.
Additionally, Beyer et al. (2014) correlated maternal length and somatic weight with
increasing fecundity of four different rock fish species in California. Selecting broodstock
of the ideal size and age increases the fecundity, but energetic demand, the amount of
energy taken in, as well as nutritional requirements, proper ratios of proteins, amino
acids (AA), lipids, essential fatty acids (EFA), carbohydrates, and vitamins, must be
supplied as well.
Successful reproduction requires excess intake of food because the energy
demands for body maintenance and growth of gonadal products are occurring
(Lupatsch et al., 2010). Ma et al. (1997) examined the effects of increased energy
21

consumption on fecundity and somatic growth in Atlantic herring. Decreased rations
resulted in decreased somatic growth and impeded gonadal maturation. Analysis of
freshwater species’ reproductive seasons exhibited similar trends shifting energy
allocation from somatic growth towards ovarian growth (Henderson et al., 1996;
Henderson et al., 2000; Lupatsch et al., 2010). Specifically, in tilapia, Lupatsch et al.
(2010) found that fish fed a maximum amount (2.13 ± 0.44 g day-1), a medium amount
(0.95 ± 0.20 g day-1) and zero (0.01 ± 0.00 g day-1) exhibited positive, negative, and
negative total energy deposition as gonadal and somatic growth, respectively. Only fish
being fed to satiation three times per day, the maximum feeding regime, exhibited
positive weight gain during the reproductive period. Energetic demands during
reproduction are extremely high and broodstock feeding regimes must account for this
to optimize egg production.
Broodstock Nutrition
Broodstock nutrition is critical to the production of quality eggs, gametes, and
larvae (Izquierdo et al., 2001; Lupatsch et al., 2010; Callan et al., 2012a; Callan et al.,
2012b). Complete artificial diets supply all ingredients (protein, carbohydrates, lipids,
vitamins, and minerals) in the proper amounts to optimize the health and growth of fish,
while supplemental diets are used in addition to wild foraging (Craig and Helfirch, 2002).
Fish fed a diet with the appropriate protein and lipid levels have improved gamete
quality (Tocher, 2003; Kahn et al., 2005; Lupatsch et al., 2010; Fuiman and Faulk,
2013).
Research of protein requirements has focused predominantly on somatic growth
in food fish species and established that higher dietary protein levels produce greater
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somatic growth (Einen and Roem, 1997; Millamena, 2002; Craig and Helfrich, 2002;
Holt et al., 2007). On average, dietary protein levels range between 18-50% with some
raw feeds such as mysis shrimp containing greater than 50% protein (Craig and
Helfrich, 2002). If protein demands for reproduction are not provided in the diet,
catabolism of muscle within the body can occur to meet protein requirements of
developing eggs (Lupatsch et al., 2010).
Lipids are another important component of the broodstock diet. A majority of
freshwater fish have the ability to elongate and desaturate fatty acids while marine fish
have evolved to depend on the fatty acids acquired from their diet (Sargent et al., 1997).
In aquaculture of marine species, this means that the required essential fatty acids must
be supplied through the diet (Craig and Helfrich, 2002). The highly unsaturated fatty
acids (HUFAs); docosahexaenoic acid (DHA; 22:6n-3), eicosapentaenoic acid (EPA;
20:5n-3) and arachidonic acid (ARA; 20:4n-6) are essential for the growth and
development of marine fish embryos and larvae (Craig and Helfrich, 2002; Holt et al.,
2007; Moorhead and Zeng, 2010; Callan et al., 2012a; Callan et al., 2012b; Fuiman and
Falk, 2013). Callan et al. (2012b) examined the effects of dietary HUFAs on broodstock
flame angelfish reproduction, egg, and larval quality measuring fecundity, fertilization
rates, and embryo viability to decipher differences in dietary effects. ARA, EPA, and
DHA were combined to calculate total HUFA n-3 percentages with Centropyge loriculus.
HUFA level of 3.6% n-3, increased fecundity, fertilization rates, and embryo viability
significantly compared to lower dietary levels 1.8% and 2.3% n-3. In addition to lipids
and protein, incorporation of vitamins, minerals, and carotenoids in diets have been
shown to have beneficial effects on production of eggs (Craig and Helfrich, 2002).
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Another important molecule is vitellogenin (Vtg), a glycophospholipoprotein,
exogenously synthesized by the liver, transported by the blood stream to the ovary, and
taken up by the oocyte (Patiño and Sullivan, 2002). Molecules are cleaved into 2 yolk
proteins, lipovitellin and phosphovitin (Watts et al., 2003). Vtgs contain up to 20% lipid
by weight, with a large portion (60-80%) being phospholipids typically rich in
polyunsaturated fatty acids (Patiño and Sullivan, 2002). Oocytes of pelagic spawning
species contain oil droplets, which coalesce into one or two large oil globules during
maturation and are composed of neutral lipids rich in monounsaturated fatty acids
(Patiño and Sullivan, 2002). The neutral lipids provided by oil globules are transported
into the oocyte by other means than Vtg, which mainly transports structural lipids, and
are used as energy reserves for embryogenesis and larval growth (Patiño and Sullivan,
2002). New research indicates that a different structure for Vtg exists in each species
(Watts et al., 2003).
Environment
Different reproductive strategies necessitate different culture approaches.
Pelagic spawning species release eggs into the water column for transport into the
pelagic environment, while demersal spawners attach or deposit eggs on benthic
substrate (Johannes, 1978; Barlow, 1981; Olivotto et al., 2011; Hoey et al., 2012). Other
species, such as the Bangii cardinalfish (Pterapogon kauderni) and yellow-headed
jawfish (Opistognathus aurifrons) are mouth brooders, holding clutches of eggs in their
mouth. Chemical and physical environmental conditions such as water flow,
temperature, salinity, photoperiod, tank size, and structure can induce or prevent
spawning (Holt and Riley, 2000; Miller et al., 2009; Donelson et al., 2010; Moorhead and
Zang, 2010; Olivotto et al., 2011). While fish exhibit adaptive behavior in a captive
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environment, replicating natural spawning conditions can stimulate reproduction
(Coward et al., 2002).
Holt and Riley (2000) manipulated photoperiod and temperature regimes to
induce spawning in the pygmy angelfish (Centropyge argi), spotfin hogfish (Bodianus
puchellus), bluehead wrasse (Thalassoma bifasciatum), and clown wrasse (Halichores
maculipinna). Representing spring season conditions, a photoperiod of 11 h light and 13
h dark with a temperature of 22 °C induced continuous daily spawning of the pygmy
angelfish, spotfin hogfish, and bluehead wrasse. The clown wrasse spawned when
temperature (27.5 °C) and photoperiod (13 L:11 D) matched that of the summer season.
By controlling key environmental parameters spawning periods can be extended under
captive conditions. Additionally, observed spawning behavior was adapted to fit the
captive constraints of the 300 L broodstock tanks from all four species (Holt and Riley,
2000).
Social cues such as gender ratios, number of fish present in a spawning group,
territoriality, and hermaphroditisim pose further obstacles to aquaculturists (Tricas,
1989; Hourigan, 1989; Yabuta and Kawashima, 1997; Holt and Riley, 2000; Moorhead
and Zang, 2010; Olivotto et al., 2011). Information pertaining to social dynamics of
marine ornamental species is limited in the wild and further lacking for captive
environments.
Other broodstock considerations should include selecting fish from the same
source and implementing a quarantine period. These steps can help decrease the risk
of disease transmission and allow for dietary assessment, observations of behavior and
condition prior to establishment as broodstock.
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Gametogenesis and Embryology
Understanding gamete development and embryology is necessary to develop
captive breeding techniques for marine ornamental species (Coward et al., 2002). In
many species, gonads are undifferentiated until fish become sexually mature. Once
mature, females will begin oocyte development during the spawning season while
males produce spermatozoa. Oocyte development is defined by three major stages:
primary growth, secondary growth, and maturation with multiple steps occurring within
each stage (Grier et al., 2009; Rhody et al., 2013). Careful cannulation, removal of a
gonad sample by insertion of a tube through the genital poor of the broodstock, can
produce valuable information on maturity, gender ratio, oocyte development stage, and
broodstock conditioning (Ralston, 1981; Neidig et al., 2000; Grier et al., 2009; Rhody et
al., 2013).
Embryological development among marine ornamental species varies greatly. In
demersal spawning species like clownfish, newly hatched larvae are more developed
than pelagic spawning species such as butterflyfish, which produce a prolarvae (Suzuki
et al., 1980; Avella et al., 2007; Kumar and Balasubramanian, 2009; Olivotto et al.,
2011). Various abiotic and biotic factors during egg incubation effect embryonic
development, and ultimately the viability of early larvae (Moorhead and Zeng, 2010).
Larval Development and Culture
Larviculture poses many challenges to successful production of a species. Larval
development varies according to species and spawning strategy. Larvae from demersal
spawning species hatch with developed eyes and mouths, whereas, pelagic larvae
hatch without developed eyes, mouths, or digestive tracts (Suzuki et al., 1980; Leis,
1989; Wittenrich, 2007; Kumar and Balasubramanian, 2009; Setu et al., 2010; Olivotto
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et al., 2011; Callan et al., 2012b; Madhu et al., 2012). Clownfish is a good example of a
commercial species with demersal larvae; larvae hatch after approximately 6-8 days
and measure 4-5 mm total length depending on species. Rotifers are used as a first
feed and are enriched to add essential nutrients. After approximately 10 days, the
larvae will transition onto Artemia nauplii and about 5 days later the larvae will
metamorphose into juvenile fish (Gordon and Bok, 2001; Ignatius et al., 2001; Avella et
al., 2007; Wittenrich, 2007; Kumar and Balasubramanian, 2009; Setu et al., 2010). In
contrast, tropical pelagic larvae typically hatch 24-48 h after spawning. Larvae will
absorb yolk reserves, develop functional eyes and mouths, and begin feeding between
48-96 h post hatch (Suzuki et al., 1980; Leis, 1989; Holt and Riley, 2000; Holt et al.,
2007; Olivotto et al., 2011; Callan et al., 2012b; Leu et al., 2013; Zavala-Leal et al.,
2013).
The transition of larvae from utilizing endogenous yolk reserves to exogenous
feeding presents a major bottleneck for many species (Suzuki et al., 1980; Holt and
Riley, 2000; Leu et al., 2009; Moorhead and Zeng, 2010; Olivotto et al., 2011; Leu et al.,
2013; Zavala-Leal et al., 2013). Particularly in the marine ornamental industry, a variety
of alternative feeds are being examined to replace more traditional live feeds (Kraul,
1989; Reitan et al., 1997; Holt, 2003; Mckinnon et al., 2003; Sampey et al., 2007;
Baensch and Tamaru, 2009; Moorhead and Zeng, 2010; Olivotto et al., 2011; Leu et al.,
2013; Zavala-Leal et al., 2013). Cassiano et al. (2011) evaluated the copepod,
Pseudodiaptomus pelagicus, as an alternative feed for the Florida pompano,
Trachinotus carolinus. Survival of pompano larvae to 7 dph was significantly higher in
the treatment fed copepod nauplii versus the rotifer, Branchionus sp.
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Larval nutrition is especially important for increasing survival and optimizing
development. Little information is known about the nutritional requirements of marine
larvae. Some research exists on marine larval food fish nutrition (Reitan et al., 1997;
Ronnestad et al., 1999; Sargent et al., 1999; Garcia-Ortega et al., 2002; Faulk and Holt,
2003; Garcia-Ortega, 2008), but overall larval nutritional research on marine species is
limited (Holt, 2011). Marine fish larvae are thought to require a diet including
carbohydrates, proteins, lipids, vitamins, and minerals (Holt, 2011; Hamre et al., 2013).
In particular, research has focused on essential amino acids, % protein, and essential
fatty acids requirements (Sargent et al., 1999; Garcia-Ortega et al., 2002; Cahu et al.,
2003; Holt, 2003; Meeren et al., 2007; Garcia-Ortega, 2008; Moorhead and Zeng, 2010;
Zambonino-Infante and Cahu, 2010; Holt, 2011; Olivotto et al., 2011; Hamre et al.,
2013).
Digestive systems of larval fish, especially those of pelagic spawning marine
ornamental species, are inadequately developed at hatch compared to adult fish,
consisting of an unopened, undifferentiated alimentary canal. In the wild, primary
digestive flora is obtained through passive ingestion; however, microbial communities
differ between culture systems and the wild (Grisez et al., 1997; Skjermo et al., 1997).
Development of a fully functional digestive system does not occur until metamorphosis
into a juvenile stage in some species (Boulhic and Gabaudan, 1992; Sarasquete et al.,
1995; Sanz et al., 2011; Trevino et al., 2011; Cohen et al., 2013). An assessment of
digestive system ontogeny can be beneficial for understanding the nutritional
requirements of larvae throughout development.
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Additional bottlenecks often occur throughout larval development. Mortality is
often associated with swim bladder inflation, flexion, and metamorphosis (Battaglene
and Talbot, 1990; Battaglene et al., 1994; Moorhead and Zeng, 2010; Olivotto et al.,
2011). Innumerable parameters can affect the survival of larvae but feeds, temperature,
water flow, water quality, light intensity, photoperiod, and turbidity have been assessed
(Houde et al., 1978; Leis, 1989; Naas et al., 1992; Piers and Purser, 1995; Arvedlund et
al., 2000; Holt, 2003; Mckinnon et al., 2003; Baensch and Tamaru, 2009; Moorhead and
Zeng, 2010; Olivotto et al., 2011; Cobcroft et al., 2012; Leu et al., 2013; Zavala-Leal et
al., 2013). After metamorphosis, juveniles have similar nutritional needs as adults.
Increased feeding will increase growth, however, overfeeding can lead to water quality
problems and possible lipid deposition in the organs, especially the liver (Wang et al.,
2013).
Chaetodontidae
Chaetodontid butterflyfishes are highly sought after in the marine aquarium trade
for their vivid colors and complex patterns. Butterflyfish species can be susceptible to
stress, problems can occur with acclimation, some sp. have corallivorous feeding
behavior, and can be territorial; but once established in an aquarium they exhibit
beautiful colors and displays in behavior. Approximately 4% of all fish imported and
exported globally are chaetodontid butterflyfish, ranking them as the sixth most traded
family in the world in 2003 (Wabnitz et al., 2003), and eighth most traded family in the
United States in 2012 (Rhyne et al., 2012). Of the 120 species of chaetodontid
butterflyfish, 97 are traded within the United States (Rhyne et al., 2012).
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All species have a compressed body form with an ovate body shape and are
usually closely associated with coral reefs in the tropics. Very few species have ranges
outside tropical waters (≥ 21 °C) (Burgess, 1978).
Many Chaetodontidae species are considered poor choices for aquariums
because their diet consists of coral and other invertebrates. Four different diet
preferences of chaetodontid species have been described: (a) obligatory corallivores,
(b) facultative corallivores and benthic invertebrate feeders, (c) non-coraline benthic
invertebrate feeders, and (d) zooplanktivores (Sano, 1998). It is possible that once
species are captive, dietary preferences can be changed.
Aquaculture of chaetodontid species has been pursued several times with one
successful culture attempt (Suzuki et al., 1980; Tanaka et al., 2001; Wittenrich and
Cassiano, 2011; Baensch, 2014). Heniochus diphreutes, from wild collected eggs, is the
singular representative of the butterflyfish family that has been successfully cultured.
Frank Baensch of the Hawaiian Larval Fish Project, a privately funded venture, stated
during personal communications that culture methods would not be revealed until the
project is completed. Eric Cassiano and Matt Wittenrich at the University of Florida’s
Tropical Aquaculture Lab had preliminary success at raising H. diphreutes larvae to 46
dph, but were not able to raise fish through the complete larval duration. Both records
suggest that copepods are sufficient as an early feed with unknown wild zooplankton
used as feed later in development (Wittenrich and Cassiano, 2011; Baensch, 2014).
Objectives
The development of the marine ornamental aquaculture industry has come to a
pivotal time. As the marine ornamental industry grows and wild collection is further
pressured by regulation and closure, there will be an increased demand for cultured
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marine ornamental species. Commercial producers capable of efficiently culturing
juvenile fish to market size, at a cost below market value, stand to profit. Consequently,
aquaculture production of marine species can be used to supplement natural collection,
reduce harvesting pressure on wild populations, and support a growing aquaculture
commodity.
The milletseed butterflyfish, Chaetodon miliaris, was selected as a model
Chaetodontidae species for this project. Preliminary success in culturing similar
butterflyfish species indicates that culturing of C. miliaris is plausible. The purpose of
this thesis is to evaluate the milletseed butterflyfish and its potential for marine
ornamental aquaculture. Broodstock fecundity, spawning behavior and conditions,
embryology, and larval development were assessed. Furthermore, eight experiments
were conducted to evaluate first feeding parameters and three multifactorial
experiments were conducted to assess survival and growth to 10 dph. Differences in
fecundity measures, spawning behaviors, and spawning conditions were observed to
evaluate the effect of spawning population size on egg production. The proportion of
larvae feeding and number of prey items in the guts were measured to determine
optimal first feeding parameters. Finally, differences in survival and growth (notochord
length, body depth, and eye diameter) were measured to determine the effect of algal
turbidity and stocking density, prey density and water exchange rate, and photoperiod
on C. miliaris larvae.
Supplementary research and results beyond those included as part of this thesis
are contained within the Appendix A. These objectives include: a) analysis of fatty acid
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profiles of eggs and larvae, and b) organogenesis of the digestive track and visual
systems.
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CHAPTER 2
SPAWNING, EMBRYOLOGY, AND LARVAL DEVELOPMENT
Foreword
Records of captive Chaetodon reproduction are limited (Suzuki et al., 1980;
Hioki, 1997; Tanaka et al., 2001). A comparison of spawning between wild and captive
butterflyfish stocks demonstrates similar reproductive behavior (Suzuki et al., 1980;
Colin, 1989; Lobel, 1989; Tricas and Hiramoto, 1989; Londraville, 1990; Yabuta, 1997;
Yabuta and Kawashima, 1997; Tanaka et al., 2001; Pratchett et al., 2014).
A typical spawning event begins in the afternoon/evening with courtship behavior
occurring between pairs, harems, or multiple males and a singular female. Courtship
behavior generally consists of aggressive male-male behavior, males following females,
circular swimming patterns, and gentle nudges of the male’s snout along the abdomen
of the female. The act of spawning will then occur with the male and female dashing in a
direction, usually upwards, with their abdomens together and releasing gametes into the
water column at the top of their ascent. Additional males may trail behind the dominant
male during group spawning events in hopes of fertilizing ova with their own gametes
(Suzuki et al., 1980; Colin, 1989; Lobel, 1989; Tricas and Hiramoto, 1989; Londraville,
1990; Yabuta, 1997; Yabuta and Kawashima, 1997; Tanaka et al., 2001; Pratchett et
al., 2014).
Ralston (1976; 1981) examined the reproductive biology and feeding ecology of
C. miliaris in the waters surrounding Oahu, Hawaiian Islands. Sampling uncovered that
spawning was seasonal (January-May), with no correlation to lunar periodicity. Ralston
(1976) assessed the fecundity of C. miliaris as the number of mature oocytes within the
ovary of a spawning female. Average fecundity was estimated at 79,100 mature oocytes
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per female. At maturity, approximately 9 cm total length (TL), an energetic shift from
somatic to reproductive growth was inferred by a quadratic relationship between
fecundity and fish weight. The quadratic relationship here implies that the larger the fish
the more energy is allotted towards reproductive growth.
Unlike natural environments, captive environments can be controlled. Suzuki et
al. (1980) observed periodic spawning from C. nippon throughout March, August,
September, and October at water temperatures greater than 23 °C and Tanaka et al.
(2001) observed spawning of C. modestus over an 18 month period at temperatures
between 18-26 °C. Similarly to Ralston (1980), spawning of C. nippon and C. modestus
was not correlated with lunar periodicity (Suzuki et al., 1980; Tanaka et al., 2001).
Information on the embryology of butterflyfish comes from four sources (Madden
and May, 1977; Suzuki et al., 1980; Hioki, 1997; Tanaka et al., 2001). Embryo
development was similar in all four instances except for timing of each stage.
Embryogenesis of zebrafish (Danio rerio) is well studied and serves as a model for
teleost development. After fertilization, embryos immediately enter the zygote period
and undergo two cell divisions before entering the cleavage period, then the blastula
period, the gastrula period, and the segmentation period before hatching occurs
(Kimmel et al., 1995). Milletseed butterflyfish embryogenesis parallels that of other
butterflyfish and marine angelfish (Madden and May, 1977; Suzuki et al., 1980; Hoiki et
al., 1990; Hioki, 1997; Tanaka et al., 2001; Leu et al., 2009).
Fertilized eggs of described chaetodontid species are pelagic, range in size from
0.6-0.8 mm in diameter, and hatch 15-30 h post spawning depending on the species
and water temperature (Burgess, 1978; Suzuki et al., 1980; Colin and Clavijo, 1988;
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Colin, 1989; Tanaka et al., 2001; Wittenrich and Cassiano, 2011). Newly hatched larvae
of marine ornamentals are small, typically measuring between 1-3 mm TL. Butterflyfish
larvae range from 1.2-1.5 mm at hatching to approaching 2.5 mm at the transition from
endogenous to exogenous feeding. Similar to other reef fish, first feeding will occur 7296 h after spawning (Suzuki et al., 1980; Leis, 1989; Tanaka et al., 2001; Baensch and
Tamaru, 2009; Leu et al., 2009; Moorhead and Zeng, 2010; Olivotto et al., 2011; Callan
et al., 2012a; Leu et al., 2013). Information on development of growing larvae past the
first feeding stage is extremely limited to several online articles and photographs
(Wittenrich and Cassiano, 2011; Baensch, 2014). Suzuki (1980) and Tanka (2001) had
no success initiating a feeding response resulting in mortality from starvation. According
to Baensch (2014) and Wittenrich and Cassiano (2011) first feeding bannerfish larvae
are capable of feeding on copepod nauplii ≤ 80 μm. Development of these larvae is not
well-documented with only two representative samples of development. Larvae begin to
increase body depth around 11 dph. At 25 dph flexion has begun and large bony plates
on the head, an elongated preopercular, a post-temporal, and a supracleithrum plate
form (Johnson, 1984; Leis, 1989). Variations among plate shape and head morphology
are present between different species (Leis, 1989).
It is estimated that the pelagic larval duration (PLD) of butterflyfishes ranges from
30-60 dph and possibly up to 80 dph (Leis, 1989; Booth and Parkinson, 2011; Soeparno
et al., 2012). Natural PLD’s will differ from those exhibited under aquaculture conditions.
Baensch (2014) observed a PLD of 85 dph with H. diphreutes. However, as seen with
many other aquacultured species, larval durations can be altered by optimizing egg and
larval quality, larval nutrition, environmental parameters, feeding conditions, water
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quality, and settlement cues (Cowen, 1991; Leis and McCormick, 2002; Bergenius et
al., 2005; Lecchini et al., 2005; Gjedrem and Baranski, 2009; Oyarzun and Strathmann,
2011; Leis and Yerman, 2012; Wenger and McCormick, 2013).
Methods
Acquisition of Broodstock and Broodstock Management
Broodstock of the milletseed butterflyfish, Chaetodon miliaris, were obtained from
the Rainbow Reef exhibit at Aulani, A Disney Resort and Spa in Ko Olina, Hawai’i on
two different occasions in 2013. During May of 2013 a group of 23 broodstock were
transported to Segrest Farms in Apollo Beach, FL, where they were pH acclimated
before transport to University of Florida’s Tropical Aquaculture Lab in Ruskin, FL. Initial
skin, fin, and gill samples were taken for diagnostic purposes. A 5-minute freshwater dip
was used to remove parasites (Noga, 2010). Fish were quarantined for 30 days using a
10 mg L-1 dose of chloroquine phosphate EP (PCAA 9901 South Wilcrest Drive
Houston, TX 77099) as a precautionary measure for protist parasites and three 24 h
treatments of praziquantil 5 days apart were used as a precautionary measure for
treamatode parasites (PCAA 9901 South Wilcrest Drive Houston, TX 77099) (Yanong,
2003; Yanong, 2009; Noga, 2010). Finally, another set of diagnostic samples was taken
to verify absence of parasites or other obvious diseases prior to introduction into the
broodstock system.
Because milletseed butterflyfish lack sexual dimorphism, every fish within the
population was cannulated using a 0.76 mm inner diameter and 1.65 mm outer
diameter polyethylene tube to determine sex (Ralston, 1981; DiMaggio et al., 2013).
Female gonad condition was preliminarily assessed by a wet mount technique to
determine spawning condition (Rhody et al., 2013). Presence of milt through palpation
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of the coelom anterior to the urogenital opening or cannulation was used to differentiate
males (DiMaggio et al., 2013). The first group contained 2 males and 20 females, with
one mortality after arrival. Additional fish were collected from Rainbow Reef in October
2013, cannulated prior to transport to determine sex, and 12 confirmed males were
transported using the same methodology as the first group. The same quarantine
protocols were followed for this group. Male fish were tagged in the caudal fin rays
using visible implant elastomer tags (Northwest Marine Technology, Inc. PO Box 427,
Ben Nevis Loop Rd. Shaw Island, WA 98286).
The butterflyfish were divided into three different populations: 1 male and 1
female, 3 males and 8 females, and 10 males and 11 females. Two 1937 L circular
tanks and one 2325 L square tank, each with a 1000 L sump, were used to hold
broodstock. In both systems a recirculating design included a bead filter, a fluidized
sand bed, and a 50 watt ultraviolet (UV) sterilizer. Fish were fed to satiation 4-5 times
daily with California black worms (Lumbriculus variegatus), frozen striped mullet (Mugil
cephalus) roe, opossum shrimp (Mysis relicta) (Piscine Energetics, British Colombia,
Canada; 69.5 % protein, 8.35% lipids, 2.75% fiber, 5.5% ash), and 1.7 mm pellets
(Reed Mariculture, Campbell CA, USA: APBreed TDO-EP1; 46% protein, 16% lipid, 2%
fiber, 6.5% moisture, 14% ash, 1.7% phosphorus, 250 mg L-1 astaxanthin). Water
temperatures and salinity were measured daily. Water temperature in both systems was
maintained between 23-30 °C. Salinity was maintained between 30-36 g L-1. Excess
feed was siphoned from the tank daily. Tanks were scrubbed and siphoned once every
other week to remove algal growth and water quality parameters were tested weekly
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(total ammonia nitrogen (TAN), nitrite-Nitrogen, nitrate, alkalinity, pH) using Hach
Permachem reagents (Hach Company, Loveland, CO, USA).
Two 58 L external egg collectors were designed to collect floating and sinking
eggs within a 19 L bucket lined with 500 μm mesh (Baensch and Tamaru, 2009; Callan
et al., 2012b; DiMaggio et al., 2013). In the square tank, a floating airlift surface collector
was used to skim surface waters and collect eggs. Egg collectors were set between
18:00 and 20:00 nightly and removed at 08:00 to collect spawn throughout the night.
Preliminary assessments of egg quality, egg morphometrics, hatch success, and 3 dph
survival found no differences between eggs collected immediately after spawning
(~21:00-22:00) and eggs that remained over night in the egg collector.
Spawning Behavior, Conditions, and Fecundity
Spawning behavior was observed a total of five times for each population. Data
from four personal observations and one observation via video recording was compared
to documented behavior of wild and captive butterflyfish spawns (Suzuki et al., 1980;
Lobel, 1989; Tricas and Hiramoto, 1989; Colin, 1989; Londraville, 1990; Yabuta, 1997;
Yabuta and Kawashima, 1997; Tanaka et al., 2001; Pratchett et al., 2013). Visual
observations were made in the evening starting around 18:00. The individual would
stand a minimum distance of 5 feet from the tank, remaining quite and still until
spawning was observed. Video observations were recorded with a Gopro Hero 3
underwater camera attached to the side of the tank. Both video and stop motion
pictures were used to analyze spawning behavior.
Salinity and temperature measurements were taken each evening and pH was
monitored weekly (Suzuki et al., 1980). Salinity, temperature, and pH remained fairly
constant throughout the spawning period and were not included in the logistic
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regression (Figure 2-1). Records of daily photoperiod lengths and lunar phases were
amassed using the United States Naval Observatory’s complete sun and moon data for
one day database (http://aa.usno.navy.mil/data/docs/RS_OneDay.php). Daily lunar
phases were grouped into 3 day periods around percentages of the moon visible. Lunar
phases were grouped into 0, 20, 40, 60, 80, and 100% visible to increase the likelihood
that lunar phase would have a significant association with spawning.
Although fecundity estimates of milletseed butterflyfish were conducted by
Ralston (1976), additional fecundity data was collected. Ralston (1976) defined
fecundity as the estimated number of mature egg cells within the ovary of a spawning
female or absolute fecundity. In this document the term fecundity will refer to the
practical fecundity or the quantity of viable eggs obtained from a female post ovulation
(Baensch and Tamaru, 2009; Callan et al., 2012b). Eggs spawned the night before were
gently rinsed with broodstock water onto a 400 μm sieve from egg collectors each
morning (Baensch and Tamaru, 2009; DiMaggio et al., 2010; Callan et al., 2012b;
DiMaggio et al., 2013). Eggs were then rinsed using broodstock water into individual
clean 1 L plastic containers containing at least 500 mL of broodstock seawater
(Baensch and Tamaru, 2009; Callan et al., 2012b). Eggs were allowed to float for 2 min
and separated into a 100 mL graduated cylinders to volumetrically determine total egg
production. A 1 mL sample of eggs from 20 different spawns was enumerated to obtain
an accurate count for volumetric readings (DiMaggio et al., 2010). Sinking eggs were
considered non-viable. Fertilization rate and development stage were quantified from a
sample (n=100) of floating eggs and (n=100) of sinking eggs. A sample of 100 viable
eggs were placed on a Sedgwick Rafter slide and ensuing photographs (Jenoptik,
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ProgRes Capture Pro v2.8.8) were taken for morphometric analysis using ImageJ
image analysis software (Baensch and Tamru, 2009; DiMaggio, 2012; DiMaggio et al.,
2013).
Hydrated Egg Characteristics and Larvae Evaluation
The morphological measurements for egg diameter (ED), oil globule diameter
(OD), yolk volume (YV) and egg volume (V) were taken using photographs from 50
different spawns and measured using ImageJ image analysis software. Three replicates
of 16 eggs were measured from each spawn. Egg radius and egg volume were
calculated using r=davg/2 and V=4/3 πr3 respectively. Yolk volume was calculated using
the formula for a prolate sphere Vy=π/6 LyHy where Ly is yolk length and Hy is yolk
height (Bonislawska et al., 2001). Ratios of OD:ED and YV:V were also calculated
(Imanpoor and Bagheri 2010; DiMaggio, 2012). To obtain growth and survival for each
spawn six 1 L containers with 55 μm bottom screens were stocked with 16 eggs each in
a temperature regulated (24 °C) 193 L water bath to ensure equivalent water quality and
temperature between replicates (DiMaggio, 2012). Three replicates were removed 30 h
after stocking (0 dph), hatch success and larval survival enumerated, and a minimum
(n=10) larvae from each replicate were sampled for notochord length (DiMaggio, 2012).
On 3 dph another three replicates were removed using the previous methodology. All
larvae surviving to this point were measured. Notochord length was defined as the
anterior most point of the head to the posterior tip of the notochord (DiMaggio, 2012).
Water Quality
Water for all experimental and culture trials was synthetic salt mixed with reverse
osmosis filtered water (Spectrum Brands Inc., Madison WI, USA: Instant Ocean
Aquarium Sea Salt Mixture). Water was mixed in 14,000 L towers and pumped into
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culture tanks. Water quality parameters were evaluated daily in the water bath.
Dissolved oxygen (DO) and temperature were evaluated with a YSI-85 multiparameter
meter (YSI inc., Yellow Springs, OH, USA). Total ammonia nitrogen (TAN), nitritenitrogen, nitrate, and pH were measured using Hach Permachem reagents (Hach
Company, Loveland, CO, USA).
Statistical Methods
All statistics were analyzed using SPSS v. 21 (IBM, Armonk, NY). A logistic
regression was conducted to determine if lunar phase and photoperiod were associated
with an increased likelihood of spawning. The presence of spawn was coded as 1 and
no spawn coded as 0. A P-value of ≤ 0.05 was considered statistically significant for all
analyses.
Practical fecundity data did not meet parametric assumptions; consequently
population measures were analyzed using a Kruskal-Wallis one-way analysis of
variance with a pairwise multiple comparison test. All percentage data was arcsine
square root transformed prior to analysis. All non-parametric numerical data is
represented as median ± MAD. A P-value of ≤ 0.05 was considered statistically
significant for all analyses. Arcsine(sqrt) transformed data was back transformed and
represented in original units.
The biological characteristics of hydrated eggs from each population were
compared using a MANOVA. A P-value of ≤ 0.05 was considered statistically significant.
Relationships between egg diameter, yolk volume, oil globule diameter, egg
volume, and ratios of OD:ED and YV:V to hatching success, notochord length, and
survival did not meet normality assumptions. Data was analyzed using a nonparametric
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Spearman rank correlation. A P-value of ≤ 0.01 was considered statistically significant
to protect for type II error.
Embryology
Eggs were collected using a fine mesh net (50 μm) immediately after spawning
occurred. Eggs were rinsed from the net into a 1 L plastic container with 500 mL of
water from the broodstock tank. A sample of 100 ± 10 eggs were then placed in a
welled slide and photographed (Jenoptik, ProgRes Capture Pro v2.8.8) every hour until
hatching. Development stages were assessed by observation according to Glamuzina
et al. (2000; 1998), specifically observing for the zygote period, cleavage period,
blastula period, gastrula period, and segmentation period.
Larval Development
Eggs were stocked into three 128 L (61.0 cm diameter x 54.6 cm height) culture
tanks at 15-20 eggs L-1. Light aeration (≤ 0.1 L min-1) was supplied for each tank
throughout culture trials. At 3 dph Tisochrysis lutea (Tiso), formerly the Tahitian strain of
Isochrysis galbana (Bendif et al., 2013), was dripped into each tank. Algal cell density
was maintained at 400,000–600,000 cells mL-1 for the duration of larval experiments. At
4 dph the nauplii of the copepod Parvocalanus crassirostris were fed to larvae at a
density of 1-5 nauplii mL-1 depending on the number harvested. Copepods cultures
were fed Tisochrysis lutea, Chaetoceros gracilis, and Tetraselmis suecica at a
predetermined volume each day. Copepod nauplii were harvested using an airlift
collector each morning and sieved between 20-75 μm. Copepod densities were
monitored daily and added as necessary to maintain prey densities. Copepod nauplii
were fed throughout the first 24 dph. At 25 dph, the addition of copepodites to culture
tanks occurred once every 8 days to add a larger prey item. Larvae were maintained on
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a diet of copepod nauplii and copepodites until all larvae died at 44 dph. Throughout
larval culture stages water was exchanged with new seawater daily, progressively
increasing from 5% of the tank volume at 4 dph to 100% at 15 dph. At 21 dph 200% of
the tank volume was exchanged daily increasing to 300% by 30 dph. Larvae were
reared in a flow through system. Constant aeration was provided to ensure adequate
DO concentration. Water quality parameters including DO, temperature, salinity, pH,
total ammonia nitrogen (TAN), nitrite-nitrogen, and nitrate were measured once daily.
Larval tanks were maintained at a salinity of 33.2-35.3 g L-1 and a temperature of 23.826.9 °C.
A mean of 10 larvae were removed from each tank on each of the first 4 days
and every 2 days thereafter till 15 dph. After 15 dph a mean of 5 larvae were removed
from each tank on 17, 19, 21, 24 and 26 dph. From 28-37 dph survivorship decreased
within the culture tanks and sampling numbers were reduced to 3 larvae removed from
each tank every 3 days. At 43 and 44 dph only 1 tank had surviving larvae, and
remaining larvae were removed as they were dying. After all larvae were removed from
each tank subsequent photographs (Jenoptik, ProgRes Capture Pro v2.8.8) and
measurements (ImageJ 1.48r) were taken. Butterflyfish larvae were removed and
immediately euthanized with buffered MS-222 (Western Chemical, Ferndale,
Washington). Images were analyzed for the presence of inflated swim bladders, the
initiation of flexion and the formation of the thiolichthys plates. Notochord length as
previously defined will be measured for larvae preflexion. Post-flexion notochord length
is defined as a straight-line measurement from the most anterior point of the head to the
edge of the hypurals (DiMaggio, 2012). Total length (TL) measurements will be taken
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for post-flexion larvae as well. Larvae will be characterized throughout development
similarly to those of Leu et al. (2013).
Results
Spawning Behavior
Within each group courtship behavior varied slightly based upon tank size
and group size but the general behaviors remained constant. The spawning group
consisted of a single male and a single female. The female was easily recognized by
her swollen abdomen while the male was tagged with orange elastomer dye in the
caudal fin. Broodstock in the circular tanks spawned naturally from December 28, 2013July 2, 2014 when data for this study was no longer collected. Broodstock in the square
tanks spawned naturally from March 2, 2014 until July 2, 2014 when data was no longer
collected.
Timeline
~4 h 00 min (16:04) – The dominant male periodically displays aggression
towards other males. The female’s abdomen appears to be swollen.
~3 h 00 min (17:04) - Group schools together around structure. Generally the
gravid female remains lower in the water column than the other fish. The male stays
close to female.
~1 h 30 min (18:34) – The gravid female remains close to bottom of the tank with
the male hovering over her. The male quickly chases away any advancing fish.
~1 h 00 min (19:04) -The spawning female begins to separate from the
remaining fish. The male breaks from the school to follow the female and follows slightly
behind and above the female. The pair sometimes separates and the male will return to
the group of fish, however, the female remains at a distance from the rest of the school.
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~45 min (19:19) -The pair begins to separate from the group. The male makes
frequent runs with the female, sometimes chasing her around the tank. The male also
begins.
~30 min (19:34) -The male becomes increasingly aggressive towards other
males within the tank, chasing them away from himself and the female. The male now
chases the female from behind and below. Swimming speed has increased as fish dart
across the tank.
~15 min (19:49) -The male defends the female from other males, placing himself
between her and them. The male tries to court the female, brushing his snout along her
abdomen but must chase intruding males away.
~10-1 min (19:54-20:03) -The male and female attempt spawning rises but are
broken up by intruding males darting into the act. The male swims behind and below the
female as they rise towards the waters surface but breaks away from the rise to chase
the pursuing fish away.
0 min (20:04) -The pair darts towards the surface with the male following just
behind the female. As they reach the surface the pair face abdomens together with the
male slightly below the female and release gametes into the water column. A hazy
cloud appears near the surface and the other fish in the tank rush into the cloud. Other
males release milt to potentially fertilize eggs.
After spawning (20:24) -There is still a lot of energy within the tank and fish
continue to chase and dart throughout the tank for approximately 20 minutes before
settling down.
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Courtship behavior started approximately 4 h before the act of spawning. The
female was fairly inactive for the first two h. The male warded off other fish however it
was not until ~1 h before spawning that the male became truly aggressive. The male
and female were much more active in the later stages of courtship behavior with the
male following the female closely and sometimes aggressively chasing her. As
spawning approached preemptive spawning rises were attempted, however, during
most efforts intruding males broke up the rise. The male followed the female very
closely, often nudging his snout against her caudal region. The act of the spawning rise
started with an extremely fast downward drop then rapid approach towards the surface.
The male touched his body to the body of the female as the females back broke the
surface of the water. Both fish tilted slightly to allow their urogenital openings to face
each other and downward and then gametes were released. The male quickly moved in
front of the female to defend the cloud of gametes against intruding fish, however, the
remaining fish in the tank rush in and males release there gametes while females
appear to eat some of the eggs. As the gamete cloud dissipates the fish reduce their
quick, darting swimming and begin to school again (Figure 2-2).
Spawning Conditions
A logistic regression was performed to ascertain the effects of lunar phase and
photoperiod on the likelihood that a spawn will occur in the 1 M:1 F group (Model 1).
The logistic regression model was statistically significant (Χ2 2=6.72, P=0.035). The
model explained 4.8% (Nagelkerke R2) of the variance in spawning and correctly
classified 60.4% of cases. Increasing day length was the only significant variable
associated with the increased probability of a spawn occurring (Table 2-1).
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The logistic regression model for the 3 M:8 F (Model 2) group was statistically
significant (Χ22 = 7.28, P=0.026). The model explained 5.2% (Nagelkerke R2) of the
variance in spawning and correctly classified 60.1% of cases. Likeliness of a spawn
occurring was significantly associated with increasing day length. Increasing Lunar
phase was not significantly associated the increasing likelihood of a spawn occurring
(Table 2-1).
A third logistic regression was performed to establish the effects of lunar phase
and photoperiod on the likelihood of a spawn in the 10 M:11 F group (Model 3).
Statistical significance was detected in the logistic regression (Χ2 2=15.36, P<0.001).
Model 3 correctly categorized 65.5% of cases and explained 16.6% (Nagelkerke R2) of
spawning variance. A significant association between increasing day length and
decreasing likelihood of a spawn was indicated from the model. Lunar phase was not
significantly associated with increased likelihood of a spawn (Table 2-1).
Spawn data overlapped with lunar phases and photoperiod for each population
(1 M:1 F, 3 M:8 F, 10 M:11 F) are represented in Figure 2-3.
Fecundity
A 1 mL sample of eggs contained 1419-1869 eggs mL-1 (mean ± SD = 1628 ±
123 eggs mL-1, n=20). Practical fecundity measures of the three populations were
assessed using a Kruskal-Wallis one-way analysis of variance with a pairwise multiple
comparison to compare medians of the three populations. The medians of nonviable
eggs were established to be significantly different (H2 =130.26, P<0.001) between
populations. The pairwise multiple comparison test determined that the median number
of nonviable eggs from the 1 M:1 F group (90) was significantly less compared to the 3
M:8 F (3,245) and 10 M:11 F (4,329) populations. Significant differences (H2=152.239,
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P<0.001) were identified among viable egg medians between populations. The 1 M:1 F
group (57) had significantly lower number of viable eggs than the other two populations
(10 M:11 F 5,435 and 3 M:8 F 7,425 eggs). Total egg production was found to be
significantly different (H2=149.29, P<0.001) among groups. The 1 M:1 F group (150
eggs) had significantly lower total egg production than the 3 M:8 F (11,726 eggs) and 10
M:11 F (10,275 eggs) populations. Fertilization rates were statistically different
(H2=6.45, P=0.040) among populations. The number of eggs produced per fish of the
total population was significantly greater (H2=105.84, P<0.001) in the 3 M:8 F (1,066
eggs) when compared with the number of eggs produced by the 10 M:11 F (489 eggs)
and 1 M:1 F (75 eggs) populations (Table 2-2).
Hydrated Egg Characteristics and Larvae Evaluation
Morphological measures of eggs were not significantly different between
populations of milletseed butterflyfish (F1=2.58, P=0.0973). Since there was no
statistical difference between populations, samples were combined to increase the
likelihood of an association between egg morphological characteristics and hatch
success, survival, and notochord length.
The Spearman rank correlation was run to assess the relationship between egg
diameter (ED), oil globule diameter (OD), yolk volume (YV), ratio of oil globule diameter
to egg diameter (OD:ED), egg volume (V), ratio of yolk volume to egg volume (YV:V),
and new hatch notochord length (NHL), 3 dph notochord length (3L), hatch success (%
hatch), 0 dph survival and 3 dph survival. All statistical results are reported in Table 23. Egg diameter and egg volume were significantly positively correlated with 3 dph
notochord length (r133=0.24, P<0.001) and (r133=0.24, P<0.001), respectively. A
significant positive correlation existed between OD and 0 dph survival (r148=0.54,

48

P<0.001) and between OD and 3 dph survival (r148=0.38, P<0.001). Similarly yolk
volume was significantly positively correlated to 0 dph survival (r148=0.53, P<0.001) and
3 dph survival (r148=0.40, P<0.001). Ratios of OD:ED and YV:V exhibited significant
positive correlations between 0 dph survival (OD:ED-r148=0.58, p<0.001 and YV:Vr148=0.63, P<0.001) and 3 dph survival (OD:ED-r133=0.41, P<0.001 and YV:V-r133=0.49,
P<0.001). Hatch success was positively correlated to 0 dph survival (r148=0.33,
P<0.001). A strong significant positive correlation was observed between 0 dph survival
and 3 dph survival (r148=0.80, P<0.001).
Embryology
C. miliaris produced small, pelagic, transparent, and spherical fertilized eggs
measuring 0.68-0.73 mm (mean ± SD = 0.707 ± 0.008 mm, n=2400) in diameter. Eggs
had a clear chorion with a single oil globule measuring (mean ± SD = 0.166 ± 0.006
mm, n=2400) at the vegetal pole, a homogenous and unsegmented yolk (mean ± SD =
0.117 ± 0.009 mm3, n=2400), and a narrow perivitelline space. At 25.5 °C The egg
remained in the zygote period (1-cell stage) for 37 min before the first cleavage occured
dividing the cell in two. Eggs reached the 4-cell stage 61 min post fertilization (pf)
(Figure 2-4 A), the 16 cell stage in 93 min pf, and the blastula stage 1 h 55 min pf. Eggs
reached the gastrula stage approximately 7 h 30 min pf (Figure 2-4 B) and the
segmentation stage 14 h 30 min pf (Figure 2-4 C). Larvae developed 27 somites with
leucophores present on the body and head and were ready to hatch at approximately
28 h pf (Figure 2-4 D). Incubated at 25.5 °C most eggs hatched within 27-30 h pf.
Larval Development
At 0 h post hatch (hph) larvae measured 1.20-1.24 mm (mean ± SD = 1.221 ±
0.015 mm, n=30) notochord length, with an elliptical yolk sac (Figure 2-5 A). The oil
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globule varied in location from the ventroanterior portion of the yolk sac to the
ventroposterior portion of the yolk sac and measured (mean ± SD = 0.166 ± 0.006 mm,
n=30). The mouth remained closed with a thin, unopened, undifferentiated digestive
tract running along the ventral side of the notochord. Majorities of branched leucophores
were present along the ventral margin of the notochord, with small numbers present
along the dorsoposterior portion of the body and very few present on the head. Larvae
had 14~15+12=26~27 myomeres.
At 24 hph larvae had grown rapidly measuring 2.171-2.198 mm (mean ± SD =
2.191 ± 0.011 mm, n=30) but are still incompletely developed. The mouth was still not
open, eyes remained unpigmented, and the digestive tract remained closed. The yolk
was approximately 2/3 its original size, with leucophores present on the ventral side of
the yolk sac, the head, and ventroposterior portion of the notochord and surrounding the
oil globule (Figure 2-5 B).
At 2 dph larvae measured (mean ± SD = 2.217 ± 0.095 mm, n=30). Larvae did
not exhibit much notochord growth, however, the expansions of the dorsal and ventral
fin folds made larvae appear deeper. The mouth remained closed but the digestive tract
was open at the anus. Eyes were still unpigmented and the yolk sac had reduced in
size. Melanophores developed along the ventral margin of the notochord in alignment
with the digestive tract, along the base of the yolk sac, and on the anterior portion of the
head. Xanthophores developed on the head and along the dorsal and ventral axis of the
notochord.
At 3 dph nearly all of the yolk sac was depleted with just the oil globule
remaining. Larvae measured 2.321-2.487 mm (mean ± SD = 2.403 ± 0.074 mm, n=30)
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but had not developed a functional mouth, or pigmented eyes yet. Pigmentation was
similar to that of larvae 2 dph.
At 4 dph larvae measured 2.384-2.539 mm (mean ± SD = 2.412 ± 0.031 mm,
n=30), had fully pigmented eyes, and a functional mouth. Increased presence of
melanophores amplified pigmentation along the ventral region of the notochord and
posterior dorsal region of the notochord. Retinas were pigmented completely black
while the cornea had a greyish-blue hue. Gape height measured between 174-184 μm
(mean ± SD = 178 ± 3.62 μm, n=10) (Figure 2-5 C).
At 7 dph larvae measured 2.420- 2.631 mm (mean ± SD = 2.502 ± 0.077 mm,
n=30), had completely absorbed the yolk, and began developing xanthophores around
they eyes, at the tip of the mouth, and along the edges of the notochord (Figure 2-5 D).
A clear separation between the posterior intestine and anterior intestine was present as
well.
At 9 dph larvae notochord length averaged (mean ± SD = 2.671 ± 0.043 mm,
n=10) and larvae were similar in appearance to 7 dph larvae. Ten percent of larvae had
inflated swim bladders at 9 dph (n=30).
Between 9 dph and 11 dph (mean ± SD = 3.58 ± 0.094 mm, n=30) larvae
exhibited increased notochord growth, body depth growth, swim bladder inflation, and
xanthophore formation. Branched xanthophores covered most of the body, with
melanophores outlining the edges of the notochord (Figure 2-5 E). At 11 dph 70% of
larvae had inflated swim bladders (n=30).
By 13 dph 90% of larvae had inflated swim bladders and larvae measured 3.3093.680 mm (mean ± SD = 3.588 ± 0.15 mm, n=30) (Figure 2-5 F).
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At 15 dph larvae measured 3.754-3.889 mm (mean ± SD = 3.849 ± 0.054 mm,
n=30). Finfold size decreased substantially and hugged the contours of the larvae’s
body.
From 17-21 dph the body increased in depth and the dorsal portion of the body
darkened.
At 24 dph larvae measured 5.172-5.407 mm (mean ± SD = 5.319 ± 0.088 mm,
n=15). Formation of the hypural plates began and the finfold collapsed inward forming a
shape of a fin around the posterior end of the notochord (Figure 2-5 G).
At 26 dph the body became deeper, especially in the area of the gut, and the
ventral hypural plate was further developed than the dorsal hypural plate. Larvae
measured 5.472-5.691 mm (mean ± SD = 5.648 ± 0.045 mm, n=15).
Between 24 and 26 dph the thiolichthys plates begin to form. Three boney plates
formed: 1) an elongated preopercular, 2) a post-temporal, and 3) a supracleithrum plate
(Figure 2-5 H).
At 28 dph larval notochord length began to decrease because flexion of the
notochord tip began. Larvae exhibited decreased growth (mean ± SD = 5.558 ± 0.038
mm, n=9) but increased body depth. The tholichthys plates increased in size (Figure 2-5
I).
At 31 dph larvae measured 5.383-5.686 mm (mean ± SD = 5.464 ± 0.166 mm,
n=9) from the tip of the snout to the edge of the hypural plates. Body depth increased in
the gut region, eye diameter increased, and larvae were oval in shape. Fin rays became
visible in the dorsal, caudal, and anal fins. Larvae had massive bony plates on their
head. The supracleithrum plate appears as a bulbous bulge above the eyes, the post-
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temporal plate is flat extending posteriorly from above the eye, and a large preopercular
spine extended posteriorly to the edge of the pelvic fin girdle. Additionally, small spines
began to develop in the anterior region of the dorsal fin (Figure 2-5 J).
Between 31-44 dph larvae maintained a general ovoid shape.
At 34 dph the dorsal and anal fins begin to appear lobular and the caudal fin was
nearly as deep as the body.
At 37 dph larvae measured 6.055-6.132 mm (mean ± SD = 6.082 ± 0.042 mm,
n=9) and had slightly larger dorsal spines.
At 44 dph larvae measured 6.495-6.563 mm (mean ± SD = 6.53 ± 0.025 mm,
n=2) and were similar in appearance to 37 dph larvae (Figure 2-5 K).
Subsequent culture trials of C. miliaris were attempted, however complete data
was lacking. Additional observations demonstrated that in subsequent culture attempts
larvae showed increased development measuring 6.438 mm from the tip of the snout to
the end of the hypural plates and 8.390 mm total length at 35 dph. Larvae had
increased dorsal spine growth with the most anterior spine reaching almost 1 mm in
length (Figure 2-5 L). Larvae did not eat newly hatched Artemia nauplii or Brachionus
sp. rotifers but selectively preyed on the copepod (P. crassirostris) throughout
development, and were capable of capturing copepodites by the end of the larval
culture attempt.
Water Quality
Water quality parameters remained within acceptable normal limits (Table 2-4).
Discussion
This is the first known attempt at spawning and larval culturing of Chaetodon
miliaris. Spawning was voluntary and handling was limited to a few occasions,
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minimizing stress. Additionally, C. miliaris adults quickly adapted to their captive diet.
From this study, reproduction of C. miliaris seems to be achievable in captivity with
limited conditioning and environmental manipulation.
Spawning Behavior
Spawning behavior was similar between all three groups within this study.
Observations of C. miliaris spawning were similar to spawning described by Lobel
(1989) for Chaetodon multicinctus and Suzuki et al. (1980) for Chaetodon nippon.
Pairing between the dominant male and a female seemed to occur with C. miliaris,
however, during all observed spawning events additional males were present (Figure 22) except for the 1 M:1 F group. Depending on the species, it appears that some
butterflyfish form mating groups while others form individual pairs (Suzuki et al., 1980;
Lobel, 1988; Colin and Clavijo, 1988; Colin, 1989; Yabuta and Kawashima, 1997).
Spawning observations suggest that reproduction of C. miliaris, at least in aquarium
conditions, involved one direct male and several indirect males.
Comparisons of spawning behavior between captive and wild butterflyfish do not
appear to substantially differ. Descriptions of wild spawning behavior generally
consisted of pairs or groups of fish swimming over the reef with occasional courtship
behavior where the male followed the female closely often nudging the females caudal
region with his snout. Then several preemptive spawning rises occurred before the final
rise and gamete release at the top of the ascent (Colin and Clavijo, 1988; Colin, 1989;
Lobel, 1989; Yabuta and Kawashima, 1997).
Captive spawning behavior of C. miliaris, as described in this study, C. modestus
(Tanaka et al., 2001), and C. nippon (Suzuki et al., 1980) generally began with the
female resting on the bottom of the tank, followed by the dominant male and female
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rising and swimming circularly around the aquarium. The male frequently attempted to
deter following males. Several practice ascents occurred before the male and female
ascended upwards and at the top of the ascent released their gametes. Intruding males
rushed in and released their gametes into the spawn cloud (Figure 2-2).
Spawning Conditions
Spawning events were observed from the 1 M:1 F group on 83 days out of the
184 days of this study (Figure 2-3 A), on 86 days out of the 184 days from the 3 M:8 F
group (Figure 2-3 B), and on 62 days out of the 184 study days from the 10 M:11 F
group (Figure 2-3 C). Similar to Ralston (1981) lunar periodicity was shown to have no
influence on spawning for all three spawning groups (Table 2-1). In the 1 M:1 F and
3M:8F increased photoperiod increased the likelihood of a spawning event occurring,
while to the contrary the 10 M:11 F population showed that increasing photoperiod
decreased the likelihood of a spawn (Table 2-1). These results are contradictory,
however, this is most likely due to the fact that the 10 M:11 F group did not begin
spawning until March 2014, whereas, the 1 M:1 F and 3 M:8 F groups began spawning
in January 2014. Spawning of the 1 M:1 F and 3 M:8 F populations was infrequent
during the first two months when photoperiods were below 11 h light with only 19
spawns produced from each population.
Collection of data over a longer period of time would better address the lack of
spawning in January and February observed in the 10 M:11 F group, as well as,
determine if lower spawning incidence by the 3 M:8 F and 1 M:1 F group was based
upon photoperiod or acclimation to tank conditions. In this study, increasing photoperiod
may be a trigger for C. miliaris to begin spawning, however, without further data
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collection, analyses only indicate partial trends and are not indicative of yearly
reproductive cycles of C. miliaris.
It appears that all three populations followed similar trends during the months of
March, April, May, and June. Frequency of spawning began to increase in March for all
three groups with 15 spawns occurring in the 1 M:1 F and 3M:8F groups and 18 spawns
from the 10 M:11 F group. In April the 1 M:1 F, 3 M:8 F, 10 M:11 F groups produced
14, 16, and 17 spawns respectively. In May the 1 M:1 F and 3 M:8 F groups produced
over 20 spawns each while the 10 M:11 F group spawned 17 times and in June the
number of spawns were decreased in all three groups (1 M:1 F – 13 spawns, 3 M:8 F –
13 spawns, and 10 M:11 F – 10 spawns) (Figure 2-3).
Spawning season during this study matched that of the wild spawning season
measured by Ralston (1981). He found that C. miliaris gondasomatic indices were
highest from January – June and decreased thereafter matching observed spawning
during this study. Comparable spawning seasons to Ralston (1981) and this study were
observed in 5 other chaetodontid species in Hawaii and the Marshall Islands (Lobel,
1978). It is possible that a combination of factors such as temperature, photoperiod, and
adequate food resources contribute to C. miliaris spawning in the wild. With sufficient
food resources it is likely that manipulation of photoperiod and temperature could
increase the spawning season in captivity.
Fecundity
Fecundity data indicated that spawn size seemed to be reliant on additional
males intruding on the spawn. The 1 M:1 F group produced the lowest total egg count
and had a higher median number of non-viable eggs than viable eggs (Table 2-2). The
1 M:1 F group should not be considered for any scale of production for culturing
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milletseed butterflyfish. The 3 M:8 F group produced the most viable eggs and the most
eggs per fish but had the lowest fertilization rate (Table 2-2). The 1 M:1 F group
produced 12,566 viable eggs over the 184 day spawning season while the 3 M:8 F
group produced a total of 747,009 viable eggs during the 184 day spawning season with
only 68,060 viable eggs produced during January and February. The 10 M:11 F group
produced 475,907 viable eggs during the 184 day spawning season. Further replicated
evaluation of egg production of different sized C. miliaris broodstock groups would be
beneficial for a more accurate analysis. The use of two different egg collection methods
in this study due to the broodstock tank restrictions may have influenced the number of
eggs collected from each population. Additionally, the increased number of nonspawning fish in the 10 M:11 F group may have consumed more eggs during spawning
than did the non-spawning fish of the 3 M:8 F population.
The fertilization rate 64.08-100% of all C. miliaris groups was comparable to
other marine ornamental species: Pomacanthus semicirculatus – mean = 68.1% (Leu et
al., 2009), Centropyge debelius – mean = 19% (Baensch and Tamaru, 2009),
Orthopristis chrysoptera – mean = 98% (DiMaggio et al., 2013), and Lutjanus
campechanus – mean = 83.9% (Papanikos et al., 2008). Ralston (1981) thought that
females produced one batch of eggs per spawning season, however, this study
indicates that C. miliaris females undergo asynchronous oogenesis producing multiple
batches of eggs throughout the spawning season. Continual spawning and high
fecundity of a C. miliaris are ideal characteristics of a candidate species for commercial
production.
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Hydrated Egg Characteristics and Larvae Evaluation
There was no significant difference between egg morphological characteristics,
early larvae survival, or notochord of the 3 M:8 F and 10 M:11 F groups. Since all fish
came from the same original population, were approximately the same size, and were
fed the same diet eggs were consistent between groups.
The data collected from C. miliaris eggs and early larvae showed that many
associations were present between the two (Table 2-3). Relationships between egg
characteristics and 3 dph survival were more powerful compared to associations
between egg characteristics and 0 dph survival (Table 2-3). All significant associations
indicate that increasing size of egg characteristics were correlated with increased
growth and survival of larvae. Literature showed that increased size of egg
characteristics resulted in increased early larval size, however, increased development
cannot be predicted beyond early larval stages (Springate and Bromage, 2003;
Kennedy et al., 2007; Imanpoor and Bagheri, 2010). The relationships between egg
characteristics and 3 dph survival were strongest because larvae with increased size
have more nutritional reserves compared to smaller larvae making them capable of
withstanding harsher conditions (Imanpoor and Bahher, 2010).
Hatch success was not significantly associated with any egg morphological
characteristics. The strongest positive association was between 0 dph survival and 3
dph survival. From a production standpoint this is crucial information as the number of
larvae surviving to first feeding can be estimated from the number of larvae surviving on
0 dph.
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Embryology
Characteristics of fertilized eggs of C. miliaris bear resemblance to other
Chaetodon species previously studied. The diameters of fertilized eggs (0.684-0.729
mm) were comparable in size to other butterflyfish species (Table 2-5). Time to
hatching, TL at hatching, and TL at first feeding were consistent among all species with
collected data (Table 2-5). C. miliaris embryonic development was the same as other
chaetodontids with variations in developmental timing (Suzuki et al., 1980; Tanaka et
al., 2001).
Larval Development
Larvae of C. miliaris exhibited similar early larval development for described
species of butterflyfish (Suzuki et al., 1980; Tanaka et al., 2001). Culturing of the
schooling bannerfish, Heniochus diphreutes, to metamorphosis has been completed but
a description of larval development has not been released, so comparisons of C. miliaris
to other Chaetodon species are only to 8 dph.
Early larval stages of the two other described species of butterflyfish (C.
modestus and C. nippon) resemble early larval development of C. miliaris (Suzuki et al.,
1980; Tanaka et al., 2001). Newly hatched larvae had a large yolk sac extending
beyond the anterior tip of the head, unpigmented eyes, an undifferentiated digestive
tract, and an unopened mouth. At hatch, C. miliaris had 26~27 myomeres, while C.
nippon and C. modestus had 25 myomeres. Larval growth was consistent between
species with length almost doubling by first feeding, however, the opening of the mouth,
pigmentation of the eyes, and capability of feeding did not occur until 4 dph for C.
miliaris while it occurred on day 3 for other species (Table 2-5, Figure 2-5 C).
Interestingly, newly hatched C. miliaris had varying positions of the oil globule on the
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yolk sac, while other references of marine butterflyfish and angelfish state that the oil
globule was present in the ventroposterior position of the yolk sac (Suzuki et al., 1980;
Tanaka et al., 2001; Leu et al., 2009; Leu et al., 2013).
Between 4 and 9 dph larvae looked similar. At 7 dph, xanthophores began to
develop on the tip of the snout and along the edges of the notochord. Melanophores
also were present along the edges of the notochord. The yolk sac and oil globule were
completely absorbed at 7 dph matching descriptions of other chaetodontids (Tanaka et
al., 2001). There were clear signs of differentiation within the gut with the pyloric valve
forming between the mid gut and hind gut. Differentiation of the gut has not been
documented in chaetodontid larvae previously and timing varies compared to other
species (DiMaggio et al., 2013; Leu et al., 2013). At 9 dph swim bladder inflation had
begun with approximately 10% of larvae having inflated swim bladders. At 11 dph larvae
exhibited increased growth, swim bladder inflation (70%), and xanthophore formation.
Xanthophores covered most of the body by 11 dph. At the time of swim bladder inflation
a large mortality (10-30%) was observed within the culture tanks. Observation of
overinflated swim bladders in larvae looked like a possible bacterial infection, likely from
bio-film accumulation at the air-water interface, may be responsible for increased
mortality at this time (DiMaggio et al., 2013). The timing of the first mortality of C.
miliaris was similar to the timing of the first mortality experienced by Wittenrich and
Cassiano (2011) with Heniocus diphreutes. At 13 dph, 90% of larvae sampled had
inflated swim bladders. Larvae were similar in appearance from 15-21 dph. Body depth
increased noticeably in the gut region and the dorsal region of the larvae was darkened
by branched melanophores.
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At 24 dph larvae measured 5.17-5.40 mm and began to develop hypural plates
along the posterior tip of the notochord. Leu et al. (2013) described similar development
in the angelfish Chaetodontoplus septentrionalis. Larvae increased body depth prior to
the formation of the hypural plates and beginning of flexion. Between 24-26 dph larvae
developed the thiolichthys plates on the head. Leis (1989) described the thiolichthys
stage as a round, deep, and compressed body with fused head plates. The “classic”
thiolichthys plates cover the head with posteriorly extending broad, flat, more or less
blunt, rugose plates originating from the post-temporal and supracleithrum dorsally and
the preoperculum ventrally (Johnson, 1984). Leis (1989) described two other variations
in head shape and spination (Figure 2-6). Chaetodon miliaris appears to form a
modified thiolichthys stage with a large post-temporal plate extending posteriorly
reaching the base of the dorsal fin, a bulbous supracleithrum plate between the eyes,
and elongated spiny preopercular plate (Figure 2-6 C). Another large mortality was
observed during the flexion period.
At 28 dph the notochord tip rose to a 45° angle and the hypural plates, especially
the ventral plate, formed. Larvae had undergone flexion and significantly increased body
depth obtaining an ovoid shape by 31 dph. Eye diameter had also increased and
fin rays were present in the dorsal, caudal, and anal fins (Figure 2-5 J). Larvae exhibited
some dorsal spine growth between 31-44 dph, however, there was very little other
development (Figure 2-5 K). In ensuing larval trials increased growth was observed at
35 dph (Figure 2-5 L). In this trial, a micro diet (Skretting, Gemma Micro 150, Tooele,
Utah), was added to the culture trial starting at day 15, however, larvae were never
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observed to feed on the micro diet particles. Growth curves of notochord and total
length of C. miliaris are represented in Figure 2-7.
Spawning behavior indicates that population size does affect spawning success
and that groups greater than 1 male and 1 female increased egg production. A ratio of 3
M:8 F produced the most consistent spawning and largest number of eggs. Data on
fecundity and spawning conditions show that C. miliaris has a strong aquaculture
potential for marine ornamental aquaculture since egg production over the six month
trial period was fairly consistent and only required temperature manipulation. It is
possible that with temperature and photoperiod control, that natural spawning could be
continuous for longer periods of time.
Embryology of C. miliaris was similar to that of other butterflyfish species. In the
present study C. miliaris larvae did not survive longer than 44 days. According to the
only successful culturing of a butterflyfish species (Baensch, 2014), C. miliaris was
close to reaching metamorphosis. The growth of the dorsal spine was the last stage of
the larval phase before metamorphosis in Heniochus diphreutes and sizable growth of
the dorsal spine was present in C. miliaris before the larvae died.
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Table 2-1. Effects of lunar phase and photoperiod on the likelihood of a spawn occurring based upon a logistic regression.
The predictive power and model equation are displayed for each overall model. The odds ratio, parameter
estimate, Wald statistic and significance are portrayed for each individual parameters.
* Denotes statistical significance within the model at α=0.05.
Odds ratio

Estimate

Wald

P

60.4 Lunar phase
Photoperiod
Constant

1.259
1.379
0.014

0.231
0.321
-4.268

0.212
6.356
6.983

0.645
0.012*
0.008*

____1____
1+e4.199+.610X1+.305X2

60.1 Lunar
Photoperiod
Constant

1.840
1.356
0.015

0.610
0.305
-4.199

1.483
5.766
6.769

0.223
0.016*
0.009*

____1____
1+e-12.823+1.145X1+

65.5 Lunar
Photoperiod
Constant

3.142
0.366
370,781.100

1.145
-1.005
12.823

2.949
9.892
9.100

0.086
0.002*
0.003*

Model

Equation

Predictive %

1

____1____
1+e4.268+.231X1+.321X2

2

3

1.005X

2

Parameter

Table 2-2. Practical fecundity measures of C. miliaris populations presented as median ± MAD per spawn. Upper case
letters represent statistical differences between populations.
Population

Nonviable Eggs

1M:1F

90 ± 47B

3M:8F

4,329 ± 1,953A

10M:11F

3,245 ± 2,452A

± 77B

100.00 ± 0.00 A

Eggs Fish-1 (total
population)
75 ± 38C

7,425.00 ± 4,040A

11,726 ± 4,533A

98.05 ± 1.89 B

1,066 ± 412A

5,435.00 ± 3,335A

10,275 ± 4,834A

99.00 ± 0.93AB

489 ± 230B

Viable Eggs
57.00 ±

Total Eggs
27B

150
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Fertilization (%)

Table 2-3. Spearman rank correlation coefficients for all compared morphological characteristics. ** Denotes statistical
significance at P ≤ 0.01
Variables

NHL

ED
OD
YV
V

0.073
-0.017
0.102
0.071

OD:ED
YV:V
NHL
3L
% Hatch

-0.006
0.111

3L
0.244**
0.104
0.162
0.242**
0.038
0.066
-0.007

% Hatch

0 dph survival 3 dph survival

-0.860
0.129
0.041
-0.091

0.108
0.388**
0.405**
0.100

0.160
0.548**
0.534**
0.157

0.150
0.119
-0.045
0.046

0.413**
0.497**
0.098
0.070
0.333**

0.582**
0.630**
0.076
0.100
0.150

0 dph survival
3 dph survival

0.807**
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Table 2-4. Water quality variables measured within the culture trial. Salinity, temperature, dissolved oxygen (DO), pH, total
ammonia-nitrogen (TAN), nitrite-nitrogen (NO2-N), and nitrate (NO3) were measured daily. Values are given as
the mean ± standard deviation and the range. The number of samples (n=) for the trial is given.

Culture
Trial n=81

Salinity
-1
(g L )
34.26 ± 0.62
33.20- 35.30

Temperature
(°C)
25.36 ± 0.81
23.80- 26.90

DO (%
Saturation)
97.32 ± 1.14
94.70- 99.33

pH
8.15± 0.05
8.10 - 8.20

TAN
-1
(mg L )
0.069 ± 0.03
0.030 - 0.11

NO2-N
-1
(mg L )
0.002 ± 0.01
0.000 - 0.03

-1

NO3 (mg L )
0.007 ± 0.004
0.000 - 0.010

Table 2-5. Comparison of eggs and larvae of chaetodontids
Species
Resource
Egg diameter Incubation
Hatching
TL at hatch TL at first
Time to first
(mm)
temperature
time (h)
(mm)
feeding
feeding
(°C)
(mm)
(days)
C. nippon
0.70-0.74
22.2-23.7
28-30
1.43-1.53
2.46-2.48
3 Suzuki et al.,
1980
C. modestus
0.75-0.80
25.8-28.8
16
1.43-1.58
2.39-2.52
3 Tanaka et
al., 2001
C. aculeatus
0.74-0.76
25.0
26-36
Colin, 1989
C. capistratus

0.76-0.77

Colin, 1989

C. ocellatus

0.60-0.70

Colin, 1989

C. striatus
C. miliaris

0.69-0.73

26.0

30

23.8-26.9

26-30
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3 Colin, 1989
1.38-1.45

2.41-2.56

4 This study

pH/g l-1/°C

A 40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00
1/1/14

Temp °C
Salinity (ppt)
pH
2/1/14 3/1/14

4/1/14

5/1/14

6/1/14

7/1/14

Date

pH/g l-1/°C

B 40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00
1/1/14

Temp °C
Salinity (ppt)
pH

2/1/14 3/1/14

4/1/14
Date

5/1/14

6/1/14

7/1/14

pH/g l-1/°C

C 40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00
3/9/14

Temp °C
Salinity (ppt)
pH
4/9/14

5/9/14

6/9/14

Date
Figure 2-1. Temperature (°C), salinity (g L-1), and pH throughout the spawning period for
the (A) 1 M:1 F, (B) 3 M:8 F, (C) 10 M:11 F populations.
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Figure 2-2. A diagrammatic view of the spawning behaviors of C. miliaris in the
broodstock tank; (1) Approximately 3 hours before spawning the spawning
pair began to separate from the schooling fish. The dominant male (M) hovers
over the gravid female (shaded fish) while the female remains close to the
tank bottom; (2) About 1 hour prior to spawning the male and female begin to
separate from the school, swimming throughout the tank as a pair. The male
will return to the school briefly before rejoining the female; (3) Fifteen minutes
prior to spawning the pair begins to make preemptive spawning rises towards
the surface of the water. They move in a rapid, darting motions. The dominant
male (M) often breaks away from the spawning rise to chase off intruding
males following the pair before returning to the female to continue the
attempted rises; and (4) Just before spawning the pair makes a swooping rise
towards the surface. The male presses his body against the females directing
her towards the surface. Once at the surface the pair immediately release
gametes. The other males in the tank instantaneously race into the cloud
releasing their own sperm and females appear to ingest some eggs. The
dominant male (M) tries to defend against the intruders but is unsuccessful in
deterring the males.
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Figure 2-3. Lunar phases and photoperiods overlapped with spawning data for (A) 1
M:1 F, (B) 3 M:8 F, and (C) 10 M:11 F populations.
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Photoperiod (L)
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Figure 2-4. Embryonic development of C. miliaris eggs at 25.5 °C, (A) 4-cell stage 61
min post fertilization (pf), (B) formation of the germ ring in the gastrula stage 7
h 30 min pf, (C) formation of the first somite 14 h 30 min pf, and (D) 28 h pf
embryo prior to hatching with 27 somites developed.
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A

B

C

D

E

F

Figure 2-5. Larval development of Chaetodon miliaris; (A) a newly hatched larvae, 1.22
mm notochord length (SL); (B) 1 day post hatch (dph) larvae with
unpigmented eyes and an unopened mouth, 2.19 mm (SL); (C) 4 dph larvae,
eyes are pigmented, mouth is opened, and larvae are capable of feeding,
2.41 mm (SL); (D) 7 dph with absorbed yolk sac, 2.50 mm (SL); (E) 11 dph
with inflated swim bladder and increased pigmentation, 3.58 mm (SL); (F) 13
dph with 90% of larvae with inflated swim bladders and differentiation
between the mid and hind gut, 3.58 mm (SL); (G) 24 dph with hypural plate
formation, 5.31 mm (SL); (H) 26 dph with further development of the hypural
plates, flexion beginning, and larvae entering the thiolichthys stage, 5.64 mm
(SL) and 5.80 mm total length (TL); (I) 28 dph with notochord tip at a 45°
angle and decreasing notochord length due to flexion of the notochord tip,
5.55 mm (SL), 5.95 mm (TL); (J) 31 dph with increased body depth, eye
diameter, an oval shaped larvae, and large thiolichthys plates . Fin rays are
visible, 5.46 mm (SL), 6.52 mm (TL); (K) 44 dph larvae with lobular fins and
dorsal spine growth, 6.530 mm (SL), 8.17 mm (TL); and (L) 35 dph with
increased dorsal spine growth.
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Figure 2-5. Continued.
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Figure 2-6. Thiolichthys stages from Leis, J.M., 1989. Larval biology of butterflyfishes
(pisces, chaetodontidae): What do we really know? In: The butterflyfishes:
Success on the coral reef. Envi. Bio. Fishes. 125, 87-100; (A) Coradion sp.,
with a conventional percoid head spination including serrate spines along the
preopercular border, a very large, sharp serrate spine at the preopercular
angle, serrate infraorbital, dentary, supraocular and supraoccipital ridges, and
reduced post-temporal and supracleithral spination; (B) The classic
thiolichthys stage with the head covered by fused plates which extend
posteriorly over the trunk in the form of broad, flat, more or less blunt, rugose
plates originating from the post-temporal and supracleithrum dorsally and the
preoperculum ventrally; (C) A Chaetodon sp., variation with an elongate
dorsal and pelvic fin spine, a rounded supraoccipital crest, and an elongated
sharp preopercular spine.
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Figure 2-7. Larval growth of C. miliaris. Notochord length was measured from the tip of
the snout to the posterior tip of the notochord prior to flexion and from the tip
of the snout to the edge of the hypural plates after flexion. Total length was
measured from the tip of the snout to the end of the caudal fin. All values are
represented as mean ± SD. For observations on 0-15 dph (n=30), for
observations on 16-26 dph (n=15), for observation on 27-37 dph (n=9), and
for observations on 38-44 dph (n=2).
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CHAPTER 3
FIRST FEEDING PARAMETERS OF Chaetodon miliaris
Foreword
First feeding in larval fishes represents a major bottleneck for many species.
Marine ornamental larvae generally develop functional eyes and mouths, and begin
feeding 48-96 hours post hatch (hph) (Suzuki et al., 1980; Leis, 1989; Holt and Riley,
2000; Holt et al., 2007; Baensch and Tamaru, 2009; Olivotto et al., 2011; Callan et al.,
2012a; Leu et al., 2013; Zavala-Leal et al., 2013). For all butterflyfish species currently
examined, first feeding occurred between 72-96 hph (Suzuki et al., 1980; Tanaka et al.,
2001; Wittenrich and Cassiano, 2011; Baensch 2014). A variety of parameters affect the
success of feeding in early larvae. Marine food fish aquaculture is subsistent on
traditional live feeds Brachionus spp. rotifers and Artemia spp. nauplii, however the
small size of first feeding pelagic marine ornamental species limits the use of traditional
feeds and necessitates smaller, natural feeds (Holt, 2003; Mckinnon et al., 2003;
Sampey et al., 2007; Baensch and Tamaru, 2009; Leu et al., 2013; Zavala-Leal et al.,
2013). Alternative feeds include copepod nauplii, ciliates, dinoflagellates, tunicate
larvae, algae, and other various wild planktons which have been studied primarily in
research scale experiments (Kraul, 1989; Reitan et al., 1997; Moorhead and Zeng,
2010; Olivotto et al., 2011).
Particularly in the marine ornamental industry a variety of alternative feeds are
being examined to replace more traditional live feeds. Perhaps the largest impediment
to understanding first feeding in marine ornamental larvae is the lack of data from wild
larvae. While some work has been published (Mckinnon et al., 2003; Sampey et al.,
2007) examining wild larval diets, data is limited to only a few species and also limited
74

by sampling methods and sizes, prey identification, and the magnitude of the pelagic
environment. Furthermore, the isolation and culturing of zooplankters is poorly
understood. Many similar complications to those observed with marine ornamental
larvae culture exist in the culture of zooplankton species (Drillet et al., 2011). Copepods
are known to be a significant nutrient pathway from primary producers to fish larvae and
as a feed item of many pelagic larvae (Hunter, 1981; Stottrup, 2003; Cassiano et al.,
2011). Constraints such as size, locomotion, swimming speed and escape response
further limit the number of prey species that coincide with larvae capture competence
(Buskey, 1993; Stottrup and Norsker, 1997; Buskey et al., 2002; Conceicao et al., 2010;
Cassiano et al., 2011). Optimizing capture success during early larval stages translates
into a multitude of benefits as larval development occurs.
Experiments to enhance first feeding in marine species are well documented for
a variety of food fish species, but remain limited in marine ornamental species. Focus
areas for amplifying first feeding success include prey density, larval stocking density,
turbidity, light intensity, tank size, nutrition, and water exchange rates (Brownell, 1980;
McGurk, 1984; Boehlert and Morgan, 1985; Schmitt, 1986; Duray and Kohno, 1988;
Coughlin, 1991; Naas et al., 1992; Cook, 1996; Dower et al., 1997; Faulk and Holt,
2003; Carton, 2005; Battaglene et al., 2006; Pekcan-Hekim and Lappalainen, 2006;
Sanchez-Hernandez et al., 2011). Yin and Blaxter (1987) examined the effects of
delayed first feeding in herring, cod, and flounder through the endogenous to
exogenous feeding transition. Survival of larvae during progressive starvation trials
showed that “naïve” larvae, those withheld from first feeding, reached a point where
they did not have the strength to feed even after being introduced to feed. These
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conclusions emphasize the importance of first feeding in marine fish larvae as early as
possible after the transition to exogenous feeding.
Nutritional content is another obstacle in live feeds. Traditional feeds such as
rotifers and Artemia are often enriched to meet the nutritional requirements of larvae. In
marine fish larvae essential fatty acids (EFA’s) are crucial for development. Marine fish
are not capable of elongating fatty acid chains and must acquire EFA’s from the
environment. In the wild the variety of food items and passively ingested particles
supply these EFA’s; however, in culture, the feed is the sole method of EFA
procurement for larvae. Proper ratios of highly unsaturated fatty acids (HUFA’s),
specifically docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and
arachidonic acid (ARA), increase growth, survival, and stress resistance in larvae
(Sargent et al., 1999).
Methods
To assess first feeding parameters of the milletseed butterflyfish eight singlefactor replicated experiments with 2 separate trials each were run to determine the
proportion of larvae feeding and larval feeding intensity (Table 3-1). Since there is
limited information available on first feeding in butterflyfishes starting parameters were
estimated based upon preliminary trials and current available knowledge (Suzuki et al.,
1980; Tanaka et al., 2001; Wittenrich and Cassiano, 2011; Baensch, 2014). A review of
first feeding literature was used to select specific parameters for the milletseed
butterflyfish first feeding investigation including prey selectivity, algal cell density (high
and low), prey density, larval stocking density, tank size, water exchange rate, and light
intensity (Table 3-1) (Brownell, 1980; McGurk, 1984; Boehlert and Morgan, 1985;
Schmitt, 1986; Duray and Kohno, 1988; Coughlin, 1991; Naas et al., 1992; Cook, 1996;
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Dower et al., 1997; Faulk and Holt, 2003; Carton, 2005; Battaglene et al., 2006;
Pekcan-Hekim and Lappalainen, 2006; Sanchez-Hernandez et al., 2011). For each
experiment two trials were run with each variable having three to six treatment levels
and a minimum of three replicates.
Embryo Stocking and Culture
C. miliaris embryos were obtained from broodstock tanks at the University of
Florida Tropical Aquaculture Laboratory (Ruskin, FL). Broodstock spawned daily during
this period allowing for experiments to be run consecutively. Sixteen spawns were
collected during March-April 2014. Embryos were assessed for viability. Fertilization
was greater than 95% and hatching success greater than 97% for all cohorts. All culture
parameters for C. miliaris are summarized in Table 3-1.
For Trials 1 and 2, eggs were stocked at 15-20 eggs L-1 in the experimental
system 12 h post fertilization. Light aeration (<0.1 L min-1) supplied by a single
cylindrical air stone (2.5 cm height x 2.5 cm circumference) in 14 L (30.5 cm diameter x
33.0 cm height) tanks and two rectangular (5.0 cm height x 2.5 cm width ) air stones in
128 L (61.0 cm diameter x 54.6 cm height) and 210 L (81.3 cm diameter x 54.6 cm
height) tanks, resting on the bottom of the tanks throughout all experiments. All
experimental tanks were fiberglass with black sides and a white bottom. Larvae were
observed for abnormalities such as large mortalities (≤ 15%), and larvae lying on the
tank bottom during the first 3 dph before a predetermined value of Tisochrysis lutea
(Tiso) was added to each tank at 3 dph. At 4 dph larvae had fully functional mouths,
digestive tracts, and pigmented eyes indicating they were capable of feeding. Feed was
added to each tank individually with a 5-minute interval between feedings to allow a 5minute time frame to collect larvae (Hilder et al., 2014).
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Two channel Viavolt 54 watt 6500 K color temperature light banks (Phillips,
Andover, MA) provided light. Using a lux meter (Milwaukee Instruments, Rocky Mount,
NC), light intensity was measured at the waters’ surface in the center of each tank (MW
700 portable Lux meter). A photoperiod of 14 light and 10 dark h was used throughout
all trials. At 4 dph notochord, body depth, and eye diameter was recorded (n=20) from
each experiment to ensure there was no size bias for an individual trial.
Assessment of Feeding Response
Randomly, 20 larvae from each replicate were harvested 6 h after feeding. All
larvae were euthanized with an overdose of MS-222 (500 mg L-1) buffered with Sodium
Bicarbonate (Western Chemical, Ferndale Washington) before harvesting each tank to
ensure larvae did not regurgitate food. Larvae were removed from the collection beaker,
rinsed with clean seawater, and preserved in 10% buffered formalin (Sigma-Aldrich, St.
Louis, MO) for analysis. Larvae are transparent at 4 dph making it possible to observe
prey items inside the gut once larvae are ‘squashed’ between a cover slip and
microscope slide. Additionally, the stomach wall ruptures enabling prey items to be
counted (Hilder et al., 2014). The presence of copepods in the stomach was
enumerated by counting individual exoskeletons (Figure 3-17), while rotifers were
counted by their individual mastax. The proportion of larvae feeding and feeding
intensity (prey item larvae-1 6 h-1) were recorded as mean ± SE (n=3-6).
-Proportion feeding =feeding larvae/sampled larvae (20) *100
The six-hour feeding time period was used to ensure statistical differences in
feeding intensity would be capable of being detected.
-Feeding intensity = prey items ingested per feeding larvae
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Feeding Experiments
3-1 Prey selectivity
To assess first feeding prey selectivity of the milletseed butterflyfish two
commercially available live feeds the rotifer, Brachionus plicatilus, and copepod,
Parvocalanus crassirostris, were fed to larvae at 4 dph. Eggs were stocked into twentyfour 14 L tanks. Tanks were kept static during experimental runs. Lighting was kept at
(mean ± SD) 1,314 lx. Two hours prior to feeding on 4 dph Tiso was added to 12 of the
24 experimental tanks to adjust algal density from 400,000-600,000 cells mL-1. At 4 dph
feed (5-7 nauplii mL-1) and (5-7 rotifers mL-1) (n=6) were added separately to individual
tanks with a 5-minute interval between feedings. The rotifers and copepod nauplii were
size sieved between 20-75 μm coinciding with gape limitations of the larvae.
3-2 and 3-3 Algal cell density
Preliminary research has indicated that the addition of algae to culture tanks may
enhance feeding of the milletseed butterflyfish larvae. Through two different
experiments milletseed butterflyfish larvae were subjected to a variety of Tiso cell
densities for examination of optimal feeding conditions.
Experiment 3-2 examined 6 treatments (n=3) with cell densities of (mean ± SD) 0
± 0; 192,176 ± 4,909; 336,734 ± 2,945; 522,108 ± 15,710; 624,149 ± 7,855; and
809,523 ± 30,438 cells mL-1 for increased feeding incidence and feeding intensity. Eggs
were stocked into eighteen 14 L tanks. Tanks were kept static during experimental runs.
Lighting was kept at 1,314 lx. Two hours prior to feeding on 4 dph Tiso was randomly
allocated to each to each tank. Five algal cell counts were then measured using a
hemocytometer (Sigma-Aldrich, St. Louis, Missouri) At 4 dph nauplii of the copepod, P.
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crassirostris, (5-7 nauplii mL-1) were added to each tank individually with a 5-minute
interval between feedings.
Experiment 3-3 assessed the lower limits at which algal cell densities enhance
larval feeding. Following the same protocol as Experiment 3-2, six treatments (n=3) of
(mean ± SD) 0 ± 0; 30,612 ± 3,231; 81,632 ± 4,179; 122,448 ± 2,995; 153,061 ± 7,354;
and 194,131 ± 6,589 cells mL-1 were assessed for enhanced larval feeding. From here
on treatments will be referred to by the mean density of cell mL-1.
3-4 4 Prey density
To examine the effects of prey density on larval first feeding in the milletseed
butterflyfish, 5 treatments (n=3) of the copepod P. crassirostris were examined. Prey
densities of 1, 2, 5, 10, and 15 nauplii mL-1 were examined for enhanced feeding
response. Eggs were stocked into fifteen 14 L tanks. Tanks were kept static during
experimental runs. Lighting was kept at 1,314 lx. Two hours prior to feeding on 4 dph a
Tiso was added to all experimental tanks to adjust algal density to 400,000-600,000
cells mL-1. At 4 dph P. crassirostris nauplii at densities 1, 2, 5, 10, and 15 nauplii mL-1
were randomly allocated to each tank individually with a 5-minute interval between
feedings.
3-5 5 Larval stocking density
To examine the effects of larval stocking density on larval first feeding in the
milletseed butterflyfish 6, treatments (n=3) of larval density were examined. In stocking
densities of 10, 15, 20, 30, 40, 50 larvae L-1 were examined for enhanced feeding
response. Eggs were randomly stocked into eighteen14 L tanks. Due to higher
increased biological loads in the higher stocking density tanks, water was exchanged at
a rate of 50% day-1 in all tanks to keep experimental parameters consistent between
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treatments. Lighting was kept at 1,314 lx. Two hours prior to feeding on 4 dph Tiso was
added to all experimental tanks to adjust algal density to 400,000-600,000 cells mL-1. At
4 dph P. crassirostris nauplii at density of 5-7 nauplii mL-1 were added to each tank
individually with a 5-minute interval between feedings.
3-6 6 Tank size
To examine the effects of tank size on larval first feeding in the milletseed
butterflyfish, 3 treatments (n=3) of different tank sizes were examined. Eggs were
stocked at a density of 15-20 eggs L-1 into three circular 210 L, 128 L, and 14 L tanks.
Tanks were kept static during experimental runs. Lighting was kept at 1,314 lx. Two
hours prior to feeding on 4 dph Tiso was added to all experimental tanks to adjust algal
density to 400,000-600,000 cells mL-1. At 4 dph P. crassirostris nauplii at density of 5-7
nauplii mL-1 were added to each tank individually with a 5-minute interval between
feedings.
3-7 7 Water exchange rates
To examine the effects of water exchange on larval first feeding in the milletseed
butterflyfish 3 treatments (n=6) of three different exchange were examined. Water
exchange rates of (mean ± SD) 0 ± 0% day-1, 300 ± 100% day-1, and 700 ± 100% day-1
were observed for enhanced larval feeding. Eggs were stocked at a density of 20 eggs
L-1 into eighteen 14 L tanks. Lighting was kept at 1,314 lx. Two hours prior to feeding on
4 dph Tiso was added to all experimental tanks to adjust algal density to 400,000600,000 cells mL-1. Three algal cell density counts were measured at 1, 3, and 5 hours
into the feeding trial to determine ensure that algal cell densities remained constant
throughout the trial. Additional algae were added when cell counts reached 400-000
cells mL-1. At 4 dph P. crassirostris nauplii at density of 5-7 nauplii mL-1 were added to
81

each tank individually with a 5-minute interval between feedings. Samples were taken
every hour to count prey density remaining in the tank. If necessary, prey items were
added to maintain the prey density at 5-7 nauplii mL-1.
3-8 8 Light intensity
To examine the effects of light intensity on larval first feeding in the milletseed
butterflyfish, 3 treatments (n=6) of three different light intensities were examined. Light
intensities of (mean ± SD) 831 ± 10 lx, 1,314 ± 11 lx, and 3,016 ± 14 lx were
investigated for enhanced larval feeding. Eggs were stocked at a density of 20 eggs L-1
into eighteen 14 L tanks. Tanks were kept static during experimental runs. Two hours
prior to feeding on 4 dph Tiso was added to all experimental tanks to adjust algal
density to 400,000-600,000 cells mL-1. At 4 dph P. crassirostris nauplii at density of 5-7
nauplii mL-1 were added to each tank individually with a 5-minute interval between
feedings.
Statistical Methods
An independent samples T-test was used to compare mean body length, body
depth, and eye diameter between all experimental runs. A one-way ANOVA with a
Tukeys HSD means separation test (SPSS v.21) was used to determine if statistical
differences existed between feeding incidences of prey types and mean number of prey
items in the guts of larvae. Non-parametric data was assessed using a Kruskal-Wallace
one-way ANOVA with a pairwise multiple comparison. An α ≤ 0.05 significance level will
be used to determine significance. All proportion data was arcsine(sqrt) transformed
before analysis. Data for graphic representation were back transformed into original
units and were depicted as mean ± SE or median ± MAD for easy interpretation.
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Results
Water Quality
All water quality parameters were within normal, safe limits (Table 3-1)
Larval Measurements
At 4 dph no significant difference in larval notochord length at (mean ± SD =
2.411 ± 0.004) (t15=1.000, P=1.000), body depth (mean ± SD = 0.458 ± 0.008)
(t15=0.975, P=0.345), or eye diameter (mean ± SD = 0.1702 ± 0.0004) (t15=0.000,
P=1.000) was detected between C. miliaris spawns.
3-1 1 Prey selectivity
In Trial 1 the proportion of larvae feeding was found to be significantly different
between all treatments. Feeding P. crassirostris nauplii to larvae significantly increased
the proportion of larvae feeding (F3, 20= 124.387, P<0.001) (Figure 3-1 A). The addition
of algae at 400,000-600,000 cells mL-1 also significantly increased the proportion of
larvae feeding within Experiment 3-1. To test for statistical differences in feeding
intensity a non-parametric pairwise Kruskal-Wallace test was run. Feeding intensity was
significantly different between treatments (H3=21.049, P<0.001). A pairwise comparison
revealed that feeding intensity of treatment 4 (green water P. crassirostris nauplii) was
significantly higher than both B. plicatilis treatments (Figure 3-1 B).
The proportion of larvae feeding was significantly different between treatments
(H3=21.251, P<0.001) (analyzed by a non-parametric Kruskal-Wallace one-way
ANOVA) in Trial 2. P. crassirostris in green water had a significantly higher proportion of
larvae feeding than did all other treatments (Figure 3-2 A). Feeding intensity between
treatments was analyzed using a non-parametric pairwise Kruskal-Wallace test as well.
A significant difference (H3=21.201, P<0.001) between the feeding intensity of larvae on
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P. crassirostris nauplii in green water compared to B. plicatilis was observed (Figure 3-2
B).
3-2 Algal cell density
In Trial 1, higher algal turbidity significantly (F5, 12=3.347, P=0.040) increased the
proportion of larvae feeding. Larvae exhibited significantly increased feeding in the
highest algal cell density (809,523 cells mL-1) and the lowest proportion of larvae
feeding in water without the addition of algal cells (0 cells mL-1) (Figure 3-3 A).
Examination of gut contents revealed that feeding intensity was significantly higher in
the highest algal density (809,523 cells mL-1) (F5, 12=5.431, P=0.008) compared to 0 and
624,149 cells mL-1 (Figure 3-3 B). Feeding intensity in the highest algal cell density
(809,523 cells mL-1) was three times higher than feeding intensity in the lowest algal cell
density (0 cells mL-1) (Figure 3-3 B).
The proportion of larvae feeding in Trial 2 was significantly higher (F5, 12=7.318,
P=0.002) at 522,108 and 809,523 cells mL-1 than the lowest cell density, 0 cells mL-1.
The addition of algae to tanks increased the proportion of larvae feeding from 48.31% (0
cells mL-1) to over 75% feeding for all treatments with algal cells (Figure 3-4 A). Feeding
intensity was significantly higher (F5, 12=5.445, P=0.008) at 522,108 and 809,523 cells
mL-1 than 0 cells mL-1. The number of prey items ingested increased from 1.2 nauplii
larvae-1 6 h-1 at 0 cells mL-1 to 2.52 nauplii larvae-1 6 h-1 at the highest algal density
(809,523 cells mL-1) (Figure 3-4 B).
3-3 3 Lower limit algal cell density
Experiment 3-3 assessed the lower limits at which enhanced feeding was
observed. In Trial 1, the proportion of larvae feeding was significantly higher in the
highest algal cell density treatment (194,131 ± 6,589) (F5, 12=6.334, P=0.004) compared
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to all other treatments (Figure 3-5 A). The proportion of larvae consuming prey items
increased from 34.94% (–SE 2.86%, +SE 2.92%) with no addition of algae to 80.68% (SE 6.21%, +SE 5.52%) at a cell density of 194,131 cells mL-1. Feeding intensity of first
feeding C. miliaris established that ingestion rates were significantly greater in the
highest algal cell density (194,131 cells mL-1) than all other treatments (F5, 12=5.182,
P=0.009) (Figure 3-5 B). Feeding intensity gradually increased with the addition of algal
cells reaching a maximum of 1.933 nauplii larvae-1 6 h-1 in the highest algal cell density
(194,131 cells mL-1) treatment.
In Trial 2 the proportion of larvae feeding was significantly different (F5, 12=7.252,
P=0.002) between treatments with the increased algal density (194,131 cells mL-1)
having a significantly higher proportion of larvae feeding (mean -SE, +SE = 73.47%, –
SE 3.48%, +SE 3.34%) than all other treatments (Figure 3-6 A). Additionally feeding
intensity was significantly higher (F5, 12=6.482, P=0.004) at 194,131 cells mL-1 than all
other treatments (Figure 3-6 B). Larval ingestion rates of the copepod P. crassirostris
nauplii varied from 0.55 copepods larvae-1 6 h-1 at 81,632 cells mL-1 to 1.78 nauplii
larvae-1 6 h-1 at a cell density of 194,131 cells mL-1.
3-4 4 Prey density
In Trial 1 no significant difference was detected in the proportion of larvae
feeding between prey densities treatments (F4, 10=0.484, P=0.748) (Figure 3-7 A). At
prey densities of 1, 2, 5, 10, and 15 over 90% of larvae fed during the experimental
period. Feeding intensity also exhibited no significant differences in the ingestion rates
of larvae (F4, 10=0.396, P=0.807) (Figure 3-7 B).
In Trial 2 there was no significant difference (F4, 10=0.287, P=0.880) in the
proportion of larvae feeding under prey density treatments (Figure 3-8 A). No significant
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difference (F4, 10=0.811, P=0.546) in feeding intensity of C. miliaris larvae was detected
within prey density treatments (Figure 3-8 B).
3-5 5 Larval stocking density
The proportion of C. miliaris larvae feeding was significantly affected (F5,
12=46.168,

P<0.001) by larval stocking density in Trial 1. Stocking densities of 15 and 20

larvae L-1 had significantly higher proportion of larvae feeding, 95.46% (-SE 5.46%, +SE
3.38%) and 90.40% (-SE 3.13%, +SE 2.73%) than all other stocking densities (Figure 39 A). Feeding intensity was also significantly affected (F5, 12=109.579, P<0.001) by larval
stocking density. Larval stocking densities of 15 and 20 larvae L-1 ingested almost twice
as many nauplii as any other treatment (Figure 3-9 B).
The proportion of larvae feeding in Trial 2 was significantly affected (F5,
12=26.501,

P<0.001) by larvae stocking density. Fifteen and twenty larvae L-1 had

significantly higher proportions of larvae feeding than all other treatments (Figure 3-10
A). Larval stocking densities of 10, 40, and 50 larvae L-1 significantly decreased the
proportion of larvae feeding with mean feeding percentages of less than 50% (Figure 310 A). A significant difference (F5, 12=7.506, P=0.002) in feeding intensity was detected
between larval stocking densities in Trial 2. Only 20 larvae L-1 was significantly higher
than all other treatments, while 10, 15, 30, and 40 larvae L-1 did not have significantly
different feeding intensities (Figure 3-10 B).
3-6 6 Tank size
In Trial 1 the proportion of larvae feeding was not significantly different (F2,
6=0.281,

P=0.764) between tank size treatments. Variance was noticeably larger within

the 14 L tanks compared to the 128 L and 210 L tanks (Figure 3-11 A). Feeding
intensity was also found not to be significantly different (F2, 6=0.472, P=0.645) between
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tank size treatments. Graphical representation of the data showed that variance within
the 14 L tanks was larger than those of the 128 L and 210 L tanks (Figure 3-11 B).
The proportion of larvae feeding in Trial 2 were not significantly affected
(F2,6=0.436, P=0.665) by tank size. The proportion of larvae feeding with in the 14 L
tank varied more than within the 128 L and 210 L tanks but had no effect on the
significance of the data (Figure 3-12 A). Feeding intensity in Trial 2 was not significantly
different (F2, 6=0.213, P=0.814) between treatments (Figure 3-12 B).
3-7 7 Water exchange rate
The proportion of larvae feeding in Trial 1 was found to be significantly
(F2,15=8.918, P=0.003) affected by water exchange rates. Water exchange rates of 0
and 300% day-1 had significantly higher proportions of larvae feeding than 700% day-1
(Figure 3-13 A). Feeding intensity was also found to be significantly (F2,15=24.959,
P<0.001) different among treatments. Treatments 1 and 2 had significantly higher
feeding intensities (mean ± SE = 3.85 ± 0.27) and (mean ± SE = 4.48 ± 0.45 nauplii
larvae-1 6 h-1), than did treatment three, (mean ± SE = 2.48 ± 0.15 nauplii larvae-1 6 h-1)
(Figure 3-13 B).
In Trial 2 the proportion of larvae feeding was significantly different (F2,15=20.895,
P<0.001) among treatment levels. A water exchange rate of 300% day-1 a significantly
higher proportion of fish feeding than did an exchange rate of 700% day-1 (Figure 3-14
A). Feeding intensity was found to be significantly different (F2,15=10.581, P=0.001), with
low water exchange rates having a higher feeding intensity than higher exchange rates
(Figure 3-14 B).
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3-8 8 Light intensity
In Trial 1 the proportion of C. miliaris larvae feeding was significantly different (F2,
15=5.319,

P=0.018) between light intensity treatments. A light intensity of 1,314 lx had a

significantly higher proportion of larvae feeding than 831 lx and 3,016 lx (Figure 3-15 A).
Feeding intensity was not significantly different (F2, 15=2.202, P=0.145) between
treatments (Figure 3-15 B).
The proportion of larvae feeding in Trial 2 was not significantly different between
treatments (F2, 15=3.123, P=0.073) (Figure 3-16 A). Feeding intensity was significantly
different (F2, 15=3.026, P=0.021) between treatments. Treatment 2 (1,314 lx) was
significantly higher than treatment 1 (831 lx) but statistically the same as treatment 3
(3,016 lx) (Figure 3-16 B).
Discussion
First Feeding Response
This is the first controlled examination of first feeding requirements for
Chaetodon miliaris. At temperatures of 24.5-26.5 °C, larvae reached first feeding on 4
dph and actively fed with an elaborate S-strike behavior. Larvae were able to efficiently
identify and capture prey under the appropriate conditions.
3-1 1 Prey selectivity
There was a considerable difference in the proportion of larvae feeding when
given B. plicatilis or P. crassirostris nauplii. In Trials 1 and 2, larvae selected P.
crassirostris nauplii significantly more than B. plicatilis (Figure 3-1 A, 3-2 A).
Additionally, feeding intensities of Trials 1 and 2 showed the median number of P.
crassirostris nauplii consumed was greater (0.095-4.265 copepods larvae-1 6 h-1) than
the feeding intensity of B. plicatilis (0 - 0.075 rotifers larvae-1 6 h-1) (Figure 3-1 B, 3-2 B).
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The proportion of larvae feeding on P. crassirostris nauplii in “green water” was
significantly greater than all B. plicatilis treatments and in Trial 1 was significantly higher
than the clear water P. crassirostris nauplii treatment (Table 3-2). The addition of algal
cells to the tank is hypothesized to increase larval visual contrast allowing them to
perceive depth and prey items better against the shaded background (Naas et al.,
1992). With better visual contrast the larvae likely have the increased capability of
detecting prey items creating more prey encounters and increasing strike efficiency.
Larvae of C. miliaris actively selected the nauplii of the copepod, P. crassirostris,
over the rotifer, B. plicatilis, this was similar to reports with Lutjanus peru larvae (ZavalaLeal et al., 2013). Active selection of prey items by larvae have been attributed to prey
availability, swimming ability, color, antipredator behavior, nutritional content, and
palatability (O’Brien, 1979; Houde and Schekter, 1980; Buskey, 1993; Buskey et al.,
2002). Wild data on a large number of early marine ornamental species larvae suggests
that copepods are a natural prey item (Mckinnon et al., 2003; Sampey et al., 2007), thus
P. crassirostris nauplii likely resembles the appropriate natural prey for C. miliaris.
Another possible reason larvae are selecting P. crassirostris nauplii could be the
increased nutritional value of copepods compared to rotifers (Stottrup, 2000; Hamre et
al., 2008; Cassiano et al., 2011). The significant difference in the proportion of larvae
feeding and feeding intensity ruled out using rotifers as a feed for C. miliaris. Studies
into other alternative live feeds such as new copepod species or soft-bodied live feeds
may supplement this information on C. miliaris prey items.
3-2 Algal cell density
The enhanced feeding response of larvae to the “green water” treatment in prey
selectivity experiment 3-1 confirmed that algal turbidity was an important factor to
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investigate to optimize first feeding parameters of C. miliaris. In algal cell density Trial 1,
the proportion of larvae feeding was statistically the same in all treatments except for
cell densities of 0 cells mL-1 and the highest algal density (809,523 cells mL-1) (Figure 33 A). Trial 2 had similar results except that 522,108 cells mL-1 was also significantly
greater than the 0 cells mL-1 treatment (Figure 3-4 A). Feeding intensity in Experiment
3-2 followed the same trends as the proportion of larvae feeding. In Trial 2, feeding
intensity was statistically the same across all treatments except 522,108 and 809,523
cells mL-1 (Figure 3-4 B). It is apparent that algal cell density has an impact on the
proportion of larvae feeding and feeding intensity of C. miliaris larvae.
3-3 3 Lower limits algal cell density
To test for the lower threshold at which the addition of algae enhanced larval
feeding a similar value as the lowest algal cell density from Experiment 3-2 (194,131
cells mL-1) was selected as the upper limit of the second algal cell density experiment.
Determining the lower limits at which algal density enhanced larval feeding is beneficial
for producers and researchers, reducing labor and cost during rearing. Trial 1 indicated
that enhanced feeding was observed in the 30,612 (53%) and 194,131 (80.61%) cells
mL-1 even though there is a large difference in the proportion of larvae feeding between
the two treatments (Figure 3-5 A). The large variances associated with these two
treatments are likely responsible for the statistical similarity. Trial 2 further supported the
conclusion that a minimum cell density of 194,131 cells mL-1 is required to enhance
larval feeding. Both the proportion of larvae feeding and the feeding intensity in Trial 2
found that an algal cell density of 194,131 cells mL-1 was significantly greater than all
other algal cell densities (Figure 3-6). This study indicates that a minimum number of
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particles (~190,000 cells mL-1) was necessary for an enhanced proportion of larvae
feeding and feeding intensity.
This supports the hypothesis that visual contrast is increased by adding
microalgae to larval culture tanks thus allowing larvae to recognize prey items, gauge
distance and motion of prey items better (Naas et al., 1992; Shaw et al., 2006). Another
benefit of adding algae into culture tanks is the increased light intensity gradient and
light scattering (Naas et al., 1992). Larvae can distribute vertically within the tank to find
an optimal light intensity. Ultimately, increased feeding at early larval stages due to the
addition of microalgae can transition into increased larval survival as observed in
Neopomacentrus cyanomos (Setu et al., 2010).
3-4 4 Prey density
Prey density Experiment 3-4 showed no significant difference between
treatments in Trial 1 or 2 in the proportions of larvae feeding and feeding intensity. In all
treatments for both Trials 1 and 2, more than 89% of larvae fed and over 3.6 nauplii
larvae-1 6 h-1 were consumed (Figure 3-7, 3-8). The results from this study contrast
research on the effects of prey density on larval feeding. Both Zavala et al. (2013) and
Hilder et al. (2014) observed increased feeding in Lutjanus peru, Thunnus maccoyii,
and Seriola lalandi. Additionally, higher feeding intensities and proportions of
Scomberomorus niphonius and Thunnus albacares larvae fed with increased prey
density (Shoji and Tanaka, 2004; Wexler et al., 2011). In general, greater prey densities
resulted in increased predator and prey encounter rates, raising the probability of a
successful capture by larvae until a point of satiation is reached (Houde and Schekter,
1980; Temple et al., 2004; Hilder et al., 2014). From this study the point of satiation for
C. miliaris appears to be 1 nauplii mL-1. No observations of undigested P. crassirostris
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were found in any prey density treatment. C. miliaris larvae do not appear to have any
issues digesting P. crassirostris.
3-5 5 Larval stocking density
The proportion of larvae feeding at 15 and 20 larvae L-1 was significantly greater
than all other treatments for both Trials 1 and 2. It appears that at stocking densities
greater than 30 larvae L-1 feeding is suppressed. Larvae at this density likely crowd
within the tank and reduce feeding rates. Reduced proportions of larvae feeding at 10
larvae L-1 propagate additional questions. Feeding intensity in Trial 1 was representative
of the proportion of larvae feeding with higher stocking densities of 15 and 20 larvae L-1
feeding significantly more (Figure 3-9). In Trial 2, treatments of 15, 20, 30 and 40 larvae
L-1 had the same feeding intensity 2.46, 3.23, 2.45, and 1.63 nauplii larvae-1 6 h-1
respectively (Figure 3-10 B). In both Trials 1 and 2 the proportion of larvae and feeding
intensity was suppressed at 10 larvae mL-1. This is inconsistent with the results found in
Experiment 3-5 since it seems that lower stocking densities increase the proportion of
larvae feeding and feeding intensity, however, previous research on southern bluefin
tuna (SBT) and yellowtail kingfish (YTK) showed that larval density has species specific
effects.
Hilder et al. (2014) observed that the proportion of larvae feeding and feeding
intensity in SBT was statistically equivalent across larval densities from 2-65 larvae L-1.
YTK did not follow the same trend as SBT showing increased proportions of larvae
feeding at 2 and 5 larvae L-1 compared to higher larval densities up to 75 larvae L-1.
Feeding intensity was opposite the proportion of larvae feeding trend though, showing
increased rotifer consumption at higher larval densities 25, 50, and 75 larvae L-1.
Intraspecific competition could account for decreased proportion of larvae feeding at
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higher larval densities if prey abundance was a limiting factor, but, at the prey densities
used in Experiment 3-5 there were approximately a minimum 1,000 prey items per
larvae stocked into each tank. Welker et al. (1994) observed intraspecific competition in
a mesocosum experiment with Dorosoma cepedianum larvae between densities of 35
and 70 fish m-1. Reduced predation was observed by larvae at 70 fish m-1, however,
decreased feeding of C. miliaris at high larval densities in this study is more likely due to
appetite reduction from stress due to overstocking or the inability to initiate feeding due
(Wendelaar-Bonga, 1997; King et al., 2000; Hilder et al., 2014). Further experiments
into lower larval stocking densities seems necessary for C. miliaris to understand the
reason behind the decreased feeding rates and intensity of larvae at 10 larvae L-1,
however, for the commercial production this information does not seem pertinent since
optimization and efficiency are crucial for an effective production operation.
3-6 6 Tank size
No significant differences in the proportion of larvae feeding or feeding intensity
was observed between tanks size treatments. The proportion of larvae feeding in all
treatments was greater than 88% and the feeding intensities of larvae in all treatments
were above 3.1 nauplii larvae-1 6 h-1. Tank size within a static system evidently had no
effect on the first feeding response of C. miliaris larvae. Wittenrich et al. (2012)
observed significantly larger numbers of Abudefduf saxatilis capturing prey in 120 L
tanks compared to 60 L tanks; however, the number of prey items ingested at first
feeding (1 dph) did not differ. Larval survival was significantly greater throughout the
duration of the trial in 120 L (6.6%). Conversely, Başaran et al. (2004) found that
survival of Sparus aurata decreased with increasing tank size. Additional studies into
the survival of larvae different tank sizes may reveal that a certain tank size is more
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beneficial for culturing C. miliaris. Additionally, under different conditions such as water
flow or increased aeration the first feeding response of larvae in different tank sizes may
change.
3-7 7 Water exchange rate
In Trial 1, feeding intensity and the proportion of larvae feeding data suggested
that larvae have increased capability of feeding under lower flow conditions. Water flows
of 0 and 300% day-1 increased the proportion of larvae feeding by 15% compared to
700% day-1 (Figure 3-13 A). In the low flow treatments larvae consumed 1.4 nauplii
larvae-1 6 h-1 more than in the high flow treatment (Figure 3-13 B). The water flows 0,
300%, and 700% day-1. Trial 2 supports that first feeding is increased at lower water
flows. The proportion of larvae feeding was significantly greater at 300% day-1, however
0 and 700% day-1 had large variances accounting for the interaction (Figure 3-14).
Weyers et al. (2003) found that Moxostoma robustum and Moxostoma collapsum
subjected to 4 and 12 h of pulsed, high velocity flow exhibited significantly decreased
growth and survival compared to 0 h of high velocity flow. At 700% day-1 a majority of
food is flushed out necessitating restocking of new copepod nauplii to maintain prey
densities. Prey size remains consistent within the tank but the time needed for larvae to
identify, align, and strike at a prey item is reduced with fast moving water currents
(Dower et al., 1997). MacKenzie et al. (1994) found that increasing turbulence
increased the number of predator prey encounters but decreased the probability of a
successful pursuit. Ingestion rates of larval cod were highest at a turbulent velocity of
approximately 5 mm s-1 showing that there was an optimum balance between predator
and prey encounter rates and successful pursuits (MacKenzie et al., 1994). C. miliaris
larvae appear to benefit from low flow environments (Figure 3-13, 3-14). In addition to
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the benefit of increased prey ingestion at a water exchange rate of 300% day-1 it was
observed that most nauplii not being eaten were flushed from the tank. While restocking
of P. crassirostris nauplii was necessary to maintain prey densities, it did not allow for
nauplii to grow into copepodites and adult copepods,.
3-8 8 Light intensity
The proportion of larvae feeding at 1,314 lx was significantly greater in Trial 1,
whereas in Trial 2 there was no significant difference in the proportion of larvae feeding
between any treatments. Trials 1 and 2 seem to contradict each other, however, it is
likely that increased variance within the light intensity trials reduced the significance of
results. All light intensities had high proportions of larvae feeding and feeding intensities
with over 79% of larvae feeding and 3.2 nauplii larvae-1 6 h-1 consumed. Increased light
intensity has been shown to increase the proportion of larvae feeding and feeding
intensity in HIppoglossus hippoglossus, Seriola lalandi, and Lutjanus peru (Naas et al.,
1992; Carton, 2005; Zavala-Leal et al., 2013). Increased light intensity likely contrasts
prey items better than lower light intensities. In Experiment 3-8 the addition of algae is
likely the reason for reduced significance between light intensity treatments because of
the increased light scattering and attenuation due to large number of algal cells in the
water column. Future research could address an increased range of light intensities to
identify the potential limits of the effective light intensity range for C. miliaris.
The eight experiments conducted in this chapter were used to evaluate methods
to optimize the first feeding response of C. miliaris in culture conditions. Table 3-2
displays the enhanced culture conditions from each experiment. It is evident throughout
this research that Brachionus sp. rotifers are not a suitable feed for C. miliaris. Nauplii of
the copepod, P. crassirostris, elicited a higher feeding response from larvae than rotifers
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particularly with the addition of algae. Prey density and tank size experiments
established that there was no benefit to increased prey densities or larger tank size on
first feeding. Low water exchange rates increased the proportion of larvae feeding and
feeding intensity of C. miliaris larvae under the examined conditions. Light intensity
Trials 1 and 2 showed that lux from 831-3,016 lx sustain high proportions of larvae
feeding and increased feeding intensity. Additional trials would be beneficial to uncover
the upper and lower threshold at which light intensity significantly effects first feeding
response. This information will be valuable for the producers trying to lower cost of
production.
While these studies establish optimal first feeding parameters it is important to
understand that as larvae develop advantageous conditions will change and culture
parameters need to be adjusted accordingly to account for this.
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Table 3-1. Culture parameters for C. miliaris during all experiments. Values for salinity, water temperature, dissolved
oxygen, light intensity, total ammonia-nitrogen, nitrite-nitrogen, and nitrate-nitrogen are represented as mean ±
SD. Values for algal cell density, prey density, and stocking density are represented as ranges.
Prey
selectivity
Time to hatch
Tank color
Water treatment
-1

Salinity (g L )
Water
temperature
(°C)
pH
Dissolved
oxygen
(% saturation)
Photoperiod (h)
Prey item
Algal cell
density
-1
(cells mL )
Prey density
-1
(prey mL )
Stocking density
-1
(larvae L )
Tank size (L)
Exchange rate
-1
(% day )
Light intensity
(lx)

Algal
turbidity

Lower limits
algal turbidity

28 h @
25.5 °C

28 h @ 25.5
°C

28 h @
25.5 °C

Black sides
/white bottom

Black sides
/white bottom

Black sides
/white bottom

1 μm filtered

1 μm filtered

1 μm filtered

Prey density
28 h @ 25.5
°C
Black sides
/white
bottom
1 μm filtered

Larval
stocking
density
28 h @
25.5 °C

Tank size
28 h @ 25.5
°C

Black sides
/white bottom

Black sides
/white bottom

1 μm filtered

1 μm filtered

Water
exchange

Light
intensity

28 h @ 25.5
°C
Black sides
/white
bottom
1 μm filtered

28 h @ 25.5
°C
Black sides
/white
bottom
1 μm filtered

33.0 ± 0.45

33.0 ± 0.45

33.0 ± 0.45

33.0 ± 0.45

33.0 ± 0.45

33.0 ± 0.45

33.0 ± 0.45

33.0 ± 0.45

25.5 ± 1.00

25.5 ± 1.00

25.5 ± 1.00

25.5 ± 1.00

25.5 ± 1.00

25.5 ± 1.00

25.5 ± 1.00

25.5 ± 1.00

8.2 ± 1.00

8.2 ± 1.00

8.2 ± 1.00

8.2 ± 1.00

8.2 ± 1.00

8.2 ± 1.00

8.2 ± 1.00

8.2 ± 1.00

97.8 ± 1.30

97.8 ± 1.30

97.8 ± 1.30

97.8 ± 1.30

97.8 ± 1.30

97.8 ± 1.30

97.8 ± 1.30

97.8 ± 1.30

14 L:10 D

14 L:10 D
P.
crassirostris

14 L:10 D
P.
crassirostris

14 L:10 D
P.
crassirostris

14 L:10 D
P.
crassirostris

14 L:10 D
P.
crassirostris

14 L:10 D
P.
crassirostris

14 L:10 D
P.
crassirostris

EXP. 3-2

EXP. 3-3

400,000.00
-600,000.00

400,000.00
-600,000.00

400,000.00
-600,000.00

400,000.00
-600,000.00

400,000.00
-600,000.00

5.0 - 7.00

5.0 - 7.00

5.0 - 7.00

5.0 - 7.00

15.0-20.00

15.0-20.00

15.0-20.00

14.00

14.00

EXP. 3-1
400,000.00
-600,000.00
5.0 - 7.00

5.0 - 7.00

5.0 - 7.00

EXP. 3-4

15.0-20.00

15.0-20.00

15.0-20.00

15.0-20.00

14.00

14.00

14.00

14.0

14.00

0.00

0.00

0.00

0.00

0.00

0.00

1,314.0±
11.00

1,314.0±
11.00

1,314.0±
11.00

1,314.0±
11.00

1,314.0±
11.00

1,314.0±
11.00
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EXP. 3-5

EXP. 3-6

EXP. 3-7
1,314.0±
11.00

0.00
EXP. 3-8

Table 3-1. Continued.
Prey
selectivity
Total Ammonia
Nitrogen (mg L

Algal
turbidity

Lower limits
algal turbidity

Prey density

Larval
stocking
density

Tank size

Water
exchange

Light
intensity

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0 .0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0 .0 ± 0.00

0.0 ± 0.00

1

)
Nitrite-nitrogen
-1
(mg L )
Nitrate-nitrogen
-1
(mg L )

Table 3-2. Optimized first feeding parameters for the milletseed butterflyfish C. miliaris.
Experiment
Optimal parameters
P. crassirostris nauplii
Prey selectivity
(20-75 μm) “green water”
809,523.0 cells mL-1
Algal cell density
Lower limits algal cell density
Prey density
Larval stocking density
Tank size
Water exchange rate
Light intensity

194,131.0 cells mL-1
1.0 nauplii mL-1
15.0 larvae L-1
210.0
300.0

L
% day-1

1314.0

lx
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Figure 3-1. First feeding responses of C. miliaris larvae with and without the addition of
algae and different prey items, (A) the proportion of larvae feeding (%)
represented as mean ± SE (n=6) and (B) feeding intensity (nauplii larvae-1 6
h-1) represented as median ± MAD (n=6). Capitol letters indicate significant
differences P ≤ 0.05.
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Figure 3-2. First feeding responses of C. miliaris larvae with and without the addition of
algae and different prey items, (A) the proportion of larvae feeding (%) and
(B) feeding intensity (nauplii larvae-1 6 h-1) represented. All data is
represented as median ± MAD (n=6). Capital letters indicate significant
difference P ≤ 0.05.
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Figure 3-3. First feeding responses of C. miliaris larvae in different algal cell densities,
(A) the proportion of larvae feeding (%) and (B) feeding intensity (nauplii
larvae-1 6 h-1). All data is represented as mean ± SE (n=3). Capital letters
indicate significant difference P ≤ 0.05.
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Figure 3-4. First feeding responses of C. miliaris larvae in different algal cell densities,
(A) the proportion of larvae feeding (%) and (B) feeding intensity (nauplii
larvae-1 6 h-1). All data is represented as mean ± SE (n=3). Capital letters
indicate significant difference P ≤ 0.05.
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Figure 3-5. First feeding responses of C. miliaris larvae in different algal cell densities,
(A) the proportion of larvae feeding (%) and (B) feeding intensity (nauplii
larvae-1 6 h-1). All data is represented as mean ± SE (n=3). Capital letters
indicate significant differences P ≤ 0.05.
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Figure 3-6. First feeding responses of C. miliaris larvae in different algal cell densities,
(A) the proportion of larvae feeding (%) and (B) feeding intensity (nauplii
larvae-1 6 h-1). All data is represented as mean ± SE (n=3). Capital letters
indicate significant differences P ≤ 0.05.
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Figure 3-7. First feeding responses of C. miliaris larvae at different prey densities, (A)
the proportion of larvae feeding (%) and (B) feeding intensity (nauplii larvae-1
6 h-1). All data is represented as mean ± SE (n=3). Capital letters indicate
significant differences P ≤ 0.05.

105

Proportion of Larvae Feeding (%)

A
120

A

A

1

2

A

A

A

10

15

100
80
60
40
20
0
5

Prey Density (nauplii mL-1)

B
8

A
A

Feeding Intensity
(nauplii larvae-1 6 h-1)

7
6
5

A

A
A

4
3
2
1
0
1

2

5

10

15

Prey Density (nauplii mL-1)
Figure 3-8. First feeding responses of C. miliaris larvae at different prey densities, (A)
the proportion of larvae feeding (%) and (B) feeding intensity (nauplii larvae-1
6 h-1). All data is represented as mean ± SE (n=3). Capital letters indicate
significant differences P ≤ 0.05.
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Figure 3-9. First feeding responses of C. miliaris larvae at different larval stocking
densities, (A) the proportion of larvae feeding (%) and (B) feeding intensity
(nauplii larvae-1 6 h-1. All data is represented as mean ± SE (n=3). Capital
letters indicate significant differences P ≤ 0.05.
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Figure 3-10. First feeding responses of C. miliaris larvae at different larval stocking
densities, (A) the proportion of larvae feeding (%) and (B) feeding intensity
(nauplii larvae-1 6 h-1). All data is represented as mean ± SE (n=3). Capital
letters indicate significant differences P ≤ 0.05.
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Figure 3-11. First feeding responses of C. miliaris larvae in different tank sizes, (A) the
proportion of larvae feeding (%) and (B) feeding intensity (nauplii larvae-1 6 h1
). All data is represented as mean ± SE (n=3). Capital letters indicate
significant differences P ≤ 0.05.
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Figure 3-12. First feeding responses of C. miliaris larvae in different tank sizes, (A) the
proportion of larvae feeding (%) and (B) feeding intensity (nauplii larvae-1 6 h1
). All data is represented as mean ± SE (n=3). Capital letters indicate
significant differences P ≤ 0.05.
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Figure 3-13. First feeding responses of C. miliaris larvae in different water exchange
rates, (A) the proportion of larvae feeding (%) and (B) feeding intensity
(nauplii larvae-1 6 h-1). All data is represented as mean ± SE (n=3). Capital
letters indicate significant differences P ≤ 0.05.
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Figure 3-14. First feeding responses of C. miliaris larvae in different water exchange
rates, (A) the proportion of larvae feeding (%) and (B) feeding intensity
(nauplii larvae-1 6 h-1). All data is represented as mean ± SE (n=3). Capital
letters indicate significant differences P ≤ 0.05.
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Figure 3-15. First feeding responses of C. miliaris larvae under different light intensities,
(A) the proportion of larvae feeding (%) and (B) feeding intensity (nauplii
larvae-1 6 h-1). All data is represented as mean ± SE (n=3). Capital letters
indicate significant differences P ≤ 0.05.
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Figure 3-16. First feeding responses of C. miliaris larvae under different light intensities,
(A) the proportion of larvae feeding (%) and (B) feeding intensity (nauplii
larvae-1 6 h-1). All data is represented as mean ± SE (n=3). Capital letters
indicate statistical significant differences P ≤ 0.05.
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Figure 3-17. Parvocalanus crassirostris nauplii exoskeleton present in the gut of a C.
miliaris larva compressed between two microscope slides.
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CHAPTER 4
GROWTH AND SURVIVAL OF Chaetodon miliaris TO 10 DAYS POST HATCH
Foreword
Early larval survival and growth are key constituents of increased culture
performance. Increased energy expenditure, suppressed growth, deformities, and
increased larval size variability can result in decreased product yields if early culture
conditions are not optimal (Appelbaum and Kamler, 2000). In pelagic marine
ornamental species the prolarvae stage, small size, and long larval duration amplify the
severity of sub-standard culture conditions. Insight into early larvae requirements can
improve survival and growth, effectively, increasing the chances of larvae reaching
metamorphosis. A variety of abiotic factors such as tank type, tank size, photoperiod,
temperature, salinity, water quality, and light intensity, as well as biotic factors such as
prey type, prey density, and nutritional content of feed are known to affect early larval
growth and survival (Ostrowski, 1989; Sargent et al., 1999; Appelbaum and Kamler,
2000; Galmuzina et al., 2000; Leu et al., 2009; Cobcroft et al., 2012). In addition,
broodstock nutrition, maturity, and age also influence early larval survival and growth
(Morehead et al., 2001; Callan et al., 2012a; Callan et al., 2012b). Improved larval
survival is the result of high quality eggs, appropriate culture conditions, and the correct
larval nutrition.
Research on early larvae of pelagic marine ornamental species demonstrates
that most bottlenecks encountered in larval culture start at the transition from
endogenous to exogenous feeding (Suzuki et al., 1980; McGurk, 1984; Glamuzina et
al., 1998; Glamuzina et al., 2000; Glamuzina et al., 2001; Tanaka et al., 2001; Leu et
al., 2009; Leu et al., 2013). Often large mortality events coincide with the point of
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irreversible starvation (McGurk, 1984). While irreversible starvation varies specifically, in
pelagic marine ornamental larvae it occurs around the endogenous to exogenous
transition (3-5 dph) and frequently is marked by large mortalities (Suzuki et al., 1980;
Tanaka et al., 2001; Leu et al., 2009). Leu et al. (2009) established that Pomacanthus
semicirculatus larvae experienced large mortalities at 5 dph when fed 100%
Nanochloropsis sp., 100% B. rotundiformis, 100% Gonyaulax sp., and 50%
Nannochloropsis sp. plus 50% B. rotundiformis, because most larvae were not selecting
the prey items supplied. However, larvae supplied with Nannochloropsis sp. plus B.
rotundiformis and Gonyaulax sp. showed significantly greater survival than all other
treatments. Establishment of an appropriate first feed reduces early mortalities, but
adjustment of culture parameters can likely further optimize survival.
Parameters similar to those examined in first feeding experiments (Hilder et al.,
2014) can additionally be addressed to determine if factors impact early larval survival.
Photoperiod is known to have specific effects on larval survival (Hart et al., 1996;
Arvedlund et al., 2000; Puvanendran and Brown, 2002). Duray and Kohno (1988)
assessed the effects of 24 h and natural daylight (10 h) photoperiods on Siganus
gattatus larvae revealing that continuous lighting had a higher mean survival and growth
than natural photoperiod. A photoperiod of 24 h light allowed larvae more time to
encounter food items, increasing food consumption and growth of larvae but can cause
endocrine issues.
The addition of algae to culture tanks often enhances larval survival. Setu et al.
(2010) observed increased survival rates in Neopomacentrus cyanomos with the
addition of algae to culture tanks. In tanks without algae 0% of larvae survived where
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as, 20% of larvae survived with the addition of algae to culture tanks. Prey density and
stocking density can also affect early larval survival. Duray et al. (1996) showed that
Epinephelus suillus larval survival to 14 dph was enhanced by high rotifer densities in
culture tanks, however, Temple et al. (2004) found that a low density of rotifers
increased survival of Centopomus parallelus during larviculture. Optimal culture
parameters for early larvae are species specific and require individual assessments.
Similar to prey density, stocking density of larvae for optimal culture varies with species.
Some species are capable of growing and surviving under high larval densities, while
others are not. Baskerville-Bridges and Kling (2000) found that decreased Gadus
morhua survival at increased larval stocking densities could be nullified with the addition
of excess prey items.
Water quality is another factor that can impact larval growth and survival.
Metabolite (ammonia, nitrite, nitrate) accumulation in the culture tanks is associated with
low water exchanges and can incur possibly harmful effects on larval feeding and
development (Tandler and Helps, 1985). Under mass scale culture condition, low water
exchange rates are beneficial for conserving algae, prey items, and reducing larval
exposure to high water flows, however, water quality can deteriorate to harmful levels
quickly if not regularly monitored (Tandler and Helps, 1985).
Methods
In chaetodontids, larval survival has been low with only two instances of a larvae
being cultured past 8 dph (Wittenrich and Cassiano, 2011; Baensch, 2014). In Chapter
3 of this thesis an assessment of the first feeding parameters was conducted to
determine optimal conditions for C. miliaris larvae. Based upon the optimized first
feeding parameters found in Chapter 3 (Table 3-2) two multifactorial experiments on the
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combined effects of algal cell density/stocking density and water exchange rates/prey
density were designed to test survival and growth of early larvae (Naas et al., 1992;
Duray et al., 1996; Baskerville-Bridges and Kling, 2000; Temple et al., 2004; Setu et al.,
2010). A single factorial experiment addressing three different photoperiods was
conducted to see if there were effects on early larval growth and survival (Duray and
Kohno, 1988; Hart et al., 1996; Arvedlund et al., 2001; Puvanendran and Brown, 2002).
Embryo Stocking and Culture
C. miliaris embryos were obtained from broodstock tanks at the University of
Florida Tropical Aquaculture Laboratory (Ruskin, FL). Broodstock spawned daily during
this period allowing for experiments to be conducted consecutively. Three spawns were
collected during May-June 2014. Embryos were assessed for viability. Fertilization was
greater than 96% and hatching success greater than 95% for all cohorts. All culture
parameters for C. miliaris are summarized in Table 4-1. For each trial eggs were
stocked in the experimental system 12 h post-fertilization. Light aeration supplied by a
single cylindrical air stone (2.5 cm height x 2.5 cm circumference) resting on the bottom
of the tanks throughout all experiments. All experimental tanks had a volume of 14 L
(30.5 cm diameter x 33.0 cm height) and were fiberglass with black sides and a white
bottom.
Larvae were observed for abnormalities such as large mortalities, and larvae
lying on the tank bottom during the first 3 dph before Tisochrysis lutea (Tiso) was added
to each tank on 3 dph. At 4 dph larvae had fully functional mouths, digestive tracts, and
pigmented eyes indicating they were capable of feeding. Feed was added to each tank
individually with a 5-minute interval between feedings to allow a 5-minute time frame to
collect larvae (Hilder et al., 2014). Two channel Viavolt 54 watt 6500 K color
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temperature light banks (Phillips, Andover, MA) provided light. Using a lux meter,
(Milwaukee Instruments, Rocky Mount, NC) light intensity was measured at the waters
surface in the center of each tank (MW 700 portable lux meter).
At 4 dph, notochord length, body depth, and eye diameter were recorded (n=5)
from each tank to ensure there was no size bias for an individual treatment. Notochord
length (SL) was measured as in Chapter 2 and 3. Body depth (BD) was measured as
the distance between the dorsal ridge of the notochord and the ventral margin of the
coelom in line with the pectoral fin. Eye diameter (Ed) was calculated using Ed = EH +
EL/2 where EH is eye height and EL is eye length.
Assessment of Larval Size, Growth, Condition, and Survival
Randomly, 5 larvae from each replicate were harvested in the morning on 4 dph,
6 dph, and 8 dph. Larvae were immediately euthanized after harvesting with an
overdose of buffered MS-222 (500 mg L-1) (Western Chemical, Ferndale, Washington)
to ensure larvae did not damage themselves in the collection beaker. Larvae were
placed on a sedgewick rafter slide with a 1 mm grid (Sigma-Aldrich, St. Louis, Missouri)
and subsequent photographs (Jenoptik, ProgRes Capture Pro v2.8.8) and
measurements (ImageJ 1.48r) were taken. At 10 dph the tank was euthanized, and the
remaining larvae in the tank were siphoned from the tank and counted under the
dissecting scope for survivorship. A random sample of 20 larvae were selected from
each tank and subsequent photographs (Jenoptik, ProgRes Capture Pro v2.8.8) and
measurements (ImageJ 1.48r) were taken. If 20 larvae were not present in the tank, the
remaining larvae were euthanized, removed, photographed and measured. Replicates
with less than 5 larvae present at 10 dph were not included in size, growth, or condition
analyses.
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Specific growth rates of larvae for SL, BD, and Ed were calculated using the
formula ([ln(Mt) – ln(M0)]/t)*100 = SGR (% day-1) where Mt is the parameter
measurement at the end of the time period, M0 is the parameter measurement at the
beginning of the time period, and t is the length of time (Temple et al., 2004). There are
many condition indices that can be measured, however, ratios of body depth to length
are sensitive to environmental conditions affecting feeding of larvae (Koslow et al.,
1985). To estimate condition of larvae, a condition index of the ratio of body depth to
body length, which is a function of larval volume, was used for C. miliaris larvae (Koslow
et al., 1985; Temple et al., 2004). The condition index was calculated using the formula
CI=BD/SL, where CI is condition index, BD is body depth, and SL is notochord length.
Larval Size, Growth, Condition, and Survival Experiments
4-1 Algal cell density and stocking density
To assess the effects of Tiso cell density and larval stocking density on growth
and survival of C. miliaris larvae, nine treatments (n=3) were evaluated: treatment 1
(180,000-200,000 cells mL-1 and 15 larvae L-1), treatment 2 (500,000-530,000 cells mL-1
and 15 larvae L-1), treatment 3 (800,000-830,000 cells mL-1 and 15 larvae L-1),
treatment 4 (180,000-200,000 cells mL-1 and 20 larvae L-1), treatment 5 (500,000530,000 cells mL-1 and 20 larvae L-1), treatment 6 (800,000-830,000 cells mL-1 and 20
larvae L-1), treatment 7 (180,000-200,000 cells mL-1 and 25 larvae L-1), treatment 8
(500,000-530,000 cells mL-1 and 25 larvae L-1), and treatment 9 (800,000-830,000 cells
mL-1 and 25 larvae L-1). Eggs were stocked into twenty-seven, 14 L tanks, in a flow
through system at each respective treatments larval stocking density. A randomized
block design was used to block treatments according to larval stocking density. Tanks
were kept static during the first 3 dph. At 4 dph water was exchanged at a rate of 100%
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day-1 until 10 dph when Experiment 4-1 ended. Two hours prior to feeding on 4-10 dph
Tiso was added to all experimental tanks, with 9 tanks receiving 180,000-200,000 cells
mL-1, another 9 tanks receiving 500,000-530,000 cells mL-1, and the remaining 9 tanks
receiving 800,000-830,000 cells mL-1. Algal cell densities were monitored three times
daily and Tiso was added as necessary to maintain algal cell densities during the 14 h
light period. At 4 dph P. crassirostis nauplii were added at a density between 1-2 nauplii
mL-1 to each tank individually with a 5-minute interval between feedings. Prey density
counts were taken each morning at 08:00, 13:00, and 18:00 on 5-10 dph to maintain
prey densities during the 14 h light period. When necessary, prey items were added to
maintain the prey density between 1-2 nauplii mL-1. A photoperiod of 14 L:10 D was
used throughout Experiment 4-1.
4-2 2 Water exchange rates and prey density
To assess the effects of water exchange and prey density on the early growth
and larval survival of C. miliaris, 6 treatments (n=3) were evaluated: treatment 1 (100%
day-1 and 1 nauplii mL-1), treatment 2 (100% day-1 and 10 nauplii mL-1), treatment 3
(300% day-1 and 1 nauplii mL-1), treatment 4 (300% day-1 and 10 nauplii mL-1),
treatment 5 (700% day-1 and 1 nauplii mL-1), and treatment 6 (700% day-1 and 10 nauplii
mL-1). Eggs were stocked into eighteen, 14 L tanks at 15 eggs L-1 in a recirculating
system. Water was circulated from a 2325 L sump through a fluidized sand filter into a
1937 L sump, then pumped through 50 μm, 25 μm, and 10 μm filter bags and an 80
watt ultra violet (UV) sterilizer before reaching the header tank for supply to culture
tanks. A randomized block design was used to block treatments according to water
exchange rates. Tanks were kept static during the first 3 dph. At 4 dph water exchange
rates were adjusted to 100% day-1 in 6 tanks, 300% day-1 in another 6 tanks, and 700%
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day-1 in the remaining 6 tanks. On 4-10 dph Tiso was added two hours prior to feeding
at a density of 500,000-530,000 cells mL-1 to each tank. Algal cell densities were
monitored three times daily in treatment 1and 2, and 5 times daily in treatments 3,4,5,
and 6. Tiso was added as necessary to maintain algal cell densities during the 14 h light
period. At 4 dph P. crassirostis nauplii were added at a density of 1 or 10 nauplii mL-1 to
3 tanks with a water exchange rate of 100% day-1, 3 tanks with a water exchange rate
of 300% day-1, and 3 tanks with a water exchange rate of 700% day-1. Prey density
counts were taken each morning at 08:00, 13:00, and 18:00 on 4-10 dph to maintain
prey densities during the 14 h light period. When necessary, prey items were added to
maintain the prey densities in each treatment. A photoperiod of 14 L:10 D was used
throughout Experiment 4-2.
4-3 3 Photoperiod
To examine the effects of photoperiod on early larval growth and survival of C.
miliaris 3 treatments (n=6) of three different photoperiods were examined. Photoperiods
of 14 L:10 D, 18 L:6 D, and 24 L:0 D were observed for increased larval condition,
growth, size, and survival. Eggs were stocked into eighteen, 14 L tanks at 15 larvae L-1
in a recirculating system. Water was circulated from a 2325 L sump through a fluidized
sand filter into a 1937 L sump, then pumped through 50 μm, 25 μm, and 10 μm filter
bags, and an 80 watt ultra violet (UV) sterilizer before reaching the header tank for
supply to culture tanks. A randomized block design was used to block treatments
according to photoperiod. Six tanks were grouped together in each treatment, separated
by cardboard dividers to make sure that external light sources did not effect treatments.
Tanks were kept static during the first 3 dph. At 4 dph, water was exchanged at a rate of
100% day-1 until 10 dph when Experiment 4-3 ended. At 4 dph, Tiso was added two
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hours prior to feeding at a density of 500,000-530,000 cells mL-1 to each tank. Algal cell
densities were monitored three times daily and Tiso was added as necessary to
maintain algal cell densities during the light period of each treatment. At 4 dph, P.
crassirostis nauplii were added at a density between 1-2 nauplii mL-1 to each tank
individually with a 5-minute interval between feedings. Samples were taken three times
daily to count prey density remaining in the tank during the light period. When
necessary, prey items were added to maintain the prey density between 1-2 nauplii mL1

.

Statistical Methods
All statistics were conducted using SPSS v. 21 (IBM, Armonk, NY). Three oneway ANOVA’s with Tukeys HSD means separation tests were conducted to determine if
statistical differences existed between survivorship of algal cell density and larval
stocking density treatments, water exchange and prey density treatments, and
photoperiod treatments. Non-parametric data was assessed using a Kruskal-Wallace
one-way ANOVA with a pairwise multiple comparison. A α=0.05 significance level will
be used to determine significance. All proportion data was arcsine(sqrt) transformed
before analysis. Data for graphic representation were back transformed into original
units and were depicted as mean ± SE or median ± MAD for easy interpretation.
A repeated measures MANOVA, used to reduce the type 1 error in follow-up
ANOVAs, and univariate ANOVAs were run to determine if statistical differences existed
within sampling days, within the day and treatment interaction, and between treatments
for algal cell density and stocking density treatments in Experiment 4-1, water exchange
rates and prey density treatments in Experiment 4-2, and photoperiods in Experiment 43. Pillai’s Trace multivariate statistic was used as the test statistic. A P-value of ≤ 0.05
124

was considered statistically significant for MANOVA’s and ANOVA’s. An additional
series of One-way ANOVA’s with Tukeys HSD means separation test were conducted
for SL, BD, and Ed at each time period to determine when differences in treatments
occurred. A Bonferroni correction of α=0.05/n, where n is sample size, was applied to
multiple comparison tests to reduce type I error.
Differences in specific growth rates and condition of larvae in treatments were
assessed using a one-way ANOVA with Tukeys HSD means separation test. Nonparametric data was assessed using a Kruskal-Wallace one-way ANOVA with a
pairwise multiple comparison. A α=0.05 significance level will be used to determine
significance.
Water Quality
All water quality parameters were recorded within reported safe, normal limits
(Table 4-1).
Results
4-1 Algal cell density and stocking density
Survivorship was found to be significantly different between treatments
(F8,18=45.117, P<0.001). A Tukeys HSD means separation test found that treatments 3
(mean, -SE, +SE = 0.52, -SE 0.39, +SE 0.66 %, n=3), 6 (mean, -SE, +SE = 0.05, -SE
0.05, +SE 0.15 %, n=3), and 9 (mean, -SE, +SE = 0.73, -SE 0.26, +SE 0.31 %, n=3)
had significantly lower survival than all other treatments. Treatments 4 (mean, -SE, +SE
= 15.30, -SE 1.79, +SE 1.88 %, n=3), 1 (mean, -SE, +SE = 23.89, -SE 5.05, +SE 5.44
%, n=3), and 7 (mean, -SE, +SE = 31.92, -SE 5.70, +SE 5.98 %, n=3) had significantly
greater survival than treatments 3, 6, and 9. Mean survival of treatment 5 (mean, -SE,
+SE = 36.49, -SE 1.96, +SE 1.99 %, n=3), 8 (mean, -SE, +SE = 38.87, -SE 1.50, +SE
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1.51 %, n=3), and 2 (mean, -SE, +SE = 40.64, -SE 6.29, +SE 6.44, n=3) had
significantly greater survival than treatment 4 but were statistically the same as
treatment 1 and 7 (Figure 4-1).
In Experiment 4-1, several treatments (3, 6, 9) had less than 5 larvae present at
the 10 dph sampling period, therefore, treatments were not included in growth data
analyses because sample size was to small to be representative of the population.
The repeated measures MANOVA analyses detected significant multivariate
effects for treatments (Pillai’s Trace F15, 252=2.876, P<0.001), day (Pillai’s Trace F9,
76=696.513,
400=2.277,

P<0.001), and the interaction among day and treatment (Pillai’s Trace F45,

P<0.001). Univariate between-subject analyses indicated that SL (F5,

84=1.966,

P=0.092) was not significantly different between treatments, however, BD (F5,

84=6.172,

P<0.001) and Ed (F5, 84=2.697, P=0.026) were. Sphericity assumptions were

met for SL but not for BD and Ed so the Greenhouse-Geisser correction was used in
within-subject univariate analyses on BD and Ed. Within-subject univariate analyses
indicated that SL (F3. 252=521.482, P<0.001), Ed (Greenhouse-Geisser F2.319,
194.811=1,030.899,

P<0.001), and BD (Greenhouse-Geisser F2.630, 220.918=526.114,

P<0.001) were significantly different at each sampling period. There was a significant
interaction of day and treatment for SL (F15, 252=2.360, P=0.003), BD (GreenhouseGeisser F13.150, 220.918=3.533, P<0.001), and Ed (Greenhouse-Geisser F11.596,
194.811=2.396,

P=0.004).

ANOVA’s assessing the day by treatment interaction showed that no significant
size differences between treatments in SL (F5, 84=0.736, P=0.599) (Figure 4-2 A), BD
(F5, 84=1.428, P=0.223) (Figure 4-2 B), or Ed (F5, 84=0.152, P=0.979) (Figure 4-2 C) were
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present at 4 dph. Differences were detected between treatments in SL at 6 dph (F5,
84=4.116,

P=0.002), 8 dph (F5, 84=2.440, P=0.041), but not at 10 dph (F5, 84=1.895,

P=0.104). The post-hoc analyses with a Bonferroni correction, assessed at α=0.0033,
revealed that SL of 6 dph larvae in treatment 1 (mean ± SE = 2.569 ± 0.017 mm, n=15)
was significantly less than SL of treatment 5 (mean ± SE = 2.674 ± 0.012 mm, n=15). At
8 and 10 dph there were no significant differences between SL in treatments (Figure 4-2
A). At 6 and 8 and 10 dph significant differences in BD were detected between
treatments (F5, 84=4.581, P=0.001), (F5, 84=3.424, P=0.007), and (F5, 84=5.951, P<0.001).
The post-hoc analyses with a Bonferroni correction, assessed at α=0.0033, revealed
that body depth at 6 dph was significantly greater in treatment 5 (mean ± SE = 0.401 ±
0.022 mm, n=15) than in treatments 1 (mean ± SE = 0.359 ± 0.008 mm, n=15) but, at 8
dph there were no significant differences detected between BD in treatments. BD at 10
dph of treatment 2 (mean ± SE = 0.504 ± 0.009 mm, n=15) was significantly greater
than treatments 8 (mean ± SE = 0.448 ± 0.005 mm, n=15) and 5 (mean ± SE = 0.448 ±
0.006 mm, n=15) (Figure 4-2 B). Significant differences in Ed between treatments were
detected at 6 dph Ed (F5, 84=5.501, P<0.001), 8 dph Ed (F5, 84=3.395, P=0.008), but not
at 10 dph Ed (F5, 84=0.905, P=0.482). The post-hoc analyses with a Bonferroni
correction, assessed at α=0.0033, revealed that eye diameter of treatment 5 (mean ±
SE = 0.210 ± 0.002 mm, n=15) was significantly greater than eye diameter treatment 1
(mean ± SE = 0.192 ± 0.002 mm, n=15) at 6 dph, but at 8 and 10 dph there were no
significant differences between Ed in treatments (Figure 4-2 C).
The specific growth rate of SL did not meet the parametric assumption, therefore
was analyzed using a Kruskal-Wallis one-way ANOVA with a pairwise comparison.
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SGR of SL was significantly different between treatments (H5=12.506, P=0.028).
Distributions of notochord length SGR in treatment 1 (median, -MAD, +MAD = 3.23, MAD 0.28, +MAD 0.29 %, n=15) was significantly greater than SGR of treatment 2
(median, -MAD, +MAD = 2.51, -MAD 0.41, +MAD 0.45 %, n=15) (Table 4-2). Growth
rates in all other treatments were not statistically different. SGR of BD was significantly
different between treatments (F5, 85=4.023, P=0.003) with treatment 2 (mean, -SE, +SE
= 9.72, -SE 0.67, +SE 0.69 %, n=15) larvae having a significantly greater body depth
SGR than treatment 5 (mean, -SE, +SE = 6.53, -SE 0.50, ±SE 0.52 %, n=15) (Table 42). Body depths of all other treatments were statistically similar. SGR of Ed was not
found to be significantly different between treatments (F5, 85=0.606, P=0.696) (Table 42).
A Kruskal-Wallis one-way ANOVA with a multiple comparison test analyzed CI
data. CI of larvae was found to be significantly different (H5=24.267, P<0.001) between
treatment 2 (median ± MAD = 0.182 ± 0.006, n=15), and treatments 4 (median ± MAD =
0.152 ± 0.005 mm3, n=15), treatment 5 (median ± MAD = 0.156 ± 0.003 mm3, n=15),
and treatment 8 (median ± MAD = 0.156 ± 0.003 mm3, n=15) (Table 4-3).
4-2 2 Water exchange rates and prey density
No significant differences in survivorship (F5, 12=3.065, P=0.052) were detected
between water exchange and prey density treatments. Treatments 5 and 6 (700% day-1)
had lower larval survival, 29.45% and 29.76% respectively, than all other treatments 1
(45.67%), 2 (47.13%), 3 (42.13%), and 4 (39.66%) (Figure 4-3).
The repeated measures MANOVA analyses detected significant multivariate
effects for treatments (Pillai’s Trace F15, 252=3.584, P<0.001), sampling days (Pillai’s
Trace F9, 76=402.637, P<0.001), and the interaction between day and treatment (Pillai’s
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Trace F45, 400=3.885, P<0.001). Univariate between-subject analyses indicated that SL
(F5, 84=1.563, P=0.179) and Ed (F5, 84=2.059, P=0.790) were not significantly different
between treatments, however, BD was (F5, 84=10.161, P<0.001). Sphericity assumptions
were met for SL and Ed, but not for BD so the Greenhouse-Geisser correction was used
in within-subject univariate analyses on BD. Within-subject univariate analyses indicated
that SL (F3.252=521.165, P<0.001), BD (Greenhouse-Geisser F2.481,208.373=387.569,
P<0.001), and Ed (F3, 252=788.698, P<0.001) were significantly different at each
sampling period. There was a significant interaction between day and treatment for SL
(F15, 252=3.595, P<0.001), BD (Greenhouse-Geisser F12.403, 208.373=4.997, P<0.001), and
Ed (F15, 252=5.687, P<0.001).
ANOVAs assessing the day by treatment interaction showed that there were no
significant differences between treatments in SL (F5=1.325, P=0.262) (Figure 4-4 A), BD
(F5=0.857, P=0.514) (Figure 4-4 B), or Ed (F5=1.331, P=0.259) (Figure 4-4 C) were
present at 4 dph. At 6, 8, and 10 dph, significant differences were detected among
treatments in SL (F5=4.742, P=0.001), (F5=4.856, P=0.001), and (F5=2.519, P=0.036).
Post-hoc analyses with a Bonferroni correction were assessed at α=0.0033. Standard
length at 6 dph was significantly lower in treatment 1 (mean ± SE = 2.569 ± 0.017 mm,
n=15) than in treatments 5 (mean ± SE = 2.674 mm, n=15) and 6 (mean ± SE = 2.675 ±
0.016 mm, n=15). At 8 dph SL was significantly greater in treatments 2 (mean ± SE =
2.771 ± 0.018 mm, n=15) and 4 (mean ± SE = 2. 780 ± 0.024 mm, n=15) compared to
treatment 3 (mean ± SE = 2.664 ± 0.009 mm, n=15) and at 10 dph no differences in SL
were detected (Figure 4-4 A). BD at 6, 8, 10 dph was significantly different (F5=4.414,
P=0.001), (F5=4.002, P=0.003), (F5=14.098, P<0.001). Post-hoc analyses were
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assessed at α=0.0033. At 6 dph body depth of treatment 1 (mean ± SE = 0.360 ± 0.009
mm, n=15) was significantly lower than body depth of treatment 4 (mean ± SE = 0.392 ±
0.004 mm, n=15). At 8 dph BD was not significantly different among treatments. At 10
dph BD of treatment 1 (mean ± SE = 0.487 ± 0.006 mm, n=15) and treatment 2 (mean ±
SE = 0.494 ± 0.009 mm, n=15) were significantly greater than treatments 3 (mean ± SE
= 0.441 ± 0.008 mm, n=15), 5 (mean ± SE = 0.448 ± 0.006 mm, n=15), and 6 (mean ±
SE = 0.423 ± 0.007 mm, n=15) (Figure 4-4 B). Ed at 6, 8 and 10 dph were significantly
different between treatments (F5=8.374, P<0.001), (F5=4.811, P=0.001), and (F5=4.994,
P<0.001) (Figure 4-4 C). Post-hoc analyses with a Bonferroni correction were assessed
at α=0.0033. At 6 dph, eye diameter of treatment 1 (mean ± SE = 0.187 ± 0.002 mm,
n=15) was significantly lower than eye diameter of treatments 3 (mean ± SE = 2.04 ±
0.004 mm, n=15), 5 (mean ± SE = 0.210 ± 0.003 mm, n=15), and 6 (mean ± SE = 0.207
± 0.003 mm, n=15). At 8 dph Ed was not significantly different among treatments. At 10
dph mean Ed of treatment 5 (mean ± SE = 0.232 ± 0.004 mm, n=15) was significantly
lower than mean Ed of treatments 4 (mean ± SE = 0.251 ± 0.004 mm, n=15) and 1
(mean ± SE = 0.251 ± 0.002 mm, n=15) (Figure 4-4 C).
Specific growth rates of SL were not found to be significantly different among
treatments (F5, 84=2.211, P=0.061), however, SGR of body depth was found to be
significantly different (F5, 84=8.188, P<0.001) (Table 4-4). Treatments 1 (mean, -SE, +SE
= 6.80, -SE 0.249, +SE 0.253 %, n=15) and 2 (mean, -SE, +SE = 7.11, -SE 0.336, +SE
0.343 %, n=15) had significantly greater SGR than treatment 3 (mean, -SE, +SE = 5.91,
-SE 0.292, +SE 0.299 %, n=15), treatment 5 (mean, -SE, +SE = 5.27, -SE 0.379, +SE
0.392 %, n=15), and treatment 6 (mean, -SE, +SE = 4.87, -SE 0.289, +SE 0.297 %,
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n=15) (Table 4-4). A Kruskal-Wallis one-way ANOVA found no significant differences in
eye diameter SGR between treatments (H5=7.867, P=0.164) (Table 4-4).
The condition index of larvae was assessed using a nonparametric KruskalWallis one-way ANOVA. Significant differences were detected between CI of treatments
(H5=42.674, P<0.001). Condition indexes of treatment 1 (median ± MAD = 0.165 ±
0.003, n=15) and treatment 2 (median ± MAD = 0.174 ± 0.011, n=15) were significantly
greater than treatments 3 (median ± MAD = 0.151 ± 0.003, n=15) and 6 (median ± MAD
= 0.149 ± 0.004, n=15) (Table 4-5). Additionally, treatment 4 (median ± MAD = 0.159 ±
0.006, n=15) was significantly greater than treatment 6 (Table 4-5).
4-3 3 Photoperiod
Analysis of survivorship data revealed that there were no significant differences
in the number of larvae surviving to 10 dph among photoperiod treatments (F2, 15=2.053,
P=0.163). In all treatments between 37-47% of larvae survived (Figure 4-5).
The repeated measures MANOVA analyses detected significant multivariate
effects for treatments (Pillai’s Trace F6, 172=12.290, P<0.001), sampling days (Pillai’s
Trace F9, 79=394.028, P<0.001), and the interaction between day and treatment (Pillai’s
Trace F18, 160=3.954, P<0.001). Univariate between-subject analyses indicated that SL
(F2, 87=38.092, P<0.001) and Ed (F2, 87=8.013, P=0.001) were significantly different
between treatments but that BD was not (F2, 87=1.262, P=0.288). Sphericity
assumptions were met for SL and Ed, but not for BD so the Greenhouse-Geisser
correction was used in within-subject univariate analyses on BD. Within-subject
univariate analyses indicated that SL (F3, 261=584.822, P<0.001), BD (GreenhouseGeisser F2.572, 223.785=444.231, P<0.001), and Ed (F3, 261=479.698, P<0.001) were
significantly different at each sampling period. There was a significant interaction of day
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and treatment for SL (F6, 261=7.307, P<0.001), BD (Greenhouse-Geisser F5.144,
223.785=3.072,

P=0.01), and Ed (F6, 261=4.573, P<0.001).

ANOVAs assessing the day by treatment interaction showed that no significant
differences among treatments in SL (F2, 87=0.005, P=0.995) (Figure 4-6 A), BD (F2,
87=0.584,

P=0.560) (Figure 4-6 B), or Ed (F2, 87=0.663, P=0.518) (Figure 4-6 C) were

present at 4 dph. At 6, 8, and 10 dph significant differences were detected among
treatments in SL (F2, 87=8.034, P=0.001), (F2, 87=4.972, P=0.009), and (F2, 87=68.385,
P<0.001). Post-hoc analyses were assessed at α=0.00166. Standard length at 6 dph
was significantly greater in treatment 2 (mean ± SE = 2.562 ± 0.021 mm, n=30) than in
treatments 1 (mean ± SE = 2.454 ± 0.017 mm, n=30) and 3 (mean ± SE = 2.488 ±
0.020 mm, n=30). At 8 dph, SL was not significantly different between treatments. At 10
dph, SL of treatment 1 (mean ± SE = 2.894 ± 0.014 mm, n=30) was significantly less
than SL of treatments 2 (mean ± SE = 3.142 ±0.020 mm, n=30) and 3 (mean ± SE =
3.113 ± 0.015 mm, n=30) (Figure 4-6 A). BD at 6 dph was significantly different between
treatments (F2, 87=3.741, P=0.028) but no significant differences were present at 8 dph
(F2, 87=2.408, P=0.096) or 10 dph (F2, 87=1.861, P=0.162). Post-hoc analyses were
assessed at α=0.0166. Body depth of all treatments was statistically the same at 6, 8
and 10 dph assessed at the Bonferroni corrected α-value (Figure 4-6 B). At 6 dph, Ed
was significantly different between treatments (F2, 87=3.255, P=0.043) but not at 8 dph
(F2, 87=0.067, P=0.935). At 10 dph, Ed was significantly different between treatments Ed
(F2, 87=17.673, P<0.001). Post-hoc analyses were assessed at α=0.0166. Treatments of
Ed were statistically the same at 6 and 8 dph. At 10 dph, Ed of treatment 1 (mean ± SE
= 0.258 ± 0.003 mm, n=30) was significantly lower than Ed of treatments 2 (mean ± SE
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= 0.274 ± 0.004 mm, n=30) and 3 (mean ± SE = 0.283 ± 0.003 mm, n=30) (Figure 4-6
C).
The specific growth rate of SL was significantly different (F2 87=16.980, P<0.001)
between treatments. Treatment 1 (mean, -SE, +SE = 3.32, -SE 0.177, +SE 0.182 %,
n=30) exhibited significantly reduced SGR compared to treatments 2 (mean, -SE, +SE =
4.69, -SE 0.173, +SE 0.176 %, n=30) and 3 (mean, -SE, +SE = 4.51, -SE 0.193, +SE
0.197 %, n=30) (Table 4-6). Data for SGR of body depth was nonparametric and a
Kruskal-Wallis one-way ANOVA found no significant differences among treatments
(H2=3.350, P=0.187) (Table 4-6). Specific growth rates of Ed were found to be
significantly different (F2, 87=5.388, P=0.006) between treatments. SGR of treatment 1
(mean, -SE, +SE = 6.55, -SE 0.302, +SE 0.308, n=30) was significantly lower than SGR
of treatment 3 (mean, -SE, +SE = 8.04, -SE 0.201, +SE 0.204, n=30) (Table 4-6).
The condition index of larvae varied significantly between treatments (H2=21.197,
P<0.001). Treatment 1 (median ± MAD = 0.164 ± 0.007, n=30) had a significantly
greater CI than did treatment 2 (median ± MAD = 0.157 ± 0.003, n=30). Treatment 3
was statistically the same as treatments 1 and 2 (Table 4-7).
Discussion
Larval Size, Growth, Condition, and Survival
Survival of aquacultured marine ornamental species to metamorphosis is low.
The highest survival rates of aquacultured marine ornamental species occur in
clownfish species with 65-95% survival (Kumar et al., 2012; Ignatius et al., 2001).
Survival rates of most other species are low compared to clown fish, Abudefduf saxitilis
(6.6%) (Wittenrich et al., 2012), Neopomacentrus cyanomos (20%) (Setu et al., 2010),
Chaetodontoplus septentrionalis (5.5%) (Leu et al., 2013), and Centropyge debelius
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(1.3%) (Baensch and Tamaru, 2009). Many of the bottlenecks in marine larval culture
occur during the early larval period. By optimizing early larval growth, survival can be
increased. In Experiment 4-1, algal cell density and stocking density parameters from
Experiments 3-2, 3-3, and 3-5 in Chapter 3 of this thesis were selected to assess size,
growth, condition, and survival of larvae. Experiment 4-2 assessed prey density and
water exchange rates from Experiments 3-4 and 3-7 in Chapter 3 of this thesis for size,
growth, condition, and survival of C. miliaris larvae to 10 dph.
4-1 Algal cell density and stocking density
It did not appear that stocking densities of 15-25 larvae L-1 had any significant
effect on survival of C. miliaris larvae; however, algal cell density influenced survival of
larvae. Survival of C. miliaris to 10 dph larvae revealed that mean survival was less than
1% in treatments 3, 6, and 9, which had algal cell densities of 800,000-830,000 cells
mL-1 (Figure 4-1) No measurements for larval size or growth were obtained from
treatments 3, 6, and 9, because less than 5 larvae were surviving in all replicates.
Mean survival in treatments 2, 5, and 8 was greater than all other treatments with
36-41% survival in all replicates, but due to large variances in treatments 7 and 1,
statistical analysis indicated that only treatment 4 was significantly different from
treatments 2, 5, and 8 (Figure 4-1). Algal cell densities of 500,000-530,000 cells mL-1
increased survival of C. miliaris larvae over algal cell densities of 180,000-200,000
(treatments 1, 4, and 7) and 800,000-830,000 (treatments 3, 6, and 9) cells mL-1. No
trends were observed between larval size and survival. Size differences between
treatments were present in SL, BD, and Ed at 6 dph but measurements at 6 dph were
not indicative of larval size at 8 or 10 dph, growth, or survival (Figure 4-2). No
differences in SL or Ed were present among treatments at 8 and 10 dph. Body depth of
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C. miliaris larvae was greatest in treatment 2 at 8 and 10 dph, however, neither SL or
Ed of treatment 2 was increased. Additionally, body depth of treatments 5 and 8 were
lower than all other treatments indicating that there was no interaction between larval
size and survival (Figure 4-2). Notochord length SGR was highest in treatment 1, which
had the largest SL of all treatments. Similarly body depth SGR was greatest for
treatment 2 which had the largest body depth of all treatments. No differences in eye
diameter SGR were detected (Table 4-2). Condition index of larvae indicated that
treatments 2, 1, and 7 had the highest index scores (Table 4-3). Survival was highest in
treatment 2, which also had the highest CI, and body depth SGR. In Experiment 4-1 it
appears that body depth SGR, CI, and survival are related, specifically, increased CI
appears to be the most sensitive to culture parameter changes.
In Chapter 3, results of algal cell density revealed that the proportion of larvae
feeding and feeding intensity at 4 dph was enhanced at algal cell densities of ~810,000
cells mL-1 in both Trials 1 and 2 and at ~520,000 cells mL-1 in Trial 1. The results of
Experiment 4-1 indicate that prolonged feeding at ~810,000 cells mL-1 decreased
survival to 10 dph. This result seems contrary to the expected results; however,
research has shown that turbidity preferences of larvae change over time (Shaw et al.,
2006). Research on Rhombosolea tapirina found that feeding was enhanced at different
larval stages by different algal turbidities. Nine dph larvae exhibited consistent feeding
levels across all turbidities (0-40 NTU), while 16 dph larvae exhibited enhanced feeding
at 10 NTU, and 20 dph larvae fed the most at 40 NTU (Shaw et al., 2006). Carton
(2005) studied the effects of algal-induced turbidity on early larvae of Seriola lalandi and
concluded that suppressed feeding occurred at algal densities of 320,000 cells mL-1,
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however, this does not appear to be the case with C. miliaris because the proportion of
larvae feeding and feeding intensity were enhanced at ~810,000 cells mL-1 in
Experiment 3-2.
Another possible influence on larval survival in the 800,000-830,000 cell mL-1
treatments may have been dissolved oxygen levels. Dissolved Oxygen levels recorded
in treatments 3, 6, and 9 (82.3-98.4%) were lower than those recorded in other
treatments (93.1-99.2%) but research on Danio rerio and Acanthopargus butcheri found
that survival and growth were normal at oxygen levels above 60% saturation
(Barrionuevo et al., 2010; Hassell et al., 2008).
The body height to body length condition index of Gadus morhua was
significantly affected by nauplii density and total zooplankter density but not mean or
maximum chlorophyll concentration in the wild (Koslow et al., 1985). C. miliaris larvae
appear to follow a similar trend to Gadus morhua larvae in that the condition index of
larvae were not separated by different algal cell density treatments. Stocking density
seems to have a slight effect on condition of larvae as larvae stocked at 15 larvae L-1
exhibited the two highest condition indexes. Larvae of treatment 2 exhibited the best
condition, which aligns with survival to 10 dph. Further investigation using a dry
weight:head length ratio may provide more insight into the sensitivity of larvae to other
environmental parameters (Koslow et al., 1985).
A stocking density of 15 larvae L-1 and algal cell density of 500,000-530,000 cells
mL-1 had the highest survival, larvae condition, BD specific growth rate, and BD size.
4-2 2 Water exchange rates and prey density
Water exchange rates of 100% day-1, 300% day-1, and 700% day-1 and prey
densities of 1 and 10 nauplii mL-1 did not significantly effect survival of C. miliaris larvae.
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Survival was lower (~29%) at higher water exchange rates (700% day-1) than all other
exchange rates, however, statistical analyses did not detect any significant differences
between treatments (Figure 4-3). Similar to Experiment 4-1, larval size at 6 dph was not
an indicator of increased size at later sampling periods. At 10 dph, SL and Ed of
treatments 1, 2, 3, and 4 were greater than SL and Ed of treatments 5 and 6. Body
depth of treatments 1, 2, and 4 was increased, but was suppressed in treatment 3
(Figure 4-4). Larval size and survival were increased in treatments with water exchange
rates of 300% day-1 over water exchange rates of 700% day-1. Increased larval size
appears to coincide with increased survival except for in treatment 3. No differences in
SL specific growth rates or Ed specific growth rates were observed (Table 4-4). BD size
(Figure 4-4 C), body depth SGR (Table 4-4), and CI’s (Table 4-5) were highest in
treatments 2, 1, and 4 and coincided with larval survival (Figure 4-3).
Increased water exchange rates have suppressed early growth in larvae of some
species (Tandler and Helps, 1985) and had negligible effects on others (Chesney,
1989). Increased exchange rates can result in excess flow and turbulence in the tank
which is known to over power larvae, reducing prey capture and even damaging larvae
(MacKenzie et al., 1994; Dower et al., 1997; MacKenzie and Kiøroboe, 2000), however,
it does not appear that this threshold was reached in Experiment 4-2. Tandler and Helps
(1985) reported that a water exchange rate of 0% day-1 had a positive growth effect on
Sparus aurata larvae over an exchange rate of 25% day-1 for the first 10 dph aligning
with the results of this study. Alessio (1975) reported similar findings as well and
suggested that the negative effects of increased water exchange were likely due to the
amplification of physical perturbation in the culture tank. Larger water exchanges can be
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beneficial for flushing excess prey items and keeping water quality parameters within
safe limits. Further studies into prey retention times and pulsed water exchanges may
be advantageous to creating an optimal feeding environment for certain time periods
and management of water quality parameters and prey items at others.
In Experiment 3-4 in Chapter 3, no difference in the proportion of larvae feeding
or feeding intensity were observed between prey densities of 1-15 nauplii mL-1,
however, Experiment 3-4 was conducted under static water exchange conditions. Duray
et al., (1996) observed increased survival of Epinephelus suillus at rotifer densities of 30
rotifers mL-1 with water exchanges of 30-50% day-1. Although C. miliaris survival was
highest in treatment 2, which had a prey density of 10 nauplii mL-1, other treatments of
10 nauplii mL-1 did not exhibit increased survival over low prey density treatments (1
nauplii mL-1) (Figure 4-3). Water exchange rate appeared to be more influential on larval
survival than did prey density.
4-3 3 Photoperiod
Survivorship of larvae was not significantly different among photoperiod
treatments. In all treatments greater than 37% of larvae survived to 10 dph, with the
greatest survival (47%) in 18 L:6 D and the lowest survival measured in continuous
lighting (37%) (Figure 4-5). No trends in larval size were present between sampling
days. Larval SL, BD, and Ed of treatment 1 (14 L:10 D) were less at 10 dph than the
other photoperiod treatments. Body depth and eye diameter were greater in the 24 L:0
D treatment but SL was greatest in the 18 L:6 D treatment (Figure 4-6). Growth rates of
SL and Ed were highest in treatment 3 but no differences between BD specific growth
rates were found (Table 4-6). Other species such Siganus gattatus (Duray and Kohno,
1988) and Gadus morhua (Puvanendran and Brown, 2002) exhibited increased survival
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and size in continuous light compared to reduced photoperiods, however,
Melanogrammus aeglefinus (Downing and Litvak, 2000) did not exhibit increased
survival in continuous light compared to a 15 L photoperiod. C. miliaris had the greatest
survival (47%) at a photoperiod of 18 L:6 D. CI was greatest in treatment 1 (Table 4-7)
which had the lowest size and SGR of SL and Ed. Survivorship of larvae did not match
CI as was found in Experiment 4-1 and 4-2. Unlike Experiments 4-1 and 4-2, no
differences in body depth size or SGR were observed in Experiment 4-3.
Increased photoperiod gives larvae the opportunity to ingest more prey items and
absorb more energy for development (Kiyono and Hirano, 1981; Duray and Kohno,
1988) explaining the increased SL and Ed of larvae, but failing to explain the lack of
difference in BD between treatments. The description of larval growth described in
Chapter 2 of this thesis stated that larvae, specifically around 9-11 dph exhibited a large
increase in growth. Experiments to 11 or 13 dph would likely explain the absence of BD
size and SGR differences between treatments.
The impacts of factors such as larvae size, condition, SGR, and their
influences throughout development are still poorly understood. Larval condition at one
point in time likely influences survival and growth at another, creating a complex series
of interactions throughout larval development. Optimization and enhancement of early
larval culture conditions may reduce acute and chronic mortality throughout
development. An apparent trend was present in Experiments 4-1 and 4-2 establishing
that increased BD size and more so growth rate was indicative of increased larval
condition and survival. Experiment 4-3 did not come to a similar conclusion; however,
there were no significant differences in body depth between treatments. Optimal culture
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conditions for C. miliaris larvae to 10 dph as observed in Experiments 4-1, 4-2, and 4-3
were a stocking density of 15 larvae L-1 and an algal cell density of 500,000-530,000
cell mL-1, under low exchange rates (300% day-1) at prey densities between 1 or 10
nauplii mL-1, and at a photoperiod of 18 L:6 D. There are still additional factors such as
nutrition and prey switches that may be the cause of mortalities throughout
development; however, by optimizing early larvae condition larvae are more likely to be
resilient to substandard culture conditions later in development. Ultimately,
measurement of SL, BD, and Ed through metamorphosis would be ideal for analysis to
assess the impacts of environmental effects on larval condition, growth, and survival
throughout development.
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Table 4-1. Culture parameters for Experiments 4-1, 4-2, and 4-3. Salinity, temperature,
dissolved oxygen (D.O.), pH, total ammonia-nitrogen (TAN), nitrite-nitrogen
(NO2-N), and nitrate (NO3) were measured daily. Values are given as the
mean ± standard deviation and the range. The number of samples (n=) for the
trial is given.
Experiment 4-1
Experiment 4-2
Experiment 4-3
n=270.00
n=180.00
n=180.00
Black sides
Black sides
Black sides
Tank color
/white bottom
/white bottom
/white bottom
Water treatment
1 μm filtered
1 μm filtered
1 μm filtered
-1
Salinity (g L )
33.00 ± 1.00
33.50 ± 1.00
33.0 ± 1.50
Water temperature °C

25.16 ± 0.82

25.41 ± 1.10

25.68 ± 0.82

pH
Dissolved oxygen (%
Saturation)

8.10 ± 1.00

8.10 ± 1.00

8.1 ± 1.00

93.05 ± 4.07

96.91 ± 1.51

96.96 ± 2.19

Photoperiod
Prey item
Algal cell density (cells
mL-1)
Prey density (nauplii
mL-1)
Stocking density (larvae
L-1)
Tank size (L)
Exchange rate (% day1

)
Light intensity (lx)
Total Ammonia
Nitrogen (mg L-1)
Nitrite-nitrogen
(mg L-1)
Nitrate-nitrogen
(mg L-1)

14 L:10 D

14 L:10 D

Parvocalanus
crassirostris
180,000200,000, 500530,000,
800,000-830,000

Parvocalanus
crassirostris

14 L:10 D, 18 L:6
D, 24 L:0 D
Parvocalanus
crassirostris

500,000. 530,000.00

500,000. 530,000.00

1, 10.00

1.00

15.00

15.00

14.00

14.00

14.00

100

100, 300, 700

100

1,314.0 ± 11. 00

1,314.0 ± 11. 00

1,314.0 ± 11. 00

0.041 ± 0.025

0.065 ± 0.027

0.057 ± 0.033

0.0015 ± 0.0009

0.006 ± 0.008

0.008 ± 0.008

0.006 ± 0.004

0.006 ± 0.003

0.007 ± 0.003

1.00
15, 20, 25
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Table 4-2. Growth rate of notochord length (SL), body depth (BD), and eye diameter
(Ed) for treatment 1 (180,000-200,000 cells mL-1 and 15 larvae L-1), treatment
2 (500,000-530,000 cells mL-1 and 15 larvae L-1), treatment 4 (180,000200,000 cells mL-1 and 20 larvae L-1), treatment 5 (500,000-530,000 cells mL1
and 20 larvae -1), treatment 7 (180,000-200,000 cells mL-1 and 25 larvae L1
), and treatment 8 (500,000-530,000 cells mL-1 and 25 larvae L-1) in
Experiment 4-2. Values are represented as mean, -SE, +SE or median, MAD, +MAD. Median values are marked by a *. Capital superscript letters
denote statistical significance between treatments evaluated at P
≤ 0.05. Parameter

Growth rate (% day-1)
mean

SL

BD

Ed

-SE

+SE

Treatment 1
Treatment 2
Treatment 4
Treatment 5
Treatment 7
Treatment 8

*3.23,
*2.51,
*2.75,
*2.75,
*2.56,
*2.87,

-0.285,
-0.413,
-0.265,
-0.150,
-0.488,
-0.476,

+0.297AA
+0.450B
+0.278AB
+0.154AB
+0.538AB
+0.518AB

Treatment 1
Treatment 2
Treatment 4

8.56,
9.72,
7.86,

-0.354,
-0.670,
-0.594,

+0.361AB
+0.692AA

Treatment 5
Treatment 7
Treatment 8

6.53,
7.88,
7.74,

-0.502,
-0.483,
-0.412,

+0.521B
+0.497AB
+0.422AB

Treatment 1
Treatment 2

6.52,
6.28,

-0.209,
-0.250,

+0.212AA
+0.255AA

Treatment 4

6.25,

-0.237,

+0.242AA

Treatment 5

6.13,

-0.261,

+0.266AA

Treatment 7

6.56,

-0.337,

+0.345AA

Treatment 8

6.68,

-0.333,

+0.341AA
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+0.615AB

Table 4-3. Condition index (body depth (BD)/notochord length (SL)) of treatment 1
(180,000-200,000 cells mL-1 and 15 larvae L-1), treatment 2 (500,000-530,000
cells mL-1 and 15 Larvae l-1), treatment 4 (180,000-200,000 cells mL-1 and 20
larvae L-1), treatment 5 (500,000-530,000 cells mL-1 and 20 larvae L-1),
treatment 7 (180,000-200,000 cells mL-1 and 25 larvae L-1), and treatment 8
(500,000-530,000 cells mL-1 and 25 larvae L-1) in Experiment 4-1. Values are
represented as median ± MAD. Capital superscript letters denote significant
differences between treatments evaluated at P ≤ 0.05.
Parameter

Condition index (BD/SL=CI)
median ± MAD

CI

Treatment 1
Treatment 2
Treatment 4

0.165 ± 0.003AB
0.182 ± 0.006AA
0.152 ± 0.005B

Treatment 5

0.156 ± 0.003B

Treatment 7

0.160 ± 0.003AB

Treatment 8

0.156 ± 0.003B

143

Table 4-4. Growth rate of notochord length (SL), body depth (BD), and eye diameter
(Ed) for treatment 1 (100% day-1 and 1 nauplii mL-1), treatment 2 (100% day-1
and 10 nauplii mL-1), treatment 3 (300% day-1 and 1 nauplii mL-1), treatment 4
(300% day-1 and 10 nauplii mL-1), treatment 5 (700% day-1 and 1 nauplii mL1
), and treatment 6 (700% day-1 and 10 nauplii mL-1) in Experiment 4-2.
Values are represented as mean, -SE, +SE or median, -MAD, +MAD. Median
values are marked by a *. Capital superscript letters denote statistical
significance between treatments evaluated at P ≤
0.05. Parameter

Growth rate
mean/*median, -SE/*MAD, +SE/*MAD

SL

BD

Ed

Treatment 1

3.58,

-0.787,

+0.881AA

Treatment 2
Treatment 3

2.80,
2.83,

-0.852,
-0.513,

+1.000AA
+0.563AA

Treatment 4

2.64,

-0.779,

+0.910AA

Treatment 5
Treatment 6

2.92,
2.70,

-0.859,
-0.898,

+1.000AA
+1.070AA

Treatment 1
Treatment 2

6.80,
7.11,

-0.249,
-0.336,

+0.253AA
+0.343AA

Treatment 3
Treatment 4

5.03,
5.91,

-0.339,
-0.292,

+0.350B
+0.299AB

Treatment 5

5.27,

-0.379,

+0.392B

Treatment 6

4.87,

-0.289,

+0.297B

Treatment 1
Treatment 2

*6.35,
*7.05,

-0.809,
-0.908,

+0.860AA
+0.966AA

Treatment 3
Treatment 4

*6.09,
*6.89,

-3.280,
-4.120,

+4.420AA
+5.780AA

Treatment 5

*6.21,

-3.340,

+4.510AA

Treatment 6

*6.51,

-3.670,

+5.030AA
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Table 4-5. Condition index (body depth (BD)/notochord length (SL) for treatment 1
(100% day-1 and 1 nauplii mL-1), treatment 2 (100% day-1 and 10 nauplii mL1
), treatment 3 (300% day-1 and 1 nauplii mL-1), treatment 4 (300% day-1 and
10 nauplii mL-1), treatment 5 (700% day-1 and 1 nauplii mL-1), and treatment 6
(700% day-1 and 10 nauplii mL-1) in Experiment 4-2. Values are represented
as median ± MAD. Capital superscript letters denote significant differences
between treatments evaluated at P ≤ 0.05.
Parameter

Condition index

(BD/SL=CI)
median ± MAD

CI

Treatment 1

0.165 ± 0.003AAA

Treatment 2
Treatment 3

0.174 ± 0.011AAA
0.151 ± 0.003BC

Treatment 4

0.159 ± 0.006AB

Treatment 5

0.158 ± 0.003ABC

Treatment 6

0.149 ± 0.004C

Table 4-6. Growth rate of notochord length (SL), body depth (BD), and eye diameter
(Ed) for treatment 1 (12 L:12 D), treatment 2 (18 L:6 D), and treatment 3 (24
L:0 D) in Experiment 4-3. Values are represented as mean, -SE, +SE or
median, -MAD, +MAD. Median values are marked by a *. Capital superscript
letters denote statistical significance between treatments evaluated at P ≤
0.05.
Growth rate (% day-1)

Parameter

*median
SL

BD

Ed

*-MAD

*+MAD

Treatment 1
Treatment 2

3.32,
4.69,

-0.177,
-0.173,

+0.182B
+0.176AA

Treatment 3

4.51,

-0.193,

+0.197AA

Treatment 1
Treatment 2

*5.62,
*6.26,

-5.31,
-5.86,

+11.200AA
+12.120AA

Treatment 3

*6.39,

-5.98,

+12.310AA

Treatment 1
Treatment 2

6.55,
7.26,

-0.302,
-0.238,

+0.308B
+0.241AB

Treatment 3

8.04,

-0.201,

+0.204AA
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Table 4-7. Condition index (body depth (BD)/notochord length (SL)) for treatment 1 (12
L:12 D), treatment 2 (18 L:6 D), and treatment 3 (24 L:0 D) in Experiment 4-3.
Values are represented as median ± MAD. Capital superscript letters denote
significant differences between treatments evaluated at P ≤ 0.05.
Parameter

Condition index (BD/SL=CI)
median ± MAD

CI

Treatment 1
Treatment 2
Treatment 3

0.164 ± 0.007AA
0.157 ± 0.003B
0.161 ± 0.005AB
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Figure 4-1. Survival (%) of C. miliaris larvae in treatment 1 (180,000-200,000 cells mL-1
and 15 larvae L-1), treatment 2 (500,000-530,000 cells mL-1 and 15 larvae L1
), treatment 3 (800,000-830,000 cells mL-1 and 15 larvae L-1), treatment 4
(180,000-200,000 cells mL-1 and 20 larvae L-1), treatment 5 (500,000-530,000
cells mL-1 and 20 larvae L-1), treatment 6 (800,000-830,000 cells mL-1 and 20
larvae L-1), treatment 7 (180,000-200,000 cells mL-1 and 25 larvae L-1),
treatment 8 (500,000-530,000 cells mL-1 and 25 larvae L-1), and treatment 9
(800,000-830,000 cells mL-1 and 25 larvae L-1). All data was arcsine(sqrt)
transformed for statistical analysis and back transformed to original units.
Data are represented as mean, -SE, +SE. Capital letters indicate significant
differences.
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Figure 4-2. Measurements of (A) notochord length (SL), (B) body depth (BD), and (C) eye diameter (Ed) in treatment 1
(180,000-200,000 cells mL-1 and 15 larvae L-1), treatment 2 (500,000-530,000 cells mL-1 and 15 larvae L-1),
treatment 3 (800,000-830,000 cells mL-1 and 15 larvae L-1), treatment 4 (180,000-200,000 cells mL-1 and 20
larvae L-1), treatment 5 (500,000-530,000 cells mL-1 and 20 larvae L-1), treatment 6 (800,000-830,000 cells mL-1
and 20 larvae L-1), treatment 7 (180,000-200,000 cells mL-1 and 25 larvae L-1), treatment 8 (500,000-530,000
cells mL-1 and 25 larvae L-1), and treatment 9 (800,000-830,000 cells mL-1 and 25 larvae L-1) at 4, 6, 8, and 10
days post hatch (dph). Treatments 3, 6, and 9 were not included because less than 5 larvae were present in
each replicate so no representative sample of the population was attainable. All values are represented as
mean ± SE. Capital letters indicate significant differences assessed at α ≤ 0.0033.
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Figure 4-2. Continued.
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Figure 4-3. Survival (%) of C. miliaris larvae in treatment 1 (100 % day-1 and 1 nauplii
mL-1), treatment 2 (100 % day-1 and 10 nauplii mL-1), treatment 3 (300 % day-1
and 1 nauplii mL-1), treatment 4 (300 % day-1 and 10 nauplii mL-1), treatment 5
(700% day-1 and 1 nauplii mL-1), and treatment 6 (700% day-1 and 10 nauplii
mL-1). All data was arcsine(sqrt) transformed for statistical analysis and back
transformed to original units. Data are represented as mean, -SE, +SE. No
significant differences were detected between treatments.
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Figure 4-4. Measurements of (A) notochord length (SL), (B) body depth (BD), and (C) eye diameter (Ed) in treatment 1
(100 % day-1 and 1 nauplii mL-1), treatment 2 (100 % day-1 and 10 nauplii mL-1), treatment 3 (300 % day-1 and 1
nauplii mL-1), treatment 4 (300 % day-1 and 10 nauplii mL-1), treatment 5 (700% day-1 and 1 nauplii mL-1), and
treatment 6 (700% day-1 and 10 nauplii mL-1) at 4, 6, 8, and 10 days post hatch (dph). All values are
represented as mean ± SE. Capital letters indicate significant differences assessed at α ≤ 0.0033.
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Figure 4-5. Survival (%) of C. miliaris larvae in under different photoperiod treatments of
12 L:12 D, 18 L:6 D, and 24 L:0 D. All data was arcsine(sqrt) transformed for
statistical analysis and back transformed to original units. Data are
represented as mean, -SE, +SE. No significant differences were detected
between treatments.
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CHAPTER 5
CONCLUSION

Chaetodon miliaris were evaluated as a model chaetodontidae species for
marine ornamental aquaculture by assessing broodstock spawning behavior, spawning
conditions, and fecundity, as well as, hydrated egg characteristics, embryology, first
feeding parameters, early larval survival, and several preliminary culture trials. Methods
for optimizing larval growth and survival to 10 dph were defined and larval development
to 44 dph is described from preliminary culture trials.
Previous attempts at culturing members of family Chaetodontidae are limited
(Suzuki et al., 1980; Tanaka et al., 2001; Wittenrich and Cassiano, 2011; Baensch,
2014), provide little data on culture parameters, and have only resulted in the successful
culturing of one individual of Heniochus diphreutes (Baensch, 2014). Madden and May
(1977) attempted to induce spawning in two Hawaiian butterflyfish species (C. miliaris
and F. flavissimus); however, they only acquired viable eggs from the latter and were
unable to culture larvae past 6 dph. Similarly, Suzuki et al. (1980) obtained viable eggs
from C. nippon in an aquarium but was unable to keep larvae alive past 8 dph. Hioki
(1997) experienced similar results with C. nippon and C. modestus larvae not feeding.
Tanaka et al. (2001) obtained viable eggs from natural spawns of C. modestus in an
aquarium, but larvae perished at 8 dph due to starvation. In 2011, a major breakthrough
in butterflyfish aquaculture was made with H. diphreutes at University of Florida’s
Tropical Aquaculture Laboratory, with a larva reaching 46 dph (Wittenrich and
Cassiano, 2011). Larvae were fed wild zooplankton (20-75 μm) collected from Tampa
Bay. Gut content analysis showed that larvae selected copepod nauplii as their primary
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feed item and continued to eat nauplii until larvae perished. The first report of a cultured
butterflyfish (H. diphreutes) surfaced in 2014, from the Hawaiian Larvae Rearing
Project. The report indicates that wild eggs were collected, and development was
similar to that observed by Wittenrich and Cassiano (2011) to 46 dph. Larvae fed on
copepod nauplii, and transitioned to a juvenile in approximately 100 days (Baensch,
2014). This report suggests that H. diphreutes may not be an ideal candidate for marine
ornamental aquaculture since these initial trials showed points of large mortality and it
had a long pelagic larval duration. However, if culture conditions could be optimized
these pitfalls may be reduced.
Over a period of 8 months this study established three spawning populations of
C. miliaris that consistently produced viable eggs from January 1, 2014 through the
termination of this study on June 30, 2014. Additionally, as noted by biologists at
University of Florida’s Tropical Aquaculture Laboratory, spawning continued after the
termination of this study.
Observed spawning behavior was similar to other species of butterflyfish in both
the wild and in captivity and was not affected by the tank constraints in this study
(Suzuki et al., 1980; Colin, 1989; Lobel, 1989; Tricas and Hiramoto, 1989; Londraville,
1990; Yabuta, 1997; Yabuta and Kawashima, 1997; Tanaka et al., 2001; Pratchett et
al., 2014).
A positive relationship between photoperiod length and spawn frequency was
observed for the 3 M:8 F and 1 M:1 F groups, while a negative relationship between
photoperiod length and spawn frequency was present for the 10 M:11 F group. This
discrepancy is likely due to the start of spawning of the 10 M:11 F population lagging 2
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months behind that of the other two populations by two months. Photoperiod (10 h 24
min-13 h 54 min) and temperature (23.33-27.78 °C) were similar to the wild spawning
season of C. miliaris and other Hawaiian chaetodontids (Lobel, 1978; Ralston, 1981)
and if maintained then spawning would likely continue in captivity.
Fecundity measures established that 1 M:1 F was not a efficient option for
production. The 3 M:8 F population was the most productive male to female ratio of the
three populations and produced the most spawns, most viable eggs, and most eggs per
fish (Table 2-2). Fertilization rates were comparable to other marine ornamental species
(Baensch and Tamaru, 2009; Callan et al., 2012a; Leu et al., 2013) and asynchronous
oogenesis was confirmed in gonad samples from repeated spawning C. miliaris
females.
This study represents the first investigation and documentation of captive
reproduction of Chaetodon miliaris. Reproductive requirements of adult C. miliaris were
minimal and broodstock were capable of consistently producing viable eggs over
extended periods of time, making them a suitable species for commercial production.
Natural spawning eliminated the need for hormone injections. Further studies into tank
size requirements, gender ratios, and broodstock diet may optimize egg production of
C. miliaris.
Significant correlations between increasing size of egg characteristics and
increased early growth and survival of C. miliaris larvae were present. The strongest
correlation was present between 0 dph survival and 3 dph survival. Similar associations
between egg size and early larval growth and survival were present in Salmo gairdneri,
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Pleuronectes platessa, and Rutilis frisii (Springate and Bromage, 2003; Kennedy et al.,
2007; Imanpoor and Bagheri, 2010).
Embryology and larval development of C. miliaris at 25.5 °C was similar to that of
other described chaetodontids (Suzuki et al., 1980; Tanaka et al., 2001; Wittenrich and
Cassiano, 2011; Baensch, 2014). Larvae grew from 1.221 mm notochord length at 0
dph to 6.530 mm notochord length and 8.173 mm total length at 44 dph. Between 9-13
dph swim bladder inflation occurred and resulted in the first major mortality event.
Flexion and the formation of the thiolichthys plates simultaneously began to occur by 24
dph, concluded by 31 dph, and resulted in another mortality event. Preliminary trials
indicated P. crassirostris nauplii were an effective feeding regime for larvae. Algal
induced turbidity enhanced survival, growth, and feeding of larvae. Described culture
methods characterize the first culture attempts of C. miliaris.
An evaluation of first feeding of C. miliaris revealed that larvae successfully fed
under a variety of conditions but that certain parameters significantly increased the
proportion of larvae feeding and the feeding intensity of larvae. A combination of algal
induced turbidity and P. crassirostris nauplii significantly enhanced the proportion of
larvae feeding and feeding intensity of C. miliaris. Further examination showed that a
minimum of ~190,000 Tisochrysis lutea cells mL-1 was needed to enhance feeding of
larvae and that cell densities between ~520,000 and ~810,000 cells mL-1 had the
highest feeding rates. Stocking densities of 15-20 larvae l-1 and water exchange rates
less than 300 % day-1 increased the proportion of larvae feeding and feeding intensity.
A light intensity of 1,314 lx had the highest feeding rates. The tank sizes and prey
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densities examined in this study did not have any negative effect on first feeding of C.
miliaris larvae.
Results of larval size, growth, condition, and survival trials showed that larval
notochord length and eye diameter were not indicators of survival, however, body depth
size and growth rate appeared to relate to survival. Condition index aligned with
survival, but only if significant differences were detected between body depth size and
growth rates likely because condition index was a factor of body depth. Based upon the
combined results of these parameters, the best survival larvae was observed at a
stocking density of 15 larvae L-1 and algal cell density of 500,000-530,000 cells mL-1, by
a water exchange rate of 100 % day-1 at 1 or 10 nauplii mL-1, and a photoperiod of 18
L:6 D.
Aspects of spawning and larvae of C. miliaris described and tested in Chapters 2,
3, and 4 support the notion that C. miliaris can be successfully cultured. Broodstock
required minimal manipulation to consistently produce usable numbers of viable eggs.
Preliminary culture trials identified optimal methods for larval culture of C. miliaris.
Additionally, the ability to raise larvae to 40 dph indicates that with further research and
culture method development of C. miliaris is plausible.
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APPENDIX
FATTY ACID ANALYSIS AND GUT HISTOLOGY OF Chaetodon miliaris
Included within this appendix are additional findings from preliminary,
nonessential, or unfinished trials. These include preliminary fatty acid composition of
larvae, histological descriptions of eye and gut ontogeny, time to first feeding, and the
transfer of larvae at 1, 4, 9, and 13 dph.
Larval Fatty Acid Composition
Fatty acids are an integral part of larval development. Most research has focused
on required amounts of DHA (22:6n-3), EPA (20:5n-3), and ARA(20:4n-6) for optimal
egg production and larval development (Tocher, 2003). Marine species are more
susceptible to dietary lipid deficiencies than freshwater species due to evolutionary
constraints (Sargent et al., 1997). Lack of appropriate fatty acid ratios, specifically DHA,
EPA, and ARA, can result in visual impairment and hormone deficiencies (Sargent et
al., 1997). General observed ratios of DHA:EPA range between 1.5-2:1, and ratios of
EPA:ARA approximate 1.5:1 (Sargent et al., 1997; Tocher, 2003).
Methods
Samples of C. miliaris eggs and larvae were obtained on days 0, 5, 11, 13, and
17 dph. Eggs were collected 3 different times from broodstock tanks, homogenized, and
then rinsed 3 times with reverse osmosis filtered water on a 400 μm screen prior to
being placed in a microcentrifuge tube and frozen at -80 °C. Additional eggs from each
sampling were stocked in 128 L tanks following larval rearing protocols. A sample of 2050 larvae were harvested on each sampling day, rinsed with R.O. water, and frozen at 80 °C. Samples were shipped to the Fisheries and Mariculture Laboratory at Unviersity
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of Texas Marine Science Institute (Port Aransas, Tx) for analysis as percentage of total
fatty acid.
Results
Fatty acid profiles over the 17 day sampling period exhibited an increase in DHA
while all other fatty acids remained relatively stable over the sampling period (Figure A1). Palmitic acid (16:0) composed ~18% of all fatty acids and remained stable over the
17 day sampling period. DHA increased from 13-35% total composition over the
sampling period, likely supplied by the diet of copepod nauplii of P. crassirostris
(Trocher, 2003). No other fatty acids composed 10% or greater total composition
besides oleic acid on 13 dph (Figure A-1). Ratios of DHA:EPA ranged from
approximately 2:1 in C. miliaris eggs to ~6:1 at 5 dph, with a ratio of ~5:1 on11, 13, and
17 dph (Figure A-2). Ratios of EPA:ARA ranged between ~1:1 in C. miliaris eggs to
~2.5:1 in 17 dph larvae (Figure A-2).
Ontogeny of Visual and Digestive Systems
Visual and digestive systems of marine fish larvae are morphologically,
histologically, and physiologically different than those of adult fishes (Govoni et al.,
1986). Understanding development of these systems can be beneficial for
understanding the feed requirements larvae need for efficient prey capture and
digestion.
Methods
Larvae were cultured using protocols form Chapter 1 of this thesis. Throughout
development larvae were sampled every day for the first 4 dph, then every other day
until 37 dph, and finally dying larvae were collected at 43 and 44 dph. Larvae were
randomly harvested using a large pipette, moved to a beaker with 500 ppm buffered
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MS-222, and rinsed with R.O. water before being preserved in McDowell Trumps
fixative (BBC Biochemical Atlanta, GA). Larvae were then sent to FWRI’s
Histopathology Laboratory (St. Petersburg, FL), imbedded in JB4 plastic, processed,
and stained with hematoxylin and eosin stain. Due to time restraints, a preliminary
group of 2 larvae at 0, 1, 2, 3, 4, 7, 13, 19, 26, 32, and 43 dph were submitted for
histology and analyzed. Development of the visual and digestive systems were
documented at each submitted stage.
Results
Results are presented in Table A-1, defining the different ontogenetic processes
occurring at each sampling period similar to that of Yufera et al. (2014). Additional
figures accompany descriptions of 0 dph (Figure A-3), 7 dph (Figure A-4, A-5), 19 dph
(Figure A-6), 26 dph (Figure A-7), 32 dph (Figure A-8), and 43 dph larvae (Figure A-9).
Ontogeny of the visual system is documented in Figure A-10. Due to limited sample size
and the small size of larvae, some development may not be cataloged within table.

163

Table A-1. Description of histologically observed ontogeny of C. miliaris larvae throughout development. Due to limited
sample size and time restrictions, observations are limited to 9 days throughout development and only visible
development at each stage is described.
Endogenous
reserves
Digestive system

Accessory glands
Swim bladder
Eye

0-1 dph
Ovoid acidophilic with a single
oil droplet
Mouth and anus closed. Thin,
unopened, undifferentiated,
tubular gut

Lens and developing retina of
undifferentiated cells

Observations
New hatch larvae
measured 1.201.24 mm (SL)
reaching 2.1712.198 mm (SL),
with a large yolk
sac and oil droplet
present. Very little
locomotion was
observed in early
larvae.

Gills and
pseudobranch
Heart
Kidney and urinary
bladder
Endocrine
elements
Spleen
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2-3 dph
Yolk sac still present but
reduced in size
Anus opens but mouth still
closed. Undifferentiated tubular
gut, with simple columnar and
cuboidal epithelium.

Formation of the ganglion cell
layer, inner plexiform layer,
inner nuclear layer, outer
plexiform layer, outer nuclear
layer, and visual cells

Observations
Yolk reserves are
reduced. Larvae
reach 2.487 mm
notochord length at
3 dph and have
increased finfold
size. Larvae begin
to actively move.

Table A-1. Continued
Endogenous
reserves
Digestive system

4 dph
Small amount of yolk and oil
globule still present
Mouth is open. Digestive tract
is still tubular with a simple
columnar and cuboidal
epithelium

Observations
Larvae measured
2.384-2.539 mm
(SL), and are
capable of feeding
with fully pigmented
eyes and an open
mouth. Active
swimming, as well
as, s-shaped
striking behavior
was observed as
larvae searched for
food.

Accessory glands
Swim bladder
Eye

Pigmented epithelium
formation, and nerve fiber layer
visible

7 dph
Yolk sac and oil globule
exhausted
Buccopharynx connected by a
short, narrow, oesophagus to
the intestine. Anterior intestine
(AI) lined with ciliated columnar
epithelium, separated by
intestinal valve, posterior
intestine (PI) lined with brush
border, and supranuclear
vacuoles with eosinophilic
inclusions in enterocytes, and
goblet cells present. Circular
muscular layer surrounding
intestine.
Liver and pancreas a mass of
undifferentiated basophilic cells
Primordial swimbladder visible
Thickening of the retina. Nerve
cell layer visible
Gill anlage visible

Gills and
pseudobranch
Heart

.

Heart, no differentiation of
chambers visible

Kidney and urinary
bladder
Endocrine
elements
Spleen

No observed spleen

No observed spleen
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Observations
Larvae measured
2.420- 2.631 mm
(SL) and were
actively searching
for prey items.
Larvae did not
exhibit much body
depth growth.

Table A-1. Continued
13 dph
Endogenous
reserves
Digestive system

No stomach visible. AI still has
a columnar epithelium, while PI
has large number of lipid
vacuoles and more intestinal
folds are present

Accessory glands

Swim bladder
Eye
Gills and
pseudobranch
Heart

Observations
Larvae measured
3.309-3.680 mm
(SL), body was
yellow colored with
black coloration
along the margins
of the body. Body
depth was
increased and
larvae had fully
inflated swim
bladders

Swim bladder is inflated.
Development of rete mirabile
Increase in thickness of retina
Development of primordial gill
filaments. No lamellae present

Kidney and urinary
bladder
Endocrine
elements
Spleen

No observed spleen

19 dph

Goblet cells present
Buccopharynx, oesphagus, AI
and PI. No stomach visible.
Increased intestinal folding
especially in AI. Lipid vacuoles
present in both AI and PI.
Hepatocytes and pancreatic
tissue differentiated. Sinusoids
present with rbc’s. Protien
granules and lipid vacuoles
present in hepatic cytoplasm.
Pancreatic islets formed
Swim bladder is inflated.
Development of rete mirabile
Increase in thickness of inner
plexiform layer
Primordial gill filaments. Few
lamellae present
Atrium and ventricle present,
blood circulating.
Renal tubules and hematopoetic
tissue present. Urinary bladder
present

No observed spleen
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Observations
Larvae measured
4.201-4.531 mm
(SL) and exhibited
some body depth
growth. Larvae
began to select
larger copepidites
but still mainly
feed on nauplii.

Table A-1. Continued
26 dph
Endogenous
reserves
Digestive system

Accessory glands
Swim bladder
Eye
Gills and
pseudobranch

Heart
Kidney and urinary
bladder

Endocrine elements
Spleen

No stomach visible. AI with
large number of lipid vacuoles
present. Increased length of
microvilli in PI. No apparent
inclusion in PI
Increasing size of liver and
pancreas.
Complete development of the
gas gland and rete mirabile
Development of the visual
cells
Formation of gill filaments,
vascular structures.
Cartilaginous framework
forming, chloride cells present
Atrio-ventricular valve formed
No visible posterior kidney.
Anterior kidney-proliferation
of renal tubules and
hematopoietic tissue

Observations
Larvae measured
5.472-5.691 mm
(SL) and began
developing hard
bony plates over the
head as part of the
thiolichthys stage.
Larvae selected
large copepods and
still used the s-strike
to capture prey.
Coiling of the gut
starting.

32 dph

Folds present in the
esophagus. Stomach is present
with gastric glands. Continued
proliferation of intestinal folds in
AI and PI
Increasing size of liver and
pancreas
Fully developed swim bladder
No distinction between cone a
rod cells visible.
Chondrocytes present and
further proliferation of gill
filaments
Increasing size
No visible posterior kidney.
Anterior kidney-proliferation of
renal tubules and hematopoetic
tissue

No observed spleen

No observed spleen
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Observations
Larvae measured
~6.5 mm (TL) and
had 3 large bony
plates on the head.
The supracleithrum
plate appears as a
bulbous bulge
above the eyes, the
post-temporal plate
is flat extending
posteriorly from
above the eye, and
a large
preopercular spine
extended
posteriorly to the
edge of the pelvic
fin girdle. The body
was an ovate
shape and fins
were lobular with
visible fin rays.
Swimming behavior
began to change to
undulating the
posterior half of the
body, similar to that
of adults. The sstriking behavior
was diminished and
prey capture was
more reliant on
propulsion from the
caudal fin.

Table A-1. Continued
43 dph
Endogenous reserves
Digestive system

Accessory glands
Swim bladder
Eye
Gills and
pseudobranch
Heart
Kidney and urinary
bladder

Endocrine elements
Spleen

Further development of
gastric glands in
stomach. Distinct areas
of the stomach were not
visible. Continued
coiling of intestine. No
observed tooth
development.
Increasing size of liver
and pancreas
Fully developed swim
bladder
No distinction between
cone and rod cells
Further proliferation of
gill filaments
Fully formed heart
No visible posterior
kidney. Anterior kidneyproliferation of renal
tubules and
hematopoetic tissue
Thymus present
No observed spleen

Observations
Larvae measured
~8.1 mm (TL), had
large bony plates
covering the head,
visible fin rays in the
dorsal, anal, and
caudal fins, and
dorsal spines
forming.
Proliferation of gut
coiling.
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Figure A-1. Total fatty acid composition of C. miliaris larvae at 0, 5, 11, 13 and 17 dph,
represented as mean values (n=2).
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Figure A-2. Ratios of DHA, EPA, and ARA in C. miliaris larvae at 0, 5, 11, 13, and 17
dph, represented as mean values (n=2).
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Figure A-3. Histological analysis of 0 dph C. miliaris larvae with developing eyes (E), a
large elliptical yolk sac (YS), and a single oil globule (OG).

Figure A-4. Histological analysis of 7 dph C. miliaris larvae with no remaining yolk sac
and oil globule, a short, narrow esophagus (Oe) connecting to the anterior
intestine (AI). The liver (L) remains a mass of basophilic undifferentiated cells
and no chambers are visible in the heart (H). The primordial swim bladder
(Sb) has begun to form, and gill anlage (Ga) is present but no filaments or
lamellae are visible.
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Figure A-5. Histological analysis of 7 dph C. miliaris larvae with the intestinal valve
formed between the anterior intestine (AI) and posterior intestine (PI).

Figure A-6. Histological analysis of 19 dph C. miliaris larvae. Differentiation of liver (L)
and pancreatic (P) tissue, over inflated swim bladder (Sb), increased folding
and lipid vacuoles present in both the anterior intestine (AI) and posterior
intestine (PI), and differentiation of the atrium and ventricle apparent.
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Figure A-7. Histological analysis of 26 dph C. miliaris larvae. Formation of the gill
filaments occurring (G), distinction between the atrium and ventricle of the
heart (H) by atrio-ventricular valve, increased size of liver (L) and pancreatic
(P) tissues, complete development of rete mirabile and gas gland in swim
bladder (Sb), no visible stomach, lipid vacuoles are present in anterior
intestine (AI), and proliferation of renal tubules and hematopoetic tissue in
anterior kidney (K)
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Figure A-8. Histological analysis of 32 dph C. miliaris larvae. A large stomach (S) has
formed within the body cavity and gastric glands are present, gill filaments (G)
are proliferating, and larval body depth has increased.
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Figure A-9. Histological analysis of 43 dph C. miliaris larvae with further coiling of the
intestines present, a small portion of the thymus (T) visible. Other organelle
systems are similar to that of 32 dph larvae.
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B
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C
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Figure A-10. Eye development of C. miliaris at 0, 2, 4, 7, and 43 dph. A) At 0 dph the
lens (Ln) and an undifferentiated retina (R) were forming, B) At 2 dph the
retina had differentiated into the ganglion cell layer (Gl), the inner plexiform
layer (IP), the inner nuclear layer (IN), the outer plexiform layer (OP), the
outer nuclear layer (ON), and the visual cell layer (Vc), C) At 4 dph the
pigmented epithelium (Pe) had formed, D) at 7 dph the nerve cell layer was
visible (Nl), and E) At 43 dph the visual cell layer was developing but no
differentiation between rod and cone cells was visible.
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E

Figure A-10. Continued.
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