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A series of experiments was conducted to evaluate the suitability of ten microalgal diets, including 4
monoalgal, 5 binary and 1 tri-algal diet, for the culture of the tropical paracalanid copepod Bestiolina similis.
The four monoalgal diets were the Tahitian strain of Isochrysis sp. (T-Iso), Pavlova 50 (Pav), Tetraselmis chuii
(Tet) and the diatom Chaetoceros muelleri (Chaet), the 5 binary diets were Tet 4 T-Iso, Tet 4 Pav, T-Iso + Pav,
Chaet + Tet and Chaet + Pav while the tri-algal diet was T-Iso + Tet + Pav.

After feeding B. similis with 10 algal diets for 3 days, 24 h egg production rate (EPR, eggs female ™! day~ ') was
obtained for each diet treatment by averaging the egg output of 6 individual females (replaced daily) for 4
consecutive days. The tri-algal diet T-Iso + Tet + Pav produced the highest EPR (44.1 eggs female ! day~1),
which was significantly higher than any other diets tested (p <0.05). Highest 48 h and 96 h egg hatching rates
(EHR) were also found from the eggs produced by B. similis fed with T-Iso+Tet+Pav (48 and 96 h
EHR =91.0% and 96.3% respectively) and significant differences in 48 h EHR were detected for 5 out of the 9
other diets tested, while for 96 h EHR, only for 2 diets. Population increase was determined over a 12 day
culture period for 10 initial B. similis adults (7 females and 3 males) and the result showed that the tri-algal diet
T-Iso + Tet + Pav produced significantly higher population number by the end of 12 days than any of the
mono-algal or binary diets tested (p<0.05). When all developmental stages were included (including eggs),
the tri-algal diet produced a population increase from 10 to 887 over the 12 days. The binary diet Tet 4 T-Iso
was the second most productive diet, providing a total population increase from 10 to 541, which was
significantly higher than the rest of the diets, except that of Pav + T-Iso (479), T-Iso (334) and Chaet + Pav
(285) (p>0.05).

Based on the current results, it is suggested that among the diets tested, the tri-algal diet of T-Iso + Tet 4 Pav
was the best for the culture of B. similis.
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1. Introduction

Copepods are probably the most numerous metazoan sub-class on
the planet and usually dominate the mesozooplankton, constituting
about 80% of its biomass (Verity and Smetacek, 1996). Copepods,
particularly their nauplii, constitute an important part of marine fish
larval diets in the wild (Sampey et al., 2007) and typically make up
more than 50% of the stomach contents (Stettrup, 2000). By forming a
trophodynamic link between primary and tertiary production,
copepods play a key role in the cycling of nutrients and energy in
marine ecosystems (Kigrboe, 1997).

It is known that early larvae of some marine fish cannot survive on
the commonly used hatchery live feeds of rotifers (Brachionus spp.) or
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Artemia spp, and this represents a major challenge to the aquaculture
industry (McKinnon et al.,, 2003; Chesney, 2005; O'Bryen and Lee,
2005), as these species include several high valued food fishes such as
tropical snappers (Lutjanidae.), groupers (Serranidae and Epinephe-
linae), as well as many marine ornamental species, for instance
marine Angel fishes (Pomacanthidae) and the sea horse Hippocampus
subelongatus (Payne and Rippingale, 2001; VanderLugt and Lenz,
2008).

In contrast, marine copepods, especially calanoids, have been
proven as ideal food for many cultured marine larvae (Hernandez
Molejon and Alvarez-Lajonchere, 2003), showing significant benefits
when compared to rotifers and Artemia (Chen et al., 2006). The
advantages of copepods over traditional hatchery live feeds include
their many naupliar and copepodite stages that provide a broad
spectrum of prey sizes for cultured larvae (Chen et al., 2006).
Meanwhile, the nutritional content of copepods generally matches
the requirements of marine fish larvae (Stettrup, 2000; Evjemo et al.,
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2003; McKinnon et al., 2003). Additionally, the distinctive swimming
behaviour of copepods is believed to stimulate stronger foraging
responses in some fish larvae, resulting in improved ingestion rates
(Stettrup, 2000). These advantages provide potential for the success-
ful larval culture of species that cannot be cultured using traditional
live feeds (Marcus and Murray, 2001; O'Bryen and Lee, 2005).
Furthermore, inclusion of copepods in diets of already successfully
cultured species could further improve their survival, development
and pigmentation (Stettrup, 2000; Knuckey et al., 2005; VanderLugt
and Lenz, 2008). Nonetheless, despite these promising features, the
utilization of copepods in aquaculture remains sporadic (Marcus et al.,
2004, Camus and Zeng, 2008). This under-utilisation is mainly
attributed to their relative low productivity in intensive culture
(O'Bryen and Lee, 2005), which could in turn be partially attributed to
the lack of research on this field.

Food quality and quantity are probably the most important factors
regulating the productivity of copepod culture. As such, the effects of
different microalgal diets on egg production (Calbet and Alcaraz,
1996; Kleppel et al, 1998; Koski and Kuosa, 1999; Payne and
Rippingale, 2000; Turner et al., 2001), egg hatching success (Shin et
al., 2003; Milione and Zeng, 2007), mortality (Kang and Poulet, 2000;
Lincoln et al., 2001) and development (Knuckey et al., 2005; Leandro
et al., 2006) have been documented for several calanoid species, such
as Acartia omorii (Shin et al., 2003), A. sinjiensis (McKinnon et al.,
2003; Knuckey et al., 2005; Milione and Zeng, 2007), A. tonsa (Holste
and Peck, 2006), Calanus helgolandicus (Lacoste et al., 2001) and
Gladioferens imparipes (Payne and Rippingale, 2000). In contrast, few
studies have investigated the response of paracalanid copepods to
different food sources (McKinnon et al., 2003; VanderLugt and Lenz,
2008) and none appears to have considered the effects of various
microalgal combinations.

Productivity of copepods in intensive culture is firstly linked to
female egg production as it is a direct indicator of population
recruitment, as well as a measure of the net production rate of adult
females (Shin et al., 2003). However, subsequent egg hatching rate,
naupliar and copepodite survival and development rates, all impact
the productivity of cultures (Milione and Zeng, 2007). A comprehen-
sive investigation, including assessment of the population increase
after a period of culture, will therefore provide a better understanding
of the effects of algal diets on copepod culture productivity.

Bestiolina similis is a small (adults <700 pm; early nauplii <100 pm)
pelagic paracalanid copepod and is a favourite prey item for larvae of
several families of tropical fish (Sampey et al, 2007). Paracalanid
copepods are widely distributed in temperate and tropical waters and
frequently dominate the copepod communities of surface waters
(McKinnon and Duggan, 2001; Boxshall and Halsey, 2004; VanderLugt
and Lenz, 2008). B. similis’ small size, natural abundance and the fact that
they are a favourite prey for a vast assemblage of marine larvae make
them excellent candidates as live prey for fish larvae. McKinnon et al.
(2003) suggested that among tropical copepods with high potential for
aquaculture hatcheries, B. similis is arguably the best suited candidate for
tropical larval fish rearing. More research is therefore needed to
optimise their culture techniques to fully realise their potential.

Through a series of laboratory experiments, the present study
examined the suitability of 10 different singular/combinations of
microalgae, all of them are commonly used species in aquaculture, for
the intensive cultivation of B. similis.

2. Materials and methods
2.1. Algal culture

All of the microalgae utilised in present experiments are common
used algal species in aquaculture, therefore relatively easy to culture.

They were inoculated from starter cultures supplied by the Common-
wealth Scientific and Industrial Research Organization (CSIRO)

Microalgae Supply Service, Hobart, Tasmania, Australia. These algal
species, including the Tahitian strain of Isochrysis sp. (T-Iso), Tetra-
selmis chuii (Tet), Pavlova 50 (Pav) and the diatom Chaetoceros
muelleri (Chaet), were cultured in a temperature controlled room,
using 20-L polycarbonate carboys filled with 1 um filtered, autoclaved
and UV irradiated seawater of salinity 30 %.. All microalgae were
cultured using f/2 medium (Guillard and Ryther, 1962), with silicates
added for the cultures of the diatom Chaetoceros muelleri, and
maintained at a temperature of 25+ 1°C with vigorous aeration
(0.2 um filtered air). The photoperiod was set at light:dark
cycle=12 h:12 h with a light intensity of approximately 5000 Ix as
measured by a MC-88 light meter. The algal cultures were in their
exponential growth phase when were used for feeding copepods.

2.2. B. similis stock culture

B. similis were initially obtained from a plankton tow performed at
the mouth of the Ross River in Townsville, Northern Queensland,
Australia, on December 5%, 2008. Immediately after collection,
plankton samples were transported back to a laboratory at James
Cook University and B. similis were isolated from the rest of the
zooplankton. B. similis cultures were gradually scaled up and
eventually kept in four 20 L carboys filled with 1 um filtered seawater
and gentle aeration. Salinity was 304 1% and the culture tempera-
ture was maintained at 26 £ 1 °C. Light intensity was about 700 Ix on a
light:dark cycle of 12 h:12 h. About 20% of the culture water was
exchanged daily using a siphon with a 22 pm mesh attached to the
end to prevent removal of copepods. B. similis were fed daily with a
mixture of 3 microalgae: the Tahitian strain of Isochrysis sp. (T-Iso),
Tetraselmis chuii (Tet) and Pavlova 50 (Pav) at an equal ratio of
biomass (i.e. T-Iso: Tet: Pav =1:1:1). Carboys containing the copepod
stock cultures were completely drained approximately every 10 days
to remove detritus while copepods were retained on a 150 pm
submerged sieve. Carboys were then cleaned and sterilised with
chlorine before cultures were restarted.

2.3. Experimental design and setup

Three separate experiments were carried out to assess the
influence of various microalgal diets and their combinations on
major parameters related to B. similis culture productivity, i.e. (1) egg
production rate, (2) egg hatching rate and (3) population increase
over a 12 day culture period.

For all 3 experiments, the same 10 microalgal diets were used,
including 4 mono-algal, 5 binary algal and 1 tri-algal diet. Details of
these diet treatments were as follows:

Diet 1: The Tahitian strain of Isochrysis sp. (T-Iso)

Diet 2: Tetraselmis chuii (Tet)

Diet 3: Pavlova 50 (Pav)

Diet 4: Chaetoceros muelleri (Chaet)

Diet 5: Tetraselmis chuii+ Isochrysis sp. (Tet + T-Iso) (1 :1)

Diet 6: Tetraselmis chuii+ Pavlova 50 (Tet+ Pav) (1 :1)

Diet 7: Isochrysis sp. + Pavlova 50 (T-Iso + Pav) (1:1)

Diet 8: Chaetoceros muelleri + Tetraselmis chuii (Chaet + Tet) (1:1)

Diet 9: Chaetoceros muelleri+ Pavlova 50 (Chaet + Pav) (1:1)

Diet 10: Isochrysis sp. + Tetraselmis chuii + Pavlova 50 (T-Iso + Tet +
Pav) (1:1:1)

All experiments were carried out under similar conditions as
described for the stock cultures, (i.e. 264+1°C; 27+ 1% and
photoperiod 12 h:12 h). Microalgal concentrations were determined
daily using a haemocytometer under a microscope (Leica CME). For all
experiments, B. similis were fed with the different microalgal diets on
an equal biomass based on carbon concentrations which were cal-
culated for each species according to Strathmann (1967). Algae were
fed to cultures at about 1500 pgC L™, a carbon concentration known
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to saturate copepod feeding (Kigrboe et al. 1985). When B. similis
were fed with a binary or a tri-algal diet, carbon concentration was
divided equally between the 2 or 3 algae offered based on their
biomass.

2.3.1. Egg production experiment

B. similis adults and late copepodites were obtained from four 20 L
carboy stock cultures by draining culture water through a 150 pm
sieve. Animals caught on the sieve were immediately resuspended in
a Petri dish with a small amount of seawater. Groups of B. similis were
then randomly captured using a broad-tipped pipette and distributed
into thirty 1 L beakers, with groups of 3 beakers assigned to each diet
treatment as replicates. B. similis were then fed daily in excess for
3 days with the designated algal diets to acclimatize them to re-
spective diets and to remove any potential residual effects of previous
diets.

Following 3 days of acclimatization, individual B. similis females
that were actively swimming with intact appendages were randomly
selected from beakers of a given diet and carefully transferred to
30 mL Petri dishes in order to monitor their daily egg output. There
were 6 replicates per tested diet and hence a total of 60 Petri dishes.
After 24 h, B. similis females were removed from each Petri dish and
eggs they produced were counted using a Sedgewick Rafter counting
cell and a compound microscope.

Following the procedure described above, new females were
randomly selected daily from the stock culture beakers and
transferred into a new set of sixty 30 ml Petri dishes containing
fresh filtered seawater and algal diets to obtain individual 24 h egg
output for each of 4 consecutive days. Daily replacement of experi-
mental females from the pre-conditioned mixed population ensured
that experimental animals were fertilised and healthy prior to
introduction to the Petri dishes for the egg production experiment.
For each treatment, 24 h female Egg Production Rate (EPR) was
subsequently calculated by averaging data from all 6 females over
4 days.

2.3.2. Egg hatching success experiment

As in the egg production experiment, groups of B. similis were
randomly selected from the carboy cultures and transferred into 30
1-L beakers and fed with 10 different algal diets (3 replicate beakers
per treatment). After 2 days, eggs produced over the period were
discarded by thoroughly syphoning the bottom of each beaker with a
siphon that had a 60 um mesh attached to the end to prevent
copepodites and adults being siphoned out. This procedure ensured
that eggs presented in the beakers the next day were all produced
within 24 h. The following day, freshly produced eggs in each beaker
were carefully sieved out using a 25 um mesh and counted before
being randomly distributed into fifty 30 ml containers for incubation
at room temperature (26 + 1 °C). There were 5 replicates (containers)
per diet treatment with each replicate containing 40 to 60 eggs.

Egg hatching success (%) was estimated for each microalgal diet by
calculating the difference between the number of eggs introduced and
the number of unhatched eggs after 48 and 96 h incubation period
respectively (Camus and Zeng, 2009). Counting of B. similis eggs was
made using a Sedgewick Rafter counting cell as above.

2.3.3. Population increase experiment

As in the previous experiments, B. similis were acclimatized to
each diet for 3days in 1L beakers before being used for the
experiment. Upon completion of the acclimatization period, 10
mature B. similis adults (3 males and 7 females) were introduced
into each 500 mL beaker, for the population increase experiment. A
total of 50 replicate beakers were established with 5 replicates for
each treatment. For the following 12 days, B. similis were fed daily
with the designated diets and approximately 30% of the culture water
was exchanged by gently siphoning. The siphon had a 25 pm mesh

attached to the end to prevent the removal of any eggs or post-egg-
stages of B. similis from the culture.

After 12 days, content from each beaker was drained through a
25 um sieve and all eggs, nauplii, copepodites and adults retained
were fixed with 10% formalin and stored for later counting. B. similis
eggs, nauplii, copepodites and adults were counted in each replicate
and the final population estimated as the average of five replicates.
Based on Fenchel (1974), the intrinsic rate of population increase r
was then calculated for each treatment using the formulation: r=In
(No/N1)/t, where No= population number at the beginning of the
experiment, N; = population number at the end of the experiment
while t (days) is the duration of the experiment.

2.4. Data collection and analysis

Data from all experiments were analysed using one-way ANOVA.
When significant differences (p <0.05) were found, Tukey's multiple
comparisons test was used to determine specific differences among
treatments (p <0.05). All statistical analyses were conducted using
Statistica version 7. Data are presented as mean =+ standard error (SE).

3. Results
3.1. Egg production

When fed 10 different microalgal diets, 24 h egg production rates
(EPR; eggs female™ ! day~!) of B. similis during 4 consecutive days are
presented in Table 1. As no significant differences in daily egg
production was detected within each diet treatment, data were
pooled to calculate the overall mean 24 h EPR (Fig. 1). The results show
that maternal food significantly impacted B. similis egg output
(p<0.001): the highest EPR (44.1+2.8 eggs female ™! day~!) was
produced by the tri-algal diet treatment (T-Iso+ Tet + Pav), which
was more than 4 times higher than that of the lowest EPR (10.0+ 1.0
eggs female ™! day~ ') recorded for the diatom Chaetoceros muelleri
(Chaet). EPR in the tri-algal T-Iso + Tet + Pav treatment was signifi-
cantly higher than other diet treatments (p <0.05). Two binary algal
treatments, T-Iso + Pav and Tet + Pav, were the next best diets, with
EPR at 30.9+ 3.1 and 30.4 4 1.7 eggs female™ ' day~ ! respectively. In
turn, these were both superior to the rest of the diet treatments
(p<0.05), except that of Tet + T-Iso (23.2 & 1.6 eggs female ™ ! day ™ ')
(p>0.05) (Fig. 1). The lowest EPR produced by the Chaet treatment
was significantly lower than all other diet treatments, except that
of Tet and Tet+ Chaet treatments (12.9+1.0 and 16.6 + 1.1 eggs
female™ ! day~ ! respectively) (p>0.05) (Fig. 1).

Table 1
Mean egg production rate (eggs female ™! day~') of Bestiolina similis fed 10 different
micro-algal diets over 4 consecutive days.

Microalgal Diet Average daily Egg Production Rate

Day 1 Day 2 Day 3 Day 4
T-Iso + Tet + Pav 358+19 374413 54.8+2.1 484+22
T-Iso + Pav 23.7+3.8 285+2.7 376+3.5 312+15
Tet + Pav 258+15 323421 33.0+14 30.2+1.1
T-Iso + Tet 19.2+1.3 27.54+2.1 270+£1.2 20.5+1.1
Chaet + Pav 222+1.0 205+1.5 17.8+0.9 148+1.3
Chaet + Tet 148+1.0 148 +1.5 18.2+0.9 18.4+0.6
Pav 202+0.9 193+1.9 232415 21.3+1.1
T-Iso 125+1.1 19.84+0.9 225+1.2 19.8+0.8
Tet 143+14 12.7+£1.5 13.24+0.3 11.8+£0.7
Chaet 96+1.1 11.3+£0.6 10.6+1.1 8.6+0.6

Data are presented as mean 4 St errors.
Daily egg production rates were averaged from 6 females over 4 days.
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Fig. 1. Effects of 10 microalgal diets on average 24 h egg production rate of Bestiolina similis. For each treatment, 24 h egg production rates were averaged from 6 females over 4 days.
Data are presented as mean =+ S.E. Different letters on the tops of bars indicate significant differences (p <0.05).

3.2. Egg hatching rates

Microalgal diets significantly influenced both 48 and 96 h egg
hatching rates (EHR) of B. similis (p<0.001) (Fig. 2). The 48 h EHR
ranged from 65.442.4% (Chaet) to 91.04+2.0% (T-Iso+ Tet+ Pav)
for the diets tested. The highest EHR recorded for the tri-algal T-Iso +
Tet+Pav was significantly higher (p<0.05) than the rest of
treatments except for the binary diets of T-Iso + Pav, Tet + Pav and
Tet + T-Iso, as well as the monoalgal diet T-Iso (p>0.05). While the
diatom Chaet produced the lowest 48 h EHR, it did not differ
significantly from the Chaet+ Tet and the Tet treatments (73.6+
3.2% and 70.1 + 1.5% respectively) (p>0.05).

Compared to 48 h EHR, 96 h hatching rates improved across all
diet treatments with EHR higher than 85% recorded in 8 of the 10
microalgal diet treatments (Fig. 2). The highest 96 h EHR was still the
tri-algal diet T-Iso + Tet + Pav (96.3% 4 0.4), although now it was only
significantly higher than the Tet and Chaet treatments (p<0.05).
Indeed, no significant differences in 96 h EHR was found among 8 of
the 10 diets tested, i.e. T-Iso + Tet + Pav, T-Iso + Pav, Tet + Pav, Tet +
T-Iso, Chaet + Pav, Chaet + Tet, Pav and T-Iso (p>0.05). The mono-
algal Chaet produced the lowest and significantly inferior 96 h EHR
(73.4% + 3.6), which was only not significantly lower than that of the
Tet treatment (83.3% +2.7) (p>0.05) (Fig. 2).

3.3. Population increase

After 12 days of culture on different algal diets, the average final
population numbers of B. similis are presented in three categories, i.e.
‘All Stages Included’ (i.e. including eggs); ‘All Post-Egg-Stages’ (i.e.
excluding eggs); and ‘Adult Only’ (Table 2). When ‘All Stages
Included’, the final number of B. similis population was highest for
the Pav + Tet+ T-Iso treatment (886.8 +-139.4), significantly higher
than all other diet treatments (p <0.05). The second most productive
diet was Tet+T-Iso (541453.6) although it was not statistically
different from T-Iso + Pav (479.0 £54.1), Chaet 4 Pav (285.44-42.2)
and the mono-algal diet T-Iso (334.44-43.9) (p>0.05). The Tet and
Tet + Chaet treatments produced the lowest population number at
26.04+2.3 and 42.84+8.4 respectively, significantly lower than all
other treatments (p <0.05), except that of the Chaet, Pav, Chaet + Pav
and Tet+ Pav treatments. Excluding eggs from the final population
counts resulted in sustainably reduced final population number (i.e. All
Post-Egg-Stages) for all treatments as eggs represented the highest
counts among all life stages in all treatments. However, similar trend
and statistics of dietary effects on the final population number remained
(Table 2).

It is worth noting that while algal combinations generally provided
better population increase over 12 days, this was not always the case for
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Fig. 2. The 48 h and 96 h egg hatching rates (%) of eggs produced by Bestiolina similis fed with 10 different microalgal diets. Data are presented as mean = SE. Different letters on the
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Table 2

173

Final population and intrinsic rate (r) of population increase of B. similis cultured over a 12 days period fed on different microalgal diets.

Diet Final Population Number  r (All Stage Included)  Final Population number  r (All Post-Egg-Stages)  Final Number of Adults  r (Adults Only)
when All Stages Included of All Post-Egg-Stages

T-Iso+Tet+Pav  886.84+139.4 2 0.37+0.03° 4782+63.4° 032+0.02° 79.6+16.2° 0.174+0.04 2
T-Iso + Pav 479.0 +54.1 ¢ 0.324+0.02 "¢ 227.0 +41.7 > 0.26 +0.03 ®© 350+52° 0.10+0.03
Tet + Pav 265.0 4 34.9 <de 0.27 +£0.03 ¢ 89.8 +9.2 «de 0.18 +0.02 <d¢ 18.04+1.2 5 0.05+0.02 b©
Tet -+ T-Iso 541.0+536" 033+0.02° 260.2+36.1" 0.27+0.03° 33.6+£55 "¢ 0.10+0.05 P©
Chaet + Pav 285.4 + 42,3 bede 0.28 £ 0.03 Pede 125.4422.4 bede 0.21 4 0.03 Pede 182+4.8 " 0.0440.05 ®©
Chaet + Tet 428+84° 0.11+0.04°¢ 26.6+5.6° 0.07 +0.04 ¢ 26405 " 0.1240.04 >
Pav 213.4437.5 %€ 0.25+0.03 ¢ 132.8 £ 29.7 bede 0.21 4 0.03 Pede 16.64+4.5 "¢ 0.03 +0.04 >©
T-Iso 3344+ 439 b« 0.29+0.03 P« 175.4 +26.4 > 0.23+0.03 P 32.6+£56" 0.10+0.04 P©
Tet 26.0+23°¢ 0.08+0.02 ¢ 108+1.0°¢ 0.01+0.02 ¢ 12+03°¢ 0.13+0.08
Chaet 110.2 £25.1 9 0.19+0.04 9 55.64+16.0 % 0.13+0.05 % 6.8+1.8" 0.05 4+ 0.06 >©

Data are presented as Mean + S.E.; different superscript letters in a same column indicate significant differences (p <0.05).

some binary diet treatments. For example, the mono-algal diet T-Iso was
ranked 4th of all 10 diets tested, producing better population increase
than the binary algal diets Tet+Pav, Chaet+Tet and Chaet+ Pav.
Although the differences were not statistically significant for the Tet +
Pav and Chaet + Tet treatments (p>0.05), it was significantly higher
than the Chaet 4 Pav treatment (p <0.05) (Table 2). Furthermore, no
significant difference in population increase was found between the
monoalgal diets Pav, Chaet and Tet when compared to the binary algal
diets of Tet + Pav, Chaet + Tet and Chaet + Pav (p>0.05) (Table 2).

The intrinsic rates of population increase (r) of B. similis was
calculated for all treatments (Table 2). When All-Stage-Included, it
ranged from 0.08 +0.02 for Tet to 0.37 4 0.03 for T-Iso + Tet + Pav.
If eggs were excluded from final population counts, it ranged from
0.0140.02 (Tet) to 0.32+0.02 (T-Iso + Tet + Pav) (Table 2).

A breakdown of B. similis final population composition based on 4
groups of life stages (i.e. eggs, nauplii, copepodites and adults) is shown
in Fig. 3. The results show that the Pav + Tet 4 T-Iso treatment produced
the highest numbers across all life stages and the differences among
treatments were often statistically significant (p <0.05) (Fig. 3).

4. Discussion

Selecting appropriate microalgal diet is crucial to the productivity
of cultures of the tropical paracalanid copepod B. similis. In all current
experiments, B. similis were acclimatized to experimental diets for
3 days prior to the start of any experiments. Such an acclimation
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period was chosen based on Sedlacek and Marcus (2005) as well as a
pilot starvation trial which showed that few B. similis could resist
starvation for more than 3 days. As most past literature investigating
effects of diets on copepod egg production and hatching success
adopted pre-conditioning period of less than 48 h (e.g. Kang and
Poulet, 2000; McKinnon et al., 2003; Shin et al.,, 2003), a 3 days
acclimatisation period was judged sufficient. Among the 10 algal diets
tested, the tri-algal diet T-Iso+ Tet+ Pav consistently performed
better than others, with significantly higher mean 24 h egg produc-
tion rate and population increase over 12 days as well as the highest
48 and 96 h egg hatching rates. The combination of 3 algae is likely to
provide a more comprehensive and better balanced diet and is
therefore recommended for the intensive production of B. similis.
Among the binary diets, the Tet+ T-Iso and Pav + T-Iso performed
relatively well. As for the mono-algal diets, T-Iso stood out, while Pav
also achieve reasonably good results. This suggests that both species
may be used as monoalgal diet for keeping B. similis stock cultures at
relatively low densities during non-production seasons in hatcheries
to save costs and facilities required for producing multiple algal
species.

Previous research on calanoid copepods have demonstrated clear
effects of food quality on culture productivity (e.g. Kleppel et al., 1998;
Morehead et al., 2005; Lee et al., 2006; Milione and Zeng, 2007). Egg
production is one of the principal factors determining copepod culture
productivity and has been linked to the maternal nutrition (Castro-
Longoria, 2003), especially n-3 polyunsaturated fatty acids (PUFAs),
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Fig. 3. Effects of microalgal diets on average population composition of Bestiolina similis over a 12 day culture period. The experiment started with 10 adult (7 females and 3 males) Of
B. similis. Data are presented as mean + SE. Different letters on the tops of bars indicate significant difference (p <0.05). N1-N6: naupliar stage 1 to 6; C1-C5: copepodite stage 1 to 5.
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such as EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acid)
(Milione and Zeng, 2007). PUFAs are known to affect hatching success
and embryonic development in crustaceans and molluscs, as well as
playing important roles in cell membrane functions (Lacoste et al.,
2001; Anderson and De Silva, 2003). However, their exact functions
for copepods is still unclear, as dietary functions of PUFAs were largely
established for decapod crustaceans and were only assumed to be
applicable to copepods (Lacoste et al, 2001). Some researchers
indicated that no clear correlations existed between copepod fertility
and their dietary EPA and DHA concentrations (Koski et al., 1998; Lee
et al,, 1999). Furthermore, traces of DHA and EPA were found in Ca-
lanus eggs when parental stock were fed diets lacking of these
essential fatty acids, indicating that at least some copepod species are
capable of synthesising DHA and EPA from dietary precursors when
they were lacking in their diet (Lacoste et al., 2001). Table 3 sum-
marizes the fatty acid contents of the algal species used in present
study, and it can be seen that although the algae Paviova 50 (Pav)
possesses a relatively balanced EPA to DHA profile, this did not
necessarily lead to significantly higher EPR or hatching rate when
compared to T-Iso based on present results.

The range of egg production rate (EPR) found in current study for B.
similis, calculated from 6 replicate females over 4 days, are either
comparable or substantially better than those observed in the wild.
McKinnon and Duggan (2001) reported egg outputs ranging from 8.5
to17.3 eggs™ ' female~ ! day~ !, increasing to a maximum of 37.2 eggs
female™ ! day~ ! for B. similis in waters adjacent to Australia's North-
West Cape, and a mean EPR of 25 eggs female ™! day~ ' was reported
from the waters of the Great Barrier Reef (McKinnon et al, 2003). In the
present experiment, a four day average of 44.1 eggs female™ ! day !
and a maximum of 54.8 eggs female™ ' day~' on a single day was
found for B. similis fed on the diet of T-Iso + Tet + Pav. Although a
maximum EPR of 48 eggs female™ ' day~! has also been reported by
McKinnon et al (2003) when feeding B. similis with Heterocapsa niei
(Dinophyceae), this algal species is known to be difficult to culture.

McKinnon et al (2003) has further reported that a mono-algal diet
of Pavlova salina led to low EPR for B. similis although this species of
algae possesses a good nutritional profile. In the present study, Pav-
lova 50, a different strain of Pavlova, was found to support reasonably
good EPR and EHS as a monoalgal diet. However, dead B. similis were
sometimes found next to their moult during culture, indicating that
Pav might be nutritionally deficient in promoting successful moulting,
especially for the moult from N-6 to the first copepodite stage. This
was not observed when B. similis were fed the monoalgal T-Iso, and
may be explained by the lower DHA to EPA ratio of Pav (Table 3),
which could impede moulting when offered as the sole food source.

It is worth noting that difference in hatching rates between 48
and 96 h were much more substantial for treatments with low 48 h EHR,
leading to no significant differences in 96 h EHR with T-Iso + Tet +
Pav in several treatments that 48 h EHR were significantly lower than
T-Iso 4 Tet + Pav (e.g. Chaet + Tet, Chaet 4+ Pav and Pav). This result
points to the possibility that better nutrition provided by the tri-algal
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diet might lead to faster embryonic development than some of the
other diets.

The diatom Chaetoceros muelleri provided significantly lower EPR
and EHR when compared to T-Iso and Pav. Interestingly, McKinnon et al.
(2003) found that C. muelleri produced the best EPR when compared to
Pavlova, Isochrysis and Tetraselmis. This could be explained by different
feeding ration or experimental protocols. Diatoms have been recently
revealed potentially toxic to some copepods (Miralto et al.,, 1999), and
are now associated with negative effects on reproduction for several
species, although it is often difficult to differentiate diatom toxicity from
their low nutrition quality (Irigoien et al., 1998; Jones and Flynn, 2005).
It appears that the diatom Chaet may have affected egg formation of B.
similis, as improperly formed eggs, often in batches of 3 instead of the
usual 4, with smaller diameter or more transparent appearance were
regularly observed during the egg production experiment, which may
have contributed to the lowest hatching rate observed for the diet
among all others.

Tetraselmis chuii (Tet) has been reported as a poor diet for
paracalanid egg production (McKinnon et al., 2003) and this was
confirmed in current experiments. Tet provided the second lowest
EPR and EHR, as well as the poorest population increase, with on
average less than 2 adults and fewer than 20 post-egg-stages
remaining after 12 days of culture. This suggests that a total crash
might happen if Tet is offered as a sole food source for B. similis. Such a
poor result may be attributed to the fact that Tet has relatively big cell
size (Table 3), therefore may not be easily ingested by B. similis early
naupliar stages. However, Milione and Zeng (2007) reported that Tet
as a mono-algal diet did not lead to mass naupliar mortality when fed
to Acartia sinjiensis and could produce reasonably good population
increase over a 8 day culture period. Such a clear difference confirms
that the suitability of micro-algal diets for various copepods is species-
specific, and that feeding experiments are required for each species
that is considered having culture potential.

Regular culture dilution was suggested as a way to produce high
number of B. similis nauplii by VanderLugt and Lenz (2008), these
authors reported that high adult density impaired the production of
nauplii, leading to subsequent population crash within a few days.
However, Isochrysis was the only alga offered to B. similis during their
study and hence, nutritional deficiencies might also have contributed
to crashes of populations at high culture densities. A combined algal
diet may help improve the situation.

In summary, copepod reproduction and subsequent development
involve multiple life stages and biological processes for which the best
suited diet may vary at different life stages or for different biological
functions. On this basis, a single species of microalgae may become
nutritionally limiting whereas appropriate combinations of algae are
likely to offer better balance of required nutrients. However, this does
not mean that any combinations of microalgae will lead to better
culture productivity. As illustrated in the present study, some mono-
algal diets were actually equally or even more productive than some
of binary algal diets used for B. similis culture. Hence, comprehensive

Table 3
Major features and fatty acid composition of the four microalgae used as diets for Bestiolina similis in the present study.
Species name Class of algae Acronym Strain Cell Size Total fatty acids DHA 22:6n-3 EPA 20:5n-3 Linolenic acid Reference
Code (pm) (pg/cell) (% total fatty (% total fatty 18:3n-3 (% total
acids) acids) fatty acids)
Chaetoceros Bacillariophyceae  Chaet CS-176 7.0 223 0.8 12.8 0.3 Zhukova and Aizdaicher,
muelleri 1995
Pernet et al., 2003
Tetraselmis chuii ~ Prasinophyceae Tet CS-26 13.0+£2.0 2.7-4.5 Trace 4.3-10.8 11.1-21.7 Muller-Fuega et al., 2003
Renaud et al. (1999)
Tahitian strain of Prymnesiophyceae T-Iso CS-177 50+08 1.2-1.46 6.4-25.9 0.2-0.5 3.6-7.0 Fernandez-Reiriz et al.
Isochrysis sp. (1989)
Pernet et al. (2003)
Pavlova 50 Prymnesiophyceae Pav CS-50 45+1.0 1.0-2.7 8.4-9.2 23.5-25.0 1.4-2.0 Volkman et al. (1991)
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research is clearly needed to gain better understanding of the best
feeding practice for any candidate copepod species that is considered
having potential in aquaculture hatcheries.

Finally, it is worth noting that this study was conducted at
laboratory scale over relatively short periods of time, therefore the
results might not be fully reproducible in large-scale cultures.
However, it clearly served the purpose of identifying the optimal
microalgal diets for culturing B. similis, which are likely to be applicable
in larger-scale cultures. Based on the findings of this study, to achieve
maximum productivity of B. similis culture for aquaculture purposes,
the species should be cultured using the tri-algal diet T-Iso + Pav + Tet.
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